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ABSTRACT

We present new spectroscopy and Hubble Space Telescope imaging of protostellar
jets discovered in an Hα survey of the Carina Nebula. Near-IR [Fe ii] emission from
these jets traces dense gas that is self-shielded from Lyman continuum photons from
nearby O-type stars, but is excited by non-ionizing FUV photons that penetrate the
ionization front within the jet. New near-IR [Fe ii] images reveal a substantial mass
of dense, neutral gas that is not seen in Hα emission from these jets. In some cases,
[Fe ii] emission traces the jet inside its natal dust pillar, connecting the larger Hα
outflow to the embedded IR source that drives it. New proper motion measurements
reveal tangential velocities similar to those typically measured in lower-luminosity
sources (100 − 200 km s−1 ). Combining high jet densities and fast outflow speeds

leads to mass-loss rate estimates an order of magnitude higher than those derived
from the Hα emission measure alone. Higher jet mass-loss rates require higher accretion rates, implying that these jets are driven by intermediate-mass (∼ 2 − 8 M⊙ )

protostars. For some sources, the mid-IR luminosities of the driving sources are
clearly consistent with intermediate-mass protostars; others remain deeply embedded and require long-wavelength, high-resolution images to confirm their luminosity.
These outflows are all highly collimated, with opening angles of only a few degrees.
With this new view of collimated jets from intermediate-mass protostars, we argue
that these jets reflect essentially the same outflow phenomenon seen in low-mass
protostars, but that the collimated atomic jet core and the material it sweeps up
are irradiated and rendered observable. Thus, the jets in Carina offer strong additional evidence that stars up to ∼ 8 M⊙ form by the same accretion mechanisms as

low-mass stars.
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CHAPTER 1
HOW TO BUILD AN INTERMEDIATE-MASS STAR: THE MISSING LINK IN
STAR FORMATION

1.1 The birth of stars
Throughout their lives, massive stars contribute substantial energetic feedback to
their host galaxy – from strong winds and intense radiation during their brief main
sequence existence to their spectacular end in powerful supernovae. On galactic
scales, massive stars enrich the Interstellar Medium (ISM) with heavier elements,
and their powerful winds may trigger or halt successive episodes of star formation. Despite the critical role massive stars play in galaxy evolution, their formation
remains poorly understood. Developing a more complete understanding of star formation requires testing whether the paradigm established for the birth of low-mass
stars can be extended to the highest masses. Significant observational challenges
inhibit detailed study of individual massive protostars and thus far have prevented
the emergence of a single accepted model for the growth of the largest stars. An alternate pathway to understanding the formation of massive stars is to test the limits
of the theory of low-mass star formation by studying protostars of intermediate to
high mass to see if observations remain consistent with predictions of low-mass star
formation.
1.2 The formation of low-mass stars
The theory of low-mass star formation is better developed compared to massive star
formation, in part, because observable examples are more numerous. Large numbers
of low-mass stars close to the Sun permit higher spatial resolution observations of
statistical samples of sources. Over the past several decades of study, the following
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picture has emerged to describe low-mass star formation. Starless cores are dense,
centrally concentrated collections of gas and dust collapsing toward a single gravitational center on their way to becoming an individual low-mass protostar or small,
bound star systems (Benson and Myers, 1989; Ward-Thompson et al., 1994). Dark
clouds with no IR detection in wide-field infrared (IR) surveys (e.g. with the InfraRed Astronomical Satellite, IRAS ) that do not show evidence for an outflow were
flagged as candidate starless cores (Visser et al., 2002). A few of these were later
found to have embedded infrared sources when observed with the higher sensitivity and superior spatial resolution of the Spitzer Space Telescope (e.g. Young et al.,
2004; Kauffmann et al., 2005; Bourke et al., 2006), however the majority do not (e.g.
Kirk et al., 2007b; Dunham et al., 2008). Cores without an embedded IR source detected are candidate hydrostatic cores that represent the brief transition between
the initial collapse of the core and the subsequent protostellar phase. Numerous candidates have been suggested in the literature (e.g. Beltrán et al., 2006; Kirk et al.,
2007a; Rathborne et al., 2008; Chen et al., 2010; Enoch et al., 2010; Sadavoy et al.,
2010; Pezzuto et al., 2012; Tsitali et al., 2013). Based on the estimated lifetime of
the hydrostatic phase (∼ 5 × 102 − 5 × 104 yr, Tomida et al., 2010), it is unlikely

that all detections are truly starless hydrostatic cores. Specifically, six of the nine
candidates known at the time of this writing are located in Perseus (Dunham et al.,
2014b). This requires that hydrostatic cores are relatively long-lived (∼ 104 yr) in

order to be consistent with the 66 protostars identified in Perseus by Enoch et al.
(2008). Many are likely to be in the earliest phase of protostellar evolution, the first
of the four evolutionary classes described below.
An empirical classification system determines a protostar’s evolutionary Class
from the shape of the emitted IR Spectral Energy Distribution (SED, e.g.
Lada and Wilking, 1984; Greene et al., 1994). These observed Classes were quickly
related to the emerging theoretical evolutionary Stages that describe the physical
evolution of a protostar from protostellar source embedded in a massive envelope
to a relatively unobscured star surrounded only by a remnant circumstellar disk
(Adams et al., 1987). The empirical evolutionary Class and theoretical Stage are
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related, but not strictly analogous (see, e.g., Table 1 in Enoch et al., 2009, for descriptions of both). Observational biases, such as the viewing angle of the source,
will create degeneracies in the physical Stages that are consistent with an observed
SED. Thus, the evolutionary Class is determined by observed quantities alone, while
the physical Stage is determined by quantities that are more difficult to measure
directly, such as the ratio of envelope to total system mass (Robitaille et al., 2006).
Nevertheless, sorting protostellar sources into the four separate categories allows for
a narrative that illustrates the sequence of protostellar evolution. The four Classes
are as follows:
Class 0 protostars are the youngest sources characterized by their high submillimeter luminosity compared to their total luminosity (Andre et al., 1993,
2000). At least half of the system mass remains in the envelope at this stage
(Andre et al., 1993). Evidence for disks (e.g. Jørgensen et al., 2009; Tobin et al.,
2012; Murillo et al., 2013) and outflows (e.g. Bontemps et al., 1996b; O’Linger et al.,
1999; Gibb and Little, 2000; Dionatos et al., 2009; Maury et al., 2012; Nisini et al.,
2015), and in some cases both (e.g. Lee et al., 2014), at this young stage have begun
to emerge with more long-wavelength observations and higher resolution millimeter
and sub-millimeter facilities like the Atacama Large Millimeter Array (ALMA).
Class I sources are still surrounded by a circumstellar envelope, but have developed a protostellar disk and bipolar outflow. A survey of outflows from embedded
protostars finds that the strength of the outflow from Class I sources appears to be
weaker than Class 0, suggesting that both accretion and outflow decrease with time
(Bontemps et al., 1996a).
The circumstellar envelope is dispersed by the time the star evolves into Class
II where it is identified as a T Tauri star (Andre and Montmerle, 1994). Accretion
from a circumstellar disk continues, powering an outflow. The central protostar is
now visible and both the accretion and outflow rates (Ṁacc and Ṁw , respectively) are
lower, in accordance with the observed decrease in the accretion rate as ∼ t−1 (e.g.

Caratti o Garatti et al., 2012). The outflow efficiency, Ṁw /Ṁacc , stays the same,
indicating that the outflow rate must also decrease with time (e.g. Antoniucci et al.,
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2008).
Class III sources are the oldest pre-main-sequence stars that have largely cleared
their disks and therefore will not have an IR excess. X-ray surveys have been
employed to identify these sources by shock emission from remnant accretion onto
the stellar surface (e.g. Feigelson and Townsley, 2008; Preibisch et al., 2011a).
During this evolution, low-mass stars accumulate mass through magnetically
controlled accretion from a circumstellar disk. Camenzind (1990) and Koenigl
(1991) extended the disk accretion model originally developed for X-ray pulsars by
Ghosh and Lamb (1978) to T Tauri stars. Magnetospheric accretion onto a T Tauri
star requires a large scale magnetic field with a predominately dipolar topology.
Field lines truncate the disk and allow material from the inner disk edge to travel
along field lines. This creates defined accretion columns that splash down at high
latitudes (near the magnetic poles) on the stellar surface. Strong magnetic fields
have been found in many T Tauri stars, supporting magnetospheric accretion as the
primary mode of growth for low-mass stars (e.g. Johns-Krull et al., 1999a,b, 2004,
2013). Strong fields have also been detected on Class I protostars (Johns-Krull et al.,
2009), suggesting that disk accretion may operate for much of the protostar’s growth.
Expected accretion rates, calculated by assuming that a solar-type star will
accumulate all of its mass in the relatively brief protostellar phase (∼ 105 − 106

yr), are much higher than observed accretion rates of T Tauri type stars (typically
∼ 10−9 −10−7 M⊙ yr−1 , Gullbring et al., 1998; Calvet et al., 2004; White and Ghez,

2001; Podio et al., 2006). Statistical samples of low-mass protostars in nearby star
forming regions from large Spitzer surveys confirm and exacerbate the discrepancy between observed protostellar luminosities and those expected from isothermal
collapse models (Evans et al., 2009; Dunham et al., 2010, 2013). This “luminosity problem,” where observed luminosities imply accretion rates much lower than
those inferred from the lifetime of the embedded phase (Kenyon et al., 1990), argues strongly for time-variable accretion. Large, sudden luminosity changes in FU
Orionis objects have been tied to changes in M˙acc , suggesting that these sources
reflect brief, high-accretion-rate episodes in which stars may accumulate a signif-

19
icant fraction of their mass (Hartmann and Kenyon, 1985). Kenyon et al. (1990)
argue that invoking episodic accretion allows for most of the mass to be accumulated in the embedded phase, with an average accretion rate much higher than the
median accretion rate. Disk instabilities that drive highly variable accretion have
been explored both observationally (e.g. Banzatti et al., 2015) and theoretically (e.g.
Dunham et al., 2010; Vorobyov and Basu, 2010).
Many of the remaining uncertainties concerning the formation of low-mass stars
– for example, how is angular momentum extracted from the system? – apply
to intermediate- and high-mass star formation as well. Developing a more complete theory of star formation that includes the most massive sources is further
complicated by the fact that high-mass stars are found almost exclusively in clusters. Isolating individual protostars and determining how they interact with the
larger clump remains difficult with current observational facilities. However, observations of high-mass star-forming regions at the intersection of large filaments (e.g.
Galván-Madrid et al., 2010; Kirk et al., 2013; Peretto et al., 2013) indicate that the
larger environment may be important for feeding clustered star formation in general,
and high-mass star formation in particular. Indeed, clump dynamics may be essential to allow a massive star to form at all. For example, material falling into a larger
clump may supplement the growth of protostars at the center of the gravitational
potential, providing a distinct advantage for growing to high mass (e.g. Smith et al.,
2009).
1.3 Trouble scaling to higher masses and the advantage of studying intermediatemass stars
Several reasons contribute to the gap between theories of low- and high-mass star
formation. Massive stars are rare, so they tend to reside at larger distances and
few examples can be studied with spatial resolution comparable to their low-mass
counterparts. Large columns of gas and dust obscure the typical high-mass protostar, yielding the early stages of their development inaccessible to all but the longest

20
wavelengths. Krumholz et al. (2009) suggest a minimum surface density of 1 g cm−2
in order to suppress fragmentation and allow a protostar core to grow to high mass.
Probing the high-mass cores embedded in these high column density regions requires observations at long wavelengths where angular resolution tends to be poor.
Coarse spatial resolution due to distant sources and large beamsizes is particularly
problematic as massive stars are found almost exclusively in clusters.
Lastly, star formation happens faster for massive stars. How fast a protostar
evolves is determined by the rate at which it can radiate away gravitational potential
energy released in the collapse. This is the Kelvin-Helmholtz time,
τKH ∼

1 GM⋆2
2 r⋆ L ⋆

(1.1)

where G is the gravitational constant, M⋆ is the mass of the star, r⋆ is the radius
of the star, and L⋆ is the luminosity of the star. To understand how this timescale
changes for more massive stars, we first look at how the stellar radius, r⋆ , and
luminosity, L⋆ , scale with mass. On the main sequence, r⋆ ∼ M⋆ while L⋆ ∼ M⋆3

for stars more massive than the sun (Maoz, 2007). Applying these scaling relations,
we find that the Kelvin-Helmholtz time will decrease as τKH ∼ M⋆−2 . Thus, a 3 M⊙
star will evolve nearly an order of magnitude faster than a solar type star.

Data available at the present time remain insufficient to identify the dominant
physics of massive star formation. However, intermediate-mass stars (∼ 2 − 8 M⊙ )

sample the transition in stellar structure and dominant formation environment that
may require a different formation mechanism than low-mass stars (Testi et al., 1997).
As such, intermediate-mass stars may provide the best bridge between our relatively
mature understanding of low-mass star formation (e.g. Shu et al., 1987) and the
much-debated mechanism of high-mass star formation (e.g. Zinnecker and Yorke,
2007). Observationally, there are many advantages to studying intermediate-mass
stars. Unlike the highest mass stars, intermediate-mass stars are more numerous,
and therefore more populous nearby. They evolve faster than T Tauri stars, but
slower than O-type stars, so they become accessible at shorter wavelengths before
their formation is complete. Existing telescopes and instruments provide supe-
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rior spatial resolution in the optical and near-IR, allowing for better constraints
on the evolution of intermediate-mass stars once they emerge from their molecular cocoons. However, little work has been done on the accretion and outflow
properties of intermediate-mass stars (e.g. Takahashi et al., 2008) with most studies presenting detailed analysis of only a few objects (e.g. van Kempen et al., 2012;
Ellerbroek et al., 2013).
Herbig Ae/Be stars are the intermediate-mass analogs of low-mass T Tauri stars
– young stars that are sufficiently evolved to be studied in the optical, but with
IR colors that suggest remnant circumstellar material and spectroscopic signatures
of accretion (Herbig, 1960; Hillenbrand et al., 1992; Waters and Waelkens, 1998).
Observations of A-type stars (up to ∼ 4 M⊙ ) are consistent with a smooth scaling

of the disk-mediated accretion models for low-mass T Tauri stars (e.g. Calvet et al.,
2004; Muzerolle et al., 2004). However, changes in the stellar structure above & 1.5
M⊙ make it unclear whether intermediate- and high-mass stars accrete like their

low-mass counterparts. Magnetospheric accretion requires dipolar stellar magnetic
fields to connect the protostar to the disk, and funnel material from the disk to
the star. In particular, it is not settled whether intermediate-mass stars can generate magnetic fields of sufficient strength to support magnetospheric accretion from
the circumstellar disk. Surveys of Herbig Ae/Be stars find a low magnetic incidence of ≤ 10% (see, e.g. Wade et al., 2007). Derived upper limits on the magnetic
field strength are smaller than the minimum field strength required for magnetospheric accretion in both Herbig Ae and Be stars (derived from the models of
Johns-Krull et al., 1999b). More recent surveys with higher sensitivity to weaker
fields further constrain the average field strength of intermediate-mass protostars
to be an order of magnitude less than typically observed in T Tauri stars (e.g.
Alecian et al., 2013; Hubrig et al., 2015). However, the magnetic field strengths
measured for intermediate-mass stars remain highly uncertain, so it is possible that
the fields exist but remain undetected (see discussions in, e.g. Wade et al., 2007;
Alecian et al., 2013; Cauley and Johns-Krull, 2014).
Line polarization measurements of Herbig Ae/Be stars also hint at a transition in
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the disk geometry in this intermediate-mass range. Hα spectropolarimetry of Herbig
Ae stars suggests that their disks have an inner gap, consistent with expectations
for magnetospheric accretion. Unlike the Herbig Aes, the depolarized light observed
from B-type stars is consistent with a disk that extends to the stellar surface, permitting direct accretion onto the protostar (Vink et al., 2002, 2005). However, due
to their larger distances and shorter lifetimes, it is difficult to measure the disk
directly (e.g. Kraus et al., 2010). Most studies of the disks around intermediatemass stars therefore infer their properties from the kinematics of spectral lines (e.g.
Bik and Thi, 2004; Beuther et al., 2012; Ilee et al., 2013, 2014).
Evidence for circumstellar disks around Herbig Ae/Be stars that resemble those
around T Tauri stars argue strongly for massive stars forming via a scaled-up version
of low-mass star formation (e.g. Tan and McKee, 2003). Direct detection of disks
around massive stars themselves is difficult given their larger median distances,
higher optical depths, and shorter lifetimes (e.g. Beltrán et al., 2004; Beuther et al.,
2009; Kraus et al., 2010; Preibisch et al., 2011b; Carrasco-González et al., 2012).
For this reason, indirect accretion indicators have become an important way to
understand the evolution of more massive protostars. Protostellar outflows are observed from stars of all masses and although the physics of their launch and collimation are not yet fully understood, they must ultimately be powered by accretion
(e.g. Ferreira et al., 2006). Observed similarities in the physical properties of outflows from low- and high-mass stars suggest a common jet production mechanism
regardless of protostellar mass (Richer et al., 2000). Alternate formation pathways,
for example the coalescence of lower-mass cores, are unlikely to form collimated outflows (Bally and Zinnecker, 2005). Thus, the detection of collimated jets provides
compelling, though indirect, evidence of circumstellar disks (e.g. Guzmán et al.,
2012).
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1.4 Protostellar jets as a probe of star formation
Protostellar outflows are a beacon of star formation, signaling active disk accretion even in deeply embedded regions where the disk, and sometimes the protostars
themselves, cannot be detected directly. The longest jets extend parsecs on the
sky, encoding the accretion history of the protostars that drive them over a significant fraction of the accretion age (e.g. Marti et al., 1993; Devine et al., 1997;
Smith et al., 2004a). Thus, spatially resolved outflows can be a powerful tool to
study star formation at higher stellar mass where evidence for discs remains elusive (e.g. Kraus et al., 2010; Preibisch et al., 2011b; Carrasco-González et al., 2012).
Both observations and theory suggest that the jet mass-loss rate, Ṁjet , is a constant
fraction of the disk accretion rate, Ṁacc . Measurements of a sample of nearby,
low-mass sources for which the disk accretion paradigm has been studied in detail
suggest Ṁjet ∼ 0.01 − 0.1 × Ṁacc (Hartigan et al., 1995; Calvet, 1998). With a well-

established connection between accretion and ejection, spatially resolved outflows
offer one of the few ways to reconstruct the accretion history of the stars that drive
them.
Emission from protostellar outflows has been detected across the electromagnetic spectrum from X-ray emission generated in fast shocks (e.g. Favata et al.,
2002; Güdel et al., 2008) to centimeter wavelength emission from thermal and ionized jets (e.g. Anglada et al., 1992, 1994, 1996; Guzmán et al., 2011, 2012). A wide
range of morphologies are seen in the outflows from more massive protostars, from
collimated jets (e.g. Beuther et al., 2002a,b) to wide, bubble-like structures, possibly cleared by wide-angle winds (e.g. Shepherd and Kurtz, 1999) or even wide-angle
explosive phenomena like the Orion BN/KL outflow (Bally et al., 2011). Growing evidence suggests that outflows may be driven by some combination of a collimated jet and a wide-angle wind, with different components dominating at different
times (see, e.g. Seale and Looney, 2008). For more massive protostars (M ≥ 2 M⊙ ),

Beuther and Shepherd (2005) have proposed an evolutionary scenario where ionizing radiation from the forming star increases the plasma pressure at the base of
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the outflow to the point that it overwhelms magnetic collimation, leading to wider
opening angles. Young O-type stars cannot create jet-like outflows in this scenario.
However, collimated jets from young, massive protostars have since been observed
(e.g. Guzmán et al., 2011, 2012; Codella et al., 2013), making the relationship between outflow collimation and protostellar mass unclear.
Outflows from young, intermediate-mass protostars are typically observed at millimeter wavelengths where emission from entrained molecules penetrates the high
column densities that characterize massive star-forming regions (e.g. Fuente et al.,
2001; Takahashi et al., 2007; Beuther et al., 2008; Beltrán et al., 2008). Interaction
between the protostellar jet and ambient gas in the star forming cloud has been
proposed as a mechanism to create molecular outflows. A collimated jet may power
the wider-angle outflows seen at longer wavelengths (see e.g. Hartigan et al., 1994),
but this largely neutral jet will remain invisible behind large columns of gas and
dust in typical star forming regions. Raga and Cabrit (1993) offer a simple analytical model where molecular outflows are the product of environmental gas being
entrained by a protostellar jet. While some molecular outflows are well-described
by jet-entrainment (see, e.g. Zinnecker et al., 1998; Arce and Sargent, 2005, 2006),
others show a conical morphology and broader range of velocities in the outflowing
gas that are better explained by a wide-angle wind launched from the protostellar
disc (e.g. Nagar et al., 1997; Klaassen et al., 2013; Salyk et al., 2014). A full evolutionary scenario may involve a combination of these two, with different components
dominating at different times (e.g. Shang et al., 2006; Zapata et al., 2014). In either
case, the outflow will clear material along the jet axis, creating a polar cavity as it
travels through the protostellar envelope and into the surrounding molecular cloud.
Clearing of the protostellar envelope may explain the apparent decrease in collimation of molecular outflows associated with more evolved sources (Arce and Sargent,
2006).
Contradictory conclusions about the nature of outflows from intermediatemass stars calls into question how much environment dictates the observed differences in the outflows from low- and high-mass protostars (e.g. Arce et al.,
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2007). Some outflows driven by intermediate-mass protostars look like scaled-up
low-mass star outflows (e.g. McGroarty et al., 2004; Guzmán et al., 2011, 2012;
Ellerbroek et al., 2013, 2014). Others have morphologies that are apparently incompatible with the physical interpretations of jet emission from low-mass protostars
(e.g. Shepherd et al., 2003, who do not find jet-like near-IR emission or evidence
for fast, dissociative shocks as seen in low-mass stars, see Section 1.4.1). Mounting evidence suggests that all stars may drive a collimated jet, despite uncertainty
about whether the dominant physics of formation may change between low and high
masses (e.g. Garay et al., 2003; Caratti o Garatti et al., 2008; Agra-Amboage et al.,
2009; Guzmán et al., 2012; Codella et al., 2013; Duarte-Cabral et al., 2013).
In the unobscured environment outside the natal cloud, optical and near-IR
emission lines can be used as a tracer of the protostellar jet (e.g. Sepúlveda et al.,
2011). Longer wavelength emission lines from shock-excited molecules, on the other
hand, sample embedded parts of the outflow propagating through a molecular cloud
(e.g. Noriega-Crespo et al., 2004). In this thesis, we refer to the jet as the fast,
highly collimated stream of gas launched near the poles of the protostar and the
outflow as the slower, wide-angle component of outflowing gas that either originated
in the protostellar disk, or in the ambient medium that was entrained by shocks
in the passing jet. Because the different tracers of the jet require very different
environments and conditions to excite, it is not always possible to observe multiple
jet components simultaneously. In the following section, we describe the various
tracers used to study protostellar jets and outflows.
1.4.1 Observational Tracers
The most commonly used tracers of jets and outflows are molecular and atomic
emission lines excited in shocks. Shocks develop where the protostellar jet either collides with the ambient medium (often entraining gas into an outflow in
the process, see Section 1.5) or in the jet itself when faster material catches up
with and overtakes slower material. The details of the shock emission will depend
on the ambient medium and the specific parameters of the shock itself (see, e.g.
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Hartigan et al., 1994). Different shock tracers (e.g. Hα, [Fe ii]) will trace different physical conditions in the post-shock gas, requiring a variety of tracers to
probe the full complement of jet properties. Common shock tracers like SiO and Fe
are depleted in the ISM, but will be liberated from grains by sputtering in shocks
in the protostellar outflow (e.g. Flower and Pineau des Forets, 1994; Jones et al.,
1994; Flower and Pineau des Forets, 1995; Flower et al., 1996; Field et al., 1997;
Schilke et al., 1997).
Indeed, shock-excited emission-line nebulosities were among the first observed
signatures of bipolar outflows from protostars. Herbig-Haro (HH) objects were first
detected in emission-line images and noted for their non-stellar nature (Herbig,
1950, 1951; Haro, 1952, 1953). These optical emission line nebulosities could not be
explained as circumstellar material illuminated by an embedded young star. Spectra
revealed oppositely-directed radial velocities of knots located on either side of a
common center, connecting HH objects to bipolar ejection in protostellar jets (e.g.
Dopita et al., 1982; Mundt and Fried, 1983). Low excitation forbidden emission
lines like [O i], [S ii], and [N ii] seen in HH objects also appear as high velocity
emission lines from stars themselves, connecting larger scale evidence of outflow
to the jet launched near the surface of the protostar (e.g. Edwards et al., 1987;
Cohen et al., 1988; Hamann, 1994; Ouyed and Pudritz, 1994). With large format
detectors and higher precision kinematic measurements, it became clear that chains
of HH objects spread over parsec scales could have a common origin in a single flow
(e.g. Marti et al., 1993; Devine et al., 1997; McGroarty et al., 2004; Smith et al.,
2004a). For the typical outflow velocity measured from low-mass stars (∼ 100 km
s−1 ), this means that the longest jets trace outflow activity over a significant fraction
of the protostellar accretion age. Spectra of optical emission lines have been used
to diagnose the physical properties of outflows (e.g. Bacciotti and Eislöffel, 1999)
assuming only collisional excitation of the jet, providing a simplified way to assess
the physical properties of protostellar jets in relatively quiescent regions.
Shocked H2 (e.g. Stanke et al., 2002; Davis et al., 2009; Zhang et al., 2013)
and shock-excited atomic emission lines from Herbig–Haro (HH) objects (e.g.
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Wang and Henning, 2009) often offer the only evidence of a collimated protostellar
jet. Emission at UV, visual, and IR wavelengths traces the bare jets emerging from
more evolved, unembedded sources (e.g. Reipurth et al., 1998; Bally and Reipurth,
2001; McGroarty et al., 2004; Podio et al., 2006, 2009). Multiwavelength observations are crucial to constrain the excitation conditions in the gas, allowing for
better estimates of jet physical properties, as well as accretion and outflow rates
(e.g. Ayala et al., 2000; Nisini et al., 2005; Podio et al., 2006; Bacciotti et al., 2011;
Ellerbroek et al., 2013). Simultaneous observation of jet tracers at visual and IR
wavelengths is increasingly possible with the advent of new spectrographs providing
simultaneous spectral coverage from the near-UV to the near-IR (e.g. X-shooter on
the VLT, Vernet et al., 2011). Combining optical and IR diagnostics can provide
additional constraints on the local extinction to the base of the jet (e.g. Ayala et al.,
2000) and estimates of physical conditions in the jet without assuming ionic abundances (e.g. Giannini et al., 2013).
In the near-IR, H2 and [Fe ii] are the most prominent jet emission lines. Surveys
targeting the H2 1-0 S(1) line at 2.12 µm have revealed jets and outflows from young
stars in several star-forming regions (e.g. Davis et al., 2001, 2002; Stanke et al., 2002;
Davis et al., 2009, 2010; Khanzadyan et al., 2012; Zhang et al., 2013). Extended H2
outflows have been detected from both Class I and Class II sources (e.g. Davis et al.,
2001, 2002). Davis et al. (2002) argue that H2 emission may trace the molecular
counterparts to HH jets seen in the optical (or, alternately, excited molecules in
the walls of the outflow cavity created by the passing jet). Near-IR [Fe ii] emission appears to be more closely related to the jet itself (e.g. Davis et al., 2003;
Giannini et al., 2013; Antoniucci et al., 2014). Multiple [Fe ii] lines are detected in
protostellar jets, allowing them to be used as a diagnostic of the physical conditions,
especially in embedded jets (e.g. Nisini et al., 2002; Pesenti et al., 2003). Both H2
and [Fe ii] emission are often interpreted in the context of shocks in the outflow and
both are important coolants for protostellar jets. Whether H2 or [Fe ii] dominates
the jet cooling appears to depend on the environment (more embedded jets will have
more molecules), and indeed, each traces a different portion of the jet when both are
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detected (e.g. Reipurth et al., 2000; Davis et al., 2003; Garcia Lopez et al., 2008).
Strong shocks may dissociate H2 , but [Fe ii] may be bright as its high critical
density (ncrit ∼ 3 × 104 cm−3 ) make it an excellent tracer of the high-density cool-

ing zone following a jump shock. Jump shocks, also known as J-type, are sharp

discontinuities in the flow created by higher speed shocks (≥ 40 km s−1 ) that are
more likely to dissociate molecules. In contrast, continuous shocks (C-type) tend
to be slower, allowing molecules to survive and therefore for H2 emission to be the
favored tracer. Magnetic fields in the jets can alter the shock emission, although
observationally it is difficult to distinguish between a fast shock in a magnetized jet
and a slower, non-magnetic jet (Hartigan et al., 1994).
High velocity forbidden emission lines in spectra have been used to study the
kinematics of protostellar jets close to their driving sources. Many jets appear
to have multiple velocity components sampling different densities and likely different components of the outflow (e.g. Hartigan et al., 1995; Hirth et al., 1997;
Takami et al., 2006; Garcia Lopez et al., 2008). High-velocity emission is most often
associated with the protostellar jet, while low velocity emission is often interpreted
as either evidence for a disk wind (e.g. Takami et al., 2006; Rigliaco et al., 2013)
and/or material that has been entrained by the jet (e.g. Davis et al., 2002; Pyo et al.,
2003; Garcia Lopez et al., 2008). Low- and high-velocity components have been observed in jets from low-mass T Tauri stars with velocity differences between the
core of the jet and the off-axis wings of as much as ∼ 100 km s−1 (e.g. DG Tau,

Bacciotti et al., 2000; Pyo et al., 2003). This onion-like velocity structure, where the
highest velocity gas is confined to a highly collimated jet, surrounded by lower velocity, wider-angle layers (as the layers of an onion) is predicted by theoretical models
(see Section 1.5). Outflow velocities inferred from the red and blue wings of forbidden emission lines suggest that intermediate-mass stars may drive faster outflows
than their low-mass counterparts (Mundt and Ray, 1994; Corcoran and Ray, 1997).
Combining the outflow velocity with line luminosities allows them to be used to determine the kinematics and mass-loss rates of protostellar jets (e.g. Hartigan et al.,
1995; Corcoran and Ray, 1997; Pesenti et al., 2003; Hartigan et al., 2004).
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Multi-epoch, high angular resolution images reveal the motion of jets in the
plane of the sky. Transverse velocities measured perpendicular to the line-of-sight
complement the Doppler velocities obtained with spectra. Combining proper motions and radial velocities from spectra yields the three-dimension outflow velocity
structure. Proper motions studies (e.g. Devine et al., 1997; Hartigan et al., 2001,
2005; Yusef-Zadeh et al., 2005; Hartigan and Morse, 2007; McGroarty et al., 2007;
Hartigan et al., 2011; Zhang et al., 2013) have shown that jets tend to move ballistically, although differences in individual knot velocities suggest the development of
larger-scale shock features over longer timescales (e.g. Raga et al., 1988, 2012).
Molecular emission has been observed from multiple outflow components – from
the high velocity, collimated jet (e.g. Gueth and Guilloteau, 1999; Codella et al.,
2013) to the broad outflow lobes that appear to be more consistent with entrained
gas (e.g. Arce and Goodman, 2001a) or a wide-angle disk wind (e.g. Klaassen et al.,
2013). Molecular outflows are most readily observed in young star forming regions where the protostars remain embedded and there are ample molecules to
be entrained by the jet (e.g. Shepherd and Churchwell, 1996; Beltrán et al., 2008;
Beuther et al., 2008; Forbrich et al., 2009; Fuente et al., 2009; Ginsburg et al., 2011;
Takahashi and Ho, 2012). Different theoretical models exist to explain the wide
range of observed morphologies. Many of these pertain to how an underlying jet
may entrain a molecular outflow and predicting the expected morphology (see Figure 2 and discussion in Arce et al., 2007). Highly collimated, jet-like outflows (e.g.
Raga and Cabrit, 1993) and shell-like morphologies observed in some molecular outflows (e.g. Narayanan and Walker, 1996; Arce and Goodman, 2001b) support the
jet-driven scenario as they are well-explained by episodic entrainment by a variable
underlying jet. However, jet-driven models of molecular outflows have trouble reproducing the observed momentum of molecular outflows and not all wider-angle
flows can be explained as evolved outflow cavities. One solution to this discrepancy
is to invoke a model where a jet and wide-angle disk wind coexist with different
components dominating at different times (see Section 1.5).
Jet-driving protostars located near cloud edges or in small, isolated globules
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may provide the missing observational link between jets and outflows. One side
of the jet will quickly emerge from the cloud, propagating into the diffuse, relatively transparent environment outside the cloud. At the same time, the counter-jet
plows deeper into the molecular cloud where its presence is revealed by the excitation of molecules in the outflow lobe it creates. Multiwavelength imaging and
spectroscopy are key to identify multiple outflow components in a given source.
For example, HH 46/47 emerges from a cloud edge making it possible to observe
the jet itself outside the cloud at visual wavelengths (e.g. Antoniucci et al., 2008;
Garcia Lopez et al., 2010; Hartigan et al., 2011) and the entrained molecular outflow inside the clouds at mid-IR and longer wavelengths (e.g. Noriega-Crespo et al.,
2004; Arce et al., 2013). Jets and outflow lobes have been seen to coexist in several
protostellar sources (e.g. HH 111: Nagar et al. 1997; Lefloch et al. 2007; HH 46/47:
Noriega-Crespo et al. 2004; Arce et al. 2013; and HH 300: Reipurth et al. 2000;
Arce and Goodman 2001b).
Extended Green Objects (EGOs Cyganowski et al., 2008), sources detected with
Spitzer /IRAC that have spatially extended 4.5 µm emission (often color-coded green
in three color images, hence the name), appear to trace shock-excited H2 emission
along the axes of protostellar outflows. Other signatures of protostellar outflows
such as masers (Cyganowski et al., 2011a, 2013), high velocity molecular emission
(Cyganowski et al., 2011b) and near-IR H2 emission tracing a collimated, linear
outflow (e.g. Caratti o Garatti et al. 2015; Hartigan et al. 2015, although this is
not always the case, see, e.g. Lee et al. 2013) have been detected in many Spitzer identified EGOs. With the advent of the Herschel Space Observatory, water has
also become an important tracer of shocks in outflows from low-mass protostars
(e.g. Kristensen et al., 2011). Many far-IR cooling lines have also been studied in
detail between Spitzer and Herschel (e.g. Podio et al., 2012)
In this thesis, we employ a different method to detect and study protostellar jets.
Unlike the observational approaches described above, this method does not require
the jet to run into something (either itself or material in the environment) in order to
be seen. Instead, we select jets propagating into an H ii region where UV radiation
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from nearby massive stars acts like a spotlight. External irradiation photoionizes the
jet body, illuminating outflowing material that is not excited in shocks and would
therefore remain invisible in more quiescent environments. Irradiated jets offer the
only way to see all the material in the jet, including cold material in the body of
the jet (not excited in shocks) and material outside the main column of the jet,
providing a more complete census of the jet. Examples of irradiated jets where the
theory of photoionized gas was used to determine their physical properties include
Reipurth (1989); Bally and Reipurth (2001); Yusef-Zadeh et al. (2005); Bally et al.
(2006); Smith et al. (2010); Ellerbroek et al. (2013, 2014).
1.5 Jet theory
The idea that angular momentum may be carried away by an outflow launched from
an accretion disk was put forth by Blandford and Payne (1982). In that seminal
work, Blandford and Payne (1982) propose a self-similar magneto-hydrodynamic
(MHD) model of a wind that is centrifugally launched from an accretion disk
that is threaded by a magnetic field inclined less than 60◦ relative to the disk.
Pudritz and Norman (1983, 1986) adopted this model from its original form describing accretion disks around black holes to describe the launching of protostellar jets
from the dense molecular disks around young stars. The same underlying physics
appears to operate over ∼ 10 orders of magnitude, driving jets from sources as

diverse as brown dwarfs to active galactic nuclei (e.g. Livio, 2004). Resolved ob-

servations of the central engine are required to clarify the physics that launch and
collimate jets. However, two theoretical models are currently favored to explain the
generation of collimated outflows from accreting protostars.
1.5.1 Disk winds
Disk winds, as first proposed by Blandford and Payne (1982) and adapted for protostars by Pudritz and Norman (1983, 1986), invoke a magnetic field threading the
disk to lift material from the disk surface into an outflow. Material flows along the
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open field lines threading the disk. The rotating gas twists magnetic field lines,
leading to a magnetic field configuration where the toroidal component dominates.
The resulting tension force associated with the toroidal field leads to a component of
the Lorentz force that is directed radially inward, pinching the jet into a collimated
flow. Highly collimated streams may begin as a broader wind that gets forced into a
narrower geometry by the magnetic field threading the disk (Kwan and Tademaru,
1988). Pudritz et al. (2006) explored a range of disk magnetic field geometries to
test how they affect the rotation speed and collimation of the resulting jets.
Jet collimation, density, and variability all depend on the “mass load” (e.g.
Ouyed and Pudritz, 1997a,b, 1999). The mass load describes how disk material is
loaded onto the magnetic field lines that thread the disk and is derived through
the combined requirements that both mass and angular momentum are conserved.
The resulting expression for the mass load, k, relates the mass density, ρ, poloidal
velocity, vp , and the poloidal component of the magnetic field, Bp , in the outflow,
k=

ρvp
.
Bp

(1.2)

A jet with a higher mass load may have a higher density and stronger toroidal field.
Time-variable mass loading has been shown to be a viable mechanism for creating
the periodic behavior observed in some jets (e.g. Ouyed and Pudritz, 1999).
The terminal speed of a disk wind, v∞ , depends on the escape speed from the
disk at the launch point of the outflow (at a radius r0 in the disk). As a result, the
terminal speed scales with the disk radius. For a disk wind launched from a range
of radii, this results in an onion-like velocity structure (with high velocities observed
along the outflow axis, surrounded by slower layers, see Section 1.4.1). Disk winds
launched from deeper gravitational potentials (as may be the case for more massive
protostars) will have higher terminal speeds. In addition, the rotation speed of the
jet will depend on the Keplerian velocity in the disk at the point where the wind
was launched. For the few sources that show evidence for rotation, the measured
rotation speed suggests a range of launch radii spanning a few AU in the disk (e.g.
Bacciotti et al., 2002; Coffey et al., 2004; Woitas et al., 2005).
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If the disk loses angular momentum at precisely the rate that angular momentum
is carried away by the wind (e.g. Pudritz, 1986; Pelletier and Pudritz, 1992), then
the accretion and outflow rates can be shown to be related by the magnetic lever
arm. Specifically,
Ṁacc ≈

µ

rA
r0

¶2

Ṁw

(1.3)

where ra is the Alfvén point (where the accelerating gas first reaches the Alfvén
speed), r0 is radius of the footpoint of the flow in the disk, and their ratio rA /r0 is
the magnetic lever arm (the distance to which accelerating gas continues to corotate
with the disk, see, e.g. Pudritz, 1986). Theoretical expectations for the lever arm
are rA /r0 ∼ 3, consistent with the ∼ 10% efficiency measured in classical T Tauri

stars (e.g. Hartigan et al., 1995; Calvet, 1998).

The ejection efficiency in the disk wind varies inversely with the lever arm. If
the surface of the disk is heated (“warm” solutions), more mass will be loaded onto
the magnetic field lines threading the disk, increasing the ejection efficiency (and
leading to correspondingly smaller magnetic lever arms). In contrast, cold disks
load less mass into the outflow, leading to large lever arms (see, e.g. Ferreira, 1997;
Casse and Ferreira, 2000; Ferreira et al., 2006). The observed outflow efficiency of
∼ 10% (Hartigan et al., 1995; Calvet, 1998) appears to favor warmer solutions with
smaller lever arms. Measurements of the jet width as a function of distance from

the driving source also support warm solutions (see, e.g. Figure 2 in Ray et al.,
2007). This outflow efficiency appears to remain essentially constant as the protostar evolves despite the decline of the accretion rate (e.g. Caratti o Garatti et al.,
2012). Similarities in the observed properties of jets driven by sources as disparate at brown dwarfs (e.g. Bourke et al., 2005; Whelan et al., 2005) and AGN
(e.g. Carilli and Barthel, 1996) suggest a common launch mechanism. Smooth extension of the outflow efficiency to higher masses provides additional evidence that
more massive stars grow via disk accretion (Königl, 1999).
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1.5.2 X-winds
Like disk winds, “X-wind” theory invokes a magnetocentrifugally driven outflow.
The key difference is that the X-wind includes the strong magnetic field generated
by the young star itself in addition to the magnetic field threading the disk. Near
the protostar, the interaction of the disk and stellar fields at the “X-point” will
truncate the inner disk (Shu et al., 1994a,b). This anchors the magnetic field to
the radius where the stellar magnetosphere truncates the disk, confining the outflow
launch point to small range of disk radii. The density structure of the outflowing gas
asymptotes to a dense cylindrical column that will be surrounded by a slower, wideangle component (Shu et al., 1995). Additional low velocity emission may come
from an associated disk wind (see, e.g. Shang et al., 2007).
Accretion in X-wind theory is magnetospheric by nature, allowing material to
flow along disk field lines that bend inward, streaming material toward the star.
Open field lines that bend outward launch the magnetocentrifugal wind that carries
material away from the star. The X-wind model predicts that the mass-loss rate in
the outflow is a fraction of the mass accretion rate (although at a somewhat higher
efficiency than disk winds, see, e.g. Richer et al., 2000).
Other mechanisms may contribute to, although not necessarily dominate, the
stream of outflowing gas. Collimated stellar winds may contribute to blue-shifted
absorption of high-excitation lines (e.g. Edwards et al., 2003) although these winds
are unlikely to dominate the mass-flux of protostellar jets (see discussion in
Ferreira et al., 2006). Other outflows, such as the Becklin-Neugebauer / KleinmannLow (BN/KL) outflow in Orion OMC1, show evidence for violent processes related
to the dynamical interaction and ejection of high-velocity stars that creates an explosive morphology (Bally et al., 2011; Goddi et al., 2011). Different outflow components dominating in different systems likely contributes to the observed diversity
of outflows.
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1.5.3 Variable accretion and outflow
Time-variable accretion has been proposed as a solution to the luminosity problem
(see Section 1.2). Brief, infrequent but intense bursts of accretion where stars accumulate mass at a rate orders of magnitude higher than the modest rates observed
in quiescence may provide a significant fraction of the stellar mass in relatively few
events. Given the close relationship between accretion and outflow, the increase
in the accretion rate should create a corresponding increase in the mass-loss rate.
Indeed, structure observed along the axis of spatially resolved protostellar jets suggest time-variable ejection. Episodic mass-loss in protostellar jets creates multiple
knots tracing the enhanced outflow that accompanied the rapid accretion of an FU
Orionis-type outburst (Reipurth, 1989; Hartigan et al., 1990; Reipurth et al., 1992).
High luminosity HH jet-driving sources appear to be consistent with protostars in
an FU Orionis type outburst state (Reipurth and Aspin, 1997).
Accretion rates have been observed to increase sharply with stellar mass (e.g.
Muzerolle et al. 2005; Natta et al. 2006, although this remains controversial, see
e.g. Clarke and Pringle 2006), so it is unclear whether intermediate-mass stars
must also accrete discontinuously. Nevertheless, outbursts have been observed from
intermediate-mass sources (e.g. Hinkley et al., 2013), suggesting that variable accretion may be ubiquitous. How this variability depends on stellar mass and evolutionary stage is poorly understood, and constraints remain elusive given the small
number of well-characterized sources (see, e.g. Miller et al., 2011; Green et al., 2013;
Hinkley et al., 2013).
Clumps in spatially resolved protostellar outflows offer another avenue to study
time-variable accretion in intermediate-mass stars, provided the degeneracy between changes in the ejection velocity and the mass-loss rate can be broken (see
Yusef-Zadeh et al., 2005). A dense clump in a jet with a smooth velocity structure
provides compelling evidence for a recent accretion burst (in contrast to a density
enhancement in a post-shock cooling zone, where we would expect the knot to correspond to a drop in the jet velocity). Observations of the velocity of molecular gas
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in the vicinity of variable jets also reveals the time-variable nature of protostellar
outflows (see, e.g. Narayanan and Walker, 1996; Arce and Goodman, 2001a).
1.5.4 Feedback from protostellar outflows
Various jet properties and morphologies, such as asymmetries (e.g. Reipurth et al.,
1998; Bally and Reipurth, 2001), wiggles and gaps (e.g. de Gouveia dal Pino et al.,
1996), the degree of collimation (Mundt et al., 1991), and decreasing knot velocities have been explained by interaction with different kinds of environments. On
the other side of that same coin, feedback from protostellar outflows may help resolve some outstanding issues regulating star formation on larger scales. Momentum
injection from protostellar jets and outflows may support local turbulence in starforming clouds (although it may not be sufficient to support turbulence throughout
the cloud, see, e.g. Arce et al., 2010; Offner and Arce, 2014). Turbulence is often
invoked to explain the low efficiency of star formation. However, it must be replenished regularly in order to support the level of turbulence that is typically observed
(see, e.g. Larson, 1981).
Studies of molecular outflows driven by embedded protostars in more quiescent
environments (not H ii regions) suggest that the outflow momentum flux decreases
as the driving source evolves. Specifically, observations of low-excitation CO lines in
molecular outflows find that the momentum flux in the outflow decreases as the mass
in the envelope decreases (Bontemps et al., 1996a; Beltrán et al., 2008; Curtis et al.,
2010; van der Marel et al., 2013), which is interpreted as a reflection of declining accretion rates in more evolved protostars. However, Bontemps et al. (1996a) measure
the CO momentum flux near the driving source assuming that the combined momentum flux of the inner jet and “classical” CO outflow is conserved along the flow
direction. In order to compare these results to the estimated momentum injection of
protostellar jets, it is critically important to understand the efficiency of momentum
transfer between the jet and the ambient gas that is swept up in the CO outflow.
Structure in images and position-velocity diagrams points to prompt entrainment as the dominant mechanism to transfer momentum from the jet to the out-
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flow and environment. Shell-like morphologies observed in molecular outflows (e.g.
Narayanan and Walker, 1996) suggest periodic acceleration by an episodic jet. Kinematics in position-velocity diagrams also suggest prompt entrainment (see, e.g.
HH 300, Arce and Goodman, 2001a). Hubble-wedges, where low velocities close
to the driving source build toward a peak velocity far from the source before dropping precipitously, trace the acceleration of material dominated by a single “kick.”
This suggests that the majority of the momentum transfer to the environment will
happen when the jet turns on, or in the case of episodic jets (see Section 1.5.3), each
time the jet turns up (losing mass at a higher rate corresponding to an accretion
burst, see Croswell et al., 1987).
1.6 HH jets in Carina
Most outflows driven by intermediate- to high-mass protostars have been observed via the millimeter emission of entrained molecules or free-free emission from
the inner jet (e.g. Beuther et al., 2008; Forbrich et al., 2009; Fuente et al., 2009;
Takahashi and Ho, 2012). However, in young clusters, accreting protostars reside
alongside high-mass stars that are already on the main sequence. Massive O-type
stars bathe those protostars in UV radiation, and this external radiation illuminates
the unshocked material in the body of the outflow, allowing for better constraints
on the jet properties using the diagnostics of photoionized gas. UV radiation also
erodes the circumstellar environment that would normally obscure an actively accreting protostar. Few irradiated jets have been studied in detail, and most that have
been studied are driven by low-mass protostars (e.g. in Orion, see Reipurth et al.,
1998; Bally et al., 2000; Bally and Reipurth, 2001; Bally et al., 2006). A sample of
intermediate-mass protostars caught actively accreting would provide valuable clues
to the underlying mechanism that may unify low- and high-mass star formation in
the critical 2 − 8 M⊙ regime.

