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ABSTRACT

As evidence for variations in the initial mass function (IMF) in nearby star forming

regions remains elusive we are forced to expand our search to more extreme regions of

star formation. Starburst galaxies, which contain massive young clusters have in the

past been reported to have IMFs different than that characterizing the field star IMF.

In this thesis we use high signal-to-noise near-infrared spectra to place constraints

on the shape of the IMF in extreme regions of extragalactic star formation and

also try to understand the star formation history in these regions. Through high

signal-to-noise near-infrared spectra it is possible to directly detect low-mass PMS

stars in unresolved young super-star clusters, using absorption features that trace

cool stars. Combining Starburst99 and available PMS tracks it is then possible to

constrain the IMF in young super-star clusters using a combination of absorption

lines each tracing different ranges of stellar masses and comparing observed spectra

to models. Our technique can provide a direct test of the universality of the IMF

compared to the Milky Way.

We have obtained high signal-to-noise H- and K-band spectra of two young

super-star clusters in the starburst galaxies NGC 4039/39 and NGC 253 in order to

constrain the low-mass IMF and star formation history in the clusters. The cluster
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in NGC 4038/39 shows signs of youth such as thermal radio emission and strong

hydrogen emission lines as well as late-type absorption lines indicative of cool stars.

The strength and ratio of these absorption lines cannot be reproduced through

either late-type pre-main sequence stars or red supergiants alone. We interpret the

spectrum as a superposition of two star clusters of different ages over the physical

region of 90 pc our spectrum represents. One cluster is young (≤ 3 Myr) and is

responsible for part of the late-type absorption features, which are due to PMS stars

in the cluster, and the hydrogen emission lines. The second cluster is older (6 Myr

- 18 Myr) and is needed to reproduce the overall depth of the late-type absorption

features in the spectrum. While the superposition of clusters does not allow us to

place stringent constraints on the IMF there is no evidence of a low-mass cutoff in

the cluster and the IMF is consistent with a Chabrier and Kroupa IMF typical of

the field.

The cluster in NGC 253 shows the same signs of youth as the cluster in NGC

4038/39 and sits in front of a background population of older stars. The background

population has an age of≈ 12 Myr and thus contains red supergiants. After carefully

subtracting this background we model the spectrum of the young cluster. We find

that its IMF is consistent with a Chabrier and Kroupa IMF with a best-fit power-

law slope of 1.0 in linear units. Slopes of 0.0 - 1.5 are also formally consistent with

the cluster spectrum. We conclude that there is no strong evidence for an unusual

IMF or a lack of low-mass stars (≤ 1 M⊙) in either of these galaxies.
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CHAPTER 1

INTRODUCTION: SUPER-STAR CLUSTERS AND THE IMF IN EXTREME

ENVIRONMENTS

1.1 The IMF: Background and Definitions

The Initial Mass Function (IMF) and its origin remain one of the most important

problems in Astronomy. Measuring the shape of the IMF allows us to understand

the unresolved light from distant galaxies and discerning what physical parameters

control its shape helps us understand the process of star formation. Understanding

its origin would help us create a predictive theory of star formation if variations with

initial conditions exist and if no variations are present any theory of star formation

must be able to explain this absence satisfactorily. Since so many fields in Astronomy

and Astrophysics deal with aggregate populations of stars it is indeed hard to find

a problem which does not require an assumption about the shape of the IMF.

The IMF is generally represented by either a broken power-law or a lognormal

form. The power-law can be formally expressed as:

ϕ(m) =
dN

dm
∝ m−α

where ϕ is the number of single stars in the mass interval m + dm. This power-law

IMF is generally measured to have a slope of α ≈ 2.35 above 0.5 M⊙ and flattens out
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below 0.5 M⊙ to a slope of α ≈ 1.3 (Salpeter (1955); Kroupa (2001)). For the rest

of this document we will refer to any IMF with a single power-law slope of α = 2.35

as a ”Salpeter IMF” and a broken power-law IMF with the slopes given above as a

”Kroupa IMF”. Below the hydrogen burning limit (0.08 M⊙) the slope of the IMF

appears to flatten and may even turn over in linear units (Andersen et al., 2008).

These results are well matched by the lognormal IMF given by Chabrier (2003) (see

also Miller and Scalo (1979)). In this case:

ϕ(logm) =
dN

dlogm
∝ exp(

−(logm− logmc)
2

2σ2
),m ≤ 0.7M⊙

where mc is the mean mass (mc = 0.22 M⊙) and σ is the square root of the variance.

Above 0.7 M⊙ Chabrier (2003) extends his lognormal IMF into a power-law form

with a Salpeter slope. Both forms of the IMF therefore have a characteristic mass

at or below 1 M⊙. For the power-law IMF this is the IMF breakpoint where the

slope flattens, for the lognormal IMF this is where the IMF moves from a power-law

Salpeter-like slope to a lognormal representation.

1.2 Theoretical Expectations for the Shape of the IMF

Theoretical models of star formation are generally successful at reproducing the

overall shape of the IMF. In particular when many different physical processes are

invoked to determine stellar masses a log-normal IMF shape is relatively easy to

generate given the central limit theorem (Adams and Fatuzzo, 1996). More recent

observational evidence points to the fact that the core mass function (CMF) of star-
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less cores which have yet to form into stars is of a very similar functional form as

the stellar IMF. The measured CMF has a similar shape as that measured for the

IMF but shifted up in mass by a factor of a few. This evidence may indicate that

stellar masses are set early in the star formation process, though understanding the

fragmentation of cores into binaries and the dependence of this process on mass as

well as the resulting companion mass ratio distribution is important to be able to

understand how the CMF transforms into the IMF. Goodwin et al. (2008) showed

that allowing cores to fragment and dynamically evolve the binary fraction to re-

semble the current field star population can reproduce the evolution of the CMF

into the IMF. The IMF of Chabrier (2003) has a different mean mass depending on

whether unresolved binaries are taken into account and corrected for (0.22 vs. 0.79

M⊙) so it is important to know whether one is measuring a resolved binary or a

system IMF.

And yet most theoretical models predict some dependence of the functional form

of the IMF on conditions in the parent cloud. The presence of a characteristic mass of

the IMF suggests that there is some fundamental physical process in star formation

which results in a characteristic stellar mass of ≤ 1 M⊙ (Larson, 2005). In addition

to this characteristic mass the minimum mass at which an object can form through

gravitational collapse, often associated with the minimum mass for fragmentation as

well as a maximum stellar mass are also important values which may yield insights

into the process of star formation and may depend on initial conditions. However
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there are some theoretical arguments by which an IMF may be constructed that is

insensitive to initial conditions. If star formation is completely self regulating, for

example through termination of accretion through stellar feedback then one would

expect no change in the IMF with initial conditions (Adams and Fatuzzo (1996)).

There are several methodologies which have been suggested as the cause for a

characteristic IMF mass such as turbulent star formation (e.g. Mac Low and Klessen

(2004)) and magnetic fields (Shu et al., 2004) as well as fragmentation (Larson,

2005). However all of these physical processes have some dependence on external

conditions in the cloud such as the thermal Jeans mass (MJ ∝ T 3/2/
√
ρ) and the

magnetic field strengths in star forming regions. If the characteristic stellar mass is

indeed connected to the thermal Jeans mass in the star forming cloud it is possible

that changes in environmental conditions such as the radiation environment (which

could increase the temperatures in star forming molecular clouds and thus increase

the Jeans mass) of star forming regions could change overall IMF properties.

Metallicity is a particularly tempting variable in a search for IMF variations

since there may be a critical value of the metallicity below which a cluster produces

predominantly massive stars (Omukai et al., 2005). The critical value at which this

change to a normal IMF occurs remains under debate with estimates ranging from

10−2 Z⊙ to values as low as 10−5.5 Z⊙ (Tumlinson, 2007). Indeed the strongest

claim for a non-uniform IMF comes from the earliest stars formed in the universe

which are thought to have been extremely massive (≥ 1000 M⊙) (e.g. Abel et al.
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(2002)) due to a lack of metals to cool collapsing clouds. The fact that no low-

mass Population III stars which should have survived to the present day have been

discovered strengthens this argument.

1.3 IMF Measurements in the Milky Way and Nearby Galaxies

Beyond measurements of the overall shape of the IMF in the field, such as those

given Section 1.1, the main focus of observational IMF studies is to understand

whether changes in the environmental conditions of star formation cause the shape

of the IMF to vary. For this purpose, extensive efforts have been undertaken to

search for such variations (e.g. Hillenbrand (1997); Carpenter et al. (1997); Luh-

man et al. (1998)), in particular on the low-mass end where nearby star forming

regions are well populated enough that stochastic effects due low number counts

are minimized. Studies of young star clusters have shown the IMF above 0.1 M⊙

to be universal within 1 kpc (Meyer et al., 2000). These results have come mostly

through extinction limited surveys of nearby open clusters as well as nearby young

star clusters and associations. In these clusters objects can be surveyed to below the

hydrogen burning, with stellar masses determined either spectroscopically or pho-

tometrically in conjunction with theoretical models, from which an IMF can then

be generated.

Below the hydrogen burning limit the picture is less clear. In the past there

have been some claims of IMF variations in particular in the Taurus molecular
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cloud (Briceño et al., 2002). More complete results indicate that the deficiency in

brown dwarfs in Taurus compared to clusters such as the Orion Nebula are not as

strong as previously reported (Luhman et al. (2009); Rebull et al. (2010)), but the

discrepancy appears to remain statistically significant. The Orion Nebula which

is often used as a template for nearby star forming regions has an IMF which is

consistent with the field down below the hydrogen burning limit. There have been

similar reports of IMFs which are inconsistent with a normal Chabrier IMF in older

open clusters. However the best studied open cluster, the Pleiades, has an IMF

consistent with the field star IMF down to 30 MJup (Moraux et al., 2003). Indeed

most measurements of discrepancies in the IMF slope are plagued by small sample

statistics in particular at high stellar masses and in the brown dwarf regime.

