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ABSTRACT

One of the earliest indications of magnetic fields acting in the solar atmosphere came at the
beginning of the 20th century when George Hale noted a “decided definiteness of structure”
in photographs within the Hydrogen Balmer-alpha line core. Fine structure both in the
chromosphere and in the corona result from processes that are not well understood but
accepted as a consequence of the solar magnetic field. Our knowledge of this field is
lacking, and until recently, the assumed relationship between fine thermal structure and
the magnetic field remained untested.
Here, spectropolarimetric diagnostics of fine structures in the solar chromosphere and
cool corona are advanced using the infrared He I triplet at 1083 nm. Precise calibration
procedures are developed for the Facility Infrared Spectropolarimeter (FIRS), recently
commissioned at the Dunn Solar Telescope. Together with high-order adaptive optics,
we simultaneously map fine structures while obtaining a polarimetric sensitivity of up to
2 ˆ 10´4 of the incoming intensity.
These instrument improvements result in the first maps of the He I polarized signatures within an active region superpenumbra, where Hale first recognized fine-structuring.
Selective absorption and emission processes due to non-equilibrium optical pumping are
recognized. Our interpretation, using advanced inversions of the He I triplet, provides
confirmation of Hale’s initial suspicion—the fine structures of the solar chromosphere are
visual markers for the magnetic field. Yet, the fine chromospheric thermal structure is not
matched by an equivalently fine magnetic structure. Our ability to measure this field suggests the utility of the He I triplet as an inner boundary condition for the inner heliospheric
magnetic field.
In the corona itself, we infer the vector properties of a catastrophically-cooled coronal
loop, uniting space-based and ground-based instrumentation. We determine how fine loops
are anchored in the photosphere via a narrow umbral flare, the consequence of a supersonic
downflow of cooled material. A stereoscopic reconstruction as well as full-Stokes inversions

19
of the He I measurements provide the first comparison of the 3D thermal structure and
3D magnetic structure of a fine-scaled coronal loop.
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CHAPTER 1

INTRODUCTION

“Sunshine on my shoulders makes me happy” – John Denver
1.1

Stellar magnetism as the variable driver of planetary environments

Planetary systems with magnetically-active host stars are engulfed by an astrophysical environment organized and regulated by the stellar magnetic field. This radiativemagnetohydrodynamic system influences planetary bodies in a multitude of ways, from
planetary magnetospheric compression, to variable radiative driving of planetary atmospheres, to time-dependent cosmic ray exposure of meteoroids. The dynamic evolution of
the global stellar magnetic field characterizes and defines solar and stellar variability and
ultimately drives, in some unknown way, fluctuations, both short and long term, in the
radiative insolation of planetary atmospheres. Instabilities generated within complex stellar magnetic configurations also routinely blast planetary systems with massive doses of
highly energized plasma in the form of flares and coronal mass ejections (CMEs), influencing for our own personal world a vast array of human dependencies on electronics. Space
weather, a burgeoning young field, seeks predictive information regarding such events in
order to mitigate the effects on the human community.
The primary markers of solar activity have historically been sunspots, localized cool
patches of high contrast with respect to the visible solar “surface”, while radiative diagnostics linked with chromospheric emission form our primary basis of stellar activity (see,
e.g. Baliunas et al. (1995)). Since George E. Hale’s discovery of the Zeeman effect on
spectra formed within sunspots (Hale, 1908), the importance of the magnetic field within
sunspots has been emphasized. Historically, it is interesting to note that fine-scaled features, termed “flocculi”, seen in spectroheliograms around sunspots led Hale to believe
that sunspots were vortexes, much like terrestrial hurricanes. Taking the photosphere to
be made up of ionized gases, Hale hypothesized prior to his discovery of the Zeeman effect
in sunspots that “Rowland’s effect”, that is the magnetic field induced by electrical cur-
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rents (i.e. Ampere’s law), might operate in the sunspot vortexes. The fine-scaled features,
however, are of a different origin than the cloud formations of terrestrial cyclones. Furthermore, these fine-scaled features do not only extend from sunspots, but rather blanket
the entire sun in various forms. Not until the invention of the magnetograph (Babcock,
1953) were these fine-scaled features of the chromosphere outside of sunspots, which also
correspond to regions of increased chromospheric emission, associated with diffuse magnetic fields all across the “quiet” sun, organized in a reticulated fashion of cells on average
20 Mm across (Leighton, 1959; Leighton et al., 1962). Thus, the stellar magnetic field
not only defines solar activity characterized by a waxing and waning number of sunspots,
but also is directly linked to the variable, chromospheric emission from both our Sun and
other stars.
Despite our ever advancing knowledge of the photospheric magnetic field, much is
unknown regarding the energetics of the upper solar atmosphere. An unknown mechanism,
linked in some way to the magnetic field structure, deposits large amounts of heat into the
upper solar atmosphere, leading to the variations of chromospheric emission over the solar
cycle. Beyond the chromosphere, the corona is further mysteriously heated to even greater
temperatures than the chromosphere below; although the total energy requirements are
actually less than the chromosphere. Moreover, the transient, yet explosive, releases of
mass and energy by flares, erupting prominences, and coronal mass ejections must derive
their energy in some way from the magnetic field, perhaps by magnetic reconnection.
However, we are not able to adequately predict the onset of these explosive instabilities.
Our lack of understanding of the upper solar atmosphere energetics is due in part to
a fundamental lack of knowledge regarding the magnetic field strength, structure, and
dynamics above the solar photosphere. As stated by Trujillo Bueno (2005), we have a
1% knowledge of the solar magnetic field. The Zeeman effect, reliably used by solar
scientists throughout the 20th century to diagnose solar magnetic fields, is by itself blind
to the turbulent magnetic fields of the photosphere and too weak to probe the magnetic
field structure of the upper solar atmosphere, which has been intractably transformed in
its extension from the photosphere by the substantial changes in the atmospheric force
balance.
The present treatise, motivated in the quest to understand the magnetic structure of
the upper solar atmosphere, unites advanced high-resolution spectropolarimetric methods
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with recently developed atomic-level diagnostics of the solar vector magnetic field. In
short, we measure within fine solar features the weak imprint of the magnetic field on
the polarized spectra emerging from an atomic system interacting with the anisotropic
properties of a stellar atmosphere. As the use of atomic-level diagnostics for astrophysical
plasmas is far from common place, we describe the basic principles of “quantum spectropolarimetry” in detail in Chapter 2. Alongside multi-spectral diagnostics of the solar
atmospheres, the polarized orthohelium infrared triplet (λ “ 1083 nm) is used as a probe
of upper atmospheric magnetic fields, in widely different solar features. The intricacies
involved in measuring the He I polarized spectra are expounded in Chapters 3 and 4.
Through this work, we infer for the first time the vector magnetic field structure hosting
the fine thermal structure of the chromosphere, first seen in the 18th century. We further
advance our knowledge of the dynamic coronal magnetic field through spectropolarimetry
and stereoscopy of coronal condensations formed by thermal instabilities within the solar
corona.
While detailed introductions to the various structures probed in this study are provided
in the later chapters, to place these structures in a larger context of the global properties
of the solar atmosphere, we embark upon a description of the inhomogeneous architecture
of the solar atmosphere. The older concepts of a vertically stratified solar atmosphere are
introduced for completeness. We emphasize, however, that a more accurate depiction of
the solar atmosphere must describe the vertical and horizontal organization of the solar
atmosphere, as defined by the force balance between hydrodynamic and magnetic forces.
In the end, we motivate the necessity of measuring the magnetic field of the upper solar
atmosphere. This motivation translates into the detailed ambitions of the present work,
and subsequently defines our approach. Finally, brief synopses of the later chapters are
provided to map out the structure of this treatise.
1.2
1.2.1

A Homogeneous View of the Solar Atmosphere
Global features of the visible solar atmosphere

The visible Sun as viewed from Earth presents a remarkably sharp outer edge to its
perceivable disk called the solar limb. Definitively sharp, the Sun appears naively to
be a solid sphere of material. Early studies by great astronomers like William Herschel
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postulated the Sun to be a solid body with a luminous atmosphere. Through patches
or holes (i.e. sunspots) in this outer shell, one could see the dark surface of the solar
body where the solar inhabitants lived. Today, this is a preposterous thought. The visible
solar surface is not solid; rather, it corresponds to the point in the stellar body at which
radiative energy can be released into outer space (i.e the opacity has decreased such that
the optical depth ă 2{3). The sharpness of the solar limb derives from the small pressure
and density scale heights in the region („ 100 km). The 100 km scale height is a mere
0.007% of the solar diameter (1391 Mm). This region, termed the photosphere releases
the bulk of the 3.893 ˆ 1033 erg sec´1 of energy generated in the core of the Sun via the
proton-proton and CNO cycles.
The photosphere marks the inner edge of the solar atmosphere, defined simply as the
visible extent of the Sun. What then marks the outer edge of the Sun’s atmosphere, and
more importantly, its influence? Early accounts of solar eclipses revealed the presence
of the Sun’s extended structure. The golden throne of the Egyptian king Tutankhamun
(„ 1330 B.C.E.) is decorated with a shape reminiscent of the extended structure, known
now as the solar corona. The visible corona extends far out in the space around the Sun,
gradually fading at distances on order of a few solar radii. This marks the outer edge
of the visible solar atmosphere. Yet, the solar influence in the local space environment
continues well out into space beyond the orbit of the solar system planets in the form of
the solar wind. The outer edge of the Sun then encompasses most, if not all, of the solar
system, and may be defined either as the point where the gas is of an interstellar origin
rather than solar or as the point where galactic cosmic rays are no longer modulated,
which is likely even farther from the Sun.
Eclipse phenomena were not limited to the global coronal structure. Apart from observations of solar prominences, early observers recorded the flashing glimpse of a “shell’
of emission. The first such observation is attributed by Young (1887) to a Captain Stannyan, who noted that just prior to the full eclipse of the Sun in 1706, a brief flash of
“blood-red” appeared on the solar limb. To explain this red flash, a modern observation
of the dispersed“flash spectrum” is illustrated in Figure 1.1. The top integrated intensity
image and slit-less spectrum was recorded while a portion of the solar photosphere was
still visible, and thus the slit-less spectrum shows the continuous visible solar spectrum
radiating from the solar photosphere. The bottom images are recorded just after the moon
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Figure 1.1: Chromospheric flash spectrum acquired in Hungary during a total solar eclipse on August 11, 1999.
The beautiful spectrum was acquired by and is courtesy of Manfred Rudolf of the EurAstro Team Szeged I
(http://www.eurastro.de/webpages/MRSPECT.HTM). Adapted from Rutten (2010b).
occults the solar photosphere. The slit-less spectrum is now dominated by a number of
emission features, as identified in the figure. Most of the emission features correspond
with transitions observed also on disk, mainly in deep optically thick Fraunhofer lines.
However, the presence of a few emission lines not seen on the disk (particularly He I 587.6
nm) has historically been challenging to explain. The brightest visible emission feature is
Balmer-α (i.e. Hα) line at 656.3 nm, which in part explains the red color of the emission
“flash” observed by Captain Stannyan.
The red flash of emission along the solar limb just before eclipse totality subsequently
was dubbed the chromosphere (literally “sphere of color”) by Lockyer and Frankland
(Bray and Loughhead, 1974). Although not measured in early studies, the chromospheric
flash spectrum in the ultraviolet presents a great number of emission lines, the strongest of
which is the Lyman-α line at 121.6 nm. It is this ultraviolet radiation escaping the variable
solar chromosphere that leads to the most significant influences on planetary atmospheres.
Thus, we complete the classical conception of the stratified solar atmosphere: the photosphere, the chromosphere, and the corona. In general, these are phenomenologically
defined regions, and thus the attribution of these terms to the real continuous and dynamic solar atmosphere can be limited. Furthermore, the horizontal structuring of the
solar atmosphere by the solar magnetic field lends to a highly localized, three-dimensional
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Figure 1.2: The mean structure of the quiet solar atmosphere. (Left) Reproduction of
Figure 1.1 from Vernazza et al. (1981) indicating the mean thermal structure of the solar
atmosphere up through the transition region ( 2200 km) and the approximate formation
levels of key continuum and spectral diagnostics. (Right) The pressure stratification of the
same model as shown in the left, showing also the locations of unity plasma β for given
magnetic field strengths (following Judge and Peter (1998)).
stratification.
1.2.2

Semi-empirical models of the solar atmosphere

As well described by Judge (2006), the “classical” problems faced by solar researchers
when addressing the upper “quiet” solar atmospheric structure related primarily to explaining a few observed anomalies that did not fit within a hydrostatic conception of the
solar atmosphere in radiative equilibrium with the emergent photospheric radiation. In
particular, the scale height of the chromosphere, as measured in the Balmer continuum,
evidenced that it was larger in the chromosphere („ 200 km) than the photosphere, and
that the chromospheric emission was greatly extended, over seven to ten scale heights.
Moreover, emission lines consistent with relatively high ionization states were witnessed
in the chromosphere that was until the 1940s assumed to be cool. Even more mysterious
was the presence of emission lines in the corona arising from multiplying ionized atoms,
which suggested very high temperatures for the solar corona, leading to the often termed
coronal heating problem (Edlén, 1943).
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Through the formulation of radiative transfer involving statistical equilibrium calculations in non local thermodynamic conditions (i.e. NLTE) during the mid 20th century,
the thermal structure of the solar atmosphere became apparent in such a way that ruled
out simple radiative equilibrium on the global scale. It became quickly clear that an
additional, unknown, energy source is required to maintain the thermal structure of the
solar atmosphere. Observations of UV and EUV continuum intensities, in particular, led
to better and better homogeneous models of the solar atmosphere (see, e.g., Gingerich
and de Jager (1968); Gingerich et al. (1971); Vernazza et al. (1973)). These models are
semi-empirical in that the model parameters are tuned to match observed diagnostics;
while the atmospheric structure is prescribed theoretically as a homogeneous, hydrostatically stratified, plane parallel atmosphere subject to the atmospheric composition and
gravitational acceleration of the Sun. Figure 1.2 illustrates the Model C quiet sun model
atmosphere from Vernazza et al. (1981), which is often used to describe the solar atmosphere below the corona. Though, work on homogeneous models of the solar atmosphere
continues today (Avrett and Loeser, 2008). Model atmospheres grant a cursory glimpse
of solar structure and work particular well to explore and develop spectral diagnostics
of various atmospheric regimes. While any firm declaration of the formation region for a
particular spectral feature must be taken with a grain of salt, Figure 1.2 shows the range of
formation for standard diagnostics of the solar atmosphere within the VAL-III C model.1
The large extension of the limb solar chromosphere noted by early observers is confirmed in the thermal structure of VAL-III C model atmosphere. Above the photosphere
and a temperature minimum region, the atmosphere exhibits a quick temperature rise in
the “lower” chromosphere, but then is largely isothermal between 800 and 1900 km above
the τ500 “ 1 level, with a pressure scale height of « 200 km. The latent heat of ionization
for hydrogen is largely responsible for the near isothermal nature of the mid and upper
chromosphere. Together with radiative losses from trace metallic transitions, hydrogen
ionization acts a “thermostat”, maintaining near constant temperatures throughout the
chromosphere (Judge and Peter, 1998). Once the depletion of neutral hydrogen is complete, any heating mechanism still operating quickly raises the gas temperature to very
large temperatures. This forms the transition region and ultimately the hot corona.
1

Note that all heights are referenced to point in the solar atmosphere where the optical depth at 500

nm is unity, a standard definition for solar astronomy.
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Parameter
Transition layer pressure [dyn cm´2 ]
Coronal temperature [K] (at r « 1.1R@ )
Coronal energy losses [erg cm´2 sec´1 ]
– Conductive flux FC
– Radiative flux FR
– Solar wind flux FW
– Total corona loss FC ` FR ` FW
Chromospheric radiative losses [erg cm´2 sec´1 ]
– Low chromosphere
– Middle chromosphere
– Upper chromosphere
– Total chromosphere loss
Solar wind mass loss [g cm´2 sec´1 ]

Quiet Sun
2 ˆ 10´1
1.1 to 1.6 ˆ 106

Coronal Hole
7 ˆ 10´2
106

Active Region
2
2.5 ˆ 106

2 ˆ 105
105
À 5 ˆ 104
3 ˆ 105

6 ˆ 104
104
7 ˆ 105
8 ˆ 105

105 to 107
5 ˆ 106
pă 105 q
107

2 ˆ 106
2 ˆ 106
3 ˆ 105
4 ˆ 106
À 2 ˆ 10´11

2 ˆ 106
2 ˆ 106
3 ˆ 105
4 ˆ 106
6 ˆ 10´10

Á 107
107
2 ˆ 106
2 ˆ 107
pă 4 ˆ 10´11 q

Table 1.1: Chromospheric and coronal energy losses/requirements. From Withbroe and
Noyes (1977)
Semi-empirical models of the solar atmosphere grant estimates of the energy requirements necessary to balance the energy losses. The primary rates of energy removal from
the chromosphere and corona are dictated by radiative loss, thermal conduction, and mass
loss. In the chromosphere, radiative losses dominate, while energy losses in the corona are
an interplay of the three removal rates. Table 1.1 from Withbroe and Noyes (1977) (see
also Athay (1976)) quantifies the total loss rates in various portions of the solar atmosphere. The total energy requirements of the chromosphere turn out to be nearly an order
of magnitude larger than the corona. Thus, the popularly phased term “coronal heating
problem” should be expanded to the “chromospheric and coronal heating problem”. An
additional mechanical driver is required to explain the atmosphere’s thermal structure,
one that distinguishes between different regions of the solar atmosphere and can vary on
solar cycle time scales for both the Sun and other stars.
1.3

Solar Convection and the Magnetic Network

The coupled interaction of convective turbulence generated at/near the solar surface and
the solar magnetic field provide the basic constituents necessary to mechanically heat the
upper solar atmosphere. Yet, the importance of the solar magnetic field outside of active
regions was not appreciated early on. While magnetic fields were known to exist in dark
sunspots since Hale’s discovery of the Zeeman effect, solar astronomy in the early 20th
century often surrendered to the idea of a two component solar surface: the magnetic
sunspots surrounded by a more or less magnetic-free “quiet” sun. Hale’s invention of
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Figure 1.3: 3452 ˆ 4382 spectroheliograph in the K2v emission feature of the Ca II spectral
line showing the presence of the emissive chromospheric network and small-scale K2v
grains. The original image has been inverted from the negative presented in Skumanich
et al. (1984).
the spectroheliograph led to great discoveries regarding the structure of the “quiet” sun.
Hale’s discussion in 1904 describes the bright Ca II H and K flocculi and the dark Hα
flocculi extending across the solar disk. Hale described the ordered scene as “[constituting]
a kind of reticulation.” Bright grains were intermixed with the reticulated bright Ca II
H and K flocculi (see Ca II K2v spectroheliogram in Figure 1.3 (Skumanich et al., 1984),
which is similar in quality to Plate II of Hale and Ellerman (1904)). Hale speculated that
these grains might be associated with the solar granules photographs by French astronomer
Pierre Janssen.
The introduction of the solar magnetograph revolutionized our view of the organized
solar atmosphere (Babcock, 1953). The solar magnetograph resolved across the solar disk
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the spatial structure of the longitudinal (or line-of-sight, LOS) magnetic field using the
Zeeman effect’s influence on the circularly polarized component of magnetically-sensitive
lines. LOS magnetograms are common place in solar astronomy today. A modern example
from the Helioseismic and Magnetic Imager (HMI) on-board the Solar Dynamics Observatory (SDO) (discussed in Chapter 3) is displayed in Figure 1.4. Sunspots mark the regions
of highest contrast viewed on the full-disk image of the continuum photospheric intensity
(top left), and have been observed routinely since Galileo. Sunspots notably define the
solar cycle, characterized by an on-average 11 year periodicity (ranging between „ 9 and
13 years) in the number of sunspots presenting on the disk (Hathaway, 2010) (see also
Güdel (2007) and Usoskin (2013)). Additionally, bright patches of photospheric plage,
mostly associated with active regions, can be viewed near the solar limb. Apart from the
limb-darkening effect, the last primary intensity structure known by early observers were
the small scale granules. The 4302 ˆ 4302 subsection2 (i.e. the black box in the top left
image), is magnified in the bottom left frame. The “quiet” photosphere surface is riddled
with small granules, between 0.5 and 2 Mm across, with a bright cellular structure and
dark intergranular lanes („ 15% contrast) with lifetimes around 10 minutes. At any given
time, there are between 1 and 15 million granules on the Sun. Yet, the magnetogram on
the right side of the figure clearly portrays additional solar organization unappreciated in
intensitygrams of moderate resolution.
Hale’s sunspot magnetic field measurements and Babcock’s magnetograph led to the
description of solar activity based on the macro-scaled magnetic organization present on
the Sun. Sunspots commonly form within bipolar magnetic active regions that erupt from
below to establish paired groups of opposite polarity spots and/or plage. Two latitudinal
bands of activity present the majority of solar activity, one in the northern hemisphere and
one in the southern hemisphere. The leading and trailing polarities of active regions are
opposite in the two hemispheres (Hale’s Polarity law), the orientation of which switches
every „ 11 years. Thus, the magnetic solar cycle periodicity is „ 22 years. The latitudinal
bands of activity migrate towards the solar equator as the „ 11 year solar cycle progresses.
2

Note that many of the size scales presented here are given in seconds of arc (or arcseconds). One

arcsecond is 1{60 of an arcminute which is itself 1{60 of a normal angular degree. Viewed from the
average distance between the Sun and the Earth (i.e. 1 astronomical unit), the solar radius is « 959.942
(arcseconds), meaning an arcsecond typically refers to „ 725 km on the solar surface.
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Figure 1.4: Full-disk continuum intensitygram (top left) and LOS magnetogram (top right)
from SDO/HMI. The portion of each image within the box indicated are magnified below.
The grayscale of the magnetogram is scaled between -50 and 50 Gauss.
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The magnified region of the magnetogram illustrates an organized magnetic network even
well outside of active regions, which was unknown to Hale when describing the reticulated
chromospheric flocculi. Photospheric Dopplergrams explained these magnetic networks
with the discovery of the macroscopic convective length-scales acting on the solar surface,
and found them to be associated with the same reticulated chromospheric network view in
Hale’s spectroheliograms (Leighton et al., 1962; Leighton, 1959). Beyond the small scale
granules, large cellular structures known as supergranules, first reported by Hart (1954),
are evident in time-averaged Doppler measurements of the solar surface. Thirty megameters across on average, supergranules persist for nearly two days and are characterized by
300 to 500 m sec´1 convective flows that are mostly horizontal. Due to Alfvén’s frozen-in
condition for magnetohydrodynamic (MHD) plasmas, supergranular outflows are thought
to concentrate magnetic flux along the inter-supergranular down-flowing lanes (i.e. the
network). The bright chromospheric network directly above these concentrations phenomenologically emphasizes the importance of the quiet sun magnetic field in driving the
upper atmosphere energetics.
The magnetic network is also organized on larger scales according to its polarity (see the
top right magnetogram of Figure 1.4). Large bands of magnetic network of similar polarity
(i.e. black or white) are oriented at an angle with respect to the solar equator. Fluxtransport theory describes this organization by the supergranular diffusion of magnetic
flux from concentrated active regions subject to differential solar rotation and a weak
equator-ward (meridional) flow in the solar convection zone (Sheeley, 2005). It is thought
that the flux transfer mechanism plays a critical role in the magnetic field recycling and
amplification through the solar dynamo.
The convective turbulence of the zone directly below the photosphere is a vast reservoir
of mechanical energy. At the photospheric level, this turbulence manifests itself as supergranular cells and perhaps on smaller intermediary scales known as meso-granulation. The
rapid radiative cooling at the photospheric level drives the small scale surface convection
leading to the formation of granules. In addition to these structures, Leighton (1960) (see
also Leighton et al. (1962)), using modified magnetograph techniques, discovered oscillatory phenomena in the Doppler velocity signals emanating from the photosphere, with a
period of near 5 minutes. Later predictions by Ulrich (1970) and observations by Deubner
(1975) found ridges in the acoustic power spectrum of solar oscillations denoting solar
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oscillations to be fundamental eigenfunction acoustic wave modes trapped in the acoustic cavity of the sun. This work birthed the field of helioseismology. The oscillations
themselves are probably excited by a stochastic ringing mechanism, as in Lighthill (1952),
operating in the near surface layers of the Sun. These oscillations are particularly important to our discussion of the thermal structure of the solar atmosphere. For example,
Carlsson and Stein (1995) found that by artificially driving sound waves with solar frequencies in a one-dimensional simulation of a solar atmosphere in radiative equilibrium,
shock dissipation can lead to enhanced emission in the lower chromosphere (below « 1300
km) without significantly raising the mean gas temperature in the temperature minimum
region, allowing the dynamic presence of cool CO formation (Wiedemann et al., 1994;
Wedemeyer-Böhm et al., 2005). Small-scale dissipation of acoustically-driven shocks may
explain the K2v grains observed in the internetwork regions (see Figure 1.3), but does not
fully inform us about the heating of the upper chromosphere and the corona.
1.4

The Coupled Solar Atmosphere at High Resolution

How the vast mechanical energy of the turbulent convection zone is relayed to and dissipated in the upper atmosphere is of fundamental importance to understanding the dynamic
thermal structure of the upper solar atmosphere, and lies at the heart of this investigation.
The question of what heats the chromosphere and corona is easy to answer. The question
of how is much more difficult. With the quasi-neutrality of the solar atmosphere and its
partial ionization, the solar atmosphere meets the characteristics of a continuous magnetofluid that can be described on scales larger than the ion gyroradius by the equations of
magnetohydrodynamics (MHD). This opens up an array of magneto-plasma processes capable of storing and/or transporting energy in the solar atmosphere such that heat can be
generated on kinetic scales through, for example, Ohmic dissipation. Evaluating the role
played by these processes, however, relies critically on how the turbulent convection of the
photosphere couples with the solar magnetic field, and how that coupling is expressed in
the upper atmosphere. In other words, we seek to understand the extension of the solar
magnetic field into the solar atmosphere.
The interplay of plasma hydrodynamic forces and magnetic forces dictates the structure
of the field as it extends into the atmosphere, and can be expressed succinctly by the MHD
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equation of motion (i.e. the momentum equation). Under the single fluid approximation,
we can write the ideal MHD momentum equation (in c.g.s. units) as (Boyd and Sanderson,
1969):
1
Du
“ ´∇P ` pJ ˆ Bq ` F,
(1.1)
Dt
c
where ρ is the plasma mass density, D{Dt the Lagrangian convective derivative, u the
ρ

plasma velocity, P the gas pressure, J the current density, B the magnetic field (or flux
density) vector, and F other forces (such as viscous or gravity terms). Using Ampere’s
law in the ideal limit such that the displacement current is neglected, this equation can
be rewritten as
ρ

1
Du
“ ´∇P `
p∇ ˆ Bq ˆ B ` F
Dt
4πˆ ˙
1
B2
pB ¨ ∇qB ` F
`
“ ´∇P ´ ∇
8π
4π

(1.2)

where vector calculus identities have been used to transform the Lorentz term (p1{cqpJ ˆ
Bq) into a gradient of a scalar magnetic pressure and a magnetic tension force. A useful
dimensional analysis can be performed of Equation 1.2 by assuming a curve-free field in
static horizontal equilibrium with the plasma pressure. The horizontal balance is then
controlled by the relative pressure of the gas versus the magnetic field. This ratio is
termed by plasma beta, i.e.
Pgas
Pgas
.
(1.3)
“ 2
Pmag
B {8π
When β ą 1, the gas dynamics dominate the motion, which is the case of the internetwork
β“

regions in the photosphere discussed above. Flux elements are advected by the gas due to
the supergranular flow. Only in strong magnetic concentrations such as pores and sunspots
is the magnetic pressure strong enough to resist the gas pressure. As the field extends into
the upper atmosphere, the gas pressure drops quickly, with two consequences. First, the
magnetic field is able to expand. Second, as the magnetic field strength due to expansion
typically drops off less quickly than the gas pressure, the plasma β transitions through
unity into small values. Now, the magnetic field is the primary driver of momentum.
Unfortunately, due to the lack of reliable diagnostics, this regime transition and magnetic field expansion is not well quantified in the solar atmosphere, despite its importance.
Attempts to extrapolate the conditions of the static photospheric field into the upper
atmosphere provide some useful tools to quantify the magnetic field, but they have limitations (discussed below in Section 1.5.1). A key limitation is that such extrapolations
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cannot address the seemingly immeasurable degree of dynamics that the thermal structure
of the upper chromosphere displays. The complicated structures of the chromosphere seen
in spectral lines formed in complicated non-LTE spectral lines seem beyond comprehension in many ways. Yet, as Judge (2006) points out, the magnetic structure, if and when
measured, should be more simplistic than the thermal structure testifies. Again, from the
point of view of average force balance, the magnetic field is considerably relaxed in the
upper atmosphere. The fine-scaled nature of the thermal fine structure is related more to
the individualized thermalization of portions of this field.
1.4.1

A spectral tour of force balance

As this study aims to measure the vector magnetic field in the fine structures of the solar
atmosphere, it is instructive to summarize the primary characteristics of this fine structure and how it relates to the coupling and connectivity of the solar atmosphere. It is,
after all, the fine structuring of the solar atmosphere that informs us about the overall
force balance in the solar atmosphere. This can be a complicated mission due to the level
of complexity inherent in both the structure of the solar atmosphere and the radiative
transfer of the spectral diagnostics used to probe it. Thus, this summary cannot come
close to completeness, nor close to conclusiveness. We point the reader to the contemporary reviews of Judge (2006),Rutten (2007), Wedemeyer-Böhm et al. (2009),Judge (2010),
Rutten (2010a), Rutten (2010b), Rutten (2012), McIntosh (2012) for a further discussion.
We embark on a brief spectrally guided tour of the solar atmospheric structure thanks
in no small part to modern advanced instrumentation, and the courtesy of Kevin Reardon
and Gianni Cauzzi in providing their observational “mosaic” to the solar community. The
images below are from the Interferometric Bidimensional Spectrometer (IBIS) at the Dunn
Solar Telescope, and the HMI and AIA (Atmospheric Imaging Assembly) instruments onboard SDO. These images, recorded on August 3, 2012, represent today’s cutting-edge in
imaging the solar atmosphere, and introduce three of the essentially eight observational
dimensions of the Sun, all of which are probed to some degree within this thesis. The three
dimensions in the spectral tour here are two spatial directions and one spectral energy
dimension. To this, one can add the dimensions of time, three polarimetric dimensions, and
height, which is only available for limb observations and or stereoscopy. The images below
were introduced by Cauzzi and Reardon (2012), and also reported on, in part, by Jing
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et al. (2011) and Reardon et al. (2011). The field-of-view of the images is « 3002 ˆ 3002 ,

which covers a large portion of NOAA active region3 11092, spatially sampled by IBIS at
0.12 pixel, which is ultimately the reason for displaying each image on separate pages.

In the line wing of the photospheric Fe I 543.4 nm spectral line (Figure 1.5), the photospheric intensity structure expresses diverse features beyond sunspots and solar granulation. The large sunspot in the lower right represents only a portion of the active region’s
structure, both in intensity and in the magnetic field (Figure 1.6). The sunspot consists
of its umbra (the dark inner portion with a stronger primarily vertically directed magnetic field) and its penumbra (the ring of intermediate intensity surrounding the umbra).
Throughout the region, there are smaller intensity structures both dark and bright. The
small dark regions formed primarily at the intersection of multiple granules are micropores
(typically 12 to 22 wide), while the bright features are termed either bright points, primarily when localized and viewed in G-band images, or filigree when viewed as interconnected
ribbon structures surrounding multiple granules. In general, all intensity structure beyond
solar oscillations and granulation is due in some part to magnetic elements. Whether these
elements are bright or dark is determined by the effect of the magnetic field on radiative
transfer processes. Bright points and filigree form along intergranular lanes, and typically
congregate in regions of the magnetic network, those large scale cellular features of LOS
magnetograms created by some, not necessarily understood, field transport mechanism
related to supergranular convection (Sheeley, 2005; Nordlund et al., 2009). Bright points,
together with the fine fibrilar structure of the chromosphere discussed below, bolsters a
view of the solar magnetic field as constituting discrete elements, often referred to as flux
tubes (see, e.g. Stenflo (1994)). Yet, as shown by Berger et al. (2004), G-band bright
points, when viewed at high resolution, merge to form ribbon or sheet type structures,
much like filigree, which may elude a simple tubular description. Orozco Suárez et al.
(2007) revealed that these ribbon flux concentrations were highly structured in their field
strength and inclination. Judge et al. (2011) recently remarked that much of the chromospheric fine structure discussed below, which is typically described as various independent
flux tube elements, might be explained as sheet type structures based on tangential discontinuities. Thus, it remains of importance to understand the field structuring within
3

Individual active regions appearing on the Sun are numbered by NOAA, the National Oceanic and

Atmospheric Administration
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Figure 1.5: IBIS high resolution mosaic of photospheric intensity structure recorded in
the line wing of the Fe I 543.4 spectral line. See text and Cauzzi and Reardon (2012) for
details.
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Figure 1.6: SDO/HMI line-of-sight magnetogram for same region as the IBIS mosaic
images. The grayscale corresponds to strength and polarity, black and white represent
different polarities.
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the fine structures of the photosphere, which after all represents the probable injection
point for any mechanical energy pumped into the upper atmosphere.
The sunspot penumbra hosts an outward-directed flow, with respect to the center of
the umbra, discovered by John Evershed (Evershed, 1909a), known as the Evershed effect,
or Evershed flow. The evolutionary development of this flow is especially important to the
birth and decay of sunspots, as it is seen to drive small magnetic features, known as moving
magnetic features, out of the sunspot into the surrounding sunspot moat (Kubo et al.,
2008). In the context of upper atmospheric structure, the importance of the Evershed
flow can be emphasized, as it represents a magnetized flow that acts primarily along the
inclined magnetic fields of the sunspot penumbrae. Many flows in the upper atmosphere
also presumably follow the magnetic field. Two of the primary theoretical drivers of the
primarily horizontal Evershed flow are 1) the interaction of overturning convection of the
subsurface layers with the inclined penumbral magnetic field and 2) siphon-flow driven by
a gradient in the magnetic pressure along the flux tubes wherein the magnetic pressure
at one footpoint is larger/smaller than that of the other Meyer and Schmidt (1968).
According to the advanced simulations of Rempel et al. (2009), magneto-convection is
likely the primary driver of the photospheric Evershed flow; though siphon models have
since been applied to the upper atmosphere.
Moving higher into the solar atmosphere, Figure 1.7 displays the mixed structuring seen
in the line wing of the Ca II infrared triplet line at 854.2 nm. Cauzzi et al. (2008) calculate
the contribution function for this line in a quiet solar model atmosphere, and find the line
wing forms between 100 and 500 km above the solar surface (τ500 “ 1). However, remember
that this formation height is extremely structure dependent, and thus one cannot assume
you are looking at one particular height in the figure. One of the more striking features of
this figure is the continued presence of the granulation pattern, but with reversed contrast.
This phenomena, known simply as reversed granulation, is thought to be a consequence of
the rapid adiabatic cooling of the expanding granule gas (Cheung et al., 2007). The solar
filigree becomes slightly more diffuse as it transforms into the classical feature of solar
plage, which can be directly related to the reticulated chromospheric network observed
by Hale. Although not as convincingly seen in intensity, the acoustic shocks thought to
form the K2v grains discussed above are present in time-resolved measurements within
the internetwork regions (Vecchio et al., 2009). Dark lineated features extending from the
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Figure 1.7: IBIS high resolution mosaic imaging different structures of the chromosphere
as view in the line wing of the Ca II 854.2 nm spectral line, with much of the “lower”
chromosphere dominating the formation. See text and Cauzzi and Reardon (2012) for
details.
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network regions in Figure 1.7 give the first glimpse of chromospheric fibrils (referred to as
rosettes and mottles in the quiet sun), which give the phenomenological evidence for the
expansion of magnetic flux elements from the photosphere. The fibrils presumably trace
the magnetic field, though until this study (see Chapter 5), this had not been confirmed.
The network fibrils in this line wing image forms hedge rows, partitioning the network
regions from the internetwork regions.
In Figure 1.8, we arrive at our first full view of the solar chromosphere, deep in the
line core of the Ca II 854.2 spectral line. The fine-scaled fibrils first seen in the line wing
now dominate the landscape, and are the origin of the term chromospheric fine structure.
The fibrils are seen in contrast with each other in the line core of Ca II 854.2; though the
line profiles do not show reversals into emission within the fibrils. A longer, dark feature
extends from the upper left to the image center. This is an active region filament, forming
in a classic filament channel, demarcated by a polarity inversion line in the photospheric
magnetogram (Figure 1.6). Filaments are called prominences when viewed on the solar
limb. The dark fibrils extend entirely over the internetwork fields (i.e. the cell centers of
the supergranules), forming the chromospheric canopy. Yet, how these fibrils connect with
each other and the photosphere is hard to establish from imaging alone (see discussion
in the introduction of Chapter 5). Over the network itself, the chromosphere remains
fairly bright, and fibrils are not prevalent. The more dynamic features termed spicules
(discussed below) likely rise from these regions. The longer, curved fibrils surrounding the
sunspots are distinguished as superpenumbral fibrils. This region hosts an inward-directed
(relative to the sunspot center) flow called the inverse Evershed effect. The same siphon
flow mechanism invoked for the regular Evershed flow is often invoked to explain the
chromospheric effect, yet little regarding the magnetized structure of the fibrils is known
(again, motivating this work!). Across the image, one can see that the fibrils are organized
on scales larger than a single superpenumbral cell; that is, the fibrils have a preferential
directionality across the region. Although not depicted in this region, as one transitions to
weak network fields of the quiet sun away from network regions, the fibrils do not always
extend across the whole supergranule cell.
The chromospheric landscape in the core of the infrared Ca II line is remarkably
similar to that seen in the Hα line core (see Figure 1.9). As remarked by Rutten (2007),
the mass of fibrils in Hα truly is the chromosphere, defined by the flash of red seen during
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Figure 1.8: The line core of the Ca II 854.2 nm spectral line reveal much of the full “upper”
chromosphere with fibril structures spanning across the network cells. See Cauzzi and
Reardon (2012) for details.
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Figure 1.9: If the chromosphere is defined by the red flash spectrum, the fibrils seen in
the line core of Hα (656.3 nm) above denote the definitive upper solar chromosphere. See
text and Cauzzi and Reardon (2012) for details.
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eclipses. Despite the similarity seen between the two lines for this region, Cauzzi et al.
(2009) shows that the formation of the two lines is quite different, which can lead to quite
different expressions of the chromosphere, especially in more quiet regions. For example,
there is an opacity gap for Hα near the temperature minimum region that does not affect
the Ca infrared line. Reversed granulation is not seen in Hα. The fibril contrast in Hα
is larger than the Ca line, perhaps due to varying mass densities of individual fibrils and
the importance of the scattering source function in the Hα line formation (Rutten, 2007).
Despite our lack of understanding regarding the formation of the thermal chromospheric fine structure, one thing is clear from this view of the chromosphere. The magnetic
field has relaxed, no longer being dominated by the plasma motions of the turbulent convective. Assuming the fibrils represent magnetic fields, the landscape is now dominated by
the J ˆ B term of Equation 1.1, which means the plasma β has transitioned through unity

into a low β state (β ăă 1). Continuing higher in the atmosphere into the corona,4 the 0.6
MK (megakelvin) emission in the 171Å spectral window measured by SDO/AIA reveals

the hot structure of the solar corona. Much of the network plage seen in the chromosphere
is also witnessed in the coronal emission, forming solar moss. The emissive structure curvature in the sunspot clearly compares well with the superpenumbral canopy morphology,
while overarching coronal loops connect opposite polarity regions. The highly structured
appearance of the corona testifies to the localization of the thermal drivers responsible for
its intensity structure.
This brief spectral tour has revealed much of the interconnected structure of the solar
atmosphere, as regulated by the magnetic field. Yet, much of the fine structure of the
chromosphere goes unnoticed from the disk center perspective. Some signs of further
structure is seen in temporal and Doppler imaging of on-disk fibrils, but the best view
is attained by applying similar observing methods on the solar limb. Of course, the
photospheric structure then becomes hard to view. Figure 1.11 displays the Hα fine
structure on the solar limb as one scans from the wing into the line core. Clearly, no
signs of reverse granulation are seen in the line wing; only hedgerow stalks rising from
photospheric plage. The fibrils viewed from this angle convey a considerably more threedimensional nature. On the very limb, the fine scaled features rise above the limb, and are
4

Note,we are skipping the transition region due to lack of diagnostics. The recently launched Interface

Region Imaging Spectrograph (IRIS) should help close the gap.
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Figure 1.10: SDO/AIA image in the 171 Å spectral bandpass revealing the coronal structure above the active region imaged by the IBIS mosaic. See text and Cauzzi and Reardon
(2012) for details.
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Figure 1.11: The chromospheric fine structure visible at the solar limb at different wavelength samples (from left: -800,-600,-400,0 mÅ from line center) of the Hα spectral line.
The field of view is approximately 702 ˆ 852 . Courtesy of the Dutch Optical Telescope
(DOT) and Rutten (2007) and Wedemeyer-Böhm et al. (2009)
known as spicules, which were first systematically characterized by Beckers (1964). While
clearly phenomenologically linked with fibrils, the spicules are considered distinct due to
their more vertically directed structure.
Dynamical activity in spicular chromospheric (and lower coronal?) features have been
linked to mass and energy injection into the corona and solar wind De Pontieu et al. (2007);
McIntosh (2012). Ultimately, this mass must be cycled back into the chromosphere in the
closed field corona, which has been observed spectroscopically by McIntosh et al. (2012).
Relatively quick thermal instabilities can lead to coronal mass drainage in the form of
coronal rain, which can be recorded with chromospheric diagnostics simultaneously with
off-limb spicules (Antolin and Rouppe van der Voort, 2012) (see Figure 1.12). According
to Antolin et al. (2010), coronal condensates can be used as markers for coronal heating
mechanisms. We explore in Chapters 7 and 8 the measurement of coronal magnetic field
topologies using coronal condensations.
1.4.2

Cartoons of the upper solar atmosphere

The energetic heating of the upper atmosphere is indelibly linked to the mechanisms generating and controlling chromospheric fine structure and its dynamics. Classifying and
observing the dynamics of this structure can be difficult. The common conceptions and
misconceptions are often relayed in toy cartoon models of the chromosphere. An example
cartoon from Wedemeyer-Böhm et al. (2009) is reproduced in Figure 1.13. The figure
gives quite a complete overview of the various processes probably interacting with an as-
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Figure 1.12: Coronal rain imaged by CRISP instrument at the Swedish Solar Telescope
at ∆λ “ 300 mÅ from Hα line center. A radial filter is applied to increase the contrast of
the draining coronal rain features with respect to the fibril canopy of the chromosphere
below. Courtesy of Antolin and Rouppe van der Voort (2012).
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Figure 1.13: Simplified diagram (cartoon) of the structure of the quiet solar chromosphere,
interlaced with the network solar magnetic field. This diagram is a reproduction of Figure
16 in Wedemeyer-Böhm et al. (2009), and we point the reader to that article for a full
description. A similar schematic view is given by Judge (2006). The features are not
drawn to scale. The vertical scale is shown on the left, while the horizontal scale is exaggerated. For reference, supergranules are on-average 30 Mm across. Solid (dashed) black
lines extending upwards from the convection zone represent magnetic lines of force within
the solar network (internetwork) magnetic field. Various colored features correspond to
observed phenomena in the solar atmosphere. The purple features show the assumed
structure of chromospheric fibrils, the features probed in Chapters 5 and 6 of this thesis. Fibrils extend across the supergranules, demarcating the upper chromosphere from
the lower sub-canopy chromosphere, which is likely heated above its radiative equilibrium
value by the presence of acoustic shock waves (the bold dark blue arches).
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sumed chromospheric magnetic canopy. For a further description, see the discussion in
Wedemeyer-Böhm et al. (2009). The relation in the cartoon to the structures discussed
above should be clear, with the exception of the fluctosphere, or what Rutten (2010b)
calls the clapotisphere, which refers in particular to the apparently shock-dominated regions of the lower atmosphere outside of magnetic elements, with very weak fields. In
the internetwork regions below the presumed canopy, the role of weak magnetic fields is
unclear.
In summary, the small dynamic magnetic elements (B „ 1000´1500 G) anchored in the
solar photosphere presumably expand with height to form the canopy, which may or may
not connect back with the photosphere depending on the three-dimensional distribution
of magnetic elements. The elements themselves are thought to be in some way responsible
for both upper atmospheric heating and solar wind acceleration. Vecchio et al. (2007) gave
evidence that such magnetic network elements can allow the propagation of photospheric
acoustic oscillations with frequencies below the acoustic cut-off into the upper layers of
the chromosphere. As Judge et al. (2004b) and McIntosh and Jefferies (2006) claim, these
low-frequency waves could be an important contributor to heating the chromosphere.
Furthermore, a portion of these magnetic elements are thought to expand out of the
corona as magnetic funnels, which channel the fast solar wind out into the heliosphere (Tu
et al., 2005).
1.4.3

Candidate mechanisms for upper atmospheric heating

As is now evident, the upper solar atmosphere is intricately structured and importantly
coupled with the dynamics of the turbulent solar convection zone. The large transition
of force balance from the photosphere to corona leads to a vast array of MHD processes
capable of storing and transfer energy into the upper solar atmosphere, to which the wide
range of theoretical coronal heating models testifies. A fundamental issue faced when
attempting to distinguish the importance of these models in the real solar context is our
lack of knowledge of the dynamic magnetic structure (and density structure) of the upper
atmosphere. Viggo Hansteen’s article in Schrijver and Siscoe (2011) makes an important
point regarding the thermal structure of the corona; that is, the large temperature of
the corona actually tells us very little about the mechanism heating the solar corona.
The low density of the corona restricts its ability to radiate inputted energy away. Only
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Figure 1.14: Supergranulation advection braids the solar magnetic field in the solar photosphere leading to the presence of quasi-static currents in the upper atmosphere and in
the solar wind. (left) From Jokipii and Parker (1969) (right) From Parker (1983a)
conductive losses are able to balance the extra heating effectively; though, due to the highorder dependence of the Spitzer conductivity on the temperature, the conductive loss is
only effective after the coronal plasma has already reached megakelvin temperature. Thus,
the large temperature of the corona can be reproduced by any number of coronal heating
models.
The primary mechanisms invoked in coronal heating models are well summarized in
Chapter 9 of Aschwanden’s textbook entitled Physics of the Solar Corona (Aschwanden,
2005). Two main classifications of coronal heating models exist: (1) Direct Current (DC),
and (2) Alternating Current (AC) models, which relate to the time scales of the coronal
response to the photospheric driving. Alternatively, one may call these models ”stressing
models” (DC) and ”wave models” (AC). The Alfvén time corresponding to the time-scale
of the coronal response to photospheric changes governs the difference between DC and AC
class models. Quasi-static (DC) currents can develop in the atmospheric magnetic field
when the photospheric motions adjusts the bottom boundary of the field structure on time
scales much longer than the Alfvén time, for example, by supergranular advective braiding
of the magnetic field (see Figure 1.14) (Jokipii and Parker, 1969; Parker, 1972, 1983b,a).
Then, these currents might be dissipated by small-scale reconnection events (nanoflares),
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current cascading, or the transfer of current stress into turbulent viscous dissipation (see
references in Aschwanden (2005)). AC models typically involve MHD wave generation
driven by photospheric drivers with time-scales that are faster than Alfvén travel time.
The resultant waves propagating into the corona present the plasma with an alternating
current (AC) which is notoriously difficult to dissipate. Resonant absorption and/or phase
mixing, for example, are required to dissipate these wave modes on small scales. The
inner workings of all of these mechanisms, and subsequently, the unique identification of
the these mechanisms, requires an understanding of the dynamical topology of the upper
atmosphere’s magnetic field.
1.5

Measuring the magnetic field of the upper atmosphere

1.5.1

Motivations

Our knowledge of the extension of the solar magnetic field from the photosphere into
the solar atmosphere and into the heliosphere has up until recently relied upon potential
and/or force-free solutions to the MHD momentum equation after empirically defining
the magnetic field at a source surface, which is typically the observed photospheric field.
A potential field by definition does not contain magnetic energy in a form that can be
dissipated; that is, a potential field has zero magnetic free energy. The force-free extrapolation method is a common tool for extrapolating the magnetic field into the corona
under the assumption that currents are parallel, and related linearly or non-linearly to
the strength of the magnetic field. This eliminates the contribution of the Lorentz force
term in Equation 1.1 (i.e. J ˆ B “ 0.). Unfortunately, rarely does the measured magnetic
field at the photosphere meet the criteria for a force-free field, and various preprocessing
methods must be used to enforce the force-free condition on the photospheric field. This
in fact decouples the dynamical driving of the photospheric convection with the extrapolated magnetic field. While such extrapolations may aid in understanding large scale
properties of flaring active regions (Régnier and Priest, 2007), they cannot fully address
dynamical heating mechanisms of the quiet sun. Furthermore, De Rosa et al. (2009) found
various force-free extrapolation algorithms vastly inconsistent with each other and unable
to completely match the intensity structure of the solar corona.
As the plasma β drops in the upper solar atmosphere, horizontal pressure balance
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described by Equation 1.1 indicates the magnetic field becomes more and more force-free
since the J ˆ B becomes the dominant term. Thus, the vector chromospheric magnetic
field represents a better source surface for force-free extrapolations. Within a sunspot, Na
I vector measurements indicate the field becomes force-free approximately 400 km above
the surface (Metcalf et al., 1995), but full vector measurements in the quiet upper chromosphere remain lacking. Judge (2010) points out that vector magnetic field measurements
in a force-free plasma directly quantifies the magnetic free energy in the coronal volume
above via Chandrasekhar’s magnetic virial theorem. This would greatly advance space
weather prediction as it can directly quantify the build up and release of magnetic free
energy in large flaring active regions. Moreover, the solar wind speed is often linked to the
expansion rate of the open magnetic field. Force-free extrapolations of the chromospheric
magnetic field would infer this expansion rate with much greater accuracy.
On smaller scales, measurements of the magnetic field at different heights within the
chromosphere directly probes the presence of currents within the plasma, which can be
used to constrain chromospheric heating. Socas-Navarro (2005b) used a non-LTE inversion to infer the vector magnetic field with a sunspot from Ca II 854.2 nm measurements
and found currents that did not correlate with the areas of hotter plasma, perhaps arguing
against DC Ohmic current dissipation as a heating mechanism in that region. However,
this type of measurement is still in its adolescence. Determining the magnetic field within
fine structures is essential to understanding the thermal differences between the structures and the available DC or AC magnetic energy. Wave motions witnessed in fibrils
and spicules (see, e.g., De Pontieu et al. (2011)) require magnetic field measurements to
uniquely identify the various wave modes or bulk motions in these features.
1.5.2

Continued efforts to develop spectral diagnostics

The diagnostic capability of magnetic fields in the upper solar atmosphere is starting
to reach beyond its adolescence, as the solar atmosphere continues to be used as an
advanced laboratory of atomic physics. The magnetic field in the upper atmosphere is
challenging to diagnose due to its inherently weak nature, its mostly transverse orientation,
and the complicated formation of spectral lines probing its features. Advances in the
sensitivity of polarimetric instrumentation now allow access to the often weak polarimetric
signals produced in such plasmas; though, the necessary temporal and spatial resolutions
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remain difficult to achieve simultaneously. In parallel to instrumentation advances, the
ability to interpret such signals has improved considerably with improvements in non-LTE
polarized radiative transfer calculations (Socas-Navarro, 2005b; Uitenbroek, 2011) as well
as with the ability to analyze polarization signals induced jointly by the Zeeman effect
and radiatively/collisionally at the atomic level (Trujillo Bueno, 2003; Degl’Innocenti and
Landolfi, 2004).
Due to the fine-scaled structuring of the solar atmosphere, low frequency sub-mm and
radio diagnostics of magnetic fields are quite limited in application to the solar atmosphere
due to the Rayleigh limit. Polarized diagnostics of ultraviolet spectral lines is most likely
the best option to measure magnetic fields in the chromosphere (Trujillo Bueno et al.,
2005), but ultraviolet polarimetry from space has not yet been seriously pursued. Visible
and infrared diagnostics are then mostly pursued for upper atmospheric magnetometry.
Coronal magnetometry has recently been advanced by limb measurements of the Zeemaneffect and the Hanle effect on large scales (see review by Raouafi (2011)). In the visible
and infrared portion of the spectrum, the 850 nm Ca II triplet and the 1083 nm He I triplet
are the best diagnostics currently available for chromospheric magnetic fields on the solar
disk (see review by Pietarila (2012)); though these diagnostics are still in a development
and exploratory phase. On the solar limb, the He I D3 line at 587.6 nm has been used
to infer the vector magnetic field of spicules. Synthesizing the Ca II triplet requires full
non-LTE polarized radiative transfer, and tools for the synthesis and inversion of these
lines are now becoming available, e.g. Nicole (de la Cruz Rodrı́guez et al., 2012). A
benefit of the He I triplet at 1083 nm is that its formation is limited to chromospheric
and transition region material; thus a non-LTE analysis in most cases is not required.
Inversion tools are now available to interpret the Zeeman and atomic level polarization of
this triplet, i.e. Hazel (Asensio Ramos et al., 2008), and HeLiX
1.6
1.6.1

`

(Lagg et al., 2004).

Dissertation Overview
Scientific Approach

The study described forthwith explores and capitalizes on the diagnostic power of the
He I triplet at 1083 nm to infer the vector magnetic field of chromospheric and coronal
fine structure, observed in congress with multi-channel instrumentation sampling much
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of the coupled, and mysteriously heated, solar atmosphere. This work extends from
the design and construction of a new slit-type spectropolarimeter, known at the Facility Infrared Spectropolarimeter (FIRS), built for the diffraction-limited measurement of
polarized spectra in the solar atmosphere. We accomplish this feat for the very weak
polarization signatures of the He I triplet, measuring for the first time the polarized spectra within individuated fine features of the upper atmosphere. Thus, in the end, a great
portion of this work has been the careful fine-tuning and calibration of the measurements,
and has ultimately required the development of new observational and post-acquisition
reduction techniques. Upon acquiring the sought-after measurements, we have gone on to
interpret these signals to discuss the fine scale structuring of the upper solar atmosphere
magnetic field.
1.6.2

Primary Objectives

The primary objectives of this work have been:
1. Measure the polarization of the He I triplet at sufficient resolution and sensitivity
to infer the full magnetic field vector of the upper chromosphere. Include multiwavelength diagnostics of the full solar atmosphere to place He I structure in context
with previous measurements.
2. Investigate the magnetic nature of chromospheric fine structure. Determine whether
chromospheric fibrils are an appropriate tracer of the chromospheric magnetic field.
3. Address the connectivity of fine structure to the lower and upper atmosphere. Bring
information of the magnetic architecture hosting flows to bear on the models of
dynamic excitation.
4. Pursue vector magnetic field measurements of cool material in the solar corona. Due
to a target of opportunity, this objective developed so to investigate the utility of
cool coronal condensates for measuring the coronal magnetic field vector.
1.6.3

Document Structure

The primary components of this dissertation are organized into chapters. Here are short
descriptions of the chapters and how each fits into the overall picture of this work.
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• Chapter 2: Quantum Spectropolarimetry of the Solar Atmosphere - Spectropolarimetry, the study of polarized spectra, is witnessing a revolution, catalyzed by an advanced theoretical formulation of statistical atomic physics, advanced through modern progress in polarimetric instrumentation, and motivated by the great number
of physical environments to which it applies. Yet, the field remains a small portion of the astrophysics community as a whole, and many of the concepts are not
generally discussed. In this chapter, the basics of Stokes spectropolarimetry are outlined. Brief descriptions of the primary physical mechanisms inducing or modifying
polarization in spectral lines are provided. A quantum approach is stressed, as the
classical approaches of old cannot adequately describe the polarization signatures
of the upper solar atmosphere. A general understanding of optical pumping and
the Hanle effect, in addition to the statistical equilibrium equations for the atomic
density matrix describing a polarized system of atoms, is necessary to interpret the
measurements presented in later chapters. We further discuss the quantitative interpretive tools that we apply to our measurements, in particular the employment
of inversion methods for model fitting of the polarized spectra.
• Chapter 3: Observing Methods - Instrument and Data Overview - A brief description
of the various facilities and instruments employed for this study is provided. In
particular, slit-based spectropolarimetry (FIRS) is compared to and distinguished
from imaging-based spectropolarimeters (IBIS). The advantages and drawbacks are
each instrument are given, and the various instrumental procedures undertaken for
calibration and active/passive mitigation of atmospheric distortion are delineated.
• Chapter 4: High Sensitivity Spectropolarimetry - Calibration and reduction procedures for the Facility Infrared Spectropolarimeter (FIRS) are outlined in detail,
stressing the intricacies of achieving the necessary polarimetric sensitivity and accuracy required to infer the vector magnetic field from the He I triplet. This chapter
relays the crux of the measurement process undertaken by this work, and represents
one of its more technically challenging aspects.
• Chapter 5: He I Vector Magnetometry of Field-Aligned Superpenumbral Fibrils - The
painstaking process of instrumental calibration described in Chapter 5 paid off with
the first measurements of atomic-level polarization signatures in the He I triplet mea-
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sured in the superpenumbra of NOAA active region 11408. These polarized spectra
are deeply analyzed to investigate the magnetic field properties of superpenumbral
fine structure (i.e. fibrils). We give the first clear evidence that fine structure well
outside of a sunspot is aligned with the magnetic field, confirming the assumptions
made by most and initially suspected by Hale in the early 20th century (1908). The
vector magnetic architecture is then described so to understand and scrutinize the
dynamic connectivity of active region fibrils.
• Chapter 6: The Chromospheric Vector Magnetic Field Structure of a Sunspot and
its Canopy Inferred Using Multi-Channel Spectropolarimetry - Expanding on the
work of Chapter 5, full inversions of the He I triplet are performed across an entire
active region sunspot, including its superpenumbra. Due to the computational load
of this work, we rely heavy on the parallel-processing implementation of the Hazel
inversion code (see Section 2.9). The outcome is the first map of the chromospheric
vector field across a full spot. We compare these inversions with weak-field diagnostics of the Ca II 8542 Å measured by two different instruments. The thermodynamic
structure of the superpenumbral canopy turns out to be indicative of individuated
thermalization of portions of a more uniform magnetic field. This work also identifies further work that is needed before He I inversions are routinely applied to active
region sunspots.
• Chapter

7:

On-disk

Spectroscopy

and

Stereoscopic

Reconstruction

of

a

Catastrophically-Cooled Coronal Downpour During the Formation of a Coronal
Cloud Filament - The formation of the He I triplet is not limited to a narrow slab
of the chromosphere. Rather, anywhere cool condensed material forms in the upper
atmosphere may host significant He I absorption. Exploiting a large spectral range
of our instrumentation, we measure a cool feature formed in the corona that leads
to the fastest flows measured to date with the He I triplet, up to 190 km sec´1 . We
learn that this feature gives an unprecedented view of the connection of catastrophic
cooling in the corona with the evolution and response of the low solar atmosphere.
This chapter incorporates a wealth of data, uniting three ground-based instruments
with three space-based instruments. From space, we use stereoscopic imaging to reconstruct the full three-dimensional geometry of the feature. We go on to study the
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formation of a radiative shock formed in the chromosphere and discuss the implications of these observations on models of the routinely observed radiative instabilities
in the corona.
• Chapter

8: The Coronal Magnetic Field Structure of a Catastrophically-Cooled

Downpour Inferred by He I Spectropolarimetry - It is accepted that the corona field
plays a dominant role in the energetics of the upper atmosphere. Yet, the coronal
magnetic field remains notoriously difficult to probe via remote diagnostics. Despite
modeling efforts to understand the thermalization of coronal loops, many of the
thermal and dynamic characteristics of loops are not entirely reproduced. Our observations in Chapter 7 grant us the unique opportunity to infer the coronal magnetic
field using the He I spectropolarimetric observations of downflowing chromosphericlike material at heights up to 70 Mm above the solar surface. While these observations are ultimately observing the coronal magnetic field in a catastrophically-cooled
condition, the availability of stereoscopic imaging provides the first ever opportunity to compare a individuated fine-scaled, three-dimensional corona structure with
inferences of the magnetic field using modern spectropolarimetric techniques.
Through these chapters, we explore the formulation of quantized radiative transfer for
solar spectropolarimetry. Ultimately, this is an observational work. Great pains have been
taken to refine the measurements in order to reliable apply these techniques. After the
above chapters, we give a short summary of both the advances in observations that this
work represents and the scientific findings and implications of the results. Finally, these
methods are in arch brought to bear on the future of solar observations. In particular,
great anticipation is found in the development and deployment of the new era of solar
spectropolarimeters at the Advanced Technology Solar Telescope (ATST).
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CHAPTER 2

QUANTUM SPECTROPOLARIMETRY OF THE SOLAR ATMOSPHERE

“If light is man’s most useful tool, polarized light is the quintessence of utility” – W.A.
Shurcliff, 1962
2.1

Introduction

In addition to the frequency structure present in the total photometric intensity of the
outward propagating electromagnetic radiation of stellar atmospheres, net polarization
in a stellar spectrum provides remote diagnostics of the physical composition, dynamics,
and magnetic properties of its source. George Ellery Hale first reported the presence of
split spectral lines in a sunspot’s intensity spectra (i.e. the Zeeman effect) and further
described the polarization characteristics of these split spectral lines. These characteristics
fit well with Lorentz’s model of an emitting electron in the presence of a magnetic field
described by classical electromagnetic theory, consequently bolstering the study of solar
magnetism with the Zeeman effect as its primary tool of inference. Later work by Unno,
Rachovsky, Lites, and Jefferies formed the theory of magnetized radiative transfer picturing the propagation of plane electromagnetic waves through an anisotropic medium that
can be described by a set of principal dielectric constants (see Chapter 5 of Degl’Innocenti
and Landolfi (2004)). These dielectric constants are found by considering, like Lorentz,
an emitting electron whose initial motion is excited by a polarized electromagnetic field
in addition to an external magnetic field. This transfer theory describes well normal Zeeman triplets, but lacks a credible theory for anomalous Zeeman patterns. There are also
considerable drawbacks to the Zeeman effect as a tool of inference. First, as the strength
of the Zeeman effect is proportional to the magnetic field strength, weak magnetic fields
outside of sunspots and above the photosphere are difficult and/or impossible to measure. Secondly, the degree of polarization induced by the Zeeman effect is blind to mixed
and/or turbulent magnetic fields present in the “quiet” photospheric regions and highly
structured phenomena like prominences/filaments. Observing these important regions of

60
the Sun thus demands mechanisms beyond the Zeeman effect to probe the important
dynamics of the magnetic field.
The effect of the magnetic field on coherent radiative scattering offers a solution.
Scattered radiation in an unmagnetized environment is known to be polarized in the
plane perpendicular to the scattering plane. When the radiation is scattered via free
electrons, this process is known as Thompson scattering, and is observed in the solar corona
(Howard and Tappin, 2009). When scattering occurs via molecules and/or atoms, it is
known as Rayleigh scattering, which is routinely observed in the terrestrial atmosphere.
The important work of Wilhelm Hanle and his contemporaries led to the discovery of a
magnetic influence on the degree and orientation of polarization induced by anisotropic
scattering (Hanle, 1924)1 . With the discovery of the 2nd solar spectrum (see survey of
Stenflo et al. (1983)), scattering in the solar atmosphere and the Hanle effect has taken
up an ever more prominent role in solar spectropolarimetry. The diversity in the degree
of polarization and orientation of the 2nd solar spectrum, however, signifies the difficulty
that classical theory has in describing magnetized scattering in the solar atmosphere.
The purpose of this chapter is to outline the formation of spectral lines that become
polarized due to an ordering mechanism (i.e. symmetry-breaking effects) such as an external magnetic field or anisotropic radiative pumping. Constraining the strength and
structure of the magnetic field in the upper solar atmosphere, in particular, necessitates
the introduction of more involved polarized radiative transfer than typically utilized in
solar astronomy. Measuring and interpreting the signals induced by magnetized optical
pumping represents a fundamental goal of this treatise. To describe the degree of polarization resulting from the Hanle effect, the principles of optical pumping and atomic
level coherence (or interference) must be introduced using the full quantum framework
for radiative transitions. This framework is complex and involved both in physical and
mathematical description. The monographs of Stenflo (1994),Degl’Innocenti and Landolfi (2004), and Auzinsh et al. (2010) give a more adequate and complete description of
atomic-level polarization, to which the reader should referenced accordingly. The text by
Fujimoto and Iwamae (2008) also provides an interesting read to bridge the discussion of
plasma polarization spectroscopy between astrophysical applications and atomic physics
1

An English translation of this landmark work is given by Giovanni Moruzzi in Moruzzi and Strumia

(1991)

61
applications. For a historical and general overview of the Hanle effect alongside interdisciplinary applications, see Moruzzi and Strumia (1991). Table 2.1 provides a brief overview
of the historical development of atomic-level polarized diagnostics, and its application to
solar physics.
Ultimately, we emphasize within this framework two primary mechanisms involved in
inducing and/or influencing polarization of solar spectral lines, whose descriptions should
be clearer via this chapter’s outline:
1. The lifting of the energy degeneracy of various magnetic sublevels of a quantum
state by an external magnetic field separates in frequency the spectral transitions
corresponding to π (∆M “ 0) and σ (∆M “ ˘1) transitions, leading to a net
polarization that would otherwise be canceled. This is termed the Zeeman (and by
extension Paschen-Back) Effect.
2. Anisotropic radiative pumping introduces “order” to magnetic sublevels of a quantum state quantified via population imbalances and/or coherences (i.e. quantum
interference) represented by the matrix elements of the density operator describing
the quantum ensemble. This atomic level polarization is further influenced by the
Hanle effect, which works to remove coherences between magnetic sublevels in the
reference frame of an applied, external magnetic field.
2.2

Description of Polarized Radiation

Before detailing the mechanisms by which an atomic system can generate polarized radiation, we must address the definition and description of polarization. Classically, the
term polarization denotes a preferred plane or direction of the electric and magnetic field
vibrations carried by an electromagnetic plane wave, the classical theoretical descriptor
for light. However, from modern physics, we know light exhibits characteristics of both a
wave and a particle. As we are interested in the interaction of the quantum atomic system
with light, it is useful to emphasize the quantized description of light, via elementary photon particles. While the full description of a photon requires quantum electrodynamics, a
few principles can be relayed here.
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1871
1912
1919
1922-1923

1924-1925
1925
1925
1929
1934-1937
1941
1941
1951
1949-1957
1965
1970
1972
1976
1981-1982
1983

First work on the resonance scattering polarization of the sky by Lord J.
Rayleigh
Robert W. Wood found light scattered by mercury vapor at 253.7 nm was
unpolarized
Lord J. Rayleigh found 253.7 nm scattered polarization varied significantly
from one experiment to another
R.W. Wood and A. Ellett found the degree and direction of polarization in
the resonance scattered line of the Mercury line depended on its orientation
w.r.t. Earth’s magnetic and/or with the strength of an applied magnetic
field compensating the Earth’s magnetic field
Wilhelm Hanle’s experiments detail the influence of the magnetic field on
resonance scattering, and he gives the first detailed theoretical explanation.
Briet uses classical theory of scattering in presence of magnetic field to
describe the degree of polarization
Van Vleck described the angle of no polarization (the Van Vleck angle)
using quantum theory
Ohman (1929) predicted resonance polarization could be observed in solar
prominences
Lyot measured linear polarization in solar prominences; for Hα (1934) and
He I D3 (1937)
Zanstra formulates theoretical calculations of polarized scattering in classical oscillator theory
Redman measures linear polarization on the solar limb in Ca line at 422.7
nm
Thiessen incorporates the effect of a weak magnetic field within Zanstra’s
theory
Ugo Fano develops atomic density matrix theory, first introduced by Jon
von Newman (1927)
Hyder’s work on the polarization of D3 including the imbalance of Zeeman
sublevel populations
Lewis House explains the scattering polarization of coronal emission lines
Egidio and Maurizio Landi Degl-Innocenti derive polarized radiative transfer equations in quantum mechanical formalism
Landi Degl-Innocenti brothers and M. Landolfi use density matrix to derive
radiative statistical equilibrium equations
Stenflo discovers the influence of the Hanle Effect on the solar disk
First survey of coherent scattering polarization across visible spectrum (the
2nd solar spectrum) by Stenflo et al.