Targeted Hα observations with HST revealed the largest known population of

collimated jets from intermediate-mass protostars in a single region (Smith et al.,
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2010). These spectacular bipolar jets emerge from the heads of dust pillars protruding into the giant H ii region created by ∼ 70 O-type stars in the Carina nebula

(Smith et al., 2004a, 2010). Ultraviolet (UV) radiation scorches the jets, rendering

the highly collimated jet core optically visible, unlike the deeply embedded outflows
driven by other protostars of similar mass (e.g. NGC 2071, L1641-N, and OMC1 S). External irradiation illuminates unshocked material that would otherwise remain invisible, allowing for estimates of the mass-loss rate using the diagnostics
of photoionized gas (see, e.g. Bally and Reipurth, 2001). Smith et al. (2010) used
the Hα emission measure to estimate the mass-loss rate of these jets (M˙ w ∼ 10−7
M⊙ yr−1 ), pointing toward high accretion rates (assuming M˙ w = 0.10 × M˙acc ) that

suggest more massive protostars than the typical jet-driving protostar in Taurus
(e.g. Hartigan et al., 1995) or Orion (e.g. Bally et al., 2006). High luminosities

of the driving sources [derived from the IR Spectral Energy Distribution (SED);
Povich et al. 2011 and Ohlendorf et al. 2012] indicate protostellar masses of 0.9 M⊙
≤ M ≤ 7.5 M⊙ . Thus, the powerful jets in the Carina nebula sample accretion and

outflow activity throughout the poorly understood intermediate-mass range.

Within the macro environment of the Carina Nebula, the 40 HH jets probe a
range of local environments, from unobscured protostars driving microjets in the
middle of the H ii region to bright jets emerging from deeply embedded protostars
in dense globules far from the massive star clusters. The jet-driving source can
be identified in the Hα images for 8 of the jets. In this thesis, we pursue a nearIR imaging campaign targeting the 12 jets and candidate jets with a candidate
driving source identified from a catalog of Young Stellar Objects identified with
Spitzer (Povich et al., 2011). The driving sources for the other half of the jets
discovered by Smith et al. (2010) remain undetected. The HH jets in Carina are
distributed throughout the H ii region and therefore sample varying levels of incident
UV irradiation as well as a range of environments from high-density globules to
relatively diffuse dust pillars that only partially extinct the jet and driving source.
Using the powerful HH jets in the Carina Nebula to probe the physics of
intermediate-mass star formation requires both confirmation of their driving sources
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and a more complete census of their physical properties. In this thesis, we employ multi-wavelength imaging and spectroscopy to address both issues. The high
angular-resolution and sensitivity achievable with HST are required to identify the
varying surface brightness features of the highly collimated jets against bright emission scattered from nearby clouds and pillars. In addition, many of these sources
emerge from dust pillars outlined by a bright ionization front. Where multiple
epochs are available, HST ’s stable PSF allows measurement of the motion of jet
knots in the plane of the sky. The imaging analysis is complemented with optical spectra from the European Space Observatory (ESO) Multi-Mode Instrument
(EMMI) on the New Technology Telescope (NTT) and IR spectra from the FoldedPort InfraRed Echellette (FIRE) on the Magellan Baade telescope. Doppler shifts
in bright emission lines reveal the radial motions of the jet and, when combined
with proper motions, the full 3D motions of the jet.
1.6.1 Near-IR [Fe ii] emission as a tracer of neutral material in HH jets
In this thesis, we employ the λ12567 and λ16435 [Fe II] lines, which probe the lowionization material in the HH jets that is not traced by Hα. While photons with
hν > 13.6 eV are absorbed at the ionization front, far-UV radiation (7.6 − 13.6

eV) can still penetrate into the dense, neutral portions of these jets, providing
a population of singly ionized iron that traces the otherwise invisible column of
neutral atomic gas in the jet. These [Fe II] transitions have a high critical density
(ncrit ∼ 3 × 104 cm−3 ), and so they trace the dense gas that might make up most of
the mass of the jet.

Near-IR [Fe ii] emission at 1.26 µm and 1.64 µm is often assumed to be shockexcited (e.g. because it is seen in supernova remnants, see Morel et al., 2002) in
protostellar jets, although this is not necessarily the case in regions with significant
FUV radiation. When infrared [Fe ii] emission is produced by photoexcitation, it
requires strong FUV radiation, but the gas must be shielded from Lyman continuum
in order to prevent ionization to Fe++ (the Fe+ ionization potential is 16.2 eV).
Regardless of the excitation mechanism for the [Fe ii] emission (shocks or FUV
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radiation), the fact that Fe+ survives provides a key constraint on the density in the
jets. Furthermore, the [Fe ii] surface brightness in these jets is an order of magnitude
or more higher than that measured in the ionization fronts in the dusty pillars from
which the jets emerge, demonstrating that they are not simply extensions of the
pillar ionization front.
Near-IR [Fe ii] lines can also penetrate the extinction inside the dusty birthplaces of these jets, allowing us to connect the larger Hα outflows to the IR-bright
protostars that drive them. Smith et al. (2004a) showed the near-IR [Fe ii] emission
clearly traced the HH 666 jet in Carina inside the molecular globule, connecting the
larger outflow to the bright IR source that drives it. Both [Fe ii] 1.26 µm and 1.64
µm originate from the same a4 D level, so their flux ratio is insensitive to excitation
conditions. Variations in the flux ratio along the jet therefore provide one way to
measure variations in the reddening of the immediate jet environment.
In practice, using the ratio, R = λ12567/λ16435, to measure the reddening re-

quires both an accurate measurement of the intrinsic flux ratio of the two lines and

an extinction law appropriate for the environment (Gredel, 1994). However, the
iron atom is complex and often excited in complicated environments (e.g. shocks in
HH jets, Hartigan et al., 2004), making it difficult to determine an accurate value
of the intrinsic ratio. Theoretical efforts to constrain the intrinsic flux ratio require
simplifying assumptions (e.g. Nahar and Pradhan, 1992), producing estimates that
range from R = 1.04 − 1.36 (e.g. Nussbaumer and Storey, 1988; Quinet et al., 1996;

Bautista and Pradhan, 1998; Deb and Hibbert, 2011). The ∼ 30% discrepancy in

the intrinsic ratio predicted by different theoretical models corresponds to a difference in the estimated extinction of nearly AV ≈ 3 mag.

If the reddening has been measured by other means, the intrinsic [Fe ii] ratio may

be empirically determined (e.g. Gredel, 1994). Recent measurements of R in HH 1

yield values among the theoretical values, R = 1.11 − 1.20 (Giannini et al., 2015).

Using X-shooter spectra from the UV to near-IR, Giannini et al. (2015) derive the

extinction toward HH 1 from hydrogen recombination lines, atomic fine structure
lines, and H2 ro-vibrational lines. The AV derived from each of these methods
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differ, ranging from AV ≈ 0 − 0.3 mag, although it is not clear which of these values
best corresponds to the [Fe ii] emitting region. Giannini et al. (2015) argue that

patchy extinction is unimportant (shorter wavelength lines are not observed to be
more opaque), and therefore estimate the intrinsic [Fe ii] ratio assuming that the
extinction ranges from Av = 0 − 0.8 mag.

Earlier measurements of R in P Cygni from Smith and Hartigan (2006) using

AV = 1.89 measured by Lamers et al. (1983) yield a higher intrinsic ratio, R = 1.49.

Indeed, the raw λ12567/λ16435 ratio that Smith and Hartigan (2006) measure in
spectra before correcting for extinction (1.25) is higher than the upper bound estimated by Giannini et al. (2015). Smith and Hartigan (2006) argue that reddening
and electron density are relatively uniform across the observed region, as the ratios
of [Fe ii] lines used to probe each quantity show little spatial variation. Unresolved
patchy extinction and uncertainties in the exact form of the extinction law appropriate for the different regions likely contribute to the large discrepancy in the observed
values.
Over the small wavelength range considered with R = λ12567/λ16435, dif-

ferent extinction laws do not produce substantially different results. For exam-

ple, the extinction laws of Rieke and Lebofsky (1985), Cardelli et al. (1989), and
Weingartner and Draine (2001) do not produce appreciably different values of the
reddening when applied to the same [Fe ii] ratio (see, e.g.

the discussion in

Giannini et al., 2015).
1.6.2 Jet kinematics
Detailed jet mass-loss histories of a population of intermediate-mass protostars can
provide a time-resolved view of the mass assembly of intermediate-mass stars. Inferring the accretion history from the density structure in the jet depends critically
on the ability to measure all of the mass in the jet and its kinematics. Existing
estimates of the mass-loss rate of the HH jets in Carina assume a velocity of 200
km s−1 (Smith et al., 2010). Without kinematic measurements, one must assume a
velocity to estimate the mass-loss rate, adding substantially to the uncertainty. This
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is especially true if more massive protostars drive faster jets (e.g. Corcoran and Ray,
1997). HST imaging over multiple epochs now makes it possible to measure the apparent motion on the sky of fast jet knots, and when combined with radial velocities
from spectroscopy, allows us to measure the tilt angle from the plane of the sky and
the three-dimensional space velocity.
In addition, proper motions allow us to estimate the dynamical age of the outflow,
provided we assume that the motion observed between the two images is ballistic.
This provides an independent way to estimate the evolutionary stage of the driving
source, and in the case of the poorly understood intermediate-mass range, constrain
the lifetime of the outflow. In cases where candidate protostars have been detected
at long wavelengths, it may be difficult to confirm that the source drives the jet with
the poor angular resolution achieved with many long-wavelength observatories. Jet
proper motions provide kinematic confirmation (or rejection) of candidate driving
sources (see Section 1.4.1).
1.6.3 Externally irradiated jet and outflow systems
In-depth examination of two jets illuminates the relationship between Hα and [Fe ii]
emission in the broader sample of HH jets in Carina. In addition to tracing otherwise unseen neutral material in the jets, in some cases, [Fe ii] emission appears
to trace a different outflow component than Hα altogether. HH 666 and HH 900
demonstrate how the full complement of high-quality multi-wavelength imaging and
spectroscopy reconciles apparent peculiarities in the outflows identified when only
a single wavelength is observed. Both sources show different morphologies and
kinematics in different emission lines, pointing to the complexity of the outflows.
Identifying the multiple components provides another view of jet-environment interaction that would otherwise be unavailable in the cleared environment of the H ii
region. This is particularly important for understanding the duty cycle of the jet
and inferring momentum transfer to the environment.
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1.6.4 Using irradiated jets to constrain intermediate-mass star formation
New high angular resolution HST images allow us to study the morphology and
kinematics of a sample of 20 HH jets in the Carina Nebula that are driven by
intermediate-mass protostars. In addition to revising estimates of their mass-loss
rates (see Section 1.6.1) and measuring their kinematics (see Section 1.6.2), the
images and spectra presented in this thesis permit the first estimate of the duty
cycle and outflow lifetime of intermediate-mass protostars. The full sample of 20
jets allows us to explore outflow behavior across the ∼ 2 − 8 M⊙ intermediate-

mass range. We present evidence that intermediate-mass stars form via a scaled-up
version of low-mass star formation, albeit with greater vigor.
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CHAPTER 2
HST /WFC3 IMAGING OF PROTOSTELLAR JETS IN CARINA: [Fe ii]
EMISSION TRACING MASSIVE JETS FROM INTERMEDIATE-MASS
PROTOSTARS

2.1 Foreword
In this chapter, we present a pilot study of near-IR [Fe ii] emission in externally
irradiated protostellar jets driven by intermediate-mass stars. The following study
makes use of publicly available data1 from the Hubble Space Telescope that were
targeted for Early Release Observations after SM4 and under program GO/DD
12050. Support for this work was provided by NASA grant AR-12155 from the
Space Telescope Science Institute. This work is based on observations made with
the NASA/ESA Hubble Space Telescope, obtained from the Data Archive at the
Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. These
observations are associated with program GO/DD 12050. We acknowledge the observing team for the HH 901 mosaic image: Mutchler, M., Livio, M., Noll, K., Levay,
Z., Frattare, L., Januszewski, W., Christian, C., Borders, T.
The work presented in this chapter has appeared in print in Reiter and Smith
(2013).
2.2 Introduction
Herbig-Haro (HH) objects are the emission-line features associated with outflows
emanating from young stellar objects (YSOs). These optical nebulosities become
visible when outflow material collides with the ambient medium or earlier ejecta,
1

https://archive.stsci.edu/hst/
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thus shock heating the material and leading to the characteristic emission-line spectra (Herbig, 1950, 1951; Haro, 1952, 1953). The outflows that produce these nebulosities are formed during a protostar’s active accretion phase, and the longest HH
flows bear evidence of a protostar’s mass-loss history over a significant fraction of
its accretion age (Reipurth and Bally, 2001).
The details of how a jet is launched remain unclear, although energy liberated
from mass accretion onto a protostar must power the flow (e.g. Cabrit et al., 1990;
Shu et al., 1994a; Ouyed and Pudritz, 1999; Pudritz et al., 2006). Jet mass-loss
rates from low-mass T Tauri stars appear to be ∼ 1 − 10% of the mass accretion

rate (Hartigan et al., 1995; Calvet, 1998). Thus, the resulting jet morphology and

kinematics may provide an indirect record of the protostar’s accretion history. Outflows are of particular interest for stars at the upper end of the initial mass function
(IMF), where the formation mechanism of the highest mass stars remains unclear
(e.g. Zinnecker and Yorke, 2007). Jets driven by intermediate-mass stars may be especially illuminating as they sample accretion and outflow in the critical transition
between low- and high-mass star formation.
Most outflows driven by intermediate- to high-mass protostars have been observed via the millimeter emission of entrained molecules or free-free emission
from the inner jet (e.g. Beuther et al., 2008; Forbrich et al., 2009; Fuente et al.,
2009; Takahashi and Ho, 2012). A wide range of morphologies are seen in the
outflows from more massive protostars, from collimated jets (e.g. Beuther et al.,
2002b) to wide, bubble-like structures, possibly cleared by wide-angle winds (e.g.
Shepherd and Kurtz, 1999) or even wide-angle explosive phenomena like the Orion
BN/KL outflow (Bally et al., 2011). Growing evidence suggests that outflows may
be driven by some combination of a collimated jet and a wide-angle wind, with different components dominating at different times (see, e.g. Seale and Looney, 2008). For
more massive protostars (M ≥ 2 M⊙ ), Beuther and Shepherd (2005) have proposed

an evolutionary scenario where ionizing radiation from the forming star increases the
plasma pressure at the base of the outflow to the point that it overwhelms magnetic
collimation, leading to wider opening angles. Young O-type stars cannot create jet-
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like outflows in this scenario. However, collimated, ionized jets from young, massive
protostars have since been observed (e.g. Guzmán et al., 2011, 2012), making the
relationship between outflow collimation and protostellar mass unclear.
Young clusters provide an environment where accreting protostars reside alongside massive stars that are already on the main sequence. Massive O-type stars
bathe those protostars in UV radiation, and this external radiation illuminates the
unshocked material in the body of the outflow, allowing for better constraints on
the jet properties using diagnostics of photoionized gas. UV radiation also erodes
the circumstellar environment that would normally obscure an actively accreting
protostar. Few irradiated jets have been studied in detail, and most that have
been studied are driven by low-mass protostars (e.g. in Orion, see Reipurth et al.,
1998; Bally et al., 2000; Bally and Reipurth, 2001; Bally et al., 2006). A sample of
intermediate-mass protostars caught actively accreting would provide valuable clues
to the underlying mechanism that may unify low- and high-mass star formation in
the critical 2 − 8 M⊙ regime.

In this chapter, we study a sample of such objects in the Carina nebula. Hα

observations with HST revealed 39 candidate and confirmed HH jets in the Carina nebula with high mass-loss rates, implying that the sample is dominated by
intermediate-mass driving sources (Smith et al., 2010), although some extremely
young, embedded low-mass YSOs are also possible. These 39 jets are irradiated by
Carina’s extreme O-star population, and the photoionization of the jet body allows
for an estimate of the jet mass-loss rate from the Hα emission measure. This is
currently the largest known sample of irradiated intermediate-mass flows in a single region, extending the range of masses, environments, and evolutionary stages
beyond those seen in Orion.
Jet properties derived from the Hα emission measure provide valuable insights
into the nature of the irradiated material in protostellar outflows, but this tracer
of the mass still suffers from a number of uncertainties, including the volume filling
factor and the ionization fraction in dense regions of the jets. While filling factors
can be reasonably well estimated from jet morphology in HST images, for jets with
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densities ≥ 2000 cm−3 , gas may remain neutral, and so Hα may not trace the

majority of the mass in the jet, leading to an underestimate of the mass-loss rate
(see Hartigan et al., 1994; Smith et al., 2010).
In this chapter, we explore the λ12567 and λ16435 [Fe ii] lines, which probe the

low-ionization material in these jets that is not traced by Hα. While photons with
hν > 13.6 eV are absorbed at the ionization front, far-UV radiation (7.6 − 13.6

eV) can still penetrate into the dense, neutral portions of these jets, providing a
population of singly ionized Fe that traces the otherwise invisible column of neutral
atomic gas in the jet. In addition, IR wavelengths can penetrate extinction from
the globule, in some cases connecting the jet with its optically obscured driving
source. [Fe ii] λ12567 and λ16435 both originate from the a4 D level, so their ratio
is insensitive to excitation conditions and can be used to estimate variations in the
reddening along these jets. These [Fe ii] transitions have a high critical density
(ncrit & 3 × 104 cm−3 ), and so they trace the dense gas that might make up most of
the mass of the jet.

Here we present a pilot study where we analyze archival WFC3 images of some
of the most spectacular HH jets in the Carina nebula — HH 666, HH 901, HH 902,
and HH 1066. Narrowband [Fe ii] images provide the first high-resolution IR view
of these jets. Previous jet mass-loss rates derived from the Hα emission measure
did not include this dense, neutral gas, and therefore underestimated the mass. We
discuss these objects as examples of very dense and massive irradiated protostellar
jets driven by intermediate-mass protostars.
2.3 Observations
After the discovery of many new HH jets in the HST/ACS Hα survey of the Carina nebula (Smith et al., 2010), a few of the most dramatic jets were targeted with
WFC3 for Early Release Observations after SM4, and to commemorate the 20th
anniversary of the Hubble Space Telescope. WFC3 optical and IR data of HH 666
(αJ2000 = 10:43:51.54, δJ2000 = -59:55:20.53) were obtained as part of WFC3’s Early
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Figure 2.1: WFC3-UVIS (top) and WFC3-IR (bottom) color images of the HH 666
jet. Features D, A, E, M, O, N, I, and C identified by Smith et al. (2004a) are the
components of the jet; these are labeled here except for feature D which is off the
right side of the image. Strong emission in both of the observed [Fe ii] lines traces
a highly collimated jet back into the parent globule, connecting the optical jet to
a bright, embedded intermediate-mass protostar. A reflection nebula labeled “RN”
to the north of the driving source is probably stellar light reflecting off the cavity
wall.
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Release Observations on July 24-30, 2009. 6′ × 6′ mosaics were observed in three nar-

rowband optical filters — Hα (F656N; total integration time 7920s), [S ii] (F673N;

9600s) and [O iii] (F502N; 7920s) — in addition to [Fe ii] λ12567 (600s) and λ16435
(700s). No Paschen-β images are available for HH 666. The angular resolution is
a factor of ∼ 3 coarser for the [Fe ii] images compared to the visual wavelength

images. Drizzled mosaics for HH 666 are available from the Hubble Legacy Archive
2

.
Images of the HH 901 field located at αJ2000 = 10:44:05.25, δJ2000 = -59:29:45.00

(the field also includes HH 902 and HH 1066) were taken February 1-2, 2010 to make
images for public release in celebration of Hubble’s 20th anniversary (PID 12050,
P.I. M. Livio). Each of the four pointings in the ∼ 6′ × 6′ mosaic was covered with

a 2 × 2 mosaic pattern with small dithers within each pointing to correct for imag-

ing artifacts. Narrowband optical images obtained with WFC3/UVIS complement

earlier ACS Hα imaging of Trumpler 14 (Tr14), adding a second-epoch Hα observation (total integration time 1980s) and high-resolution images in [S ii] (2400s) and
[O iii] (3200s). In addition to the two [Fe ii] lines (total exposure time of 2400s at
λ12567 and 2800s at 1.64 µm), IR images of HH 901 include Paβ (F128N; 2800s).
Unfortunately, no accompanying line-free continuum images in the optical or IR are
available from WFC3 for either field (HH 666 or HH 901). This complicates some
of the analysis because we cannot correct for scattered continuum light that may be
included in the narrowband filters. As such, we are only sensitive to the brightest
[Fe ii] emission. In order to extend this analysis to a full statistical sample including
fainter HH jets, continuum-subtracted images are required.
2.4 Observed Jet Morphology
2.4.1 HH 666
HH 666 is a spectacular bipolar jet emerging from the head of a dust pillar located
11 pc south of η Carinae (Smith et al., 2004a). High resolution Hα imaging with
2

http://hla.stsci.edu/hlaview.html
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Figure 2.2: Zoomed images of the inner HH 666 jet (features O and M) in Hα
(a), λ12657 + λ16435 [Fe ii] emission (b), [S ii] / Hα ratio image (c), λ16435/Hα
ratio image (d), a combined color image (e), and a cartoon (f) illustrating the
relationship between the optical Hα (gray lines) and IR [Fe ii] emission (red lines).
Highly collimated [Fe ii] emission to the northwest of the IR source clearly connects
the jet with the driving protostar. Hα and [S ii] emission outline [Fe ii] emission in
the eastern limb of the jet, possibly tracing material excited in the walls of a cavity
cleared by the atomic jet core.
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HST/ACS confirmed the shock morphology of features HH 666 D, A, E, M, O, N, I,
and C (see Figure 2.1 Smith et al., 2010). Several of the optically identified features
in HH 666 also have strong [Fe ii] λ16435 emission as seen in ground-based images
(Smith et al., 2004a). The most striking of these features is the clearly delineated
bipolar jet embedded within the pillar. New images from WFC3 trace the jet back
to the driving protostar, and allow us to examine the morphology of the jet in detail.
The southeast portion of the inner jet (feature HH 666 O) is highly collimated
in [Fe ii] emission, with several bright [Fe ii] knots along the flow (Figure 2.2b).
Optical emission traces thin bow shocks that cloak the collimated IR jet in a wider
cavity identified as the Hα + [S ii] “sheath” in Figure 2.2. While Hα and [Fe ii] are
excited in both jets and ionization fronts, [Fe ii] tends to be stronger in jets where
shocks may have increased the gas-phase abundance (see Figures 2.1 and 2.3 and,
e.g. Ellerbroek et al., 2013; Giannini et al., 2013). We compare the λ16435/Hα flux
ratio in the southeast portion of the jet (feature HH 666 O) to the ionization front
along the nearby molecular cloud and confirm that the λ16435/Hα flux ratio in the
jet is over an order of magnitude higher than in the ionization front (∼ 6 in the jet
compared to ∼ 0.2 in the ionization front).

On the opposite side of the HH 666 driving source, bright optical and IR emission

traces a collimated jet (feature HH 666 M, see Figure 2.2b). Bright spots in the [S ii]
/ Hα ratio image (Figure 2.2c) trace probable internal working surfaces (bright knots
in the middle of HH 666 M and O, see Figure 2.2e). In contrast, bright emission
in the λ16435/Hα ratio image (Figure 2.2d) is not confined to the two brightest
clumps in HH 666 M (where we would expect [Fe ii] to be shock excited), but is
bright throughout the full length both HH 666 M and O. Thus, bright [Fe ii] emission
from the jets does not follow other tracers of shock excitation.
The HH 666 driving source is barely discernible in Hα images, but becomes
increasingly prominent in the IR. Based on analysis of the near-IR SED, Smith et al.
(2004a) propose that the driving source (HH 666 IRS) is an embedded intermediatemass protostar. The best-fit model to a more complete IR SED from Povich et al.
(2011) supports this conclusion, reporting a best-fit mass of 6.3 M⊙ (catalog number
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Figure 2.3: Full WFC3-UVIS (left) and WFC3-IR (right) color mosaics of the complex of dust pillars and cometary
globules to the northwest of Tr14 housing HH 901, HH 902 and HH 1066. [Fe ii] emission allows us to clearly identify
a Spitzer-identified intermediate-mass protostar. No protostar is identifiable for HH 901 or HH 902, and bright [Fe ii]
emission in both jets is only found outside the pillars.
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the jet morphology of HH 1066 (previously candidate jet HH c-1, Smith et al., 2010) and to connect jet emission with
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345 in their sample).
2.4.2 HH 901 and HH 902
HH 901 and HH 902 are neighboring bipolar jets with outflow axes nearly perpendicular to the symmetry axis of their parent clouds (see Raga et al., 2010) and
irradiated by the nearby Tr14 star cluster (Smith et al., 2010). New HST images of
the field containing HH 901 and HH 902 (as well as HH 1066, formerly candidate jet
HH c-1) are shown in Figure 2.3. Both jets emerge from the heads of dark dust pillars. They are highly collimated, with high Hα surface brightnesses (∼ 1 − 3 × 10−14

erg/s cm−2 arcsec−2 ) that indicate high electron densities of & 1 − 1.7 × 103 cm−3 .

Brighter Hα emission is found along the south side of the jets facing Tr14, as compared to more diffuse emission from the northern sides of these jets. This implies

a sharp ionization front along the south-facing edge of the jet body. Thus, ionizing
photons may not penetrate through the jet, so these jets could have a substantial
amount of undetected neutral material. They may also be shaped by the stellar
winds and/or radiation from Tr14 as discussed in Section 2.5.5.
HH 901
Figure 2.4 provides a detailed view of HH 901 from the new WFC3 images. While
some [Fe ii] emission is evident throughout the optically identified portions of the jet,
[Fe ii] emission is brightest along the western portion of HH 901, offset ∼ 0.5′′ from

the cometary cloud. This portion exhibits a λ16435/Hα flux ratio of ∼ 3 (compared
to ∼ 7 × 10−4 from the ionization front along the neighboring pillar). Extended

[Fe ii] emission stretches along the jet axis, but its centroid is offset ∼ 0.05′′ north
of the thin Hα and [S ii] emission at the edge of the jet (see Figure 2.5).

A sketch of the observed stratified emission structure in HH 901 is presented in
Figure 2.5. For a sufficiently dense jet in an external radiation field, an ionization
front will exist in the jet itself, resulting in an ionized skin shielding a core of neutral
H (Figure 2.4e,f). [S ii] emission in the jet does not extend north of the narrow
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Figure 2.4: Hα emission (a), λ12657 + λ16435 Fe ii] emission (b), [S ii] / Hα ratio
(c), λ16435/Hα ratio image (d), a color image (e), and cartoon (f) illustrate how
[Fe ii] (red lines) peaks behind Hα (gray lines) in the western limb of the flow.

Figure 2.5: Top Left: HH 901 Hα image indicating location of slice through jet used for the intensity tracing plotted
to the right. Bottom Left: Cartoon of the stratified emission structure of HH 901. Lyman continuum photons ionize
H on the side of the jet facing the ionization front (Hα emission, black). [S ii] peaks at the same location as Hα, but
is shown slightly offset here (blue). Behind the ionization front, Balmer continuum photons heat the jet, collisionally
exciting [Fe ii] emission (red) in the neutral jet core, leading to peak emission behind both optical lines. Right: Hα,
[S ii], and [Fe ii] λ16435 intensity tracings of the western edge of the jet plotted as a function of the offset from the
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centroid of the Hα emission, showing the 0.04′′ offset between the [Fe ii] and optical line emission.
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ionization front to where [Fe ii] emission is brightest, probably resulting from high
densities (> 103 cm−3 ) in the neutral jet where [S ii] is collisionally de-excited.
Unlike in HH 666, [Fe ii] emission does not trace HH 901 all the way back to
the driving source. In fact, [Fe ii] emission from HH 901 is only detectable outside
the pillar boundary. Possible explanations for this difference include optical depths
in the HH 901 pillar so high that external FUV photons cannot penetrate the cloud
(so that [Fe ii] emission is not excited), that extinction blocks the inner jet, or that
the driving protostar is no longer actively accreting and therefore no longer driving
a jet. A steep drop in the accretion rate would need to be timed correctly so that a
drop in density along the jet exactly coincides with the edge of the cloud. Assuming
V = 200 km s−1 , this would have had to happen within the last ∼ 55 years, making

this possibility unlikely. We discuss the other two potential explanations in turn
below.
The well-defined ionization front along the edge of the HH 901 pillar suggests
very high densities (≥ 3 × 104 cm−3 , see Section 2.5.2) such that Lyman continuum

radiation cannot penetrate beyond the pillar edge. Conversely, the ionization front
along the HH 666 pillar is significantly less sharp with evaporative streams extending
∼ 5 − 10′′ from the ionization front. The edges of both pillars are bright in the [S ii]

/ Hα ratio image, indicating a significant drop in the ionization fraction at the edge

of the pillar (Figure 2.4c, Domgorgen and Mathis, 1994). The central protostar is
not seen in HH 901, but is clearly seen in HH 666. Moreover, several background
stars shine through the pillar hosting HH 666 in the near-IR images. Together, this
suggests that the inner regions of HH 901 are obscured by dust in a globule that is
more dense and opaque than the comparatively “fluffy” HH 666 pillar. Flux limits
indicate that any [Fe ii] emission from within the HH 901 pillar must be at least
∼ 400 times fainter than in the western limb of the jet. If the inner jet has the same

brightness as in the western limb, this implies ≥ 6 mag of extinction at λ12567
(AV ≈ 9 mag), or a column of & 2 × 1022 cm−2 (Güver and Özel, 2009). This is

in contrast to the HH 666 pillar, where the λ16435/Hα ratio suggests τ ≈ 0.2 at

1.26 µm, corresponding to AV ≈ 0.3 mag (see Figure 2.9, Section 2.4.3). With
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the smaller physical size of the pillar housing HH 901 (∼ 2′′ wide, ∼ 0.02 pc at a
distance of 2.3 kpc) than the HH 666 pillar (∼ 40′′ wide, ∼ 0.4 pc), this implies
much higher volume densities obscuring the HH 901 driving source (nH ≈ 3 × 105

cm−3 compared to nH ≈ 4 × 102 cm−3 for HH 666).

No point-like emission is detected from the tip of the HH 901 pillar in the WFC3-

IR bands, nor at longer wavelengths with Spitzer and Herschel (Povich et al., 2011;
Ohlendorf et al., 2012). Bright 24 µm emission from the surroundings makes it impossible to confirm or rule out any point-like emission that would signify the presence
of an extremely young, deeply embedded low- or intermediate-mass protostar. More
detailed analysis is needed and will be presented in the following chapters. The lack
of emission at all observed IR wavelengths supports the conjecture that we do not
observe [Fe ii] emission from the jet within the pillar due to high dust optical depths
at 1 − 2 µm.
HH 902
The clumpy structure of HH 902 is evident in multiple knots of bright [Fe ii] emission
from the jet (Figure 2.6), which we label as HH 902 O, R, P, H, E, U, and S. Emission
from the western limb of the flow is bright beyond the pillar edge (∼ 1′′ ), revealing
two narrow features along the jet axis and bright, arc-like [Fe ii] emission from the
bow shock (feature O, Figure 2.6). As in HH 901, the centroid of narrow [Fe ii] is
offset from Hα and grows bright ∼ 0.2′′ north of the ionization front traced by Hα

and [S ii] (feature R).

Bright [Fe ii] along the eastern edge of the pillar (feature H) is probably the
jet skimming the pillar edge. The high λ16435/Hα ratio here indicates that [Fe ii]
emission comes from the jet emerging from the pillar, rather than the ionization
front and cloud edge (λ16435/Hα ∼ 2 from the jet compared to λ16435/Hα ∼ 0.5

along the adjacent pillar edge).

To the east, [Fe ii] emission from the jet is relatively narrow (∼ 0.5′′ ). Features
E, U, and S have λ16435/Hα ∼ 5, ∼ 6, and ∼ 8 respectively, much higher than in
any nearby cloud. As with HH 901, there is no clear evidence for [Fe ii] emission
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Figure 2.6: Detailed view of HH 902 with Hα (a), λ12657 + λ16435 [Fe ii] emission (b), [S ii] / Hα ratio (c), λ16435/Hα
ratio (d), a color image (e), and cartoon (f) illustrate the stratified emission structure of the jet (red lines illustrate
[Fe ii] emission while gray lines show Hα). Bright [Fe ii] emission features and remarkable changes in the optical jet
are labeled as O, R, P, H, E, U, and S and are discussed in Section 2.4.2.
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Figure 2.7: Detailed view of HH 1066, which emerges from a small globule near HH 901 and HH 902. Hα (a) and [Fe ii]
λ12657 + λ16435 (b) clearly reveal the jet morphology. Two bright spots in the [S ii] / Hα ratio image (c) reveal where
illustrates our interpretation that optical emission (Hα, gray lines) near the driving source is obscured by an optically
thick disk ([Fe ii] emission is shown in red). Optical and IR emission from the jet are shown slightly offset for clarity.
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the jet punches out of the globule. The λ16435/Hα ratio image (d), and a combined color image (e). A cartoon (f)
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from the HH 902 jet base or near-IR continuum from the driving source, suggesting
that the HH 902 pillar is similarly dense and opaque.
2.4.3 HH 1066
Smith et al. (2010) listed a possible collimated jet emerging from a cometary cloud
near HH 901 and HH 902 as candidate jet HH c-1. New WFC3 optical and IR
images (Figure 2.7) clearly show a collimated bipolar flow emerging from the apex
of the cloud. [Fe ii] emission is too bright to be consistent with structure in the
ionization front, with λ16435/Hα > 30. We therefore assign an HH number of
1066 to this protostellar jet. The newly-minted HH 1066 is striking in the [S ii]
and Hα images, as they reveal two bright spots where the jet punches out of the
parent cloud. These two spots lie close together (∼ 0.4′′ ) and have roughly equal
brightness, suggesting a nearly edge-on orientation for the disk-jet system, with an
optically thick circumstellar disk obscuring the base of the jet in all three of the
optical bands.
[Fe ii] emission at both λ12657 and λ16435 is extremely bright throughout the
HH 1066 jet body and in the bow shock on the western edge of the flow (see Figure 2.7). Some fainter [Fe ii] emission opposite this feature to the east may be the
complementary bow shock, but proper motions are required to confirm this.
Both [Fe ii] λ12567 and λ16435 originate from the same upper level
(a4 D), so their intrinsic flux ratio is determined by atomic physics (see, e.g.
Smith and Hartigan, 2006). Observed deviations from that ratio provide a direct
measure of the reddening. Ideally, a flux ratio would be done with continuumsubtracted images, but unfortunately, no narrowband WFC3 continuum images are
available for this epoch because these images were obtained to make public outreach images. However, HH 1066 is in a less complicated environment than the
other three jets, making it possible to fit and subtract the sky emission around the
jet from the [Fe ii] images themselves. Local sky emission for each position along the
jet is estimated with linear fits to sky emission adjacent to the jet. After subtracting
estimated sky emission, we measure the ratio R = λ16435/λ12567. In the absence
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of any extinction, the λ16435 line will be fainter (Smith and Hartigan, 2006, derive
an intrinsic R = 0.67). An increase in R will correspond to an increase in the

reddening.

Figure 2.8 shows R measured along the HH 1066 jet. We find R is relatively

constant throughout most of the jet, but the ratio increases toward the jet base
(within 2′′ ), reaching a maximum of R = 1.22. Using R= 4.8, as measured toward

Carina (Smith, 1987, 2002), this is equivalent to an AV ≈ 13 mag, where optical

emission from the jet disappears (see Figures 2.8 and 2.9). This is morphologically

consistent with an edge-on flared circumstellar disk blocking optical radiation around
the jet base. AV may increase further in narrow regions along the disk where [Fe ii]
is obscured as well3 .
Model fits to the SED of a Spitzer-detected YSO located along the HH 1066 jet
axis yield a stellar mass estimate of 2.8 M⊙ (catalog number 429 from Povich et al.,
2011). The jet mass-loss rate of ∼ 10−7 M⊙ yr−1 estimated from the Hα emission

measure (Smith et al., 2010) implies an accretion rate > 10−6 M⊙ yr−1 (assuming

Ṁjet /Ṁacc = 0.1), two orders of magnitude higher than average accretion rate found
for intermediate-mass T Tauri stars (∼ 3 × 10−8 M⊙ yr−1 , Calvet et al., 2004),

suggesting that this source is very young.
2.5 Discussion

2.5.1 [Fe ii] Emission as a Tracer of Dense, Self-Shielded Gas
We detect extended emission in the F126N and F164N filters that indicates strong
[Fe ii] λ12567 and λ16435 emission in all four of the HH jets in the Carina nebula
imaged with WFC3-IR. In HH 666 and HH 1066, [Fe ii] emission traces the jet back
to the embedded driving source. For both HH 901 and HH 902 however, [Fe ii]
emission in the jet is only detected outside the boundaries of the parent pillar.
3

At 1.64 µm, the angular resolution is 0.165′′ , corresponding to ∼ 400 AU, over which the

optical thickness of the disk may be expected to change significantly (see, e.g. Cunningham et al.,
2011).
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Figure 2.8: Top: An F164N WFC3-IR image of HH 1066 showing the location of
the jet cross-section used to make the [Fe ii] ratio plot shown in the bottom panel.
Bottom: Intensity tracings of Hα and the ratio of [Fe ii] λ16435 / λ12567 across the
length of HH 1066. The intensity of the [Fe ii] ratio reaches a maximum where Hα
intensity is a minimum, suggesting an increase in the optical depth.
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Given the strong ionizing photon flux of the ∼ 70 O-type stars in the Carina

nebula, it is surprising to find jets inside the H ii region that retain a substantial
fraction of neutral gas. The gas in the jet must be very dense in order to self-shield,
and we find that the IR [Fe ii] emission is an excellent tracer of this self-shielded
gas.
Emission in [Fe ii] λ12567 and λ16435 is often assumed to be shock excited since
it is seen in supernova remnants (e.g. Morel et al., 2002), but shock excitation does
not necessarily dominate in regions with significant FUV radiation. When infrared
[Fe ii] emission is produced by photoexcitation, it requires strong FUV radiation,
but the gas must be shielded from Lyman continuum in order to prevent ionization
to Fe++ (the Fe+ ionization potential is 16.2 eV). Regardless of the excitation mechanism for the [Fe ii] emission (shocks or FUV radiation), the fact that Fe+ survives
provides a key constraint on the density in the jets (see Section 2.5.2). Furthermore,
the [Fe ii] surface brightness in these jets is an order of magnitude or more higher
than that measured in the ionization fronts in the dusty pillars from which the jets
emerge, demonstrating that they are not simply extensions of the pillar ionization
front.
Reipurth et al. (2000) speculate that FUV emission from the driving protostar
is the most important source of FUV radiation for their sample of seven HH jets
driven by low mass stars that are located in quiescent environments. If FUV from
the protostars were the main source of ionizing radiation for these four jets in the
Carina nebula, then we would expect [Fe ii] to be brightest near the driving sources.
While this may be the case for HH 1066, in the other three jets the brightest [Fe ii]
emission is offset from the driving source (∼ 4′′ for HH 666) or from clumps beyond
the edge of the pillar (HH 901 and HH 902). The clumps nearest to the jet origin
do not appear substantially brighter than those further out.
Observations of other non-irradiated HH jets generally find [Fe ii] emission confined to knots in the outflow with morphology similar to other shock tracers (e.g.
H2 2.12 µm, and He i 1.083 µm, Lorenzetti et al., 2002; Takami et al., 2002, respectively). The excitation energy and critical density of [Fe ii] is similar to (but slightly
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higher than) that of [S ii] and emission from the two shock-tracers is often coincident
(see, e.g. Takami et al., 2002; Podio et al., 2006). However, this is not the case in
the HH jets in Carina where [S ii] emission is nearly identical to the Hα morphology
and does not appear to be especially bright in any of the [Fe ii] knots. Clumpy but
elongated [Fe ii] λ16435 emission has been seen in other externally irradiated HH
jets (e.g. Ellerbroek et al., 2013).
HH 901 and HH 902 display a stratified ionization structure traced by Hα, [S ii],
and [Fe ii] emission, with a decreasing ionization fraction with increasing distance
from Tr14 (Figure 2.5). This suggests that these jets are heated externally by UV
radiation from Tr14. Hα emission traces the ionization front that protects a dense,
largely neutral portion of the jet revealed only by a high density, low ionization
tracer like [Fe ii]. In HH 901, the [S ii] / Hα ratio (which increases with decreasing
ionization fraction, see Domgorgen and Mathis, 1994) is highest along the western
limb where [Fe ii] is also brightest, suggesting a sharp boundary in the ionization
front (see Figure 2.4).
Bright [Fe ii] emission resides behind the ionization front, and traces the densest
neutral material that does not emit Hα, requiring that these jets are more massive
than previously thought. Existing mass-loss rate estimates use the electron densities
derived from the Hα emission measure and assume that the HH jets in the Carina
nebula are fully ionized (Smith et al., 2010). However, Hα emission only traces
ionized gas, not the total gas mass. In the following section, we reevaluate the
jet density and mass-loss rate, taking into account this previously unseen neutral
material.
2.5.2 Jet Mass and Density Estimates
The detection of bright [Fe ii] emission that is systematically offset from Hα emission
in a direction away from the source of ionizing photons (Tr14) suggests that a
significant fraction of the jet mass is shielded and exists as neutral hydrogen, as
hypothesized by Smith et al. (2010). The fact that this gas is not fully ionized,
despite the harsh UV environment, means that it must be very dense. To quantify
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Figure 2.9: Measured [Fe ii] 1.26 µm / λ16435 ratio (intrinsic value is 1.49, see
Smith and Hartigan, 2006) as a function of E(B-V) for R = 4.8 (as measured toward
Carina; Smith, 1987, 2002). The peak of the [Fe ii] ratio in Figure 2.8 corresponds
to E(B-V) ≈ 2.5 mag (note that the ratio in Figure 2.8 is the inverse of that plotted
here).
this, we derive jet density and mass-loss rates for the eastern and western limbs of
HH 901 without assuming that the jet is fully ionized.
Bally et al. (2006) define a minimum density for the jet to be optically thick to
Lyman continuum radiation, such that an ionization front is created at a surface
within the jet. To maintain a slow-moving ionization front (rather than rapidly
ionizing the entire jet body), the average atomic density in the neutral jet beam,
nH , must be greater than a minimum density,
¯
¯1/2 s
¯ F
¯
QH sin(β)
¯ =
nmin = ¯¯
¯
2αB r(d)
4πD2 2αB r

(2.1)

where F is the ionizing flux from Tr14, which has a total ionizing photon luminosity
log(QH ) = 50.34 photons s−1 (Smith, 2006a). For HH 901, D = 0.7 pc is the
projected distance from Tr14 to the jet (the distance may be somewhat larger due
to uncertainty in the 3D geometry), β is the angle between the jet axis and a line
to the illuminating source (taken to be 90◦ here; smaller angles between HH 901
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and Tr14 will decrease nmin ), αB ≈ 2.6 × 10−13 cm3 s−1 is the case B recombination

coefficient for hydrogen, and r is the radius of the cylindrical jet column. For HH 901,
nmin ≈ 3.4 × 104 cm−3 , which is very similar to the critical density of these [Fe ii]

transitions (ncrit ∼ 3 × 104 cm−3 ), but larger than the electron density derived from

the Hα emission measure (ne = 0.9 − 1.4 × 103 cm−3 ).