In more extreme regions of star formation in the Milky Way such as the Galactic

Center, NGC 3603 or Westerlund 1 it is currently impossible to get a direct census of

objects below the IMF breakpoint and IMFmeasurements have mostly been confined

to above 1 M⊙. Much focus has been on measuring the IMF slope above 1 M⊙ in

these regions, in particular those close to the Galactic center. The Arches cluster

which is located at a projected distance of ≈ 25 pc from the Galactic center had in

the past been measured to have an IMF slope significantly flatter than a Salpeter

slope of α = 2.35 (Figer et al., 1999). However more complete samples have corrected

this value to be consistent with a Salpeter IMF (e.g. (Espinoza et al., 2009)). In

objects close to galactic nuclei mass segregation may play an important role even
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at young ages as clusters are subject to strong dynamical effects ((Bastian et al.,

2010)). Westerlund I, the most massive young cluster in the Milky Way discovered

to date, appears to have an IMF consistent with a Salpeter IMF (Brandner et al.,

2008), while NGC 3603 has been measured to have a logarithmic IMF slope of Γ

= 0.9 ± 0.15 (Γ = α -1) marginally consistent with a Salpeter slope of Γ = 1.35.

Intriguingly all of the clusters mentioned above show evidence of mass segregation,

which if primordial rather than due to dynamical evolution would be evidence of

IMF variations over small spatial scales.

Beyond the Milky Way the best studied star forming region is 30 Doradus with

its massive young central region of R 136 in the Large Magellanic Cloud. This cluster

is of particular interest because of its mass (≈ 2.2 x 104 M⊙ within a 4.7 pc radius

(Hunter et al., 1995)) and low metallicity (≤ 1/2 solar) (Smith, 1999). Results by

Sirianni et al. (2000) using optical imaging data had previously suggested that the

IMF above 2 M⊙ was flatter than a Salpeter slope. However again updated results

by Andersen et al. (2009) find that the IMF down to 1 M⊙ can be matched by a

Salpeter slope, though a caveat to take into consideration here is that the regions

studied do not overlap.
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1.4 The IMF in Extreme Regions of Star Formation: Starbursts and Super-Star

Clusters

1.4.1 Super-Star Clusters

The advent of the Hubble Space Telescope (HST) as well as more recently adaptive

optics observations from the ground have made it possible to study in detail nearby

starburst galaxies with star-formation rates orders of magnitude higher than the

Milky Way (e.g. M82, Henize 2-10, NGC 5253). The HST was the first observatory

to provide the kind of resolution needed to study individual star clusters in distant

galaxies. Prior to this only a small number of studies of star clusters systems in

other galaxies had been undertaken.

Many starburst galaxies are now known to host massive (105 - 106 M⊙) young

super-star clusters (SSC). The discovery of regions of star formation with masses

similar to those of observed globular clusters has changed our understanding of the

process of star cluster formation as a whole. SSC are seen as likely progenitors

to globular clusters and have extended our view of star formation to an extreme

regime of densities (perhaps up to 105 M⊙/pc
3 in cluster cores (Portegies Zwart

et al., 2010)) an order of magnitude larger than more quiescent star forming regions

in the Milky Way (Bastian et al., 2010).

Though SSC were first observed in starburst galaxies, massive star clusters ap-

pear to be present in many different classes of galaxies from spirals to dwarf galaxies.
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However, the number and maximum cluster mass seem to be related directly to the

star formation rate (SFR) in a galaxy (Larsen, 2002) with maximum cluster masses

reaching up to a few 107 M⊙ (McCrady, 2005) while the cluster mass function is

thought to peak at around 105 M⊙. Mergers such as the Antennae (Whitmore et al.,

1999) and NGC 3256 (Zepf et al., 1999) host a particularly large population of SSC

of a wide range of ages. These young massive clusters often dominate the ultra-

violet and near-infrared emission of their host galaxies. Thus understanding their

properties is necessary for any analysis of the light of unresolved distant galaxies.

Though we refer to young SSC as clusters in this work it is not clear that the

objects we refer to are actually bound. Young SSC have a high ”infant mortality”

(Fall, 2006) of upwards of 50 % and many are disrupted within the first 10 Myr of

their lifespan. Through this process SSC feed the field star population of their host

galaxies. Studies of M51 (Bastian et al., 2005) and NGC 4038/39 (Bastian et al.,

2005) have shown that more than 70% of young SSC may be disrupted after an age

of 10 Myr. For the sake of this thesis we will continue to refer to the objects we

study as clusters with no implication that they are gravitationally bound. Despite

this high mortality rate of SSC, massive star clusters of ages of several hundred Myr

exist which are bound.
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1.4.2 The Importance of Super-Star Clusters to our Understanding of Star Forma-

tion

SSC play an important role in the star forming process of many galaxies. Because

they are so massive even one SSC produces as much stellar material as a hundred

Orion Nebula Clusters. In merging systems which are forming many SSC at the same

time, they dominate the current star forming process. SSC represent an extreme

form of star formation which cannot be studied in the Milky Way with perhaps the

exception of the Arches cluster near the Galactic center or the young massive cluster

Westerlund 1. The closest analogue is R136 in the star forming region 30 Doradus

in the LMC with a mass of 104.5 M⊙ (Massey and Hunter, 1998) and an age of ≈ 3

Myr (Andersen et al., 2009). SSC often form in the intense radiation environment

of nuclear starbursts and interacting galaxies. Because they are so massive they can

be studied out to great distances allowing us to explore star formation environments

radically different than that observed locally, such as the low-metallicity starburst

SBS 0335-052 (Z=Z⊙/40 (Izotov et al., 1990)) which hosts several SSC which have

been studied in great detail (see for example: Hunt et al. (2001); Thompson et al.

(2006)). In addition because of their great mass they influence a large region of

surrounding space through photoionization, supernovae and stellar winds (Gallagher

and Smith, 2004).

It is unclear whether SSC follow a single formation mechanism. It has been

proposed by Gallagher and Smith (2004) that SSC can form through two differ-
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ent mechanisms in quiescent spiral galaxies and more active mergers and dwarf

starbursts. They argue that different processes, such as high ISM pressures and

interaction between star forming regions, become important in starbursts which are

not seen in the giant HII regions of spiral galaxies. However there is also evidence

that SSC in all environments can be modeled with a single cluster mass function as

long as the star formation history of the host galaxy is well understood (Bastian,

2008), which supports a single formation mechanism. Dwarf galaxies which are often

quoted as having exceptional cluster mass functions are then special cases because

star formation histories in these galaxies proceeds in a highly bursty manner. This

would imply that star formation in mergers and starbursts functions in the same

manner as more quiescent regions and only the level of scale is different.

1.4.3 The Connection between Super-Star Clusters and Globular Clusters

SSC clusters are thought to mirror a mode of star-formation that was ubiquitous

in the early universe (Leitherer, 2001) as evidenced by the fact that star forma-

tion rates of galaxies at high redshift are very similar to those in local starbursts

(Steidel et al., 1996). The large number of old globular clusters we observe in the

Galaxy, which resemble SSC in their masses and radii (Zhang et al., 2001) provide

additional support that the formation of massive star clusters was common in the

early universe. Thus, studying local SSC can provide insight into star formation at

high redshift. If SSC are indeed the present-day equivalent of globular clusters then
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their high infant mortality must mean that such massive star forming regions must

have formed with a high frequency in the early Universe (Johnson, 2005), given the

abundance of globular clusters in the Galaxy as well as nearby galaxies such as M51.

Globular clusters have been observed in many galaxies outside the Milky Way

and are generally more common in massive elliptical galaxies than spiral galaxies.

Elliptical galaxies often host a globular cluster population which is bi-modal in

color, a metal-poor blue population and a more metal-rich red population. This

is often explained as due to the build up of the galaxy through a violent merger

process which formed the red population and the blue population as being due to a

primordial population. This supports the theory of SSC as proto-globular clusters,

since mergers produce a particularly large number of SSC.

The challenge remains to explain the discrepancy between the luminosity and

mass functions of young clusters, which are power laws, and old globular clusters,

which follow lognormal distributions (Harris, 1991), though it may be possible to

explain this evolution theoretically ((Fall and Zhang, 2001); (Baumgardt et al.,

2008); (Vesperini and Zepf, 2003)). Methods invoked to evolve the mass function

involve either dynamical evolution, gas expulsion or stellar mass loss all of which lead

to preferential disruption of low-mass clusters. If the SSC we see today are indeed

precursors to an eventual globular cluster population studying the properties of SSC

clusters will help us understand formation mechanisms as well as globular cluster

evolution and ultimately the star formation history of the Universe.
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In addition to old GC systems many galaxies are also known to host an albeit

much smaller population of intermediate age GC systems (ages ≤ 6 Gyr). The LMC

for example has a significant population of clusters at an age of 3 Gyr, though a lack

of clusters between 4 - 12 Gyr, and the SMC contains a similar though somewhat

older population. The GC populations of both galaxies seem to indicate a bursty

star formation history (Brodie and Strader, 2006). NGC 1316, an intermediate age

merger remnant contains the best studied intermediate age GC population to date

(Goudfrooij et al., 2007). These clusters have a power law luminosity function as

opposed to the lognormal distributions of older GC systems. The presence of this

system gives credence to the creation of large GC populations in galaxy mergers and

may give further support to the evidence that the red population of GCs formed in

major mergers.

In light of the high infant mortality for young SSCs mentioned above and the

presence of large populations of GCs formed in older starburst events in galaxies the

question remains what influence young massive star clusters have on the field star

populations of their host galaxies. If a significant fraction of SSC are disrupted at

an early age and if this was a dominant phase of star formation in the early universe

we could expect metal-poor field star populations of galaxies to have received a

significant infusion from dissipating massive star clusters. If the mass function of

these primordial SSC was a similar power-law to the one we observe today, clusters

smaller than 105 M⊙ contain a roughly equal amount of stellar mass as those more
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massive than 105 M⊙. If we assume that this power-law then evolved into the

lognormal function we observe today, meaning that smaller clusters get disrupted

preferentially, clusters less massive than 105 M⊙ actually contributed more mass to

the field than massive young SSC and the same may be true today.

1.4.4 Search for IMF Variations in Starburst Galaxies and Super-Star Clusters

As compelling evidence for IMF variations in the Milky Way and neighboring galax-

ies remains elusive we are forced to expand the search for IMF variations to more

extreme regions of star formation. Super-star clusters represent ideal objects to

search for IMF variations with initial conditions such as metallicity and formation

environment.

Massive young clusters have been of particular interest in the search for IMF

variations. Since individual objects cannot be probed in SSC and starburst galaxies

historically IMF measurements have relied on integrated properties of these clusters

or galaxies. Particular focus has been on the prototypical starburst galaxy M82.

