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ABSTRACT

This dissertation presents the results of three related projects, each focusing on
an aspect of the massive stars in the Carina Nebula and how they impact their
surroundings. First, I use the proper motions of dense gas ejected by n Carinae to
show that this luminous blue variable (LBV) has experienced major eruptions not
just once but three times in the past millennium. The three eruptions show distinctly
different symmetries: the thirteenth-century event was essentially one-sided, while
the sixteenth-century event and the nineteenth-century Great Eruption were bipolar
but not aligned with each other. These observations provide new constraints to
theoretical models of 7 Car and LBVs. In the second project, I constrain the proper
motions of five other massive stars in the Carina Nebula. Each of these five has a
stellar wind bow shock, but I find that none are runaway stars. In two cases, the
bow shocks, which face a cluster that is driving large-scale flows of ionized gas, point
at right angles to the motion of their stars. In the other three cases, both feedback-
driven gas flows and stellar motion may be factors in setting bow shock orientation.
The third section of this dissertation is a survey of the radial velocities of the Carina
Nebula’s full O-star population, combining new spectroscopy with a thorough review
of values from the literature. The radial velocity distribution supports a common
distance to the region’s various clusters and subclusters. Comparison to molecular
gas velocities shows that feedback from the Trumpler 16 cluster (home to n Car),
has accelerated a dense cloud toward us and possibly triggered additional massive-
star formation. Comparison to ionized gas velocities shows that the feedback-driven
expansion of the H II region is not spherical and is likely constrained by an unseen

dense cloud on the far side.
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CHAPTER 1

INTRODUCTION

Massive stars are big, bright, and critical to the Universe. Although their lives are
short in astronomical terms, massive stars pump enormous amounts of energy and
momentum into their surroundings, shining 10*-10° times brighter than our Sun.
At death, they explode, distributing heavy elements into the interstellar medium
(ISM) and briefly rivaling the luminosity output of entire galaxies. Yet despite the
importance of massive stars, many aspects of their environments and their evolution
remain poorly understood.

A “massive” star is one that will, in the eventual course of its evolution,
ignite non-degenerate carbon burning in its core, kicking off a several-hundred-
year sequence that leads to a core-collapse supernova. Such an end requires a
minimum initial mass of 810 Mg (e.g., Smartt, 2009; Ibeling and Heger, 2013;
Woosley and Heger, 2015). While on the main sequence, these are OB stars, a
term that covers the full range of O spectral types and the earliest (hottest)
B spectral types (B0-B3). Once off the main sequence, massive stars can
take on many different spectral types: red and blue supergiants, yellow hyper-
giants, luminous blue variables, and classical Wolf-Rayet stars. The overwhelm-
ing majority of massive stars belong to binary or higher-order multiple systems
(Garmany et al., 1980; Mason et al., 2009; Chini et al., 2012; Sana et al., 2012,
2013, 2014; Kobulnicky et al., 2014; Moe and Di Stefano, 2017), and many will in-
teract or even merge with their companions over the course of their lives (Sana et al.,
2012; de Mink et al., 2014). These systems are not spread randomly across a galaxy,
but instead group together in clusters and associations.

This dissertation concentrates on the massive stars of the Carina Nebula, a large
star-forming region in the southern-hemisphere sky. This chapter presents the scien-

tific context for my research, exploring what is known (and unknown) about the lives
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and influence of massive stars. Section 1.1 describes the processes by which massive
stars impart feedback to their environment and introduces the concept of triggered
star formation. Section 1.2 provides a tour of the Carina Nebula and an overview
of n Carinae, its most famous member. Section 1.3 discusses OB associations: what
they are and how they might form. Section 1.4 closes out the chapter with an outline

of the three research projects that make up the body of this dissertation.

1.1 Feedback from Massive Stars

The energy and momentum transferred from astronomical objects to their environ-
ment is known as feedback. Not all feedback is stellar in origin—the supermassive
black holes of active galactic nuclei can provide their fair share in certain con-
texts (e.g., Fabian, 2012)—but stellar feedback acts in every galaxy on every scale.
Feedback contributes to the dispersal of protoplanetary disks (Johnstone et al.,
1998; Storzer and Hollenbach, 1999; Adams et al., 2004; Balog et al., 2007, 2008);
shapes molecular gas into pillars and globules (Frieman, 1954; Reipurth,
1983; Lefloch and Lazareff, 1994; Williams et al., 2001; Mizuta et al., 2006;
Mackey and Lim, 2010; Gritschneder et al., 2010; Tremblin et al., 2012); regulates
the efficiency of star formation (e.g., Whitworth, 1979; Mac Low and Klessen, 2004;
Fall et al., 2010; Hopkins et al., 2011; Agertz and Kravtsov, 2015); blows superbub-
bles in galactic disks (Mac Low and McCray, 1988; Heiles, 1990; Krause and Diehl,
2014); and powers multi-kpe galactic outflows (Chevalier and Clegg, 1985;
Murray et al., 2005; Veilleux et al., 2005; Nath and Silk, 2009; Murray et al., 2011;
Creasey et al., 2013). On an even larger scale, feedback from massive stars was
a dominant contributor to the reionization of the Universe (e.g., Fan et al., 2006;

Hassan et al., 2017).

1.1.1 Feedback mechanisms

Ionizing radiation, stellar winds, and supernovae: the typical introductory statement

on the importance of massive stars lists these three feedback processes, each of
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which makes several different contributions to the overall feedback budget. Below, I
provide an overview of the physics of each of these mechanisms and their effects on
the ISM. I also address a fourth feedback channel, protostellar outflows, that arises

during the formation of stars of all masses.

Tonizing radiation:

A photon with energy £ > 13.6 eV (equivalent to wavelength A\ < 912 A) is
capable of unbinding the electron of a hydrogen atom. The rate at which stars emit
ionizing photons is a strong function of their effective temperature. For instance,
an O3 star with T, ~ 45,000 K produces approximately 16 times as much ioniz-
ing flux as an O8 star with Teg ~ 35,000 K (Martins et al., 2005). The ionizing
contribution from stars with spectral types later than about B2 (T.s ~ 20,000 K;
Drilling and Landolt, 2000) is generally considered negligible. Perhaps conveniently
for astronomers, the boundary in initial mass between stars that do and do not emit
much ionizing radiation is essentially equivalent to the boundary between stars that
do and do not end their lives as core-collapse supernovae.

Thanks to their ionizing radiation, massive stars are surrounded by bubbles of
ionized gas known as H II regions. The size of an H II region is determined by the
balance between ionization and recombination (Stromgren, 1939), but the situation
is not static. The ionized gas has a temperature of ~ 10* K, much warmer than the
cool (< 100 K), neutral gas around it. The gas inside an H II region therefore has a
much higher thermal pressure than its surroundings and will expand until pressure
balance is reestablished. It pushes out on the denser material around it, thereby
doing work on the ISM. H II region expansion occurs at about the speed of sound
within it, ~ 10 km s~

In ionized gas, the recombination rate per unit volume is a function of the square
of the particle density, so as an H II region expands due to its thermal pressure,
the total number of recombinations decreases and more ionizing photons reach its
boundaries. Consequently, the ionization front eats it way further into the surround-

ing neutral material. In what is known as the “rocket effect,” (Oort and Spitzer,
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1955; Bally and Scoville, 1980; Bertoldi and McKee, 1990), the newly photoionized
and heated gas expands back into the lower density of the H II region’s interior,
transferring an equal and opposite amount of momentum to its natal neutral cloud.
The neutral dense gas can thereby be accelerated to velocities of 10-20 km s™! or
even more, depending on the amount of mass it has lost. In models, the rocket effect
is not often distinguished from the general thermal expansion of H II regions; where
they are treated separately, the rocket effect may be the more important factor in
the transfer of momentum (Dale, 2017).

Photons of all wavelengths can also transfer momentum directly to the ISM
when they are scattered or absorbed by particles in their path. Under the right
conditions, this direct radiation pressure could drive the expansion of an H II re-
gion at velocities greater than the sound speed of ionized gas (Dale et al., 2012,
2013a). It may be a significant component of feedback in massive starburst regions
(Krumholz and Matzner, 2009), particularly during the early stages of their devel-
opment (Silich and Tenorio-Tagle, 2013), and in the extreme star-forming environ-
ments of ultraluminous infrared galaxies (ULIRGs; Murray et al., 2010). However,
in typical local H II regions, direct radiation pressure seems to be unimportant
compared to the thermal pressure of ionized gas (Lopez et al., 2014), although its
significance depends on how “direct radiation pressure” is defined and measured.
Lopez et al. (2011) adopted a straightforward definition of pressure as energy den-
sity, and concluded that direct radiation pressure is the dominant form of feedback
in the interior of the giant H II region 30 Doradus. Pellegrini et al. (2011, see also
Povich 2012) disagreed, arguing that radiation pressure can only be relevant where
it can act on dense gas (i.e., at the edges of H II regions rather than in their optically
thin interiors).

Further radiation pressure comes from dust heated by stellar radiation: dust
particles re-radiate their energy in the infrared, where it can be absorbed or scattered
by additional dust. If the cloud around an H II region has a sufficiently high dust
opacity, the “trapped” infrared light may make a noticeable contribution to the total

radiation pressure in the region (Hopkins et al., 2011; Krumholz and Thompson,
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2012). But as with direct radiation pressure, the relative importance of this effect is
debated. Krumholz and Matzner (2009) argue that infrared radiation will never be
completely trapped, and the simulations of Skinner and Ostriker (2015) find that
its effect on H II region pressures is only significant when the dust abundance is
highly enhanced or the metallicity is greater than solar. Lopez et al. (2011, 2014)
observed that infrared radiation pressure in H II regions is never greater than the
thermal pressure of photoionized gas, at least at the sub-solar metallicities of the
Magellanic Clouds.

Stellar population synthesis (SPS) models combine stellar evolutionary tracks,
star formation histories, and initial mass functions to compute the total expected
ionizing flux (and stellar wind energy and supernova rate) of a particular stellar
population at a particular metallicity. These values are then used as input to
galaxy-scale simulations (e.g., Hopkins et al., 2014). Most SPS models, like the pop-
ular Starburst99 code (Leitherer et al., 1999, 2014), consider only single stars and
avoid the “free-parameter heaven” (Gallagher, 1989) of binary interactions. But
some models, notably BPASS (Eldridge et al., 2008, 2011; Eldridge and Stanway,
2009, 2012), have begun to explore the effects of binary evolution on the predicted
outputs. Mergers and mass accretion produce stars that are hotter and brighter
than expected for their age (Eldridge and Stanway, 2009; Stanway et al., 2016, see
also van Bever and Vanbeveren 1998; Schneider et al. 2014), while mass loss through
Roche-lobe overflow results in fewer red supergiants and more Wolf-Rayet stars (e.g.,
Eldridge et al., 2008). SPS models that include binaries thus produce higher ioniz-
ing fluxes for longer times and are better able to reproduce the observed spectral line

ratios of high-redshift galaxies (Eldridge and Stanway, 2012; Stanway et al., 2014).

Stellar winds:

In the atmospheres of hot stars, the absorption and scattering of ultraviolet
photons by metal ions transfers momentum from radiation to matter, driving a stel-
lar wind (Lucy and Solomon, 1970; Castor et al., 1975). In main-sequence O-type

stars, wind-driven mass-loss rates amount to 107-107% My yr=! (de Jager et al.,
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1988; Vink et al., 2001; Smith, 2014). It was recently recognized that the stan-
dard observational diagnostics of O-star winds were overestimating mass-loss rates
by up to an order of magnitude because they failed to account for inhomogeneities
(“clumps”) in the wind (Bouret et al., 2005; Fullerton et al., 2006; Puls et al., 2006).
As a consequence, there is currently a great deal of uncertainty about the impor-
tance of main-sequence winds in massive-star evolution and feedback (see Puls et al.,
2008; Smith, 2014). Most stellar evolutionary codes, including the Geneva models
(Ekstrom et al., 2012; Georgy et al., 2013) and the PARSEC tracks (Bressan et al.,
2012; Tang et al., 2014; Chen et al., 2015), have not yet revised their applied mass-
loss rates to reflect the new data.

Regardless of their exact mass-loss rates, the winds of main-sequence O-type
stars are fast, reaching velocities of 1000-3000 km s™! (Kudritzki and Puls, 2000,
and references therein). At the interface between the stellar wind and surround-
ing ISM, layers of gas in both wind and ISM are shock-heated to temperatures of
105-10” K. The hot gas subsequently expands due to its high thermal pressure,
but it may not be a substantial factor in the dynamics of massive star-forming re-
gions (e.g., Dale et al., 2013b, 2014; Geen et al., 2015). Diffuse X-ray emission from
wind-shocked hot gas has been detected in many such regions (Townsley et al.,
2006, 2011a; Giidel et al., 2008; Lopez et al., 2014), but the observed X-ray lu-
minosities and associated thermal pressures are much lower than what would be
expected from simple models of wind-blown bubbles (Harper-Clark and Murray,
2009; Lopez et al., 2011, 2014, although see Pellegrini et al. 2011). The hot
gas may be escaping through inhomogeneities in the surrounding dense gas
(Harper-Clark and Murray, 2009) and/or losing heat through turbulent mixing with
cooler material (Rosen et al., 2014).

As massive stars evolve off the main sequence, their winds and mass-loss rates
evolve, too. The defining features of Wolf-Rayet spectra are their broad, strong emis-
sion lines originating in strong stellar winds. As in main-sequence OB stars, these
winds are line-driven and reach terminal velocities of 1000s km s~*, but their mass-

loss rates are orders of magnitude higher at 1075-107* M, yr~! (Vink and de Koter,
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2005; Crowther, 2007; Puls et al., 2008). Increased shock-heating when Wolf-Rayet
winds “turn on” is clearly discernible in models of cluster feedback evolution
(Rogers and Pittard, 2014). Red supergiants, on the other hand, drive an entirely
different sort of stellar wind: dust forms in their cool, extended atmospheres and is
accelerated outward by radiation pressure (Gehrz and Woolf, 1971). Although their
mass-loss rates are comparable to those of Wolf-Rayet stars (de Jager et al., 1988;
van Loon et al., 2005; Mauron and Josselin, 2011), the winds of red supergiants have
much slower velocities (10-20 km s™!) and do not shock-heat the surrounding ISM

to the same kinds of high temperatures.

Supernovae:

Of the ~ 10% erg of energy released in a single core-collapse supernova, 99% is
in the form of neutrino emission (Colgate and White, 1966) that passes through the
ISM with essentially no effect. Most of the remaining ~ 10°! erg is the kinetic energy
of the supernova ejecta, while ~ 10 erg is emitted as radiation (e.g., Chevalier,
1977). Exploding outward at 10* km s}, the ejecta rapidly sweep up the surround-
ing ISM and shock-heat gas to temperatures on the order of 10" K. Dynamically,
supernova-shocked hot gas behaves like wind-shocked hot gas, and it expands due
to its high thermal pressure. In star-forming regions that are old enough to have
experienced supernovae, the relative contributions of winds and supernovae to the
X-ray-emitting hot gas can be difficult to separate (e.g., Townsley et al., 2011a,b).

Even the most massive stars, burning through their nuclear fuel hottest and
fastest, live for at least 3 Myr or so. Consequently, supernovae cannot be a major
source of feedback during the early development of stellar clusters (see discussions
in Krumholz and Matzner, 2009; Fall et al., 2010), although they may act to trigger
star formation in neighboring molecular clouds (see Section 1.1.2). On galactic
scales, however, the effect of supernova feedback is enhanced by the time delay.
Supernovae generally explode into diffuse, warm H II bubbles created by stellar
radiation, where the supernova shock loses less energy to radiative cooling than it

would in a dense medium (Thornton et al., 1998; Cho and Kang, 2008). The hot gas
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tends not to remain confined in the H II cavity; rather, it escapes into the galactic
halo through low-density holes carved by prior feedback (e.g., Hopkins et al., 2012;
Rogers and Pittard, 2013). Galactic simulations have begun to account for this
coupling between the various forms of feedback, finding that the observed properties
of galactic outflows and hot halo gas are only reproduced when supernovae go off
in diffuse environments (e.g., Wise et al., 2012; Creasey et al., 2013; Gatto et al.,
2015; Girichidis et al., 2016).

Protostellar outflows:

Protostars of all masses launch bipolar outflows during the accretion phase of
star formation (Lada, 1985; Welch et al., 1985; Parker et al., 1991; Bontemps et al.,
1996; Bally, 2016). Unsurprisingly, massive protostars have the highest mass-loss
rates and kinetic energies (Shepherd and Churchwell, 1996). Outflows drive turbu-
lence in the ISM (Li and Nakamura, 2006; Matzner, 2007) and are the dominant
feedback mechanism in low-mass star-forming regions (e.g., Matzner and McKee,
2000). However, even massive protostellar outflows inject relatively little energy
and momentum compared to the radiation and winds of main-sequence massive
stars, and so protostellar outflows are generally neglected in studies of feedback in
massive clusters (e.g., Lopez et al., 2011, 2014).

Nevertheless, protostellar outflows may still play an important, albeit indirect,
role in the feedback from massive star-forming regions: they may be a key factor
in setting stellar masses. In many simulations, outflows act to disperse protostellar
envelopes, reducing accretion rates onto young stars and lowering their final masses
(Adams and Fatuzzo, 1996; Matzner and McKee, 2000; Myers, 2008; Li et al., 2010;
Wang et al., 2010; Federrath et al., 2014). Alternatively, if accretion onto massive
protostars is limited by radiation pressure, outflows might increase accretion rates
and promote massive-star formation by opening low-density channels through which

radiation can escape (Krumbholz et al., 2005a; Cunningham et al., 2011).
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1.1.2 Triggered star formation

To first order, massive stars have a negative effect on the star formation rate around
them. As described above, their feedback destroys and/or disperses the dense molec-
ular gas from which stars form. In certain circumstances, however, massive-star
feedback can induce gravitational collapse in dense gas and thereby trigger star for-
mation. There are two primary mechanisms by which triggering might occur, both
involving the shock front that precedes the expanding ionization front of an H II
region. Similar processes can occur at the shock front of a supernova.

The first type of triggered star formation is the collect-and-collapse model
(Elmegreen and Lada, 1977; Whitworth et al., 1994; Hosokawa and Inutsuka, 2005;
Dale et al., 2007a). As the shock and ionization fronts propagate into a molec-
ular cloud, a shell of dense, cool gas accumulates between them. Eventually,
the density of the shell becomes sufficiently high for it to fragment into self-
gravitating cores, beginning the process of star formation. Early models of this pro-
cess (Elmegreen and Lada, 1977; Whitworth et al., 1994) indicated that collect-and-
collapse triggering favored the formation of massive stars. But more recent hydrody-
namic simulations of triggered star formation (Dale et al., 2007b; Dale and Bonnell,
2012) do not find an overproduction of massive stars compared to spontaneous (non-
triggered) star formation.

The second type of triggered star formation is known as radiation-driven implo-
sion (RDI; Sandford et al., 1982; Bertoldi, 1989; Kessel-Deynet and Burkert, 2003;
Bisbas et al., 2011). In this model, existing dense clumps within a molecular cloud
are compressed by the passage of the shock front and become unstable to gravita-
tional collapse. Because the gas does not have to be first swept up into a shell, RDI
can occur more quickly than collect-and-collapse triggering (< 1 Myr versus 1-3
Myr) and on smaller spatial scales (< 1 pc versus 5-20 pc).

A multitude of observational studies have found signs that collect-and-
collapse and/or RDI triggering have occurred around massive star-forming re-

gions (e.g., Lada et al., 1978; Sugitani et al., 1991; Sugitani and Ogura, 1994;
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Sugitani et al., 2002; Deharveng et al., 2003; Karr and Martin, 2003; Oey et al.,
2005; Zavagno et al., 2007; Deharveng et al., 2009; Ohlendorf et al., 2013;
Walch et al., 2015, and see compilation in Dale et al. 2015). The usual cited ev-
idence is a concentration of young stars in pillars or cometary clouds or otherwise
along the edges of H II regions. Based on the association of massive young stellar
objects with H II bubbles, Kendrew et al. (2012) and Thompson et al. (2012) es-
timate that 20-30% of the Milky Way’s massive stars formed via triggered star
formation. In addition, our own Solar System may be the product of trigger-
ing. The daughter species of 2°Al, ®Fe, and other short-lived radioactive isotopes
have been detected in meteorites (e.g., Lee et al., 1976a,b; Tachibana and Huss,
2003), indicating that a supernova occurred relatively close in time and space to
the birth of the Sun (Hester and Desch, 2005; Tachibana et al., 2006). The Sun’s
formation may have been triggered by the supernova itself (Cameron and Truran,
1977; Krebs and Hillebrandt, 1983; Cameron et al., 1995; Vanhala and Boss, 2002;
Gritschneder et al., 2012), by the supernova progenitor star (Hester and Desch,
2005), or by a series of several stellar generations (Gounelle and Meynet, 2012).
Yet despite its probable importance as a mechanism of star formation, defini-
tive evidence for triggering remains elusive (see Dale et al., 2015). Our Sun could
have formed spontaneously and had its protostellar disk “polluted” by a coinci-
dental nearby supernova (Chevalier, 2000; Ouellette et al., 2007; Parker and Dale,
2016). The young stars observed at the edges of H II regions could have formed
spontaneously and simply been revealed when their natal dense gas was dispersed
by feedback. In the simulations of Dale et al. (2012, 2013a), observed proximity to
an ionization front or pillar increases the chances that any given star was triggered,
but does not guarantee it. Dale et al. (2013a) also found that age gradients (i.e.,
when the youngest stars are farthest from the initial feedback source) occur in both
triggered and spontaneous stellar populations. Since triggered stars are expected
to inherit the outward velocities of their feedback-accelerated natal gas, it has been
proposed that stellar kinematics might offer a way to distinguish between triggered

and spontaneous populations (e.g., Elmegreen, 2011, but see Dale et al. 2012, 2015).
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1.2 The Carina Nebula

The effects of stellar feedback are on striking display in the Carina Nebula,! also
known as NGC 3372 or the Great Nebula in Carina. This region is home to up-
wards of 200 massive stars, including more than 70 O-type stars (Gagné et al., 2011;
Alexander et al., 2016) and the luminous blue variable n Carinae (n Car; see Sec-
tion 1.2.2). Together, those massive stars pump out nearly 105! ionizing photons
per second along with 10° L, in wind energy (Smith, 2006a), powering a giant H II

L about the observed mean gas velocity

region that is expanding at £15-20 km s~
(Gardner et al., 1970; Deharveng and Maucherat, 1975; Huchtmeier and Day, 1975;
Walborn and Hesser, 1975; Azcarate et al., 1981; Walsh, 1984; Brooks et al., 2001;
Smith et al., 2004; Damiani et al., 2016). The Carina Nebula complex, which ex-
tends more than 30 pc in diameter (e.g., Smith et al., 2000), also contains about
3 x 105 My of molecular gas (Yonekura et al., 2005; Rebolledo et al., 2016). A
further ~ 10 M of neutral atomic gas is present in photodissociation regions
warmed by non-ionizing radiation (Smith and Brooks, 2007; Preibisch et al., 2012).
New stars are born in the Carina Nebula at an estimated rate of 0.01-0.02 Mg, yr—*
(Smith et al., 2010c; Povich et al., 2011a; Gaczkowski et al., 2013), making up ~ 1%
of the ongoing star formation in the Milky Way (Murray and Rahman, 2010;
Robitaille and Whitney, 2010; Chomiuk and Povich, 2011; Licquia and Newman,
2015).

The large size of the Carina Nebula is especially apparent when compared to
the nearest massive star-forming region, the Orion Nebula Cluster (ONC). The
ONC contains just 20 massive stars (Muench et al., 2008), with a total ionizing
luminosity two orders of magnitude below that of the Carina Nebula (Smith, 2006a).
While the Carina Nebula is not quite as extreme as starburst clusters like NGC
3603 (Moffat et al., 2002), the Arches Cluster (Figer et al., 2002), and 30 Doradus
(Doran et al., 2013; Walborn et al., 2014), it offers our closest and least obscured

'Not to be confused with the Carina Dwarf, a faint dwarf spheroidal galaxy in orbit around the

Milky Way (Cannon et al., 1977).
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opportunity to study a starburst-like feedback-rich environment.
Below, I provide a tour of the clusters, pillars, and other scientifically interesting
features in the Carina Nebula. For a map, the reader is referred to Figures 3.1 and

4.1 in this dissertation and to the review by Smith and Brooks (2008).

1.2.1 Structure and stellar content

Trumpler 16:

The densest stellar populations in the Carina Nebula are found in Trumpler (Tr)
14 and Tr 16, the pair of clusters at the center of the complex. Tr 16, the home of
71 Car, is slightly more massive than its neighbor. Its stellar population is clumped
into more than a half-dozen subclusters, with no single group dominating in terms
of size and location (Wolk et al., 2011). Tr 16 is believed to be ~ 3 Myr old, based
primarily on the fact that the extremely massive n Car (see Section 1.2.2) has evolved
off the main sequence but has not yet exploded (e.g., Massey and Johnson, 1993;
Smith, 2006a). There has been some suggestion from analyses of color-magnitude
diagrams that Tr 16’s lower-mass stellar population first started forming 6-10 Myr
ago (DeGioia-Eastwood et al., 2001; Tapia et al., 2003).

The distance to n Car, 2.3 kpc, is known quite precisely from fits to the three-
dimensional expansion of its circumstellar Homunculus Nebula (Allen and Hillier,
1993; Davidson et al., 2001; Smith, 2006b). It is also quite clear that n Car is in-
side Tr 16—rather than in the foreground or background—because n Car’s light
is reflected by other gas in the cluster (Walborn and Liller, 1977) and because
n Car blocks only the receding component of the nebular emission from Tr 16’s
H II region (Allen, 1979). Prior to the n Car measurements, Tr 16’s distance
was derived from main-sequence fitting, usually coming out in the 2.2-3.2 kpc
range (Feinstein et al., 1973; Walborn, 1973; The et al., 1980a,b; Tapia et al., 1988;
Massey and Johnson, 1993; Tapia et al., 2003) but occasionally reported to be as
high as 4.0 kpc (Carraro et al., 2004). More recent references, including this dis-
sertation, adopt the 2.3 kpc from n Car, but the matter is still not entirely settled.
Hur et al. (2012) argue for a photometric distance of 2.9 kpc.
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The spread in distances found for Tr 16 (and the other components of the Ca-
rina Nebula, as described below) may be partially the result of the effect of stellar
feedback on dust grains. Accurate photometric distances depend on a correct ac-
counting of how much light at various wavelengths has been absorbed and scattered
by intervening dust. The ratio of total-to-selective extinction, Ry = Ay /E(B —V),
is observed to be 4-5 in the Carina Nebula (Herbst, 1976; Forte, 1978; The et al.,
1980a,b; Smith, 1987; Tovmassian et al., 1994; Carraro et al., 2004; Povich et al.,
2011b; Mohr-Smith et al., 2017), compared to the normal interstellar value of ~ 3.1
(e.g., Rieke and Lebofsky, 1985). High values of Ry are attributed to larger-than-
average grain sizes (Cardelli et al., 1989; Draine, 2003), which are often generically
explained as coming from grain growth in dense environments. In massive star-
forming regions, it seems more likely that small grains have been preferentially
destroyed and/or blown out by shocks and high-energy radiation (McCall, 1981;
Smith, 1987; Cardelli and Clayton, 1988).

Trumpler 14:

The Carina Nebula’s second major cluster, Tr 14, lies about 15" (10 pc at 2.3
kpc) to the northwest of Tr 16. It has a more compact, spherical structure than
its neighbor, with a well-defined central core (Ascenso et al., 2007; Feigelson et al.,
2011). Its most massive member is HD 93129Aa, the primary star in a close bi-
nary system (Nelan et al., 2004, 2010) whose spectrum defined first the O3 super-
giant (Walborn, 1971) and then the O2 supergiant spectral types (Walborn et al.,
2002b). HD 93129Aa alone contributes about 10% of the total ionizing flux of
the Carina Nebula (Smith, 2006a). Tr 14’s stellar population also includes three
main-sequence 03.5 stars (Walborn et al., 2002b; Nelan et al., 2004; Smith, 2006a),
each weighing in at around 50 My. It is widely agreed that Tr 14 is between 0.5
and 2 Myr old and hence slightly younger than Tr 16, based on isochrone fitting
(Morrell et al., 1988; Penny et al., 1993; Vazquez et al., 1996; Carraro et al., 2004;
Rochau et al., 2011) and the fact that Tr 14 is more closely associated with molecu-

lar gas (de Graauw et al., 1981; Brooks et al., 2003; Tapia et al., 2003). Parts of its



24

lower-mass population may be up to 5 Myr old (Tapia et al., 2003; Ascenso et al.,
2007).