From nmin , we can calculate a lower limit on the mass-loss rate in a cylindrical

jet using
Ṁ = nmin |πµmH V r2 |

(2.2)

where µ is the mean molecular weight (≈ 1.35), mH is the mass of hydrogen, and
V is the jet velocity. This can be expressed numerically as
µ
¶
nmin
2
−10
V200 rpc
M⊙ yr−1
Ṁmin = 6.2 × 10
4
−3
3.4 × 10 cm

(2.3)

where nmin is the density in units of 3.4 × 104 cm−3 , V200 is the jet velocity in units

of 200 km s−1 , and rpc is expressed in pc. For HH 901, the minimum mass-loss rate
for the jet to be optically thick to Lyman continuum photons is Ṁmin = 2.3 × 10−6
M⊙ yr−1 .

An independent way to estimate Ṁ is to compare the jet mass-loss rate to the
photoablation rate, such that a neutral cylindrical jet will be completely evaporated
once the jet has traveled a length L1 (Bally et al., 2006). Taking the length of
continuous Hα emission in the inner part of the jet (not including clumps further
along the flow axis so that we may assume that the filling factor f is approximately
unity) as L1 , we can derive an independent Ṁ estimate from the length of the Hα
jet and the well-constrained energetics in Carina. For a cylindrical jet,
·
¸−1/2
L1 f µmH cs
αB
Ṁ ≈
2D
πr(d)LLyC sin(β)

(2.4)

where f ≈ 1 is the filling factor for a cylinder losing mass from one side, cs ≈ 11 km

s−1 is the sound speed in photoionized plasma, and β is the angle between the jet axis

and the direction of the ionizing radiation, estimated from the Hα image. For the
eastern edge of the HH 901 flow (β ≈ 63◦ ), this method gives Ṁ = 7.43 × 10−6 M⊙

yr−1 , more than an order of magnitude higher than the mass-loss rate derived from
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the Hα emission measure (1.84 × 10−7 M⊙ yr−1 ). The disparity is even greater for

the western limb of HH 901 (β ≈ 75◦ ) where this method gives Ṁ = 3.77 × 10−6 M⊙
yr−1 , nearly two orders of magnitude higher than that derived from Hα (4.0 × 10−8

M⊙ yr−1 ). Not surprisingly, new mass-loss rate estimates for both limbs of the jet

are greater than Ṁmin .
This method of estimating Ṁ yields nH larger than nmin , indicating that a slowmoving ionization front will propagate through the jet beam. Stratified emission
in the western side of HH 901 seems to confirm this picture, with high surface
brightness Hα on the side of the jet closest to the source of ionizing radiation and
brighter [Fe ii] emission further north, tucked ∼ 0.4′′ behind the ionization front in

the flow (see Section 2.4.2 and Figure 2.4).

Hα-derived mass-loss rates are clearly underestimates for HH 901 and HH 902
(where the filling factor is somewhat more uncertain). While HH 666 and HH 1066
generally do not show the same stratified Hα and [Fe ii] emission as HH 901 and
HH 902, both have substantial [Fe ii] emission where there is little or no Hα from the
jet. This indicates that they also have a significant amount of shielded neutral H not
traced by Hα. Both estimates of the mass-loss rate are, in principle, lower limits.
Clumpy [Fe ii] emission, even where the optical emission is relatively continuous,
indicates additional mass in the jet not included in previous mass-loss rates.
2.5.3 Comparison to Irradiated Jets in Orion
Orion is the nearest region of high-mass star formation that also hosts a large collection of well-studied irradiated outflows (Reipurth et al., 1998; Bally and Reipurth,
2001; Bally et al., 2006). Jets in Orion tend to have a morphology that is very
different from those in Carina. Many demonstrate C-shaped symmetry where the
jet bends away from the source of ionizing radiation, due either to the bulk flow
of material from the nebula (i.e. sidewinds) or to the rocket effect pushing on the
neutral jet core (Bally and Reipurth, 2001; Bally et al., 2006). While there is some
evidence that the rocket effect may bend HH 901, most of the jets in Carina do not,
in general, show significant bending (4/39 of the larger sample do appear to be bent;
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all five of the HH jets in Orion reported by Bally and Reipurth 2001 are bent).
If the rocket effect is the dominant mechanism for bending the jet, then we might
expect the jets in Carina (subject to feedback from ∼ 70 O-type stars) might show
a greater degree of bending. As discussed in Bally et al. (2006), jet deflection by the

rocket effect depends only on the mass of the jet and its evaporation rate, suggesting
that these jets have remained remarkably straight because their high densities and
masses provide the inertia needed to resist acceleration of the jet away from the
ionizing source.
HH 901 is only ∼ 1 pc from Tr14, and thus is subject to the most direct and

intense radiation of the jets in this sample. Its two limbs do not lie along the same

axis (they differ by ∼ 12◦ ), suggesting that it may be bent by the rocket effect.
Thus, the observed deflection angle provides an independent way to estimate the
density in HH 901. As a conservative estimate, we assume that both limbs of HH 901
started along the same axis, and have since each been deflected by ∼ 6◦ and lie in
the plane of the sky. The time for the western most edge of the continuous Hα

flow to reach its current location (∼ 0.035 pc from the pillar edge), assuming a jet
velocity of V = 200 km s−1 , is t = L1 /V = 177 yr. In that time, the western-most
clump has been deflected ∼ 0.005 pc, which gives a deflection velocity, Vd ≈ 28 km
s−1 .

Following Bally et al. (2006), this deflection velocity can be produced by the
anisotropic photoablation of a neutral jet core, Vd = cs ln(m0 /m) where m0 is the
initial neutral H mass of a jet segment and m is the remaining mass. Assuming mass
loss is dominated by photoablation, the remaining mass is simply m = m0 −ṁt where
ṁ = f πµmH cs

LLyC rsin(β)
4πD2 αB

(2.5)

is the mass-loss rate per unit length in the jet due to photoevaporation.
Solving for m0 , we find that the minimum mass of a spherical jet segment that
survives ∼ 0.035 pc from the pillar edge is ∼ 2 × 10−5 M⊙ , which implies a density
of at least nH =

m0
µmH 43 πr 3

= 3.2 × 104 cm−3 . This independent estimate of nH in

HH 901 is similar to the minimum density derived in Section 2.5.2 and the critical
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density of the [Fe ii] lines. None of the other three jets show evidence for bending,
suggesting that their densities are at least as high (although their photoablation
rates are somewhat lower due to their greater distances from the source of ionizing
radiation).
One of the most striking differences between the irradiated outflows in the two
regions is that the outflows in Orion are driven mostly by optically visible low-mass
stars, while fewer than 20% of HH jets in Carina have an exposed driving source.
Only one of the four jets studied here has a driving source that can be identified in
optical images (HH 666), although it is very faint, and can only be identified with
HST.
In Orion and Carina, the longest jets remain highly collimated over large diss
tances. The Mach angle (µ = sin−1 vcjet
), and thus the opening angle (θ = 2µ), can

remain small if the jet is highly supersonic. For the powerful jets in Carina, outflow
speeds may exceed 200 km/s, although this is not necessarily the case for the jets
in Orion (Bally and Reipurth, 2001). The sound speed in ionized material (≈ 11
km/s) is an order of magnitude larger than in neutral material, which suggests that
the higher sound speed in the plasma on the irradiated side of the jet should lead
to more jet spreading from an ionized jet than from a neutral jet. However, this is
not observed. A partially ionized jet can maintain a greater degree of collimation if
the ionized edge of the jet shields a significant cold, neutral core where the sound
speed is lower. Given evidence for a significant amount of neutral material in the
jets in Carina, this may help explain why the jets in Carina and Orion remain highly
collimated. This is also a particularly appealing explanation for the high degree of
collimation seen in the [Fe ii] jet in the eastern edge of HH 666 (feature O) where
the Hα emission is somewhat broader.
Alternative explanations for the observed high degree of collimation include external pressure from the H ii region (although this is unlikely given the directional
nature of the radiation pressure, especially near HH 901 and HH 902) and magnetic
confinement. Theoretical models of magneto-hydrodynamic winds often argue for
magnetic collimation of the flow (e.g. Fendt, 2006; Pudritz et al., 2006) and large-
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scale, aligned magnetic fields have been observed in some sources (e.g. Ray et al.,
1997; Carrasco-González et al., 2010). However, among the few protostellar sources
for which magnetic fields have been measured, there are many examples of misaligned fields (Hull et al., 2013), making the role of magnetic fields in jet collimation
unclear.
2.5.4 Comparison to Other Massive Outflows
Most outflows driven by intermediate-mass protostars have been studied via their
molecular emission (e.g. Beltrán et al., 2002, 2006, 2008; Beuther et al., 2008;
Forbrich et al., 2009; Fuente et al., 2009; Takahashi and Ho, 2012). Higher MZAMS
sources evolve faster along the pre-main sequence, so one expects that most examples of intermediate-mass protostellar outflows are still deeply embedded. A variety
of models have been proposed to explain the broad spectrum of flow morphologies observed, although most have focused on outflows from low-mass protostars
(Cabrit et al., 1997; Arce et al., 2007). Observed similarities between low- and relatively high-mass outflows suggest a similar production mechanism regardless of
protostellar mass (Richer et al., 2000), although this has been disputed on the basis
of observational biases (particularly distance, see Ridge and Moore, 2001).
Thus, the Carina nebula is a particularly useful environment in which to study
protostellar outflows. It provides a heterogeneous sample of outflows at a single
distance that may be observed with uniform resolution. Carina houses a considerable number of intermediate-mass protostars near a large population of much more
massive O-type stars (see Section 2.5.5). If a jet-driven molecular outflow emerges
into a giant H ii region like the Carina nebula, molecules in the flow will quickly be
dissociated by the harsh UV radiation bathing the region (see Figure 2.10). Thus,
only the irradiated atomic jet core will remain, allowing for direct study of the
jet. This removes the need to infer jet properties from the emission of entrained
molecules which will be complicated by variations in the environment into which
the jet propagates. The lack of a wider envelope of entrained molecules may also
explain why the irradiated jets in Carina and Orion are observed to be so highly
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collimated (Bally and Reipurth, 2001; Smith et al., 2010).
A nice example of a collimated jet and shocked envelope is HH 666 (Figure 2.2).
[Fe ii] emission traces the dense, highly collimated jet powering the HH 666 flow,
following the jet into the molecular globule all the way back to the driving source.
Hα and [S ii] emission surround the [Fe ii] jet, particularly in feature HH 666 O,
tracing a sheath around the jet that may be irradiated material in the walls of a
cavity cleared by the jet (see Figure 2.2d). Surprisingly, Smith et al. (2004a) found
no H2 emission associated with the jet. Outside of the molecular globule, this is
consistent with the rapid dissociation of molecules we would expect in the harsh
UV environment created by the numerous O stars in the Carina nebula. Less clear
is why there appears to be no H2 emission from the jet inside the rich molecular
environment of the pillar (although faint emission from the jet may be difficult to
detect against the bright background).
The HH jets in Carina comprise the largest sample of irradiated flows from
intermediate-mass stars in a single region, and are among the most massive irradiated outflows known. Unlike molecular outflows from other intermediate-mass
protostars, the HH jets in Carina can be studied directly (rather than via the molecular material they entrain) because they are not obscured by the extensive gas and
dust that typically surrounds young star forming regions, and because the jet gas is
externally illuminated. Few HH objects associated with more massive protostellar
outflows have been found for this reason (although see McGroarty et al., 2004).
Intermediate-mass stars forming alongside massive stars, like those in the Carina nebula, form in an environment that is profoundly changed by the H ii region
carved by the most massive cluster members. As dust pillars harboring star formation are eroded by the advancing ionization front, accretion-driven outflows will
emerge into the H ii region and will be irradiated while they are very young. Since
most intermediate-mass stars will form alongside faster-evolving high-mass stars,
these irradiated flows may be more representative of intermediate-mass protostellar
outflows than their molecular counterparts.
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Figure 2.10: Left: Top: An illustration of the molecular jets often observed in
embedded star-forming regions. Without an external ionizing source, only the
molecules excited in walls of the outflow cavity trace the observed outflow while
the atomic jet core remains invisible. Some of the jet core may be emit in the radio
continuum if shocks in the flow lead to partial ionization. Bottom: Outflows emerging into an H ii region will be bathed in UV radiation that will rapidly dissociate
entrained molecules, leaving the irradiated atomic jet core to be gradually ionized
and photo-evaporated outside the natal pillar.
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2.5.5 Environment
Within the Carina H ii region, the four outflows considered here are subjected to
varying amounts of radiation and feedback depending on their distance and orientation relative to the ionizing radiation from nearby massive stars. One of the
most striking differences is that [Fe ii] emission traces the jet back to a detectable
Spitzer point source in HH 666 and HH 1066, but for HH 901 and HH 902 there
is no unambiguous IR protostar inside either pillar. The driving sources of both
HH 901 and HH 902 could be extremely young and deeply embedded (Class 0),
they could be obscured by an edge-on circumstellar disk, or they could emerge from
extraordinarily dense globules that remain optically thick even into the mid-IR.
Unlike HH 666 and HH 1066, HH 901 and HH 902 protrude into the hot, shocked
stellar wind bubble expanding from the large O-star population in the center of the
nebula. Outside of this bubble, ionizing radiation drives a photoevaporative flow off
of neutral pillars, creating a protective boundary layer that somewhat reduces the incident ionizing flux (Bertoldi, 1989). This appears to be the case with HH 666 where
extended streams of Hα emission normal to the ionization front clearly trace the photoevaporative flow from the pillar (see Figure 2.1). Inside the stellar wind bubble,
globules and pillars that survive the initial passage of the ionization front will be
compressed, settling into a steady configuration where the pressure of the ionization
front is balanced by the pressure of the neutral gas in the pillar (Bertoldi and McKee,
1990). In this regime, extremely high densities are necessary to balance the pressure of the surroundings. Limits on the visual extinction of HH 901 imply a much
larger column density (NH & 2 × 1022 cm−2 , see Section 2.4.2) than is measured for
HH 666 (NH ≈ 6 × 1020 cm−2 ), consistent with what Preibisch et al. (2012) found
from their analysis of Herschel data. Together with the much smaller size of the
HH 901 pillar compared to HH 666 (a factor of 10), the estimated volume density is
nearly three orders of magnitude larger for HH 901 (nH & 3 × 105 cm−3 compared

to nH ≈ 4 × 102 cm−3 for HH 666). This high density obscures the HH 901 driving
source, even at 10 − 20 µm.
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2.5.6 Collimated Outflows from Intermediate-Mass Protostars
The intermediate-mass stars driving outflows in the Carina nebula add to a growing
body of evidence that stars of all masses drive highly collimated outflows (θ ≤ 10◦ )

as part of their evolution (e.g. Palau et al., 2010; Qiu et al., 2011; Zhu et al., 2011).

While some observations (e.g Wu et al., 2004) and theory (e.g. Vaidya et al., 2011)
suggest that more massive protostars drive less collimated flows (θ ≥ 20◦ ), we

find that the protostellar jets observed in Carina are no less collimated than their
low-mass counterparts (opening angles of a few degrees). McGroarty et al. (2004)
also find similarly small opening angles in their study of five HH jets driven by
intermediate-mass stars. Stronger radiation from more luminous, more massive protostars has been proposed as a physical mechanism to decrease outflow collimation
(Beuther and Shepherd, 2005; Vaidya et al., 2011). However, differences in collimation may also be an observational bias as outflows found to be poorly collimated
at low resolution have been shown to be more collimated when observed at higher
resolution (Beuther et al., 2002a).
This difference is particularly significant for outflows from intermediate- and
high-mass stars, the majority of which have been observed with molecular emission
lines in the millimeter (see Section 2.5.4). Molecular observations are blind to the
atomic jet that may power the flow (e.g. Dionatos et al., 2009), and only sample
molecules in walls of a cavity or shock cone created by the jet. Shocks expand
laterally with time, so an outflow observed only in molecular emission may appear
broad while the invisible atomic jet remains highly collimated. A two-component
jet system like this will look completely different in highly embedded regions (e.g.
Torrelles et al., 2003; Beuther et al., 2008; Takahashi and Ho, 2012) as compared to
an irradiated environment like Carina (see Figure 2.10). Because the jets in Carina
protrude into the H ii region, the UV radiation field quickly destroys molecules
entrained in the flow outside the pillar, and illuminates the largely neutral atomic
jet, revealing a highly collimated flow. The highly collimated jets in Carina suggest
that the scenario of low-mass star formation can be “scaled-up” at least to ≈ 6 − 8
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M⊙ .
2.6 Conclusions
We analyze high-resolution narrowband HST/WFC3-IR λ12657 and λ16435 [Fe ii]
images of four of the most spectacular jets in the Carina nebula. HH 666, HH 901,
HH 902, and HH 1066 all show bright IR [Fe ii] emission with λ16435/Hα ratios at
least an order of magnitude higher than the ratio measured in nearby photoionized
gas, revealing a significant amount of self-shielded, neutral material in the jet not
traced by Hα. In both HH 901 and HH 902, Hα is brightest along the side of the
jet that faces the source of ionizing radiation (Tr14), while [Fe ii] emission peaks
further away. This stratified emission structure reflects a slow-moving ionization
front propagating through the width of the jet beam. The jet will be optically thick
to Lyman continuum photons if the average atomic density, nH , is sufficiently high,
thus preventing the rapid ionization of the jet. For HH 901, we find nH ≈ 1 − 3 ×

nmin , the minimum density to be optically thick to Lyman continuum radiation. In
addition, we estimate the mass-loss rates of both limbs of HH 901 without assuming
that the jet is fully ionized, and find values an order of magnitude larger than those
based on the Hα emission measure. Bright [Fe ii] emission in all four jets suggests
that the mass-loss rates derived from the Hα emission measure vastly underestimate
the true amount of mass lost in these jets, indicating that these jets are substantially
more massive than previously thought. We emphasize that these constraints on the
jet density come from the survival of Fe+ against further ionization, and do not
depend on the excitation mechanism that powers [Fe ii] emission. We do, however,
note several morphological reasons to expect that the [Fe ii] emission is significantly
influenced by FUV radiation.
If the jet mass-loss rate is ∼ 1 − 10% of the accretion rate, more mass in these

jets suggests that they are likely to be driven by intermediate-mass protostars (2 − 8

M⊙ ) instead of low-mass stars (< 2 M⊙ ). Model fits to the IR SEDs of the protostars
driving HH 666 and HH 1066 (6.3 M⊙ and 2.8 M⊙ , respectively) corroborate this

76
interpretation, adding to a growing body of evidence that stars of all masses form
by accretion. We find that the jets in Carina are no less collimated than their lowmass counterparts. The essential difference is that the optical and near-IR emission
lines trace the neutral atomic jet core that would remain unseen if the jet were not
irradiated in the H ii region. The harsh UV environment in Carina allows a unique
view of these four outflows and provides new evidence that even relatively massive
stars can drive collimated jets.
[Fe ii] emission traces both HH 666 and HH 1066 back into the parent globule,
connecting the jets to Spitzer-identified intermediate-mass protostars. No [Fe ii]
emission associated with the jet is detected inside the pillars housing HH 901 and
HH 902, nor is there any detection of point-like emission from the driving sources
even at wavelengths as long as 24µm. This may be a consequence of higher extinction, which is in turn created by the high pressure environment; HH 901 and
HH 902 protrude into the hot stellar wind bubble created by Carina’s many O stars.
Large optical depths in the pillars may reflect high densities created as the pillar
was compressed by the advancing hot bubble.
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CHAPTER 3
KINEMATICS OF POWERFUL JETS FROM INTERMEDIATE-MASS
PROTOSTARS IN THE CARINA NEBULA

3.1 Foreword
In this chapter, we use images from the Hubble Space Telescope and ground-based
spectra to measure proper motions and radial velocities of four powerful HerbigHaro jets in the Carina nebula. The results presented in this chapter have appeared
in print in Reiter and Smith (2014).
The images presented in this chapter are publicly available through The Mikulski
Archive for Space Telescopes (MAST)1 that were targeted for Early Release Observations after SM4 and under programs GO/DD 12050, and GO 10241 and 10475.
These images were previously analyzed and published in Reiter and Smith (2013)
and Smith et al. (2010), respectively. Support for this work was provided by NASA
grant AR-12155 and GO-13391 from the Space Telescope Science Institute. This
work is based on observations made with the NASA/ESA Hubble Space Telescope,
obtained from the Data Archive at the Space Telescope Science Institute, which is
operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. These observations are associated with program
GO/DD 12050. We acknowledge the observing team for the HH 901 mosaic image: Mutchler, M., Livio, M., Noll, K., Levay, Z., Frattare, L., Januszewski, W.,
Christian, C., Borders, T.
The ground-based Hα and [S ii] spectra presented in this chapter were obtained
by Nathan Smith while employed as a Hubble Fellow at the Center for Astrophysics
and Space Astronomy, University of Colorado, Boulder under program 70.C-0094(A)
(P.I. Kate Brooks, then a postdoctoral scholar in el Departamento de Astronomı́a,
1

https://archive.stsci.edu/hst/
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Universidad de Chile). Pat Hartigan, Professor at Rice University, allowed us to
consult his proper mode code in preparation of this manuscript.
3.2 Introduction
Actively accreting protostars drive outflows that may aid in the removal of angular
momentum and the dispersal of the protostellar envelope (Arce and Sargent, 2006).
Energy liberated from disk accretion powers the outflow, writing a record of the
driving protostar’s accretion history into the spatially resolved outflow structures.
Knots in protostellar jets arise from changes in the ejection velocity, the mass-loss
rate in the outflow, or both. Measurements of the spatially resolved jet density and
outflow velocity can break this degeneracy, allowing jets that propagate mostly in
the plane of the sky to be used as an indirect tracer of accretion variability (e.g.
Thi et al., 2010).
Inferring the accretion history from the density structure in the jet depends
critically on the ability to measure all of the mass in the jet and its kinematics. Jets are typically traced via millimeter emission of entrained molecules (e.g.
Beuther et al., 2008; Fuente et al., 2001), shocked H2 emission (e.g. Stanke et al.,
2002; Zhang et al., 2013), or shock-excited atomic emission lines from Herbig–Haro
(HH) objects (e.g. Wang and Henning, 2009). None of these provide a complete
census of the mass in the jet. A collimated jet may power the wider-angle outflows
seen at longer wavelengths (see e.g. Hartigan et al., 1994), but this largely neutral
jet will remain invisible behind large columns of gas and dust in typical star forming
regions. For the special case of jets driven into an H ii region created by nearby
massive stars, however, external UV irradiation illuminates even unshocked material, allowing for a more complete census of the mass loss. Emission from these
irradiated HH jets is interpreted using standard diagnostics of photoionized gas,
rather than models of non-linear and time-dependent shocks (Bally and Reipurth,
2001), providing an unusual opportunity to measure the physical properties of the
outflow directly. This is especially valuable in the inner jet, before deceleration by
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shocks alters the density and velocity structure.
Detailed jet mass-loss histories of a population of intermediate-mass protostars
can provide a time-resolved view of the mass assembly of stars in the poorly understood intermediate-mass range (∼ 2 − 8 M⊙ ) where changes in the physics of

formation between low- and high-mass stars – if any – would begin to manifest.
The Carina nebula hosts the largest known population of more massive irradiated
jets (Smith et al., 2010), which are likely driven by intermediate-mass protostars
(Ohlendorf et al., 2012; Reiter and Smith, 2013). Estimates of the time-averaged
mass-loss rate of the HH jets in Carina have been derived from the Hα emission
measure using narrowband Hubble Space Telescope (HST) images and assuming
a velocity of 200 km s−1 (Smith et al., 2010). Crucially, this method only traces
mass-loss in the photoionized part of the jet, and thus provides a lower limit on the
mass-loss rate.
Recent narrowband near-IR imaging revealed bright [Fe ii] emission in all four
of these HH jets (Reiter and Smith, 2013). In the harsh environment of the Carina
nebula, where many nearby O-type stars bathe these jets in UV radiation, we would
expect Fe+ to be rapidly ionized to Fe++ . The fact that [Fe ii] is bright in these
jets indicates that this is the not the case, and therefore the [Fe ii] emitting gas
must be self-shielded. This self-shielded gas is not traced by Hα and it must be high
density in order to protect neutral material in the jet. Accounting for this, revised
estimates of the mass-loss rate are generally an order of magnitude higher than the
value derived from the Hα emission measure (Reiter and Smith, 2013).
Without kinematic measurements, one must assume a velocity to estimate the
mass-loss rate, adding substantially to the uncertainty. This is especially true if more
massive protostars drive faster jets (e.g. Corcoran and Ray, 1997). HST imaging
over multiple epochs now makes it possible to measure the apparent motion on the
sky of fast jet knots, and when combined with radial velocities from spectroscopy, allows us to measure the tilt angle from the plane of the sky and the three-dimensional
space velocity.
In this chapter, we present three dimensional kinematics of four spectacular
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HH jets in the Carina nebula – HH 666, HH 901, HH 902, and HH 1066. Using
archival Hα images from the Wide Field Camera 3 (WFC3-UVIS) on board HST
together with Advanced Camera for Surveys (ACS) Hα images from Smith et al.
(2010) provides a time baseline of ∼ 4.4 years, sufficient to measure velocities & 50

km s−1 for faint nebular condensations at the distance of the Carina nebula (2.3
kpc, Smith, 2006b). The velocities measured here provide an essential element for
determining the spatially-resolved mass-loss rates and momenta of these outflows.
3.3 Observations
3.3.1 HST Hα Images
Table 3.1 lists the details of the HST images and optical and near-IR spectroscopy
used in this study. First-epoch images of HH 666 were obtained with ACS onboard
HST on 30 March 2005 (Smith et al., 2010) using the F658N filter. Second epoch
Hα images of HH 666 were obtained with WFC3-UVIS using the F656N filter on
24 July 2009 as part of the Early Release Observations after SM4, providing a 4.32
year baseline between epochs. Using slightly different filters for the two epochs
could influence the proper motions if Hα and [N II] do not have the same spatial
distribution. The F658N filter used with ACS contains both Hα and [N II] while
the F656N filter used with WFC3-UVIS isolates Hα. Hα and [N II] may be offset
from each other along the flow axis in purely shock-excited gas (as Hα and [S II]
appear to be in HH 110, Noriega-Crespo et al. 1996). In the heavily irradiated
environment of the Carina nebula, the jets are photoionized, and would be more
likely to have stratified emission perpendicular to the direction of propagation (see,
e.g. HH 901, Reiter and Smith, 2013). However, the ionization potentials of Hα
and [N II] are similar (13.6 eV and 14.5 eV, respectively), which will diminish the
spatial offset between the lines. Residuals on the order of the noise in a subtraction
image of individual, aligned jet features suggests that using observations taken in
two different filters does not significantly bias our proper motions.
HH 901, HH 902, and HH 1066 are all within the Trumpler 14 mosaic imaged

Table 3.1: Observations
Target

αJ2000

δJ2000

Instrument/

Filter

Date

Telescope

Int.
time (s)

HH 666

10:43:51.3

-59:55:21

ACS/HST

F658N

2005 Mar 30

1000

HH 666

10:43:51.3

-59:55:21

WFC3/HST

F656N

2009 Jul 24-29

7920

HH 666

10:43:51.3

-59:55:21

EMMI/NTT

Hα, [S II]

2003 Mar 11

2400

HH 901

10:44:03.5

-59:31:02

ACS/HST

F658N

2005 Jul 17

1000

HH 901

10:44:03.5

-59:31:02

WFC3/HST

F657N

2010 Feb 1-2

1980

HH 901

10:44:03.5

-59:31:02

EMMI/NTT

Hα, [S II]

2003 Mar 10

1800

HH 902

10:44:01.7

-59:30:32

ACS/HST

F658N

2005 Jul 17

1000

HH 902

10:44:01.7

-59:30:32

WFC3/HST

F657N

2010 Feb 1-2

1980

HH 902

10:44:01.7

-59:30:32

EMMI/NTT

Hα, [S II]

2003 Mar 10

1800

HH 1066

10:44:05.4

-59:29:40

ACS/HST

F658N

2005 Jul 17

1000

HH 1066

10:44:05.4

-59:29:40

WFC3/HST

F657N

2010 Feb 1-2

1980

HH 1066

10:44:05.4

-59:29:40

FIRE/Magellan

[Fe ii] 1.64µm

2012 Mar 07

2280
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with ACS on 17 July 2005. These three jets were observed in Hα a second time with
WFC3-UVIS on 1-2 February 2010 providing a time baseline of 4.55 years. Both
epochs of the HH 901 mosaic were observed with filters that contain Hα and [N II].
Starting with reduced (including distortion correction), calibrated, and drizzled
mosaic images from the Hubble Legacy Archive2 , WFC3-UVIS images were registered to the ACS images in two steps. The WFC3-UVIS Hα image was resampled to
the ACS pixel scale using bilinear interpolation, then shifted relative to the ACS image to minimize the residuals in a subtraction image. RMS deviations of the stellar
centroids of the optimally aligned images (determined using Source Extractor,
Bertoldi and Draine, 1996) are 0.2 pixels (∼ 10 mas), corresponding to a velocity
uncertainty of ∼ 25 km s−1 for a time baseline of ∼ 4.4 years. We adopt the distance

to η Carinae of 2.3 kpc (±50 pc, measured from the expansion of the Homunculus
nebula; Smith, 2006b) for all four jets (see also Smith and Brooks 2007).
We select bright knots that do not change significantly in brightness and morphology in order to measure proper motions in the jet. After subtracting a medianfiltered image (with box size optimized for each jet feature) as a model of the
background emission, we use the modified cross-correlation technique described by
Currie et al. (1996, see also Morse et al. 2001 and Hartigan et al. 2001) to measure
the transverse velocities of these nebulous jet features. Briefly, in this method a
cross-correlation array is generated by shifting a small box containing a jet feature
relative to a reference image. For each offset, the total of the square of the difference
between the two images is computed. The minimum value of this array corresponds
to the best match of the two images, and thus the pixel offset corresponding to the
proper motion of the object.
Systematic uncertainties affect all proper motion measurements and are of particular concern when using data obtained with two different instruments especially
those located in different places on the focal plane that require different distortion
corrections, as is the case with ACS and WFC3. A larger source of uncertainty
comes from the bright and highly spatially-dependent nebulosity near the jets in
2

http://hla.stsci.edu/hlaview.html
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Carina. This significantly reduces the contrast between diffuse jet features and the
background, leading to much lower signal-to-noise than obtained for bright, nearby
HH jets (e.g. Hartigan et al., 2001). The typical uncertainty of our proper motion
measurements is ∼ 20 − 25 mas, constrained by comparing the subtraction resid-

uals with the background. This translates to velocity uncertainties ranging from
∼ 40 − 80 km s−1 (see Table 3.3) depending on the contrast between the jet feature and the background. Our proper motion measurements are somewhat more

uncertain than what Yusef-Zadeh et al. (2005) found applying a similar technique
to measure proper motions of HH 399 using signal-to-noise limited images.
3.3.2 Spectroscopy
Hα and [S II] spectra of HH 902 and HH 901 were obtained with the ESO MultiMode Instrument (EMMI) on the NTT on 10 March 2003. High resolution, long-slit
spectra of HH 902 were obtained in single-order, long-slit mode using two different
narrowband order-sorting filters to isolate Hα + [N II] or [S II] λλ6717, 6731. The
total slit length was ∼ 6′ . HH 901 was observed in echelle mode with the cross-

dispersing grism allowing Hα and [S II] to be observed simultaneously with a slit
length of 25′′ . Both jets were observed with a 1′′ slit width. The wavelength solution
was computed from the nebular [N II] lines (for the Hα spectrum) or from the [S II]

lines themselves. HH 666 was observed with the same setup as HH 902, and the
resulting spectra were published by Smith et al. (2004a).
No optical spectra were obtained for HH 1066. Since HH 1066 has extremely
bright near-IR [Fe ii] emission (Reiter and Smith, 2013), we observed HH 1066 with
the Folded-Port InfraRed Echellette (FIRE) near-IR spectrograph (Simcoe et al.,
2008; Simcoe et al., 2010; Simcoe et al., 2013) on the Magellan Baade 6.5 m telescope on 07 March 2012. FIRE’s 0.8−2.5 µm wavelength coverage includes multiple
emission lines from the jet, including the [Fe ii] 1.644 µm line which we use in this
analysis. The 7′′ slit was aligned along the jet axis, centered on the bright [Fe ii]
emission found by Reiter and Smith (2013). We used a 0.′′ 75 slit width to accommodate variable seeing conditions over the course of the night. To account for sky
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emission, we employed a nodding strategy, pointing on- and off-source in an ABBA
sequence. The internal ThAr lamp was used for wavelength calibration and the data
were reduced using the Firehose IDL pipeline.
3.4 Results
Combining transverse velocities from proper motions with radial velocities from
spectra, we calculate the three-dimensional space velocities (total velocities) and
orientations of HH 666, HH 901, HH 902, and HH 1066 in the Carina nebula. Derived jet kinematics are listed in Table 3.3. We calculate transverse velocities from
the adopted distance to the Carina nebula (2.3 kpc) and translate these to representative dynamical ages assuming ballistic motion of the jet knots over this short
time baseline. The jet features used to measure proper motions (see Figures 3.1,
3.2, 3.4, and 3.6) show little change in morphology between the two epochs, suggesting a lack of significant turbulent motions in the jets that would compromise the
measurements. For each jet, we define the tilt angle, α, of the flow axis away from
the plane of the sky as α = tan−1 (vr /vT ). All four of the jets have total velocities
in excess of 100 km s−1 . In the following paragraphs, we briefly describe notable
features of the individual jets.
HH 666: Optical spectroscopy of HH 666 reveals a sawtooth velocity pattern with
Doppler velocities up to ±250 km s−1 (Smith et al., 2004a). Transverse velocities
measured from proper motions of the HH 666 blobs (see Figure 3.1) are 75 − 229 km
s−1 , with velocities from the inner jet & 110 km s−1 . We measure proper motions
of the large jet features identified by Smith et al. (2004a) as a whole (shown as
the larger boxes in Figure 3.1 and listed in Table 3.3 under the names given by
Smith et al. 2004a, e.g. HH 666 A) and the smaller knots that comprise each of those
larger blobs separately (using the boxes shown as the inset images of each feature
in Figure 3.1 and listed as, e.g. HH 666 A1, in Table 3.2). Both HH 666 M and O
in the inner jet have high velocities. We expect that jet features near the driving
source will have undergone the least amount of shock processing and interaction with
the environment, and thus their velocities will be closest to the initial jet velocity.
Velocities throughout HH 666 M remain remarkably consistent (see Figure 3.9a)
despite its clumpy morphology. In contrast, knot velocities in HH 666 O appear
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Figure 3.1: Boxes and velocity vectors representing the proper motions measured in HH 666 using HST images taken
4.32 years apart are superposed on the new WFC3-UVIS Hα image. Features HH 666 A, E, M, O, N, I, and C,
identified by Smith et al. (2004a), are labeled (HH 666 D is outside the area imaged with WFC3) along with the
measured transverse velocity in km s−1 . Inset images show a zoomed view of the individual features HH 666 A, E, M,
O, N, I, and C with boxes and velocity vectors showing the smaller knots within the larger features also measured.
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to decrease as they move away from the driving source. Large proper motions and
Doppler velocities from inner jet features indicate that the tilt of the jet away from
the plane of the sky is α ≈ 60◦ (although the median inclination angle derived for
all features in HH 666 is closer to 30◦ , suggesting that the inclination for most of
the jet may be somewhat smaller or may have changed over time). Combining the
radial and transverse velocities yields total space velocities of ∼ 119 − 263 km s−1 .
Surprisingly, HH 666 E has the highest proper motions in the jet with a 3D space
velocity of 263 km s−1 , exceeding speeds in the inner jet and bow shocks by almost
100 km s−1 .
Table 3.2: Proper motions of small knots in HH 666

δx

δy

vT a

vR b

velocityc

α

aged

mas

mas

[km s−1 ]

[km s−1 ]

[km s−1 ]

[degrees]

yr

HH 666 A

−49(14)

−25(33)

160(39)

-37(4)

164(38)

14(4)

12869(3553)

HH 666 A1

-55(25)

-34(25)

163(63)

...

167(63)

13(5)

12114(4664)

HH 666 A2

-64(25)

-54(25)

211(63)

...

214(63)

10(3)

9183(2744)

HH 666 A4

-55(25)

-39(50)

169(89)

...

173(89)

12(6)

11651(6123)

HH 666 A5

-51(12)

10(25)

132(33)

...

137(33)

16(4)

14664(3697)

HH 666 A6

-20(12)

-82(25)

212(61)

...

215(61)

10(3)

9057(2627)

HH 666 A7

-63(12)

12(37)

162(36)

...

166(36)

13(3)

11853(2630)

HH 666 A8

-38(12)

3(25)

97(32)

...

104(32)

21(7)

20058(6579)

HH 666 A9

-49(12)

-21(12)

134(31)

...

139(32)

15(4)

14377(3382)

HH 666 E

−84(11)

−30(13)

227(33)

-130(4)

262(29)

30(4)

6917(1004)

HH 666 E1

-83(12)

-35(12)

226(32)

...

261(32)

30(4)

6923(982)

HH 666 E2

-84(25)

-39(12)

234(58)

...

268(59)

29(6)

6656(1670)

HH 666 E3

-98(25)

-35(25)

264(63)

...

294(63)

26(5)

5837(1398)

HH 666 E4

-72(25)

-10(25)

183(63)

...

225(63)

35(9)

8253(2834)

HH 666 M

−66(7)

8(7)

169(18)

-190(4)

255(12)

48(3)

1216(410)

HH 666 M1

-72(25)

15(25)

186(63)

...

266(63)

46(10)

1895(642)

HH 666 M2

-69(12)

10(12)

176(32)

...

259(32)

47(5)

1351(244)

HH 666 M3

-62(12)

12(12)

159(32)

...

248(32)

50(6)

1331(265)

HH 666 M4

-66(25)

-6(25)

166(63)

...

252(63)

49(11)

1102(417)

Object
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δx

δy

vT a

vR b

velocityc

α

aged

mas

mas

[km s−1 ]

[km s−1 ]

[km s−1 ]

[degrees]

yr

HH 666 M5a

-75(25)

5(12)

189(63)

...

268(63)

45(10)

773(257)

HH 666 M7

-55(12)

11(25)

140(33)

...

236(33)

54(6)

844(200)

HH 666 O

45(10)

44(16)

160(44)

210(4)

266(27)

53(8)

2279(1053)

HH 666 O1

57(25)

46(12)

184(53)

...

279(53)

49(8)

1132(325)

HH 666 O2

56(25)

66(25)

218(63)

...

303(63)

44(8)

1373(395)

HH 666 O3

42(25)

50(12)

165(47)

...

267(47)

52(8)

2288(654)

HH 666 O4

36(25)

23(12)

108(55)

...

236(56)

63(12)

3628(1868)

HH 666 O5

36(12)

35(25)

127(49)

...

245(49)

59(10)

2973(1152)

HH 666 N

28(28)

33(9)

119(46)

93(4)

153(34)

40(13)

6251(2857)

HH 666 N1

-4(25)

26(50)

66(124)

...

114(124)

55(51)

9529(17974)

HH 666 N2

43(37)

43(17)

153(73)

...

179(74)

31(12)

4293(2062)

HH 666 N3

46(25)

29(37)

137(73)

...

166(73)

34(14)

4929(2632)

HH 666 I

45(14)

27(11)

136(26)

67(4)

152(24)

27(4)

9320(1926)

HH 666 I1

37(25)

34(25)

128(63)

...

144(63)

28(12)

8195(4026)

HH 666 I2

20(25)

36(25)

104(63)

...

123(63)

33(16)

10052(6070)

HH 666 I3

40(25)

43(25)

147(63)

...

162(63)

25(9)

7384(3152)

HH 666 I4

73(25)

25(25)

195(63)

...

206(63)

19(6)

5966(1924)

HH 666 I5

48(25)

27(12)

140(57)

...

155(57)

26(9)

8487(3457)

HH 666 I6

50(25)

10(12)

128(62)

...

144(62)

28(11)

10322(4998)

HH 666 I7

58(25)

14(25)

150(63)

...

164(63)

24(9)

9068(3800)

HH 666 I8

42(25)

17(37)

116(68)

...

134(68)

30(15)

11463(6733)

HH 666 I9

38(12)

21(12)

110(31)

...

129(32)

31(7)

12487(3564)

HH 666 I10

40(25)

40(25)

144(63)

...

159(63)

25(10)

9778(4265)

HH 666 C

70(18)

20(12)

185(45)

67(4)

197(43)

21(4)

13679(2714)

HH 666 C1

63(12)

11(37)

161(35)

...

175(35)

23(5)

14477(3141)

HH 666 C2

57(12)

5(37)

143(32)

...

158(33)

25(5)

16356(3703)

HH 666 C3

87(37)

29(25)

230(91)

...

240(91)

16(6)

10149(4031)

HH 666 C4

56(25)

16(25)

148(63)

...

163(63)

24(9)

16087(6820)
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δx

δy

vT a

vR b

velocityc

α

aged

mas

mas

[km s−1 ]

[km s−1 ]

[km s−1 ]

[degrees]

yr

HH 666 C5

62(37)

12(25)

161(93)

...

174(93)

23(12)

15093(8731)

HH 666 C7

70(25)

40(25)

204(63)

...

215(63)

18(5)

12371(3810)

HH 666 C8

105(12)

14(12)

269(32)

...

277(32)

14(2)

9388(1132)

HH 666 C9

56(12)

32(12)

163(32)

...

176(32)

22(4)

15512(3014)

Object

Proper motions measured for small knots within the larger features in HH 666 (small
boxes on inset images in Figure 3.1). We also report the mean and standard
deviation of the measurements within each large feature. Radial velocities for each
feature are those measured for the larger jet feature (see Table 3.3 and Smith et al. 2004a).
a

The transverse velocity, assuming a distance of 2.3 kpc.

b

The radial velocity measured from spectra.

c

The total space velocity, assuming the average inclination measured for other knots

in the jet when a radial velocity is not measured directly.
d

Time for the object to reach its current position at the measured velocity, assuming

ballistic motion.

HH 901: Blobs in HH 901 move along the jet axis, culminating in the eastern
and western bow shocks (see Figure 3.2). Measuring the proper motions of the apex
and wing of the eastern bow shock separately confirms that the bow tip moves faster
than the skirt as is commonly seen in HH jets (Reipurth and Bally, 2001). Optical
spectra of the western limb of HH 901 show some evidence of a Hubble flow from the
inner jet (particularly in [S II]) and high velocity emission from the terminal bow
shock. Radial velocities from the western portion of the jet (the misaligned eastern
limb falls outside of the slit) are ≈ 20 km s−1 . Since the transverse velocities are

∼ 3× the Doppler velocities, this implies that the tilt angle of the jet relative to the

plane of the sky is α ∼ 10 − 20◦ (see Figure 3.3).