Table 2.1: Historical developments in magnetized resonance scattering and the subsequent
application to the solar environment.
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2.2.1

Quantized Description of Light Polarization

The photon, simply stated, is a massless, chargeless, carrier of energy and momentum. The
energy of the photon is related via Planck’s relation to its classically described frequency,
i.e.
E “ hν “

hc
.
λ

(2.1)

The photon energy is also related to its linear momentum in empty space as
E 2 “ p2 c2 ` m2 c4 Ñ ppcq2

(2.2)

Important to the study of polarization is the concept of the spin angular momentum of
the photon. By the standard model, the photon is a spin-1 particle capable of carrying a
component of spin angular momentum along its propagation direction of ˘~. A generalized
state of the propagating photon can then be written as a linear superposition of these two
orthogonal quantum states, e.g.
|Ψy “ a0 |ψ0 y ` a1 |ψ1 y

(2.3)

In this representation, a0 and a1 are complex probability amplitudes. If via a measurement
one attempts to determine the spin state of the photon, one will always measure either ~
or ´~ for its component of spin angular momentum along its propagation direction. The
amplitude and phase of these coefficients fully describe the spin state of the photon and are
directly related to the polarization of the photon. The polarization of an individual photon
is related to its helicity, i.e. the projection of its spin angular momentum on the direction
of propagation. The relation between photon helicity and the classical description of the
direction of polarization is not easily formed without QED theory, though we will bridge
the classical description of light and the concept of spin angular momentum by describing
the production of a photon via a bound-bound atomic transition in Section 2.3.3.
The state of an individual photon cannot be directly determined from measurement
as the measurement always collapses the state to a defined value. Thus, to measure the
polarization of a photon, we must measure a collection of photons that we assume to be
in the same state. If this collection is made up of a single or pure state, we declare the
system of photons to be completely polarized, and we consequently know the state of an
individual photon in the collection. If it turns out that they are not in a single state, we
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refer to a partially polarized beam of photons in a mixed state. Importantly, for a mixed,
partially-polarized state to exist, we must assume that the individual state vectors of the
photons are partially independent. That is, they exhibit a degree of incoherence and thus
are unable to influence each other. A beam of light is then said to be partially polarized
if the statistical ensemble of photons is described by a mixed incoherent superposition
of pure states. This incoherent addition of states has a direct analogue in the classical
description of a light beam’s polarized state developed below.
Mathematically, the coherence properties of a statistical ensemble of state vectors can
be expressed as a matrix, known as the coherency matrix (see Chapter 10 of Born and
Wolf (1999) for the development of coherency matrix theory for electromagnetic plane
waves). The coherence matrix describing a collection of photons can be written as
¨
˛
xa˚0 a0 y xa˚1 a0 y
˝
‚
(2.4)
xa˚0 a1 y xa˚1 a1 y
where

xa˚k aj y “

N
1 ÿ piq˚ piq
a a
N i“1 k j

pk, j “ 0, 1q.

(2.5)

The asterisk refers to the complex conjugate of the coefficient. N is the total number
of photons in the ensemble. This coherency matrix is directly related to the one used
in the electromagnetic wave description of light, and is further a direct analogue of the
atomic density matrix introduced below to describe the statistical coherence properties of
a ensemble of radiating atoms.
2.2.2

Light as an Electromagnetic Wave

The wave properties of radiation were first derived by James Maxwell through his formulation of electromagnetism, noting that in an vacuum these electromagnetic waves traveled
with a speed equal to the measured speed of light. Today, our description of the vector
properties of light rely on the quantitative description of electromagnetic waves. The electromagnetic wave equation resulting from Maxwell’s equation can be written, using the
Laplacian operator, in absence of sources or sinks (in vacuum) as
¨ ˛
˙
ˆ
2
E
1 B
∇2 ´ 2 2 ˝ ‚ “ 0.
c Bt
B

(2.6)
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Plane wave solutions are easily obtained for both the electric and magnetic field via this
equation, with further restrictions imposed directly by Maxwell equations. The zero divergence of the electric field and magnetic field requires that both fields are perpendicular to
the direction of propagation, while Faraday’s and Ampere’s law require that the magnetic
field and electric field are also perpendicular to each other, related by
B“

n
nˆE
c

(2.7)

where n is the index of refraction and n is the propagation vector. With this relationship,
we can choose to describe electromagnetic waves either using the electric or magnetic field
alone. Since, in the visible and infrared portions of the spectrum we typically deal with
measurement systems that respond primarily to the electric field vector, we neglect the
magnetic field. The general homogeneous plane wave solution to Equation 2.6 for the
electric field vector that satisfies all of Maxwell’s equation can be written as
Epr, tq “ pE1 ǫ1 ` E2 ǫ2 qeipk¨r´ωtq

(2.8)

where the ǫ1 and ǫ2 represent mutually orthogonal unit vectors, which are both perpendicular to the propagation direction. The variables k and ω represent the wave vector and the
monochromatic frequency, respectively. E1 and E2 are complex coefficients representing
the amplitude and phase of the electric field component directed along the respective unit
directional vector. Taking a set of Cartesian axes in which z is the propagation direction
and ǫ1 and ǫ2 are the x and y axes, we can write the real part of the two components of
the electric field vector in the plane perpendicular to the propagation as
Ex ptq “ E1 cospkz ´ wt ` φ1 q

(2.9)

Ey ptq “ E2 cospkz ´ wt ` φ2 q

(2.10)

where we have substituted the complex coefficients with the definition En “ En eiφn , in
which En and φn are real. Note that the addition of these two components, as shown
in Equation 2.8, denotes a coherent superposition of two individual plane waves along
orthogonal axes. The total electric field vector always remains in the xy plane subject
to the divergence free condition of Maxwell’s equations. The amplitude, direction, and
motion of this electric field vector in this plane are prescribed by the amplitudes and
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phases of the components, i.e. E1 , E2 , φ1 , and φ2 . These quantities together describe the
polarization properties of an electromagnetic wave.
Individually, the two components of the electric field vector in Equations 2.9 and 2.10
are said to be linearly polarized in that the motion of the electric field vector is constrained
to a particular linear direction. In general, the addition of the two components allows the
tip of the electric field vector to trace an ellipse in the xy plane, known as the polarization
ellipse2 , and the electromagnetic wave is said to be elliptically polarized. When the amplitude of either component is zero, the ellipse degenerates into linear polarization. Also,
if the phases, φ1 and φ2 , are identical, the electric field motion is linearly polarized in
the direction whose angle with respect to the x axis is equal to tan´1 pE2 {E1 q. For the
special case in which the magnitudes of the two components are equal but the phases are
different by 90˝ , the ellipse degenerates into a circle. The electromagnetic wave is then
said to be circularly polarized. In the convention used here, if the tip of the electric field
vector rotates clockwise in the xy plane as viewed along the z direction and ahead of the
propagating wave, the wave is right-handed circularly polarized.
2.2.3

The Polarization Tensor

The plane monochromatic wave described above is completely quantified by the timeharmonic functions given in Equations 2.9 and 2.10. The manipulation of these two electric
field components can be described using the Jones matrix description for polarized light,
wherein the Jones matrix is defined as
¨ ˛
E1
J“˝ ‚
E2

(2.11)

Note, that in this description, the electromagnetic wave is always completely polarized,
and thus the electric field vector’s direction changes smoothly with time in a given plane.
However, the plane monochromatic electromagnetic wave does not exist in nature; rather,
every measured beam of light has some nonzero angular spread and finite frequency width.
This can be considered a consequence of extended sources, and moreover a direct result of
the Heisenberg’s uncertainty principle. Stated another way, a polychromatic light beam
2

See Degl’Innocenti and Landolfi (2004) or Born and Wolf (1999) for a mathematical description of the

properties of the polarization ellipse
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will exhibit time-dependent variations in its amplitude and phase constants. If these
variations are slow, the beam is considered quasi-monochromatic. The time-scale over
which one can consider the beam to be monochromatic (i.e. the coherence time) scales
inversely with the spectral width of the beam, and is typically much smaller than the
observation integration time (Born and Wolf, 1999). The polarization ellipse is singly
defined for times shorter than the coherence time. Otherwise, the polarization ellipse
evolves, and any measurement corresponds to a time-averaged ellipse. In this case, the
coherency matrix, also known as the polarization tensor, must be used in place of the Jones
matrix to properly describe the partial coherence properties of a polychromatic beam. The
polarization tensor can be defined via the Jones matrix according to
¨
¨ ˛
˛
˚ E E˚
¯
´
E
E
E
1 2
1 1
1
‚
D “ JJ: “ ˝ ‚ E1˚ E2˚ “ ˝
˚
E2 E1 E2 E2˚
E2

(2.12)

The diagonal components of this matrix describe the total intensity contribution for each
individual component, and thus the trace of the matrix is a measure of the total intensity of
the electromagnetic wave. The off-diagonal terms are generally complex and are conjugates
of each other. These terms represent the relative phase between the two components. As
shown by Born and Wolf (1999), the time-averaged coherency matrix is an adequate
representation of the partial polarization and/or coherence of a beam of light. In this
case, the elements of the polarization tensor become time averages according to
Dij “ xEi˚ ptqEj ptqy

pi, j “ 1, 2q

(2.13)

where the angled brackets denote the temporal average. As such, independent (incoherent) electromagnetic waves can be described by the addition of their respective coherency
matrices. In other words, unpolarized light can be understood as the incoherent superposition of two orthogonally polarized beams of light, just as partially linearly polarized
light can be understood as the incoherent superposition of a completely linearly polarized
beam and an unpolarized beam.
Note also that the polarization tensor takes the form of a Hermitian matrix, which is
a distinguishing characteristic of an quantum operator. A direct correspondence between
the polarization tensor and the quantum polarization operator exists in the formulation
of the second quantization of the electromagnetic field. In this theory, the quantized
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electromagnetic field of photons are represented as creation and destruction operators
described by a frequency, direction, and two orthogonal modes (corresponding to two
orthogonal directions transverse to the propagating direction). The quantum polarization
operator is defined according to Degl’Innocenti and Landolfi (2004) as
3
~ “ hν a: pν, Ω,
~ αqapν, Ω,
~ βq
Iˆαβ pν, Ωq
c2

(2.14)

where the correspondence with the coherency matrix is easily recognized. a: and a are
respectively the creation and destruction operators. The formalism of second quantization
is critical to the derivation of the evolution equations discussed below, but due to the
involved nature of this derivation, this will not be discussed here. See Degl’Innocenti and
Landolfi (2004) for a complete discussion.
2.2.4

Stokes Parameters

From an observational perspective, the polarization tensor proves inconvenient as the offdiagonal terms are complex quantities and thus not directly measurable. Moreover, observations in the visible and infrared spectrum (1014 ´1015 Hz) typically measure the intensity
of an incoming light beam, not the electric field directly. We must formulate a method
to translate measured intensities into a full description of the polarization properties as
reflected in the polarization tensor. The standard technique quantifies the polarization
of an incoming light beam with four parameters, first proposed by G.G. Stokes in 1852,
known as the Stokes parameters. These four quantities are quantified in intensity units
and can be measured using devices with known responses to polarized light, as will be
discussed in detail in Chapter 4. The four Stokes parameters comprise the Stokes vector
defined as

¨ ˛ ¨ ˛
S0
I
˚ ‹ ˚ ‹
˚S ‹ ˚Q‹
˚ 1‹ ˚ ‹
S“˚ ‹“˚ ‹
˚S2 ‹ ˚U ‹
˝ ‚ ˝ ‚
S3
V

(2.15)

In the basis defined for Equations 2.9 and 2.10, in which the unit vectors are directed
along the x and y axes while the light propagates in the z direction, the Stokes parameters
are related to the elements of the polarization tensor according to
Si “ k Trpσi Dq i “ 0, . . . , 3

(2.16)
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Reference direction

[1,0,0,0]

-

Stokes Q

-

Stokes U

-

Stokes V

[1,1,0,0]

[1,0,-1,0]

[1,0,0,1]

Figure 2.1: Operational schematic illustrating the definitions of the Stokes vectors as differences in measured intensities transmitted through ideal selection filters characterized
by a particular polarization direction. The radiant flux is propagating towards the observer. Example Stokes vectors and their diagrammatic representations are shown near
the bottom. The Stokes `Q direction defines the reference direction.

70
where k is a proportionality constant converting the squared electric field units into intensity units, and σi are the Pauli spin matrices defined by Degl’Innocenti and Landolfi
(2004).
Operationally, it is useful to conceptualize the Stokes polarized parameters (Q,U, and
V) as the difference in intensity between measurements taken with ideal filters that transmit only a particular component of the propagating electromagnetic wave field. With this
in mind, we can summarize the Stokes parameters as follows:
• Stokes I is the total intensity of the incoming beam without any filtering.
• Stokes Q is the difference in intensity measured with a linear polarizer first along a
reference axis and then along an axis rotated 90˝ w.r.t. to the reference axis.
• Stokes U is the difference in intensity measured with a linear polarizer first at 45˝
and then at 135˝
• Stokes V is the difference in measured intensity for filtering that transmits only
the right-handed circular component of the electric field and then the left-handed
circular component.
Note that for an unpolarized light source, the intensity measured by all the filtering
described above is equal. Q, U, and V are thus all zero. In general, the Stokes vector
must satisfy the following inequality
Iě

a

Q2 ` U 2 ` V 2

(2.17)

where equality is reserved for completely polarized, coherent, light representing an ensemble of photons in a pure state. Just as in the case of the polarization tensor, partially
polarized light can be represented as the addition of Stokes vectors representing unpolarized light and totally polarized light, i.e.
˛ ¨a
¨ ˛ ¨
˛
a
I
Q2 ` U 2 ` V 2
I ´ Q2 ` U 2 ` V 2
‹ ˚
˚ ‹ ˚
‹
‹ ˚
˚Q ‹ ˚
‹
0
Q
‹
˚
˚ ‹ ˚
‹
‹`˚
˚ ‹“˚
‹
‹
˚
˚U ‹ ˚
‹
0
U
‚ ˝
˝ ‚ ˝
‚
0
V
V

(2.18)

Thus, the addition of two Stokes vector corresponds to the incoherent addition of electromagnetic waves. Note that there is no mechanism in the Stokes formalism for the
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coherent superposition of light. The degree of polarization (also a measure of the degree
of coherence) is given by
p“
2.3

a

Q2 ` U 2 ` V 2
I

(2.19)

A Brief Introduction to Light-Atom Interactions

To determine the intensity and polarization structure of solar radiation emergent from
different physical structures, we require a fundamental knowledge of the coupled interactions between the physical medium made up of atoms and molecules, the field of radiation,
and the external fields generated by the dynamics of the medium, such as external magnetic fields and electric fields. This study forms the field of polarized radiative transfer,
for which a complete account cannot be made that is also brief. A full understanding
demands a keen knowledge of quantum mechanics. The intention here is to give a brief
summary of the primary physical interactions involved in the polarized formation of the
spectral lines resulting from bound-bound transitions in atoms, giving simplified examples
of the mechanisms at work.
2.3.1

Atomic Structure

Atomic structure plays a key role in our understanding of light-atom interactions, and thus
the description of this structure is essential to any formalism quantifying this interaction.
We understand atoms to be structured according to the principles of quantum theory
and within the formalism of quantum mechanics, which is based on Schrödinger’s wave
equation. The solutions of this wave equation give square-integrable functions known as
wave functions. A set of complete orthonormal wave functions form a basis in Hilbert
space upon which any other function can be expressed as a linear combination, e.g.,
Ψpr, tq “

ÿ
n

cn ψn prqe´iEn t{~ “

ÿ
n

cn ψn prqe´iωn t ,

(2.20)

where Ψpr, tq is the total time dependent wave function. The complete set of functions,
ψn prq, are known as determinate states (also often called the eigenvectors of the Hamiltonian), which are associated with the additional time-dependent term which is a function
of the total energy of the determinate state, En .
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In the case of quantum statics, wherein no perturbing forces have been applied to an
atom, the various determinate states represent the available bound states for electrons
within an atom. For light (less massive), less complicated atoms, we can often assume
that the mutual repulsion of electrons in a multi-electron atom are negligible, and instead
that each electron only responses to an electric field that is more or less central, i.e the
central field approximation. In this case, and with the understanding of Pauli’s exclusion
principle, multi-electron atoms can be modeled with hydrogenic wave functions, which
are described appropriately by quantum numbers corresponding to the radial and angular
portions of the wave function. Each electron bound state is characterized then by three
quantum numbers, n, l, and ml , which characterize the quantum states subject to a Bohr
Hamiltonian. n is associated with the energy orbital, l with the orbital angular momentum,
and ml the projection of the orbital angular momentum on an arbitrarily chosen axis (ẑ).
An electron, however, has an additional source of angular momentum, its spin. In absence of strong external forces, the electron spin couples with the orbital angular momentum to produce fine structure. The additional term in the atomic Hamiltonian describing
the spin-orbit interaction perturbs the system and consequently the total spin and orbital
angular momentum is no longer conserved. ml and ms (i.e. the quantum number describing the electron’s spin state s as projected on the quantization axis) no longer represent
“good” quantum numbers. In this case, we describe the coupled angular momentum state
of all of the atom’s electrons since the total angular momentum is conserved. In RussellSanders LS coupling, we can describe the system using the vector sum of the orbital and
spin angular momentum numbers, i.e.
J“L`S
where

(2.21)

L“

ÿ

li

(2.22)

S“

ÿ

si

(2.23)

and

The vector summation in Equation 2.21 can yield values for the quantum numbers J in
integer steps subject to |L ´ S| ď J ď L ` S (known as the triangle summation rule).
In atomic physics, a system characterized by its total electronic configuration (β), total
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orbital angular momentum L, total spin angular momentum S, and state J is said to
occupy an atomic level. Atomic levels with different values of J, but identical values of
β,L,S (collectively refered to by α), are said to belong to the same atomic term.
In LS coupling, the set of quantum numbers used to describe a particular level of a
given term can be represented as α,J,M , or more specifically β, L, S, J, M . M is the
magnetic quantum number, or the projection of the total angular momentum J on the
quantization axis (M “ ´J, ´J ` 1, ...J). In absence of any external fields, the timeindependent Schrödinger equation satisfies
H0 |αJM y “ EαJ |αJM y.

(2.24)

That is the energy eigenvalues are degenerate for all values of M having the same α and
J. If external fields begin to dominate over the energy of the spin-orbit interaction, the
LS coupling scheme is no longer valid and J is no longer a good quantum number. As will
be shown below for the Paschen-Back effect, the level representation can be accomplished
with a pseudo-quantum number j.
2.3.2

Absorption and Emission Processes

We understand the formation of spectral lines as the absorption or emission of energy from
an atomic system during an electron transition between two bound energy states. The
dynamical interaction of the radiation field and the atomic system must be considered,
and thus the realm of quantum statics is abandoned along with its determined states of
definite energy. The full description of the polarized interaction of a collection of atoms
with an anisotropic radiation field (and/or collisional interactions) is complicated and will
be discussed below. Here we discuss, in general terms, spectral line formation simply as
the cumulative effects of bound electron transitions within a collection of atoms.
The two basic processes at play in the formation of spectral lines are absorption and
emission. Absorption refers to the process by which an atom absorbs a photon quanta of
energy that raises the electron from a lower energy state (or level) to a higher energy level.
The energy difference between these two levels corresponds to the energy of the absorbed
photon (and thus, via Planck’s relation, the frequency of the photon). Emission refers to
the production of a photon when a bound electron in an upper level transitions to a lower
energy level.
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The strength and appearance of a spectral line, whether it be in net emission or
absorption relative to the continuum, depends on the relative populations and relative
rates of transitions between the two levels (as well as the background source function
representing continuum formation processes). Writing this relation in the form of the
radiative transfer equation given by Mihalas (1970) (eq. 4.13) for bound-bound transitions,
we have
µ

hνij
dIν
“
rNj Aji ψν ´ pNi Bij φν ´ Nj Bji ψν q Iν s
dz
2π

(2.25)

where i and j represent the lower and upper state respectively. Iν is the specific radiative
intensity, and µ is the cosine of the angle between the direction of propagation and the
reference surface defining Iν . h is Planck’s constant. νij is the frequency of the transition,
while ψν and φν are the spectral distribution profiles. The equation shows the relative
balance of energy relative to three processes along the direction z. Bij gives the rate of
absorption from level i to j. Bji is the rate of stimulated emission, wherein a perturbing
photon induces the release of an additional photon while the bound electron transitions
from the upper level to the lower level.3 Note that these coefficients are usually written
in terms of a rate per unit energy since the rate depends on the incident radiation, Iv ,
and in fact can be thought of as complementary processes with the stimulated emission’s
energy being distributed in the same angular direction as the inducing radiation. It can
also be shown that the rate of absorption and stimulated emission are equal (i.e. Bij “
Bji ). Meanwhile, Aji denotes the rate of spontaneous emission which is due, according
to quantum electrodynamics, to a perturbation by the ground state electromagnetic field.
The emission due to this process is radiated outward with an isotropic distribution. Bij ,
Bji , and Aji are collectively known as the Einstein coefficients. They describe the rate
of energy exchange between the field of radiation and the atomic ensemble, but they do
not carry any information regarding the polarization of the perturbing radiation or the
angular momentum states of the levels participating in the transition.
Using the known population of the two levels participating in a transition under the
conditions of local thermodynamic equilibrium (LTE), the rate of spontaneous emission
3

Lasers are based on the principle of amplified stimulated emission. Laser, in fact, stands for “Light

Amplification by Stimulated Emission of Radiation.” When a great number of atoms are prepared in an
upper state, an incident photon stimulating emission can produce a runaway of emission. One photon
becomes two, two becomes four, and so on, such that the laser is produced.
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can be related to the stimulated emission rate. The relative level populations are given by
the Boltzmann equation, and the rate of spontaneous emission consequently follows via
the statistical balance of the three transition rates discussed above and is
Aji “

2hν 3
Bji .
c2

(2.26)

It is important to realize that the decay of an upper level via spontaneous emission leads to
an isotropic distribution of emitted radiation, while stimulated emission results in emission
with the same angular distribution as the induced radiation. Thus, spontaneous emission
truly removes energy from the path of integration in Equation 2.25, while simulated emission acts as a negative absorption; though, its frequency distribution may be different
than the absorptive frequency distribution.
2.3.3

Transition Rates and the Electric Dipole Approximation

Typically, the Einstein coefficients are determined from laboratory measurements, and in
fact, the use of the Hanle effect described below in Section 2.6.2 increases the sensitivity
of these laboratory measurements. The Einstein coefficients can also be determined via
theoretical calculations if one considers the perturbation of the atomic system due to an
isotropic, unpolarized radiation field, described either classically (with some limitations)
or with a quantized description (see Section 4.2 of Mihalas (1970); also Chapter 3 of
Loudon (2000)). Alternatively, one can consider a polarized radiation beam interacting
with an atomic ensemble made up of randomly oriented atoms. It is useful to introduce this
theoretical formalism here as it illuminates portions of the polarized theory of radiative
transfer discussed below.
Determining the Einstein B coefficient from quantum theory is a common problem
addressed in undergraduate quantum mechanics for the simple two-level hydrogen atom
by time-dependent perturbation theory (see, e.g. Chapter 9 of Griffiths (2005)). In general,
the problem begins by including the perturbing Hamiltonian of a polarized electromagnetic
field in the total Hamiltonian of the coupled radiation/atomic system. The atomic system
is described by two levels pertaining to two bound energy states. The problem is simplified
by assuming the atom responds to the electric component of the perturbing radiation and
that the spatial variation of the radiation’s electromagnetic field can be neglected. This
is the so-called long-wavelength, electric-dipole approximation. Then, the time-dependent
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Schrödinger equation is solved. The first-order solution ultimately relates the transition
rate between the two levels to the corresponding dot product between the perturbing
electric field and the transition dipole moment (i.e. the electric dipole moment) of the two
levels, i.e.
BjÑi,ǫ̂ “

8π 2
|xψi |ǫ̂ ¨ d|ψj y|2 ,
c~2

(2.27)

which is equivalent to Equation 4-98 of Mihalas (1970). d is the quantum dipole moment
operator defined as
d“e

N
ÿ

ri

(2.28)

i“1

where ri is the position vector (operator) of the ith bound electron. Averaging this relationship over all incident directions and polarizations gives the Einstein B coefficient:
Bji “

8π 2
|xψi |d|ψj y|2
3c~2

(2.29)

The quantity xψi |d|ψj y is referred to as the electric dipole matrix element. The matrix
elements are easy to calculate when the wave function can be approximately known, as
in the case of the simple hydrogen atom. And thus, using this semi-classical approach,
the Einstein B coefficient is determined. The Einstein A coefficient, however, cannot be
calculated using the classical description of the perturber; rather, full quantum field theory
is necessary. Still, the A coefficient can be found from Einstein’s relation in Equation 2.26.
2.3.4

Electric Dipole Selection Rules

Determining the rates for bound-bound transitions involve calculations of the matrix elements (xψi |d|ψj y) of the transition dipole moment between two quantum states (ψi and
ψj ) for a perturber of a given polarization (Equation 2.27) or over all polarizations and
incident directions (Equation 2.29). Often, the matrix elements are zero for all possible
electric field perturbers, and thus the rates describing a particular transition for a given
driving electromagnetic field are zero. In other words, the transition is forbidden. Rules
outlining the allowed transitions for an atom are known as selection rules.
The commutation relations found in quantum angular momentum theory prescribe the
allowed electric dipole transitions. These relationships form our description of the photon
that we described above. Due to the various components of angular momentum found
within an atom, deriving selection rules can become complex. However, in the framework
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of LS coupling without hyperfine structure (that is, no nuclear spin), we can qualitatively
describe selection rules using our description of the photon and the conservation of angular
momentum. In Section 2.2.1, we noted that a photon is a spin-1 particle carrying a single
unit (~) of angular momentum. Thus, after the absorption or emission of a photon, the
difference in the total angular momentum magnitude must be ˘1 in units of ~. Via the
triangle rule for the vector sum of angular momentum, the selection rule for the total
angular momentum J is:
∆J “ 0, ˘1

(2.30)

Similarly, the selection rules for L and M are
∆L “ ˘1
∆M

“ 0, ˘1

(2.31)
(2.32)

While the conservation of angular momentum would allow the ∆L “ 0 transition, an
additional rule states that the two states participating in the transition must have opposite
parity, which disallows the ∆L “ 0 transition. Furthermore, transitions between Ju “ 0
and Jl “ 0 are disallowed by conservation of angular momentum via the triangle rule, and
the spin state of the electron is preserved (∆S “ 0).
2.4

Polarized Characteristics of Atomic Transitions

Astronomical spectroscopy in absence of polarimetry typically neglects the sublevel structure involved in producing a given spectral line. Due to the energy-degeneracy of the
magnetic sublevels of magnetic quantum number M (M “ ´J, ´J ` 1..., J) in the absence
of external fields, the total transition rate can simply be expressed as the total transition
rate between the sublevels of the involved levels. In fact, the Einstein coefficients are typically recorded in this manner due to simplicity; so, for example, the Einstein B coefficient
describing absorption from αℓ Jℓ to αu Ju is
Bpαℓ Jℓ Ñ αu Ju q “

ÿ

Mu

Bαℓ Jℓ Mℓ ,αu Ju Mu “

ÿ 4π 2
~ u Ju Mu y|
|xαℓ Jℓ Mℓ |d|α
3
3~c
M

(2.33)

u

Yet, Equation 2.27 testifies to the dependence of the transition rate between two given
levels on the projection of the internal atomic dipole moment on the plane of the perturbing electric field. This grants us the theoretical machinery to describe the polarized
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characteristics of the radiation absorption, if the dipole matrix elements can be calculated,
which of course is not typically the case. A powerful tool to overcome this obstacle is the
Wigner-Eckart Theorem.
2.4.1

The Wigner-Eckart Theorem

In the angular momentum basis of quantum mechanics, the Wigner-Eckart Theorem translates the matrix elements of a spherical tensor operator to a simple expression involving a
constant and a set of vector coupling coefficients known as the Clebsch-Gordan coefficients.
The theorem states (Equation 2.96 of Degl’Innocenti and Landolfi (2004))
¨
˛
1
?
J
J
k
1
‚xαJ||Tk ||α1 J 1 y
xαJM |Tqk |α1 J 1 M 1 y “ p´1qJ `k`M 2J ` 1 ˝
1
´M M q

(2.34)

where Tqk is the q-component of a spherical tensor operator of rank k. The term in the

parenthesis is known as a Wigner 3j symbol and is related to the Clebsh-Gordan coefficients
(See Appendix B for more details). xαJ||Tk ||α1 J 1 y is known as the reduced matrix element,
which for the electric dipole operator is related to the cumulative Einstein coefficient
defined in Equation 2.33. Thus, using Equation 2.27, we can transform the ǫ̂ ¨ d operator

into its spherical-basis representation4 and use the Wigner-Eckart theorem to determine

transition rate for a particular two-level transition subject to a polarized perturber, thus
informing us about the polarization characteristics of the given transitions.
A helpful property of the Wigner 3j symbol is its relation to the selection rules defined
above. For Equation 2.34 to have a definite non-zero value, the following conditions must
be met:
|J ´ k| ě J 1 ě J ` k

(2.35)

M 1 “ M ´ q.

(2.36)

and

These relations are identical to the selection rules describe above. Since q denotes the
three components (`1, 0, ´1) of the rank 1 (k “ 1) spherical tensor dipole operator, no
electric-dipole transitions occur unless ∆M “ ˘1, 0. This again follows from the discussion
4

See sections 5.10 and 5.11 of Degl’Innocenti and Landolfi (2004) for a full discussion of the use of

spherical tensors for polarimetry
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J1 “ J ` 1

J1 “ J

J1 “ J ´ 1

M1 “ M ` 1

3pJ`M `1qpJ`M `2q
2pJ`1qp2J`1qp2J`3q

3pJ´M qpJ`M `1q
2JpJ`1qp2J`1q

3pJ´M qpJ´M ´1q
2Jp2j´1qp2J`1q

M1 “ M

3pJ´M `1qpJ`M `1q
pJ`1qp2J`1qp2J`3q

3M 2
JpJ`1qp2J`1q

3pJ´M qpJ`M q
Jp2j´1qp2J`1q

M1 “ M ´ 1

3pJ´M `1qpJ´M `2q
2pJ`1qp2J`1qp2J`3q

3pJ`M qpJ´M `1q
2JpJ`1qp2J`1q

3pJ`M qpJ`M ´1q
2Jp2j´1qp2J`1q

Table 2.2: Normalized strengths of the allowed electric dipole transitions, corresponding
to the Zeeman πp∆M “ 0q and σp∆M “ ˘1q components for the generalized anomalous
Zeeman effect
of section 2.2.1 as photons carry either ˘1 unit of spin angular momentum. During the
absorption or emission of a photon, angular momentum must be conserved. Furthermore,
∆J must be ˘1 or 0 and the J-levels cannot both be equal to 0.
2.4.2

Line strengths and polarization signatures for transitions between sublevels

The three components of the spherical tensor dipole operator correspond, in the electric
dipole approximation, to a perturbing electric field that is right-handed circularly polarized
about the quantization axis (q “ `1) , linearly polarized along the polarization axis (q “
0), and left-handed circularly polarization about the quantization axis (q “ ´1). In this
sense, the transitions corresponding to these components have an associated polarization
state in this reference frame. The transitions corresponds to ∆M “ M 1 ´ M “ ´1, 0, `1
according to Equation 2.36. Historically, the ∆M “ ˘1 components are referred to as the
σ components due to their common Zeeman signature discussed below, while the ∆M “ 0
transitions are the π transitions.
The relative strengths of the transitions can be expressed with the help of the WignerEckart theorem and Equation 2.27 as (Equation 3.16 of Degl’Innocenti and Landolfi
(2004)):
JJ 1

¨

Sq pM, M 1 q “ 3 ˝

J1

J

´M 1 M

1
´q

˛2
‚

pq “ ´1, 0, `1q

(2.37)

where the primed values correspond to the upper sublevel quantum numbers and the
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unprimed values to the lower sublevel. Analytical values for this relationship are shown in
Table 2.2. Note that the summed strength of the ∆M “ 1 transitions is the same as that
of the ∆M “ ´1 transitions, and that they are each 1{2 of the summed strength of the
∆M “ 0 components. Thus, without the addition of a symmetry-breaking mechanism,
the respective polarization signatures of these components cancel and no net polarization
is observed.
2.5

The Zeeman and Paschen Back Effect

Up to now, we have yet to consider any effect capable of producing net polarization in the
spectral lines formed by atomic transitions, nor has any influence of an external field been
considered. In fact, the above descriptions of the atomic system have been symmetrical
in the sense that space quantization allows the arbitrary choice of a quantization axis.
The introduction of an external field breaks this symmetry. In an external magnetic field,
for example, an electron bound within an atom is influenced via two different magnetic
moments associated with its orbital angular momentum and its spin angular momentum.
The torque of the magnetic field on these magnetic moments induce a precession of the
magnetic moments known as the Larmor precession. The energy associated with the precession lifts the energy degeneracy of the magnetic sublevels described via mL and mS , or
in L-S coupling, the sublevels described by M . Thus, the frequency (or wavelength) of the
various atomic bound-bound transitions no longer coincide, and the polarized signatures
of these transition no longer cancel out. This is termed the Zeeman Effect.
The shift in the atomic energy levels due to an external magnetic field is found by
determining the eigenvalues of the time-independent Schrödinger equation subject to a
Hamiltonian including the unperturbed atomic (or Bohr) Hamiltonian and the magnetic
Hamiltonian (typically disregarding diamagnetism). When the magnetic field is weak in
comparison with the internal magnetic field of the atom (i.e., when LS coupling holds),
first-order perturbation theory can be used to determine the first-order correction to the
unperturbed energy eigenvalues. The resulting matrix elements of the correction are simplified considerably when the magnetic field direction co-aligns with the prescribed quantization axis. In this geometry and using the notation from Degl’Innocenti and Landolfi
(2004), the energy eigenvalue corrections can be written as a function of the magnetic
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quantum number M as
∆EαJM “ xαJM |HB |αJM 1 y “ µ0 BgLS M δM M 1

(2.38)

where gLS (in Russell-Sanders (LS) coupling) is known as the Landé g factor and is given
by
gLS “ 1 `

1 JpJ ` 1q ` SpS ` 1q ´ LpL ` 1q
.
2
JpJ ` 1q

(2.39)

δM M 1 represents the Kronecker delta, and µ0 is the Bohr magneton.
For a transition between two bound levels, the Zeeman effect shifts the wavelength of
the ensuing transitions. Subject to the transition rules discussed above, a spectral line is
decomposed into πp∆M “ 0q and σp∆M “ ˘1q transitions. The shift of each transition
relative its unperturbed value λ0 is given by
1

λJJ
M M 1 “ λ0 ´

λ20 e0 B
4πmc2

(2.40)

which is equivalent to the formula given in Figure 2.2 for the denoted units. Note that
the wavelength shift is proportional to λ20 , which means that the Zeeman effect is more
sensitive at longer wavelengths (i.e. the infrared).
Figure 2.2 also describes the observed polarization signatures induced by the Zeeman
effect relative to the orientation of the magnetic field and the direction of propagation for
the radiative emission. The Stokes spectra, when observed for a magnetic field parallel to
the line-of-sight, do not contain a contribution from π transitions. In a quantum picture
of photons, one can understand this as a consequence of the spin angular momentum.
πp∆M “ 0q transitions do not change the projection of the total spin angular momentum
along the quantization axis, and thus no photon can carry angular momentum away along
that axis. This is termed the longitudinal Zeeman effect. When viewing the magnetic field
from an angle, the emission is in general elliptically polarized in all the components. For
a line-of-sight direction perpendicular to the magnetic field, all components are linearly
polarized as shown. The response of the Zeeman-induced polarization to this transverse
field (relative to the line-of-sight) is referred to as the transverse Zeeman effect.
The linear Zeeman effect described by the first-order perturbation theory above introduces the external magnetic field as a perturber; however, this breaks down when external
field strengths are on order or larger than the spin-orbit internal field. For the infrared
triplet lines of neutral Helium used extensively in this work, the linear Zeeman effect
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Figure 2.2: Energy levels for a given J level lifted from energy degeneracy by the Zeeman
effect leads to three primary components of the polarized spectra with the above expected
polarization properties via emission and dependent on the viewing angle. From Trujillo
Bueno (2005).
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breaks down for fields of „ 100 G. In this case, the eigenstates described by J and M
are no longer valid. Instead the matrix describing the Schrodinger equation in the LS
basis can be diagonalized treating the magnetic and nonmagnetic components of the total
Hamiltonian equally. Diagonalization of this matrix must be performed numerically as in
Socas-Navarro et al. (2004), but in general the energy eigenvalues and eigenfunctions can
be expressed as a linear combination of the states and energy eigenvalues of the states
described in LS coupling, e.g. Equations 3.58 and 3.62c from Degl’Innocenti and Landolfi
(2004) show that the energy eigenvalues obey the relation
ÿ
J

CJj pβLS, M qCJj 1 pβLS, M qλj pβLS, M q “ xβLSJM |Hso ` HB |βLSJ 1 M y

(2.41)

when the eigenvectors of the total Hamiltonian are expressed as
|βLSjM y “

ÿ
J

CJj pβLS, M q|βLSJM y.

(2.42)

Here, the quantum number j is a pseudo-quantum number, and CJj are a set of coefficients
which can be chosen to be real, but often have to be solved for numerically using Equation 2.41 (see Section 3.4 of Degl’Innocenti and Landolfi (2004)). The regime described
here is known as the incomplete Paschen Back effect. When the field increases so that the
spin-orbit interaction can be considered a perturbation, mL and mS are good quantum
numbers since the z-component of the orbital and spin angular momentum are conserved
quantities. This regime is termed the complete Paschen Back effect. The linear Zeeman
effect, the incomplete Paschen Back, and complete Paschen Back effect are commonly
known simply as the Zeeman effect.
2.6

Atomic-Level Polarization

Zeeman effect measurements have been solar astronomy’s primary tool for diagnosing
the solar magnetic field ever since Hale’s discovery of it in 1908, and especially since
Babcock’s invention of the magnetograph in the 1950s. However, there are a couple of
major drawbacks to the Zeeman effect, as already mentioned. First, the strength of the
circularly polarized signal induced by the longitudinal Zeeman effect increases linearly
as the ratio of the magnetic field strength to the line width, while the linearly polarized
signal of the transverse Zeeman effect is proportional to the square of this ratio. Thus, the
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polarized Zeeman signals become very weak for small magnetic field strengths. For the
weak fields in intranetwork regions of the Sun and the weak (and presumably horizontal)
fields of the upper solar atmosphere, Zeeman signals are often below the sensitivity of
modern instruments (see Chapter 4). A second drawback to simple Zeeman diagnostics is
its blindness to mixed polarity fields. For example, from Figure 2.2 we see that the sign of
the Stokes V (circularly) polarized signal reverses for opposite polarities of the magnetic
field. If two flux elements of equal strength but opposite polarity exist together in the
same, unresolved, observational patch on the Sun, the respective polarizations cancel each
other, giving the impression of a field-free element. It is for these reasons that Trujillo
Bueno (2005) states that we currently have a 1% knowledge of solar magnetism.
As shown above, Zeeman diagnostics of the solar magnetic field require the lifting of
the energy degeneracy of the various sublevels involved in the transition in order to split
the spectral components exhibiting different and/or opposite polarization characteristics
such that they no longer cancel. However, this description assumes that the populations
of the various sublevels involved in the spectral line formation are equal. Recall from
Equation 2.25 that the net energy loss or gain within a spectral line is determined not
only by the rates (i.e. transition strengths), but also the populations of the transition
levels. Similarly, the population levels of the various Zeeman sublevels are important in
the net polarization produced in the spectral line. However, in the lower solar atmosphere,
collisional rates are high, which typically equalizes the populations of the sublevels. In
the upper atmosphere, the population of the sublevels are determined by the interplay of
collisions and radiative excitation that is not spatially isotropic. This anisotropic radiative driving leads to unequal Zeeman sublevel populations in a process known as optical
pumping, which on its own is responsible for the polarization of scattered radiation as
in Rayleigh scattering. Collisions also can be spatially anisotropic and thus unequally
excite the Zeeman sublevels of a given level (i.e. impact polarization), but typically this
only occurs in the presence of directional particle acceleration as in solar flares. Optical
pumping and the various atomic mechanisms that influence its signatures are collectively
known as atomic level polarization.
Atomic-level polarization, however, involves more than simple population imbalances.
Key to understanding the influence of the magnetic field on an optically pumped ensemble – the Hanle effect – is the concept of quantum coherence (also known as quantum
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interference); that is, the coherent superposition of substates (or sublevels) wherein the
quantum ensemble is described by the sublevel population imbalances and phase relationships between the levels (see Section 2.6.2). This requirement complicates the interpretation of atomic-level polarization. Yet, with the development of atomic density matrix
theory and the improvement of polarimetric instrumentation over the past three decades,
atomic-level diagnostics are gradually being better utilized in solar astronomy. As a sign
of this, we can look at the statistics of abstracts in the NASA astrophysical data system
(ADS). The NASA ADS server finds 10,551 documents containing the words “solar” and
“zeeman” in its database, dating back to 1895. For the words “solar” and “hanle”, only
1,458 documents are found, debating back to 1929. Though, amazingly, 925 of the 1458
documents (63.4%) are from after the year 2000. The use of atomic-level diagnostics,
while still gaining ground, is starting to revolutionize solar astronomy, and with it, our
knowledge of the solar magnetic field.
2.6.1

Optical Pumping

To clarify the role of anisotropic irradiation in establishing the unequal population of
Zeeman sublevels, we can use simple illustrations of simple two-level atomic systems.
Furthermore, we can describe the various ways in which an atomic system can become
polarized by optical pumping. However, in these examples we are careful to choose a basis
such that no quantum coherences are generated, and thus we can postpone discussing
them until the next section. To start, let us consider an atomic ensemble characterized
by a resonance transition formed by a lower level with Jℓ “ 0 and an upper level Ju “ 1
as in Figure 2.3. If we irradiate the system with weak unpolarized light from below and
along the quantization axis that we have arbitrarily selected, the electric dipole transitions
discussed above allow only the σ transitions to be active. Unpolarized light can be thought
of as the incoherent superposition of right-handed and left-handed helicity photons, each
with ˘1 units of spin angular momentum. Thus, if all the atoms start out in the lower
level, the light can drive the σ transitions such that the Mu “ ˘1 states are populated,
but the Mu “ 0 level remains unpopulated. The atoms lifted to the upper level can the
spontaneously (or through stimulation) emit a photon and fall back to the lower level,
but there is no way to populate the Mu “ 0 level, if this is a closed system consisting of
only these two levels. The process described here, which generates population imbalances
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Figure 2.3: Upper-level Selective Population Pumping.
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Figure 2.4: Lower-level Selective Depopulation Pumping.
in the upper level due to selective absorption, is called upper-level selective population
pumping.
Now, consider the system in Figure 2.4 in which the lower level has Jℓ “ 1 and the
upper level is Ju “ 0. In this system, the same irradiation as in the first case drives
σ absorptions from the Mℓ “ ˘1 substates to the Mu level. From the upper level, the
atoms can decay to any of the lower substates, and with equal strengths. However, there
is no path to excite atoms out of the Mℓ substate. Thus, all atoms decaying to this state
remain in this state if there is no relaxation mechanism available. Eventually all atoms
are “pumped” into the Jℓ “ 1, Mℓ “ 0 sublevel. This process is referred to as lower-level
selective depopulation pumping. The illustration in Figure 2.4 is an extreme example of
depopulation pumping.
When an atomic ensemble is not a simple two-level closed system, a third pumping
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process is possible when more than one of the levels has non-zero total angular momentum
(i.e. J ‰ 0). For example, the spontaneous decay of a polarized upper level can unevenly
populated a lower level. This is known as repopulation pumping. Of course, in the solar
atmosphere, the irradiation of atoms in the upper atmosphere is not uni-directionally
restricted (unless very far away from the Sun). Instead the illumination is directed from
all across the limb-darkened solar disk. The degree of anisotropy is then quite weak in
comparison to these examples. Thus, the degree of population imbalance, and furthermore
the degree of polarization, is also weak. However, it is non-zero even in the field-free case.
The resulting polarization of the radiation emitted and/or absorbed by the atomic
system is then subject to the population imbalances of the transition levels. While the
rigorous calculation of the emergent polarization is shown below, two primary processes
can be described. When the polarization results primarily from the decay of a polarized
upper-level, we denote this as selective emission. This is the case of common scattering
wherein the scattered emission is polarized. However, atomic-level polarization involves
more than the preferential scattering of polarization states. A polarized lower-level also
can induce net polarization in a spectral line. It this case, a certain polarization state is
not more likely to be scattered into the optical path. Rather, a certain polarization state is
more likely to be absorbed. In fact, the medium acts as a dichroic filter. This processes is
referred to as selective absorption. When spectral lines are formed between two J-levels of
non-zero total angular momentum, both selective emission and selective absorption work
in congress to determine the polarized state of the transmitted radiation.
2.6.2

Quantum Interference and The Hanle Effect

Optical pumping clearly influences the populations of Zeeman sublevels and can subsequently induce polarized signals in a spectral line. But, how can this be used as a diagnostic
for magnetic fields? The answer lies in the coherent superposition of the excited sublevels.
Notice that in the above examples, the pumping radiation was limited to unpolarized
light, described as incoherent right-handed and left-handed circularly polarized photons.
What happens when the quantization axis is not aligned with the radiation field? Or,
rather, what happens when one illuminates the same systems described above with x̂ or
ŷ polarized light. Prior to Wilhelm Hanle’s explanation for the Hanle effect in 1924, this
question could not be answered properly. In fact, it was thought that the basis substates
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could only be individually excited, and therefore incident photons had some probability
of exciting an atom to one basis sublevel and some probability to excite it to the others.
Hanle’s key insight was that the basis sublevels could be coherently excited.
Let us describe the transitions discussed above in terms of the eigenvector representation of the states, following a similar discussion given by Degl’Innocenti and Landolfi
(2004). In the first example, an atom in the Jℓ “ 0, Mℓ “ 0 sublevel is excited to the
Ju “ 1, Mℓ “ `1 level by a right-handed circularly polarized photon. Thus, we can write:
|00y ` |σ1 y Ñ |1 `1y,

(2.43)

where |σ1 y corresponds to the wavefunction of the photon. Now, let us consider the
transition subject to a incident photon of a generalized state. Due to Hanle’s interpretation
of quantum mechanics, we must write this transition as:
|00y ` pa0 |σ1 y ` a1 |σ1 yq Ñ pc0 |1 ´1y ` c1 |10y ` c2 |1 `1yq.

(2.44)

This equation represents the absorption of a photon in a generalized state (as in Equation 2.3) by an atom in the lower-level. The absorption, in general, excites a coherent
superposition of each of the available sublevels, characterized by a set of complex probability amplitude coefficients (c0,1,2 ). These coefficients consequently define phase relations
between the basis substates, since each basis state carries its own phase factor defining
its wavefunction. Thus, an atomic ensemble must be described not only by its sublevel
populations, but also by the coherences between the levels. Furthermore, the populations
and the coherences depend on the chosen reference frame of the system. Looking back at
Figure 2.3, due to space quantization in quantum mechanics, we could have chosen the
quantization axis to not be aligned with the radiation direction. The resulting description
of the ensemble would then require the quantification of quantum coherences.
So, how then does an external magnetic field influence an atomic ensemble characterized by population imbalances and quantum coherences? We already know that the
Zeeman effect lifts the energy degeneracy of the sublevels. This ultimately influences
the phase relations describing the coherent excitation of basis substates. Consider, as in
Auzinsh et al. (2010) (Sections 8.2 and 8.3), the total wave function of a coherently excited
upper level. Similar to Equation 2.44, we can write the state as a linear combination of
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the basis substates,
ΨJ 1 “

ÿ
M1

cM 1 |ψn1 y “

ÿ
M1

cM 1 |αJ 1 M 1 ye´iEM 1 t{~ ,

(2.45)

each with their characteristic energy dependence from the time-dependent Schödinger
equation. In absence of a magnetic field, the phase factor is identical for all substates, and
thus the coherences remain constant in time. When the states are excited in a magnetic
field, the energy of the substates are influenced by the Zeeman effect such that EM 1 Ñ
EM 1 ,0 ` µ0 BgLS M , in accordance with Equation 2.38. Thus the phase relations changes
and the coherences are no longer constant.
Consider the simple example presented by Auzinsh et al. (2010). If an atomic system
is excited by a weak x̂ polarized beam of light that is resonant with the transition between
a Jℓ “ 0 and Ju1 “ 1 level, the excited state can be expressed as:
|ψJ 1 y “ c´1 |α, 1, ´1ye´iE´1 t{~ ` c`1 |α, 1, `1ye´iE`1 t{~
9 |α, 1, ´1ye`iΩL t ´ |α, 1, `1ye´iΩL t

(2.46)
(2.47)

where ΩL “ gLS µ0 B{~ is the Larmor frequency. Now, consider the effect of the energysplitting on the time evolution of the state by considering a further transition to an upper
level. This in fact is easier to describe than the emission of a photon for a evolving state. If
we take the highest level to be J 2 “ 0, we can consider the probability that a resonant x̂, or
alternatively a ŷ polarized beam, will drive the transition to the upper level. The result,
from Auzinsh et al. (2010), shows that the probability amplitude (or state coefficient)
describing the upper level for an x̂ polarized driving beam is:
c02 ptq 9 peiΩL t ` e´iΩL t q,

(2.48)

while the true probability is given by the absolute value squared
|c02 ptq|q2x̂ 9 1 ` cosp2ΩL tq

(2.49)

while for an ŷ polarization driving beam, the excitation probability is
|c02 ptq|2ŷ 9 1 ´ cosp2ΩL tq.

(2.50)

Thus, the probability that the two different polarization states excite the upper level oscillate in time, and out of phase with each other due to the time-evolution of the excited
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intermediary state. This effect is known as quantum beats, and is experimentally observable. To observe quantum beats, consider the same system as just described, except
without the highest level. Imagine a pulse of light that excites an ensemble of atoms all
into the coherent intermediary state simultaneously. The spontaneous decay of the state
will emit a photon in the direction of an observer aligned with the pulse beam direction that oscillates between being x̂ and ŷ polarized. Thus, quantum beats change the
orientation of the emitted polarization state with time.
The Hanle effect can be understood as an extension of the quantum beats phenomena.
Instead of an atomic ensemble being excited by a pulse of radiation, consider continuous
excitation and the resulting interplay between quantum beats and the spontaneous decay
rate of the level. For example, returning back to the three-level example system, consider
the excitation of the third level by x̂ polarized light. However, again following Auzinsh
et al. (2010), this time let us add an ad hoc spontaneous decay term (Γ) for the level
associated with the level’s lifetime. The excitation probability of the third level can then
be expressed as
|c02 ptq|2x̂ 9 r1 ` cosp2ΩL tqse´Γt .

(2.51)

Now, consider the average probability as a function of time when the system is continuously
excited. To do this, transform the variable t to pt ´ t0 q, where t0 is the time of excitation
and integrate for all previous times, i.e.
|c02 ptq|2x̂

żt

|c02 pt ´ t0 |q2x̂
ˆ
˙
Γ2
9
1` 2
Γ ` 4Ω2L
9

(2.52)

´8

(2.53)

This result illustrates that the total excitation probability for a x̂ polarized upper level
in the presence of a continuous driving beam carries a characteristic factor, which is a
function of the decay rate and the Larmor frequency. When Γ and ΩL are of similar magnitude, small fluctuations in the magnetic field can lead to significant changes in the total
excitation probability. As the magnetic field intensity increases, the larger Larmor frequency decreases the total probability that the upper level is excited. Contrarily, the total
excitation probability driven by a ŷ polarized resonance beam increases as the magnetic
field intensifies. Thus, the polarization associated with the transition is modified by the
presence of a magnetic field. The time-averaged dephasing of the coherences of an excited
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state by the presence of a magnetic field is the essence of the Hanle effect, which can lead
to the modification of the net polarization emerging from an ensemble of radiating atoms.
As the Hanle effect places a firm constraint on the decay rate of an excited level,
laboratory measurements utilize the Hanle effect to measure the lifetime (i.e the Einstein
A coefficient) for resonant transitions. This can be measured for any transition that
resonantly excites coherent substates. Of course, this requires the overlap of the Zeeman
sublevels energy. This naturally occurs for zero magnetic field, but it also occurs for
non-zero levels of the magnetic field. Various sublevels, in particular of the same atomic
term, can cross each other with increasing magnetic field strength. The Hanle effect can
act in these environments also. Near zero field, the Hanle effect is described as a zerocrossing phenomena, while other crossing events are simply termed level crossing events
(or, as modified by the presence of electric fields, anti-level crossings). The purview of
solar spectropolarimetry is to not use the Hanle effect and quantum interference as a
measure for atomic level lifetimes. Rather, assuming the atomic level lifetimes are known,
we employ the Hanle effect to infer the magnetic field strength and geometry in the solar
atmosphere.
2.6.3

The Atomic Density Matrix

As is now readily apparent, the statistical description of an atomic system including polarized diagnostics is vastly more complex than traditional spectroscopy. Spectral line
formation characterized by Equation 2.25 only requires the determination of the various
level populations. The sublevel populations and their coherences are unimportant. These
level populations can be found via statistical equilibrium equations (SEE) involving the
radiative rates and collisional rates characterizing the system. For polarized diagnostics
formed in non-LTE environments, a more complex formulation is necessary to study the
evolution of the sublevel populations and coherences within the system.
We have already seen that quantized light can be described statistically via a Hermitian
coherency matrix (Sections 2.2.1 and 2.2.3). Quite similarly, we can define such a matrix
for the state vectors describing the atomic ensemble known as the atomic density matrix.
We can motivate the use of the atomic density matrix as the statistical description of
an incoherent superposition of a number of pure quantum states, as in Fano (1957). We
assume that an atom in a pure state can be described by the electronic wavefunction, as
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in Equation 2.45, described by a number of complex probability amplitude coefficients,
i.e.:
Ψy “

ÿ
n

cn |ψn y.

(2.54)

In quantum mechanics, observables (such as the polarization of light!) are represented
by linear Hermitian operators, and the measurable value is the expectation value of this
operator acting on the state vector. The quantum operator for the polarization tensor in
the theory of second quantization has already by presented in Section 2.2.3. Following
Fano (1957), taking a general quantum operator Q, we can define its expectation value as:
xQy “ xΨ|Q|Ψy “

ÿ

Qn1 n c˚n1 cn

(2.55)

n1 n

For a collection of atoms, the system can no longer be described by a single pure state
vector. Rather, the atomic ensemble, satisfying the principles of an ergodic system, can
be described as the average expectation value of each individual state. This represents
the incoherent superposition of each state. Thus, denoting xQyα the expectation value of
a single pure state α, and pα the probability that the system is in that state, the average
expectation value of Q becomes:
xQy “
“
“

ÿ

pα xQyα

nn1

α

α

ÿ

Qn1 n

ÿ

ÿ

(2.56)
pα c˚α,n1 cα,n

(2.57)

Qn1 n ρn1 n1

(2.58)

ÿ

(2.59)

nn1

where
ρn1 n1 “

pα c˚α,n1 cα,n .

α

ρn1 n1 are the elements of the here-defined atomic density matrix. The corresponding
quantum density operator is
ρ“

ÿ
α

pα |Ψα yxΨα |,

so that, again, the density matrix elements are
ÿ
pα xψn1 |Ψα yxΨα |ψn y
ρn1 n1 “ xψn1 |ρ|ψn y “
α

“

ÿ
α

pα c˚α,n1 cα,n

(2.60)

(2.61)
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Note that now the average expectation value can be written as:
ÿ
xQy “
Qn1 n ρnn1
n1 n

ÿ
“ pQρqn1 n1

(2.62)

n1

“ T rpQρq
where T rpq denotes the trace of the determined matrix. Thus, any quantum observable of
an atomic ensemble is determined directly from the properties of the quantum operator,
quantified by the elements of the density matrix.
The diagonal density matrix directly correspond to the populations of the basis
Zeeman sublevels, while the off-diagonal elements represent the coherences (or phaseinterferences) of the system. Further properties of the atomic density matrix are discussed
by Degl’Innocenti and Landolfi (2004) (Section 3.6). An essential element to the density
operator representation is that its time evolution can be determined in the Schrodinger
picture (i.e. the observable is a time-independent matrix) by the Liouville-von Neumann
equation
2π
d
ρptq “
rHptq, ρptqs,
dt
ih

(2.63)

where the square brackets denote the commutator relation. The evolution of the density
matrix can be derived from this equation by introducing an interaction Hamiltonian to
couple the radiation (and collisional) field with the atomic Hamiltonian. However, this
is a lengthy, complicated derivation that will not be presented here. The results are the
statistical equilibrium equations for the atomic density matrix elements, and the evolution
equations for the radiation field, which are shown in Section 2.7. This second set of
evolution equations correspond to the quantum mechanical derivation of the polarized
radiative transfer equations.
The Multipole Moments of the Atomic Density Matrix
The atomic density matrix can be defined in any reference frame describing the atomic
ensemble, and for any specified orthonormal basis. The standard representation of the
atomic density matrix uses the angular momentum eigenvectors describing the discussed
quantum numbers; though in the regime of the Paschen-Back effect we must use the
formulation for the eigenvectors in Equation 2.42. For our application, the density matrix
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is typically determined in the either the reference frame wherein the quantization axis
is along the symmetry axis of the radiation field (typically normal to the solar surface),
or along the magnetic field direction. The standard representation requires two rotation
matrices to fully generalize any transformation in the coordinate system. It proves useful in
many cases to find the multipole moments of the density matrix5 since the transformation
of these involve only one rotation matrix. Also, in this representation, the number of
matrix elements is reduced. The multipole moments of the density matrix are defined as
1 1
ρK
Q pαJ, α J q “

ÿ

MM1

?
p ´ 1qJ´M 2K ` 1
¨

J
ˆ˝
M

J1

K

˛

(2.64)

‚ρpαJM, α1 J 1 M 1 q.
´Q

´M 1

where ρpαJM, α1 J 1 M 1 q is the density matrix element defined in the standard representation and the term in parentheses is the Wigner-3j discussed earlier and defined in Appendix B. When the density matrix is defined on the energy eigenvectors not restricted
to the Zeeman Effect (i.e. the Paschen Back effect), the multiple moments of the density
matrix are defined as:
βLS K
ρQ pJ, J 1 q

“

ÿ

jM j 1 M 1

J´M

ˆ p´1q

1

?