Most photometric studies of the region have concluded that Tr 14 is at the
same distance as Tr 16, regardless of exactly what distance they calculated that to
be (Feinstein et al., 1973; Walborn, 1982a,b; Turner and Moffat, 1980; The et al.,
1980a,b; Tapia et al., 1988; Cudworth et al., 1993; Massey and Johnson, 1993;
Tovmassian et al., 1994; Tapia et al., 2003; Walborn, 1995; Hur et al., 2012). From
observations of ?CO, de Graauw et al. (1981) concurred, sketching a model of a sin-
gle elongated H II region enclosed by a partial shell of molecular gas. Although oc-
casional analyses have argued otherwise—Walborn (1973) and Morrell et al. (1988)
argued that Tr 14 is a kpc or so further away than Tr 16, while Carraro et al. (2004,
who found an unusually high distance for Tr 16) saw Tr 14 as the closer cluster—it
seems most likely that the two clusters are closely related. Smith et al. (2003a) and
Smith (2006a) propose that Tr 14 is more distant than its neighbor, but only by
10-20 pc, since proplyds and dense pillars seen in silhouette near Tr 14 point toward

Tr 16 and 1 Car (see also Smith et al., 2010a).

Bochum 11, Collinder 228, and the South Pillars:

Early far-infrared observations did not find any evidence of ongoing star forma-
tion around Tr 14 and Tr 16 (Harvey et al., 1979; Ghosh et al., 1988), and so for
decades it was assumed that the Carina Nebula’s current star formation rate was
negligible. That view changed dramatically when wide-field mid-infrared imaging
revealed the South Pillars, a complex of dusty pillars extending 20-30 pc south of
Tr 16 (Smith et al., 2000; Rathborne et al., 2004). The heads and bright edges of
the pillars face Tr 16, indicating that they were sculpted by feedback from that
cluster’s massive stars. The South Pillars are replete with star formation, with
> 1000 protostars and pre-main-sequence stars detected in Spitzer and Herschel
surveys (Smith et al., 2010c; Povich et al., 2011b; Gaczkowski et al., 2013). Partic-
ularly striking is the “Treasure Chest,” a very young (< 0.1 Myr) cluster emerging
from the head of one of the large pillars (Hagele et al., 2004; Rathborne et al., 2004;
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Smith et al., 2005b). Dozens of protostellar jets, some bent by direct massive-star
feedback or by photoevaporative flows off the molecular pillars, have also been de-
tected across the region (Smith, 2004; Smith et al., 2010a; Ohlendorf et al., 2012;
Reiter and Smith, 2013, 2014; Hartigan et al., 2015).

In addition to the extensive pre-main-sequence population, the South Pillars
contain about half of the Carina Nebula’s massive stars. There are two named open
clusters, Bochum 11 (Bo 11) and Collinder 228 (Cr 228). Bo 11, approximately
30’ (20 pc at 2.3 kpc) southeast of Tr 16, has been poorly studied aside from its five
O-type stars. Isochrone analysis gives it an age of 3-5 Myr (Fitzgerald and Mehta,
1987; Patat and Carraro, 2001; Preibisch et al., 2011a), but it has also been reported
as much younger (< 1 Myr; Smith and Brooks, 2008).

Cr 228 is formally centered 24" (16 pc at 2.3 kpc) southwest of Tr 16 (Wu et al.,
2009), but the name is often applied to the general distributed massive-star popu-
lation in the South Pillars. Although a few analyses put it somewhat in the fore-
ground (Feinstein et al., 1976; Forte, 1978; Carraro and Patat, 2001), most studies
concluded that it shares a common distance with Tr 14 and/or Tr 16 (Herbst, 1976;
Turner and Moffat, 1980; Tapia et al., 1988; Tovmassian et al., 1994; Massey et al.,
2001). Sometimes it was even treated as a continuous extension of Tr 16, with
their apparent separation merely an artifact of the dark dust lane that cuts across
the Carina Nebula (Walborn, 1973, 1995; Smith, 2006a; Smith and Brooks, 2008).
Analysis of its X-ray-detected stellar population indicates that it is distinct from
Tr 16, and that it is a collection of loose subclusters rather than a single coherent
group (Feigelson et al., 2011). Its age is poorly constrained, with estimates ranging
from 2 Myr (Massey et al., 2001) to 8 Myr (Carraro and Patat, 2001).

The ongoing star formation in the South Pillars looks very much like it was
triggered by feedback from Tr 14 and Tr 16 (Smith et al., 2010c; Gaczkowski et al.,
2013), but whether that triggering has resulted in the formation of new massive
stars is unclear. On the one hand, there is a late-type O star in the Treasure Chest,
still mostly surrounded by its natal pillar (Smith et al., 2005b). On the other hand,

Gaczkowski et al. (2013) detected no protostars with masses 2 20 M, anywhere in
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the South Pillars, leading them to conclude that the current round of star formation
is primarily limited to low- and intermediate-mass objects. The massive stars in Bo
11 and Cr 228, with their relatively uncertain ages, provide no definitive evidence

either way.

The WNH stars:

The massive-star population of the Carina Nebula also includes three late-type
hydrogen- and nitrogen-rich Wolf-Rayet stars, known as WNH stars. Classical
Wolf-Rayet stars, including typical nitrogen-rich WN stars, are post-main-sequence
helium-burning objects that have lost most or all of their hydrogen envelopes (e.g.,
Crowther, 2007). In contrast, WNH stars are the late main-sequence forms of
very massive stars (Crowther et al., 1995; Smith and Conti, 2008; Gréfener et al.,
2011)—the Wolf-Rayet designation is just the result of their high mass-loss rates
producing emission-line-dominated spectra. Together, the three WNH stars in the
Carina Nebula contribute nearly one-quarter of the total ionizing flux of the region
(Smith, 2006a).

One might expect these very bright, massive sources to be at the centers of
large clusters, but, rather puzzlingly, they are not. WR 25 (HD 93162) is on the
outskirts of Tr 16, and WR 24 (HD 93131) is in the main subgroup of Cr 228. Most
peculiarly, WR, 22 (HD 92740) is on the far western side of the region, about 30’ (20
pc at 2.3 kpc) from Tr 16 and well separated from other massive stars. Walborn
(1995) suggested that WR 22 and WR 24 originated in Tr 16 and migrated out
over their 2-Myr lifetimes, which would require them to have moderate tangential

velocities of ~ 10 km s~ 1.

Bochum 10, Collinder 232, and Trumpler 15:

There are a few other named components of the Carina Nebula that should
be mentioned. Tr 15 is a modest-sized cluster about 12’ (8 pc at 2.3 kpc) to the
north of Tr 14. It is a bit older than the central clusters, with an age of 5-10
Myr (Carraro, 2002; Wang et al., 2011) or more (Tapia et al., 2003). Its relation-
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ship to the rest of the Carina Nebula was not always clear (Thé and Vleeming,
1971; Walborn, 1973; Morrell et al., 1988), although photometric analyses tended
to suggest that it was at a similar distance (The et al., 1980a,b; Tapia et al., 1988;
Carraro, 2002; Tapia et al., 2003). Feigelson et al. (2011) and Wang et al. (2011)
confirmed its association to the rest of the region through the detection of a bridge
of X-ray-bright young stars between Tr 14 and Tr 15.

Cr 232 is a small cluster centered on two O-type stars about halfway between Tr
14 and Tr 16 on the north side. Walborn (1995) argued that it was not a physical
group, just an alignment of sources in the haloes of the larger clusters. However, it
appears as a distinct concentration of X-ray-detected stars (Feigelson et al., 2011),
confirming the hypothesis of Carraro et al. (2004) that it is a real, if sparse, stellar
aggregate.

Finally, Bo 10 is a loose open cluster, around 7 Myr old (Feinstein, 1981;
Fitzgerald and Mehta, 1987), located roughly 40’ (25 pc at 2.3 kpc) to the northwest
of Tr 14. Bo 10 seems to be at about the same distance as the rest of the Carina
Nebula (Fitzgerald and Mehta, 1987; Patat and Carraro, 2001), but is not interact-
ing with it in any way. Because of its size, its separation from the main clusters,
and its relatively older stellar population, Bo 10 is often excluded from studies of

the Carina Nebula, and it is not discussed any further in this dissertation.

1.2.2  The luminous blue variable n Carinae

The most massive and most famous stellar system in the Carina Nebula is n Cari-
nae, a remarkable binary star at the heart of Tr 16. The primary star has a cur-
rent mass of > 90 Mg (Davidson and Humphreys, 1997; Hillier et al., 2001), and
is orbited by a hot (Pittard and Corcoran, 2002; Mehner et al., 2010), ~ 30-M
companion on a highly eccentric, 5.5-year orbit (Damineli, 1996; Damineli et al.,
1997, 2000; Corcoran et al., 2001; Whitelock et al., 2004; Madura et al., 2012). The
stars themselves are well-hidden inside the bipolar Homunculus Nebula (Thackeray,
1949; Gaviola, 1950; Morse et al., 1998; Steffen et al., 2014), which has the high-
est apparent brightness at 10 and 20 pum of any object outside our Solar System
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(Westphal and Neugebauer, 1969). The dusty Homunculus has a mass of 10-15 M
(Smith et al., 2003¢; Smith and Ferland, 2007), and another 2-4 Mg, (Weis, 2012) or
more (Gomez et al., 2010) of clumpy ejecta are seen out to nearly half a parsec from
the stars. The ejecta are rich in helium and nitrogen, elements churned up from
the primary star’s interior during its post-main-sequence evolution (Davidson et al.,
1982, 1986; Dufour et al., 1997; Smith and Morse, 2004).

n Car belongs to a class of stars called luminous blue variables (LBVs). As
the name indicates, LBVs are bright, hot (at least when quiescent), and prone to
dramatic photometric variations. In “normal” LBVs, also known as S Doradus vari-
ables, mass-loss rates rise to 107°-10~* M, yr~! while the star cools and expands,
causing it to brighten at visual wavelengths while maintaining a relatively constant
bolometric luminosity (Humphreys and Davidson, 1994; van Genderen, 2001). Ex-
actly what causes these episodes, which last for years or decades, is unknown. A
star in radiative equilibrium cannot exceed its Eddington luminosity (Eddington,
1916), the point at which the outward push of radiation pressure is just bal-
anced by the inward pull of gravity. Single-star models of LBVs invoke super-
Eddington continuum-driven winds (Quinn and Paczynski, 1985; Owocki et al.,
2004; Owocki and Shaviv, 2016), possibly initiated by dynamical or opacity-induced
instabilities inside the star (Maeder, 1983; de Jager, 1984; Lamers and Fitzpatrick,
1988; Glatzel and Kiriakidis, 1993; Stothers and Chin, 1993; Glatzel, 1994).

What happened to n Car was much more extreme and even less well understood.
Its Homunculus was ejected in the 1840s (Currie et al., 1996; Smith and Gehrz,
1998; Morse et al., 2001), around the time it temporarily became the second-
brightest star in the night sky (Innes, 1903; Davidson and Humphreys, 1997; Frew,
2004; Smith and Frew, 2011). This Great Eruption released 10°° erg of kinetic en-
ergy (Smith et al., 2003c; Smith, 2008), or about 10% of the kinetic energy pro-
duced by a core-collapse supernova. Only one even vaguely comparable stellar
eruption, the seventeenth-century outburst of P Cygni (de Groot and Lamers, 1992;
Smith and Hartigan, 2006), has been directly observed in our Galaxy. Analogous ex-

tragalactic events are referred to as “supernova impostors” (e.g., Humphreys et al.,
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1999; Van Dyk et al., 2005; Smith et al., 2011, 2016).

The cause of giant eruptions like  Car’s remains a mystery. The energy require-
ments seem too high to be explained by S Doradus-like variability, although modified
single-star models cannot be ruled out. Binary interaction is another possibility, par-
ticularly because nineteenth-century observations n Car’s color and luminosity indi-
cate that the primary star’s radius was comparable to the periastron separation be-
tween the two components (see Smith, 2011). It has been proposed that tidal forces
spun up the primary star to the point of instability (Cassinelli, 1999), that the sec-
ondary star accreted mass from the primary (Soker, 2007; Kashi and Soker, 2010), or
even that the two stars physically collided (Iben, 1999; Smith, 2011). Alternatively,
the Great Eruption might have been the merger of the inner binary in a triple system
(Gallagher, 1989; ITben, 1999; Morris and Podsiadlowski, 2009; Podsiadlowski, 2010;
Portegies Zwart and van den Heuvel, 2016) or caused by a dynamical exchange be-
tween a close binary and an outer third companion (Livio and Pringle, 1998).

Another major question about LBVs, both normal and eruptive, is where they
fit into our schema of massive-star evolution. The traditional single-star view is
that all very massive stars go through an LBV phase. They shed their hydrogen en-
velopes and emerge as classical Wolf-Rayet stars (Humphreys and Davidson, 1994),
which then live for another 0.5 Myr or so (e.g., Meynet and Maeder, 2005) before
exploding as Type Ib/c supernovae. That paradigm has been challenged by obser-
vations of Type IIn supernovae (Schlegel, 1990; Filippenko, 1997), which show signs
of interaction with recently ejected circumstellar material (e.g., Benetti et al., 1998;
Chugai et al., 2004; Hoffman et al., 2008; Smith et al., 2008; Chatzopoulos et al.,
2011; Stritzinger et al., 2012; Zhang et al., 2012). In a few cases, LBV-like erup-
tions from a massive star have been directly observed months or years before its
supernova (Mauerhan et al., 2013; Ofek et al., 2013). This has led to the proposal
that LBVs are a final stage, rather than an intermediate step, in the evolution of
certain massive stars (Kotak and Vink, 2006; Gal-Yam et al., 2007; Smith et al.,
2007, 2010b; Kiewe et al., 2012; Groh et al., 2013; Justham et al., 2014; Smith,

2014). Further support for this scenario comes from the spatial distribution of
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LBVs: with the notable exception of np Car, they are more isolated than Wolf-Rayet
stars, the opposite of what would be expected if the former evolved into the latter
(Smith and Tombleson, 2015; Smith, 2016, but see Humphreys et al. 2016).

After the decade-long Great Eruption, n Car faded below its pre-nineteenth-
century visual luminosity (Davidson and Humphreys, 1997; Frew, 2004). It ex-
perienced a Lesser Eruption, much less dramatic than the first, around 1890
(Ishibashi et al., 2003; Smith, 2005), and ejected 0.1 Mg into a “Little Homuncu-
lus” (Ishibashi et al., 2003; Smith, 2005). It then remained largely unnoticed un-
til a sudden jump in magnitude around 1950 (de Vaucouleurs and Eggen, 1952)
and has been slowly brightening ever since (see Frew, 2004). Today, its multi-
wavelength photometric and spectroscopic variations are mostly tied to its binary cy-
cle, with every periastron approach generating a flurry of observational activity (e.g.,
Feast et al., 2001; Whitelock et al., 2004; Gull et al., 2006; van Genderen et al.,
2006; Nielsen et al., 2007; Davidson et al., 2015).

When it was on the main sequence, n Car provided about 20% of the Carina
Nebula’s ionizing luminosity. At the moment, though, it contributes almost no
ionizing photons, as its high-energy radiation is absorbed by its dense stellar wind
(Hillier et al., 2001; Smith et al., 2003b) and the dusty Homunculus. Its contribu-
tion to the Carina Nebula’s feedback budget will spike again when—possibly in the

very near future—it goes supernova.

1.3 OB Associations

Massive stars rarely live alone or even in isolated binary pairs; as in the Carina Neb-
ula, they tend to be found in groups of various sizes. Stellar groups that are grav-
itationally bound overall are called clusters, while unbound groups are called asso-
ciations (Ambartsumian, 1947, 1955). OB associations (i.e., associations containing
at least a handful of massive stars; Blaauw, 1964; Garmany, 1994) range from 10—
15 pe to > 200 pc across, with typical sizes around 80-100 pc (Garmany and Stencel,
1992; Magnier et al., 1993; Bresolin et al., 1996; Ivanov, 1996; Bresolin et al., 1998;
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Gouliermis et al., 2003), and often encompass multiple subgroups (Blaauw, 1964).
They may be the birthplaces of the majority of stars in the Galaxy (Miller and Scalo,
1978; Briceno et al., 2007).

Different authors have applied various criteria to determine whether a stellar
group is a bound cluster or an unbound association. Some use a cutoff in stellar mass
density (e.g., Lada and Lada, 1991), requiring that an association be vulnerable to
disruption by galactic tidal forces (< 0.1 My pc™3; Bok, 1934) or by the gravity of a
passing interstellar cloud (< 1 Mg, pc™?; Spitzer, 1958). Gieles and Portegies Zwart
(2011) proposed a dynamical definition such that the crossing time of an associa-
tion is greater than its age. The scale on which these criteria are applied is rel-
evant, as associations sometimes contain one or more bound clusters within their
borders (e.g., Garmany and Stencel, 1992). In practice, the words “association”
and “cluster” are often used semi-interchangeably (e.g., Massey et al., 1995), and
Battinelli and Capuzzo-Dolcetta (1991) note that a substantial fraction of Galactic
“open clusters” are probably gravitationally unbound.

The Carina Nebula is a perfect example of the ambiguities involved in the def-
initions of clusters and associations. Throughout this dissertation, I adopt the
common terminology for the subcomponents of the Carina Nebula complex: Tr
14 and Tr 16 are “massive clusters,” Bo 11 and Cr 228 are “open clusters,” and so
forth. But only the relatively compact Tr 14 is known to be gravitationally bound
(Gieles and Portegies Zwart, 2011). The whole Carina Nebula complex, as described
in Section 1.2.1, is characterized in the literature as a young association or a “cluster
of clusters” (Smith et al., 2010c; Feigelson et al., 2011). Formally, it is only part of
the Car OB1 association, which extends several more degrees to the west (Ruprecht,
1966; Humphreys, 1978). Car OB1 also includes Gum 31 (NGC 3324; Claria,
1977; Carraro et al., 2001; Ohlendorf et al., 2013; Preibisch et al., 2014), NGC 3293
(Balona et al., 1997; Baume et al., 2003; Freyhammer et al., 2005; Dufton et al.,
2006; Kaltcheva and Golev, 2012), and IC 2581 (Kaltcheva and Golev, 2012). Gum
31 seems to be associated with the molecular gas complex that surrounds the

Carina Nebula (Smith et al., 2000; Ohlendorf et al., 2013; Rebolledo et al., 2016;
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Zeidler et al., 2016), but does not show signs of interaction with the main complex.
The relationships between NGC 3293, IC 2581, and the rest of Car OB1 are unclear.

There are two leading models to explain the formation of unbound associations
(see also the discussion in Briceno et al., 2007). The first is the oft-cited “most
stars form in clusters” paradigm, based on near-infrared observations suggesting
that most star formation occurs in embedded clusters (Lada and Lada, 1991, 2003).
When the massive stars in these clusters emerge onto the main sequence, their
feedback disperses the remaining gas within a few Myr (e.g., Tenorio-Tagle et al.,
1986). The dynamically sudden reduction in the cluster’s gravitational potential
leaves it unbound (Tutukov, 1978; Hills, 1980; Goodwin, 1997; Boily and Kroupa,
2003; Bastian and Goodwin, 2006; Goodwin and Bastian, 2006), resulting in an ex-
panding OB association that may retain a smaller still-bound cluster at its core
(Lada et al., 1984; Kroupa et al., 2001; Fall et al., 2005).

The competing view is that stars are not preferentially born in bound clusters.
Rather, they form in a hierarchical distribution across a wide range of stellar densi-
ties (Elmegreen and Efremov, 1996, 1998; Bastian et al., 2007; Bressert et al., 2010),
tracing the fractal density structure of turbulent molecular clouds (Larson, 1995;
Elmegreen and Elmegreen, 2001; Bonnell et al., 2003; Gutermuth et al., 2011).
Bound clusters result from star formation in the highest-density regions (Kruijssen,
2012) and from the mergers of subclusters (Bonnell et al., 2003). Unbound associa-
tions arise directly out of lower-density regions of gas (e.g., Clark et al., 2005) and
never pass through a stage where they are globally bound. Recent observations of
the spatial and kinematic substructure—and lack of overall expansion—in the mas-
sive Cygnus OB2 cluster support this model for its formation (Wright et al., 2014,
2016).

Triggered star formation (see Section 1.1.2) could be important in either sce-
nario of association formation. Within some OB associations, there is a clear
age sequence from one subgroup to the next (e.g., Blaauw, 1964; Sargent, 1979;
Preibisch and Mamajek, 2008; Ortega et al., 2009). The collect-and-collapse model

(Elmegreen and Lada, 1977) was developed to explain these age sequences, with
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each subgroup triggering the formation of the next after a few Myr. Smith et al.
(2010c) propose that a more continuous process of triggering is operating in the
Carina Nebula’s South Pillars, producing an expanding OB association as the next

generation of stars is formed from feedback-accelerated gas.

1.4 Dissertation Overview

This dissertation is a three-part study of the Carina Nebula’s massive stars and their
interactions with the ISM on various scales. The results are important for under-
standing the origin and evolution of specific stars and structures in the region, and
for making direct connections between massive stars and the observational effects
of their feedback.

Chapter 2 focuses on the eruptive history of 17 Carinae. I present proper motions
of that star’s outer ejecta, measured from more than two decades of Hubble Space
Telescope (HST) imaging, and show that it experienced multiple major mass-loss
events prior to the Great Eruption of the 1840s.

Chapter 3 looks at five massive stars with stellar wind bow shocks, arc-shaped
features that arise when the relative velocity between a star and the ISM is su-
personic (Baranov et al., 1971; van Buren and McCray, 1988). Bow shocks often
indicate fast-moving stars, but they may also mark the direction of feedback-driven
gas flows (e.g., Povich et al., 2008; Sexton et al., 2015). I use a decade of HST
imaging to constrain the proper motions of these five stars, comparing their velocity
vectors to the orientations of their bow shocks.

Chapter 4 is a radial velocity survey of the Carina Nebula’s full O-star popula-
tion, combining archival data with new observations from the CHIRON spectrograph
on the CTIO/SMARTS 1.5-m telescope. I compare the radial velocity distributions
of the various clusters to the motions of the region’s molecular clouds and to the
expansion of its giant H II region.

Chapter 5 summarizes my conclusions and discusses potential pathways for fu-

ture research.
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CHAPTER 2

ANCIENT ERUPTIONS OF n CARINAE:
A TALE WRITTEN IN PROPER MOTIONS'

We analyze eight epochs of Hubble Space Telescope Ha+[N II] imaging of n
Carinae’s outer ejecta. Proper motions of nearly 800 knots reveal that the detected
ejecta are divided into three apparent age groups, dating to around 1250 A.D., to
around 1550 A.D., and to during or shortly before the Great Eruption of the 1840s.
Ejecta from these groups reside in different locations and provide a firm constraint
that n Car experienced multiple major eruptions prior to the 19*" century. The
1250 and 1550 events did not share the same axisymmetry as the Homunculus; the
1250 event was particularly asymmetric, even one-sided. In addition, the ejecta in
the S ridge, which have been associated with the Great Eruption, appear to predate
the ejection of the Homunculus by several decades. We detect essentially ballistic
expansion across multiple epochs. We find no evidence for large-scale deceleration of
the observed knots that could power the soft X-ray shell by plowing into surrounding
material, suggesting that the observed X-rays arise instead from fast, rarefied ejecta
from the 1840s overtaking the older dense knots. Early deceleration and subsequent
coasting cannot explain the origin of the older outer ejecta—significant episodic
mass loss prior to the 19*" century is required. The timescale and geometry of the
past eruptions provide important constraints for any theoretical physical mecha-
nisms driving n Car’s behavior. Non-repeating mechanisms such as the merger of a
close binary in a triple system would require additional complexities to explain the

observations.

TThis chapter has been previously published as Kiminki et al. (2016).
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2.1 Introduction

One of the most remarkable stars in our Galaxy, n Carinae has been puzzling as-
tronomers for over 150 years. In the mid-nineteenth century, it became increasingly
variable, then peaked temporarily as the second brightest star in the sky (Innes,
1903; Davidson and Humphreys, 1997; Frew, 2004; Smith and Frew, 2011) before
slowly fading over more than a decade. During this Great Eruption, n Car ejected an
estimated 10-15 Mg, into the well-known bipolar Homunculus nebula (Smith et al.,
2003c). A second, Lesser Eruption followed in 1890 (Innes, 1903; Humphreys et al.,
1999; Frew, 2004), but only ejected ~ 0.1 M, (Ishibashi et al., 2003; Smith, 2005).

n Car belongs to a class of stars known as luminous blue variables (LBVs,
Humphreys and Davidson, 1994), very massive, unstable, post-main-sequence stars
characterized by luminous mass-loss events. Even among LBVs, n Car is un-
usual and its parameters are extreme. In its current quiescent state, n Car is
substantially more luminous than most other known LBVs (e.g., van Genderen,
2001; Smith and Tombleson, 2015). It is one of only two Galactic LBVs that has
been observed in a giant eruption. The other is P Cygni, whose largest eruption
involved significantly less energy and mass loss, similar to n Car’s Lesser Eruption
(Smith and Hartigan, 2006). Moreover,  Car has a massive binary companion in an
eccentric 5.5-year orbit (Damineli, 1996; Damineli et al., 1997, 2000; Corcoran et al.,
2001; Whitelock et al., 2004), and is located in the rich cluster Trumpler 16, home
to dozens of O-type stars (Smith, 2006a). In contrast, most LBVs are relatively
isolated and lack O-type neighbors (Smith and Tombleson, 2015).

The mechanism of n Car’s Great Eruption—which released roughly 10°
ergs of kinetic energy (Smith et al., 2003c; Smith, 2008)—remains a mys-
tery. Many theories treat it as part of single-star evolution, invoking super-
Eddington radiation-driven winds (Davidson, 1971; Maeder, 1983; de Jager, 1984;
Lamers and Fitzpatrick, 1988; Stothers and Chin, 1993; Glatzel and Kiriakidis,
1993; Glatzel, 1994; Humphreys and Davidson, 1994; Shaviv, 2000; Owocki et al.,

2004). However, the source of the increased bolometric luminosity in these sce-
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narios is unclear. Alternatively, the eccentric orbit of n Car’s companion has been
taken to imply that the Great Eruption was influenced by periastron interactions
between the two binary components. Based on nineteenth-century observers’ esti-
mates of the primary star’s color and brightness, its radius must have been much
larger than at present, large enough that its companion would significantly inter-
act or even physically collide (Iben, 1999; Smith, 2011). A speculative idea is that
the collision mixed fresh nuclear fuel to greater depths, causing a sudden burst of
increased nuclear burning (Smith, 2011). It has also been proposed that perias-
tron tidal interactions spun up the primary to unstable rates, leading to a burst
of mass loss (Cassinelli, 1999), or that the Great Eruption was fueled by accre-
tion from the primary onto its companion (Soker, 2007; Kashi and Soker, 2010).
Still other theories postulate a hierarchical triple system, in which the close inner
pair either merged (Gallagher, 1989; Iben, 1999; Morris and Podsiadlowski, 2009;
Podsiadlowski, 2010; Portegies Zwart and van den Heuvel, 2016) or underwent a dy-
namical exchange with the outer companion (Livio and Pringle, 1998).

Models of the driving cause of the Great Eruption must also incorporate the
outer ejecta, a collection of irregular condensations found out to nearly half a parsec
outside the Homunculus (Thackeray, 1950; Walborn, 1976; Meaburn et al., 1996;
Smith and Morse, 2004; Weis, 2012). These outer ejecta (Figure 2.1) are highly
nitrogen-rich, suggesting a substantial degree of CNO processing (Davidson et al.,
1986; Smith and Morse, 2004). They contain a minimum mass of 2-4 Mg (Weis,
2012), with dust observations suggesting a much larger total mass (Gomez et al.,
2010). The various models for the Great Eruption produce different explanations for
the outer ejecta. The merger model of Portegies Zwart and van den Heuvel (2016),
for instance, predicts that the outer ejecta were formed after the formation of the
Homunculus.

The proper motions of the outer ejecta provide concrete constraints on n Car’s
mass-loss history. The bright S condensation and the “jet”-shaped N bow (see
Figure 2.1) have motions consistent with having been ejected during the Great

Eruption (Walborn et al., 1978; Ebbets et al., 1993; Currie et al., 1996; Morse et al.,
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Figure 2.1: HST WFPC2 image of n Car in the F658N filter, which captures intrinsic
and scattered [N II] A\6584 emission along with redshifted Ho emission (Morse, 1999;
Morse et al., 2001). Prominent features are labeled according to the convention of
Walborn (1976) and Weis (2012).