HH 902: The brightest knots in HH 902 lie along a single jet axis, with more

diffuse features deviating from this axis as though they have been blown back by
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Figure 3.2: WFC3-UVIS Hα image of HH 901 with boxes indicating features used to
compute proper motions and velocity vectors indicating the magnitude and direction
of the measured motion.
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Figure 3.3: Position-velocity diagrams of HH 901 in (a) Hα, (b) [S II] (the λ6717
and λ6731 lines combined), with an image of the slit position with approximately
the same spatial scale shown to the right. Emission from the background has been
suppressed but not completely extracted. Contours are not flux calibrated.
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Figure 3.4: WFC3-UVIS image of HH 902 with boxes indicating the features used
to measure proper motions. Hα knots used to measure proper motions in HH 902
that overlap with the IR-bright features identified by Reiter and Smith (2013) are
denoted with an ∗ . New feature labels were chosen within the constraints imposed
by existing feature names.
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Figure 3.5: Long-slit spectra along the HH 902 jet axis. As in Figure 3.3, panel (a)
shows Hα, (b) a combination of the λ6717 and λ6731 [S II] lines, and an image of
the jet with approximately the same spatial resolution showing the slit position is
plotted to the right. Contours are not flux calibrated. The horizontal white stripe
in both spectra is a gap in the CCD detector.
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feedback from Trumpler 14 (see Figure 3.4 and Smith et al., 2010). Proper motions
of the Hα blobs in HH 902 are directed along this axis with no evidence for significant
motions perpendicular to it (our precision indicates that perpendicular velocities are
. 50 km s−1 ). [Fe ii] emission identified by Reiter and Smith (2013) lies along the
jet axis defined by the proper motions, demonstrating that [Fe ii] does indeed trace
the inner jet and not a photodissociation region (PDR) on the pillar surface.
Ohlendorf et al. (2012) proposed that an IR source (J104401.8593030) near the
tip of the HH 902 pillar drives the jet. This same source can be seen in our Hα images
from HST and lies more than 2′′ away from the jet axis. Proper motions demonstrate
that it cannot be the protostar driving the HH 902 outflow. This suggests caution
when inferring position-based associations of jets and driving sources using lowresolution mid/far-IR images alone.
Like HH 901, the HH 902 flow axis lies close to the plane of the sky. The highest
radial velocity in the optical spectra, from the redshifted western limb of the jet, is
≈ 25 km s−1 , although emission from the rest of the jet is confined to |vR | / 15 km

s−1 . Small radial velocities in the optical spectra combined with higher transverse
speeds from the proper motions constrain the tilt of the jet axis from the plane of
the sky to be α ∼ 10 − 25◦ (see Figure 3.5).

HH 1066: Unlike the other HH jets studied here, HH 1066 does not have a

clear bipolar jet structure in Hα images, leading Smith et al. (2010) to identify
it as a candidate jet. However, near-IR [Fe ii] emission clearly traces a bright,
collimated jet emerging from the apex of the globule, as well as a western bow
shock (Reiter and Smith, 2013). Faint arc-like Hα emission that is confused with
the pillar edge in single-epoch images is clearly seen to be the eastern bow shock in
an Hα difference image because of its high proper motion (see Figure 3.6b). Neither
the eastern nor western bow shock lies along the same axis as bright [Fe ii] emission
from the inner jet (Reiter and Smith, 2013). The eastern bow shock is moving at
∼ 215 km s−1 parallel to, but offset ∼ 0.′′ 3 southwest of this axis. In contrast, the
western bow shock moves almost due west with a velocity of ∼ 140 km s−1 , and is

offset to the south by an angle ∼ 20◦ relative to the [Fe ii] jet axis. Taken together,
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the offset of the bow shocks suggests that the jet axis is bent toward Trumpler 14.
Possible causes of this asymmetry are discussed in Section 3.5.2.
Two new jet blobs, similar to those discovered close to the driving sources of
HH 668 in Orion (Smith et al., 2005) and DG Tau (Agra-Amboage et al., 2011),
are apparent in the Hα difference image of HH 1066 where the knots can be seen
moving along the flow axis amid the more diffuse emission of the inner jet. These
two knots, are both ∼ 0.5′′ away from the presumed position of the driving source
(between the bright spots where the jet emerges from the globule, see Figure 3.6c).
While they lie too close to the bright edges of the globule for reliable estimates of
their proper motions (see Figure 3.6), an intensity tracing along the jet shows an
offset of ∼ 0.′′ 1 between the two epochs for the western blob, indicating transverse

velocities of at least 250 km s−1 (see Figure 3.6d). This suggests a dynamical age
of ∼ 35 years for the two newly revealed knots. Additional epochs will be required
for more precise constraints on their proper motions.

The likely driving source of HH 1066 (Ohlendorf et al., 2012; Reiter and Smith,
2013) lies within ∼ 0.′′ 25 of the bright spots where the jet emerges from the globule

(with the discrepancy attributable to Spitzer’s angular resolution). Near-IR spectra
of the [Fe ii] 1.64 µm line from HH 1066 trace Doppler velocities up to ±100 km

s−1 from the inner jet and western bow shock (see Figure 3.7). The range of radial

velocities is especially large near the jet base, in both the redshifted and blueshifted
sides of the jet. Unlike the narrow range of velocities traced by a collimated jet
that is slowed in a shock, the broad range of velocities are more reminiscent of the
conical outflow structures seen in, e.g. the Orion BN/KL outflow (Greenhill et al.,
1998). Comparing the approximate velocity of the recently ejected knots with the
maximum radial velocity in the [Fe ii] 1.64 µm line constrains the tilt angle to be
α ∼ 20 − 30◦ .
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Figure 3.6: Proper motions of blobs in HH 1066 (a) shown with boxes and velocity
vectors on the new WFC3-UVIS Hα image, (b) in a difference image between the
two epochs, (c) as bright knots in the WFC3-UVIS [S II] image. Panels (d) show
intensity tracings of the recent ejecta as well as the two bow shocks.
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Figure 3.7: Position-velocity diagram of HH 1066 in [Fe ii] 1.644 µm with contours
overplotted to show the distribution of flux shown alongside an image with approximately the same spatial resolution with the slit position superposed. Continuum
from the driving source separates the redshifted (western) and blueshifted (eastern)
sides of the jet.
3.5 Discussion
3.5.1 Velocity structure
The proper motion measurements of HH 666, HH 901, HH 902, and HH 1066 combined with Doppler shifts provide the full three-dimensional space motions between
the first and second epochs for these four HH jets in the Carina nebula. Measured velocities from the Carina jets are similar to speeds measured in the outflows driven by low-luminosity protostars (∼ 100 − 200 km s−1 , see Figure 3.8

and Reipurth and Bally, 2001), somewhat slower than the high velocity outflows
inferred from blueshifted forbidden line emission in spectra of some Herbig Ae/Be
stars (Corcoran and Ray, 1997). However, we measure velocities in these spatially
resolved outflows far from the driving source, where interaction with the environment may have altered the measured outflow velocity from the launch speed (more
significant for jets from embedded protostars). All four jets show velocities ' 100
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km s−1 . Many knots are slower than the high velocities found throughout HH 399
(Yusef-Zadeh et al., 2005), an irradiated outflow in the Trifid with a high measured
mass-loss rate similar to the inferred mass-loss rate for these four jets in Carina
(∼ 10−6 M⊙ yr−1 , see Reiter and Smith, 2013).
Combining total space velocities with the high densities required for the survival
of Fe+ (n ' 3.4 × 104 cm−3 , see Reiter and Smith, 2013), we find mass-loss rates

of a few ×10−6 M⊙ yr−1 for all four jets. These high mass-loss rates exceed the

accretion rate of the two HH jets driven by intermediate-mass protostars studied

by Ellerbroek et al. (2013) and are more than two orders of magnitude larger than
the average mass-loss rates measured from T Tauri stars (Hartigan et al., 1995).
Interestingly, this is comparable to the observed mass-loss rates in FU Orionis outbursts (Hartmann and Calvet, 1995). Better constraints on the density of the HH
jets in Carina from spectroscopy will further improve the accuracy of mass-loss rates
(Reiter et al., in preparation).
None of the jets show evidence of a velocity decrease & 100 km s−1 with increasing distance from the driving source (see Figure 3.9) as Devine et al. (1997) observe
in HH 34. Devine et al. (1997) suggest that the monotonic decrease in velocity observed in HH 34 may result from a young outflow interacting with a surrounding
medium that has not been accelerated by momentum transfer from previous ejecta.
In an H ii region with a temperature of 10,000 K and a density of 100 cm−3 (the
approximate H ii region density near HH 666 estimated from the Strömgren condition; the density near HH 901, HH 902, and HH 1066 is expected to be nearly an
order of magnitude higher, see Section 3.5.2), the ambient pressure is ∼ 1.5 × 10−10

dynes cm−2 . In contrast, the ram pressure of an individual jet knot with the high
densities we find in Carina is orders of magnitude higher; for a density ne & 104

cm−3 (Reiter and Smith, 2013), and velocity of 100 km s−1 , the ram pressure is
∼ 1.5 × 10−8 dynes cm−2 . Outside the parent pillar, few forces will act to decelerate
the jet, with the possible exception of the jet colliding with a nearby high-density
pillar (as may be the case for HH 1066, see Sections 3.4 and 3.5.2).

96
Table 3.3: Proper motions measured for various jet features

Object

δx

δy

vT a

vR b

velocityc

α

aged

mas

mas

[km s−1 ]

[km s−1 ]

[km s−1 ]

[degrees]

yr

HH 666⋆ (∆t = 4.32 yr)
HH 666 D

...

...

...

-11

22

30†

45110

HH 666 A

-50(25)

-13(25)

130(63)

-37(4)

135(63)

16(7)

14957(7210)

HH 666 E

-84(12)

-33(12)

229(32)

-130(4)

263(32)

30(3)

6735(945)

HH 666 M

-54(12)

7(25)

136(32)

-190(4)

234(33)

54(6)

1364(324)

HH 666 O

41(12)

27(12)

124(31)

210(4)

244(32)

60(6)

3045(776)

HH 666 N

9(50)

28(37)

75(97)

93(4)

119(97)

51(36)

8719(11340)

HH 666 Ib

32(25)

30(25)

110(63)

67(4)

129(63)

31(15)

11358(6458)

HH 666 Ia

38(25)

21(25)

109(63)

67(4)

128(63)

32(15)

12488(7179)

HH 666 C

63(37)

6(25)

159(94)

67(4)

172(94)

23(12)

15304(9058)

HH 901 (∆t = 4.55 yr)
HH 901 Y

25(12)

-13(25)

68(38)

...

70(38)

...

3670(2037)

HH 901 L

23(25)

-2(12)

55(59)

...

57(59)

...

4111(4420)

HH 901 S

29(12)

3(12)

69(30)

...

72(30)

...

3387(1456)

HH 901 U

37(12)

1(12)

89(30)

...

92(30)

...

1608(540)

HH 901 O

34(12)

-4(12)

83(30)

...

86(30)

...

1295(466)

HH 901 I

-47(12)

-10(12)

115(30)

20(4)

119(30)

10(3)

712(186)

HH 901 R

-40(12)

-10(12)

99(30)

...

103(30)

...

1072(323)

HH 901 A

-29(12)

-13(12)

77(30)

...

80(30)

...

1818(705)

HH 901 F

-32(25)

-7(12)

80(58)

...

83(58)

...

1914(1399)

HH 901 E

-33(25)

3(25)

79(60)

...

82(60)

...

2137(1609)

HH 901 N

-21(12)

-11(12)

57(30)

23(4)

60(30)

22(11)

3273(1696)

HH 902 (∆t = 4.55 yr)
HH 902 S

43(12)

1(12)

102(30)

...

107(30)

...

2747(803)

HH 902 U

31(12)

4(12)

76(30)

...

80(30)

...

2744(1077)

HH 902 E

18(12)

-4(12)

43(30)

...

46(30)

...

4027(2759)
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HH 902 V

-28(25)

14(12)

76(55)

...

80(55)

...

3681(2644)

HH 902 I

-44(25)

27(25)

123(60)

...

129(60)

...

2539(1230)

HH 902 L

-30(12)

1(25)

71(30)

...

75(30)

...

4868(2042)

HH 902 B

-19(25)

5(25)

46(59)

23(4)

49(59)

26(27)

8177(10495)

HH 902 O

-44(12)

11(12)

109(30)

18(4)

115(30)

9(4)

4040(1107)

HH 1066 (∆t = 4.55 yr)
HH 1066 W

-46(12)

-20(12)

122(30)

74(15)

142(30)

31(8)

565(139)

HH 1066 E

55(12)

53(12)

184(30)

...

216(30)

...

349(57)

Uncertainties for each quantity are listed in parenthesis.
a

The transverse velocity, assuming a distance of 2.3 kpc.

b

The radial velocity.

c

The total space velocity, assuming the average inclination measured for other knots

in the jet when a radial velocity is not measured directly.
d

Time for the object to reach its current position at the measured velocity, assuming

ballistic motion.
⋆

Proper motions for HH 666 are measured for the large blobs as a whole

(e.g. HH 666 A, large boxes in Figure 3.1).
The tilt angle α is calculated using the radial velocities reported by Smith et al. (2004a)
†

except for HH 666 D, where we assume α = 30◦ .

3.5.2 Jet bending
Reiter and Smith (2013) considered the possibility that HH 901 may be bent away
from Trumpler 14 by the rocket effect due to the combined UV radiation of many
nearby O-type stars. Photoionizing only the side of the jet facing the O-stars creates
a thrust that pushes the jet in the opposite direction of the ionizing source. With
the discovery of the eastern bow shock of HH 1066, it appears that unlike HH 901,
HH 1066 bends toward Trumpler 14. Even though both jets reside within the
same cloud complex, they are affected by different amounts of massive star feedback
and propagate into somewhat different environments. HH 901 emerges from the
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apex of the cloud complex, whereas HH 1066 emerges from a small globule that
appears to lie just in front of the heavily irradiated walls of the larger cloud. Local
feedback on HH 1066 may be dominated by pressure from the photoevaporative flow
coming off the face of the molecular cloud, deflecting the jet toward Trumpler 14
(Bally and Reipurth, 2001; Smith et al., 2010). Uncertainties in the 3D geometry
prevent detailed calculation of the two competing pressures, and thus it remains
unclear whether the inward force of the plasma flowing off the irradiated molecular
surfaces behind the jet overwhelms the outward force from the rocket effect.
Alternate explanations for the C-shaped bend in HH 1066 include the outward
motions of the HH 1066 driving source (as Bally and Reipurth, 2001, argued from
the C-symmetry of the bent HH jets in NGC 1333). This requires that the driving
source would have had to move ∼ 0.5′′ within the short dynamical time (∼ 450

yrs) implied by the high velocity bow shocks. We note that the implied proper
motion velocity, ∼ 12 km s−1 , is suspiciously similar to the speed of the photoe-

vaporative flow coming off the nearby molecular cloud that may also deflect the

jet. An oblique collision of the outflow with the neighboring molecular cloud could
also create the apparent offset from the jet axis (e.g. HH 110/270, Reipurth et al.,
1996; Raga et al., 2002). Radial velocities in the HH 1066 position-velocity diagram
indicate that the western limb of the jet is redshifted, possibly propagating toward
the pillar behind it. Finally, the complicated morphology of HH 1066 may reflect
the combined effects of two separate outflows from the formation of a binary pair.
A pair of orthogonal outflows viewed at the estimated tilt angle of ∼ 45◦ away from

the plane of the sky may be confused in the lower resolution infrared observations
that trace the jet[s] inside the optically thick dust pillar (see Reiter and Smith,

2013). Different driving sources may also account for the discrepancy in the age
and velocity of the two bow shocks as the two components of the binary will not
necessarily have synchronized outflow behavior. For example, IRAS 16293-2422,
shows a quadrupolar outflow structure on large scales, but only source A appears
to be actively driving an outflow when observed at high resolution (Chandler et al.,
2005; Yeh et al., 2008; Kristensen et al., 2013).
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Figure 3.8: Histogram of the total space velocities measured in other jets (mostly
associated with low-mass protostars). The solid line shows velocities measured in
other HH jets, the dotted line shows H2 jets, and the shaded histogram shows the
velocities measured for the various knots in HH 666, HH 901, HH 902, and HH 1066.
The references for the HH jet velocities from the literature are as follows: Bally et al.
(2002), Bally et al. (2012), Devine et al. (1997), Devine et al. (2009), Hartigan et al.
(2001), Hartigan et al. (2005), Hartigan and Morse (2007), Kajdič et al. (2012),
McGroarty et al. (2007), Noriega-Crespo and Garnavich (2001), Reipurth et al.
(2002), Smith et al. (2005), and Yusef-Zadeh et al. (2005). H2 jet velocities are
from Zhang et al. (2013).
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Figure 3.9: Position-velocity plots showing the transverse velocities measured for (a)
HH 666, (b) HH 901, (c) HH 902, and (d) HH 1066 (proper motions of the driving
sources, if any, are below our detection limit and assumed to be zero). The highest
velocities are usually found in the bow shocks and/or the innermost knots.
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3.5.3 Shocks
Ejection velocities in protostellar jets may be time-variable (see Section 3.5.6), producing internal shocks. These internal working surfaces will have velocities comparable to the amplitude of the velocity perturbation (e.g. Raga and Noriega-Crespo,
1992). For jets that lie near the plane of the sky (as the jets in Carina do, see
Section 3.4), the difference between the inclination-corrected proper motions of adjacent knots can be used to estimate the shock velocity at which knots collide. We
find a range of velocity jumps from ∼ 10 − 150 km s−1 , although the uncertainty

of the measured velocities leads to substantial uncertainty in each individual shock
velocity (see Table 3.3). Fast, dissociative J-shocks (vshock > 30 − 40 km s−1 ) are
expected to be bright in near-IR [Fe ii] lines (Nisini et al., 2002; Podio et al., 2006).

Indeed, near-IR imaging reveals bright [Fe ii] emission from clumps throughout
HH 666 (see Reiter and Smith, 2013) where velocity differences between jet features
are also high, leading to higher velocity shocks.
3.5.4 Ages
Proper motions give a representative dynamical age of each feature. Shocks will
decelerate the jet, leading to slower observed velocities, and ages that overestimate the true age of the knot. Alternatively, a jet may accelerate as it leaves the
high density parent cloud and enters the lower density ambient medium (see, e.g.
de Gouveia dal Pino et al., 1996), leading to an underestimate of the age of the feature. With only two epochs, we cannot measure the velocity evolution of the jets,
and therefore assume ballistic motion to calculate representative dynamical ages.
Tables 3.2 and 3.3 list age estimates derived from the proper motions and positional
offset from the driving source (or approximate source position in the case of HH 901
and HH 902). HH 666 is the longest outflow in our small sample, extending more
than 3 pc in projection, and likely & 4 pc in total length (based on the estimated
α ≈ 30◦ ; see also Smith et al., 2004a). Several knots have derived ages ' 4000 years,

corresponding to ∼ 1% of the Class I lifetime derived for low-mass stars (0.54 Myr,
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Evans et al., 2009). This lower limit on the fraction of the accretion age traced by
the outflow does not account for the faster evolution of more massive protostars (the
best-fit model of the IR spectral energy distribution of the HH 666 driving source
yields a protostar mass of ∼ 6.3 M⊙ , Povich et al., 2011; Reiter and Smith, 2013).

It also does not include the larger age (∼ 45, 000 yr) of HH 666 D, which we esti-

mate from the radial velocity and estimated tilt angle α ≈ 30◦ as it falls outside the
area imaged with WFC3. The driving source is detected at visible wavelengths (see

Figure 3.1 and Smith et al., 2010), indicating that it is no longer deeply embedded
along our line of sight. Because HH 666 lives in the harsh radiative environment
of the Carina nebula, it is unclear how much of the relatively low extinction to
the driving source reflects protostellar evolution, clearing by the jet, or how much
the envelope may have been eroded by external irradiation. Nevertheless, the high
mass-loss rate of the inner jet (features HH 666 M and O) evident from bright Hα
and [Fe ii] emission demonstrates that intermediate-mass protostars can continue
to accrete at a high rate, albeit sporadically, even as the protostellar envelope is
dispersed.
HH 901 and HH 902 have Hα surface brightnesses similar to HH 666 and velocities a factor of ∼ 2 lower. The dynamical ages for the most distant knots in HH 901

and HH 902 are a factor of ∼ 5 younger than those for HH 666. Unlike HH 666,

there is no direct detection of IR flux from the driving source of HH 901 or HH 902

(see Section 3.4, and Reiter and Smith, 2013), leaving the mass and evolutionary
stage of their driving sources poorly constrained. If these strong outflows are all
driven by similarly evolved protostars, then the high mass-loss rates demonstrated
by all three jets provide additional evidence that environmental differences strongly
limit our detection sensitivity for the driving sources of HH 901 and HH 902.
HH 1066 is most remarkable for its apparent youth. The dynamical ages of the
bow shocks are ∼ 350 and ∼ 550 years for the eastern and western bow shocks,
respectively, and the two newly discovered knots in the inner jet have dynamical

ages of ∼ 35 years (see Section 3.4). Short wavelength emission from the driving

source (15.5 mag at J-band, Povich et al., 2011) suggests that it is beyond the
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earliest evolutionary phase (Class 0), although evidence of an optically thick, nearly
edge-on accretion disk (Reiter and Smith, 2013) suggests that it is still relatively
young. Further monitoring of HH 1066 is required to assess whether it is entering
a phase with a rapid succession of accretion bursts that will generate a continuous
but clumpy stream of [Fe ii] emission from the source, similar to HH 666 M and O.
3.5.5 Momentum injection
Jets may inject considerable momentum into the surrounding star forming environment. Adopting the average parameters for an outflow in Carina, Ṁw ∼ 10−6 M⊙

yr−1 (Reiter and Smith, 2013) and v ≈ 150 km s−1 , the average momentum flux

from these HH jets is p˙w = Ṁw v ≈ 1.5 × 10−4 M⊙ km s−1 yr−1 . Over the course of

the jet lifetime of ∼ 105 yr, the total momentum injection for a single intermediate-

mass protostar will be pw ≈ 15 M⊙ km s−1 . This is similar to the momentum

injection of 18 M⊙ km s−1 that Walawender et al. (2005) find for HH 46/47 which is
driven by one of the two T Tauri stars in the 12 L⊙ binary source (Reipurth et al.,
2000).
Based on this rough estimate, it is natural to ask whether the momentum injection by jets from intermediate-mass protostars competes with the contribution
from their more numerous low-mass counterparts. While the velocities we measure in the jets in Carina are similar to the velocities measured in jets driven by
low-mass protostars (∼ 150 km s−1 , see Figure 3.8, and Reipurth and Bally, 2001),
the high densities found by Reiter and Smith (2013) suggest that their mass-loss
rates are 100 − 1000 times higher than those observed in low-mass stars (e.g.,
the mass-loss rates calculated from the Hα emission measure for the HH jets in
Orion, Bally and Reipurth, 2001). Calculating the momentum flux as Ṁ v, jets
from intermediate-mass stars with similar velocities and higher densities therefore
have a momentum flux that is 100 − 1000 times higher for an individual jet.

To estimate whether the total momentum injection from intermediate-mass pro-

tostars exceeds that of the more numerous low-mass sources, we must compare the
relative numbers of low- and intermediate-mass stars with the relative strengths of
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the jets they drive. Assuming a Salpeter initial mass function (IMF, Salpeter, 1955),
N=

Z

M2

M1

ξ(M )dM =

Z

M2

ξ0 M −2.35 dM

(3.1)

M1

we find that 0.5 − 2 M⊙ stars outnumber 2 − 8 M⊙ stars by a factor of ∼ 6.5,

although the number will change depending on the IMF used (e.g. Kroupa, 2001).

If each individual intermediate-mass star injects 100 times the momentum of each
low mass star, then the cumulative momentum injection rate of intermediate-mass
stars is still ∼ 15 times that of low-mass stars. In principle then, intermediate-mass

stars may be an important source of momentum injection in massive star forming
regions. However, there are many caveats to consider when interpreting the relative
momentum injection of low- and intermediate-mass stars.
This simple estimate does not account for the possibility that the jet mass-loss
rate and velocity may be functions of both the protostellar mass and evolutionary
stage. More massive protostars evolve faster than their low-mass counterparts, which
means both that their outflows turn on earlier and persist for a shorter period of
time. The early injection of momentum from intermediate-mass stars may be more
influential to the star forming environment than the cumulative contribution of lowmass stars later in the evolution of the cloud as a whole. Variability and precession
may also affect the momentum transfer efficiency as a recent burst from a precessing
jet that impacts fresh gas may transfer more momentum to the environment than
a more steady-state jet propagating into a cleared cavity.
All four of the fast, dense jets studied here have high momentum flux, despite
apparent differences in the evolutionary stage of their driving sources (see Section 3.5.4). Of the four outflows we observe, HH 666 has the largest dynamical
age and lowest obscuration of the driving source (which can be seen in the Hα images presented by Smith et al., 2010), suggesting that it is the oldest, most evolved
source in the sample. Despite this, HH 666 maintains the highest velocities of the
four jets measured here, and one of the highest mass-loss rates of all of the jets in
Carina (see Table 4 in Smith et al., 2010). If the irradiated jets in Carina behave
in the same way as their embedded counterparts, then these four jets contradict

105
the Bontemps et al. (1996a) and Beltrán et al. (2008) conclusion that more evolved
sources drive less powerful outflows. However, the efficiency of momentum transfer to the environment complicates the comparison between the Carina jets and
the CO outflows observed by e.g., Bontemps et al. (1996a); Beltrán et al. (2008);
Curtis et al. (2010); van der Marel et al. (2013).
Bontemps et al. (1996a) measure the CO momentum flux near the driving source
assuming that the combined momentum flux of the inner jet and “classical” CO
outflow is conserved along the flow direction. We observe the protostellar jet directly
in Carina, so it is critically important to understand the efficiency of momentum
transfer between the jet and the ambient gas that is swept up in the CO outflow.
Chernin et al. (1994) find that momentum transfer from jets with a Mach number
> 6 happens primarily at the bow shock. Even in the ionized gas of the H ii region
where the sound speed, cII ≈ 11 km s−1 , the Mach number of these jets is > 10. In

the neutral environment of the dust pillar, the Mach number for the same outflow
speed is even higher. This suggests that the majority of the momentum transfer to
the environment will happen when the jet turns on, or in the case of episodic jets (see
Section 3.5.6), each time the jet turns up (losing mass at a higher rate corresponding

to an accretion burst, see Croswell et al., 1987). Momentum transfer happening
primarily at the bow shock is also consistent with the interpretation that the Carina
jets can maintain relatively high velocities throughout because subsequent knots
travel in the wake of previous ejecta (see Section 3.5.1).
3.5.6 Jet variability
Clumps in protostellar jets may result from variations in the initial ejection velocity
or changes in the density of the ejected material. Velocity variations in the jet may
create knotty structures that move along the flow axis with small (few 10s of km s−1 )
velocity variations between them reflecting the variation in the ejection velocity (e.g.
Raga et al., 1990; Hartigan and Raymond, 1993; de Gouveia dal Pino and Benz,
1994). Alternately, a jet may show a clumpy morphology but have a smooth velocity structure that suggests changes in the amount of mass lost into the jet at a
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constant ejection velocity (as may be the case in HH 666 M, Reiter et al. in prep).
As Reipurth (1989) and Hartigan et al. (1990) have pointed out, larger outbursts
evident as bow shocks in protostellar jets may be a way to infer the time between
FU Orionis outbursts. To first order, we can estimate the time between separate
ejection events by taking the difference in the age of large neighboring clumps.
Simply taking the age difference of subsequent knots, the time between ejection
events in these jets appears to be on the order of ∼ 500 − 5000 years. The average

time between ejections for all four jets is ∼ 1500 yr, on the order of the variability

time-scale estimated for HH 46/47 Raga and Noriega-Crespo (1992), and the time
between ejections found in HH jets driven by low-mass stars (e.g. Reipurth, 1989;
Hartigan et al., 1990; Reipurth et al., 1992).
Time variable accretion and outflow will impact many of the parameters we
have estimated from these jets. Clumpy structures in the jet suggest that the massloss rate in the jet is elevated for short periods of time, spending more time in
a quiescent phase, losing mass at a lower rate. If we assume that the jet is “on”
(losing mass at a high rate) for only a fraction of the jet lifetime of ∼ 105 yr, then the

total momentum injection from a single intermediate-mass protostar will be reduced
compared to what we would estimate assuming the maximum mass-loss rate for the
duration of the jet lifetime.
3.6 Conclusions
We present new proper motion measurements of four massive HH jets in the Carina
nebula – HH 666, HH 901, HH 902, and HH 1066. With a ∼ 4.4 year baseline and

assuming a distance of 2.3 kpc, we measure transverse velocities of ∼ 43 − 269 km
s−1 . Velocities for several knots fall among the speeds measured in jets from low-

mass protostars (∼ 100 − 200 km s−1 , Reipurth and Bally, 2001), somewhat slower

than the high outflow velocities inferred from spectra by Corcoran and Ray (1997)
for Herbig Ae/Be stars. With these velocities (which are within a factor of 2 of the
velocity assumed by Smith et al., 2010), the estimated mass-loss rates of these jets
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are ∼ few ×10−6 M⊙ yr−1 (Reiter and Smith, 2013), similar to the mass-loss rates
observed in FU Orionis objects (Hartmann and Calvet, 1995). The knots we use to

measure proper motions in the HH jets in Carina lie far from the driving source,
where processing through shocks has almost certainly reduced the outflow velocity.
New spectra of HH 901, HH 902, and HH 1066, combined with previously published spectra of HH 666 (Smith et al., 2004a), make it possible to measure the tilt
angles and 3D space motions of these jets. HH 901 and HH 902 both lie close to
plane of the sky with tilt angles α ∼ 20◦ . HH 1066 is tilted ∼ 20 − 45◦ relative to

the plane of the sky, with the redshifted western lobe of HH 1066 pointing toward,
and possibly colliding with the neighboring pillar. Large proper motions measured
for HH 666 suggest a tilt angle away from the plane of the sky of ∼ 35◦ .

HH 1066 is the only jet in the sample that shows evidence of a recent change in

the mass-loss rate. A difference image of the two epochs reveals two new blobs along
the jet axis (and the high-velocity eastern bow shock). These knots are confused
with the bright edge of the pillar, but an offset of ∼ 0.1′′ in an intensity tracing

suggests they were ejected in the last ∼ 35 years (assuming a velocity of 250 km
s−1 ). Additional epochs are required to measure the proper motions of these new

blobs, but they nevertheless provide strong evidence for time-variable accretion and
outflow.
The high densities inferred by Reiter and Smith (2013) together with the velocities we present here suggest that intermediate-mass stars inject substantial momentum into their natal star forming regions, contributing as much if not more
momentum than their more numerous low-mass counterparts. These irradiated jets
also add to evidence that momentum transfer to the environment is episodic and
dominated by the initial collision with the ambient medium (Narayanan and Walker,
1996; Arce and Goodman, 2001a).
Measuring velocities provides one of the crucial constraints for measuring the
time-variable mass-loss history of these jets. Evidence for a recent change in the
mass-loss rate in HH 1066 points to the variable nature of mass accretion, suggesting
that these sources provide a unique way to constrain the duty cycle and contrast in
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mass-loss-rate between the quiescent and outbursting states.
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CHAPTER 4
DISENTANGLING THE OUTFLOW AND PROTOSTARS IN HH 900 IN THE
CARINA NEBULA

4.1 Foreword
In this chapter, we present a detailed study of HH 900, a peculiar protostellar outflow
emerging from a small, tadpole-shaped globule in the Carina Nebula. The first epoch
Hα images used to measure proper motions were obtained under programs GO 10241
and 10475 and are complemented with new observations obtained under GO 13390
and 13391. Support for this work was provided by NASA through grants AR-12155,
GO-13390, and GO-13391 from the Space Telescope Science Institute. This work is
based on observations made with the NASA/ESA Hubble Space Telescope, obtained
from the Data Archive at the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-26555. High-precision image registration and measurement of the
proper motion of point sources was performed by Megan M. Kiminki, graduate
student at the University of Arizona, using methodology and software developed by
Jay Anderson, staff scientist at the Space Telescope Science Institute.
Gemini observations are from the GS-2013A-Q-12 science program. We wish
to thank Jayadev Rajagopal, assistant scientist at the National Optical Astronomy
Observatory, for assistance with the preparation and reduction of the Gemini observations. We also present ground-based Hα and [S ii] spectra obtained by Nathan
Smith while employed as a Hubble Fellow at the Center for Astrophysics and Space
Astronomy, University of Colorado, Boulder under program 70.C-0094(A) (P.I. Kate
Brooks, then a postdoctoral scholar in el Departamento de Astronomı́a, Universidad
de Chile). This study has appeared in print in Reiter et al. (2015b).
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4.2 Introduction
Protostellar outflows are a beacon of star formation, signaling active disk accretion
even in deeply embedded regions where the disc, and sometimes protostars themselves, cannot be detected directly. We discuss one such example in this chapter.
The detailed physics of jet launch and collimation is not yet understood (see, e.g.
Ferreira et al., 2006), but disk accretion ultimately must fuel the jet. Observations
of relatively unobscured young stars measure this jet directly, but trace an epoch
long after the most active accretion. CO observations trace outflows from young
sources and those in more embedded regions. The observed emission may be dominated by ambient molecular material entrained by the jet (e.g. Arce and Sargent,
2005) and/or from a slower disk wind (e.g. Klaassen et al., 2013).
Spatially resolved outflows can be a powerful tool to study star formation at
higher stellar mass where evidence for discs remains elusive. There have been only a
few direct detections of disks around intermediate-mass protostars (e.g. Kraus et al.,
2010; Preibisch et al., 2011b; Carrasco-González et al., 2012). Structure in the form
of clumps and knots along the jet axis points to the variable nature of accretion and
outflow, and provides one of the few ways to infer a given protostar’s accretion history. The longest jets extend parsecs on the sky, sampling a significant fraction of
the accretion age (e.g. Marti et al., 1993; Devine et al., 1997; Smith et al., 2004a).
Many outflows from moderate- to high-mass young stars appear to be scaled-up versions of low-mass systems (e.g. Guzmán et al., 2011; Reiter and Smith, 2013, 2014),
although this is not always the case (see, e.g. Shepherd et al., 2003). Other outflows, such as the Becklin-Neugebauer / Kleinmann-Low (BN/KL) outflow in Orion
OMC1, show evidence for violent processes related to the dynamical interaction and
ejection of high-velocity stars that creates an explosive morphology (Bally et al.,
2011; Goddi et al., 2011). However, similar outflow behavior from a large number
of protostars over a wide mass range provides compelling evidence that massive star
formation can be understood as a scaled-up version of low-mass star formation. It
is then essential to study intermediate-mass stars (∼ 2 − 8 M⊙ ) where any changes
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in the dominant physics of formation between low- and high-masses are expected to
occur.
Outflows from young, intermediate-mass protostars are typically observed
at millimeter wavelengths where emission from entrained molecules penetrates
the high column densities that characterize massive star-forming regions (e.g.
Takahashi et al., 2007; Beuther et al., 2008; Beltrán et al., 2008). However, in an
H ii region, much of the obscuring gas and dust may have been cleared. In such
environments, ultraviolet (UV) radiation from nearby massive stars will illuminate
protostellar jets propagating into the H ii region cavity. Unlike outflows in quiescent regions where emission at visual wavelengths traces only shock-heated material,
external irradiation in H ii regions lights up the body of the entire jet, revealing
outflow material that would otherwise remain invisible. This allows the physical
properties of irradiated jets to be measured using the diagnostics of photoionized
gas (e.g. Bally and Reipurth, 2001; Yusef-Zadeh et al., 2005) with the high angular
resolution observations that are available at shorter wavelengths.
HH 900 is one of the many HH jets discovered by Smith et al. (2010) as part of
their Hα survey of the Carina nebula using the Advanced Camera for Surveys (ACS)
onboard the Hubble Space Telescope (HST). HH 900 is an unusual bipolar outflow
emerging from a small tadpole-shaped globule located ∼ 3 pc (in projection) away

from η Carinae (see Figure 4.1). In earlier ground-based images, Smith et al. (2003)

identified it as a candidate proplyd, although neither of the two ‘tails’ emerging
from the globule point away from η Car. Higher resolution HST images show that
these two ‘tails’ appear to be a wide bipolar outflow, and reveal a number of other
peculiarities. Along the western limb of the broad bipolar outflow lies a strong
Hα filament and a point source nearly at its center, raising the possibility that the
filament is a microjet driven by the star (Smith et al., 2010). Without kinematic
information, it remains unclear whether the point source actually drives the putative
Hα microjet, and if so, whether it is physically related to the larger bipolar outflow.
Estimated mass-loss rates (derived using the Hα emission measure) from the wide
inner jet in the eastern limb of the outflow and the microjet along the western limb
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are the highest of all the outflows found by Smith et al. (2010).
Shinn et al. (2013) present ground-based observations of [Fe ii] 1.64 µm emission
in the Carina nebula. Based on the morphology of the [Fe ii] emission from HH 900,
they propose that the HH 900 driving source is one of the young stellar objects
(YSOs) modeled in the Pan-Carina YSO Catalog (PCYC, Povich et al., 2011). A
second Spitzer -identified YSO lies along the western limb of the flow, although
with angular resolution & 1.5′′ , it is unclear how this source relates to the putative
microjet. Ohlendorf et al. (2012) conclude that Herschel emission near HH 900 is
from the externally heated globule and is unlikely to come from young stellar objects
in the region.
In this chapter, we present new optical and IR observations of HH 900 that
allow us to investigate its morphology and kinematics in detail. New narrowband
IR images obtained with HST probe the [Fe ii] 1.26 µm and 1.64 µm lines that are
often assumed to be shock-excited in protostellar jets, although this is not necessarily
the case in regions with significant FUV radiation. Indeed, Reiter and Smith (2013)
showed that these two [Fe ii] lines probe dense, low-ionization jet material not
traced by Hα. Near-IR [Fe ii] lines can also penetrate the extinction inside the
dusty birthplaces of these jets, allowing us to connect the larger Hα outflows to
the Spitzer -identified protostars that drive them (Reiter and Smith, 2013). Both
[Fe ii] 1.26 µm and 1.64 µm originate from the same a4 D level, so their flux ratio
is insensitive to excitation conditions. Variations in the flux ratio along the jet
therefore provide one way to measure variations in the reddening of the immediate
jet environment. This may be particularly interesting in HH 900 where extended
H2 emission (Hartigan et al. 2015, in preparation) and dark filaments in Hα images
suggest the presence of molecules and dust in the broad bipolar flow.
We also present new, second-epoch Hα images from HST that allow us to measure jet motions in the plane of the sky. The outward motion of jet knots provides
a direct kinematic identification of candidate jet driving sources. Together with
ground-based optical and IR spectra, our Hα proper motions and [Fe ii] images
from HST offer a new view of HH 900 that simultaneously helps to unravel but also
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Instrument
ACS/HST
ACS/HST

Table 4.1: Observations
Filter / Position Date
Int. time Comment
F658N
2005 Jul 18 1000s
Hα + [N ii]
F658N
2014 Aug 04 1000s
Hα + [N ii]

GSAOI/Gemini
GSAOI/Gemini

Ks N cont.
H2

2013 Mar 23 1080s
2013 Mar 23 1080s

WFC3-IR/HST
WFC3-IR/HST
WFC3-IR/HST
WFC3-IR/HST

F126N
F128N
F164N
F170N

2013
2013
2013
2013

28
28
28
28

2397
2397
2397
2397

EMMI/NTT

Hα, [S ii]

2003 Mar 09

900 s

P.A. = 63◦

FIRE/Magellan
FIRE/Magellan

West
East

2014 Jan 15
2014 Jan 16

600 s
600 s

P.A. = 77◦
P.A. = 60◦

Dec
Dec
Dec
Dec

s
s
s
s

[Fe ii] λ12567
continuum
[Fe ii] λ16435
continuum

deepen the mystery of this unusual outflow.
4.3 Observations
4.3.1 High-resolution images
[Fe ii]: Table 4.1 lists the details of the images and spectroscopy presented in this
chapter. Near-IR, narrowband [Fe ii] images and corresponding off-line narrowband
continuum images were obtained with WFC3-IR on board the Hubble Space Telescope (HST) under program GO-13391 (PI: N. Smith) in Cycle 21. For HH 900,
we duplicated the observing strategy used previously to obtain [Fe ii] images of
four other jets in the Carina nebula, HH 666, HH 901, HH 902, and HH 1066
(Reiter and Smith, 2013). We employed a box-dither pattern to avoid dead-pixel
artifacts and to provide modest resolution enhancement. Using the same integration
time for all filters provided a similar signal-to-noise ratio for the [Fe ii] and adjacent
continuum images.
H2 : We obtained near-IR, narrowband H2 2.12 µm images and complementary off-line narrowband K(short) continuum images (central wavelength of 2.093
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µm) during early science with the Gemini South Adaptive Optics Imager (GSAOI,
McGregor et al., 2004; Carrasco et al., 2012). GSAOI is a near-IR imager, used
in combination with Gemini Multi-Conjugate Adaptive Optics System (GeMS,
Rigaut et al., 2014; Neichel et al., 2014) with natural guide stars to provide neardiffraction limited images over a field of view of 85′ × 85′ in the 0.9-2.5 µm range.

HH 900 was observed 22 March 2013 in queue observing mode with a 9-point dither
pattern and individual integrations of 120 s. We resampled the aligned, flat-fielded
images to the same pixel scale as the WFC3-IR images. Simultaneous K(short)
continuum images allow us to subtract bright IR continuum emission from the edge
of the globule and therefore search for extended H2 emission from the jet.
Hα: Hα images of HH 900 were obtained with HST /ACS for the first time on

18 July 2005 (Smith et al., 2010). We obtained a second epoch on 04 August 2014
using the same instrument and filter, duplicating the first-epoch observational setup
in order to measure proper motions (program GO-13390, PI: N. Smith). Together,
this provides a ∼ 9 yr time baseline between observations, allowing us to measure

the motion of faint jet features to ∼ 25 km s−1 . Using the same orientation and
coordinates for both epochs minimizes position-dependent errors when determining
proper motions.
We

follow

a

method

similar

to

that

of

Anderson et al.

(2008b,a),

Anderson and van der Marel (2010), and Sohn et al. (2012) to align and then measure precise proper motions in the ACS images. This method is based on PSF photometry of the bias-subtracted, flat-fielded, and CTE-corrected flc images produced
by the HST pipeline. Unlike the drizzled drc images, which have been calibrated,
flat-fielded, CTE- and geometrically-corrected, and dither-combined (via AstroDrizzle), the flc images have not been resampled to correct for geometric distortion and
thus allow for more accurate PSF fitting.
In brief, we first measure centroid positions for bright, relatively isolated stars
in the drc images, since these images have an astrometric solution that allows us
to construct an initial reference frame. As in Anderson et al. (2008b), our reference
frame has a 50 mas pixel−1 scale and a north-aligned y axis. Next, we perform PSF
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photometry on the individual flc exposures using the program img2xym WFC.09x10
(Anderson and King, 2006), which uses a library of models of the spatially-variable
effective ACS PSF. Once measured, stellar positions are corrected for distortion
using the Anderson (2006) corrections. Stars in common between the distortioncorrected frame of each flc exposure and the reference frame are identified, allowing
us to determine six-parameter linear transformations from the former to the latter.
We iterate on this process once, replacing the centroid positions that initially defined
the reference frame with the average transformed reference-frame positions from the
flc PSF photometry, then recomputing the linear transformation from each flc
image to the reference frame.
We relate both epochs to a single reference frame, so the measured positions in
each epoch can be directly compared. Relative proper motions for point sources (including the YSOs adjacent to HH 900) are simply the difference in average reference
frame position between 2005 and 2014. The positional errors in each dimension for
each epoch are calculated by dividing the rms scatter of the individual measurements from each exposure, divided by the square root of the number of exposures
(N=2-4) used to compute the average position.
Our HST observations are such that the western bow shock of HH 900 was
observed in a different orbit than the globule, inner jet, and eastern bow shock.
Each orbit consists of three overlapping pointings, with two dithered exposures per
pointing; however, the overlap in area between orbits is small. This requires that
we construct a separate reference frame for each orbit. These reference frames are
defined by the positions of the stars and are not tied to an absolute proper-motion
zero point. Therefore, all motions are measured relative to the average motion of
the stars in the image. Because the HH 900 western bow shock was observed in a
separate frame, there may be a systematic offset between the proper motion of the
western bow shock and the rest of HH 900. We expect this offset to be . 1 km s−1 ,
but certainly no larger than the stellar velocity dispersion of the Tr 16 cluster, or
. 5 km s−1 .
To measure the proper motions of extended features in HH 900, we create
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stacked images by resampling the flc exposures into our reference frame (see
Anderson et al., 2008b, for details of the stacking algorithm used). We then select bright jet features that do not change significantly in morphology between the
two epochs and measure their motion using the modified cross-correlation technique
described by Currie et al. (1996); Hartigan et al. (2001); Morse et al. (2001). After
subtracting a median-filtered image to account for background emission, we select a
small box around each jet feature. This subimage is shifted relative to the reference
image, and for each shift, we compute the total of the square of the difference over
the box region between the two images. The minimum of this array corresponds
to the pixel offset between the two images. For the typical signal-to-noise in our
images, the uncertainty of this procedure is ≈ 0.03 pixel, corresponding to ≈ 10 km

s−1 .