CJj pβLS, M qCJj 1 pβLS, M 1 q
¨

J
2K ` 1 ˝
M

J1
´M 1

K

˛

(2.65)

‚ρβLS pjM, j 1 M 1 q
´Q

The different rank moments identified by rank coefficient K take on designations similar
to electric field multiple moments. In particular, the K “ 0 moment corresponds with
the total population of a given level. The K “ 1 and K “ 2 moments are known as the
orientation and alignment components. Analytical expressions for the multiple moments
can be found in Table 3.6 of Degl’Innocenti and Landolfi (2004).
5

See sections 2.7 and 3.7 of Degl’Innocenti and Landolfi (2004) for the full mathematical description

of these multiple moments. The multiple moments of the density matrix are also known as the spherical
statistical tensors, or the irreducible spherical components of the density matrix
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2.7

Evolution Equations of the Coupled Radiation Field and Atomic Ensemble

Evolution equations for the atomic system and its associated radiation field can be obtained by taking the time derivative of Equation 2.62 and employing the Liouville-von
Neumann equation (Eq. 2.63). The total Hamiltonian, Hptq, includes the Hamiltonian of
the radiation field and of the atomic ensemble, and their coupled interactions. The radiation field interacts with the atoms through various photon-atom processes, including the
electric-dipole transitions discussed above. Quantitatively, the interaction Hamiltonian
between a quantized radiation field (i.e. photons) and the electrons of an atom is laboriously derived in quantum electrodynamic (QED) theory (see Eq. 6.15 of Degl’Innocenti
and Landolfi (2004) for the non-relativistic approximation). In addition to atom-photon
interactions, the atomic ensemble interacts with itself through various types of depolarizing and exciting collisions.
2.7.1

Statistical Equilibrium Equations

The solution of the Liouville equation for the atomic density matrix is far from trivial.
The current formalism only accounts for first and, in an uncorrelated sense, second order
QED processes constrained by a number of simplifying approximations (Casini and Landi
Degl’Innocenti, 2008). The treatise of Degl’Innocenti and Landolfi (2004) exhaustively
details the current state of this theoretical framework (especially Chapters 6 and 7). In
that work, the evolution equations of the atomic system and the radiation field are derived
using the density-matrix formulation on a basis of energy eigenstates, which can be influenced by an external magnetic field (other than the interacting radiation). The radiation
field and the atomic system are assumed to be uncorrelated and optical-coherent phenomena are ignored. The formulation also disallows the treatment of correlative phenomena
and time-dependent affects on time-scales shorter than the relaxation time of the atoms,
and is thus limited to realm of complete frequency redistribution. Furthermore, quantum
beat effects are averaged over in a sense, which is allowed as long as the driving radiation
is spectrally flat across the range of frequencies of the coherent states. The derivation
involves the expansion of the first-order QED interaction Hamiltonian incorporating the
interaction of the radiative vector potential with the electron momentum vector. Differ-
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ent terms of this expansion can be considered, corresponding to electric dipole radiation,
magnetic dipole radiation, and so forth. Here we only consider electric dipole transitions
in the long-wavelength approximation.
The derived evolution equations for the atomic system are known as the statistical
equilibrium equations (SEE). Each element of the density-matrix describing the populations and coherences between various energy levels and terms evolves according to the
various relaxation and transfer mechanisms at work. Relaxation of a given level occurs
through absorption to an upper level, or emission to a lower level (either spontaneous
or stimulated). Complementary, transfer processes carry coherences from a given level
to another via absorption from a lower level, or emission of an upper level. An external magnetic field influences the evolution equations by lifting the energy degeneracy of
the coherently excited levels. Consequently, coherences are reduced and dephased in accordance with the Hanle effect. Depending upon the application and the description of
the energy eigenstates (i.e. with/without hyperfine structure, weak-field linear Zeeman
regime, strong-field regime, etc.), the SEE take on different forms with highly variable
levels of complexity. As this work focuses on the interpretation of the He I triplet at
1083 nm, we relay the multi-term statistical equilibrium equations that incorporate the
Paschen-Back effect using Equation 2.42. These equations are directly implemented in
the Hazel inversion code, described below (section 2.9). Written using the spherical statistical tensor notation, the equations governing the matrix elements of a level described
by the inner quantum numbers (β) and its L-S coupling quantum numbers :
ÿ ÿ
d βLS K
1
2
3
ρQ pJ, J 1 q “ ´2πi
NβLS pKQJJ 1 , K 1 Q1 J 2 J 3 qβLS ρK
Q1 pJ , J q
dt
1
1
2
3
KQ J J
ÿ
β ℓ Lℓ S K ℓ
`
ρQℓ pJℓ , Jℓ1 qTA pβLSKQJJ 1 , βℓ Lℓ SKℓ Qℓ Jℓ Jℓ1 q
βℓ Lℓ Kℓ Qℓ Jℓ Jℓ1

`

´

ÿ

βu Lu Ku Qu Ju Ju1

ÿ

K 1 Q1 J 2 J 3

β u Lu S K u
ρQu pJu , Ju1 q

”
TE pβLSKQJJ 1 , βu Lu SKu Qu Ju Ju1 q

ı
`TS pβLSKQJJ 1 , βu Lu SKu Qu Ju Ju1 q
”
βLS K 1
ρQ1 pJ 2 , J 3 q RA pβLSKQJJ 1 K 1 Q1 J 2 J 3 q

ı
`RE pβLSKQJJ 1 K 1 Q1 J 2 J 3 q ` RS pβLSKQJJ 1 K 1 Q1 J 2 J 3 q . (2.66)

The various terms denoted by R and T correspond to the relaxation and transfer terms,
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respectively, with ‘A’ denoting absorption, ‘E’ denoting spontaneous emission, and ‘S’
denoting stimulated emission. Each of these terms take on involved expressions incorporating various dipole moments each with the associated Wigner 3j symbol representation.
The summations range over all the different J-levels corresponding to the βLS term and
thus coherences between these levels are taken into account, in addition to coherences
between the magnetic sublevels.
Note that in the above statistical equilibrium equations there are no collisional terms.
Different types of collisions can affect the various level populations and also work to
depolarize atomic sublevels by destroying population imbalances and coherences. In the
solar photosphere, densities are high such that the level populations are thermalized by
inelastic collisions and quantified by the Boltzmann factor. When the collisions fully
thermalize the populations, the system is said to be in local thermodynamic equilibrium
(LTE). Consequently, the characterization of the atomic ensemble is much easier since it
is not necessary to solve the statistical equilibrium equations. As the density decreases
in the upper solar atmosphere, the collisional rates decrease while the photon mean free
path increases. The level populations start to decouple from LTE levels as the radiative
rates start to control the equilibrium over the collisional rates. For many lines in the
upper atmosphere, collisions still play a determinate role in establishing the equilibrium
level populations, and can lead to collisional depolarization of the sublevels. However, for
the atomic model of the orthohelium atom described below, the Einstein A coefficient of
the involved transitions is sufficiently high that the statistical equilibrium is dominated by
radiative processes, not collisional rates. Thus, we can safely neglect collisional processes
for the He I triplet.
To illuminate how the radiation field is incorporated within the above equilibrium equations as well as the reduced matrix element of Equation 2.34, we give below the expression
for the absorption transfer rates TA from Eq. 7.45a in Degl’Innocenti and Landolfi (2004)
(see this text for the expressions of the other rates). Again this is a rather complicated
expression. 2 ˆ 3 and 3 ˆ 3 matrices in parentheses give Wigner 6j and 9j symbols, respectively, and can be related to Wigner 3j symbols. The influence of the radiation field tensor
Kr
JQ
pνβLS,βℓ Lℓ S q enters into this transfer absorption rate. Similarly, this tensor influences
r

the relaxation absorption rate, and the rates of stimulated emission. The reduced matrix
element from the Wigner-Eckart theorem is incorporated in this expression through its
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relation to the Einstein B coefficent, Bpβℓ Lℓ S Ñ βLSq. The full expression is given by:
TA pβLSKQJJ 1 , βℓ Lℓ SKℓ Qℓ Jℓ Jℓ1 q “ p2Lℓ ` 1qBpβℓ Lℓ S Ñ βLSq
ÿ b
ˆ
3p2J ` 1qp2J 1 ` 1qp2Jℓ ` 1qp2Jℓ1 ` 1qp2K ` 1qp2Kl ` 1qp2Kr ` 1q
Kr Qr

2.7.2

,
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ℓ
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L Lℓ 1 .
1
ˆ p´1qKℓ `Qℓ `Jℓ ´Jℓ J 1 Jℓ1
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˛
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ℓ
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˝
‚J Kr pν
ˆ
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Polarized Radiative Transfer

The evolution equations of the radiation field are derived by Degl’Innocenti and Landolfi
(2004) in the same manner as the statistical equilibrium equations, using the quantummechanical operator of the radiation field which directly corresponds with the observable
polarization tensor. These equations give the quantum-mechanically derived form of the
polarized radiative transfer equations. Expressed in the Stokes formulation, the time and
spatial dependence of the radiation field is
¨ ˛
¨
I
ηIA
˚
‹
˚
ˆ
˙
‹
˚η A
B ˚
B
˚ Q‹
˚ Q
c `
˚ ‹ “ ´˚
˚η A
Bt Bs ˚U ‹
˝ ‚
˝ U
ηVA
V
¨
ηS
˚ I
˚η S
˚ Q
˚
˚η S
˝ U
ηVS

A
ηQ

ηUA

ηIA

ρA
V

´ρA
V

ηIA

ρA
U

´ρA
Q

S
ηQ

ηUS

ηIS

ρSV

´ρSV

ηIS

ρSU

´ρSQ

˛¨ ˛
I
‹˚ ‹
‹˚ ‹
ρA
U ‹ ˚ Q‹
‹˚ ‹`
‹˚ ‹
ρA
Q ‚˝U ‚
ηIA
V
˛¨ ˛ ¨ ˛
I
ǫI
ηVS
‹˚ ‹ ˚ ‹
˚ ‹ ˚ ‹
ρSU ‹
‹ ˚ Q‹ ˚ ǫQ ‹
‹˚ ‹ `˚ ‹
˚ ‹ ˚ ‹
ρSQ ‹
‚˝U ‚ ˝ǫU ‚
ηIS
V
ǫV
ηVA

(2.67)

Typically, the radiation field is assumed to be stationary such that the above equation
only varies in the spatial dimension. The first two terms on the right hand side include a
matrix with a combination of absorptive (η) and dispersive (ρ) characteristics. ‘A1 again
refers to absorption, while ‘S 1 refers to stimulated emission. Since stimulated emission is
often expressed as a negative absorption, these two terms can be combined. This matrix is
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known as the propagation matrix, K. The last term on the right hand side is the emission
vector.
Explicit expressions for the various coefficients in the above equation can be found for
the multi-term atom in section 7.6.b of Degl’Innocenti and Landolfi (2004). Each of these
coefficients include spectral profiles (i.e. Voigt and Faraday-Voigt functions) indicative
of the distributed thermodynamic properties of the atomic ensemble. Furthermore, the
coefficients are functions of the elements of the atomic density matrix described by the
statistical equilibrium equations described above; however, the determined density matrix must be transformed into the same coordinate system as Equation 2.67 before the
calculation of the coefficients. The number density of atoms in the ensemble is also contained in these expressions since the normalized atomic density matrix does not carry this
information.
2.7.3

Reflections on Non-Equilibrium Polarization

The level of complexity in the statistical description of an atomic ensemble is clear when
anyone looks at Equation 2.66. Yet, as they are written in this equation, it is also clear
that the various atomic density matrix elements are determined through an equilibrium
with all of the transitions occurring within the atomic system, and therefore incorporate
the transfer and relaxation of populations and coherences, just as in the phenomenological
description of optical pumping and the Hanle effect above. Consideration of the statistical
equilibrium equation in simplified systems can illuminate the formation of a wide-array of
polarization phenomena inherent in the formulation, as is well explored in Chapter 10 of
Degl’Innocenti and Landolfi (2004).
One particularly useful illustration of the Hanle effect can be found by considering a
simple two-level system with an unpolarizable lower level (e.g. Jℓ “ 0) and in a reference
frame such that the quantization axis is aligned with the magnetic field. In this case, the
statistical equilibrium equations reduce to
c
Bpαℓ Jℓ Ñ αu Ju q
2Jℓ ` 1
K
ρQ pαu , Ju q “
2Ju ` 1 Apαu Ju Ñ αℓ Jℓ q ` 2πiνL gαu Ju Q
pKq

K
pν0 qρ00 pαℓ Jℓ qm
ˆ wJu Jℓ p´1qQ J´Q

(2.68)
(2.69)

where A and B are, once again, the Einstein coefficients and νL is the Larmor frequency.
pKq

wJu Jℓ is a dimensionless constant dependent upon the J-levels involved (Table 10.1 of

100
Degl’Innocenti and Landolfi (2004)). The other values are as defined above. The influence
of the magnetic field is through the term 2πiνL gαu Ju Q in the denominator. For the 0th
order multipole describing the populations of the Zeeman sublevels, the magnetic field has
no influence. For the non-zero multipoles, the matrix elements are reduced and dephased.
This again is the Hanle effect described in Section 2.6.2. Furthermore, the influence of the
magnetic field is less effective when the ratio of 2πiνL gαu Ju Q to the Einstein A coefficient is
small, and ineffective entirely when the coherences are completely destroyed. The regime
in which the Hanle effect is active in partially destroying coherences is termed the Hanle
effect regime, while the regime in which the magnetic field has already destroyed all the
coherences is termed the saturated Hanle effect regime.
2.8

Inversion Methods

The statistical equilibrium equations and the polarized radiative transfer equation grant
a quite general theoretical formalism for interpreting the polarization signatures emerging from the solar atmosphere. This theory is applied to the He I orthohelium system
below. However, ultimately the theoretical calculations must be compared in a quantitative manner with the real observations of the solar polarized spectrum. Only in this
way are the unknown physical properties of the atmosphere probed and/or constrained.
Inverse methods in solar physics aim at directly harvesting thermodynamic and magnetic
information by adjusting the tunable quantities of a specified model to best fit the observed
spectrum. As inversion methods require forward calculations of a model to converge upon
the determined parameters, inversions are indelibly linked to the forward problem.
Inversion methods have been used to glean magnetic information from the solar atmosphere now for over two decades. Yet, many of the employed methods required overly
simplified models due to the limited computing. As our computing resources continue to
improve, the study of inverse methods for solar physics focus primarily on two elements:
1) fast, efficiency forward calculations and 2) rapid optimization of the model parameters
for a proper fit. More and more refined models are now being employed to scrutinize
high-sensitivity spatially resolved measurements. One-dimensional LTE transfer models
calculations for the analysis of a single Stokes spectrum are being replaced by 1D non-LTE
treatments (e.g., Socas-Navarro (2005b)), and even 1D LTE models with spatial coupling
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to neighboring portions of an observed field (van Noort, 2012). Well-tested inversion methods for simple field diagnostics now emphasize the speed of inversion. The great influx of
Stokes spectral images from SDO/HMI (see section 3.3.2) and Stokes spectra from future
instruments require new methods of rapid inversion (Asensio Ramos, 2012).
2.8.1

The Merit Function

Inverse methods systematically tune model parameters in hopes of achieving a sufficient
model fit to the observations. The evaluation of the fit invokes a merit function defined as
the deviation of the synthesized model from the observed spectra. Most inversion codes
analyzing Stokes spectra seek a solution that minimizes the variance between the model
and the data defined by the chi-squared (χ2 ) merit function. Equivalently, a goodness-offit defined as the inverse χ2 merit function may be maximized. When the measurement
uncertainty is known, the χ2 merit function may be defined as
χ2 “

4
1ÿ
wi pλqχ2i
4 i“1

(2.70)

where the individual contributions of each modeled Stokes parameter to the total χ2 are
χ2i “

N
1 ÿλ rSisyn pλj q ´ Siobs pλj qs2
.
Nλ j“1
σi2 pλj q

(2.71)

Sisyn pλj q and Siobs pλj q are, respectively, the synthesize and observed Stokes spectra. Nλ

is the total number of sampled/modeling wavelengths. The inclusion of σi2 pλj q weights
the standard variance at each wavelength by the known measurement uncertainty at that
wavelength. wi pλq denote weighting functions used to model fit to a particular Stokes
parameter and/or wavelength range. Setting the weights to 1, ideal model fits yield χ2
values equal to 1.
2.8.2

Optimization Algorithms

Algorithms developed for the efficient optimization of inverse problems are numerous and
diverse. We here summarize the properties of the currently most-used methods for the
inversion of Stokes profiles in the solar atmosphere. However, we point the reader to
Asensio Ramos (2012) for a discussion of new techniques and the challenges of larger
spectropolarimetric data sets.
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• Levenburg Marquardt - The Levenburg-Marquardt (LM) optimization method is
commonly used for many applications. Within this study, an implementation of
the LM method is used by both the HeLIx` and Hazel inversion codes. Its speed
and convergence properties are typically well suited for inversion problems, but its
accuracy depends critically upon an appropriate first-guess to the solution. Approximation methods for an initial guess can be used for strong Zeeman-induced signals
(as implemented in HeLIx` ), but for small-scale atomic-level polarization signals,
an initial guess cannot typically be determined by any approximation. The LM
method, however, can be paired with other algorithms as a means to fine-tune a
solution, as used by Hazel.
• Genetic Algorithms - Pikaia - The Milne-Eddington based inversion codes known
as Melanie and HeLIx` both use an optimization algorithm based on genetic
principles developed by the High Altitude Observatory, known as Pikaia. The
advantage of a genetic algorithm is that initial guesses are not used; thus, the solution
is insensitive to the initial guess. Instead, the algorithm encodes a set of possible
solutions just as individuals in a family are encoded by their chromosomes. Random
number generators populate a set of individuals (i.e. synthesized models) which are
then tested by the merit function. The individuals with the highest merit survive
from one generation to the next. Numerical equivalents of procreation involving
the crossover and mutation of the involved parent solutions forms the subsequent
generations. The best solution is found naturally through the evolutionary process;
though the path to this solution is random and might take an infinite number of
iterations (i.e. generations). Genetic algorithms can therefore be considered robust
albeit numerically slow.
• Deterministic Searching - Direct - Counter to the stochastic search process of
genetic algorithms, deterministic searching algorithms systematically search a prescribed parameter space for the best model. The search path is mathematically
assigned, and repeatable. An example of a deterministic optimization algorithm is
Direct, which stands for Dividing Rectangles (Jones et al., 1993). This method
is used by the Hazel inversion code (see below). Direct is a global searching
algorithm that locates regions in an N-dimensional parameter space with better
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goodness-of-fit. An advantage of the procedure is that there is no inputted initial
guess for the best fit parameters. However, the prescribed parameter bounds directly
define the search path and can influence the determined solutions. Furthermore, the
method’s efficiency greatly degrades with increased dimensionality of the problem.
• Pattern Recognition - PCA - Techniques based on pattern recognition show promise
in greatly reducing the computational load on the inversion process. A catalog
or database of forward-model profiles is generated prior to inversion. No forwardcalculations are then required to perform the actual inversion. Principle component
analysis (PCA), a pattern recognition technique, is then used to match the observed
profiles with the profiles in the database with the best matched properties. The
technique is very fast, although the accuracy is limited to the size of the database
and the appropriateness of the applied forward-model for all spatial pixels. See the
papers by Socas-Navarro et al. (2001) and (Rees et al., 2000) for the first application.
Also see Casini (2012).
2.9

Hazel calculations for the Orthohelium Atomic Model

The density matrix formulation of the polarized radiative transfer problem developed
by Degl’Innocenti and Landolfi (2004) and collaborators has been implemented in an
forward modeling and inversion code for the Helium I triplet at 1083 nm by Asensio
Ramos et al. (2008). This is the “HAnle and ZEeman Light” (Hazel) diagnostic tool,
and it is extensively used in this work for the interpretation of newly observed Helium
I triplet Stokes spectra. The full description of the forward modeling code is given in
Asensio Ramos et al. (2008), much of which parallels the above discussion.
The forward modeling portion of the implementation uses the energy eigenvector representation of the statistical equilibrium equations given in Equation 2.66, and includes
the Zeeman and Paschen-Back effects and the Hanle Effect. No collisional processes are
included. Rather the statistical equilibrium is prescribed by the anisotropic properties of
the limb-darkened, cylindrical-symmetric, non-polarized photospheric radiation field.
The atomic model used for the calculations includes a five-term model of the orthohelium system, taking into account the transitions as indicated in Figure 2.5. Coherences
between J-levels of the same terms are accounted for, while those of different terms are

104

Figure 2.5: Orthohelium triplet system atomic model from Asensio Ramos et al. (2008).
neglected since the energy difference of the various terms is great.
The radiative transfer equations in Equation 2.67 can be analytically solved only under
certain simplifying assumptions. A full generalized solution requires numerical methods.
To simply the radiative transfer, Hazel implements a model consisting of a slab of material with constant properties. That is, the slab location along the line-of-sight is singly
defined and the magnetic and thermodynamic properties are deterministic and constant
throughout the slab. With this assumption, an analytical solution to the radiative transfer equations can be found. Throughout this work, we use this solution as defined by
Equation 5 of (Asensio Ramos et al., 2008):
˚

˚

I “ e´K τ Isun ` pK˚ q´1 p1 ´ e´K τ qS.

(2.72)

I is the Stokes vector, K˚ is the transfer propagation matrix normalized by the intensity
absorption profile, τ is the optical depth, and S is the emission vector normalized by
the absorption profile. Again, all of the magnetic and thermodynamic properties are
contained within the profiles of the propagation matrix and emission vector. See Asensio
Ramos et al. (2008) for a full description.
Both the Levenburg Marquardt and Direct optimization algorithms are available
within the inversion module of Hazel. While Asensio Ramos et al. (2008) suggest an
appropriate method to couple the use of these two algorithms during the inversion of
Stokes spectrum resulting from weak-field regions, we modify the procedure in Chapter 5
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so to properly account for variations of magneto-induced Stokes-I broadening.
2.9.1

HeLIx` - The He-Line Information Extractor`

We also make frequent use in this work of the He-Line Information Extractor` inversion
code (HeLIx` ) (Lagg et al., 2004, 2007). HeLIx` is a self-described flexible inversion
code for the radiative transfer equation. Multiple modules are implemented in the code for
the flexible treatment of numerous magnetized lines. It is especially useful when dealing
with multiple spectral components of the same line observed in the same spectra. It is
also able to simultaneously fit telluric absorption features while inverting a magnetized
line.
Unlike the rather more involved and robust theory outlined above, Zeeman spectral
lines are interpreted in HeLIx using the classically-derived Unno-Rachovsky equations for
polarized radiative transfer in a Milne-Eddington (ME) model atmosphere. Anomalous
Zeeman patterns and the respective strengths of the components are included in the linear
Zeeman effect regime (see Table 2.2).
HeLIx does however use an almost identical forward modeling module for the polarization of the He I triplet lines as that found in Hazel. Unlike Hazel, however, HeLIx`
incorporates the Pikaia genetic algorithm as a primary optimization option. As such,
HeLIx` provides a complementary approach to the inversion of Helium I when compared
with Hazel. Direct optimization, however, is not available in HeLIx` , which makes
HeLIx` considerably slower than Hazel since the Pikaia algorithm requires a great
number of forward calculations to optimize the model parameters. Yet, the flexibility of
the code merits its use for multi-line and multi-component modeling.
2.9.2

Examples of Polarized He I Spectra

Illustrative examples of polarized spectral profiles formed by the He I triplet transitions
can be found in Trujillo Bueno et al. (2002), Trujillo Bueno and Asensio Ramos (2007a),
Asensio Ramos et al. (2008) and Merenda et al. (2006), highlighting in particular the role
of selective absorption and emission processes and the importance of the incorporating
the Paschen-Back effect. In Figure 2.6, we plot a few representative spectra of the He I
triplet calculated with the Hazel forward modeling module.
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Figure 2.6: Example polarized He I spectra observed 36 degrees from disk center (µ “ 0.8)
with the Stokes Q reference direction aligned along the projection of the reference azimuth
direction. The ranges of the Q and U plots span from -0.15 % to 0.15 %, while the range
of Stokes V plots range from -2 % to 2%. The spectra illustrate the transitions from zero
magnetic field, through the Hanle effect regime, into the saturated Hanle effect regime,
and finally in the Zeeman-split regime.
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The observational geometry of these forward-modeled spectra is 36 heliographic degrees
away from disk center, and the reference direction for the Stokes Q is aligned with the
projection of the magnetic field on the solar surface. Thus, an azimuth of 0 describes a
vector pointing from the observation point towards disk center. At zero magnetic field (top
row), only Stokes Q presents a polarized signal. The red component („ 1.2Å redward of the
blue component) gives a negative Stokes Q signal, which corresponds to a polarization state
that is linearly polarized in the plane orthogonal to the reference plane. This is consistent
with classical Rayleigh scattering. The blue component is linearly polarized parallel to
the scattering plane since its polarization results from the un-balanced populations of the
lower level, not the upper level of the transition.
Introducing a weak (1 G) vertically directed magnetic field does not induce a change
in the Stokes profiles. This is due to the lack of coherences in the magnetic field reference
frame. As we illustrated in Section 2.6.1, in the frame of reference where the radiation field
symmetry axis coincides with the quantization axis of the atomic ensemble, no coherences
exist between the Zeeman sublevels. Thus, the magnetic field has no effect since it does not
influence the populations of the sublevels. When the magnetic field is inclined with respect
to the symmetry axis for the weak field, coherences in the magnetic field reference frame
do exist, and are subsequently reduced and dephased by the magnetic field. This leads to
a reduction in the total polarization signal and a rotation of the plane of polarization (as
is evident in the third row of the Figure). When the magnetic field intensifies well beyond
where the Larmor frequency and the Einstein A coefficient are unity ( 1 and 10 Gauss for
upper and lower levels of the He I triplet), the coherences are completely destroyed in the
magnetic field reference frame. For an unpolarized radiative pumping field, the resulting
linear polarization is aligned with the projection of the magnetic field in the plane of the
sky (as in the 4th row of the Figure). Note also that the circular polarized (Stokes V)
signal has increased such that its registers a visible signal in the figure (which ranges from
´2% to `2% in all the Stokes V frames. As the magnetic field strengths further, the
influence of the transverse Zeeman effect dominates the linear polarized Stokes profiles.
2.9.3

Diagnostic Diagrams for Atomic-Level Polarization

Unlike the Zeeman diagnostics of old, many of the more elaborate polarization mechanisms at work at the atomic level preclude simple interpretations of the solar magnetic

108

0.0015

θOBS = 0 (Disk Center)
χOBS = 0
γOBS = 158.91

5 deg. θB Increments
θB = 0 degrees
θB = 90 degrees

0.0010

Q/IMAX

0.0005

0.0000

−0.0005

−0.0010

χB = −90.
χB = 90.
−0.0015
−0.0015

−0.0010

−0.0005

0.0000
U/IMAX

0.0005

0.0010

0.0015

Figure 2.7: He I Triplet Polarization Diagram In Disk Center Geometry
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field based on the shape and amplitude of the polarized spectra. Rather, the polarized
spectra may suggest that particular mechanisms are at work, but translating the polarized spectra into quantitative inferences of the magnetic and thermodynamics properties
of the solar atmosphere is less straight-forward. For example, in a simple Zeeman split
line in the absence of atomic level polarization, the degree of linear polarization increases
in proportion to the transverse component of the magnetic field. In a line dominated
by atomic-level polarization, this is not at all the case. For such a line observed on the
solar limb, a magnetic field inclined with respect to the solar surface (assuming a symmetric unpolarized radiation field) can “depolarize” the atomic system, meaning that the
resulting linear polarization amplitude is decreased. However, at disk center, such a field
is able to increase the degree of linear polarization. Moreover, in a simple Zeeman line,
asymmetries of the Stokes profiles are produced by gradients in the thermodynamics and
magnetic properties of the atmosphere. In an atomic-level polarized line, Stokes profile
asymmetries can be generated directly by the nonlinear properties of the atomic system.
It is therefore dangerous to apply any simplifying diagnostics to spectral lines hosting
atomic-level polarization.
Yet, tools for interpretation beyond direct inversions remain advantageous for polarization formed by atomic-level processes. In particular, it is useful to constrain the range
of magnetic field geometries that lead to certain ambiguities, induced by, e.g., the Van
Vleck angle. Diagrams representing the line polarization for a range of field geometries
and magnetic field strengths have great diagnostic ability. See, for example, the diagrams
in Figures 2.7, 2.8, and 2.9, illustrating the degree of linear polarization in Stokes Q and
U in the red component of the He I triplet at 1083 nm for three different observational
geometries with the same reference direction for Stokes Q and U (indicated in the figures
by the angles defined by Asensio Ramos et al. (2008)). In each figure, the inclination of
the magnetic field vector varies from 0 to 90 degrees, w.r.t. to the local solar vertical,
while the azimuthal varies from -90 to 90 degrees with respect to the plane formed by
the local solar vertical and the line-of-sight direction. The magnetic field strength in all
the figures is set to 50 Gauss, within the saturated Hanle regime of the He I triplet. The
constant property slab is assumed to be at a height of 2250 km above the solar surface
with a optical thickness of 0.2.
From the variations of the figures, the key role of the observational geometry is evident.
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Furthermore, various overlapping regimes signify the locations of possible ambiguities
where the signal in the emergent Stokes Q and U spectra are identical. In some cases,
these ambiguities can be resolved using the Stokes V spectra.
2.10

Summary

To conclude, the primary mechanisms inducing polarization signatures in the upper solar atmosphere are the Zeeman effect and anisotropic pumping. The polarized spectra
are quantitatively described by the Stokes parameters, which are measured by spectropolarimeters (see Chapters 3 and 4). Theoretical calculations of the polarization induced
by anisotropic radiative pumping and influenced by an external magnetic field requires
complex calculations of the statistical equilibrium equations for the atomic density matrix elements subject to a prescribed or calculated radiation field. The observable Stokes
parameters are then found with radiative transfer equations. Inversion methods are employed to quantitatively compare and interpret measurements of the Stokes profiles with
the forward-calculations. In the present work, this advanced theory is applied to the He I
triplet at 1083 nm, using the tools developed by Asensio Ramos et al. (2008), to infer the
magnetic field properties of the upper solar atmosphere. Examples of its formation have
been shown above to convey a few of its key properties. In the upcoming chapters, we
describe the instrumentation employed and developed to measure the weak, but powerfully useful, Stokes signals in the He I triplet for fine-scaled features of the upper solar
atmosphere.
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CHAPTER 3

OBSERVING METHODS - INSTRUMENT AND DATA OVERVIEW

How pathetically scanty my self-knowledge is compared with, say, my knowledge of my
room. There is no such thing as observation of the inner world, as there is of the outer
world. –Franz Kafka
3.1

Introduction

A primary aspiration of this work is the extension of our knowledge of the solar magnetic field from the solar photosphere, where routine measurements of strong magnetic
flux regions have been made for decades, into the upper atmosphere where we suspect
the magnetic field to play a key role in driving the energetic heating of the atmosphere
and the transient explosive phenomena that impact the heliosphere. Bridging the magnetic gap requires multi-spectral, multi-facility observations. The dynamics of the upper
atmosphere need to be examined in addition to the magnetic field of the upper chromosphere, and the dynamic evolution of the photosphere. For this, we embark upon a study
combining multiple data sources. Key in this study is the development, refinement, and
exploitation of the ideal properties of the Facility Infrared Spectropolarimeter (FIRS), the
data reduction of which will be discussed in detail in Chapter 4.
A combination of ground-based and space-based data are employed in this work. From
the ground, observations are achieved with two primary instruments at the Dunn Solar
Telescope (Section 3.2). From space we use observations from the AIA and HMI instruments onboard NASA’s Solar Dynamics Observatory as well as the EUVI instrument of
NASA’s STEREO-A spacecraft. Described below are the primary aspects of the facilities
and instruments utilized by this study, emphasizing the strengths and drawbacks of each
data set. Detailed information regarding the data used for each portion of the study is
reserved for later chapters. Readers familiar with current solar instrumentation may skip
this introduction and reference these descriptions only when necessary.
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3.2

Dunn Solar Telescope

The Dunn Solar Telescope (DST) embodies the cornerstone of this study as it is here that a
middle generation of solar polarimeters are being developed as prototypes to connect novel
early polarimeters such as the Advanced Stokes Polarimeter (ASP: Elmore et al. (1992))
to the next-generation of polarimeters being designed for the Advanced Technology Solar
Telescope (ATST). The DST, located in Sunspot, NM, was originally commissioned by
the United States Air Force as the Sacramento Peak Vacuum Tower Telescope in 1969
(Dunn, 1964).
An engineering schematic of the telescope is given in Figure 3.1, while the primary
characteristics of the telescope are given in Table 3.1. The 40 foot diameter telescope
floor rests at ground level. The entire telescope optical tube and the telescope floor (250
tons in weight) is suspended from a mercury float. Thus, the entire telescope can revolve
to counteract the rotation of the Sun in the image plane due to the motion of Earth’s
rotation relative to the Sun’s position. Furthermore, the vertical optical tube is evacuated
to combat internal telescopic seeing typically generated by solar heating.
Entrance and exit fused silica glass windows frame the ends of the evacuated optical
tube, with two flat pointing mirrors and the primary imaging mirror contained inside.
Designed before the era of high-sensitivity spectropolarimetry, the telescope configuration,
and in particular the flat pointing mirrors, introduce considerable telescopic polarization
that must be compensated. Polarization models have subsequently been developed for
this portion of the telescope that address the wavelength and time-dependent polarization
properties of this subsystem. As will be discussed in Section 4.6.5, an entrance window
linear polarizing assembly has been developed to generate known polarized states as input
into the full telescope (Socas-Navarro et al., 2011). This entrance window polarizer is
mounted just above the entrance window with a rotating stepper motor. The reference
polarization direction for the entire telescope polarimeter system is established by the
nominal position of this polarizer, which aligns with the terrestial North-South meridian.
3.2.1

High-Order Adaptive Optics

From the very beginning, high spatial resolution drove the design of the DST. The evacuated optical tube, cooled entrance window, and large F-ratio primary mirror greatly
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Figure 3.1: Cutout diagram of the Dunn Solar Telescope. From Dunn (1964)
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Location (Sacramento Peak, NM)
Mounting
Clear aperture
Primary Mirror Diameter
Telescope Focal Length
Prime Focus Image Scale
Port 4 Maximum FOV
Entrance Window Height

2820.93 m (elevation), 32.8˝ N 105.8˝ W
Alt-azimuth Turret (Two 45˝ flat mirrors)
76.2 cm
154.4 cm
55 m
3.762 mm´1
1752 ˆ 1752
41 m

Table 3.1: Characteristics of the Dunn Solar Telescope
reduce telescope induced seeing; yet, the turbulent terrestial atmosphere still disrupts the
propaging solar light and degrades the solar image. The degradation is primarily caused
by variations in the atmospheric refractive index induced by turbulent temperature fluctuations. An essential component of modern high resolution astronomical observations now
includes active mitigation of the blurring and/or tipping effects of the disturbed incoming
wavefronts. This field of study is known as adaptive optics (AO). A complete review of
solar AO is given in Rimmele and Marino (2011).
The primary components of an adaptive optics system include a stable point of reference (or guide), a device that measures the distorted wavefronts relative to this reference
(the wavefront sensor), fast computation of the inverse corrective wavefront, and wavefront
correction via a deformable mirror (DM). At the DST, the High Order Adaptive Optics
(HOAO) system utilizes a 97 actuator DM to actively correct for wavefront distortion
(Rimmele et al., 2004) . A Shack-Hartmann array, which consists of an array of imaging lenslets that sample the motion of the reference image across the pupil plane of the
telescope, determines the wavefront distortion. In nighttime observations, the reference
is typically a guide star near the target region or a laser-created guide point. For solar
observations, real structures such as sunspots, pores, or granulation can be used. Current
work to develop limb-AO is ongoing since structures on the limb are typically faint and
only visible in particular wavelength bands (Beck and Rezaei, 2012).
The HOAO system is permanently installed at both Port 2 and Port 4 of the DST. The
system samples the atmospheric seeing at kHz speeds, with a closed-loop active wavefront
correction at rates above 100 Hz. An example of wavefront correction with the HOAO
system is featured in Figure 3.2. It is easy to see why adaptive optics is essential. Note,
however, that most solar AO systems use only one reference. Due to the coherence length
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Figure 3.2: An simultation by Jose Marino provides a direct comparison of the effects of
atmospheric turbulence on solar imaging with and without adaptive optics. (right) The
original high resolution image from Big Bear Solar Observatory after full post-processing.
(left) A typical seeing turbulence spectrum degrades the resolution and contrast of the
real solar structures. (middle) Single conjugate adaptive optics improves the resolution
considerably, particularly within the isoplanatic patch. Reconstruction methods often
improves the image beyond the AO capability (right). Image courtesy of NSO/BBSO/Jose
Marino.
of the distorted wavefronts, single-reference AO is effective only within a certain radius
of the reference point, known as the isoplanatic patch. In typical solar conditions, the
isoplanatic patch is „ 52 to 102 across. In most of the AO corrected images, typically
the center of the image (corresponding often to the AO lock point reference) is more
adequately corrected than the image borders.
3.2.2

Facility Infrared Spectropolarimeter - FIRS

Commissioned in early 2010, the Facility Infrared Spectropolarimeter (FIRS) consists of a
slit-type spectropolarimeter designed for multi-channel, multi-slit, diffraction-limited full
Stokes observations of the solar atmosphere. FIRS was developed jointly by the Institute
of Astronomy at the University of Hawai’i and the National Solar Observatory (Jaeggli
et al., 2008, 2010). It is a facility instrument permanently installed on exit port number
4 of the telescope downstream of the HOAO system.
The basic concept of a spectropolarimeter requires relay and focusing optics, a spectraldispersing device (such as a grating spectrograph), modulation optics responsible for polarization selection, and a detector. Figure 3.3 illustrates the optical design of the FIRS
instrument. At the telescope exit window, the light beam is stopped down to a 1752 ˆ1752
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Figure 3.3: Optical diagram of the Facility Infrared Spectropolarimeter (FIRS). See text
for full description. From Jaeggli et al. (2010)
field-of-view and reconfigured to an f/36 beam. From there it is relayed to the adaptive
optics system. The light exiting the HOAO system may then be split with beam splitters
to feed multiple instruments alongside FIRS. Light entering the instrument first meets
motorized optics which select the beam F-ratio feeding the spectrograph. FIRS operates
in either the nominal f/36 mode (FOV „ 1742 ˆ 752 ) or in a high-resolution f/108 mode

(FOV „ 582 ˆ 252 ). An image is formed on a slit unit at the entrance of a Littrow-type
spectrograph and can be scanned across the unit with a steerable mirror.

In its near-Littrow configuration, the spectrograph collimates the incoming light onto
an echelle grating with an off-axis parabolic mirror. The grating has 31.6 lines per millimeter and is blazed at 63.5 degrees. The dispersed light is reflected back onto the off-axis
parabolic which refocuses the light. Portions of the dispersed focused beams are split off
by pick-off mirrors and directed into separate sets of relay optics, making up the multi-arm
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aspect of a multi-channel instrument.
Currently, two spectral channels are operational; though, more channels may be added
in the future. A visible arm nominally observes the Fe I spectral lines at 630 nm, while the
infrared arm measures either the Fe I photospheric lines at 1565 nm or the 1083 nm He I
infrared triplet formed in the upper chromosphere/transition region. Each channel has
its own set of modulation optics, filters, and refocusing/image-correcting optics. At the
visible focal plane is a Kodak 2048 ˆ 2048 CCD detector, while a liquid-nitrogen cooled
Raytheon Virgo 1024 ˆ 1024 HgCdTe array is used for detection on the infrared side. Just
prior to the detector, Wollaston prisms split each beam into two orthogonally polarized
components, which allow the conservation of the total energy of the measured beam that
would otherwise be lost in a single-beam configuration. The dual-beam setup also greatly
reducing the effects of seeing-induced polarization, as will be discussed in section 4.3.3. A
set of two Meadowlark liquid crystal variable retarders (LCVRs) functions for polarization
selection for both FIRS arms. An efficiency balanced tuning scheme is used for both arms
as discussed in Chapter 4.
A unique aspect of FIRS is its multiple slit capability, which capitalizes on newly
available narrowband filters with a square bandpass tailored to the range and wavelength
desired. These filters are known as dense wavelength division multiplexing (DWDM) filters. Currently, up to four parallel slits can be simultaneously imaged on the same detector
by FIRS. As single line spectropolarimetry often under-utilizes large-format detectors, this
multiple-slit capability may be especially useful in the next generation instruments (see
§9.3). In our application, however, multiple slits are not used. The additional spectral
range proves to be an advantage for high-speed coronal material observed in the He I
triplet at 1083 nm (see Chapter 7).
To distinguish the functionalities of FIRS from IBIS below, it is useful to remind the
reader of the basic process taken by a slit-spectropolarimeter to create a spatial map.
We emphasize that a slit-spectropolarimeter “builds” a spatial map by scanning the solar
image across a narrow slit, unlike IBIS which acquires spatial images directly. A set of
FIRS observations can be described as a 5 dimensional data cube characterized by:
rnλ ˆ ny sdual ˆ npol ˆ nx ˆ nt ,

(3.1)

where the first quantity, distinguished by brackets, refers to an individual raw observed
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Field-of-view along slit
Spatial sampling along slit
Spatial scan range
Detector
Detector size
Spectral sampling

Visible Arm
752 (f/36); 252 (f/108)
0.082 (f/36); 0.032 (f/108)
1742 (f/36); 582 (f/108)
Kodak CCD
2048 ˆ 2048
0.01 Å at 630 nm (90th order)

Polarimetric sensitivity

ď 10´3 (units of intensity)

Infrared Arm
752 (f/36); 252 (f/108)
0.152 (f/36); 0.052 (f/108)
1742 (f/36); 582 (f/108)
Raytheon Virgo Detector
1024 ˆ 1024
0.039 Å at 1083 nm (34th order)
0.050 Å at 1565 nm (36th order)
ď 10´3 (best yet: „ 2 ˆ 10´4 )

Table 3.2: Characteristics of the Facility Infrared Spectropolarimeter
image. Each individual image contains, as in Figure 4.7, long slit spectra for each spectrograph slit and orthogonally polarized beam exiting the Wollaston prism. One axis of
the detector array comprises the spectral axis, while the other relays the spatial structure along the slit. One full Stokes measurement requires modulation and thus multiple
frames. For FIRS, four modulation steps transmit prescribed linear combinations of the
Stokes vector of the incoming light. The set of images are demodulated during reduction
to recover Stokes I, Q, U, and V. Spatial structure in the ‘x’-direction (i.e. perpendicular
to the slit) is mapped by stepping the image across the slit, with the number of steps
dictating the total field along the x-direction. Repeated measurements and/or scans are
the last dimension of the data cube, signifying temporally-resolved measurements.
3.2.3

Interferometric Bidimensional Spectrometer - IBIS

Complementary to FIRS, the Interferometric Bidimensional Spectrometer (IBIS) is an
imaging (as opposed to slit-based) spectropolarimeter operating in the visible spectrum
between 580 and 860 nm, and is also installed permanently at port 4 of the telescope
(Cavallini, 2006; Reardon and Cavallini, 2008). Spectral selection is achieved by IBIS
not by a grating spectrograph, but rather with two Fabry-Perot interferometers installed
in a classic collimated mount. Although the classic mount introduces a wavelength shift
as a function of distance from the optical axis, the spectral resolution is higher in this
configuration. IBIS achieves a spectral resolving power of 200,000 to 270,000 with a
demonstrated transmission profile width of ∆λ “ 0.024 Å at a wavelength of λ “ 6328 Å
(Reardon and Cavallini, 2008).
A full description of IBIS is given in Cavallini (2006) alongside an optical diagram of its
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key components. In short, IBIS consists of two split optical paths with a common field of
view, one associated with a broadband channel and the other with a narrowband channel.
The broadband channel records continuum images of the full field of view through a broadband selection filter, while the narrowband channel engages the Fabry-Perot inferometers
to select a narrow portion of a given spectral line’s energy across the full field-of-view. The
narrowband channel can operate in an imaging mode (or single beam polarimetry mode),
wherein the full detector space is utilized to record the targeted region, or in a dual-beam
polarimetry mode during which the detector is used for simultaneous recording of two
orthogonally polarized beams of the same targeted region, albeit with a reduced field of
view. A set of modulating LCVRs provide the polarization selection. For every image
acquired by the narrowband channel, a broadband channel image is also acquired. The
primary purpose of this broadband channel, beyond its use as a reference of the target’s
continuum structure, is the application of image reconstruction methods described below
in Section 3.2.4.
The original data acquistion subsystem of IBIS was upgraded in September 2010 to
include two Andor iXon DU-885 1000 ˆ 1000 14-bit detectors capable of „6 to 15 framesper-second operation depending upon the employed IBIS mode. With these detectors and
small changes to the optical setup, the image scale was decreased to 0.0976 arcsec pix´1
to allow for an increased field-of-view (452 ˆ 952 in dual-beam spectropolarimetry mode).
For the bulk of the observing campaign implemented for this work, we selected three
spectral lines for measurement by IBIS. The Fe I 617.3 nm line (same as used by SDO/HMI
below) is measured in full Stokes polarimetry mode as a photospheric vector magnetic
measure. The chromospheric Hα line at 656.3 nm is measured only using an imaging
mode, as the interpretation of the polarization in this line is complicated by complex 3D
non-LTE radiative transfer (see, e.g. Balasubramaniam et al. (2004a)). Finally, the Ca II
854.2 nm infrared triplet line is measured with full Stokes polarimetry. IBIS data reduction
proceeds as in Judge et al. (2010) with dark and flat field correction, broadband SPECKLE
reconstruction (see §3.2.4), and narrowband destretching. The wavelength-shift induced
by the collimated IBIS mounting is removed. Instrument and telescopic polarization is
corrected in much the same way as described in §4.6.4 and 4.6.5 for FIRS. The orthogonally
polarized beams are aligned and combined, and then the residual intensity crosstalk is
corrected via examination of the continuum polarized as in Equation 4.49.
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The complement to Equation 3.1 for the IBIS acquistion process can be expressed for
the narrowband channel detector during polarimetry measurements as:
rnx ˆ ny sdual ˆ npol ˆ nλ ˆ nt .

(3.2)

Each image corresponds to a spatial narrowband image within two orthogonally polarized
beams. Each successive image corresponds to a different modulation setting. For the
measurements presented in this work, six modulation settings are used, corresponding
to a Stokes definition modulation sequence. After the full modulation, the Fabry-Perot
settings change to the next selected wavelength position and record the same modulation
cycle until all the wavelength points are recorded. Depending upon the implementation,
a full Stokes spectrum for a spectral line across the field-of-view can be recorded on
a time-scale on order of a minute, while FIRS requires tens of minutes. Obviously, the
advantage of this observing method, in addition to higher spatial resolution, is that one has
full spectral information across the field of view at a rapid temporal cadence. Among the
disadvantages are the fact that the various spectral points are not recorded simultaneously
and polarimetric sensitivity is achieved only by coadding many iterations.
A particularly difficult challenge faced when analyzing the IBIS data is its great volume.
The data flux varies between 100 and 150 GB per hour. Specialized tools are needed for
the efficient browsing and analysis of time-resolved data. Within this work, we have
adapted our IBIS observations to work with the widget-based tool called CRISPEX (the
CRisp SPectral EXplorer), which was originally developed for observations using a similar
Fabry-Perot based instrument named CRISP (Vissers and Rouppe van der Voort, 2012).
3.2.4

SPECKLE Image Reconstruction

Adaptive optics is not yet a cure-all for atmospheric-induced distortion afflicting astronomical observations. AO correction does not often correct widely polychromatic observations,
and multi-conjugate AO capable of correcting beyond the isoplanatic patch is still in development. Post-facto techniques for image correction thus remain an invaluable tool to
correct for the inadequacies of AO.
Speckle imaging (or interferometry) has been a mainstay of post-processing image
restoration. The mean correlation time of the high spatial frequency component of daytime
terrestrial seeing is typically a few milliseconds (Brandt, 1969). Exposures integrating over
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a shorter period effectively “freeze” the seeing, meaning that the atmospheric distortion
is steady throughout the exposure. For a burst of short exposure images during which the
solar structure can be assumed to remain constant, speckle interferometry can recover the
undistorted image by calculating the speckle transfer function by averaging the squared
modulus (amplitude) of the image’s Fourier transform. Phase information regarding the
seeing motion is found using cross spectrum analysis, as in Knox and Thompson (1974).
In this work, speckle reconstruction improves the spatial resolution and integrity of
the IBIS broad and narrowband data. Since the FIRS data does not consist of spatial
images, this method cannot be applied. The resolution of the FIRS maps is determined
entirely by the seeing and AO correction. For IBIS, a set of broadband continuum images,
cotemporal with the associated narrowband images, enter into the Kiepenheuer-Institut
Speckle Interferometry Package (KISIP) to combine the images into a single reconstructed
image that has been deconvolved from the speckle transfer function and cross spectrum
transfer function (Wöger et al., 2008). An example speckle reconstruction in shown in the
right panel of Figure 3.2. The narrowband images are not directly reconstructed; though,
techniques are available to reconstruct multi-spectral data. Instead, we use destretching
algorithms to apply spatial corrections to each narrowband image. The spatial correction is
based on 2D cross-correlation registration wherein subregion offsets in the raw broadband
images are calculated via comparison with the speckle reconstructed image.
3.3

Solar Dynamics Observatory

The stable imaging conditions of space overcome all the problems faced by ground-based
observations with regard to atmospheric distortion. In February 2010, NASA launched
into a geosychronous orbit the Solar Dynamics Observatory (SDO), which is a testimony
of what can be accomplished by imaging experiments in space (Pesnell et al., 2012). Of
course, generally space-based platforms are no place for prototype instrumentation and the
methods employed by FIRS and IBIS are yet out on the horizon for space-based implementation. Nevertheless, the contextual information and the advanced imaging diagnostics
of the Helioseismic and Magnetic Imager (HMI) and the Atmospheric Imaging Assembly
(AIA) provide critical time-resolved measurements of the solar atmosphere, in particular
for coronal structure that cannot be addressed by our ground-based instruments.

Figure 3.4: An example of multi-channel observations from 29 January 2012 acquired by the SDO/AIA and HMI instruments.
Only a subregion of the full disk field of view is shown. The orange dot-dashed box illustrates the field of view of IBIS when
operated in its dual-beam polarimetry mode.
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3.3.1

Atmospheric Imaging Assembly - AIA

Coronal imaging demands space based instruments to probe the EUV radiation emanating
from the multiply ionized species of the hot solar corona. The Atmospheric Imaging
Assembly (AIA) onboard SDO provides excellent imaging data not only in the corona but
also in the upper photosphere and lower chromosphere (Lemen et al., 2011; Boerner et al.,
2012). AIA is furnished with four nearly identical telescopes measuring a total of nine
spectral channels with multi-thermal response properties as shown in Table 3.3. Depending
upon annual variations in Earth-Sun distance, the AIA full-disk field-of-view can extend
out to 1.26 solar radii, with a spatial resolution of 0.62 . Beyond spatial resolution, the
temporal coverage and resolution is unprecedented, as a 12 second cadence is continually
maintained.
In this work, AIA imaging provides critical diagnostics of cool material draining from
the corona (see Chapter 7). The cool material, as will be described, partially extinguishes
the EUV emission behind it. Thus, AIA diagnostics are not limited to emitting plasma
only. Condensing chromospheric-like material can also be probed when it forms high in
the solar corona. Coupled with the STEREO spacecraft described below, stereoscopic
imaging establishes a full three-dimensional view of activity in the corona.
It is worth noting, however, that much of the small scale structure seen in the highresolution ground based data cannot be recognized with the 0.6” sampling of the AIA
telescopes. Examples of the various spectral passbands above NOAA active region 11408
on 29 January 2012 are shown in Figure 3.4. This is the same region as reported on
in Chapter 5. The fine fibril structures shown in Figure 5.1 in the chromosphere are
unrecognizable in the He II 304 Å channel, whose radiation emanates primarily from the
upper chromosphere/transition region. Yet, high-resolution ground-based observations
currently have a limited field-of-view. The IBIS field-of-view is illustrated with the dashdotted orange line in the Figure. The large-scale structure of active regions is challenging
to measure with high-resolution ground-based instruments.
3.3.2

Helioseismic and Magnetic Imager - HMI

The Helioseismic and Magnetic Imager (HMI) onboard SDO is a single telescope aimed as
the measurement of solar intensity and velocity oscillations, as well as the vector photo-
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Channel
1700 Å
304 Å
1600 Å
171 Å
193 Å
211 Å
335 Å
94 Å
131 Å

Primary Species
continuum
He II
C IV and continuum
Fe IX
Fe XII, XXIV
Fe XIV
Fe XVI
Fe XVIII
Fe VIII, XX, XXIII

Temperature [log K]
3.7
4.7
5.0
5.8
6.1, 7.3
6.3
6.4
6.8
5.6, 7.0, 7.2

Table 3.3: Spectral passbands and characteristics temperatures of the AIA filters. The
primary spectral species within each passband is also reported. Temperatures refer to
the peak thermal response as calculated from the wavelength passband of each filter and
employing a model of the hydrostatic corona and the CHIANTI database.
spheric magnetic field, across the entire solar disk at a rapid cadence (Schou et al., 2012;
Scherrer et al., 2012). HMI is a full disk imager that employs a tunable Lyot filter to
measure five spectral points in the Fe I 617.3 nm line with full Stokes polarimetry at a
pixel scale of „ 0.5042 . The temporal cadence of intensitygrams is 45 seconds. We extensively use the HMI data products for coregistration of ground-based and space-based
data as well to extrapolate the line-of-sight photospheric magnetic field across large active
regions.
3.4

Solar Terrestrial Relations Observatory - STEREO

The extension of the solar magnetic field from the photosphere into the solar corona motivates this work’s scientific objectives. Yet, from Earth, all solar structure is viewed in
2D projection. Spectropolarimetric diagnostics of the height of magnetic structures may
be available from height dependent optical pumping effects discussed in Chapter 2, but
such diagnostics are limited and yet to be fully developed and explored. A 3D view of the
solar corona is thus the only means to truly understand the height stratification of coronal magnetic fields. NASA launched in 2006 a pair of nearly-identical spacecraft known
as the Solar Terrestrial Relations Observatory (STEREO) in trailing and leading heliocentric orbits (Kaiser, 2005). With time, these two spacecraft (STEREO-A for “ahead”
and STEREO-B for “behind”) separate in angular position around the Sun, giving two
separate views of the Sun at different angles with the same instruments. True stereoscopy
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is thus able to reconstruct the structure of the solar corona when individual structures
can be uniquely matched from both vantage points. And now, with the complementary
instruments aboard SDO, three point observations are ongoing. Stereoscopy can be performed with any pair of telescopes observing the same features from two different view
angles.
3.4.1

Extreme UltraViolet Imager - SECCHI/EUVI

The Extreme Ultraviolet Imager (EUVI: Wülser et al. (2004)) is a part of the instrument
suite known as the Sun-Earth-Connection Coronal and Heliospheric Investigation (SECCHI: Howard et al. (2008)) onboard each STEREO spacecraft. The field-of-view for the
EUVI imagers extend out to 1.7 solar radii, and the full solar disk is imaged on 2048ˆ2048
detectors. The spatial sampling is 1.62 pix´1 . Four spectral channels are imaged, three of
which are direct complements to SDO/AIA channels – He II 304 Å, Fe IX 171 Å, Fe XII
195 Å, Fe XV 284 Å. Due primarily to the limitation of long range communication, the
temporal cadence is significantly lower for the EUVI imagers than SDO/AIA, and varies
between the different spectral channels. Typically cadences are on order of a few to tens of
minutes. In Chapters 7 and 8, SECCHI/EUVI-A and SDO/AIA images are used jointly
for the stereoscopic reconstruction of a cool coronal feature. The reconstruction is briefly
mentioned in that section, but expanded upon in Appendix E.
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CHAPTER 4

HIGH-SENSITIVITY SPECTROPOLARIMETRY

“A person who never made a mistake never tried anything new” – Albert Einstein
4.1

Introduction

A great literature exists regarding the measurement of the polarimetric state of light.
We refer the reader to the fundamental references of Stenflo (1994) (chapter 13), Iniesta
(2003), and Degl’Innocenti and Landolfi (2004) for detailed discussions. A great practical
discussion of instrumental errors for polarimetric measurements is given by Skumanich
et al. (1997), Keller (2002), and Selbing (2010). While much progress has been made
in spectropolarimetric instrumentation over the past two decades, we emphasize that
the field continually undergoes changes as technology advances and the requirements on
instrumentation are expanded (see, e.g., Lin (2012),de Wijn et al. (2012), and Casini
et al. (2012a)). An especially useful resource for the ongoing instrumentation efforts can
be found in the proceedings of the Solar Polarization Workshops (SPW).
Our objective here is to discuss how high sensitivity and high-accuracy polarimetric
measurements are obtained specifically in this study. As we are interested primarily in
vector magnetometry of chromospheric fields using the He I triplet at 1083 nm, we focus
our description on the use of the Facility Infrared Spectropolarimeter (FIRS). Jaeggli
(2011) has already discussed full Stokes polarimetry with this instrument focusing on
work with the Fe I 1565 nm spectral lines formed in the solar photosphere. However, the
sensitivity and accuracy requirements for measurements of the He I triplet are considerably
more demanding, as will be shown below. Consequently, we adapt and expand the original
reduction and calibration methods of the FIRS instrument.
In this chapter we first establish the necessary sensitivity for our measurements by
discussing the level of polarization that we expect to measure, and further confirm that
these measurements can in an ideal sense be accomplished with the Dunn Solar Telescope.
The bulk of the chapter describes the measurement process that FIRS undertakes and the
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calibration techniques implemented for the various instrumental subsystems. The chapter
ends with an overview of the FIRS data reduction produced and a chronological summary
of its development through our observing campaign.
4.2

Required Measurement Sensitivity for Research Objectives

4.2.1

Target sensitivity in the He I Triplet

Outside of active region sunspots, where chromospheric magnetic field strengths may be
on order of a thousand Gauss, the chromospheric magnetic field is weak and in general
more horizontal with respect to the solar surface. Due to the second-order nature of the
transverse Zeeman effect, Zeeman diagnostics alone fail as a probe of the vector magnetic
field structure for most of the solar chromosphere and upper atmosphere. Spectropolarimetric diagnostics of these fields then rely on other processes, namely anisotropic radiative
pumping (discussed in Chapter 2), whose measurement marks a primary objective of this
thesis.
Due to the involved physics inherent in the generation of polarization via anisotropic
processes, relatively few analytical expressions can be found to grant estimates of the
degree of polarization expected in different observed structures. Trujillo Bueno (2003)
and Asensio Ramos et al. (2008) give approximate formulae for the Stokes Q emission and
absorptive vector component of the polarized radiative transfer equations which express
their dependence upon the observational angle:
ǫQ
3
« ? pµ2B ´ 1qωJ2u Jl rσ02 pJu qsB
ǫI
2 2
3
ηQ
« ? pµ2B ´ 1qωJ2l Ju rσ02 pJl qsB
ηI
2 2

(4.1)
(4.2)

In these equations, ωJ2u Jl and ωJ2l Ju are real-valued coefficients that depend upon the Jstates of the lower and upper level of the transition (see chapter 10 of Degl’Innocenti and
Landolfi (2004)). µB is the cosine of the angle between the magnetic field vector and
the line-of-sight direction. The reference direction for Stokes Q is along the projection of
the magnetic field vector on the plane perpendicular to the LOS and it is assumed that
we are in the saturation regime of the upper level Hanle effect. rσ02 pJu qsB and rσ02 pJl qsB
are related to the elements of the atomic density matrix describing an atomic system,
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and they respectively quantify the degree of population imbalance and/or the fractional
atomic alignment of the upper and lower level in the magnetic field reference frame.
While Equations 4.1 and 4.2 express analytically the dependence of Stokes Q polarization on the direction of the magnetic field relative to the line-of-sight (LOS), the amplitude
is not known without solving the statistical equilibrium equations for the atomic density
matrix elements. Forward calculations from a full multi-term model are required as implemented in the Hazel code from Asensio Ramos et al. (2008). Figure 9 of Asensio
Ramos et al. (2008) gives a particularly useful estimation of the degree of polarization for
weak chromospheric fields in the He I triplet. This figure is reproduced as Figure 4.1 here.
The relative linear polarization observed in Stokes Q and U are given for a magnetic field
vector of 10 Gauss and inclined to the solar surface. The optical thickness of the slab is
0.1 and the reference for Stokes Q is along the projection of the magnetic field vector on
the solar surface. The field’s azimuth relative to the LOS direction is always 90 degrees.
A height of 32 is assumed.
For horizontal fields (i.e. inclination equal to 90 degrees), the maximum expected linear
polarization induced by atomic level polarization is « 0.08% in the saturated Hanle regime,
as seen in Figure 4.1. This occurs within the red component of the He I triplet for which
selective emission processes induce net polarization in addition to selective absorption
processes. For the blue component, whose polarization is governed only by population
imbalances of the longer-lived lower level substates for the saturation regime, the degree
of polarization is much weaker, exhibiting only « 0.018% polarization for horizontal fields.
For a 3σ measurement of the peak expected linear polarization of the red component, our
noise level needs to be below p0.08{3.q “ 0.027%. Similarly, for the blue component, the
noise level must be reduced to p0.018{3q “ 0.006%. These are very challenging levels of
sensitivity to achieve even in the case of unresolved measurements. The most sensitive
polarimetric measurements to date for solar spectropolarimetry are at the 0.005% level
(see, e.g., the ZIMPOL polarimeter (Ramelli et al., 2010))
What can then be said regarding the necessary sensitivity for our study? Ideally, one
may measure the polarization of both the red and blue components of the He I triplet;
though, measurement of the red component polarization alone contains enough information to infer the vector magnetic field in the solar chromosphere. Therefore, our target
noise level is below 0.027%. Spatially-resolved (statistically significant) measurements of
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Figure 4.1: The expected degree of polarization observed for a deterministic magnetic
field of 10 G is shown for Stokes Q and U in the blue and red components of the He I
triplet at 1083 nm. The magnetic field vector is assumed to lie within the plane that is
perpendicular to the LOS but is allowed to vary in inclination from the solar vertical.
Different curves are presented for various observational angles across the solar disk. See
text for details. From Asensio Ramos et al. (2008).
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the blue component’s polarization are very difficult to accomplish with current facilities.
Though, as will be shown in Chapter 5, its detection offers a beneficial confirmation of
the role of atomic-level polarization in generating the observed linear polarization.
4.2.2

Ideal observational noise limit at the DST

As discussed in Chapter 1, our primary interest is directed at the magnetic field vector
of the chromospheric fibrils surrounding magnetic flux concentrations in the solar photosphere. These thin features are on average « 0.62 wide, and thus just meet the Nyquist
criterion for spatial resolution for diffraction limited 1083 nm observations at the Dunn
Solar Telescope (Rayleigh limit at 1083 nm is 0.32 ). Furthermore, they are dynamic.
Around active regions, fibrils hosting inverse Evershed flow channels live on average 70
minutes, but they exhibit macroscopic changes in their flow structure approximately every
seven (7) minutes (Maltby, 1975, 1997). The time scales of more dynamic phenomena such
as spicules and flocculent flows are even shorter (on order of seconds) and influence the
spectral shape observed (Vissers and Rouppe van der Voort, 2012).
The fundamental limit on the sensitivity of radiative polarimetric measurements is set
by photon shot noise. For a fixed unit of time (i.e. the exposure time), the number of
photons collected varies according to the Poisson distribution whose standard deviation
is equal to the square root of the mean number of events, N . From this we can write the
signal-to-noise relation for a measurement of light as:
?
N
SN R “ ? “ N
N

(4.3)

where N is the number of photons measured. Since in polarimetry we are often concerned
with the relative level of the noise with respect to the signal, we can write:
?
σN “ 1{ N

(4.4)

As will be shown below, a measurement of the Stokes vector of incoming light by a polarimeter requires at least four measurements. From Iniesta (2003), the level of noise in
each of the Stokes parameters is a function of the modulation matrix used to determine
the Stokes vector. The modulation matrix describes the linear combination of each Stokes
state contributing to each measured intensity. The total error of the calculated Stokes
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states are the error of each measured intensity added in quadrature and weighted by its
contribution to the total intensity, as follows:
2
σi2 “ σN

n
ÿ

pDij q2

(4.5)

j“1

where σi is the uncertainty in Stokes parameter ipi “ 1, 2, 3, 4q. D is the demodulation
matrix1 and σN is the uncertainty of each individual measurement of intensity, typically

set by photon shot noise as in Equation 4.4. The definition of the demodulation matrix is
presented in section 4.3.2.
Let us now calculate the level of photon noise ideally expected in our measurements
of the Stokes vector of the He I 1083 nm triplet with the FIRS instrument at the Dunn
Solar Telescope. The disk center spectral radiance at 1083 nm (also known as the specific
radiative intensity) measured by the Fourier Transform Spectrometer (FTS) on Kitt Peak
is (Neckel and Labs, 1984):
I

λ“10830 Å

´1

“ 0.0979640 W cm´2 sr´1 Å

.

