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ABSTRACT
In this study, the technique of astronomical imaging
polarimetry is developed.

The various polarization

analyzers and multielement detector options available are
evaluated in regard to their potential accuracy, efficiency,
field of view, and resolution.

Simple photography through

a Polaroid filter is useful for study of highly polarized,
extended objects.

For mapping with high polarimetric

accuracy, a Pockels cell is the only viable polarization
modulator, but Digicons, CCDs, CIDs, TVs, and imagedissectors are all possible detector choices.
The photographic technique has been used to map the
surface brightness and polarization of the galaxy M82.
These maps reveal that the majority of the halo light can
be assigned to a smooth component which is symmetric about
the galactic disk, and only a small fraction (^5%) to
filamentary structure.

The halo radiation is scattered

light which originates primarily in the galactic disk and
not a bright nucleus.

A reevaluation of scattering with

this geometry of a disk illuminating a smooth halo leads to
the following conclusions:
1.

The scatterers are most likely dust particles.

2.

The density of scatterers falls off as ^1/z 2 , where
z is the distance above the galactic plane.
x

3.

The strong polarization of filamentary radiation
(P > 50%) is due to scattering from concentrations
of small particles situated above the central
portion of the galactic disk.
A rapidly-chopping photoelectric imaging polarimeter

has been constructed using a Pockels cell modulator and 200
element Digicon detector.

This instrument has been used to

obtain accurate, high resolution maps of optical polariza
tion and surface brightness in the bipolar nebulae CRL 26 88
and Ml-92, the jets of M87 and 3C 273, and the Crab Nebula.
The degree of polarization of the bipolar nebulae
and a comparison of the nebular surface brightness with the
luminosity of the central star argue that, except for the
NW lobe of Ml-92, the nebulae are optically thin to
scattering.

Since the very high polarization of CRL 2688

also requires small scattering grains (a < O.ly), the
stellar spectrum must be siabstantially blued upon reflec
tion, and thus the total extinction to the star along the
path of a typical scattered photon is ^5 mag. Grain masses
-4
of the scattering nebulae are 'v-lO
M© , comparable to those
of some planetary nebulae.

The similarity in appearance

between many planetaries and bipolar nebulae is noted and
a suggestion made that this structure may be explained by
mass loss driven by non-radially symmetric pulsations.

xii

For the jet of M87, polarization of individual knots
reaches 20%.

Comparison of the complex position angle

structures at optical and radio frequencies (1) indicates
the presence of a uniform (scale length > 1.5 kpc) medium
near M87 which causes a Faraday rotation along the line of
sight £ 360 rad m

- 2

, and (2) places an upper limit on the

amount of Faraday depolarization occurring within individual
knots.

The 3C 273 jet as a whole is observed to be un-

polarized to a la level of 4%.

This measurement is con

sistent with inverse Compton models of the optical emission;
however, a synchrotron origin cannot be excluded if the
small-scale structure of the 3C 273 jet is similar to that
of the jet of M87.
The general magnetic field of the Crab Nebula has
substantial structure down to scales of ^10", but does not
appear to be more highly tangled.

The wisps are highly

polarized, and therefore regions of quite uniform field,
which are elongated along the field lines.

Portions of the

eastern bay are polarized so strongly (P > 60%) that they
approach levels appropriate for synchrotron emission in a
perfectly uniform field.

CHAPTER 1
INTRODUCTION
Although the use of polarimetry in "astronomical"
research can be traced to 1809 when Arago discovered
polarization in the sunlit sky (Gehrels 1974), polarimetry
has occupied a firm position in observational astronomy for
only about the past 30 years.

The rapid recent development

was led largely by the work of Hiltner and Hall who, in the
1940's pioneered modern observational and instrumental
techniques, and it has evolved to the construction of de
vices which today can detect polarization as small as 0.001%.
These new instruments are invariably photoelectric devices
having the general construction of a classical photoelectric
photometer but they contain polarization analyzing optics
which rapidly modulate the beam in order to eliminate the
effects of atmospheric variations, drifts in instrumental
sensitivity, and guiding errors.

As these instruments are

normally used for stellar observation, the focal-plane
diaphragms are circular in shape in order to avoid spurious
polarization introduced by the effects of straight-sided
apertures.

The typical polarimeter is thus very incon

venient and inefficient for use where spatial resolution is
1

2

also desired, as in the study of polarization over the
surfaces of galaxies, nebulae, and planets.
The technique of polarimetric mapping has great
potential for many types of studies.

For example, magnetic

fields in spiral galaxies might be mapped through the linear
polarization which results from transmission of radiation
through a medium of aligned interstellar dust grains.

The

dust content of elliptical galaxies could be mapped polarimetrically, a technique which is apparently a more sensitive
probe than photometric searches for the reddening caused by
dust (Jura 1978).

Magnetic fields in nonthermal sources

such as supernova remnants and the jets of external
galaxies may be traced through the polarization of the
synchrotron radiation emitted.

Information relating to the

optical depth, size, and composition of particles in re
flection nebulae may also be gained from their polarization
characteristics.
Previous and Present Work in the Field
of Imaging Polarimetry
The information content of the image of an extended
object through a large telescope is enormous.
a photograph of M82 contains > 10

5

For example,

resolvable picture

elements (pixels) on the galaxy alone.

This sheer abundance

of data and the associated inability to analyze it effi
ciently (in the days before high-speed computers) have no
doubt been important factors in restricting to a very few

3

the number of detailed polarization studies of extended
objects made to date.

In the 1950's, Baade (1956a, 1956b)

photographed a few selected objects through a Polaroid
filter with the 5 m telescope.

A series of plates of one of

these, the Crab Nebula, was painstakingly analyzed by
Woltjer, and yielded probably more information on the nature
of this supernova remnant than any other single study to
date (Woltjer 1957, 1958).

Herbig (1972) photographically

mapped linear polarization in the small nebula surrounding
the star VY C Ma, and Worden and Grasdalen (1974) used a
scanning microdensitometer in their photographic analysis of
polarization in the Serpens Nebula.

Polarization maps of

selected galaxies, reflection nebulae, and planets have also
been constructed over the years by J. S. Hall and A. Elvius,
however these observations were made by scanning the small
aperture of a normal polarimeter over the object of interest.
Preliminary results of some attempts to photographically map
the polarization of planets have been reported by Beebe
(1974) and Fountain (1974), while polarization of the solar
corona has been mapped by Pepin (19 70).
Presently, there is rapidly developing an interest
in imaging polarimetry among several groups.

Observers at

the Royal Greenwich Observatory published a polarization map
of the halo surrounding M82 obtained with an electrographic
camera (Bingham et al. 1976) simultaneously with the study
by the author (Schmidt, Angel, and Cromwell 1976) which is

4

described in Chapter 3.

Similar studies have been presented

by the R. G. 0- group for NGC 4594 (the 'Sombrero Galaxy')
(Scarrott et al. 1977) and the Orion Nebula (Pallister et
al. 19 77).

Electrographic imaging polarimetry is also being

performed with the United States Naval Observatory 'Kron'
camera by Vrba (1977).

Thus far, the galaxy M51 and

several Herbig-Haro objects have been observed.

Other

groups planning investigations of this type are the Royal
Observatory Edinburgh (Wolstencroft 1977) with a SITvidicon, and The University of Arizona Lunar and Planetary
Laboratory (Serkowski 1974a) with a Digicon.

However, to

the author's knowledge, the first use of a multichannel
photoelectric detector in imaging polarimetry is described
in this dissertation.
The Nature of This Work
The purpose of the work discussed in this disserta
tion is the investigation and development of the technique
of imaging polarimetry as applied to the study of astro
nomical objects.

In the following chapter, the basic

requirements of an imaging polarimeter are developed.

The

various techniques available are then critically evaluated
and detailed discussions are made of the methods adopted
for this work.

The remaining chapters describe applications

of the technique to studies of the scattering halo sur
rounding the peculiar galaxy M82 (Chapter 3), two bipolar

5

reflection nebulae (Chapter 4) , the jets associated v/ith the
galaxy M8 7 and the QSO 3C 273 (Chapter 5), and the
synchrotron continuum of the Crab Nebula supernova remnant
(Chapter 6).

CHAPTER 2
THE TECHNIQUE OF IMAGING POLARIMETRY
The following discussions make considerable use of
expressions such as "analyzer," "retarder," Vellipticity,"
and "Stokes component," terms which are perhaps not uni
versally understood among astronomers or terms which are
often defined differently by various workers in the field
of polarimetry.

It is desirable, therefore, to describe and

briefly outline the conventions to be used in this manu
script.
Stokes Vector and Description of Terms
A beam of light can be represented by four param
eters called the "Stokes components," consisting of the
elements I, Q, U, V, and normally represented as a column
vector:

M
Q
U

\

v

/•

Each component of the Stokes vector has the units of in
tensity (in our case assumed to be polychromatic) averaged
over a finite measurement time.
may be expressed as:

6

The individual parameters

2) + <E2)
I = <E
\
/
\ y/
X

Q = <E2) -

<E2)

U = <2E
E Cos6)
x
x y
'
V = <2E E sin6 >,
x y
'

(1)

where E and E are the x and 2
y electric vector amplitudes
x
y
and 6 is the phase difference between the x and y vibrations.
In practical terms, I = total intensity, 0 =
U =

I45~Ii35'

and

where 1^ denotes the intensity measured with

a polarizer in position angle ip.

The degree of linear

polarization is then
p

„ in2 t u2)1/2

(2)

and the position angle
9 = 1/2 arctan (U/Q)

(3)

where the astronomical convention is that position angle is
measured from north increasing to the east.

The ratio of

the circularly polarized intensity, V, to the linearly
polarized intensity, P*I, measures the "ellipticity."

A

more detailed description of the Stokes vector and its
properties can be found in Chandrasekhar (1960).
A simple "analyzer" is an optical component which
absorbs or reflects those waves or components of waves
which vibrate in a particular plane (e.g., a Polaroid
filter).

A sophisticated analyzer might be comprised of

8

several optical components and rapidly "chop" the beam to
alternately pass one and then the perpendicular sense of
polarization, however the basic action is the same for both.
A "retarder" is a component of birefringent material used
to retard by a prescribed amount the phase of waves vi
brating in one plane relative to those in the orthogonal
plane.

Thus, light which is linearly polarized at 45° to

the principal axes of a A/4 retarder becomes circularly
polarized upon transmission.

Materials can be naturally

birefringent (as in some types of crystals) or the bire
fringence can be induced through mechanical stress (e.g.,
*

the "photoelastic modulator") or by the application of an
electric field (the "Pockels cell").
The transfer of polarized light through a series of
retarders and analyzers is rather easily described by the
use of Mueller matrices:

R(0) =

^1
0
0
y 0

the rotator matrix

0
0
cos29 sin29
-sin29 cos29
0
0

\
(4)

and the retarder matrix

T(6) =

/1
0
0
0

0
1
0
0

0
0
cosfi
-sinfi

0
0
sin6
cos6

(5)

The action of a single retarder of retardation 6 on a beam
of arbitrarily polarized light (Stokes vector S) is then

9

represented as
S' = R(9) T(6) R( -9) S

(6)

where the coordinate frame of the incident beam is first
rotated by an amount 9 to the principal axes of the retarder, and after passing through the retarder is rotated
back to the original frame.

Mueller matrices have been

found to be particularly useful for the coding of trans
parent computer programs to model the transfer of a beam of
arbitrary spectral distribution through the optical compo
nents of a polarimeter.
Basic Design Considerations
In its most basic construction, an astronomical
imaging polarimeter can be viewed as a conventional polari
meter which utilizes a multielement two-dimensional detector
instead of photomultiplier.

Due to this similarity, certain

design requirements apply to either instrument.

Obviously,

both must be as efficient as possible in their use of
available light.

Instrumental polarization must be kept

quite small or at least be introduced in a reproducible
manner and be able to be measured accurately.

Provision

must be made for calibration of the measured position angles
and polarimetric efficiency (the measured amount of polariza
tion for 100% polarized incident light).

Additionally, for

highly accurate measurements, care must be taken to avoid
errors which can be introduced by atmospheric scintillation,
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seeing, and time variations in the transparency, detector
sensitivity, and telescope guiding.

These effects are

essentially eliminated if the two senses of polarization
required for one Stokes component are measured simulta
neously, or at least separated by a time shorter than that
associated with the variations.

In practice this is

accomplished by rapidly modulating the beam so that the
detector alternately sees first one and then the other
state of polarization.
An important consideration in the implementation of
modulating optics is that errors can be introduced by image
motion which accompanies the modulation.

Such motions,

which might be caused by a rotating optical component, will
introduce spurious polarization if it occurs on a detector
with (generally) nonuniform sensitivity.

For conventional

polarimeters, Serkowski (1974b) suggests that this type of
motion be kept less than 0.01% of the image size on the
detector, a limit which places stringent requirements on
the plane-parallelism of rotating optical components.
The nature of an imaging polarimeter necessitates
further considerations.

First, the optical components must

possess good imaging quality and admit as wide a field of
view as possible.

As maps of surface brightness are

naturally obtained along with the polarimetry, calibration
of both the polarimetric efficiency and instrumental sensi
tivity must be made over the entire detector.

Of course,

the nature of the detector must always be taken into account
in the design of an instrument, and for two-dimensional
(2-D) observations this is particularly true.

In practice,

the range of 2-D detectors available to an observer is
typically quite limited, but might encompass such items as
photographic plates, Digicons, image-tube intensified diode
arrays, television cameras, or several variations thereof.
These devices differ considerably in their characteristics
as to mode of data storage, number of resolvable picture
elements (pixels), time resolution, and intrinsic noise,
and therefore the choice of detector will often auto
matically determine the system's properties relating to
usable field of view, resolution, dynamic range, and modu
lating frequency.

Characteristics of individual types of

2-D detectors as applied to imaging polarimetry are dis
cussed in detail below.
There is, however, one requirement which is sig
nificantly relaxed for an imaging polarimeter relative to
conventional instruments.

Whereas a normal polarimeter

should be able to measure polarizations as small as 0.010.001% for work on bright stars, the practical limit for an
imaging polarimeter is ^0.1-0.01% per pixel.

That such a

situation exists is demonstrated by the fact-that for an
object as bright as 15 mag arcsec

-2

(^200 times the night

sky), an imaging polarimeter with 1" x 1" pixels working in
a broad (AA = 1000 A) band on a 2.3 m telescope would

12

require ^50 hours of observation to reach

= 0.01% per

pixel in photon noise alone.
Polarization Analyzers
Depending on the degree of accuracy desired,
polarization analyzers can range from simple polarizers to
rather complex arrangements of variable or rotating retarders and polarizers.

In this section the advantages and

disadvantages of the most common analyzers are discussed in
terms of their application to imaging polarimetry.
Rotating Polarizer
The basic analyzer for linear polarization consists
of a simple polarizer such as a Polaroid filter or Wollaston
prism.

Observations in two orthogonal orientations of the

transmission axis serve to determine either Q or U, four
observations define the degree of polarization and position
angle.

The major advantage of a simple polarizer is its

simplicity and therefore low cost; Polaroid sheets of very
large dimensions are quite inexpensive and will admit the
entire field of view of any telescope.

A single Polaroid

filter is also relatively efficient, transmitting ^40% of
incident unpolarized light.
The simple Polaroid analyzer is, however, not
suitable when measurements of high accuracy are desired, for
the emergent light is 100% linearly polarized in a position
angle depending upon the polarizer's orientation.

As the
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sensitivity of most detectors varies with polarization
position angle, this analyzer often introduces substantial
instrumental polarization.

This situation can be largely

remedied by inserting a "depolarizer" after the analyzer.
A depolarizer is an optical component which makes the timeaveraged polarization zero, and might consist merely of a
A/4 plate oriented relative to the polarizer's transmission
axis so as to produce circularly polarized light.

More

sophisticated, nearly achromatic depolarizers essentially
eliminate the effect.
Rapid modulation of a beam with a simple Polaroid
analyzer is difficult, especially in imaging work, where
the polarizer must be of rather large dimensions.

Chopping

frequencies of up to ^1 Hz are probably possible by this
method.
Another potential problem is motion of the image on
the detector caused by the rotating analyzer.

This is a

serious problem where high accuracy is desired, and will be
treated fully in the discussion of rotating waveplate
analyzers.
In spite of the above-mentioned difficulties, the
simple polarizer is quite useful for observations of very
extended objects which are highly polarized and thus where
high precision is not critical.

The method is particularly

well-suited to photographic data recording, for the limiting
polarimetric accuracy of typically > 1% associated with
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photography (see for example Chapter 3 and Beebe 1974) is
generally larger than, or at least comparable to, any
systematic errors of this analyzing technique.
High-Speed Modulators
A substantial improvement in potential measurement
accuracy is obtained with the substitution of a high-speed
polarization modulator for the simple analyzer.

However, in

order to realize these advances, other design considerations
must be taken.

First, modulation cannot present a varying

position angle of polarization to the detector.

Second,

the detector must have high time resolution (requiring a
photoelectric device) and be either photon-counting or at
least photon noise dominated over the desired measurement
time.

Third, severe restrictions are placed upon any image

motion which accompanies the modulation.
In Figure 1 are shown schematic designs of the three
polarization analyzers capable of rapid modulation and
currently popular for astronomical use:

the rotating wave-

plate modulator, the photoelastic modulator, and the Pockels
cell, or electro-optic, modulator.

Discussed below are the

characteristics of each of these systems as applied to
imaging work.
The Rotating Waveplate Modulator.

The rotating

waveplate modulator, consisting merely of a rotating A/2
plate and Polaroid filter, is a quite simple and inexpensive

C±3

c 3

CD

Lens

|V4>i«u))
Polarizer

X

Polarizer

Pockels Cell

(iV4)

2
2
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Polarizer

Figure 1.