We also measure the proper motions of point sources in the image by fitting a
spatially variable PSF to the stars. This allows the motion of stars to be measured to
greater precision than nebulous jet features, typically a few km s−1 (see Table 4.2).
4.3.2 Spectroscopy
FIRE: We obtained near-IR spectra of HH 900 with the Folded-Port InfraRed
Echellette (FIRE) near-IR spectrograph (Simcoe et al., 2008; Simcoe et al., 2010;
Simcoe et al., 2013) on the Magellan Baade 6.5-m telescope on 17 January 2014 (see
Table 4.1). FIRE’s 0.8−2.5 µm wavelength coverage includes multiple emission lines
from the jet. We positioned the 7′′ slit along bright [Fe ii] emission in the eastern and
western limbs of the outflow and used a 1′′ slit width to accommodate & 1.′′ 1 seeing.
Figure 4.6 shows the slit positions. The YSO and putative microjet that lie along
the western limb of the larger bipolar outflow fall within the slit used to observe
the western limb of the [Fe ii] jet. To account for sky emission, we employed a
nodding strategy, pointing on- and off-source in an ABBA sequence with an average
sky offset located ∼ 2′′ below the jet. Wavelength calibration was done using the

internal ThAr lamp and data reduction was performed with the Firehose IDL

pipeline. After correcting for the motion of the earth, we report Doppler velocities
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Figure 4.1: New narrowband [Fe ii] images of HH 900 obtained with HST /WFC3IR. Panel (a) is the HST /ACS Hα image from Smith et al. (2010) showing the full
extent of the optical outflow. Panel (b) is a [Fe ii] 1.26 µm + [Fe ii] 1.64 µm image of
HH 900 with the two YSOs identified by Shinn et al. (2013) from the PCYC labeled.
Panels (c) and (d) show the continuum-subtracted [Fe ii] 1.26 µm and [Fe ii] 1.64
µm images, respectively.
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in the heliocentric velocity frame.
EMMI: We obtained visual-wavelength spectra of HH 900 with the ESO MultiMode Instrument (EMMI) on the New Technology Telescope (NTT) on 09 March
2003. We observed HH 900 in echelle mode, using the cross-dispersing grism to
obtain Hα and [S ii] simultaneously. The echelle slit length is 25′′ and the jet
was observed with a 1′′ slit width. We aligned the slit through the middle of the
globule and the star in the western limb of the flow. We estimate sky emission from
separate frames, with the slit offset ∼ 4′′ perpendicular to the jet. We compute the
wavelength solution from the sky frames, using the nebular [N ii] lines for the Hα

dispersion solution and the [S ii] lines themselves. Thus our derived radial velocities
are relative to the Doppler shift of ambient ionized gas in the Carina H ii region.
4.4 Results
4.4.1 Morphology in the IR images
Figure 4.1 shows the new [Fe ii] 1.26 µm and 1.64 µm images of HH 900 obtained
with HST /WFC3-IR (Figures 4.1b, c, and d) and the ACS Hα image (Figure 4.1a).
Bright, collimated [Fe ii] emission that extends to the east and west of the dark
tadpole globule stands out in the continuum-subtracted images (Figures 4.1c and
d). Near-IR [Fe ii] emission traces a symmetric, collimated bipolar jet, unlike Hα,
which emerges into the H ii region with almost the same geometric width as the
globule (see Figure 4.2). Figure 4.2 shows a more detailed comparison of the Hα
and [Fe ii]. Intensity tracings through the eastern and western limbs of the [Fe ii]
jet show that they are remarkably similar (see Figure 4.3 and 4.5).
Both sides of the jet show a & 1.5′′ gap between the edge of the globule and
bright [Fe ii] emission from the jet. Unlike the images of jets in our previous study
using archival data (Reiter and Smith, 2013), our observations of HH 900 include
simultaneous line-free continuum images that allow us to subtract the continuum
and therefore separate photodissociation region (PDR) emission along the globule
edge from fainter [Fe ii] emission emitted by the inner jet. Subtracting the line-free
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Figure 4.2: Hα HST /ACS image from Smith et al. (2010) (top) and narrowband
H2 − K-band image from GSAOI (bottom), both with [Fe ii] contours (1.26 µm +
1.64 µm) overplotted. [Fe ii] emission begins at the same place that H2 emission
fades below our sensitivity and the Hα emission narrows to a similar width as the
[Fe ii] emission.
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Figure 4.3: Top: A [Fe ii] 1.26 µm/ 1.64 µm ratio image (darker colors correspond
to a higher value of R) with lines indicating the boundaries used to make the [Fe ii]
ratio tracings along the length of the jet below plotted below. Middle: Tracing of
the inner jet along the [Fe ii] jet axis with positions plotted as a function of the
offset from the approximate location of the center of the globule. Bottom: Same
tracing as above, but with the two sides of the jet overplotted on top of each other.
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located above the jet, negative offsets fall below. Bottom right: The average [Fe ii]
1.26 µm / 1.64 µm ratio through the western limb of HH 900.
continuum from HH 900 demonstrates that the offset of the [Fe ii] jet from the edge
of the globule is real (see Figure 4.2). No tenuous [Fe ii] emission from the inner jet
extends back to the globule edge in the continuum-subtracted image, demonstrating
that the offset is not just confusion with continuum emission that grows increasingly
bright close to the irradiated edge of the dusty globule.
Smith et al. (2010) identify two bow shocks associated with HH 900 that are
∼ 10′′ beyond the end of the inner jet in Hα images. Both bow shocks are also
bright in [Fe ii] emission (see Figure 4.1).

Three dark, filamentary streaks in the western limb of HH 900 are seen in absorption in the Hα image (see Figure 4.1a). Smith et al. (2010) interpret these dark
filaments as extinction due to dust entrained by the jet along the walls of the out-
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flow cavity, similar to the features that Walawender et al. (2004) observed in HH 280
(another jet that appears to burst out of a globule). Bright emission extending off
the western edge of the globule in the [Fe ii] image in Figure 4.1a disappears in the
continuum-subtracted image, indicating that it is continuum emission. This may be
starlight scattered by the dusty filaments.
Narrowband H2 images from GSAOI show H2 emission from the surface of the
globule and outside it that, like the Hα emission, appears broad with nearly the
same projected width as the globule itself (see Figure 4.2). The intensity of the H2
emission appears to be slightly (∼ 1.5×) greater along the edges of the outflow than
in the center (i.e. limb brightened). H2 emission from the outflow fades below our
detection limit ∼ 1.′′ 5 away from the globule edge; this is the same place where the

width of the Hα emission appears to decrease and the collimated [Fe ii] jet begins
(see Figure 4.2).
4.4.2 [Fe ii] ratio

Both the [Fe ii] 1.26 µm and 1.64 µm lines originate from the same upper level, so the
observed flux ratio therefore provides a measure of the reddening. In unobscured
environments, the 1.26 µm line will be brighter, with a derived flux ratio, R =

λ12567/λ16435 = 1.49 (Smith and Hartigan, 2006). Smaller values of R indicate

more reddening and extinction. Along the length of the [Fe ii] jet, the ratio remains

consistent, with a value of ∼ 0.95 (see Figure 4.3). This corresponds to an E(B−V)

≈ 0.9 (Reiter and Smith, 2013). Using the ratio of total to selective extinction

measured toward Carina of R = 4.8 (Smith, 1987, 2002), this corresponds to AV ≈

4.5 mag along the length of the jet. We also measure R through the width of the jet

(perpendicular to the direction of propagation, see Figure 4.4). Reddening through
the width of the jet increases further away from η Car and Tr 16, corresponding to
a decrease in R of ∼ 0.2 across the width of the jet. The measured decrease in R

corresponds to ∼ 1.5 mag more extinction on the side of the jet further away from
the ionizing source.
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Figure 4.5: Left: Median intensity traced along the axis of the [Fe ii] jet in HH 900
(using the same tracing area shown in Figure 4.3). Right: Median intensity in the
eastern and western limbs of the jet overplotted on each other.
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4.4.3 Candidate driving sources
Reiter and Smith (2013) showed that in HH 666 and HH 1066, the driving protostar
lies along the projected jet axis and that [Fe ii] connects the jet to the Spitzer identified driving sources. However, [Fe ii] emission in HH 900 does not reach back
to the edge of the tadpole-shaped globule, and no [Fe ii] emission from the jet is
detected inside the globule.
Two IR-bright YSOs have been found in the vicinity of the HH 900 globule
(Shinn et al., 2013). The jet axis traced by [Fe ii] emission lies ∼ 1.5′′ north of the

YSO that lies at the bottom of the tadpole globule (PCYC 842; Povich et al., 2011,
see Figure 4.1), clearly demonstrating that it cannot be the driving source of the

bipolar flow. The second Spitzer -identified YSO (PCYC 838) lies along the western
limb of the flow, in the middle of the putative microjet. While the morphology raises
the possibility that this protostar drives a separate jet that happens to be aligned
with the larger Hα outflow lobe, images alone do not indicate whether there is a
separate microjet or if PCYC 838 is its driving source. As we discuss in Section 4.4.5,
however, radial velocities and proper motions lead us to reject this hypothesis.
Evidence for an additional protostellar source along the jet axis embedded in
the tadpole globule remains elusive due to the small size of the globule (∼ 2′′ ) and
the coarser resolution of available mid- and far-IR observations. We do not detect
any evidence of an IR-bright point source inside the globule in any of the WFC3-IR
images. The upper limit in all four bands is ≥ 21 mag. High frequency, high spatial
resolution observations with ALMA are required to determine whether there is an
additional protostar embedded in the globule.
4.4.4 Velocity structure
Among the peculiarities of HH 900 revealed with Hα images from HST is the morphology of the dark globule. A small, wiggly, dark tail extends from the southeastern
edge of the globule, creating a tadpole-like morphology (see Figure 4.1). The tail of
the dark tadpole globule appears to lie in front of the jet, leading Smith et al. (2010)
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to suggest that the eastern limb of the jet is redshifted, and the western limb of the
jet is blueshifted. Both optical and IR spectra now confirm this conjecture (see
Figures 4.6 and 4.7). Hα emission from the western limb of the jet is blueshifted
and shows a Hubble-like velocity structure, with Doppler velocities extending up
to roughly −40 km s−1 . A similar velocity structure is barely discernible in the

[S ii] spectrum (the average of the λ6717 and λ6731 emission) due to the lower
signal-to-noise.
In contrast to the Hubble-like flow in the optical emission, near-IR [Fe ii] lines
from both sides of the jet show a relatively constant velocity with redshifted velocities measured to be ∼ 30 − 60 km s−1 in the eastern limb of the jet and blueshifted
velocities of ∼ 0 − 20 km s−1 in the western limb (suggesting vsys ≈ 19 km s−1 , see

Figure 4.6). The velocity difference between the eastern and western limbs of the
jet is symmetric about the globule, indicating that the [Fe ii] emission is dominated
by a single bipolar jet launched from within the globule. The H2 emission from
the eastern and western limbs of the jet is also redshifted and blueshifted, respectively. However, H2 emission appears to be ∼ 20 km s−1 bluer than [Fe ii] velocities

in both limbs. Position-velocity diagrams illustrate that the locations of H2 and
[Fe ii] emission from the jet appear to be mutually exclusive (see Figure 4.6). In
fact, Hα, [Fe ii], and H2 emission all trace different velocity components (see Figures 4.6 and 4.7). Blueshifted velocities in the Hα position-velocity diagram increase
from ∼ 0 km s−1 to the higher velocity traced by the [Fe ii] jet (∼ −40 km s−1 )

while H2 emission appears to be ∼ 20 km s−1 bluer than vsys inferred from the [Fe ii]
emission from the innermost part of the jet.

4.4.5 Hα proper motions and 3-D velocities of jet features
With a ∼ 9 yr time baseline between the two HST /ACS epochs, we are sensitive

to transverse velocities of ∼ 25 km s−1 in nebulous jet features seen in Hα, limited
by the signal-to-noise of the jet knot compared to the bright background of the H ii
region. We report proper motions and radial velocities in Table 4.2. Despite the

relatively long time baseline, the morphology of the outflow has remained remarkably
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the [Fe ii] emission from the eastern and western limbs of the jet. [Fe ii] emission from the jet is remarkably symmetrical
middle of the putative Hα microjet. PV diagrams illustrate that the eastern and western limbs of the jet are redshifted
and blueshifted (respectively) and the [Fe ii] emission grows bright where the H2 emission fades away.
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on either side of the continuum emission in spectra of the western limb of the jet (top row) from the protostar in the
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Figure 4.7: Hα and [S ii] position-velocity diagrams of HH 900 shown on either side of an Hα image with the EMMI slit
position show at approximately the same spatial resolution. Plots show the median velocity taken over ∼ 2′′ increments.
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constant. Only the bow shocks and knots capping either side of the broad bipolar
outflow show noticeable motion between the two epochs. Both knots move away
from the globule along the jet axis with transverse velocities ∼ 100 km s−1 (see

Figure 4.8). The Hα-bright filament along the western limb of the jet does not

appear to move at all (< 25 km s−1 ).
The eastern and western bow shocks move in opposite directions, with proper
motion velocities near the tip of the shock of ∼ 60 km s−1 . For jets that lie near the

plane of the sky (as appears to be the case for HH 900, see Table 4.2), the difference

between the inclination-corrected proper motions of adjacent knots can be used to
estimate the shock velocity. Both bow shocks have velocities ∼ 40 km s−1 slower

than the inner jet, suggesting shock velocities ∼ 40 km s−1 . Fast, dissociative J-

shocks (vshock > 30 − 40 km s−1 ) are expected to be bright in near-IR [Fe ii] lines

(Nisini et al., 2002; Podio et al., 2006) and indeed, both shocks have bright [Fe ii]
emission (see Section 4.4.1 and Figure 4.1).

Combining the transverse velocity of jet knots with the radial velocity from
spectra, we can calculate the tilt angle, α = tan−1 (vr /vT ) and 3-D space velocity.
With the low radial velocities in the Hα spectrum, we find that the jet lies close to
the plane of the sky (although we note the poor signal-to-noise of the spectrum). We
derive a tilt angle of the jet away from the plane of the sky of . 10◦ (see Table 4.2).
4.4.6 Protostar kinematics
We can also constrain the motion of the two protostars near HH 900. The YSO that
lies along the western limb of the outflow (PCYC 838, see Figure 4.1) falls within the
slit we use to observe the western limb of the jet. We extract the spectrum of this
source separately. After subtracting off extended emission, we find that the central
velocity of the hydrogen recombination lines in the spectrum of the YSO constrain
the heliocentric Doppler velocity of the protostar to be . |5| km s−1 (compared to

the heliocentric systemic velocity of −8.1±1 km s−1 found for η Car by Smith et al.,
2004b).

We also measure the proper motions of both protostars. PCYC 838 moves in
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Table 4.2: HH 900 Proper Motions
Object

δx
mas

δy
mas

vT a
[km s−1 ]

vR b
[km s−1 ]

velocityc
[km s−1 ]

α
[degrees]

aged
yr

HH 900 A
HH 900 B

43 (1)
31 (1)

-24 (0.4)
-2 (2)

60 (1)
37 (2)

...
...

60 (1)
37 (2)

...
...

3523 (115)
5364 (307)

HH 900 C
HH 900 D

55 (0.1)
74 (1)

-11 (1)
-31 (4)

68 (1)
97 (3)

...
...

68 (2)
97 (3)

...
...

2803 (87)
859 (34)

HH 900 E
HH 900 F

76 (2)
-60 (1)

-25 (1)
42 (2)

97 (3)
89 (2)

...
-16 (4)

97 (3)
90 (5)

...
-10 (0.3)

682 (25)
691 (24)

HH 900 G
HH 900 H

-77 (1)
-40 (3)

39 (1)
14 (1)

104 (2)
51 (3)

-7 (10)
...

105 (10)
51 (3)

-4 (0.1)
...

746 (24)
5379 (365)

HH 900 I
PCYC 838
PCYC 842

-42 (1)
-3 (1)
5 (3)

28 (1)
2 (1)
-11.8 (0.4)

61 (2)
4 (1)
15 (2)

...
...
...

61 (2)
4 (1)
15 (2)

...
...
...

4664 (174)
11201 (3126)
1393 (140)

Proper motions measured for the YSOs and the knots marked in Figure 4.8.
Uncertainties are listed in parentheses alongside the best-fit value.
a
b

The transverse velocity, assuming a distance of 2.3 kpc.
The radial velocity measured from spectra.

c

The total velocity, assuming the average inclination when a radial velocity is not measured
directly.
d
Time for the object to reach its current location at the measured velocity, assuming
ballistic motion.
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Figure 4.8: New HST /ACS Hα image of HH 900 with boxes used to measure proper
motions overplotted.
roughly the same direction as the jet with a transverse velocity of 4.3 ± 1.3 km s−1

(see Table 4.2). Together, the radial and transverse velocities constrain the motion

of PCYC 838 to . 7 km s−1 . We do not have spectra of the protostar near the
bottom of the dark globule, PCYC 842 (see Figure 4.1), but we can measure its
proper motion in the plane of the sky. The projected motion of PCYC 842 is toward
the globule with a transverse velocity of 15.4 ± 3.0 km s−1 (see Figure 4.8).
4.5 Discussion
4.5.1 Spatial offset of [Fe ii] emission
Bright [Fe ii] emission on either side of the dusty tadpole globule in HH 900 traces
a symmetric, narrow jet. Like HH 901 and HH 902, two externally irradiated jets
that are also in the Carina nebula, the brightest [Fe ii] emission turns on more
than 1′′ away from the edge of the globule, indicating a gap between the globule
edge and the beginning of bright [Fe ii] emission from the jet. The offset of the
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[Fe ii] emission may be interpreted as evidence that the mass-loss rate in the jet
has recently decreased, since a lower density jet may not maintain a column of
material sufficient to shield Fe+ from further ionization (Reiter and Smith, 2013).
However, HH 900, HH 901, and HH 902 all have gaps of similar size, and a nearly
synchronized end of an outflow phase from three physically unrelated jets would
seem highly suspicious. The greatest similarity between the three sources is their
proximity (. 3 pc in projection) to a young massive cluster with log(QH )> 50
photons s−1 (Tr 14 for HH 901 and HH 902, Tr 16 for HH 900). This argues that
the gap is produced by something in the environment, rather than due to a recent
change in the mass-loss rate.
The three dark, narrow streaks in the western limb of HH 900 that Smith et al.
(2010) interpret as dust filaments in the walls of the outflow cavity suggest another
explanation for the offset [Fe ii] emission. These dusty streaks hint at a potentially
large column of cold, dusty material that was blasted out of the globule by the
jet. Close to the cloud edge, recently ejected dust and molecules may prevent UV
emission from illuminating the inner jet.
We can measure reddening in the HH 900 jet using the ratio R = λ12567/λ16435.

R increases through the width of the jet (perpendicular to the direction of propagation), supporting the idea that external irradiation from massive stars in Tr 16

dominate the ionization and dust survival in the jet, not the nearby protostars or
shocks. The increase in R also suggests that some entrained dust survives even in
the outer regions of the jet.

Dust entrained in the outflow may obscure the inner jet, explaining the offset
between [Fe ii] emission and the edge of the globule. We propose that [Fe ii] emission
in HH 900 traces the collimated jet while broad Hα and H2 emission near the globule
trace the wider body of an externally illuminated outflow cavity (see Figure 4.9).
Narrow [Fe ii] emission tracing the body of the jet has been seen in other HH jets in
Carina (e.g. HH 666 and HH 1066, see Reiter and Smith, 2013). Broad H2 emission
in HH 900 extends beyond the edge of the globule along the outflow direction, but
only to the point where [Fe ii] emission begins, indicating that molecules persist in
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this intermediate zone. Extinction in the Hα image also hints at the presence of
entrained dust that survives in the H ii region close to the globule. Continuumsubtracted [Fe ii] and H2 images are required to determine whether entrained dust
and molecules also obscure the inner regions of HH 901 and HH 902.
HH 900 has two bow shocks separated from continuous emission in the inner jet,
demonstrating that there has been a previous breakout of the jet into the H ii region.
Despite this, new near-IR images show evidence for a significant column of dust and
molecules outside the globule entrained by the jet. This may be expected from the
youngest sources that are still surrounded by a substantial molecular envelope with
only a small cavity cleared by the jet (Arce and Sargent, 2006). Significant entrainment of molecular and dusty material by jets driven by more evolved protostars, or
after many jet bursts, may reflect how feedback has shaped the environment (see
Section 4.5.6). Compression of the molecular globule by massive star feedback may
refill the cavity along the jet axis, increasing the amount of material entrained by a
subsequent pulse of the jet.
Both HH 901 and HH 902 also show evidence for previous jet activity. If entrained material obscures the inner jet in all three cases, then this argues for a
large column of material to be dragged out of the globule repeatedly by jet bursts.
Reiter and Smith (2013) estimate nH & 105 cm−3 for the pillar housing HH 901,
and we expect similarly high densities for the HH 902 and HH 900 clouds (also see
Section 4.5.4). All three jets are embedded in the hot stellar wind bubble created by
the many O-type stars in the nearby Tr 14/Tr 16 star cluster, so they are subject to
similar amounts of feedback. Jets emerging from more diffuse globules (e.g. HH 666,
see Smith et al., 2004a; Reiter and Smith, 2013, Reiter et al. in preparation) do not
show this same offset from the globule edge.
4.5.2 The putative Hα microjet
Based on the morphology in the Hα image, Smith et al. (2010) identify a possible
microjet along the western limb of the broad HH 900 outflow. A bright point source
with colors consistent with being a YSO lies in the middle of this bright Hα filament
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and was identified as the possible driving source for the putative microjet. After
examining the new imaging and spectroscopy presented here, we find it unlikely
that this Hα-bright feature is a separate microjet. The key arguments against the
microjet hypothesis are (1) the morphology in the [Fe ii] images, (2) radial velocities
in spectra, and (3) proper motions as detailed below.
(1) The [Fe ii] emission indicates that the main body of the HH 900 jet is
symmetric about the center of the globule and shows no significant deviation at the
position of the putative microjet. [Fe ii] intensity tracings through both sides of the
jet are similar, with no significant difference in the brightness of the western limb
as compared to the east (see Figure 4.3 and Section 4.4.1). It is possible that the
microjet, driven by an unobscured star, is completely ionized, and therefore is only
visible in Hα. However, if this were the case, the jet would have to be projected in
front of the blueshifted limb of HH 900.
(2) Linewidths of the [Fe ii] and H2 emission from the western limb are similar
to the eastern side of the jet, and appear to trace a single jet (see Figure 4.6 and
Section 4.4.4). Moreover, velocity changes on either side of the jet are monotonic.
There is no evidence for two jet velocity components in the Hα spectrum (although
the signal-to-noise and velocities are low, see Figure 4.7).
(3) The high degree of symmetry in the Hα filament on either side of the protostar
combined with the lack of any radial velocity changes suggests that if this feature
is indeed a jet, it must lie almost exactly in the plane of the sky. However, our
proper motion measurements constrain any oppositely directed, outward motions
in the plane of the sky to . 25 km s−1 . Together, proper motions and spectra
require that any outflowing gas must move slower than ∼ 30 km s−1 , unusually slow

for a jet driven by an unobscured protostar (see, e.g. Reipurth and Bally, 2001;
Reiter and Smith, 2014).

Without evidence for any bipolar motion in the Hα filament away from
PCYC 838, it seems unlikely that this putative “microjet” is a separate jet at all.
Hypothetically, the YSO that appears to lie at its center may have been ejected
from the globule in a dynamical encounter, with the motion of the ejected star
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through the larger bipolar outflow creating a bright Hα tidal tail that looks like an
Hα microjet. However, hydrogen emission lines in the spectrum of the YSO (seen
intersecting the jet in Figure 4.6) constrain the Doppler velocity of the protostar
to be vsys . −5 km s−1 whereas the Hα emission at the same position is ∼ −12
km s−1 . Moreover, we can constrain the proper motion of the YSO with the two

epochs of HST /ACS data. We find that the star moves almost imperceptibly in
the Hα images, with a measured velocity in the plane of the sky of 4.3 ± 1.3 km

s−1 . The YSO is not moving faster than the random motion of stars in the Carina

nebula, making the ejection scenario unlikely. At these low velocities, the dynamical
time required for the star to reach its current position is ∼ 11, 000 yr, longer than

the estimated dynamical age of the two outer bow shocks in HH 900 (∼ 2200 yr,
see Section 4.4.1), and much longer than the age of the inner jet (∼ 1000 yr, see
Section 4.5.4). Given the discrepancy in the timescales for the star and the jet, any
interaction between the star and HH 900 is likely due to the jet recently moving
past the position of the YSO. The simplest explanation is a chance alignment of the
YSO with the apparent center of the Hα-bright filament. Indeed, Wolk et al. (2011)
find a relatively high spatially averaged source density in the Tr 16 subcluster near
HH 900 (45 src pc−2 in sub-cluster 12).
The Hα-bright filament may result from local irradiation due to the small separation between the YSO and the HH 900 outflow. Local irradiation from the driving
protostar has been invoked to explain bright optical and IR emission from the inner
regions of protostellar jets in more quiescent regions (e.g. Reipurth et al., 2000).
The IR-bright YSO that appears to lie in the middle of this filament must lie extremely close to the broad, bipolar outflow (. 4.5 × 10−4 pc or . 92 AU in the

plane of the sky). Uncertainties in the three-dimensional geometry of the system
may hide a slightly greater separation, although the presence of especially bright Hα

emission on either side of the YSO suggests that the protostar may affect the larger,
apparently separate outflow. Thus, while our kinematic data rule out the possibility
that this bright Hα feature is a separate microjet, its origin remains elusive.
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4.5.3 Mass-loss rate in the neutral jet
Smith et al. (2010) estimated mass-loss rates, Ṁjet , of the jets in Carina using the
Hα emission measure in ACS images. For HH 900, the wide inner jet in the east
and the Hα-bright filament (the now refuted microjet) in the west represent the
two highest Ṁjet in the sample. However, mass-loss rates calculated from the Hα
emission measure reflect the total Ṁjet only for fully ionized jets, and otherwise
provide a lower-limit. Reiter and Smith (2013) argue that the HH jets in Carina
are not fully ionized, and that [Fe ii] emission traces neutral material in jets that
are sufficiently dense to self-shield (i.e. to prevent Fe+ → Fe++ ). Relaxing the

assumption that the jets are fully ionized and calculating the density required to
self-shield generally increases the estimated mass-loss rate by at least an order of

magnitude (Reiter and Smith, 2013). For HH 900, the situation is unfortunately
even more complex. Hα and [Fe ii] have different spatial distributions and appear
to trace different velocity components, suggesting that the mass-loss rate estimated
from Hα only samples the mass contained in a thin ionized skin on the outside of the
outflow sheath entrained by the [Fe ii] jet. This is remarkable since the mass-loss
rate derived from the Hα emission measure was already the highest of all the jets
in Carina (Smith et al., 2010).
We can estimate the mass-loss rate of the HH 900 [Fe ii] jet by requiring that
a neutral, cylindrical jet survives out to a distance L1 before it is completely photoablated (Bally et al., 2006; Reiter and Smith, 2013). Here, we take L1 to be the
length of the continuous [Fe ii] jet (not including the bow shocks). For a cylindrical
jet,
Ṁjet

·
¸−1/2
L1 f µmH cII
αB
≈
2D
πrjet QH sin(β)

(4.1)

where f ≈ 1 is the filling factor, µ ≈ 1.35 is the mean molecular weight, mH is

the mass of hydrogen, cII ≈ 11 km s−1 is the sound speed in ionized gas, and

αB ≈ 2.6 × 10−13 cm3 s−1 is the Case B recombination coefficient. CPD-59 2641
is an O5 V star located ∼ 1′ from HH 900, or at a projected distance D ∼ 0.7
√
pc (which may underestimate the true separation by ∼ 2). Assuming that CPD-
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59 2641 dominates the ionization, the ionizing photon luminosity is log(QH ) = 49.22
s−1 (Smith, 2006a). We measure the jet radius, rjet ≈ 0.007 pc, from the [Fe ii]

images and assume that the angle β between the jet axis and the direction of the
ionizing radiation, is β ≈ 90◦ . From this, we find Ṁjet & 7 × 10−6 M⊙ yr−1 and

Ṁjet & 5 × 10−6 M⊙ yr−1 , respectively, for the eastern and western limbs of the jet

(compared to 5.68 × 10−7 M⊙ yr−1 and 6.20 × 10−7 M⊙ yr−1 , respectively, estimated

from the Hα emission measure, see Smith et al., 2010).

As Reiter and Smith (2013) found for other HH jets in Carina, using [Fe ii]
as a diagnostic and without assuming the jet is fully ionized, Ṁjet is an order of
magnitude larger than Smith et al. (2010) estimate from the Hα emission measure.
Assuming that the mass accretion rate, Ṁacc , onto the protostar is ∼ 10 − 100 times
larger than the mass-loss rate in the jet (e.g. Hartigan et al., 1995; Calvet, 1998),

we find Ṁacc ≈ 10−4 M⊙ yr−1 . This points to a high luminosity from the driving
protostar, either due to its relatively high mass or a recent accretion burst.
4.5.4 Protostars and globule survival
The jet axis defined by the collimated [Fe ii] emission rules out the hypothesis
that the driving source of the jet is the protostar at the bottom of the HH 900
globule (identified by Shinn et al., 2013). Although the jet axis defined by the
[Fe ii] emission in the WFC3-IR images from HST indicates a clear mis-match of
the star and the jet (see Figure 4.2), is it possible that the star began in the globule
and was ejected, perhaps in a small-N stellar interaction (e.g. Reipurth et al., 2010;
Reipurth and Mikkola, 2012)? If this is the case, the star must have been in the
globule at the time that the innermost jet emission we detect in [Fe ii] was ejected.
Assuming a jet velocity of 100 km s−1 for the [Fe ii] emission located ∼ 1.′′ 5 from

the globule edge (thus ∼ 2.′′ 5 from the presumed position of the driving source), this
means the star would need to have been ejected within the last ∼ 275 yr. To travel

to its current location at the bottom of the globule in that time, the star would

have to be moving at & 60 km s−1 . However, PCYC 842 has an observed proper
motion of 15.4 km s−1 toward the globule (see Section 4.4.6 and Table 4.2), clearly
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inconsistent with the ejection hypothesis.
Without compelling evidence for the recent ejection of the jet-driving source, we
must conclude that an additional protostar remains hidden inside the dark globule.
Symmetric [Fe ii] emission from the eastern and western sides of the jet, including a
similar offset from the globule edge (see Figure 4.3), argues that the driving source
is located inside the globule. Dark lanes in the blueshifted western limb of the jet
apparent in the Hα image connect the jet directly with the globule and require
that it is driven by a protostar embedded within it. However, we do not detect IR
emission associated with a protostar in the globule.
The high mass-loss rate in HH 900 makes the non-detection of a protostar particularly puzzling. Smith et al. (2010) and Reiter and Smith (2013) have argued
that the HH jets in Carina are driven by intermediate-mass (∼ 2 − 8 M⊙ ) proto-

stars based on their high mass-loss rates, and the luminosity of candidate driving
sources found for some of the jets support this interpretation (Smith et al., 2004a;
Ohlendorf et al., 2012; Reiter and Smith, 2013, 2014). Even if the HH 900 driving
source were a low-mass protostar, it would need to be undergoing an FU-Orionistype outburst to create a jet of this strength (Croswell et al., 1987; Calvet et al.,
1993), and would therefore likely have a high accretion luminosity. However, we
note that the dynamical age of the inner jet is ∼ 1000 years (for a jet velocity of

100 km s−1 ), a factor of ∼ 10 longer than the typical decay time of an FU Orionis

outburst (Hartmann and Kenyon, 1996). Small velocity differences between the redshifted and blueshifted sides of the jet suggest that the outflow axis lies close to the
plane of the sky, and we find a small inclination angle for the jet(α . 10◦ ). Thus

the circumstellar disk of the driving source will be seen almost edge-on. A YSO
viewed through the midplane of an optically thick disk will be heavily extincted by
a large column of circumstellar material. If this YSO is embedded in a dense and
sufficiently opaque globule, no scattered light will escape the cloud and the protostar
will remain unseen.
To estimate the amount of circumstellar material required to completely obscure
the driving source, we use the YSO models from Robitaille et al. (2006). Since we
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have only upper limits on the protostar postulated to be in the globule (see Section
4.4.3), we instead do a parameter search of the Robitaille et al. (2006) models. We
make the conservative estimate that the protostellar mass is 1.95 − 2.05 M⊙ and the

opening angle of the envelope cavity angle is 5 − 10◦ . We estimate a small cavity

opening angle based on the fact that Hα and H2 emission are not wider than the
globule. Within this search criteria, we sample disk accretion rates as high as ∼ 10−5
M⊙ yr−1 , on the lower end of the accretion rates we expect if Ṁjet ≈ 0.01−0.1× Ṁacc

(see Section 4.5.3). The disk accretion rate will be even higher (leading to a higher
accretion luminosity) if the driving source is more massive (closer to 8 M⊙ ), or
undergoing an FU Orionis outburst (with disk accretion rates & 10−4 M⊙ yr−1 ,
e.g. Hartmann and Calvet, 1995; Calvet, 1998). For the 12 models that satisfy this
search criteria, the estimated line-of-sight extinction to the stellar surface ranges
from Av ≈ 5 × 103 − 2 × 107 . Allowing for larger cavity opening angles of 40 − 45◦

corresponding to more evolved driving sources, Av may be as low as ≈ 3 × 102 .

Taking the lower bound, Av = 102 , we can make a crude estimate of the globule
mass. Using NH ≈ 1.8×1021 ×Av cm−2 (Güver and Özel, 2009), the column density

along the line of sight must be at least ∼ 2 × 1023 cm−2 . Assuming the globule is

a uniform sphere, we can estimate the volume density. The diameter of the globule

is ∼ 2′′ , corresponding to a linear size of ≈ 0.02 pc at the distance of Carina. For a
globule radius of 0.01 pc or 3×1016 cm, this rough estimate yields an average volume

density n ∼ 6 × 106 cm−3 , among the higher volume densities inferred from dust
emission of low-mass star forming cores (∼ 104 − 106 cm−3 , Enoch et al. 2007, 2008,

although higher density cores have also been observed, e.g. Tokuda et al. 2014).
Taking the globule to be a uniform sphere, this density suggests a globule mass of
& 1 M⊙ .
Grenman and Gahm (2014) use the Hα images of Smith et al. (2010) to estimate
the extinction in the HH 900 globule and calculate a mass of ∼ 14 MJupiter , two orders
of magnitude smaller than our estimate. This single-wavelength assessment of the

extinction provides only a lower limit on the true column of material in the globule
and is compromised by emission from the surface of the limb-brightened globule.
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Indeed, requiring that the globule has survived photoevaporation from the many
O-type stars in Tr 16 for & 3.5 Myr (Smith, 2006a) argues for a much larger mass
reservoir. The photoevaporation mass-loss rate of the globule is
Ṁphot ≈ 4πr2 nH µmH cII

(4.2)

where r is the radius of the globule, and nH is the density of neutral hydrogen. We
can estimate the density at the ionization front from the requirement that ionizations
are balanced by recombinations. This gives
r
nIF ≈

QH
8πD2 rαB

(4.3)

where, as in Section 4.5.3, we assume that the nearby O-type star CPD-59 2641
dominates the ionization. This yields nIF ∼ 4000 cm−3 . We can connect this

to the density in the globule using the continuity equation, nIF cII = nH cI where

cI ≈ 3 km s−1 is the sound speed in the molecular globule. For the estimated

nH ∼ 1.5 × 104 cm−3 , we find Ṁphot ∼ 7 × 10−6 M⊙ yr−1 . This is within a factor

of two of the photoevaporation rate Smith et al. (2004b) calculate for the nearby
finger globule in Carina (∼ 2 × 10−5 M⊙ yr−1 ) as the higher flux of the ionizing

source (log(QH ) = 50.0 s−1 ) is roughly canceled by its larger separation (∼ 6′ ).

With this high photoevaporation rate, a 14 MJup globule will rapidly be ablated,
and completely destroyed in ∼ 2000 years. In contrast, the remaining lifetime of a

& 1 M⊙ globule will be & 105 years.

4.5.5 Comparison to molecular outflows
Reiter and Smith (2013) postulated that the irradiated jets in Carina are similar to
the jets that drive molecular outflows, but are laid bare by the harsh UV radiation
permeating Carina. In this picture, molecules entrained in the outflow that are
swept into the H ii region will be quickly dissociated, and should only be observed
within a few arcsec of the edge of the natal globule. Indeed, H2 emission in HH 900
survives only ∼ 1.5′′ away from the edge of the molecular globule, and must have
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Figure 4.9: A time-series illustration of an outflow breaking out of a small, dense
globule into the H ii region. Red lines trace [Fe ii], blue lines show Hα, and gray
lines illustrate the location of molecules. In panel I, the jet turns on and begins
entraining an outflow that emerges from the globule in panel II. Panel III shows the
current geometry of the irradiated jet+outflow. Different emission lines trace the
outflow further from the globule where it has been subject to external irradiation
longer (left side). Observational tracers of the irradiated outflow (right side) reveal
the decreasing obscuration of the jet and increasing impact of external irradiation.
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been introduced into the H ii region recently. Other authors have invoked a twocomponent outflow model to explain the coexistence of a high velocity jet and a
slower, broader molecular outflow created by a wide-angle wind (e.g. HH 111,
Nagar et al. 1997; Lee et al. 2000; HH 315, Arce and Goodman 2002; HH 46/47,
Arce et al. 2013).
In HH 900, there is the further complication that the Hα position-velocity diagram traces a smooth increase in velocity with increasing distance from the dark
globule. In the case of HH 111, higher velocity emission far from the driving source
has been seen in maps of the CO emission and interpreted as evidence of jet-bowshock entrainment (e.g. Lee et al., 2000; Lefloch et al., 2007). As a bow shock propagates through its parent cloud, it will sweep up material, creating a sheath that
envelopes the jet traveling in its wake. The initial impulse of the jet turning on (or
up) creates the Hubble-like velocity structure. A corresponding shell of material
swept up in HH 900 will be externally irradiated by Tr 16 upon exiting the globule,
creating an ionized outer layer that will emit Hα. Within ∼ 1.5′′ of the globule, this

ionized sheath still exhibits H2 emission. The overall blueshift of the H2 velocities

(∼ 20 km s−1 ) compared to [Fe ii] suggests that H2 emission is dominated by the
expansion of the outflow cavity. The abrupt end of H2 emission where [Fe ii] emission begins may signal a transition in the column of obscuring, entrained material
from a mix of atoms and molecules to primarily atomic gas. Beyond this point, Hα
emission narrows until it converges with the [Fe ii] morphology at the head of the
inner jet, as expected for prompt entrainment. Indeed, the Hubble-like velocities in
the Hα position-velocity diagram suggest that HH 900 is the irradiated analog of
an entrained molecular outflow.
4.5.6 Environmental interaction
Theoretical work on small globules in H ii regions has explored their photoevaporation and the possibility that radiative compression may trigger star formation (e.g. Bertoldi, 1989; Bertoldi and McKee, 1990; Bertoldi and Draine, 1996;
Gorti and Hollenbach, 2002; Dale et al., 2007a,b). The small size of HH 900 and its
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survival despite its proximity to η Car hint that the protostar forming within it may
have been triggered by radiation-driven implosion. There remains an ambiguity
between the triggering of new star formation and the uncovering, and/or possible acceleration, of star formation that would have happened anyway (Dale et al.,
2007b). However, in feedback dominated environments, back-pressure from the photoevaporative flow off the globule will continue to compress the globule even as the
protostar evolves. From detailed study of the ‘defiant finger,’ another small globule
in the Carina nebula, Smith et al. (2004b) find that back-pressure from the photoevaporative flow is a factor of ∼ 5 greater than thermal support in the globule.

If similar conditions apply to HH 900, then pressure from the ionization front may
alter the physical conditions of the local star forming environment. By increasing
the local pressure, feedback from massive stars may affect the envelope accretion
rate, the amount of molecular and dusty material entrained by the jet (as well as
the degree that it can clear an outflow cavity in the molecular envelope), and the
rate at which the developing protostar destroys the globule from within. Clearly,
hydrodynamic models of the evolution of protostars in irradiated globules would be
interesting.
4.6 Conclusions
We present new imaging and spectroscopy of HH 900, a peculiar protostellar outflow

in the Carina nebula. Hα images reveal an unusually wide-body bipolar outflow
while new narrowband [Fe ii] 1.26 µm and 1.64 µm images of HH 900 obtained with
WFC3-IR trace a collimated jet. [Fe ii] emission remains remarkably symmetric on
either side of the globule, suggesting that the unseen driving source lies roughly at
the center of the globule. New narrowband H2 images from GSAOI reveal extended
molecular emission from the outflow just outside the globule that disappears at the
same separation where the [Fe ii] emission from the jet grows bright (∼ 1.5′′ ). The
H2 → [Fe ii] transition zone is seen on both sides of the outflow and is roughly

symmetric. Both Hα and H2 emission are as wide as the globule when they emerge
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into the H ii region. Their width and kinematics suggest that these lines trace dusty
and molecular material entrained by the jet that was recently dragged into the H ii
region.
Optical and near-IR spectra reveal separate and distinct velocity components
traced by [Fe ii], H2 , and Hα emission. Both [Fe ii] lines trace the steady jet
emission from the red- and blueshifted (eastern and western, respectively) limbs of
the jet. On the other hand, velocities in the Hα and H2 spectra increase further away
from the globule, similar to the Hubble-like velocity structure observed in molecular
outflows.
Unlike other HH jets with a Spitzer -identified candidate driving source near the
jet axis, [Fe ii] emission from HH 900 does not connect the jet to either of the two
YSOs near the globule. The jet axis defined by [Fe ii] emission clearly bisects the
globule, and dust lanes near the globule surface reveal the impact of the jet breaking
out of the globule. Together, this argues for the existence of a third protostar that
remains deeply embedded in the globule and is obscured by high column density,
perhaps by an edge-on circumstellar disc. The invisibility of this protostar may be
interpreted as evidence that the source is extremely young, that the globule has
been compressed to high densities by radiation from nearby massive stars, or both.
Our data allow us to reject the hypothesis that the YSO (PCYC 838) along
the western limb of broader bipolar outflow drives a separate microjet. The [Fe ii]
jet structure is symmetric and center on the globule (not the star) and there is no
evidence for multiple velocity components in either Hα or [Fe ii] spectra. Proper
motions measured in Hα images taken with HST ∼ 9 yr apart are consistent with
zero velocity, calling into question the nature of this unusual feature. Low velocities

rule out a dynamical origin. Nevertheless, the small projected separation between
HH 900 and this YSO suggests that the YSO may illuminate the nearby bipolar
outflow, creating an Hα-bright filament. However, the simplest interpretation is
that this YSO is simply a chance alignment with the HH 900 outflow.
The bright, collimated [Fe ii] jet, together with wider-angle Hα and H2 components point to a powerful jet breaking out of a small globule that is sufficiently
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massive to have survived the harsh radiative environment of the Carina nebula. Different morphologies and velocity structures from the optical and IR emission lines
in HH 900 reveal the protostellar jet itself and offer a rare glimpse of the material it
entrains before it is destroyed in the H ii region. This supports the interpretation
that the irradiated outflows in the Carina reflect the same underlying phenomena
driving molecular outflows in embedded regions, but that they are laid bare and
illuminated by the harsh radiative environment.
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CHAPTER 5
HH 666: DIFFERENT KINEMATICS FROM Hα AND [Fe ii] EMISSION
PROVIDE A MISSING LINK BETWEEN JETS AND OUTFLOWS

5.1 Foreword
In this chapter, we present a comparison of the morphology and kinematics of Hα
and [Fe ii] emission from HH 666. As part of this, we present ground-based Hα
and [S ii] spectra obtained by Nathan Smith while employed as a Hubble Fellow at
the Center for Astrophysics and Space Astronomy, University of Colorado, Boulder
under program 70.C-0094(A) (P.I. Kate Brooks, then a postdoctoral scholar in el
Departamento de Astronomı́a, Universidad de Chile). These spectra were previously
published in Smith et al. (2004a).
Hubble Space Telescope images presented in this chapter that were obtained
during Early Release Observations after SM4 were downloaded from The Mikulski
Archive for Space Telescopes (MAST)1 and previously analyzed and published in
Reiter and Smith (2013). Additional HST images were obtained under programs
GO 10241, 10475, and 13390. Support for this work was provided by NASA through
grants AR-12155, GO-13390, and GO-13391 from the Space Telescope Science Institute. This work is based on observations made with the NASA/ESA Hubble Space
Telescope, obtained from the Data Archive at the Space Telescope Science Institute,
which is operated by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-26555. High-precision image registration and measurement of the proper motion of point sources was performed by Megan M. Kiminki,
graduate student at the University of Arizona, using methodology and software
developed by Jay Anderson, staff scientist at the Space Telescope Science Institute.
1

https://archive.stsci.edu/hst/
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The complete analysis of HH 666 presented below has appeared in print in
Reiter et al. (2015a).
5.2 Introduction
Over a wide range of initial masses, stars appear to drive an outflow at some
stage in their formation.