(4.6)

Using Planck’s relation (E “ hν), a 0.32 ˆ 0.32 area patch at disk center transmits, for a
completely transparent terrestrial atmosphere, 1.92 ˆ 108 photons per second in a spectral

band of 38.68 mÅ (i.e. the sampling resolution of FIRS) and within the entrance aperture
of the Dunn Solar Telescope. The transmission efficiency of the telescope and instrument
combined is quite low. To estimate the expected photon noise as a function of total
integration time, we take the the transmission efficiency of all the telescope optics from
the entrance window to the FIRS slit as 10%. Typical efficiencies of the grating-based
spectrograph and the detector are assumed and are 20% and 60%, respectively.
Under the above assumptions, Figure 4.2 gives the expected photon noise level in
the Stokes spectra as a function of integration time and assuming an efficiency balanced
modulation scheme. The expected amplitudes of the linear polarization in the He I triplet
are given for the red and blue components in Figure 4.2, along with the 3σ limit of the noise.
We consider this calculation to be a conservative representation of the photon flux budget
as we assume only a 0.1 optical thickness and relatively low instrumental efficiencies.
Still, the observational requirements set forth for a 3σ measurement of the red component
1

The matrix D refers to the demodulation matrix in this chapter, not the polarization tensor defined

in Chapter 2.
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FIRS Photon Budget
σI
σQ,U,V

DST EFFICENCY ~ 0.1
SPEC EFFICENCY ~ 0.2
DETECTOR EFFICENCY ~ 0.6

Photon noise, σi (i = I,Q,U,V)

0.3’’ x 0.3’’
3.8 pm sampling
0.0010

Expected He I Red Amplitude

He I Red 3σ limit
Expected He I Blue Amplitude

0.0001
He I Blue 3σ limit
0.1

1.0
Total Integration Time [sec]

10.0

Figure 4.2: FIRS photon budget. The expected level of relative photon noise in polarimetric measurements of the He I triplet at 1083 nm using the FIRS instrument at the
Dunn Solar Telescope. The nominal disk-center spectral radiance at 1083 nm is assumed.
See text for details.
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linear polarization can be achieved with FIRS within 7 seconds of total integration time,
assuming all other instrumental errors are kept below this level. The challenge is to
calibrate all other instrumental effects such that the level of noise in the spectra is limited
to photon noise alone (polarimetric sensitivity) as well as ensure that the measured Stokes
vectors are an accurate determination of the real Stokes vector (polarimetric accuracy).
4.3
4.3.1

Measuring polarized light with polarizing devices
Linear transformations of the Stokes vector - Mueller Calculus

A measurement of polarized light seeks a full description of the polarized state of the
incoming light, which can be written in the Stokes formalism (see Section 2.2.4) as:
Sin “ pIin , Qin , Uin , Vin qT

(4.7)

In order to determine Sin , however, one must introduce optical elements to both relay
the light to a measuring device, and to modulate the polarization state. Simply the need
to focus the light to achieve spatially resolved measurements requires at minimum one
intermediary element between the incoming light and its detector. Such elements modify
the state of polarization unless they are perfectly symmetric about the optical axis. One
can describe this change for linear systems with a Mueller matrix, which by definition is
a real-valued 4 ˆ 4 matrix, as follows:
¨
Sout “ MSin

M00 M01 M02 M03

˛¨

Iin

˛

˚
‹˚
‹
˚M
‹ ˚Q ‹
M
M
M
10
11
12
13
in
˚
‹˚
‹
“˚
‹˚
‹
˚M20 M21 M22 M23 ‹ ˚ Uin ‹
˝
‚˝
‚
M30 M31 M32 M33
Vin

(4.8)

Note also that a Mueller matrix can be normalized by dividing all elements by the first element (the transmission for unpolarized light) such that it has a unity average transmission
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(Bass et al., 2009):

M
M“
M00

¨

1

˚
˚M {M
˚ 10 00
“ ˚
˚M20 {M00
˝
M30 {M00
¨
1
m01
˚
˚m
˚ 10 m11
“ ˚
˚m20 m21
˝
m30 m31

M01 {M00 M02 {M00 M03 {M00

˛

‹
M11 {M00 M12 {M00 M13 {M00 ‹
‹
‹
M21 {M00 M22 {M00 M23 {M00 ‹
‚
M31 {M00 M32 {M00 M33 {M00
˛
m02 m03
‹
m12 m13 ‹
‹
‹.
m22 m23 ‹
‚
m32 m33

(4.9)

(4.10)

For an optical system consisting of many individual polarizing elements, the individual
Mueller matrix of each element multiplies along the optical path such that a single Mueller
matrix can describe the whole system:
M“

n
ź

n“1

Mn “ M1 M2 M3 . . . Mn´1 Mn .

(4.11)

As matrix multiplication is non-commutative, the order of the matrix multiplication must
coincide with the order of the optical elements in the beam, with Mn representing the
Mueller matrix of the first acting element. Furthermore, each Mueller matrix is defined
according to a specified reference direction. A common transformation within a polarimetric reference system is a rotation about the optical axis (i.e. the symmetry axis of the
light beam) which can be described by the rotation matrix, Rpθq,
¨

1

0

0

0

˛

˚
‹
˚0 cosp2θq sinp2θq 0‹
˚
‹
Rpθq “ ˚
‹,
˚0 ´ sinp2θq cosp2θq 0‹
˝
‚
0
0
0
1

(4.12)

in which θ is the angle of rotation of the optical element counter-clockwise with respect
to the reference axis.
4.3.2

Polarimeter design - modulation and demodulation

A polarimeter, by design, uses the anisotropic response of certain materials to a propagating electromagnetic wave in order to manipulate and transform the radiation from a
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given source such that its polarization properties can be determined via measurements of
intensity. Recall that the total intensity of a beam is described by Stokes I and that
I 2 ě Q2 ` U 2 ` V 2 .

(4.13)

For a completely polarized beam along the reference direction of Stokes Q, the magnitude
of Stokes I and Stokes Q are equal. To uniquely determine the Stokes vector, a polarimeter modulates the state of the incoming radiation such that a measurement of the total
intensity (i.e. the modulated Stokes I) yields a linear combination of each Stokes state:
Imeas,n “ an,0 Iin ` an,1 Qin ` an,2 Uin ` an,3 Vin

(4.14)

A minimum of four intensity measurements are required to solve for the full Stokes vector
of the incoming light. The collection of coefficients describing this modulation process
forms a matrix known as the modulation
¨
a
˚ 0,0
˚
˚ a1,0
O“˚
˚ ..
˚ .
˝
an,0

matrix, O:
a0,1

a0,2

a1,1
..
.

a1,2
..
.

an,1 an,2

a0,3

˛

‹
‹
a1,3 ‹
‹
.. ‹ ,
. ‹
‚
an,3

such that the collection of n intensity measurements can be described by:
¨
˛¨
˛
a0,0 a0,1 a0,2 a0,3
I
in
˚
‹˚
‹
˚
‹
˚ a1,0 a1,1 a1,2 a1,3 ‹ ˚
Qin ‹
˚
‹
‹
Imeas “ OSin “ ˚
‹
..
..
.. ‹ ˚
˚ ..
˚ .
Uin ‹
.
.
. ‹˚
˝
‚
˝
‚
Vin
an,0 an,1 an,2 an,3

(4.15)

(4.16)

Note that the modulation matrix transforms a Stokes vector into a collection of measured
intensities. Thus, the modulation matrix is not a Mueller matrix, which describes the
transformation between two Stokes vectors.
Once n modulated intensities are measured, the Stokes vector of the input radiation is

recovered via demodulation through inversion of Equation 4.16. In the simple case where
O is a square 4 ˆ 4 matrix, the inverse equation can be written as
DImeas “ O´1 Imeas “ O´1 OSin “ Sin

(4.17)
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where D denotes the demodulation matrix, as in Equation 4.5, and is equal to O´1 .
Certain polarimeter designs require more than four intensity measurements to determine
the Stokes vector. In this case, the modulation matrix is non-square and thus does not
have a unique inverse. An optimal demodulation matrix can be found, however, under
the requirement that the level of noise in each Stokes vector, given in Equation 4.5 is
efficiently minimized. Iniesta (2003) describes this process in detail and derives the optimal
demodulation matrix as
D “ pOT Oq´1 OT ,

(4.18)

which is equivalent to the Moore-Penrose pseudoinverse of a non-square matrix.
4.3.3

Spatial versus temporal modulation

Polarimetric modulation occurs in the spatial and/or temporal domains of the instrument platform and is designed largely in accordance with the scientific requirements of
the particular instrument. Temporal modulation simply acquires each intensity measurement sequentially in time by modulating the signal between each measurement or while
many measurements are taken. Spatial modulation requires a beam-splitter or other device which diverts (and modifies) a portion of the radiation’s flux onto another portion of
the same detector and/or onto another detector. Many early solar polarimeters operated
using only temporal modulation by varying the optical retardance of an “electro-optical
light modulator” (EOLM) such that each modulated state is measured at a different
time (see,e.g., Beckers, 1971). Alternatively, the modern Galway Astronomical Stokes Polarimeter (GASP), which is used for nighttime observations, uses only spatial modulation
to measure the full Stokes vector, requiring of course that the optical path be split into at
least 4 diverted beams (Collins et al., 2009).
Atmospheric fluctuations (i.e. “seeing”) severely limit the performance of polarimeters
based solely on temporal modulation as they can introduce spurious changes in the total
intensity if the modulation frequency is less than the frequency of the seeing variations.
In typical solar observing condition, the frequency of atmospheric-induced image motion
extends up to 100 Hz (Stix, 2004), placing a difficult-to-achieve constraint on the modulation frequency without the use of specialized detectors like ZIMPOL (Ramelli et al.,
2010).
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Spatial modulation helps reduce seeing-induced crosstalk. Since the amplitude of I is
in general much greater than Q, U, and V, the largest crosstalk due to seeing is from I
to Q, U, and V. Spatial modulation with a Wollaston beam splitter greatly reduces this
effect by measuring the complementary states of polarizations at the same time under the
same seeing conditions. Combination of the two individual measurements then remove
the crosstalk of intensity from the polarized state. Yet, the crosstalk between the other
Stokes vectors remain; albeit at lower levels. The degree of this residual crosstalk depends
largely upon the modulation frequency, the atmospheric seeing spectrum, and the spatial
gradient of the Stokes signal on the solar surface (Casini et al., 2012a; Judge et al., 2004a;
Lites, 1987). For the measurement of the weak signals produced in the He I triplet, the
absolute magnitude of the seeing-induced polarization introduced between Q, U, and V is
small, typically at the level or below the photon noise.
Spatial modulation alone suffers from variations of the properties of detector elements.
Since most detector properties cannot be calibrated at the level required, it is advantageous
to derive the Stokes vector from intensities measured with the same detector element,
which in turn requires temporal modulation. A blend of spatial and temporal modulation
then is necessary to combat both detector errors and seeing-induced errors. A common
method used by solar polarimeters is the beam swap method described by Semel et al.
(1993). Spatial modulation helps correct for the effects of seeing-induced crosstalk, while
temporal modulation reduces errors induced by the detector.
4.4

Decomposition of the polarimeter response function for DST/FIRS Calibration

Equation 4.16 fully describes the modulated response of a linear polarimetric analysis
system to an incident Stokes vector. Thus, with the determination of Imeas , the incident
Stokes vector is found directly via the demodulation matrix D and Equation 4.17. The
elements of D, however, are rarely known a priori for an entire optical system. Furthermore, the raw measurements of a detector do not return direct values for the intensity
in usable units. A more complete description of the entire measurement process for a
polarimeter can be written as
Imeas “ gQOSin ` b “ G tOSin u ` b,

(4.19)
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where g is the detector gain2 , Q is the (quantum) efficiency with which the photosensitive
device detects an incident photon, and b is a scalar quantity representing the combined
bias offset level and dark current of the detector. More generally, the gain and efficiency of
a detector are not simple scalar terms, but rather together they form a detector response
function (or nonlinear response curve), denoted here as G , which depends on the total
intensity. A similar equation is described by Elmore et al. (1992) for the calibration of the
Advanced Stokes Polarimeter (ASP). For now, we will assume Equation 4.19 refers to a
single detector element recording intensities from the analysis of a single Stokes vector, Sin ;
though, for detector arrays, the values g, Q, O and b can be determined for each detector
element in the image/focal plane. The calibration process for a polarimeter consists of
the systematic determination of the instrument dependent factors in Equation 4.19. This
task is made somewhat simpler in solar applications since we often do not require absolute
quantities; thus, the g,Q, and transmission of O need only to be determined as a relative
factor across the detector plane.
Determination of the true modulation matrix, O, is the most challenging aspect of
the polarimeter calibration. In general, one can introduce known Stokes states into the
optical system, measure the resultant intensities, and invert for O. Time-dependent effects,
however, complicate this process. In particular, the optical configuration of the telescope
generally changes throughout the day as the Sun traverses the sky. Meanwhile, the postfocus instrument configuration remains constant. It is then useful to decompose the full
modulation matrix of the optical system into the “polarimeter response function”, P, of
the instrument and the Mueller matrix of the telescope,T, i.e.
Imeas “ G tPTSin u ` b.

(4.20)

In this way, the instrument and the telescope can be calibrated separately. When instruments are reconfigured or replaced with other instruments, the calibration of the telescopic
Mueller matrix remains the same.
Prior to determining the polarimeter response function and the Mueller matrix of the
telescope, it is common practice to first demodulate the measured intensities for the ideal
demodulation matrix of the polarization optics prior to calibration. Denoting these ideally
2

For a charge-coupled device (CCD), the term gain refers to the conversion of the returned detector

counts to the number of electrons collected in the conduction band of the photosensitive device.
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demodulated Stokes parameters as Smeas , and using Equation 4.20, we have:
Smeas “ DI F tImeas ´ bu

(4.21)

“ DI PTSin

(4.22)

“ DI OI XTSin ,

(4.23)

“ XTSin ,

(4.24)

where F is the inverse function of G , DI is the ideal demodulation matrix of the modulating optics, OI is the ideal modulation matrix of the modulating optics. Note also in
Equation 4.23 that P is further decomposed into OI X, where OI is the ideal modulation matrix of the modulating optics and X is the “instrumental” Mueller matrix which
operates on the output Stokes vector from the telescope prior to the “ideal” modulating optics. In general, this notation can be misleading. The modulating optics are not
required to be the last elements of the optical train. If the modulation does occur last
and is ideally behaved, then X is the true Mueller matrix representing all the elements
between the modulating optics and the output of the telescope. Otherwise, this is not
the case. P, however, when calculated from OI X does represent the actual polarimeter
response function of the instrument. Furthermore, the full modulation matrix of the entire
telescope-instrument system can be recovered from:
O “ PT “ OI XT.

(4.25)

Equations 4.21- 4.24 give a more adequate representation of the calibration process for
a polarimetric analyzing system such as the combined DST - FIRS system. Ignoring the
post-processing calibration steps required to correct for spectrograph drift, spectrograph
induced slit curvature, polarimetric beam combination, and image scale calibrations, the
primary calibration procedures required at or near the time of observations are as follows:
1. Determine the parameter b in Equation 4.21 via measurements of the dark current
and bias level across the array.
2. Correct each detector element for its response to illumination, i.e. F in Equation 4.21. This is a two part process. Flat-fielding equalizes the relative response of
each pixel, while the application of detector response curve corrects for the nonlinear
response of the detector.
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3. Establish/determine the ideal modulation matrix, OI , of the modulating optical
elements using their known responses.
4. Using a calibration source capable of generating known Stokes states, determine the
instrumental polarimetric response, P “ OI X.
5. Find the telescopic Mueller matrix, T.
4.5

Error Considerations

The calibration procedures for a polarimeter outlined above can be categorized into two
major classes – the corrections for polarization induced by the properties of the detector
and that induced by the optical elements of polarimeter. Steps 1 and 2 pertain to the
detector while the Steps 3, 4, and 5 characterize the optical train. A polarimetric system,
of course, cannot be calibrated perfectly. To meet the sensitivity and accuracy goals set
forth in section 4.2.1, we must address to what degree of accuracy the instrument must be
calibrated. Here we discuss the calibration error for detector and optical train polarization.
4.5.1

Polarimetric error induced by nonlinear detector response function and
stray-light

Nonlinearities in a detector and/or stray-light provide an additive contribution to the
measured intensity during polarimetric measurements (Keller, 2002). For a set of intensity
measurements, additive contributions to the measured intensities lead to an incorrect
determination of the relative polarization for an incident Stokes vector. Errors in the linear
gain factor do not affect the relative polarization measured, rather only the absolute value.
Since we are mainly interested in relative polarization for solar applications, errors in the
linear gain do not concern us. Stray-light can be mitigated fairly well with baffling and
proper instrument design. Nonlinearities of the detector are in general larger contributors
to detector polarization. Few scientific detectors are perfectly linear in their response to
incident radiation. In charge-coupled devices (CCD), the efficiency with which electrons
are released from the valence band of the substrate may be a function of the number of
electrons already in the conduction band.
The contribution to the absolute error of a measured Stokes vector induced by detector
response and/or stray-light is a function of total intensity incident on a given detector,
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Figure 4.3: A suggested method to validate a nonlinear correction for a detector. Repeated
measurements of the same level of relative polarization as produced with a linear polarizer
are performed for a range of total intensities which sample the full response curve of the
detector. See text for details.
which in turn is a function of the entire telescope-instrument system (see Equation 4.25).
This complicates any true estimate of the detector polarization error. Moreover, the calibration error inherent in determining a detector’s nonlinear response curve is difficult to
estimate. An upper limit to the detector polarization, however, may be found empirically.
Although untested, an empirical validation for a nonlinear detector calibration may involve repeated measurements of the same level of polarization with varying levels of total
intensity. A possible configuration for this test is given in Figure 4.3, in which a variable
light source is fed into a linear polarizer prior to the modulation optics and detector. The
light source may be a variable lamp or solar light whose total intensity can be reduced
with filters and/or an iris. In this test, the total intensity should be varied in such a way
that the entire response curve of the detector is sampled. After correcting the nonlinear
response of the detector using a calibration curve, the rms of the relative polarization
a
measured, i.e. p “ Q2 ` U 2 ` V 2 {I, must be below the target sensitivity.

Telluric line polarization also grants a diagnostic for detector polarization. Lines

formed in the terrestrial atmosphere along the line of sight from the telescope to the
Sun are essentially unpolarized. Measurements of the relative polarization within a telluric line should always be nearly zero (or below the photon noise) even in the case of
a polarizing telescope. Non-zero telluric polarization then is a direct indicator of uncorrected nonlinearities and/or straylight. A caveat, however, must be placed on using this
diagnostic to rule out nonlinearities entirely. In the case of a non-polarizing telescope,
the measured intensity within a telluric line does not vary between modulation steps and
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thus does not sample different portions of the response curve. Even a nonlinear detector
in this case returns zero polarization for the telluric line. Furthermore, the difference in
intensities measured for each modulation step is greater in spectral lines with large polarization. Thus, this test depends again on the steepness of nonlinearity of the detector
and the polarizing characteristics of the telescope. The measurement of weakly polarized
lines, such as the He I triplet, is less susceptible to effects of large dynamic range. A
negligible relative polarization in telluric lines then gives a good first order indication of
the reliability of the nonlinear correction.
4.5.2

Instrumental - Telescopic Response Error Matrix

The calibration of the instrument-telescope polarimetric function amounts to the determination of the matrices X and T in Equation 4.24. Together they form a Mueller matrix,
MT , relating the measured, ideally-demodulated, Stokes vector and the true incident
Stokes vector. In terms of error, the question becomes how well do we need to determine
this matrix, MT such that the error in the determined Stokes vector is less than the photometric sensitivity. We can answer this using the concept of a polarimetric response error
matrix discussed in Ichimoto et al. (2008). Denoting M1 as the determined calibration
matrix with an associated error, the tolerances of the determined response matrix can be
derived as in Ichimoto et al. (2008) from the requirement:
∆MSin ă ǫ

(4.26)

where ∆M “ M1 T ´ MT and ǫ “ pσ1 , σ2 , σ3 , σ4 qT . σi is defined in Equation 4.5. In-

troducing three polarized vectors into the above equation of the form S “ p1, pl , 0, 0qT ,
p1, 0, pl , 0qT , p1, 0, 0, pc qT , one determines the tolerance matrix as:
¨

´ ǫ{pI

ǫ{pI

ǫ{pI

ǫ{pI

ǫ{pI

ǫ{pI

ǫ{pI

ǫ{pI

˚
˚ǫ
˚
|∆M| ă ˚
˚ǫ
˝
ǫ

ǫ{pc

˛

‹
ǫ{pc ‹
‹
‹
ǫ{pc ‹
‚
ǫ{pc

(4.27)

in which pl and pc represent the maximum fractional linear and circular polarization
expected. In the case of the He I triplet discussed in section 4.2.1, we expect pl “ 0.0008
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and pc “ 0.01. For ǫ “ 0.0002667, the tolerance matrix above yields:
¨
˛
´
1{3 1{3 2{75
˚
‹
˚2{7500. 1{3 1{3 2{75‹
˚
‹
|∆M| ă ˚
‹
˚2{7500. 1{3 1{3 2{75‹
˝
‚
2{7500. 1{3 1{3 2{75

(4.28)

Note that this formalism illustrates the multiplicative nature of errors in the Mueller
matrix. For the weak expected level of polarization in the He I triplet, the tolerances for
the Mueller matrix are fairly large except for the first column. Errors of the first column,
however, can be nearly eliminated by assuming any residual polarization of the continuum
is due to errors in these values (i.e. the corrective measure introduced by Sanchez Almeida
and Lites (1992)).
Validating the determined Mueller matrix for the telescope-polarimeter system, MT ,
presents a difficult problem. One can determine whether the tolerances in Equation 4.28
are met in a statistical sense by repeating the employed calibration procedure numerous
times and noting whether the standard error of the derived matrix elements is below
the tolerances. Validation of the calibration in an absolute sense requires a secondary
calibration source. Various terms of the Mueller matrix can be validated by using other
measures of polarization crosstalk. For example, the shape of Zeeman induced Stokes
profiles grant a measure of instrumental crosstalk (Kuhn et al., 1994). Day-time sky
and/or continuum limb polarization may be other good measures for residual crosstalk
not addressed by the calibration procedure (Harrington et al., 2011; Scholl et al., 2011).
4.6

DST-FIRS Calibration Procedures

We now elaborate on the specific procedures used by the DST-FIRS polarimetric system
for the measurement and calibration of the Stokes vector. The full description of the
configuration of FIRS is given in Chapter 3. Recall that FIRS is a multi-arm, dual-beam
spectropolarimeter. That is, FIRS simultaneously records long-slit spectra in two orthogonally polarized beams (i.e. spatial modulation, see section 4.3.3) for multiple spectral
channels. In its current configuration, FIRS consists of two detectors. These detectors
correspond to a visible spectral channel and an infrared spectral channel. Beyond the
characteristics specific to each detector and set of relay optics, the polarimetric calibra-
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tion consists of the same procedures. Since this work focuses on the measurement of the
He I triplet at 1083, only the calibration of the infrared channel will be discussed in detail
here. See Jaeggli (2011) for more details regarding the calibration of the visible channel.
Moreover, FIRS boasts a multiple slit capability in which narrow-band spectral filters
made with Dense-Wavelength Division Multiplexing (DWDM) technology are used to isolate spectra from parallel slits on the same detector. Here we assume that this capability
is not utilized; however, the calibration procedures remain largely the same with the use
of multiple slits. For this study, we do not use multiple slits due to early issues pertaining
to the nonlinear response of the infrared detector (see section 4.8).
4.6.1

Step 1 - Detector Bias and Dark Current Calibration

The collection of dark frames is performed in the normal manner to calibrate for the
offset bias level of the detector as well as the accumulation of charge with respect to
time when the detector is not illuminated. It is important that these frames are acquired
with the same integration time as the observations. While the FIRS instrument resides
inside a “dark box”, exterior light does often leak into the detector. Thus, dark frames
are typically recorded with the exterior light sources kept at the same level. For the
infrared Virgo 1k detector, the dark level does not change significantly with time as the
warming rate of the camera is slow. A full dark calibration requires multiple dark frames
for averaging to reduce electronic “readout” noise. Occasionally, an unknown source of
additional electronic noise affects the infrared detector, which is discernible during the dark
calibration. This extra readout noise is variable and negatively degrades the sensitivity of
the measurements. When this occurs, we typically reinitialize all the system electronics
to eliminate the issue.
4.6.2

Step 2 - Detector Nonlinear Response and Gain Correction

Nonlinear Response Correction
Calibration of the nonlinear response function of the detector is particularly important
to achieve high-accuracy spectropolarimetric measurements as seen in section 4.5.1. The
Kodak 2K CCD visible detector used by FIRS exhibits near linearity (see Jaeggli (2011)),
but the Virgo 1k infrared detector presents problematic nonlinearities. Early in the FIRS
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commissioning, a single correction curve was derived and employed for the nonlinear response across the full array. This led to unwanted levels of detector polarization in our
high sensitivity He I triplet measurements. Thus the nonlinear correction was readdressed.
Methods to correct nonlinearity vary according to the scientific needs of the instrument.
Although for our application we do not require a calibration of the number of photons
collected in an absolute sense, a popular gain and nonlinearity calibration for scientific
detectors determines the absolute number of photons sensed by use of the “photon transfer
curve” method (see, e.g., Janesick (2001)), in which the variance of the measured signal
is related to the variance of the number of measured photons, as set by Poisson statistics
(see section 4.2.2), i.e.:
1
2
NADU ` σR
.
(4.29)
g
2
is the number of analog-digital-units measured from the detector. σADU
is the vari2
σADU
“

NADU

ance in the measured number of ADUs, which can be determined by repeated measure2 represents
ments, or more commonly, by measuring a subsection of a particular array. σR

the offset variance of the measurement due to other sources of noise, such as electronic
readout noise. As in Jaeggli (2011), we employ this method first to evaluate the nonlinearity of the FIRS Virgo 1k camera. We subject the array to different levels of accumulative
illumination via different external light levels and exposure times to sample the full dynamic range of the detector. At each illumination level, the standard deviation of the
measured signal, σADU , is determined for small subsections of the array. Due to gradients
in the illumination level, σADU is determined from two different (dark/bias-subtracted)
frames that are subtracted from each other. The standard deviation in a subsection of the
?
combined frame is then measured and weighted by 2 to represent the standard deviation
in a single frame.
Figure 4.4 displays the standard ADU noise, gain, and total number of photons from
the photon variance transfer method as a function of detected ADUs. These measurements
are from 25 January 2012 for user-selected detector gain and offset settings of 1 and 3130,
respectively. For NADU less than „ 8500, the standard noise (σADU ) increases as expected
from higher levels of illumination (see Equation 4.29). However, for NADU greater than
„ 8500, the standard noise (σADU ) decreases as a function of the measured number of
detector counts. The gain (g) from Equation 4.29 shows a gradient on the lower half
of the detected ADU range and a large upturn around NADU “ 8500 in accordance

ADU Standard Noise, σADU [ADU]

148

30

20
ADUs = 8500
10
READOUT NOISE ~ 6.22 ADUs
0
0

5

10

15

10

15

10

15

NADU [x 1000]
50

Gain [e−/ADU]

40
30
20
10
0
0

5
NADU [x 1000]

20
Well Depth = 150000 e− ???

ADUs = 8500

NPHOTONS [x 10000]

30

10

0
0

5
NADU [x 1000]

Figure 4.4: Photon transfer curve for the FIRS Virgo 1k infrared detector on 25 January
2012. Note the strange decrease in the measured noise as a function of measured counts
NADU for NADU ą 8500ADU . See text for details.
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with the decrease in the standard noise. This unexpected behavior has been previously
reported by Jaeggli (2011). To explain this behavior, we plot the total number of collected
electrons/photons (i.e. NP HOT ON S “ g ˚ NADU , see bottom of Figure 4.4). The number
of collected electrons for NADU “ 8500 is near 150,000. This is consistent with the

expected well depth of the individual detector elements for the Virgo 1k camera.3 The
detector response at levels near the full well depth is not expected to behave according
to Equation 4.29 as charge-leakage and/or detector blooming may influence the count
statistics. While we speculate that this explains the strange behavior observed, further
investigation would be necessary to confirm the full well depth of the detector as well as
the mechanisms influencing the charge statistics at high count levels.
Despite the strange behavior on the higher end of the detector range, the detector still
responds positively to higher levels of illumination. For this reason, we try to calibrate
the nonlinear detector for its full dynamic range without relying on the count statistics
of Equation 4.29. One such method called the double exposure method by Selbing (2010)
attempts to fit a functional form to the detector response curve. As an example, the
detector response can be written as an nth order polynomial as
NADU ´ Nd “

N
ÿ

n“1

cn pIk tqn

(4.30)

where
Ik “ k ˚ Nph,0 .

(4.31)

Nd refers to the number of dark counts, t to the exposure time, Nph,0 to some nominal
incident photon flux value which can be varied. Ik is then related proportionally to
Nph,0 according to some scalar value k. cn are coefficients of the nth order polynomial.
A collection of intensity measurements for different values of k and for a full range of
exposure times can constrain the coefficient values (as well as the values of k themselves).
An advantage of this method is that the response function coefficients can be determined
for each pixel individually. Moreover, different intensities can be used. This allows the
dynamic range of the detector to be more finely sampled. Unfortunately, while in principle
this method works, we found it difficult to describe the Virgo 1k response curve via some
3

According to a private communication with Haosheng Lin, the well depth of the detector is not directly

known from the supplier; however, the expected value is between 100,000 and 200,000 electrons.
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specific functional form. An nth order polynomial could not be adequately fit to our
calibration measurements.
We note that for an individual pixel’s response to a constant light level, Equation 4.30
is a function of exposure time alone since Ik is a constant. Thus, as in Jaeggli (2011), we
can use the detector’s response to a constant light level as a function of exposure time
directly as a correction curve. Thankfully, the exposure time of the Virgo 1k camera is
reliably controlled by the camera electronics, which allows us to use this correction. The
available settings of the exposure times, though, are limited by the electronics and pose
a difficulty to this calibration method since the dynamic range of the detector is only
coarsely sampled. Furthermore, we are interested in whether a single calibration curve
can be applied to all pixels uniformly. We need a means to scale the response curve for
each pixel according to different intensities. Inspection of Equation 4.30 validates the
rescaling of the exposure times to account for changes in intensity without affecting the
shape (i.e. coefficients) of response curve. We rescale the exposure times for each pixel
and intensity measurement such that the response curves align near the bottom portion of
the response curve (near NADU „ 5000 ADUs). A ”density” plot of these “scaled” curves
is then determined and shown in Figure 4.5.4 . When the points of an individual pixel’s

response overlap another pixel’s response curve, the density of this region of the plot is
enhanced (more red in the Figure).
Figure 4.5 indicates that the shape of the detector response curve is nearly identical
and linear for all pixels below NADU „ 6000. On the upper end of the range, however, the
response is highly nonlinear and varies greatly from pixel to pixel. Moreover, the width
of the red section of the curve is greater at these high values than the lower range. This
figure suggests that a single detector response curve cannot be applied to all the data
except for the cases when the illumination is kept below 6000 ADUs. Early corrections for
FIRS nonlinearity employed a single correction curve across the whole array equivalent to
a fit to the response curves presented in Figure 4.5. This one correction curve more or less
followed the red portion of the figure. To illustrate the error introduced by assuming a
single response curve, we take each “scaled” response curve corresponding to each spatial
pixel and divide it by the median response curve. Subtracting from 1 and multiplying by
4

Note that this data from 13 September 2011 using the same camera settings as the 25 January 2012

data
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Figure 4.5: A density plot of the “scaled” detector response curves for every pixel in the
Virgo 1k infrared detector. Regions that are more red indicate regions in the response
space occupied by a greater proportion of the array’s pixels.
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Figure 4.6: Percent deviation of each pixel’s response function from a single median response function for three increasing levels of illumination (increasing from left to right).
Large spatial deviations from a single linearity correction curve are seen. See text for
details.
100 gives us the percent deviation of the calculated intensity from the real intensity. We
show this deviation for three different flux values (corresponding to scaled NADU values
of 6502, 8758, 11531 ADUs) as a function of position on the array in Figure 4.6. Large
deviations are noticeable for high flux values where as for lower illumination, the single
correction curve gives a more uniform correction.
Due to the large deviations from a single nonlinear response curve and also due to
the degree of nonlinearity of the detector at high illumination, our analysis suggests that
the detector be operated strictly in the low illumination regime in order to use a single
response curve for the correction of the detector’s response function. This departs from
the originally commissioned mode of operation. One could in principle apply an individual
response curve for each pixel; though, this process introduces significant error. As discussed in Section 4.8, early FIRS data (prior to September 2011) suffers from these large
nonlinearities since the default FIRS operation originally allowed illumination in the very
nonlinear portion of the response curve. Unfortunately, this is detrimental to achieving
high polarization sensitivity in the He I triplet.
Flat-fielding
Use of a single correction curve for the nonlinear response does not remove the normal
small scale pixel-to-pixel variations in photo-sensitivity and/or the variations in the im-
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age plane of the optical attenuation resultant from all the elements of the optical path.
Normal flat-fielding techniques must be used to remove these small scale variations. For
a dual-beam spectropolarimetric instrument like FIRS, each acquired data frame corresponds to a focused measurement of the spectra in two orthogonally polarized beams.
To normalize the response of each pixel in this image plane, we need a known reference
illumination pattern. Lamps may be used, but often lamps do not adequately reproduce
the illumination conditions of the instrument during an observation of the solar spectrum.
Instead, we use the solar spectrum itself as the reference. We average frames from many
iterations of the modulation sequence taken while the telescope’s adaptive optics mirror
is inactive and scanning a small portion near disk-center.
Unlike lamps, a “solar” flat field still contains the spectral absorption features that we
are measuring. One must remove the spectral features before normalizing the science data
frames by this average flat field. An alternative method to determine flat fields without
spectral lines involves scanning the grating of the spectrograph such that the spectral
lines are shifted by some amount in the measured spectrum. In this method, a flat can
be determined by finding the peak intensity measured for each pixel during the scanning
of the grating. A drawback of this technique, as in the case of lamps, is that scanning
the grating introduces changes to the illumination pattern. For FIRS measurements, we
elect not to scan the grating for “solar” flat field measurements. Instead, we take care to
remove the spectral lines from the flat field using fits to the observed spectra lines. The
process used can be summarized as follows:
1. Dark-subtract, correct for nonlinearity, and average the flat field intensity measurements individually for each modulation setting.
2. Locate the line center positions of a reference spectral line as a function of the
position along the slit.
3. Align all the spectra along the columns of the image, normalize each row, and find
the average spectra.
4. Fit all the spectral lines with Voigt profiles using a curve-fitting routine to minimize the discrete (“shift-and-subtract”) first derivative of the average flat spectrum.
Fitting to the raw spectral rows directly requires a background fit which introduces
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offset errors.
5. Create an artificial solar reference flat field by placing the fitted reference spectra in
each image row and re-shift the spectra according to the line positions in the raw
flat field
6. Divide the flat fields by the artificial solar reference spectra to create the “solar” flat
field.
A sample flat field spectrum near 1083 nm as measured for one modulation setting is
shown in Figure 4.7. The two orthogonally polarized beams resultant from the Wollaston
prism are shown in the detector plane for the Virgo 1k detector. Line cut plots along row
No. 256 are shown in each case below the image. The lines have been removed in the flat
field spectra on the right. An example of this flat field applied on science data is shown
in Figure 4.8. In this plot, the reference solar spectra measured by the Fourier Transform
Spectrometer (FTS) is also shown for comparison. The Si I line at 1082.7 nm is well
recovered by the flat field process as well as the line blueward of this line. The other lines
have different strengths in comparison to the FTS spectrum due to real changes in He I
absorption and telluric absorption in the solar and terrestrial atmospheres, respectively.
Note also that the observed wavelengths of the lines may also differ between the FTS
spectrum and the FIRS spectrum due to the variation of the relative velocity between
Earth and Sun throughout the day.
4.6.3

Step 3 - FIRS Modulating Optics - Ideal Demodulation

The polarization modulating and analysis optics of FIRS consists of two liquid crystal
variable retarders (LCVRs) and a Wollaston prism, which diverges the two orthogonally
polarized components of the incoming light into the two measured beams imaged on the
detector. A retarder introduces a phase shift in the component of the incoming light
along a particular axis, known as the fast axis of the retarder. The phase retardance of
an LCVR is controlled via an applied voltage and calibrated with well known techniques.
FIRS uses a 4-stage “efficiency-balanced” modulation scheme to derive the Stokes vector
of the incoming light. The ideal modulation matrix of the FIRS modulating optics and
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Figure 4.7: Example of a FIRS “solar” flat field with and without the spectral lines
removed via line fitting.
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Figure 4.8: Flat-fielded intensity spectra from FIRS in the He I triplet at 1083 nm compared to the high-resolution spectrum from the Fourier Transform Spectrometer.
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Wollaston prism, OI , is:
¨

1 ¯ ?13

˚
˚
1 ¯ ?13
1˚
OI “ ˚
2˚
˚1 ˘ ?13
˝
1 ˘ ?13

¯ ?13 ˘
˘ ?13 ¯
¯ ?13 ¯
˘ ?13 ˘

˛

?1
3‹
‹
?1 ‹
3‹ ,
‹
?1 ‹
3‚
?1
3

(4.32)

where the ˘ symbols correspond to two orthogonally polarized beams diverging from the
Wollaston prism. The ideal demodulation matrix is then
˛
¨
1
1
1
1
˚ ?
?
?
? ‹
‹
1˚
˚¯ 3 ¯ 3 ˘ 3 ˘ 3‹
DI “ ˚ ?
?
?
? ‹.
2 ˚¯ 3 ˘ 3 ¯ 3 ˘ 3‹
‚
˝
?
?
?
?
˘ 3 ¯ 3 ¯ 3 ˘ 3
4.6.4

(4.33)

Step 4 - Instrumental Polarimetric Response Matrix

In section 4.4, we decomposed the polarimetric response function into Mueller matrices
representing the time-dependent telescope (T) and the time-independent instrument (X).
We now address how we evaluate the elements of instrumental Mueller matrix X for the
FIRS instrument, assuming Stokes vectors are first derived using ideal demodulation (see
Equation 4.21). This process, like that used by many other instruments including the
ASP (Skumanich et al., 1997), SPINOR (Socas-Navarro et al., 2006), and POLIS (Beck
et al., 2005), introduces additional optical elements into the optical path between the
telescopic optics and the instrumental optics to generate known polarization states for the
calibration of the downstream optics. Despite the similarities of the calibration processes
used by many instruments, subtle changes can make a big difference. So, here, we outline
how a linear polarizer and a wave-plate retarder are inserted into the DST optical path
to calibrate the FIRS instrument.
In our instrumental polarimetric calibration, the calibration optics are inserted into
the optical path near the prime focus of the telescope prior to all the relay optics, adaptive
optics (AO) elements, and the FIRS polarimeter. We aim then to determine the collective
X matrix representing all of these optical elements. The linear polarizer is placed ahead
of the wave-plate.
5

5

Using Equation 4.24 and assuming the input vector is unpolarized

The response of a partial linear polarizer and a wave-plate retarder are modeled as in Selbing (2010)
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light from solar disk center with intensity I0 , we can rewrite this equation to include the
known Mueller matrices of the linear polarizer and the wave-plate retarder (Mlp and Mwp ,
respectively) as
Smeas “ XMwp pθwp qMlp pθlp qTI0 r1, 0, 0, 0sT

(4.34)

“ XMwp pθwp qMlp pθlp qI0 T00 r1, t10 , t20 , t30 sT .

(4.35)

according to the following Mueller matrices. For a partial linear polarizer whose fast axis is rotated with
respect to the reference axis by θlp , the Mueller matrix Mlp can be written (using the rotation matrix of
Equation 4.3.1) as
Mlp pθlp q “ Rp´θlp qMlp,0 Rpθlp q
¨
˛¨
˛¨
1 0
0
0
1 ` Klp 1 ´ Klp
0
0
1
0
0
˚
‹˚
‹˚
˚0 c2 ´s2 0‹ ˚1 ´ K
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1
`
K
0
0
c
s
2
2
1˚
lp
lp
‹˚
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“ ˚
‹˚
‹˚
a
‹˚ 0
‹ ˚0 ´s2 c2
2 ˚ 0 s2
K
0
c
0
0
2
2
lp
˝
‚˝
‚˝
a
0
0
0
2 Klp
0 0
0
1
0
0
0
¨
1 ` Klp
c2 p1 ´ Klp q
s2 p1 ´ Klp q
˚
a
a
2
2
˚c2 p1 ´ K q
c2 p1 ` Klp q ` 2s2 Klp
s2 c2 p1 ` Klp q ´ 2c2 s2 Klp
lp
1˚
“ ˚
a
a
2 ˚s2 p1 ´ Klp q s2 c2 p1 ` Klp q ´ 2s2 c2 Klp
s22 p1 ` Klp q ` 2c22 Klp
˝
0

0

0

˛
0
‹
0‹
‹
‹
0‹
‚
1

˛

0

0
0
a
2 Klp

‹
‹
‹
‹,
‹
‚

where s2 “ sinp2θq and c2 “ cosp2θq. Klp is the polarizer extinction ratio, which is typically negligibly
small. Similarly, the Mueller matrix Mwp of a linear wave-plate retarder whose fast axis is rotated by an
angle θwp w.r.t. the fast axis is
Mwp pθwp q “ Rp´θwp qMwp,0 Rpθwp q
¨
˛¨
1 b
0
1 0
0
0
˚
‹˚
˚0 c2 ´s2 0‹ ˚ b 1
0
˚
‹˚
“˚
‹˚
˚
˚0 s2
‹
c2
0‚˝0 0 p1 ´ b2 q cos δ
˝
0

¨

1
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˝
0

0

0

1

0 0 ´p1 ´ b2 q sin δ
¨
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1
0
0 0
˚
‹
˚0
c2
s2 0 ‹
˚
‹
˚
‹
˚0 ´s2 c2 0‹
˝
‚
0
0
0 1

0

˛

‹
‹
‹
‹ˆ
2
p1 ´ b q sin δ ‹
‚
p1 ´ b2 q cos δ
0

bc2

bs2

c22 ` s22 p1 ´ b2 q cos δ

c2 s2 ´ c2 s2 p1 ´ b2 q cos δ

c2 s2 ´ c2 s2 p1 ´ b2 q cos δ

s22 ` c22 p1 ´ b2 q cos δ

s2 p1 ´ b2 q sin δ

´c2 p1 ´ b2 q sin δ

0

˛

‹
´s2 p1 ´ b2 q sin δ ‹
‹
‹
c2 p1 ´ b2 q sin δ ‹
‚
p1 ´ b2 q cos δ

where b is the retarder’s dichroism. Most calibrating retarders have negligible dichroism; though, this
needs to be verified by measurement.
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T00 is the total transmission of the telescope, while tn0 (where n “ 1, 2, 3) are the normalized first column elements of the telescope’s Mueller matrix. In the above equation, the
total intensity of the measured Stokes vector Smeas is a function of the incoming intensity
I0 and the transmission of the telescope T00 as well as the first-column elements of T. For
example, if the fast axis of the linear polarizer is aligned with the reference axis, we can
write:

¨

1 ` Klp ` t10 ´ Klp t10

˛

˚
‹
˚1 ´ K ` t ` K t ‹
1
10
lp
lp 10 ‹
˚
Smeas pθlp “ 0q “ I0 T00 XMwp pθwp q ˚
‹.
a
˚
‹
2
2t20 Klp
˝
‚
a
2t30 Klp

(4.36)

where Klp is the polarizer extinction ratio. Note that the relative polarization exiting
the linear polarizer is a function of the polarizer extinction ratio and the first column T
elements. Since normally the extinction ratio is negligibly small, we can write:
¨ ˛
1
˚ ‹
˚1‹
1
˚ ‹
Smeas pθlp “ 0q “ I0 T00 p1 ` t10 qXMwp pθwp q ˚ ‹ .
˚0‹
2
˝ ‚
0

(4.37)

As discussed by Beck et al. (2005), a near perfect linear polarizer when kept in the optical
path effectively decouples the telescope from the instrument. The relative polarization
exiting a perfect linear polarizer is always unity. If the linear polarizer has a nonzero
extinction ratio, the relative polarization exiting the linear polarizer is a function of the
telescope. Thus, the telescopic matrix elements need to be known for the calibration. Returning to Equation 4.35, assuming the extinction ratio of the linear polarizer is negligible
allows us to write
¨ ˛
I
˚ ‹
˚ Q‹
˚ ‹
˚ ‹
˚U ‹
˝ ‚
V

meas

¨ ˛
1
˚ ‹
‹
˚
1
˚1‹
“ C pθlp q I0 T00 XMwp pθwp qRp´θlp q ˚ ‹ .
˚0‹
2
˝ ‚
0

(4.38)

We here include a scalar scaling coefficient, C pθlp q, which is a function of the linear
polarizer angle. While the relative polarization exiting the perfect linear polarizer is
constant, the total transmission remains a function of the tn0 elements. At θlp “ 0, the
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coefficient is equal to p1`t10 q. In the above form, the total measured intensity is a function
of a number of scalar coefficients, the elements of the first row of the instrumental Mueller
matrix X, and the output Stokes vector from the wave plate. Considering that the light
source for the calibration measurements is solar light whose total intensity can vary in
time due to sky transmission variations, the above form is very helpful. We can normalize
Equation 4.38 by the measured intensity, which is
1
Imeas “ C pθlp q T00 Ik X00 p1 ` x01 qk ` x02 uk ` x03 vk q,
2

(4.39)

where Ik is the total intensity and qk , uk , and vk are the normalized Stokes components
exiting wave-plate retarder for a particular measurement at constant settings for the waveplate and linear polarizer angles, i.e.
¨ ˛
¨ ˛
1
1
˚ ‹
˚ ‹
˚q ‹
˚1‹
˚ k‹
˚ ‹
Ik ˚ ‹ “ I0 Mwp pθwp , δqRp´θlp q ˚ ‹
˚uk ‹
˚0‹
˝ ‚
˝ ‚
vk
0

(4.40)

Thus, by substituting this equation into Equation 4.38 and dividing by Equation 4.39, one
arrives at the following equation:
¨

1

˛

¨

1

x01 x02 x03

˛¨

1

˛

˚
‹˚ ‹
˚
‹
˚x
‹˚ ‹
˚q
‹
1
˚ 10 x11 x12 x13 ‹ ˚ qk ‹
˚ meas ‹
“
˚
‹˚ ‹
˚
‹
˚umeas ‹ p1 ` x01 qk ` x02 uk ` x03 vk q ˚x20 x21 x22 x23 ‹ ˚uk ‹
˝
‚˝ ‚
˝
‚
x30 x31 x32 x33
vk
vmeas

(4.41)

This equation is the same as that presented by Ichimoto et al. (2008) for the polarization
calibration of the Hinode Spectropolarimeter (SP). Essentially, the equation gives us a
means to find the 15 elements of the normalized instrumental Mueller matrix, X, relating
our measurements of the normalized Stokes vector to the real normalized Stokes vector
entering the instrument. Furthermore, since the total transmission has been removed,
the collection of measured Stokes vectors can occur for different incident fluxes as long
as the flux is constant during the measurement of each individual Stokes vector. This is
an advantage over the methods employed by Beck et al. (2005) and Socas-Navarro et al.
(2006), which are susceptible to changes in the sky transmission during the calibration
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measurements. Furthermore, this implementation allows a direct method to average values
across a detector which may be illuminated unevenly or have strong gain variations.
In addition to the 15 elements of X, we use the calibration measurements to fit for the
unknown retardance of the wave-plate δ at the wavelength of the observations. Furthermore, there is a possible error in the alignment of the calibration optics. We assume that
the angle setting of the linear polarizer, θlp , is absolute and that a setting of 0˝ defines
the reference axis of the instrument. The wave-plate angle, however, is not guaranteed
to align properly with the linear polarizer. Thus, we include an offset angle between the
linear polarizer and retarder such that θwp Ñ θwp ` αwp . Wave-plate dichroism may also
be fit, but we find it negligible for our purposes. Through numerical experiments, we have
determined that these 17 unknowns can be determined for the FIRS system effectively
by a set of calibration measurements in which the wave plate is stepped in increments of
10 degrees for its full range (360˝ ) for at least two non-orthogonal angle settings of the
linear polarizer. Our practice is to measure the Stokes vector for the 36 positions of the
wave plate for a linear polarizer set at θlp “ 0˝ , and then repeat these measurements for

θlp “ 45˝ . The calibration measurements are then fit to the model of Equations 4.41 and
4.40 using the mpfit implementation of the Levenberg-Marquardt least-squares minimiza-

tion routine (Markwardt, 2009).
Example instrumental polarization calibration measurements are shown in Figure 4.9
as acquired near 1083 nm on 19 September 2011 using three different settings for the
calibration linear polarizer (see figure caption). The model fit is also provided. The measurements shown are average values for one of the orthogonally polarized beams measured
by FIRS. Similar measurements are available for the other polarized beam. Despite the
simplistic assumption that the instrumental Mueller matrix is uniform across the two polarized beams, the determined wave plate retardance from the two sets of measurements
give consistent values of 87.28 and 87.679 degrees. The wave-plate/linear polarizer offset angles determined for the two averaged beams are also consistent at 1.946 and 2.137
degrees. For the measurements shown, the determined instrumental Mueller matrix is
¨
˛
1.0
´0.0034 ´0.1356 ´0.0024
˚
‹
˚ 0.0303
‹
0.9063
0.1787
0.0537
1
˚
‹
Xbeam0 “ ˚
(4.42)
‹
˚ 0.0149
‹
0.0282
0.2403
1.0100
˝
‚
´0.0033 ´0.0243 0.6977 ´0.1091
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Figure 4.9: Example instrumental polarization calibration measurements for FIRS from
19 September 2011 using the Virgo 1k detector in the 1083 nm spectral window. On
this date, three different settings for the calibrating linear polarizer (LP) were used. At
each LP setting, 36 measurements were acquired corresponding to 10 degree incremental
stepping of the calibrating wave-plate retarder. The data points represent the measured
values while the various lines show the model fit to the data in the top figure. The bottom
plot displays the residuals between the fit and the data for each measured value.
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With knowledge of the telescopic Mueller matrix, T, one can apply Equation 4.25 now to
determine the full modulation matrix of the telescope.
4.6.5

Step 5 - Telescope Polarimetric Calibration

The telescopic polarization calibration in principle involves many of the same steps as
the instrumental polarization calibration described above. Calibration optics are placed
at the entrance aperture of the telescope to introduce a set of known Stokes states into
the telescope’s optical path. These calibration optics establish a Stokes +Q reference
direction in the geometry of the telescope. For the Dunn Solar Telescope, this reference
axis is directed along the terrestrial north-south axis. The calibrated instrument is then
used to measure the Stokes vector at the telescope exit (i.e. where the calibration optics
are inserted for the instrumental calibration above).
Unlike the instrumental calibration, the size of the telescope and its time-dependent
configuration pose significant challenges to the telescope polarization calibration. Uniform
calibration optics are not available in sizes comparable to the entrance aperture. To
overcome this obstacle, a sub-aperture sampling method is used in which a number of
individually calibrated polarizing optics are co-aligned to form a single calibration unit.
This array of polarizers is then centered on the entrance aperture of the telescope. The
time-dependence of the telescope calibration must be dealt with by building a polarization
model of the telescope including the geometrical transformations that describe changes in
the telescope configuration. Each element of the telescope has its own modeled (and
wavelength-dependent) Mueller matrix. Calibration measurements then constrain the
parameters of the model such that the telescope Mueller matrix T can be determined for
any configuration and observed wavelength.
The DST telescope calibration used by the FIRS instrument relies on the telescope
model and calibration measurements development by Hector Socas-Novarro and his colleagues. See Socas-Navarro et al. (2011) for more details on this model. An example
normalized Mueller matrix of the DST from this model near 1083 nm and near local noon
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is

¨

1.0

´0.0230 ´0.0138

0.0039

˛

˚
‹
˚´0.0176 0.9375 ´0.2065 0.2794 ‹
˚
‹
T“˚
‹.
˚ 0.0203 ´0.2854 ´0.9168 0.2787 ‹
˝
‚
´0.0035 0.1987 ´0.3410 ´0.9184

(4.43)

Using Equation 4.25 and the matrices reported as Equations 4.43, 4.42, and 4.32 (removing
the factor of 1/2), an example of the full modulation matrix of the entire telescopeinstrument system is
1

O “ OI Xbeam0 T
¨
0.984684
˚
˚0.989406
˚
“ ˚
˚0.991764
˝
1.02341

´0.686281
´0.223371
0.527679
0.430117

0.310009

0.479437

˛

‹
´0.837802‹
‹
‹
0.573109
0.439873 ‹
‚
´0.775940 ´0.212057
0.340976

(4.44)

(4.45)

We calculate the efficiency of this modulation scheme using the definition of polarimetric
efficiencies described by Iniesta (2003). Polarimetric efficiencies can be described by a
four-vector of numbers between 0 and 1 where the efficiency is the highest for a particular
Stokes vector when the value is close to 1. The efficiencies are calculated as
¸´1{2
˜
n
ÿ
D2ij
ξi “ n

(4.46)

j“1

For the combined DST-FIRS polarimetric analysis system we obtain
ξDST ´F IRS “ p0.966, 0.469, 0.479, 0.519q

(4.47)

Despite the large level of polarization induced by the relay optics, the combined DST-FIRS
system measures the Stokes vector with near balanced efficiencies for Q,U, and V.
4.7

The FIRS Reduction Procedure

Most of the calibration process for the spectropolarimetric measurements made with FIRS
has been addressed in the sections above; though, it is important to summarize the full
procedure developed for the reduction and application of scientific and calibration data
as there are many subtleties. Moreover, secondary instrumental effects must be removed
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with post-processing. In particular, the presence of polarized interference fringes pose
a significant challenge to achieving the desired sensitivities in the FIRS measurements.
The procedures used here are all written in the IDL programming language6 . Many of the
procedures rely heavily on work done by others, especially the original reduction procedure
developed by Sarah Jaeggli (Jaeggli, 2011). In this section, we aim to give a flow-down
description on the FIRS reduction procedure.
4.7.1

Single Beam Reduction

We emphasize that the reduction of each orthogonally polarized beam diverging from the
Wollaston prism is calibrated and reduced independently. Only as a last step are the
measured Stokes vectors from each beam aligned and combined.
The FIRS reduction procedure as applied to each beam’s polarized spectra is outlined
in Figure 4.10. Each individual data file, including the raw darks and flats, contains four
recorded frames from the detector corresponding to the four stages of the modulation
sequence. Within the figure, each dashed box signals an operation carried out on the data
and typically involves the frames of each modulation step. For example, “averaging” of the
raw flats and raw darks does not indicate that all the frames are averaged together; rather,
all of the corresponding modulation steps of multiple files are averaged together. The
modulation itself is preserved. Although many data verification steps are also contained
within the full software, we only include here the primary steps performed to reduce good
verified raw data. The procedures also harvest various data header keywords pertinent to
the observational context including pointing information, telescope configuration, time of
observation, etc. The outline of Figure 4.10 assumes the telescope Mueller matrix, T, as
well as the linearity correction curve, F , have already been determined.
In accordance with Equation 4.21, the first step for every individual flat, polcal, and
science data frame is to subtract the average dark signal (i.e. dark + offset bias for every
pixel across the detector plane) just prior to the application of the nonlinearity correction
curve F . As shown in Figure 4.10, the flats then follow two lines of processing. From
a single flat (or average flat), we determine the ”skew angle”, φ, which as in Skumanich
et al. (1997) refers to the angle of rotation between the axis of spectral dispersion and
6

IDL, or Interactive Data Language, is a programming language developed by ITT Visual Information

Solutions for the analysis of scientific data
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Figure 4.10: FIRS Single Beam Reduction Procedure.
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the physical rows of the detector array. If non-zero, the spectra displayed across an
individual row of the detector does not originate from a unique point along the slit/on
the Sun. Although the instrumental setup incorporates the alignment of the camera
rows with the spectra axis using a telescope grid image, the skew angle error is typically
significant enough to merit correction, especially for data with large spectral ranges. We
can determine the skew angle from the intensity structure induced in a single flat field
image by solar structure and/or tiny variations of the instrument slit width. The “skew
angle” procedure subtracts the median intensity from each camera row for a range of
applied rotations and finds the angle which minimizes the variance across the frame. We
apply this angle to all the data using a rotation algorithm incorporating cubic convolution
interpolation. Once the skew angle is known, we manually locate the spectral lines in the
flats and establish the range of spectra to reduce. If there are multiple slits imaged on
the same detector we must identify the spectral lines in each slit. For each slit’s spectra,
a polynomial is fit to the line center positions of a single deep spectral line as a function
of position along the slit (i.e. grating induced slit curvature) for use as a correction
curve during the reduction. Lastly, masks are generated to isolate the spectra of each
slit and beam. During the instrumental polarization calibration, we average the observed
Stokes vector across a slit’s spectra. These masks allow us to do this individually for each
spectra. Combined, we call this processing step the “slit-skew cal”. The other line of flat
field processing follows directly the procedure described in section 4.6.2 with the addition
of the skew angle rotation. A set of raw flats is typically acquired before and after science
observations (or every couple hours). Each set of flat forms one flat at time tn .
After computing the instrumental Mueller matrix X in the manner described above
(section 4.6.4, see outline in Figure 4.10), we can proceed with the reduction of each
beam of the science data. The science data consist of many data files from a scan across
a particular region or the Sun, or a time series of scans, or a time series at a single
position. A set of flat fields may also be processed as a set of science data and used for
fringe removal (discussed below in section 4.7.2). Once dark subtracted and corrected for
nonlinear camera response, each file, i.e. each set of four (4) detector frames corresponding
to four modulated intensities, is demodulated and corrected for instrumental and telescopic
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polarization according to

S1in

¨ ˛1
I
˚ ‹
˚Q ‹
˚ ‹
“ ˚ ‹ “ RpαqTptq´1 X´1DI Imeas ,
˚U ‹
˝ ‚
V

(4.48)

in

where Imeas is the set of four (detector-corrected) measured intensities, Tptq is the telescope Mueller matrix at the time ptq of the observed intensities, and S1in is the reduced
Stokes vector. An additional rotation of the Stokes vector by α degrees translates the
Stokes vector from the telescopic geometry (Stokes +Q direction along terrestrial northsouth axis) to the desired geometry on the Sun (normally Stokes +Q parallel to solar
equator). Since the Dunn Solar Telescope (DST) consists of an altazimuth turret to direct
the Sun into its vertical axis, this rotation includes the time-dependent parallactic angle.
Small-scale variations of the intensity crosstalk (I Ñ Q, U, V ) along the slit are typically not corrected by using Equation 4.48. Furthermore, errors in the telescope and
instrument Mueller matrices, can lead to residual intensity crosstalk. Since we can assume
the continuum is unpolarized, we here utilize the intensity crosstalk correction method of
Sanchez Almeida and Lites (1992) which states
B F
X
Xc – X ´
I,
I c

X “ Q, U, V

(4.49)

where xX{Iyc denotes the average of the relative polarization in the continuum and Xc is
the corrected Stokes parameter. We must, however, first apply the “skew angle” rotation
so that the continuum along one detector row corresponds to the same position along the
slit.
The reduced Stokes vector up to this point has not been flat-fielded for the pixelto-pixel gain variations which affect the non-differential measurement of the spectral intensity. With experience we learned that the structure in the flat field exhibits time
dependence. Using multiple flat fields which bracket the observations in time can combat
this issue. The separate average flat fields are demodulated with Equation 4.48 to obtain
rI, Q, U, V sTflatpt1 q , rI, Q, U, V sTflatpt2 q and then interpolated to the time of observation. We

1 by the interpolated flat-field individe each component of the reduced Stokes vector Sin
1 , V 1 must also be divided by I
tensity If lat . Q1in , Uin
f lat so that relative polarization is
in

preserved.
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In most polarimeters, unwanted artifiacts plague the polarized spectra and cannot be
calibrated using field-of-view averaged Mueller matrices. A pixel-by-pixel determination
of the Mueller matrix may be useful in removing these artifacts; however, additional
structures are often introduced by the calibration optics themselves. Most often these
structures are periodic fringes, which will be discussed in the next section. Since this
structure is present in the flat fields also, subtracting the polarized flats from the polarized
data, i.e.
1
1
Xin
Ñ Xin
´ Xf lat ,

(4.50)

may be helpful in removing the artifacts. However, if the structures are time-dependent
as in the case of FIRS, this subtraction is not always helpful. For this reason, it is an
optional step in the reduction process.
Finally, the flat-fielded reduced spectra are extracted from the raw data arrays and
corrected for slit curvature (as discussed above). The extracted spectra then contain the
fully reduced Stokes vector for each beam and slit of the FIRS instrument. However,
the effects of polarized artifacts and seeing-polarization (see section 4.3.3) still need to be
mitigated.
4.7.2

Removal of Interference Fringes

Polarized artifacts in the FIRS data, in particular within the infrared spectra, pose the
biggest challenge to acquiring high sensitivity Stokes measurements. As illustrated in
Figures 4.11 (top) and 4.13 (red curve), interference fringes with an amplitude of „ 0.25%
plague the data and swamp out the weak p„ 0.08%q signals that we require to infer vector
magnetic fields in the chromosphere. Such structures develop primarily from multiply
reflected beams in an optical system, in which a phase-retarded secondary beam, coherent
with the first, leads to constructive and destructive interference patterns (Semel, 2003).
Ideally, optical components with anti-reflective coatings can reduce interference fringes.
Yet, we have not been able to optically remove the fringes in the FIRS system. We suspect
the fringes originate from the LCVRs as the tilt angle of these components introduce
changes in the fringe pattern. Currently, the fringes must be removed with post-processing.
Time-dependent variations in the structure of the polarized artifacts prevent the subtraction of polarized flat-fields to remove them. Early efforts to apply Fourier-filtering
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and wavelet filtering (Rojo and Harrington, 2006) to the polarized spectra failed to remove the fringes to the level required primarily due to the variation in the fringe width
across the spectra and its similarity to the spectra line width. Thankfully, with colleagues
from the High Altitude Observatory, we were able to address this problem using a new
method based on image decomposition. Using two-dimensional principal component analysis (2DPCA), which is often used in face-recognition technologies, the real solar signal
can be decoupled relatively well from the fringe signal. The result of this work is published
in Casini et al. (2012b). However, for the data used in this thesis, we apply this method
somewhat differently.
Interference fringe removal for our FIRS measurements involve three important operations, as outlined in Figure 4.12. First, and foremost, is the application of the 2DPCA
technique. However, in a departure from Casini et al. (2012b), we determine a set of
projection vectors for the data based not on the singular value decomposition (SVD) of
the covariance matrix constructed from the the data frames, but on that of the covariance
of the averaged flat fields Xf , i.e.
C “ X̄fT X̄f ,

X̄f “ Q̄f , Ūf , V̄f .