2001). Some results have suggested, however, that the extended S ridge is up to one
hundred years older (Walborn et al., 1978; Morse et al., 2001). The age of the E
condensations is even less clear: Walborn et al. (1978) found transverse velocities of
300-400 km s~!, indicating ejection dates in the mid-1400s, but Walborn and Blanco
(1988) determined ten years later that the same features had slowed dramatically,
suggesting they were from the Great Eruption after all. While the motions of the
outer condensations have hinted at prior mass-loss events, a single ejection date
around the time of the Great Eruption could not be ruled out.

In this paper, we measure the proper motions of n Car’s outer ejecta to unprece-
dented accuracy, using 16 different baselines over 21 years of Hubble Space Telescope
(HST) data. The depth and resolution of the HST images allow us to re-evaluate

the origins of the N, E, and S features, and, for the first time, measure motions of



38

Table 2.1: HST data log.

Instrument Camera Date Filter =~ Exp. Time (s) Program ID
WEFPC2 WF3 1993 Dec 31 F658N 2 x 200 5188
WEFPC2 WF3 1997 Jul 11 F658N 2 x 200 7253
WEFPC2 WF3 1999 Jun 12 F658N 2 x 200 8178
WFPC2 WE3 2001 Jun4  F658N 2 x 200 9226
WFPC2 WE3 2003 Aug 8 F658N 2 x 100 9775
WEFPC2 WF3 2008 Sept 6 F658N 2 x 100 11500
ACS WFC 2005 Jul 18  F658N* 2 x 500 10241
ACS WFC 2014 Aug 4 F658N* 2 x 520 13390

2Note that the bandpass of the ACS 658N filter is different from that of the WFPC2 filter of
the same name (see discussion in Section 2.2.2).

the fainter NNE, NW, and SE condensations. We find no evidence of widespread
deceleration, and show that while some of the outer ejecta come from the Great
Eruption (or the lead-up to it), many features require at least one prior mass-loss
event centuries earlier. Our data, image registration, and approach to measuring
proper motions are described in Section 2.2; the results are presented in Section 2.3.
We discuss the implications of our results on models of 1 Car in Section 2.4 and

conclude with a summary in Section 2.5.

2.2 Observations and Analysis

2.2.1 HST ACS

We obtained new Ha+[N II] images of n Car and the surrounding Tr 16 cluster
on 2014 Aug 4, using the Wide Field Channel (WFC) of the Advanced Camera
for Surveys (ACS) on HST (program ID 13390; see Table 2.1). These observations
were designed to replicate our observations of 2005 Jul 18 (Smith et al., 2010a) as
closely as possible, in pointing and position angle, in order to minimize position-
dependent uncertainties when measuring proper motions. The Homunculus and
central star are heavily saturated in these exposures, which were each 500-520 s
long. In both epochs, observations were made as a series of 205 x 400 arcsec?

“footprints,” each consisting of three pairs of CR-SPLIT dithers in a linear offset
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pattern designed to fill in the ACS chip gaps. n Car and its outer ejecta were
observed in a single footprint; the rest make up a mosiac of Tr 16 and neighboring
Tr 14 (see Smith et al., 2010a). All data were processed by the standard HST ACS
pipeline, which does bias subtraction and flat-fielding and corrects for charge transfer
efficiency (CTE) to produce an image with the designation “f1c.” The pipeline also
produces a “drc” image that has been additionally corrected for geometric distortion
and dither-combined via AstroDrizzle.

We transformed both epochs of ACS data to a common distortion-free refer-
ence frame via a modified version of the method used in Anderson et al. (2008a,b),
Anderson and van der Marel (2010), and Sohn et al. (2012, see also Reiter et al.
2015a,b). An initial reference frame, aligned with the y axis pointing north and
with a pixel scale of 50 mas pixel™!, was constructed using the astrometric solu-
tions in the headers of the drc images to match stars that appear in overlapping
images. However, the resampling performed by AstroDrizzle makes the drc images
unsuitable for direct high-accuracy positional measurements. Instead, we performed
point spread function (PSF) fitting on the undrizzled £1c images using the program
img2xym WFC.09x10 (Anderson and King, 2006), which uses a library of spatially
dependent effective PSFs. We then applied the geometric distortion corrections of
Anderson (2006) to the measured stellar positions.

Next, we iteratively mapped the stellar positions from the flc images to the

reference frame by:

1. identifying the high signal-to-noise stars (typically several hundred per image)

in common between each flc image and the reference frame;

2. computing the six-dimensional linear transformation from the distortion-

corrected positions of the f1c images to the reference frame; and

3. replacing each existing reference-frame stellar position with the average of that

star’s transformed, distortion-corrected flc positions.

After three iterations, the internal accuracy of the reference frame was < 0.02 pixels
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across all 8 epochs are available in the online supplementary material to Kiminki et al. (2016).
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1

(1 mas, or 1.2 km s~ over this 9-year baseline at the distance of n Car) across a

single footprint.

Using the final linear transformations determined by this process, we resampled
the flc images from each epoch into the reference frame using the algorithm de-
scribed in Anderson et al. (2008b), scaling each image to a total exposure time of 500
s. The end result was a single stacked image at each epoch for each observed foot-
print. With both epochs of data on the same reference frame, the positions of ejecta
features in the stacked images could be directly compared. Figure 2.2 presents dif-
ference images (stacked image from 2014 minus stacked image from 2005) for named
regions of interest in 7 Car’s outer ejecta. In these images, material has moved from
the dark patches into the corresponding bright areas. It is immediately qualitatively
apparent that some features have greater transverse velocities than others; the N
bow, for instance, is rapidly overtaking the small feature to its immediate northwest.
Notably, there are no pronounced changes in condensation morphology or brightness
from 2005 to 2014.

The proper motions of well-defined knots in the ejecta around 1 Car were mea-
sured in the stacked images. “Well-defined” features are those that are (1) not
contaminated by or confused with the saturated Homunculus or diffraction spikes in
either epoch and (2) sufficiently isolated for a defined knot or feature to be identi-
fied. A total of 620 such features were identified in the ACS images. To measure the
proper motion of each, we subtracted a median-filtered image (filtered using a kernal
size of 12 pixels) in order to suppress the local diffuse Ha background. We then
extracted the knot using a box size optimized for that feature; Figure 2.3 illustrates
the boxes used for the features in and around the E condensations. We used our im-
plementation of the modified cross-correlation technique developed by Currie et al.
(1996), Hartigan et al. (2001), and Morse et al. (2001, see also Reiter and Smith
2014; Reiter et al. 2015a,b) to determine the difference in position between the two
epochs. In brief, the box containing the feature of interest was compared to the
second image and an array was generated containing the total of the square of the

difference between two images for each shift. The minimum of this array corre-
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Table 2.2: Baselines used for proper motion measurements.

Baseline Instrument At # Features Median o

(years) (km s71)
1993-1997 WFPC2  3.524068 694 8.5
1993-1999 WFPC2  5.443602 704 7.0
1993-2001 WFPC2  7.422813 712 5.4
1993-2003 WFPC2  9.599420 714 4.8
1993-2008 WFPC2 14.680967 698 3.9
1997-1999 WFPC2  1.919534 703 14.3
1997-2001 WFPC2  3.898745 742 7.7
1997-2003 WFPC2  6.075352 713 6.3
1997-2008 WFPC2 11.156898 686 4.6
1999-2001 WFPC2  1.979211 716 12.1
1999-2003 WFPC2  4.155818 684 8.0
1999-2008 WFPC2  9.237365 679 4.6
2001-2003 WFPC2  2.176607 633 13.0
2001-2008 WFPC2  7.258153 666 5.5
2003-2008 WFPC2  5.081546 648 7.6
20052014 ACS  9.046256 620 2.7

sponds to the shift that best matches the two images. Angular displacements were
converted to km s™! assuming a distance of 2.3 kpc (Smith, 2006b). To estimate
the uncertainty on the offset, we repeated the procedure using a variety of box sizes.
The median proper motion uncertainty for features measured in the ACS images is

2.7 km s L.

2.2.2 HST WFPC2

To supplement our proper motion measurements from the 2005-2014 ACS baseline,
we searched the HST archive for additional deep images of n Car taken with an
F658N filter. Six epochs of observations from the Wide-Field Planetary Camera 2
(WFPC2) met our requirements: the images had to be deep enough for the outer
ejecta to be visible, and 7 Car had to be centered on one of the Wide Field chips (the
field of view of the Planetary Camera chip is too small). The dates and program IDs

for these data are given in Table 2.1. We retrieved the longest exposures available
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5000 AU

Figure 2.3: Close-up of the region around the E condensations in the 2005 ACS
F658N image, showing the boxes used to measure proper motions via modified cross-
correlation. The saturated strip in the lower right is bleeding from the saturated
Homunculus.



44

at each epoch: a pair of 200-s exposures from each of 1993, 1997, 1999, and 2001,
and a pair of 100-s exposures from each of 2003 and 2008. n Car itself and much of
the Homunculus are saturated in these images, although the bleeding is much less
extensive than in the ACS images, which have both longer exposure times and a
wider filter bandpass (see below). All of the data had been reprocessed by the final
version of the HST WFPC2 pipeline, which produces images designated “cOm” that
have been bias-subtracted, dark-corrected, and flat-fielded.

Note that there are important differences between the WFPC2 F658N filter and
the ACS filter of the same name. The former covers a narrow wavelength range
(FWHM 38 A) roughly centered on [N I[JA6584, capturing emission from that line
with Doppler shifts from approximately -615 to +1130 km s~!. The latter is broader
(FWHM 72 A), capturing [N I1] emission with radial velocities up to £1600 km s~! as
well as significant Ha emission. Although most of the same ejecta features seen in the
ACS images are identifiable in the WFPC2 images, there is no way to guarantee that
the knot shapes are unaffected by the differences in filter bandpass. Consequently,
we do not measure proper motions directly between WFPC2 and ACS images. We
use only WFPC2-WFPC2 and ACS-ACS baselines. In addition, the fastest known
ejecta are Doppler-shifted out of one or both filters and are not detected. The
WEFPC2 F658N filter would not, for instance, pick up the -875 km s~! blueshifted
emission just outside the southeast lobe of the Homunculus (Currie et al., 2002),
even if the Homunculus were not saturated in our images. Both filters miss the
-3200 km s~! blueshifted ejecta detected further out by Smith (2008). Our images
thus exclude the fastest-moving material from the Great Eruption and therefore do
not exclude the possibility of additional recent mass-loss episodes. We note, however,
that since few of the ejecta seen in the ACS images drop out in the WFPC2 images
(and those that do are relatively faint and not detected in the shortest exposures),
few to none of the dense knots measured in our images have radial velocities of
+1000-1500 km s~

We took the same approach to aligning and stacking the WFPC2 data as we
did with the ACS images. We used a modified version of the img2xym program
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(Anderson and King, 2006) to measure stellar positions in the cOm images, employ-
ing a library of spatially dependent effective WFPC2 PSF's from Anderson and King
(2000). The measured positions were then corrected for the 34th-row anomaly
(Anderson and King, 1999) and for geometric distortion (Anderson and King, 2000).
We identified 6-10 isolated, low-proper-motion stars in common between each
WFPC2 image and the ACS-based reference frame, and used those stars to derive
a six-parameter linear transformation between each distortion-corrected WFPC2
frame and the reference frame. Unlike with the ACS data, we did not iterate on the
process: we took the ACS-based reference frame as final. The internal accuracy of
the alignment and stacking procedure is < 0.06 reference-frame pixels (3 mas) for
the first four epochs. The shorter, lower signal-to-noise 2003 and 2008 exposures
had greater positional uncertainties of up to 0.2 reference frame pixels (10 mas).

Using the calculated transformations, the WFPC2 cOm images were resampled
and stacked into a single image at each epoch, aligned with the ACS-based reference
frame. The cOm images, which have a plate scale of 99.6 mas pixel !, were over-
sampled during stacking so that the output image matched the 50-mas pixels of the
ACS images. An example of the results is shown in the right panel of Figure 2.2,
which shows difference images for the major named regions of n Car’s outer ejecta
for the 1993-2001 baseline. Although the resolution is somewhat lower compared
to the ACS images, much detail is still apparent. Animated GIFs of each region,
made from all eight epochs of aligned data, are available in the online supplementary
material.

The proper motions of the features identified in the ACS images were measured
in the WFPC2 images, using the modified cross-correlation technique described
in Section 2.2.1, for every possible baseline among the six epochs (a total of 15
baselines). Some features were contaminated by diffraction spikes or saturation
bleeds in some epochs; proper motions for these features were measured using only
the epochs in which they were not contaminated. The baselines, number of features
measured, and median proper motion uncertainties for each baseline are given in

Table 2.2. The median proper motion uncertainties range from 3.9 to 14.3 km s !,
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and the magnitude of the uncertainty is highly negatively correlated with the length
of the baseline (i.e., shorter baselines produce greater uncertainties). In the areas
blocked by saturation bleeding in the ACS images, we used the 1993-2001 baseline
(the longest baseline with 200-s exposures) to identify additional features which were
then measured across the other WFPC2 baselines where possible. A small number of
features in a gap that was saturated in 2001 are identified in the 1993-2003 baseline
instead, then measured across other baselines where possible. In total, we measure
the proper motions of 792 individual features in the ejecta of n Car. Each feature
is measured in 1-16 baselines (including the 20052014 ACS baseline); on average,

a feature is measured in 14 baselines.

2.2.3 Position of the central source

Owing to the heavy saturation of the Homunculus, we were unable to measure the
position of ) Car itself in any of our stacked images. Instead, we measure the centroid
of the central star in an F631N WFPC2 Planetary Camera image from Morse et al.
(1998). The centroid positions of five surrounding stars in this image were used
to derive a linear transformation to our reference frame. We estimate that this
transformation is accurate to ~ 0.2 reference-frame pixels. Added in quadrature
with the £0.5-pixel uncertainties in absolute knot positions, this means that the
overall uncertainty in a knot’s distance from n Car is ~0.55 pixels (27 mas, or 60
A.U. at the distance of n Car). For a knot moving at 300 km s, this translates to

an uncertainty in its age of +0.9 years.

2.3 Results

2.3.1 HST proper motions over two decades

Figure 2.4 presents our results in aggregate: a histogram of the weighted mean
proper motions of all measured features, along with proper motion histograms for

the ejecta in each of the regions highlighted in Figure 2.2. The transverse velocities

1

of n Car’s outer ejecta range from 219 km s~ to 1462 km s=!, with a broad peak
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Figure 2.4: Histograms of the weighted mean proper motions of the outer ejecta,
assuming a distance of 2.3 kpc. The regions are as shown in Figure 2.2; note that
some of the regions slightly overlap. The bottom right panel shows the velocity
histogram for all 792 measured features.
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at 300-600 km s~! and a secondary peak at 750-900 km s~!. The highest proper
motions are found in the N bow, the S ridge, and the parts of the W arc that
overlap with the upper S ridge. The presence and location of speeds upward of 1000
km s! agrees with past observations of the S ridge and N bow (Walborn et al.,
1978; Walborn and Blanco, 1988; Ebbets et al., 1993; Morse et al., 2001). The mix
of speeds seen in the lower S ridge is also consistent with the results of Morse et al.
(2001).

Our results for the E condensations (no high-proper-motion features; mean
proper motion ~ 400 km s71) agree solidly with the results of Walborn et al. (1978),
who used photographic plate images from 1950 to 1975. However, the observed
motion in our HST images disagrees strongly with the deceleration hypothesis of
Walborn and Blanco (1988), who added data from 1985 and found that the E con-
densations had dramatically slowed over 10 years. The Walborn and Blanco (1988)
deceleration hypothesis predicts that the E features would have reached zero velocity
by the end of the twentieth century, a hypothesis that our data definitively exclude.

With a total of 16 different baselines from two instruments, we can approach the
question of acceleration/deceleration with unprecedented detail. Figure 2.5 plots
the measured proper motions over time for three features representative of the E
condensations and of the ejecta overall. The weighted mean transverse velocity of
each feature is overplotted, along with a least-squares fit to the data. Although
there is some variation among the proper motions, there are no overall trends with
time. In a x? test, the measured motions for all three features shown in Figure 2.5
are consistent with having been drawn from a distribution with constant transverse
velocity.

This level of variance and (lack of) acceleration is found across all our data. Out
of the 792 features for which proper motions were measured, only 50 (6%) have
data that are inconsistent at the p < 0.05 level with being drawn from a constant
velocity distribution. These 50 features occupy no special region of physical space
or velocity space. The slopes of the least-squares fits to velocity versus time for

these 50 features also fall inside the range of slopes found for the rest of the ejecta.
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Figure 2.5: Proper motions measured over all possible baselines for three repre-
sentative features among the E condensations. The points around 2010 are from
the ACS 20052014 baseline, while the other measurements come from the vari-
ous WFPC2-WFPC2 baselines. The largest uncertainties typically occur over the
shortest baselines, e.g., 1997-1999. The solid lines are the weighted means of the
measurements, and the dotted lines are least-squares fits to proper motion versus
time for each ejecta feature.
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If material were being significantly accelerated (from being hit by younger, faster
material) or decelerated (from running into older material), we would expect to see
some kind of spatial correlation of those changes in velocity, yet we do not. Thus,
while we cannot rule out small amounts of acceleration or deceleration for individual
features, the outer ejecta appear to be, on the whole, expanding ballistically. We
therefore treat all velocities as constant unless otherwise noted, and use the weighted
mean as the final proper motion for each feature.

As a last check on whether the assumption of constant velocities is appropriate,
we extrapolate our observed positions of the outer ejecta back to 1950 and com-
pare them to the ground-based photographic plate images of Thackeray (1950). We
aligned the Thackeray (1950) images to a copy of our stacked ACS image that had
been convolved with a broad PSF to approximately match the resolution of the older
images. Figure 2.6 shows the predicted 1950 positions, with the observed 2005 po-
sitions overplotted for comparison. There is good agreement between our predicted
positions and the observed features in 1950. Although one must be conscious of
the limitations of photographic plate data, these data are consistent with ballistic
motion of n Car’s ejecta over the past 60 years. From the motion that we measure,
however, we cannot rule out significant acceleration or deceleration that may have

occurred earlier than 60 years ago.

2.3.2  Ages of the outer ejecta

Under the assumption that the constant velocities observed over the last 60 years ap-
ply over the lifetime of the ejecta, estimating ejection dates is trivial. Earlier episodes
of acceleration or deceleration would affect the specific ejection dates deduced, but,
as we discuss in Section 2.4.3, are unlikely to affect the overall relationships between
groups of ejecta. Ejection date results are summarized in Figure 2.7: the magni-
tude and direction of each knot’s proper motion are indicated by the length and
orientation of its arrow, and the arrows are color-coded by apparent ejection date.
Red arrows mark the most recently ejected material, i.e., material that was ejected

around the time of the Great Eruption, while blue and purple arrows indicate the
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Figure 2.6: Left: red-sensitive photographic plate image of n Car and its surrounding nebulosity from Thackeray (1950).
The predicted 1950 positions of the features we observe in the N bow and S ridge are plotted as red asterisks, while
our observed 2005 positions of the same features are marked with yellow circles. The stars that were used to align
this image with our reference frame are indicated with cyan triangles. Right: same as left, using a deeper image from
Thackeray (1950) to show the observed current and predicted past positions of the E and W condensations.
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oldest material. It can be seen in Figure 2.7 that all 792 measured features are
moving nearly directly away from the central star.

There are several distinct groups of ejecta in Figure 2.7:

1. The N bow, S condensation, and S ridge (which extends nearly completely
around the Homunculus) all date back to the early 1800s, consistent with
prior results (Walborn et al., 1978; Ebbets et al., 1993; Morse et al., 2001).
As we discuss below, the age of the S ridge suggests an origin during one of
the precursor outbursts to the Great Eruption (seen as spikes in the historical

light curve; Smith and Frew, 2011), before the ejection of the Homunculus.

2. The E blobs and many of the NNE condensations date back to an ejection
event in the thirteenth century. This event was apparently highly asymmetric:
there are no ejecta with this age to the south or west. (Note, however, that
our HST ACS footprint for this reference frame cuts off in the far southwest.

We address this issue further in Section 2.3.3.)

3. The SE arc, the W and NW condensations, and part of the W arc appear to
date to an intermediate eruption in the sixteenth century. In the SE and W
arcs, this material is being overtaken by faster-moving material from the Great
Eruption. The lower S ridge is a mix of material of different ages, explaining
why Morse et al. (2001) dated this region to half a century before the Great
Eruption.

One might surmise that the apparently intermediate ages of material in the
SE and W arcs could result from the interaction between material from the
1200s and material from the 1800s. However, there are no newer ejecta around
the NW condensation or the faint ejecta to the far north. As we discuss in
Section 2.4.1, radial velocities also suggest that these ejecta are not connected
to the thirteenth-century eruption. They also lie outside the soft X-ray shell,

which traces strong current interactions between ejecta (see Section 2.4.2)

Figure 2.8 presents these data in an alternative form, plotting the transverse
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Figure 2.7: Vectors illustrating the observed proper motions of 792 features in the
ejecta of n Car. The arrows are color-coded by the date of ejection from the central
star, calculated assuming constant velocity. The region contaminated in the ACS
images by bleeding from the highly saturated Homunculus is marked; features in
this region were measured in WFPC2 data only. The background image is the same
as in Figure 2.1.
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Figure 2.8: (a) Measured transverse velocity versus projected distance from the cen-
tral star for all features measured over the ACS 2005-2014 baseline. The predicted
positions of material ejected at the peak of the 1840s Great Eruption is marked,
along with tracks for material ejected in 1250 A.D., 1550 A.D., and 1800 A.D., for
reference. (b) Same as (a), but for features that were masked by saturation bleeds
in the ACS images and were consequently only measured with WFPC2.

velocity of ejecta features versus their projected distance from 7 Car. Again, there
is evidence for at least two eruptions, one in the early 1800s and another circa
1250 A.D. An intermediate eruption, circa 1550 A.D., is suggested but less obvious.
As mentioned above, the sixteenth-century ages could in principle be the result of
interaction between ejecta from the Great Eruption and the 1200s event. However,
the intermediate-aged features appear in a fairly clear line in velocity—distance space
(i.e., as a Hubble-like law) rather than being smeared between the points from the
two other events.

An additional feature of interest in Figure 2.8 is that nearly all of the nineteenth-
century features appear to have been ejected decades before 1843. Proper motions
of the Homunculus date it to the mid-1840s (Currie et al., 1996; Smith and Gehrz,
1998; Morse et al., 2001); this is when the light curve of 1 Car reached its peak
(Smith and Frew, 2011). There are two possibilities for why the S ridge and its
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extended wings appear older: (1) its material experienced a period of deceleration
as it interacted with circumstellar material early in its history before continuing to
expand ballistically; or (2) it was ejected prior to the formation of the Homunculus.
The second option is supported by the photometric record: the Great Eruption was
preceded by a brightening in 1838 and a similar but poorly observed event in 1827
(see Smith and Frew, 2011, who found that these events align with the predicted
periastron times of 1 Car’s binary orbit). The data before 1827 are very sparse (or
nonexistent) and leave open the possibility of additional prior periastron outbursts.
The S ridge may have been ejected during one or more of these events rather than
during the main peak of the Great Eruption. Its strong asymmetry may therefore
be related to stellar collisions at periastron (Smith, 2011) associated with these
early brightenings. The alternative explanation (an early deceleration episode) is
plausible for the material at the edges of the bright S condensation, which appears
in Figure 2.8 around 16-20” and 500-700 km s~*. We could be seeing the result
of interaction between the S condensation (ejected during the Great Eruption) and
the slightly older S ridge material.

Finally, Figure 2.9 presents histograms of the apparent ejection dates, both over-
all and for each of the regions in Figures 2.2 and 2.4. The differences in age between
the various groups of features are clearly evident. The E and NNE condensations,
for instance, are much older than the upper S ridge and S condensations. The mix
of ages in the W arc and the lower S ridge is also apparent. As in Figure 2.8, the
overall histogram of ejection dates shows two obvious distinct events, in the thir-
teenth and nineteenth centuries, as well as a smaller peak of features ejected in the
late 1500s.

Overall, our proper motions of n Car’s outer ejecta solidly confirm that there
was at least one major mass-loss event prior to the Great Eruption, barring a strong
deceleration event occurring sometime before 1950 (see Section 2.4.3). Assuming
constant velocities, there is an approximately 600-year interval between the two
most distinct eruptions. If the third eruption is included, then these major mass-

loss events have occurred every ~300 years.
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Figure 2.9: Histograms of the apparent ejection dates of n Car’s outer ejecta, assum-
ing constant velocity since ejection. The regions are as shown in Figure 2.2. The
bottom right panel shows the ejection date histogram for all 792 measured features,
with the peak of the Great Eruption in 1843 marked by a dotted line.
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2.3.3 Asymmetry and the most distant ejecta

As mentioned above and as shown in Figure 2.7, the reference frame in which we
identified and measured ejecta cuts off closer to n Car on the southwest than on
any other side, complicating our assessment of asymmetry. We searched the ad-
jacent ACS footprints (which together make up a mosaic of the Tr 16 cluster; see
Smith et al., 2010a) for other possible ejecta. As shown in Figure 2.10, we found
only four small features moving away from 7 Car, three to the south and one to
the northwest. We were able to measure the proper motions of three of those fea-

I exists between

tures, although a relative zero-point uncertainty of several km s~
footprints because of their minimal overlap. For the same reason, there is also a
several-pixel (100s mas) uncertainty in distance from the central source.

The knot to the northwest has a transverse velocity of ~ 630 km s=*

, giving it
an estimated ejection date of 1045 + 15 A.D., assuming ballistic motion. The two
knots that we were able to measure to the far south are traveling at 460-480 km s+
and date to 900 + 30 A.D. The four outer knots could thus come from a smaller,
older mass-loss event or events. Given the systemic uncertainties described above,
however, we cannot rule out an association with the thirteenth-century event.
Notably, there are no large-scale older ejecta similar to the E condensations
on the west side of n Car. It would appear that the eruption in the 1200s was
highly asymmetric, perhaps even one-sided, sending substantial mass to the east
and northeast but little to no mass in other directions. The Great Eruption, despite
producing the bipolar Homunculus, was also significantly asymmetric, ejecting more
mass into the extended S ridge than into the distinctly shaped N bow. The sixteenth-

century ejecta show some possible bipolarity, but are not aligned with the axis of

the Homunculus.
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Figure 2.10: Difference images (ACS 2014 — ACS 2005) showing knots identified
in images outside the primary observed footprint. The image from Figure 2.1 is
shown as a reference; the small boxes indicate where the displayed features are
located relative to n Car. The four knots showing motion over the 9-year baseline
are circled.
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2.4 Discussion

2.4.1 Comparison to radial velocities

To fill out the third dimension of the outer ejecta’s motion, we turn to radial ve-
locity studies in the literature. Weis et al. (2001) measured radial velocities of 90
distinct features in the outer ejecta, finding speeds from 100 km s™* (in the SE arc)
to 1960 km s~! (in the upper part of the S ridge). The E condensations, the N
bow, most of the NNE condensations, and the unnamed material on the east side
of the Homunculus—including all of the ejecta that date back to the 1200s—are
blueshifted. In contrast, the S ridge, S condensation, SE arc, W arc, W condensa-
tion, NW condensation, and some of the material to the far north are redshifted.
The Homunculus itself is also aligned in this fashion, with a blueshifted southeast
lobe and redshifted northwest lobe, tilted out of the plane of the sky by 48° (e.g.,
Davidson et al., 2001; Smith, 2006b).

The ejecta from the thirteenth-century eruption are traveling toward us at an an-
gle of 20—40° out of the plane of the sky, depending on whether we use the radial ve-
locities of Meaburn et al. (1987) and Smith and Morse (2004) or those of Weis et al.
(2001, who present only the highest-magnitude velocities for each feature). The
ejecta that appear to date from the 1500s, however, are traveling away from us,
tilted up to 30° from the plane of the sky. The dividing line between the two proper
motion groups on the north side of n Car closely follows the dividing line between
blue- and redshifted material seen by Weis et al. (2001). With the intermediate-aged
material in a completely different part of three-dimensional space than the oldest
ejecta, it becomes much more likely that the intermediate-aged features are from a
distinct eruption rather than the result of past acceleration/deceleration from ejecta

interactions.