Mounting evidence calls into question whether there

is an upper limit on the mass of protostars that may drive collimated jets, despite uncertainty about whether the dominant physics of formation may change between low and high masses (e.g. Garay et al., 2003; Caratti o Garatti et al., 2008;
Guzmán et al., 2012; Duarte-Cabral et al., 2013; Reiter and Smith, 2013). These
jets will interact with and shape – and be shaped by – the circumstellar molecular envelope and larger natal cloud. Various jet properties and morphologies,
such as asymmetries (e.g. Reipurth et al., 1998; Bally and Reipurth, 2001), wiggles
and gaps (e.g. de Gouveia dal Pino and Birkinshaw, 1996), the degree of collimation (Mundt et al., 1991), and decreasing knot velocities have been explained by
interaction with different kinds of environments.
Interaction between the protostellar jet and ambient gas in the star forming cloud
has been proposed as a mechanism to create molecular outflows. Raga and Cabrit
(1993) offer a simple analytical model wherein molecular outflows are the product
of environmental gas being entrained by a protostellar jet. While some molecular outflows are well-described by jet-entrainment (see, e.g. Zinnecker et al., 1998;
Arce and Sargent, 2005, 2006), others show a conical morphology and broader range
of velocities in the outflowing gas that have been interpreted as a wide-angle wind
launched from the protostellar disk (e.g. Nagar et al., 1997; Klaassen et al., 2013;
Salyk et al., 2014). A full evolutionary scenario may involve a combination of these
two, with different components dominating at different times (e.g. Shang et al., 2006;
Zapata et al., 2014). In either case, the outflow will clear material along the jet axis,
creating a polar cavity as it travels through the protostellar envelope and into the
surrounding molecular cloud. Clearing of the protostellar envelope may explain
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Table 5.1: Observations
Instrument

Filter /
Position

Date

Int.
time

Comment

Ref.

ACS/HST

F658N

2005 Mar 30

1000 s

Hα + [N ii]

S2010

ACS/HST

F658N

2014 Feb 21

1000 s

Hα + [N ii]

this work

WFC3-UVIS/HST

F656N

2009 Jul 24

7920 s

Hα

RS2013

WFC3-UVIS/HST
WFC3-IR/HST
WFC3-IR/HST

F673N
F126N
F164N

2009 Jul 24
2009 Jul 25
2009 Jul 25

9600 s
600 s
700 s

[S ii] λ6717 + λ6731
[Fe ii] λ12567
[Fe ii] λ16435

RS2013
RS2013
RS2013

EMMI/NTT

Hα

2003 Mar 11

2400 s

P.A. = 293.5◦

S2004

FIRE/Magellan

HH 666 M

2013 Feb 22

600 s

P.A. = 110◦

this work

600 s
600 s

◦

this work
this work

FIRE/Magellan
FIRE/Magellan

HH 666 IRS
HH 666 O

2013 Feb 22
2013 Feb 22

P.A. = 110
P.A. = 115◦

S2010 = Smith et al. (2010)
RS2013 = Reiter and Smith (2013)
S2004 = Smith et al. (2004a)

the apparent widening of molecular outflows associated with more evolved sources
(Arce and Sargent, 2006).
In the unobscured environment outside the natal cloud, optical and near-IR emission lines can be used as a tracer of the protostellar jet (e.g. Sepúlveda et al., 2011).
Longer wavelength emission lines from shock-excited molecules, on the other hand,
sample embedded parts of the entrained outflow propagating within a molecular
cloud (e.g. Noriega-Crespo et al., 2004). In this chapter, we refer to the jet as the
fast, highly collimated stream of gas launched near the poles of the protostar and
the outflow as the slower, wide-angle component of outflowing gas that either originated in the protostellar disc, or in the ambient medium that was entrained by shocks
in the passing jet. Outflows tend to be observed in more embedded regions (e.g.
Beltrán et al., 2008; Beuther et al., 2008; Forbrich et al., 2009; Fuente et al., 2009;
Takahashi and Ho, 2012). The underlying collimated jets are primarily atomic and
remain invisible unless excited by shocks or external irradiation. For both excitation
mechanisms, bare jets emerging from more evolved, unembedded sources will emit
at visual and UV wavelengths (e.g. Reipurth et al., 1998; Bally and Reipurth, 2001;
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McGroarty et al., 2004). Observing both the jet and the outflow in a single source
is difficult, but understanding how the jet interacts with the surrounding cloud is
important for constraining local momentum feedback. Partially embedded jets offer
one way to bridge these two regimes. For example, a protostar residing near the
edge of a cloud or in a small, isolated globule may drive a jet into the relatively diffuse environment outside the cloud. At the same time, the counter-jet plows deeper
into the molecular cloud where its presence must be inferred from the shape of the
outflow lobe it creates. Jets and outflow lobes have been seen to coexist in several
protostellar sources (e.g. HH 111: Nagar et al. 1997; Lefloch et al. 2007; HH 46/47:
Noriega-Crespo et al. 2004; Arce et al. 2013; and HH 300: Reipurth et al. 2000;
Arce and Goodman 2001b).
In the Carina nebula, HH 666 emerges from a translucent pillar into a giant H ii
region created by more than ∼ 65 O-type stars (see Smith, 2006a). Smith et al.
(2004a) discovered the outflow in ground-based narrowband optical images and

identified several large knots that extend more than 4 pc on the sky (features
HH 666 D, A, E, M, O, N, I, and C). The mass-loss rates (Smith et al., 2010;
Reiter and Smith, 2013) and outflow velocities (Reiter and Smith, 2014) measured
in HH 666 are among the highest of the jets in Carina, making it one of the most
powerful jets known (see, e.g. Figure 14 in Ellerbroek et al., 2013). Harsh UV radiation from the many massive stars in Carina permeates the region, illuminating the
dust pillar from which HH 666 emerges and irradiating the body of the jet itself. External irradiation lights up neutral material in the jet that is not excited in shocks,
revealing portions of the jet that would otherwise remain invisible. This allows the
physical properties of the jet to be derived using the diagnostics of photoionized gas
(e.g. Bally et al., 2006; Smith et al., 2010). However, massive star feedback illuminates indiscriminately, irradiating both the jet and the surrounding environment,
which can complicate the interpretation of the observed emission. Non-uniform
density structures in a photoionized jet can further complicate the interpretation.
Fortunately, multi-wavelength observations allow us to disentangle the jet from its
complex environment.
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Smith et al. (2004a) and Reiter and Smith (2013) showed that near-IR [Fe ii]
emission from HH 666 traces the jet inside the ∼ 40′′ wide pillar, connecting the

large-scale jet seen in Hα to the IR-bright protostar that drives it (HH 666 IRS).

High angular resolution near-IR narrowband [Fe ii] images obtained with WideField Camera 3 (WFC3-IR) on the Hubble Space Telescope (HST) reveal additional
morphological complexities (see Figure 5.1 and Reiter and Smith, 2013). Near the
driving source, [Fe ii] emission traces portions of the jet that are not seen in Hα.
In the western limb of the inner jet, designated HH 666 M, [Fe ii] emission bisects
a dark cavity to the northwest of HH 666 IRS, clearly connecting the jet to its
driving source. [Fe ii] emission from HH 666 O, the eastern limb of the inner jet,
traces a collimated jet body that appears to be surrounded by a broad cocoon of Hα
emission. Curiously, Smith et al. (2004a) see a Hubble-like velocity structure in Hα
and [S ii] spectra of the inner parts of HH 666 (features HH 666 M and O). Only two
other protostellar jets have shown Hubble-like velocity structures in optical spectra
(HH 83, Reipurth 1989; and HH 900, Reiter et al. 2015b).
In this chapter, we present new ground-based near-IR [Fe ii] spectroscopy and a
second epoch of HST /ACS Hα images. When combined with extant data, the HST
images allow us to compare the kinematics of these two morphologically distinct
components. Together, these new data offer a self-consistent explanation for the
curious morphological and kinematic differences between the Hα and [Fe ii] emission
from HH 666.
5.3 Observations
5.3.1 Near-IR spectroscopy
Near-IR spectra of HH 666 were obtained with the Folded-Port Infrared Echellette
spectrograph (FIRE, Simcoe et al., 2013) on the Baade 6.5-m Magellan telescope on
22 February 2013. Conditions were photometric with thin clouds and the seeing was
∼ 0.′′ 6. FIRE captures medium resolution spectra from 0.8 − 2.5 µm simultaneously.
The echelle slit is 7′′ long and our data were obtained with a slit width of 0.′′ 6. This

150

M1
M8 M3 M13
M5a M9
M10
M14
M2
M7
M4
M11
M12

(a)
Hα

O4

O10
O3 O9O2

O5

O8

O6

O1
HH 666 IRS
5"

O7
(c)
[S II]

(b)
Hα

5"

5"

(b)
[Fe II] 1.26 µm

(c)
[Fe II] 1.64 µm

5"

(f)

5"

H! - [S II]

5"

Figure 5.1: (a) New HST /ACS Hα image of HH 666 indicating features discussed
in the text. Panels (b) and (c) show HST /WFC3-UVIS Hα and [S ii] images,
respectively, while (d) and (e) show near-IR HST /WFC3-IR [Fe ii] images from
Reiter and Smith (2013) with an unsharp mask applied to improve the contrast
between faint jet features and bright emission from the surface of the dust pillar.
(f) An Hα-[S ii] difference image showing the offset between the two emission lines
(excess Hα is white, [S ii] is black) with zoomed views showing the two places in
the innermost jet where Hα and [S ii] are significantly offset.
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corresponds to a velocity resolution of 50 km s−1 . Uncertainties in the measured
radial velocities are shown in Figure 5.3. We used five slit positions to target the
brightest [Fe ii] emission in the inner ∼ 40′′ of the HH 666 jet and its driving source.

Slit positions are shown in Figure 5.3.

We obtained separate frames offset ∼ 5′′ from the jet axis for the four pointings

along HH 666 M and HH 666 O to subtract sky lines and emission from the H ii

region. For the central slit position that contains the driving source (see Figure 5.3),
we employ an ABBA nod putting the driving source at opposite ends of the slit and
remove sky emission by subtracting complementary nods. The total integration
time for each slit position is 600 s. The data were reduced using the firehose
IDL pipeline. This data reduction package provides flat-fielding, sky-subtraction,
and wavelength calibration of the 2D FIRE spectra. Wavelength calibration was
done using a ThAr lamp. We extract the [Fe II] position-velocity diagrams from
the reduced, calibrated 2D spectra. The reported velocities are in the heliocentric
velocity frame.
5.3.2 New Hα images
We present new Hα images obtained with HST /ACS on 21 February 2014. These
images duplicate the observational setup used by Smith et al. (2010) to observe
HH 666 on 30 March 2005, providing two epochs with a time baseline of 8.9 yr (see
Table 5.1). Both epochs were observed using the F658N filter (which transmits both
Hα and [N ii] λ6583) with a total exposure time of 1000 s. A three-position linear
offset pattern was used to fill ACS chip gaps. See Smith et al. (2010) for a more
complete description of the observational setup.
By replicating the observational setup of the first-epoch images, we reduce systematic uncertainties in the image registration and measurement of individual blob
proper motions. Our image registration procedure is similar to the method described
in Anderson et al. (2008b,a), Anderson and van der Marel (2010), and Sohn et al.
(2012). This method uses PSF photometry of pipeline-calibrated images that have
been bias-subtracted, flat-fielded, and CTE-corrected, but have not been resampled
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to correct for geometric distortion (denoted with the file extension flc). These images are better suited for high-accuracy PSF fitting than drizzled images (denoted
by the file extension drc), and are therefore preferable to measure precise relative
proper motions from HST data.
We construct an initial reference frame from the drc images using the astrometric
information in their headers. Basic centroid positions of bright, relatively-isolated
stars in the drc images are compiled into a reference frame that has a 50 mas pixel−1
scale and is aligned with the y axis pointing north, like that of Anderson et al.
(2008b). We then perform PSF photometry on each flc exposure using the program
img2xym WFC.09x10 (Anderson and King, 2006), which employs a spatially-variable
library of PSFs. Stellar positions are corrected afterward for geometric distortion
using the distortion correction from Anderson (2006). Next, six-parameter linear
transformations are computed from each distortion-corrected flc frame to the initial
reference frame via the positions of the stars found in both. For improved accuracy,
we recalculate the transformation after replacing the initial reference-frame positions
of the stars with their average PSF-based positions transformed from the flc frames.
Finally, we construct a stacked image for each epoch by resampling the flc
images into the reference frame, allowing us to measure the motions of extended
sources. The details of the stacking algorithm can be found in Anderson et al.
(2008b). As both epochs are transformed to the same reference frame, object positions are directly comparable. The image alignment precision is primarily limited
by the internal accuracy of the reference frame and distortion correction (∼ 0.015
pixels, see Anderson and King, 2006; Sohn et al., 2012), which over our time baseline corresponds to 0.084 mas yr−1 or 0.92 km s−1 at the distance of Carina (2.3
kpc, Smith, 2006b).
To measure proper motions of bright knots in the inner jet, we use our implementation of the modified cross-correlation technique used by Currie et al. (1996,
see also Morse et al. 2001, Hartigan et al. 2001, and Reiter and Smith 2014). First,
we correct for local diffuse H ii region emission by subtracting a median-filtered
image from each epoch. Next, we extract bright jet knots using a box size that is
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optimized for each feature (see Figure 5.4). To determine the pixel offset between
the two epochs, we generate an array that contains the total of the square of the
difference between two images for each shift of a small box containing the jet feature
relative to a reference image. The best match between the two images will produce
the smallest value in the array.
With the identical observational setup and longer time baseline between the two
epochs of HST /ACS data, we achieve finer velocity resolution than that obtained in
our previous study (Reiter and Smith, 2014) using HST /WFC3-UVIS images taken
4.32 yr after the first-epoch HST /ACS images. Using the same camera, filter, and
approximate location of the source on the detector (and thus same distortion correction) minimizes systematic uncertainties and allows us to measure proper motions
of bright nebular jet features with velocities greater than ∼ 10 km s−1 . To determine the uncertainty in the pixel offset between the two epochs, we explore the
proper motion obtained using different box sizes around each jet feature. We also
determine the maximum offset between the two images that still results in good
alignment, identified by residuals in a subtraction image on the order of the noise.
From this, we determine an average proper motion uncertainty of ∼ 10 km s−1 ,
although this depends on the signal-to-noise of the feature (see Table 5.2).

5.3.3 Previously published images and spectroscopy
For comparison to the new Hα image and [Fe II] spectra, we include HST /WFC3
narrowband Hα, [S ii], and [Fe ii] 1.26 µm and 1.64 µm images. These were discussed
previously by Reiter and Smith (2013). Full observational details can be found in
that paper.
We also include the Hα spectrum of HH 666 from Smith et al. (2004a). Longslit
Hα observations were obtained over a slit length of ∼ 6′ . With the cross-dispersing

grism and a 1′′ slit width, the Hα spectrum has a velocity resolution of ∼ 10 km s−1 .

More complete details of the observation and reduction are given by Smith et al.
(2004a).
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5.4 Results
5.4.1 Morphology in images
High angular resolution images from HST reveal the complex morphology of HH 666,
particularly in the inner ∼ 40′′ of the jet. Hα emission from HH 666 M begins ∼ 10′′

to the northwest of the driving source tracing a broad arc around a possible evacuated cavity (see Figure 5.1) before quickly focusing into a narrow beam. On the
opposite side of the driving source (to the southeast), a few Hα-bright knots trace
the inner jet. Two bright parabolic arcs with extended wings reach back toward
the driving source creating a broad cocoon morphology (features O2 and O3 in
Figure 5.4). Applying an unsharp mask to the Hα image reveals collimated jet
emission just inside the terminus of HH 666 O (inside feature O3, see Figures 5.1
and 5.4). Comparing Hα and [S ii] images from HST /WFC3-UVIS demonstrates
that the morphology of these two lines is remarkably similar in externally irradiated HH jets (Reiter and Smith, 2013). In purely shock-excited gas, however, the
location and relative intensity of the two lines will be offset (Hartigan et al., 1994;
Heathcote et al., 1996). Thus, in the harsh UV environment of the Carina nebula,
photoionization dominates the excitation of the jet, leading to significantly brighter
Hα emission compared to [S ii], with the typical ratio in HH 666 of [S ii]/Hα ∼ 0.03.
There are only two places in the jet where bright [S ii] emission diverges from

the morphology of the Hα emission (see Figure 5.1, bottom panel). [S ii] emission
extends inside the first arc of Hα emission from the jet on either side of HH 666 IRS.
To the northwest (HH 666 M), [S ii] emission falls just inside the arc of Hα emission
that appears to trace a cavity, extending ∼ 0.′′ 25 behind the Hα. On the other side

of the driving source in HH 666 O, [S ii] is much more pronounced in a difference
image, extending nearly 1′′ behind the Hα bright knot that marks the emergence
of HH 666 O. In a post-shock cooling zone, bright [S ii] emission will trail an Hαbright arc, with the specific geometry depending on the density and ionization fraction of the preshock gas, and the velocity of the shock itself (Hartigan et al., 1994;
Heathcote et al., 1996). Such offsets have been observed in high-spatial resolution
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images of nearby HH jets, and interpreted as spatially resolved post-shock cooling
zones (e.g. Heathcote et al., 1996; Reipurth and Aspin, 1997; Hartigan et al., 2011).
Therefore, interpreting HH 666 as a purely photoionized jet would be an oversimplification.
Near-IR [Fe ii] emission from HH 666 tells a remarkably different story from that
told by the optical emission (Reiter and Smith, 2013). A stream of [Fe ii] emission
in HH 666 M bisects the dark cavity seen in Hα images, connecting the jet to the
driving source. Outside the Hα-bright arc bordering the cavity (features M8, M5a,
M10, M12), [Fe ii] emission follows the same morphology as Hα. Morphological
discrepancies are even more striking on the opposite side of the jet in HH 666 O.
[Fe ii] emission does not connect the Hα jet all the way to the driving source,
instead beginning ∼ 6′′ away from the driving source, closer than the ∼ 11′′ offset

in the Hα emission. From this point, [Fe ii] emission, although clumpy, extends
continuously to the bright shock just outside the pillar edge. There is no Hα or
[S ii] emission from the collimated jet inside the first Hα arc in HH 666 O (feature
O2 in Figure 5.4). Outside this point, Hα and [S ii] emission trace both the cocoon
and the jet. Optical emission from the outer jet traces the same morphology as the
[Fe ii] jet that bisects the larger ‘sheath.’ Hα, [S ii], and [Fe ii] emission are all
bright at the tip of HH 666 O just outside the edge of the parent pillar (features
O9, O8, O3, O4, O5 in Figure 5.4).
5.4.2 [Fe ii] ratio
We also use the [Fe ii] images from Reiter and Smith (2013) to measure the flux ratio
of the two observed lines, R = λ12567/λ16435. Both lines originate from the same

upper level, so their intrinsic ratio is determined by atomic physics. The observed

ratio will decrease as the column of absorbing material increases, so R provides
a measure of the reddening. Smith and Hartigan (2006) measured R = 1.49 in
P Cygni while more recent measurements of HH 1 by Giannini et al. (2015) yielded

R = 1.11 − 1.20. Since we do not have simultaneous off-line continuum images,

we estimate local continuum emission from adjacent regions in the [Fe ii] images
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Figure 5.2: (a) [Fe ii] 1.26 µm image of HH 666 with boxes showing the tracing
through the jet to measure the [Fe ii] ratio R plotted below. (b) Plot of the [Fe ii]
1.26 µm / 1.64 µm ratio R along the inner jet. The shaded area surrounding the
ratio line indicates the standard deviation. (c) Tracing of the [Fe ii] 1.26 µm and
[Fe ii] 1.64 µm flux through the same portions of the inner jet.
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themselves. We plot R along the length of the inner jet in Figure 5.2.

The median flux ratio through the jet is R ∼ 0.98 ± 0.15. This corresponds to

an AV of at least ∼ 0.85 mag assuming R = 1.49 and ∼ 0.25 − 0.41 mag assuming
R = 1.11 − 1.20, respectively. Both sides of the jet show an increase in the ratio

along the jet moving toward the edge of the pillar. The flux ratio is lowest near
the driving source, with a median R ∼ 0.63, corresponding to AV & 1.75 mag for

the Smith and Hartigan (2006) value of R, or AV & 1.15 − 1.31 mag using the

Giannini et al. (2015) values. In contrast, the ratio is closest to the intrinsic value
where we do not observe strong [Fe ii] emission from the jet (e.g. outside feature
O4 and between features M13 and M14 in Figure 5.2).
5.4.3 Velocities from spectra
In the HH 666 discovery paper, Smith et al. (2004a) published longslit Hα and [S ii]
spectra that confirmed that bright knots to the east and west of the dust pillar are
part of a coherent bipolar outflow. Doppler velocities in Hα and [S ii] spectra show
that the western limb of the jet (including HH 666 M) is blueshifted and the eastern
limb (HH 666 O) is redshifted, with velocities from the inner jet reaching ±250

km s−1 (Smith et al., 2004a). The rapid increase in velocity away from the driving
source on both sides of the jet shows an almost Hubble-like velocity structure. In
a Hubble flow, velocity is proportional to the distance, v ∝ d. Smith et al. (2004a)
derive a “Hubble constant” for HH 666 of HHH

666

≃ 1200(tani) km s−1 pc−1 , where

i is the inclination for the fast inner jet. A few of the more distant knots in HH 666
also show an increase in velocity with distance from the driving source. Both Hα
and [S ii] emission traces this velocity structure, mirroring the close match of their
morphology in images.
The kinematics traced by [Fe ii] emission are as discrepant as the morphology
in images. Unlike the Hα kinematics of HH 666, the [Fe ii] emission traces steady
velocities on either side of the jet. An absence of sharp velocity drops suggests that
no strong shocks decelerate the jet. Velocities traced by near-IR [Fe ii] are ±200

km s−1 throughout the inner jet (see Figure 5.3).
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Figure 5.3: (a) Hα position-velocity diagram of HH 666 from Smith et al. (2004a). (b) New, near-IR [Fe ii] 1.26 µm
spectra obtained with five separate slit positions shown to the right. Alongside the [Fe ii] position-velocity diagram,
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from HST /WFC3-IR. The dotted line indicates the slit position used to obtain the longslit Hα spectrum.
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5.4.4 New proper motions
We compare new ACS Hα images obtained in 2014 to the first epoch images obtained
∼ 9 yrs earlier by Smith et al. (2010) and measure proper motions of jet features. In
general, the measured velocities agree with those found by Reiter and Smith (2014)

within the uncertainties (see Table 5.2), although the better match of the instrument
and filter used in this work permit higher precision than in our previous work.
With the longer time baseline and better match of the observational setup, we
can also measure proper motions of slower features and off-axis motions with greater
fidelity. The most remarkable motions we uncover with the latest epoch shows clear
lateral expansion of the cocoon seen in Hα emission (see Figure 5.4). In particular,
we measure a transverse velocity for feature M12 of 64 km s−1 and it appears to
move at an angle ∼ 10◦ away from the jet axis defined by the motion of features

M8, M5a, M10. Similar lateral expansion in features O6, O7 from HH 666 O traces
the slow expansion of the Hα sheath surrounding the [Fe ii] jet. A slower velocity
and an off-axis propagation direction are predicted for the expanding wings of a bow
shock (e.g. Ostriker et al., 2001).
5.5 Resolving morphological and kinematic discrepancies
Given the striking disparity in the morphology and kinematics traced by Hα and
[Fe ii] emission in both images and spectra, we propose that these two different emission lines trace physically distinct components of the HH 666 outflow. We illustrate
the anatomy of a dense, externally irradiated protostellar outflow in Figure 5.5, and
discuss the evidence for this picture below.
5.5.1 Redshifted lobe: HH 666 O
In HH 666 O, the redshifted part of the outflow to the southeast of the protostar,
Hα emission appears to form a cocoon that surrounds the [Fe ii] jet core. The large

spatial offset of the Hα emission from the [Fe ii] (∼ 2′′ ) suggests that it traces an
entirely different component of the outflow. In fact, the thin arcuate morphology of
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Table 5.2: Proper motions in the HH 666 inner jet
Object

δx
mas

δy
mas

vT a

vR b

−1

−1

[km s

]

[km s

]

velocityc
[km s

−1

α

aged

]

[degrees]

yr

HH 666 M1

-125 (1)

-34 (1)

159 (4)

-104 (6)

190 (7)

-33 (2)

1108 (34)

HH 666 M14
HH 666 M13
HH 666 M2

-122 (3)
-122 (1)
-124 (1)

-30 (2)
-33 (3)
-40 (1)

154 (5)
155 (4)
159 (4)

...
...
...

161 (5)
162 (4)
167 (4)

...
...
...

1097 (42)
850 (27)
789 (25)

HH 666 M3
HH 666 M4

-113 (0.5)
-131 (1)

-32 (0.2)
-25 (2)

143 (3)
163 (4)

-131 (7)
...

194 (8)
170 (4)

-42 (1)
...

779 (24)
593 (19)

HH 666 M9
HH 666 M8

-126 (2)
-123 (1)

-20 (4)
-41 (1)

156 (4)
159 (4)

...
...

164 (4)
166 (4)

...
...

568 (19)
537 (17)

HH 666 M5a
HH 666 M10
HH 666 M7

-117 (1)
-114 (2)
-124 (1)

-31 (2)
-37 (1)
-37 (1)

149 (3)
147 (4)
158 (4)

-193 (6)
-193 (6)
...

243 (7)
242 (7)
166 (4)

-52 (1)
-53 (1)
...

576 (18)
472 (16)
405 (13)

HH 666 M11
HH 666 M12

-95 (3)
-52 (0.1)

-19 (3)
-7 (0.3)

118 (5)
64 (1)

...
...

124 (5)
67 (2)

...
...

462 (21)
1193 (37)

HH 666 O1
HH 666 O10

107 (2)
123 (3)

66 (1)
47 (3)

154 (4)
162 (5)

...
...

162 (4)
169 (6)

...
...

741 (24)
895 (35)

HH 666 O2
HH 666 O9

88 (3)
117 (3)

63 (6)
94 (5)

132 (6)
184 (7)

223 (18)
57 (8)

259 (19)
192 (10)

59 (4)
17 (1)

1249 (66)
989 (41)

HH 666 O8
HH 666 O3
HH 666 O4

134 (2)
108 (1)
91 (1)

67 (2)
54 (1)
59 (2)

184 (5)
148 (4)
133 (3)

57 (8)
...
121 (4)

192 (9)
155 (4)
180 (5)

17 (0.4)
...
42 (1)

1017 (34)
1363 (44)
1564 (52)

HH 666 O5
HH 666 O6

108 (2)
50 (67)

47 (2)
52 (52)

144 (4)
88 (73)

...
...

151 (4)
92 (77)

...
...

1434 (52)
2156 (1792)

HH 666 O7

9 (3)

35 (2)

45 (3)

...

47 (3)

...

3210 (194)

Uncertainties for each quantity are listed in parenthesis.
a
b
c

The transverse velocity, assuming a distance of 2.3 kpc, measured over ∆t = 8.9 yr.
The radial velocity.
The total space velocity, assuming the average inclination of 42◦ where the radial velocity

could not be matched.
d
Time for the object to reach its current position at the measured velocity, assuming ballistic
motion.
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Figure 5.4: Top: Difference image of the first and second epochs of HST /ACS
imaging (a). Middle: New HST /ACS Hα image of HH 666 O (b) and HH 666 M
(c). Boxes indicate features used to measure proper motions with the name of
the feature and the measured transverse velocity labeled alongside. Bottom: Same
boxes as the middle panel with vectors to indicate the magnitude and direction of
the measured motion (d and e).
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Figure 5.5: Top: Color image of HH 666 that illustrates the spatial offset between
different emission lines in the jet. Bottom: Cartoon of the externally irradiated jet
and outflow. Red lines show the collimated [Fe ii] jet body that clears cavities on
either side of the jet. Hα emission, shown in black, traces the ionized edges of these
cavities and the ionized skin of the bare jet.
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the Hα and [S ii] emission along the face of the pillar resembles the molecular outflow
lobes seen at longer (mm) wavelengths (e.g. HH 211, Gueth and Guilloteau, 1999;
Dionatos et al., 2010; Tappe et al., 2012). Prompt entrainment of ambient material
via bow shocks from episodic jets has been invoked to explain nested outflow shells
(e.g. Narayanan and Walker, 1996). Jets in Carina that are driven by protostars
embedded in a dust pillar (more than half the jets discovered by Smith et al., 2010)
will entrain material as they exit the cloud.
Kinematics in the Hα spectrum also support the interpretation that Hα emission
traces an externally irradiated outflow shell in HH 666. Fast, ionized material at
the head of the bow shock that creates this outflow shell corresponds to the highest velocities seen in the Hα spectrum. Velocities observed closer to the driving
source are lower because they are dominated by emission from the slower wings
of the bow shock. The slowest velocities will be observed farthest from the apex
of the bow shock, and therefore closest to the driving source (see, e.g. Figure 1
in Arce and Goodman, 2002). In this picture, the bow shock dominates entrainment of the ambient gas and will create the observed Hubble-like velocity structure, as seen in the position-velocity diagrams of molecular outflows (e.g. HH 300,
Arce and Goodman, 2001a). In contrast to the Hα emission, Doppler velocities in
the collimated [Fe ii] jet are remarkably constant throughout HH 666 O, remaining
close to +200 km s−1 , as expected for an unimpeded jet propagating away from its
driving source. We do not detect evidence for a Hubble-flow in the [Fe ii] emission
from the jet. If environmental interaction is dominated by the first impulse from
the jet, portions of the jet traced by [Fe ii] that travel in the wake of the initial bow
shock will transfer little momentum to the environment.
Some optical emission from the jet body in the outer portions of HH 666 O,
near the leading bow shock (feature O3 in Figure 5.4, also see Figure 5.1) further
supports the idea that there are two externally irradiated outflow components visible
in HH 666. Hα, [S ii], and [Fe ii] emission begin to coincide just beyond the edge
of the dust pillar, marking the first place where the newly liberated jet is laid bare
to ionizing radiation. Optical emission from the jet beyond the pillar edge suggests
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a decrease in the intervening optical depth, and the increase of the [Fe ii] ratio R

toward the terminus of HH 666 O supports this interpretation. However, the ratio
only approaches the intrinsic value beyond the end of the jet, suggesting that the
observed reddening is primarily from the jet itself (see Figure 5.2).

5.5.2 Blueshifted lobe: HH 666 M
The blueshifted part of the outflow, HH 666 M, that extends to the northwest of the
protostar reveals a similar picture to HH 666 O. Close to the driving source (within
. 10′′ ), the behavior of the Hα and [Fe ii] emission in HH 666 M resembles that of
HH 666 O. A narrow column of knotty [Fe ii] emission bisects broad, arc-like Hα
emission before the morphologies traced by the two lines converge at larger distances
from the protostar. New Hα images show that the head of the Hα arc moves along
the jet axis while its wings expand laterally away from it. Features M8, M5a,
M10 (see Figure 5.4) move primarily along the jet axis with a transverse velocity
of ∼ 150 km s−1 . Feature M12 travels at an ∼ 10◦ angle away from the jet axis,

indicating that this emission feature traces the expansion of the Hα arc away from

the jet axis. Expanding Hα emission suggests that the arc may be the bow shock
where HH 666 M breaks out of the front side of the parent cloud (approximately
at the location of feature M9). In this picture, the ‘dark patch’ to the northwest
of the driving source is a cavity cleared by the jet as it plows out of the molecular
cloud, leaving a deficit of material behind the bow shock. Smith et al. (2010) also
suggested that a Cantó nozzle (Canto and Rodriguez, 1980; Canto et al., 1981) may
be responsible for refocusing the jet at this point.
Spectra support the interpretation that the Hα arc traces the tip of the expanding
outflow cavity. We observe a Hubble wedge in HH 666 M, with Hα emission tracing
increasing velocities up until a sharp drop corresponding to features M5a, M10,
M12 (see Figure 5.3). Inside feature M9, closer to the driving source, there is a
clear deficit of emission from the globule. However, at the same place along the slit
where globule emission decreases, we see blueshifted emission that extends smoothly
toward feature M9. Thus, it appears that Hα emission from the inner portion of
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HH 666 M also traces the expansion of the outflow shell.
A Hubble-like velocity pattern in HH 666 M further suggests that the dark patch
to the northwest of the driving source is an evacuated cavity in the dust pillar cleared
by the jet. If this is correct, HH 666 O should create a corresponding cavity to the
southeast of the driving source as it propagates deeper into the cloud. To test this,
we took an intensity tracing through the pillar along the axis of the jet to search
for a decrease in the ambient Hα emission on either side of the driving source (see
Figure 5.6). Indeed, intensity tracings reveal dips in the Hα intensity along the
pillar extending ∼ 5′′ on either side of the driving source. The emission trough is
shallower to the southeast of the driving source, as expected for more foreground

emission from the pillar itself.
As in HH 666 O, Doppler velocities measured in the [Fe ii] spectra of HH 666 M
remain steady, with velocities close to −200 km s−1 throughout. Fast, oppositely

directed [Fe ii] emission is what we expect from a spatially resolved steady jet. This

structure has been seen in other jets (e.g. Garcia Lopez et al., 2008; Melnikov et al.,
2009; Liu et al., 2012), including those driven by intermediate-mass protostars (e.g.
Ellerbroek et al., 2013, 2014). Hubble-like velocities have been observed in protostellar outflows, but usually in IR/mm tracers of molecular gas that has been accelerated by an underlying jet (e.g. Arce and Goodman, 2001a). Only two other jets
show Hubble-like velocities in Hα emission – HH 83 (Reipurth, 1989) and HH 900
(Reiter et al., 2015b).
Beyond the Hα arc (west of feature M10, outside the globule), Hα and [Fe ii]
emission converges, thereafter tracing the same morphology. The [Fe ii] ratio remains relatively constant (see Figure 5.2), and velocities traced by both lines remain
relatively steady (no strong shocks). Doppler velocities in [Fe ii] spectra, however,
are nearly 100 km s−1 faster than those traced by Hα. Low- and high-velocity
components have been observed in jets from low-mass T Tauri stars with velocity
differences between the core of the jet and the slightly off-axis wings of as much
as ∼ 100 km s−1 in some cases (e.g. DG Tau, Bacciotti et al., 2000; Pyo et al.,

2003). If the shell of material that is traced by Hα inside the globule is pushed
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Figure 5.6: Tracing through the HST-WFC3 Hα and [S ii] images of HH 666.
Top panel shows the Hα image of the area used to plot the tracings through the
jet environment shown below. The plotted intensity is the total of the emission
through the y-direction of the image above (perpendicular to the jet propagation
direction). A dark cavity along the northwest limb of the jet is apparent in optical
and IR images of the jet. This corresponds to the dip in the flux to the right of
the driving source. The dip to the left indicates the presence of a complementary
evacuated cavity along the southeast limb of the jet (see Section 5.5.2).
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back against the jet by feedback from massive stars in the region, then the two
components may overlap spatially in images while the entrained material traced by
Hα has decelerated as compared to the velocity of the [Fe ii] jet.
5.5.3 An externally irradiated jet and outflow
For embedded jets that entrain an outflow as they plow through a dusty pillar,
UV radiation from nearby massive stars will illuminate the shell of the outflow in
addition to the jet. We argue that Hα proper motions and Doppler velocities trace
the expansion and propagation of the externally irradiated outflow lobe entrained
by the jet, but not the jet core. In this picture, we expect larger proper motions
from the jet itself (∼ 18 mas yr−1 for a velocity of 200 km s−1 ), although additional
[Fe ii] imaging at a later epoch is required to test this hypothesis.
Our data show that Hα emission traces entrained outflowing gas with the same
Hubble-like velocity structure seen in molecular outflows associated with other HH
jets (e.g. Lee et al., 2001; Arce and Goodman, 2001a). However, the extreme UV
radiation in the Carina nebula illuminates entrained gas in HH 666, leading to Hα
emission from the outflow cocoon. No H2 emission that is unambiguously associated
with the jet has been observed in HH 666 (Smith et al., 2004a; Hartigan et al., 2015),
although weak H2 emission will be difficult to discern against the bright background
of the photodissociation region (PDR).
5.6 An expanding outflow shell from an ongoing jet burst
Both morphology and kinematics reveal an Hα outflow lobe encasing the [Fe ii]
jet to the east and west of the HH 666 driving source. Proper motions reveal the
dynamical age of these Hα outflow lobes to be ∼ 1000 − 1500 yrs (see Table 5.2).

This points to a sudden increase in the jet mass-loss rate ∼ 1000 yrs ago that

provided a kick to the ambient material now seen as a Hubble flow in Hα emission.

Several more distant knots in HH 666 indicate that the jet had other outbursts like
this in the past (Smith et al., 2004a, 2010).
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Steady [Fe ii] emission inside the Hα cocoons on either side of the jet indicates
that the high-mass-loss rate episode has persisted, with a duration comparable to
its age. A burst duration of ∼ 1000 yrs is an order of magnitude larger than

the estimated decay time of FU Orionis outbursts (e.g. Hartmann and Kenyon,

1996). This long duration is on the order of the time between ejections found
in HH jets driven by low-mass stars (e.g. Reipurth, 1989; Hartigan et al., 1990;
Reipurth et al., 1992), and similar to the variability time-scale estimated for
HH 46/47 (Raga and Noriega-Crespo, 1992). While the burst duration is long compared to those inferred for low-mass protostars, the ∼ 1000 yr dynamical time of the
inner jet is only a small fraction of the overall age of the HH 666 outflow (∼ 40, 000

yr, see Reiter and Smith, 2014). This points to a strong, sustained increase in the
accretion rate from a relatively evolved intermediate-mass protostar. A larger sample of intermediate-mass protostars is required to determine the frequency and duty
cycle of such accretion bursts, and whether they remain stronger than their low-mass
counterparts throughout their evolution.
[Fe ii] emission from HH 666 traces a steady jet with higher densities and velocities than traced by Hα emission. Reiter and Smith (2013) found that the mass-loss
rate implied by the survival of Fe+ in the jet is an order of magnitude higher than
the mass-loss rate derived from the Hα emission measure (Smith et al., 2010). New
[Fe ii] spectra presented here reveal velocities ±200 km s−1 throughout the inner jet,

similar to the fastest velocities in the Hα spectrum. Applying the median tilt angle
of the jet derived from the Hα velocities, α ≈ 42◦ (see Table 5.2), implies that the

three-dimensional velocity of the [Fe ii] jet is ∼ 300 km s−1 , almost twice the speed

of the Hα jet. The higher mass-loss rate and velocities in the [Fe ii] jet suggest that
this component of the outflow has at least an order of magnitude more momentum.
However, the steady velocity of the [Fe ii] jet traveling in the wake of the initial bow
shock suggests little momentum transfer to the local environment. This means that
the high momentum of the [Fe ii] jet will not be deposited locally in the molecular
globule, but rather injected into the H ii region where its contribution to driving
turbulence in the region will be dwarfed by feedback from massive stars.
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5.7 Conclusions
In this chapter, we propose a solution to the discrepancy observed in the morphology
and kinematics of Hα and [Fe ii] emission from HH 666, an externally irradiated
protostellar outflow in the Carina nebula. Previous high-resolution imaging revealed
different morphologies traced by the two lines. We present new, near-IR spectra of
the inner jet demonstrating that [Fe ii] emission also traces different kinematics.
Doppler velocities in the new [Fe ii] spectra of the inner jet, features HH 666 M
and O, remain remarkably consistent on either side of the jet, tracing velocities of
±200 km s−1 throughout. This stands in stark contrast to the velocity structure

seen from the same portions of the jet in the longslit Hα spectrum from Smith et al.

(2004a). Both HH 666 M and O show Hubble-like velocities in the Hα spectrum
with only the fastest Doppler velocities in the Hubble wedges on either side of the
driving source approaching the velocities traced by [Fe ii].
Hα and [Fe ii] emission also trace different morphologies, complementing the
velocity discrepancies in spectra (Reiter and Smith, 2013). Sheath-like Hα emission
encompasses narrow [Fe ii] emission on either side of the jet. We argue that broad
Hα emission traces the material swept up via prompt entrainment by a jet outburst
that began ∼ 1000 yrs ago, with bright Hα arcs tracing the head of the bow shock

that dominates entrainment. Constant velocity [Fe ii] emission, inside the outflow

sheath and Hubble flow traced by Hα, indicates that the high-mass-loss rate episode
from the jet is ongoing, tracing a strong accretion burst that has been sustained
longer than the typical decay time of FU Orionis outbursts. A new epoch of Hα
imaging from HST /ACS provides a ∼ 9 yr time baseline to measure the motion of

bright Hα features. Proper motions trace the lateral expansion of the Hα sheath,
consistent with an expanding shell around the jet.

We propose that the same underlying physics that drives the molecular outflows
seen from more embedded intermediate-mass protostars creates the two-component
outflow we observe in HH 666. Unlike jets with molecular outflows, HH 666 resides
in a giant H ii region, so both the jet and the material it entrains are subject to
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the harsh UV background created by the many O-type stars in the Carina nebula.
This leads to Hα emission from the walls of the outflow cavity and [Fe ii] emission
from the obscured jet. Outside the parent pillar where a cocoon no longer envelopes
the jet, Hα and [Fe ii] emission trace the same morphology. Thus, HH 666 provides
a missing link that unifies the irradiated outflows driven by unobscured protostars
with the molecular outflows typically observed from embedded intermediate-mass
protostars.
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CHAPTER 6
RAPID ACCRETION ONTO YOUNG INTERMEDIATE-MASS PROTOSTARS

6.1 Foreword
Support for this work was provided by NASA through grants AR-12155, GO-13390,
and GO-13391 from the Space Telescope Science Institute. This work is based on
observations made with the NASA/ESA Hubble Space Telescope, obtained from the
Data Archive at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS
5-26555. These HST observations are associated with programs GO 10241, 10475,
13390, and 13391. The following study makes use of images that were previously
published in Reiter and Smith (2013); Reiter et al. (2015b,a).
6.2 Introduction
Understanding accretion and outflow in young stars is key to constraining their
evolution and quantifying their impact on the circumstellar planet-forming environment. In the solar neighborhood, low-mass protostars are abundant, permitting
detailed study of a relatively large number of sources. Multi-wavelength studies
uncover every stage of the low-mass star formation process, from deeply embedded
protostellar cores that are only accessible at long wavelengths (e.g. Enoch et al.,
2008; Jørgensen et al., 2009) to the IR excess and strong optical emission lines
characteristic of more evolved T Tauri stars (e.g. Evans et al., 2003; Harvey et al.,
2007; Evans et al., 2009). Their proximity allows for better constraints on the circumstellar geometry, clearly illustrating the importance of accretion disks and outflows throughout the protostellar phase (e.g. Burrows et al., 1996; Krist et al., 1998;
McCaughrean et al., 1998; Padgett et al., 1999).
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In contrast, massive star formation remains poorly constrained. Changes in the
stellar structure above a few solar masses suggest that massive stars may accrete
through different physics than low-mass stars (e.g. the low incidence of magnetic
fields and compact disk geometry suggest magnetospheric accretion may not extend
to high masses, see Vink et al., 2002, 2005; Wade et al., 2007). However, nature
manufactures far fewer massive stars, so these comparatively rare sources reside at
larger median distances from the Sun. Massive stars tend to form in clusters and
in dense clumps where their youth will be enshrouded by large columns of gas and
dust. As a result, most of the early evolution of faster-evolving high-mass protostars
remains obscured at all but the longest wavelengths where angular resolution has
historically been poorer than that achieved in the optical and IR. Thus, studying
the evolution of individual massive protostars at the level of detail achieved in their
low-mass counterparts remains out of reach.
Fortunately, intermediate-mass (∼ 2 − 8 M⊙ ) stars sample the changes in stellar

structure that may require different accretion physics for the most massive stars.
In addition, they are more numerous than massive stars and thus more likely to be
found in nearby regions. Unlike the highest mass sources, their protostellar evolution
can be studied at multiple wavelengths. This means that they can be studied at
higher angular resolutions and with similar techniques used to study low-mass stars,
making it easier to directly compare the results (e.g. Calvet et al., 2004; Vink et al.,
2005; Mendigutı́a et al., 2012).
This potential to link low- and high-mass star formation has led to growing interest in intermediate-mass stars. Recent spectroscopic studies have tested whether the
growth of intermediate-mass stars is consistent with magnetospheric accretion but
have produced mixed results (e.g. Donehew and Brittain, 2011; Mendigutı́a et al.,
2011; Cauley and Johns-Krull, 2014).