(4.51)

Similar to Casini et al., the projection vectors are taken as the basis vectors (eigenvectors)
Uj found via an SVD decomposition of C (for a more complete description, see Casini
et al. (2012b)) 7 .
The set of projection vectors found from the flat-field covariance matrix are then used
to determine the principal components of the science frames using Equation 3 from Casini
et al., i.e.
Vi,j “ Xi Uj ,

(4.52)

with the one caveat that we truncate the signal in Xi at the level of the fringe amplitude. In
this way, the science frames can be decomposed into principal components based directly
on the structure of the average polarized flats. Most of the real solar structure then is
relegated into eigenfeatures corresponding to small eigenvalues of C. Compare this to
Casini et al. wherein the principal components of the polarized spectra are based on
projection vectors defined by structures giving greater variance in the normal definition
7

Note the use of script font letters for the principal component and basic vectors to distinguish them

from the Stokes vectors, Q,U,and V
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Figure 4.11: An illustration of the removal of the fringes within Stokes spectral images.
The reconstructed fringes resulting from 2DPCA reconstruction, subsequent 2DFFT filtering, and spatial detrending are shown, respectively, below the original single-beam reduced
Stokes U/I image. The color scale is saturated at ˘0.2%. To see the final spectra with
these fringes removed see Figure 4.15.
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Figure 4.12: Primary operations used in the identification and removal of interference
fringes in the FIRS data.
of the covariance matrix. Most of the real solar structure in this case corresponds to
eigenfeatures of larger eigenvalues, whereas the small scale features (including some real
structure) are contained in a mixed sense with the residual fringe structures.
The science frame can be reconstructed from the decomposed data frame (Equation 4.52), just as in Casini et al. (2012b) (equation 4). Through selection of the desired
eigenfeatures, one can reconstruct different aspects of the science frame using
Ăi “
X

ÿ

Vi,J UJ T

(4.53)

J

where J Ă j and j “ r1, 2, . . . , ns. n is the number of rows in the images and number
of basis vectors. Since our basis vectors are calculated from the average flat, most of the
fringe structure is within the eigenfeatures corresponding to the greatest eigenvalues. As
an example, Figure 4.11 shows the reconstructed fringes for a single U {I spectra in which
the first 125 eigenfeatures (of 257) are used in the reconstruction (second frame from top
in figure). While the real signal of the strongest spectral lines is still evident in the frame
with a reduced amplitude, the smaller features nearly disappear, leaving only the fringes.
As discussed by Casini et al., the selection of which eigenfeatures to retain in the image
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reconstruction is subject to user-selection and judgement.
After reconstructing the fringes with the 2DPCA technique, we spatially filter the
fringes using the two-dimensional (2D) discrete Fourier transform (see discussion by
Esakkirajan and Veerakumar (2011)), which is defined for an image f pm, nq as
F pk, lq “

M
´1 Nÿ
´1
ÿ
m“0 n“0

2π

2π

f pm, nqe´i M mk e´i N nl

(4.54)

with its inverse being
f pm, nq “

N ´1 N ´1
2π
2π
1 ÿ ÿ
F pk, lqei N mk ei N nl ,
2
N k“0 l“0

(4.55)

where k and l denote the spatial frequencies along each image dimension. The 2D Fourier
transform then translates a spatial image into a complex image representing the amplitude
and phase of the spatial frequencies contained in the images. Interference fringes whose
spatial frequencies are well separated from the real solar signal are removed with an
appropriate filter function operating on the complex spectrum in the frequency domain.
In fact, the Zurich Imaging Polarimeter (ZIMPOL) makes routine use of this method to
remove fringes from polarized spectra (L. Klient, private communication). In the case of
FIRS, however, the spatial width of the interference fringes and the real polarized signal
are similar. Thus, their contributions are mixed in the frequency space and cannot be
separated. The 2DPCA reconstruction of the fringes, however, alleviates this problem
as the width of the spectral features are dispersed in the reconstructed frame while the
amplitudes are decreased (see Figure 4.11). The imprint of the fringes on the 2D Fourier
transform becomes more easily recognized, and thus can be filtered. The result of this
filtering is shown in the third panel of the figure. Note that the real solar signal is even
further reduced in this image.
Until now, we have work to decouple the interference fringes from the solar spectra on
a frame-by-frame basis; that is, the 2DPCA and 2DFFT-filtering operation is performed
for every reduced Stokes spectrum individually. For a given data set consisting of a scan or
time series, we can further decouple the real signal from the fringes by assuming the fringe
pattern exhibits smooth variations in time and across the image at each wavelength. That
is, we can look for trends in the 3D space of the fringe set. To elaborate, a set of fringes
is derived via the above filtering, which forms a three dimensional array with dimensions
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rnwv , ny , nsteps s where nwv , ny , nsteps are the number of wavelength points, points along
the slit, and scan (or time) steps, respectively. At each point along the slit (j), we fit the
fringe amplitude at wavelength point (i) as a linear function of k (step). Subsequently,
at each wavelength point (i), the 2D image formed by the slit and stepping dimensions
is spatially smoothed via boxcar averaging of a given size. The result of this 3D spatial
detrending/smoothing are the fringes in the final frame of Figure 4.11. Unwanted artifacts
of the 2DPCA and 2DFFT processes are removed while the residual solar signal is further
reduced.
The final smoothed fringe image is subtracted from the original single beam reduced
data to remove the interference fringes. The fringe-removed data from the example given
in Figure 4.11 is shown as the middle panel of Figure 4.15. The amplitude of the fringes
has been reduced considerably, and real solar signals unrecognizable in the top panel of
Figure 4.11 are revealed. In particular, note the spectra in the He I triplet at 1083 nm
which exhibit both Zeeman and scattering-like profiles. These are the spectra that we have
been aiming to measure, which were unachievable without careful calibration and removal
of the fringes. Figure 4.13 illustrates the fringe removal process for one individual profile
of the example Stokes U spectra. The original fringe amplitude is approximately 0.2%.
After removal, the standard noise in the continuum is reduced to approximately 0.04%.
Furthermore, the transverse Zeeman induced profiles can now be recognized. Although
artifacts still remain in the fringe-subtracted reduced spectra, this marks a substantial
improvement in the derived spectra.
4.7.3

Beam Combination

Once the two beams of the FIRS spectropolarimeter are individually reduced and the
interference fringes are removed, we combine the beams to combat seeing-induced polarization (see section 4.3.3) and reduce the photon noise. Figure 4.14 summarizes our
method of beam combination. The polarized spectra are normalized by the spectral intensity. One-dimensional cross-correlation of the intensity and polarized structure along
the slit determines the shifts necessary for sub-pixel alignment in most cases; though,
occasionally telescope line grid frames can be used to perform a more accurate alignment
using 2D polynomial warping. The relative polarization spectra and the intensities are
then averaged. While the imbalanced intensities of the two beam may degrade the cor-
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Figure 4.13: An example Stokes U/I spectra from FIRS before and after fringe removal.
The original spectra (red points), reconstructed fringes (black line), and fringe-subtracted
spectra are all overplotted in the middle. To enhance the visibility of this process, the
original and final spectra are plotted a second time with a scalar offset applied.
rection of the seeing-induced crosstalk, averaging the relative polarization ensures that
beam imbalance does not induce spurious polarization from the real solar spectra. We
“unnormalize” the polarized spectra by multiplying by the average intensity. After a correction for wavelength drifts in the spectra introduced by thermal changes of the grating,
we arrive at the final dual-beam data product. An example is shown in Figure 4.15.
4.8

Summary of DST Observing Campaign Activities

The primary observing campaign for this study was entitled “Polarimetry of Photospheric/Chromospheric Magnetic Dynamics in Active Regions.” I (T. Schad) was the
principal investigator. The proposed work was awarded observing time at the Dunn Solar
Telescope a total of five times for periods of 7 to 10 days. Below, we outline the major
milestones of each of this observing periods to give some chronological context to the
calibration and measurement efforts of this work.
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Figure 4.14: Primary steps involved in FIRS beam combination
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Figure 4.15: An example of FIRS beam combination. The top two frames are the bottom
and top beams from FIRS resulting from a full single beam reduction and fringe removal.
The bottom image is the result from the beam alignment and combination.
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4.8.1

Individual Observation Run Reports

May 24- June 2, 2010
First use of the Facility Infrared Spectropolarimeter by this study’s observing campaign.
FIRS became a commissioned instrument in January of 2010. We used FIRS at this time
in its default configuration, which at this time employed a four-slit mode for He I 1083 nm
observations. Unfortunately, the bandpass of the DWDM was too wide to entirely separate
the spectra of each slit. After considerable work attempting to use these observations, the
edge overlap of the spectra from the four slits was deemed detrimental to polarimetric
sensitivity. These observations were incapable of addressing our scientific objectives.
Dec 6 - 15, 2010
To eliminate spectral overlap, a two-slit mask was used in place of the four-slit mask for
the FIRS He I 1083 nm observations. With the use of the DWDM filter, the spectra did
not overlap; however, we noticed that the placement of the DWDM in the optical path
greatly influenced the filter bandpass shape. We used the DWDM filter in an intermediary
focal plane. In this position, the spectral range of the DWDM filter was maximum, though
the shape of the bandpass exhibited a more Gaussian shape than a square shape. Initially,
this was not thought to be a problem. Subsequent processing led to better results than
the May 2010 observations, yet crosstalk between the intensity spectra and the linearly
polarized spectra (Q,U) was large. A detailed analysis of the polarimetric calibration then
took place.
Calculating the response matrix of the FIRS instrument on a pixel-by-pixel basis found
large nonlinear variations of the polarimetric response matrix across the field of view. Yet,
correcting for these effects did not improve the results. It was suspected that the DWDM
filter used for the He I 1083 nm channel might have wavelength-dependent polarization
dependent loss (PDL). Such an effect would elude calibration without full knowledge of
the the Stokes vector entering into the filter. For this reason, we opted to remove the
DWDM filter in future observations. Ultimately we learned that the nonlinearity of the
detector response led to all these effects and was not adequately calibrated by a single
response curve determined at a different time than our observations. Thus, high-sensitivity
multi-slit observations may yet be possible for the He I 1083 nm observations; though, the
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Figure 4.16: An example of excellent seeing data from FIRS in the He I triplet using its
single-slit mode, acquired by Sanjay Gosain.
nonlinearities of the detector must be adequately addressed.
Sep 12 - 19, 2011
The use of the 40 micron single-slit mask without the DWDM filter for the FIRS He I 1083
nm observations significantly improved the quality of our observations. The 40 micron slit
without the DWDM filter overilluminated the detector for the default integration time of
250 ms. Reducing the integration time to 125 ms achieved two important tasks. First, the
level of illumination was reduced such to bring the operative range of the detector into its
most linear regime. That is, nonlinear effects were greatly reduced. This was immediately
recognized in the quicklook Stokes images as the reduced level of residual I´ ąQ,U,V
crosstalk in the telluric lines. Second, the Virgo 1k detector behaves more reliably at the
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reduced integration time. Problems with multi-read integration in the camera electronics
led to unpredictable spikes in the data that could not be calibrated. Use of the 125 ms
integration time eliminated this problem.
Unfortunately, inclement weather severely limited this observing period. Rain between
Sep 12 - 18 limited our activity to detector calibrations alone. Observations were achieved
solely on September 19th. Despite large seeing fluctuations, these data contained the
very interesting high redshifted material discussed in Chapters 7 and 8. We achieved our
target polarimetric sensitivity in these observations. However, the observed target did not
contain resolved fibrils capable of addressing this study’s goal.
Nov 28 - Deb 6,2011
Snowy weather conditions limited this observing period. We achieved some limited data,
mostly acquired during bad seeing.
Jan 26 - Feb 2, 2012
The greatest sensitivity achieved to date by FIRS in the He I 1083 nm channel was achieved
during this period. An engineering run just prior to this observational period improved
many aspects of the instrument. We achieved sensitivities up to 3 ˆ 10´4 at a resolution

of 0.32 . Observed fibrils around the NOAA active region number 11408 were probed with
enough sensitivity to infer their vector magnetic fields for the first time. A wealth of data
was acquired during this period on both evolved active regions and new emerging flux.
Aug 20 - Aug 29, 2012
The observational objectives of this work’s campaign are of interest to other parties also.
A collaboration with scientists at the High Altitude Observatory led to a joint proposal
which was allocated time in August of 2012. The title of this observing campaign is “High
Sensitivity Stokes Polarimetry of Photosphere and Chromosphere in Active Regions with
FIRS and IBIS”. Collaborators include P. Judge, L. Klient, M. Knölker, and R. Casini,
all of the High Altitude Observatory.
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CHAPTER 5

He i VECTOR MAGNETOMETRY OF FIELD-ALIGNED SUPERPENUMBRAL
FIBRILS

“A third peculiarity [...] is clearly visible on many hydrogen photographs. It is a decided
definiteness of structure, indicated by radial or curving lines, or by some such distribution
of the minor flocculi as iron filings present in a magnetic field.” – George E. Hale (1908)
5.1

Preamble

Hale’s 1908 observation of chromospheric flocculi around a sunspot led him to believe such
features signified vortical motions like terrestrial cyclones. Consequently, Hale believed
sunspots would have a magnetic field due to the cyclical motion of ionized gases. He
described flocculi as being like “iron fillings present in a magnetic field”, yet without
magnetograms, the connection between a photospheric magnetic field and these flocculi
eluded Hale. After Babcock’s invention of the magnetograph, the flocculi, now term fibrils,
were presumed to be indicators of the transverse magnetic field in the chromosphere.
The work below, which appears in the Astrophysical Journal, finally brings full Stokes
polarimetry to bear on the quest of the magnetic field in chromospheric fine structure.
The interpretation of the newly measured Stokes spectra of fibrils gives the first true
full vector description of the magnetic field of fibrils and ultimately proves the very long
assumed field alignment of these features.
5.2

Abstract

Atomic-level polarization and Zeeman effect diagnostics in the neutral helium triplet at
10830 Å in principle allow full vector magnetometry of fine-scaled chromospheric fibrils.
We present high-resolution spectropolarimetric observations of superpenumbral fibrils in
the He I triplet with sufficient polarimetric sensitivity to infer their full magnetic field
geometry. He I observations from the Facility Infrared Spectropolarimeter (FIRS) are
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paired with high-resolution observations of the Hα 6563 Å and Ca II 8542 Å spectral
lines from the Interferometric Bidimensional Spectrometer (IBIS) from the Dunn Solar
Telescope in New Mexico. Linear and circular polarization signatures in the He I triplet
are measured and described, as well as analyzed with the advanced inversion capability
of the “Hanle and Zeeman Light” (Hazel) modeling code. Our analysis provides direct
evidence for the often assumed field alignment of fibril structures. The projected angle
of the fibrils and the inferred magnetic field geometry align within an error of ˘10˝ . We
describe changes in the inclination angle of these features that reflect their connectivity
with the photospheric magnetic field. Evidence for an accelerated flow („ 40 m sec´2)
along an individual fibril anchored at its endpoints in the strong sunspot and weaker
plage in part supports the magnetic siphon-flow mechanism’s role in the inverse Evershed
effect. However, the connectivity of the outer endpoint of many of the fibrils cannot be
established.
5.3

Introduction

Extending laterally away from magnetic field concentrations in the solar photosphere,
threadlike fibrils observed in the chromosphere (e.g. Hale, 1908; Veeder and Zirin, 1970;
Pietarila et al., 2009; Reardon et al., 2011) host a variety of dynamic behavior and have
long been considered tracers of the difficult to measure chromospheric magnetic field
(Smith, 1968; Foukal, 1971a,b). Outside of sunspots, fibrils extend across internetwork
cells and often, but not always, visibly suggest that their endpoints are rooted in areas of
opposite polarity photospheric network flux. For this reason, fibrils are thought to be field
aligned closed magnetic loop segments. In the case of fibrils with endpoints not associated
with opposite polarity network flux, Foukal (1971b) suggest that Hα fibrils may extend
over the neighboring flux and connect with regions of opposite polarity flux at a farther
distance, and thus the fibrils being directed to higher heights disappear in Hα. Contrarily, Reardon et al. (2011), using high-resolution Ca II 8542 Å narrowband images, argues
that such internetwork fibrils are connected to the weak internetwork field directly below,
meaning the fibrils do not contain much of the total flux of the concentrations from which
they extend. The remaining flux would be directed upwards into the corona, and have
direct influence on dynamic heating mechanisms.
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Similarly, fibrils and/or threads surrounding sunspots form what is known as the superpenumbra (Loughhead, 1968). Again these fibrils are presumably magnetic loops rooted
at one end in the sunspot and at the other in some opposite polarity plage. This concept
is invoked by the siphon flow model to explain the apparent inward flow (i.e. the Inverse
Evershed effect) directed along the superpenumbral fibrils (Evershed, 1909b; Meyer and
Schmidt, 1968; Maltby, 1975). Yet, characteristic shocks thought to be formed by siphon
flows have not been definitively observed; though, some evidence does exist (Uitenbroek
et al., 2006; Bethge et al., 2012). Other short-lived phenomena are also witnessed in superpenumbral fibrils that are difficult to explain in terms of simple siphon flow (Vissers
and Rouppe van der Voort, 2012).
Until recently our knowledge of the fine-scaled fibril magnetic field had been limited to
the morphological constraints placed on fine structure via comparison with photospheric
field measurements. Wiegelmann et al. (2008) noticed non-linear force free extrapolations
of the photospheric magnetic field better account for the free-magnetic energy of the corona
when the fibril direction is used as a constraint on the horizontal field direction; yet,
direct measurement remains lacking. Moreover, the photospheric field is a poor boundary
condition since it is not strictly force-free. Lagg et al. (2009) studied two curvilinear
internetwork structures observed with the He I triplet at 10830 Å and found evidence
that the structures hosted a horizontal magnetic field, but the primary fibril axis was
offset from the inferred magnetic field direction in one of the structures. To this add
that Asensio Ramos et al. (2008) (hereafter AR08) interpreted unresolved disk center He I
internetwork spectra and found less inclined fields (θB « 21˝ or θB « 47˝ w.r.t. solar
vertical). More recently, de la Cruz Rodrı́guez and Socas-Navarro (2011) studied the
transverse Zeeman effect on the Ca II 8542 Å spectral line within superpenumbral fibrils
near/above the external boundary of a photospheric penumbra and evidenced general
consistency between the fibril axes and the inferred transverse magnetic field direction.
They, however, pointed out particular cases where the inferred field did not match the
visible morphology. Furthermore, the Ca II linear polarization decreased rapidly outwards
from the sunspot and was considered inconsistent with the presumed superpenumbral
canopy.
We address the magnetic field vector within resolved chromospheric fibrils using highresolution observations of the He I infrared triplet. Although the utility of these three
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spectral lines has been long emphasized as indicators of solar and stellar activity (Zirin,
1982; Kozlova and Somov, 2003) and probes of the chromospheric magnetic field (Harvey
and Hall, 1971; Rueedi et al., 1995), only recently has the theoretical framework of its
polarized spectral line formation (Trujillo Bueno and Asensio Ramos (2007a); AR08)
been met in maturity by instruments capable of measuring its weak polarization signals at
spatial scales of interest (see, e.g., Collados et al. (2007) and Jaeggli et al. (2010)). Here
we discuss the polarization signatures of the He I triplet observed within an active region
superpenumbra observed with multi-channel instrumentation at the Dunn Solar Telescope
(§5.4, §5.5). A heuristic description of the mechanisms inducing He I polarization is given
in §5.6 to explain the macroscopic structure seen in polarized maps of the active region.
Section 5.7 outlines our methods to model the visible fibril morphology as well as the
inversion method used to infer the magnetic field vector from the polarized spectra. A
summary and discussion of the results follow.
5.4

Observations and Data Reduction

On 2012 January 29, NOAA active region (AR) 11408 consisted of a simple alpha-type
sunspot in a bipolar configuration with trailing plage. We targeted this region at the
National Solar Observatory’s (NSO) Dunn Solar Telescope (DST) located on Sacramento
Peak in New Mexico, USA. The observations included multi-channel, imaging and slittype, spectroscopy and spectropolarimetry using the Interferometric BiDimensional Spectrometer (IBIS: Cavallini, 2006; Reardon and Cavallini, 2008) and the Facility Infrared
Spectropolarimeter (FIRS: Jaeggli et al., 2010). An additional camera acquired broadband
images within the 4300 Å molecular spectral G-band. All instruments were operated simultaneously and benefited from the facility’s High Order Adaptive Optics system (HOAO:
Rimmele et al., 2004) during a period of good to excellent seeing.
Our focus here is on a single map of NOAA AR 11408 acquired in the He I triplet with
the FIRS dual-beam slit-spectropolarimeter when the AR was located at N8W35 (µ “
cos Θ “ 0.8). A single slit was oriented parallel to the solar north-south axis and scanned

across the region from east to west with a projected step size and slit width of 0.32 – the
DST angular resolution is limited to 0.362 at 10830 Å by the Rayleigh criterion. Seventyseven (77) arc-seconds were imaged along the slit. A 200 step map commenced at 19:16
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Figure 5.1: NOAA active region 11408 observed by FIRS and IBIS on 2012 January 29. (a) SPECKLE reconstructed broadband
images from IBIS at 20:05 UT (b) IBIS Hα intensity image at 6562.46 Å acquired at 20:05:16 UT (c) IBIS Ca II intensity image
at 8541.873 Å acquired at 20:04:53 UT (d) FIRS map of the He I relative intensity (i.e. I(λ) normalized to local continuum)
at λ “ 10829.995 Å. The slit, oriented parallel to the solar meridian, was scanned from solar east to west at a rate of 0.642
min´1 (e) He I Doppler velocity corrected for orbital motions and solar rotation. Solar north is up and the x and y axes give
helioprojective coordinates.
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UT and required 94 minutes to complete. The common IBIS and FIRS FOV is illustrated
in Figure 5.1. This deep FIRS scan measured the full Stokes state of the incoming light
with a 4-state efficiency-balanced modulation scheme with 125 msec exposures. At each
step position 15 consecutive modulation sequences were coadded for a total integration
time of 7.5 seconds per slit position. The final spatial sampling after reduction (described
below) is 0.32 ˆ0.32 . Spectral sampling is 38.6803 mÅ pix´1 over a 35.74 Å spectral range.

The mean noise level in the Stokes Q, U, and V spectra is 4.0 ˆ 10´4 , 3.7 ˆ 10´4 , and

3.0 ˆ 10´4 , respectively, in units of continuum intensity.

In congress with FIRS, high-resolution full Stokes polarimetry was performed with
IBIS, a dual Fabry-Perot interferometer, over a 452 ˆ 952 field-of-view (FOV). Full Stokes
measurements were acquired in the photospheric Fe I 6173 Å spectral line at Nλ “ 16 distributed wavelength points across the line and continuum, as well as in the chromospheric
Ca II 8542 Å line (Nλ “ 20). In addition, we performed imaging spectroscopy of the
Hα 6563 Å line (Nλ “ 22). Normal reduction methods were used (see, e.g., Judge et al.
(2010)), and included full polarimetric calibration, FOV-dependent spectral wavelength
shift correction, and spatial destretching using SPECKLE reconstructed broadband images recorded simultaneously at 6360 Å (Wöger et al., 2008). The entire observation cycle
of the three channels lasted 50 seconds and was repeated throughout all other observations.
To verify the observational geometry needed to specify the scattering angle of the
He I observations, we co-aligned all observations with continuum data from the Helioseismic and Magnetic Imager (HMI: Scherrer et al., 2012) on board NASA’s Solar Dynamics
Observatory (SDO). We also employ SDO/HMI magnetograms for potential field extrapolations in Section 5.8.3. The standard preparation routines available for SDO/HMI data,
including aia prep v4.13, were utilized. All observations from the DST were coregistered
and corrected for differential atmospheric refraction. We estimate the coregistration error
is less than 0.52 . The largest error in the observed geometry of the FIRS map is the 0.8
degree change in the heliographic observation angle introduced by solar rotation.
5.4.1

Reduction of FIRS Spectra

The reduction of the raw FIRS spectra differs in a number of ways from previous methods
(Jaeggli et al., 2012). Detector properties were calibrated via dark and bias subtraction,
spectral flat fields, and a non-linearity correction; though, these observations were careful
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to utilize only the most linear portion of the detector response curve. Flat fields consisted
of averaging quiet sun observations taken at disk center just after the science observations.
The spectral lines are removed in the spectral flats prior to their application on the science
data with Voigt profiles fits to each line. Weak lines are not well removed in this process
due to large pixel-to-pixel gain variations. Deep lines, such as the Si I line at 10827.089Å,
are well calibrated. Within the He I triplet, the flat-fielding process is quite reliable due
to the very weak absorption in the quiet Sun relative to strong signals in the active region
which makes its removal in the raw flat-field unnecessary.
Polarization Calibration
Polarization sensitivity and accuracy are critical to our measurements. As each optical
element of the telescope and instrument can modify the state of polarization, we carefully
calibrate the polarimetric response of the entire optical system. Ignoring attenuation
and the effects of the detector, the measurement process used by FIRS to derive the
polarization state of the incoming solar light can be written as:
Imeas “ OXTSin ,

(5.1)

where Imeas is a vector of four measured intensities. Sin is the input Stokes vector,
T is the collective Mueller matrix of the telescopic optics and is time-dependent due
to configuration changes of the telescope throughout the observations. X is the timeindependent Mueller matrix of all the instrumental optics following the set of calibration
optics that are inserted near the prime telescope focus during calibration. X includes the
effects of the adaptive optics system, beam splitters, and the FIRS instrument. O is the
modulation matrix describing the polarimeter modulation scheme.
T is determined via the sub-aperture polarization calibration scheme described by
Socas-Navarro et al. (2011). As in Beck et al. (2005) and Socas-Navarro et al. (2006), a
linear polarizer and wave plate are introduced into the beam to determine X. To combat
the effects of light-level variations, we fit for the 15 elements of the normalized X Mueller
matrix as in Ichimoto et al. (2008). We also determine the unknown quantities of the
calibration optics, namely the retardance and offset angle of the wave plate, through a
least-squares fit to an appropriate calibration optics model. The linear polarizer is kept
in the beam throughout the calibration to decouple the telescope from the downstream
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optics as in Beck et al. (2005); though, unlike that work, we find the parameters of the
wave plate can be found directly from a model fit.
After demodulation and the correction for X and T, small offsets of the “unpolarized”
continuum from zero polarization are used to fine-tune the intensity crosstalk calibration (Sanchez Almeida and Lites, 1992). The two beams of FIRS are then combined
to mitigate the effects of seeing-induced crosstalk. We analyze the residual crosstalk
with the correlation method of Schlichenmaier and Collados (2002) applied to the Si I
line at 10827 Å. The crosstalk coefficients CV Q , CV U , CQV , CU V yield small values of
0.0198, 0.076, ´0.013, ´0.039, which are implemented as a correction. For the small polarization signals examined in this data (on order of 0.1%), the small residual crosstalk
coefficients translate to a small polarization error (0.076 ˆ 0.1% “ 0.0076%), smaller than
the mean noise level of „ 0.03%. Finally, we correct for the time-dependent parallactic angle and rotate the Stokes reference direction such that the Stokes +Q direction is oriented
parallel to the solar east/west direction.
Polarized Fringe Removal
Our FIRS observations contain significant polarized fringes that cannot be completely
decoupled or removed from the real solar signal by flat-fielding and/or Fourier filtering.
Casini et al. (2012b) developed a pattern-recognition-based technique using 2D principal
component analysis (2DPCA) to address this problem, specifically using FIRS data. We
apply these techniques to our data to each beam separately just prior to combination.
A key difference here is that we use the spectral flat fields to determine the projection
vectors necessary to “train” the 2DPCA algorithm. In doing so, we reconstruct via the
proper selection of eigenfeatures the fringe pattern in the data frames instead of the solar
signal itself. The reconstructed fringes are Fourier filtered using a 2D Fourier analysis,
and then detrended, meaning that at each sampled wavelength, the fringe signal is fit as
a smooth function of spatial position across the map. The spatially-detrended, Fourierfiltered, 2DPCA reconstructed fringes are subtracted from the original data frames to
recover the true solar signal. This technique achieves a large increase in the sensitivity of
the measurements, suppressing the fringe signal to at or below the photon noise.
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Wavelength and Velocity Calibration
Since we are interested in the absolute velocity structure along each fibril, we establish
an absolute wavelength scale for these FIRS measurements. Our observations exhibit
only weak telluric absorption on this date, which disallows the use of the method used
by Kuckein et al. (2012b) since the two telluric lines are influenced negatively by the
flat-field errors discussed above. Our wavelength calibration relies instead on the cores of
the two deep photospheric Si I lines at 10827.089Å and 10843.845Å. The separation of
these two wavelengths, which have been corrected for convective blueshift and gravitational
redshift by Borrero et al. (2003), is only 1.3 mÅ different than the separation we determine
from the FTS spectral atlas (Kurucz et al., 1984). Thus, we argue that this separation
can reliably be used to calculate the spectral dispersion. We find a linear dispersion of
38.6803 mÅ/pix, which is consistent with spectral dispersions calculated during other
FIRS observing campaigns when the level of telluric absorption was high enough to allow
for the Kuckein et al. (2012b) method.
Since the convective blueshift of the Si I line at 10827.089 Å is negligible (Kuckein
et al., 2012b), we utilize its observed position for the absolute wavelength calibration. We
assume the line center position of the Si I observed at disk center during the flat fields is
shifted by the various orbital motions described by Martinez Pillet et al. (1997) in addition
to gravitational redshift. That is, the average disk-center Doppler velocity for the Si I line
after the full velocity calibration is assumed to be zero. Applying this correction to our
science data at a heliographic angle of « 36˝ , we find the observed Doppler velocities in

a patch of quiet sun to be consistent within ˘250 m sec´1 with the determined orbital

and gravitational effects, which we take as the error of our Doppler velocities after full
correction.
5.5

Multi-wavelength Comparison of Chromospheric Fibrils

A particular strength of these observations is the coordinated diagnostics of Hα 6563
Å, Ca II 8542 Å, and He I 10830 Å each at sufficient resolution to individuate multiple
chromospheric fibrils. The spectral line formation of each of these lines constrains the
thermodynamic structure of the fibrils. While the formation and dynamics of real solar
fibrils is not understood, fibril-like thermodynamic structures are seen within advanced nu-

189
merical radiative MHD simulations. Forward radiative transfer (RT) calculations through
these simulations are now being used to compare real observed structures with synthetic
structures. Though, the complex non-LTE formation of chromosphere lines remains a
challenge. Fibril structures have not yet been produced in forward RT calculations of
the Ca II 8542 Å line. However, recent three-dimensional (3D) non-LTE RT calculations
for the Hα spectral line through a 3D radiative-MHD simulation including the convective
zone and lower corona do produce fibril-like phenomena. These calculations propose that
Hα fibrils denote field-aligned ridges of increased mass density at higher average formation
heights than the background plasma (Leenaarts et al., 2012).
As seen in Figure 5.1, the fibrils extending outward from the sunspot are remarkably
spatially coherent between each spectral line despite the FIRS map being significantly nonmonochronic (tscan “ 94 min) compared to the relatively quick spectral scans (δt ă 30
seconds) of IBIS. The three center images of Figure 5.1 show the spectral intensity (or
relative intensity) in the blue wing of each spectral line. The fibrils directly associated with
the sunspot display the greatest correspondence between the spectral lines, whereas the
very fine-scaled fibril features outside of the superpenumbra (near xX, Y y “ x570, 235y) are
only resolved in the IBIS images. These fibrils are likely too thin and/or too dynamic to
be seen in the lower-resolution FIRS maps. Individual fibril widths in the superpenumbra
(especially at x560, 230y and x565, 210y) are comparable for each line, suggesting again that
these spectral lines probe plasma in the same structures and/or overall topology. While
the temporal stability of the superpenumbral structure as a whole has been previously
observed on timescales of hours (Loughhead, 1968), individual lifetimes of the fibrils are
only on the order of tens of minutes (Maltby, 1975). It is, however, this stability that
allows us to probe these fibrils with He I 1083 spectropolarimetry since FIRS require long
integration times to achieve the necessary sensitivity in the polarized spectra.
The velocity structure in the He I triplet (Figure 5.1e) displays the familiar inverse
Evershed effect with LOS velocities up to „ 8´9 km sec´1 , which is higher than velocities
reported by Penn et al. (2002) from lower-resolution observations. The fibrils themselves
exhibit the inverse Evershed effect as well as the inter-fibril material which still contains
significant absorption in the He I triplet. Chromospheric umbral p-mode oscillations can be
seen both in the velocity map and the quasi-monochromatic map of normalized intensity.
Near the outer boundary of the superpenumbra, weak signs of oppositely directed flows, as
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Transition
2s3 S1 ´ 2p3 P0
2s3 S1 ´ 2p3 P1
2s3 S1 ´ 2p3 P2

Air Wavelength pÅq
10829.0911
10830.2501
10830.3398

Jlower
1
1
1

Jupper
0
1
2

Table 5.1: He i Triplet Spectral Lines
one might expect from drainage of gas from fibrils, are apparent. However, we stress that
this structure must be confirmed with spectral interpretation since this map results simply
from locating the spectral position of greatest He I absorption and does not account for
gradients along the line-of-sight.
Absorption depth of the He I triplet primarily correlates with the He I number density
and thickness of the absorbing regime, as well as with the degree of coronal illumination
(Avrett et al., 1994). Photoionization of parahelium atoms and subsequent recombination
is attributed to be the main driver for populating the orthohelium ground state (Centeno
et al., 2008). While this study cannot constrain the relative degree of coronal illumination
for each fibril, the visual correspondence of the He I absorption with the Hα fibrils is
at least consistent with fibrils being regions of increased mass density as suggested by
Leenaarts et al. (2012).
5.6

He I Triplet Polarization Signatures Within the Superpenumbral Region

Anisotropic radiative pumping (i.e. the quantum extension to classical scattering), the
Hanle effect, and the Zeeman effect work together to induce and modify the polarization
of the He I triplet. To describe and heuristically interpret the polarization signatures
observed here, we summarize some key aspects of these mechanisms. See AR08, Trujillo
Bueno and Asensio Ramos (2007a), and references therein for a more complete discussion.
The He I triplet consists of the three spectral lines (Table 5.1) formed between the
2p3 P and the 2s3 S terms of the He I atom. The two longer wavelength transitions form
a blended ‘red’ component at solar temperatures, whereas the 10829.0911 Å transition is
referred to as the ‘blue’ component. For each line, the Zeeman effect works as normal to
split the degenerate energy transitions into π (∆M “ 0) and σ (∆M “ ˘1) components,
with their respective polarizations. Polarization is also induced (and modified via the
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Hanle effect) for each line by any “order” present in the magnetic substates of a given
level participating in the transition. This “order”, what is termed atomic-level polarization, can be generated by “order” (i.e. anisotropy) in the incident radiation interacting
with the atomic system. The decay of an excited level or absorption from a lower level harboring ordered substates selectively determines the polarization of the outgoing radiation.
Note, however, that unlike the other levels of the He I triplet, the upper J-level (i.e. the
total angular momentum) of the blue component is zero. This makes it “unpolarizable” in
the sense that there are no magnetic substates for which imbalanced populations and/or
coherences can be produced via anisotropic radiative pumping. Only selective absorption
processes create net polarization in the blue transition, while selective emission and selective absorption both contribute to the total polarization of the red component. Multiterm
calculations as in AR08 are necessary to determine the atomic-level polarization for each
level since the “order” of a particular J-level can be transferred to other levels. In fact,
this process, called repopulation pumping is important in determining the polarization of
the lower-level of the He I triplet. The short-lived excited states of the 2p3 P term often
map their “order” onto the meta-stable lower level.
Considering the distinctions between the blue and red He I components, we compare
and describe linearly polarized maps of the observed region in each component (see Figure 5.2). To facilitate this description, we define a cylindrical geometry centered on the
sunspot with a reference axis vertical in the solar atmosphere and a reference plane tangent
to the solar surface. The reference direction of the polar axis points towards disk center in
correspondence with the scattering event geometry defined in AR08. Thus, the ray lying
in the reference plane pointing from sunspot center towards disk center defines where θspot
is equal to zero (see Figure 5.1). The center of the sunspot is defined via a fit of a circle
to the heliographic coordinates of the external boundary of the photospheric penumbra
on the north and east sides of the spot where the penumbra is most homogeneous in its
radial extension. This circle defines the sunspot radius (i.e. rspot). The superpenumbral
fibrils extend mostly radially outward and have apparent endpoints within approximately
2.3 times the sunspot radius as shown in Figure 5.1. A second set of fibril then extend in
the same general direction from near this boundary (see Figure 5.1).
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Figure 5.2: Polarized maps of NOAA 11408 in the He I triplet at 10830 Å. The top
figures give Stokes Q and U for the He I blue component while the bottom plots show the
He I red component. Solar north is up and the reference direction for Stokes Q is solar
east/west. The color table is saturated as the levels given in the color tables to show the
polarization of the superpenumbral region. Horizontal streaks in the blue component maps
arise from residual small-amplitude systematic measurement errors. The solid lines show
the boundaries of the sunspot penumbra (r “ rspot) and superpenumbra (r “ 2.3 rspot).
The dashed line corresponds to r “ 1.25 rspot .
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Figure 5.3: Angular variation of the He I Stokes profiles around the sunspot at a constant
radius of 1.25 times the sunspot radius. The vertical dashed lines indicate the rest wavelengths of the three He I triplet transitions. Only weak traces of the transverse Zeeman
effect are noticeable in the linearly polarized Q and U profiles. Rather, the mostly singlepeaked, nearly Gaussian, characteristics of the Q and U profiles along with the opposite
signed polarization in the blue and red components offer clear evidence for the prevalence
of scattering polarization induced in the superpenumbra.
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5.6.1

The Zeeman-Effect Dominated Region

Within the sunspot radius, the Q and U polarized maps for the blue and red components
of the He I triplet display the familiar lobe structure that is commonly seen in such maps
of sunspots within photospheric normal Zeeman triplets. The He I component profiles
in this region (not shown) exhibit a near symmetry about line center with the three
nodes typical of the normal transverse Zeeman effect. In the photosphere the four-lobe
macroscopic structure found in Stokes Q and U maps centered on a nearly circular sunspot
and viewed not too far from disk center (µ ą 0.6) is naturally explained by a simple model
of a unipolar sunspot whose field diverges symmetrically as a function of height. The four
lobes appear as a consequence of the change in the azimuthal angle of the transverse
component of the magnetic field relative to the line of sight (see, e.g., Schlichenmaier and
Collados (2002)). So too such a model is consistent with the global Q and U behavior
exhibited within the sunspot radius by the He I components in Figure 5.2. As these maps
are produced in the line center of each component, they exhibit the polarization of the
on-average unshifted π-component. Assuming the radiation absorbed originates as the
unpolarized photospheric continuum, the linear polarization of the π-component induced
by the transverse Zeeman effect is aligned perpendicular to the transverse component of
the magnetic field relative to the line-of-sight. With the simple model sunspot in mind, one
would expect Stokes U to be near zero and Stokes Q to be negative along the observational
reference direction for Stokes Q in a Zeeman-dominated region. This is consistent with
the pattern shown inside the sunspot radius in Figure 5.2 as here the reference direction
for Q is in the solar east/west direction (i.e. left/right in the figure). This region can be
considered Zeeman-dominated, and consequently the magnetic field strengths are expected
to be on order of a kilogauss.
5.6.2

Atomic-Level Polarization in the Superpenumbral Region

Just beyond the external boundary of the sunspot penumbra (i.e. r “ rspot), the global
pattern of the linear polarization markedly changes particularly in the red component. The
sign of Q and U in the red component changes sign with respect to the lobe structure in the
Zeeman-dominated region. This is a consequence of the atomic level polarization beginning
to dominate the polarization of the transverse Zeeman-effect. To better illustrate this, we
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extract the observed profiles at a constant distance from sunspot center (r “ 1.25rspot)
and display them in Figure 5.3 stacked according to their angular position where θspot “ 0

points towards disk center. For θspot greater than 90˝ and less than 250˝ , Stokes Q and
U show profiles clearly influenced by atomic-level polarization which can be distinguished
despite the high level of noise in Stokes Q. Only traces of a Zeeman-induced π-component
situated between σ components of opposite sign are recognizable in the He I red component
for 140˝ ą θspot ą 90˝ . Furthermore, the red and blue components exhibit opposite
signs indicating that selective absorption and emission processes are at work as discussed
above. From an observer’s point of view, the opposite signs of the two components gives
a beneficial indication that the level of intensity crosstalk in Stokes Q and U is negligible.
Since Q and U are atomic-level polarization dominated in this region, the upper bound
for magnetic field strengths is in the range of a few hundred Gauss (B À 500G). The amplitude of Stokes V sets the lower bound, indicating field strengths are in the saturated
regime of the Hanle effect. For the He I 10830 Å triplet, the onset of Hanle saturation is near 8 G and 1 G for the upper level and lower level Hanle effect, respectively

(AR08). Consequently, the degree of linear polarization is not sensitive to the magnetic
field strength within the superpenumbral region, but is only sensitive to the direction of
the magnetic field. To constrain the full magnetic field vector of superpenumbral fibrils,
we require the detection of a significant level of circular polarization (i.e. Stokes V). For
this reason, an oblique observing geometry where the sunspot is not too near disk center
is preferred over a disk center perspective since fibrils are likely to be horizontal to the
solar surface.
In the saturated Hanle regime, the population imbalances induced by anisotropic radiative pumping lead to linear polarization oriented either parallel or perpendicular to the
horizontal component of the magnetic field (Trujillo Bueno and Asensio Ramos, 2007a).
Classical determinations of the scattering phase matrix (see, e.g., section 5.8 of Landi
Degl’Innocenti and Landolfi (2004)) can be used to illustrate this principle for the classical analogue of an “unpolarized” lower level (i.e. Jl “ 0) and a polarizable upper level
with Ju “ 1, and further illuminates the so-called Van Vleck effect. Upper-level population pumping favors either the π or the σp∆M “ ˘1q transitions for this transition
according to the Van Vleck angle θV defined when the angle between the radiation symmetry axis and the magnetic field is 54.74˝ . For the classical analogue, one would expect
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selective emission processes to generate linear polarization parallel to the magnetic field
for inclinations θB (w.r.t to the solar vertical and the radiation symmetry axis) greater
than θV and less than pπ ´ θV q, and linear polarization perpendicular to the magnetic
field otherwise. Multiterm calculations for the He I red component indicate these expectations also apply to the collective behavior of the two red transitions. Consider once
again the simple model sunspot and make the common assumption that superpenumbral
fibrils are oriented mostly horizontal to the solar surface(i.e. θB “ 90˝) and extend radially from the sunspot. The induced atomic-level polarization for the red transitions is
then expected to be parallel to the magnetic field, in fact the opposite of the polarization
of the π-component for the Zeeman-dominated profiles discussed in the previous section.
The sign change in Q and U for the red component as a function of radius observed in
Figure 5.2 can thus be explained by and offers evidence for the near horizontal and radial
orientation of superpenumbral fibrils.
Lower-level depopulation and repopulation processes complicate the interpretation of
the polarization of the blue He I component (see Trujillo Bueno et al. (2002) for a complete
discussion of optical pumping within the He I triplet). As can be seen in Figures 5.2 and
5.3, the observed linear polarization in the blue component has the opposite orientation
compared to the red component and can be seen to agree in pattern with the lobe-structure
of the Zeeman-dominated region. If one assumes that the decay of the polarized, shortlived upper levels accounts for the polarization of the lower-level in a repopulation scenario,
the linear polarization of the blue component should be opposite to the red component
as observed in the superpenumbral region. For the He I triplet, this assumption can be
validated for inclination angles away from the Van Vleck angle using the realistic multiterm
calculations of AR08.
5.7

Analysis Methods

While the observed He I polarization signatures offer heuristic support for the horizontal
and mostly radial orientation of fibril magnetic fields, ultimately we wish to infer through
inversion the magnetic field vector within individual superpenumbral fibrils, first to compare it with the visible fibril morphology, and then to study the three-dimensional magnetic
architecture of the fibrils. This requires first an efficient approach to select and model the
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Figure 5.4: Thirty-nine (39) fibrils manually traced by inspection of the entire observed
He I spectral data cube using CRISPEX. Fibrils traced constitute curvilinear features of
greater absorption and account for lateral variations of the Doppler shift and width of the
He I triplet. The full Stokes spectrum of the point indicated by the yellow star is given in
Figure 5.6. (Color version available online)
visual aspects of each fibril. Here we describe our approach as well as give details of the
forward model and inversion method used to infer the magnetic field parameters from the
fibril spectra.
5.7.1

Fibril Tracing

In the case of high-resolution narrow-band imaging, Jing et al. (2011) has suggested an automated way of selecting and modeling individual fibrils. Using a threshold-based method,
individual fibrils are located and fit with second-order polynomials. The orientation angle
of the fibril projected in the plane-of-the-sky (POS) is derived from the slope along this
modeled curve. Unlike single-channel narrowband imaging, the FIRS data contains the
full spectral information of the He I triplet over the full FOV. It is advantageous to capitalize on the additional information as the spectral features of individual fibrils often exhibit
variations in their Doppler velocity and Doppler width along their axis. Narrowband
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imaging alone may restrict the full characterization of a fibril due to these variations.
The locations of individual fibrils in our FIRS data are found using the CRisp SPectral
EXplorer (CRISPEX: Vissers and Rouppe van der Voort, 2012), which is a widget-based
visualization tool capable of quickly exploring spectroscopic and spectropolarimetric data
cubes. A particularly useful feature of CRISPEX allows the selection of points along looplike features. Since we can explore the spectral direction of the data cube while selecting
points, we can trace fibrils exhibiting variations in Doppler velocity and/or width along
their length. In this way, we locate 39 fibril features in our FIRS scan (see Figure 5.4).
Once the points of the individual fibrils are selected, we model their projected morphology to derive their orientation angle in the POS. As in Jing et al. (2011), we model
each fibril with a simple functional fit (i.e. y “ f pxq), defined in our case by an n-th order
polynomial. Most fibrils except, for example, superpenumbral whorls can be fit in this
way. Sometimes we must rotate reference axes to ensure that the selected fibril locations
are fit as a function of the direction along its primary axis. The derived orientation angles,
which we also refer to as visible or “traced” orientation angles, can then be transformed
into a common geometry.
Each fibril is fit to an appropriately ordered polynomial selected according to the
Bayesian Information Criterion (Schwarz, 1978; Asensio Ramos et al., 2012):
BIC “ χ2min ` k ln N ,

(5.2)

where χ2min is the normal summed squared difference between the data points and the
fitted model, N is the number of data points, and k is the number of free parameters in
the model (i.e. a n-th order polynomial has k “ n ` 1 free parameters). The best model
is selected as the one which minimizes the BIC. Of the 39 traced fibrils, 16 are best fit
by a 1st order linear function, 14 by a 2nd-order, 8 by a 3rd-order, and 1 by a fourthorder polynomial. We collect the spectra along the modeled fibril axis at points found
from a parametric cubic spline interpolation with a interval distance of 0.32 . In total, 985
individual fibril Stokes spectra are selected for analysis. The projected orientation angle
for each sampled location along the fibril is calculated from the first derivative of the fitted
polynomial model, which for a curvilinear feature in the POS includes an intrinsic 180˝
ambiguity.
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5.7.2

Inversions of the He I Triplet

Hazel refers to the advanced “Hanle and Zeeman Light” forward modeling and inversion tool developed by AR08. Based on multiterm calculations (see Landi Degl’Innocenti
and Landolfi, 2004) of a five term model of the orthohelium atomic system, Hazel determines the population imbalances and quantum coherences induced by anisotropic radiative
pumping using the framework of the atomic density matrix. The absorption and emission
coefficients follow from the elements of the density matrix calculated via the statistical
equilibrium equations subject to a limb darkened cylindrically symmetric radiation field
whose symmetry axis is the solar vertical.1 Hazel also correctly accounts for the Hanle,
Zeeman, and Paschen-Back effects. See AR08 for more details.
We use the inversion capability of Hazel to interpret the 985 observed He I Stokes
spectra from the 39 selected fibrils. The equation defining the radiative transfer for each
Stokes vector is an exact analytical solution of a constant-property slab model including
magneto-optical terms and stimulated emission. The slab is described by the following
deterministic quantities: thermal Doppler broadening vth , macroscopic line-of-sight velocity vmac , optical thickness ∆τ , damping parameter a, magnetic field B, magnetic field
inclination angle θB , and magnetic field azimuthal angle χB at a constant height h.
The oblique geometry of the observed region greatly influences the manner in which
we use Hazel. As described by AR08 and Merenda et al. (2006), He I spectropolarimetric
observations at disk center and off-limb are subject to two ambiguities: 1) the Van Vleck
ambiguity for some range of inclinations and 2) the familiar 180˝ ambiguity which introduces a 180˝ azimuth ambiguity at disk center and off-limb, and in addition the off-limb
Stokes spectra for xB, θB , χB y are xB, 180˝ ´ θB , ´χB y are indistinguishable. According to
AR08 and Trujillo Bueno (2010), an oblique scattering angle introduces a quasi-degeneracy
associated with having the preferential axis of the Zeeman effect and that of the radiation
1

We ignore the symmetry-breaking effects of the sunspot. The degree of symmetry-breaking due to a

spot can be expressed as a function of its solid angle as viewed from a given point in the atmosphere (see
section 12.4 of Landi Degl’Innocenti and Landolfi (2004)). A sunspot of small solid-angle as viewed from
the fibrils introduces a weak symmetry-breaking of the impinging radiation field that weakly influences
the emergent polarization of the fibrils. We are unable to discern the role of this symmetry-breaking from
these measurements. While the sensitivity shown here is great, we require a further reduction of the noise
to evaluate this effect. We leave this for future work.
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Figure 5.5: Illustration of the hyper-volume search performed by the DIRECT algorithm
used to locate solution ambiguities, as in Asensio Ramos et al. (2008). Each data point
represents one point (of 3000) in the hyper-volume for which DIRECT calculates the
χ2 parameter, as defined in Equation 5.3. The colored regions are areas where χ2 ă
χ2min ` 0.25, our prescription for regions of probable ambiguities. (Color version available
online)
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symmetry be different from 0˝ or 90˝ . This degeneracy is lifted for large oblique angles
such that the Zeeman effect and atomic-level polarization work to remove some ambiguities (see Landi Degl’Innocenti and Bommier, 1993); though what ambiguities remain can
be difficult to determine. Moreover, observational noise can introduce ambiguities. We
thus rely on the DIRECT algorithm (Jones et al., 1993) described in AR08 to search for
ambiguous solutions for all possible field geometries (i.e. 0˝ ă θB ă 180˝ ,0˝ ă χB ă 360˝).
Our inversion scheme relies on the available Hazel tools with a different implementation than AR08. We find the thermodynamic parameters should not be fit independently
with fits only to Stokes I. Fibril spectra near the sunspot exhibit significant Zeeman magnetic broadening. We do not single out these spectra. Rather, we create a standardized
approach for all spectra. First, we remind the reader that optimizing the model solution
involves minimizing the reduced chi-squared merit function (AR08):
χ2 “

4
1ÿ
wi χ2i .
4 i“1

(5.3)

where the individual contributions of the chi-squared to for each Stokes parameter is
χ2i “

N
1 ÿλ rSisyn pλj q ´ Siobs pλj qs2
Nλ j“1
σi2 pλj q

(5.4)

χ2i“0,1,2,3 “ χI2,Q,U,V and all other variables are as defined in AR08. We choose a 4step approach similar to AR08. First, the thermodynamic parameters are found via the
DIRECT algorithm with the model parameters vth , vmac , ∆τ , B, θB , and χB free to vary
within a realistic range. Such a great number of free parameters reduces the convergence
efficiency of the DIRECT approach due to an increased dimensionality which must be
compensated for by a greater number of function evaluations. We improve the efficiency by
weighting the Stokes I chi-squared (i.e. χI2) greater than the others (i.e., wI “ 5, wQ,U,V “
1). Furthermore, the damping parameter, a is not a free parameter. We calculate a directly
from the Doppler width, vth , using the Einstein coefficient of the transition, which accounts
for thermal effects only. In a second step, the free parameters are fine-tuned using the
Levenburg-Marquardt (LM) method of Hazel. We find this procedure gives much more
reliable determinations of the thermodynamics parameters for all spectra.
Once the thermodynamics parameters (vth , vmac , and ∆τ) are determined, we locate
all relevant solutions for the magnetic field strength and direction. We use the method
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Figure 5.6: Observed He i triplet Stokes spectrum taken from a superpenumbral fibril
(open circles) and fit with Hazel inversions. Two solutions are found with similarly
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corresponds to the best fit magnetic field vector of B “ 262 G, θB “ 101˝ , χB “ 40˝ ,
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the slightly poorer fit using B “ 139 G, θB “ 34˝ , χB “ 100˝ , which yields χ2Q,U,V “
t1.26013, 1.62421, 1.50613u. (Color version available online)
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suggested by AR08 that exploits the properties of the deterministic DIRECT searching
algorithm, a key component of which is that no region of the parameter space is entirely
eliminated from the search process over a great number of iterations. Ambiguous solutions
are found via systematic searching of the parameter space. The number of function evaluations increases in regions of the parameter space resulting in better model fits, forming
clusters in maps of the searching process (see Figure 5.5 here, and Figure 17 of AR08). We
allow for a total of 3000 function evaluations by the DIRECT algorithm to locate these
regions in the B, θB ,χB hyper-volume (i.e. n-dimensional parameter space), during which
all Stokes parameters are weighted equally in the merit function (Equation 5.3). Up to
three regions are then identified in the DIRECT searching maps according to two criteria:
1) the possible solutions must be separated in the θB ,χB space (top of Figure 5.5); and 2)
the best fit in the identified cluster must be less than χ2min `δχ , where χ2min is the minimum
reduced chi-squared found by the DIRECT algorithm. We choose a value of δχ equal to
0.25, as this is the change in χ2min induced by a 1σ error in any one of χI2,Q,U,V . The result
of this process for the spectra from the location marked by a yellow star in Figure 5.4
is illustrated in Figure 5.5. As seen in the figure, two θB ,χB subspaces are identified as
possible solutions. The best fit in each subspace is identified and fine-tuned in a fourth
inversion step which employs once again the LM method initialized with the identified
DIRECT solutions. These determined parameters are then our best fit determinations of
the plasma thermodynamic and magnetic properties (see Figure 5.6).
We do not fit the height of the plasma as a free parameter. Population imbalances are a
function of the anisotropic properties of the pumping radiation field. Due to geometry, the
degree of anisotropy varies as a function of height, as does the mean intensity; albeit, this
dependence is weaker (AR08) 2 . Merenda et al. (2011) used this principle to infer the height
of chromospheric material above an emerging flux region. AR08 noted this possibility but
also described that a quasi-degeneracy between height and inclination can make it difficult
to infer the height without an additional constraint on the field geometry. We elect, due to
the level of noise in our observations, to keep the height as an assumed constant and then
2

A pitfall we discovered here is that this mean intensity change also effects the determination of ∆τ

via the emission coefficient ǫI . ∆τ then is a weak function of height and influences the goodness-of-fit,
meaning ∆τ needs to be a free parameter investigated alongside the height dependence of the polarized
spectra
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discuss the influence of this choice in section 5.8.5. The NLTE calculations of Centeno et al.
(2008) indicate a large range of heights contributing to He I absorption. For the 1D FAL
atmospheric model, the range of He I formation is between 1 and 2.2 Mm above the solar
surface. This is consistent with the correspondence between He I, Hα, and Ca II described
in section 5.5. The primary contribution to the He I absorption is consequently thought
to be within a fibril’s depth of the contribution peak of the Hα and Ca II. Leenaarts et al.
(2012) argues that fibrils in Hα are formed at higher relative heights than the inter-fibril
plasma and showed fibril formations ranging from 1.5 to 2.75 Mm. We fix the height used
for the inversions at 1.75 Mm in accordance with these observations.
5.8

Results

In Figure 5.7 we plot the full results of the section 5.7 analysis for every selected fibril
location at which the Stokes spectrum is reasonably well fit with the Hazel inversion
method (i.e. χI2,Q,U ă 2.5). A total of 592 (of 985) spectra meet this criteria. The figure
includes the effect of all ambiguities. On the x-axis, χf ib is the projected angle of the
observed “visible” fibril as manually traced in the POS with the inherent 180˝ ambiguity.
For each value of χf ib , the y-axis reports the azimuths, χB , of the inferred magnetic field
solutions resulting from the inversion of the observed Stokes spectra, and transformed
into the line-of-sight geometry (i.e. the projected angle of the magnetic field transverse
to the line-of-sight). The reference direction for both χf ib and χB points toward solar
west. Note the already strong correlation of many of the solutions in this plot which
represents the affect of all ambiguities. The ordered nature of this figure is due to the
non-random influence of the Van Vleck and 180˝ ambiguities. When these effects are
taken into account, as discussed below, this figure provides direct evidence for the field
alignment of superpenumbral fibrils well outside of the penumbral boundary.
5.8.1

Variation of the Magnetic Field Vector Along Individual Fibrils

We concentrate on four representative fibrils (#6,16,31,32 in Figure 5.4) and plot the full
results as a function of distance from the sunspot center in Figure 5.8. Two different
reference systems are used here to report the inclination and azimuth of the magnetic
field vector. The inclination refers to the angle between the magnetic field direction
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Figure 5.7: Comparison of all determinations of the projected angle of the inferred magnetic field vector (i.e. the line-of-sight azimuthal angle, χB ) and the visible projected
angle of the observed fibrils, χf ib . For each inverted spectrum, all the inferred solutions
found via the Hazel inversions are plotted versus the two values of the visible projected
azimuth, which has an inherent 180˝ ambiguity. Blue circles, black squares, and orange
triangles, respectively give the first, second, and third best solution for any single Hazel
inversion. Open and closed data points distinguish between the two ambiguous visible
directions. (Color version available online)
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Figure 5.8: Derived magnetic field parameters along fibrils 6, 16, 31, and 32 identified
in Figure 5.4. All found solutions are represented, with blue circles denoting the best
fit solution. Filled data points correspond to the solutions matching the visible azimuth
determined via tracing the fibril (solid lines). See text for details. rspot – 8.7 Mm. (Color
version available online)
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and the local solar vertical and is directly determined by Hazel. An outward-directed
radial magnetic field has θB “ 0˝ and a value of 90˝ refers to a horizontal magnetic field.
Meanwhile, to allow direct comparison, the azimuths of the magnetic field vector and the
modeled fibril orientation angle are given in the line-of-sight geometry since one cannot
transform the projected angle of the traced fibril into solar coordinates. Lastly, since
there is good reason to believe that the flows follow the magnetic field in this ion-neutral
coupled, high electric conductivity plasma (Judge et al., 2010), we plot the magnitude of
the velocity directed along the magnetic field vector according to:
v||B “