Three High-Speed Modulators Currently Popular for Astronomical
Polarimetry — Sketches are shown of three polarization analyzers
which are capable of rapid modulation: (a) rotating waveplate
modulator, (b) photoelastic modulator, (c) Pockels cell modulator,
cn
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form of rapidly chopping analyzer for linear polarization.
Light emergent from the A/2 plate is polarized to the same
degree as that incident, but with a position angle which
rotates in the opposite direction as the waveplate.

After

passing through the Polaroid, the degree of polarization is
manifested as a modulation of the beam's intensity.

Al

though the design is simple in its optical nature, polarimetric modulation occurs at just twice the frequency of
rotation, so substantial mechanical considerations are
necessary for rapid modulation with a large waveplate.

The

rotating waveplate analyzer has proven to be capable of high
precision in the form employed in the "Minipol" (Coyne and
Gehrels 1967).
One disadvantage of this type of analyzer is that
the data obtained during one rotation must be subdivided
into several frames before storage (the Minipol saves 12
frames).

Since frames from corresponding positions of the

waveplate are co-added in real time, a core-type memory (as
opposed to magnetic disk or tape) with rapid-access capa
bility is required.

Such a modulation technique is there

fore very extravagant in its use of computer memory for an
imaging application, where each frame might consist of
'vlO

pixels.
The major difficulty with the rotating waveplate

modulator is the severe constraint on plane-parallelism of
the rotating waveplate demanded by the restriction on image

motion.

Serkowski (1974b) finds that in order not to

degrade the potential accuracy of a conventional polarimeter, image motion must be kept to less than 0.01% of the
pupil size on the detector, a value which corresponds to
plane-parallelism of the two surfaces of ^4 arcsec. Since
an imaging polarimeter cannot use Fabry lenses, the restric
tion for this application is even more severe.
Consider the sketch in Figure 2.

The thickness of

the waveplate is s, which is placed a distance Y from the
detector.

Normals to the surfaces of the waveplate are at

angles 6^ and

to the optical axis, and we consider the

case where B^ and &2
= B.

are

small enough so that sinB = tanB

The lateral displacement of the image, Ax, which

occurs during modulation is then
Ax = 2(Ax^ sB,

= 2[Y(n-l)(B.,-6,) "
z

i

n

(7>

J

where n is the refractive index of the waveplate.

For a

typical design, Y ~ 10 cm »s and n ~ 1.5, so Ax(cm)~ 10
(&2~®1^ '

In an

mode, the image is that of the

seeing disk, which can be approximated by a Gaussian [F(x) =
k*exp(-x^/a^)] of full-width at half-maximum (FWHM) of
1.67a ~ 1".

Lateral shift of such a profile by a small

amount, Ax, produces the maximum change in intensity at a
point x = 0.71a, where the induced "polarization" is com
parable to Ax/FWHM.

As the maximum tolerable size of this

Waveplofe I

Defector

AX

AX

Figure 2.

Effects of a Rotating Wedge-Shaped Waveplate

effect is 'vO.1% , Ax
~ 10-5cm. (for a seeing
3 disk of size
max
100Vi) , so that |^2—^11 -0*2 arcsec. Such a stringent degree
of plane-parallelism must be maintained over the entire
surface of the large waveplate which is required for
imaging work.

This result is such as to essentially pre

clude from accurate imaging polarimeters those modulators
which employ rotating optical components.
The Photoelastic Modulator.

The form of linear

polarization analyzer sketched in Figure lb is that de
veloped by Kemp (Kemp, Wolstencroft, and Swedlund 1972) for
a highly accurate, single aperture polarimeter.

The modu

lating component is a bar of fused silica in which bire
fringence is induced by an oscillating mechanical stress.
This photoelastic modulator (PEM) analyzes for any circular
polarization produced by the A/4 plate from incident
linearly polarized light.

As the PEM operates sinusoidally

between + A/4, circularly polarized light entering the PEM
becomes linearly polarized with a position angle which
rapidly alternates between 0 and 0 + 90°. This modulating
linear polarization is then analyzed by the Polaroid filter.
One Stokes component is measured with any single orienta
tion of the A/4 plate; two positions separated by 4 5° yield
both Q and U and thus measure the degree and position angle
of linear polarization.

Note that rotation of the A/4

plate, even though it may cause image motion on the
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detector, is allowed in this case, since it does not occur
during the measurement of a Stokes component and thus is not
associated with the modulation.
The photoelastic

modulator has the useful quality

of accepting a very large angular field of view (up to 50°)
and thus can be used without collimation in any normal
telescope.

This property is especially important for

imaging polarimetry, where optical components with small
angular acceptance angles limit the usable field of view.
The photoelastic modulator polarimeter has proven to be a
highly accurate design and apparently capable of detecting
polarization as small as ^0.001% (Kemp et al. 1972).
A PEM produces nearly uniform retardation over the
field of view by driving the modulating bar at its natural
resonant frequency.

In this way a standing wave is set up

with retardation greatest at the bar's center.

Since the

natural vibrational frequencies of practical materials are
in the range 10 kHz-100 kHz (Kemp 1969), quite rapid modula
tion is produced by this method.

Such a specification is

quite desirable for conventional polarimeters, but these
frequencies are far higher than those which can be resolved
by present two-dimensional detectors. Of those detectors
whith full 2-D formats and ^104 pixels, the minimum readout
time of an entire frame seems to be about 10_2 s, a value
which is realized only in such sophisticated detectors as
the Image Photon Counting System (IPCS) (Boksenberg 1972),

and the Lick Image-Tube Scanner. (ITS) (Robinson and Wampler
1972).

Even the Digicon (Beaver, Harms, and Schmidt 1976),

with only 200 channels, is not presently capable of frame
rates above 'v-l kHz.
A similar problem has arisen with regard to the
application of PEMs to infrared polarimetry, where detector
time resolution is also low.

The solution arrived upon

(Kemp et al. 1977) is to beat two PEMs of slightly differ
ent resonant frequency; the frequency of the modulating
envelope is then f =

However, since there is also

present a very high-speed modulation with frequency f^ + f2*
rather poor polarimetric efficiency is achieved by this
method.

The technique is also undesirable from the de

tector's point of view, since its readout cycle must be
slaved to the PEM beat frequency, which can change with
variations in the ambient temperature.
A PEM might also be employed to chop at a rate which
is slower than the resonant frequency by operating in a socalled "static" mode.

In this case a force whose magnitude

corresponds to the desired retardation is alternately
applied to and removed from the bar; the rate of this cycle
is slow enough that the bar alternates between two essen
tially "static" conditions of retardance.

Since the re

sponse time of a bar is that of its "ringing" time (in the
range 10- 2 to 10- 1 s [Kemp 1969]), practical frequencies of
modulation by this method are limited to $ 1 Hz.

However,
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at least two serious difficulties exist with implementing
such an idea.

First, extremely large applied forces are

required to statically produce appreciable birefringence in
such a bar ('V/IO

g

dynes for A/2 retardation of visual light

in a bar 1 cm wide).

Second, static forces usually produce

quite nonuniform retardation patterns over the surface.
It is apparent, therefore, that although one or more
PEMs could conceivably be utilized in the analyzing optics
of an imaging polarimeter, several characteristics of these
components make them far from ideal for such a use.

It will

be shown that a Pockels cell modulator is far superior to a
PEM for imaging applications.
The Pockels Cell Modulator.

Figure lc depicts a

form of analyzer which is quite similar to the PEM design,
however the vibrating bar has been replaced by an electrooptic crystal known as a Pockels cell.

A Pockels cell is a

naturally uniaxial birefringent crystal (nx = ny ^ nz),
usually of potassium dihydrogen phosphate (KDP) or potassium
dideuterium phosphate (KD*P), whose optical properties can
be changed by the application of a strong electric field.
If the field is applied along the z (optical) axis of the
crystal, a small difference in refractive index An = n n = 10-5 is introduced. The Pockels effect is exploited
y
in the design sketched in Figure lc by operating the
crystal as a reversing A/4 plate, so that polarization
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analysis of the beam proceeds exactly as the PEM analyzer
of Figure lb.
Useful qualities of the Pockels effect include the
following:

the induced retardation is linearly dependent on

applied voltage (^790 & kv ^ for KD*P), so the modulator can
be electronically "tuned" to the appropriate retardation at
a specific wavelength; the response is very fast; and the
retardation state is completely controllable electronically,
so that waveforms of arbitrary shape can be applied.

In

practice, greatest polarimetric efficiency results from
square-wave modulation of the cell.
Since polarimetric modulation with a Pockels cell
occurs without the use of rotating optical components and
the birefringence is induced electronically instead of
mechanically, a Pockels cell avoids the serious problems
associated with rotating waveplate modulators and PEMs for
imaging polarimetry.

It would seem that a Pockels cell

would be ideal for such an application.
nearly the case.

In fact, this is

The only inconvenient property of a

Pockels cell is that it is intrinsically birefringent; off
axis rays suffer retardation which is quite strongly de
pendent on their angle of incidence.

Since n^ - n^ is only

~ 10 ^ when voltage is applied, we can consider the Pockels
cell to be a uniaxial crystal.

If the on-axis ray sees an

index of refraction n , it can be shown that n varies with
angle of incidence 0 as

n(&) =

zr2
[(

n •
*
- 1) sin2e + 1]1/2

•

(8)

nz
For high modulation efficiency (100:1 or better), n

- n(0)

should be less than about 0.1 (nx - ny) ~ 10 ^. Since nx n = 1 0- 2 f o r c r y s t a l s o f i n t e r e s t , t h e m a x i m u m a n g l e o f
z
incidence is ^1°. For conventional polarimeters, the con
verging beam of the telescope can be collimated before
entering the Pockels cell and refocused afterward; for
imaging polarimetry the field of view is limited even with
the use of such collimation.

Fortunately, Pockels cells can

be made rather large (Lasermetrics Corp., Teaneck, N. J.,
manufactures one with 5 0 mm clear aperture) so that a wellmodulated field of view of 1 cm diameter can be obtained
at f/9 convergence.
The Pockels cell modulator has not only proven to
be an excellent analyzer for conventional polarimeters
(Angel and Landstreet 1970) but its versatility has been
demonstrated in a variety of instrumental applications
(Angel, McGraw, and Stockman 1973; Borra and Landstreet
1973; Angel et al. 1976; Angel and Landstreet 1974).

The

same quality makes it essentially the only viable choice
for imaging polarimetry.
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Detectors for Imaging Polarimetry
A dissertation could be written on the character
istics of multichannel detectors for astronomy alone.

De

velopment of the various designs occupies a major portion of
present instrumentation effort; entire series of conferences
have been devoted to discussions of their progress. For
this reason, the treatment of detectors in this chapter will
be limited to rather brief descriptions of the individual
designs plus analyses of their specific characteristics as
related to an application for imaging polarimetry.
It is best to begin by reviewing the detector re
quirements which have been deduced so far.

For highly

accurate measurements, the detector must be a photoelectric
device with good time resolution.

It must be photon noise

dominated over the short measurement time demanded for rapid
polarimetric modulation.

In addition, the detector should

allow for a wide enough field of view and sufficient spatial
resolution to discern the desired image structure, and
possess a dynamic range which allows measurement of both
bright and faint objects in the same field.
Individual Detector Designs
Photographic Plates and Electrographic Cameras.

The

techniques of conventional photography and electrographic
photography are similar in the sense that they both utilize
photographic methods of data storage.

A conventional

photograph can be exposed directly or behind the phosphor of
an image intensifier.

In the electrographic camera, the

plate (with a nuclear emulsion) is exposed directly by high
energy electrons emitted from a photocathode.

Of course,

both techniques are truly 2-D in nature, and due to the
photographic data storage, possess very large numbers of
pixels.

The dynamic ranges are also large (in conventional

photography the dynamic range is limited to a factor of ^10
by saturation effects).

However, the time resolution of

both methods is very poor (requiring a plate change) so that
these detectors are unusable with rapid modulators.

Hov/-

ever, for the study of objects which are highly polarized
and require a wide field of view, the methods are quite
useful.
Reticon Arrays.

A "Reticon" is the trade name for a

device constructed by Reticon Corporation, Sunnyvale,
California, which consists of on the order of 10

3

light-

sensitive diodes arranged in either a single or dual array.
A Reticon can be used either directly or behind a chain of
image intensifiers, and can be read out slowly or rapidly
(in which case a true photon-counting capability is possible
[Shectman and Hiltner 1976]).

As the intrinsic noise of a

Reticon is substantial, intensified designs are the only
ones appropriate for polarimetry with rapid modulation.
However, intensified designs also possess disadvantages:
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the photon rate of a photon-counting Reticon is limited to
< 10 2 pixel-1 s-1 ; the slow readout design has rather poor
time resolution (> 1 s) (due to the image tube phosphor
glow).

In addition, the format is essentially 1-D, and the

number of pixels is rather low.
Digicon Detectors.

"Digicon" is the name ascribed

to a device developed by the Physics Department of the Uni
versity of California at San Diego (Beaver et al. 1976) and
manufactured by Electron Vision Corp., San Diego, California.
A Digicon is an array of 20-200 diodes mounted in vacuum
behind a photocathode.

The electrons ejected by the cathode

are accelerated and focused by parallel uniform electric and
magnetic fields onto the diode array, so that there exists
an electron image at the detector which corresponds to the
optical image on the photocathode.

Since at most one

electron is ejected per incident photon, and each diode has
its own discriminator, amplifier, scalar, and scalar buffer,
a Digicon is an electronically clean photon-counting device.
The dynamic range is extremely large (up to 105 photoelectrons diode ^ s

and the time resolution is quite good

(< 1 ms per data frame).

The only disadvantages for the

present application are the 1-D format and relatively small
pixel count.

However, both of these problems can be over

come to a large degree by magnetically sweeping the observed
region of the photocathode with electron deflection coils so
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that the diodes are time-shared over a 2-D image.

Thus,

when extreme efficiency is not required, a Digicon is ideal
for highly accurate imaging polarinetry.
CCD and CID Detectors.

The CCD (Charge-Coupled

Device) and CID (Charge-Injected Device) are detectors of
very similar nature, each consisting of a 2-D array of up
to ^105 light-sensitive diodes mounted on a single chip.
The CCD has lower intrinsic noise than the CID so that less
intensification is needed to become photon noise limited in
a given integration time.

It is probably not possible to

operate a CCD direct in a photon-counting mode, although a
readout noise equivalent to only 12 photons pixel ^ has
recently been reached by Jet Propulsion Laboratories (Beaver
1977).

The time resolution is good (RCA operates a CCD of

^10^ pixels at TV rates), however for accurate photometry
the practical limitation on time resolution is set by the
time required for digital representation and storage of data
from the large number of pixels.

Still, CCD frame rates

> 1 Hz are probably possible, so that with all character
istics considered, an intensified, rapid readout CCD is
quite desirable for an accurate imaging polarimeter.
Television Sensors.

Much the same as CCDs and

Reticons, the television detectors presently under develop
ment include those which are used in a direct mode and those
which are mounted behind large amounts of image
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intensification.

Again, intensified designs are the only

ones appropriate for rapid modulation, since readout alone
introduces substantial noise and those tubes which are used
unintensified often require several minutes of target
preparation prior to each exposure.
There is presently a large amount of effort being
expended in the development of full 2-D photon-counting TV
systems for astronomy.

Although this concept might seem

ideal for an application toward imaging polarimetry, present
designs are limited to < 10 photons pixel ^ s ^, so that
unreasonable integration times are required to reach levels
of photon noise required for accurate polarimetry.

Analog

designs of these systems should be usable; however, they
present no real advantages over CCDs and involve stringent
electronic requirements to achieve the desired spatial
stability.
Image Dissector Scanners.

Although image dissector

scanners were developed primarily for spectrophotometry,
they do possess the capability of 2-D image scanning.

An

image dissector is comprised of the electron accelerating
and focusing section of an image tube and the multiplier
section of a photomultiplier tube.

Electrons ejected from

the photocathode are focused on a plate which contains a
small aperture; those electrons emitted from a specific
portion of the cathode pass through the aperture and are
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detected and amplified by the multiplier section.

Since

only one portion of the photocathode is inspected at any
given time (selected by deflection coils), the image dis
sector must be placed behind a high gain image intensifier
to compete with other sensors on the basis of net quantum
efficiency.

In this way, the decay time of the image tube

phosphor is used to preserve an event until the deflection
coils can "scan" the aperture over the entire picture
several times.

Since the IDS of Lick Observatory has

recently achieved an 8 line x 2000 pixel line ^ capability
(Miller 1978), it would seem that a full 2-D format with
> 104 pixels would be possible. Such a system could be
modulated at a rate dependent upon the phosphor time con
stant, and should perform in a manner similar to CCD and TV
sensors of comparable design.
Detector Summary
It is apparent that a variety of the detector
designs presently available are viable choices for the
sensor of an imaging polarimeter.

For applications where a

full 2-D format or extreme sensitivity is not critical, a
Digicon is probably the best option.

VThen these specifica

tions are important, the intensified CCD, CID, TV, and IDS
are all possible choices.

In practice, however, the avail

ability of a particular 2-D detector is the most important
factor toward its selection.

The properties of this item
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will usually determine many of the system's final charac
teristics.
The Techniques Used in This Study
Two techniques were employed for the investigations
discussed in this dissertation.

Initially, a simple

Polaroid analyzer was constructed for photographic polariza
tion mapping with a large aperture image intensifier.

The

observing procedures with this equipment are very straight
forward, and their description is best postponed for dis
cussion with the data on the scattering halo of the peculiar
galaxy M82 (Chapter 3).

In that chapter will also be in

cluded a detailed error analysis of the photographic method.
The limitations on measurement precision which are
inherent in a photographic technique and were revealed by
the study <t>f M82 prompted construction of a much more
accurate instrument.

For this purpose, a large aperture

Pockels cell modulator and the 200 element Digicon detector
of the University of California at San Diego (Beaver et al.
1976) were chosen.

As the Digicon had been routinely used

for spectroscopy by astronomers at Steward Observatory prior
to this study and an earlier 40 element version was briefly
used in a direct mode (Beaver et al. 1974), its capabilities
and characteristics are well-known.