Few outflows have been observed from

intermediate-mass stars, and the different structures observed do not resolve the
question of whether massive stars can be understood as a scaled-up version of lowmass star formation (e.g. Shepherd et al., 2003; Ellerbroek et al., 2013). Resolving
this discrepancy requires surveying many sources to develop a global picture of stel-
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lar mass assembly throughout the intermediate-mass range.
Protostellar outflows appear to be a ubiquitous feature of star formation (e.g.
Arce et al., 2007), and thus provide an avenue to identify accreting systems even at
distances where the accretion geometry is not easily resolved. A well-collimated jet
launched near the protostar requires energy from disk accretion to produce a collimated stream of high-velocity gas (e.g. Ferreira et al., 2006). Jets are often studied
with the optical and IR emission lines excited in shocks (e.g. Bacciotti and Eislöffel,
1999; Ayala et al., 2000; Nisini et al., 2002; Podio et al., 2006). Lower velocity outflows with broader morphologies tend to be studied at millimeter wavelengths and
may be powered by the underlying jet, a wide-angle disk wind, or a combination
of the two (e.g. Bachiller et al., 1995; Sandell et al., 1999; Ybarra et al., 2006). For
the poorly collimated outflows observed from massive stars, it is unclear whether
a collimated jet persists beyond the very earliest stages of accretion (see, e.g.
Shepherd et al., 1998; Beuther et al., 2002b; Shepherd et al., 2003). Indeed, outflow collimation appears to decrease as the protostar evolves in both the low- and
high-mass case (e.g. Torrelles et al., 2003; Shepherd, 2005; Arce and Sargent, 2006).
In deeply embedded regions, like those where most high-mass stars form, jets
cannot be observed directly. Their presence and evolution may be inferred from wellcollimated outflows (e.g. Narayanan and Walker, 1996; Arce and Sargent, 2005).
However, these estimates are subject to substantial uncertainties in the outflow
properties themselves (e.g. Dunham et al., 2014a) and especially in the efficiency
of momentum transfer from the jet to the outflow. Most studies of intermediatemass protostars and their outflows use observations at millimeter wavelengths (e.g.
Beltrán et al., 2008; van Kempen et al., 2012), although there have been a few studies of the optical and IR emission from jets driven by intermediate-mass stars (e.g.
McGroarty et al., 2004; Ellerbroek et al., 2013, 2014; Reiter and Smith, 2013). Applying the techniques used to study the jets from low-mass stars to intermediatemass stars allows for a more direct comparison of the jet properties, and by extension,
the accretion physics that drives them.
H ii regions offer one environment where jets from low- and intermediate-mass
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stars can be studied with similar techniques. Feedback from massive stars will
have cleared much of the original cloud, leaving little material for the jet to entrain
in an outflow. More importantly, outside the protection of the natal globule, if
one remains, UV radiation from nearby O-type stars will illuminate the jet body.
External irradiation lights up otherwise invisible cold components of the jet, including unshocked material that remains unseen in jets in quiescent regions (see,
e.g. Reipurth et al., 1998; Bally and Reipurth, 2001). External illumination of the
jet body therefore allows for a better census of the mass in the jet. The physical
properties of the jets can be calculated using the theory of photoionized gas, rather
than complicated, time-dependent shock models (e.g. Bally et al., 2006). Many of
these so-called Herbig-Haro (HH) jets have been seen emanating from low-mass
stars in Orion (Reipurth et al., 1998; Bally et al., 2000; Bally and Reipurth, 2001;
Bally et al., 2006).
Smith et al. (2010) discovered 39 jets and candidate jets in the Carina Nebula in
a targeted Hα imaging survey with HST /ACS. Jet mass-loss rates, estimated from
the Hα emission measure, are higher than those found for the jets in Orion, suggesting that the driving sources are intermediate-mass protostars. The high-luminosity
of protostars identified along the jet axes support this hypothesis (see Smith et al.,
2004a; Ohlendorf et al., 2012; Reiter and Smith, 2013). Reiter and Smith (2013)
showed that bright [Fe ii] emission from these jets arises in high density, low ionization (or neutral) regions of the jets that are not well-traced by Hα emission.
While [Fe ii] is often assumed to be shock-excited, this is not necessarily the case in
regions with significant photoexcitation. Regardless of the excitation mechanism,
however, the survival of Fe+ emission in the harsh UV environment created by ∼ 70

O-type stars in the Carina nebula requires a large column of neutral material to
shield Fe+ from further ionization (Reiter and Smith, 2013). Accounting for the
neutral material in the jets increased the estimated mass-loss rate by as much as an
order of magnitude, pointing to a different class of powerful outflows from young,
intermediate-mass protostars.
Studying the HH jets in Carina in [Fe ii] emission provides other advantages as
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well. Near-IR [Fe ii] emission penetrates the dusty birthplaces of the jet-driving
protostars, connecting the larger-scale Hα outflow to the embedded IR source that
drives it (see, e.g. Smith et al., 2004a; Reiter and Smith, 2013). The irradiated
pillars from which many of the jets emerge are themselves bright in Hα emission,
making it difficult to differentiate between Hα emission from the jet and the bright
background emission from the pillar ionization front. [Fe ii] emission from the jet
provides better contrast between the jet and environment (e.g. Smith et al., 2004a),
especially when offline-continuum images exist to subtract PDR emission that might
otherwise obscure faint jet features (see, e.g. Reiter et al., 2015b). In addition, Hα
and [Fe ii] emission trace different morphologies and kinematics near the protostar
in some jets with embedded driving sources (Reiter et al., 2015b,a). When the two
emission lines trace different outflow components, [Fe ii] emission appears to be a
better tracer of the protostellar jet, while the morphology and kinematics of Hα
resemble those observed in entrained outflows (e.g. Arce and Goodman, 2001a).
In this chapter, we present near-IR [Fe ii] images obtained with HST /WFC3IR of 20 HH jets and candidate jets the Carina Nebula. We targeted 14 of the
HH jets discovered by Smith et al. (2010) with a candidate driving source identified
along the jet axis. Three additional jets serendipitously fit in our field of view.
Combined with earlier [Fe ii] imaging of four of the most powerful HH jets in Carina
(Reiter and Smith, 2013), this provides a sample of 20 jets and candidate jets driven
by sources throughout the ∼ 2 − 8 M⊙ intermediate-mass range.
6.3 Observations
6.3.1 New [Fe ii] images from HST /WFC3-IR
Table 6.1 lists the details of the new HST /WFC3-IR images. The observations
presented in this paper target a subset of the HH jets in the Carina Nebula discovered
in Hα images from HST /ACS by Smith et al. (2010). Using a total of 8 pointings
with HST, we obtained near-IR, narrowband [Fe ii] images and complementary
off-line continuum images for 16 jets HH jets in Carina under program GO-13391.
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Table 6.1: Observations
Target

αJ2000

δJ2000

Date

HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH

10:43:51.3
10:44:03.5
10:44:01.7
10:44:05.4
10:45:19.3
10:45:56.6
10:46:44.8
10:46:44.2
10:46:33.0
10:44:29.5
10:41:48.7
10:45:45.9
10:44:27.9
10:45:04.6
10:45:08.3
10:45:09.3
10:45:09.3
10:45:13.4
10:45:12.2
10:45:56.6
10:45:45.9

-59:55:21
-59:31:02
-59:30:32
-59:29:40
-59:44:23
-60:06:08
-60:10:20
-60:10:35
-60:03:54
-60:23:05
-59:43:38
-59:41:06
-60:22:57
-60:03:02
-60:02:31
-60:01:59
-60:02:26
-60:02:55
-60:03:09
-60:06:08
-59:41:06

2009
2010
2010
2010
2013
2014
2014
2014
2014
2014
2014
2015
2014
2014
2014
2014
2014
2014
2014
2014
2015

666
901
902
1066
900
903
1004
1005
1006
1007
1010
1014
1015
c-3
c-4
c-5
c-6
c-7
c-8
c-10
c-14

Exp. time (s) Comment
Jul 24-29
Feb 1-2
Feb 1-2
Feb 1-2
Dec 28
Apr 17
Sep 28
Sep 28
Jun 05
Apr 17
Apr 18
Jan 16
Apr 17
Feb 20
Feb 20
Feb 20
Feb 20
Feb 20
Feb 20
Apr 17
Jan 16

2397/2797
2797/3197
2797/3197
2797/3197
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397
2397

no
no
no
no

cont.
cont.
cont.
cont.
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We targeted regions where one or more jets within each pointing had a candidate
driving source identified near the outflow axis using the candidate protostars in the
Pan-Carina YSO Catalog identified and modeled by Povich et al. (2011).
At each of the eight requested pointings, we obtained images in the F126N,
F130N, F164N, and F167N filters. Observations employ the same setup and integration times used to obtain the [Fe ii] images of the HH 666, HH 901, HH 902,
and HH 1066 jets in Carina presented by Reiter and Smith (2013). This provides
a sample with nearly uniform sensitivity to [Fe ii] that allows us to detect faint jet
features. New observations presented in this paper also include simultaneous offline continuum images (in the F130N and F167N filters to complement F126N and
F164N, respectively) obtained with the same integration time in order to subtract
continuum emission at the same signal-to-noise. All images were obtained using
a box-dither pattern to avoid dead pixel artifacts and provide modest resolution
enhancement.
We also include narrowband [Fe ii] images obtained with WFC3-IR after SM4
and to commemorate the 20th anniversary of HST. Observation times of the images
are listed in Table 6.1 and a more complete explanation of the data can be found in
Reiter and Smith (2013).
6.4 Results
We detect near-IR [Fe ii] emission from all of the HH jets in Carina targeted for
follow-up with HST /WFC3-IR. The majority of the sources observed show a collimated jet body emerging from the candidate YSO identified as the probable driving
source (see, e.g. Ohlendorf et al., 2012; Reiter and Smith, 2013). In only one case
do new [Fe ii] observations definitively rule out the candidate driving sources identified near the outflow axis (see Section 6.4.2, Chapter 4 and Reiter et al., 2015b).
Unlike Hα, [Fe ii] emission penetrates moderate column density dust pillars, providing access to the inner jet emerging from intermediate-mass driving sources. In
the following sections, we briefly describe the relevant features of each jet and jet
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candidate.
6.4.1 Those without continuum subtraction
Reiter and Smith (2013) presented narrowband WFC3-IR [Fe ii] images of four HH
jets in Carina and demonstrated that bright [Fe ii] emission traces neutral material
in the shielded core of the outflow. For those jets where a candidate driving source
has been detected in the IR with Spitzer, [Fe ii] emission traces the jet inside the
natal globule, clearly connecting the larger scale Hα outflow with its embedded
driving source. For those sources where no Spitzer emission has been detected from
a protostar along the outflow axis, [Fe ii] emission from the jet is offset from the
edge of the globule. Below, we briefly summarize the key results for each of the four
jets studied by Reiter and Smith (2013).
HH 666: The first jet detected in Carina was seen to have bright Hα and [Fe ii]
emission in ground-based images (Smith et al., 2004a). Subsequent HST imaging
showed that the two emission lines are offset from one another, with bright [Fe ii]
tracing a collimated jet surrounded by a cocoon of Hα, with morphologies that
resemble an outflow entrained by an underlying jet (see Figure 6.2 and Smith et al.,
2010; Reiter and Smith, 2013). Different kinematics traced by the two lines also
argue for a two-component outflow. Fast, steady [Fe ii] velocities more typical of a jet
surrounded are by slower Hα emission that accelerates away from the driving source,
similar to the Hubble flows seen in entrained molecular outflows (Reiter and Smith,
2014; Reiter et al., 2015a).
HH 901 and HH 902: Smith et al. (2010) hypothesized that HH 901 and HH 902
are both high density jets based on the smooth morphology of Hα emission that
appears to trace the ionization front along the length of the jet. Reiter and Smith
(2013) showed that bright [Fe ii] emission peaks behind the Hα, further away from
the ionizing source, consistent with an ionized skin on the jet (Hα) shielding a
neutral dense core ([Fe ii], see Figures 6.3 and 6.4). Neither HH 901 nor HH 902 has
a driving source detected in the globule, although proper motions require a source
located near the head of the pillar in both cases (Reiter and Smith, 2014).
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HH 1066: From Hα emission alone, HH 1066 was identified as a candidate
jet based on clumpy emission resembling a bow shock and streamers of emission
coming off the globule suggesting a corresponding jet (Smith et al., 2010). [Fe ii]
emission reveals a collimated jet enshrouded by the Hα streamers that bisects the
Spitzer -identified YSO (see Figure 6.5 and Reiter and Smith, 2013). Taking the
ratio of the two [Fe ii] lines shows that the reddening increases toward the inner jet,
reaching a maximum at the location where we would expect an edge-on optically
thick circumstellar disk.
6.4.2 Objects with simultaneous offline-continuum subtracted
HH 900: As in HH 666, HH 900 shows a bright [Fe ii] jet with fast, steady, oppositely
directed velocities plowing through a broader, slower Hα outflow (see Figure 6.6
and more in-depth discussion in Chapter 4 and Reiter et al., 2015b). The jet axis
defined by the [Fe ii] emission and the Hα proper motions requires a driving source
embedded in the dark, tadpole-shaped globule that remains undetected in available
IR images. Continuum-subtracted [Fe ii] images clearly show that [Fe ii] emission
from the jet is offset from the edge of the globule by ∼ 1′′ (and not simply fainter
and therefore confused with the photodissociation region, PDR, along the surface of

the globule), even though Hα (and H2 ) emission extend continuously from the edge
of the globule.
HH 903: A collimated jet identified as HH 903 bursts from the western edge of
a dust pillar in the south pillars (Smith et al., 2010). The jet disrupts the bright
ionization front that traces the pillar edge. Hα emission extends on either side of
the pillar with a total length of ∼ 2 pc. The extended inner jet and shock structures
in both limbs of the jet seen in Hα are also bright in [Fe ii]. [Fe ii] from the inner jet

extends inside the dust pillar, connecting the larger jet to the embedded IR source
that lies immediately behind the ionization front at the base of the [Fe ii] jet. Inside
the pillar, to the east of the driving source, [Fe ii] traces a single jet axis that bends
into an “S” shape as it propagates away from the driving source. Bright knots of
[Fe ii] emission are interspersed in a more diffuse flow that is reminiscent of the
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inter-knot [Fe ii] emission from HH 666 O (see Reiter et al., 2015a).
Outside the pillar to the east, knots continue to trace the S-shape of the [Fe ii]
jet. This includes an [Fe ii] knot with a shock-like structure around a star that
appears to lie along the outflow axis. Further east, two bright [Fe ii] knots may be
part of the larger bow-shock structure seen in Hα. Both knots lie just above the
jet axis defined by the steady [Fe ii] emission, and thus may have been excited in a
more oblique collision of the outflow with ambient material. Tenuous Hα emission
extending back from the location of the bow shock tracing the remnant wings of
the shock appears to encompass the [Fe ii] jet. This [Fe ii]-jet and Hα-cocoon
morphology has been seen in other HH jets in Carina (e.g. HH 900 and HH 666, see
Reiter et al., 2015b,a).
HH 1004 and HH 1005: HH 1004 emerges from the head of a broad dust pillar.
Like HH 903, Hα emission along the pillar edge is clumpy as though tracing the
disruption of the ionization front by the passage of the jet. To the southwest, it
is unclear where the jet emerges from the pillar. However, a diffuse bow shock
structure seen in Hα and [Fe ii] that lies in front of the pillar suggests that the
southwestern limb of the jet is blueshifted.
Bright [Fe ii] traces the collimated jet identified as HH 1004 in Hα to the northeast and points to the apex of the bow shock to the southwest (see Figure 6.10).
A continuous stream of [Fe ii] emission from the northeast connects the jet to the
Spitzer -detected driving source (PCYC 1198, see Table 6.4 and Povich et al., 2011).
Inside the pillar, to the southwest of the driving source, an arc of [Fe ii] emission
may trace the shock created as the counterjet emerges from the pillar. Outside this
point, [Fe ii] traces a narrow jet body that appears to hook into the Hα bow shock.
Bright [Fe ii] emission traces the head of the bow shock while more tenuous Hα
emission traces the extended bow shock wings. As in other jets with broader Hα
morphologies, the Hα appears to trace a cocoon enveloping the [Fe ii] jet.
Further south in the same pillar lies HH 1005. Smith et al. (2010) identified a
bright, collimated Hα jet that emerges from the pillar directed toward the southeast
with no obvious bow shocks indicating more distant portions of the outflow. Those
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authors also propose that, like HH 901 and HH 902, bright Hα emission in HH 1005
traces an ionization front in a high density jet. Indeed, new WFC3-IR images
reveal [Fe ii] emission behind the Hα stream, tracing neutral material in the high
density jet. However, Hα and [Fe ii] emission are clearly offset (∼ 1′′ ) unlike the
continuous transition observed in HH 901 and HH 902 (see Reiter and Smith, 2013),
more similar to the distinct features seen in HH 900 and HH 666 (see Reiter et al.,
2015b,a). The position angle of the jet axis inferred from [Fe ii] emission differs
from that identified by Smith et al. (2010) from the Hα emission by ∼ 17◦ .

In fact, the Hα outflow resembles an arm extending off the pillar edge. The

slightly different axis defined by the [Fe ii] emission is more closely aligned with a
chain of [Fe ii] knots that bisect the width of the pillar and extend past the western
edge. [Fe ii] knots trace a jet axis through the pillar, although their positions
deviate by as much as ∼ 5′′ from a single smooth stream. To the west, outside the
pillar, [Fe ii] knots coincide with two smooth wisps of Hα separated by ∼ 3.5′′ that

Smith et al. (2010) identified as part of the HH 1004. These features lie along the
jet axis defined by [Fe ii], suggesting that this is in fact the western limb of HH 1005.
Unlike other jets with broad Hα, the [Fe ii] emission does not resemble a collimated
jet body that bisects an Hα cocoon. Instead, [Fe ii] knots trace an arc between the
two wisps of Hα emission.
Curiously, neither HH 1004 and HH 1005 point toward the Hα bow shock that
Smith et al. (2010) identified to the east of the pillar. An arc of [Fe ii] emission that
has a similar morphology to the eastern bow shock of HH 1066 lies to the southwest
of both jets, but not clearly along the axis of either. Proper motions are required
to determine if these features are physically associated with either jet.
HH 1006: Like HH 900, HH 1006 was first identified in ground-based images as
a candidate proplyd by Smith et al. (2003). Hα images from HST clearly reveal a
collimated bipolar jet emerging from a small cometary cloud (Smith et al., 2010).
Sahai et al. (2012) estimate a globule mass of 0.35 M⊙ from molecular line observations (with 8 − 19′′ resolution, depending on the tracer) and identify the IR-bright
driving source embedded in the globule.
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Figure 6.13 clearly shows that [Fe ii] emission traces the same morphology as
the Hα jet outside the cloud, but extends inside the globule to the Spitzer -identified
driving source (PCYC 1172, see Table 6.4 and Povich et al., 2011). Near-IR emission
from the driving protostar is also apparent in the continuum images. The northern
limb of the jet extends to the driving source, suggesting that it is the blueshifted jet
lobe from a source with a small tilt away from the plane of the sky. [Fe ii] emission
from the southern lobe of the jet begins where there appears to be a notch taken
out of the southeast side of the globule, ∼ 3′′ south of the putative driving source.

New [Fe ii] images also reveal a bow shock to the north of HH 1006, complement-

ing the bow shock found to the south of the jet by Smith et al. (2010). The northern
and southern bow shocks are both offset from the driving source by ∼ 30′′ , making

the total outflow length ∼ 1 pc, twice as long as the ∼ 0.45 pc length estimated by
Smith et al. (2010).

HH 1007 and HH 1015: Smith et al. (2010) identify HH 1007 as a dense jet
body in the saddle between two neighboring pillars. HH 1007 emerges from the
western edge of the eastern pillar and points toward the neighboring cloud. Only
the brightest Hα knot located between the dark dust clouds shows [Fe ii] emission in
Figure 6.15. [Fe ii] emission breaks up into a bright, central knot with two smaller
knots extending to the northwest. There is no evidence for collimated [Fe ii] emission
from any other part of HH 1007 identified by Smith et al. (2010).
HH 1015 emerges from the tip of the neighboring pillar with a jet axis that is
nearly aligned with the major axis of the pillar. Faint [Fe ii] 1.26 µm and 1.64 µm
emission follows the morphology of the Hα jet. To the southeast, the jet axis defined
by HH 1015 intersects the [Fe ii] knots in HH 1007. We note that the three knots
in HH 1007 all lie along the HH 1015 jet axis, but are offset from the Hα emission
identified as HH 1007.
HH 1010: Hα emission traces a bipolar jet emerging from a pillar head, perpendicular to the major axis of the pillar. Bright [Fe ii] emission in HH 1010 traces
a collimated jet that follows the morphology seen in Hα images (see Figure 6.17).
As with HH 1006, [Fe ii] emission extends inside the dust pillar, connecting the
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extended Hα outflow with the embedded IR driving source (PCYC 55, see Table 6.4
and Povich et al., 2011). [Fe ii] emission from the northern limb of HH 1010 reaches
all the way to the IR YSO, suggesting that it is blueshifted. Like HH 1006, [Fe ii]
emission from the southern limb of HH 1010 is offset from the driving source, beginning ∼ 6′′ away.

A few additional knots of [Fe ii] emission associated with the jet lie to the south

of the pillar and form an arc, possibly tracing the head of a bow shock. These knots
lie ∼ 9′′ to the northwest of the Hα feature HH 1010 A identified by Smith et al.
(2010), but closer to the jet axis defined by the [Fe ii].

HH 1014 and HH c-14: Like HH 1015, HH 1014 bursts from the head of a pillar
with an outflow axis aligned to within a few degrees of the semi-major axis of the
dust pillar. The smooth ionization front along the pillar edge is clearly disrupted
where the jet emerges into the H ii region, as in HH 903 and HH 1004. In the Hα
image, HH 1014 appears to be one-sided. However, new [Fe ii] images shown in
Figure 6.19 reveal the counter jet inside the body of the dust pillar. The counterjet
lies just inside the pillar, immediately south of the pillar edge. Two additional [Fe ii]
knots located further east from the [Fe ii] counterjet may also be part of HH 1014,
although these two knots are deflected north of the axis defined by [Fe ii] from the
rest of the jet.
Smith et al. (2010) also noted an Hα feature with shock-like morphology to the
southwest of the pillar housing HH 1014. They identify the feature as candidate jet
HH c-14 and suggest that it may be driven by an IR source embedded in another
pillar in the region. New HST images reveal clumpy [Fe ii] emission from the HH c14 putative bow shock, tracing a diffuse arc with two brighter knots at either end.
More strikingly, HH c-14 appears to lie along the same axis as a bright [Fe ii] jet
emerging from the dust pillar immediately south of the HH 1014 pillar. Hα images
offer no hint of a jet emerging from the head of this neighboring pillar. Despite this,
bright well-collimated [Fe ii] emission emerges from a protostar at the head of the
pillar, tracing a bipolar morphology that points to the bow shock structure identified
as HH c-14. Additional knots lie along the jet axis to the northeast and may be the

184
complementary bow shock. Like HH c-14, this putative shock lies slightly behind
(to the southeast) of the axis defined by the inner jet. Given the well-defined jet
morphology seen in new [Fe ii] images, we assign this jet an HH number of 1156.
HH c-3: HH c-3 lies close to the seahorse-shaped globule that houses HH c-4
through c-8 (see next section). Multiple protrusions extend off what appears to be
the head of a cometary cloud, although no bow shocks are found to indicate the
outflowing nature of the gas. Extremely faint [Fe ii] emission from HH c-3 B traces
the same morphology seen in Hα (see Figure 6.22). An IR-bright point source is
detected near the apex of the cloud, consistent with the position of the base of the
putative [Fe ii] jet. Like HH 1015, HH c-3 may be a collimated jet that emerges
from the apex of the cloud with meager Hα and [Fe ii] emission. With no velocity
information and the poor signal-to-noise achieved near the edge of the frame where
HH c-3 is located, it remains unclear whether HH c-3 is, in fact, a jet.
HH c-4 through c-8: Smith et al. (2010) identified several Hα knots with morphologies resembling HH objects clustered around a seahorse-shaped globule. New
[Fe ii] images shown in Figure 6.23 reveal collimated jets inside the pillar, illustrating a network of outflows that create the complicated shock structure surrounding
the globule.
HH c-4 is an Hα knot just to the west of the globule in Hα images. Like the
Hα, [Fe ii] emission traces a C-shaped morphology. The cup of the C faces west,
as expected if this feature were a bow shock moving toward the globule that was
launched by a source outside the globule.
HH c-7 lies on the opposite side of the globule, to the southeast of HH c-4. From
Hα images alone, there is no obvious relationship between the two knots. However,
the jet axis defined by these two knots runs through a bright knot of extended
[Fe ii] emission in the middle of the globule. Bright [Fe ii] emission seen inside the
globule for the first time with new continuum-subtracted images coincides with the
position of PCYC 789. A tenuous loop of Hα emission encompasses this [Fe ii] knot
in the pillar, hinting at the interaction of the jet with the pillar. The C-shaped
morphology of HH c-4 pointing toward the globule is surprising if HH c-4, HH c-7,
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and the newly detected [Fe ii] knot comprise a single jet. However, two arcs that
connect in a C-shape may trace neighboring layers of a bow shock, as seen in the
Hα emission from the southwestern limb of HH 1004.
HH c-5 emerges from the head of the seahorse, and appears to be a one-sided
jet in Hα images. As with other jets that also appeared one-sided in Hα (e.g.
HH 1014), [Fe ii] images reveal the [Fe ii]-bright counterjet that propagates deeper
into the globule. [Fe ii] emission traces the jet back to an embedded protostar near
the head of the globule (PCYC 787).
HH c-6 has a clear bipolar structure in the Hα images, although putative jet
emission is confused with emission from the ionization front along the curved surface
of the pillar. [Fe ii] images reveal a straight bipolar jet. Narrow Hα emission beyond
the pillar edge coincides with the collimated [Fe ii] jet. Inside the globule, the [Fe ii]
jet remains straight, unlike the Hα emission which curves away from the [Fe ii] jet,
tracing the arc of the ionization front on the globule edge. No candidate driving
sources are detected near HH c-6.
HH c-7 and HH c-8 are apparently unrelated Hα knots that lie to the southeast
and southwest of the tail of the globule, respectively. [Fe ii] emission from HH c-7
breaks the feature into two layers of [Fe ii] knots with a single knot offset ∼ 4.5′′

east of the a chain of two knots. These may define a jet axis connecting to HH c-4.
Alternatively, knots in HH c-7 may be part of a larger flow powered by the protostar
creating HH c-8. Like the Hα, [Fe ii] emission from HH c-8 extends to the northeast,
pointing toward the two knots closer to the globule from HH c-7 (see Figure 6.23).
Proper motion measurements are required to determine the relationship between
the knots in HH c-7, HH c-8, and HH c-4.
HH c-10: A series of curved shock structures that look like bow shocks in Hα are
seen near the head of the same pillar that houses HH 903 (Smith et al., 2010). The
implied outflow axis points to the southwest, toward HH 903 which emerges ∼ 90′′

south of HH c-10. No emission from the putative HH c-10 bow shock is seen in [Fe ii]
emission (see Figure 6.9). However, two IR bright point sources are detected at the
head of the pillar. Two knots of [Fe ii] emission emerge in the continuum-subtracted
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image and fall along the outflow axis implied by the Hα morphology. [Fe ii] emission
is brighter at 1.64 µm than 1.26 µm, suggesting that this may be an embedded jet
body. However, contamination from the bright point sources leading to imperfect
image subtraction remains an issue, so the true nature of HH c-10 is still unclear
with images alone.
6.4.3 The ensemble of [Fe ii] ratio tracings
Both of the [Fe ii] lines observed with HST originate from the a4 D upper level.
The two lines observed with HST are the brightest transitions from the a4 D level
and their intrinsic ratio will be determined by atomic physics. In unobscured environments, the 1.26 µm line will be brighter than the 1.64 µm. The intrinsic
flux ratio R = λ12657/λ16437, has been estimated in a few sources, yielding
values from R = 1.11 in HH 1 (Giannini et al., 2015) to R = 1.49 in P Cygni

(Smith and Hartigan, 2006). In this Chapter, we adopt R = 1.49. Adopting lower

values for the intrinsic R corresponds to less extinction for the same measured ratio

of the [Fe ii] lines (see, e.g. Reiter et al., 2015a).

The ratio R measured from the new, continuum-subtracted [Fe ii] im-

ages remains steady along the length of the most of the jets (see Figures 6.8, 6.11, 6.12, 6.14, 6.16, 6.18, 6.20, 6.21, and 6.24). Most of the jets have
a ratio R ≈ 1, similar to what Reiter et al. (2015a) found in HH 666. Some sources
show a decrease in the reddening measured along the jet from the innermost regions
of the flow, inside the globule, where the jet emerges from the YSO, to the tips of
the flow out in the H ii region (e.g. HH 1006, see Figure 6.14). None of the jets
have a flux ratio at any point along their axis of R = 1.49, consistent with zero
reddening, even after correcting for a ratio of total-to-selective extinction R = 4.8,
as measured toward Carina (Smith, 1987, 2002).
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6.4.4 Candidate driving sources
For this program, we targeted HH jets in the Carina Nebula with a candidate
protostar along the jet axis identified using the Pan-Carina YSO Catalog from
Povich et al. (2011). [Fe ii] emission from most of the jets extends inside the dust
pillar, clearly connecting the larger outflow structure seen in Hα to the embedded IR
YSO identified as the candidate driving source. Notable exceptions include HH 900
(see Reiter et al., 2015b) where neither the jet nor the protostar are detected inside
the globule. No driving source can readily be identified for HH 1005, or HH c-6,
although [Fe ii] emission clearly reveals their jet-like nature. From the [Fe ii] morphology, it is unclear whether HH 1007 originates from an unseen protostar in the
eastern pillar as suggested by Smith et al. (2010), or from the western pillar, driven
by the same source powering HH 1015.
We list the PCYC number of the matched driving sources and the physical properties estimated from model fits to the IR SED from Povich et al. (2011) in Table 6.4.
Ohlendorf et al. (2012) also identified candidate driving sources for some of the HH
jets in Carina discovered by Smith et al. (2010). Their YSO identifications and
model fits are also included in Table 6.4. Like Povich et al. (2011), Ohlendorf et al.
(2012) model the IR SED using models developed by Robitaille et al. (2006). Their
fits also include long-wavelength photometric points from the Herschel Space Telescope and 870 µm emission for LABOCA. For the 4 sources where the identified
driving source has been modeled by both Povich et al. (2011) and Ohlendorf et al.
(2012), the derived source properties agree to within a factor of two, and often to
within a few percent. For the remainder of this analysis, we will focus on the model
results obtained by Povich et al. (2011).
One of the goals of the HST survey for [Fe ii] emission from the HH jets in Carina
is to test the physical properties of the jets across the ∼ 2 − 8 M⊙ intermediate-mass

range. The estimated masses of the driving sources listed in Table 6.4 ranges from

1.4 − 7.5 M⊙ with a median mass of 2.5 M⊙ . All of the driving sources for the newly

observed jets are consistent with young YSOs, best-fit with models of Stage 0/I
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(with 5/11 classified as an ambiguous evolutionary Stage). Figure 6.25 shows the
distribution of the masses of the candidate jet-driving protostars in Carina compared
to all the YSOs in Carina modeled by Povich et al. (2011).
6.4.5 Estimated dynamical ages
We estimate the dynamical age of the HH jets in Carina imaged in [Fe ii] with
HST. Proper motions have only been measured for 5/19 jets studied here, so we
adopt the median knot velocity found by Reiter and Smith (2014) using Hα images
of 4 HH jets in Carina. Applying a velocity vjet = 140 km s−1 to the most distant
knot detected in the outflow, we estimate the dynamical ages of the jets. The age
estimates are listed in Table 6.2. The median dynamical age of the HH jets presented
in this study is ∼ 3500 yr. Two sources have dynamical ages slightly longer, on the

order of ∼ 104 yr, although most are only a few thousand years old. We do not

detect a significant difference in the dynamical ages of HH jets with a driving source
detected by Spitzer and those without.

The true dynamical age of the newly observed jets may be longer or shorter once
inclination corrections have been added and if their proper motions are substantially
faster or slower than the median velocity of HH 901, HH 902, HH 1066, and HH 666.
The estimated dynamical age may also be a lower limit as many of these jets may
have additional knots located outside the imaged area (e.g. more distant Hα knots
in HH 666 and HH 903, see Smith et al., 2010).
Most of the jets observed in this study have continuous [Fe ii] emission from the
driving source extending a few arcsec into the H ii region (the extent of the inner
[Fe ii] emission is listed in Table 6.2). We can use the extent of the continuous [Fe ii]
emission to estimate the duration of the most recent jet outburst in the same way
we estimate the dynamical age of the outflow (see Table 6.2). Assuming an outflow
velocity of vjet = 140 km s−1 , we find that the median burst duration is ∼ 475 yr.

The shortest estimated burst duration is ∼ 150 yr, an order of magnitude shorter
than the longest estimated dynamical age of > 1000 yr.
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6.5 Discussion
We detect [Fe ii] emission from all 14 HH jets in the Carina Nebula targeted for
follow-up observation with WFC3-IR. In addition, HH c-3, HH c-10 and HH 1156
(formerly HH c-14) also fall within the area imaged with WFC3-IR. All three have
[Fe ii] emission, although only HH 1156 has a clear bipolar jet morphology. Bright
sources nearby (HH c-10) or faint [Fe ii] emission from the putative jet itself (HH c-3)
prohibit identification of the true nature of the other two candidate jets. Combining
new, continuum-subtracted [Fe ii] imaging with previously observed sources, we have
a sample of 20 HH objects corresponding to 17 jets.
While most jets show strong [Fe ii] emission from the body of the jet, HH 1007
and HH 1015 are notable exceptions. No [Fe ii] emission traces the Hα jet body
identified as HH 1007 by Smith et al. (2010), and instead is only bright in the two
knots located between the twin dust pillars. The larger knot is the brightest [Fe ii]
emission in the image, a factor of ∼ 4 brighter than the [Fe ii] emission from HH 1015.

In fact, HH 1015 has the lowest Hα surface brightness of the 39 HH jets discovered
by Smith et al. (2010), and the weakest [Fe ii] emission in this sample. HH 1007
and HH 1015 also lie in the outskirts of the Carina nebula, and as such are located
much further away from the majority of the ionizing sources. Only HH 1010 has a
larger separation from the nearest O-type star (see Table 6.2), although bright [Fe ii]
emission still clearly traces the jet. As pointed out by Bally et al. (2006), the Hα
surface brightness of a jet with a neutral core will be proportional to the local Lyman
continuum flux. The large separation between HH 1015 and its ionizing source leads
to a lower local flux of ionizing radiation compared to other jets in the sample,
leading to weaker Hα emission. However, the detection of [Fe ii] emission from the
jet reveals the presence of a neutral core that also appears to be weakly excited, likely
also due to the large separation from the ionizing source. Low surface brightness
in both Hα and [Fe ii] suggests that photoexcitation dominates in HH 1015. Weak
emission from HH 1015 stands in stark contrast to the bright [Fe ii] emission seen
from HH 1007 that may well trace the bow shock that caps the HH 1015 counterjet.
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The morphology and surface brightness in both lines point to a larger contribution
of shock excitation in HH 1007.
6.5.1 Two-component HH jets
Reiter et al. (2015b) and Reiter et al. (2015a) examined two HH jets in the Carina
Nebula that appear to have a collimated protostellar jet traced by [Fe ii] emission
surrounded by wider-angle Hα emission with the morphology and kinematics of an
entrained outflow. A few of the HH jets presented here appear to have this twocomponent morphology as well – HH 903, HH 1004, and HH c-6. In each case, [Fe ii]
emission traces a collimated jet with Hα emission offset from the axis. Like HH 666,
Hα emission in HH 903 and HH 1004 appears to trace the expanding wings of a
bow shock created when the jet plowed through the pillar on its way into the H ii
region.
Hα emission from HH c-6 follows the [Fe ii] jet closely outside the dust pillar,
but merges seamlessly with the bright ionization front as it approaches the pillar.
Close to the driving source, Hα emission traces the curved surface of the ionization
front, not the jet. HH c-6 emerges close to the edge of the globule, so any outflow
entrained by the jet will lead to an artificially elongated appearance of that portion
of the globule. This appears to be the case in HH 900 where wide-angle Hα emission
traces an outflow sheath as broad as the globule from which it emerges (Reiter et al.,
2015b). Hα emission from HH 666 M (see Figure 6.2) also curves away from the
[Fe ii] jet close to the driving source, tracing the outflow entrained as the jet passes
through the dust pillar (Reiter et al., 2015a). In HH c-6 as in HH 666, Hα and
[Fe ii] trace the same jet morphology outside the pillar.
Three jets in this sample emerge from their natal pillars with a jet axis nearly
aligned with the major axis of the pillar. In this case, the counterjet will plow
deeper into the pillar and this indeed appears to be the case for HH 1014 and HH c5. No [Fe ii] emission from the counterjet of HH 1015 is detected inside the pillar,
although the low excitation of exposed portions of the jet suggest that only a small
amount of additional material is required to shield the jet entirely, preventing any
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photoexcitation of the counterjet inside the pillar. The morphology of these three
jets resembles HH 46/47 where one limb of a jet clearly emerges from a cloud, while
a broad outflow cavity seen at longer wavelengths traces the counterjet burrowing
into the globule (e.g. Noriega-Crespo et al., 2004; Arce et al., 2013).
6.5.2 Revised mass-loss rate estimates
Smith et al. (2010) estimated the mass-loss rate of the HH jets in Carina from the
Hα emission measure. The detection of [Fe ii] emission in all of the jets presented
here indicates that they have a neutral core that is not accounted for in the mass-loss
rate estimated from Hα. Reiter and Smith (2013) showed that the jet density must
be & 104 cm3 in order to shield the neutral core from the ionizing radiation of the
many O-type stars in the Carina Nebula. The high density implied by the survival
of Fe+ in a giant H ii region like Carina where it would ordinarily be rapidly ionized
to Fe++ raises the estimated mass-loss rate by an order of magnitude.
Following Bally et al. (2006) and Reiter and Smith (2013), we revise the estimated mass-loss rates to account for the neutral jet core in two ways. First, we
estimate the minimum density, nmin , required to maintain a slow-moving ionization
front in the jet. Second, we estimate the mass-loss rate in the neutral jet by comparing it to the photoablation rate, using the known ionizing photon luminosity from
the many O-type stars in the Carina nebula (Smith, 2006a).
The jet density required to remain optically thick to Lyman continuum radiation,
must be greater than a minimum density,
s
QH sin(β)
nmin =
4πD2 2αB r

(6.1)

where the density is confined to a cylindrical jet column of radius r, QH is the
ionizing photon luminosity incident on the jet at an angle β from a distance D and
αB ≈ 2.6 × 10−13 cm3 s−1 is the case B recombination coefficient for hydrogen. By
requiring that the density of the neutral jet nH ≥ nmin , we can derive a lower limit
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on the mass-loss rate in a cylindrical jet from
Ṁ = nmin |πµmH vjet r2 |

(6.2)

where µ is the mean molecular weight (≈ 1.35), mH is the mass of hydrogen, and vjet
is the jet velocity. Assuming the median knot velocity measured by Reiter and Smith
(2014), vjet = 140 km s−1 , we find a median mass-loss rate of ∼ 3 × 10−8 M⊙ yr−1
(compared to ∼ 1 × 10−7 M⊙ yr−1 estimated from Hα).

We can also use the ionizing photon luminosity in the Carina Nebula cataloged

by Smith (2006a) to estimate the mass-loss rate required for a jet to survive photoablation in the H ii region for the observed duration of the inner jet. A jet that
extends a distance L1 into the H ii region before it is completely evaporated must
have a mass-loss rate Ṁjet ≥ L1 ṁ where ṁ is the photoablation rate of the jet in the
H ii region (Bally et al., 2006). For a cylindrical jet, this corresponds to a mass-loss
rate

·
¸−1/2
L1 f µmH cs
αB
Ṁ ≈
(6.3)
2D
πrLLyC sin(β)
where f ≈ 1 is the filling factor for a cylinder of radius r losing mass from one side,
cs ≈ 11 km s−1 is the sound speed in photoionized plasma, and β is the angle between

the jet axis and the direction of the ionizing radiation from a source with luminosity
LLyC located a distance D from the jet. Estimated this way, the median mass-loss
rate is ∼ 2 × 10−7 M⊙ yr−1 . We compare both methods for estimating the mass-loss

rate in Figure 6.1. Accounting for the length of time the jet survives photoablation

in the Carina Nebula yields a higher mass-loss rate than that calculated from the
minimum density to maintain a slow-moving ionization front. Requiring that the
minimum density is maintained even after some photoablation in the H ii region
(hence the persistence of the neutral jet core) in the form of L1 means that the jet
must have an initial density even higher than the minimum, thus leading to an even
higher estimate of the mass-loss rate. Revised mass-loss rates estimated from L1 for
each jet are listed in Table 6.3.
In both approaches, Ṁjet ∝

√

QH . To calculate the mass-loss rate, we assume

that the ionizing photon luminosity is dominated by the nearest O-type star (see
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-5.0

dMjet/dt from L1

-5.5
-6.0
-6.5
-7.0
-7.5
-8.0
-8.5

-8.0

-7.5
-7.0
dMjet/dt from nmin

-6.5

-6.0

Figure 6.1: Comparison of the mass-loss rate estimated from the minimum density
to maintain a slow-moving ionization front (via nmin , plotted on the x-axis, see
also Section 6.5.2) to the one estimated for the survival of the neutral jet core to
a distance L1 in the H ii region (y-axis).
A one-to-one (dotted) line is overplotted.
√
Both estimates are proportional to QH . Points in this plot have been calculated
assuming the ionizing photon luminosity is dominated by the nearest O-type star.
In many cases, this will be an underestimate as the nearest O-type star is a member
of a young massive cluster with a combined ionizing photon luminosity an order
of magnitude higher. If we instead assume the QH of the nearest cluster (rather
than the nearest star), the estimated Ṁjet rates are a factor of ∼ 5 − 10 higher than
shown above.

194
Column 7 in Table 6.2). However, the ionizing photon luminosity incident on most
of the HH jets in Carina is probably more accurately described by the combined
luminosity of many O-type stars in the young, massive stars clusters in Carina (e.g.
Feigelson et al., 2011). If we assume that a cluster ionizes the jet, rather than a
single nearby O-type star, QH may be as much as an order of magnitude higher. A
higher ionizing photon luminosity will raise the mass-loss rate estimated with either
method by a factor of ∼ 5 − 10.

Other assumptions made to estimate the mass-loss rate may alter the derived

values by factors of a few. For example, the filling factor was assumed to be f = 1
for the continuous inner jet, although this number may be somewhat smaller. We
assumed the median velocity of the jet knots measured by Reiter and Smith (2014),
adopting vjet = 140 km s−1 . However, these knots are measured far from their
driving sources where interaction with earlier ejecta and the environment has almost
certainly slowed the jet. Indeed, observations of the continuous inner jet suggests
that the outflow velocity is likely higher by as much as a factor of 2 (Reiter et al.,
2015a). These assumptions may change the estimated mass-loss rates by factors of
a few, but are unlikely to result in the order of magnitude change seen with the
ionizing photon luminosity.
6.5.3 Knot structure
Some of the HH objects detected in the new [Fe ii] images presented here appear
to be separate knots that are part of a larger coherent outflow. HH 1007 lies along
the outflow axis defined by HH 1015, and appears to be the counterjet bow shock
that complements the blueshifted jet identified as HH 1015. The two-layered shock
structure seen in HH c-7 may trace additional shock features along the axis of
two separation jets. The inner layer lies along the outflow axis defined by HH c-8.
Meanwhile, a candidate YSO embedded in the globule with extended [Fe ii] emission
points to the outer (southeast) knot of HH c-7. Along this same axis, on the other
side of the source in the globule lies HH c-4. The location suggests it may be the
complementary shock, although its curved morphology that cups away from the jet
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is harder to interpret in this context.
Assuming the median jet velocity found by Reiter and Smith (2014), we estimate
the dynamical age of each outflow (see Section 6.4.5). The median outflow age is
∼ 3500 yrs, consistent with the young evolutionary Class of most of the jet-driving

sources. If additional jet knots lie outside the imaged area, the estimated dynamical
age will be a lower bound. Nevertheless, the estimated dynamical ages are only a
few percent of the Class 0 and Class I lifetimes estimated for low-mass sources (0.16
Myr and 0.54 Myr, respectively; Evans et al., 2009).
For sources with multiple well-separated knots that suggest ejection in different accretion bursts (e.g. HH 903, HH 1006, HH 1010, and HH c-14, see Figures 6.7, 6.13, 6.17, and 6.19), knots are separated by ∼ 10 − 30′′ with an average

separation of ∼ 20′′ . Assuming vjet = 140 km s−1 as in Section 6.4.5, this cor-

responds to ∼ 1550 yrs between accretion outbursts. This is consistent with the
duty cycle between accretion bursts inferred from jet knots observed in HH jets

driven by low-mass protostars (see e.g. Hartigan et al., 1990; Reipurth et al., 1992;
Bally and Devine, 1994).
HH 666 is the most evolved source in the sample based on both the evolutionary
classification of the driving source and the dynamical age of the jet (∼ 45, 000
yrs, see Table 6.2 and Reiter and Smith, 2014). Several well-separated jet knots
delineate the parsec-scale outflow (see Figure 6.2), tracing at least four distinct
ejection events. The dynamical ages of the knots in HH 666 are estimated from
their inclination-corrected Hα proper motions and yield a duty cycle closer to 5000
yrs. However, most distant knots in HH 666 are also slower than those closer
to the driving source, suggesting significant slowing as the jet interacts with the
environment. Slower velocities will increase the estimated dynamical age, leading
to a longer duty cycle estimate.
As shown for both HH 900 (Reiter et al., 2015b) and HH 666 (Reiter et al.,
2015a), a jet burst from an embedded source may accelerate an outflow shell seen
in Hα, that appears both slower and wider-angle than the jet itself. [Fe ii] emission
traces the powerful jet and Doppler shifts from the red and blueshifted sides of the
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jet trace a smooth velocity structure indicating a steady, on going jet burst. At least
8 of the jets presented here also show [Fe ii] emission from the jet that reaches all the
way back to the embedded IR source. While we do not yet have spectra for all of the
newly observed jets, their smooth morphologies in both [Fe ii] and Hα emission do
not suggest strong shocks along the length of the continuous inner jet. We use the
length of the continuous inner jet to estimate the duration of the accretion outburst
powering the jet (see Section 6.4.5 and Table 6.2). Inner jet lengths range from
∼ 2 − 17′′ , corresponding to bursts that have been ongoing for ∼ 150 − 1300 yrs.