´vLOS
cos θB,LOS

(5.5)

where θB,LOS is the inclination of the magnetic field in the line-of-sight geometry, vLOS is
the velocity projected along the line-of-sight (negative values correspond to velocities of
approach, i.e. blue-shifted spectra), and v||B is the velocity projected along the derived
magnetic field. With the negative sign in Equation 5.5, we assign negative values of v||B
to flows that are anti-parallel to the magnetic field direction.
Let us first compare the two determinations of the azimuth in Figure 5.8. For each
fibril, different classes of solutions are found for χB,LOS . In the case of fibrils #6 and #16,
only one of these classes (represented by filled data points in the figure) matches only one
determination of the traced orientation angle. For fibrils #31 and #32, both ambiguous
determinations of the projected orientation angle are matched by a class of Hazel solutions along the fibril. This behavior can be explained by comparing the magnitudes of the
LOS component of the magnetic field in each case. For all ambiguous solutions found for
the same Stokes spectra, the LOS field magnitude must be nearly the same, but subject
~ for fibrils 6,16,31, and 32 are
to the role of observational noise. The LOS magnitude of B
on average 81,126,25, and 57 Gauss respectively. If one compensates for the large field
strengths of #32 near the sunspot, a lower value would be more representative of the LOS
field magnitude. Fibrils 31 and 32 show fields oriented more perpendicular to the LOS
than 6 and 16, with lower values of |BLOS |. This results in Stokes V signals of lower amplitude, at or close to the level of the noise. Consequently, the Stokes V spectra of fibrils
31 and 32 cannot be used to distinguish between the two azimuth solutions, whereas in
fibrils 6 and 16 this ambiguity is resolved with Stokes V. Fields that are oriented nearly
perpendicular to the LOS are subject to the 180˝ Hanle ambiguity.
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Now consider the additional information of the inclination angle. It should be noted
that the sunspot umbra hosts a field of inward directed polarity (i.e. θB « 180˝). The
azimuth matched solutions of fibrils 6 and 16 are characterized by horizontal fields, and
in the case of fibril #16, the inclination increases near the sunspot reflecting a downwards
turn into the sunspot and consistent with the polarity of the umbra. The inclinations of
31 and 32 are noisier, but the one solution found for #32 within the sunspot radius, rspot ,
is consistent with the polarity of the sunspot umbra. Furthermore, the azimuth of this
solution (filled circles), when compared to the one matching solution of #6, is consistent
with the variation in the fibril direction around the sunspot. As there is only one solution
for fibril 32 with the sunspot’s radius, we have an unambiguous determination of the fibril
magnetic field and it is directed along the fibril axis. For each fibril, the classes of solutions
which do not match any traced fibril direction are characterized by inclinations near the
sunspot below the Van Vleck angle and are discontinuous with the polarity of the sunspot.
These solutions are consistent with the influence of the Van Vleck effect on the inversion
process and are ruled unphysical since the magnetic field is expected to be continuous
along the fibril. The picture of fibrils rooted in the sunspot that become nearly horizontal
away from the sunspot is thus supported by these measurements.
We characterize all 39 analyzed fibrils in the same manner as above and detail these
results in Table 5.2. The average values of the fibril orientation angles ( χ̄f ib ) and the
inferred LOS azimuth of the magnetic field ( χ̄B ) are given only for the solutions not
classified as Van Vleck ambiguities. The deviation (|∆χ̄n |) between the average orientation
angle and the average LOS azimuth is recorded as a factor of the standard deviation (σn)
of the LOS magnetic field azimuths, which represent the dominate source of error. Only
for fibrils 15, 21, and 22 do the inferred azimuths of the magnetic field ( χ̄B ) deviate
more than 3σ from the traced orientation angle ( χ̄f ib ). These fibrils correspond to short
fibrils selected in a complex area of the observed region far from the sunspot. We expect
that improper selection or modeling explains their ą 3σ deviation in azimuth rather than
a real misalignment of the field and fibril. This table also reiterates that fields with a
direction primarily transverse to the LOS introduces a 180˝ ambiguity in the azimuth.
3

The average visible (i.e. traced) azimuth direction of each fibril has a 180˝ ambiguity
Average, disambiguated azimuths inferred via Hazel inversion are given in the line-of-sight geometry
with a reference direction consistent with the azimuths found via tracing and modeling the fibril morphology
5
Total azimuthal angle error estimated to be approximately 20˝ per spatial pixel
4

Fibril No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

χ̄f ib (visible)3
77.921,
63.862,
59.239,
58.852,
57.214,
48.909,
50.074,
48.968,
46.801,
44.002,
43.622,
9.004, 188.567
26.623,
9.662,
122.277,
0.312,
6.394,
-40.317,
-64.574, 112.216
-24.941, 162.636
-63.104, -63.104
-50.687, 123.633
-33.498, 146.502
-35.495,
-37.024, 141.248
-41.884,
-50.588, 129.491
-50.297, 130.065
-45.863, 134.719
-49.705, 130.312
-54.316, 125.811
-61.479, 116.690
-53.871, 126.138
-59.724, 120.274
-54.248, 126.856

χ̄B (inferred)4
62.590
54.857
74.640
51.105
54.102
58.194
58.482
43.365
48.367
47.319
53.649
54.124, 155.680
49.956
29.578
160.680
10.120
13.633
-5.052
-21.747, 140.917
-19.952, 137.908
-12.864,-109.765
-23.109, 143.933
-12.147, 153.163
-17.558
-23.240, 160.169
-29.319
-40.223, 140.274
-34.746, 139.278
-40.235, 129.986
-51.324, 127.301
-43.265, 136.224
-45.945, 142.609
-32.228, 137.541
-50.920, 128.125
-41.159, 112.941

∆χ̄n {σn 5
-1.641
-0.933
2.057
-0.607
-0.263
1.077
1.161
-0.258
0.174
0.252
1.014
2.803,-3.912
1.693
0.854
3.731
0.460
0.391
2.831
1.785,13.528
0.367,-2.392
4.143,-6.463
2.732, 7.529
1.436, 0.456
1.660
1.355, 1.911
2.585
0.382, 0.600
1.745, 0.542
0.133,-0.242
-0.088,-0.198
0.752, 0.962
0.545, 2.486
2.439, 1.177
1.151, 1.125
1.382,-0.392

ˇ
ˇ
ˇB̄ LOS ˇ(inferred)
39.0
86.5
25.0
79.9
21.8
81.4
109.5
28.0
122.3
51.8
113.3
79.2
154.7
110.9
43.8
126.1
160.1
66.2
69.4
53.0
25.6
54.7
30.9
34.3
41.2
33.7
33.5
91.0
16.5
16.1
24.9
56.6
21.9
17.5
306.0

Comments
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One dominant matching solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
Two inconsistent solutions
One additional Van Vleck induced solution
Noisy spread in two Van Vleck induced solutions
Two additional Van Vleck induced solutions
Noisy spread in two Van Vleck induced solutions
Two additional Van Vleck induced solutions
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
Two inconsistent solutions
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
Two dominant solutions, minor Van Vleck influence
One additional Van Vleck induced solution
One additional Van Vleck induced solution
One additional Van Vleck induced solution
Two additional Van Vleck induced solutions
One additional Van Vleck induced solution
One additional Van Vleck induced solution
Two dominant solutions, minor Van Vleck influence

Table 5.2: Comparison of Visible and Inferred Azimuthal Direction of Fibrils
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Figure 5.9: Comparison of the average visible projected angle of the fibrils and the inferred,
disambiguated average azimuthal direction of the magnetic field. The visible azimuths
have an inherent 180˝ ambiguity and that all values are given in the line-of-sight geometry
in which a vector with an azimuthal angle of zero points towards solar east. Values are
given along with the individual fibril numbers in Table 5.2.
This affects those fibrils on the southwest side of the sunspot (Nos. 19-35). The fibrils
on the northwest side (Nos 1 -18, expect 12) all have one single inverted solution for the
magnetic field azimuth that matches the azimuthal direction of the traced fibrils. The
spectra of fibrils 36-39 are not well fit with a one component Hazel model.
5.8.2

Correlation of Visible and Inferred Azimuths

Figure 5.9 illustrates the results found in Table 5.2 and is akin to Figure 5.7 without
the Van Vleck induced solutions. Filled data points correspond to fibrils with only one
matching azimuth, while open circles are plotted for the pair of solutions for the fibrils
with a 180˝ ambiguity in their azimuth. These different situations are classified according
to their azimuth angle. A Spearman ranking test of these solutions give a correlation
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coefficient of 0.935. We consider this the best proof to date that fibrils are visual markers
for the magnetic field.
5.8.3

Maps of Fibril Quantities

We investigate the spatial variation of the fibril magnetic field vector with spatial maps
of the field parameters (see Figure 5.10). Although the parameter errors are not well
known6 , spatial trends can be indicative of real changes. Field inclinations and azimuths
are here given in the same local solar geometry whose reference axis is the solar vertical
and polar axis (azimuth reference direction) points towards disk center. For the fibrils
exhibiting a 180˝ ambiguity, we only display the solution that best matches the field
direction at a height of 1.75 Mm within a current-free extrapolation of the photospheric
magnetic field. This extrapolation is computed from a 3002 ˆ 3002 sub-region of the fulldisk SDO/HMI magnetogram centered on the active region and is based on the equations of
Alissandrakis (1981) and Gary (1989). At this point, we use this only as an approximation
as others means to disambiguate this 180˝ Hanle ambiguity should be explored. Of course,
observations with better signal-to-noise will eliminate this ambiguity in some cases.
The fibril magnetic field strengths show a gradient towards lower field strengths outward from the sunspot down to 50 to 100 Gauss from 600 to 800 Gauss above the penumbra
(magnetic field color table of Figure 5.10 saturates at 600 Gauss). Inclinations of all fibril
endpoints terminating within the sunspot show an increase in inclination consistent with
a magnetic field turning downwards into the negative polarity sunspot. These sunspotrooted fibrils all display mostly horizontal field outside of the outer penumbral boundary.
The outer endpoint of these fibrils do not show a common pattern. Fibrils #32, #27,
and #16 exhibit a turnover towards lower inclinations (θB ă 90˝) at their outer endpoints
giving the impression that these fibrils are anchored field loops rooted at one end in the
sunspot and at the other in the nearby photosphere (see next section). Fibrils numbered
2,6,7,9,and 11, however, remain mostly horizontal at their outer endpoints, with little
indications whether the fields at this point turn upwards or downwards. Fibril #1 shows
increases in inclinations with distance from the spot, but the inner endpoint is primarily
6

Formal errors in an spectropolarimetric inversion is a matter of current research. The Bayesian frame-

work in Asensio Ramos et al. (2007) seems best-suited to define confidence intervals of the returned
parameters but is for now too computationally intensive to implement here
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horizontal and located outside the penumbral boundary.
5.8.4

The Underlying Photospheric Magnetic Field

By comparing the fibril magnetic field vector and the photospheric vector magnetic field,
we gain a more complete picture of the how chromospheric fibrils might be anchored at
lower heights. The Si I absorption line measured by FIRS at 10827.089 Å (gef f “ 1.5)
provides a good diagnostic of the photospheric magnetic field due to the Zeeman effect.
Furthermore, the Si I spectra are acquired strictly simultaneously with the He I triplet
at 10830 Å for each spatial pixel in the FIRS scan. As in Bethge et al. (2012), we use
the Milne-Eddington (ME) inversion scheme implemented in the Helix+ inversion code
(Lagg et al., 2004, 2007) to derive the vector magnetic field from the Si I line averaged
over its formation height, which according to Bard and Carlsson (2008) is between 300 and
550 km above the solar surface for umbral-type and quiet solar atmospheres, respectively.
The derived azimuths include a 180˝ ambiguity inherent in the transverse Zeeman-effect.
To resolve this ambiguity prior to transforming the magnetic field vector into local solar
coordinates, we make use of the automated ambiguity-resolution code developed by Leka
et al. (2009), which is based on the Minimum Energy Algorithm by Metcalf (1994).
The disambiguated, transformed vector magnetic field resultant from inversions of the
Si I 10827.089 Å line is presented in Figure 5.11 in the same geometry as Figure 5.10. Contours are given for the solar inclination of this photospheric field at values of 135˝ (dotted)
, 90˝ (dot-dashed), and 65˝ (solid) and are plotted also in the maps of Figure 5.10. Azimuths in the chromospheric fibrils show general consistency with the azimuths of the
penumbral filaments below. Additionally, we plot the variation of the photospheric magnetic field and field-projected velocity (see Equation 5.5) directly below our representative
fibrils in Figure 5.12, except for #31 which is above a region of the photospheric field not
well represented by the combination of disambiguation and coordinate transformation.
As described in section 5.5, the sunspot is trailed by opposite polarity plage. Ahead
(i.e. solar west) of the spot is a large area of plage matching the polarity of the sunspot.
Just south of the sunspot is a close-proximity area of flux with polarity opposite of the
sunspot. It is in this region that the outer endpoint of #32 terminates providing evidence
that the fibril is a closed field loop rooted in the sunspot on one end and in the opposite
polarity flux on the other. Fibril #16 also shows this behavior. Arrows in Figures 5.10
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Figure 5.10: Spatial maps of the magnetic field vector of superpenumbral fibrils inferred from the He I triplet. Black data points
indicate locations for which the goodness-of-fit to the observed spectra is poor. Contours of the photospheric magnetic field
inclination are also given for values of 135˝ (dotted), 90˝ (dot-dashed), and 65˝ (solid). The inclination and azimuth values are
given in the local solar reference frame. Vector directions of many fibrils suffer from an 180˝ Hanle ambiguity, which is here
resolved with a potential field extrapolation of the photospheric magnetic field. The black arrows indicate regions of plage with
a polarity opposite w.r.t. the spot. See the text for more details.
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Figure 5.11: Photospheric magnetic field vector in local solar coordinates for the entire FIRS field of view derived from a MilneEddington analysis of the Si I 10827.089 Å spectral line. Contours of the inclination angle are overplotted for the inclination
plot at the same values as in Figure 5.10. The selected fibrils are also overplotted. Arrows denote locations of the photospheric
magnetic field with opposite polarity w.r.t. the sunspot umbra.
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Figure 5.12: Photospheric vector magnetic field resultant from a Milne-Eddington analysis
of the Si I 10827.089 Å spectral line shown for points directly below selected fibrils along
the line-of-sight. The magnetic field vector within the fibrils are overplotted. The far right
panel displays the component of the photospheric flow velocity along the photospheric
magnetic field vector. (Color version available online)
and 5.11 bring attention to areas of significant opposite signed flux. Fibril #15 exhibits
behavior consistent with its one endpoint (close to the spot) rooted in this opposite polarity
flux. Fibrils numbered 2,6,7,9, and 11, discussed above, do not clearly terminate above
opposite flux (see fibril 6 in Figure 5.12). The most prominent flux concentrations in
this region are the leading plage with the same polarity as the sunspot. Are these fibrils
directed over the plage? Or are they connected to unresolved footpoint fields below? This
becomes the same question as for internetwork flux discussed in the introduction.
5.8.5

The Influence of Height of Inversion

Our inversions do not take into account differences in the height of formation along individual fibrils or between multiple fibrils. Rather, all inversions are carried out with the same
assumed height of 1.75 Mm. Ideally, one could use the spectra themselves to estimate the
fibril heights either by letting height be a free parameter in addition to the magnetic field
parameters (Merenda et al., 2011), or by constraining the field direction (θB or χB ) by
some other means (AR08), such as by using the fibril direction itself. Due to the influence
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Figure 5.13: The influence of the assumed height on the inversions of the He I spectra
within the superpenumbral fibrils. The median magnetic field vector components of fibril
no. 6 is shown as a function of the height of inversion.
of noise in our observations, we are unable to constrain the height in either of these ways.
As can be seen in Figures 5.8 and 5.12, significant scatter exists in the determined field
parameters along each fibril. This scatter is used to estimate the error in the average fibril
azimuths in Table 5.2. Prohibitive as this scatter can be, we are confident that within the
error, the fibrils are aligned with the magnetic field using the assumed height of 1.75 Mm.
In Figure 5.13, we show the median field parameters of fibril #6, tracking as it were the
solution we found at a height of 1.75 Mm for all heights between 0 and 15 Mm. This range
extends well beyond what can be considered reasonable heights for fibril formation yet the
change in the average inclination is only 20 degrees. Figure 18 of AR08 shows a similar
dependence of the returned inclination with height. Between 0 and 5 Mm, the variation in
the inverted azimuthal angle is only 10 degrees. Unfortunately, we cannot use this height
influence to estimate the fibril formation height since the range in Figure 5.13 is on order
of the error in the field parameters inferred at 1.75 Mm. Thus, while we cannot further
constrain the height, the influence of the height does not affect our primary results.
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5.9

Discussion

5.9.1

Relation of Fibrils to the Magnetic Field

This paper has described the first vector magnetic field determinations within resolved
superpenumbral fibrils. Unlike observations in the Ca II 8542 Å spectral line (de la Cruz
Rodrı́guez and Socas-Navarro, 2011), we find strong He I linear polarization signatures
originating from the superpenumbral canopy. A heuristic interpretation of these polarized
spectra alongside advanced inversions from Hazel lend support for field-aligned fibrils
that are primarily horizontal (˘20˝) with respect to the solar surface. We find little
evidence for any misalignment of the thermal and magnetic structure of these fibrils and
thus support extrapolation methods such as Wiegelmann et al. (2008) and Yamamoto and
Kusano (2012), which use the fibril direction to constrain the horizontal magnetic field
direction in the chromosphere. Yet, further comparisons need to be made between these
extrapolations and actual measurements of the magnetic field strength and inclination, in
particular due to the limitations of the force-free assumption in these extrapolations.
A recent observation of a kink wave in an active region dynamic fibril (Pietarila et al.,
2011) under assumptions regarding the unknown plasma density provided estimates of the
fibril field strengths between and 100 and 350 Gauss. We find magnetic field strengths
less than 300 Gauss throughout the superpenumbra exterior to the penumbral boundary.
The fibrils that extend into the sunspot penumbra exhibit a rise in field strengths. Future
time resolved measurement in He I may grant a diagnostic of the unknown density when
pairing field estimates with wave observations.
5.9.2

Endpoint Connectivity of Fibrils

Spatial trends in the inferred magnetic field inclination in both the chromosphere and
photosphere are used here to study the 3D nature of superpenumbral fibrils. We find
evidence that most of the superpenumbral fibrils are rooted in the sunspot, as expected,
and magnetic fields that are more vertically direction at that endpoint. These fibrils
become more horizontal with increased distance from the sunspot, especially as the fibrils
cross the outer penumbral boundary. A few of these fibrils turn over once again to connect
in regions of oppositely directed flux in the photosphere. Other do not show this behavior
and remain nearly horizontal at their outer endpoints, which are located near plage of the
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Figure 5.14: A partial reproduction of Figure 3 from Foukal (1971b) depicting a possible
explanation for fibrils which visibly extend between regions of the same polarity.
same polarity as the sunspot. In Foukal’s 1971 picture, these fibrils might turn upwards
into the upper atmosphere or extend across regions of the same polarity and connect
with flux elsewhere (see Figure 5.14). We see no evidence for an upturn in the fibril
inclinations. Furthermore, the He I fibrils do not exhibit any further lateral extension
than the Hα and Ca II fibrils. The observations in Figure 5.1 give little indication that
any upturn is occuring; though these He I maps suffer from poor temporal resolution due
to the slit-scanning time.
It is not understood why we do not see a change in inclination at the outer endpoint
of some fibrils. We suggest projection effects may play a role and/or limited opacity of
He I at lower heights for some fibrils. The later argument would require a thermodynamic
difference between those fibrils with and without outer endpoint inclination changes. Thus,
we cannot conclude at this time that all the fibrils material represents closed field loops
rooted just below both their endpoints, as argued by Reardon et al. (2011) via visible
constraints on the loop trajectory. A way forward may be the study of the 3D velocity
field in Hα of Ca II from IBIS, as in Judge et al. (2010). Ji et al. (2012) established
for an arcade of low coronal loops a connectivity of fine-scaled neutral helium channels
within intergranular lanes, as observed in very high resolution narrow-band images of
the He I triplet at 10830 Å. These methods, in addition to further spectropolarimetric
measurements, may aid in addressing the connectivity of fine-scaled internetwork and
superpenumbral fibrils.
Nevertheless, the fibrils seen here to turn over at both ends correspond with an outer
endpoint of stronger fields relative to the surrounding areas. Fibril #32, for example,

219
is rooted at one endpoint in the strong sunspot and in „ 375 Gauss plage at the outer
endpoint. If the fibrils that exhibit no turn over (#2,6,7,9,11) are in reality connected
below, it must be within weaker flux elements (B ă 200G) or fine-scaled flux elements
below the resolution of the observations.
5.9.3

Relation of Superpenumbral Flows to Magnetic Architecture

Each observed fibril displays significant motion along its axis as measured with the He I
Doppler shift. The direction of the observed flow is consistent with inward-directed inverse
Evershed flow. Ultimately, we wish to study the thermo-magnetic properties of individual
fibrils to understand the driving mechanisms of these flows and other observed phenomena.
Unfortunately, the poor temporal resolution of these FIRS observations limits our ability
to comment on the temporal evolution of these flows. However, we can comment on the
magnetic architecture which hosts the flows.
In siphon flow models of the chromospheric Evershed flow (Meyer and Schmidt, 1968;
Maltby, 1975; Cargill and Priest, 1980), the driving force is a gas pressure difference along
the fibril caused by off-balanced magnetic pressure at the fibril footpoints. Bethge et al.
(2012) examined a cool feature, interpreted as a loop, that displayed opposite signed LOS
flows at its endpoints. The magnetic flux difference at these endpoints could explain the
observed flow magnitude in a siphon flow scenario. Bethge et al. (2012) argued that the
material undergoes a deceleration at its stronger magnetic footpoint according to multiwavelength observations. Decelerated flow is a key component of siphon flow, in both the
subsonic or shocked flow cases (see Cargill and Priest (1980)).
In the outer footpoint, which hosts the upflow, Bethge et al. (2012) showed LOS
velocities of similar magnitude for He I and Ca II H 3968.5 Å. Unfortunately, due to
the geometry involved, the acceleration of the up-flow is difficult to constrain without
knowledge of the field geometry. A common feature of the fibrils observed here is a lateral
gradient of the LOS velocity along the fibrils. Under the assumption that the flow is
directed along the field, we derived the total magnitude of the flow (see Equation 5.5 and
Figure 5.8). Fibrils #6 and #16 showed weakly accelerating flows at their outer footpoints.
We estimate an acceleration of „ 40m{s2 for the outer end of fibril #16. However, without
finer determinations of the fibril inclination, we cannot at this time distinguish whether
this acceleration is siphon driven or perhaps gravitationally driven.
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5.10

Concluding Remarks

We have employed high-spatial and high-spectral resolution spectropolarimetry of the He I
triplet at 10830 Å to probe the local magnetic field vector in individual superpenumbral
fibrils. Key to this work has been the ability to achieve observations of high signal-tonoise and high polarization accuracy at high spatial resolution, which has come at the
price of temporal resolution. Yet, despite this limitation, the application of the advanced
forward modeling and inversion techniques of Asensio Ramos et al. (2008) yields several
new inferences for the magnetic field vector within fibrils. The primary conclusions of this
work are as follows:
1. Superpenumbral fibrils do trace the magnetic field. Despite the role of ambiguities in
the determination of the magnetic field vector, He I inversions nearly always return
a solution whose projected field direction is consistent (generally within ˘10˝) with
the projected direction of the visible fibrils
2. The inner endpoint of superpenumbral fibrils hosts a detectable change in inclination
as it turns into the sunspot where the fibrils are rooted.
3. Opposite-signed flux roots the outer endpoint of fibrils in at least two cases, but the
connectivity of most of the fibrils is hard to establish. If they are rooted below, as
we suspect they are, they are connected to fine-scaled magnetic flux elements below
the resolution of FIRS (0.32).
Perhaps none of these conclusions are that surprising. We are confirming basic assumptions that have been made in the literature now for decades. Demonstrated here though
is a powerful new means to measure both the macro-scaled and fine-scaled features of the
chromospheric field with currently available instrumentation. Yet, the relevant temporal
scales of important upper atmospheric dynamics are still out of reach for chromospheric
spectropolarimetry using the existing small-aperture solar facilities. We stress the need for
large-aperture facilities coupled to high-sensitivity (imaging-) spectropolarimeters both on
the ground such as the Advanced Technology Solar Telescope (Rimmele and ATST Team,
2008), and in new space missions, such as the Solar-C mission (Shimizu et al., 2011).
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CHAPTER 6

THE CHROMOSPHERIC VECTOR MAGNETIC FIELD STRUCTURE OF A
SUNSPOT AND ITS CANOPY INFERRED USING MULTI-CHANNEL
SPECTROPOLARIMETRY

We’re all in the gutter, but some of us are looking at the stars – Oscar Wilde, Lady
Windermere’s Fan
6.1

Abstract

Full maps of the magnetic field vector of NOAA AR 11408 are derived from Stokes vector
observations of the He I triplet at 1083 nm acquired by the Facility Infrared Spectropolarimeter on 29 January 2012. Multi-model inversions are required, as superpenumbral
profiles are dominated by atomic-level polarization while Stokes observations within the
sunspot exhibit signatures likely induced by symmetry-breaking effects of the radiation
field incident on the chromospheric material. Comparisons are made between the inferred
magnetic vector maps and determinations of the average longitudinal magnetic field and
azimuthal angle for the Ca II 854.2 nm spectral line using the weak field approximation.
These observations were acquired with both the Interferometric Bidimensional Spectrometer (IBIS) and the SOLIS Vector Spectromagnetograph. We evaluate the equilibrium
magnetic structure of a sunspot in the chromosphere, and show that the superpenumbral
magnetic canopy is not finely structured, unlike the observed thermal structure, suggesting
fibrils are not concentrations of magnetic flux but rather distinguished by individualized
thermalization. Comparing the determined magnetic field with a current-free extrapolation, we suggest a relative, but quantitative measure, for the free magnetic energy within
active regions, aimed at understanding the onset of explosive solar phenomena.
6.2

Introduction

An evolving magnetic field permeates the solar atmosphere, creating a dynamicallycoupled, inhomogeneous architecture hosting an array of energetic processes that are
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only partially understood. Both the quasi-continual non-thermal heating of the chromosphere/corona and the impulsive release of mass and energy in solar flares and coronal
mass ejections (CMEs) are regulated and maintained by the evolving configuration of the
upper atmosphere’s magnetic field. Our knowledge of this field, however, is limited. Both
the measurement and the interpretation of radiative diagnostics of upper atmospheric
magnetic fields are challenging, especially at the spatial and temporal scales of interest.
Spectropolarimetry represents the most promising means to infer the vector properties of
the solar magnetic field, and has been routinely used to probe the relatively stronger and
easier to measure photospheric field since Babcock’s invention of the magnetograph in the
1950s (Babcock, 1953). Still, considerable progress has been made in recent years in both
the measurement and interpretation of polarized signatures of the upper atmosphere (see
reviews by Pietarila (2012) and Trujillo Bueno (2010))
The present study concerns spectropolarimetry of the solar chromosphere within and
surrounding an active region sunspot. Previous studies regarding the full equilibrium magnetic structure of sunspots have been limited to the photosphere (Keppens and Martinez
Pillet (1996); review by Solanki (2003)), whereas chromospheric magnetic conditions have
been probed with vector magnetometry only within the strong field regions directly above
sunspots and their penumbra (Socas-Navarro, 2005b,a; Orozco Suarez et al., 2005). An
ability to map the full chromospheric magnetic field above active regions is greatly desired.
We suspect due to the relaxed morphology of the chromosphere’s intensity structure that
the stresses of the magnetic field dominate over those of the plasma (i.e. a low plasma
β). Some evidence that this is true is given by Metcalf et al. (1995). Extrapolations of
the coronal magnetic field should improve with field measurements in such a force-free
environment, since current methods with and without preprocessing of the photospheric
field to enforce the force-free condition are vastly inconsistent (De Rosa et al., 2009).
The importance of mapping the chromospheric magnetic field can also be seen from the
perspective of nonthermal energy transport into the upper atmosphere. Around sunspots
and other field concentrations, the ability of the magnetic field to either suppress or
relay the dynamics of the photosphere through the chromosphere and into the upper
atmosphere has become more and more apparent. McIntosh and Judge (2001) coined
the term “magnetic shadows” for closed field regions of the chromosphere that suppress
upward propagating MHD waves. Such closed field regions were found via extrapolations
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of the photospheric field. Complementary, De Pontieu et al. (2005) found photospheric
p-mode oscillations may be leaked or channeled into the corona by a reduced effective
gravity along inclined magnetic fields, perhaps driving dynamic fibrils and jets around
sunspots (Hansteen et al., 2006). Pietarila et al. (2009) discovered very fine Ca K fibrils
in an active region, and corroborated the above ideas, showing fibrils can either channel
oscillations and/or shield their propagation. Further fine scaled channels like fibrils may
also play an important role in upper atmospheric mass recycling (Antolin et al., 2012;
Vissers and Rouppe van der Voort, 2012). Yet, spectropolarimetric measurements of these
fine-features are only starting to manifest their magnetic structure (de la Cruz Rodrı́guez
and Socas-Navarro, 2011; Schad et al., 2013c).
Here we derive the first maps of the chromospheric magnetic field vector extending from
within a sunspot umbra out through its superpenumbra, which demarcates a sunspot’s
outer chromospheric boundary (Bray and Loughhead, 1974). Our work is an extension
of Schad et al. (2013c) (i.e. Chapter 5), who determined the full field vector within individually resolved superpenumbral fibrils giving evidence that their thermal structure was
aligned with the magnetic field direction. Early and current studies of the chromospheric
field utilize longitudinal magnetograms (Choudhary et al., 2001; Jin et al., 2013), which
have given a mixed view of the magnetic environment hosting fibrils. For example, Giovanelli and Jones (1982) argued fibrils denote local, and mostly lateral, variations in the
density and/or thermal properties of a more uniform magnetic canopy, while Zhang (1994)
suggested fibrils were regions of concentrated magnetic flux. Using the He I triplet at 1083
nm, we here investigate the full vector magnetic structure of the sunspot and its superpenumbra, which, as reported in Chapter 5, host measurable polarized signatures, ranging
from a strong-field Zeeman-dominated regime directly within the sunspot to atomic-level
polarization dominated signatures within the superpenumbral canopy and beyond. Thus,
we require the quantum-level spectropolarimetric modeling of Asensio Ramos et al. (2008)
to derive these full maps, unlike Orozco Suarez et al. (2005) and Bloomfield et al. (2007)
who studied only the strong-field regime of sunspots. We compare the derived chromospheric magnetic structure from full inversions of the He I triplet (§6.4) with measures of
the chromospheric field derived from observations of the Ca II 854.2 nm line (§6.3) and
the weak field approximation (§6.5). Our results (§6.6), reveal the equilibrium structure of
the sunspot and its canopy, substantiating the presence of a continuous magnetic canopy
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hosting fibrils most likely formed due to individuated gas excitation. We then further
utilize these field inferences to derive a measure of magnetic free energy in the region.
6.3

Observations and Data Reduction

Two primary spectral diagnostics of the chromospheric magnetic field vector are utilized
in this study from three different instruments. Ultra-high sensitivity measurements of
the He I triplet polarized spectra at 1083 nm from the Facility Infrared Spectropolarimeter (FIRS: Jaeggli et al., 2010), located at the National Solar Observatory’s Dunn Solar
Telescope (DST), allow a full determination of the magnetic field vector at chromospheric
heights across a full sunspot, including its superpenumbral extent. Paired with these measurements are high-spatial and high-temporal resolution measurements of the full Stokes
vector of the Ca II 854.2 nm infrared triplet line from the Interferometric Bidimensional
Spectrometer (IBIS: Cavallini, 2006; Reardon and Cavallini, 2008), also at the DST. Finally, we study the longitudinal magnetograms produced from the Ca II 854.2 nm triplet
line as measured at lower resolution, but on a synoptic basis, by the Vector Spectromagnetograph (VSM), an instrument of the Synoptic Optical Long-term Investigations of the
Sun (SOLIS: Keller et al., 2003) facility. Using multi-spectral and multi-instrument diagnostics of chromospheric magnetic field grant cross-referenced validation of our results
and illuminate similarities between the height of formation for Ca II and He I within a
sunspot.
Chapter 5 described in detail the observational setup at the Dunn Solar Telescope on
2012 January 29. For completion, we give a brief description of the observations analyzed
here (See also Table 6.1). The best determination of the chromospheric vector fields comes
from a single deep-integration FIRS slit-scan across NOAA active region (AR) 11408. The
map consists of 200 individual steps of a 772 projected length slit oriented parallel with
the solar central meridian (as viewed from Earth) and scanned from solar east to west
between 19:16 and 20:50 UTC. Slightly east of the center of the FIRS maps is a single
unipolar sunspot, located at N8W35 (µ “ cos Θ “ 0.8; see Figure 6.1). After full postfacto reduction, the spatial sampling is 0.32 ˆ0.32 . Long integrations of 7.5 seconds at each
slit position yielded mean noise levels in the polarized spectra of 4.0 ˆ 10´4 (Q), 3.7 ˆ 10´4

(U), and 3.0 ˆ 10´4 (V), in units of continuum intensity, after the removal of interference
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Figure 6.1: Regions of NOAA active region 11408 targeted by the instruments at the
Dunn Solar Telescope on 29 January 2012 overplotted on and referenced to the SDO/HMI
intensitygram (top) and longitudinal magnetogram (bottom) acquired at 20:01:56 UTC.
The axes give helioprojective coordinated referenced as seconds of arc away from diskcenter. He I Stokes profiles gleaned from the sunspot (blue and yellow stars) are shown in
Figure 6.2.

Observatory

Instrument

Observable

DST

FIRS

He I 1083 nm

Spatial Sampling

Description

602 ˆ 772

0.32

Fulls Stokes; 38.68 mÅ pixel´1 ;
35.74Å spectral range

IBIS

SOLIS

Ca II 854.2 nm

452 ˆ 952

IBIS

Hα 656.3 nm

452

IBIS

Fe I 617.3 nm

452 ˆ 952

IBIS

White light

CCC03

G band

VSM

Ca II 854.2 nm

ˆ

0.09762

952

0.09762
0.09762

452 ˆ 952

892 ˆ 892
Full disk

Full Stokes; Nλ “ 20; 50 sec cadence
Stokes I; Nλ “ 22; 50 sec cadence
Full Stokes; Nλ “ 16; 50 sec cadence

0.09762

Broadband SPECKLE imaging

0.0434

Context imager; 5 second cadence

12

Core Magnetogram - Weak Field
Approximation

SDO

HMI

Fe I 617.3 nm

Full disk

0.62

Longitudinal Magnetogram

Table 6.1: Summary of observations on 2012 January 29. Note that Nλ refers to the number of wavelength points across a given
spectral line sampled by DST/IBIS.
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fringes by filtered 2D principle component analysis Casini et al. (2012b). These spectra
have been corrected for instrumental polarization (estimated error À 0.076%) and placed

on an absolute wavelength/Doppler velocity scale with an estimated error ˘250 m sec´1 .
IBIS acquired four separate time series on this date for three spectral channels (see
Table 6.1), divided by short intermissions for calibrations. IBIS, as a dual-beam FabryPerot instrument, can tune its transmission to a narrow portion of the spectrum (∆λ „ 2
to 4 pm), and thus records pseudo-monochromatic images of the entire FOV. Intensity and
polarized spectra are obtained by tuning to selected wavelength points and modulating
the polarization between exposures. IBIS observations of the three spectral channels
are performed sequentially for each time step in the series, which amounts to 238 total
exposures in a time frame of 50 seconds. The first time series lasted from 16:33 to 17:04
UTC, and its FOV was centered over the sunspot. However, the northwest side of the
sunspot extends into a strong plage field (see Figure 6.1). Dynamical motions in plage
regions often wash out polarized signals over time making it hard to build up signal-tonoise; thus, we shifted the FOV to the eastern point of the spot (as shown in the figure)
after the first time series. The last three time series lasted from 17:09 to 20:40, with short
breaks („ 10 min) at 18:10 and 19:15 UTC. Normal reduction methods for spectral/image
correction and polarization calibration were applied as discussed in Chapter 5. See also
Kleint (2012). The polarimetric sensitivity of these observations is limited by instrumental
artifacts to „ 0.2%, in units of the incoming intensity.
All observations, including the SOLIS/VSM magnetograms were coaligned using standard image processing techniques applied to intensitygrams for all observations. A longitudinal magnetogram from the Helioseismic and Magnetic Imager (HMI: Scherrer et al.,
2012) on board NASA’s Solar Dynamics Observatory (SDO) is shown in Figure 6.1. A
3072 ˆ 3072 portion of the full disk HMI magnetogram is used below to extrapolate the
magnetic field into the upper atmosphere under the current-free assumption.
6.4

Analysis of the He I Triplet Polarization

A wealth of polarization mechanisms operating within a magnetized plasma influence the
Stokes spectra of the orthohelium triplet at 1083 nm (Trujillo Bueno et al., 2002; Trujillo Bueno and Asensio Ramos, 2007a; Asensio Ramos et al., 2008). Chapter 5 identified
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Model
xB, ΘB , ΦB y
χI2
Outer Umbral Spectrum - Blue Star
1
x1463.6, 139.8, 187.1y
2.85
2
x1711.7, 127.0, 15.5y
1.67
3
x1395.5, 131.2, 184.7y
0.45
4
x1592.1, 128.6, 14.3y
0.93
5
x1322.9, 134.1, 184.6y
0.37
6
x1584.6, 129.0, 14.3y
0.94
7
x1363.2, 127.1, 15.0y
0.68
Inner Penumbral Spectrum - Yellow Star
1
x1272.8, 109.7, 201.8y
0.41
2
x1322.2, 107.0, 19.9y
0.23
3
x1269.3, 109.9, 202.3y
0.21
4
x1306.4, 108.7, 19.1y
0.16
5
x1275.8, 109.9, 202.3y
0.21
6
x1292.6, 108.3, 25.8y
0.18
7
x1174.2, 108.9, 21.5y
0.50

χ2Q

χ2U

χ2V

40.2
2.0
13.9
9.1
14.4
10.5
5.4

23.0
5.7
18.8
12.7
19.1
13.6
9.0

12.1
15.6
14.8
13.7
13.8
13.5
44.3

11.1
2.1
5.4
4.3
4.9
4.8
2.3

11.5
1.9
4.9
4.4
4.3
4.2
2.5

5.5
5.5
4.7
4.6
4.7
4.8
7.0

Table 6.2: Evaluation of inverted umbral radiative atmospheres.
largely Zeeman dominated He I Stokes profiles directly above the sunspot umbra and
penumbra, while the superpenumbral canopy presented polarized spectra clearly dominated by atomic-level polarization. By atomic-level polarization, we refer to the population imbalances of, and coherences between, the magnetic sublevels of each atomic term
in the orthohelium system. In the superpenumbral canopy, Chapter 5 found individually
resolved fibrils to be aligned with a magnetic field, whose strength was above the Hanle
effect saturation threshold. Thus, to infer the magnetic field geometry across the entire
region requires performing inversions that forward model the emerging Stokes spectra using the full quantum theoretical framework including the atomic density matrix (Landi
Degl’Innocenti and Landolfi, 2004).
The parallelized version of Hazel, known as P-Hazel (Asensio Ramos et al., 2008),
offers the best inversion tool to create maps of the magnetic field above an active region.
Parallelization is essential, for each individual Stokes spectrum inversion (i.e. each pixel)
takes on order of a minute to a few minutes to complete using a modern CPU and the
DIRECT optimization algorithm (Asensio Ramos et al., 2008). An alternative method
might be PCA inversions, as used by Casini et al. (2003) to create full magnetic maps of a
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Figure 6.2: Example umbral and penumbral He I Stokes spectra from the points labeled by the blue star (top row) and
yellow stars (bottom row) in Figure 6.1. Hazel model fits resulting from constant property slab models with nominal and
modified prescribed incident radiation fields are shown alongside a Milne-Eddington model without atomic level polarization.
Goodness-of-fit parameters are given in Table 6.2.
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prominence, albeit the range of magnetic fields used in that work were smaller than that
needed for an active region sunspot and its canopy.
6.4.1

Symmetry-breaking effects

There is however a limitation to using P-Hazel for interpreting the polarized spectra
formed in the strong field regions of the sunspot umbra and penumbra. The degree of
atomic-level polarization in the atomic ensemble of helium atoms in the solar atmosphere
is controlled by the anisotropic properties of the incident radiation field acting on the
ensemble. In its current implementation, P-Hazel specifies the pumping radiation field
incident on a slab of helium atoms at a given height with a ”classical” unpolarized atmosphere subject to an empirically defined limb-darkening law. This radiation field is fully
quantified by two nonzero components of the irreducible spherical radiation field tensor
defined as
K
JQ
pνq “

¿

3
dΩ ÿ K ~
~
T pi, ΩqSi pν, Ωq.
4π i“0 Q

(6.1)

Only the K “ 0, 2 and Q “ 0 components are necessary to describe the simple classical
atmosphere, which greatly reduces the number of statistical equilibrium equations that
must be solved in the forward model to determine the atomic-level polarization. However,
in a solar active region, the presence of features such as plage, sunspots, or pores, break
the cylindrical symmetry of the simple classical atmosphere. To define the radiation field
tensor at each frequency ν associated with a transition in the atomic model requires multispectral knowledge of the localized radiation field. Beyond this complication, incorporating
the additional multipole moments of the radiation tensor greatly increases the complexity
of the model leading to an even longer forward-calculation time.
Initially, we attempted to ignore the influence of the extra nonzero Q components of
the radiation field on the atomic-level polarization. After all, within the sunspot umbra,
the Zeeman effect is dominant. However, as shown by Trujillo Bueno and Asensio Ramos
(2007a), atomic level polarization can have a sizable influence even for large field strengths
(see Fig 3 of that paper). An important consequence of atomic level polarization in the
He I triplet at large field strengths is that the ambiguities of the transverse Zeeman effect
may not apply for certain observation geometries, in particular those away from disk
center. Trujillo Bueno (2011) gives a nice illustration of the role of atomic polarization
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in breaking some ambiguities of the Zeeman effect. As a first exercise, we employed PHazel for the inversion of the polarized spectra observed within the sunspot umbra and
penumbra using completely open bounds for the magnetic field direction (i.e. all azimuths
from 0 to 360˝ were allowed). We found the results overwhelming prefer a diverging field
instead of the expected converging field for a negative polarity sunspot (see Figure 6.1).
This was not a consequence of the optimization algorithm, but rather the diverging field
solution more adequately fit the Stokes profiles than the converging field solution. We
offer this as evidence not that the chromospheric magnetic field above a sunspot umbra
is different than expected, but rather that symmetry-breaking effects within the sunspot
umbra are significant and need to be taken into account within future forward models of
the He I spectra above active regions.
To better illustrate the assumed symmetry-breaking effects on the He I polarized umbral spectra, we perform inversions to two different representative Stokes spectra with
seven different forward models. Figure 6.1 indicates the locations of the observed spectra,
which are displayed alongside selected model fits in Figure 6.2. Models #1 thru #6 employ the constant property slab solution of the radiative transfer equation as in Asensio
Ramos et al. (2008), while model #7 uses the Milne-Eddington atmospheric model. For
the Milne-Eddington model, we employ the HeLIx` inversion code with its PIKAIA
genetic optimization (Lagg et al., 2004, 2007). Model #7 then includes the Zeeman and
Paschen-Back effects on the polarized He I spectra, but no effects of atomic level polarization. Model #1 and #2 uses Hazel in its nominal mode where the radiation field is
as described above. The only difference is that the field solutions are restricted to different ranges of azimuthal angles in the local reference frame (#1: ´90˝ ă χB ă 90˝ and

#2: 90˝ ă χB ă 270˝). Models #3 and #4 are similarly defined by these portions of
the magnetic field directional space, but for these models the J00 and J02 components of

the radiation field tensor are modified in accordance with the direct calculation given in
Appendix D. Models #5 and #6 neglect atomic-level polarization entirely. The resulting
magnetic field vectors and reduced χ2 fit values are reported in Table 6.2.
The outer umbral spectrum (i.e. the blue star) exhibits modification of its linear
polarization due to atomic-level polarization, particular in Stokes U, wherein the π lobe
of the red triplet component is less strongly polarized then the σ lobes. This effect was
similarly witnessed by Lagg et al. (2004) and explained by Trujillo Bueno and Asensio
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Ramos (2007a) as signs of atomic level polarization. Alternatively, the inner penumbral
spectrum shows a definitive lack of atomic-level polarization influence. Stokes Q and U
for both Stokes spectra are nearly symmetric, suggesting the K “ 1 components of the
radiation field are negligible. That is, the pumping radiation field does not carry net
circular polarization. Also in both cases, the Milne-Eddington model (# 7) better fits the
linear polarization than the converging field solutions with atomic level polarization (i.e.
# 1,3,5). The best fit to Q and U in both cases is the diverging field solution for Model #2,
as discussed above. In the outer umbral spectrum, the fit for Model #2 is considerably
better than most fits, despite this field being physically difficult to conceive. We argue
rather that the non-negligible influence of the radiation symmetry breaking anomalously
leads to the preference of Model #2, although it is unphysical. We find in Appendix D
that the Q ‰ 0 components of the radiation field tensor (especially Q ˘ 1) within the
sunspot are the same order of magnitude as the Q “ 2 component in the nominal quiet
classical atmosphere.
Despite great variations in the goodness-of-fit for the various radiative models (Table 6.2), the inferred field vector (with 180˝ ambiguity) remains nearly constant, which
has already been pointed out by Trujillo Bueno and Asensio Ramos (2007a). This remains
true throughout the sunspot umbra due to the strength of the Zeeman effect. Outside
of this region, the atomic-level signatures begin to dominate but the level of symmetrybreaking greatly decreases (see Appendix D, where we have assumed a height of 1750 km
to determine the radiation field tensor). Geometrical considerations give the half-angle of
the heliographic extent for the light cone impinging on the raised material as
ϕ “
“

π
´γ
2
Rsun
π
´ arcsin
2
Rsun ` h

(6.2)

where we have used equation 12.32 of Landi Degl’Innocenti and Landolfi (2004) to define
γ, which is the angle between the solar vertical at the point of the material and the ray
tangent to the solar surface. At a height of 1750 km, ϕ is 4.06 degrees, meaning the
irradiation of atoms located more than ϕ heliographic degrees away from the illumination
irregularity remains symmetric.
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6.4.2

Multi-model inversions

Inside the sunspot, the inclusion of atomic-polarization without extension of P-Hazel
to include symmetry-breaking effects may give misleading results. Consequently, we use
the nominal mode of P-Hazel for the inversion of spectra only outside of the sunspot.
Following previous authors (e.g. Bloomfield et al. (2007),Orozco Suarez et al. (2005)), we
use the Milne-Eddington model as implemented in HeLIx` for the inversion of the He I
triplet spectra where the mean intensity of the pumping radiation, quantified by J00 , is
reduced by more than 10 percent (see region in Figure 6.3).
For both models, we use a single magnetized atmospheric component to fit the Stokes
spectra. The height of the slab used by P-Hazel is assumed to be 1750 km above the
solar surface, as in Chapter 5. A number of pixels exhibit more complex profiles, with
multiple blended velocity components. We identified the pixels whose He I Stokes profiles
are better represented by multiple atmosphere components using the Milne-Eddington
model (HeLIx`) to fit one and two component model fits to the Stokes I and V spectra
only. Employing the Bayesian Information Criterion for model selection (see Asensio
Ramos et al. (2012)), we find less than one percent of the profiles (307 pixels in total)
in the observed region need to be fit with multi-component atmospheres. We do not
perform further fits of these pixels, and eliminate them from the remaining analysis. We
further ignore all pixels that do not contain a polarization signal at least 2σ above the
noise (approximately 32% of the full FIRS map). Most of these pixels are outside of the
superpenumbra.
6.4.3

Saturated Hanle Effect Ambiguities

Just as the transverse Zeeman effect contains an inherent 180˝ azimuthal ambiguity in the
remote determination of the magnetic field vector in the solar atmosphere, use of atomiclevel (or scattering) diagnostics is also affected by ambiguities. Chapter 5 described the
possible ambiguities introduced within a classical unpolarized atmosphere for the regime
in which the coherences of the atomic ensemble have been destroyed in the magnetic field
reference frame. When observed on the limb, this regime, known as the saturated Hanle
regime, contains up to 8 possible ambiguities for the determination of the magnetic field
direction via the linear polarized Stokes vectors (Q and U). With a measurable Stokes V,
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Figure 6.3: Regions of inversion ambiguities across the observed map. The ambiguities
result from the combined effects of the saturated Hanle effect ambiguities (i.e. the 180˝
and ˘45˝ Van Vleck LOS azimuth ambiguities) and the 180˝ azimuthal ambiguity of
the transverse Zeeman effect in the Milne-Eddington inversion subregion. The contour
outlines the region where no 180˝ ambiguity exists. We employ only an approximated
means to locate ambiguities. See text for details.
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this number reduces to 4, two introduced by the 180˝ ambiguity, and up to two introduced
by the Van Vleck effect. The Van Vleck effect ambiguities are not resolved with Stokes
V since the magnetic field strength can be scaled to fit Stokes V in the saturated Hanle
regime; Stokes Q and U are unaffected by the field strength up until the point that the
transverse Zeeman effect is significant (Merenda et al., 2006).
As a consequence of the preferential axis of the Zeeman effect signal being the line-ofsight, while that of the atomic-level polarization is the radiation symmetry axis in the classical atmosphere, the four primary Hanle ambiguities do not apply for all field directions
(see Merenda et al. (2006)) and observational geometries (see Chapter 5). For example,
Stokes V often resolves the 180˝ Hanle ambiguities for oblique scattering geometries on
the solar disk since the other solutions would imply a vastly different orientation with
respect to the symmetry axis. For the saturated Hanle regime in a classical atmosphere,
the four primary ambiguous solutions (with measurable Stokes V) are not immediately
identified by the found best fit solution. According to Landi Degl’Innocenti and Landolfi
(2004), these solutions, for a simple Jlower “ 0 to Jupper “ 1 transition, correspond to
linear polarization being oriented either parallel or perpendicular to the projection of the
magnetic field vector along the LOS, yet the inclination and magnetic field strength of
these solutions remain to be determined. Unfortunately, this is only approximately satisfied by the He I triplet. For the case of horizontal fields observed at disk center, one can
apply this assumption, otherwise it is only approximately maintained; however, it works
fairly well for horizontal fields out to approximately µ “ 0.6.
Knowing full well that we invoke a limited approximation to the location of ambiguities,
we add an additional step to the inversion process to find these possible solutions by
keeping fixed the thermodynamic parameters of the best fit solution and fixing the LOS
azimuth (ΦB ) of the magnetic field vector in accordance with the saturated Hanle effect
ambiguities. That is, we transform the best fit P-Hazel solution into LOS coordinates
with ΦB,best being the best fit solution. The four primary ambiguous solution are then:
ΦB,best , ΦB,best ` 180˝ , ΦB,best ` 90˝ , and ΦB,best ´ 90˝ . Modifying P-Hazel such that
ΦB is held constant, one iteration of the DIRECT algorithm followed by a fine-tuning
iteration of the Levenburg-Marquart algorithm is used to fit for two variables: magnetic
field strength B, and the inclination in the LOS geometry ΘB . Once the best fits are
found, they must be verified as ambiguities. We only consider the additional solutions
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to be ambiguities if the reduced chi-squared values for Stokes Q,U,and V each remain
minimally changed (∆χ2 ă 1). A map of the regions affected by the various combinations
of ambiguities is given in Figure 6.3. Note that no 180˝ ambiguities exist for the region

northwest of the sunspot. The large Stokes V and the orientation of the fibril fields in this
region resolve this ambiguity for that region. New methods need to be explored to locate
the ambiguous solutions that are computationally efficient, as this remains a significant
challenge.
6.4.4

Ambiguity resolution

“Disambiguation” refers to the process of choosing the ambiguous solution that best represents the solar magnetic field subject to assumptions regarding the physical nature of
these fields. At photospheric heights, numerous methods have been applied to real and artificial vector magnetograms with various levels of success (Metcalf et al., 2006). Similarly,
maps of the magnetic field in the chromosphere must be “disambiguated” by choosing the
most physically relevant solution. We note that for our observed map, P-Hazel does not
produce a speckled mess of solutions despite the fact that we do not restrict the range of
possible magnetic field directions during the inversion process. In most areas, the solution
is smooth across the region before disambiguation. This is likely a consequence of the
shape of the goodness-of-fit space coupled with the manner in which DIRECT searches
for solutions. Furthermore, the ambiguous solutions that we locate are rarely strict ambiguities. For the oblique scattering angle, strict ambiguities with identical goodness-of-fit
values may not exist except due to the role of observational noise.
To resolve the He I ambiguities, we developed an interactive routine similar to the
AZAM utility developed for the HAO/NSO Advanced Stokes Polarimeter (Elmore et al.,
1992; Lites et al., 1995). The routine allows one to manually resolve the located ambiguities
by searching for a continuous solution across the field of view after specifying certain
pixels as having the correct solution. Unlike AZAM, the number of ambiguous solutions
can range from 1 to 4. The two primary assumptions made during disambiguation are
that the field converges for the negative polarity sunspot and that neighboring pixels
give a continuous magnetic field solution. Maps of the “disambiguated” magnetic field
are given in Figure 6.4, exhibiting a smooth converging field solution with a continuous
superpenumbral canopy confirming the expected azimuthal change in the field direction
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around the sunspot. The Milne-Eddington solutions inside the sunspot and the P-Hazel
solutions throughout the canopy exhibit remarkable spatial continuity at their boundary.
Further discussion is reserved for Section 6.6.2.
6.5

Analysis of the Ca II 854.2 nm line

Figure 6.5 depicts the quality of the IBIS Ca II 854.2 nm Stokes observations. As an
imaging instrument, IBIS grants a higher spatial resolution view of the middle/upper
chromosphere in the Ca II line core than the FIRS slit-scanned map of the He I triplet.
Yet, the narrower spectral band and short IBIS exposures (∆t “ 80 msec) suffer from high
polarimetric noise. To build up SNR, we average 40 iterations of the fourth time series
taken over 32 minutes during which time the FIRS scan was being acquired. Temporal
averaging lowers noise in the Stokes vectors to 0.1% of the incident continuum intensity.
In the figure, an individual SPECKLE reconstruction of the continuum intensity and
an individual observation of the blue wing line intensity are shown on the left. The
middle panel gives the blue wing line intensity of the entire average sequence, which still
displays many fine-scaled fibrils on the northwest side of the sunspot. Integrated maps
of Stokes Q and U for ˘300 mÅ from the Ca II line core are shown in the right hand
panels. The Stokes profiles within the sunspot umbra and along the outer penumbral edge
exhibit normal Zeeman-like features. An example umbral Stokes spectrum is given in
Figure 6.6. However, the integrated linear polarization does drop off considerably outside
of the sunspot, and does not display any intrepretable signals.
6.5.1

Vector Magnetometry with the Weak-field Approximation

Unlike the triplet lines of He I, analyzing the Ca infrared triplet lines requires consideration of their non-LTE formation. Socas-Navarro et al. (2000) first developed inversion
techniques for non-LTE spectral lines influenced by the Zeeman effect, directly applying their technique to Ca II 854.2 nm observations in a sunspot (see also Socas-Navarro
(2005b,a)). As full inversions even in active regions are not yet commonly available (de la
Cruz Rodrı́guez et al., 2012), we employ instead a great simplification to glean two components of the chromospheric magnetic field vector from the IBIS full Stokes observations of
the Ca II 854.2 nm line—the longitudinal magnitude of the magnetic field (BLOS), and the
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azimuth angle (χB ) of the field in the transverse plane perpendicular to the line-of-sight.
Assuming that these two quantities are constant throughout the height of formation,
which is an oversimplification of the large „ 1500 km formation range of the line (Cauzzi
et al., 2008), we can make use of the weak field approximation (Landi Degl’Innocenti and
Landolfi, 2004), which relates the Stokes V profile to the intensity profile and the Blong
magnitude:
V pλq “ ´∆λB ḡ cos Θ

BIpλq
Bλ

(6.3)

where ∆λB is given by the usual numerical form of ∆λB “ 4.6686 ˆ 10´10 λ02 B where
∆λB is specified in mÅ, λ0 in mÅ and B in Gauss. Note that B cos Θ is equivalent to
Blong . The weak field approximation is valid when the Doppler width is greater than the
Zeeman splitting, which for a chromospheric umbra is appropriate for field up to „ 2500 G
(de la Cruz Rodrı́guez and Socas-Navarro, 2011). For each observed Stokes spectrum, we
fit a synthetic Stokes V calculated via Equation 6.3 by scaling the longitudinal magnetic
field strength to best fit the observed Stokes V within ˘300 mÅ of the line core. To
reduce the effect of noise, we calculate the first derivative of the Stokes I profile from
a cubic spline interpolation of the observed IBIS spectral samples. An example of a
synthetic Stokes V is shown in Figure 6.6. In general, the weak field approximation
reproduces the observed Stokes well. Note however that a small portion of the umbra (ă
12 acrossq exhibits emission spectra consistent with chromospheric umbral flashes despite
the temporal averaging of the IBIS observing sequence. We do not achieve good measures
of the magnetic field within these spatial pixels.
The azimuthal direction of the magnetic field in the observer’s reference frame, ΦB , is
found via the weak field approximation with the following expression: (see Chapter 11 of
Landi Degl’Innocenti and Landolfi (2004)):
ş
U pλqppλq
tanp2ΦB q “ ş
Qpλqppλq

(6.4)

where ppλq is a selection function around the core of Ca II spectral equal to one within ˘300
mÅ of line center, zero otherwise. We only calculate the azimuthal angle for the region in
which the integrated linear polarization is greater that estimated observation noise given
by the contours in Figure 6.5. The angle ΦB is referenced for the IBIS observation to the
solar west direction and increases in the counterclockwise direction.
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Figure 6.7: Comparison of the LOS component of the magnetic field vector found via
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6.6
6.6.1

Results
Comparisons of multi-instrument diagnostics

Figure 6.7 considers the differences between the longitudinal magnetic field strength inferred from the He I polarized spectra via full inversion (DST/FIRS) and the Ca II 854.2
nm spectral line via the weak-field approximation (DST/IBIS). Both are further compared
to Blong inferred from the Ca II 854.2 nm line by SOLIS/VSM, at considerably lower spatial sampling of 12 , giving the first cross-instrument comparison of these measures. Each
data set is coaligned and rebinned to the resolution of the FIRS scan. Note that the SOLIS/VSM magnetogram was acquired approximately four hours prior to the DST data,
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Figure 6.8: Comparison of the LOS azimuths for He I and Ca II from a full inversion and
the weak field approximation.
and thus solar rotation introduces a change in the longitudinal field component.
The most relevant comparison is between the DST/IBIS and DST/FIRS measures,
given in the middle bottom panel. In general, the longitudinal magnetic field strength
inferred via He I is reduced („ 10 to 20%) in comparison to the Ca II 854.2 nm spectral
line particularly within the strong umbra. This reduction is seen in both the comparison
with DST/IBIS and SOLIS/VSM. It might be explained by the height-dependence of
the magnetic field intensity and the relative formation height difference between He I
and Ca II. Yet, the spatial distribution of the longitudinal field in the images show direct
correspondence, particular in the fibril features on the southwest side of the sunspot. While
the fine scaled structuring is washed out in the SOLIS/VSM magnetogram, the values in
the synoptic dataset compare well with the DST/IBIS high resolution observations.
The azimuthal angle in the observer’s frame is compared in Figure 6.8 for the He I
inversions and the DST/IBIS Ca II 854.2 weak field approximation. Again, only the
values within the region of measureable Ca II linear polarization are compared. This
region includes most of the sunspot umbra and penumbra and a portion of the inner
superpenumbra. Thus, it overlaps regions of the He I map inverted with the MilneEddington and the slab models. Although we have resolved the ambiguities in the He I
maps, here we compare the azimuthal angles with an included 180˝ ambiguity so to avoid
disambiguating the IBIS map of azimuths. The values compare favorably; although much
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scatter exists and the He I values in the northwest portion of the region are rotated
counterclockwise by approximately 10 degrees.
6.6.2

The chromospheric magnetic structure of a sunspot

Previous studies of the chromospheric magnetic structure of a sunspot and its superpenumbral extent primarily relied on longitudinal diagnostics of the magnetic field (e.g. Zhang
(1994), Wang et al. (1997), Choudhary et al. (2001)). More recently, de la Cruz Rodrı́guez
and Socas-Navarro (2011) and Chapter 5 probed the magnetic field in individual fibrils
of the superpenumbra, while Orozco Suarez et al. (2005) investigated the chromospheric
magnetic field structure of a sunspot (not its canopy) using the strong Zeeman-like signatures of the umbra with the Milne-Eddington model. Figure 6.4 extends the diagnostics
of the chromospheric magnetic field into full maps of the superpenumbral canopy both
within and in-between the dark fibrils.
After resolving the ambiguities, the magnetic field structure of the superpenumbra
exhibits remarkable continuity on the west and north sides of the sunspot. The third
panel of Figure 6.4 relays the azimuthal angle of the magnetic field in the local frame
where the angle is measured relative to the direction of disk center. Thus, the field is
converging into the sunspot and wraps around the magnetic field with a nearly radial
orientation consistent with the field of fibrils studied by Chapter 5. The strength of the
magnetic field drops from near 1500 Gauss in the sunspot umbra to between 100 and 300
Gauss within the superpenumbral canopy. The superpenumbral canopy is confirmed to be
a canopy by the inclination maps, showing values near 90˝ , which corresponds to a vector
parallel with the solar surface.
The magnetic field values show less dispersion on the northwest side of the sunspot
in Figure 6.4 where the longitudinal field strengths are the strongest in Figure 6.7. As
shown by Chapter 5 within the fibrils, the 100 to 300 Gauss field strengths place the
formation of the He I polarized spectra within the saturated Hanle effect regime. The
transverse Zeeman effect does not give an appreciable signal. As the linear polarization in
the saturated regime does not depend on the magnetic field strength, the Stokes V profile
determines the field strength. Thus, the field strength is better determined in regions
with a larger longitudinal magnetic field component. Also, the fibrilar structure on the
southwest side of the sunspot exhibits more complex structuring in the IBIS observations,
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Figure 6.9: The average magnetic structure of sunspot in the chromosphere and photosphere, resulting from an analysis of the He I triplet at 1083 nm and the Si I line at
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which may also lead to greater dispersion in the magnetic field strengths measured in that
region.
The average structure of the sunspot in the chromosphere may be studied with averages
of the field parameters in the azimuthal direction circumscribing the sunspot. Using a
cylindrical geometry centered on the nearly circular sunspot (see Chapter 5), we can
represent the average structure of the sunspot as a function of sunspot’s radius, just as in
previous studies of the average photospheric structure of sunspots (Keppens and Martinez
Pillet, 1996). Due to the error introduced in the magnetic field strength by the weak Stokes
V signal discussed above, we study the average structure only of the northwest portion of
the sunspot in Figure 6.9. We also compare the average chromospheric magnetic structure
with the photospheric magnetic structure inferred from a one-component Milne-Eddington
analysis of the Si I spectral line at 1082.7 nm measured by FIRS (see Chapter 5).
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The equilibrium magnetic structure of the sunspot in the chromosphere and photosphere shown in Figure 6.9 displays significant similarities. In particular the magnetic field
strength decreases as a function of radius, while the inclination of the field becomes more
horizontal. The presence of a small light bridge within the primary umbra (see Figures 6.1
and 6.5) leads to the relatively flat average behavior of the photospheric magnetic field
in the umbra. The chromospheric magnetic field, however, shows a dip in the magnetic
field strength within the umbra. In this portion of the umbra, the He I Stokes Q and
U spectra do not show clear symmetric profiles, and are characterized by an increase in
noise. Likely the high-frequency oscillations in the dark umbra coupled with variations in
the observing conditions (i.e. seeing fluctuations) lead to the disruption of the profiles over
the long integration time of the FIRS observations. Still, the approximately 500 Gauss
reduction of the field strength in the umbra between the Si I and He I values is consistent
with an approximately 0.3 Gauss km´1 vertical magnetic field gradient, assuming a 300
km and 1750 km height of formation for the two lines respectively. It is also clear that
the “magnetic radius” of the sunspot in both the photosphere and chromosphere extends
well beyond the outer edge of penumbra viewed in the continuum intensity.
For this observed sunspot, we do not find any significant twist of the magnetic field for
either the photospheric or chromospheric observations since the average Bχ component
remains negligible (see Figure 6.9). Thus the torsional forces do not largely change in
an average sense as a function of height. By “twist” and “torsion”, we refer to the
same definitions used by Socas-Navarro (2005b), where twist characterizes the non-radial
behavior of the field in the cylindrical geometry centered on the sunspot, and torsion
refers to the vertical gradient of the azimuthal direction of the field. On a finer scale,
clear changes in the azimuthal angle between the photosphere and chromosphere exist,
suggestive of complicated torsional forces at work within the sunspot itself. However, since
the observations cannot establish the height of formation for the He I triplet, projection
effects due to the oblique observation angle of these observations can lead to anomolously
perceived torsional forces due to large spatial gradients in the magnetic structure of the
region.
Unfortunately, while disk center observations reduce the impact of projection effects,
the horizontal nature of the superpenumbral canopy presents a challenge for the He I
triplet to infer magnetic field strengths since the linearly polarized signal is very weakly
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influenced by the magnetic field intensity. Our observations more firmly constrain the
field strengths in the superpenumbral canopy due to the oblique observation geometry.
The superpenumbral canopy fields observed here express a radial gradient smaller than
the complementary canopy fields of the upper photosphere measured by Si I (right panels
of Figure 6.9). Outside of the penumbral boundary, the photospheric field continues to
decrease rapidly while the chromospheric field becomes nearly constant.
6.6.3