Rieke et al. (1993) modeled numerous properties affected by the shape of the IMF

in M82, such as K-band luminosity and UV fluxes. They found that to match

observed quantities they required M82 to have fewer low-mass stars than predicted

by a Miller and Scalo (1979) IMF. It is important to point out that this Miller

and Scalo (1979) IMF produces an overabundance of low-mass stars compared the

a Chabrier (2003) IMF and the best-fit IMF derived is actually more similar to a
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Chabrier (2003) or Kroupa (2001) IMF integrated over the whole stellar mass range,

though still slightly overabundant in high-mass stars. Similar results were reported

by Engelbracht et al. (1998) for NGC 253 and Alonso-Herrero et al. (2001) for NGC

1614. However Satyapal et al. (1997) found that M82 was fainter than previously

assumed bringing measurements in line with a Kroupa or Chabrier IMF.

It is possible to measure mass-to-light ratios directly for SSC with ages ≤ 40

Myr and many clusters have been found to have anomalous mass-to-light ratios

compared to those expected for a Kroupa/Chabrier IMF (e.g. NGC 1705-1 (Smith

and Gallagher, 2001), NGC 1569-B (Anders et al., 2004b)), at a given age. This

has often been interpreted as variations in the mass function. The dynamical mass

measurements required to construct mass-to-light ratios assume that clusters are

in virial equilibrium however. Goodwin and Bastian (2006) have shown that this

assumption can be faulty in young clusters due to the effects of gas expulsion. Sup-

port for this theory is provided by the fact that the mass-to-light ratio variations

disappear for clusters with ages of a few hundred Myr. Thus assuming virial equi-

librium could cause the mass of the cluster to be overestimated which leads to an

estimate for a mass function overabundant in low-mass stars in contrast to IMF

measurements overabundant in high-mass stars in starbursts as described in the

previous paragraph. The mass-to-light ratio of M82-F however, a massive cluster in

the prototypical starburst M82 with an age of 40-60 Myr, remains inconsistent with

a Kroupa (2001) IMF (McCrady et al., 2005) and M82-F remains the best candidate
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for an unusual IMF in a SSC.

Both cluster mass-to-light ratios and especially models of whole starburst galax-

ies are at best an indirect way to determine the IMF because the entire mass range

of the IMF is treated as one mass bin. A more direct method of detecting stellar

populations in unresolved SSC is needed to provide confirmation of the shape of

their IMF.

1.5 Targets in this Study

This thesis focuses on a method to constrain the low-mass stellar content in young

SSC using late-type absorption features in the near-infrared, explained in detail in

Chapter 2. Young clusters are not easily studied at optical wavelengths as they suffer

high amounts of extinction. Thus infrared studies are ideal to survey the low-mass

stellar population of the very youngest objects. These clusters are usually unresolved

even with the highest resolution available today, and broadband photometry can

only provide limited information. High signal-to-noise integrated spectra can be an

important tool in understanding the populations of unresolved star clusters.

This study focuses in particular on SSC in two targets: NGC 4038/39, ”the

Antennae” and NGC 253 a spiral galaxy with a nuclear starburst. These targets

were chosen from a larger sample of starburst galaxies where young super-star clus-

ter populations exist and which are close enough that study of individual clusters

is possible. We chose to focus on these two targets because they both represent
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extremes in some way. The Antennae is the nearest major merger and as such con-

tains a large population of very massive clusters. It is also perhaps the best-studied

merger system which means that a wealth of literature exists. NGC 253 on the

other hand is nearby starburst galaxy with an extremely active starburst region in

its nucleus. Its proximity makes is considerably easier to study individual clusters

in detail than in the Antennae. The proximity of the star clusters in NGC 253 to its

nucleus allows for interesting parallels between clusters in the Milky Way which are

close to the center of the Galaxy and the corresponding SSC in NGC 253. Since the

central Galactic clusters remain a source of intense study of star formation prop-

erties under extreme radiation and dynamical environments, NGC 253 provides an

interesting contrast. The targets and their cluster populations are describe in more

detail in Chapters 3 and 4.

1.6 Thesis Outline

This thesis is organized as follows. Chapter 2 focuses on the modeling of young

integrated pre-main sequence SSC in the near-infrared. We detail the combination

of Starburst99 for main sequence and post-main sequence evolution in combination

with appropriate pre-main sequence tracks and stellar libraries. In addition to the

modeling we present results of an analysis of two massive young clusters in the

starbursts NGC 4038/39 (the Antennae) and NGC 253. Chapter 3 describes in detail

the observations, reductions and analysis of one massive star cluster in the Antennae,
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while Chapter 4 describes observations, reduction and analysis of a massive SSC in

NGC 253. In Chapter 5 we summarize our results and discuss the implications

for IMF measurements and star formation histories of young SSC. We also discuss

future avenues of study.
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CHAPTER 2

POPULATION SYNTHESIS MODELS OF YOUNG SUPER-STAR CLUSTERS

IN THE NEAR-INFRARED

In recent years it has become possible to study the properties of individual unre-

solved star clusters in distant galaxies. Since we will never resolve all but the clusters

in the closest galaxies into their individual stellar members it is critical to be able to

understand their aggregate properties. For this purpose population synthesis mod-

els which simulate whole star clusters or galaxies over a variety of ages have been

created. These models can cover a wide range of physical parameters which makes

it possible to compare and contrast the models to real datasets and to infer the

underlying properties of the stellar population, such as mass, age and metallicity.

While population synthesis models of star clusters at optical and ultraviolet

wavelengths have reached a high degree of sophistication (e.g. Bruzual and Charlot

(2003); Leitherer et al. (1999)) less focus has been placed on modeling SSC spectra

in the near-infrared accurately. With the upcoming launch of JWST however it is

critical that we understand the predictive possibilities and limitations near-infrared

population synthesis can offer for the study of extragalactic massive star clusters.

Lançon et al. (2008) used near-infrared population synthesis models to attempt to

place age constraints on massive young star clusters in M82 dominated by red su-
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pergiant populations older than 6 Myr, to compare and contrast results with those

obtained by optical studies. They found that while they were able to reproduce the

observed spectra well with their models, assumptions required in various evolution-

ary tracks could have a large effect on their age determinations.

In this work we focus on modeling clusters younger than 6 Myr with the dual

goals of exploring the star formation history of the clusters and constraining the low-

mass IMF in the clusters directly. The near-infrared flux of star clusters is dominated

by red supergiants after ≈ 6 Myr and up to 100 Myr. In clusters younger than 6

Myr however, no red supergiants exist and near-infrared emission is dominated by

a broad stellar mass range.

We model the spectra of young super-star clusters in the near-infrared incorpo-

rating the fact that at an age of ≤ 6 Myr stars less massive than ≈ 4 M⊙ are still

on the PMS. For objects on the PMS we use our own synthesis code combined with

a set of PMS tracks (Siess et al., 2000) which is described in detail in this chap-

ter. For any objects not on the PMS we use the STARBURST99 (S99) population

synthesis models (Leitherer et al., 1999) which are designed to accurately reproduce

spectrophotometric properties of starbursts and SSC but do not incorporate any

PMS models. In addition to modeling the stellar component of cluster emission we

also place constraints on the nebular emisssion from hot stars in the cluster which

can contribute a significant portion of the total cluster flux at young ages.
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Figure 2.1 Plot of CO(2-0) equivalent width with age. The equivalent width is
calculated according to the absorption and continuum bands given by Kleinmann
and Hall (1986). Plotted are two models including PMS evolution and one model
excluding the PMS taken from Starburst99. The model with PMS evolution with
more attenuated CO bandheads includes nebular flux estimated by Starburst99, the
second model has no nebular flux added. Past the age of 6 Myr red supergiants
dominate the CO absorption line. In our models we have taken the number of
supergiants from the results given by Starburst99. We then generate model spectra
and calculate the equivalent width. The Starburst99 models generate an output
of near-infrared equivalent widths independently from the output of the number of
stars. This explains the differences between the equivalent width evolution of the
CO(2-0) equivalent width in the plots after 6 Myr.
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2.1 Stellar Component

2.1.1 Combining PMS Models and Starburst99

Starburst99 is a population synthesis code developed by Leitherer et al. (1999) to

accurately predict properties of starburst galaxies over a large wavelength and age

range. It is widely used to model SSC properties in the optical and ultraviolet (e.g.

Tremonti et al. (2001)). S99 uses the Geneva (Schaller et al. (1992); Schaerer et al.

(1993a); Schaerer et al. (1993b); Charbonnel et al. (1993); Meynet et al. (1994))

and Padova (Fagotto et al. (1994a); Fagotto et al. (1994b); Bressan et al. (1993);

Girardi et al. (2000)) evolutionary models with model atmospheres by Lejeune et

al. (1997,1998). The code allows for instantaneous star formation as well as a non-

instantaneous, continuous burst of star formation at a range of input metallicities

from 5% solar to twice solar. It also allows for multi-part power law IMFs with the

preset value set to a Kroupa (2001) IMF. Cluster models can be generated with ages

ranging from ≤ 1 Myr and up to 1 Gyr. S99 generates a large number of outputs

for the user. Among these are the number of stars of each spectral class and type as

well as a low-resolution spectrum over a large wavelength range. It is these output

files in particular which we use to generate our models.

Though S99 does not have a dedicated near-infrared spectral library it does out-

put several equivalent width measurements in the near-infrared. Most important

for us among these are the two CO bandheads at 1.62 and 2.29 µm and the Brγ
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emission line at 2.16 µm. Fig. 2.1 shows the evolution of the CO(2-0) 2.29 µm band-

head for S99 alone and overplotted the CO evolution including our PMS-enhanced

models, described in detail in following sections, with varying input parameters.

Since S99 does not take into account any PMS evolution no CO bandhead is visible

in S99 models prior to 6 Myr when the first red supergiants appear. Our model

CO equivalent widths due to PMS stars are strongest at the youngest ages and

then decrease (though the overall equivalent width is still less than the maximum

equivalent width due to supergiants by 65 %).

S99 is not optimized for very young clusters and therefore does not include

PMS tracks. However for young ages low-mass stars on the PMS can contribute

a significant portion of the near-infrared light. Fig. 2.2 shows the contribution of

the PMS flux contribution for a 106 M⊙ cluster in the H and K-band as a function

of age. For a 1 Myr cluster, half the K-band light is generated by stars still on

the PMS (for a Kroupa IMF). Therefore to model SSC spectra in the near-infrared

accurately one needs to incorporate PMS tracks.