2.4.2  Relationship to X-ray emission and the extremely fast ejecta

1 Car is encircled by an elongated partial ring or shell of soft X-ray emission that

extends from just south of the S condensation, over the W arc, and around to the
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Apparent Ejection Date (A.D.):
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Figure 2.11: Similar to Figure 2.7, with the scaled and color-coded proper motion
vectors overplotted on a soft X-ray Chandra image of n Car and its surroundings.
This X-ray image (Seward et al., 2001) covers the energy range 0.5-1.5 keV and was
adaptively smoothed as in Smith and Morse (2004).
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E condensations (Chlebowski et al., 1984; Seward et al., 2001). Figure 2.11 shows
a Chandra X-ray Observatory image of n Car and its surroundings (Seward et al.,
2001), with the proper motion velocity vectors for the optical ejecta plotted on top.
The X-ray shell has roughly the same axis orientation as the Homunculus, but has
a notable gap to the south and southeast.

The spatial association between the soft X-ray shell and the optical features in
the outer ejecta has led to a broad consensus that the X-ray emission is the result
of shock heating from ejecta interactions (Chlebowski et al., 1984; Corcoran et al.,
1998; Seward et al., 2001; Weis et al., 2001; Smith and Morse, 2004). The strongest
soft X-ray emission is coincident with the S condensation, upper S ridge, and W arc,
where we have measured a mix of ages for the dense optical ejecta. Extremely fast
ejecta, with radial speeds of up to ~ 3000 km s~!, have been detected close to the E
condensations and coincident with the X-ray shell (Smith and Morse, 2004; Smith,
2008). As described in Section 2.2.2; this very fast material, originating from the
Great Eruption in the nineteenth century, is Doppler-shifted out of the narrowband
filters used here and is not detected in our images. It is presumably interacting
with or approaching the denser, slower blobs measured in this paper. Additional
spectral mapping of the outer ejecta is needed to explore the full distribution of the
high-velocity material and its relationship to the soft X-ray emission.

Given the limits on the deceleration that we measured for the knots in the E
condensations, we can roughly estimate their relative density compared to the very
fast ejecta. Over 21 years of HST observations, the features in the E condensations
change velocity by an average of -0.1 £ 1.2 km s™' yr=! (consistent with zero).
Assuming that the collision between ejecta is fully inelastic and that momentum
is conserved, the observed E condensations are thus 10-10* times denser than the
impacting very fast ejecta, depending on the timescale over which the fast ejecta
decelerate.

Returning to Figure 2.11, note that there is no spatial correlation between the
sixteenth-century ejecta and the soft X-ray emission. The SE arc falls in the X-ray

gap, and the northern ejecta lie outside the X-ray shell altogether. If the inter-
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mediate ages of these ejecta were the result of interaction between the thirteenth-
and nineteenth-century ejecta, we would expect to see strong X-ray emission from
the location of these interactions. We would also expect there to be apparently
sixteenth-century ejecta around the E blobs, where very fast ejecta are observed
to be hitting the thirteenth-century material. We observe neither of these things,

further strengthening the case that there was a distinct eruption in the 1500s.

2.4.3 Alternate ejection histories

In our analysis, we have found approximate ejection dates by assuming that there
was no substantial, large-scale deceleration (or acceleration) of the outer ejecta prior
to their first detection in 1950. n Car is surrounded by a “cocoon” of less-nitrogen-
rich material, likely from pre-eruption mass loss (Smith and Morse, 2004). Here, we
explore the hypothesis that all of the observed outer ejecta were decelerated early
in their history as they encountered this material, then tapered to their current
coasting velocities as the density of the cocoon diminished with radius. In this
case, the ejection dates of all the knots move later and closer together. The true
timescale between eruptions could then be closer to 100-200 years instead of 300
years. However, our main result, the detection of multiple major mass-loss events in
1 Car’s history, is unaffected. That is the most straightforward scenario to explain
our observations.

The most extreme alternate ejection history—that all of the observed outer ejecta
date to the Great Eruption of the 1840s, but suffered different amounts of decelera-
tion with an asymmetric wind—is much less likely. It requires a complex pre-existing
configuration of mass to decelerate the observed outer ejecta such that they reach
their current coasting velocities at their current distances from 1 Car. A spherically
symmetric distribution of pre-eruption circumstellar material (e.g., a stellar wind
with a r=2 density profile) could not have produced the different coasting velocities
seen at the same radii from the star. Compare, for example, the NNE and NW
condensations: although both are ~25” from n Car, the average proper motion of

the NNE knots is 380 km s~! while the NW knots are moving at 550 km s
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The E condensations provide a particularly firm constraint, as they are already
19-23" from the central star in the Thackeray (1950) images. To reach that distance
by 1950 with an origin in the 1840s would require a minimum initial projected
speed of ~2000 km s~!. The measured projected speeds of the E condensations

over the past two decades are 350-600 km s—*.

If these features were ejected in
the 1840s, there is no way for them to have reached the observed separation from
n Car and yet have their current, relatively low speeds without invoking a dense
shell located close to their 1950 positions. One could then posit additional pre-
existing partial shells that would have decelerated the NW and SE condensations
to their present-day coasting velocities. This scenario would still require substantial
and episodic prior mass-loss events. It would have much the same consequences for
n Car’s eruptive history, except it would indicate that the star’s surface nitrogen
enhancement took place recently, between the older shell-producing events and the
1840s Great Eruption.

From an energy standpoint, we know the Great Eruption did produce ejecta with
velocities of 1000 km s~! or more; they are seen in spectra of the equatorial plane of
the Homunculus and of near or inside the soft X-ray shell (Smith, 2008). However,
as discussed in Section 2.4.2, some of these very fast ejecta are coincident with and
appear to be running into the E condensations, likely powering the observed soft
X-ray shell. There is no clear mechanism by which two sets of mass should reach the
same projected distance over the same time yet have present-day speeds that differ
by a factor of ten. Furthermore, the ejection of all of the dense outer ejecta at 1000

km s~ !

or more would require a dramatic upward revision of the estimated energy
budget of the Great Eruption. The discovery of the very fast ejecta roughly doubled
the Great Eruption’s energy budget (Smith, 2008), and that number assumed that
the 3000 km s~! material was about a factor of ten less dense than the slower, named
ejecta. (Note that this agrees with our rough estimate of the density ratio in Section
2.4.2.) The explosive amount of kinetic energy required to eject several solar masses

of outer ejecta at these speeds approaches that of a core-collapse supernova.
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2.4.4 Implications for models of n Car

The proper motions of the outer ejecta thus confirm that n Car has undergone at
least two and probably three major mass-loss events over the last millennium, includ-
ing the nineteenth-century Great Eruption. These results raise a number of inter-
esting questions that are as yet unanswered by existing theories: What mechanism
drives these repeating eruptions? Why do they repeat on a several-hundred-year
timescale, much longer than the 5.5-year binary orbit? Why was the thirteenth-
century eruption so one-sided? Why does the Homunculus have a clear bipolar
symmetry that past eruptions lack? Models of n Car’s behavior must not treat
the Great Eruption in isolation, but should aim to account for all of the observed
characteristics of the prior eruptions.

In single-star models (i.e., those in which the companion star plays no significant
role), n Car’s eruptions are considered to be continuum-driven super-Eddington
wind events, where the extra luminosity arises from as-yet-unidentified mechanisms
(Davidson and Humphreys, 1997; Owocki et al., 2004). However, it is difficult for
a single-star model to explain the observed asymmetry in the outer ejecta and the
changes in mass-loss symmetry with time. What could cause a single star to produce
the highly one-sided mass loss of the thirteenth-century eruption, then eject the
axisymmetric Homunculus several centuries later?

Current models involving a binary or higher-order multiple system may
get us closer, but also have difficulty explaining the observed historical mass
loss. The time between major eruptive events is much longer than the or-
bital period of the current binary (5.54 years, Damineli, 1996). If the erup-
tions are influenced by periastron interactions (Cassinelli, 1999; Soker, 2007;
Kashi and Soker, 2010; Smith, 2011), these interactions must be suppressed
for long periods of time. Models that invoke a one-time catastrophic event
such as a merger (Gallagher, 1989; Iben, 1999; Morris and Podsiadlowski, 2009;
Podsiadlowski, 2010; Portegies Zwart and van den Heuvel, 2016) or a dynamical ex-

change (Livio and Pringle, 1998) require additional unexplained complexities to ac-
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count for these repetitive yet discrete events separated by centuries.

The lack of older, more distant outer ejecta rules out additional major mass-
loss events prior to the thirteenth century. Bohigas et al. (2000) claimed to detect a
much older (10* yr) bipolar shell, but this was interpreted by Smith et al. (2005a) as
71 Car’s astropause, modified by the wind of a nearby Of star, as it lacks the nitrogen-
rich chemistry or clumpy structure of the other outer ejecta. What, then, caused
n Car’s eruptive behavior to start in the 1200s? The apparently sudden initiation
of mass ejections is probably an important clue, and is another key constraint for
models.

An added complication in the story of n Car is the 1890s Lesser Eruption, in
which a much smaller amount of mass (0.1 Mg; Ishibashi et al., 2003; Smith, 2005)
was ejected with the same geometry as the Homunculus. Secondary eruptions of
this sort, occurring several decades after a major outburst, have been observed in
P Cygni and some of the other known eruptive LBVs (Humphreys et al., 1999).
Our data are not sensitive to similar small eruptions in the decades after the larger

thirteenth- and sixteenth-century events.

2.5 Conclusions

We have aligned eight epochs of HST imaging (both WFPC2 and ACS) of n Car’s
outer ejecta to the same distortion-corrected reference frame and measured the
proper motions of 792 ejecta features, many for the first time. We achieve un-
precedented time coverage, with each feature measured in up to 16 baselines over 21
years, as well as unprecedented velocity precision (few km s™!) and spatial resolution
for these features.

All 792 features measured in 7 Car’s outer ejecta have transverse velocities point-
ing nearly directly away from the star. The majority have proper motions of 300-600

km s~!

. although some are as fast as 1500 km s=!. The fastest-moving material is
found in the large feature known as the S ridge and in the broadly jet-shaped N

bow. Both date back to n Car’s Great Eruption in the 1840s or to a few decades
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prior.

Over the 21 years of data, we see no evidence for large-scale acceleration or de-
celeration of any of the outer ejecta: 94% of the knots are consistent with moving
at constant velocity over that time. Comparison to images from 1949-1950 support
ballistic motion over a longer time period. Under the assumption of constant ve-
locity, we find that the material in and around the E and NNE condensations was
ejected in the mid-1200s A.D., give or take 50-100 years. With the exception of three
small knots to the far south of n Car and one to the northwest, the ejecta dating to
the mid-1200s are all found to one side of the central star and are blueshifted.

We also see evidence of a third, intermediate eruption that occurred in the six-
teenth century. Ejecta dating to the mid-1500s are found in the SE arc, the W con-
densation, and in and around the NW condensation. From proper motions alone,
we cannot rule out that this intermediate date peak is the result of newer ejecta
from the Great Eruption hitting the older material from the 1200s. However, the
radial velocities of these features place them in a different part of three-dimensional
space from the thirteenth-century ejecta. The lack of X-ray emission over the SE arc
and the features to the far north also indicates a lack of strong interaction between
ejecta at those spots.

In summary, we have shown with distance-independent measurements that n Car
erupted at least once, likely twice, before its Great Eruption in the 1800s. Models
for this still-enigmatic star must therefore explain the recurrence of these major
mass-loss events, along with their several-hundred-year timescale and their various

asymmetries.
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CHAPTER 3

PROPER MOTIONS OF FIVE OB STARS WITH CANDIDATE DUSTY BOW
SHOCKS IN THE CARINA NEBULAT

We constrain the proper motions of five OB stars associated with candidate
stellar wind bow shocks in the Carina Nebula using HST ACS imaging over 9-
10 year baselines. These proper motions allow us to directly compare each star’s
motion to the orientation of its candidate bow shock. Although these stars are
saturated in our imaging, we assess their motion by the shifts required to minimize
residuals in their Airy rings. The results limit the direction of each star’s motion to
sectors less than 90° wide. None of the five stars are moving away from the Carina
Nebula’s central clusters as runaway stars would be, confirming that a candidate
bow shock is not necessarily indicative of a runaway star. Two of the five stars
are moving tangentially relative to the orientation of their candidate bow shocks,
both of which point at the OB cluster Trumpler 14. In these cases, the large-scale
flow of the interstellar medium, powered by feedback from the cluster, appears to
dominate over the motion of the star in producing the observed candidate bow shock.
The remaining three stars all have some component of motion toward the central
clusters, meaning that we cannot distinguish whether their candidate bow shocks
are indicators of stellar motion, of the flow of ambient gas, or of density gradients
in their surroundings. In addition, these stars’ lack of outward motion hints that
the distributed massive-star population in Carina’s South Pillars region formed in

place, rather than migrating out from the association’s central clusters.

"This chapter has been previously published as Kiminki et al. (2017).
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3.1 Introduction

Feedback from massive stars impacts their surroundings on scales ranging from the
shaping of their immediate circumstellar environment to the reionization of the Uni-
verse. Stellar wind bow shocks, falling on the former end of that scale, provide impor-
tant information about a star’s history and environment. Bow shocks are produced
when the relative velocity between a star and the surrounding interstellar medium
(ISM) is supersonic (Baranov et al., 1971; van Buren and McCray, 1988). They typ-
ically appear as arc-shaped features in optical line emission (e.g., Kaper et al., 1997;
Bally et al., 2000; Brown and Bomans, 2005; Brownsberger and Romani, 2014)
and/or thermal infrared continuum emission from dust (e.g., van Buren et al.,
1995; Noriega-Crespo et al., 1997; Comerén and Pasquali, 2007; France et al., 2007;
Gaspar et al., 2008; Peri et al., 2012; Winston et al., 2012; Kobulnicky et al., 2016).
These features mark the sweeping-up of ambient material between the stellar wind
termination shock and a second shock from the supersonic motion. The orientation
of the bow shock arc depends on the direction of the relative motion, although it
can be skewed by density gradients in the environment (Wilkin, 2000). The arc’s
standoff distance from the star depends on the pressure balance between the stellar
wind and the ISM and hence on the magnitude of their relative motion and the
density of the ISM. Bow-shock-like structures may also be produced where dust in
a photoevaporative flow is stalled by radiation pressure rather than the stellar wind
(Ochsendorf et al., 2014a,b; Ochsendorf and Tielens, 2015; Ochsendorf et al., 2015).
The asymmetric stellar wind bubbles of slower-moving stars may also have a similar
appearance in the mid-infrared (Mackey et al., 2015, 2016).

Arc-shaped structures around massive stars have commonly been consid-
ered a marker of high stellar velocities, under the assumption that the rela-
tive motion between star and ISM is dominated by the absolute motion of the
star (van Buren et al., 1995; Kaper et al., 1997; Gvaramadze and Bomans, 2008;
Gvaramadze et al., 2010; Kobulnicky et al., 2010; Gvaramadze et al., 2011a,b). The

typical velocity of an O-type star relative to its surroundings is ~ 10 km s~ (Blaauw,
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1961; Cruz-Gonzélez et al., 1974; Gies and Bolton, 1986; Tetzlaff et al., 2011), com-
parable to the speed of sound in an H II region, but 20-30% of O-type stars are
“runaways” with velocities > 40 km s~ (Blaauw, 1961; Cruz-Gonzélez et al., 1974;
Stone, 1991; Tetzlaff et al., 2011). The high speeds of runaway stars are imparted
through dynamical interactions in a cluster (Poveda et al., 1967; Gies and Bolton,
1986; Fujii and Portegies Zwart, 2011), through the disruption of a binary system
when the companion star explodes as a supernova (Blaauw, 1961), or through a
two-step scenario involving both processes (Pflamm-Altenburg and Kroupa, 2010).
Runaways make up 50-100% of field O-type stars, the O-type population found
outside clusters and associations (de Wit et al., 2005; Schilbach and Réser, 2008;
Gvaramadze et al., 2012).

The question of whether all field O-type stars are runaways, or whether a
small fraction formed in isolation, is of key importance to our understanding of
massive star formation. The monolithic collapse model (McKee and Tan, 2003;
Krumbholz et al., 2005b, 2009) permits truly isolated massive star formation, al-
beit rarely, while the competitive accretion model (Zinnecker, 1982; Bonnell et al.,
2001a,b, 2004) requires that massive stars form exclusively in clusters. In observa-
tional studies, the presence of a bow shock or candidate bow shock is sometimes
taken as a clue that a given massive field star did not form in situ. For example,
HD 48229 and HD 165319 were part of the 4 & 2% of all O-type stars identified by
de Wit et al. (2004, 2005) as likely candidates for isolated massive star formation.
Bow shocks were later discovered around both sources (Gvaramadze and Bomans,
2008; Gvaramadze et al., 2012), calling into question their origins in the field.

While 70% of bow shocks and bow-shock-like structures are located in rel-
atively isolated environments consistent with runaway stars (Kobulnicky et al.,
2016), the rest are found around OB stars in clusters and associations. These
stars have sometimes been interpreted as runaway interlopers from other regions
(Gvaramadze et al., 2011b). However, the assumption that the motion of the am-
bient ISM is negligible relative to that of the star may not always be valid, par-

ticularly in and around giant H II regions. In many cases, bow shock orientations
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suggest that feedback-driven ISM flows are relevant. Povich et al. (2008) observed
that bow shocks in the massive star-forming regions M17 and RCW 49 are ori-
ented toward those regions’ central clusters, suggesting that global expansion of the
H II regions is the dominant component of the relative star-ISM velocity. Sim-
ilarly, several bow shocks in Cygnus OB2 point toward the association’s interior
(Kobulnicky et al., 2010), as do more than half of the candidate bow shocks in the
Carina Nebula (Smith et al., 2010c; Sexton et al., 2015). The Galactic Plane sur-
vey of Kobulnicky et al. (2016) found that roughly 15% of infrared bow shocks are
pointed at H II regions, while another 8% face bright-rimmed clouds; they also
noted that bow shock orientations are correlated on small scales, indicative of the
influence of external forces. Povich et al. (2008) refer to such feedback-facing bow
shocks as “interstellar weather vanes,” tracing photoevaporative flows off local dense
gas and/or large-scale gas motions driven by cluster feedback. Kobulnicky et al.
(2016) call them “in-situ bow shocks,” reflecting their origin around presumably
non-runaway OB stars.

When the motion of the star dominates over the motion of the surrounding ISM,
as it does for runaway stars, the bow shock is expected to point in the direction
of the star’s motion. van Buren et al. (1995) surveyed bow shocks around known
runaway stars and found that the bow shocks were preferentially aligned with their
host stars’ proper-motion vectors. However, they used proper motions measured
in an absolute reference frame, not corrected for Galactic rotation and solar pecu-
liar motion and thus not necessarily representative of a star’s motion relative to
the surrounding ISM. More recent surveys by Peri et al. (2012, 2015), again of bow
shocks around known runaways stars, did correct proper motions for Galactic ro-
tation and noted a similar, albeit qualitative, tendency for alignment. Individual
runaway stars are also often observed to be moving in the direction of their bow
shocks (e.g., Moffat et al., 1998, 1999; Comer6n and Pasquali, 2007). But what
about bow shock around stars that have not already been identified as runaways?
Kobulnicky et al. (2016) compiled a sample of bow shocks without any selection on

their host stars’ kinematics. They found that more than 50% of the host stars with
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significant measured proper motions had velocity—bow shock misalignments of more
than 45°, although again, they were working with absolute proper motions rather
than local. The relationship between stellar motion and bow shock orientation for
stars in clusters and associations remains largely unexplored.

To further investigate this relationship, we measure local proper motions for five
massive stars in the Carina Nebula (listed in Table 3.1), each of which is associ-
ated with a candidate bow shock from Sexton et al. (2015, which includes objects
first identified by Smith et al. 2010c). Smith et al. (2010c) and Sexton et al. (2015)
identified a total of 39 “extended red objects” (EROs) in the Carina Nebula. These
EROs exhibit extended, often arc-shaped, morphology in Spitzer Infrared Array
Camera (IRAC) 8.0 um images. Nine of the Sexton et al. (2015) EROs are clearly
resolved arcs and are classified as morphological bow shock candidates; one of our
stars (ALS 15206) is associated with one of these sources (ERO 2). Another eight
of the Sexton et al. (2015) EROs lack resolved morphologies at 8.0 pm but have in-
frared colors that rule out emission from young stellar objects (YSOs) and polycyclic
aromatic hydrocarbons (PAHs). The remaining four of our stars are associated with
sources in this category, known as color bow shock candidates.

Our five target stars reside in the Carina Nebula: their visual magnitudes (see
Table 3.1), spectral types, and extinctions (Povich et al., 2011b) confirm that they
are unlikely to be foreground or background objects. The Carina Nebula is home to
nearly 70 O-type and evolved massive stars (Smith, 2006a), including some of the
earliest known O-type stars (Walborn et al., 2002b) and the luminous blue variable
n Carinae (Davidson and Humphreys, 1997). At 2.3 kpc (Smith, 2006b), it is one of
the closest and least-extincted massive star-forming regions. Its two central clusters,
Trumpler (Tr) 14 and Tr 16, contain about half of its massive-star population. The
rest is spread across ~30 pc, mostly in a region of ongoing star formation known
as the South Pillars (Smith et al., 2000). Emission-line profiles show that feedback
from the central clusters is driving the expansion of multiple shells of ionized gas
(Damiani et al., 2016), resulting in a global expansion of the H II region at +15-20
km s~ (Walborn and Hesser, 1975; Walborn et al., 2002a, 2007). It is easy to envi-



Table 3.1: HST data log.

ERO Star ID R.A. Dec. Spectral V ACS Date 1 Exp. time 1  Date 2 Exp. time 2
No.? (J2000)  (J2000) type (mag) field (s) (s)
2 ALS 15206 10:44:00.9 -59:35:46 09.2 VP 10.7¢  TR14 2005 Jul 17 2 x 500 2015 Jun 28 2 x 520

23 TYC 8626-2506-1 10:44:30.2 -59:26:13 Q9 VP 10.9¢ TR14 2005 Jul 17 2 x 500 2015 Jun 28 2 x 520
24 CPD-59 2605 10:44:50.4  -59:55:45 B1 V¢ 11.1f POS27 2006 Mar 18 2 x 500 2015 Mar 12 2 x 560
25 HDE 305533 10:45:13.4 -59:57:54 B1 V? 10.6° POS26 2006 Mar 16 2 x 500 2015 Mar 12 2 x 560
31 HD 93576 10:46:53.8 -60:04:42 09.5IVP 9.6 POS20 2006 Mar 15 2 x 500 2015 Mar 11 2 x 455

2From Sexton et al. (2015).
PFrom Sota et al. (2014).
“From Vijapurkar and Drilling (1993).

dFrom Reed (2003).

°From Hgg et al. (2000).

fFrom Massey and Johnson (1993).

(@)
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sion that the inward-facing orientations of many of Carina’s candidate bow shocks
are the result of this supersonic, feedback-driven ISM expansion (Sexton et al., 2015)
or that they are shaped by interaction with dense photoevaporative flows. Here, we
explore whether those interpretations are valid and to what degree these bow shocks
are shaped by the motion and structure of the ISM versus the motion of their driving
stars.

The organization of this paper is as follows: In Section 3.2, we describe our multi-
epoch Hubble Space Telescope (HST') observations, our image alignment procedure,
and our method for measuring proper motions. We present our results and compare
the stellar motions to the orientations of their associated bow shock candidates in
Section 3.3. Section 3.4 discusses the implications and limitations of our results,

and Section 3.5 summarizes our conclusions.

3.2 Observations and Analysis

3.2.1 HST ACS imaging

We have conducted a large-scale multiepoch survey of the Carina Nebula using the
Wide Field Camera (WFC) of HST’s Advanced Camera for Surveys (ACS). All ob-
servations were made with the F658N filter, which captures emission from Ha and
[N II] A6584. Our imaging coverage is shown in Figure 3.1, where each small rectan-
gle is one orbit made up of three overlapping pairs of CR=SPLIT exposures. Orbital
pointings were designed to target features of particular interest in star formation
(pillars, Herbig-Haro objects, etc.) as well as the central Tr 14 and Tr 16 clusters.
The pointings in Figure 3.1 are labelled according to their designations in the HST
data archive.

The first epoch of our ACS observations was taken in 2005-2006 (GO-10241 and
GO-10475, PI: N. Smith; see Smith et al. 2010a). The same set of observations was
repeated in 2014-2015 (GO-13390 and GO-13791, PI: N. Smith). This second epoch
was designed to replicate the first as closely as possible in pointing and position angle

in order to minimize position-dependent systemic errors when measuring proper
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Figure 3.1: Ground-based Har image of the Carina Nebula from Smith et al. (2010a),
with the positions of our HST ACS fields outlined in black and labelled by their
designations in the HST data archive. All fields were observed twice, with a 9-10
year baseline between epochs. The orange box indicates the portion of our Tr 14
mosaic that could not be re-observed at the same position angle due to changes
in the HST Guide Star Catalog between epochs. Extended red objects (EROs)
from Sexton et al. (2015) that fall inside our fields are marked with red stars and
labeled with their ERO number; the red arrows show their measured proper motions
(Section 3.3) scaled to a travel time of 10° yr. The blue filled circles are EROs from
Sexton et al. (2015) that fall outside our HST fields. The approximate positions of
the primary central clusters, Tr 14 and Tr 16, are outlined with dashed circles, as
are the positions of Bochum 11 and Collinder 228, two smaller clusters in the South
Pillars region.
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motions. Owing to changes in the HST Guide Star Catalog between epochs, we
were unable to duplicate the orientation angle of the central segment of the Tr
14 mosaic (marked in orange in Figure 3.1) and of Positions 25 and 30. Those
observations were rotated by ~180°.

Also marked in Figure 3.1 are the locations of EROs from Sexton et al. (2015).
Our survey serendipitously imaged the stars associated with seven EROs. However,
as discussed below, we were unable to constrain the proper motions of the two
ERO-associated stars in the central part of the Tr 14 mosaic (the part for which the
orientation angle changed beween epochs), leaving us with a sample of five. Full

details of the observations of each of these five stars are given in Table 3.1.

3.2.2 Image alignment and stacking

Our image alignment procedure, which adapts the methods of Anderson et al.
(2008a,b), Anderson and van der Marel (2010), and Sohn et al. (2012), is described
in detail in Reiter et al. (2015a,b) and Kiminki et al. (2016). In summary, we find
the positions of uncrowded, unsaturated stars in individual exposures and use those
positions to relate each image to a master, distortion-free reference frame. We use
the program img2xym WFC.09x10 (Anderson and King, 2006), which uses an array of
effective point spread functions (PSFs) and has the option to fit a spatially constant
perturbation PSF to account for telescope breathing and other focus changes. The
measured stellar positions were then corrected for geometric distortion (Anderson,
2006).

A master reference frame with a pixel scale of 50 mas was constructed for each
orbital pointing, aligned with north in the 4y direction. The six overlapping images
from each epoch of a given pointing were stacked into two reference-frame master
images (one per epoch) using the stacking algorithm of Anderson et al. (2008b).
Object positions in the master images are directly comparable between epochs to
an alignment accuracy of approximately 1 mas (~ 1 km s™! over a 9-10 year baseline
at the distance of the Carina Nebula). We found that including a perturbation PSF

in fitting stellar positions did not improve the alignment precision, but we address
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other possible effects of HST focus changes in Section 3.2.3.

In all cases, the master reference frames are not tied to an absolute proper-motion
zero point. Instead, the zero point is based on the average motion of several hundred
well-measured stars in the image. In other words, the bulk motion of the Carina
Nebula is removed, as are smaller differences in the large-scale motion of Carina’s
clusters and subclusters. Features that are locally stationary, like bow shocks, are
expected to be stationary in our reference frames, allowing direct measurement of

the motion of stars relative to their surroundings.

3.2.3 Measuring local proper motions of saturated stars

With the images from two epochs on the same reference frame, measuring local
proper motions for unsaturated stars in our stacked images is as simple as compar-
ing their PSF-derived positions between epochs. However, most of the OB stars
observed, including those associated with candidate bow shocks, are saturated in
our ACS images (which were all ~500 s long). We were unable to reconstruct the
PSF core to perform traditional astrometry. Instead, we used the positions of the
extended Airy rings, which are clearly visible for these stars in these deep, high-
resolution images. The left column of Figure 3.2 shows the first-epoch image of all
five ERO-associated stars for which we measured proper motions.