Furthermore, the

Digicon could be implemented into the desired operation with
a small amount of difficulty.

Not to be minimized, however,
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are the considerable efforts of Dr. E. A. Beaver and his
staff in preparing, transnorting, and assembling the instru
ment for each observing run.

Observations made with this

polarimeter are the topics of discussion of Chapters 4 to 6.
The Modulating Optics
The analyzing optics sketched in Figure 3 follow the
design of the Pockels cell modulator outlined in Figure lc.
The Pockels cell is a 50 mm diameter crystal of KD*P manu
factured by Lasermetrics Corp., Teaneck, N.J. (model 404)
which is coated on each face with an array of gold electrodes
0.2 mm wide at 2.5 mm spacings.

The crystal is sealed by

the manufacturer in a housing of micarta and protected on
the optical surfaces by windows of fused silica.

To these

surfaces are affixed with oil quartz collimating and refocusing lenses of -15 and +15 inches focal length, re
spectively, so that only two air-to-fused silica interfaces
are present in the entire unit.

The resulting spectral

transmittance, which is shown in Figure'4 to exceed 80% in
the red, is quite high for a cell with opaque electrodes.
High voltage is applied to the Pockels cell by
switching circuitry with a square-wave modulation of fre
quency 10 Hz, so that the crystal alternates between states
of +A/4 and -A/4 retardation.

This frequency is fast

enough to eliminate effects due to variations in atmos
pheric seeing, instrumental, response, and telescope guiding.
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Figure 3.

Schematic Diagram of the Analyzing Optics Used
for Photoelectric Imaging Polarimetry — At f/9
the two inch diameter Pockels cell allows a wellmodulated field of view of 1 cm.
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Spectral Transmittance of the Optical Components

u>

The magnitude of the applied potential regulates the wave
length at which retardation is quarter-wave.

The high

voltage is switched at the command of a logic signal from
the Digicon's clock, which also controls the readout cycle
of the detector.

Over the range of interest, the birefrin

gence of KD*P responds linearly with applied potential, how
ever the electro-optical coefficient depends upon the
deuterium content of the crystal.

Therefore, until this

particular cell's properties were well-known, the applied
voltage was adjusted for nearly every particular spectral
band until optimum modulating efficiency was achieved.

Such

a measurement is shown in Figure 5 for a band ^500 A wide
centered at A5800.

The modulating voltage in this case was

chosen to be 2250 V.

The very high efficiency at this

potential, ^90%, is the result of a narrow spectral band,
good optical alignment, and accurate A/4 retardation of both
the Pockels cell and waveplate (the particular waveplate
used for this measurement yielded A/4 at 560 0

A).

The

empirical results for five such determinations at bands from
3500 A-6000

A

shown in Figure 6 reveal the proper linear

relation between retardation and voltage, but with a slope
of ^670

A

kV \ smaller than that specified by the manu

facturer (800 A kV

.

This result exemplifies why manufac

turers' specifications should not be trusted to be accurate.
The Pockels cell used for this study has a restric
tion on field of view of 1?5 full opening angle for better
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Calibration of the Pockels Cell Birefringence Characteristics — The
measurements plotted represent the voltage required to produce A/4
retardation in the Pockels cell at that particular wavelength.
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100:1 modulation.

Even though a collimating lens is used,

this limits the usable field in the focal plane to x =
df0 /(f9 +1) where d is the Pockels cell diameter, f the
m
m
telescope focal ratio, and ©m the maximum full acceptance
angle of the crystal.

For the Steward Observatory 2.3 m

telescope (f/9), x = 1 cm for a two-inch crystal, which
corresponds to a field of view of 100".
Two sets of A/4 plates and analyzing Polaroids
permit work in both visual and UV spectral bands.

The

visual components consist of a plastic A/4 plate (A/4 at
5600 A) and HN38 plastic polarizer purchased from Polaroid
Corp., Cambridge, Mass.

Both items are used commercially,

so they are available in inexpensive sheets of very large
dimensions.

The UV analyzer is a piece of Polaroid HNP'B

plastic polarizer.

Inexpensive UV waveplates of two inch

diameter are not available; a specially constructed plate
would cost several hundred dollars.

However, as it is

known that some common materials can be birefringent,
various items on hand were investigated for both bire
fringent properties and transmission below A4000.

The best

material found for this purpose is the clear plastic sheet
used to protect clippings and photographs which are dis
played in ordinary three-ring binders.

Birefringence is

presiamably stress-induced in this material at the time of
manufacture; the birefringent properties are "frozen in"
upon cooling.

Two selected portions of such a sheet in the
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proper relative orientation yield X/4 retardation at 3500

A.

However, as the surfaces are not of good optical quality,
the two pieces are mounted between optical quality quartz
plates whose cavity is filled with silicon oil.

The oil

serves to approximately index-match the components, so that
visual inspection fails to discern the plastic waveplate.
This waveplate proves to be suitable, though not ideal, for
wavelengths < 4 200 K.

Polarization data obtained with this

device in the UV of the jet of M87 are presented in Chapter
5.

The spectral transmission of all the optical components

is displayed in Figure 4.
The Digicon is placed in the focal plane of the
reimaging lens.

The photocathode is 40 mm in diameter with

an S-20 spectral response; a large portion of the cathode
can be accessed for observation by the diode array by means
of magnetic deflection coils.

The array has dimensions of

300jj x 1 cm, with each of the 200 diodes 40y x 300y at 50y
spacings.

Individual diodes therefore subtend a region of

the sky 0'.'4 x 3'.'0 when used at the f/9 Cassegrain focus of
the 2.3 m telescope, or 0'.'0 8 x 0 V 6 with the f/45 Cassegrain
configuration.

For observations in two dimensions, the

diode array is time-shared observing selected strips of the
photocathode.

Polarization data for up to ten locations of

the diode array can be acquired in a rapidly repeating cycle
and coexist in the Nova 820 computer together with the
instrument-controlling software.
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Observing Technique
The analyzing polarizer and filters are placed in a
dual filter wheel which is mounted on the offset guider of
the telescope.

The Pockels cell, which must be placed 15

inches above the Digicon photocathode, is mounted inside the
offset guider in such a way that the guider probe can not
only access a large portion of the field for guiding during
the observations, but also be positioned beneath the Pockels
cell to view directly the object of interest.

Since the

crystal's birefringent properties are somewhat dependent
upon temperature, a 2 W heater is affixed to the crystal
mount.

During cold weather the heater maintains the cell

temperature at ^20°C.
One observation in a selected orientation of the
X/4 plate builds up two pictures in the computer memory,
each picture corresponding to one retardation state of the
Pockels cell.

Thus, the two sets of data represent orthog

onal senses of polarization of the incident light and
measure one Stokes parameter.

Measurements with four

settings of the waveplate separated by 45° and two posi
tions of the analyzing Polaroid rotated through 90° serve
to define the degree of polarization and position angle and
eliminate most systematic effects (a detailed treatment of
the origin of systematic errors and their elimination is
contained in a separate discussion below).

Observations are

also made of the background sky, however since all 200
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diodes measure the sky polarization and surface brightness
simultaneously, the integration time on sky is considerably
reduced over that spent on the object.
Calibrations of the polarimetric efficiency and
position angle are made by observing the inside of the
telescope dome through an additional Polaroid filter with a
complete sequence of settings (32) of the calibration
Polaroid, A/4 plate, and analyzing Polaroid.

The dome is

illuminated by an incandescent source which is filtered to
approximate the spectrum of the object of interest.

Checks

on this calibration procedure are made by observing the
actual object through the calibration Polaroid at selected
settings of the analyzing optics.

.Measurement of the

Digicon's response to a uniformly illuminated field is also
made by observing the lighted dome.
Data Reduction
At first one might expect that reduction of data
from the imaging polarimeter described above would be quite
straightforward, even though probably a rather complicated
operation in detail.

The Stokes components Q and U combine

in an obvious way to yield the per cent and position angle
of polarization.

Observation of a standard object or with

a Polaroid filter of known orientation would permit deter
mination of the absolute position angles and the instru
ment's polarimetric efficiency.

Such an analysis could be
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made for each pixel and a polarization map made of the
results.

Since, in addition, surface brightness maps are

obtained, these would be reduced with the aid of flat field
observations and could be tied to an absolute photometric
calibration, if desired.
Unfortunately, this rather simple-minded reduction
procedure is inadequate for realizing the potential accuracy
of the instrument.

The problem lies in systematic errors

which can arise in the data.
generally of three types:

The systematic effects are

(1) the instrument and/or

telescope can introduce spurious polarization; (2) the
instrument will not, in general, measure 100% polarization
for a purely linearly polarized beam (typical polarimetric
efficiencies of broad-band Pockels cell polarimeters are
80-90%); furthermore this efficiency will be dependent upon
the position angle of incident polarization; and finally
(3) the measured position angle of polarization will not
vary in exact synchronism with rotation of the incident
position angle.
These effects, some of which are intuitive and some
of which can be understood only upon detailed analysis of
the transfer of a polychromatic beam of polarized light
through the optical components, are present to a certain
degree in all polarimeters.

However, they are more pro

nounced in an imaging instrument since a large fraction of
the field is considerably off the optical axis.

In
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addition, conventional polarimeters eliminate most of these
effects by rotating the entire instrument in discrete steps
about the focus.

Polarization inherent in the beam is

manifested by changing the sign of a Stokes component when
the instrument is rotated through 90°; instrumental effects
maintain a constant contribution.

Rotation of a complete

imaging polarimeter about the optical axis is not only
difficult since the instrument is usually quite bulky but
also undesirable since the image is rotated on the
detector.
Nature of Systematic Effects.

In order to ade

quately correct for systematic effects in the measurements,
the nature of these errors and their dependence upon various
parameters of the system should be known.

Therefore, a

computer code has been written to study the transfer of a
beam of polarized light through the optics of the polari
meter.

It was assumed a priori that the systematic effects

are dominated by the unavoidable mismatch of optical com
ponents and the polychromatic beam of radiation which must
occur in a polarimeter of this type.

For example, since the

A./4 plate and Pockels cell can each produce true A/4 re
tardation only at a particular wavelength, radiation of
other wavelengths will be modulated in a less than optimum
fashion.

The computer code ignores the effects of such

problems as waveplate or crystal imperfections, off-axis
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rays, and misalignment of the optical components.

The dis

regard of these sources is justified by the fact that by far
the majority of the systematic effects can be understood by
the radiation-optics mismatch.

It should be emphasized,

however, that in all cases correction for systematic errors
in the real data is accomplished through empirical fits to
the calibration observations.

Corrections are never based

on theoretical computations of the effects, which, for the
reasons listed above, can only be considered as approximate.
The model solves by the use of Mueller matrices the
transfer of a beam of radiation of arbitrary effective
wavelength and bandpass through the polarimeter which has
arbitrary A/4 retardation wavelengths of the waveplate and
Pockels cell.

The incident beam is represented by a

Gaussian of specified FWHM and central wavelength; the
bandpass is divided into nine monochromatic components which
are solved individually and summed at the detector.

The A/4

plate is assumed to be a simple waveplate with retardation
varying as 90? (Ao/A^) where A^ is the wavelength of
interest and

Aq

is the quarter-wave wavelength.

Such a

formula is also entirely accurate for describing the re
tardation of a Pockels cell.

The program calculates the

measured per cent and position angle of polarization for a
beam of completely linearly polarized incident light as
functions of the incident position angle of polarization.
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A series of models has been computed in order to
study individually the following effects:

(1) the effect

of varying the effective wavelength of the incident radia
tion, (2) the effect of varying the spectral bandpass of
incident radiation, (3) the effect of varying the quarterwave wavelength of the waveplate, and (4) the effect of
varying the quarter-wave wavelength of the Pockels cell.
The results of the calculations are shown in Figure 7.

In

this illustration the polarimetric efficiency averaged over
all incident position angles is shown in the top panel; the
half-amplitude of variation in efficiency with incident
position angle is shown in the bottom panel.

The abscissa

is in units of per cent wavelength difference between the
optical component of interest and the other optical param
eters.

Thus, the point at which the Agff curve crosses the

abscissa value of 20 corresponds to a spectral effective
wavelength of 4400 A for a Pockels cell and waveplate which
both produce A/4 retardation at 5500 K.

Results for the

Pockels cell, waveplate, and effective wavelength all assume
a bandpass of 1500 A FWHM.

The half-amplitude of position

angle error, which we shall call

., follows the
in - 0out
efficiency amplitude quite closely at a level (in degrees)

of approximately 1/3 the per cent amplitude.

As an example

of these results, consider an observation with a bandpass of
1500 A centered at A5000 and a Pockels cell which yields
± A/4 at A5000, but using a waveplate which gives A/4

Figure 7.

Results of Polarization Optics Models — The
mean polarimetric efficiency and efficiency
amplitude are shown for variations in the
optical parameters. The abscissa is in units
of per cent wavelength difference between the
optical component of interest and the other
optical parameters. Amplitude of position angle
modulation follows the efficiency amplitude at
a level (in degrees) of approximately 1/3 the
per cent amplitude. The results for variations
in the effective wavelength, Pockels cell
retardation, and waveplate retardation assume
a spectral bandpass of 1500 A FWHM.
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Results of Polarization Optics Models

retardation at 4500 A.

Then, (A.-A )/A = 10%, so that the
i o
o
mean polarimetric efficiency is 96%; it varies with inci

dent oosition angle in a more or less sinusoidal fashion
between 9 3% and 99%; and 0.-9
. varies between -1° and
m out
+1°. It can be seen that the efficiency depends most
strongly on spectral effective wavelength, since a polari
metric amplitude of 20% can result from a mismatch of only
^1000 A.

It is also obvious that quite large spectral

bandpasses can be used with very little compromise in
polarimetric efficiency.
Polarimetric Calibrations.

Armed with these model

results, a calibration procedure has been developed.

For

each spectral bandpass of interest, calibration observations
are taken of the inside of the illuminated dome through a
Polaroid filter.

Eight observations are made for each

orientation of the calibration Polaroid; these consist of
measurements with four settings of the A/4 plate separated
by 45° and two orientations of the analyzing Polaroid
rotated through 90°.

Thus, each Stokes component is

measured four times; further observations with other optics
settings would be redundant.

For each combination of posi

tions of the A/4 plate and analyzing Polaroid, four ob
servations are taken with orientations of the calibration
Polaroid separated by 4 5°.

These measurements permit

empirical calibration of the systematic effects.
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Examples of measured systematic effects are shown in
Figure 8 for two cases.

The "Worst Case" (crosses) is from

a series of calibration measurements taken by diode #100
during the first run on the telescope in August, 1976.

In

these results, the polarimetric efficiency (pout) varies by
some 50% with measured position angle (®ou^) while the posi
tion angle error (9.-9 ,) varies by
These severe
2 20°.
^
in out
svstematics were caused by a mis-tuned Pockels cell and very
wide spectral bandpass.

After this early run, the Pockels

•cell modulating voltage has always been carefully adjusted
to achieve optimum polarimetric efficiency.

The type of

result which can be realized from this effort is represented
by the filled circles denoted "Good Optical Match."

Here

the efficiency variation amounts to only 6% and the posi
tion angle error is negligible.
In order to remove systematic effects from the actual
data, it is necessary to represent calibrations of the type
shown in Figure 8 by functional forms.

This form must first

of all be periodic over 180° rotations of the calibration
Polaroid.

Second, since the model variations appear to be

quite sinusoidal in nature, a sine curve seems to be an
appropriate starting point.
P out

-

We choose the form

Q + Rsin(0 out + S) -

(9)

Expanding, we get

Pout

=

^ + Rlsin(eout) +R2cos(&out}

(10)
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Measured Systematic Effects for the Worst Optical
Match and a Typical Good Match — Crosses and
filled circles are the observations; the dashed
and solid lines are the least squares sine wave
fits to the observations.
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with

= Rcos(S) and R2 = Rsin(S).

Equation (10) can be

fitted by the technique of least-squares to a function of
two variables.

The variables are sin(9out
,) and cos(0out
,);
the coefficients to be determined are O, R^, and R£- Sine
wave fits of this type prove to generally agree quite well
with the observations.

However, for calibrations with very

large amplitudes, such as the "Worst Case" of Figure 8,
root-mean-square (rms) residuals of up to 2% in efficiency
remain.

To achieve better agreement, a second sine wave is

-fitted to the residuals with frequency twice that of the
first.

The amplitude of this fit is always less than 3%,

but reduces the residuals to below 1% rms in all cases.
Fits to the position angle errors are made in a similar
manner.

For example, the rms residuals from fits of this

type to the data shown in Figure 8 are:

"Worst Case"—0.8%,

0?2; and "Good Optical Match"—0.0%, 0°0.

The fitted

curves are drawn as solid and dashed lines in Figure 8.
The entire reduction procedure for the calibration
observations is depicted by the block diagram in Figure 9.
The input data consist of 32 observations.
Stokes parameters is reduced separately.

Each pair of

Since the

systematic effects vary smoothly over the field, the cali
bration data are smoothed and sine wave fits made at ten
positions along the array.

For two-dimensional mapping,

such a proaedure is performed for each region observed by
the array.

Thus, 400 functional forms are required to
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represent the polarimetric efficiency and systematic effects
for the four measurements of each Stokes component over the
surface of a 2000 pixel image.

The parameters describing

these fits are passed on to the main reduction program for
calibration of the actual data.
Treatment of the Actual Polarization Data.

The

reduction procedure for polarization data on the actual
objects of interest is depicted in Figure 10.

Initially,

all observations are corrected for the instrumental response
to a uniformly illuminated field.

The images are then

shifted slightly (never more than a few seconds of arc) to
bring the stellar images into registration, thereby cor
recting for guiding errors and instrument flexure.

Computa

tion of the Stokes parameters is followed by a calculation
of the measured per cent polarization (pout)
angle (&out) f°r each pixel.

and

position

The functional forms of the

polarimetric efficiency and position angle error appropriate
for the particular region of the image are then selected and
corrections are made to the measurements:
(efficiency); 0in = (&in - &QUt) +

&
out*

P.
./
in = Pout
After such a

procedure is completed for each of the four determinations
of polarization and position angle, the results are averaged
pixel-by-pixel.