To more accurately treat these important effects we need PMS evolutionary

models vs. mass and age as well as a near-infrared spectral library which includes

dwarf, giant and supergiant spectra. We use the PMS models of Siess et al. (2000) to

estimate PMS luminosity and evolution for young SSC. These models are available

over a mass range of 0.1 - 7 M⊙, ages of ≤ 105 yr - a few times 109 yr, and for

metallicities between 0.5 - 3 x solar. Hillenbrand and White (2004) report generally
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Figure 2.2 Plot of PMS flux percentage in a 106 M⊙ cluster in the H- and K-band.
The PMS flux decreases as the cluster ages both due to the fact that more massive
stars evolve onto the main sequence as well as due to the fact that the low-mass
stars are dimming as they contract over time.
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reasonable agreement between these models and dynamically determined PMS star

masses. However the Siess et al. (2000) models as well as most of the models tested

underpredict stellar masses at the low-mass end of the models. The Siess et al. (2000)

models cover a greater mass range than other PMS models which is beneficial for

our needs since we are modeling a whole cluster simultaneously. These models are

also available on a web server at: http://www-astro.ulb.ac.be/ siess/prog.html.

2.1.2 Spectral Library

There are now a wide array of spectral libraries available in the literature (e.g.

Lançon and Wood (2000); Ivanov et al. (2004); also see Ivanov et al. (2004) for

a more complete list) which cover a large range of spectral types and resolutions

in the 1.0 - 2.5 µm region. We use the spectral libraries of Wallace and Hinkle

(1997) in the K-band and Meyer et al. (1998) in the H-band since both cover a

large range of spectral types at a relatively high resolution (R=3000). Both were

obtained at the KPNO 4m telescope using the FTS dual-output interferometer. We

also have a similar J-band library (Wallace et al., 2000) but have not done extensive

work to incorporate it into our models. Both spectral libraries span a large range

of spectral types (O-M) and both incorporate a range of luminosity classes from

class V dwarfs all the way to class I supergiants. However they contain no pre-main

sequence spectra. Fig. 2.3 shows a sample of the normalized H- and K-band spectra

incorporated into our models with pertinent spectral features marked. Since the
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spectral libraries contain normalized spectra we cannot reproduce the SED of the

low-mass stars in the near-infrared and we thus focus our analysis on narrowband

absorption lines in the spectra as opposed to Lançon et al. (2008) who focus on the

overall SED of SSC spectra over the J-, H- and K-band. When more than one star

of a given spectral type was available the average of these stars was incorporated

into the model.

2.2 Nebular Emission

In addition to stellar light, the near-infrared spectrum also contains nebular emission

due to ionizing radiation emitted by the massive stars present in high-mass clusters.

S99 predicts that at very young ages up to 90 % of the near-infrared luminosity

of young SSC should be emitted in free-free and free-bound emission. However for

actual observations, the nebular component can also be constrained directly through

thermal radio data. A large number of extragalactic clusters have been observed

in the radio and it is possible to distinguish between young clusters which contain

only nebular emission and other types of radio sources such as supernova remnants

by the spectral index of the source. Young SSC typically have radio sources with

a spectral index α ≥ 0, meaning their flux increases towards shorter wavelengths

(Johnson et al., 2001).
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2.2.1 Transforming Thermal Radio Flux into the Near-Infrared

We can estimate the nebular emission in a cluster in the H and K band in the

following way. The number of Lyman continuum photons is related to the free-free

and bound-free radio flux by the following formula (Condon, 1992):

QLyc ≥ 6.3× 1052
(

Te

104 K

)−0.45

×
(

ν

GHz

)0.1

(2.1)

×
(

Lthermal

1027 erg s−1 Hz−1

)

where Te is the electron temperature. We then convert this to a thermal luminosity

in the H- and K-band following:

Lthermal =
(
c

λ2

)
×
(
γtotal
αB

)
×QLyc (2.2)

Here, αB refers to the case B recombination coefficient and γtotal is the continuous

emission coefficient. The values used were adopted from Ferland (1980). We can

then compare this to measured broadband magnitudes of individual clusters.

The slope of the nebular emission in the near-infrared is fneb ∝ λ−2. S99 as-

sumes that every Lyman continuum photon emitted in the cluster is absorbed and

reradiated into free-free or free-bound emission (case B). This results in ≈ 90 % of

the flux of a 1 Myr, 106 M⊙ cluster being emitted through nebular emission. This

assumption seems to overestimate the measured free-free emission in young SSC

(see Chapter 3 & 4). We attribute this to the fact that the dust surrounding the

hot stars in young clusters is likely clumpy. Indebetouw et al. (2006) have found
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that the near-infrared SEDs of high-mass stars can vary by orders of magnitude

depending on the clumpiness of the surrounding material.

2.3 Resulting Synthesis Spectra

The final spectrum of our clusters is modeled in the following way (see also Meyer

and Greissl (2005)). To determine the most massive star still on the PMS at a

given age, we use the tracks of Siess et al. (2000). At ages of 1 and 3 Myr this

corresponds to 7 M⊙ and 5 M⊙ respectively. An appropriate PMS mass-luminosity

relationship for this age is then assumed according to the PMS models (Siess et al.,

2000). We also adopt tables of intrinsic colors and bolometric corrections from

Kenyon and Hartmann (1995). Stars above this limiting mass are modeled using

S99. This includes the main sequence as well as the post-main sequence. We use

S99 instantaneous burst models assuming a Salpeter (1955) IMF above the PMS

cutoff combined with the evolutionary models of the Padova group. The mass of

the PMS and S99 components are scaled according to the IMF used and the total

mass of our simulated clusters is 106 M⊙. We adopt a lower mass cutoff of 0.08 M⊙

and an upper mass cutoff of 100 M⊙.

Assuming an IMF and an age, all stars below the PMS cutoff in the simulated

cluster are assigned a mass in a Monte Carlo way, based on the parent IMF. We then

chose the appropriate standard star spectrum depending on age and mass which is

converted to a temperature and bolometric luminosity. We calculate an appropri-
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ate monochromatic luminosity based on the Kenyon and Hartmann (1995) tables

mentioned above. The stellar spectra are scaled with the appropriate luminosity,

co-added and combined with appropriately scaled main sequence and post-main se-

quence contributions from S99. If simulating a real cluster the spectrum is also

scaled by the amount of nebular emission in the cluster. It is important to note

here that stochasticity effects can play a role for any clusters with masses less than

105 M⊙ since the upper end of the IMF is not well populated. Above that mass

stochastic effects in cluster flux decrease to ≤ 10 % (assuming a Chabrier (2003)

IMF).

2.4 Model Results and Predictions

Figure 2.4 shows H- and K-band spectra for input power-law IMFs with a varying

slope below 0.5 M⊙ at ages of 0.3 - 3 Myr. Above 0.5 M⊙ we assume a Salpeter slope

of α = 2.35 similar to a Kroupa IMF. An ”appropriate” nebular emission of 20 % is

included in these spectra based on the contributions measured for our observations

in Chapters 3 and 4. Changes in the IMF in these spectra can be detected because

different absorption lines are prominent among different mass ranges in the simulated

clusters. In particular we use the 2.29 µm CO(2-0) bandhead which is prominent in

cool objects. This bandhead, the Ca triplet (2.261, 2.263 & 2.117 µm) and the Na

doublet (2.206 & 2.208 µm) in the K-band are strongest in stars below 3500 K (≤

0.5 M⊙). In addition we included the MgI 1.71 µm and 2.28 µm features which are
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Table 2.1. Equivalent Widths of Absorption Bands in the H- and K-band Spectra

α ≤ 0.5 M⊙ Age EW[CO(2-0)](Å) EW[Ca I](Å) EW[Na I](Å) EW[Mg I K](Å) EW[Mg I H](Å)

0.00 0.3 Myr 4.379 ± 0.231 1.523 ± 0.090 1.130 ± 0.061 0.540 ± 0.023 2.037 ± 0.152

1.30 0.3 Myr 4.781 ± 0.276 1.470 ± 0.072 1.268 ± 0.066 0.478 ± 0.042 2.013 ± 0.172

2.30 0.3 Myr 5.778 ± 0.328 1.270 ± 0.048 1.573 ± 0.061 0.287 ± 0.031 1.981 ± 0.143

0.00 1.0 Myr 2.501 ± 0.190 0.840 ± 0.041 0.745 ± 0.041 0.285 ± 0.012 1.160 ± 0.078

1.30 1.0 Myr 3.221 ± 0.195 0.782 ± 0.035 0.943 ± 0.067 0.207 ± 0.009 1.147 ± 0.094

2.30 1.0 Myr 4.370 ± 0.249 0.701 ± 0.037 1.313 ± 0.092 0.104 ± 0.008 1.023 ± 0.087

0.00 3.0 Myr 0.610 ± 0.032 0.201 ± 0.009 0.229 ± 0.012 0.044 ± 0.009 0.130 ± 0.010

1.30 3.0 Myr 0.872 ± 0.048 0.191 ± 0.008 0.259 ± 0.005 0.034 ± 0.012 0.128 ± 0.024

2.30 3.0 Myr 1.264 ± 0.101 0.180 ± 0.009 0.268 ± 0.008 0.023 ± 0.009 0.100 ± 0.009

strongest in stars between 0.5 - 1.5 M⊙ (3500 - 7000 K).

The relative strength of the Mg (solar-type stars) line compared to the Ca, Na

and CO (cooler stars) features is what allows us to place constraints on the IMF.

Table 2.1 lists equivalent widths for the absorption lines given above for the spectra

shown in Figure 2.4. The errors on the equivalent widths are due variations in the

estimates for the continuum for each line. Note for example the evolution of the ratio

of EW[CO(2-0)]/EW[Mg I K] which illustrates our ability to differentiate between

different power-law IMFs. For a slope of 0.0 at an age of 0.3 Myr (below 0.5 M⊙)

this ratio is equal to 8.109 ± 0.55 while the ratio increases to 20.118 ± 2.45 for a

slope of 2.3 at 0.3 Myr.