As marked in Figure 3.2, we identified four regions in the outer PSF of each
star, avoiding diffraction spikes, saturation bleeding, and close companions. We
then found the pixel offset in x (west-east) and y (north-south) by which the first
epoch needed to be shifted in order to minimize the sum over those four regions
of the absolute value of the flux difference between epochs. The best-fit offset was
computed using the AMOEBA algorithm, the IDL implementation of the downhill
simplex function minimization method (Nelder and Mead, 1965; Press et al., 1992).
AMOEBA requires an input estimate. As recommended by Press et al. (1992), we run
the algorithm twice, giving it a random starting estimate on the first run and then
starting the second run at the best-fit parameters of the first. The resulting best-
fit difference images (unshifted second epoch minus best-fit shifted first epoch) are
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Figure 3.2: Left: first-epoch ACS F658N images of five stars associated with can-
didate bow shocks in the Carina Nebula. The red boxes mark the sections of the
Airy rings used for fitting the offset between epochs. Middle: best-fit difference im-
ages (unshifted second epoch minus best-fit shifted first epoch) for each star. Right:
best-fit pixel offset between epochs with a 9-10 year baseline. The gray shaded
regions mark the space of possible apparent offsets due to focus changes.
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Figure 3.2: Continued.
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shown in the middle column of Figure 3.2. Although the Airy rings do not disappear
completely in the difference images, there are no systematic differences in residual
flux between quadrants. The best-fit offset for each star, in pixels over the 9-10 year
baseline, is plotted in the right column of Figure 3.2.

This method does not produce accurate results for saturated stars in fields that
experienced significant rotation between epochs. The asymmetry of the ACS WFC
PSF (Anderson and King, 2006; Mahmud and Anderson, 2008) causes the flux dis-
tribution in the outer PSF to be orientation-dependent. When the fields are rotated
into alignment, the asymmetric flux distribution introduces an apparent shift of up
to several pixels. Consequently, as mentioned in Section 3.2.1, we were unable to
measure the true shifts of the two ERO-associated stars in the central part of our
Tr 14 mosaic (see Figure 3.1). These stars were removed from further analysis and
are not shown in Figure 3.2; our final sample consists of the five ERO-associated
stars listed in Table 3.1.

To characterize the uncertainties in our fits, we ran several different tests. First,
we adjusted the size and placement of the boxes used to calculate the residuals,
then refit. These adjustments proved to have a negligible effect on the resulting
best-fit offset. Second, we repeated the full fitting process 100 times and measured
the standard deviation among the results. These ranged from 0.03 to 0.4 pixels
depending on the star. Finally, we applied 100 random [z,y]| offsets to the first-
epoch images and repeated the full fitting process again for each, to determine how
well we could recover the expected (artificial + true) offsets. The standard deviation
in the offsets recovered via this approach ranged from 0.04 to 0.23 pixels. For each
star, we adopt the greater of the two uncertainty values as the formal uncertainty.

Changes in HST focus from both short-term thermal breathing and long-term
non-thermal effects (e.g., Cox and Lallo, 2012) could induce an apparent offset be-
tween epochs by redistributing flux in the PSF. To evaluate the magnitude of this
effect, we downloaded a Tiny Tim model PSF (Krist et al., 2011) for each star, at
its observed chip position, for the appropriate focus value taken from the HST focus

model (di Nino et al., 2008; Niemi and Lallo, 2010; Cox and Niemi, 2011). The true
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shift between “epochs” of Tiny Tim models is zero, so any measured shift would
be a false positive. We ran the pair of Tiny Tim models for each star through our
fitting procedure and measured apparent offsets of 0.035 to 0.22 pixels, which are
illustrated by the shaded gray regions in the third column of Figure 3.2. In most
cases, the focus-induced shifts are small and /or distributed roughly evenly about the
origin. For HDE 305533 (ERO 24), however, the focus changes induced a system-
atic —z, +y offset. Removing this shift would reduce the magnitude of the observed
proper motion of HDE 305533 by roughly half, but would have only a small effect

on its direction of motion.

3.3 Results

As the plots in the right column of Figure 3.2 demonstrate, each of the five stars
associated with candidate bow shocks traveled no more than ~0.5 pixels (25 mas)
in any direction over their 9-10 year baselines. The measured pixel offsets are given
in Table 3.2 along with the corresponding proper motion components, the total
transverse velocity, and the position angle of the proper motion vector. The best-fit

L. the red arrows in Figure

local transverse velocities range from 16 to 35 km s~
3.1 show the expected travel distances over 10° yr. However, the uncertainties on
most of the measured velocities are relatively large: most of the stars have motion
consistent with zero within 1-2 o. Only HD 93576 has motion significant at the
3o level, in the x direction, although it has negligible y (north-south) motion. We
argue in Section 3.4.1 below that the true proper moions are likely on the smaller
side of the allowed ranges. Even so, the results for all five stars constrain their
directions of motion to sectors less than 90° wide.

In Figure 3.3, we compare the local proper motions of the stars to the orien-
tations of their associated candidate bow shocks. The latter were determined by
Sexton et al. (2015) based on the peaks of the 8.0 pm flux. (ERO 25, associated

with HDE 305533, does not have a measured orientation.) In these three-color

Spitzer IRAC images, the candidate stellar wind bow shocks appear as extended



Table 3.2: Local proper motions of stars associated with candidate bow shocks.

ERO No. Star ID oz oy [hey COS O 1§ vr®  Position angle
(pixels) (pixels) (mas yr=h)  (masyr~!') (kms7!) (deg E of N)

2 ALS 15206 2039 (0.16)  0.35 (0.28) 0(0.8) 18 (L4) 29 (17) 48 (25)

23 TYC 8626-2506-1 -0.27 (0.29) -0.45 (0.39) 4(14)  -23(2.0) 29 (27) 149 (35)

24 CPD-59 2605 0.36 (0.37)  0.46 (0.20)  -2. 0 (2.1)  25(11) 35 (25) 322 (31)

25 HDE 305533 -0.39 (0.18)  0.40 (0.19) 2 (1.0)  22(1.1) 34 (16) 45 (19)

31 HD 93576 0.26 (0.04)  0.04 (0.07) -1.4 0.2)  02(04) 16 (5) 279 (15)

Uncertainties for each quantity are listed in parentheses.
aTotal transverse velocity, assuming a distance of 2.3 kpc.

18
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red (8.0 um) features, while nearby stars are prominent in blue (3.6 ym) and green
(4.5 pum). We indicate the stars’ motions with white arrows (lengths arbitrarily
scaled for visiblity) and show the range of possible directions with dotted white
lines. The orientations of the candidate bow shocks, where known, are denoted by
cyan arrows, and the outer yellow arrows show the directions to the various OB
clusters.

The uppermost panels in Figure 3.3 show ALS 15206 (with ERO 2 from
Sexton et al. 2015) and TYC 8626-2506-1 (ERO 23). Both of these stars are closer
to Tr 14 than to Tr 16 (see Figure 3.1), both are associated with candidate bow
shocks pointing at Tr 14, and both have proper motions directed tangentially to the
orientation of their candidate bow shocks. The radial velocity of ALS 15206 is poorly
constrained, as it is a probable spectroscopic binary (see Chapter 4), but is consis-
tent with being drawn from the radial velocity distribution of Tr 14 (Penny et al.
1993; Garcia et al. 1998; also see Chapter 4). No radial velocity data exist for TYC
8626-2506-1. Thus based on the proper motions of their associated stars, the relative
motion shaping EROs 2 and 23 appears to be dominated by the motion of the sur-
rounding ISM, expanding outward from Tr 14. Unseen density gradients may also
play a role, but the motions of the stars themselves do not look to be influencing
the directions of these candidate bow shocks. They may truly be acting as “weather
vanes,” tracing the large-scale flows of the ISM.

The middle row of Figure 3.3 shows CPD-59 2605 (ERO 24) and HDE 305533
(ERO 25). These stars’ candidate bow shocks are not arc-shaped at IRAC reso-
lutions; Sexton et al. (2015) were able to measure an orientation for ERO 24 but
not for ERO 25. Both stars are in Carina’s South Pillars region, and are roughly
7.5 pc northeast of the nominal center (Wu et al., 2009) of the sparse open cluster
Collinder 228 (Cr 228). ERO 24 points north toward Tr 16, suggesting that it is
influenced by feedback-driven outflows. However, its associated star (CPD-59 2605)
has a local proper motion to the northwest, consistent with the orientation of the
candidate bow shock within the uncertainties. It is thus not possible to distinguish

between the effects of ISM flows and stellar motion in the case of ERO 24, as both
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Figure 3.3: Composite three-color Spitzer IRAC images of the five OB stars and
their associated candidate bow shocks (blue = 3.6 um, green = 4.5 pm, red = 8.0
pm). The white arrows indicate the direction of the best-fit proper motion of each
star, with the dotted white lines bracketing the +1¢ range of directions. The cyan
arrows highlight the orientation of the candidate bow shock, i.e., the direction from
the star to the peak of the 8.0 ym emission, where measured by Sexton et al. (2015).
Also indicated are the directions to Tr 14 and Tr 16, the largest OB clusters in the
Carina Nebula, and to the smaller clusters Bo 11 and Cr 228.
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Figure 3.3: Continued.

may be relevant to shaping that feature. No radial velocity data exist for CPD-59
2605.

Relative to its surroundings, HDE 305533 (ERO 25) is moving to the northeast,
away from the WNH star HD 93131 and the small group of late O-type stars that
make up the center of Cr 228. Its path hints at an ejection from Cr 228, although
at its observed speed it would have covered the 7.5 pc from Cr 228 in just 220,000
yr (but see discussion in Section 3.4.1 below on the likelihood that our measured
proper motions are upper limits). The age and extent of Cr 228 are also poorly
constrained, as it has often been considered an extension of Tr 16 (Walborn, 1995;
Smith and Brooks, 2008), while X-ray data show it to be a discrete collection of
groups and subclusters without a clear center (Feigelson et al., 2011). The origin
of HDE 305533 is therefore not clearly evident. Its radial velocity (-18 km s 7;
Levato et al., 1990) is typical for the massive stars in Cr 228 and the South Pillars
region (Levato et al. 1990; also see Chapter 4) and comparable to the radial velocity
of the surrounding gas pillars (Rebolledo et al., 2016).

Finally, the bottom panel of Figure 3.3 shows HD 93576, the binary system
(Levato et al., 1990) associated with ERO 31. HD 93576 lies on the outskirts of
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the small open cluster Bochum 11 (Bo 11), located in the southeastern part of the
South Pillars. Bo 11 is home to an estimated 1000 stars (Dias et al., 2002), including
the O5 supergiant HD 93632 (Sota et al., 2014) and three additional O-type stars
besides HD 93576. Photometric analysis indicates that the cluster is 3-5 Myr old
(Fitzgerald and Mehta, 1987; Patat and Carraro, 2001; Preibisch et al., 2011a); the
presence of an Ob5I star suggests that 3 Myr is more likely. As Figure 3.3 shows,
the proper motion vector of HD 93576 is closely aligned with the orientation of its
candidate bow shock, which in turn points nearly directly away from the center
of Bo 11. This configuration suggests that HD 93576 was ejected from Bo 11 and
that its subsequent supersonic motion produced the observed candidate bow shock.
Its systemic radial velocity (-8 km s™'; see Chapter 4) is commensurate with the
radial velocities of the other massive members of Bo 11 (Levato et al. 1990; also
see Chapter 4) and the nearby dense gas (Rebolledo et al., 2016). But its observed
proper motion (15 km s™') and current position (1.9 pc from the center of Bo 11)
indicate an ejection date just 130,000 yr ago. Perhaps HD 93576 was ejected 2-3 Myr
after the formation of Bo 11 (possible; see Oh and Kroupa, 2016). Alternately, it
could have originated outside the Carina Nebula and have a coincidental agreement
in radial velocities, or the magnitude of its proper motion could be smaller than
measured (see discussion in Section 3.4.1). In addition, its candidate bow shock is
also generally directed toward the interior of the Carina Nebula, so a contribution
from ISM flows driven by cluster feedback cannot be ruled out regardless of the

origin of the star.

3.4 Discussion

3.4.1 Proper motions as upper limits

For four of the five candidate bow shock host stars in our sample, we measure lo-

1 1

cal proper motions of ~30 km s™", with associated uncertainties of > 15 km s™".
(This total includes HDE 305533, whose observed motion may include a contribu-

tion from focus changes as described in Section 3.2.3.) Several lines of reasoning



86

support the interpretation of these measured velocities as upper limits, with the
true proper motions lying on the small side of the allowed range. First, the typi-
cal velocity of an O-type star relative to its surrounding is ~ 10 km s~ (Blaauw,
1961; Cruz-Gonzalez et al., 1974; Gies and Bolton, 1986; Tetzlaff et al., 2011). Of
course, the stars in our sample are arguably not typical, given their association with

! may qualify them as

candidate dusty bow shocks. Space velocities of 30 km s~
runaway stars, depending on the choice of runaway classification criteria. None of
the five stars measured here are moving with trajectories that could have originated
in Tr 14 or Tr 16, although HDE 305533 (ERO 25) and HD 93576 (ERO 31) may
have come from the smaller open clusters Cr 228 and Bo 11, respectively. An object

! would cover 60 pc in 2 Myr (the average estimated age of Tr

moving at 30 km s~
14/16; Walborn, 1995; Smith, 2006a; Preibisch et al., 2011a), and these stars are all
significantly closer than that to any possible clusters of origin in the Carina Nebula.
It is possible that all four of the stars with measured proper motions of ~30 km s+
were ejected more recently, but that scenario would still not explain their directions
of motion. Similarly, it is possible that all four are interlopers in the Carina Nebula,
originating from another cluster, but the chance of encountering four such stars in
our small sample is low. And as described in Section 3.3, the radial velocities of
our sample stars, where available, agree with the radial motions of the surrounding
stars and gas, consistent with more local origins.

In addition, speeds of 30 km s~! are inconsistent with the relative star-ISM ve-
locities computed for Carina’s candidate bow shocks by Sexton et al. (2015). The
pressure balance governing a standard bow shock makes it possible to estimate the
relative star—ISM velocity as a function of measured standoff distance by making rea-
sonable assumptions about stellar wind velocity, mass-loss rate, and ISM density.
Sexton et al. (2015) measured the standoff distances of nine EROs in the Carina
Nebula and found an average star-ISM velocity of 17 km s~!. For ERO 2 (associ-
ated with ALS 15206), the relative star-ISM velocity was a barely-supersonic 7 km

1

s~ . Similar relative velocities for bow shocks in the massive star-forming region

RCW 38 were reported by Winston et al. (2012). These numbers have substantial
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uncertainties due to the assumptions that go into their calculation, but they still
suggest somewhat lower stellar velocities. Consider ERO 2 (ALS 15206): The orien-
tation of the candidate bow shock indicates that the direction of the highest relative
star—ISM velocity is to the northwest. We have measured that ALS 15206 is moving
to the northeast, tangential to its candidate bow shock. If the relative star-ISM
velocity in the direction of the candidate bow shock is on the order of 7 km s,
the relative star—-ISM velocity in a different direction cannot be substantially higher
than that, although the picture may be complicated if there are density gradients
in the ISM.

For these reasons, it is unlikely that the measured stars associated with candidate
bow shocks are moving as fast as 30 km s~! relative to their surroundings. The local
proper motions given here should thus be treated as upper limits. HD 93576 may be

an exception, as its westward motion is measured at 3o significance (but this raises

questions about its possible origin in Bo 11, as discussed in Section 3.3).

3.4.2 Comparison to absolute proper motions

All five of the stars in our sample have proper motions listed in the USNO
CCD Astrograph Catalog (UCAC4; Zacharias et al., 2013), and ALS 15206, TYC
8626-2506-1, and HD 93576 also have proper motions in the Tycho-2 Cata-
logue (Hog et al., 2000) and Gaia Data Release 1 (DR1; Gaia Collaboration et al.,
2016a,b; Lindegren et al., 2016). (Note that Tycho-2 and Gaia DR 1 are not wholly
independent measurements, as the latter incorporates positional information from
the former.) The UCAC4, Tycho-2, and Gaia DR1 proper motions are measured
in an absolute reference frame and are therefore not directly comparable to the
local proper motions measured here. We would expect to see a roughly constant
offset between these absolute proper motions and our local ones, with that offset
representing the bulk motion of the Carina Nebula relative to the Sun. We plot
the available absolute proper motions for each star, along with our measured local
proper motions, in Figure 3.4. Contrary to expectations, Figure 3.4 does not show

a consistent offset between local and absolute proper motions. The UCAC4 proper
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Figure 3.4: Comparison of the local proper motion (filled black diamonds) of each
star measured here to its absolute proper motion from UCAC4 (open blue squares,
Zacharias et al., 2013), the Tycho-2 Catalogue (filled orange stars, Hag et al., 2000),
and Gaia Data Release 1 (open red circles, Gaia Collaboration et al., 2016a,b;
Lindegren et al., 2016). (a) ALS 15206 (ERO 2); (b) TYC 8626-2506-1 (ERO 23);
(c) CPD-59 2605 (ERO 24); (d) HDE 305533 (ERO 25); (e) HD 93576 (ERO 31).

motions in particular do not follow any apparent trend relative to the local proper
motions or the Tycho-2 and Gaia DR1 data. The differences between catalogues
suggest that there may be systematic effects in the literature measurements that are
not taken into account in the published uncertainties.

For further comparison, we correct the Gaia proper motions, where available,
to the rest frame of the Carina Nebula in two ways. First, we formally correct for
Galactic rotation and solar peculiar motion, as in Moffat et al. (1998, 1999) and
Comerén and Pasquali (2007). We adopt Oort’s constants A = 1541 km s~ kpc™!
and B = —1241 km s™! kpc™! (Feast and Whitelock, 1997; Elias et al., 2006; Bovy,
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2017) and components of the solar peculiar velocity (Ug, Ve, We) = (10 £ 1,12 +
1,741) km s~! (Feast and Whitelock, 1997; Elias et al., 2006; Schonrich et al., 2010;
Tetzlaff et al., 2011). The corrected proper motions are plotted in Figure 3.5. For
all three stars, the corrected Gaia proper motions are < 1.3 mas yr~' (< 14 km
s~1), supporting our interpretation that these stars are not runaways. The corrected
Gaia proper motion of ALS 15206 (ERO 2) is, like our measured motion, directed
to the northeast, tangential to the orientation of its candidate bow shock. The
corrected Gaia motion of TYC 8626-2506-1 (ERO 23) is to the southwest, into
its candidate bow shock, although its 1o uncertainties overlap with those of our
measured motion to the southeast. The corrected Gaia motion of HD 93576 (ERO
31) is also consistent with our data, although the Gaia results indicate a smaller
velocity to the west, suggesting a longer time since ejection from Bo 11.

We also perform an empirical correction to the local reference frame: we compute
the weighted mean proper motion of the 38 O-type stars in the Carina Nebula in
Gaia DR1 (which is roughly half the total O-type population of the region; e.g.,
Smith, 2006a; Gagné et al., 2011; Alexander et al., 2016) and subtract that from the
absolute Gaia proper motions of the three sample stars. The results are consistently
~ 1.1 mas yr~! (~ 12 km s7!) offset from the results of formally correcting for
Galactic rotation and solar peculiar motion. For ALS 15206 (ERO 2) and TYC
8626-2506-1 (ERO 23), the empirical correction brings the corrected Gaia proper
motions into better agreement with our results. For HD 93576 (ERO 31), the
empirical correction produces worse agreement with our results and suggests that
the star is moving to the east, away from its candidate bow shock and toward
Bo 11. The different parts of the Carina Nebula may have different large-scale
motions not properly accounted for in these corrections. Future Gaia data releases,
extending into Carina’s intermediate-mass population, will allow more precise and

locally-specific corrections to the local reference frame.
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Figure 3.5: Comparison of the local proper motions (filled black diamonds) mea-
sured here to proper motions from Gaia Data Release 1 (Gaia Collaboration et al.,
2016a,b; Lindegren et al., 2016) that have been corrected to a local reference frame.
Open red circles are the Gaia DR1 data corrected for Galactic rotation and solar
peculiar motion as described in Section 3.4.2; purple asterisks are the Gaia DR1
data corrected empirically by subtracting the mean proper motion of O-type stars

in the Carina Nebula. (a) ALS 15206 (ERO 2); (b) TYC 8626-2506-1 (ERO 23);
(¢) HD 93576 (ERO 31).
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3.4.3 Interpreting bow shocks in giant H IT regions

In our subsample of bow shock candidates in the Carina Nebula, EROs 2 and 23 face
the OB cluster Tr 14, while EROs 24 and 31 point more generally toward Tr 14 and
16. The majority of bow shock candidates in the full Sexton et al. (2015) sample also
point in toward the clusters rather than out as would be expected for runaway stars.
Sexton et al. (2015) hypothesized that these candidate bow shocks are markers of
large-scale ISM flows driven by cluster feedback. The ionized gas in the Carina
Nebula is known to be globally expanding at 15-20 km s~! (Walborn and Hesser,
1975; Walborn et al., 2002a, 2007), with multiple local centers of expansion including
Tr 14 (Damiani et al., 2016). Feedback-driven outflows are also thought to explain
the orientations of bow shocks in other massive star-forming regions (Povich et al.,
2008; Winston et al., 2012) and the correlation of bow shock orientations on small
angular scales (Kobulnicky et al., 2016). Our results are broadly compatible with
this interpretation, but they indicate that the factors influencing a bow shock or
bow-shock-like structure cannot be deduced solely from its orientation.

The associated stars of EROs 2 and 23 are not moving in the direction of their
infrared arcs, which are thus likely shaped by feedback from Tr 14. These two
objects confirm that, at least in this environment, apparent bow shock orientation
does not always follow stellar motion. In contrast, the associated stars of EROs 24,
25, and 31 are moving roughly toward Tr 14 and 16. Both stellar motion and ISM
flows could be relevant in setting the orientation of these three candidate bow shocks,
demonstrating that cluster-facing bow-shock-like structures are not necessarily clear
markers of the motion of the ISM.

Feedback may also be affecting bow shocks in giant H II regions in other ways
besides large-scale outflows. For instance, the pile-up of dust in bow shock arcs
depends on the presence of dust in the surrounding H II region, as the hot winds of
OB stars do not make dust effectively. This dust may originate in photoevaporative
flows off nearby molecular pillars, driven globally by ionizing radiation from the cen-

tral clusters and locally by individual OB stars. Kobulnicky et al. (2016) found that
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eight percent of bow shocks across the Galactic Plane face bright-rimmed clouds,
suggesting they are shaped by local photoevaporative flows. The arc-shaped dust
waves around ¢ and A Ori are also thought to be driven by photoevaporative flows
off the edge of ionized bubbles (Ochsendorf et al., 2014a,b; Ochsendorf and Tielens,
2015; Ochsendorf et al., 2015). Density gradients in the ISM can also affect bow
shock symmetries (Wilkin, 2000) or create infrared arcs via uneven heating.

We inspected Spitzer images of the Carina Nebula to assess the relationship
between Carina’s EROs, its molecular gas, and the distribution of warm dust. There
is a possible tendency for EROs to be closer to dense pillars than expected from a
random distribution, but there is no correlation between ERO orientation and the
direction to the nearest pillar. ERO 31, for example, lies just 45” (~0.5 pc) from
the edge of a prominent pillar, but points almost directly away from it. Multiband
Imaging Photometer (MIPS) images at 24 pm reveal complex warm dust structures
throughout the nebula, including around EROs 24 and 31. However, the origin and
impact of these structures with respect to the EROs is unclear. Higher-resolution
mid-infrared imaging is required to tease out the effects of density gradients and
photoevaporative flows in shaping Carina’s EROs.

In any case, our main result is unaffected: in a giant H II region, the orienta-
tion of bow-shock-like structures may be determined by the ISM, by stellar motion,
or by some combination of factors. It is worth reiterating that none of the five
stars in our study are runaways from Tr 14 or 16. While this result is unsurpris-
ing given the orientation of their candidate bow shocks, it confirms that stars with
bow-shock-like structures are not automatically runaways. The statistical prefer-
ence for alignment between stellar motion and bow shock orientation, particularly
among known runaway stars (van Buren et al., 1995; Kobulnicky et al., 2016) sug-
gests that stellar motion does dominate over ISM flows for bow shocks far from
feedback-generating clusters. But within associations, assumptions about the impli-
cations of bow shocks and bow-shock-like structures (e.g., Kobulnicky et al., 2010;

Gvaramadze et al., 2011b) should be made with caution.
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3.4.4 Implications for the origins of OB associations

The local proper motions of CPD-59 2605 (ERO 24), HDE 305533 (ERO 25), and
HD 93576 (ERO 31) can also shed light on the origins of the distributed massive-star
population in the Carina Nebula. Nearly half of Carina’s massive stars, including the
WNH star HD 93131, are spread across roughly 20 pc in the South Pillars (Smith,
2006a). Some of these massive stars are associated with small open clusters (Bo
11, Cr 228) and other groups and subclusters of young stars (Smith et al., 2010c;
Feigelson et al., 2011). However, Herschel imaging detected no massive protostars
in the region, suggesting that the ongoing star formation in the South Pillars is
limited to low- and intermediate-mass stars (Gaczkowski et al., 2013).

In the classic picture of clustered star formation (e.g., Lada and Lada, 2003),
massive stars rarely form in a distributed mode as seen in the South Pillars. In-
stead, massive stars are born in clusters that may subsequently become unbound
after gas dispersal and expand into OB associations (Tutukov, 1978; Hills, 1980;
Lada and Lada, 1991, 2003). In this picture, one would expect the Carina Nebula’s
distributed massive stars to have formed in the central Trumpler clusters and drifted
out to their current locations over several Myr.

Our proper motion results are inconsistent with this expectation, as all three
of the massive South Pillars stars measured here are moving toward the Trumpler
clusters, not away. These stars’ kinematics suggest that they were born in the
South Pillars, possibly in one of the smaller open clusters, and support a model
of star formation in which OB associations form directly as loose aggregates (e.g.,
Efremov and Elmegreen, 1998a; Clark et al., 2005). A similar result has been ob-
served for the Cyg OB2 association based on its substructure and lack of global
expansion (Wright et al., 2014, 2016). Further investigation of stellar kinematics in
the South Pillars is needed to confirm this interpretation of the Carina Nebula’s

distributed population.
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3.5 Conclusions

Using HST ACS imaging with 9-10 year baselines, we have measured the local
proper motions (i.e., relative to the surrounding stars) of five OB stars associated
with candidate bow shocks in the Carina Nebula. Because these stars are highly
saturated in our data, we use precisely-aligned images to measure the shift in each
star’s Airy rings between epochs. The results are largely upper limits, but we are
able to constrain the direction of each star’s motion for comparison to the orientation
of its candidate bow shock.

Stellar wind bow shocks are formed when the relative velocity between star and
ISM is supersonic, but the bow shock alone does not indicate which component of the
relative velocity dominates. Are bow shocks indicators of fast-moving runaway stars
or do they mark the large-scale flow of the ISM? In our sample of five, we find two
cases where the latter is likely the case, as the stars are moving at a tangent to the arc
of their candidate bow shocks. In the other three cases, we conclude that the possible
influences of ISM flows, ISM structure, and stellar motion cannot be separated, and
that multiple factors could be relevant for each object. We consequently caution
against overinterpreting the orientation of bow shocks and bow-shock-like structures
in giant H II regions like the Carina Nebula.