Finally, the night sky polarization and

surface brightness contributions are removed and the
results plotted.
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Instrumental Accuracy.

The rather complicated cali

bration and reduction procedure outlined above has proven to
be quite satisfactory.

Polarization data for photon noise

levels as low as 0.2% pixel ^ have been studied with no
indication of appreciable systematic error.

In fact, the

measurements of CRL 2688 (Chapter 4) and the Crab Nebula
(Chapter 6) are comparable in accuracy to the best conven
tional measurements available.

It appears that a Pockels

cell imaging polarimeter, with proper calibration, can reach
a level of precision at least as low as 0.1% pixel

Ex

tensive work on bright objects would be required to establish
the limiting accuracy of the instrument.

CHAPTER 3
A REINVESTIGATION OF THE SCATTERING HALO
OF M82 BASED ON POLARIMETRIC
AND ISOPHOTAL MAPS
The discovery of strong polarization in the outer
regions of M82 by Elvius (1963) prompted widespread investi
gation into the nature of the emission mechanism in the halo
of this peculiar galaxy (see for example the recent brief
review by Solinger and Markert 1975).

Although originally

thought to be largely synchrotron in origin (Lynds and
Sandage 1963), more recent continuum and emission-line
polarimetric observations of selected areas by Visvanathan
and Sandage (1972) and Visvanathan (1974) indicate that the
halo radiation is most likely light emitted by the body of
the galaxy which has undergone scattering in the outer
regions.

From an examination of the position angle of

polarization over the galaxy, Solinger and Markert (1975)
find that illumination is provided primarily by the disk of
the galaxy rather than by a central nucleus.
Previous quantitative polarimetric studies of M82
have involved exclusively photoelectric measurements of
selected areas of typical diameter 20"-30".

The interpreta

tion of the polarization in the outer regions of this object
has therefore been handicapped by very incomplete data.
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In
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this chapter is presented a polarimetric map of the entire
M82 region obtained photographically, in a manner similar to
that used for Woltjer's (1957) map of the Crab Nebula.

In

our case, however, the task has been aided by the use of a
large image intensifier and the PDS microdensitometer.
Observations and Data Reduction
Four plates of M82 at a scale of 9'.'85 mm

were

obtained on March 5, 19 75, at the f/9 Cassegrain focus of
the Steward Observatory 2.3m telescope.

The 103a-D plates

were pressed into contact with the 144 mm diameter fiber
optic faceplate of an ITT type F-409 4 single-stage image
intensifier; successive exposures were made through 45°
rotations of a Polaroid HN38 filter.

A wavelength range

O
where the emission-line contribution is small (5000-5900 A
half-power points) was obtained with a Schott GG-14 glass
filter and a cell of copper sulfate solution.

The exposure

time for each plate was 12 minutes, bringing the night-skydensity to 0.5.
Intensifiers of the type used invariably produce
small-scale image structure due to the fiber-optic coupling.
However, since polarization is measured as the difference
between two images, this structure does not affect the
results as long as corresponding image elements on differ
ent plates are illuminated by the same fiber-optic bundle.
The telescope's automatic guiding system was therefore

57

aligned to the same offset star for the four exposures.

The

plates were developed for equal times in MWP-2 held at a
constant temperature.

A visual inspection of the stellar

images indicated that the seeing was steady at^2" throughout
the observing period.
An area of 40 mm x 80 mm (6 16 x 1311) of each plate
centered on the galactic image was traced with the PDS microdensitometer of Kitt Peak National Observatory^" with a
scanning aperture of lOOy x lOOy (1" x 1").

The long edge

of the scanned rectangle was aligned parallel to the major
axis of the galaxy.

Plate registration was accomplished

using the images of three reference stars; the x and y co
ordinates of these stars in the traced rectangles of the
four plates varied by no more than + 20y.
The density-to-intensity transformation for areas
fainter than V = 21.5 arcsec

-2

was made by means of a com

parison of the photographic densities with the visual magni
tudes of selected regions measured photoelectrically by
Sandage and Visvanathan (1969) and Visvanathan and Sandage
(1972).

This calibration curve was then extrapolated to

larger densities with the aid of a step wedge exposure.

The

calibration yielded good agreement for all Visvanathan and
Sandage patches; the typical difference between the
1. Operated by the Association of Universities for
Research In Astronomy, under contract with The National
Science Foundation.
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photoelectric and photographic magnitudes for a single
region being 0.14 mag.
A point-bv-point sky subtraction was made on each
plate using a two-dimensional interpolation between the
measured intensities of the four corners of the traced
rectangle.

The elemental intensities of each plate were

then summed into 1 mm squares (9'.'85 x 9 V85).

The polari-

metric map is displayed in Figure 11, where the vectors
plotted represent the resultant electric vector magnitudes
and orientations for the 9'.'85 x 9'.'85

squares.

The blank

outer region indicates that the galactic light was fainter
than 25.0 mag arcsec - 2.

No polarization data are given here

because of the unacceptably large amount of noise.

Circles

denote the positions and approximate image sizes of fore
ground stars.

For comparison with the polarimetric map,

Figure 12 displays an unretouched print, to the same scale
as Figure 11, of the 144 mm plate taken with the Polaroid
transmission axis at ^ = 45°.

This position angle reveals

most clearly the filamentary structure.
The absolute intensity calibration described above
allowed an isophotal map to be constructed from a sum of the
V intensities of all four plates.

This map is shown super

posed on the polarimetric map in Figure 11, where

1 mag

variations in galactic light are indicated by varying
density levels.
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Figure 11. The Polarization and Isophotal Maps of M82 — The blank outer region
indicates that the galactic light was fainter than 25.0 mag arc sec"^,
except at the NW edge, where this isophote extends beyond the boundary
of the traced rectangle. Coordinates are measured from the star
BD + 70°587,

Figure 12. Photograph of the Galaxy M82 — An unretouched print, to the same
scale as Figure 11, of the 144 mm plate taken with the Polaroid
transmission axis in P.A. = 45°. Tick marks denote endpoints of the
scan lines.
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In order to check the photographically determined
polarization values, additional photoelectric observations
of the polarization in selected regions of the halo of -M82
have been made.

These measurements were obtained with the

Steward Observatory 2.3m telescope and Pockels cell polari
meter of the type previously described by Angel and
Landstreet (1970).

The bandpass for these measurements was

defined by a Hoya C-500 filter.

When combined with the

response of the Ga-As photocathodes and the galactic
spectrum, this yielded a bandpass centered around, but some
what broader than, V.

The results are listed in Table 1 with

the coordinate offsets from the star BD + 70°587, and are
discussed below.

The errors were determined from photon-

counting statistics.

Visual magnitudes for these patches

are not available, as no photometric standards were observed,
and the chopping polarimeter used is not suitable for
accurate photometry.
Polarization Error Analysis
In this section a quantitative comparison of the
photographic and photoelectric results is made.

We discuss

first, however, two sources of systematic error which have
been identified in the photographic results.
The prime objective of this study was to map the
polarization in the very faint outer regions of the halo of
M82.

The exposures were therefore selected to bring the

Photoelectric Polarization Results for
Regions of the Halo of M82

>gi

Position from
BD + 70°587
(arcsec)

Aperture
Diameter
(arcsec)

P (%)

1

165 w,

22 N

16

2.1

+

1.3

2

47 w,

65 N

31

0.4

±

0.1

3

117 w.

75 N

31

2.4

±

0.9

4

12 w.

20 N

31

2.5

±

0.3

5

179 E,

60 N

31

15.8

±

0.9

6

127 w,

17 N

31

0.1

±

0.8

7

61 w, 189 N

31

17.3

±

2.3

8

35 E, 228 N

31

13.1

±

1.6

9

21 E,

45 S

31

18.6

±

2.7

10

251 E,

57 N

31

11.3

±

2.0
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night-sky density to the linear segment of the calibration
curve, and consequently the inner portions of the galaxy
":nd all but the faintest foreground stars exceed in density
the limit which is accurately measured by the microdensitometer.

The regions where nearby bright stars obviously

affect the computed polarization have therefore been deleted
from the map.

Similarly, polarization values determined for

regions inside the 19.0 mag arcsec - 2 isophote should not be
trusted.
A more serious region of systematic error lies to the
west of BD +70°587, where the position angle is not as
expected from an inspection of the remainder of the map.
Here, substantial values of polarization are measured, but
perpendiculars to the electric vectors are not directed
toward the body of the galaxy.

In order to check this in

consistency, three of the photoelectrically measured patches
were selected in this region (patches 1, 3, 6). The photo
electric measurements reveal that this area is largely
unpolarized, and therefore indicate a systematic error in
the photographic analysis of this region.
The source of this systematic error is apparent upon
visual inspection of the plates.

A large-scale irregularity

in plate density, probably caused by a nonuniformity in the
intensifier's cathode sensitivity, is evident in a region

lying slightly beyond the west corner of the map.

This cer

tainly affected the density level determined for the sky in
this corner, and resulted in an incorrect sky subtraction in
the area nearby.

From a comparison with the photoelectric

measurements, the affected region of Figure 11 appears to be
bounded by x ^ -1.5 and y ~ 0.5.

Test plates taken with the

image tube reveal no other nonuniformities of size or magni
tude comparable to that which caused this error.
A quantitative comparison can now be made of the
photographic results with the photoelectrically measured
polarizations of Sandage and Visvanathan (1969), Visvanathan
and Sandage (1972), and the new observations reported above.
For this discussion we compare the photoelectric polarization
values for the isolated patches (with a typical diameter of
31") with the corresponding 30" x 30" squares of the photo
graphic map.

The three photoelectric measurements which lie

in the area of the map affected by the sky-subtraction error
described above are excluded from the analysis.
A plot of the photographic versus photoelectric
measurements of polarization is shown in Figure 13, where
the size of the symbol corresponds to the observed magnitude
of the patch considered.

The random scatter of the points

about the ideal line indicates that there exists no overall
systematic error in the photographic determinations.

As is

expected, the amount of scatter decreases with increasing
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intensity.

This is shown quantitatively in Table 2, which

lists the computed rms difference, denoted a(P), between the
photoelectric and photographic measurements as a function of
magnitude.

Table 2.
Observed
Mag
24-25
23-24
22-23
21-22
20-21
19-20

Errors in Magnitude of Polarization

No. of
Patches
4
9
4
2
0
1

a(P)(%)
8.2
6.4
2.8
3.8
—

1.2

aPE(?)(%)

2.3
1.6
0.7
0.5

cpG(P)(%)
7.9
6.2
2.7
3.8
—

—

1.2

0.1

In general, a(P) is composed of two independent
quantities:

the intrinsic rms error of the photoelectric

measurements from the true values, apE(P); and a similar
auantitv, air Cj(P)_, for the photographic determinations. If
it is assumed that the photoelectric errors are entirely
random in nature, o_.„(P)
is equal to the quoted standard
ir£j
deviation of the photoelectric measurements. As all the
photoelectric observations used here for comparison are of
approximately the same quality, straight averages can be
used in determining the values of °pE(p)•

T^e

values of
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apG(P)r representing the intrinsic rms error of the photo
graphic polarization measurements from the true values, can
then be calculated from
a2(P) = apE2(P) + apG2(P).

(11)

The computed values of a J.h*(P) and a^^fP)
are also listed in
ir Cj
Table 2. At all magnitude levels the photographic error is
larger, being 3-4 per cent down to V = 23, and rising to 8
per cent for the faintest regions plotted.
A similar comparison can be made of the position
angle results; however, the accuracy in a determination of
the position angle of polarization depends not only upon the
intensity of radiation from the region considered, but also
upon the degree of polarization.

For this reason, patches

with photoelectric measurements of polarization <5 per cent
are excluded from this analysis.

As before, the three

patches affected by the skv-subtraction error are also
deleted.
The rms difference in position angle, o(9), has been
computed as a function of observed magnitude, and is listed
in Table 3.

Also included are the values for apE(0) and

opG(0), representing the intrinsic rms errors from the true
values of position angle for the photoelectric and photo
graphic measurements, respectively.

The mean difference in

position angle between the photoelectric and photographic
measurements for the 18 patches considered is 2?3, whereas
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Table 3.
Observed
Mag

No. of
Patches

24-25
23-24
22-23
21-22
20-21
19-20

4
9
4
1
0
0

Errors in Position Angle
o(&)
(degrees)

0 pg(&)
(degrees)

19.5
10.8
12.7
4.1

4.3
2.9
1.3
1.0

Ope(9)
(degrees)
19.0
10.4
12.6
4.0

—

—

—

—

-

—

the standard error of this mean is 3?3.

-

We therefore feel

justified in concluding that no major systematic errors in
the photographic determinations remain.
The intensity sum Io + Iynn
u has also been compared
with

+ 1-^35 for several regions of the map.

Ideally,

these quantities should be equal and, in fact, we find dif
ferences of less than 1 per cent for regions brighter than
V x 23 arcsec

-2

.

For faint regions, the comparison reveals

intensity differences which, if present between plates in a
pair, could amount to errors in the derived polarization of
up to ^5 per cent.

However, these errors, if due to overall

differences in the response of the emulsions, would be
expected to be of a systematic nature.

The lack of system

atic errors as noted from Figure 13 implies that this is not
a serious problem.
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Evidence for a Smooth Halo
Two striking characteristics are apparent in Figure
11.

First, polarization changes across the halo are very

smooth.

Apart from random noise in the 24-25 mag range,

there is generally very little change in the magnitude or
position angle of polarization from one 10" square cell to
the next.

Second, successive magnitude contours are quite

smooth and symmetric about the disk, presenting little
evidence for spurs or regions of enhanced brightness.
are not artifacts of the data reduction.

These

The direct photo

graph reveals the seeing to be about 2", and the microdensitometer was operated with a 1" square aperture.
These results are in conflict with a view, which has
developed in the literature over the years, of the outer
regions being primarily filamentary in nature.

Evidence for

this conclusion has been cited in the photographs of Lynds
and Sandage (1963) and Sandage and Miller (1964).
The two apparently conflicting views of the nature of
the halo are reconciled by a careful examination of our data
on a finer scale than is displayed in Figure 1.

Figures 14

and 15 show sample scan lines of the reduced halo intensity
in 1" square elements derived from a summation of the inten
sities of all four plates.

The vertical scales are linear

and the night sky has been subtracted.

Data are shown for

five scan lines on either side of the major axis; successive
lines are separated by 25".

The locations of the endpoints

Figure 14.

Sample Scan Lines Through the NW Portion of the
Halo — The halo intensity is plotted for 1"
square elements derived from a summation of all
four plates. The vertical scale is linear and
night sky has been subtracted.
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Sample Scan Lines Through the NW Portion of the
Halo
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Sample Scan Lines Through the SE Portion of the
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of these lines' are denoted by tick narks in Figure 12. The
intensity of any given line can be represented by a smoothly
varying component, which we identify with a smooth halo,
together with small regions of additional flux corresponding
to the filaments-

These amount to at most 25-30 per cent of

the radiation at any one position, and contribute ^5 per
cent of the total light in a scan.

The filaments stand out

quite prominently in the prints of Lynds and Sandage (1963)
and Sandage and Miller (1964) due to their photographic
suppression of large-scale density changes.
Previous measurements of "filamentary" brightness,
polarization, Ha strength, etc., have been made with night
sky rather than the immediately surrounding halo subtracted.
It is now apparent that these measured quantities are appro
priate to the smooth halo plus filamentary structure, and not
not necessarily to the much weaker filaments themselves.
Indeed, evidence indicates that the filamentary radiation,
after subtraction of the underlying polarized halo, is quite
strongly polarized.

This was originally noted by Sandage

and Miller (1964) from an examination of polarized photo
graphs.

In their halo-suppressed prints, the filaments

essentially disappear for the Polaroid transmission axis
oriented parallel to the minor axis of the galaxy.
is true in our plates.

The same

A quantitative measure of the fila

mentary polarization is difficult to obtain from our data,
as the result is quite sensitive to the level set for the
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underlying halo.

However, an examination of a bright knot

at x = 1.6 and y = 2.9 indicates 50 <_ P(Fil) £ 60 per cent.
This is much stronger than the polarization seen in the map,
where P <_ 30 per cent.

The implications of this result will

be discussed below.
Evidence for Disk Illumination
From a study of the position angles of available
polarization measurements, Solinger and Markert (1975) have
determined that the scattered continuum in the halo of M82
originates primarily in the galactic disk and not in a
bright nucleus.

This conclusion is strongly supported by an

inspection of the electric vector orientations in Figure 11.
Perpendiculars to the electric vectors, which indicate the
effective centers of illumination as seen by the scatterers,
are generally directed toward the galactic center in the
inner regions, but definitely tend toward more local regions
of the disk in areas near the major axis but far from the
nucleus.
This is shown more clearly in

Figure 16, where the

polarization in 40" squares has been computed and perpen
diculars to the electric vectors drawn from the centers of
these squares to their intersections with the galactic plane.
Included for reference are several foreground stars and the
20.0 mag arcsec - 2 isophote from Figure 11.

In regions lying

far from the nucleus, the perpendiculars clearly identify

o

/

Figure 16.

Perpendiculars to the Observed Electric Vectors in 40" Squares Drawn
to Their Intersections with the Galactic Plane — Included for
reference are several foreground stars and the 20.0 mag arcsec
isophote of Figure 11.
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the galactic disk as a major contributor to the illumination
of the scatterers.
Implications of the Disk/Smooth Halo
Geometry
Optical Depth and Nature
of the Scatterers
The data discussed above imply that the major portion
of the observed halo radiation is contributed by a smooth
cloud of scatterers situated about the galactic disk.

The

geometry of scattering in which this cloud is illuminated by
a disk source, which we shall refer to as disk/smooth halo
geometry, is Quite different from the model of filaments
illuminated by a bright nucleus used in the discussions of
Sanders and Balamore (1971), Visvanathan and Sandage (1972),
and Mathis (1973).