To estimate what kind of changes in the IMF we can detect with our models we
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Figure 2.5 Range and frequency of slopes returned as best fits for an initial model
with a slope of 1.3 below 0.5 M⊙ at a resolution of 3000 and with a variety of noise
levels added to simulate data with a given signal-to-noise level. As the signal-to-
noise decreases the range of slopes inferred from the data increases from roughly 0.5
dex at signal-to-noise of 120 to 1.7 dex at signal-to-noise of 40. Both H- and K-band
lines are included in these simulations.
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created a set of Monte Carlo simulations. We added a random noise spectrum to

a model with known parameters (α = 1.3 below 0.5 M⊙ and α = 2.35 above at an

age of 0.3 Myr) to simulate a real spectrum at a specific signal-to-noise level. We

then repeated this procedure 10000 times generating a separate spectrum each time

and then compared each realization to a suite of models with known parameters.

These models were chosen to have a large range of slopes (0.0 - 2.35 below 0.5 M⊙

in increments of 0.1) and ages (0.1 Myr - 3 Myr in 0.1 Myr increments). For each of

the 10000 realizations we determined the best-fit model by determining the fit with

the lowest χ2 =
∑n

i=0(di −mi)/σ
2
i compared to the model suite for the absorption

lines in the H- and K-band as mentioned above. Here di refers to the ith data pixel

and mi refers to the corresponding model point and σ2
i is the signal-to-noise value

at the ith pixel which in this case is determined by the amount of noise added to to

each spectral realization. The range in slopes returned for the best-fit models can

then tell us what IMF constraints are possible for simulated data with a specific

signal-to-noise level.

We created models for signal-to-noise ranges between 40 and 120. See Figure

2.5 for results of the range of best-fit slopes for a resolution of 3000 which is the

inherent resolution of our spectral library. Assuming an approximately gaussian

distribution of best-fit IMF slopes in Figure 2.5 we consider any slopes outside of

a 99% probability ruled out. For example for a signal-to-noise level of 100 slopes

below 0.8 and above 1.7 are ruled out according to this assumption. This indicates
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that we should be able to detect IMF variations of ≈ ± 0.4 dex for data with signal-

to-noise levels of 100. For realizations with a signal-to-noise of 40 this decreases to

± 0.85 dex. See Table 2.2 for more details.

We also attempted to understand the differences between model constraints when

both H- and K-band spectra were used and when K-band spectra alone were used.

Since the MgI line in the K-band is weaker than the line in the H-band using

just K-band spectra makes it harder to detect IMF variations for the same signal-

to-noise level data. We found that using K-band data alone somewhat degraded

the IMF slope variations that were detectable. Since the observational challenge

is most likely conclusively detecting the MgI line in the K-band particularly for

data with lower signal-to-noise levels it is still advisable to obtain both H- and K-

band data for a cluster if possible. In addition we performed these simulations for

spectra with downgraded resolutions of 1000 and 300. We found that data with

resolutions of 3000 and 1000 generated very similar results indicating that there is

no penalty for obtaining data at a somewhat lower resolution requiring less time

intensive observations. This results are not surprising since the bands we use in our

analysis are rather broad. However spectra of resolutions of 300 made it harder to

detect IMF variations. This indicates that a resolution of around 1000 is an ideal

resolution to perform these kinds of observations with the bands we have chosen for

our analysis since there is no trade-off in IMF variations detectable and since the

lower resolution requires less observing time.
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Table 2.2. IMF constraints for given model parameters

S/N Resolution K-band / H-band IMF constraint

120 3000/1000 both 0.25 dex

120 3000 K-band only 0.25 dex

110 3000/1000 both 0.3 dex

110 3000 K-band only 0.35 dex

100 3000/1000 both 0.4 dex

100 3000 K-band only 0.4 dex

90 3000/1000 both 0.45 dex

90 3000 K-band only 0.5 dex

80 3000/1000 both 0.5 dex

80 3000 K-band only 0.55 dex

70 3000/1000 both 0.6 dex

70 3000 K-band only 0.65 dex

60 3000/1000 both 0.65 dex

60 3000 K-band only 0.75 dex

50 3000/1000 both 0.8 dex

50 3000 K-band only 0.8 dex

40 3000/1000 both 0.85 dex

40 3000 K-band only 0.85 dex
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To determine these constraints we chose a model with a young age and thus

strong absorption bands. Any older clusters or clusters with a flatter IMF and thus

weaker absorption bands would make it more difficult to determine IMF variations

and would broaden the slopes allowed and thus the ranges of slopes given in Table

2.2 are likely lower limits.

Observing the youngest clusters is critical since PMS absorption lines attenuate

quickly after an age of 1 Myr (see Figure 2.2). By 3 Myr PMS stars contribute less

than 20 % of the near-infrared flux of a cluster and the absorption lines we use for

our analysis have decreased in strength by roughly 70 % compared to a 1 Myr cluster

assuming the nebular contribution listed above. For clusters older than 4 Myr the

absorption lines decrease to less than 1 % in depth and are thus not detectable in

spectra with a S/N of even 100. Thus there is a narrow window in age at which our

technique is applicable. Determining exact ages of SSC through broadband SEDs

and the presence of thermal radio emission as well as spectroscopy which can detect

emission lines remains challenging especially at young ages. Anders et al. (2004a)

find that ages of SSC can be constrained to a factor of 3 based on broadband SEDs

which include at least one near-infrared bandpass as well as either U or B colors.

The additional possibility of combining broadband SEDs with radio data should

make it feasible to rule out objects older than a few Myr.
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Figure 2.6 H- and K-band spectra for 106 M⊙ clusters with ages between 6 and 22
Myr. The CO lines in the H- and K-band are particularly sensitive to age. At the
earlier ages the spectra are dominated by one or two spectral types of supergiants
while older ages feature a blend or a larger number of spectral types.
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2.4.1 Generating Older Cluster Spectra

Though we had initially intended to only generate PMS models our model is also

able to generate near-IR H- and K-band spectra of older clusters. In this case we

only use the S99 outputs and convert them to a near-infrared spectrum. We use

the S99 output of the numbers of stars at a given spectral type ranging from dwarfs

to supergiants. We then chose an appropriate stellar spectrum from our library

which contains a similarly fine grid of supergiants and dwarfs for each spectral

type. Similarly to the PMS models the spectra are then scaled with an appropriate

luminosity and co-added. See Fig. 2.6 for a set of spectra of 106 M⊙ clusters of ages

between 6 Myr and 22 Myr. It is important to note that it remains challenging to

accurately predict the evolution of red supergiants in particular for low metallicities

(Levesque, 2010). Thus it is likely that the limitations of this model are due to

the accuracy of the output of supergiant spectral types of S99. The evolution of

binaries for example, which is not included in S99 can influence the frequency of red

supergiants in a cluster.

2.5 Discussion

The main strength of this technique in determining the IMF in massive star clusters

lies in its ability to determine the IMF for low-mass star directly. Recent results by

van Dokkum and Conroy (2010) employ a similar technique to ours to constrain the

IMF in elliptical galaxies and derive a best-fit IMF steeper than Salpeter. Other
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methods such as that employed by Tremonti et al. (2001) in unresolved massive

clusters only trace their massive stellar content though this study does not quote

specific ranges for their IMF results. Results for mass-to-light ratio measurements

are generally not sensitive to changes in the IMF slope of smaller than 1 - 1.5 dex.

For extragalactic measurements where actual star counts are possible such as the

LMC or in more distant clusters in the Milky Way errors on slope determinations for

the IMF are generally smaller than 0.4 dex. Thus depending on the quality of the

data that can be obtained out method is somewhere in between these sensitivities.

There are a number of physical phenomena which affect young SSC which are

currently not included in our model. Below we describe these issues in more detail

and explain how each may affect the outputs of our model and our ability to constrain

the resulting IMF. The effects are listed in order of magnitude, though the effect

of using field dwarfs to represent PMS stars and of not including dust emission is

likely similar in scale.

While we have made no assumptions about age in Figure 2.5, instead allowing

for a broad range of ages in the models, we do assume that our model correctly

predicts the depth of the absorption features used in our analysis with regard to

age. If however spectra of clusters with ages of 1 Myr really were better represented

by models with ages of 0.3 Myr this could cause us to assign an IMF to the cluster

with a flatter power-law slope. We have attempted to address this issue in the

subsequent chapters by varying the ages assumed for our data and comparing the
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IMF results and discuss this issue in more detail. It is also possible that the star

clusters we observe have populations with an inherent spread of ages. In some nearby

star forming regions such as the Orion Nebula young stars exist of a variety of ages

although these age spreads are generally smaller than 30% (Hillenbrand et al., 2008).

If distant star clusters have similar age spreads by modeling these clusters with a

single age we may be degrading our ability to detect IMF variations. However, if we

can correctly predict the mean age we are still on average modeling the strength of

late type absorption lines correctly. In this case our model overpredicts the accuracy

of our IMF estimate.

Both S99 and the Siess et al. (2000) evolutionary tracks can generate models

with subsolar and supersolar metallicities. In our models we have used a spectral

library composed of main sequence stars with solar metallicity to model young PMS

stars. Since the strength of absorption lines depends on metallicity (with their

strength decreasing for decreasing metallicity and vice versa) generating models with

metallicities other than solar would cause us to overpredict (Z ≤ Z⊙) or underpredict

(Z ≥ Z⊙) the equivalent widths of late-type absorption lines. The library by Ivanov

et al. (2004) contains a larger range of metallicities and may present an acceptable

substitute to use in this case though the greatest range in metallicities in this library

is for their sample of giants and supergiants rather than dwarfs. In addition the

number of main sequence stars included is smaller than the one we use here. This

may cause issues with the spectral binning of the stars. Model spectra are available of
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a variety of metallicities and could also be used to expand our models to metallicities

other than solar. However, model atmospheres at present struggle to reproduce

accurately the properties of PMS stars (Doppmann et al., 2003) and thus spectral

standards remain an attractive option to model SSC in the near-infrared.

Since our library is comprised of main sequence stars as opposed to PMS stars we

underpredict the strength of the CO feature which is surface gravity sensitive. This

could lead us to assign an erroneously flat IMF slope to real observations though

PMS are generally found to lie closer to field dwarfs than giants in surface gravity

(Gorlova et al., 2003).