In addition, none of the five stars measured here are runaways from the central
OB clusters of the Carina Nebula, although two may have been ejected from smaller
open clusters in the South Pillars. This finding emphasizes that bow shocks and bow-
shock-like structures in giant H II regions are not definite markers of runaway stars.
It also suggests that the distributed massive-star population in the Carina’s South
Pillars formed along with the distributed low- and intermediate-mass population;
the resulting OB association is not the expanding remnant of an embedded cluster

but a loose collection of many small groups and clusters.
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CHAPTER 4

A RADIAL VELOCITY SURVEY OF THE CARINA NEBULA’S O-TYPE
STARS'

We have obtained multi-epoch observations of 31 O-type stars in the Carina Neb-
ula using the CHIRON spectrograph on the CTIO/SMARTS 1.5-m telescope. We
measure their radial velocities to 1-2 km s~! precision and present new or updated
orbital solutions for the binary systems HD 92607, HD 93576, HDE 303312, and
HDE 305536. We also compile radial velocities from the literature for 32 additional
O-type and evolved massive stars in the region. The combined data set shows a
mean heliocentric radial velocity of 0.6 km s™'. We calculate a velocity dispersion
of < 9.1 km s™!, consistent with an unbound, substructured OB association. The

! radial velocity offset from

Tr 14 cluster shows a marginally significant 5 km s~
its neighbor Tr 16, but there are otherwise no correlations between stellar position
and velocity. The O-type stars in Cr 228 and the South Pillars region have a lower
velocity dispersion than the region as a whole, supporting a model of distributed
massive-star formation rather than migration from the central clusters. We compare
our stellar velocities to the Carina Nebula’s molecular gas and find that Tr 14 shows
a close kinematic association with the Northern Cloud. In contrast, Tr 16 has accel-
erated the Southern Cloud by 10-15 km s™!, possibly triggering further massive-star
formation. The expansion of the surrounding H II region is not symmetric about the

O-type stars in radial velocity space, indicating that the ionized gas is constrained

by denser material on the far side.

tThis chapter has been submitted for publication in the Monthly Notices of the Royal Astro-
nomical Society as Kiminki and Smith (2017).
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4.1 Introduction

The Carina Nebula is one of the most dramatic star-forming regions in the nearby
Galaxy. It is home to more than 70 O-type stars (Smith, 2006a; Gagné et al.,
2011; Alexander et al., 2016), including the defining star of the O2 spectral type
(Walborn et al., 2002b), as well as three late-type hydrogen-rich Wolf-Rayet stars
(WNH stars; Smith and Conti, 2008) and the remarkable luminous blue variable 7
Carinae (Davidson and Humphreys, 1997). The distribution of these O-type and
evolved massive stars is shown in Figure 4.1. Roughly half belong to two central
clusters, Trumpler (Tr) 14 and Tr 16, while the rest are spread across an area more
than 30 pc in diameter. Most of the more distributed stellar population is found in
the South Pillars, a region of active star formation to the south of Tr 16 (Smith et al.,
2000, 2010c). The combined ionizing radiation and stellar winds from the clustered
and distributed massive stars (Smith and Brooks, 2007) has had a major impact
on their surroundings, shaping spectacular dust pillars (Smith et al., 2000, 2010c),
powering a developing superbubble (Smith et al., 2000), and potentially trigger-
ing the observed ongoing star formation (Megeath et al., 1996; Smith et al., 2000;
Rathborne et al., 2004; Smith et al., 2005b, 2010c). The feedback-dominated envi-
ronment of the Carina Nebula is the closest analogue to giant starburst regions like
30 Doradus (e.g., Doran et al., 2013).

Due to the physical extent and complex structure of the Carina Nebula, the
relationships between its various clusters and subclusters have been the subject
of considerable debate. Photometric and spectroscopic surveys of the stellar pop-
ulations of Tr 14 and Tr 16 have usually placed the two clusters at a common
distance in the range 2.0 to 3.5 kpc (Feinstein et al., 1973; Walborn, 1982a,b;
The et al., 1980a,b; Turner and Moffat, 1980; Tapia et al., 1988; Cudworth et al.,
1993; Massey and Johnson, 1993; Tovmassian et al., 1994; Tapia et al., 2003;
Hur et al., 2012). Other studies concluded that Tr 14 lies 1-2 kpc behind Tr 16
(Walborn, 1973; Morrell et al., 1988) or vice versa (Carraro et al., 2004). The

smaller Tr 15 cluster likewise alternated between being considered a foreground
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Figure 4.1: The O-type and evolved massive stars in the Carina Nebula, shown
over a ground-based Ha image from Smith et al. (2010a) with Galactic coordinates
overlaid for reference. Red circles are O-type stars with new CHIRON observations;
we identify by name the four spectroscopic binaries with new orbital solutions (see
Section 4.3). Gray squares are O-type stars in version 3.1 of the Galactic O-Star
Catalog (Maiz Apellaniz et al., 2013; Sota et al., 2014) that were not targeted with
CHIRON. The V662 Car system (see Section 4.4.3) is highlighted. Gray triangles
are additional O-type stars confirmed by Alexander et al. (2016). The three WNH
stars are marked with blue stars, and 7 Car is indicated by an orange asterisk. The
large dashed circles mark the approximate locations of the major clusters in the
region.
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(Thé and Vleeming, 1971) or background (Walborn, 1973) cluster, until recent X-
ray data revealed a stellar bridge between Tr 15 and Tr 14 (Feigelson et al., 2011).
The open cluster Collinder (Cr) 228 and the distributed massive stars of the South
Pillars region have been variously treated as an extension of Tr 16 (Walborn,
1995; Smith and Brooks, 2008), a distinct but same-distance cluster (Herbst, 1976;
Turner and Moffat, 1980; Tapia et al., 1988; Tovmassian et al., 1994; Massey et al.,
2001, and see also Smith et al. 2010c and Feigelson et al. 2011), or a foreground
cluster (Feinstein et al., 1976; Forte, 1978; Carraro and Patat, 2001). The op-
tical studies were complicated by the variable extinction across the region and
the unusually high ratio of total-to-selective extinction Ry (Herbst, 1976; Forte,
1978; The et al., 1980a,b; Smith, 1987; Tovmassian et al., 1994; Carraro et al., 2004;
Mohr-Smith et al., 2017).

Independent of the many spectrophotometric distance studies of the region,
measurements of the expansion of 1 Car’s Homunculus Nebula have placed that
star at a firm distance of 2.3 kpc (Allen and Hillier, 1993; Davidson et al., 2001;
Smith, 2006a). As there is strong evidence that n Car is a member of Tr 16
(Walborn and Liller, 1977; Allen, 1979) and gas pillars across the Carina Nebula
complex show the influence of Tr 16’s feedback (Smith et al., 2000, 2010c), a general
consensus has arisen that Tr 14, Tr 16, Cr 228, and the rest of the stars in the Carina
Nebula belong to a single massive association at 2.3 kpc (e.g., Smith and Brooks
2008, although see Hur et al. 2012). Preliminary results from Gaia Data Release
1 (DR1; Gaia Collaboration et al., 2016a,b; Lindegren et al., 2016) support this in-
terpretation, with the parallaxes of the 43 measured O-type stars clustering around
0.5 mas or 2.0 kpc (Smith and Stassun, 2017).

Even with the spatial link between the Carina Nebula’s components now rela-
tively secure, the formation of its distributed massive population remains somewhat
uncertain. The O-type stars currently seen among the South Pillars may have been
born there, a possible example of an OB association forming through distributed, hi-
erarchical star formation (e.g., Efremov and Elmegreen, 1998b; Clark et al., 2005).

But no massive protostars have been detected among the forming stellar population
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in the South Pillars (Gaczkowski et al., 2013), and Preibisch et al. (2011b) argue
that the dense gas clouds in the region are not massive enough to support further
massive-star formation. If the distributed O-type stars did not form in situ, they
may have migrated out from Tr 16 either through the classic expansion of a clus-
ter after gas dispersal (Tutukov, 1978; Hills, 1980; Lada and Lada, 1991, 2003) or
as the result of cluster-cluster interaction (Gieles, 2013) between Tr 14 and Tr 16.
Kiminki et al. (2017) did not see any such outward migration in the local proper
motions of bow-shock-associated massive stars in the South Pillars, but their sample
size was limited.

In this paper, we explore the relationships between the components of the Carina
Nebula and the origins of its massive-star populations through a survey of the radial
velocities (RVs) of its O-type and evolved massive stars. These stellar RVs can be
compared to the kinematics of the Carina Nebula’s H 11 regions (e.g., Damiani et al.,
2016) and molecular gas (e.g., Rebolledo et al., 2016), allowing a direct assessment of
the impact of massive-star feedback on the intersellar medium. The RVs of massive
stars can be strongly affected by stellar binarity (e.g., Gieles et al., 2010), but the
effects can be constrained with multi-epoch observations.

The paper is organized as follows: In Section 4.2, we describe our multi-epoch
spectroscopic observing campaign and our RV measurements, and summarize the
additional data compiled from the literature. In Section 4.3, we discuss the O-type
stars with variable RVs and present orbital solutions for four spectroscopic binary
systems. Section 4.4 discusses the RV distributions of the various O-star populations
in the Carina Nebula and compares the observed stellar kinematics to the motions of
the region’s molecular and ionized gas. Our conclusions are summarized in Section

4.5.
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4.2  Observations and Data Analysis

4.2.1 Target selection

Our list of O-type stars in the Carina Nebula is drawn from version 3.1 of the
Galactic O-Star Catalog (GOSC; Maiz Apellaniz et al., 2013; Sota et al., 2014). The
GOSC v3.1 lists 68 objects, including the Of/WNH system WR 25, with right as-
censions between 10:40:00 and 10:49:00 and declinations between —60:20:00 and
—59:10:00. An additional four O-type systems in this coordinate range, originally
suspected on the basis of their X-ray emission (Povich et al., 2011a), were recently
spectroscopically confirmed by Alexander et al. (2016). Adding n Car and the re-
maining two WNH stars brings the total number of known systems with O-type and
evolved massive primaries to 75. These 75 systems are shown in Figure 4.1.

We selected 31 of these systems for new spectroscopic observations. In choosing
targets, we prioritized stars that had zero or few prior RV measurements, or whose
only existing RV data had high uncertainties. Most of our target stars are thus
outside of Tr 14 and Tr 16, as those clusters have been the targets of multiple spec-
troscopic campaigns and binary fraction analyses (Penny et al., 1993; Garcia et al.,
1998; Albacete Colombo et al., 2001, 2002; Morrell et al., 2001; Rauw et al., 2001,
2009; Nazé et al., 2005; Niemela et al., 2006). We also prioritized sources brighter
than V = 11 mag.

4.2.2 Spectroscopy

We obtained high-resolution spectra of our 31 target stars with the CHIRON echelle
spectrograph (Tokovinin et al., 2013) on the CTIO 1.5-m telescope operated by the
SMARTS Consortium. Observations were taken in queue operation using the fiber
mode configuration, which provides a resolution of R ~25,000 over a wavelength
range of 4100-8900 A. All 31 stars were observed 2-4 times each in Nov-Dec 2014.
Observations of a given star were spaced 7-14 days apart to minimize the chances of
catching a short-period binary at the same phase, as there is a relative lack of mas-

sive binaries in this period range (Kiminki and Kobulnicky, 2012; Kobulnicky et al.,
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2014). Follow-up observations of eight stars showing possible RV variations were ob-
tained in Oct 2015—-Jan 2016. Throughout our observing campaign, exposure times
were 60-1800 s, designed to achieve signal-to-noise (S/N) ratios of 50-70 at 5500
A. The resulting S/N ratios ranged from 30 to 150 with a median of 77. ThAr cal-
ibration spectra were taken before moving the telescope after observing each star;
bias and flat-field observations were taken at the beginning and end of each night
as part of CHIRON’s standard queue observing protocol.

Data were reduced in IRAF! using standard procedures, including bias subtrac-
tion, flat-fielding, cosmic ray correction, and extraction of 74 echelle orders. Wave-
length calibration was performed using the corresponding ThAr spectrum for each
star, and wavelengths were corrected to a heliocentric frame. The wavelength scale
of each order is good to an rms of 0.01 A (~0.6 km s~' at 5000 A). Echelle orders
were continuum-normalized before being combined into a single spectrum for each
exposure. A representative sample of reduced spectra is shown in Figure 4.2, focus-
ing on a wavelength region that covers most of the lines used for RV measurement

(see Section 4.2.3).

4.2.3 New radial velocities

We adapt the method of Sana et al. (2013) for measuring stellar RVs, performing
Gaussian fits to a set of He lines and fitting all lines and epochs for a given star
simultaneously. The final fit forces all lines at a given epoch to have the same RV,
and assumes that the width and amplitude of a given spectral line are constant
across epochs. The uncertainties on initial, single-line fits are used to weight each
line in the final overall fit. We use the IDL curve-fitting package MPFIT (Markwardt,
2009).

Like Sana et al. (2013), we use He absorption lines because they are relatively

unaffected by winds in main-sequence O-type stars (unlike the hydrogen Balmer

LIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy (AURA) under a cooperative agreement

with the National Science Foundation.
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Figure 4.2: Continuum-normalized CHIRON spectra of four O-type stars in our
observed sample, illustrating the range of S/N achieved in the wavelength range
4250-5050 A. Stellar radial velocities were measured using fits to the marked He I
and He IT absorption lines, where present, along with He T AA5876, 7065.

lines; Bohannan and Garmany, 1978), and are present across all O subtypes (unlike
most metal lines), allowing us to apply a consistent approach to our full sample of
observed stars. Initially, we fit He T A\4387, 4471, 4713, 4922, 5015, 5876, 6678,
7065 and He IT A\4541, 4686. The rest wavelengths for these lines were taken from
the NIST Atomic Spectra Database (Kramida et al., 2016) and the Atomic Line
List by Peter van Hoof.? After the first round of fits, we compared the RVs from
individual line fits to the RVs from fitting all lines at once. The triplet blend He I
A\471 was systematically blueshifted by ~10 km s~ relative to the overall results,
and the singlet line He T A6678 was systematically redshifted by a similar amount.
We therefore removed those two lines and refit all epochs of the observed stars.
On a star-by-star basis, we also excluded lines that were visibly contaminated by
nebular emission or, in the case of HD 93190, stellar P Cygni emission. With these
exclusions, an average of seven absorption lines were used to fit the RVs of each

star. The measured RVs for each star at each epoch are given in Table 4.1. The

http://www.pa.uky.edu/~peter/atomic/
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Table 4.1: Heliocentric radial velocities measured from CHIRON observations of O-

type stars in the Carina Nebula. Dates are given for the midpoints of the exposures.

Name HJD RV1  o(RV1) RV2  o(RV2)
—2400000 (km s™) (kms™')  (kms™!)  (kmsT!)
ALS 15204 56987.814 -60.0 4.7
ALS 15204 56994.850 1.0 2.3
ALS 15204 57003.836 43.1 2.0
ALS 15206 56992.858 24.5 0.4
ALS 15206 57000.851 29.8 0.5
ALS 15206 57008.788 34.1 0.3
ALS 15207 56972.840 -20.8 1.2
ALS 15207 56987.838 -6.2 1.6
ALS 15207 56994.862 3.7 1.8
ALS 15207 56996.801 7.1 1.7
ALS 15207 57362.867 15.0 1.9
ALS 15207 57364.831 3.4 1.3
ALS 15207 57374.859 -21.5 1.4
ALS 18083 57004.782 2.3 1.2
ALS 18083 57011.775 2.2 1.0
[ARV2008] 206 56995.848 18.0 24
[ARV2008] 206 57004.804 14.3 2.3
[ARV2008] 206 57011.741 18.8 2.3
CPD-58 2627  56998.789 -9.2 2.8
CPD-58 2627  57008.759 -6.3 24
CPD-59 2551  56982.848 -0.2 1.0
CPD-59 2551  56992.846 -3.2 1.1
CPD-59 2551 57000.826 -3.2 1.1
CPD-59 2554  56997.778 -13.7 0.8
CPD-59 2554  57005.783 -21.1 0.8
CPD-59 2554  57322.890 63.4 1.5
CPD-59 2554  57332.875 -11.3 0.9
CPD-59 2554  57350.865 1.6 1.2
CPD-59 2554  57352.873 -5.8 1.3
CPD-59 2554  57361.853 -22.7 1.2
CPD-59 2554  57362.855 -20.6 1.0
CPD-59 2554  57364.844 -19.2 1.0
CPD-59 2610  57000.872 -6.0 1.4
CPD-59 2610  57008.821 -3.0 1.0



Table 4.1: Continued.

Name HJD RVI  o(RV1) RV2  o(RV2)
—2400000 (km s7') (kms™!) (kms™!) (kms7!)

CPD-59 2673  56980.850 -4.5 3.0

CPD-59 2673  56994.799 4.5 3.0

CPD-59 2673  57004.831 -2.1 2.2

HD 92607 56965.861 11.0 32.5 9.7 30.8

HD 92607 56974.857 -99.2 5.6 131.5 5.3

HD 92607 56986.866 206.2 7.8 -203.6 7.4

HD 92607 07353.877 166.4 6.9 -143.6 6.5

HD 92607 57354.838 -142.6 6.8 165.0 6.5

HD 92607 57361.849 4.0 43.8 1.3 41.5

HD 92607 57362.849 -184.2 8.3 229.3 7.8

HD 92607 57363.860 108.5 6.7 -110.1 6.5

HD 92607 57365.849 -134.9 12.2 160.6 11.5

HD 92607 o7374.773 5.1 53.2 5.5 51.0

HD 92607 97378.855 179.6 6.5 -193.6 6.2

HD 92607 07379.723 203.7 7.0 -186.2 6.6

HD 93027 56972.872 -3.3 0.4

HD 93027 56987.826 -4.9 0.4

HD 93027 56994.839 -9.5 0.5

HD 93028 56969.850 30.8 0.3

HD 93028 56982.831 25.5 0.3

HD 93028 56991.806 174 0.3

HD 93028 56998.797 8.4 0.3

HD 93190 56974.832 0.5 1.5

HD 93190 56988.824 -1.2 1.7

HD 93190 56996.844 -2.4 1.4

HD 93222 56966.870 0.0 0.6

HD 93222 56980.795 0.2 0.8

HD 93403 56980.827 -17.0 1.2

HD 93403 56994.777 -30.5 1.2

HD 93403 57004.821 -30.0 1.1

HD 93576 57005.793 -97.8 1.4

HD 93576 57012.844 -16.8 1.9

HD 93576 57019.783 71.4 1.5

HD 93576 57354.861 70.7 1.5

HD 93576 07361.842 -16.9 2.1

HD 93576 07362.843 -9.9 1.8
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Table 4.1: Continued.

Name HJD RVI  o(RV1) RV2  o(RV2)
—2400000 (km s™!)  (kms™') (kms7!) (kms™!)
HD 93576 57364.858 -52.5 1.7
HD 93576 57375.848 -22.1 3.6
HD 93576 57378.874 64.4 1.7
HD 93576 57379.754 -74.8 1.9
HD 93576 57380.763 67.0 1.8
HD 93576 57389.840 36.5 1.5
HD 93632 57007.863 -6.5 1.0
HD 93632 57015.830 -2.7 1.0
HD 93632 57021.860 -3.4 1.1
HDE 303308 56966.875 -8.8 1.1
HDE 303308 56988.846 -2.5 1.1
HDE 303308 56996.771 -2.0 1.3
HDE 303308 56997.787 -1.4 1.0
HDE 303312 56978.835 -1.0 1.4
HDE 303312 56988.808 -14.5 1.9
HDE 303312 56996.827 17.0 1.8
HDE 303312 57354.873 2.6 2.9
HDE 303312 57361.830 35.8 2.5
HDE 303312 57362.829 23.2 1.6
HDE 303312 57363.870 13.7 3.0
HDE 303312 57365.858 -71.0 4.1
HDE 303312 57375.835 -118.4 2.8
HDE 303312 57376.867 3.7 1.5
HDE 303312 D7378.845 24.9 1.8
HDE 303312 57379.734 29.6 1.6
HDE 303316 56987.796 0.9 0.6
HDE 303316 56988.837 0.2 0.8
HDE 303316 56996.785 0.8 0.7
HDE 305438 56969.843 -6.4 0.2
HDE 305438 56982.827 -6.2 0.2
HDE 305438 56992.826 -5.9 0.2
HDE 305518 56969.858 -25.6 0.9
HDE 305518 56992.837 -28.2 1.2
HDE 305523 56974.827 5.4 0.4
HDE 305523 56988.828 6.3 0.5
HDE 305523 56996.849 2.6 0.5
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Table 4.1: Continued.

Name HJD RVI  o(RV1) RV2  o(RV2)
—2400000 (km s™!)  (kms™') (kms7!) (kms™!)
HDE 305524 56992.818 -2.3 2.8
HDE 305524 57000.864 -2.0 2.3
HDE 305524 57008.802 -1.8 1.8
HDE 305525 56980.835 -59.4 2.3
HDE 305525 56994.785 1.2 2.7
HDE 305525 57004.765 49.7 3.0
HDE 305525 57375.805 20.1 3.8
HDE 305525 57378.830 -29.7 2.0
HDE 305525 57379.767 -0.9 24
HDE 305525 57380.753 -29.3 2.2
HDE 305525 57389.828 -81.7 2.1
HDE 305532 56980.818 1.7 0.8
HDE 305532 56994.830 0.5 0.6
HDE 305532 57003.852 0.5 0.8
HDE 305536 56974.837 24.9 0.6
HDE 305536 56988.819 -18.2 0.6
HDE 305536 56996.838 -31.0 0.6
HDE 305536 57364.850 3.0 0.6
HDE 305536 57365.868 -5.3 1.1
HDE 305536 57375.824 -28.1 1.0
HDE 305536 57378.859 18.4 0.6
HDE 305536 57379.744 -15.1 0.6
HDE 305536 57380.733 19.0 0.6
HDE 305536 57389.818 41.7 0.5
HDE 305536 57390.706 -29.6 0.6
HDE 305536 57394.773 -19.9 2.0
HDE 305539 56997.802 -3.1 0.9
HDE 305539 57008.772 -1.1 0.8
HDE 305539 57015.820 -4.2 1.1
HDE 305612 56978.851 22.3 1.9
HDE 305612 56988.868 17.2 2.0
HDE 305612 56996.868 3.7 2.5
HDE 305619 56978.862 -2.3 0.7
HDE 305619 56988.856 -13.2 0.8
HDE 305619 57364.867 -7.8 0.7
HDE 305619 57375.817 -9.2 1.3
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Table 4.1: Continued.

Name HJD RVI  o(RV1) RV2  o(RV2)
—2400000 (km s™!)  (kms™') (kms7!) (kms™!)

HDE 305619 57378.866 -5.5 0.7

HDE 305619 57379.838 -6.0 0.8

HDE 305619 57380.742 -1.7 0.8

median uncertainty in RV for the single-lined spectra is 1.2 km s™!.

One of our observed sources, HD 92607, is a double-lined spectroscopic binary
(SB2), first identified by Sexton et al. (2015). We adapted our RV measurement
procedure to fit a double Gaussian at all epochs. This process required several steps:
First, we fit He I A5876 for the six epochs in which the components were clearly
separated. Then, we fixed the width and amplitude of the He I A5876 components
and fit to the four epochs with blended components. These fits gave us initial
estimates for the RVs at all epochs, which we used as the starting point for fits to
He T A\4922, 5015 and He IT \4686. Again, we fit these lines in the well-separated
epochs first, then fixed widths and amplitudes for fits to the blended epochs. The
final fit was to all four lines at all epochs. Because the two components of HD 92607
are of similar spectral type, several iterations of line fitting and orbital analysis
(see Section 4.3.1) were required to confidently identify which line component was
associated with which star at a given epoch. The median uncertainty on the RVs of
the components of HD 92607 is 7.1 km s~!, and ranges as high as 30-40 km s~! in
epochs where the lines are highly blended.

As a check on our wavelength calibration, we obtained CHIRON spectra of the
RV standard stars HIP 51722 (spectral type F7-8 V) and HIP 53719 (K1-2 IV),
both from the catalog of Soubiran et al. (2013), in Nov 2014. As the spectra of
these standard stars do not have He I lines, their RVs could not be measured by
the same method used for our science spectra. Instead, we measured their RVs
by cross-correlation with high-resolution stellar spectra from Coelho (2014), using
the IRAF task fxcor. The measured RVs of both standard stars agree with their

expected values within 0.4 km s~!.
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4.2.4 Radial velocities from the literature

Where available, we also compiled heliocentric RVs from the literature for the Carina
Nebula’s O-type and evolved massive stars. The adopted RVs and associated uncer-
tainties for stars not observed with CHIRON are given in Table 4.2 along with the
corresponding references. Where there are observations at multiple epochs, we give
the weighted mean; where the system is a spectroscopic binary with an orbital solu-
tion, we give the systemic velocity. For visual binaries that are resolvable at the few-
arcsecond level (e.g., HD 93161AB), we use only data that specifies which component
was observed. We also note whether systems were classified as constant-RV or binary
in the multiplicity survey of Chini et al. (2012). Additional notes on the spectro-
scopic multiplicity of a system are given in the references column. We also incorpo-
rate literature data for the following CHIRON targets: ALS 15206 (Huang and Gies,
2006), ALS 15207 (Garcia et al., 1998), HD 93028 (Feast et al., 1957; Conti et al.,
1977), HDE 303308 (Conti et al., 1977), HDE 305518 (Huang and Gies, 2006), and
HDE 305619 (Humphreys, 1973). In no case does the inclusion of these sources’
literature RVs shift their overall weighted mean RV by more than 1.5 km s~!.
Table 4.2 also includes RVs for the three WNH stars in the Carina Nebula. Like
all Wolf-Rayet stars, these sources have strong stellar winds, and their spectral fea-
tures are formed at various depths within those winds (e.g., Crowther, 2007). Wolf-
Rayet stars tend to show highly blueshifted hydrogen Balmer and He IT absorption
lines (Conti et al., 1979) and highly redshifted He II emission (Bartzakos et al., 2001;
Foellmi et al., 2003). We adopt RVs from narrow metal emission lines (the “Group
17 lines of Conti et al. 1979), which are thought to be formed relatively closer to the
star, making them more representative of the sources’ true systemic velocities. The
reported RVs are likely still impacted by winds (see Moffat and Seggewiss, 1979;
Schweickhardt et al., 1999) and so we consider the three WNH stars as a separate
group in our analysis. Note that although 7 Car is also an evolved massive star with
a high mass-loss rate, its RV was measured by a different method (Smith, 2004) and

it does not suffer from the same bias.



Table 4.2: Mean or systemic heliocentric radial velocities adopted from the literature.

Name RV or v o(RV)  Spectral flag from  References
(km s7!)  (kms~!) Chini et al. (2012)?
ALS 15229 14.7 3.5 Garcia et al. (1998)
CPD-58 2611 4.7 5.0 CPb Penny et al. (1993); Garcia et al. (1998)
CPD-58 2620 -0.6 5.8 SB1 Penny et al. (1993); Garcia et al. (1998)
CPD-59 2591 -2.9 10. Huang and Gies (2006)
CPD-59 2624 13.5 10. Huang and Gies (2006); SB2 in Alexander et al. (2016)
CPD-59 2626 -22.7 10. Huang and Gies (2006)
CPD-59 2627 -15.9 10. Huang and Gies (2006)
CPD-59 2629 -8.8 12.8 SB1 in Williams et al. (2011)
CPD-59 2635 0. 1. SB2 SB2 solution from Albacete Colombo et al. (2001)
CPD-59 2636 4.0 5.7 SB2 Quadruple system; Albacete Colombo et al. (2002)
CPD-59 2641 -4.5 1.8 SB2 SB2 solution from Rauw et al. (2009)
1 Carinae -8.1 1. Smith (2004)
HD 93128 5.0 5.3 cPb Penny et al. (1993); Garcia et al. (1998)
HD 93129A -10.1 18.7 ch Conti et al. (1979); Penny et al. (1993)
HD 931298 7.1 2.2 Penny et al. (1993)
HD 93160 -12.9 17.9 SB1 Thackeray et al. (1973); Conti et al. (1977)
HD 93161A 1.1 3.6 SB2 SB2 data from Nazé et al. (2005)
HD 93161B -25.4 28.4 Nazé et al. (2005)
HD 93130 59.9 3.1 SB2 Conti et al. (1977)
HD 93204 8.5 3.8 C Conti et al. (1977)
HD 93205 -2.9 0.9 SB2 SB2 solution from Morrell et al. (2001)
HD 93250 -5.2 7.6 CPb Thackeray et al. (1973); Rauw et al. (2009); Williams et al. (2011)
HD 93343 -2.8 54.4 SB2 SB2 data from Rauw et al. (2009)
HD 93403 -14.2 5.4 SB2 SB2 solution from Rauw et al. (2000)
HD 93843 -9.9 0.4 C Feast et al. (1957); Conti et al. (1977)
QZ Car -8.7 15.5 SB2 Quadruple system; Morrison and Conti (1980); Mayer et al. (2001)
Trumpler 14-9 5.6 3.8 Penny et al. (1993); Garcia et al. (1998)
V572 Car -3.4 3.7 SB2 Triple system; Rauw et al. (2001)
V573 Car -5. 4. SB2 solution from Solivella and Niemela (1999)
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Table 4.2: Continued.

Name RV or v o(RV)  Spectral flag from  References
(km s7!) (km s™!) Chini et al. (2012)®
V662 Car -15. 2. SB2 solution from Niemela et al. (2006)
WR 22° -23.8 12.5 SB1 solution from Schweickhardt et al. (1999)
WR 24¢ -34.4 15.7 Conti et al. (1979)
WR 25¢ -33.5 2.2 . SB1 solution from Gamen et al. (2006)

2C = constant; SB1 = single-lined spectroscopic binary; SB2 = double-lined spectroscopic binary.
b Although classified as constant in Chini et al. (2012), these stars meet our criteria for significant RV variability
(P(x?,v) < 0.01; see Section 4.3) and have RV amplitudes > 20 km s~ 1.