It is therefore worthwhile to reevaluate

previous discussions of the nature of the scatterers with
the inclusion of the disk/smooth halo geometry.

We first

investigate the optical depth of scatterers for a typical
line of sight through the halo.
Consider for a moment scattering by nonabsorbing
particles located above an infinite plane of uniform surface
brightness

If the optical depth of scattering

parallel to the plane of illumination is x, then the surface
brightness Bg of scattered light is
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e

)Bdisk

B^iskT/2 for x << 1.

(12)

This follows from the facts that in a complete enclosure of
uniform surface brightness, light scattered into the line
of sight must exactly compensate the light scattered out,
and that an infinite plane of uniform surface brightness
acts as a uniformly illuminated hemisphere.

A rough esti

mate of the scattered brightness appropriate for M82 can be
obtained if we assume that the galactic disk is of uniform
surface brightness and subtends only half the solid angle of
an infinite plane, in which case
(13>

VW =

For M82 the surface brightness of scattered light
can be found directly from Figure 11, and has also been
measured by Visvanathan and Sandage (1972) for various
circular apertures.

In particular we will consider their

patch RD, located 80" above the major axis, for which the
Ha polarization has been measured (Visvanathan and Sandage
1972) and V = 22.83 arcsec - 2.

The disk brightness as seen

from above is unknown; however, the observed brightness of
the M82 disk seen edge-on is V = 19.1 arcsec- 2 as obtained
from de Vaucouleurs' (1961) value of V = 9.27 for a 213
aperture and the assumption of a 1' disk thickness.

The

mean surface brightness of M81 over the central 2 12 is very
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similar: V = 18.8 arcsec -2 (de Vaucouleurs 1961).
V = 22.8 3 and 19.0 for Bg and
from equation (2)

t

Adopting

respectively, we obtain

£ 0.1 for patch RD.

We are therefore

justified in the assumption of optical thinness along the
line of sight, at least for regions as distant as RD.
Previous discussions of scattering in the halo have
assumed that it occurs in filaments of typical size ^2"
(Sanders and Balamore 1971) or vl0" (Visvanathan and
Sandage 1972).

The argument made against electrons as the

scatterers was that the reauired electron density in the
filaments would be so high that Ha recombination radiation
would dominate the scattered Ha.

The fact that Ha and the

continuum are found to have the same amount of polarization
in the one patch measured (RD) indicates that the recombina
tion radiation is actually relatively faint.

This argument

is weakened if, as now seems to be implied by the smooth
halo, the scattering takes place along a column length I
approximately equal to the major axis of the bright disk of
the galaxy.

Due to the dependence of recombination radia2

tion and scattering upon ng and ng, respectively, their
ratio varies as l/£ for a given scattering optical depth.
For this reason it is necessary to reconsider scattering by
electrons.
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The optical depth in electron scattering is given by
T

es

= n o I,
e e

(14)

where a e is the Thomson cross section.
At an assumed distance of 3.3 Mpc (the value given
for M81 by Sandage 1961), the M82 disk diameter of ^6'
corresponds to 5.8 kpc.

Adopting this value for I, we find

= 0.012 for unit electron density,
and n = 8 to obtain
2
e
t
=0.10. The values of n found by
2 Sanders and Balamore
es
e
(1971) and Visvanathan and Sandage (1972) for filamentary
t

es

scattering were 2000 and 3400, respectively.
The maximum allowable electron density consistent
with the absence of recombination radiation can be estimated
as follows.

The calculations of the absolute intensity of

recombination radiation given by Burgess (1958) yield a
volume emissivity of
a = -"3T= 2.00 x 10 ^ergs cm ^ s ^,
ne

(15)

for hydrogen at 10,000 K, where we have followed Sanders
and Balamore (1971) in choosing this temperature as the
maximum consistent with the observed line width of Ha.

The

flux observed at the Earth is given by
F„ = 1.87 x 10-2an2 £ergs cm-2 s-1arcsec -2
Ha
e
Equating this with the full Ha flux of 6 x 10

—16
—2
ergs cm

s-1arcsec- 2 given by Visvanathan and Sandage (1972) for the
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patch RD yields ng = 0.30.

This upper limit for the

electron density is a factor of 27 less than that estimated
above to account for the scattering.

The two most uncertain

quantities that enter into the calculations are the galactic
surface brightness and the distance to M82.

If both were an

order of magnitude greater than our estimates, electron
scattering could be made consistent, but this does not seem
likely.

We conclude that dust scattering remains the most

viable explanation of the polarized halo.

An optical depth

of 0.1 in dust at the patch RD (1.3 kpc above the plane if
the distance is 3.3 Mpc) is not unreasonable, in view of the
strong extinction observed in the main body of the galaxy.
A Scattering Model
The polarization and isophotal maps taken together
contain potential information regarding the intensity pro
file of the galaxy as seen from above, the density distribu
tion of scatterers above the plane, and the size of the
scattering particles.

These quantities have been investi

gated by means of a comparison of the observed intensity and
polarization of scattered radiation with what is predicted
by a model invoking the disk/smooth halo geometry discussed
above.
The model geometry is depicted in Figure 17.

The x

axis is directed toward the observer, who is assumed to lie
in the galactic plane.

Illumination is provided by a large

Line of sight.

Scatterers

Illuminating

disk

To observer
Figure 17.

The Model Geometry — The x axis is directed toward the observer, who
is assumed to lie in the galactic plane. The polarization and
intensity of the scattered radiation are integrated for 13 scatterers
spaced down the line of sight, which passes at various distances z
directly above the galactic center.

number of discrete area elements emitting as Lambert sources
which closely approximate a disk lying in the x-y plane.
Two cases of illumination are considered:

a disk of uniform

surface brightness of radius 3', and the Solinger and Markert
(1975) case C; i.e., a disk whose surface brightness falls
off"'" as exp[-r(arcsec)/62] to a cutoff at r - 5J2, plus a
point-source nucleus of intensity equal to 5 per cent of the
integrated disk.
The polarization and intensity of the scattered
radiation are calculated for lines of sight passing at
various distances z directly above the disk center.

The

smooth halo is assumed to have a constant density of
scatterers along the line-of-sight path length, which is
chosen to equal the disk diameter, and the polarization and
intensity are integrated for 13 discrete scatterers equally
spaced down this path.

The angular dependence of scattering

appropriate for electrons or Rayleigh scatterers is used, and
the assumption of optical thinness is made.
The model results are shown in Figures 18 and 19,
where dotted lines correspond to the uniform disk, and solid
lines to Solinger and Markert's (1975) case C.

For com

parison, the observed polarization and intensity values for
the x = 2.0 column of Figure 11 are plotted as filled
1. We have eliminated the dependence upon the
assumed distance to M82 of 3.3 Mpc used by Solinger and
Markert (1975).

Figure 18.

Comparison of the Model Results with the Observed
Polarization of Scattered Light — The calcula
tions, for the x = 2.0 column of Figure 11,
assume a uniform distribution of scatterers. The
dotted lines correspond to illumination by a
uniform disk, and the solid lines to Solinger
and Markert's CI975) case C. Open circles,
observed values for the SE side of the disk;
filled circles, the NW side.
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Figure 19.

Comparison of the Model Results with the
Observed Surface Brightness of Scattered Light
— Symbols are as in Figure 18. A uniform
distribution of scatterers has been assumed
in the model calculations.
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circles for the northwest side of the disk and open circles
for the southeast side.

All intensities have been normal

ized to 1.0 at z = 100".
The polarization for the two model cases behaves
similarly at large values of z due to the comparable ef
fective radii of the illuminating disks.

At small distances

the polarization of case C is dominated by the point-source
nucleus, and eventually rises to P = 100 per cent at z = 0,
whereas the uniform disk drops to P = 0.

In reality, how

ever, the model is not accurate for z < 20" due to the
rapidly increasing optical depth in the line of sight.

It

is apparent that, for z > 30", the uniform disk approxima
tion agrees more closely with the observed polarization, but
we note that the predicted degree of polarization above
z ~ 100" is about twice what is measured.

This discrepancy

could result from dilution of Rayleigh-scattered radiation
by an unpolarized, perhaps stellar, halo.

Alternatively,

scattering from dust particles of size > A would reduce the
polarization below the amounts appropriate for small
Ravleigh particles,

A discussion of possible particle size

distributions which mimic the observed polarization and
albedo has been given by Mathis (1973).

However, we note

that the disk/smoth halo geometry developed here results in
considerably less polarization than the nucleus/filament
geometry of Mathis.

The required admixture of large

particles is therefore reduced.
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The intensity profiles calculated for the two model
cases are very similar, again due to the comparable effec
tive disk radii.

These profiles have been computed for a

uniform distribution of scatterers, as we have no a priori
knowledge of the density as a function of z.

However, a

comparison of the observations with the model results allows
this dependence to be derived.

We shall ignore the possible

presence of a nonscattering halo.
Consider an optically thin halo composed of Ravleighscattering particles.

The observed intensity of radiation

integrated down the line of sight can be expressed as
I(z)

p(z)

I

(16)

where p(z) is the local density of scatterers (assumed to be
constant along the line of sight), and Im(z) is the inten
sity predicted by the model for a uniform distribution of
scatterers.
In the range 50 < z < 200", we find
t (z)
, ^ <* z-0.73
I
m
Within this same range in z,
,, *
I(z)

-2.70
z

"•2 65
(Visvanathan and Sandage 19 72 find Z * ).
that p <* z-2

0

.

Thus we infer

It should be noted that this rapid fall-

off in the density of scatterers is quantitatively the same
on both sides of the galactic plane.

This result, coupled
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with the observed polarization, strongly suggests that the
scatterers are local to the galaxy and not part of a huge
intergalactic dust cloud as postulated by Elvius (1972).
The model results also provide information on the
degree of polarization expected for a localized concentration
of scatterers illuminated by the disk.

In particular, the

models predict P = 50 per cent for a knot located above the
central portion of the disk at a distance equal to that of
the bright patch discussed above.

The agreement of this

result with the halo-subtracted polarization for this knot
indicates that the filaments are most likely localized con
centrations of scatterers in an otherwise smooth halo.

CHAPTER 4
PHOTOELECTRIC POLARIZATION MAPS OF TWO
BIPOLAR REFLECTION NEBULAE
Recently a large amount of attention has been
directed toward the study of a class of peculiar objects
which we will refer to as "bipolar reflection nebulae."
Examples are CRL 2688 ("The Egg Nebula," Nev et al. 1975;
Crampton, Cowley, and Humphreys 1975), Ml-92 ("Minkowski's
Footprint," Herbig 1975), HD 44179 ("The Red Rectangle,"
Cohen et al. 1975) , and CRL 618 (Westbrook et al, 1975),
Each of these objects possesses a pair of apparently cir
cular or fan-shaped nebulae symmetrically placed about a
compact infrared source whose spectrum can be well-fit by a
black-body of a few hundred °K,

Optical spectra of the

nebulae exhibit various emission features superposed on
strong continua which are attributed to the stars; however,
in cases of an early spectral type inferred for the star
(Ml-92 and CRL 618), the emission component is so prominent
as to mask stellar absorption features.

An important char

acteristic of these objects is the generally very high
degree of linear polarization observed in the nebulae (up
to 50%) with an electric vector position angle perpendicular
to the axis passing through the two lobes (somewhat more
complicated polarization properties are exhibited by HD
87
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44179).

The optical and infrared appearance, spectra, and

polarization characteristics of these nebulae are usually
explained by models in which a star, surrounded by an
optically thick dust torus, illuminates two reflection
nebulae through the hole of the torus.
The

absorption and C^ emission features present

in the optical spectrum of CRL 2688 and the molecular
emission characteristics of CRL 2688 and CRL 618 have led
Zuckerman et al. (1976), Lo and Bechis (1976), and Humphreys,
Warner, and Gallagher (1976) to conclude that these objects
are carbon-rich precursors of planetary nebulae.

Further

more, Zuckerman et al. have outlined a scenario of evolution
containing CRL 2688, Ml-92, HD 44179, and CRL 618 as repre
sentative examples of various stages.

On the other hand,

Cohen and Kuhi (1977) associate Ml-92 with pre-main sequence
objects and find no evidence in support of CRL 2688 as a
young planetary nebula.
The high degree of polarization of CRL 2688 was
first reported by Nev (1975) and Ney et al. (1975).

More

extensive studies of the wavelength dependence and ellipticitv have been made by Michalsky et al. (1976a); Shawl
and Tarenghe (1976); and Cohen and Kuhi (1977).

In a

manner typical of reflection nebulae, the degree of
polarization increases toward the red, from ^35% near A3800
to ^50% at X8000.

An apparent decrease at longer wave

lengths (Jones and Dyck 19 78) is presumably due to dilution
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of scattered radiation bv emission from heated dust.

A

reflection nebula nature for the lobes of Ml-92 was pre
sumed by Herbig (1975), and has been recently confirmed by
the spectropolarimetry of Cohen and Kuhi (1977).
In this chapter we present maps of linear polariza
tion and surface brightness for the scattering lobes of
CRL 2688 and Ml-92.

These are used to infer the charac

teristics of illumination of the dust, the scattering
optical depth and grain mass of the lobes, and certain
properties of the scattering grains.

The relation between

bipolar reflection nebulae and planetary nebulae is dis
cussed and a possible mechanism for the production of bi
polar nebulae is suggested.
Observations of CRL 2688 and Ml-92
Polarimetric mapping observations of CRL 2688 and
Ml-92 were made on August 19 and 24, 1976, using the Pockels
cell imaging polarimeter and Digicon described in Chapter 2.
In Figures 20 and 21 are displayed the results superposed on
photographs of the objects.

The CRL 2688 map represents one

hour of integration at the f/9 telescope configuration and
is shown to a 3" resolution.

Ml-92 was observed at f/45

and the data, binned into 0'.'6 x 0'.'6 cells, were obtained in
50 minutes.

The full-width at half-maximum seeing profiles

were measured to be 175 on both nights.

For CRL 2688, un-

filtered use of the S-20 photocathode resulted in an

Figure 20.

The Polarization Map of CRL 2688 — The length
and orientation of each line denotes the
degree of polarization and E vector position
angle observed in that region. A radial
polarization pattern is evident, except between
the two lobes, where the measured polarization
in this faint region is contaminated through
the seeing by the much brighter inner0nebulae.
The photograph is from a
= 8000 A imagetube plate taken by R. H. Cromwell.
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Figure 20.

The Polarization Map of CRL 2688

Figure 21.

The Polarization Map of Ml-92 — As in Figure 20,
except the photograph is the blue print of
Herbig (1975).
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effective bandpass of ^2500 & peaked at A5700, while the
bluer colors of Ml-92 centered the response at a somewhat
shorter wavelength.
The uncertainty in degree of polarization due to
photon-counting statistics is calculated to be 0.2% per cell
for the brightest regions of both maps and rises to a
maximum of 8% for the faintest regions of the CRL 2688 map.
A lack of random errors is also evident by the smooth
appearance of the data.

However, as discussed in Chapter 2,

systematic errors can arise.

These originate primarily in a

mismatch between the effective wavelength of the object data
and that for the dome calibration observations.

A very wide

bandpass, such as that used here, increases the likelihood
of occurrence.
A check on the magnitudes of any systematic errors
remaining in the maps can be made by a comparison of our
data when integrated over an entire lobe with previous
measurements.

For CRL 2688 we find P = 47% § 103° (North

lobe) and 51% @ 108° (South).

These are in excellent

agreement with previous broad-band measures of 48% @ 106°
(N) and 50% 0 111° (S) (Shawl and Tarenghi 1976; Michalsky
et al. 1976a; Michalsky, Stokes, and Ekstrom 1976b) and
consistent with Cohen and Kuhi1s (1977) values for the
central portion of each lobe of 50% @ 103° (N) and 58% 0
107° (S).

The only polarimetry reported of Ml-92 is that

of Cohen and Kuhi, who find P = 10% @ 46° (NW) and 29% @
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43° (SE).

The agreement is only fair between these measure

ments and our values of 12% @ 46° (NW) and 37% @ 48° (SE).
This may indicate the presence of systematic errors in the
Ml-92 man.

On the other hand, errors could also have been

introduced by the observing method used by Cohen and Kuhi
in which the two measurements for a Stokes parameter are
not made simultaneously.

In any case, the map of Ml-92

shown in Figure 21 is self-consistent and possible errors
of the magnitude suggested above will not be of great
importance in the following discussions.
Discussion of the Results
The maps presented above clearly resolve the radial
polarization patterns indicative of reflection nebulae
illuminated by central stars.

Combining these data with

surface brightness measurements, we are able to derive the
distribution of scattering optical depth (and hence grain
column density) over the face of the nebula.

We shall find

quite low optical depths in the lobes of CRL 2688 and the SE
lobe of Ml-92, and only moderate amounts for Ml-92's bright
NW component.

With this information, most of the observed

properties of the maps are explained and approximate
scattering geometries derived.
In the following discussion we assume that the bi
polar reflection nebulae are essentially symmetric about an
axis passing through the two lobes and central star.

That
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is, we take the line-of-sight scattering path length to
equal that observed transverse to the line of sight.

This

assumption seems plausible on physical considerations of
formation alone, but also tends to be supported by the lack
of substantially elongated objects among the sample known.
Ml-9 2 has the most elongated appearance of the nebulae
specifically mentioned above.
CRL 2688
Scattering Optical Depth.

There are several points

in evidence of a low scattering optical depth (t ) in the
lobes of CRL 2688.
1.

As noted by Cohen and Kuhi (1977), the lobes appear
limb-darkened in the photograph published by Nev et
al. (1975) and reproduced in Figure 20.

This is

also evident in Figure 22, where we have plotted the
observed degree of polarization and surface bright
ness to 1" abscissa resolution for the center strip
of the polarization map.

A high degree of limb

darkening is inconsistent with xs >> 1.
2.

The observed degree of polarization is very large,
approaching 60% for the S lobe.