Fibril and inter-fibril magnetic structure of the superpenumbral canopy

In absence of vector field diagnostics for the regions surrounding sunspots, earlier studies attempted to deduce the magnetic structure of the superpenumbra using longitudinal
magnetograms in chromospheric spectral lines. Giovanelli and Jones (1982) argued using
Ca II 854.2 nm and Hα magnetograms that the superpenumbral region consisted of a diffuse, but uniform, canopy of magnetic fields extending from the sunspot with a base height
of less than 700 km. Noting that the magnetograms did not contain fine-structuring consistent with the fibril structures seen in intensitygrams, the authors concluded that the
superpenumbral fibrils do not delineate large changes in the field structure, but rather
changes in the density and/or thermal structure within the magnetic canopy. Later work
by Zhang (1994) disputed this claim, illustrating fine scale structures in Hβ magnetograms
corresponding to dark filamentary structures extending from a sunspot. This work claimed
superpenumbral fibrils were regions of concentrated magnetic flux. However, interpreting
chromospheric filter-based longitudinal magnetograms requires consideration not only of
projection effects but also for fine scale structuring produced by spatial velocity gradients. With the full vector measurements presented here, we more adequately address the
magnetized structure of both the fibrils and the inter fibril plasma.
Figure 6.10 relays the inferred magneto-thermal structure of the observed active region
from the core of the sunspot umbra out to three times its penumbral radius. The images
have been projected onto coordinate-axes in the cylindrical reference frame centered on the
sunspot. The x-axis gives the circum-umbral azimuthal angle referenced to the direction
of disk-center. That is, the region of the image between 90˝ and 270˝ corresponds to the
half of the sunspot farthest from disk center. The inward (blue-shifted) Doppler velocities
measured in this portion of the sunspot (see lower left panel of figure) are consistent with
the inverse Evershed effect (Evershed, 1909b). Dotted lines illustrate the paths of the 39
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Figure 6.10: Magneto-thermal structuring of the superpenumbral region. The observed FIRS maps are projected into the
cylindrical coordinate system centered on the sunspot, with the dashed line representative of the outer penumbral edge. White
regions denote areas not well fit by the inversions or not measured by the FIRS scan. Dotted lines trace the selected fibrils
modeled in Chapter 5. The panels referred to the quantity indicated on the color bars, with the lower right panel giving the
flow velocity magnitude assuming the flow follows the magnetic field lines of force.
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fibrils manually traced in Chapter 5 by inspecting the full spectral data cube. Additional
lineated structures not traced in Chapter 5 are apparent in the left top panel showing the
inverted He I slab thickness (∆τ). It is important to note that the He I triplet exhibits
measurable absorption across the entire observed scan, not just within the fibrils. The
fibrils only appear in contrast as regions with greater absorption, most likely due to greater
mass densities (see Chapter 5).
Overall, the magnetic field parameters of Figure 6.10 (middle panels) support a more
uniform magnetic architecture for the superpenumbral region compared to its fine intensity
structure; albeit, the level of noise in the observations does lead to considerable scatter in
the returned magnetic field parameters. Still, our measurements indicate that the intensity
structuring in the superpenumbra most likely does not result from concentration of the
magnetic field. Furthermore, we find that the fibrils are not easily identified in the Doppler
width panel (top right). While there is a gradient towards larger natural line widths with
increased distance from the sunspot, the Doppler temperature of the fibrils seems to be
only slightly larger than the inner-fibril material. Higher spatial resolution measurements
of the He I triplet are necessary to confirm these for the finer-scaled structures seen in the
IBIS images (Figure 6.5).
6.6.4

Non-potential magnetic field shear

Ultimately maps of the chromospheric magnetic field in active regions, like the ones shown,
may serve as an important measure for both the available magnetic free energy in a region
and the magnetic configurations leading to the release of energy in flares and CMEs. As
conveyed in the introduction, we expect simply from the “relaxed” low-β morphology of the
field that the chromosphere is a better force-free boundary from which upper atmosphere
magnetic fields may be extrapolated. Metcalf et al. (1995) found in lower resolution
measurements of the chromospheric vector field using the Na I 589.6 nm spectral line that
the magnetic field in active regions become force-free approximately 400 km above the
photosphere. Unfortunately, since we do not observe the entire magnetic structure of the
bipolar active region, we cannot test this result with our measurements.
Alternatively, the magnetic free energy may be investigated quantitatively by measuring the difference between the observed chromospheric magnetic field vector and a potential (current-free) extrapolation of the photospheric longitudinal field. Jing et al. (2011)
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the observed He I Stokes profiles. Only field lines extending up to 5 Mm above the solar
surface are shown on the right.
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performed a similar exercise by calculating the mean shear angle between the azimuthal
component of the extrapolated field and the projected azimuthal direction of fine-scaled
fibrils. The work made the common assumption that fibrils are aligned with the magnetic
field, which is now supported observationally by the analysis of Chapter 5. For AR 9661,
Jing et al. found the mean shear angle decreased after the production of a flare, perhaps
illustrating the expenditure of free magnetic energy in the region.
With our full determination of the magnetic field vector in the chromosphere, a measure
of the non-potentiality of the region can be obtained from the shear angle between the
observed magnetic field vector and the extrapolated magnetic field. One complication,
however, is that we have made an assumption in the inversions regarding the height of the
He I material, placing it at 1750 km (see Chapter 5). Likely, the He I observations represent
not a uniform level of the atmosphere, but rather a corrugated sheet. Consequently,
we calculate the mean magnetic shear angle as a function of height in a potential field
extrapolation.
A current-free extrapolation of the photospheric magnetic field is performed using a
3072 ˆ 3072 subregion of the SDO/HMI longitudinal magnetogram acquired at 20:01:55
UTC (see Figure 6.1). The subregion is selected so that the upward and downward flux
near AR 11408 is approximately balanced. While including different portions of the magnetogram may lead to different results near the extrapolation boundaries, one can consider
the results within the sunspot itself to be a robust representation of the potential field
solution. We utilize the ‘FFF’ routine available in the Solarsoft IDL library to calculate the extrapolation based on the equations of Alissandrakis (1981) and Gary (1989).
While including different portions of the magnetogram may lead to different results near
the extrapolation boundaries, one can consider the results within the sunspot itself to
be robustly representative of the potential field solution. By visual inspection alone, the
observed intensity structure of the fibrils exhibit shear with respect to the potential field
(Figure 6.11).
The magnetic shear angle is determined for each pixel as the angle between the observed
magnetic field vector and the extrapolated field vector at a specified height, found using
the dot-product formula. Averaging this angle across the entire region for all the pixels well
fit during the inversions produces the height-dependent relationship shown in Figure 6.12.
The minimum mean shear angle is 30.35˝ , indicating non-zero free energy w.r.t. the
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potential model. While the inversions were performed assuming a height of 1.75 Mm,
the minimum mean shear angle occurs at a height of 2.38 Mm. This relatively small
height difference supports our assumed height. We might minimize this height difference
by performing additional inversion wherein the height of inversion is verified; though the
minimum shear angle might not always occur at the real height of the material. Afterall,
the real magnetic field structure of the sunspot is not likely to be potential.
6.7

Discussion and Summary

The He I triplet at 1083 nm proves a formidable means to investigate the full vector magnetic field structure of an active region, particular within a sunspot and its superpenumbral
canopy. Using full inversions with multiple atmospheric models, the He I results compare
well with the weak-field diagnostics provided by DST/IBIS and SOLIS/VSM inside the
sunspot, and expand those diagnostics to the other components of the vector magnetic
field. Continued efforts to improve the sensitivity of these He I measurements should
inevitably lead to more complete maps of an active region field in a force-free condition.
Such measurements would ease the challenges of extrapolating the coronal magnetic field
so that various methods might fall into greater consistency than found by De Rosa et al.
(2009), without the need for extensive preprocessing as in Wiegelmann et al. (2008). However, advancing diagnostics like the Ca II infrared triplet remain critical to investigating
the three-dimensional height stratification of active region atmospheres (Socas-Navarro,
2005b,a).
Evidence that the breaking of the radiation field symmetry within a sunspot might
introduce a measurable change to the emergent Stokes profiles offers a chance to improve
our vector diagnostics within dark solar features. In this work, we neglect this symmetrybreaking and opt to instead use a Milne-Eddington model inside the sunspot. The inferred
magnetic field vector varies by less than „ 10% in strength and direction between the
models that we tested; and therefore, the Milne-Eddington solution might be a useful
and quick means to measure the field in the sunspot. But, due to the added constraints
placed on the polarization formation by the Hanle effect and the anisotropies of pumping
radiation, we suspect the 180˝ ambiguity of the transverse Zeeman would be overcome by
extending the statistical equilibrium equations used by P-Hazel to include the nonzero
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K components of the radiation field tensor. The greatest challenge to accomplishing this,
however, may be the proper determination of the radiation field tensor at the transition
frequencies between each major term of the orthohelium atomic model.
The magnetic architecture hosting the thermal fine-structure of the chromosphere is
notoriously difficult to probe. Our inversions favor the more uniform picture of the superpenumbral magnetic canopy of Giovanelli and Jones (1982) over the idea that the fibrils
are regions of concentrated magnetic flux (Zhang, 1994). This conclusion seems intuitive
considering the great density of thin fibrils viewed in high-resolution spectral-imagers like
IBIS (see Figure 6.5 and Reardon et al. (2011)). However, we suspect the orientation
of the fibrils surrounding magnetic concentrations to be influenced by the distribution
of the magnetic field in the atmosphere such that the superpenumbral canopy is not entirely uniform. Further measurements of fibril magnetic fields using the He I triplet will
certainly aid in our understanding of highly non-potential magnetic fibril structures, like
superpenumbral whorls (Balasubramaniam et al., 2004b).
Our maps depict the chromospheric field vector in the finely structured superpenumbral
canopy as a smooth surface distinguished by remarkable field continuity. Perhaps this
is confirmation of the expectations of Judge (2006), who points out that the thermal
structure of the chromosphere can lead to a more complicated and complex notion of the
chromosphere than the magnetic field structure supports. In the low-β environment of
the chromosphere, the average force balance is controlled by the magnetic field, not the
thermal structure. To understand the dynamics of the upper atmosphere, we must infer
the dynamics of the magnetic field through time-resolved, direct inferences of the magnetic
field.
Still, perhaps the level of noise in our observations mask the fine structuring of the
magnetic field. High-sensitivity measurements are necessary to exploit the full potential
of these He I diagnostics. Better measurements will not only better prescribe the architecture of the field, but might allow height diagnostics. The level of noise in our observations
disallow this diagnostic capability. Still, this tool has great power to test the formation of
fibrils, especially due to the prediction by Leenaarts et al. (2012) that fibrils seen in the Hα
spectral line may on average have a greater formation height. Moreover, the elementary
nature of solar magnetic structures, especially in the upper atmosphere, remains unconstrained by magnetic field measurements. While fine structures in the upper atmosphere
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such as fibrils and spicules are thought of as tube-like field structures, Judge et al. (2011)
argue that flexing magnetic sheets similar to tangential discontinuities might also explain
the fine structure of the upper atmosphere. Warps in these sheets and the subsequent
raising and lowering of the total opacity along lineated ridges might offer an explaination
of fine structure. Probing the thermal and magnetic structure of these features then is
important in understanding how the upper atmospheric magnetic field is organized.
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CHAPTER 7

ON-DISK SPECTROSCOPY AND STEREOSCOPIC RECONSTRUCTION OF A
CATASTROPHICALLY-COOLED CORONAL DOWNPOUR DURING THE
FORMATION OF A CORONAL CLOUD FILAMENT

The sun, with all those planets revolving around it and dependent on it, can still ripen a
bunch of grapes as if it had nothing else in the universe to do. – Galileo Galilei
7.1

Abstract

We unite stereoscopic diagnostics of the upper solar atmosphere from SDO and STEREO
with ground-based spectropolarimetric instrumentation at the Dunn Solar Telescope. We
characterize the drainage of prominence material formed by condensation induced through
catastrophic cooling above NOAA active regions 11295, 11296, and 11298 on 19 September
2011. A stereoscopic reconstruction establishes the three-dimensional geometry of an
individuated channel. Spectropolarimetry in the He I triplet at 10830 Å, Ca II 8542 Å, and
Fe I 6173 Å provide the connection of this material to the chromosphere and photosphere.
High-speed flows up to 190 km sec´1 impact the solar chromosphere, generating kernels
of shock heated material as well as heating along the bottom portion of the coronal loop.
The kernels directly align with a sheet of significant magnetic shear within a large sunspot,
giving the first fine scaled view of the anchoring of a coronal loop. We comment on the He I
spectropolarimetry; though a full magnetic analysis of the coronal loop will be described
in Chapter 8.
7.2

Introduction

Numerous models for the supply of mass to solar filaments/prominences invoke the condensation of hot coronal material due to thermal instabilities (e.g., Antiochos, 1980; Pneuman, 1983; Antiochos and Klimchuk, 1991; Karpen et al., 2005). Recently, observations
have supported this process being important in the formation of off-limb prominences (Liu
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et al., 2012; Berger et al., 2012). The subsequent support and insulation (and/or continual
resupply of cool material) of the filament within the hot corona is governed by the strength
and topology of the magnetic field (Low et al., 2012) as well as the thermal evolution of its
entrapped plasma. Liu et al. (2012) observed the formation of a prominence in a dipped
type feature perhaps lending addition credence to upward concavity magnetic prominence
formation models (Pneuman, 1983; Karpen et al., 2005). Depending upon the stability
of a region’s magnetic structure, filaments may erupt and are linked with the driving of
coronal mass ejections (CMEs) (see,e.g., Jing et al., 2004). The formation and evolution
of filaments is thus critically dependent upon the magnetic field; though, this field remains difficult to determine in the corona as spectral diagnostics of the coronal magnetic
field pose a very difficult observational challenge (Raouafi, 2011) and extrapolations of the
photospheric field remain limited by its non force-free state (De Rosa et al., 2009).
To understand the initial formation of filaments via condensation, one must identify
first the catalyst of the instability, i.e. what leads to a thermal non-equilibrium where
cooling proceeds more rapidly than the supply of energy to the coronal structure. In the
context of coronal rain, one-dimensional (1D) time-dependent models of coronal loops with
steady, footpoint-concentrated heating generates condensates near the loop’s apex. Chromospheric evaporation due to the footpoint heating increases the density at the loop’s
apex which induces runaway radiative cooling. Most models show this process to proceed in loops of a uniform cross section, important considering many loops observed in
low resolution EUV images exhibit a small loop width expansion with height. Near constant cross-section loop geometries imply non-potential flux tube geometries (Aschwanden,
2005). Loop geometry, however, can play an important role in thermal non-equilibrium,
affecting specifically the location of the condensation onset and the resulting intensity
structure (Karpen et al., 2005). For nonuniform 3D flux tubes from a sheared-arcade
prominence model, Karpen et al. (2005) illustrated that thermal non-equilibrium proceeds very differently in the nonuniform versus uniform loop cases. More recently, the
importance of thermal instabilities in the formation of filaments has been emphasized
by Xia et al. (2011, 2012). Understanding the magnetic field structure of coronal loops
then is a crucial ingredient to non-thermal catastrophic-cooling processes. While coronal condensation may be an important indicator of the coronal heating process (Antolin
et al., 2010), thermal non-equilibrium in its current framework is unable to reproduce key
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characteristics of many coronal loops (Klimchuk et al., 2010).
The way forward for thermal disequilibrium studies of coronal loops includes observing
a better connection between the magnetic architecture and the coronal intensity structure.
Ideally, one would be able to study simultaneously the evolution of the magnetic field in
the photosphere and catastrophic-cooling processes in the corona. For now, only on-disk
observations satisfy this prerequisite. This poses numerous challenges. First, coronal
condensation can be very fine-scaled, especially in the most quiescent coronal rain phenomena not associated with filament formation. Only recently has the on-disk counterpart
of coronal rain been identified (Antolin et al., 2012). Secondly, on-disk observation are
generally blind to the vertical stratification of active regions in the absence of stereoscopic
observations. Fine-scaled features like quiescent coronal rain may never be probed with
stereoscopy. Finally, our observational knowledge of the coronal field, especially on-disk,
is minimal, making it hard to put extrapolation methods to the test.
Here we present a unique data set capable of addressing the evolution of coronal loops
undergoing what we interpret as catastrophic cooling during the formation of a short-lived
coronal cloud filament. The advantages of this data set lie in the paring of the high resolution full disk diagnostics of NASA’s Solar Dynamics Observatory with high-resolution
ground-based imaging, spectroscopy, and polarimetry of the photosphere, chromosphere,
and cool coronal material from the National Solar Observatory’s Dunn Solar Telescope.
These combined diagnostics establish the connection of cooled coronal loops directly to
the lower atmosphere. Downflowing coronal material impacts and shock heats the solar
chromosphere during this process, creating a small umbral brightening known as an umbral flare (Kubota et al., 1974; Turova et al., 2005). Due to the observational geometry of
this particular downflow, we are able to use stereoscopic imaging, combining SDO/AIA
and STEREO/EUVI-A, to reconstruct the 3D geometry and velocity structure of the
downflow. The velocity structure is derived from the intensity spectra from full Stokes
spectropolarimetric measurements of the neutral helium triplet at 1083 nm. We do not
discuss the polarized spectra here, but rather reserve these for further analysis. Here we
lay the framework for that work. Specifically, our established constraints on the height
of the observed downflowing material are essential not only to deriving the 3D velocity
structure, but also to interpreting the He I polarized spectra along the cooling coronal
loop. Constraining the height of the material allows one to quantify the anisotropic prop-
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erties of the radiation field involved in the orthohelium optical pumping process (Asensio
Ramos et al., 2008).
7.3

Data Description and Reduction

These observations concern the complex multi-polar magnetic area located on the Sun
on 19 September 2011, and consisting of three NOAA numbered active regions – 11295,
11296, and 11298. These rather complicated, linked regions produced numerous events,
including what Srivastava et al. (2013) interpreted as a sausage-pinch instability in AR
11295 on 2011 September 12, when the region was on the east solar limb. We obtain
ground-based high-resolution observations with the Dunn Solar Telescope (DST) at the
National Solar Observatory (NSO) on Sacramento Peak, New Mexico. We combine these
observations with data from the Global Oscillation Network Group (GONG) Network (Hill
et al., 2009) and the Solar Dynamics Observatory (SDO: Pesnell et al., 2012). A summary
of the incorporated observations are given in Table 7.1.
7.3.1

Gong Hα Observations

The recent upgrade of the GONG distributed observing network to include full-disk Hα
(H I 656.3 nm) observations provides synoptic patrolling of the Hα chromosphere at a
1 minute cadence at each of six ground-based sites worldwide (Harvey et al., 2011; Hill
et al., 2009). The detector pixel size is approximately 1.062 ; though image resolution is
limited primarily by seeing. The Hα filter bandpass is 0.4 Å wide. We examine reduced
observations from the Tiede, Big Bear and Learmonth stations, each of which had variable
seeing on these dates. The sequence analyzed lasts between 14:28 and 06:00 (+1day) UTC,
starting on 19 September 2011. All Hα images below are sharpened by a high-pass filter
to increase feature contrast.
1

Active mitigation of atmospheric seeing achieved with the High Order Adaptive Optics system (HOAO:

Rimmele et al., 2004).
2
Nλ corresponds to the number of wavelength samples across the spectral line. In Full Stokes mode,
six modulated polarization states are measured at each spectral sample.

Observatory

Instrument

Channels

DST1

FIRS

He I 1083 nm

IBIS

Ca II 854.2 nm

IBIS

Fe I 617.3 nm

IBIS

WL (830 nm)

CCC03

G band

FOV

Sampling

60 2 ˆ 772

0.32

Description
Full Stokes; 38.68 mÅ pixel´1 ; 35.74Å spectral range
Full Stokes; Nλ “ 20 2 ; 41 (or 22) sec cadence

452 ˆ 952

0.09762

952

0.09762

452 ˆ 952

0.09762

Broadband SPECKLE white-light imaging

892 ˆ 892

0.04342

Context imager; 5 second cadence
Minimum 1 second cadence; multiple ground-based stations

452

ˆ

Full Stokes; Nλ “ 16; 41 second cadence

GONG

H-alpha

H I 656.3 nm

Full disk

1.062

SDO

HMI

Fe I 617.3 nm

Full disk

0.62

Longitudinal magnetograms; intensitygrams

AIA

304,131,171,193,

Full disk

0.62

12 second cadence

SECCHI/EUVI

304, 195 Å

Full disk

1.592

10 (5) minute cadences for 304 (195); 103.67˝ ahead of Earth in its orbit

211,335 Å
STEREO-A

Table 7.1: Multi-platform Observations for the Event of 2011 September 19
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Figure 7.1: NOAA active regions 11295, 11296, and 11298 as viewed by SDO/HMI on 19 September 2011. The image sub-region
(black box) is magnified in Figure 7.2 and indicates the DST instrumental field of views. Solar north is up.
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7.3.2

Solar Dynamics Observatory Data

Coronal images at a 12 second cadence from the 304, 131, 171, 193, 211, and 335 Å
EUV channels of SDO’s Atmospheric Imaging Assembly (SDO/AIA: Lemen et al., 2011)
are analyzed in congress with 45 second cadence intensitygrams and magnetograms from
SDO’s Helioseismic and Magnetic Imager (SDO/HMI: Scherrer et al., 2012). Each level
1, full-disk, data file is processed using aia prep v4.13, establishing a common 0.62 spatial
sampling. During the data preparation process, which occurred in January 2012, the most
recent SDO master pointer tables were utilized. We verify the proper alignment between
the spectral channels (error ă 12) before cutting out a 5402 ˆ 4802 sub-region in each
file surrounding the targeted region (see Figure 7.1), which is tracked according to the
mean synodic solar rotation rate. The entire data set is interpolated onto an even 12
second temporal cadence for ease of analysis. Procedurally, the browsing of this large
data cube is simplified by loading the entire data set into an unformatted binary data
file formatted in accordance with the CRisp SPectral EXplorer (Crispex, Vissers and
Rouppe van der Voort, 2012), which is a useful widget-based utility designed for exploring
large spectropolarimetric/temporal data sets (Vissers and Rouppe van der Voort, 2012).
We make use of this utility also in § 7.7.1 for the analysis of the He I triplet spectral data
cube.
STEREO/EUVI Data
On this date, spacecraft A (ahead) of the Solar Terrestrial Relations Observatory
(STEREO: Kaiser, 2005) was located in its eccentric orbit 103.67˝ ahead of Earth, at
a distance of 0.966 AU from the Sun. Meanwhile, SDO orbited Earth at 1.0046 AU. We
examine coronal images taken in the 304 Å and 195 Å channels by the SECCHI/EUVI
instrument onboard STEREO-A, acquired on 10 and 5 minute cadences, respectively. The
plate scale on this date was 1.59” per pixel. All STEREO/SECCHI/EUVI-A images were
processed with the SolarSoft routines secchi prep and euvi point. We employ the 195 Å
images in § 7.6 for two-point stereoscopy alongside images taken in the SDO/AIA 193 Å
channel.
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Figure 7.2: Field of view (FOV) of the instruments in use at the Dunn Solar Telescope
on 19 September 2011 overplotted on an intensitygram from SDO/HMI at 16:29:06.70
UTC. The FIRS FOV (dashed) refers to the individual scan starting at 16:28:57 UTC as
discussed in the text. The large sunspot in this figure belongs to NOAA AR 11298. The
helioprojective coordinates give the projected observing angle measured relative to solar
disk center. Solar north is up.
7.3.3

Dunn Solar Telescope Data

High-resolution observations obtained from the ground at the DST included 2k ˆ 2k
G-band context images (0.042” pixel´1) on a 5 second cadence in addition to slit-

spectropolarimetry of the He I triplet at 1083 nm with the Facility Infrared Spectropolarimeter (FIRS: Jaeggli et al., 2010) and imaging spectropolarimetry of the photosperic Fe
I 617.3 nm and chromospheric Ca II 854.2 nm lines with the Interferometric BiDimensional
Spectrometer (IBIS: Cavallini, 2006; Reardon and Cavallini, 2008). The field-of-views used
here for each instrument are shown in Figure 7.2.
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Facility Infrared Spectropolarimeter (FIRS)
FIRS is a slit-type full-Stokes, dual-beam spectropolarimeter. We examine a single map
of full Stokes vector in the He I triplet at 1083 nm across the active region’s primary
sunspot as shown in Figure 7.2. The slit was oriented at a 41.3˝ angle with respect to
the solar meridian, and was scanned from solar northeast to southwest. These single slit
observations did not use the narrow-band DWDM filters that FIRS often employs for
multi-slit observations. Rather, the full detector space was used to boost the spectral
range to 35.743 Å at a dispersion of 38.683 mÅ pixel´1 . The projected slit width and
length were 0.292 and 772 , respectively. The 218 step scan analyzed here, commenced at
16:29 UT and lasted 32 minutes. Note that this is considerably longer than the travel
time of typical blob-like coronal material that drains in coronal rain phenomena. At each
slit position, exposures were acquired in four efficiency-balanced modulation states with
125 msec exposures. The modulation sequence was repeated once at each slit position,
totaling 1 second of cumulative integration time.
In the reduced data, the mean noise level in units of intensity for Stokes (Q,U,V) is
p1.0, 0.92, 1.3q ˆ 10´3 at a spatial resolution of 0.32 ˆ 0.32 . These data were reduced in
the manner described by Schad et al. (2013c) (Chapters 4 and 5), with the exception that
we determine the spectral dispersion by fitting the line cores of the two telluric lines at
10833.981Å and 10832.108Å, as in Kuckein et al. (2012b). Unlike the data set analyzed
by Schad et al. (2013c), the atmospheric water content on this date produced significant
telluric absorption. The reduction methods included full polarization calibration (including for the time-dependent parallactic angle) and removal of interference fringes using the
2d pattern-recognition method of Casini et al. (2012b). We also determine an absolute
wavelength reference as in Schad et al. (2013c) to correct for relative velocities introduced
by orbital motions and Earth-Sun rotation.
Unfortunately, due to variations in the atmospheric seeing, as well as the dynamic evolution of features around the target, the DST adaptive optics system experienced spatial
drifts during the FIRS scan. To recover the spatial integrity of the FIRS scan, we must
implement a correction. We careful register FIRS with the context G-band imager using
telescopic observing targets. Image shifts determined within the G-band images are then
translated to their equivalent shift within the FIRS map. Any spatial maps of quantities
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derived from the FIRS maps are corrected using Delaunay triangulation of the translated
observation points, and subsequent quintic-polynomial smooth interpolation.
The Interferometric BiDimensional Spectrometer (IBIS)
Pseudo-monochromatic images taken in succession with different spectral tuning and polarization modulation forms the basic observable of IBIS, a dual Fabry-Perot imaging
spectropolarimeter capable of dual-beam full-Stokes polarimetry. Between 14:04 and 16:10
UTC, IBIS measured the full-Stokes vector of the Ca II 8542 Å spectral line with 20 userdefined spectral points. One full iteration of this measurement, which recorded images in
six modulation states at all 20 spectral points, required 22 seconds. Between 16:27 and
17:02 UTC, the observation sequence was modified to include full-Stokes polarimetry of
the photospheric Fe I 6173 Å spectral at 16 spectral points. The 216 frames in this modified sequence required 41 seconds. The observed field-of-view (452 ˆ 952) was centered
over the primary sunspot (see Figure 7.2) for all IBIS observations.
Simultaneous broadband continuum images are acquired by IBIS for each narrow-band
IBIS frame. For each full sequence of the narrowband channel, a SPECKLE reconstruction
of the broadband images is performed using Kisip (Wöger et al., 2008), which offers the
highest resolution view of the continuum structure of the active region. These images are
examined more closely in Section 7.8.1. The usual reduction methods are used to process
the IBIS narrow-band data (see, e.g., Judge et al., 2010; Kleint, 2012), which include full
polarimetric calibration, FOV-dependent spectral wavelength shift correction, and spatial
destretching using the SPECKLE reconstructed broadband images. The intensity spectra
are also corrected for the instrumental prefilter transmission profile.
7.3.4

Coalignment of Data Sources

Integrating all of these data sources to achieve a coherent picture requires great pains to
ensure inter-instrument registration. Observational targets prove essential for accurate
registration between the instruments operated at the DST. The alignment with the spacecraft data is estimated first from the respective image scales, with fine-tuning achieved
with the Solarsoft alignment procedure ‘auto align images.pro’. We estimate the alignment of the DST data sets to be better than 0.5”, while between the ground-based and
spacecraft data, the alignment is good within À 12 .
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Figure 7.3: The formation and evolution of a coronal cloud filament observed in Hα by
the GONG observing network. UTC times and data source stations provided in panels,
which sample the evolution with non-equally spaced intervals to show major moments in
the region’s evolution. See text for details and link to online movie.
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7.4

The Formation and Evolution of the Coronal Cloud

GONG Hα movies establish the formation and evolution of filament-like material within
the observed magnetic complex. Figure 7.3 displays key moments in the region’s evolution
between 10:00 UTC (19 Sept) and 05:25 UTC (20 Sept). The full animation is available
at http://tinyurl.com/gongmov.
Homologous surges starting at 11:20 UTC (19 Sept) and 04:40 UTC (20 Sept) briefly
erupt along similar curved trajectories rooted in the east group of pores, and bracket in
time the formation and decay of the coronal cloud filament. The projections of these
surges on the solar surface exhibit extension from the pores towards the middle of the
region. These surges bracket in time the formation and eventual decay of a coronal cloud
filament. The first surge stretches in the Hα towards the top-middle of the active region
complex, and shows drainage not only along its upward trajectory but also along a curved
path on the western side of the complex. This material drains into the large sunspot on the
right. The intersection of these two loop-like trajectories forms an X-shaped topology at
the top of the region. At this location a coronal cloud begins to form around 15:11 UTC,
identified by its compact extent in the Hα images, as well as its great height above the
solar surface (ą 80Mm; 0.12 RSun ) determined by stereoscopy below (Section 7.6). Unlike
typical quiescent or active region filaments, cloud filaments lack a definitive spine. The
cloud exists for approximately 11 hours from 15:20 UTC (19 Sept) until 02:25 UTC (20
Sept), when most of the remaining material drains towards the northwest in one event.
The second homologous surge then erupts at 4:40 UTC, after an intensification in the
chromospheric emission near the eruption footpoint at the eastern pores.
Coronal cloud filaments may also be called spiders, due to their high formation height
and subsequent drainage along curved channels downwards into the active region (what
we term the ”spider legs”). Although not often studied, Allen et al. (1998) found spiders
to form about once every ten days during the decay of the solar cycle. Lin et al. (2006)
associates the formation of coronal spiders with the eruption of coronal mass ejections 1
to 2 days prior to the onset, noting that the prominence condensations typically present a
V-shaped topology suggestive of separatrix magnetic surfaces. Martin and Engvold (2005)
further observed a very high prominence („ 0.29 RSun) associated with a decaying active
region that had produced two CMEs, and suggested that the high prominence formation
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was related to current sheets or magnetic interfaces (Lin and Van Ballegooijen, 2001). The
X-shaped topology mentioned above might be the on-disk counterpart of the V-shaped
phenomena studied off-limb. The drainage channels seen at 16:15 UTC form a V-shaped
system, while the drainage channels clearly also extend along channels south of these
V-shaped channels. At 16:41 UTC, significant material flows towards the large sunspot,
which is studied with He I spectroscopy below (Section 7.7)
We also find the formation of this coronal cloud prominence associated with the aftermath of a large scale eruption. According to the SolarSoft list of events, NOAA AR
11296 produced a C2.4 and C6.2 flare on 19 Sept at 04:52 and 07:19 UTC, respectively.
Both events are characterized by two-ribbon chromospheric flares viewed in the GONG
Hα data set. The eruption can also be seen in SDO/AIA images, although an instrumental
eclipse by the Moon occurs as the second flare occurs. The ribbons of the larger second
flare extend nearly in a line from the eastern pores to the large sunspot, and coincide
with the eruption of active region filament. The updated SOHO/LASCO CME catalog
(Gopalswamy et al., 2009) reports a partial halo CME at a position angle of 58 degrees at
06:00 UTC and perhaps a second CME, but only viewed by LASCO/C2, at a 46 degree
position angle at 09:12 UTC. Together, these observations are consistent with a paired
filament eruption and CME, followed by the formation of a coronal cloud filament, as in
Martin and Engvold (2005).
7.5

Coronal Cooling and Condensation in the EUV Channels

EUV images in the multiple spectral channels of SDO/AIA offer the best representation
of the coronal evolution during the formation of the coronal cloud filament manifested
in the Hα images. Figure 7.4 displays key moments in the region’s evolution within the
SDO/AIA 171 and 211 Å channels. The SDO/AIA channels probe passbands of the EUV
spectra dominated by a set of primary highly-ionized atoms (typically iron), and have
an associated characteristic temperature (Lemen et al., 2011), which are given within the
lightcurve figure (Fig 7.5) discussed below.
After the post-surge drainage settles, the region remains inactive until the initial appearance of loops near the top of the image (i.e. the “cooling loops”). Due to the projection
angle of this northern hemisphere region, we associate these loops with greater heights
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Figure 7.4: Temporal evolution of the active region as viewed by the SDO/AIA 171 Å
and 211 Å channels demonstrating the cooling and condensation of the overlying loop
system. The draining structure identified at 16:45:08 UTC corresponds to the prominent
loop observed in the FIRS data in Figure 7.7. The FIRS FOV (dashed box) and the
SDO/HMI sub-field from Fig. 7.2 (solid box) are marked in the top left image. See full
resolution of this figure in the electronic version of this document.
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above the solar surface since the footpoints of these loops appear to be rooted in the
eastern pores and the smaller sunspots northwest of the large sunspot in Figure 2. These
larger loops appear first in the hotter 211 Å channel and then in the 171 Å channel. The
progressive illumination of cooler EUV channels can be attributed to large scale cooling
in the corona (Schrijver, 2001; Kamio et al., 2011). The onset of the cooling exhibited
here occurs very quickly. The appearance of the region at 14:45 UTC and that of it at
16:05 UTC illustrates the great increase in loops irradiating at the cooler temperatures.
The macro-scaled cooling of coronal loops is termed “catastropic cooling” (Kjeldseth-Moe
and Brekke, 1998; Schrijver, 2001).
Recent studies by Antolin and Verwichte (2011), Peter et al. (2012), and Fang et al.
(2013) attempt to link the onset of catastrophic cooling, which can also be associated
with coronal rain, with the heating mechanism of the coronal material. The thermal
evolution of the corona loops can be a key ingredient in distinguishing between these
models. Observations by Kamio et al. (2011), and reported on by Peter et al. (2012)
displayed multiple peaks in normalized lightcurves of the hot AIA channels in material
undergoing catastrophic cooling. Our observations, however, display a great pixel to pixel
variation in the lightcurves. The two points labels 1 and 2 in Figure 7.4 are separated by
7.6”, and are located near the apex of the region, where individual strands of the loop
cool and appear in the 171 Å channel, but at different times. Lightcurves for points 1
and 2 are shown in Figure 7.5, and show vast differences despite the proximity of the two
points. Point 1 does not present multiple peaks in its lightcurve, while point 2 shows
many peaks, in all channels except 304 Å. We suspect line-of-sight integration across
independent evolution strands may explain the multiple lightcurve peaks.
Catastrophic cooling also leads to the condensation of cool material. The dynamic
evolution of these events as they drain or traverse their loops offers another constraint on
the numerical models. When viewed off-limb, condensations usually appear as intensity
brightenings in 304 Å observations, as well as spectral lines like Ca II K, Ca II 8542
Å, and Hα. Condensations are much harder to observe on-disk; though coronal rain
has been probed with on-disk spectroscopy (Antolin et al., 2012). In the EUV channels,
condensations absorb the background EUV emission due to the photo-ionization of neutral
H0 , neutral He0 , and singly-ionized He`1 within the cool condensed material. The photoionization cross section per atom exhibits a wavelength dependence, with cross sections in
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Figure 7.5: SDO/AIA light curves obtained from two points near the apex of the observed loop system. Points 1 (left) and 2
(right) are separated by 7.62 . The panels are ordered from top to bottom according to the characteristic temperature response
of the SDO/AIA channels, from hotter to cooler. The observed counts are normalized in each channel to the peak count rate
as indicated.
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general increasing towards longer wavelengths, up until the He` ionization cutoff bound
at 911 Å (Gilbert et al., 2011). Consequently, the on-disk condensations display enhanced
contrast in hotter AIA channels. Notice the relative ease of identifying the condensations
in the 211 Å images relative to the 171 Å (Figure 7.4). The dark material initially
forms near the system apex where the cooling loops first appear. This dark material
extends within fine strands towards the sunspot at 16:45 UTC. Individual blobs can also
be seen. This material is draining into the sunspot below. Although typically one cannot
identify drainage due to lack of height information, we confirm that this is drainage below
with spectroscopy and stereoscopy. Despite the large scale drainage at 16:45, material
accumulates and becomes darker near the apex. The coronal spider (or cloud filament)
matures by 19:05 UTC, and exists for another 7 hours.
7.6

Stereoscopic Reconstruction

A fortuitous observational geometry allows the full stereoscopic reconstruction of the dark
absorption drainage channel observed in a mature state at 16:45 UTC (see the 211 Å image
in Figure 7.4). Even more fortuitous is that a FIRS spectropolarimetric slit-scan began at
16:29 UTC and scanned across the same region as the dark channel. The signatures of this
event in the He I spectrum at 10830 Å are discussed in the next section. To summarize
that analysis, the dark absorption feature observed in the AIA images is uniquely identified
as downflowing material in the FIRS scan. The trajectory of this draining material, as
traced in the FIRS scan, is overplotted on a 193 Å SDO/AIA image in Figure 7.6. With
the careful registration of the data sets, we find the most prominent loop traced in the
FIRS data corresponds directly to the loop of greatest EUV absorption in the AIA data.
A similarly prominent absorption feature appears in the 195 Å STEREO/EUVI-A
images obtained at the time of the event. The primary axis of the feature seen in the
lower right panel of Figure 7.6 is inclined with respect to the solar limb, and curls upwards,
roughly in the solar north direction. We associate the region of darker but diffuse material
at heights above 0.1 RSun in the EUVI-A image with the coronal cloud filament itself. Due
to the inclined nature of the feature in the STEREO images, stereoscopic triangulation of
the points returns tight bounds on the height of the material along the loop. Appendix E
outlines the employed stereoscopic reconstruction method in detail. We find the loop
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Figure 7.6: Stereoscopic reconstruction of a coronal downpour. (top) SDO/AIA 193 and
STEREO/EUVI-A 195 image rescaled and transformed into a common observational geometry. The mid-plane of the image corresponds to the plane formed by the two spacecrafts. (bottom) Magnifications of the two sub-regions in the full-disk images. The bluelines correspond to the stereoscopically reconstructed loop feature.
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heights probed by the FIRS observations range from 3.37 Mm to 69 Mm, with the lower
heights at the loop endpoint nearest the large sunspot. An error in these heights is
obtained due to the width of the feature observed in the lower-resolution EUVI-A images.
The error varies smoothly from 5 Mm to 2 Mm from the bottom to the top of the loop.
7.7

He I Spectroscopy of the Coronal Downpour

The signature of the condensing coronal material within the FIRS spectropolarimetric
data cube is the presence of an additional velocity component of the He I triplet. The
composite spectrum of Figure 7.7 illustrates this high velocity component and the acceleration it exhibits along a path. Note that the He I triplet consists of three transitions,
whose rest wavelengths are shown in the figure, but at solar temperatures the two redward
lines are blended into a single absorption feature. Multicomponent phenomena in the He I
triplet have previously been reported by Schmidt et al. (2000), Lagg et al. (2007), Sasso
et al. (2011). A second supersonically downflowing component very commonly appears in
He I spectra (Aznar Cuadrado et al., 2005). Lagg et al. discusses the implications of this
second component is terms of two models: 1) an uncombed filamentary magnetic topology of the chromospheric field with two coexisting velocity components within the same
spatial observation pixel, or 2) a cloud-like atmosphere with two independent components
at different heights. From the coronal observations above and the material trajectories
derived below, it is clear that the majority of the high speed downflowing material we observe in the He I data originates from material at greater heights than the normal “rest”
component. Though, an exception to this is the material that reaches lower heights and
interacts with the lower component, which will be discussed below in Section 7.8.1.
7.7.1

Analysis Methods

Analyzing the FIRS data cube, we derive the spatial distribution of the high-speed He I
material, and subsequently fit the He I spectra to determine the LOS velocity as well as
Doppler broadened temperature for each point along the trajectories.
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Figure 7.7: (left) Coronal drainage channels characterized by high Doppler shifts in the He I data cube obtained by FIRS. The
paths are traced by examining the full spectral cube using Crispex and overplotted here on a DST G-band image. (right) He I
Stokes I and V spectra gleaned along channel #5 in the left image. The y-axis gives the projected distance as measured along
the path, referenced to the endpoint within the sunspot umbra. White dashed lines denote the rest positions for the He I triplet
spectral lines, while the dark dashed lines indicate the Doppler shift of the He I red component for three LOS velocity values.
We bring additional attention to the presence of He I emission features both in the fast He I component, and also at rest near
the bottom of the frame.
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Isolation strategy for the He I Spectra
The high velocity He I material (Figure 7.7) exhibits redshifts up to 190 km sec´1 , considerably larger than the greatest previously reported redshifted velocities observed in the
He I triplet of near 100 km sec´1 (Sasso et al., 2011). As the material velocity increases,
it crosses over many other spectral lines both of photospheric and telluric origin. To derive the spatial distribution of the high speed material and to fit the spectra, we must
remove and/or fit the background spectrum. The most prominent features of the background spectra result from the significant water content in the terrestrial atmosphere on
this date. In addition to the typically observed telluric lines at 10832.109, 10833.982, and
10838.039 Å (Breckinridge and Hall, 1973), the weaker water line at 10831.626 Å appears
in these data. Near 10834 Å, many solar photospheric lines3 contribute to the spectra
including Na I lines at 10834.848 (a blended doublet) and 10834.907 Å, an Fe I line at
10833.964 (blended with the telluric line), and an Ca I line at 10833.382 Å. Unfortunately
we cannot simply use difference methods to remove these lines since time resolved He I
spectra are not available. If time-resolved spectra were available, the spectra before and
during the material passage could be subtracted to isolate the high speed He I component.
Moreover, fitting all the lines simultaneously proves too difficult.
Between 10831 and 10836 Å, the background intensity spectral lines are removed in
stages. First, we preform line fitting to remove the two telluric lines near 10832 Å. These
lines are in general blended with the normal ”slow” He I component. With the help of
the HeLIx` inversion code (Lagg et al., 2004; Lagg, 2007), a single component MilneEddington model is fit to the slow He I component along with three blended Voigt functions
to represent the two telluric lines near 10832 Å. We are not concerned with the parameters
of these telluric fits as much as their representation for the average absorption along each
FIRS slit position while preserving the absorption of the slow He I component. After the
line fitting, the average modeled telluric profile for each slit position is subtracted from
the original spectra.
The second stage of the line removal process targets the number of lines near 10834 Å.
We are unable to effectively remove these lines across the entire FIRS map via profile fits
due to the presence of Zeeman line broadening (see Figure 7.7) and the blend of the telluric
3

Lines identified in the Kurucz atomic line lists http://kurucz.harvard.edu/
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Step
15
2
3
4
5

Optimization
DIRECT
LM
DIRECT
LM
LM

Free Parameters4
vth ,∆τ
vth ,∆τ
B, θB , χB
B, θB , χB
vmac , vth , ∆τ, B, θB , χB

Profiles
I
I
I,Q,U,V
I,Q,U,V
I,Q,U,V

Table 7.2: Two Component Inversion Scheme with Hazel
line with the Fe I line at 10833.9 Å. Instead, we sort all of the observed intensity spectra
according to the continuum intensity (normalized across the whole map). For specified
bins, we determine median spectra as a function of intensity. The idea is that the magnetic
field strength is a function of continuum intensity, and so too is the Zeeman-broadened line
shape for the blended lines. We then subtract these median spectra across the entire map
according to each pixel’s intensity. The residuals in the blended lines after this subtraction
are typically ă 1% of the continuum intensity. Although this is an imperfect process, it
is simple to implement and improves greatly upon the line fitting method.
Path-tracing and Velocity Constraints
Once the background spectra have been removed, we locate the paths for the fast He I
material across the entire map using the Crispex analysis tool (Vissers and Rouppe van
der Voort, 2012). All of the spectra are first normalized. Then we create a data cube
formatted in accordance with Crispex. Each image in this cube corresponds to one
pseudo-monochromatic slice of the FIRS data cube, for which we have applied the spatial
drift correction described in Section 7.3.3. Within the Crispex widget, we scan back
and forth in the spectral direction to locate fast He I absorption exhibiting acceleration
along individuated paths. In total, 23 individual channels are identified (Figure 7.7). We
extract the line-removed intensity spectra along each one of these paths just as we did for
the original spectra along channel #5 within the figure. Using these extracted spectra,
we develop our own tool to determine tight bounds for the line shift of each observed He I
component to facilitate easier line fitting.
4

Free parameters same for each component. Voigt profile damping fixed according to thermal broadening effects only.
5
Line-of-sight Doppler velocities (vmac ) are initially fixed according to HeLIx` values.
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Model Line Fitting with Hazel
Formation of the He I triplet typically occurs within a narrow height range of the solar
atmosphere, as the population of the orthohelium ground state is thought to involve
primarily the ionization of parahelium atoms and their subsequent recombination (Avrett
et al., 1994; Centeno et al., 2008). Within the fast material observed here, we also expect a
narrow cloud of material along the line-of-sight. Furthermore, the fast spectra in general
present symmetric absorption profiles and antisymmetric Stokes V profiles, which rule
out strong gradients along the line-of-sight. We thus apply the constant-property slab
model of the Hanle and Zeeman Light Hazel inversion code to perform profile line fits
(Asensio Ramos et al., 2008). Hazel is an advanced inversion code that incorporates the
full quantum-level polarization physics of the triplet system to retrieve the magnetic field
vector within a slab of material. We do perform full fits to the polarized spectra here only
because the observed Stokes V signal in the fast He material (see Figure 7.7) provides a
useful velocity constraint. The magnetic field determined from the polarized spectra are
analyzed more deeply in a forthcoming publication (Schad et al., 2013b) (Chapter 8).
Table 7.2 outlines the inversion scheme for a two component (i.e. two independent
slabs) model using Hazel. The model parameters fit for each slab are the slab optical thickness (∆τ), thermal (Doppler) width (vth), magnetic field vector parameters
(B, θB , χB ), and the macroscopic LOS velocity (vmac ). The profiles also contain a Voigt
damping parameter, which is fixed according to thermal broadening effect only. Inversions
are performed only for spectra within 22 of the traced paths (Figure 7.7), for which we
extend our velocity constraints found above in the direction perpendicular to the primary
axis of the loop. Note, however, that prior to the Hazel inversions, we fit the spectra with a two-component Milne-Eddington model using HeLIx` , since the efficiency of
the DIRECT optimization algorithm used by Hazel degrades as the size of the parameter domain increases. A Milne-Eddington (ME) model, as found in the HeLIx` code,
requires significantly less computation time to calculate, such that the velocities of a twocomponent ME model are rapidly located. These values are fed into the Hazel inversions
at the start of the inversion process, but then adjusted in the final stage of the inversion
utilizing the Levenburg-Marquardt (LM) minimization algorithm.
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Figure 7.8: (top) Line-of-sight macroscopic velocities, (middle) slab optical thickness, and
(bottom) Doppler broadening equivalent temperatures for the analyzed fast He I spectra,
overplotted on a G-band context image from the DST. Parameters for spectra with optical
thickness less than 0.02 are not displayed. Note that the Doppler temperatures for the
weakly absorbing regions are anomalously high, while others should be considered an
upper limit.

280
7.7.2

He I Spectroscopy Results

Spatial Distribution of Fast Material
Figures 7.7 and 7.8 display a spatial distribution of fast He I material consistent with the
expansion of individually absorbing channels of material within a larger construct of an
expanding coronal structure/loop. The optical depth of the fast He I spectra varies greatly
from channel to channel (see middle panel of Fig. 7.8). Many of the channels contain such
weak absorption that the spectra cannot be fit well by Hazel. The parameters of these
spectra are not shown in Figure 7.8. Meanwhile, the FIRS channels associated with the
darkest EUV features in the SDO/AIA images (#4 and #5) are strongly absorbing in
He I, with slab thicknesses between 0.3 and 0.5 (where ∆τ “ 1 refers to the optically thick
boundary).
Despite the tracking issues experienced at the DST during the FIRS scan, our corrective measures produce continuous loop-like channels in Figure 7.8. These channels range
in width between 650 to 2100 km, substantially larger than the fine-scaled coronal rain
features (widths of 100 - 600 km) measured by Antolin and Rouppe van der Voort (2012).
Although we are able to constrain the heights along the most prominent feature with
stereoscopy, the height profiles of the other channels are difficult to establish, particularly
at the presumably low heights of these channels near the sunspot. Loops #5 through
#13 are likely rooted along the penumbral filaments protruding into the umbra since their
apparent endpoints all terminate near this feature. Note that Loop #5 presents a gap in
the maps of Figure 7.8 directly within the umbrae. This is caused by the profiles slipping
into emission prior to their highest velocities (see also the spectra within Figure 7.7).
One way to estimate the photospheric area from which this loop system originates is
by invoking flux conservation and a number of assumptions. Modeling the system as a
circular tube of flux and assuming the individual loops traced in the He I data collectively
represent the full extent of the loop system, the tube has a radius of approximately 252
near the upper left portion of the images in Figures 7.7 and 7.8. For an assumed magnetic
field strength of 25 to 75 Gauss along this slice and a photospheric flux of 2000 G (gleaned
from the HMI magnetic field data), we estimate the tube’s radius at the photosphere is
between 2.82 and 5.6.2 This estimate likely overestimates the footpoint size of the loop
system.
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Line-of-sight Velocities
A map of light-of-sight velocities (corrected for orbital motions) confirms the acceleration
of material along the loops towards the sunspot umbra, suggesting the drainage of material
from above (see top of Figure 7.8). Surprisingly, not much variation is witnessed in the
peak speeds near the sunspot; rather, most of the material reaching the sunspot is traveling
at speeds greater than 150 km sec´1 . Furthermore, the material only accelerates into the
sunspot. In contrast, fine-scaled coronal rain phenomena exhibit both accelerations and
decelerations, and rarely reach velocities greater than 150 km sec´1 (Antolin and Rouppe
van der Voort, 2012). In this case, clearly not much restricts the flow of the material.
To confirm the unrestricted flow of the material, we compare the absolute velocity
profile of the material along Loop #5 with that expected from unrestricted gravitational
freefall in Figure 7.9. We correct the measured line-of-sight velocity for projection effects
using the determined stereoscopic geometry of the loop, and assume the flow of the neutral
material is directed along the loop. This assumption might be justified either through
collisional coupling of the material to ions forced to follow the magnetic field’s trajectory, or
by the quick re-ionization of the neutral He outside the cool confines of the catastrophically
cooled loop. Furthermore, as the level lifetimes in He are typically short (τ “ 1{A; A ą

106), the mean travel distance of an He I atom between the time it recombines and the
time is reaches the meta-stable ground state is much less than the mean width of the loops.
Due to the geometry of the loop, this correction leads to greater errors in the corrected
velocity at greater heights. The lower part of the loop, however, accelerates in accordance
with gravitational freefall from a height of 75 Mm, roughly consistent with the height of
loop’s apex seen in the EUVI-A images (Figure 7.6).
Temperatures
The thermal state of the falling material is constrained by the Doppler widths of the He I
profiles. If we ascribe a single temperature to the absorbing neutral Helium atoms, an
upper limit to the temperature can be found from the observed profile widths according
to
T “

µM 2
pw ´ ξ 2 q
2kB T

(7.1)
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Figure 7.9: Comparison of absolute velocity profile of Loop #5 with the theoretical gravitation freefall curve from a height of 75 Mm. The absolute velocities are calculated
assuming the flow follows the loop geometry, which is determined from the stereoscopic
reconstruction.
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where wT is the characteristic kinetic thermal width (in velocity units) of the line profile
determined from the Hazel inverted profiles. wT is related to the Doppler width in
wavelength units by ∆λD “ pλ0 {cqwT . µ is the atomic weight of the absorbing atom and
M is the unified atomic mass unit. ξ represents the motions of the gas on scales smaller
than the photon mean free path. In this application we assume ξ to be negligible. The
temperature is merely an upper limit since the profile widths are also influenced by the
lateral gradient in the macroscopic velocity, as well as very weakly by Zeeman-broadening.
The map of Doppler broadening temperatures calculated from Equation 7.1 is shown
in the bottom plot of Figure 7.8. Temperatures within the weakly absorbing features are
anomalously high due to errors in fitting these profiles within the observational noise of
the spectra. Thus, these temperatures should be ignored. Along the strongly absorption
loops (#4 and #5), temperatures are distributed between 10000 and 40000 K, with a
median temperature of 27000 K.
7.7.3

Ephemeral Blobs vs Quasi-steady Flows

Lacking temporal resolution, the FIRS data set is unable to constrain the duration or
length of the flowing material along the observed channels. Furthermore, the motion of
the FIRS slit across the region can have a tracking effect for material with a translational
velocity equivalent to the projected velocity of the slit („ 25 km sec´1). To establish the
relationship between the flows observed by FIRS and the dynamics of individual condensates in the corona, we compare the FIRS measurements points in time and space with
space-time diagrams extracted from the large AIA data cube created in the Section 7.3.2
processing (see Figure 7.10).
Once again, due to the spectral dependence of EUV absorption (Gilbert et al., 2011),
the cool condensed material presents the highest contrast at the longest AIA wavelength
(335 Å). Individual dark streaks with a negative-slope illustrate the translational motion
of the intensity structure along the loop, which is verified as real material flow by the FIRS
Doppler He I observations. At later times, these streaks extend across the entire loop, while
earlier the streaks end before reaching the end of the FIRS loop. The streaked character of
the 335 Å channel in the space-time diagrams gives the impression of short-duration flows
(or blob-like flows) with increased density, while the cool 335 Å channel, which is typically
dominated by He II emission, shows strong background extinction at the top of the loop
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Figure 7.10: Space-time diagrams along the path defined by the FIRS loop #5. The y-axis
gives the projected distance along the loop as measured from its terminus in the sunspot
umbra. Dot-dashed lines correspond to the locations in space and time where a FIRS
spectropolarimetric measurement is acquired. Again, the SDO/AIA channels are ordered
according to their increasing characteristic temperature response. The images color tables
are scaled logarithmically.
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throughout the time period between 16:33 and 17:12. Thus, while blobs of higher density
material dominate the warm channels, continual drainage of variable-density material is
evident in the cool 304 Å channel, consistent with the both the continuity of the velocity
in the predominant FIRS He I flows and the temporal/spatial variations in the He I slab
thickness.
7.8

Evolution of the Lower Atmosphere

We give three lines of evidence for shock-heating of the lower atmosphere following the
material impact with the lower atmosphere, using the FIRS He I data, the SDO/AIA
times slices, and the temporal evolution the Ca II 854.2 intensity structure observed by
DST/IBIS. Further examination of the IBIS data establishes the photospheric structure
anchoring the catastrophically-cooled coronal structure at its endpoint within the large
sunspot.
7.8.1

Umbral Flare Generation

The presence of emission in the He I spectra (Fig. 7.7) offers the first evidence for localized
heating in the lower atmosphere due to the impact of the coronal condensation. In fact,
the observed behavior in our He I infrared triplet observations mimic older spectroscopic
observations by Kubota et al. (1974), who found 200 km sec´1 flows in the Hα and Ca II
K lines that induced umbral flaring. Small flares in the umbra are rare, and have been
attributed to material impact (Kubota et al., 1974) and/or sympathetic flaring (Turova
et al., 2005). The emission of the He I triplet in our observations presents a bright kernel
near the umbral-penumbral boundary at the terminus of loop #5 in Figure 7.7 observed
in the “slow” component of the He I spectra. Notice the large line of emission near the
bottom of the intensity spectrum in that figure, in addition to the reversal of Stokes V.
These large velocities followed by emission clearly support impact shock heating as the
driver of this umbral flare.
Curiously, however, we do not observe emission simultaneously in the fast and slow
components of the He I spectra. To better illustrate the spectra above and within the
kernel of shock heating, He I intensity profiles are displayed in Figure 7.12. Furthermore, a
cartoon picture of the event is shown in Figure 7.13. The spectra in Figure 7.12 correspond
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Figure 7.11: Photospheric evolution during the high-speed coronal drainage and the subsequent chromospheric response to the
material impact. Each row corresponds to the data indicated in the figure. Note that the yellow and blue open circles are
identically placed in the figures, such that the apparent filament extension in the penumbra is real. The orange arrows indicate
the location of the shock heating in the first IBIS frame observing the event. Each image is 372 ˆ 372 . The solid black vertical
line denotes a 35 minute time break in the presented data.
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to the portions of the loop in Figure 7.13 between 2 and 12 Mm. As the cool He I
material falls from the corona, it accelerates. This high speed He I component produces
an absorption profile for speeds up to „ 170 km{s (see high speed He I absorption at
„ 1083.63 nm in the top profile of Figure 7.12). Once the material drains down to a
height of „ 12 Mm, the high speed He I profile fills in, slipping into emisson, while still
exhibiting higher speeds (see middle spectra of Figure 7.12). Meanwhile, the “slow” He I
component at 1083.0 nm remains in absorption. Finally, at a height of approximately 5
Mm (˘2 Mm), the high speed component, now exhibiting speeds at „ 190 km/s, once
again presents an absorption profile, but the “slow” He I component has now reversed into
a strong emisson profile at the sight of the umbral flare.
The impact of the material also greatly influences the coronal EUV channels. Referencing once again the space-time diagrams of Figure 7.10, significant heating appears at
the lower end of the loop (i.e. the bottom of the space-time diagrams) in all AIA channels. Heating is most easily recognized in the 0.6 MK 171 Å channel, although brightening
occurs in all channels, suggesting mega-kelvin temperatures. In the 304, 131, and 211 Å
space-time diagrams, the increased emission at the loop terminus appears to be periodically enhanced and/or reduced by strong umbral oscillations („ 3 minute periodicity).
See, for example, the 304 Å space-time diagram between 17:00 and 18:00 UT at a projected
distance of „ 22 . Moreover, although the brightening is strongest at the loop terminus, a
diffuse bright ”vapor” appears along the lower portion of the loop (0 to „ 352) after the

commencement of the shock heating, suggestive of the evaporation of hot material up the
loop and/or conductive heating along the loop.
7.8.2

Chromospheric and photospheric structure at the loop footpoint

Observations by DST/IBIS offer a superb characterization of the umbral flaring at the
coronal loop footpoint and its associated photospheric structure due to its rapid full-Stokes,
multi-channel measurements across the entire field-of-view. The umbral flare initially
forms as intricate kernels of emission in the Ca ii 8542 Å spectral line around 16:28 UTC
(see Figure 7.14) and lasts throughout the end of the IBIS observation sequence at 17:02
UTC. The emission induces an associated reversal in Stokes V. Emission profiles and
Stokes V reversals within sunspot umbrae are commonly observed in chromospheric lines,
and are periodically introduced by umbral flashes (Briand and Vecchio, 2003; de la Cruz