¢As discussed in Section 4.2.4, the reported RVs of Wolf-Rayet stars are likely more negative than their true systemic velocities.

01T
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In compiling literature RVs for Table 4.2, we discovered that the RVs in
Levato et al. (1990, 1991a,b) are notably discrepant with later observations, includ-
ing our own. These three studies measured RVs for a total of 92 candidate members
of Cr 228, Tr 14, and Tr 16, using the spectrograph on the 1-m Yale CTIO telescope
(see Levato et al., 1986). Levato et al. (1991a) report that the mean RV of Tr 14
is -29 km s™!, where Penny et al. (1993) and Garcia et al. (1998) measure 2.8 and
6.0 km s~!, respectively. For individual stars across the region, even those that oth-
erwise show little to no variation in RV, the Levato et al. (1990, 1991a,b) data are
10-60 km s~! more negative than subsequent observations. We therefore decided to
exclude all data from the Levato et al. studies, except for specific binary orbits as
discussed in Section 4.3.

With the inclusion of the literature data in Table 4.2, we have RVs for 63 of
the 75 O-type and evolved massive stars in the Carina Nebula. Four of the twelve
stars without RV data are those that were newly confirmed by Alexander et al.
(2016). These four are relatively highly extincted, with a median Ay of 5.7 mag
compared to the median Ay of 2.2 mag for the rest of the O-type stars in the region
(Gagné et al., 2011; Povich et al., 2011b). Alexander et al. (2016) postulate that
one of these, OBc 3, is a coincidentally-aligned background star. The other eight
stars without RV data are neither systematically more extincted nor systematically
fainter at visual wavelengths than the 63 sources with RV data. Some of these eight
have been observed as part of the OWN RV survey (Barbd et al. 2010; see Sota et al.
2014; Maiz Apelldniz et al. 2016) but currently lack published RVs.

4.3 New and Updated Binary Orbits

Multiplicity is ubiquitous among O-type stars (Garmany et al., 1980; Mason et al.,
2009; Chini et al., 2012; Sana et al., 2012, 2013, 2014; Kobulnicky et al., 2014;
Moe and Di Stefano, 2017) and must be considered when determining their sys-
temic RVs. For each of our CHIRON sources, we compute P(x?,v), the probability

that the y? about the weighted mean would be exceeded by random chance given
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v = Ny — 1 degrees of freedom. Nine of the 31 observed stars display significant
(P(x? v) < 0.01) RV variations with amplitudes > 20 km s in our CHIRON data.
As discussed below, we are able to find periods and fit orbital solutions to four of
these spectroscopic binaries. Two additional observed sources meet the criteria for
significant, high-amplitude variations when their literature RVs are included. One
of these sources is HD 93403, a known SB2 with a full orbital solution in Rauw et al.
(2000). Our CHIRON observations are in good agreement with the orbit of the pri-
mary star, and we adopt the systemic velocity for HD 93403 from the Rauw et al.
(2000) solution.

An additional five CHIRON targets display significant (P(x?,v) < 0.01) but
low-amplitude (ARV < 20 km s~!') RV variations. These stars include HDE
305619, which was flagged as an SB1 by Chini et al. (2012) but lacks published
RV data. The other four stars may have undetected long-period companions or may
be showing photospheric variability (e.g., Garmany et al., 1980; Gies and Bolton,
1986; Fullerton et al., 1996; Ritchie et al., 2009; Martins et al., 2015).

We search for periodicity in stars with significant, high-amplitude RV variations
and Ngs > 7. We compute the frequency power spectrum for each source us-
ing A. W. Fullerton’s IDL implementation of the one-dimensional CLEAN algorithm
(Hogbom, 1974; Roberts et al., 1987). We also, without any constraint on the pe-
riod, input the RV data into the IDL package rvfit (Iglesias-Marzoa et al., 2015),
which solves for the orbital parameters P (orbital period), e (eccentricity), v (sys-
temic velocity), w (argument of periastron), 7}, (epoch of periastron), K; (primary
semi-amplitude), and K5 (secondary semi-amplitude, where applicable). rvfit will
provide orbital parameters for any set of input data, but poor fits have high y?
values and are not replicable. In four cases, described in further detail below, we
found reasonable, replicable orbital solutions with rvfit, with periods that agreed
with those determined by CLEAN. After convergence on a solution, we computed
uncertainties for each orbital parameter using rvfit’s Markov Chain Monte Carlo

implementation.



Table 4.3: Orbital and physical parameters of new and updated binary solutions.

Element HD 92607 HD 93576 HDE 303312—RV only HDE 303312—higher K; HDE 305536
P (d) 3.6993 (0.0001)  1.852102 (0.000002) 9.4111 (fixed) 9.4111 (fixed) 1.88535 (0.00002)
e 0.00 (fixed) 0.075 (0.009) 0.57 (fixed) 0.57 (fixed) 0.129 (0.008)
~ (km s~ 8.8 (1.6) -8.4 (0.6) 2.4 (0.6) -0.5 (0.6) 2.3 (0.2)

w () 90 (fixed) 201 (9) 192 (2) 192 (fixed) 56 (3)

T, (HJD—2400000) 56965.910 (0.009)  57005.94 (0.05) 56980.58 (0.03) 56980.58 (fixed) 56975.34 (0.02)
Ky (kms™) 224 (3) 85.0 (0.8) 70 (1) 125 (fixed) 37.3 (0.3)
Ky (km s™1) 242 (3)
F(My, Ms) (M) 0.117 (0.004) 0.19 (0.01) 1.06 0.0099 (0.0004)
Mysini (M) 20.2 (0.7)

Mosin®i (M) 18.7 (0.6)

asini (Ro) 16.4 (0.3) 3.10 (0.03) 10.7 (0.2) 19.1 1.38 (0.01)
azsini (Ro) 17.7 (0.3)

rms; (km s~1) 19.7 10.9 6.1 31.0 2.8

rmsy (km s~ 1) 23.7

Uncertainties for each quantity are listed in parentheses.
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4.3.1 HD 92607

HD 92607 was first noted as an SB2 by Sexton et al. (2015), who classified its
components as O8.5 V + 09 V. It is on the far western side of the Carina Nebula,
approximately 25 pc from Tr 14 and 16 (see Figure 4.1). The lower-mass stellar
population in this area, by the edge of the Carina Nebula’s northern molecular
cloud, is relatively young (< 1 Myr; Kumar et al., 2014). HD 92607 is associated
with an extended arc of 24 pm emission, suggestive of a stellar wind bow shock,
that points to the southeast (Sexton et al., 2015).

We obtained 12 CHIRON spectra of HD 92607 in 2014-2015. As described in
Section 4.2.3, we adapted our RV-fitting procedure to fit two Gaussian profiles to
He T AM4922, 5015, 5876 and He II A\4686 across all 12 epochs, using fits to the
well-separated epochs to fix the widths and amplitudes of the lines. We used rvfit
to fit an orbit to the primary and secondary RVs simultaneously.

The best-fitting period for HD 92607 is 3.6993 4+ 0.0001 d. Figure 4.3 shows the
progression of He I A5876 over this period. After our initial orbital fit converged on
an eccentricity of zero, we fixed e = 0 for further fitting, allowing rvfit to treat
w and T}, (which are ill-defined at very low eccentricities) in a consistent manner
(see Iglesias-Marzoa et al., 2015). The final best-fitting orbital solution is shown
in Figure 4.4, and the orbital parameters are listed in Table 4.3. In the best-
fitting orbit, the minimum masses of the primary and secondary stars are M;sin%i =
20.2 £ 0.7 Mg and Msysin®i = 18.7 £ 0.6 My, respectively, giving a mass ratio of
g = 0.93 +0.04. But their spectral types of O8.5 V and O9 V (Sexton et al., 2015),
according to the “observational” scale of Martins et al. (2005), have somewhat lower
expected masses of M; = 18.8 My, and M, = 17.1 M. The apparent discrepancy
could be the result of the normal uncertainties on spectral-type classification; for
instance, Gagné et al. (2011) list HD 92607 as an O8 V star, although they do not
account for its spectroscopic binarity. Or perhaps the components of HD 92607 are
slightly older, and hence cooler for their masses, than average main-sequence stars of

their types. In any case, the HD 92607 system is likely close to edge-on (i ~ 90°), as
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systemic velocity.
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a smaller inclination would imply implausibly large masses for its component stars.

As can be seen in Figure 4.3, the He I line depths for the two components of HD
92607 are very similar due to their close spectral types. If, when measuring RVs, we
swap the component assignments in some of the widely-separated phases, we find a
plausible if less elegant orbital solution at the alias period of 1.84957 + 0.00005 d
(almost exactly half the best-fitting period). The fit to the alias period requires a

substantial eccentricity (e = 0.35) and has an estimated inclination of ~ 45°.

4.3.2 HD 93576

HD 93576 is one of five O-type systems in the open cluster Bochum (Bo) 11 in
Carina’s South Pillars region. Its primary is of type 09-9.5 IV-V (Sota et al., 2014;
Sexton et al., 2015). It is associated with an extended arc of 8 yum emission, which
points away from Bo 11 and has infrared colors indicative of a stellar wind bow
shock (Sexton et al., 2015). Its local proper motion confirms that it is moving away
from Bo 11 at < 15 km s7!; it may have been recently ejected from the cluster
(Kiminki et al., 2017).

Levato et al. (1990) first noted periodic RV variations in the spectra of HD 93576,
and fit an orbital solution with a period of 2.020 d. We obtained 12 CHIRON
observations of this system in 2014-2016, in which we identified a periodicity of
1.852 d. We used rvfit to compute orbital solutions both with and without the
Levato et al. (1990) data. The final best-fitting orbital parameters given in Table 4.3
are from the combined data set; excluding the older data has a negligible effect on
our derived period, eccentricity, systemic velocity, and semi-amplitude. The phase-
folded RV curve is shown in Figure 4.5. Note that the systemic velocity from our

! yeported by Levato et al.

fits is substantially less negative than the v = —21 km s~
(1990). As can be seen in Figure 4.5, many but not all of the Levato et al. (1990)
RVs for this system are 10-20 km s~! blueshifted relative to CHIRON data at the
same phase.

The orbit of HD 93576 is minimally but significantly non-circular, with an ec-

centricity of 0.075 4+ 0.009. The resulting mass function is f(M;, My) = 0.117 +
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Figure 4.5: Radial velocity curve and orbital solution for the SB1 HD 93576 at the
best-fitting orbital period of 1.852102 d. Solid circles are measurements from our
CHIRON spectra and open squares are data from Levato et al. (1990). Both data
sets were used in computing the orbital solution. The dotted line marks the systemic
velocity.
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0.004 M. Assuming the primary star has a mass of 16-18 M, as appropriate for
its spectral type per Martins et al. (2005), the minimum mass of the secondary star

is ~3.7 Mg, roughly the mass of a B8 V star (Drilling and Landolt, 2000).

4.3.3 HDE 303312

HDE 303312 is an 09.7 IV star (Sota et al., 2014) located on the outskirts of Tr 14
(see Figure 4.1). There are no RVs for this source in the literature, but Otero (2006)
discovered that it is an eclipsing binary with a period of 9.4109 d. Otero (2006) also
noted from the light curve that it is an “extremely eccentric” system. We obtained a
total of 12 CHIRON observations of HDE 303312 over 2014-2015, and downloaded
all available V-band photometry for this source from the All Sky Automated Survey
(ASAS; Pojmanski, 1997). In addition to using rvfit on the velocity data, we
use the eclipsing binary modeling program NIGHTFALL? to synthesize and compare
photometric light curves.

The orbital period of HDE 303312 is constrained by its V-band light curve, which
we find to be best fit by a period of 9.4111 d. The light curve also constrains the
eccentricity to 0.57 £ 0.01, consistent with the analysis of Otero (2006). With the
period and eccentricity fixed at these values, we fit an orbital solution to the RV
data, shown as the solid line in Figure 4.6 and listed as the first set of parameters for
this system in Table 4.3. The semi-amplitude of this fit is K; = 70 km s~!, resulting
in a mass function of f(M;, Ms) = 0.19 My. Because the system is eclipsing,
its inclination must be relatively high; we find that the eclipse shapes are best
reproduced in NIGHTFALL with ¢ &~ 80°. If we take the mass of the primary star to
be 15-18 M, based on its spectral type (see Martins et al., 2005), the mass of the
secondary star is 4-5 My. Assuming the secondary star is on the main sequence,
that mass corresponds to a spectral type of B6-7 V (Drilling and Landolt, 2000).

However, the V-band light curve is inconsistent with a B6-7 V companion
(Teg ~ 13,000-14,000 K; Kenyon and Hartmann, 1995), given that the primary
star has an effective temperature of ~ 30,000 K (Martins et al., 2005). The noise in

Shttp://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall
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Figure 4.6: Radial velocity curve and orbital solutions for the eclipsing SB1 HDE
303312. The solid line shows the best-fitting orbital solution to the RV data, with
the period and eccentricity fixed at 9.4111 d and 0.57, respectively; the horizontal
dashed line marks the systemic velocity from this fit. The dot-dash line shows a
sample orbit with a higher fixed semi-amplitude (K; = 125 km s™!) that better
reproduces the observed ASAS V-band eclipse depths.
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the ASAS data prevents us from putting strong constraints on the stellar radii,
but if we assume values appropriate for those spectral types, the depth of the
secondary eclipse would be < 0.01 mag (making it undetectable in the ASAS
data). Reproducing the observed secondary eclipse depth of ~ 0.1 mag with a
main-sequence companion requires the secondary star to be of spectral type B2—
3V (Teg = 20,000 K; Kenyon and Hartmann, 1995). That star would have a
mass of 810 My (Drilling and Landolt, 2000), giving the system a mass function
f(My, Ms) =~ 0.7-1.5 M. The corresponding semi-amplitude of the RV curve would
be 110-140 km s~!. An example of such an orbit, with K; = 125 km s~!, is shown
with a dot-dash line in Figure 4.6, and its parameters are listed in Table 4.3 in the
“higher K;” column for HDE 303312. This orbit is plausibly compatible with the
RV observations around periastron, where we may be missing the most extreme RV
values, but it is otherwise inconsistent with the RV data.

It is unclear why the photometric and spectroscopic observations of HDE 303312
disagree to this extent. There are no indications from the light curve that the system
is currently experiencing mass transfer, but the components may have interacted
in the past. In that case, our assumption that the current secondary star is on
the main sequence might be incorrect. Otero (2006) also notes that the ASAS
photometry of HDE 303312 suffers from contamination by nearby stars, but that
would act to decrease the eclipse depths rather than the reverse. However, a close
but unresolved component with constant RV could be leading us to underestimate
the RVs of the primary star (for an extreme example of this phenomenon, see MT429
in Kiminki et al., 2012). Multi-wavelength photometry and additional spectroscopic
phase coverage of this system are needed.

For our subsequent analysis of the Carina Nebula, we adopt the systemic velocity
from the best fit to the RV data only. Forcing a higher semi-amplitude changes the
systemic velocity by 2-3 km s™!, which does not affect any of our cluster-scale

results.



122

4.3.4 HDE 305536

The 09.5 V star (Sota et al., 2014) HDE 305536 is located close to the optical center
of the open cluster Cr 228 (e.g., Wu et al., 2009), a few pc from the WNH star WR
24. Like HD 93576, it is associated with an extended arc of 8 ym emission indicative
of a stellar wind bow shock, which in this case points in the general direction of Tr
16 (Sexton et al., 2015). HDE 305536 was observed multiple times by Levato et al.
(1990), who detected significant RV variations and fit a rough orbit with a period
of 2.018 d.

We obtained 12 CHIRON spectra of this system over 2014-2016, from which
we identified a period of 1.88535 + 0.00002 d. The parameters of the best-fitting
orbital solution to our CHIRON data are given in Table 4.3 and the phase-folded
RV curve is shown in Figure 4.7. For comparison, we overplot the Levato et al.
(1990) data for this system, folded at our best-fitting period; rvfit was unable to
converge on a solution when these data were included. Relative to our CHIRON
measurements, the Levato et al. (1990) data appear offset by 10-30 km s~! in RV
and/or 0.2-0.3 in phase. As discussed in Section 4.2.4, many Levato et al. (1990)
sources show unexplained RV offsets relative to later observations. In this case, the
apparent phase shift may also suggest orbital precession.

The orbit of HDE 305536 is slightly eccentric with e = 0.129 £ 0.008. The mass
function of the system is f(M;y, My) =~ 0.01 Mg. Assuming the mass of the 09.5 V
primary star is ~ 16 My (Martins et al., 2005), the minimum mass of the secondary

star is ~ 1.4 Mg, equivalent to a mid F-type dwarf (Drilling and Landolt, 2000).

4.3.5 Additional spectroscopic binaries

In addition to HD 93403 and the four spectroscopic binaries described above, six
other stars showed significant (P(x? v) < 0.01) RV variations with amplitudes
> 20 km s™!. These variations are larger than typical photospheric variability (e.g.,
Martins et al., 2015), making these stars probable but unconfirmed spectroscopic

binaries. We briefly discuss each of these sources below.
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Figure 4.7: Radial velocity curve and orbital solution for the SB1 HDE 305536 at
the best-fitting orbital period of 1.88535 d. Solid circles are measurements from
our CHIRON spectra. Open squares are data from Levato et al. (1990), shown for
comparison but not included in the orbital fit. The dotted line marks the systemic
velocity.
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ALS 15204: There are no literature RV data for this O7.5 V star (Sota et al.,
2014) in Tr 14. We observed it three times with CHIRON in 2014. In spectra
taken 16 days apart, its RV changed by more than 100 km s~'. Owing to this star’s
relative faintness (V' = 10.9 mag; Hur et al., 2012), we did not pursue follow-up
observations in 2015.

ALS 15206: We observed ALS 15206, an 09.2 V star (Sota et al., 2014) in Tr 14,
a total of three times with CHIRON in Dec 2014. Our observations show variability
that is significant but low-amplitude (ARV~ 10 km s™!). However, its single-epoch
RV from Huang and Gies (2006) is ~ 30 km s~! blueshifted relative to our CHIRON
numbers, suggesting a higher degree of variability. ALS 15206 is associated with an
extended arc of 8 um emission, likely a stellar wind bow shock, that points northwest
toward the center of Tr 14 (Sexton et al., 2015). It has a local proper motion of < 30
km s7!, directed to the northeast (Kiminki et al., 2017). As with ALS 15204, we
did not pursue follow-up CHIRON observations because this star is relatively faint
at visual magnitudes (V' = 10.7 mag; Hur et al., 2012)

ALS 15207: This O9 V star (Sota et al., 2014) in Tr 14 was flagged by
Levato et al. (1991a) as an SB2; however, Garcia et al. (1998) observed no line dou-
bling nor any significant RV variations. We obtained a total of seven CHIRON
spectra of ALS 15207 in 2014-2015; like Garcia et al. (1998), we found that its He I
and He IT absorption lines were well fit with single Gaussian profiles. We measured
RVs ranging from —21.5 km s=! to +15.0 km s~! but were unable to constrain the
period of the variability.

CPD-59 2554: Although this 09.5 IV star (Sota et al., 2014) in Cr 228 was
observed by Levato et al. (1990) to be a constant-RV source, our nine CHIRON
spectra from 2014-2015 show significant variability, with RVs ranging from —22.7
km s7! to +63.4 km s~!. We were unable to constrain the period of the variability.

HD 93028: This O9 IV star (Sota et al., 2014) is located about 6 pc southwest
of the center of Cr 228. Levato et al. (1990) identified it as a spectroscopic binary
and fit a rough orbit with a period of 51.554 d. We obtained four CHIRON spectra

of this source in 2014, which showed significant RV variations at an amplitude just
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above our 20 km s~! cutoff; a larger amplitude is seen when data from Feast et al.
(1957) and Conti et al. (1977) are included. Sota et al. (2014) report that HD 93028
is in a long-period (~ 200 d) spectroscopic binary, but do not provide an orbital
solution.

HDE 305525: At about 7 pc southwest of Tr 16, this O5.5 V star (Sota et al.,
2014) is part of the distributed population in the South Pillars. Levato et al. (1990)
detected significant RV variability in its spectra but were unable to find an orbital
solution. Our eight CHIRON spectra from 2014-2015 confirm RV variations with
an amplitude of more than 130 km s~!. Like Levato et al. (1990), we were unable

to constrain the period of the variability.

4.4 Results and Discussion

4.4.1 Distribution of stellar radial velocities

Combining new spectroscopy with literature data, we have compiled heliocentric
RVs for 59 O-type systems in the Carina Nebula, as well as for the LBV n Car and
the three WNH stars in the region. We present a histogram of these RVs in Figure
4.8. The stars are divided into three groups, characterizing the likelihood that the
observed RVs represent their true systemic motions. The first group, shown in light
gray in Figure 4.8, are sources with relatively reliable RVs. These are spectroscopic
binaries with well-constrained orbital solutions, for which we plot the computed
systemic velocity, as well as stars with no known RV variability or insignificant or
low-amplitude RV variability, for which we plot the weighted mean of the observed
RVs. In total, this group, which we will henceforth refer to as the “well-constrained
sources,” consists of n Car and 40 O-type stars. The weighted mean RV of the
well-constrained sources is 0.6 km s, with a standard deviation of 9.1 km s—*.
The second group of sources, shown in dark gray in Figure 4.8, are those that
have been identified as spectroscopic binaries but lack orbital solutions. These
include stars that were identified as SBls or SB2s in the multiplicity survey of

Chini et al. (2012), stars with binarity flagged elsewhere in the literature, and stars
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Figure 4.8: Histogram of the heliocentric radial velocities of the O-type and evolved
massive stars in the Carina Nebula. Well-constrained sources (solved spectroscopic
binaries and stars with little to no RV variation) are shown in light gray. Unsolved
binaries are shown in dark gray. The three WNH stars, whose apparent RVs are
affected by strong stellar winds, are indicated in black.
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whose CHIRON and/or literature RVs display significant variability with amplitudes
> 20 km s~!. We refer to this group of 19 O-type systems as the “unsolved binaries.”
For each system, we plot the weighted mean of its measured RVs, but caution that
this number may not be representative of its true systemic velocity, especially for
systems with few published RVs. For instance, the most notable outlier in Figure 4.8
is HD 93130, for which there is only a single published RV (59.9 km s~1; Conti et al.,
1977). However, Chini et al. (2012) identified HD 93130 as an SB2, making it likely
that its outlying RV is the result of its binarity rather than its relationship with the
Carina Nebula. The overall weighted mean RV of the well-constrained sources and

1

the unsolved binaries together remains at 0.6 km s™, while the standard deviation

of the distribution increases to 13.5 km s~

The third group of sources, shown in black in Figure 4.8, are the WNH stars.
As discussed in Section 4.2.4, the strong stellar winds of Wolf-Rayet stars influence
their spectral features, often shifting the observed RVs to more negative values.
Although we have adopted the RVs of narrow metal emission lines, thought to be
among the spectral features least affected by winds (e.g., Conti et al., 1979), the
three WNH stars still show an RV offset of ~ 30 km s=! relative to the O-type
stars and n Car. The magnitude of this offset is similar to the difference seen by
Schweickhardt et al. (1999) between the observed systemic velocities of WR 22 and
its O-type companion. Although we cannot rule out the possibility that Carina’s
three WNH stars are moving toward us at outlying velocities after being ejected
from the region’s clusters, the consistency of their RV offsets strongly suggests that
we are seeing the effect of winds instead.

The overall RV distribution in Figure 4.8 is unimodal, consistent with the various
clusters and subclusters of the Carina Nebula being part of a single complex at a
common distance. We do not see any probable runaway stars. Aside from WR 24
and WR 25, only HD 93130 has an RV that deviates from the region’s mean by > 30

! and as described above, HD 93130 is a poorly-studied spectroscopic binary

km s~
and its given RV is unlikely to be its true systemic velocity. However, with RV data,

we cannot rule out the presence of runaways with high tangential velocities. Our
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region of study extends ~ 20 pc in all directions from Tr 16, meaning a star with
a tangential velocity of 30 km s~! would have exited our field in ~ 600,000 yr. An
O-type star ejected by the recent supernova explosion of its companion (see, e.g.,
Blaauw, 1961) might still appear to be within the coordinates of the Carina Nebula,
but we see no evidence for this in the RV data.

The standard deviation of the RVs of the well-constrained sources, 9.1 km s71,
is an upper limit on the true one-dimensional velocity dispersion of the Carina Neb-
ula, as this group of sources may still contain long-period spectroscopic binaries or
other undetected RV variables. Typical OB associations like Scorpius-Centaurus and
Perseus OB2 have one-dimensional velocity dispersions of 1-3 km s~! (de Bruijne,
1999; Steenbrugge et al., 2003), but these associations are substantially smaller in
mass and extent—and slightly older—than the Carina Nebula complex (see Bally,
2008; Preibisch and Mamajek, 2008). More directly comparable to the Carina Neb-
ula is the Cygnus OB2 association, which contains > 50 O-type stars distributed
across tens of parsecs (Massey and Thompson, 1991; Wright et al., 2015). In both
tangential and radial velocities, the one-dimensional velocity dispersion of Cyg OB2
is ~ 10 km s~! (Kiminki et al., 2007, 2008; Wright et al., 2016), similar to what we
have measured for the O-type stars in the Carina Nebula. This is about a factor
of two higher than the velocity dispersions seen in the massive, compact starburst
clusters R136 (Hénault-Brunet et al., 2012), NGC 3603 (Rochau et al., 2010), and
the Arches Cluster (Clarkson et al., 2012).

4.4.2 Variations between clusters

In Figure 4.9, we separate out and compare the RVs of the O-type and evolved
massive stars in Tr 14 and Tr 16. We define membership in each cluster as being
within a projected 5" of the cluster center. This is the observed radius of Tr 14’s
pre-main-sequence population (Ascenso et al., 2007) and a natural break in its O-
star distribution. Tr 14 contains six O-type stars with well-constrained RVs and
an additional nine unsolved binaries. Tr 16 is larger and less well-defined than Tr

14, and is elongated rather than spherical (e.g., Feigelson et al., 2011), and so is
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poorly defined by a single radius. With a 5 cutoff, Tr 16 contains 11 sources with
well-constrained RVs (including n Car), and three unsolved binaries. As we describe
below, increasing the radius of Tr 16 slightly increases its velocity dispersion but
has little effect on the weighted mean of its RV distribution.

The cumulative histograms in Figure 4.9 suggest that the O-type stars in Tr 14
might have slightly more positive RVs, on average, than those in Tr 16. The weighted
mean of the well-constrained sources in Tr 14 is 2.447.3 km s™!, in agreement with
the 2.8 4+£4.9 km s™! measured by Penny et al. (1993) and the 6.0+1.4 km s™! found
by Garcia et al. (1998). In comparison, the weighted mean of the well-constrained
sources within a 5 radius of Tr 16 is —3.5 & 8.6 km s~!. Increasing the radius of
Tr 16 to 10’ changes this to —3.3 £ 10.4 km s~!. To evaluate the significance of the
apparent RV difference between clusters, we ran a two-sided Kolmogorov-Smirnov
(K-S) test, which evaluates the probability that the two clusters were drawn from
the same RV distribution. We estimated the uncertainty on the K-S probability by
drawing 10 combinations of each cluster’s RVs, randomly permuting each star’s RV
within a Gaussian distribution with a standard deviation corresponding to that star’s
observed RV uncertainty. For the well-constrained sources (the top panel of Figure
4.9), the probability that the two clusters come from the same RV distribution is
4+11%, meaning the difference in RVs is marginally significant. Including unsolved
binaries (as in the bottom panel of Figure 4.9) brings the probability of a shared RV
distribution to 16 £ 25%, indicating that the difference is not significant. Further
study of the kinematics of Tr 14 and Tr 16 are needed to determine if any overall
RV difference persists in their lower-mass stellar populations. Damiani et al. (2017)
found a mean RV of —5 km s~! for the FGK-type populations of Tr 14 and Tr 16
combined, with no apparent bimodality in their RV distribution, but they did not
attempt to separate their stars by cluster.

In Figure 4.10, we search for any additional cluster-scale or spatial dependen-
cies by mapping our RVs as a function of position. The circle representing each
star is scaled by the magnitude of its mean/systemic RV and color-coded as red-

shifted (positive RV) or blueshifted (negative RV). The left-hand plot includes only
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Figure 4.9: Cumulative histograms of the heliocentric radial velocities of O-type
stars in Tr 14 (solid line) and O-type stars and n Car in Tr 16 (dot-dash line). Both
clusters are defined with a radius of 5'. Top: stellar systems with well-constrained
RVs (either solved spectroscopic binaries or sources with little to no RV variation).
Bottom: as above, but including the mean RVs of unsolved spectroscopic binaries.
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those sources with well-constrained RVs, while the right-hand plot shows both the
well-constrained sources and the unsolved binaries. For clarity, we mark only the
positions and not the RVs of the three WNH stars.