Although completely

linearly polarized radiation can be produced by
right-angle scattering from an optically thin cloud
of very small (Rayleigh) particles, integration over
the range of scattering angles implied by the

CRL 2688
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The Observed Surface Brightness and Degree of Polarization of CRL 2688
— The observed surface brightness (solid line) and degree of
polarization (filled circles) for CRL 2688 are plotted to a 1"
resolution for the center strip of Figure 20.
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apparent structure of CRL 26 88 and our assumption of
axial symmetry serve to reduce this maximum value to
^75%.

For Tg > 1 dilution by multiple scattering

reduces the polarization still further.

Thus the

observed values are so high that even for an optic
ally thin nebula, one is restricted to very small,
efficiently polarizing particles.

Further discus

sion of the limit on grain size is given below.
3.

The characteristic bipolar structure of the nebulae
and the presence of peculiar "spikes" in CRL 2688
indicate to us that the scattering lobes are not just
illuminated portions of a much larger homogeneous
cloud, but that the observed structure is due to a
variation in the column density of scatterers.

When

the data from Figure 20 for the very low surface
brightness regions beyond the lobes are binned over
areas large enough to reduce the statistical noise,
the polarization amounts to ^60%, little more than
that for the brightest regions.

Accepting that the

faint regions must surely be optically thin, this
again argues for a very small amount of multiple
scattering throughout the nebulae.
4.

We can compute the scattering optical depth in the
lobes of CRL 2688 with a knowledge of the nebular
surface brightness, visual luminosity of the central
star, and distance to the object.

Using the
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notation of van de Hulst (1957), the surface bright
ness of scattered radiation, B, can be expressed
B

=

o

" Csca

Iodx'

where n is the local density of scatterers, I

(17)

is

the incident flux of illuminating radiation, dx is
the line-of-sight pathlength element, and C SCa is
the total scattering cross-section (we have assumed
isotropic scattering for this approximate calcula
tion).

Also,
Ts

=

1 n Csca dx'

(18)

o

so,
T

s

= 432.
Io

(19)

This is the total scattering optical depth along our
line of sight, which we take to be representative of
that in the nebula.

The maximum value of x

will be
s
computed for the brightest region of the N lobe at
a distance of 5" from the central star, where we
have, through our resolved surface brightness
measurements and the visual photometry of the entire
nebula by Ney et al, (1975) , B = 1.06 x 10 ^ erg
™"2 i Q „i
2
cm s A arcsec — . Crampton et al. (1975) have
found the reflected absorption spectrum is an
excellent match to a star of spectral type F5IA.
Using Mv = -7.7 (Allen 1973), we find
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T

= 0.012 (d(kpc))2

(20)

where d is the distance to CRL 2688 and we have
included a visual extinction of 2 mag (Ney et al.
1975, Cohen and Kuhi 1977).

Thus, for distances

near the generally accepted value of 1 kpc and
moderate changes in the extinction, the N lobe of
CRL 2688 is found to be quite optically thin to
scattering.

A computation for the S lobe yields a

similar result.

We shall show below that the actual

extinction to the central star is probably greater
than 3 mag, but the nebulae are still found to be
optically thin.
Nature and Mass of Grains.

We have already noted

that the high polarization of CRL 2688 implies, in addition
to a low scattering optical depth, the particles must be
nearly Rayleigh scatterers and are therefore small.

It is

useful to consider what can be determined regarding the
nature of the grains from available data.
On the basis of our polarization maps and the
spectropolarimetry of Cohen and Kuhi (1977), it is impossible
to reliably deduce the composition of the scattering grains
in CRL 2688.
grain size.

However, one can set an upper limit to the
We consider two types of particles:

nonab-

sorbing (silicates) and rather highly absorbing (graphite
grains), and restrict our attention to spheres (Mie
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scattering).

Scattering diagrams for spherical particles

have been listed by van de Hulst (1957) for selected values
of m, the real part of the refractive index, while extensive
calculations have been made for both real and complex re
fractive indices by Wickramasinghe (1973) ,

Inspection of

these diagrams indicates that, for nonabsorbing spheres,
high polarizing efficiencies at scattering angles of 90° are
produced with x =
x < 1.0.

2iTa/A

< 1.5, while for absorbing particles

We therefore estimate the particle radius a <

0.15y for silicates or a < O.lOy for graphite grains.

For

the following discussions, we will assume a = O.ly but
indicate the dependence on particle size.
Scattering by particles of this small size will con
siderably alter the stellar flux distribution through the
strong wavelength dependence of the scattering cross-section.
As an illustration, the tabulations of Wickramasinghe (1973)
for a near the assumed O.ly show that C S Cci varies approximately as A -3 (compared with A -4 for pure Rayleigh scat
tering) for both graphite and silicate particles in the
visible part of the spectrum.

Thus, the scattering causes a

substantial bluing to the spectrum; the color difference
E(B-V) contributed through scattering alone is ^-0.7.

The

observed reddening of E(B-V) =+1.0 (Ney et al. 1975, Cohen
and Kuhi 19 77) therefore implies a total extinction between
the central star and the Earth via the scattering lobes on
the order of 5.2 mag.

There is evidence from
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spectropolarimetry of the Na I D lines (Cohen and Kuhi 19 77)
that at least a substantial portion of this (4 + 2 mag) is
interstellar in origin.

Any additional amount could very

conceivably occur between the star and the scattering
nebulae.

When this larger value for extinction is included

in the optical depth calculations above,

ts~0.1

and the

nebulae are still found to be optically thin.
Using

ts

= 0.1, we can compute the amount of grain

mass in the lobes.

We find the mean particle density,

-irt_9d(kpc)
x ~2 (,a(y)»-2
-1 cm -3,
J/n
n ~~ o2 x 10
J
Qsea.
u •,
x)

(21)

where Qsea. is the scattering efficiency. With Q sea =0.5
for a = O.ly (Wickramasinghe 1973) and p = 2.5 gm cm-3, we
calculate for two spherical lobes of radius 5" and 4",
Miobes ^grains) ~

3 x 10 5d(^Pc)
(-Ma•

(22)

Due mainly to our conclusions of optical thinness, this
value is less than that found by Cohen and Kuhi (19 77). The
amount of mass in the torus is very difficult to estimate
due to its extreme optical thickness and our lack of
knowledge of its extent and grain properties.

However, it

seems reasonable to assume that the majority of the material
surrounding CRL 2688 lies in the torus.
Origin of Circular Polarization.

The low optical

depth of the scattering nebulae of CRL 2688 allows us to
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considerably restrict the possible mechanisms for production
of the overall circular polarization found by Michalsky et
al. (1976a) -

They measured the circular polarization to be

wavelength independent at a value of -0.6% from 4000 A8000 A.

We have briefly checked these measurements through

broad-band polarimetry at both blue and near-IR wavelengths
and confirm their results.
Interstellar birefringence as outlined by Martin
(19 72) might be invoked to produce the observed ellipticity,
however as noted by Michalsky et al. (1976a), circular
polarization produced in this manner is found to change sign
in the visible part of the spectrum.

We therefore consider

mechanisms which are intrinsic to CRL 2688.

Multiple scat

tering from spherical or randomly oriented elongated grains
can produce a circular component to the polarization in re
flection nebulae, however there are three conditions which
are>required for this mechanism to be important:
1.

the scattering particles must be of a size com
parable to X,

2.

the scattering geometry must be skew (i.e., there
is a definite handedness), and

3.

a substantial amount of multiple scattering must
indeed occur.

The fact that none of these conditions seems to be fulfilled
in CRL 2688 indicates that multiple scattering mechanisms
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are most likely not responsible for producing the observed
circular polarization.
The alternative mechanisms rely on either single
scattering of unpolarized light by suitably aligned elon
gated grains (Schmidt 1973, Banderman and Kemp 1973) or the
passage of linearly polarized light through a local birefringent medium of aligned particles.

We therefore must

consider possible alignment mechanisms.

Streaming of

elongated grains through a gas has been proposed by Gold
(1952).

In CRL 2688 the grains will have a velocity rela

tive to the gas set by the equilibrium between radiation
pressure and drag forces.

We estimate this velocity to be

on the order of the mean thermal velocity, so Gold's mech
anism could be operative.

A direct radiation-induced

alignment has been suggested to operate near bright stars
(Harwit 1970), and this too appears to be possible for CRL
2688 depending upon the assumed gas/dust ratio and radia
tion density.

However, these mechanisms would be expected

to produce alignment either parallel or perpendicular to
the radius vector from the star and therefore do not satisfy
the requirement of a skew geometry.
Magnetic alignment is perhaps the most plausible
choice.

A stellar origin to the magnetic field would again

be expected to be symmetric about the star.

In addition,

it implies a rather strong surface field for even modest
alignment in the nebular regions.

However, the necessary
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skewed grain orientation could easily be provided by the
ambient interstellar magnetic field.

Unfortunately, the

confused nature of interstellar polarization observed toward
CRL 2688 (Mathewson and Ford 1970) prevents a check on the
direction of the galactic magnetic field in this region.

We

note that if the nebulae are composed of aligned graphite
grains (consistent with the inferred high carbon content of
CRL 2688), the circular polarization would not change sign
in the visible (Martin 1972).

The calculations of Martin,

Illing, and Angel (1972) find that an ellipticity of up to
0.025 can be produced upon transmission of linearly polarized
light through an interstellar medium of aligned graphite
grains with a column density corresponding to Av = 1.5 mag.
As a nebula might very well be more uniformly aligned than
the interstellar medium, the production of CRL 2688's
ellipticity of 0.01 with an optical depth of 0.1 does not
appear inconsistent.
Ml-9 2
Scattering Optical Depth.

In Figure 23 are plotted

the surface brightness and degree of polarization for the
middle strip of the polarization map of Ml-92.

The SE lobe

has a very low surface brightness but high degree of polari
zation which is nearly uniform over the face of the nebula.
These facts indicate to us that, as in CRL 2688, the SE
lobe of Ml-9 2 is optically thin.

In contrast, the NV7 lobe

Ml-92
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The Observed Surface Brightness and Degree of Polarization of Ml-92
— As in Figure 22 for Ml-92. The data are shown binned into
0'.'6 x 0'.'6 cells.
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reveals a generally much lower degree of polarization which
increases with distance from the star until at the extreme
NW edge of the map it approaches the value observed in the
SE lobe.

Accompanying this increase in polarization is a

rapid decrease in surface brightness.
We interpret these features as indicating a generally
large optical thickness to scattering in the NW lobe which
decreases with distance from the star.

Close in, a large

degree of multiple scattering dilutes the polarization to
only ^8%.

As one moves outward, the column density of grains

decreases, causing the polarization to rise and surface
brightness to decline.

These conclusions are supported by a

calculation of the scattering optical depth for the center
of the NW lobe in a manner similar to that made for CRL2688.
Based on de-reddened colors of the reflected light, Herbig
(1975) infers a B0.5V illuminating star.

With Mv = -4.0

and including a 3 mag extinction (Herbig 1975, Cohen and
Kuhi 1977), we find
t = 1.3 (d(]5P^,))2
s
3.0

(23)

and a lower limit to the grain mass of
"lobes(grains) i 1 * M'Vffij.'l

(24)

Again, the calculations based upon surface brightness sub
stantiate optical depth conclusions drawn from the
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polarization maps.

We conclude that the majority of the NW

lobe of Ml-92 is optically thick to scattering.
Scattering Geometry.

In contrast to CRL 2688, the

central star of Ml-92 can be seen shining through the torus
region on near-infrared photographs.

This fact, combined

with the presence of a radial velocity difference between
the two lobes, indicated to Herbig (1975) that the dust
torus of Ml-92 is inclined somewhat to the line of sight.
A tilt of the NW lobe toward the Earth would explain both
the sense of the velocity difference and the appearance of
the star at the base of this lobe.

The fact that the

polarization in the thin SE lobe of Ml-92 is lower than in
CRL 2688 is also consistent with an inclined view.

To

illustrate how the degree of polarization is affected by
viewing angle, we can suppose that the optically thin lobes
of the two systems have the same geometry and scattering
properties, but are viewed differently.

The dust torus of

CRL 2688 we suppose is viewed edge-on, so that the particles
in the lobes of this object are scattering at ^90° for our
line of sight and therefore polarize as efficiently as
possible.

The difference in polarization between the

optically thin lobes of CRL 2688 and the thin SE lobe of
Ml-92 can then be attributed to the effects of the inclined
view.

If we assume Rayleigh

phase functions, the observed

reduction factor of 37%/55% = 0.67 corresponds to a tilt of
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^26°.

However, as scattering from larger particles would

also cause a reduction in the polarization, one cannot un
ambiguously determine if this inclination is correct.

For

the same reason, we are not able to estimate the degree of
bluing of the star's spectrum due to scattering in Ml-92.
An interesting aspect of photographs of Ml-92 is
the sharp, nearly linear inner boundary to the SE lobe.
This feature is explained naturally in the context of the
above model as representing the outer edge of the tilted
dust torus which completely obscures the more distant
scattering material.

For the inclination computed above,

the radius of the thick disk is found to be ^0.06 pc.

Two

views of this proposed geometry are shown in Figure 24.
We have derived rather low values of the scattering
optical depth in the lobes of CRL 2688 and Ml-92 and have
shown them to be consistent with the features of the polar
ization maps.

Cohen and Kuhi (1977) have arrived at con

siderably larger values of rg for these nebulae (^1 for CRL
2688, ^10 for Ml-92) on the basis of direct photography and
spectropolarimetry, however we feel their arguments are in
valid for several reasons.

Firstly, even a crude derivation

of the properties of a medium by comparing the scattered
polarization and extinction values with theoretical calcula
tions of the polarization to extinction ratio, q, is in
appropriate.

These calculations are relevant to polariza

tion by transmission through a medium of anisotropic aligned
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Figure 24.

Two Views of a Proposed Geometry for Ml-92
— (a) As viewed from the earth, (b) 90° from
the earth's viewing angle. The "heel" of the
"footprint" is formed by obscuration of the SE
reflection nebula by the foreground tilted
dust torus.

109

particles, but this is surely not the situation responsible
for the very high degree of linear polarization of bipolar
nebulae.

Secondly, as scattering by small particles causes

a net bluing to the spectrum, extinction values derived on
the basis of reddening measurements in the lobes can be
taken as only lower limits to the actual quantities.
Finally, as we have discussed, large scattering optical
depths, and therefore high amounts of multiple scattering
are inconsistent with the observed degrees of linear polar
ization.
Pre-Planetary Nebulae?
Zuckerman et al. (1976) have outlined a proposed
evolutionary sequence from carbon star to planetary nebula
which contains a bipolar reflection nebula such as CRL 2688
as an intermediate stage.

In this picture, a late-type

carbon star ejects a dense shell of material which expands
at vlO-15 km sec ^ and soon condenses into dust particles.
We now understand that the bipolar reflection nebulae appear
as the expanding envelope becomes optically thin in the
polar lobes before the much denser torus.

The planetary

stage occurs when the central star, which has evolved to
the left on the H-R diagram, eventually becomes hot enough
to ionize a large portion of the gas in the envelope.
There exists a large amount of circumstantial evi
dence in support of a relation between planetaries and
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bipolar reflection nebulae.

Zuckerman et al. (1976) and Lo

and Bechis (19 76) have cited comparable degrees of concen
tration to the galactic plane, the apparent high carbon
contents of CRL 2688 and CRL 618, indications of mass loss,
and evidence for rapid evolution of their central stars.
Similarities in the spectral characteristics of CRL 2688 and
highly evolved objects have been noted by Humphreys et al.
(1976).
An evolutionary link between bipolar reflection
nebulae and planetary nebulae implies that their structures
should be related.

In fact, it has been remarked several

times (Aller and Liller 1968, Miller 1974) that the great
majority of planetary nebulae show an axial symmetry, and
Gurzadian (1962) has noted the high abundance of what he
terms "bipolar" planetaries.

The resemblance of planetaries

such as M2-9 (Allen and Swings

1972), Mz2, Mz3, and NGC 3195

(Evans and Thackeray 1950) to bipolar reflection nebulae is
certainly remarkable.

Furthermore, models of planetary

nebulae often contain a high-density toroidal ring as the
principal structure (cf. Minkowski 1958, Zanstra 1958).
Further support for the above picture is found in
infrared observations of planetaries.

Although some objects

show free-free infrared spectra characteristic of the HII
regions, many planetaries display strong blackbody continua
indicative of emission by dust grains with typical tempera
tures of a few hundred °K (cf. Cohen and Barlow 1974),
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Estimates of the amount of mass in the form of emitting
-3

grains are rather sparse, but the values of > 10
for
-4
NGC 7027 (Telesco and Harper 1977) and ^1.5 x 10 M G) for
BD +30° 3639 (Cohen and Barlow 1974) are at least consistent
with our estimates for CRL 2688 and Ml-92.

The presence of

large amounts of dust in planetaries and their probable
association with bipolar reflection nebulae suggests that a
search for polarization by scattering from grains in plane
taries with mapping methods such as that used here might
prove valuable.
The characteristic structure of bipolar reflection
nebulae implies a mass ejection mechanism which concentrates
matter primarily into polar lobes and an equatorial ring.
A model sometimes proposed for novae, in which an initially
spherical expanding envelope interacts with an accretion
disk, has been suggested by Cohen and Kuhi (1977).

They

also propose a shell driven by a nonhomogeneous wind.

The

apparent relation between planetaries and bipolar reflection
nebulae suggests another explanation.

It is commonly

assumed that the ejection of a planetary nebula occurs
through pulsational instabilities from an extended red giant
(Osterbrock 1974).

A nonradial mode of pulsation which

might be axisymmetric, such as that undergone by a bouncing
rubber ball, could presumably account for the observed
structure.

When the star flattens, the equatorial region

might expand rapidly enough to release a ring of material.
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One-half period later the now elongated star would undergo
mass loss at the poles.

Indeed, recent calculations of

Dziembowski (1977) have shown that nonradial modes of
oscillation are possible in giants and supergiants and, in
fact, nonradial pulsations have been proposed to account
for the light variations of Mira (Shawl 1974).