FIRS Stokes I
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Figure 7.12: He I intensity profiles at the base of coronal loop #5. These profiles are
the same as those shown in Figure 7.7 at the bottom of the Stokes I aggregrate spectra
for projected distances along the loop of 0 to 82 . Each spectra displays the “slow” He I
component near the rest position of 1083 nm and the “fast” component with speeds greater
than 150 km/s (see range between 1083.6 and 1083.75 nm). These spectra correspond to
physical heights above the solar surface of 2 to 12Mm. Each spectrum is offset from the
others within this figure and ordered from top to bottom according to their height above
the surface, which also corresponds to their projected distance along the loop. Heights
decrease from top to bottom in the plot. Note the increase in Zeeman splitting in the
photospheric lines for smaller projected distances (i.e. closer to the sunspot umbra).
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Figure 7.13: Cartoon of observed umbral flaring due to the impact of high speed material
draining from the corona. The cartoon assumes to presence of up to two He I slabs
of material at different heights. The absoption/emission properties of these components
change according to the figure and as described in the text.
Rodrı́guez et al., 2013). However, the emission introduced at 16:28 UTC is much stronger
than an umbral flash. For comparison, notice the small patch of umbral flash-induced
emission that appears directly above the umbra in the image at 15:53 UTC. The times
series of Stokes I and V Ca II spectra in Figure 7.14 also illustrate the differences in these
phenomena. However, similar to the modification of the EUV emission by the umbral
oscillations, the Ca II kernel emission spectra display periodic variations in phase with the
umbral perturbations.
While a number of small brightenings appear in the Ca II line core images, the majority
of the emission occurs within small, mostly-circular, emission kernels arranged along a line
or sheet (see Ca II Stokes I and V at 16:37, 16:45 and 16:53 UTC). A sub-region from
Figure 7.11 (white dot-dashed box) is magnified in Figure 7.14. The spatial intensity
profile across the bright kernel in the Ca II 8542.093 Å image is displayed to the right
of the magnified sub-region. The dot-dashed line corresponds to the profile at 16:45:14,
while the orange dashed line is extracted along the same slice at 16:33:41. The blue
line is the difference of the two profiles. The e-folding width of the feature is 0.95”,
which is typical for most of the bright kernels observed at this wavelength. An example
Stokes I spectral profiles extracted from within the center of this kernel is also shown in
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Figure 7.14. A Gaussian profile fit to the large-amplitude emission yields a FWHM of
0.05459 nm, corresponding to a Doppler temperature (calculated from Equation 7.1) of
0.141 Mega-Kelvin.
In the photosphere an edge created by penumbral filaments protruding into the sunspot
umbrae directly aligns with the thin sheet of chromospheric emission at the coronal
drainage footpoint (again see images at 16:45 and 16:53 in Figure 7.11). This boundary exists within the SPECKLE images throughout the IBIS sequence (see yellow circle at
15:44); though its extension increases with time during the impact event. The extension is
formed by what we see as two components — a lengthening of the long lateral penumbral
filaments, and the introduction of an additional penumbral grain on the inner endpoint of
the penumbral filaments. In the chromosphere, the brightest emission kernel at 16:45 does
not directly align with the inner endpoint of the penumbral filaments; rather it is offset
by „ 12 to 22 . If this feature is associated with the penumbral material, its offset distance
suggests either expansion or height-induced projection effects. It is likely, however, that
one bright kernel simply does not have a photospheric mate.
As the chromospheric emission forms along a sheet directly aligned with the
edge of penumbral filaments, we establish a connection between the footpoint of the
catastrophically-cooled coronal loop and a region of significant magnetic shear, and thus
significant vertical current density. Evidence for magnetic shear derives from the typically
horizontal nature of the penumbral filaments in comparison with dark umbral fields. To
confirm this, we examine the integrated linear polarization observed in the photospheric
Fe I 6173 Å line, which arises for transverse magnetic fields due to the transverse Zeeman
effect. This quantity is calculated as
N
1 ÿλ
LP “
Nλ λ

dˆ

Qλ
Iλ

˙2

`

ˆ

Uλ
Iλ

˙2

(7.2)

in which the summation is carried across all spectral points measured in the line by IBIS.
Despite periods of bad seeing (Figure 7.11), the edge of the filaments at the loop footpoint
confirm the strong spatial gradient in the magnetic field topology (see in particular the
image at 16:45). In summary, during the progression of the coronal drainage, its footpoint
is rooted in a region of magnetic shear. Subsequently, the spatial length of the presumably
horizontally-directed penumbral filaments increases in the photosphere.
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Figure 7.14: Spectropolarimetric response of the Ca II 8542 Å chromosphere to highspeed, impacting coronal material. (top) Sub-region of the Ca II 854.2173 nm intensity
image within Figure 7.11, along with a determination of the emission kernel spatial width.
(middle) Temporal variation of the Stokes I and V Ca II spectra extracted from the
location marked with the blue star in the upper left. (bottom) Characteristic Stokes I and
V profiles from a quiescent period (orange), a umbral flash event (green), and the impact
of the coronal material (blue, fit with Gaussian profiles).
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7.9

Discussion

Hearkening back to the introduction, our goal has been to establish a firmer connection
between thermal non-equilibrium processes within the corona and the evolution of the
chromosphere and photosphere below. To fully understand this connection requires considerably more integrated studies of the solar atmosphere, for many questions remain.
7.9.1

Onset of Instability

A prescription for the coronal loop heating is a key ingredient of thermal non-equilibrium
models, which controls in many cases the onset of the thermal instability. The basic
mechanism of thermal non-equilibrium is a runaway radiative cooling process, meaning
the cooling is not balanced by the energy input (Schrijver, 2001). Using numerical models
of the non-equilibrium, Antolin et al. (2010) and Peter et al. (2012) suggest the characteristics of the event itself can constrain the method, evolution, and spatial distribution for
coronal loop heating. Antolin et al. argue against Alfvénic wave heating since it leads to
uniform heating along this entire loop length, disallowing onset of the thermal instability.
Moreover, Peter et al. find that unsteady footpoint concentrated heating, in which the
loop heating is suddenly switched off, does not form an instability, while steady footpoint
concentrated heating can induce repetitive instabilities. Though, the formation of the
instability also depends critically on the heating scale height (Müller et al., 2005), and
the loop geometry and balance of heating at each footpoint (Karpen et al., 2005). Priest
(1984) further shows that the lengthening of loops can initiate a thermal instability.
In the magnetic complex analyzed here, it is difficult to identify a unique trigger for the
onset of the instability. We do easily identify the location of the initial onset from the AIA
images, where it is clear that the onset of the condensation occurs at the apex of the loop
as in earlier studies of off-limb systems (Schrijver, 2001; Stenborg et al., 2008). The loops
appear connected at the end opposite of the large sunspot within the group of eastern pores
seen in the SDO images. The pores themselves exhibit dynamic translational motion,
and small signs of flux emergence are evident. Yet, our high-resolution ground-based
observations only target the large sunspot footpoint of the large loops. Here we find that
the magnetic field of the condensating loop is likely rooted within a narrow channel between
lateral penumbral filaments and vertical umbral field, a region of photospheric magnetic
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shear. Constraints set forth by Aschwanden (2001) on coronal heating requires a significant
footpoint-concentrated heating component since the over-density of coronal loops requires
the evaporation of hot chromospheric material. Conjecturing that the loop heating for
the observed loop is concentrated within the footpoint rooted in the sunspot, the presence
of magnetic shear perhaps favors DC heating scenarios through ohmic dissipation and/or
reconnection; albeit it does not rule out other mechanisms. It is important to recall the
arguments of Klimchuk et al. (2010), who notes that footpoint concentrated heating alone
cannot reproduce the thermal structure of observed coronal loops.
7.9.2

Mass Accumulation

The rate and duration of coronal condensation is difficult to establish through observations. Only recently has it been quantified indirectly by measuring the time-evolution of
a prominence’s mass and its drainage rate (Liu et al., 2012). We believe the event studied
here to be the on-disk equivalent of the observations of (Liu et al., 2012), who study the
formation of a prominence in the wake of an eruption. Recall that a large scale eruption
occurs in the region observed here approximately 8 hours prior to the catastrophic loop
cooling that forms a coronal cloud filament (or spider). We find no evidence for mass supply via mechanisms other than condensation. Due to the topology of the coronal images,
we concur with Martin and Engvold (2005) that the accumulated mass at the system apex
is likely supported by the separatrix magnetic interfaces. Future constraints on the mass
drainage and accumulation rates might be found for this active region by employ the mass
estimation techniques of (Gilbert et al., 2011), and tracking the prominence drainage.
7.9.3

Gas Flow Dynamics

It is generally accepted that as the material drains along a loop system, either from a wellformed prominence or in the form of coronal rain, the downflowing velocity is restricted
by the presence of hot gas along its trajectory. As mentioned above, coronal rain can
exhibit both accelerations and decelerations as it traverses down a loop, and a particular
blob typically accelerates at less than 1/3 of the effective solar gravity (Schrijver, 2001;
Antolin and Rouppe van der Voort, 2012). An advantage of our observations is the joint
availability of on-disk spectroscopy and stereoscopic imaging. While the event studied
here is substantially larger than the fine-scaled coronal rain features oberved by Antolin
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and Rouppe van der Voort (2012), we still expect some restriction of the material flow.
For similar material drainage off limb, (Liu et al., 2012) found an exponential distribution
of downward accelerations; though line-of-sight projections are always an issue that has
to be overcome.
For the one well studied drainage event studied in this work, the acceleration along
the loop clearly matches solar gravitational freefall rates. Furthermore, the downflow is
consistent with free fall along the entire loop from near the apex between 75 and 90 Mm
above the solar surface. Müller et al. (2005) explains that freefall velocities can be achieved
along an individual loop if a second blob forms in the wake of a first. The first blob acts
as a primer, doing most of the work to evacuate the loop such that the second blob is
less restricted. We witnessed some evidence for this process occurring in the space-time
diagrams of Figure 7.10; although due to projection effects and/or motions of the loops
with time, it is difficult to confirm that this process is occurring.
7.9.4

Shock Structure

Due to the combined coronal and high resolution spectroscopic observations of the lower
atmosphere, these observations offer perhaps the best account of impact driven shock
heating in the lower solar atmosphere. However, the physics of radiating shock fronts
remains a difficult science. As a first approximation, we can assume that the shock occurs
in a plane that is perpendicular to the magnetic field direction. This type of shock, known
as a parallel shock, reduces to the same scenario as a normal hydrodynamic shock in
absence of a magnetic field. Thus, we can ignore the effects of the magnetic field and
invoke the Rankine-Hugoniot jump conditions for two-sides of a shock in a perfect gas.
The temperature of the downstream side (T2) relative to the upstream condition (T1) is
given by (Shu, 1992, pg. 215):
T2
rpγ ` 1q ` 2γpM12 ´ 1qsrpγ ` 1q ` pγ ´ 1qpM12 ´ 1qs
“
T1
pγ ` 1q2 M12

(7.3)

where the Mach number, M1 , is given by the ratio of the upstream velocity to the sound
speed (u1{a1), and γ is the ratio of specific heats at constant pressure and constant volume.
For an assumed sound speed of 10 km sec´1 , a peak velocity of 185 km sec´1 , and γ “ 5{3,
the temperature increase downstream is a factor of „ 110, corroborating the presence of
mega-kelvin temperatures.
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The curious structure of the He I spectra, however, points to a more involved picture
of the shock layer in the lower atmosphere. As discussed earlier, the He I spectra slip into
emission near velocities of 165 km sec´1 while the “slow component remains in absorption.
This behavior reverses at higher velocities near 190 km sec´1 where the “slow” normal
component exhibits strong emission and the fast component is in absorption. Unfortunately, due to the limited spectral range of the IBIS observations, we cannot study this
structure in the Ca II observations. Though, the Ca II observations, in congress with
the AIA space-time diagrams, do demonstrate that the pulsation of the shock emission in
phase with the umbral oscillations is the observational consequence of the two interacting
shock fronts (interpreting umbral flashes as upward propagating shocks, e.g., de la Cruz
Rodrı́guez et al., 2013).
A number of scenarios might explain the high speed He I absorption profile within
the same spatial pixel (0.32 ˆ 0.32) as strong emission in the slow component. A simple
thin shock might immediately explain the spectra as high speed cool flow together with
post-shock hot “slow” gas; though the presence of emission as speeds of 165 km sec´1 at
nearby spatial points suggests that the high speed material is heated prior to the shock
interface. We cannot rule the possibility that the shock exhibits different behavior at
different footpoints influenced by a highly local density and/or magnetic field structure.
Alternatively, the enhanced emission in the slow component and the return to absorption
for the fast component might be a consequence of non-thermal excitation of singlet Helium
atoms at the shock interface. Ding et al. (2005) suggests an enhancement of He I 10830
Å absorption occurs during the early stages of solar flares since non-thermal collisional
ionization rates of parahelium increases, leading to a greater population of the orthohelium
ground state. Further numerical experiments of this high speed impact shock might shed
light on this important process, which is thought to exhibit spectral signatures in other
observed stars (Ayres and France, 2010).
7.10

Concluding Remarks

In closing, the above observations grant the first complete view of the onset of catastrophically cooling in the corona and the evolution and response of the lower solar atmosphere.
This is thanks in no small part to the synergy created by the availability of stereoscopic
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coronal imaging together with advanced, high-resolution, ground-based, spectropolarimetric observations. Simply by the matching of phenomena in the various channels we are able
to connect coronal processes with the evolution and response of the lower solar atmosphere.
The true connection, however, as well as a great unknown in current models of thermal
non-equilibrium, remains the magnetic field. Using the structural characterization of the
region laid out in this work, we analyze the magnetic field along the catastrophically-cooled
coronal loop in a subsequent article (Chapter 8: Schad et al., 2013b).
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CHAPTER 8

THE CORONAL MANGETIC FIELD STRUCTURE OF A
CATASTROPHICALLY-COOLED DOWNPOUT INFERRED BY He i
SPECTROPOLARIMETRY

Real knowledge is to know the extent of one’s ignorance. – Confucius
8.1

Abstract

Full spectropolarimetric measurements of the He I triplet at 1083 nm, obtained with the
Facility Infrared Spectropolarimeter (FIRS), are used to infer the coronal vector magnetic
field within draining coronal condensates. These condensing loops exhibit a range of increasing field strengths between 50 and 1000 Gauss as measured along the loop and at
lower heights. At the lowest heights, the condensates travel with line-of-sight velocities up
to 185 km sec´1 . Following stereoscopic reconstruction of a individual draining coronal
loop, we infer the vector magnetic field of these condensates with HeLIx` inversions at
heights up to 60 Mm (0.09Rsun). We infer magnetic scale heights along the loop and
compare it to a potential field extrapolation. The measurements yield for lower atmospheric heights (ă 23 Mm) a magnetic scale height of 6.64 Mm, while the scale height
increases in the upper corona to 19.56 Mm. The polarization signatures are induced by
atomic-level mechanisms, and show both selective emission and dichroic, selective absorption. The inferred magnetic field vector along the loop generally corresponds with the
three-dimensional loop geometry determined from stereoscopy, but also contains the ambiguities inherent of the saturated Hanle regime. Yet, a number of the linearly polarized
spectra exhibit larger amplitudes than the inversions can reproduce.
8.2

Introduction

The diffuse solar corona is penetrated by a magnetic field which generates dynamic and
often eruptive phenomena. The tenuous character of the corona designates the magnetic
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field the dominant force in what is termed a low beta plasma environment1 . Yet, our
knowledge of the coronal field is indirectly inferred via coronal intensity structure and
measurements of the magnetic field in the solar photosphere. In some unclear way, the
corona gas is superheated, pushing its spectral features primarily to X-ray and EUV emission from multiply-ionized spectral species. Visible and infrared diagnostics of the coronal
plasma are both few and weak, and they are generally limited to off-limb observations
where they can be measured in absence of the bright solar disk background. Still, off-limb
coronal magnetometry utilizing these limited spectral features has been advanced in recent years as a way to probe the largely unknown coronal magnetic field (Lin et al., 2004;
Tomczyk et al., 2008). Future polarized measurements of on-disk EUV spectral lines may
help infer the coronal magnetic field properties, but this work is limited to space-based
platforms and is largely in discovery phase (Trujillo Bueno et al., 2005).
Additional diagnostics of the coronal magnetic field might be found in the abundance
of cool material regularly forming in the coronal plasma due to non-equilibrium thermal
processes (Antiochos, 1980; Schrijver, 2001). Fine-scaled coronal rain, as seen with highresolution space-based instruments, is more prevalent than originally thought (Antolin
and Rouppe van der Voort, 2012). Oscillatory behavior in these features offer one means
to indirectly infer the magnetic field in their coronal host when compared with MHD
wave modes (Antolin and Verwichte, 2011). A more direct means is probing these cooler
features using spectropolarimetric analysis of the visible and infrared lines formed in cool
chromospheric-like material formed in the corona.
Albeit, fine scaled structures like coronal rain present challenging targets for spectropolarimetry, as they have only recently been effectively probed with spectroscopy (Antolin
and Rouppe van der Voort, 2012; Antolin et al., 2012). Yet, studies of larger-scaled
prominences and filaments have promoted the advancement of polarized diagnostics of
chromospheric material, paving the way for spectropolarimetric study of coronal condensates. Theoretical modeling of the joint action of the Zeeman effect and atomic-level
polarization in the orthohelium system (Landi Degl’Innocenti and Landolfi, 2004; Trujillo
Bueno and Asensio Ramos, 2007b; Asensio Ramos et al., 2008), in particular for the He I
D3 line at 5876 Å and infrared triplet at 10830 Å, has opened up key diagnostics for weak
and strong fields in prominences (Casini et al., 2003; Merenda et al., 2006) and filaments
1

The plasma beta is defined by the ratio of the thermal energy and the magnetic energy.
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(Lin et al., 1998; Trujillo Bueno and Asensio Ramos, 2007b; Sasso et al., 2011; Kuckein
et al., 2012a).
Here, spectropolarimetry of the He I triplet is applied to a loop-like coronal structure
observed on disk (N22W17, µ “ 0.92) formed by the drainage of condensing corona material during the lifetime of an associated coronal cloud filament. This work extends that
of Schad et al. (2013a) (Chapter 7), who successfully connected this feature with its photospheric footpoint near a region of great magnetic shear at a sunspot’s inner penumbral
edge. A stereoscopic reconstruction of this feature (see Chapter 7) provides its full threedimensional geometry, which is a first for an individual coronal feature also probed with
full Stokes spectropolarimetry. Below we analyze the polarized signatures induced in the
He I triplet, and compare a full determination of its magnetic field vector with the observed
geometry. We are able to provide a scale height of the magnetic field within the feature,
which will be a useful constraint for comparison with numerical modeling efforts regarding
both the formation of coronal rain and the supply of mass to solar prominences/filaments
(see,e.g. Karpen et al., 2005; Antolin et al., 2010; Xia et al., 2011; Fang et al., 2013).
8.3

Observations and Data Description

Our observations have already been described in great detail within Chapter 7, along with
valuable other data sources. Here, we describe only our full-Stokes spectropolarimetric
measurements of the He I triplet at 10830 Å, obtained with the Facility Infrared Spectropolarimetry (FIRS: Jaeggli et al., 2010), one of the instruments jointly run at the Dunn
Solar Telescope (DST: Sacramento Peak, NM).
FIRS is a slit-based dual-beam spectropolarimeter that creates maps of solar features
by scanning the solar image across its spectrograph slit. Although FIRS is designed to
use multiple parallel slits, on 19 September 2011 we employed a single slit, boosting the
spectral range to 35.743 Å (dispersion of 38.683 mÅ pixel´1) centered on the He I triplet
at 10830 Å. Here we discuss the results of a single scan of the 0.29” projected-width FIRS
slit across the large sunspot of NOAA active region 11295. The 218 step scan (632 ˆ 772
field-of-view) commenced at 16:29 UT, lasting 32 minutes. At each slit position, eight 125
msec exposures were recorded by cycling twice through four efficiency-balanced modulation
stages of the polarimeter. Compensating for differential atmospheric refraction, the slit
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formed a 41.3˝ orientation angle with respect to the solar meridian, and was scanned from
solar northeast to southwest.
Standard reduction methods were applied to these data, in the manner described by
Schad et al. (2013c) (see Chapters 4 and 7). Direct measurements of the instrumental
Mueller matrix, in addition to a data-constrained model of the telescopic Mueller matrix,
supplied the correction for the polarization crosstalk. We also correct for time-dependent
parallactic angle, and rotate the Stokes vector such that the reference direction for Stokes
+Q is solar west. Residual interference fringes were removed with the 2D pattern recognition technique of Casini et al. (2012b), resulting in an un-binned mean noise level in Stokes
(Q,U,V) of p1.0, 0.92, 1.3q ˆ 10´3 , in units of the incoming intensity. Atmospheric seeing
varied from average to great during the scan, which introduced shifts in the image despite
active adaptive optic tracking and correction. These shifts have been corrected through
careful image registration with a G-band context imager which also operated during these
measurements.
8.3.1

Trajectories of high velocity coronal drainage

Examination of the entire He I spectral data cube resulted in the identification of 23
loop-like structures within which a second velocity component of the He I triplet could
be recognized. These features, described in Chapter 7, display impressive Doppler shifts,
corresponding to high-speed flows (15 ă vLOS ă 185 km sec´1), and show material acceleration along their paths (see Figure 8.1). Despite the lack of any temporal resolution
in the He I 10830 Å measurements, we can confirm that the observed phenomena represent true drainage of material using AIA and STEREO. The duration and mass expulsion
along each path varies substantially, which leads to great differences in the observed optical depth along the identified loops. Furthermore, under the fair assumption that all the
identified loops drain towards a footpoint within the sunspot, the partial loop segments
are consistent with short-duration flows consistent with the downward flow of localized
blobs of material often identified in filament drainage events and coronal rain.
Within the He I data cube, loop #5 (alongside its companion #4) exhibits significantly
greater optical depth than the other loops (see top of Figure 8.2), likely due to a greater
volume of neutral He atoms. This is corroborated by the fact that this feature is uniquely
identified in coronal images from SDO/AIA and STEREO/EUVI-A as narrow regions of
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enhanced EUV absorption of the background irradiation. Moreover, the population of
the orthohelium ground state at lower heights is typically attributed to the ionization of
singlet atoms and their subsequent recombination (Avrett et al., 1994; Centeno et al.,
2008), though in some cases collisional excitation is also tenable (Andretta and Jones,
1997). In the condensing corona, the ongoing recombination of ionized helium provides
a natural mechanism to populate the He triplet. Due to the fortunate viewing angles
of SDO and STEREO on this date, the EUV absorption features allows rather simple
stereoscopic triangulation. The reconstruction of this feature returns heights along this
loop between 3.37 Mm near its base and 69 Mm as the point of highest extent observed
by FIRS. All of the He I loops, however, only represent the tails of a larger network of
coronal loops observed in the SDO/AIA data achieve. We estimate using the SDO data
that the minimum loop half-length is 140 Mm.
8.4

He I Polarization in Coronal Drainage

The polarization signatures within the observed high speed He I channels are characterized
by both a predominance of atomic-level influence and a large degree of spatial continuity.
To illustrate these two properties, we display maps of the Stokes vector across the entire
FIRS FOV within the high speed material (Figure 8.2), and image Stokes spectra extracted
along loop #5 (top of Figure 8.3). Figure 8.2 contains two different maps of the He I Stokes
vector, corresponding to the blue and red components of the typical He I infrared triplet
absorption spectrum. Stokes Q and U values are gleaned from the line centers of each
component determined from the model fits reported in Chapter 7, while the Stokes V
values are in the redward lobe of each component. As explained by Trujillo Bueno et al.
(2002), from an atomic-physics point of view, the two He I components are distinguished
from each other in their polarization signatures due to the fact that the upper level of the
blue component cannot carry polarization. Here, we refer to the polarization of an atomic
state as population imbalances and coherences among the magnetic sublevels of a given
nonzero J-state. Within the He I infrared triplet, the upper level polarization dominates
the red component through selective emission processes, while the blue component is
dominated by selective absorption processes since its upper level is not polarizable.
Within the primary loops (#4 and #5), Stokes Q manifests very weak traces of oppo-
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Figure 8.2: Maps of the polarization signatures in the blue and red components of the He I
triplet observed in the high speed material. (top panel) Normalized Stokes I intensity, with
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sitely signed linear polarization between the blue and red component, suggesting selective
emission and absorption processes both at work. Such signatures, however, cannot be seen
in the Stokes U maps. Still, fairly strong Q and U signals are found in loops #4 and #5
for the red component at the level of 0.1 to 0.3 percent of the observed continuum intensity. Linear polarzation in the corresponding image spectra (Figure 8.3) demonstrates the
importance of atomic-level processes in inducing the observed polarization.
In general, the Stokes signals along loops #4 and #5 appear continuous in nature;
though, in the higher parts of the loops (upper left in the Stokes maps; bottom in the
image spectra) the effects of seeing polarization noise clearly disrupt the relatively weak
signal. The effect is worse in the Stokes maps, which are displayed at full resolution. The
image spectra result from a 3 ˆ 3 pixel (spatial) boxcar averaging of the reduced spectra,
performed to increase the signal-to-noise ratio. Photospheric contamination does affect
the He I drainage Stokes spectra near the spot, where Zeeman polarization induced in the
weak lines near 10834Å becomes blended with the highly redshifted He I spectra. While
we are unable to remove the polarized contaminants, we are able to adequately remove the
strong telluric absorption lines near 10832Å and 10834Å despite the lack of time resolved
measurements (see Chapter 7).
8.5

Inversions of the He I Triplet

Using the advanced forward modeling techniques of Asensio Ramos et al. (2008), we
perform inversions of the profiles displayed in Figure 8.3. The forward-modeling module
of the Hazel (HAnle and ZEeman Light) code determines the atomic density matrix for
a closed five-term orthohelium system subject to the anisotropic properties of a classical
unpolarized atmosphere including the limb-darkening effect. The radiative transfer treats
a simple slab of material with constant properties interacting with external fields through
the Zeeman and Paschen-Back effects. The use of the classical unpolarized atmosphere is
a very useful simplification for the description of the anisotropic properties of the pumping
radiation field. Higher-order anisotropies created by the presence of the sunspot are not
taken into account, nor is the breakdown of the flat-spectrum approximation by the shifting
of the He I line into a frequency-dependent region of the spectrum (Landi Degl’Innocenti
and Landolfi, 2004). Still, under these simplifications, the forward-modeling techniques
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prove effective in interpreting our observed spectra.
We use the forward model of Asensio Ramos et al. (2008) (i.e. Hazel) as implemented
in the inversion code known as HeLIx` (Lagg et al., 2004, 2007). We refer to this forward
module as the Hanle-slab module. The advantage we find in the HeLIx` code lies in its use
of the Pikaia genetic algorithm (Charbonneau, 1995) for solution optimization. While
inherently slower to converge than the Direct algorithm used by Hazel, the Pikaia
algorithm is stochastic in its convergence path. Because of the small number of spectra
inverted here (248 total), we are able to invert each spectrum multiple times with the
Pikaia algorithm to 1) investigate the dispersion in the found solutions and 2) locate
ambiguities in the solution resulting from the fundamental nature of the non-equilibrium
polarization physics.
The spectra of Figure 8.3 are inverted using three steps. Since the HeLIx` code contains a Milne-Eddington forward modeling package in addition to its Hanle-slab module,
we use the faster ME method to find velocity constraints on a two component model He I
atmosphere. This is especially useful in determining the velocities of the two components
when blended (i.e. near the top of the loop; bottom of the image spectra). The second step
employs the full Hanle slab module. Using a weighting factor which favors Stokes I by a
factor of 3 over Q,U,V, we use 400 calls to the PIKAIA algorithm to invert the spectra using a two component Hanle slab model. Portions of the polarized spectra contaminated by
the photospheric spectra are weighted low in the inversions. The heights of the two slabs
are held fixed. The slow “normal” He I component is assumed to be at a height of 2.16
Mm, while the fast drainage component’s height is fixed for each pixel in accordance with
the stereoscopic reconstructions of Chapter 7. We must minimally modify the HeLIx`
source code to remove the hard-coded limits on the height range of material, since the
material observed here occurs at heights outside of these arbitrarily chosen limits. The
scattering geometry for the slab is specified using its known location in three-dimensional
space. The only constraint placed on the magnetic field vector is that the inclination in
local geometry of the material is greater than 65˝ . This is consistent with the common
polarity exhibited by Stokes V for all of the spectra, and the 22˝ heliographic offset of the
observed region from disk center.
The second inversion step returns the magnetic field vector, optical depth, Doppler
width, and the line-of-sight velocity for the slab. The profile damping is set by the natural
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thermal broadening calculated from the Doppler width. Finally, to determine the scatter
in the solutions induced by the inversion process and to determine the ambiguous solutions,
we perform 50 iterations of a third inversion step wherein all parameters are fixed except
for the magnetic field values of the fast He I component. The bounds on the field azimuth
and inclination angle remain the same as before, but we place an upper limit of 500 Gauss
on the magnetic field intensity for all profiles at heights greater than 23 Mm. In this
manner, a reduced number of PIKAIA calls p100q is found effective.
The best-fit profiles determined by the inversions are displayed together with the original spectra in Figure 8.3. Note that we do not optimize the fits for the slow component,
and that the intensity spectra of the background spectra have been removed prior to the
inversions. Primary aspects of the polarized spectra for the fast He component are well
reproduced by the inversions including the spatial continuity along the loop’s trajectory,
particularly between 7 and 56 Mm above the solar surface (refer to y-axis of the figure).
Above these heights, the profiles exhibit limited continuity in Stokes U but are too noisy
in Stokes Q to retrieve reliable inversions.
We find that the profile amplitudes for pixels in the middle of the reconstructed height
range are well inverted by HeLIx` , while the fits to the spectra nearest the sunspot (i.e.
faster velocities) generally underestimate the degree of linear polarization (see Figure 8.4).
Better fits to the linear polarization might be found by loosening the constraint of Stokes
V, i.e. lowering its weighted contribution to the fit. Physically, a number of reasons might
explain the increase in linear polarization and the inability of the inversion model to fully
reproduce its amplitude. The polarization degree tends to be larger for the material that
is more highly redshifted, and nearer the spot. The symmetry-breaking effects of the
sunspot on the incident radiation field may significantly alter the population imbalances
of the assumed He slab (Landi Degl’Innocenti and Landolfi, 2004), leading to an increase
in linear polarization. Alternatively, Chapter 7 found that the draining material produces
an umbral flare consistent with a stationary shock. The directional impact of the draining
material with the lower atmosphere might intensify the linear polarization via collisional
excitation, if the densities are high enough. Then again, the presence of residual fringing
and/or the inappropriateness of a constant-property model could also partially explain
the limitations of the inverted fits.

V/IC [%]

U/IC [%]

Q/IC [%]

Stokes I/IC

Height = 43.65 Mm

Height = 30.07 Mm

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

0.1

0.0

0.0

-0.1
-0.2
0.2
0.1

-0.1
-0.2
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6

0.0
-0.1
-0.2
-0.3
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
1082.8

1083.0

1083.2
1083.4
Wavelength [nm]

1083.6

1082.8

1083.0

1083.2
1083.4
Wavelength [nm]

1083.6

Figure 8.4: Inversions of the He I Stokes profiles at the indicated reconstructed heights of the observed loop. Only the fast
component portion of the inversion is shown (solid orange line). Black data points correspond to the original data, while blue
points show Stokes I after the removal of the contaminating absorption features. Vertical dashed lines give the rest wavelengths
of the He I triplet transitions.

308

180

180
135

1500
Current Free Extrapolation

90
Local Azimuth [deg]

Local Inclination [deg]

160
140
120
100

0
0

10

20

30
40
Height [Mm]

50

60

70

-45

-135
20

30

40
50
Height [Mm]

60

-180
10

70

180

180

160

135

120
100
80

30

40
50
Height [Mm]

60

70

20

30

40
50
Height [Mm]

60

70

45
0
-45
-90

60
40
10

20

90

140

LOS Azimuth [deg]

500

LOS Inclination [deg]

Magnetic Field [G]

60
10

Inversion Magnetic Field Bounds

0

-90
80

1000

45

-135
20

30

40
50
Height [Mm]

60

70

-180
10

309

Figure 8.5: Magnetic field parameters acquired as a function of height after 50 independent HeLIx` inversions of the Stokes
spectra shown in Figure 8.3. ( left) Observed decay of the magnetic field strength with height compared with a current-free
extrapolation. (top) Inclination and azimuthal angles of the magnetic field in the locally defined geometry. (bottom) Line-ofsight inclination and azimuthal values for the inverted spectra. All data points are color-coded according to their deviation
from the reconstructed LOS azimuthal angle of the observed drainage channel (solid line). Dashed-lines denote solutions that
are anti-parallel and perpendicular to the transverse projection of the observed loop in the line-of-sight geometry.
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8.6

The Inferred Magnetic Field

The magnetic field parameters resulting from all of the 50 HeLIx` inversions for each
analyzed Stokes spectrum are presented in Figure 8.5. Despite the fact that a number of
the inverted profiles return lower amplitudes for the linear polarization than observed, it
is important to compare the results with the determined three-dimensional geometry of
the loop feature.
Figure 8.5 relays the determined magnetic field vectors in two different geometries.
The local geometry refers to the vertical frame in the atmosphere at the location of the
slab, wherein inclinations of 0˝ and 90˝ are parallel with the local solar vertical and the
solar surface, respectively. Azimuths in this geometry reference the plane formed by the
line-of-sight vector and the local solar vertical. In the LOS geometry, inclinations are
given as the angle between the magnetic field vector and the LOS, while azimuths are
given in degrees counterclockwise from solar west.
Multiple solutions are found by the iterated inversion of each Stokes spectrum. For the
median range of heights (18 ă h ă 43 Mm), these solutions are well behaved and exhibit
two primary classes of solutions in the local geometry. At first look, the field vectors at
heights greater than 43 Mm seem randomly distributed. However, by transforming into
the LOS geometry, the ordered nature of the solutions becomes more apparent. For the
He I triplet, fields greater than „ 10 Gauss are above the critical value for the Hanle
effects for both the lower and upper levels. In this saturated Hanle regime, the linear
polarization is insensitive to the magnetic field strength. Furthermore, for the special
case of horizontal fields at disk center, the linear polarization is oriented either parallel or
perpendicularly to the transverse magnetic field direction. Away from disk center, as in
our case, this behavior is only approximately maintained. Still, in the lower right panel
of Figure 8.5, we see that the solutions can be more readily classified. Classes of solutions
cluster around the derived loop geometry from the stereoscopic solutions and along the
anti-parallel and perpendicular directions. This behavior, plus the increase in scatter in
the magnetic field values, is consistent with formation in the saturated Hanle regime.
The magnetic field intensity exhibits an exponential decline with height as one might
expect. When we compare the derived field intensity as a function of height with a
current-free extrapolation of the region using longitudinal magnetograms from SDO/HMI
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(extrapolations performed with the ’FFF’ utility: Alissandrakis, 1981; Gary, 1989), stark
differences are evident. Further comparisons of the measured fallout with more appropriate
extrapolations should be performed to examine how well extrapolations can reproduce
the observed quantities. We find that a single scale height cannot describe the observed
decline. In Figure 8.5, we plot three curves of the form:
B “ B0 exp p´h{hB q ,

(8.1)

where h is the height coordinate, B0 is the boundary field intensity, and hB describes a
magnetic scale height. These curves result from a least-squares fitting to the minimum
magnetic field values at each height. Referring to the left plot in the figure showing the
magnetic field intensity, the dotted line (B0 “ 3977 G; hB “ 8.37 Mm) is fit in the range
of 10 to 47 Mm. The two solid black lines are fits in the ranges of 9 to 23 Mm (B0 “ 5894
G; hB “ 6.64 Mm) and 23 to 47 Mm (B0 “ 775 G; hB “ 19.56 Mm).
8.7

Discussion

It has long been expected that loop-like intensity structures in the solar corona are visual
markers for magnetic lines of force in the corona due to the high electrical conductivity. We confirm this expectation via spectropolarimetric measurements of a individuated,
condensing loop-like feature in the corona. Recent work to advance off-limb coronal polarimetry shows great promise in diagnosing the coronal magnetic field (Lin et al., 2004;
Tomczyk et al., 2008); though, off-limb studies in optically-thin spectral lines must take
into account line-of-sight integration effects (Liu and Lin, 2008; Dove et al., 2011). While
observed in a much colder thermal state, our loop allows for a comparison between its
stereoscopically reconstructed three-dimensional geometry and the vector magnetic field.
The results support a structure aligned with the average magnetic field direction; although
these measurements do not rule out fine scale structuring of the magnetic field below the
observational resolution.
A vast array of modeling efforts focus on the geometrical influences of the magnetic field
on the onset and evolution of thermal instabilities operating in coronal plasmas (Antiochos,
1980; Karpen et al., 2005; Klimchuk et al., 2010; Antolin et al., 2010; Fang et al., 2013).
We have presented a method that better quantifies the magnetic field intensity involved
in these processes. A disadvantage of these measurements, however, is that the initial
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magnetic configuration prior to the instability might show significant differences to the
profile derived here. We suspect the horizontal pressure balance along each drainage
channel to be affected by the passage of cooler-denser material, which would result in the
amplification of the magnetic field.
Although these measurements do not probe the entire length of the condensing coronal
loop, we expect due to the large amount of EUV absorption in blobs of material near the
system apex (see Chapter 7) that the He I triplet may show strong absorption and/or
polarization at these heights. In this system, mass accumulates near the apex surrounding
an apparent separatrix magnetic structure. Many models of prominence formation require
dips in the magnetic field to provide an area to confine material gravitationally (see, e.g.,
Pneuman, 1983; Karpen et al., 2005). Force-balance in these situations can also lead to
cross-field transport via condensates of low-ionization (Low et al., 2012). We suggest He I
spectropolarimetry might be an appropriate tool to investigate these mechanisms at the
apex of loop systems, despite the challenges associated with projection effects on-disk.
The He I triplet has been used before as a height-diagnostic (Merenda et al., 2011), and
may offer a means to study three-dimensional structure in absence of stereoscopy.
8.7.1
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CHAPTER 9

CONCLUSIONS AND OUTLOOK

Education is not the filling of a pail, but the lighting of a fire. –William Butler Yeats
Motivated by the curious thermal structure of the upper solar atmosphere and the
large-scale energy release in solar flares, I endeavored to measure the magnetic field of
the upper solar atmosphere on the fine spatial scales characterizing its complicated thermal structure. Much has been accomplished in our quest to understand the upper solar
atmosphere, but as in many scientific studies the accomplishments of this work are not
answers to our larger questions, but rather form a substantial step toward knowledge of
these curious structures and the enigmatic processes involved in their evolution. Thus,
while we can here state a number of findings and accomplishments, if this work is to be
useful at all, these findings must motivate the continuation of an investigation wherein
this work influences the direction of this investigation in a fruitful manner.
9.1

Primary Accomplishments

Throughout this work, emphasis has been placed on the design, calibration, and application of advanced modern technologies to assert the potential of recently opened diagnostic
windows of the solar atmosphere. In specific, the primary mission of probing the fine
structure of the upper solar atmosphere using the He I triplet has been a process of exploration, discovery, and success. Yet, this mission has not been limited to the He I lines, for
it is accepted that understanding the coupled interactions at play in the upper solar atmosphere demands synergistic studies with multi-channel, time-resolved diagnostics. Here a
small selection of this work’s accomplishments and discoveries are chronicled.
I Accurate polarization calibrations for the demonstration of the advanced
Facility Infrared Spectropolarimeter (FIRS) – FIRS was commissioned in
early 2010 with the demonstrated capability for simultaneous measurements of the
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strong photospheric Fe I Zeeman lines at 630 and 1565 nm. However, probing the
signatures of non-equilibrium polarization in the He I triplet required an order of
magnitude improvement in its both its polarimetric sensitivity and accuracy. This
work ultimately identified detector polarization due to detector nonlinearity as a
major contributor to the Stokes spectral errors. Together with improved polarization
calibrations, we demonstrated a sensitivity of up to 2ˆ10´4 , in units of the incoming
intensity.
II Development of high-precision spectropolarimetric reduction methods –
Along with improvements in the calibration methods, this work developed a significantly modified version of the FIRS reduction algorithms, which also boosted FIRS
sensitivity.
III Post-processing methods for the removal of interference fringes – Together
with colleagues from the High Altitude Observatory, post-processing methods for the
removal of interference fringes were developed. This work expanded those algorithms
by secondary filtering techniques via 2d Fourier-filtering and detrending methods.
It is suspected that these methods will improve the sensitivity of a number of future
spectropolarimeters.
IV Measurements of atomic-level polarization in the sunspot’s superpenumbral canopy – This work achieved the first measurement of linearly polarized He I
spectra within an active region’s superpenumbral canopy. The spectra are significantly influenced by atomic-level polarization. A heuristic interpretation provides
a phenomenological understanding of the structure present in Stokes polarization
maps. The structure in these maps exhibits significant differences from equivalent
maps of Zeeman lines in the photosphere.
V Confirmation of Hale’s conjecture - Fibrils are aligned with the magnetic
field! – Advanced full Stokes inversions using the Hanle and Zeeman Light code
give direct evidence for the alignment of fine-scaled fibrils in the solar atmosphere.
This work finally confirms the conjecture made by Hale in 1908 regarding fibrils,
in which he stated that they appear to be like “iron filings in a magnetic field”.
This confirmation of the fibril field alignment grounds methods to improve coro-
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nal magnetic field extrapolations by using the fibril direction as a constraint on
the magnetic field. A key unknown in this process remains the height of the fibril
material. Continued work to probe the now known polarization signatures of the superpenumbral fibrils may lead to height constraints based on the height-dependence
of the non-equilibrium polarization amplitude.
VI First maps of the superpenumbral magnetic field – Full inversions of the
superpenumbral He I polarization using the parallel implementation of Hazel have
been presented in this work, showing for the first time full maps of an active region’s
magnetic field out through its canopy. We derive the full chromospheric vector magnetic field structure of the active region, and compare it with the morphology of
the region’s equivalent potential field. With the understanding that the relative
shear between a measured magnetic field and its potential component represents
free magnetic energy, we calculate a relative quantity of this free energy. Future
comparisons with other field extrapolations might bring some ground truth to extrapolation methods. Ultimately, however, if this works measurements are expanded
and improved, we will be able to provide a much better boundary condition for the
extrapolation of the upper atmospheric field.
VII Multi-instrument comparison of the chromospheric magnetic field within
an active region – A drawback of the He I triplet is that one cannot from the
spectra themselves narrowly identify its formation height. While throughout this
work we have emphasized that greater sensitivity may allow the He I triplet to be
used as a height diagnostic, this will likely only be possible with large aperture
facilities. Alternatively, the other primary diagnostic of the chromospheric field
currently available – the Ca II infrared triplet – forms over a large range of heights,
which can be difficult to interpret without involved non-LTE inversions. We use the
commonly employed simplification of the weak-field approximation to compare the
Ca II magnetic azimuth and its LOS magnetic field with the values inferred from
He I via inversions. Although differences are evident, the overall correspondence of
these diagnostics affirms that He I is measuring much the same plasma throughout
the superpenumbra.
VIII Superpenumbral fibrils are thermally individualized structures within a
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more uniform magnetic canopy – What truly constitutes a fibril? What leads
to the fine structuring of the upper chromosphere? Past measurements gave a conflicting view of the magnetic architecture in which fine structuring resides and/or
represents. Our full maps of the chromospheric field within the superpenumbral
identify a fairly uniform magnetic field structure hosting the fine-structure. Thus,
we are able to confirm that the fine structure does not represent bundles of concentrated magnetic flux within a field-free background. Rather, we find the fibrils
are individually thermalized structures within a common magnetic structure. Still,
the questions of what produces the local density and/or temperature enhancements
within this magnetic field remain.
IX Establishment of the connection of a coronal loop system with the lower
solar atmosphere – Multi-platform observations of the solar atmosphere in Chapter 7 illustrated the connection of a catastrophically-cooled coronal loop system
with narrow sheet-like footpoints at the boundary of a sunspot’s umbra. The unifying observations were the spectroscopic observations of the He I triplet by FIRS
and the stereoscopic observations by SDO/AIA and STEREO/EUVI-A; while the
high-resolution IBIS data provided the fine-scaled evolution of the photosphere. We
identify, at least at one footpoint, that the catastrophically-cooled loop is rooted in a
region of significant magnetic shear. We conjecture that local heating processes due
to reconnection and/or current sheet ohmic dissipation may provide the footpoint
concentrated heating necessary to coronal loops undergoing radiative instabilities.
X Observations of shock-point heating and spectral signatures of shock interface – A very clear observation of an umbral stationary shock, i.e. an umbral
flare, proves to be the consequence of downflowing coronal material. The shock
structure itself exhibits a few curiosities that will need to be explained by future
modeling. Yet, we find evidence that the local heating due to the shock initiates the
evaporation of material back into the corona.
XI Measurement of He I polarization signatures in high-speed draining coronal material – Further work with the cool coronal material discovered atomic-level
signatures in the measured He I polarization along the observed coronal loop. Full
inversions of this material to interpret these signatures provide a direct measure of
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the magnetic scale height within catastrophically-cooled coronal loops, a key input
to models of radiative instabilities. We further offer the first comparison of the average magnetic field geometry of a coronal structure to its three-dimensional geometry
established via stereoscopic reconstruction.
9.2

Future Work

Going forward spectropolarimetry at fine scales in the solar atmosphere is essential to
understanding many of the curious processes of the the upper atmosphere, as it is the best
means to probe the magnetic field. Yet, our community faces many technical challenges
in affirming these techniques as routine diagnostics for the diverse expressions of the solar
atmosphere.
In the short term, the potential of the FIRS instrument must be further realized.
Although the present treatise has proven the FIRS instrument a formidable tool for probing
the He I triplet, much more can be accomplished. In particular, duty cycle improvements,
the extension to multiple slit He I observations, and the optical correction of interference
fringes should be prioritized. The addition of a slit jaw image acquisition system with
either a continuum filter (or more ideally a narrowband 10830 Å filter) would be a prized
addition to the system. Furthermore, due to the image stability and diffraction limited
capability of FIRS, the addition of a Ca II 8542 Å channel would be advantageous.
A significant limitation of the present study has been the lack of temporal resolution
of the FIRS He I measurements. This is an old problem. The limited aperture and
throughput of the telescope, combined with very weak signals and the need to scan across
a region with a slit or through its spectrum with an interferometer does not bode well
for probing small features that are dynamic on short solar times. Still, in the near term,
modest improvements in the duty cycle and more frequent coordinated observing can lead
to a much better understanding in the build up and release of magnetic free energy in
the atmosphere, even if we cannot adequately probe small scale structures. This work has
demonstrated the ability to map the chromospheric field across active regions. Capitalizing
on this tool requires first the mapping of the entire extent of active regions in order to
invoke the magnetic virial theorem, and second to follow the evolution of these regions
with time as they produce energetic events. Moreover, FIRS is now primed to study the
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temporal evolution of prominences/filaments.
As now we can accurately probe the chromospheric field, it is time to consider the use
of the chromospheric vector magnetic field for the extrapolation into the coronal volume.
However, this presents new challenges that the measurements need to simultaneously
address. Unlike measurements of the transverse and longitudinal Zeeman effects, the
He I observations do not equally probe field strengths within the full realm of measurable
polarization. As we have found, the projection of magnetic fields with respect to the
line of sight turns out to be an essential ingredient in prescribing the total magnetic
field strength of chromospheric features. This is due to these features often having field
strengths within the saturated Hanle regime. Furthermore, the heights of formation for
the material remains an issue. Methods need to be developed that determine the magnetic
field vector errors and the height errors resulting from inversion techniques. And, second,
these errors need to be coupled to field extrapolation methods.
Improvements to the He I inversion techniques must also be made in the near future.
While the breakthroughs in the forward modeling of the He I triplet have directly contributed to the accomplishments of this work, as we go forward, the inversion methods
will need to be better optimized and considerably more automated. The diversity of expression in the He I triplet makes automated techniques difficult to implement, especially
considering the number of contaminating spectral lines one confronts during the presence
of large flows. Further investigation of alternative inversion techniques such as pattern
recognition may prove useful.
9.3

Fitting a Square Peg into a Round Hole

Despite our current limitations, the signals of the chromosphere are there! And they can
be measured! This work has testified to the potential of these measures. Yet, novel new
instrument designs are needed to achieve the true breakthroughs in solar observations,
especially to reap the great benefit of new facilities like the Advanced Technology Solar
Telescope. In Chapter 3, we discussed the general problem of achieving time-resolved,
spatially resolved, spectrally resolved, and polarimetrically resolved observations. In the
case of IBIS, temporal and spatial resolution was achieved at the cost of spectral and polarimetric resolution. For FIRS, spectral and polarimetric resolution were achieved at the
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price of spatial and temporal resolution. These are the challenges faced by current instrumentation. Solar phenomena are 6-dimensional [x, y, h, t, λ, S] (S refers to the polarimetric
Stokes dimension) while detectors are two-dimensional.
So, how do we fit a square peg into a round hole (or 6 dimensions into 2)? The
only fundamental limitations placed on solar observations by physics are those of the
uncertainty principle. We cannot measure with zero error the energy of a photon, nor
can we measure the polarization of a single photon. Otherwise, the problems we face can
be surmounted. With one telescope, projection effects are a problem. So we build two
(i.e. STEREO)! Diffraction won’t let us see the small stuff. Build a bigger telescope!
Detectors only have two axes, how do we measure x,y, and λ simultaneously? FIRS does
not do this. IBIS does not do this. The answer may lie in light-piping technology (i.e.
fiber optics). SPIES, the Spectropolarimetric Imager for the Energetic Sun, is the first
prototype solar instrument that accomplishes this feat (Lin, 2012). Together, FIRS and
SPIES represent proto-type instruments for the Advanced Technology Solar Telescope.
A new facility instrument for the ATST, known as the Diffraction-Limited Near Infrared
Spectropolarimeter (DL-NIRSP), will combine the designs of FIRS and SPIES into a single
instrument. Perhaps in this endeavor this ongoing work will bear its fruit.
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“A story has no beginning or end: arbitrarily one chooses that moment of experience
from which to look back or from which to look ahead. - Graham Greene, The End of the
Affair
I thank the reader for reaching this closing with me. I hope you’ll agree that the future
is bright, and there is much to do.
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APPENDIX A

LIST OF ABBREVIATIONS

ADS - NASA Astrophysical Data System
ADU - Analog Digital Unit
AIA - Atmospheric Imaging Assembly
AO - Adaptive Optics
AR - Active Region
ASP - Advanced Stokes Polarimeter
ATST - Advanced Technology Solar Telescope
CCD - Charge-Coupled Devices
CME - Coronal Mass Ejection
CRISP - CRisp Imaging SpectroPolarimeter
CRISPEX - CRisp Spectral EXplorer
DIRECT - DIviding RECTangles optimization algorithm
DST - Dunn Solar Telescope
DWDM - Dense Wavelength Division Multiplexing filter
EUV - Extreme Ultraviolet
FIRS - Facility Infrared Spectropolarimeter
FOV - Field of view
FTS - Fourier Transform Spectrometer
GONG - Global Oscillations Network Group
HAO - High Altitude Observatory
HOAO - High Order Adaptive Optics
HAZEL - HAnle and ZEeman Light inversion code
HELIX` - The He Line Information Extractor`
HMI - Helioseismic and Magnetic Imager
IBIS - Interferometric BIdimensional Spectropolarimeter
IDL - Interactive Data Language
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KISIP - Kiepenheuer-Institut Speckle Interferometry Package
LM - Levenberg-Marquardt optimization algorithm
LTE - Local Thermodynamic Equilibrium
MELANIE - Milne-Eddington Line Analysis using an Inversion Engine
MHD - Magnetohydrodynamics
NASA - National Aeronautics and Space Administration
NICOLE - Non-LTE Inversion COde using the Lorien Engine
NLTE - Non-Local Thermodynamic Equilbrium
NOAA - National Oceanic and Atmospheric Adminstration
NSO - National Solar Observatory
PCA - Principal Component Analysis
PIKAIA - Genetic optimization algorithm (see Section 2.8.2)
POLIS - Polarized Littrow Spectrograph
POS - Plane-of-sky
QED - Quantum Electrodynamics
RTE - Radiative Transfer Equation
SDO - Solar Dynamics Observatory
SECCHI - Sun Earth Connection Coronal and Heliospheric Investigation
SEE - Statistical Equilibrium Equations
SOLIS - Synoptic Optical Long-term Investigations of the Sun
STEREO - Solar TErrestrial RElations Observatory
UTC - Coordinated Universal Time
VAL - Vernazza, Avrett, and Loeser (referring to these authors’ atmospheric models)
ZIMPOL - Zurich IMaging POLarimeter
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APPENDIX B

WIGNER 3-j SYMBOLS

Wigner 3-j symbols result from the quantum mechanical vector coupling of two angular
momenta, and are thus directly related to the familiar ClebschGordan coefficients, which
are given for the two momentum states |j1 m1 y and |j2 m2 y as related to a set of normalized
common eigenvectors |JM y, i.e.
j1j2J
Cm1m2M
“ xj1 j2 m1 m2 |JM y

(B.1)

Wigner 3-j symbols have been historical used due to their symmetry properties, which are
discussed by Degl’Innocenti and Landolfi (2004). The relationship between the ClebshGordan coefficients and the Wigner 3-j symbols is also given by Degl’Innocenti and Landolfi
(2004) as

¨

˛

?
j1 j2 J
‚
xj1 j2 m1 m2 |J ´ M y “ p´1qj1 ´j2 ´M 2J ` 1 ˝
m1 m2 M

(B.2)

An analytical form for the Clebsh-Gorden coefficents can be written as

xj1 j2 m1 m2 |JM y “ δm1 `m2 ,M
(B.3)
d
p2J ` 1qpj1 ` j2 ´ Jq!pj1 ´ j2 ` Jq!p´j1 ` j2 ` Jq!
ˆ
pj1 ` j2 ` J ` 1q!
a
ˆ
pj1 ` m1 q!pj1 ´ m1 q!pj1 ` m1 q!pj1 ´ m1 q!pJ ` M q!pJ ´ M q!
ÿ
ˆ
p´1qt rt!pj1 ` j2 ´ J ´ tq!pj1 ´ m1 ´ tq!pj2 ` m2 ´ tq!s ˆ
t

pJ ´ j2 ` m1 ` tq!pJ ´ j1 ´ m2 ` tq!s´1

where t is the full set of integers by which the evaluation of the factorials are non-negative.
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APPENDIX C

THE POLARIZATION TENSOR OF A RADIATION FIELD

The reducible radiation field tensor is given by Equations 5.150 and 5.153 of Landi
Degl’Innocenti and Landolfi (2004) as:
¿
dΩ
~
Jqq1 pνq “
Iqq1 pν, Ωq
4π
¿
dΩ ÿ
~ βα pν, Ωq
~
Eqq1 pα, β, ΩqI
“
4π αβ“˘1
“

¿

3
dΩ ÿ
~ i pν, Ωq.
~
Tqq1 pi, ΩqS
4π i“0

(C.1)
(C.2)

(C.3)

Please reference Landi Degl’Innocenti and Landolfi (2004) for the proper definitions of the
included terms. Meanwhile, the irreducible radiation field tensor is given by:
K
JQ
pνq “

¿

3
dΩ ÿ K
T pi, ΩqSi pν, Ωq
4π i“0 Q

(C.4)

where the values of TQK are given in Table 5.6 of Degl’Innocenti and Landolfi (2004).

325
APPENDIX D

THE RADIATION FIELD TENSOR NEAR A SUNSPOT

The pumping radiation field responsible for the development of population imbalances
and quantum coherences in the orthohelium atomic system can be fully specified by the
irreducible components of the statistical spherical tensor given in Equation 6.1. In the
presence of symmetry-breaking structure, the radiation field tensor may be found for a
particular frequency by numerically integrating the radiation field subject to the observed
continuum structure of the region. Our observations give the normalized continuum intensity near 1083 nm. Thus, the total photometric intensity given by the empirically defined
limb-darkening law can be reduced by a factor consistent with the normalized continuum
intensity observed. Transforming first to the local frame of reference of a given point in the
atmosphere at height, h, we find the nonzero radiation field tensor components assuming
an unpolarized atmosphere using the following expressions
¿
dΩ
~
Ipν, Ωq
J00 pνq “
4π
¿
1
dΩ
2
~
?
J0 pνq “
p3 cos2 θ ´ 1qIpν, Ωq
4π
2 2
? ¿
3 dΩ
2
~
sin θ cos θe˘iχ Ipν, Ωq
J˘1 pνq “ ¯
2
4π
? ¿
3 dΩ
2
~
sin2 θe˘2iχ Ipν, Ωq,
J˘2 pνq “
4
4π

(D.1)
(D.2)
(D.3)
(D.4)

which are the expansion of Equation 6.1 for i “ 0. We follow the geometry used in Section
12.3 of Landi Degl’Innocenti and Landolfi (2004). Iterated Gaussian Quadrature bi-variate
integration is used to numerically integrate the above equations with the empiricallydefined limb-darkened radiation field subject to the observed continuum structure. The
results are illustrated in Figure D.1 for a height of h “ 1750. Only the real portion of the
Q “ ˘1, 2 components are shown.
The symmetry-breaking is most pronounced within the sunspot. Contours of the inner
and outer penumbral edges show the photospheric extent of the sunspot in Figure D.1. The
mean intensity structure given by n̄ is slightly offset from the photospheric structure due to
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the observational geometry of the region and the assumed height of the helium slab. The
weak ring structure in the map of ω best illustrates the extent of the radiative symmetrybreaking in the superpenumbra. As shown above, the half-angle of the heliographic extent
of the light cone at this height is 4.06˝ , whereas the entire heliographic extent of the
observed region is 4.44˝ ˆ 5¨ . The impact of the Q “ ˘1 components is minimal outside of
the sunspot’s edge, whereas the Q “ ˘2 components show pronounced changes within the
inner superpenumbral region. However, the magnitude of these components are an order
of magnitude below the J02 component. Figure D.1, of course, only shows the radiation
field tensor at the frequency of one transition within the orthohelium atomic system. Due
to the variation of the Planck function, we might expect the magnitude of the Q ‰ 0
components to increase at shorter wavelengths where the sunspot contrast is enhanced;
yet, overall the impact of this symmetry-breaking around the penumbral edge is expected
to be an order of magnitude below the J02 component which itself induces very weak
polarization signatures of À 0.1% of the incoming intensity.
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Figure D.1: Multipole moments of the local radiation field tensor for a slab of material
located at a height of 1750 km above the solar surface. Only the real part of Q “ ˘1, 2
components are displayed. NBAR represents the zero-moment, where NBAR is defined
as n̄ “ pc2 {2hν 3 qJ00 .

328
APPENDIX E

STEREOSCOPIC RECONSTRUCTION OF CORONAL DRAINAGE

Stereoscopic reconstruction refers to the triangulation of the three-dimensional geometry for a individuated structure using multi-point observations, and is a primary goal of
the two spacecraft of the STEREO mission, launched in 2006. Methods for stereoscopic
reconstruction using the two STEREO spacecraft have been described for small angle separation (Aschwanden et al., 2008), and large angle separation (Aschwanden et al., 2012).
Our procedure is based on these methods, though ultimately use an independent formulation based on helio-projective angles rather than heliocentric latitudes and longitudes,
and is applied to the combination of SDO/AIA and STEREO-A.
E.0.1

Image Coalignment

In principle, the use of the WCS coordinate values in the data headers of individual
spacecraft can be used directly to triangulate the coordinates of a feature viewed in projection by two observing positions separated by a non-zero angle. In practice, however,
the WCS coordinate values in the data headers need to be validated and/or corrected for
errors. Thus, it is beneficial to transform the images into a common epipolar geometry
in which the horizontal image axis aligns with the plane defined by the two instruments.
We achieve this in much the same way as the SolarSoft procedure ’euvi stereopair.pro’.
Prior to performing the transformation, however, we find we must update the center pixel
values for the SDO/AIA and STEREO/EUVI images. We refine the center pixel values by
fitting the solar image, and applying a bilinearly interpolated shift. The images are then
transformed and rescaled such that the projected pixel size of the EUVI-A image matches
the high-resolution of the SDO/AIA images. After this transformation we verify once
again that the central pixel of the image corresponds to the center of the Sun. Finally, we
implement a correction for the relative roll angle between the two spacecraft.
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Figure E.1: Stereoscopic reconstruction geometry for SDO/AIA and STEREO/EUVI-A
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E.0.2

Stereoscopic Triangulation

Our implementation of stereoscopic triangulation relies on three primary steps. First, we
transform helioprojective angles into physical heliocentric-cartesian coordinates assuming
a fixed height. This yields two sets of points associated with the same helioprojective
coordinates and height but on opposite hemispheres of the Sun. To be as general as
possible, we do not make an assumption regarding the hemisphere of these points because
off-limb material may originate from either hemisphere. These set of coordinates are then
transformed using an Euler rotation into the reference frame of the second spacecraft.
As a final step, the rotated coordinates are transformed into the equivalent projective
coordinates in the new reference frame and compared with the observed structure in that
frame.
Starting with helioprojective-cartesian coordinates (θx , θy, see Figure E.1), the conversion to the equivalent heliocentric-cartesian coordinates in the frame defined by the
spacecraft and the Sun is:
x “ d cos θy sin θx ,

(E.1)

y “ d sin θy ,

(E.2)

z “ DSun ´ d cos θy cos θx .

(E.3)

where z is the axis defined by the center of the Sun and the spacecraft. The height is
related to these coordinates by
h“

a

x2 ` y 2 ` z 2 ´ RSun .

(E.4)

For the feature described in this work, we traced the loop in the FIRS observations and
transform these coordinates into the AIA frame and then into the epipolar frame for the
stereoscopic reconstruction. For every observed point along the feature, we determine
the equivalent heliocentric-cartesian coordinates for an assumed range of heights. This
requires the solution of the system of equations in Equations E.1 to E.4. This solution
yields the following expression for the variable d:
b
2
` pRSun ` hq2
d “ t ˘ t2 ´ DSun

(E.5)

where

t “ DSun cos θy cos θx .

(E.6)
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Once d is found for the range of heights for each point along the feature, the cartesian
coordinates are rotated in the reference frame of the second spacecraft (Viewpoint 2).
x1 ,y 1 ,z 1 are determined by a simple rotation of the coordinates about the y axis, i.e.:
x1 “ cos αsep x ` sin αsep z

(E.7)

y1 “ y

(E.8)

z 1 “ ´ sin αsep x ` cos αsep z

(E.9)

With the determine cartesian coordinates in the reference frame of the second spacecraft,
the helioprojective-cartesian coordinates can be found from Equations E.1 to E.4. Locating the height at which the new coordinates match the equivalent feature in the image
can be performed iteratively until all height are determined. In this application, we fit
for a range of equivalent coordinates in the EUVI-A image corresponding to the feature
width, providing an error estimate for the triangulation procedure.
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I. Dorotovič, and R. J. Rutten (eds.) The Physics of Chromospheric Plasmas, volume
368 of Astronomical Society of the Pacific Conference Series, p. 611.

337
Collins, P. P., B. Shehan, M. Redfern, and A. Shearer (2009). GASP - Galway Astronomical Stokes Polarimeter. ArXiv e-prints.
de la Cruz Rodrı́guez, J., L. Rouppe van der Voort, H. Socas-Navarro, and M. van Noort
(2013). Physical Properties of a Sunspot Chromosphere with Umbral Flashes. ArXiv
e-prints.
de la Cruz Rodrı́guez, J. and H. Socas-Navarro (2011). Are solar chromospheric fibrils
tracing the magnetic field? A&A, 527, L8. doi:10.1051/0004-6361/201016018.
de la Cruz Rodrı́guez, J., H. Socas-Navarro, M. Carlsson, and J. Leenaarts (2012). Nonlocal thermodynamic equilibrium inversions from a 3D magnetohydrodynamic chromospheric model. A&A, 543, A34. doi:10.1051/0004-6361/201218825.
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Güdel, M. (2007). The Sun in Time: Activity and Environment. Living Reviews in Solar
Physics, 4(3).
Hale, G. E. (1908). On the Probable Existence of a Magnetic Field in Sun-Spots. ApJ,
28, p. 315. doi:10.1086/141602.
Hale, G. E. and F. Ellerman (1904). Calcium and Hydrogen Flocculi. ApJ, 19, p. 41.
doi:10.1086/141083.
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