The apparent velocity difference between Tr 14 and Tr 16 is visible in Figure
4.10, in that the former has more red (positive-RV) sources than the latter. Another
notable structure is the grouping of O-type stars extending from the nominal center
of Cr 228 up toward Tr 16. These sources have low-magnitude RVs and appear
as a sequence of relatively small circles. Their weighted mean RV (0.3 km s7!) is
similar to that of the region as a whole, but their velocity dispersion (4.0 km s71) is
comparatively small. This relatively low velocity dispersion suggests that this string
of massive stars formed in place; we would expect a population that had migrated
out from Tr 16 to have a higher velocity dispersion than the cluster rather than vice

versa.

4.4.3 Comparison to molecular gas

The molecular cloud complex associated with the Carina Nebula is composed of
three main parts (de Graauw et al., 1981; Brooks et al., 1998; Yonekura et al., 2005;
Rebolledo et al., 2016). The Northern Cloud partially surrounds Tr 14 and extends
to the northwest (de Graauw et al., 1981; Brooks et al., 2003), where it connects to
additional molecular material around the Gum 31 H II region (e.g., Rebolledo et al.,
2016). The Southern Cloud coincides with the optically dark lane between Tr
16 and the South Pillars (de Graauw et al., 1981). The South Pillars are them-
selves composed of molecular gas, shaped by feedback from Carina’s OB stars
(Rathborne et al., 2004; Yonekura et al., 2005; Rebolledo et al., 2016). Within Tr
16 there are only scattered molecular globules, thought to be the remnants of the
gas from which that cluster formed (Cox and Bronfman, 1995; Brooks et al., 2000).

Rebolledo et al. (2016) observed the Carina Nebula in *CO (1-0) emission as
part of the Mopra Southern Galactic Plane CO Survey (Burton et al., 2013). We
use their data to compare the kinematics of Carina’s molecular gas to the RVs of its

O-type and evolved massive stars. For Figures 4.11 and 4.12, we collapse their three-
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dimensional data cubes along Galactic latitude and Galactic longitude, respectively,
to present two-dimensional position—velocity diagrams of the dense gas in Carina.
We convert the gas velocities from the Local Standard of Rest to a heliocentric
frame. At the coordinates of the Carina Nebula, RVjeio ~ RVigr + 11.6 km s
All RVs in the following discussion are heliocentric unless otherwise noted.

Figure 4.11 plots the RVs of the Carina Nebula’s O-type stars, evolved massive
stars, and '2CO (1-0) emission as a function of Galactic longitude [. The ?CO fluxes
from Rebolledo et al. (2016) are summed across Galactic latitudes —1.4 < b < 0.1°.
As in Figure 4.8, the stars are divided into three groups: stars (including 1 Car)
with well-constrained systemic velocities, unsolved binaries, and WNH stars. We
also indicate the approximate heliocentric velocities of the redshifted and blueshifted
components of ionized gas emission lines observed by Damiani et al. (2016) for shells
centered on the locations of n Car, WR 25, and Tr 14. In Figure 4.12, we present
the same data, but plotted as a function of Galactic latitude b. The *2CO fluxes are
summed across Galactic longitudes 287.0 < [ < 288.4°.

The three components of Carina’s molecular cloud complex separate cleanly
when plotted against Galactic latitude in Figure 4.11: the Northern Cloud at | ~
287.0-287.5° with heliocentric RV & (—10)-0 km s™'; the Southern Cloud at [ =~
287.6-287.8° with heliocentric RV & (—15)—(—10) km s™'; and the South Pillars at
[ ~ 287.9-288.2° with heliocentric RV a~ (—10)—(—5) km s™! and a smaller part at
~ 0 km s~!. The separation is less notable in Figure 4.12, as the sourthern part of
the Northern Cloud overlaps with the Southern Cloud in Galactic longitude, but the
RV offset in the Southern Cloud is still apparent. The molecular gas at [ ~ 287.7—
287.8° , b ~ —0.4, with heliocentric RV ~ +20 km s~!, is thought to be associated
with the far side of the Carina arm, at a greater distance than the Carina Nebula
(Damiani et al., 2016).

Figures 4.11 and 4.12 further emphasize that the RVs of the O-type stars in the
Carina Nebula are not spatially dependent, as there is no trend in O-star RVs with
Galactic longitude or latitude. Rebolledo et al. (2016) applied the four-arm Milky
Way model of Vallée (2014) to the rotation curve of McClure-Griffiths and Dickey
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(2007) and calculated the expected RV for objects at various distances along the
tangent of the Carina spiral arm. For sources on the near side of the arm, at ~ 2
kpe, the expected Local Standard of Rest RV is approximately —10 km s~!, which

corresponds to a heliocentric RV of ~ +2 km s7*

, very close to the observed mean
RV of the O-type stars. Objects at greater distances from the Sun would be expected
to have more positive RVs (see Rebolledo et al., 2016). Our RV results thus favor
the OB clusters and groups in the Carina Nebula being at a common distance of

approximately 2 kpc.

Tr 14, Tr 15, and the Northern Cloud:

There is a general consensus that the relatively compact Tr 14 is the youngest
of the Carina Nebula’s Trumpler clusters, at just 1-2 Myr old (Walborn, 1973,
1982a,b, 1995; Morrell et al., 1988; Vazquez et al., 1996; Smith and Brooks, 2008;
Rochau et al., 2011). The case for its youth is strengthened by its close spatial
association with the Northern Cloud, which wraps around the west side of the
cluster (de Graauw et al., 1981; Brooks et al., 2003; Tapia et al., 2003). Bright radio
emission arises from multiple ionization fronts where radiation from Tr 14 impacts
dense clumps in the Northern Cloud (Whiteoak, 1994; Brooks et al., 2001). It is
clear from Figures 4.11 and 4.12 that the O-type stars in Tr 14 are also kinematically
associated with the Northern Cloud, further strengthening the picture of Tr 14 as a
young cluster that has not yet dispersed its natal molecular gas.

While Tr 15 has sometimes been considered an unrelated foreground or back-
ground cluster (Thé and Vleeming, 1971; Walborn, 1973), its extended X-ray stel-
lar population indicates a connection to Tr 14 (Feigelson et al., 2011; Wang et al.,
2011). We have RV data for only two O-type stars around Tr 15, HD 93403 and HD
93190, which appear at b ~ —0.35° in Figure 4.12. Their RVs are consistent with
those of the rest of the O-type stars in the Carina Nebula, and span the RV range of
the Northern Cloud. Both are 4-5 pc outside the core of Tr 15, and neither is associ-
ated with any group or subcluster (see Feigelson et al., 2011). Tr 15 is likely several
Myr older than Carina’s other Trumpler clusters (Carraro, 2002; Tapia et al., 2003;
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Wang et al., 2011), and it seems likely that these two stars drifted out from Tr 15
over the course of their lifetimes.

Off the southern edge of the Northern Cloud, on the far west side of the Carina
Nebula (see Figure 4.1), there are several O-type and evolved massive stars, notably
WR 22 and HD 92607. There is a young (< 1 Myr) pre-main-sequence population
in this region, although it does not show any clustering around the massive stars
(Kumar et al., 2014). WR 22 is a particularly puzzling system: it is a very massive
binary (~55-Mg primary; Schweickhardt et al., 1999) approximately 21’ (15 pc)
from Tr 14, without any subcluster or group of its own. Its observed RV is roughly
10 km s~ less negative than the RVs of WR 24 and WR 25, but it is unclear whether
this represents a true difference in their systemic motions or whether it is the result
of uncharacterized wind effects.

The SB2 HD 92607 (see Section 4.3.1), evident on the far right side of Figure 4.11,
is less extreme in mass but still somewhat puzzling in origin. Its systemic RV (8.7
km s7!) is relatively positive for an O-type system in the Carina Nebula, although
still within one standard deviation of the mean. And despite its proximity to the
Northern Cloud, it lacks a kinematic association with the molecular gas—perhaps a
hint that it did not form in its currently observed location. HD 92607 is associated
with a candidate bow shock in the form of a resolved 24 pym arc pointing to the south-
east (Sexton et al., 2015), which might suggest an origin outside the Carina Nebula.
However, in the active environment of this giant H II region, bow shocks are not
clear indicators of stellar motion (Kiminki et al., 2017). Its spectroscopic parallax
(using data from Martins et al., 2005; Gagné et al., 2011; Povich et al., 2011a) and
preliminary geometric parallax from Gaia DR1 (Gaia Collaboration et al., 2016a,b;
Lindegren et al., 2016) are both consistent with HD 92607 being part of the Carina

Nebula at a distance of around 2 kpc.

Tr 16 and the Southern Cloud:
Unlike the Northern Cloud, which has a close kinematic association with the Tr

14 cluster, the Southern Cloud is offset by 10-15 km s~! in RV from its neighbor
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Tr 16. The Southern Cloud has the most negative RVs of the molecular gas in
Carina, being 5-10 km s™! blueshifted relative to both the Northern Cloud and the
molecular gas in the South Pillars. It coincides with a prominent, optically dark
dust lane, indicating that it lies in front of the southeastern edge of Tr 16 (Dickel,
1974; de Graauw et al., 1981; Brooks et al., 1998). Inside Tr 16 itself, there are
only small clumps of molecular gas (not visible in the Rebolledo et al. 2016 data),
and these have RVs more consistent with those of the O-type stars in the cluster
(Cox and Bronfman, 1995; Brooks et al., 2000).

One of the key arguments in favor of Tr 16 being 1-2 Myr older than Tr 14 (e.g.,
de Graauw et al., 1981; Walborn, 1995) is that the latter (in addition to being more
compact) is still partially enclosed by its natal molecular cloud, while the former
appears to have disrupted the gas from which it formed. The distribution of gas
RVs in Figure 4.11 suggests that the Nothern Cloud, Southern Cloud, and Southern
Pillars were originally part of a single continuous molecular cloud, with the massive
stars in Tr 16 having since blown out the central part of that cloud. The Northern
Cloud, currently being eroded by Tr 14, has not been accelerated along our line-of-
sight, while the molecular gas in the South Pillars has undergone some acceleration
at its closest approach to Tr 16.

The acceleration of the Southern Cloud by the O-type stars in Tr 16 is readily
explained by the rocket effect (Oort and Spitzer, 1955; Bally and Scoville, 1980;
Bertoldi and McKee, 1990). As the neutral gas facing Tr 16 is ionized by the strong
ultraviolet radition of the cluster (Smith, 2006a), it flows away from the surface of
the molecular cloud at roughly its sound speed. The recoil force on the molecular
cloud causes it to accelerate away from the ionizing source at a rate proportional
to the rate at which it loses mass through ionization. In the simplest scenario,
assuming the cloud is initially at rest relative to the ionizing source, the cloud mass

and velocity are connected through (Spitzer, 1978):

M, = Mye=ve/Vien, (4.1)

where My and M, are the initial and current masses of the molecular cloud, respec-
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tively, v, is the current velocity of the cloud, and V;,, is the velocity with which
the newly ionized material flows away from the cloud. For the molecular cloud to
have been accelerated to ~10 km s~!, roughly the speed of sound in ionized gas, the
cloud’s mass must have decreased by ~60%. The current mass of the Southern Cloud
is ~ 5 x 10" Mg, (Rebolledo et al., 2016). Accounting only for mass loss through
ionization, its initial mass would have been on the order of 1.3 x 10° M, comparable
to the current mass of the Northern Cloud (Yonekura et al., 2005; Rebolledo et al.,
2016).

Noteworthy among the O-type stars in Tr 16 is V662 Car at [ = 287.7°,
b = —0.7°, an eclipsing spectroscopic binary with a systemic velocity of —15 + 2
km s™' (Niemela et al., 2006). V662 Car is the only O-type star to coincide with
the Southern Cloud in three-dimensional position—velocity space, and its relatively
high visual extinction (Smith, 1987; Povich et al., 2011b) suggests that it is be-
hind or within the molecular gas. The primary star’s spectrum has unusually
strong He 1I A\686 (Niemela et al., 2006), leading it to be assigned to the lumi-
nosity class Vz (Sota et al., 2014), which is associated with very young O-type stars
close to the zero-age main sequence (Walborn, 2009; Sabin-Sanjulian et al., 2014;
Walborn et al., 2014; Arias et al., 2016). Roughly a dozen of the O-type stars in the
Carina Nebula are of class Vz (Sota et al., 2014), with the highest fraction relative
to non-z O dwarfs found in Tr 14 (Arias et al., 2016). In addition, Niemela et al.
(2006) found that both components of V662 Car have smaller radii and luminosities
than expected for their spectral types, another indicator of youth. The combination
of V662 Car’s young age, its deviation from the mean RV of the O-type stars in
Tr 16, and its kinematic association with the Southern Cloud suggest that it was
formed separately from and more recently than the body of Tr 16. We propose that
its formation may have been triggered by the feedback-induced acceleration of the

Southern Cloud.

Cr 228, Bo 11, and the molecular gas in the South Pillars:
The relationship between the O-type stars in Bo 11 and Cr 228 and the molec-
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ular gas in the South Pillars is difficult to interpret, because the gas detected in
12C0 is spatially separate from the O-type stars. Most of the 2CO (1-0) emis-
sion in the South Pillars comes from the so-called Giant Pillar (Smith et al., 2000;
Yonekura et al., 2005; Smith et al., 2010c), a dusty structure that points toward Tr
16 from the southernmost part of the region, lying roughly halfway between Bo
11 and the nominal center of Cr 228. The Giant Pillar is the site of current star
formation (Smith et al., 2010c; Gaczkowski et al., 2013), but is > 4 pc from any
O-type stars. Its gas has heliocentric RVs of (—10)—(—5) km s7!, similar to the
Nothern Cloud. Another dusty structure, whose ionization fronts also face Tr 16, is
spatially coincident with Bo 11. Some 2CO (1-0) emission, too faint to appear in
Figures 4.11 and 4.12, is detected in this region (Rebolledo et al., 2016), but it has
a heliocentric RV of > 30 km s~! and likely belongs to the far side of the Carina
spiral arm.

Most of the O-type stars in Bo 11 have RVs similar to the rest of the O-type
stars in the Carina Nebula and comparable to the gas in the South Pillars. The
exception is HDE 305612, which, with a measured mean RV of 16.1 km s~!, appears
to be a notable outlier. However, HDE 305612 shows significant RV variation over
three epochs of CHIRON data—but was not flagged as an unsolved binary because
the amplitude of that variation is < 20 km s~

The O-star population of Cr 228 also has similar RVs to the rest of the region; in
Figure 4.11, it is indistinguishable from the O-star population of Tr 16. None of the
many smaller dust pillars around Cr 228 (Smith et al., 2010c) are detected in *CO
(1-0) emission (Rebolledo et al., 2016), ruling out a direct comparison between the
RVs of stars and gas in this part of the Carina Nebula. As discussed in Section
4.4.2, the O-type stars in and around Cr 228 have a lower velocity dispersion than
the region as a whole, suggesting that they were not scattered out of Tr 16.

In the far southeast corner of the Carina Nebula, approximately 12.5" (~8 pc)
from Bo 11, are HD 93843 and HDE 305619. These two stars are clearly visi-
ble on the left side of Figure 4.11 as the two O-type systems with the highest
Galactic longitudes. They are typically treated as members of the Carina Neb-
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ula complex (e.g., Gagné et al., 2011), although there are no known gas structures
or lower-mass stellar populations connecting them to the rest of the South Pil-
lars (e.g., Smith et al., 2010c). The spectroscopic parallax of HDE 305619 (using
data from Kharchenko, 2001; Martins et al., 2005; Kharchenko and Roeser, 2009;
Gagné et al., 2011; Sota et al., 2014) suggests that it might be in the background
at a distance of > 3 kpc, but the Gaia DRI parallaxes of both it and HD 93843
(Gaia Collaboration et al., 2016a,b; Lindegren et al., 2016) place both systems at
2.0-2.5 kpc. Their observed RVs are also consistent with being part of the Carina
Nebula complex, although HDE 305619 is an SB1 (Chini et al., 2012) with limited
published RV data.

4.4.4 Comparison to ionized gas

The ionized gas in the Carina Nebula is globally expanding at +15-
20 km s7!, as seen in radio recombination lines (Gardner et al., 1970;
Huchtmeier and Day, 1975; Azcarate et al., 1981; Brooks et al., 2001) and optical
line emission (Deharveng and Maucherat, 1975; Walborn and Hesser, 1975; Walsh,
1984; Smith et al., 2004). This expansion is driven by feedback from Carina’s O-type
and evolved massive stars (Smith and Brooks, 2007). It was most recently mapped
by Damiani et al. (2016), who observed more than 650 optical sightlines across Tr
14 and Tr 16. They identified three non-spherical expanding shells, roughly centered
on the positions of n Car, WR 25, and Tr 14. We represent these shells in Figures
4.11 and 4.12 with hatched regions showing the range of observed approaching and
receding RVs for each shell. Damiani et al. (2016) estimate that the overall expan-
sion is centered around an RV of —12.5 km s™!. Their Tr 14 shell is centered around
a slightly less negative —8 km s~!. These values agree with prior results: Walborn
(1973); Walborn et al. (2002a, 2007) place the kinematic center of the expansion
at —14 km s, and radio data (Gardner et al., 1970; Huchtmeier and Day, 1975;
Azcarate et al., 1981) consistently centers the expansion at a heliocentric RV of —9
km s~

However, the RV distribution of Carina’s O-type and evolved massive stars is
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not aligned with the expansion of the ionized gas. As described in Section 4.4.1,
the weighted mean RV of the well-constrained O-type stars is 0.6 & 9.1 km s,
putting the kinematic center of the ionized gas expansion roughly one standard
deviation blueward of the mean O-star RV. Figures 4.11 and 4.12 show that the
receding/redshifted components of the gas overlap in RV space with the positive-
RV tail of the O-star distribution, while the approaching/blueshifted components of
the gas have more negative RVs than nearly all of the O-type stars. The observed
RVs of the WNH stars, including WR 25, agree with the RVs of the approaching
gas, but this is due to wind effects in the WNH spectra and not due to a physical
association.

The most likely explanation for the kinematic asymmetry between the gas and
the O-type stars is that the receding/redshifted ionized gas is bounded by dense,
neutral material behind the Carina Nebula, while the approaching/blueshifted ion-
ized gas moves freely along our line of sight. In addition, the approaching gas around
Tr 16 may be partially composed of a photoevaporative flow off the Southern Cloud,
which has already been accelerated toward us by feedback from Tr 16 (see discussion
above). Damiani et al. (2016) noted a number of smaller-scale kinematic asymme-
tries in the ionized gas shells, confirming that the expansion of the H II region is
non-spherical and is affected by density variations in the surrounding medium. We
consequently caution against using the kinematic center of the ionized gas to define

the systemic RV of the Carina Nebula.

4.5 Conclusions

We have conducted a radial velocity survey of the O-type and evolved massive stars
in the Carina Nebula. We obtained multi-epoch echelle spectroscopy for 31 O-type
stars, and compiled published RVs for an additional 32 systems including three
WNH stars and the LBV n Car. With these data, we find the first spectroscopic
orbital solutions for the near-twin system HD 92607 and the eclipsing binary HDE
303312 and provide updated orbital solutions for HD 93576 and HDE 305536. Our
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further results are summarized as follows:

(1) Of the 63 O-type and evolved massive star systems with RV data, 41 have
well-constrained systemic velocities. These well-constrained sources have a weighted
mean RV of 0.6 km s™!, comparable to prior results for the Tr 14 cluster and to the
expected radial motion for sources at a distance of ~ 2 kpc along the Carina spriral
arm.

(2) The one-dimensional velocity dispersion is < 9.1 km s™!, the standard de-
viation of the sources with well-constrained RVs. This value is high compared to
typical, less massive OB associations and is roughly twice that of massive bound
starburst clusters. However, it is similar to the velocity dispersion of the large, un-
bound Cyg OB2 association, and is not unexpected for a region with the content
and substructure of the Carina Nebula.

(3) The overall O-star RV distribution is unimodal, favoring a common distance
to the various clusters of the Carina Nebula.

(4) There is a possible but marginally significant difference between the RV
distributions of the Tr 16 and Tr 14 clusters, with the latter’s O-star RVs ~ 5 km s~!
more positive, on average, than the former’s. Kinematic study of the intermediate-
mass populations in these clusters is needed to confirm the offset.

(5) We do not detect any line-of-sight runaway O-type stars, nor do we see
evidence that the distributed O-type population migrated out from Tr 14 and Tr
16. On the contrary, the O-type stars in Cr 228 and the South Pillars have a low
velocity dispersion compared to the region as a whole.

(6) The Tr 14 cluster is kinematically associated with the molecular gas of the
Northern Cloud, consistent with its young age.

(7) Feedback from Tr 16 has accelerated the molecular gas of the Southern Cloud
toward us, relative to the stellar population, by 10-15 km s~!. V662 Car, an O-type
star on the outskirts of Tr 16, may belong to a younger generation of stars triggered
by this feedback.

(8) The approaching components of the ionized gas around Tr 14 and Tr 16 show

higher velocities, relative to the O-type stars, than the receding components. This
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kinematic asymmetry indicates that the expansion of the H II region is not spherical
and is likely impacted by the distribution of dense neutral gas.

Our observations set the stage for the analysis of future Gaia data releases, which
will add further kinematic dimensions to our understanding of the Carina Nebula.
This region continues to be a laboratory for the study of massive-star formation and

the interplay between stellar feedback and the interstellar medium.
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CHAPTER 5

SUMMARY AND FUTURE PROSPECTS

Feedback from massive stars throughout their evolution is a critical contributor
to the energy budget of molecular clouds and galaxies. In this dissertation, I have
investigated three aspects of massive stars in the Carina Nebula, exploring how those
stars have interacted with the interstellar medium and discussing the implications
for our understanding of massive stars and OB associations. Below, I summarize
my results and describe avenues for future research.

Chapter 2 probed the eruptive history of n Carinae, the very massive LBV at
the heart of the Carina Nebula. Nineteenth-century astronomers witnessed an ex-
traordinary mass-loss event from this system, but exactly what happened—and how
it relates to the evolution of very massive stars in general-—remains a mystery. I
used eight epochs of HST imaging to measure the transverse velocities of nearly
800 features in 1 Car’s outer ejecta. I determined that these gas knots, traveling at
300 to > 1000 km s~ !, did not decelerate or accelerate over the 21 years of data, a
conclusion supported by comparison to images from half a century ago. I used their
constant motion to estimate the dates they were ejected from n Car and discovered
that they fall into three spatially distinct groups. The ejecta to the east and north-
east of the star were ejected in the mid-1200s, in a highly asymmetric mass-loss
event, while arcs of ejecta to the southeast and northwest likely originated in the
mid-1500s. The third group of ejecta came from the known Great Eruption of the
mid-1800s, although my results suggest that one or more smaller mass-loss episodes
may have occurred in the decades leading up to the main event.

These results show that n Car has had not just one but multiple major eruptions,
with several hundred years between them. This raises many questions for theoretical
models of this star and of LBVs in general, as these models must now explain the

repetition, timescales, and various (a)symmetries involved. It seems difficult to
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reproduce the observations with single-star models, but no binary or merger model
has yet provided a fully satisfactory explanation either.

Key to my interpretation of the three groups of outer ejecta was the comparison
to existing radial velocities, which confirmed that the thirteenth-century ejecta were
well separated from the sixteenth-century ejecta. An immediate next step in n Car
research is to obtain spatially complete, high-resolution spectra of the ejecta and
model their three-dimensional kinematics in further detail. This will be especially
valuable along the S ridge and W arc, where ejecta from multiple events overlap
and may be interacting. Mehner et al. (2016) used integral field spectroscopy to
reveal the structure of a fast-moving (~ 2000 km s™!) outer shell. They confirm the
hypothesis, described in my Chapter 2, that the soft X-ray emission around n Car
is due to the collision of diffuse, fast-moving ejecta from the 1800s with older, outer
material.

One of the exciting characteristics of n Car, of course, is that it changes on human
timescales, so we can continue to watch and wait and see what happens next! Its
secondary star next reaches periastron in early 2020, and multi-wavelength observa-
tional campaigns are already being planned. If the ~ 300-year cycle seen in the outer
ejecta continues, we may have another hundred years before this star’s next major
eruption—or it might very soon explode in a true supernova. In the meantime, large-
scale photometric surveys, like those conducted by the under-construction Large
Synoptic Survey Telescope (Ivezic et al., 2008), will reveal more about n-Car-like
“supernova impostors” in other galaxies.

Chapter 3 looked at five of the Carina Nebula’s massive stars that exhibit stellar
wind bow shocks, a sign that their velocities relative to the ISM are supersonic. I
used shifts in these stars’ outer PSFs across pairs of HST images to constrain their
proper motions, finding that none are likely runaway sources. Two of the stars are
moving at tangents to the orientation of their bow shock arcs, which point toward
the Carina Nebula’s clusters, strongly suggesting that feedback-driven gas flows—
rather than fast-moving stars—are responsible for the supersonic relative motion

that produced these bow shocks. For the other three stars, both factors may be
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relevant. The key conclusion is that bow shocks can be a tool for investigating the
origins and environments of massive stars, but should not be overinterpreted.

More precise proper motions of massive stars, both with and without bow
shocks, inside and outside of the Carina Nebula, will come from the Gaia space-
craft. Launched in late 2013, Gaia is busily accumulating data on the po-
sitions of more than a billion stars in the Milky Way (Perryman et al., 1997;
Gaia Collaboration et al., 2016b). Its first data release came in September 2016
and provided some early comparison measurements for my results in Chapter 3.
Like prior astrometric surveys, Gata determines motions in an absolute reference
frame, carefully calibrated against the positions of extragalactic sources. For now,
converting these motions to the reference frame of the Carina Nebula (or any given
cluster or association) carries non-negligible uncertainties. The full Gaia catalog will
change that; for the Carina Nebula, it will provide proper motions for thousands of
stars at sub-km s™! precision, firmly establishing the overall region’s motion relative
to our Sun. Gaia’s next data release is scheduled for April 2018, with subsequent
releases culminating in its final catalog in 2022.*

Chapter 4 presented a radial velocity survey of the O-type and evolved massive
stars in the Carina Nebula. I measured new radial velocities at multiple epochs for
31 sources (about half of the complex’s O-star population), assembled the available
literature data for the rest, and compared the results to the motions of the ionized
and molecular gas across the region. The Tr 14 cluster remains closely associated
with molecular material, while feedback from the Tr 16 cluster has accelerated the
remnants of its natal cloud and possibly triggered the formation of additional mas-
sive stars. The feedback-driven expansion of the ionized gas around the clusters
appears to be bounded by dense material on the far side.

In addition to the larger-scale conclusions, Chapter 4 also included an analysis
of four spectroscopic binary systems and discussed several other sources with sig-
nificant, high-amplitude radial velocity variations. It would be interesting to obtain

further observations of all of these systems and particularly HDE 303312, where the

!See https://www.cosmos.esa.int/web/gaia/release.
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radial velocity orbit and light curve disagree on the properties of the secondary star.
The CHIRON spectrograph on the CTIO/SMARTS 1.5-m telescope was the perfect
instrument for my radial velocity observations; unfortunately, it is not currently
operating due to funding constraints.

Both Chapter 3 and Chapter 4 considered the implications of my results for
models of the formation of OB associations. Three of the measured bow shock host
stars belong to the distributed massive-star population in the Carina Nebula’s South
Pillars region; none have proper motions directed away from the central Trumpler
clusters. In addition, the radial velocity dispersion of the O-type stars in the South
Pillars is low compared to that of the region as a whole. Together, these data
indicate that the massive stars of the South Pillars formed there and not in the
central clusters. The Carina Nebula is thus more consistent with a hierarchical star
formation scenario for the origin of OB associations, with some contribution from
triggered star formation.

Some of the remaining open questions about the Carina Nebula could be ad-
dressed with a radial velocity survey of its intermediate-mass stellar population. Is
the small radial velocity offset between the massive stars of Tr 14 and Tr 16 real
or just a statistical quirk? (The results of Damiani et al. 2017 suggest the latter,
although they did not delve into that particular issue.) Are the massive stars in
the South Pillars kinematically associated with the many subclusters of lower-mass
objects? Here, too, Gaia proper motions will be enormously useful. Gaia data,
which are entirely unaffected by stellar winds, might also finally reveal the origins

of the Carina Nebula’s WNH stars.
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