Dust emission from circumstellar disks in young stars or the HII regions in which

SSC are embedded contributes another source of uncertainty in particularly toward

the red end of the K-band. This excess continuum emission weakens absorption lines

towards longer wavelengths and thus may cause us to underestimate the strength

of absorption lines in the K-band compared to the H-band as well as the strength

of the CO line compared to the other lines in the K-band. This would cause us to

assign an IMF that is erroneously steep. In star forming regions such as Taurus

the disk fraction is only around 50% (Luhman et al., 2010) however, and the disk

emission is generally small compared to that of the star. Compared to the free-

free and free-bound emission which we discuss in Section 2.2 this effect is thus likely

small. In addition Ando et al. (2002) found the extended thermal emission in the HII

region M17 was dominated by free-free and free-bound emission. We do not directly
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consider extinction in our IMF determinations and do not have an independent way

of determining it with our datasets in subsequent chapters. Our IMF results should

not be affected by strongly by issues of extinction. We do account for extinction

when determining cluster masses in a coarse way since any cluster mass calculated

without taking extinction into account will underestimate the real mass of a cluster.
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CHAPTER 3

STAR FORMATION HISTORY OF A YOUNG SUPER-STAR CLUSTER IN

NGC 4038/39: DIRECT DETECTION OF LOW MASS PRE-MAIN SEQUENCE

STARS

The contents of this chapter were previously published in Greissl et al. (2010).

We now apply the models discussed in the previous chapter to modeling a

young cluster in NGC 4038/39. As mentioned in Chapter 1, the Antennae (NGC

4038/9) are the nearest (distance = 19.2 Mpc, 1” ≈ 90 pc, Whitmore et al. (1999))

pair of merging spiral galaxies. The galaxies are the earliest and closest merger

in the Toomre (1977) sample of prototypical mergers and contain an extremely

rich population of up to a thousand young star clusters formed by the merger

process. These clusters have been the target of a multitude of studies at different

wavebands (e.g. Whitmore et al. (1999); Neff and Ulvestad (2000); Brandl et al.

(2005)). Whitmore and Schweizer (1995) identified a large population of SSC in the

optical using HST WFPC2 images. These clusters appear to belong to four distinct

populations. The youngest group of clusters has ages of ≤ 20 Myr while older

populations of ≈ 100 Myr and 500 Myr also exist in addition to the pre-merger

cluster population of the two individual galaxies. The older (500 Myr) population
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may be associated with the previous encounter of the two galaxies (Whitmore

et al., 1999).

The faintest and reddest of the young clusters are revealed to be bright near-

infrared and mid-infrared emitters and comprise the youngest clusters (Snijders et al.

(2006); Wang et al. (2004); Brandl et al. (2005)) which are primarily located in the

dust overlap region (Whitmore et al., 1999). Radio images by Neff and Ulvestad

(2000), which detect sources with purely nebular emission (i.e. α4cm−6cm ≥ -0.4)

due to massive stars in the clusters, provide additional evidence for the youth of

these objects. Sources with non-thermal radio emission likely contain supernova

remnants and are thus older. An extensive spectroscopic study of the Antennae in

the near-infrared and the optical has been undertaken by Christopher (2008) who

found that many objects contained simultaneous hydrogen emission features as well

as CO bandheads which are indicative of late-type stars. They interpreted this as

indication that star formation in these clusters in the Antennae may have occurred

over a burst of 5 Myr duration. Our study focuses on one cluster in their sample, the

object designated cluster 89/90 in Whitmore and Schweizer (1995) an extremely red

object in the visible which is revealed as a massive young cluster in the near-infrared.

Cluster 89/90, the cluster targeted in this study, was first surveyed by Whitmore

and Schweizer (1995) using WFPC2 on the HST. It is the brightest near-infrared

cluster in NGC 4038/9 as well as the second brightest thermal radio source at 4 and

6 cm. In addition Snijders et al. (2006) observed the cluster in the mid-infrared and
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found strong NeII 12.8 and NeIII 15.5 µm emission as well as PAH emission at 11.25

µm. These features are an indication of the presence of hot stars (Mirabel et al.,

1998). See Table 1 for a list of broadband magnitudes for cluster 89/90 obtained

from archival data.

In the following sections we present a H- and K-band spectrum of cluster 89/90

and model its underlying population. Section 3.2 details the observations and data

reduction. Section 3.3 gives an overview of the method used to model the spectrum

of the cluster. The analysis of the spectrum, which constrains the population of the

cluster, is presented in section 3.4. Section 3.5 contains the results of the analysis,

as well as its limitations. Section 3.6 places our analysis in the context of previous

work.

3.1 Observations and Data Reduction

H- and K-band spectra of cluster 89/90 were obtained with NIRSPEC (McLean

et al., 1998) on Keck in February 2003 using the 42” slit with a scale of 0.144”/pixel.

The spectrum was observed as part of a larger dataset of Antennae clusters which

are described in detail in Christopher (2008). For the H-band spectra we used the

N5 filter, covering 1.54-1.83 µm. The K-band spectrum was obtained with the N7

filter covering 2.05-2.47 µm. The K-band seeing during the observations was ≈

0.5” and stable throughout the night; accordingly the 0.57” wide slit was used in

both bands. The spectra were obtained with a total integration time of 900 s (3
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x 300s) in both the H- and the K-band at an airmass of ≈ 1.3. The object was

offset along the slit in successive frames to allow for sky subtraction. Since SSC

can often have a wealth of small-scale structure we were careful to make sure the

sky subtracted images contained no significant galactic background contamination.

After sky subtraction the background had no identifiable shape and the noise in

the background was dominated by instrumental noise. We did not see detectable

CO absorption outside of our cluster in the spectrum which would have affected our

analysis. Calibration data were obtained including a flatfield and appropriate dark

frame as well as neon and argon arc lamp spectra to use for wavelength calibration.

To correct for telluric absorption we used a G2V star in the H-band and an A0V

star in the K-band. To ensure the best telluric correction we observed the standard

stars within 0.05 airmasses of the target. Flatfielding and cosmic ray removal were

performed on each spectrum using standard IDL procedures.

NIRSPEC spectra have spatial and spectral distortions that must be removed

during the reduction process. The spatial distortion corrections were calculated by

measuring the position of the brightest calibrator spectra at multiple positions in

the slit. The traces of these sources were fit with polynomials to determine the spa-

tial distortion correction. This routine was modified from the REDSPEC1 package

written by Lisa Prato. For wavelength calibration, we used an argon arc lamp in

the H-band and a neon arc lamp in the K-band.
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Figure 3.1 NIRSPEC H- and K-band spectrum of Cluster 89/90. Emission lines
which are indicative of the youth of the cluster are marked. The data have been
shifted to restframe wavelengths. Weak CO(2-0) absorption at 2.29 µm is barely
visible at this level.
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The reduction of the calibrator stars was carried out in the same manner. To de-

termine the atmospheric calibration we applied template spectra using Meyer et al.

(1998) in the H-band and Wallace and Hinkle (1997) in the K-band smoothed to

the resolution of our spectra (R ≈ 1100 - 1500). The calibrator stars were largely

featureless, except for Brγ absorption in the K-band, which was not well matched by

the template and removed independently. Stellar absorption centers were measured

in both the template and the calibrator spectrum to remove any spectral offset. The

H-band template spectra covered the entire wavelength range of the H-band atmo-

spheric calibrator observations; for the K-band, the template spectra ended at 2.4

µm while our observations extended redward to 2.47 µm. We assumed a featureless

blackbody for the template spectra from 2.4-2.47 µm. We examined the final telluric

spectrum to ensure there were no mismatches between the G2V standard and the

solar spectrum particularly around the Mg absorption line at 1.71 µm which could

have affected our analysis. The atmospheric calibration was calculated by dividing

the calibrator spectrum by the shifted template spectrum and normalizing the result

at the center of the band. Any spectral offset between the atmospheric correction

and the source spectra were measured by comparing the location of atmospheric ab-

sorption features and applying an offset to the atmospheric correction if necessary.

Typical offsets were less than 0.1 pixels. The atmospheric correction removes both

the effects of the atmosphere and variations in NIRSPEC system throughput as a

1See http://www2.keck.hawaii.edu/inst/nirspec/redspec/index.html
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function of wavelength. The final spectrum was extracted from the atmospherically

calibrated composite exposure with an aperture size of 5 x the seeing. Figure 3.1

shows the final extracted H- and K-band spectrum of cluster 89/90.

3.2 Modeling the Near-Infrared Spectrum of Cluster 89/90

We now model the spectrum of cluster 89/90 comparing the NIRSPEC spectrum

to the results of the modeling routine described above. Figure 3.1 shows the H-

and K-band spectrum of the cluster with emission lines marked. The absorption

lines are barely visible at this scale. Emission lines are not included in our model

or our analysis. To model the spectrum of cluster 89/90 we first assume that the

cluster represents one co-eval burst of star formation (see 3.4.1) and explore the IMF

required to reproduce the spectrum. We also consider two separate bursts as the

underlying population to explain the spectrum (see 3.4.2), since i) the spatial scale

covered by our spectrum is quite large with ≈ 50 % of the clusters in the sample

of Christopher (2008) revealed as multiple clusters in HST imaging and ii) the IMF

required by a single co-eval burst exceeds the Salpeter slope. Table 3.2 lists the best-

fit model parameters for the two approaches. We have adopted solar metallicity for

our analysis in the Antennae in accordance with metallicity measurements (Mengel

et al. (2001); Christopher (2008)).
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Figure 3.2 Best-fit single age model overlaid over a normalized scaled spectrum of
Cluster 89/90. The bands used in our analysis are marked. The emission lines as
well as large parts of the continuum were not included in the modeling. The best-fit
reduced χ2 = 1.40.
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Table 3.1. Archival data of cluster 89/90

R.A. (J2000.0) Dec. (J2000.0) F4cm (µmJy) a F6cm (µmJy) mV
b mI mJ

c mH
d mK

12:01:54.58 -18:53:03.42 1957 2316 19.07 18.40 15.05 14.71 14.27

aFrom Neff and Ulvestad (2000)

bFrom Whitmore and Schweizer (1995)

cFrom Brandl et al. (2005) in the 2MASS system

dFrom 2MASS

3.2.1 Nebular Emission

Cluster 89/90 was observed by Neff and Ulvestad (2000) at 4 and 6 cm (Table 3.1).