CHAPTER 5
IMAGING POLARIMETRY OF THE
JETS OF M87 AND 3C 273
On direct photographs the optical jets of M87 and
3C 273 have a similar appearance.

Both are relatively

linear features, probably unresolved in width, which extend
^20" away from the central objects.

Studies of the 1187 jet

reveal it is composed of a string of ^8 knots which are
highly polarized and probably radiating via the synchrotron
mechanism.

Very little information is available regarding

the jet of 3C 27 3 due both to its extremely low surface
brightness (V = 23m arcsec

and proximity to the bright

QSO.
Observations of the Jets
In this chapter we discuss new observations of the
optical polarization in the jets of M87 and 3C 273.

The

observations were made on February 19 and 20, 1977, at the
f/9 focus of Steward Observatory's 2.3 m telescope with the
photoelectric imaging polarimeter described in Chapter 2.
For each object, the long axis of the Digicon array was
aligned with the jet and centered on the galactic nucleus
or QSO so that a comparison of the two sides of the bright
ness profile would permit accurate subtraction of sky and
113
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either M87's stellar background or any scattered light of
the 0S0.
Polarization data for M87 were obtained in a total
of 2.5 hours in two bandpasses:

a UV band defined by a Hoya

U-340 glass filter and cell of CuSO^ solution (^3300 A3700 A) and a wide bluer combination of a Hoya B-390 plus
CuSO^ (3500 A-4600 A).

The blue data are of much better

quality due to a higher photon rate and longer integration
time.

Observations of the jet of 3C 273 were made in 3.5

hours with the Digicon's S-20 photocathode unfiltered.

The

seeing profiles were measured to be 2" FWHM on both nights.
The data were binned into 1" cells and the resulting
brightness profiles are shown in Figure 25.

In each case, a

smooth curve was then drawn through the profile opposite the
jet and used to subtract off background or scattered light.
For 3C 273 and the M87 blue observations, subtraction was
judged to be good to 1% of the total background, whereas the
poorer quality of the M87 UV data allowed subtraction to
only ^4%.

The intrinsic jet profiles for 3C 273 and the M87

blue observations are also plotted in Figure 25.
The polarization for each 1" cell along the jet was
corrected for the sky and background contribution determined
above,

A map of the results for the M87 blue observations is

shown in Figure 26 together with a sketch of the locations of
the optical knots from de Vaucouleurs, Angione, and Fraser
(1968).

As the knots are most likely unresolved (de
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Polarization of the Jet of M87 — The length and orientation of each
line segment represent the polarization and electric vector position
angle measured for the intrinsic jet radiation. Cross: the optical
nucleus.
o
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Vaucouleurs et al. 1968, Abies and Kron 1973, Arp and Lorre
1976), measurements for pixels within one FWHM seeing
diameter centered on each knot were combined in order to
obtain the best estimate of its intrinsic polarization.
These values and their estimated errors are compiled in
Table 4.

Also listed for each knot are the blue magnitude

and nucleus-knot separation from de Vaucouleurs et al.
(1968) and the degree of polarization at 6 cm (5 GHz) as
estimated from the figures of Turland (1975).
Heeschen (1973) and Kinman (1973) report polariza
tion in the nucleus of M87 which displays an erratic be
havior with time in both degree and position angle.

Their

results, which amount to as much as 6% in apertures of 3V2
diameter, imply that quite large values should be measured
with a pixel size as small as that used here, if, as they
suppose, the polarized radiation originates in a point
source.

Our observations find no polarization in the 1" x

3" pixel centered on the nucleus to a 3a certainty level of
0.9%, and, in fact, we measure no significant polarization
at any point in the observed strip of the galaxy other than
in the jet itself.
For 3C 273, the error in polarization per 1" pixel
along the jet is computed to be 13%.

Since the measured

values never exceed 1.5a and the jet overall yields P =
3.7 + 4.1%, we conclude that the 3C 273 jet is unpolarized
to the limit of our measurement.

Table 4.

Summary of Polarization Results for the Jets of M87 and 3C 273

mB

KNOT: D

2.9

18.7

• • •

E

6.4

19.84

• • •

• •

F

8.5

19.09

• • •

• •

A 12.7

16.77

17.0 ± 2.4

B 14.8

17.23

13.6 ± 3.0

C 17.8

17.90

• • •

•

G 21.1

19.34

H 24.8

29.9

M87

4100 A

0
(degrees)

P
(per cent)
) TL

+

3.4

10

+

18.5

138 ± 4
15 ± 6

6 cm

Q
(degrees)

P
(per cent)

12

+

15

5

7

124

+

18

8

+

2.5

164

+

4

7

15.9

+

0.6

131

+

1

15

13.1

+

0.8

29

+

2

14

. .

4.5

+

2.1

106

+

7

5

• • •

• . .

17.6

+

3.3

131

+

5

6

• • •

• « •

• •

• •

•

aFrom

P
(per cent)
•

3C 273 (overall)

3500 A

00

Distance
from
Nucleus
in arcsec3

•

P (per cent)

0 (degrees)

3.7 ± 4.1
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de Vaucouleurs et al. (1968).

^From Turland (1975).

•

•
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No quantitative estimates of surface brightness for
either jet are available from our data due to the fact that
seeing fluctuations and guiding errors caused an undeter
mined amount of jet light to spill outside the single place
ment of the linear array.
The Jet of M87
Previous photoelectric polarimetry of the M87 jet is
limited to the early work of Hiltner (1959) in the brightest
regions.

He found rather sizable amounts for individual

condensations and position angles which vary wildly from
knot to knot.

Unfortunately, Hiltner's measurements of the

degree of polarization cannot be directly compared to ours
due to the fact that the early data are uncorrected for the
stellar background (note also that Hiltner lists polariza
tion in magnitudes, where p(mag) =2.17 p(%)).

However, the

position angles are in good agreement, especially when it is
noted that the location of Hiltner's knot C agrees more
closely with the de Vaucouleurs et al. (1968) knot C.
The complex position angle structure of the
brightest regions was first pointed out by Baade (1956a),
and inspection of Table 4 and Figure 26 indicates that this
rather disordered nature applies to the entire jet.

Since

the optical radiation is of synchrotron origin, the mag
netic field along the jet must be quite tangled.

However,

as noted by Felten (1968), the strong polarization observed
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requires rather well-ordering of the field within individual
knots.

The amount of field structure could be estimated

from the fact that the maximum polarization we observe in a
single knot is ^20% (compared with the synchrotron maximum
of ^70%).

However, the measured polarization could have

been reduced through partial blending of differentlypolarized adjacent knots by the atmospheric seeing.

It

should also be noted that the close agreement of the UV and
blue measurements for the two knots in common is consistent
with synchrotron emission.
Evidence of a Uniform Intervening Medium
It has been known for several years that M87 ex
hibits a complex structure at radio wavelengths. For v <
1 GHz, the emission is predominantly from an extended halo
elongated along an axis near that of the optical jet.

At

higher frequencies, there appears a double-lobed structure
with approximately equal components which is similar to,
although much smaller than, the classical double sources
associated with radio galaxies and QSOs.

A very compact

source, coincident with the position of the optical nucleus,
is located between the two lobes.

The double structures are

also elongated in the position angle of the jet, and in maps
with sufficient resolution (Turland 1975) , the component
containing the jet shows peaks in intensity corresponding
to the optical knots.

Turland has also mapped the
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polarization at 6 cm (5 GHz).

As the jet is nearly aligned

E-W, his 2'.'0 x 9 V0 beam has a resolution along the jet com
parable to that set by seeing in our map.

The two sets of

data therefore can be compared directly.
A plot of our blue (filled circles) and Turland's 6
cm (solid line) position angles is displayed in Figure 27
for the portion of the jet where the optical data are
reliable.

Also shown (dashed lines) are the 6 cm measure

ments shifted by an amount -75° in position angle and +1" in
location.

(Such a displacement in location is indicated by

a comparison of features in the optical and radio flux pro
files and is certainly consistent with the relative posi
tioning accuracy of the two maps.)

The close correlation of

the optical and shifted radio position angles is obvious,
and clearly indicates a substantial Faraday rotation occur
ring along our line of sight to M87.

Moreover, the point-

by-point correspondence requires the intervening medium and
its associated magnetic field be essentially uniform over
angles of at least 20" or ^1.5 kpc if at the distance of
M87 (15 Mpc; Sandage 1968).

As only two wavelengths allow

a + nu rad ambiguity in the actual amount of rotation, we
can only set a lower limit to the rotation measure of RM
> 360 rad m - 2
One conceivable origin for the Faraday rotation is
in our own galaxy.

In this case, similar rotation measures

should be observed for extragalactic sources located near in
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the sky to M87.

Therefore, Vallee and Kronberg's (1975)

extensive list of rotation measures for objects distributed
throughout the sky was examined.

Omitting M87 (3C 274)

itself, eleven sources from this list lie within 20° of the
jet.

The mean rotation measure for this sample is RM = 0.4
+ 8.3 rad m _2. Two of the eleven sources are member galaxies
of the Virgo cluster and two others are QSOs lying behind
the cluster.

These four average -2 + 10 rad m

- 2

.

Thus it

is apparent that our galaxy makes a negligible contribution
to the Faraday rotation observed toward the M87 jet, a
result which is not surprising in view of its high galactic
latitude (b11 = +75°).

In addition, we conclude that there

is no substantial rotation comon to the Virgo cluster in
general.

The most likely remaining location for production

of the observed rotation is in the vicinity of M87 itself.
Nature of the Medium
We have established that there exists a medium and
magnetic field associated with M87 which is uniform over
distances > 1.5 kpc and responsible for a Faraday rotation
along our line of sight of RM > 360 rad m - 2.

As we found

above that the field affiliated with the knots is tangled on
a scale of only 2" (^150 pc), this medium must be essen
tially dissociated from the ject.
the rotation remain:

Two plausible sources for

(1) the extended X-ray source
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identified with M87, or (2) the intervening portion of the
NW radio lobe.

We consider the X-ray source first.

The X-ray source associated with M87 is wellobserved over a wide energy range.

However, until recently,

spectral data have permitted either thermal bremsstrahlung
or inverse Cornpton emission mechanisms.

New observations of

the Virgo, Coma, and Perseus sources seem to favor the hot
gas models for diffuse cluster X-ray sources in general (see
Kellogg, Baldwin, and Koch 1975; Serlemitsos et al. 1977;
Bahcall and Sarazin 1977).
The Faraday rotation angle (in radians) produced by
a uniform medium is
X

4
= 2.36 x 10

N Bl I 1
e y

(25)

v
were

is the electron density in cm

-3

, B|| the line-of-

sight component of the magnetic field in gauss, I the path
length in cm, and v the frequency in Hz. Our observed
15
-2
limit to x implies NgB|j£
1.4 x 10
gauss cm . Thermal
bremsstrahlung models of the Virgo source typically find Ng
~ 10"^.

With I ~ 100 kpc (Catura et al. 1974), we find that

the minimum magnetic field in the X-ray halo necessary to
produce the observed Faraday rotation is B > 5 x 10-7 gauss,
whereas equipartition between thermal and magnetic energy
densities gives B ~ 5 x 10 ^ gauss.

125

If we take the Faraday rotation to occur in the
intervening portion of the NW radio lobe, we use for the
path length I a value of ^10" (750 pc) as estimated from the
-7
5 GHz map of Turland (1975). This yields NgB|| > 6 x 10
gauss cm-3. We have no direct indication of Ne or B in the
^
radio components. However, for eauipartition between
particle and field energy densities, B ; 5 x 10-5 gauss and
N

> 10"2.
e ~
It is apparent that the Faraday rotation can be

reasonably explained by an origin in either the extended
source of X-rays or the radio lobe.
alternative for two reasons.

We prefer the latter

First, the presence of a mag

netic field in the radio lobe is already required by the
polarized radio emission observed throughout the double
source.

Second, evidence for large scale (^500 pc) field

uniformities in the SE component has already been pointed
out by Turland (1975).

The existence of fields in M87 which

are uniform on scales approaching those in normal spiral
galaxies sees well established.
Conclusions Regarding the
Optical Knots
In addition to indicating the presence of a uniform
intervening medium, the close position angle correspondence
has strong implications regarding the knots.

First, it

requires that both the optical and radio radiation originate
primarily in the same regions, viz., the optical knots.
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Second, there can be little Faraday depolarization occurring
within the knots themselves.

This conclusion is supported

by a comparison of the degree of polarization in the optical
and at 6 cm (see Table 4).
agreement is very good.

For the brightest knots the

The general diminuation of radio

polarization for the fainter knots could be interpreted as
evidence for depolarization.

However, we suspect that a

more likely explanation is that emission from these weaker
knots is diluted at radio wavelengths by radiation along
the considerable pathlength through the extended radio lobe.
The position angle correlation permits a more
quantitative discussion.

It can be shown rather easily

that for a homogeneous knot of emission, depolarization
within the source causes the net position angle of polariza
tion to be rotated by an amount approximately equal to that
experienced by radiation emitted at the knot's center.
That is, if 8_
and 0(J are the (rotated) radio and (unR
rotated) optical position angles, respectively, 0„
K ~ 0^
U +
Xt,/2 where Xv i-s the Faraday rotation undergone by radia1\
K
tion traversing the entire knot. Aside from the overall 75°
rotation, which we have attributed to an intervening medium,
inspection of Figure 27 allows us to set an upper limit of
|0R - 0_|
< 20° for an individual knot.
(J

Thus, xKv ~ 0.7 rad.

This implies (Eq. 25) that
NgBK|| S < 7.4 x 1014 gauss cm-2 ,

(26)
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where S is the knot diameter and N € and Bi\ refer to conditions within the knot. Equation (26) should be viewed as an
important constraint on models of the jet.
The spectrum of the knots seems to be a power law
of index a ~ 0.5 (Turland 1975) up to the optical, where a
steepening may be present (Kinman, Grasdalen, and Rieke
1974).

If we take a = 0.5, the corresponding index of the

electron energy spectrum is Y = 2.0, where N(E) = NQE— Y.
The emission coefficient of synchrotron radiation can then
be expressed (Pacholczyk 1970)
=

C5(^>

N

O

V

(Y+1,/2(

<27)

2^)(1~Y)/2

where c^ is a constant and c,. depends only on y.

Integra

tion of the electron spectrum over energy yields an
expression relating Nq to the number density of synchrotron
electrons, which we denote N*.

Making the substitutions in

(27) and noting that the electrons radiate primarily near
their critical frequency v s = 1.8 x 1018 Bxv\j-E2 (Felten 1968),
we find that the luminosity of a single knot
L V s 1.9 x 10"23N*B
S3 (—
)1/2erg s-1Hz-1
© J\ j.
V

(28)

where v

is the low-energy cut-off to the synchrotron
1J
spectrum.
We now combine (26) and (28) to obtain an expres

sion for the knot size:
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S > .025(I^V/2 (^-)1/4 PC
10
e Kj.
L

(29)

This equation allows one to compute an approximate lower
limit to the knot size for assumed plasma characteristics.
For example, the optical luminosity of knot A
n
i
erg s Hz
(de Vaucouleurs et al. 1968) and v
(Turland 1975).

If we take B|| ~ B

LI

~ 2,3 x 10
g
< 10 Hz

26

and arbitrarily assume

that the thermal electron density, N , equals that of the
e
relativistic particles, N*, we find S > 2 pc. However,
current observations do not constrain Ne/N*
e in the knots
although we note there is some evidence that
<< N* in at
least some types of compact extragalactic radio sources
(Pacholczyk 1977).
An upper limit to S is placed by the observations
of de Vaucouleurs et al. (1968) at ^0V33 or ^25 pc. For
-3
this knot size and a field strength of 2 x 10
gauss appro
priate for equipartition with the relativistic particles,
(26) allows us to estimate the maximum thermal electron
-3cm-3
density
For assumed knot sizes below
J
cmax = 5 x 10
/7
aS — 67
this limit, B
.
....
but SU
emax varies quite
1
ecruipartition
weakly as S-1/7.
The Jet of 3C 273
In addition to the polarimetry reported above, we
have obtained two image-tube spectrograms of the 3C 273 jet

129

with the Steward 2.3m telescope.

The exposures were

recorded on baked IlaO plates at a reciprocal dispersion of
240 ^ mm ^ and cover the range 3400-5200 K.

The spectrum

shows only a faint bluish continuum, as observed by
Greenstein and Schmidt (1964).

The lack of [Oil] A3727, Hy,

and higher Balmer series emission rules out a nature akin to
the emission-line nebulosities near the OSOs 3C 48 (Wampler
et al. 1975), 4C 37.43 (Stockton 1976), and 3C 249.1
(Richstone and Oke 19 77).

We note that a thermal origin

of the optical radiation also seems to be excluded on the
basis of the colors measured by Kron, Abies, and Hewitt
(1972).
The jet is associated with the radio source 3C 273A.
Observations by Conway and Stannard (1972) show that the
radio emission at 2700 MHz and 408 MHz is polarized by up
to ^8%.

The rotation measure based on these observations

is ^1.5 rad m - 2
The most natural explanation for the origin of the
polarized radio emission is a synchrotron mechanism.
Guthrie and Napier (1975) have proposed that the highly
relativistic synchrotron electrons, degraded by radiation
losses to y = 10, produce the observed optical radiation by
inverse Compton scattering infrared photons emitted by the
QSO.

Alternatively, inverse Compton scattering of 3 K back

ground radiation by y = 40 electrons can apparently account
for the optical emission (Kurilchik and Charugin 1971).
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Inverse Compton models are, of course, consistent with our
observed lack of optical polarization.
If, on the other hand, a synchrotron mechanism is
responsible for the optical as well as the radio emission,
problems are encountered with the required lifetime of the
relativistic electrons.