The median length of the inner jet is ∼ 6′′ , corresponding to an outburst duration
of 475 yr. Only the shortest jets are consistent with the observed duration of FU
Orionis outbursts (Hartmann and Kenyon, 1996). However, these estimates provide

only a lower bound as the outburst is likely ongoing. It is unclear how the typical
decay time of an accretion burst from an intermediate-mass star compares to an
FU Orionis outburst, as clear accretion variability has only been detected in a few
intermediate-mass sources (e.g. Hinkley et al., 2013).
The only jets where [Fe ii] does not reach back to the driving source are those
where no IR point source has been detected inside the high density globule from
which the jet emerges. In these cases, extinction obscured both the protostar and
[Fe ii] emission from the inner jet. Even those jets that can only be observed
outside their natal globules have continuous jet emission that extends > 2′′ beyond
the pillar edge. This points to similarly long, sustained accretion bursts from the
invisible driving source.
6.5.4 Implied accretion rate and estimated accretion luminosity
Most of the driving sources matched to the HH jets observed with WFC3-IR (see
Table 6.4) are classified as Stage 0/I, reflecting their youth. HH 666 is the only jet
source identified as Class II, although it has a significant IR excess (Smith et al.,
2004a), indicating that the protostar remains surrounded by an optically thick circumstellar disk. Furthermore, HH 666 is tilted & 30◦ away from the plane of the sky,
allowing a clearer view down the envelope cavity opened by the jet. The remaining
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jet sources have an ambiguous classification of their evolutionary stage. Only two
of the sources with an ambiguous evolutionary classification can be identified in Hα
images (HH c-8 and possibly HH 1010), indicating more clearing of the circumstellar
environment that suggests that they may be more evolved (Class II). The remaining sources are only seen at IR and longer wavelengths, suggesting that they are in
an earlier evolutionary stage. Four jets emerge from dense globules or pillar heads
with no IR point source detected near the jet axis – HH 901, HH 902, HH 900,
and HH c-6. Young dynamical ages for all sources (see Table 6.2) point to young
driving sources that remain deeply embedded. We also note that HH 900, HH 901,
and HH 902 lie in close proximity to Tr14 and Tr16 where Spitzer sensitivity is
lower and feedback from massive stars on pillars and globules is strongest. Given
the evidence youth of the HH jet-driving sources, powerful outflows that signal the
vigorous accretion of a young source are not surprising.
Reipurth and Aspin (1997) studied 14 HH jet-driving sources and found 2.3 µm
CO bandhead emission and absorption in 6 sources (4 in emission), similar to the
CO bandhead absorption seen in the spectra of FU Orionis sources. They conclude
that most of the energy sources in their sample are consistent with low-mass protostars that are in an elevated accretion phase, similar to the FU Orionis outbursts
observed from some young protostars (Hartmann and Kenyon, 1996). While observations of the jets and protostars in Carina are less sensitive to low-luminosity,
low-mass sources than similar surveys of closer regions like Orion (Bally et al., 2000;
Bally and Reipurth, 2001), in an FU Orionis outburst, a low-mass source will increase its luminosity by 1 − 2 orders of magnitude and therefore be detectable even
in surveys of more distant regions like Carina.

We list the bolometric luminosity (Lbol ) of the candidate jet driving sources derived by Povich et al. (2011) in Table 6.4. Many of the jet sources have luminosities
Lbol ∼ 20 − 200 L⊙ , similar to the luminosities observed from low-mass stars in

an elevated accretion state (see, e.g. Table 1 in Hartmann and Kenyon, 1996). To
test whether the HH jet-driving sources in Carina could be low-mass sources in an

outburst, we estimate the fraction of the bolometric luminosity that may be due to
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accretion. Assuming that the mass-loss rate in the jet, Ṁjet , is 10% of the disk accretion rate, Ṁacc , we can estimate the accretion luminosity. Making the conservative
estimate that each source is a 1 M⊙ star accreting from 5 R⊙ , the accretion luminosity implied by the median mass-loss rate of the HH jets estimated in Section 6.5.2
is ∼ 2 L⊙ . Higher masses and smaller radii, as expected for intermediate-mass stars

(see, e.g. Muzerolle et al., 2004), will increase the fraction of the luminosity that
is due to accretion. However, the stellar luminosities of intermediate-mass sources
are also higher, leading to larger bolometric luminosities, even when the sources
are observed in the quiescent state. Conversely, if we assume that the bolometric
luminosity of a 100 L⊙ protostar is dominated by the accretion luminosity, for the
same stellar parameters (1 M⊙ , 5 R⊙ ) we estimate an accretion rate of ∼ 1.0 × 10−5

M⊙ yr−1 . This is on the order of the accretion rate implied by the jet if the outflow

efficiency Ṁjet /Ṁacc = 0.01.
The high accretion rate we estimate by assuming that accretion luminosity dominates the bolometric luminosity is similar to the accretion rate observed from
FU Orionis outburst sources (e.g. Hartmann and Kenyon, 1996). However, the
length of the continuous inner jet argues that this accretion rate must be sustained
for longer than the observed outburst decay time. The shortest dynamical age for
the continuous inner jet is ≥ 150 yr. Even if the jet velocity has been underesti-

mated by a factor of two, this means that all of the HH jets in Carina presented here

have sustained an accretion outburst for at least > 75 yr. Thus, while the estimated
Ṁacc is consistent with the observed accretion rates for FU Ori sources, the length
of the jet suggests that it is sustained substantially longer.
A star accreting steadily at a rate 10 × Ṁjet sustained for a duration of ∼ 500 yr,

implied by the length of the continuous inner jet, will have accumulated ∼ 1 MJupiter .

Assuming 10 such events over the lifetime of the protostar (following estimates in

Hartmann and Kenyon, 1996), each star will have accumulated ∼ 0.01 M⊙ . This

number is surprisingly low given the long estimated duration of high accretion rate
events. However, the number of such events is poorly constrained, especially for
intermediate-mass sources.
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The estimate of the outburst duration implicitly assumes that [Fe ii] emission
reflects rapid mass-loss from the jet turning on and off. If we instead assume that the
jet is a continuous stream that appears to truncate because it has been completely
photoablated in the H ii region, we can estimate the maximum length that a jet
with a given mass-loss rate would survive. The shortest length we expect the jet
to survive in the H ii region is ∼ 310′′ , longer that the longest observed continuous

inner jet length (308′′ , see Table 6.2), even for Ṁjet as low as 10−9 M⊙ yr−1 . Thus,
a recent change in the mass-loss rate is required to produce bright [Fe ii] emission
from the jet.
6.5.5 Statistics

In the area we observed with WFC3-IR, Povich et al. (2011) detected 40 IR point
sources with spectral energy distributions consistent with being YSOs. Near-IR
[Fe ii] clearly traces a collimated HH jet back to 11 of those protostars for a total of
28% of the protostars observed to be associated with jets. The jet-driving sources
appear to be young with 55% (6/11) classified as Stage 0/I while all but one of the
remaining sources is classified as an ambiguous evolutionary stage. Excluding those
sources that can be identified in an Hα image, 73% (8/11) of the jet-driving sources
remain embedded.
At the same time, 5 jets do not have a clearly identified driving source. In the case
of HH 1005, point-like IR emission consistent with being a YSO has been identified
near the outflow axis (see Ohlendorf et al., 2012). However, [Fe ii] emission from
the jet seen inside the natal dust pillar does not clearly connect the larger scale Hα
outflow to any of the nearby candidate protostellar objects. Most of the remaining
outflows – HH 900, HH 901, HH 902 – lie close to the brightest emission from
the H ii region, where the bright and variable background will limit sensitivity to
point source emission (see discussion in Povich et al., 2011). No [Fe ii] emission is
detected inside the globule from either HH 900 or HH 901, and is in fact, offset
(∼ 1′′ ) from the edge of the globule. Reiter and Smith (2013) and Reiter et al.
(2015b) have explored the possibility that feedback from nearby massive stars may

200
have compressed the globules, leading to high densities that obscure the jet-driving
protostar and shield the inner jet. However, not all jets without a detected driving
source lie close to Tr14 and Tr16. HH c-6 emerges from a globule deeper in the
south pillars. Unlike HH 900 and HH 901, [Fe ii] emission from the jet does reach
inside the globule, however, no protostar has been detected near HH c-6.
Assuming that every protostar drives an episodic jet, the fraction of intermediatemass protostars detected within the area imaged with WFC3-IR that are associated
with an [Fe ii] jet suggests that the jets are “on” ∼ 25% of the time. This is almost
certainly an overestimate given the uneven sensitivity to embedded sources across
the survey area. If the lower-luminosity jet-driving sources are in fact low-mass
sources in an FU Orionis-like outburst state, then this number will be even lower.
Povich et al. (2011) estimate that the Carina Nebula contains an order of magnitude
more disk-bearing young stars (∼ 104 ) than are detected in the region with Spitzer
emission when they estimate the number of low-mass sources that fall below the
detection limit. If all of the HH jets presented here are low-mass sources in an
outburst, then we infer that the fraction of the outflow lifetime that the jets are on
is only a few percent. While we cannot exclude the possibility that some of the HH
jets presented here are driven by low-mass sources, it is unlikely to be true for all of
them (see Sections 6.5.2 and 6.5.4).
6.5.6 Momentum injection
Reiter and Smith (2013) argue that the HH jets in Carina are the unveiled counterparts to the molecular outflows typically observed from intermediate-mass protostars
in embedded regions. Because much of the obscuring gas and dust has been cleared
in the H ii region, the core of the atomic jet is illuminated by nearby O-type stars
and can be studied directly, rather than inferred from the properties of the outflow
it entrains. Two component outflows (see Section 6.5.1) support this interpretation. Another test is to determine whether the HH jets in Carina have enough
momentum to power the molecular outflows observed from similar protostars in
other regions. Estimates of whether jets from low-mass stars have sufficient mo-
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mentum to drive molecular outflows provide conflicting results (e.g. Hartigan et al.,
1994; Bacciotti and Eislöffel, 1999).
Reiter and Smith (2014) showed that the HH jets in Carina imply high momentum injection even though their velocities are similar to those observed in low-mass
stars because of their high densities. All of the HH jets presented in this paper must
also have high densities to shield [Fe ii]. Combining the median mass-loss rate,
∼ 2 × 10−7 M⊙ yr−1 , with an assumed velocity vjet = 140 km s−1 , yields an average

momentum rate of ∼ 3 × 10−5 M⊙ km s−1 yr−1 . This is a factor of ∼ 1.5 − 10

lower than the momentum rate Beltrán et al. (2008) find in their study of the CO
outflows from intermediate-mass stars. Assuming the same velocity for all of the jets
in Carina, the range of mass-loss rates estimated for the HH jets in Carina correspond to momenta rates ranging from ∼ 10−6 − 10−4 M⊙ km s−1 yr−1 , similar to the
range seen from low-mass Class 0 and I sources by Bontemps et al. (1996a). Several

observational constraints point to the HH jet-driving sources in Carina being both
young and intermediate-mass (e.g. high bolometric luminosities, Class 0/I evolutionary classification from the SED models, short dynamical ages, see Section 6.4.4
and Tables 6.4 and 6.2). To estimate the jet mass-loss rates, we made conservative
assumptions (e.g. for the ionizing photon luminosity), leading to revised mass-loss
rates that are themselves lower limits. For example, we have adopted the median
velocity of knots found far from the driving source that is almost certainly slower
than the true velocities of the inner jets. More crucially, assuming that the nearest
O-type star dominates the ionization, rather than the ionizing photon luminosity
of the nearest cluster of stars, may underestimate the mass-loss by as much as an
order of magnitude (see Section 6.5.2). Better estimates will increase the calculated
mass-loss rate by an order of magnitude or more. Such an increase would bring the
calculated momentum rate close to and possibly above those found by Beltrán et al.
(2008).
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6.6 Conclusions
We present narrowband, near-IR [Fe ii] images obtained with HST /WFC3-IR of 20
HH jets and candidate jets in the Carina Nebula. Bright [Fe ii] emission traces 17
collimated bipolar jets. In many cases, [Fe ii] emission connects the larger scale Hα
jet to the intermediate-mass protostar that drives it.
We estimate the mass-loss rates for all of the jets based on the density required to
shield Fe+ from further ionization in the H ii region. Dynamical ages of the current
high-mass-loss rate episode are estimated assuming the median jet velocity found
by Reiter and Smith (2014). Assuming that these jets are fed by a protostar in
an elevated accretion state, similar to FU Orionis outbursts estimated for low-mass
sources, we find the the median duration of the current outburst is ∼ 500 yr.

With conservative estimates of the jet velocity and mass-loss rate, we find that

the momentum of the jets is a factor of ∼ 1.5−10 lower than the outflow momentum

measured in molecular outflows from intermediate-mass stars (Beltrán et al., 2008).

The true jet momentum may be as much as an order of magnitude higher than this
lower limit, suggesting that these jets are sufficiently powerful to entrain an outflow.
The amount of mass accumulated in 10 long duration, high accretion rate events
does not represent a large fraction of the final mass of an intermediate-mass star.
With limited survey area, we are unable to constrain the number of such outburst
events. Nevertheless, the underestimate of the mass-loss rate and/or the number of
events would have to be severe in order to bring the amount of mass accreted up to
an appreciable fraction of the final stellar mass.
Bright [Fe ii] emission indicating high mass-loss rates points to powerful jets
that reflect a scaled-up version of the accretion-driven outflows seen from low-mass
stars. The high degree of collimation and rough duty cycle estimate of the episodic
nature closely resemble low-mass stars. However, the duration of sustained high
accretion rate events is hard to explain if these jets were driven by low-mass stars
in an FU Orionis-like outburst state.
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Table 6.2: Jet Properties
Jet
L∗tot
name
[′′ ]
HH 666 308′′
HH 901 20′′
HH 902 35′′
HH 1066 7′′
HH 900 46′′
HH 903 167′′
HH 1004 27′′
HH 1005 71′′
HH 1006 67.5′′
HH 1007 ...
HH 1010 48′′
HH 1014 22′′
HH 1015 6′′ -18′′
HH c-3
...
HH c-4
...
HH c-5
15.5′′
HH c-6
18.6′′
HH c-7
...
HH c-8
...
HH c-10 ...
HH c-14 44.5′′
∗
one-sided length

Est. Age
[yr]
45110
4111
8177
565
5379
13014
2104
5533
5260
...
3740
1714
468
...
...
1208
1450
...
...
...
3468

L∗inner
[′′ ]
16.5′′
3.5′′∗
8′′∗
2′′
10′′
17′′
9.6′′
10′′
6′′
...
7′′
6′′
6′′
2.5′′
...
6′′
6′′∗
...
2′′
...
2′′

Est. Burst Wpillar
[yr]
[′′ ]
1286
34′′
273
2′′
623
11′′
155
1.25′′
800
2.35′′
1325
28′′
748
14′′
779
33′′
468
6′′
...
...
546
8.5′′
468
7′′
468
6′′
195
2.5′′
...
...
468
7′′
468
7′′
...
...
156
...
...
...
156
1′′

Nearest O
dist.
star
[′ ]
HD 93130
3.7′
HD 93160
3.6′
HD 93160
4.2′
HD 93160
4.9′
CPD-59 2641 1.0′
Bo11 10
9.3′
Bo11 9
6.1′
Bo11 9
6.4′
Bo11 9
5.3′
HD 93222
17.7′
Tr16 19
29.2′
Tr16 115
6.6′
HD 93222
17.6′
HD 93222
7.5′
HD 93222
8.5′
HD 93222
9.0′
HD 93222
8.8′
HD 93222
9.6′
HD 93222
9.3′
Bo11 10
9.1′
Tr16 115
5.9′
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Table 6.3: New jet mass-loss rates
Jet
name
HH 666
HH 901
HH 902
HH 1066
HH 900
HH 903
HH 1004
HH 1005
HH 1006
HH 1007
HH 1010
HH 1014
HH 1015
HH c-3
HH c-4
HH c-5
HH c-6
HH c-7
HH c-8
HH c-10
HH c-14

L1
[pc]
0.18
0.04
0.09
0.02
0.11
0.19
0.11
0.11
0.07
...
0.08
0.07
0.07
0.03
...
0.07
0.07
...
0.02
...
0.02

Nearest O
name
HD 93130
HD 93160
HD 93160
HD 93160
CPD-59 2641
Bo11 10
Bo11 9
Bo11 9
Bo11 9
HD 93222
Tr16 19
Tr16 115
HD 93222
HD 93222
HD 93222
HD 93222
HD 93222
HD 93222
HD 93222
Bo11 10
Tr16 115

log(QH ) proj. D β
[s−1 ]
[pc]
deg.
49.32
2.5
84
49.32
2.4
75
49.32
2.8
88
49.32
3.3
58
49.22
0.7
89
48.36
6.2
37
48.36
4.1
57
48.36
4.3
81
48.36
3.5
63
49.13
11.8
54∗
47.88
19.5
80
48.27
4.4
37
49.13
11.8
54
49.13
5.0
45
49.13
5.7
...
49.13
6.0
69
49.13
5.9
50
49.13
6.4
...
49.13
6.2
12
48.36
6.1
...
48.27
3.9
16

Ṁjet
M⊙ yr−1
1.68e-6
3.67e-7
7.31e-7
1.43e-7
5e-6
1.80e-7
1.82e-7
1.96e-7
1.37e-7
...
1.74e-8
8.08e-8
9.41e-8
8.65e-8
...
1.99e-7
1.83e-7
...
3.03e-8
...
2.06e-8

Comment

Table 6.4: Jets and their driving sources
Jet

PCYC

log(Lbol )

Mass

Stage

Ohlendorf

log(Lbol )

Mass

Comment

HH 666

345

3.1 (1.7)

6.3 (1.3)

II

J104351.5-595521

2.6 (2.6-3.1)

3.2 (1.7-9.2)

SBB2004, RS2013

HH 901

...

...

...

...

...

...

...

HH 902

...

...

...

...

J104401.8-593030

...

...

ruled out by RS2014 proper motions

HH 1066

429

2.1 (1.3)

2.8 (1.6)

A

J104405.4-592941

...

...

identified in RS2013

HH 900

...

...

...

...

...

...

...

S2013 candidates ruled out by R2015a

HH 903

...

...

...

...

J104556.4-600608

2.4 (2.4-2.4)

4.3 (4.3-4.3)

HH 1004

1198

3.5 (0.9)

7.5 (3.0)

A

J104644.8-601021

2.2 (1.9-3.2)

4.6 (2.6-7.0)

HH 1005

...

...

...

...

J104644.2-601035

2.4 (2.4-2.6)

5.5 (5.5-7.3)

HH 1006

1173

1.7 (0.3)

1.8 (0.9)

0/I

J104632.9-600354

...

...

HH 1007

...

...

...

...

...

...

HH 1010

55

1.6 (1.0)

1.8 (1.4)

A

J104148.7-594338

1.8 (1.6-3.1)

1.9 (1.3-6.7)

HH 1014

984

2.3 (1.4)

2.5 (1.8)

0/I

J104545.9-594106

...

...

HH 1015

705

1.8 (1.1)

2.2 (1.2)

A

...

...

...

HH c-3

760

1.3 (0.9)

1.4 (1.3)

0/I

J104504.6-600303

...

...

HH c-4

790

1.9 (0.6)

3.2 (1.2)

0/I

...

...

...

HH c-5

787

2.1 (1.3)

3.8 (1.3)

0/I

J104509.4-600203

2.1 (1.7-2.5)

4.3 (1.4-6.4)

HH c-6

...

...

...

...

J104509.2-600220

...
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Figure 6.2: [Fe ii] images of HH 666.
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Figure 6.3: [Fe ii] images of HH 901.
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Figure 6.4: [Fe ii] images of HH 902.
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Figure 6.5: [Fe ii] images of HH 1066.
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Figure 6.6: [Fe ii] images of HH 900.
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Figure 6.7: [Fe ii] images of HH 903.
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Figure 6.8: [Fe ii] ratio tracing of HH 903. Spikes near the center of the tracing are
due to imperfect subtraction of stars along the jet axis.
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Figure 6.9: [Fe ii] images of HH c-10.
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Figure 6.10: [Fe ii] images of HH 1004.
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Figure 6.11: [Fe ii] ratio tracing of HH 1004. The ratio spikes above the intrinsic
value of R = 1.49 measured by Smith and Hartigan (2006) on the left at the pillar
edge. Spikes in the ratio along the edges of irradiated pillars or where [Fe ii] emission
from the jet is weak is likely due to hydrogen recombinations lines that fall within
the wavelength range covered by the narrowband filter.
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Figure 6.12: [Fe ii] ratio tracing of HH 1005. The [Fe ii] ratio spikes above R =
1.49 at the edges and along the face of the pillar the contribution of hydrogen
recombination line contaminates the ratio.
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Figure 6.13: [Fe ii] images of HH 1006.
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Figure 6.14: [Fe ii] ratio tracing of HH 1006. The line ratio R remains near ∼ 1
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Figure 6.15: [Fe ii] images of HH 1007.
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Figure 6.16: [Fe ii] ratio tracing of HH 1007.
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Figure 6.17: [Fe ii] images of HH 1010.
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Figure 6.18: [Fe ii] ratio tracing of HH 1010. The [Fe ii] line ratio R spikes above
the intrinsic value where the jet crosses the edge of the globule.
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Figure 6.19: [Fe ii] images of HH 1014.
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Figure 6.20: [Fe ii] ratio tracing of HH 1014. Two of the places where R rises above
the intrinsic value of 1.49 correspond to the edges of the pillar, and the spike at
the right edge of the plot is contamination from the nearby star due to imperfect
continuum subtraction.
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Figure 6.21: [Fe ii] ratio tracing of HH 1156. The [Fe ii] ratio R is highest at the
head of the pillar where jet emission is faintest. The lowest value of the ratio in the
central jet is at the location of the putative driving source.
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Figure 6.22: [Fe ii] images of HH c-3.
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Figure 6.23: [Fe ii] images of HH c-4 complex.
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Figure 6.24: [Fe ii] ratio tracing of HH c-4 through c-8. Ratio tracings through the candidate jets are offset according
to their location around the pillar for clarity. The feature labeled “surprise” is the extended [Fe ii] emission in the
pillar at the same location as PCYC 789 that is likely part of the same outflow as one or more the candidate features
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identified near the globule.
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Figure 6.25: A normalized histogram of the protostellar masses derived from model
fits to the IR SED by Povich et al. (2011) shown in the dotted line. Overplotted in
the solid line is the distribution of YSO masses for the candidate jet-driving sources.

230

log(Lacc) implied by \dot{M}jet [LΟ•]

4
Lacc=Lbol
Lacc=0.1 Lbol

3
2
1
0
-1
-2
-2

-1

0

1

2

3

4

log(Lbol) [LΟ•]
Figure 6.26: The accretion luminosity implied by assuming an accretion rate Ṁacc =
10 × Ṁjet for a 1 M⊙ star accreting from 5 R⊙ . For a low-mass star, the accretion
luminosity may be an order of magnitude higher if the outflow efficiency is 1% rather
than 10%. The accretion luminosity may also be higher if the stellar mass is higher
(> 1 M⊙ ) or if the star accretes through a more compact magnetosphere (< 5 R⊙ ),
as has been suggested for intermediate-mass stars (Muzerolle et al., 2004)
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jets discovered by Smith et al. (2010) in the Carina Nebula with black diamonds.
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CHAPTER 7
CONCLUSIONS AND FUTURE PROSPECTS

7.1 Powerful HH jets as a probe of intermediate-mass star formation
Understanding outflow, and by inference accretion, from young stars is key to constraining their evolution. Protostellar jets are ultimately powered by disk accretion,
making them a powerful way to test whether a different accretion mechanism must be
invoked to form the most massive stars. Observational difficulties that prevent direct
study of the highest mass objects can be circumvented by studying intermediatemass stars. Stars in the ∼ 2 − 8 M⊙ range sample the change in stellar structure

that may require either a different or an additional mechanism, other than mag-

netospheric accretion via a dipolar stellar magnetic field, to transport matter from
the circumstellar disk to the stellar surface in more massive protostars. However,
the slower evolution of intermediate-mass protostars in less extreme environments
makes them more accessible observationally, and thus the best targets to probe the
physics of high-mass star formation with current instrumentation.
In this thesis, we target a sample of HH jets in the Carina Nebula. Estimates of
the bolometric luminosities of the candidate jet-driving sources indicate that they
are intermediate-mass protostars, sampling the full ∼ 2 − 8 M⊙ range. Furthermore,

these jets are distributed throughout the Carina Nebula, sampling different amounts
of massive star feedback and therefore different star-forming environments. By

combining Hα and [Fe ii] diagnostics, we characterize the outflow properties of
intermediate-mass stars and demonstrate that they are consistent with more massive
stars forming via a scaled-up version of the disk accretion paradigm developed for
low-mass stars.
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7.1.1 [Fe ii] as a tracer of neutral jet cores in H ii regions
The HH jets in Carina studied in this thesis all show bright IR [Fe ii] emission.
The λ16435/Hα ratios are at least an order of magnitude higher than the ratio
measured in nearby ionization fronts, indicating that these are jets and not simply
bright PDRs. Photoexcitation of the jet reveals material between shock fronts and
allows us to study the ionization structure through the width of the jet. Near-IR
[Fe ii] emission reveals a significant amount of self-shielded, neutral material in the
jet not traced by Hα. This leads to offset emission in jets that lie close to ionizing
sources. Bright Hα emission traces the photoionized skin of the jet facing the source
of ionizing radiation, while [Fe ii] emission peaks behind this ionization front, further
away from the O-type stars. This stratified emission structure reflects a slow-moving
ionization front propagating through the width of the jet beam. High densities are
required to shield the neutral jet core from Lyman continuum photons. The survival
of singly ionized iron in the jet requires densities of nH ≈ 1 − 3 × nmin , the minimum

density to be optically thick to Lyman continuum radiation. This corresponds to
a mass-loss rate roughly an order of magnitude larger than those based on the Hα
emission measure.
In some cases, [Fe ii] emission reveals jet emission inside the parent globule,
connecting the jets to Spitzer-identified intermediate-mass protostars. Model fits
to the IR SEDs of the protostars identified as the jet-driving sources corroborate
the interpretation that the HH jets in Carina are driven by intermediate-mass stars,
adding to a growing body of evidence that stars of all masses form by accretion.
Furthermore, we find that the jets in Carina are no less collimated than their lowmass counterparts. The key difference is that the HH jets in Carina are irradiated,
creating an ionized skin on the neutral atomic jet core that remains unseen in
quiescent environments.
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7.1.2 Comparing Hα and [Fe ii] kinematics
Measuring velocities provides one of the crucial constraints for measuring the timevariable mass-loss history of spatially resolved jets. By combining new proper motion
measurements and spectra, we measure the 3D space motions of the HH jets in
Carina. Using two epochs of Hα images with a ∼ 4.4 year baseline, we measure

transverse velocities of ∼ 100 − 200 km s−1 , similar to the speeds measured in jets
from low-mass protostars (Reipurth and Bally, 2001). While this is somewhat slower

than the high outflow velocities inferred from spectra by Corcoran and Ray (1997)
for Herbig Ae/Be stars, the knots we use to measure proper motions in the HH
jets in Carina lie far from the driving source, where processing through shocks has
almost certainly reduced the outflow velocity. The measured velocities are within a
factor of 2 of the velocity assumed by Smith et al. (2010). Together with evidence
for a high-density neutral jet core (see Section 7.1.1 and Chapter 2), the estimated
mass-loss rates of these jets are ∼ few ×10−6 M⊙ yr−1 , similar to the mass-loss rates

observed in FU Orionis objects (Hartmann and Calvet, 1995) (although these four
sources represent the most powerful jets in Carina with the average mass-loss rates
that are somewhat higher than the median of the larger sample, ∼ few ×10−7 M⊙

yr−1 , see Chapter 6)

Even though the knot velocities measured in the HH jets in Carina are similar to
those measured in low-mass stars, the density inferred by Reiter and Smith (2013)
is significantly higher. Together, this suggests that intermediate-mass stars inject
substantial momentum into their natal star forming regions, contributing as much if
not more momentum than their more numerous low-mass counterparts (depending
on the lifetime of the outflow at higher masses). The structure of the irradiated
HH jets in Carina also adds to evidence that momentum transfer to the environment is episodic and dominated by the initial collision with the ambient medium
(Narayanan and Walker, 1996; Arce and Goodman, 2001a).
In light of this evidence for periodic outbursts and periodic entrainment, one
object, HH 1066, stands out in the sample as a possible example of time-variable
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accretion and outflow. A difference image of the two epochs reveals two new blobs
along the jet axis that are offset ∼ 0.1′′ in an intensity tracing. The production
of new knots provides evidence of a recent change in the mass-loss rate. Assuming
a velocity of 250 km s−1 suggests that these blobs were ejected in the last ∼ 35

years. Additional epochs are required to measure the proper motions of these new
blobs, and are forthcoming. Nevertheless, HH 1066 provides strong evidence for
time-variable accretion and outflow.
7.1.3 Hα and [Fe ii] trace different jet components
Jets that lie close to an ionizing source show a stratified emission structure. Bright

[Fe ii] emission traces the neutral jet core and peaks further away from the ionizing
source than the Hα emission from the ionized skin of the jet. In this case, Hα and
[Fe ii] emission are morphologically similar. However, this is not necessarily the
case for sources that emerge from dusty globules. Detailed study of two sources,
HH 900 and HH 666, shows that different morphologies in Hα and [Fe ii] emission
often correspond to strikingly different kinematics.
In both HH 900 and HH 666, a cocoon of Hα emission encompasses narrow [Fe ii]
emission in both lobes of the jet. Collimated emission and steady Doppler velocities
in [Fe ii] spectra of the inner jet of both sources remain remarkably consistent on
either side of the jet. This stands in stark contrast to the velocity structure seen
from the same portions of the jets in Hα spectra (see Reiter et al., 2015b,a). Both
jets show Hubble-like velocities in the Hα spectra with only the fastest Doppler
velocities in the Hubble wedges on either side of the driving source approaching
the velocities traced by [Fe ii]. Prompt entrainment by a recent jet outburst will
create broad outflow lobes. In quiescent regions, this would be seen as a broad
bipolar molecular outflow. However, in the Carina H ii region, both the jet and the
entrained outflow are irradiated. In this case, broad Hα emission traces the material
swept up in the outflow by the jet with bright Hα arcs tracing the head of the bow
shock that dominates entrainment.
Steady velocities traced by [Fe ii] emission from the jet (inside the outflow sheath
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traced by Hα) indicates that the high-mass-loss rate episode from the jets is ongoing.
The long dynamical time of the continuous inner jet suggests a strong accretion
outburst that has been sustained longer than the typical decay time of FU Orionis
outbursts. For HH 666, long time baseline (∼ 9 yr) Hα imaging of HH 666 allows
us to measure the lateral expansion of the Hα cocoon away from the [Fe ii] jet axis.
Proper motions of an expanding shell around the jet support the interpretation that
the Hα emission traces an irradiated outflow. This two-component structure, with
the same kinematics seen in jet-driven molecular outflows, suggests that HH 666
and HH 900 reveal the same underlying physics that drives the molecular outflows
seen from more embedded intermediate-mass protostars.
We can reconcile the two-component model with the stratified emission structure
seen in other jets in Carina by considering the environment. Outside the dusty
environment of the driving source, no cocoon envelopes the jet, and Hα and [Fe ii]
emission trace the same morphology. Only close to the parent pillar or globule
do we observe an Hα cocoon surrounding the [Fe ii] jet. Close to a massive star
cluster, the entrained outflow must itself be relatively massive in order to survive
photoablation from the nearby O-type stars long enough to be observed as a separate
outflow component. If the jet plows through – and thus entrains – a large column
of material in order to escape the globule, the outflow may be visible in the H ii
region. Far from the ionizing sources, a visible outflow may be produced with less
entrained material. HH 900, which lies . 1 pc away from Tr16, and HH 666, which
lies ∼ 11 pc away from Tr16 and whose jet is visible inside the relatively diffuse

pillar, illustrate these two situations. Thus, sources like HH 666 and HH 900 where
both the jet and the outflow are revealed in the H ii region provide a crucial link
between the bare jets seen in irradiated regions and the molecular outflows typically
seen from embedded protostars.
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7.1.4 Sustained high accretion rate bursts in the formation of intermediate-mass
stars
As shown in Reiter et al. (2015b) and Chapter 4, simultaneous offline-continuum
images are essential to confidently identify low-surface-brightness jet features that
might otherwise be confused with PDR emission from the pillar edge. New, targeted
HST /WFC3-IR images of a subsample of the HH jets in Carina allow us to isolate
[Fe ii] emission from the jet. Combined with earlier narrowband [Fe ii] images from
WFC3-IR, we have a sample of 20 HH objects that appear to trace 17 separate HH
jets in the Carina Nebula.
The detection of [Fe ii] emission from all of the observed jets indicates that they
have densities sufficiently high to shield the low-ionization or neutral jet cores from
Lyman continuum photons. Accounting for the previously unseen neutral material
in the jet cores suggests a higher mass-loss rate than estimated from Hα emission
alone. Conservative estimates of the jet density from the survival of [Fe ii] in the H ii
region give a median jet mass-loss rate of ∼ 10−7 M⊙ yr
mass-loss rate estimated from Hα (∼ 1 × 10−7 M⊙ yr

−1

−1

, similar to the median

). Improved measurements

of the jet velocity and the ionizing photon luminosity incident on the jet may lead
to even higher estimates of the mass-loss rate.
The high accretion rate implied by powerful jets is consistent with intermediatemass driving sources. Indeed, model fits to the IR SEDs of the embedded driving
sources indicate that they sample the entire intermediate-mass range, with estimated
masses from ∼ 1.4 − 7.5 M⊙ . On the lower mass end, the protostellar luminosities

are consistent with low-mass sources in an elevated accretion state. However, the

duration of the FU Orionis-like outburst implied by the length of the continuous
inner jet suggests that these high accretion rate episodes are sustained much longer
than the observed decay time of FU Orionis outbursts of such low-mass protostars.
Even with the sustained accretion burst, the amount of mass accreted in 10 such
events is only ∼ 0.01 M⊙ .

Small opening angles (a few degrees) of the [Fe ii] jets point to a high degree of
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collimation, similar to jets from low-mass stars. If portions of the jet traced by bright
[Fe ii] emission were ejected during an enhanced accretion rate event, then all of the
observed jets have recently undergone a change in the jet mass-loss rate. Assuming
the opposite, that all of the observed jets are continuous outflows that only appear
truncated at the point where the stream is completely photoevaporated, predicts
longer lengths for the continuous inner jet. The measured length of the inner jet
traced by bright [Fe ii] emission is shorter than the length at which a weak jet would
be completely photoablated by a modest ionizing source for every source. Multiple,
well-separated knots along the axis of longer and presumably older jets like HH 666
and HH 903 also point to time-variable accretion. While the estimated duty cycle
of events is similar to that estimated for low-mass stars, the high mass-loss rate and
the sustained duration point to much stronger bursts. Thus, in many ways, these
jets look like scaled-up versions of the jets from low-mass stars.
7.2 Implications for the formation of intermediate-mass stars and the jet driving
mechanism at higher masses
The HH jets in the Carina Nebula comprise the largest known sample of protostellar
jets driven by intermediate-mass stars in the same region. Bright [Fe ii] emission
from all of the jets observed in the near-IR with HST indicates that high densities
are ubiquitous in these jets. Even with velocities comparable to those measured in
HH jets driven by low-mass stars, the high densities implied by the survival of Fe+
amid the UV radiation of ∼ 70 O-type stars would lead to high mass-loss rates. For
the 5 HH jets where the full three-dimensional space velocities have been measured,
knot velocities do, in fact, appear to be similar to those measured in low-mass stars
(see Chapter 3).
In order to be redirected into the jet, disk material must exceed the escape
velocity at the launch radius in the disk. The escape velocity will be higher at
smaller radii in the disk and for more massive central sources where the gravitational
potential is higher. Therefore, at a given radius in the circumstellar disk, one might
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expect massive protostars to drive faster jets. In addition, studies of accretion
onto intermediate-mass stars suggest that the accretion geometry may be more
compact than low-mass stars (e.g. Muzerolle et al., 2004). In principle, jets driven
by intermediate-mass protostars may be launched from even smaller disk radii. If
this is the case, that jets from intermediate-mass protostars are launched even closer
to the protostar where the gravitational potential well is even higher, then we would
expect to measure higher jet velocities. However, this is not what we observe in the
HH jets in Carina.
Interaction with the surrounding globule will slow the jet, reducing the observed
velocity. This is especially true for jet knots observed far from the driving source
(e.g. Devine et al., 1997). However, velocities measured close to the protostar, as
in HH 666 (see Chapter 5) are not substantially higher (∼ 10×) than the velocities
measured in HH jets from low-mass stars. As discussed in Chapter 1, the terminal
velocity of the jet is related to the radius in the disk from which it was launched.
This offers another interpretation for the modest velocities measured in the jets from
intermediate-mass stars – that they are launched from larger radii in the disk.
In all of the HH jets in Carina that have been observed in near-IR [Fe ii] with
HST, we measure the ratio of the [Fe ii] lines, R, to be less than the intrinsic

value, R = 1.49, measured by Smith and Hartigan (2006). Lower values of R

indicate reddening toward the jet. Evidence for reddening is seen toward all of the
observed HH jets, regardless of environment. This suggests that the reddening is
intrinsic to the outflow, likely due to dust within the jet itself. Dust in jets driven
by intermediate-mass stars may provide additional evidence that jets from more
massive stars are launched from larger disk radii. If this is correct, the jet launching
region may include material from outside the dust sublimation radius, allowing dust
from the disk to be transferred to the jet. Alternatively, dust may be formed in the
jet itself. Both mechanisms may contribute to observed [Fe ii] ratios smaller than

the intrinsic value indicating the presence of dust in the jet.
Despite evidence that these jets may be launched from larger disk radii, they are
observed to be as highly collimated as their low-mass counterparts (opening angles
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of a few degrees). Some studies suggest that the molecular outflows driven by
more massive protostars tend to be more poorly collimated, especially as the source
evolves (see, e.g. discussion in Beuther and Shepherd, 2005). However, collimated
jets associated with those outflows, like those studied in this thesis, would not
be observable in these regions. Indeed, programs targeting radio emission from
ionized jets have found evidence for highly collimated ionized jets driven by massive
protostars (e.g. Guzmán et al., 2011, 2012). The existence of a collimated jet is often
taken as evidence for disk accretion. Therefore, collimated jets driven by massive
protostars suggests that all stars grow via disk accretion. Evidence for collimated
jets from sources as small as brown dwarfs to sources as large as AGN (e.g. Livio,
2004) suggests that the same underlying physics operates in all cases. From this
perspective, the absence of collimated jets from high-mass stars, which lie between
these two extremes, would be surprising.
For the HH jets in Carina, UV radiation from the environment lights up the jet,
giving a better census of the mass in the jet. In particular, material that is not
excited in shocks can be seen because it is illuminated by nearby ionizing sources.
We can use the spatially resolved inner jet, where processing of the jet in shocks has
been minimal, to estimate the recent accretion history of the jet-driving protostars
(see Chapter 6). By measuring the mass-loss rate of the inner jet and assuming a
jet efficiency ( in this case Ṁw ≈ 0.1Ṁacc ), we estimate the amount of mass accreted

in the most recent jet burst (see Section 7.1.4).

We can extend this analysis to consider the role of episodic accretion in the
growth of intermediate-mass protostars. Assuming 10 jet outbursts (similar to lowmass stars, see Hartmann and Kenyon, 1996), we can estimate the fraction of the
final stellar mass that intermediate-mass protostars accrete in this burst mode. Even
with the high densities, and therefore mass-loss rates, that we measure for the HH
jets in Carina, the total mass accumulated in this way is only a few percent of the
final stellar mass. Allowing for uncertainties of order a few in the current parameter
estimates – e.g., the number of outbursts, jet velocities, the outflow lifetime for
intermediate-mass stars, and the outburst duty cycle – does not significantly increase
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the fraction of the final mass accreted. We propose two possible solutions to resolve
the large discrepancy between the final stellar mass and the amount of mass the
jet implies was accreted in outbursts. First, intermediate-mass stars may accrete
most of their mass earlier in their evolution. In this case, a smaller fraction of
the final mass will be accreted during the active jet-driving phase. Second, we
assume a jet efficiency that has been measured mostly for low-mass stars, with only
a few measurements of Herbig Ae and Be stars (the more evolved counterparts of
the intermediate-mass protostars studied here). If the jet efficiency is one or more
orders of magnitude lower than the assumed efficiency (Ṁw ≈ 0.01 − 0.001 × Ṁacc

instead of 0.1), the accretion rate will be correspondingly higher, leading to a factor
of 10 or more increase in the estimate of the mass accreted in outbursts.
Finally, the HH jets in Carina are distributed throughout the nebula, and therefore provide a probe of different environments subject to different amounts of massive
star feedback. We detect relatively strong jets from relatively young protostars relatively far from the majority of the ionizing sources (Tr14 and Tr16, see Figure 6.27

and Chapter 6). However, some of the strongest jets in Carina lie close to the massive stars (e.g. HH 900, HH 901, and HH 902, see Chapters 2 and 4). The only
jet-driving protostars that remain undetected inside opaque and compact globules
reside within a few pc of Tr14 and/or Tr16. The driving sources of the jets found
in this portion of the nebula tend to fall into one of two camps – undetected or
almost completely unobscured. This suggests that feedback from nearby massive
stars either (a) forces the natal globule to compress to high densities that obscure
the jet-driving source or (b) completely ablates the circumstellar envelope, leaving
an apparently bare protostar that drives a jet. Testing the strength of the jet as a
function of environment will be an important test of the role of feedback in shaping
star formation in regions where massive stars are already on the main sequence.
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7.3 Future prospects
The irradiated jets in the Carina Nebula offer an unusual opportunity for strong
constraints at the high angular resolutions available at shorter wavelengths with
HST, allowing us to demonstrate that even at the high end of the intermediatemass range (∼ 8 M⊙ ) protostars drive powerful, collimated jets with sustained
high accretion rate episodes. Using this “outside in” approach to constrain the
formation of intermediate-mass stars requires assuming some properties of low-mass
stars that may not necessarily hold true at higher masses. For example, to estimate
the accreted mass based on the jet mass-loss rate assumes that the outflow efficiency
remains the same at the highest masses. This is to be expected if the same accretionpowered jet physics holds over several orders of magnitude (see Chapter 1 and, e.g.
Livio, 2004). However, if the accretion mechanism changes toward higher masses,
this may change how the outflow gets launched, leading to the smaller detection
rate and apparently poor collimation of the outflows from massive stars. Clarifying
the relationship between accretion and outflow in massive stars is therefore crucial
for interpreting spatially resolved outflows as historical records of accretion.
Building a more complete picture of the formation of intermediate-mass stars
requires surveying many sources to develop a global picture of stellar mass assembly through this critical transition. Capturing the active accretion of young
intermediate-mass protostars requires going to longer wavelengths, where this process can be observed through the larger column densities obscuring early evolutionary stages. Recent spectroscopic studies have investigated the use of various
near-IR emission lines as tracers of accretion onto intermediate-mass protostars
(e.g. Donehew and Brittain, 2011; Mendigutı́a et al., 2011; Cauley and Johns-Krull,
2014). Both observations and theory suggest that the jet mass-loss rate, Ṁjet , is
a fraction of the disk accretion rate, Ṁacc . Measurements of a sample of nearby,
low-mass sources for which the disk accretion paradigm has been studied in detail
suggest Ṁjet ∼ 0.01 − 0.1 × Ṁacc (Hartigan et al., 1995; Calvet, 1998). Along with

the outflow morphology and kinematics, the Ṁjet /Ṁacc ratio is one of the most
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powerful discriminants between different theories of jet launch and collimation (e.g.
Shu et al., 1994a; Ouyed and Pudritz, 1999; Pudritz et al., 2006).
However, it is unclear how the Ṁjet /Ṁacc ratio evolves toward higher masses,
as direct measurements currently exist for only a few intermediate-mass objects
(see, e.g. Ellerbroek et al., 2013). Smooth extension of this efficiency to higher
masses provides additional evidence that more massive stars grow via disk accretion
(Königl, 1999). Fortunately, with new immersion grating spectrographs like iSHELL
(Rayner et al., 2012) on the InfraRed Telescope Facility (IRTF), it will be possible to
obtain simultaneous high spectral resolution observations of accretion and outflow
tracers in intermediate-mass stars. Determining the Ṁjet /Ṁacc ratio for a large
sample of intermediate-mass stars is a crucial test whether the physics of low-mass
stars can be scaled to higher masses. Similar outflow efficiencies regardless of mass
and observational tracer argues strongly for intermediate-mass stars forming via the
same accretion physics as low-mass stars.
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