Using the 4 cm flux, which is less susceptible to non-thermal contamination we

estimate the nebular continuum as described in Chapter 2. We assumed a value of

7500 K for Te which is a ’typical’ temperature assumed for Galactic UC HII regions

and the same temperature assumed by Neff and Ulvestad (2000). For cluster 89/90

this results in QLyc = 8.46 x 1052 s−1 which corresponds to the equivalent of 2300

O5 stars powering the nebular emission of the cluster. With the assumption of a

distance for the Antennae this value can then be directly compared to the measured

near-infrared flux for cluster 89/90 in the H-band and the K-band (see Table 1).

This results in FffH = 2.78 x 10−13 and FffK = 1.98 x 10−13 erg s−1 in cluster

89/90. This corresponds to 19.1 % and 23.5 % of the total H- and K-band flux from

the cluster. This is the value we will use for the rest of the analysis as the nebular
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percentage contributing to the near-infrared emission in cluster 89/90.

3.2.2 Single-age Burst

To constrain the IMF required in cluster 89/90 if the late-type absorption features

are due to a single-age burst we model clusters at ages of 0.3, 1,3 and 5 Myr. Above

6 Myr red supergiants appear in clusters and our single-burst model would no longer

be appropriate due to the observed ratios of near-infrared absorption lines in our

spectrum (as explained in more detail in the section 3.4.2). We found that the 5 Myr

models could not accurate reproduce the observed spectrum because of the rapid

dimming of the PMS stars and these models are not included in the two-burst model

for that reason. We use a single variable power-law for the IMF with a break-point

at 1 M⊙ with a variable slope below the break point and a Salpeter (1955) slope (α

= 2.35 in linear units) above. We vary the slope below 1 M⊙ by 0.5 dex between 0.0

to 4.0. To determine which models best fit the cluster spectrum we performed a χ2

analysis comparing the model spectrum convolved to the resolution of the data and

the data, which has been shifted to restframe wavelengths and normalized by fitting

a 5th-order polynomial to the continuum. The nebular emission in the cluster is

calculated as given above from the radio data of Neff and Ulvestad (2000) and is

independent of these assumptions. We included five spectral regions in our fit, which

are marked in Figure 3.2. These five regions include late-type absorption lines that

are seen in red supergiants as well as PMS stars. In the H-band there are numerous
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12CO transitions which are surface gravity sensitive and strong in red supergiants

but weak in main sequence and PMS objects. Of these we include the transitions

at 1.62 µm and 1.71 µm in our fit. The CO(2-0) 2.29 µm transition in the K-band

is also surface gravity sensitive but is a prominent feature in all late-type objects.

The Ca triplet (2.261, 2.263 & 2.117 µm) and the Na doublet (2.206 & 2.208 µm)

absorption lines in the K-band are strongest in stars below 3500 K (≤ 0.5 M⊙). In

addition we included the MgI 1.71 µm feature which is blended with one of the 12CO

features at 1.71 µm and is strongest in stars between 0.5 - 1.5 M⊙ (3500 - 7000 K).

We then minimize χ2 of the difference between the model spectrum and the data.

Here the goodness of the fit is given by: χ2 =
∑n

i=0(di − mi)/σ
2
i , where di refers

to the ith data pixel and mi refers to the corresponding model point and σ2
i is the

signal-to-noise value at the ith pixel. χ2 is reduced in the standard way by diving

by the number of pixels in our absorption bands minus the degrees of freedom in

our analysis. This process is described in more detail in the following section.

The best-fit model is plotted in Fig. 3.2 and the model parameters are listed in

Table 3.2. This single-age model does not match the depth of the surface gravity

sensitive CO features well and the spectrum which best matches the data has dN/dM

∝ m−3.0 or steeper. As this seems extraordinary, we consider an alternate hypothesis

of two separate bursts of star formation at different ages.



71

3.2.3 Two separate Bursts

We now attempt to reproduce the spectrum given two underlying bursts of star for-

mation. Given that our 1” slit represents a physical scale of ≈ 90 pc at the distance

of the Antennae this approach seems warranted. We model the spectrum as one

young population containing PMS stars (hereafter Population ’A’) in addition to an

older population containing red supergiants (hereafter Population ’B’). We model

these populations separately and then combine the two. Incorporating an older

cluster containing supergiants is supported by the fact that the H-band spectrum of

cluster 89/90 contains 12CO absorption lines which are much stronger in supergiants

than in dwarfs and PMS stars (see Fig. 3.2 & 3.4). However, Figure 3.3 shows that

cluster 89/90 lies below supergiant standards when using an index that is surface

gravity sensitive as function of temperature. Giants lie between supergiants and

dwarfs in this index but are not included in the figure since giants do not appear

until ages ≥ 100 Myr. This index includes the surface gravity sensitive CO(2-0)

2.29 µm feature as well as the NaI doublet and CaI triplet which are not strongly

affected by surface gravity, though the ratio of the lines in the NaI doublet changes

with log(g). For reference, supergiant sources have log(g)= 0.0 while dwarfs have

log(g)= 5.0 - 5.5. Cluster 89/90 lies close to the dwarf locus in this index which

indicates that the late-type absorption features in cluster 89/90 cannot be caused

solely by red supergiants, but must have an underlying PMS component. 2
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The presence of a young component is also supported by the emission lines seen in

the spectrum of cluster 89/90. The red supergiants have stronger late-type absorp-

tion lines but cannot match the observed surface gravity sensitive equivalent width

ratios. A combination of red supergiants and late-type dwarfs however can repro-

duce both the surface gravity index as well as the overall depth of the absorption

features. In our best-fit model A and B have a flux ratio of ≈ 7 to 1 which is well

reproduced by the location of Cluster 89/90 in Figure 3.3.

There are three variables we consider for each burst: mass, age and IMF. The

nebular emission in the cluster is again estimated from the radio data of Neff and

Ulvestad (2000). The spectrum of B is modeled using S99, with appropriate standard

spectra (Meyer et al. (1998); Wallace and Hinkle (1997)) used for the red supergiants

in the spectrum similar to A. The output of S99 includes the number of stars of each

spectral type. For each supergiant of a given spectral type and temperature we then

use an appropriate spectral standard. The temperature scale used was adapted from

the cool supergiant temperature scale by Levesque et al. (2005).

2The values measured for Cluster 89/90 for the equivalent widths in Fig. 3.3 are: CO(2-0) =

14.84 ± 3.29 Å, Ca = 3.30 ± 0.48 Å and Na = 4.19 ± 0.63 Å. The Ca triplet and Na doublet

bandpasses were chosen in accordance with Kleinmann and Hall (1986) while the CO(2-0) bandpass

was 2.293 - 2.318 µm with the continuum between 2.2887-2.2915 µm.
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Figure 3.3 Plot of the ratio of equivalent widths of CO(3-1) 2.29 µm, Ca 2.26 µm
and Na 2.20 µm absorption features in supergiant and dwarf standards. Overplotted
is Cluster 89/90 at an arbitrary temperature. Errors were estimated using standard
error propagation. This shows the clear separation between supergiants and dwarfs
in this index. Cluster 89/90 lies much closer to the dwarf locus rather than the
supergiant locus. This indicates that a supergiant population cannot be solely re-
sponsible for the absorption lines present in the spectrum.
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3.2.4 Model Parameters

According to S99 the first supergiants in a star cluster appear around 6 Myr though

a significant population does not appear before 7 Myr. Late-type supergiants dis-

appear at an age of ≈ 30 Myr. Thus we can roughly constrain the age of B to

between 7 and 30 Myr. In the H-band, cool stars possess a 12CO absorption line

which blends with the 1.71 µm Mg line in the H-band (see Figure 3.2). This CO

feature is strongly surface gravity sensitive and very weak in dwarfs. This blend is

observed in Cluster 89/90 giving additional credence to the fact that red supergiant

features are present in our spectrum. We considered models in 3 Myr steps.

For A the goal was not to constrain the age accurately but to assure that the

best fit was consistent across different ages. Changing results with age would have

limited the usefulness of our analysis method, since we do not have an independent

constraint on the age of A except for an upper limit on the age of ≤ 5 Myr. We

considered models of 0.3, 1 and 3 Myr.

We vary the mass ratio of the two populations between zero and one in steps

of 0.01 below Mold/Myoung = 0.2 and in steps of 0.1 above 0.2. We cannot directly

constrain the total mass of the cluster, because the overall flux of the spectral model

depends on the mass ratio of the best-fit model. After we have determined the best

spectral model fit it is possible to constrain the mass through broadband magnitudes.

There is no way to directly constrain the IMF of B since we only trace a very small

mass range of stars in the population in our spectrum, the red supergiants. Thus



75

Figure 3.4 Best-fit two-burst model overlaid over a normalized scaled spectrum of
Cluster 89/90. The bands used in our analysis are marked. The emission lines as
well as large parts of the continuum were not included in the modeling. The best-fit
reduced χ2 = 1.23.
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the IMF of B is assumed to be the same as that of A. For A we have allowed the IMF

to vary as a broken power-law with a Salpeter slope above 1 M⊙ and a varying slope

below by 0.5 dex between 0.0 and 2.0 and also including 2.35. We did not attempt

varying the break point in the IMF or introduce a low-mass cutoff. There is some

evidence that one could expect the Jeans mass to vary in SSCs which would influence

the break point of the IMF (Larson, 2005). The limitations of this particular data

set, due to a possible overlap of two star clusters, make such a study not feasible.

3.2.5 Analysis

We again perform a χ2 analysis between the model spectra and the data including

the same spectral regions as in 3.4.1. To assess the signal-to-noise ratio (SNR) of

the observed spectrum at each spectral region we fit the continuum of the spectrum

around each of the absorption bands and measured the RMS noise around the fit.

We estimate the average SNR of the spectrum to be ≈ 30. We ran models in all

permutations of parameters described in the previous section and determined the

best-fit model (with the lowest χ2) which is shown in Figure 3.4.