As an example, for optical synchro

tron electrons (y ~ 10^) ejected from the QSO in a field of
7 x 10 -4 gauss, the lifetime against synchrotron losses is
only 'vlO^ years (Guthrie and Napier 1975), far less than the
5
light travel time of £ 10 years to the end of the jet.
This difficulty might be avoided in models which involve
in situ particle acceleration.
On the basis of our polarization data, a sychrotron
origin of the optical radiation cannot be ruled out.

Our

measurement of P = 3.7 ± 4.1% for the jet as a whole permits
optical polarization as large as that observed at radio
frequencies.

Moreover, if most of the emission originates

in knots which are closely spaced and whose position angles
of polarization are randomly oriented, much higher amounts
in individual knots are allowed.

At the distance of 3C 273,

knots as large as ^4 kpc would be contained in a single 1"
pixel, for which our measurement error is 13%.

For compari

son, we note that the optical polarization integrated over
the entire length of the M87 jet (^2 kpc) is only 5.4%.
Therefore, on the basis of available data, we conclude that
the jet of 3C 273 could conceivably be a larger and more
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luminous version of the M87 jet in which unresolved knots
emit optical and radio synchrotron radiation.

i

CHAPTER 6
THE SMALL-SCALE POLARIZATION OF
THE CRAB NEBULA
The discovery of optical polarization in the body of
the Crab Nebula by Vashakidze (1954) and Dombrovsky (1954)
confirmed Shklovsky's (1953) prediction of strong synchro
tron emission in this young supernova remnant.

Soon there

after, the nebular polarization was mapped by several
observers (Oort and Walraven 1956; Walraven 1957; Hiltner
1957; Woltjer 1957, 1958).

The main conclusions of these

early studies were that the high energy electrons move in a
rather highly structured magnetic field of strength 10-4
10-3 G, that this field must have been amplified in some
manner since the supernova explosion, that the electrons are
continually injected into and accelerated within the nebula,
and that the emission-line filaments which surround the
synchrotron component of the nebula are current-carrying
condensations radiatively excited by the UV synchrotron
emission.
Interest in the Crab Nebula was revived in the late
1960's with discovery of the pulsar.

However, despite the

large amount of recent activity, many problems remain un
solved.

For example, even though the topic of particle

acceleration and transport in the nebula has received a good
132
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deal of attention, the nature of the optical "wisps" is un
certain.

Correlation of variations in the wisps with

glitches in the pulsar period has been reported, but is not
well-established.

In addition, the origin and structure of

the nebular magnetic field are poorly understood, as are the
optical filaments.
Maps of polarization are valuable to studies of the
nebula since they not only trace out the magnetic field in
the plane of the sky, but the degree of polarization con
tains information on the amount of structure along the line
of sight.

Measurements at different frequencies also allow

estimates to be made of Faraday depolarization and rotation,
and thus of the column density of thermal plasma.

The

necessity of obtaining high resolution polarization maps in
particular has been stressed by Felten (1974).

Maps with

seeing-limited resolution would contain important informa
tion on the magnetic field in and around the wisps and fila
ments, as well as on the small-scale structure of the
nebular field in general.

Unfortunately, the very brief

reports of Forman and Visvanathan (1971) and Scargle (1971)
describe the only measurements made in either the radio or
the optical region with resolution capable of discerning
these features.
In this chapter are presented high resolution photo
electric maps of the optical polarization for a substantial
portion of the Crab Nebula.

The areas studied are the
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central region containing the pulsar and wisps, and the
eastern "bay."

The results are compared with earlier maps

and are discussed in the context of present theories of the
nebula and pulsar.
Observations of the Crab Nebula
Polarization maps were obtained in the visual con
tinuum of the Crab Nebula (5600 A < A < 6000 A) on November
20, 1976 (central region), and February 20, 1977 (eastern
bay) using the Pockels cell imaging polarimeter described
in Chapter 2 mounted on Steward Observatory's 2.3m tele
scope.

Although the Digicon detector used in this instru

ment possesses a single linear diode array, rectangular
regions of the nebula measuring 100" x 30" were mapped by
utilizing the capability of the Digicon to time-share the
array in up to ten positions on the image.

The observed

portions of the nebula are denoted on a reproduction of
Woltjer's (1957) polarization map in Figure 28; the new maps
are contained in Figures 29 and 30.

Also drawn in Figure 29

are isophotal contours at 0.07 mag intervals determined from
our digital surface brightness information, and a photograph
of the central region generated from the same data on the
Interactive Picture Processing System (IPPS) of Kitt Peak
National Observatory.

The isophotal map, labeled in units

of mag arcsec - 2 , was tied to an absolute photometric scale
by using V = 16.5 as the time-averaged visual magnitude of

Figure 28.

The Observed Portions of the Crab Nebula — The two regions mapped
polarimetrically with high resolution are indicated on a reproduction
of Woltjer's (1957) map of the Crab Nebula. North is up, East is to
the left.
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Figure 28.

The Observed Portions of the Crab Nebula
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Figure 29.

The Polarization and Isophotal Maps of the Central Region — Bottom:
The degree of polarization and electric vector position angle is
indicated by a line segment for each 1" x 3" pixel. Isophotal
contours are drawn at 0.07 mag intervals and labeled in units of
mag arcsec" . Top: A greatly contrast-enhanced picture of the central
region derived from the observed surface brightness data. The
photograph was generated with the Interactive Picture Processing
System of Kitt Peak National Observatory. The wisps and anvil are
apparent in this picture, as is the elliptical-shaped region of low
surface brightness which surrounds the pulsar.
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Figure 29.

The Polarization and Isophotal Maps of the Central Region
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the pulsar (Kristian et al. 1970).

Since the stellar pro

files measure 2'.'0 full-width at half-maximum, the original
data for the central region with picture elements (pixels)
measuring 0'.'5 x 3'.'0 have been binned into pixels 170 x 3 70,
thereby reducing the photon noise per pixel but preserving
seeing-limited resolution in the one dimension.

The fainter

bay region required cells 370 x 370 in size to achieve
comparable signal-to-noise.

The la errors in polarization

computed from photon-counting statistics average approxi
mately 2% or about 3° in position angle per pixel for both
maps.

The data have been corrected for a contribution to

the polarization by the interstellar medium of P = 2% at
160° (Martin and Angel 1974).
The accuracy of the imaging polarimeter used for
this work has been verified in Chapters 4 and 5.

The maps

in Figures 29 and 30 also compare well with other measure
ments.

For example, both Woltjer's map and Figure 29 reveal

a region with quite uniform polarization centered about 25"
northwest of the pulsar.

Our result for this region of P =

24% at 158° is essentially identical to that computed from
Woltjer's map (P = 25% at 158°).

An additional check is

provided by the fact that the map also measures the timeaveraged polarization of the pulsar, which has been measured
by other observers.

Using nebular values of P = 13.6% at

144° (derived below), the pixel centered on the pulsar gives
P = 7.7 + 1.3% at 98° + 5° for the pulsar alone.

This is in
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very good accord with the results of both Kristian et al.
(1970) (P = 6.8% at 98°) and Wampler, Scargle, and Miller
(1969) (P = 6.5 + 0.9% at 107° + 6°).

We therefore feel

confident that the maps are accurate on both large and
small scales.
Discussion of the Maps
The polarization measured at any point on the face
of the nebula is the net result of emission along the entire
path length through the synchrotron component.

Thus, the

polarization pattern exhibited by a nebula with even a
modestly structured magnetic field could be very difficult
to interpret.

For the Crab, Felten (1974) estimates that

the degree of polarization observed along a typical line of
sight could be produced by synchrotron emission from approxi
mately 6 randomly oriented regions with uniform internal
fields.

The problem with unraveling the nebular field

structure is especially acute in the central region, where
the emission path length is presumably greatest and where
association with the highly magnetic pulsar is most direct.
However, several conclusions can be drawn from a close
inspection of Figure 29.
The regions of strong polarization in the outer
parts of Fi ure 29 disclose a more or less overall super
posed field which is largely E-W in orientation.

Changes

from this general nature are usually accompanied by
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gradients in surface brightness, however brightness
gradients also occur in regions of quite uniform polariza
tion.

If we ignore for a moment the wisp region which is

discussed below, the projected field seems to have appre
ciable structure down to angular distances of ^10", but the
tangling does not appear to extend to much smaller scales.
It would seem that the general nebular field is largely
resolved in Woltjer's map (with ^6" resolution), however we
cannot exclude the possibility that the field in regions
which we measure to be unpolarized may actually be highly
tangled on a scale below the seeing limit.

The existence

of large areas with uniform high polarization indicates that
this is not a general characteristic of the nebula.
The Magnetic Field in the Wisps
The very inner portion of the Crab Nebula consists
morphologically of a roughly elliptical-shaped cavity of low
surface brightness approximately centered on the pulsar,
bracketed by a series of bright wisps on the NW side, and a
usually more amorphous nebulosity on the SE.

The wisps are

well-known to exhibit changes in structure and brightness
on time-scales of months or even weeks (Lampland 1921; Oort
and Walraven 1956; Scargle 1969a, 1969b).

Some of these

variations appear to occur in response to glitches in the
pulsar spin rate (Scargle and Harlan 1970, Scargle and
Pacini 1971) and a quasi-periodicity in the motions has even
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been suggested (Scargle 1969b).

Activity and the formation

of wisp structure has also been noted in the "anvil" region
SE of the pulsar.

Between occasions of activity, the wisp

morphology returns to a more or less characteristic con
figuration (Scargle 1969a, 1969b), consisting of a rather
prominent main wisp (Wisp 1) separated from the pulsar by
approximately 8", two more extended wisps (2 and 3) at
distances of about 12" and 17" respectively, and often a
very "Thin Wisp" adjacent to the pulsar on the NW side.

The

IPPS-generated picture in Figure 29 resembles this charac
teristic configuration quite closely.
Discussions of the structure and dynamics of the
central region arrive at the following general interpreta
tion.

The pulsar supplies energy to the nebula primarily

through the 30 Hz electromagnetic radiation and relativistic
wind of particles carried outward by these waves.

The

cavity which is swept clear of thermal plasma in this manner
is identified with the region of low surface brightness
surrounding the pulsar.

Interaction of the wind with the

general nebular medium occurs at the optical wisps, where
the particle and wave energy is deposited.

From this

standing shock zone, high energy particles either diffuse
or are transferred outward by bulk plasma motion, emitting
synchrotron radiation at frequencies through the X-ray
region.

Scargle interprets

Wisp 1 as a permanent region

of compressed plasma, which acts like a piston when in
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motion to generate outward-traveling compressional waves
and the more distant wisps.
Since the cavity around the pulsar is assumed to be
essentially devoid of emission, we take the surface bright
ness and polarization observed in this region to be a
measure of the contribution from the foreground and back
ground portions of the nebula.

If we assume that this com

ponent is uniform over the inner 30" or so, we can construct
a polarization map of the wisps and other features very near
the pulsar from the data of Figure 29.

The area chosen to

represent the foreground and background component is 4" x 9"
in size centered 6" SW of the pulsar, for which we compute
Pjk = 13.6% at 144° with a surface brightness 60% of that
measured in the brightest region of the wisps.

The result

of subtracting this contribution from the original data is
shown in

Figure 31.

Sketched for comparison in this figure

is the approximate wisp structure from Figure 29.
The obvious feature of Figure 31 is that the magnetic
field in the wisps (which runs perpendicular to the direction
of polarization) lies along their extension.

In fact, for

those structures which appear to be curved around the
pulsar, the field follows this curvature rather accurately.
The intrinsic polarization of the wisps has been quoted for
several years as being perpendicular to their elongation,
but only one measurement has been reported:
estimate by Scargle (1971).

a photographic

His measurements of the degree
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Polarization Map of the Region Immediately Surrounding the Pulsar —
This map has been constructed by subtracting an assumed foreground and
background contribution to the polarization and surface brightness from
Figure 29. The wisps are seen to be polarized perpendicular to their
elongation.
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of polarization in the wisps (28% for Wisp 3 to 64% for
Wisp 2) are somewhat higher than those seen in our map (^20%
for Wisps 2 and 3 to ^60% for the anvil).

At least part of

this discrepancy probably lies in different surface bright
ness levels estimated for the foreground and background con
tribution.

In addition, since the wisps vary considerably

in structure, variations in their polarization would not be
surprising.

In any case, both determinations should be

taken as approximate due to the assumption that the fore
ground and background component is uniform over the central
region.
The new observations confirm previous reports that
the wisps are highly polarized, and therefore regions with
rather uniform internal fields, which are elongated along
the field lines.
region.

A similar structure is seen in the anvil

In fact, the high degree of radial symmetry around

the pulsar which is evidenced by the electric vector
measurements of Figure 31 can be taken as evidence that the
nebular magnetic field is ultimately related in some way to
the pulsar.

Such a result might be expected if the nebular

field was produced by "winding up" of pulsar field lines
(Piddington 1957, Kardashev 1970, Rees and Gunn 1974).
The Thin Wisp does not fit naturally into the wisp
interpretation of Scargle (1969b), for its projected loca
tion is inside the swept-out cavity.

Our measurements indi

cate that, like the other wisps, the Thin Wisp is a region
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of emission elongated along a fairly uniform field.

Of

course, one viable explanation is that the Thin Wisp
actually lies outside the cavity, but is nearly along our
line of sight to the pulsar, so that it appears nearby in
projection.

Although the Thin Wisp is very difficult to

observe, this suggestion could be tested by careful optical
monitoring following a glitch in the pulsar period.

If the

Thin Wisp is situated as close to the pulsar as it appears,
structural changes in the wisp might be seen as early as
one month following the glitch.
Finally, we note that accurate measurements of the
wisp emission are derived from the calibrated isophotal
contours of Figure 29.

For example, summation over the

rather well-defined shape of Wisp 1 yields a magnitude of
.
16.8 (^7 x 10-27 erg cm-2s-1-1
Hz ) for the wisp radiation
alone.

Considering that this measurement is made with the

background nebular emission subtracted and that the wisps
vary considerably in brightness, the agreement with
Scargle's (1969b) value of ^16.4 is surprising.

Again

subtracting this background component, we find the synchro
tron flux of the entire wisp region surrounding the pulsar
is ^1.5 x 10 ^erg cm ^s "*"Hz ^ at A5800, or about 1% of
the total nebular emission at this wavelength (Baldwin 1971).
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The Eastern Bay
The eastern bay is a popular region of discussion
due to its high degree of optical polarization and polari
zation position angles which are radially oriented about the
western perimeter of the bay.

The magnetic field is

apparently wrapped around the bay, in a manner similar to
that inferred around many of the line-emitting filaments.
In fact, in photographs which select emission lines, a
region of strong emission seems to be approximately centered
in the otherwise dark bay (see for example Baade [1956b]).
The polarization structure of the eastern bay is
well-defined in our map in Figure 30.

The emission is ob

served to be generally very highly polarized, and in a
manner consistent with the magnetic field curving in an arc
around the bay.

Very little emission is detected in this

continuum band in the interior of the bay and in the eastern
portion of the map.

Since the polarization and surface

brightness of the night sky has been subtracted from the
data, essentially no polarization information is present in
these regions, and the results plotted here are very noisy.
Felten (19 74) has emphasized the importance of
accurate measurements of the degree of polarization in the
very outermost regions of the synchrotron component, since
the emission observed here probably originates in single
isolated features.

Comparison of the measured polarization

with that computed for synchrotron emission in a uniform
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field yields information on the amount of small-scale field
structure in the region.

The measurements shown in Figure

30 are particularly useful for this purpose, since the bay
lies at the very eastern edge of the continuum component of
the nebula and the general field curvature around the bay is
well-resolved.

Thus, the polarization measured in an indi

vidual pixel will correspond to a region where the overall
field, at least in the plane of the sky, is quite uniform.
The region with greatest polarization occurs along
the southern border, where P exceeds 60% in several of the
3" x 3" pixels.

This is to be compared with the theoretical

amount for emission in a uniform field, computed from

Puniform =

yY+ 7/3'

(30)

which, for an electron energy spectrum index y = 2.5
(Baldwin 1971), gives 72%.

It is apparent that synchrotron

emission in the region surrounding the bay arises in an
isolated loop of locally very uniform magnetic field.
Thermal Plasma and the
Optical Filaments
The thermal plasma content of the nebula manifests
itself in the effects of Faraday rotation and depolariza
tion of the synchrotron emission.

Wilson (1972, 1974) has

made a quantitative study of these effects over the nebula
from polarization maps at optical and several radio frequen
cies.

He finds that since the radial position angle
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structure around the eastern sky is not seen at all in radio
maps, the bay must be associated with a substantial quantity
of thermal gas.

Large amounts of depolarization are also

evident near those optical filaments with large negative
radial velocities, but apparently very little thermal plasma
exists along our line of sight to the central portion of
the nebula.

Unfortunately, our high-resolution polarization

map of the central region yields no new information on
thermal gas in this direction, since radio maps with com
parable resolution are not available and in any case the
optical wisps are not detected at radio frequencies (Wilson
1972).

The filaments are obviously regions of a substantial

density of thermal plasma, since they radiate strongly in
the optical emission lines.

Synchrotron emission is prob

ably depolarized in the foreground filaments by the fact
that neighboring rays traverse varying path lengths through
the filament, and therefore experience varying amounts of
Faraday rotation (Burn 1966). Since Faraday rotation is
proportional to A 2 , the effect is negligible at optical
wavelengths.
The filaments are inferred to be carrying currents
along their lengths since those filaments extended along
the line of sight are surrounded by radial polarization
patterns, and therefore toroidal magnetic fields.

No end-

on filaments are present in the regions mapped in Figures
29 and 30, but a strong filament oriented apparently
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edge-on begins in the eastern portion of Figure 29 and
proceeds in a generally easterly direction into the central
region of the map of the bay.

Although a tendency for the

polarization to be aligned with the local direction of
elongation of some of the strongest filaments has been noted
by Woltjer (1958), no evidence for the effect is seen in
our data for this particular filament.

The explanation is

found in the fact that this filament is observed to have a
very large negative radial velocity (Oort and Walraven 1956)
so that it probably lies outside the synchrotron component
of the nebula.
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