Given the large grid of models, we tried to constrain the acceptable range of

values for each model parameter in the following way. First we determined the

probability of each model given by Pi ∝ e−χi
2
and normalized so that

∑n
i=0 Pi

= 1. We then plot the probability separately for each variable (see Figure 5),

where each point in the plot represents the sum of the probabilities over the whole
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Figure 3.5 Plot of probabilities vs. age of the old population (top), mass ratio
(middle) and IMF (bottom) for our models. Each plot includes separate data points
for all three young burst ages to make certain that our results are not age dependent.
Each plot point in a panel represents a summation over all the values of the other
two variables and for each panel the probability has been normalized. For clarity
the mass ratio is shown as the cumulative probability. Both the IMF and the age
plots show well constrained values at the resolution of the models. The mass ratio
is less tightly constrained.
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Table 3.2. Best-fit Models

Model prescription Age(in Myr) α a Mold/Myoung Mtot(inM⊙) b Reduced χ2

Single burst 1 -3.0 .. 2 x 107 1.40

Two bursts (Population A) 1 -2.35 0.04 1.4 x 107 1.23

Two bursts (Population B) 12 -2.35 0.04 1.4 x 107 1.23

aPower-law slope of the IMF (dN/dm ∝ m−α)

bFlux due to best-fit model as compared with the total K-band flux of cluster 89/90.

range of the other two variables. We also assessed the probabilities in a Monte

Carlo way. We added a noise spectrum given by a resampled subtraction of the

data and the best-fit model to the cluster spectrum and determined the best fit for

each newly realized resampled spectrum. We performed this routine 10000 times

and determined the probability a particular set of parameters is determined as the

best-fit model. The results from the Monte Carlo simulations agreed well with the

probabilities determined from the χ2 values alone.

3.3 Results

3.3.1 Best-fit Models

We now discuss the implications of the ranges of parameters constrained by our

modeling (see Table 3.2). The three plots in Figure 5 show the probability distri-

bution of the age of the old population, mass ratio of the two bursts as well as the
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slope of the IMF below 1 M⊙. Each plot shows the probability distribution at the

three different ages of A to make sure that the results are consistent over a range

of ages. Panel 1 shows that the older population has a most probable age of 12

Myr. Within 90% confidence limits the models are consistent with an age between

6 - 18 Myr for the old population. It should be noted that a population containing

no supergiants is ruled out as can be seen by the fact that an age of 1 Myr and 3

Myr for B have zero probability. This coarse age constraint is not surprising since

very little differentiates spectra of red supergiants in the near-infrared besides the

overall strength of late-type absorption lines.

The plot of mass ratios shows the cumulative probability with respect to

Mold/young. The mass ratio strongly favors A dominating in mass by a factor of

≥ five over B. The best-fit model comparison of the K-band flux with the K-band

broadband flux of the cluster yields a total mass of 1.4 x 107 M⊙ down to the hy-

drogen burning limit. If we assume that the total mass is 1.4 x 107 M⊙ then the

total mass of A is ≥ 1.2 x 107 M⊙, while the mass for B is ≤ 2 x 106 M⊙. The

best-fit indicates a mass of B of 5 × 105 M⊙ and a ratio of Mold/Myoung = 0.04.

Using the extinction estimate of Christopher (2009) of Ak = 0.54 for this region

in NGC 4038/39 we can calculate an extinction corrected cluster mass of 1.9 x 107

M⊙. The total mass estimates (both extinction and non-extinction corrected) agree

well with that calculated by Gilbert et al. (2000) (1.6 x 107 M⊙) using the Lyman

continuum flux of cluster 89/90 for a Salpeter IMF between 1 and 100 M⊙. Thus
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the young component of cluster 89/90 likely is one of the most massive young star

clusters which formed in the Antennae galaxies. The 90 % confidence limit for the

mass ratio is roughly 0.02 - 0.12 though this value changes slightly between different

ages of A. Thus we have clearly detected the PMS in the cluster. A mass ratio of 0

and therefore Mold = 0 is ruled out as well as a mass ratio ≥ 0.12 and thus no PMS

contribution.

Using our best-fit model we can also estimate the number of Lyman continuum

photons and compare this to the number estimated through the radio flux by Neff

et al. 2000. We find QLyc = 8.05 +0.58
−0.58 x 1052 s−1 using S99 with our best-fit model

parameters which compares well with the value of QLyc = 8.46 x 1052 s−1 derived

by Neff et al. 2000.

The probability for the IMF of A rises strongly towards steeper slopes with the

probability being highest for a Salpeter slope below 1 M⊙. However the spectrum

is formally consistent with a slope down to a power-law slope of 1.5 within a 90%

confidence limit. This result is consistent across all ages of the young population.

A top-heavy IMF weighted more heavily towards high-mass stars than a Kroupa

(2001) IMF has often been cited as expected for SSC clusters and the best remaining

evidence of an unusual IMF in a SSC (M82-F) indicates a top-heavy IMF. Our result

is consistent with a normal Galactic IMF (Covey et al., 2008) as well as a Salpeter

IMF down to 0.1M⊙. A low-mass cutoff in this cluster is ruled out since PMS objects

in the young burst below 1.0 M⊙ are required to produce the observed spectrum.
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We did not include any slopes steeper than Salpeter as the goal of this study was

not to make claims of extraordinary IMF results within the limited data this cluster

offers. In addition, the best-fit model for the two-burst model at a Salpeter slope

shown in Figure 3.4 is a very good fit to the data whereas for the single burst even

a Salpeter slope did not fit the data well. This is independent of the probability

curve which was shown to illustrate the overall trends of the models rather than the

quality of the fits. Thus we feel it is reasonable to set the cutoff at the Salpeter

slope even though the IMF probability is still rising.

3.3.2 Caveats

Our model has many components and therefore degeneracies exist between its dif-

ferent subsets. One such degeneracy exists between the assumed age of the PMS

objects and the IMF slope. Since PMS objects grow fainter as they age one might

erroneously assign an IMF that is too flat to a 1 Myr cluster that is really 3 Myr

old. However, Figure 3.5 shows that our IMF results are very similar at different

assumed ages for the young burst and thus we do not expect this to be a problem.

Another concern is that the calculated nebular emission is wrong and this might

affect the results of our models. We varied the input nebular continuum by 50%

in both directions which did not change our results substantially. We can also use

this to understand how sensitive our IMF measurements are to extinction in the

region. Varying the nebular continuum in this manner represents an overall change
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in the K-band and H-band luminosity of the cluster by ± 11.75 % and ± 9.55 %

respectively. This corresponds to an increase or decrease of near-infrared extinction

affecting the cluster of Ak = +0.13
−0.12 and Ah = +0.11

−0.10. No direct extinction measure-

ments exist for this cluster though the region of NGC 4038/39 the cluster is located

in has been estimated to have an extinction Ak = 0.54 by Christopher (2008). Thus

the range of extinction covered by our ± 50% variation in nebular emission (Ak =

0.25) is roughly comparable to the overall extinction estimated for the cluster.

In addition there are limits to the inputs of our models. Our standards are

field dwarfs with high surface gravity, while PMS objects are young and have lower

surface gravity than dwarfs. The surface gravity of PMS objects is generally between

log(g) = 3.0 - 4.2 (Gorlova et al., 2003), while dwarfs are generally have log(g) = 5.0

- 5.5. This would increase the depth of the CO absorption features in our spectrum.

Obtaining spectral standards of young PMS objects is difficult because the largest

nearby sample is found in relatively distant young clusters, making it observationally

expensive to obtain a complete high signal-to-noise sample in the near-infrared.

Since we used spectral standards to model our spectra rather than synthetic spectra

our coverage of individual spectral types is not complete. This might cause errors in

the depth of the absorption features of our model spectra due to binning the stars

into spectral types for which spectral coverage exists. However, this effect is likely

small compared to the error introduced by the usage of dwarf rather than PMS

standards. Since synthetic spectra struggle to accurately model low-mass young
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PMS stars (Doppmann et al., 2003), currently dwarf standards remain the best

option to accurately model the near-infrared spectra of SSC. However, PMS stars

generally lie closer to field dwarfs than supergiants in surface gravity (Gorlova et al.,

2003) and it is thus likely that even including PMS standards would not remove the

need of having a supergiant component in our models. The presence of veiling

due to disks around young stars can dilute the absorption features in near-infrared

spectra. We do not have an independent method of quantifying the effect veiling

has on our data since we are modeling a whole star cluster but we expect the effect

to be minimized because since we can expect all our absorption lines to be similarly

affected. Finally in some very young objects, CO features can be seen in emission

due to the presence of a disk (e.g. Blum and McGregor (2008)). We do not observe

evidence for this in our spectrum.

3.4 Discussion

3.4.1 Previous Work

We have shown that it is possible to directly detect PMS stars in unresolved SSC

as well as place some constraints on the underlying IMF and age of the cluster.

Substantial work has been done studying the IMF of SSC through measurements

of mass-to-light ratios, including in the Antennae. Mengel et al. (2002) measured

mass-to-light ratios in the K-band for a number of clusters in NGC 4038/9 and found

variations indicative of IMF variations in the clusters. To measure mass-to-light
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ratios in clusters younger than ≈ 30 Myr requires the ability to constrain velocity

dispersions through strong CO absorption bands that exist in clusters dominated

by red supergiants. Bastian et al. (2006) used UV spectra of clusters in two merger

remnants with ages of more than 300 Myr to measure their mass-to-light ratios and

found them to be consistent with a Kroupa IMF. Similarly Larsen et al. (2004) and

Larsen and Richtler (2004) measured mass-to-light ratios in older clusters through

optical spectroscopy and found them to be consistent with a Kroupa IMF. This

dichotomy: young clusters with varying mass-to-light ratios and older cluster with

mass-to-light ratios consistent with normal IMFs provides evidence that something

other than IMF variations are the cause of varying mass-to-light ratios in young

SSC or that perhaps SSC with unusual IMFs get disrupted preferentially. This

work shows an avenue for providing more concrete measurements of IMFs in SSC.

Work on modeling the integrated spectra of young clusters has up until now

been done mostly in the UV and optical (e.g. Tremonti et al. (2001)) because of the

strong signatures of massive stars at these wavelengths. The near-infrared is ideally

suited to detect the low-mass stellar content of the clusters as well as evolved gi-

ants and supergiants. Brandl et al. (2005) attempted to use near-infrared colors of

clusters in the Antennae obtained with seeing-limited observations in combination

with thermal radio images to constrain their properties and found them to be un-

correlated. However, Antennae are distant enough that multiple stellar populations

of different ages may be treated as unresolved point sources. We have shown that it
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is possible to constrain the properties of young star clusters through near-infrared

spectroscopy. Varying nebular emission due to the ionizing radiation emitted by

hot stars provides an additional complication in the understanding of the youngest

clusters. The total amount of free-free and free-bound emission in young clusters

is easiest to constrain empirically, because it should depend strongly on the for-

mation environment of the cluster. More work is needed studying nearby SSC in

the near-infrared to understand whether near-infrared images and spectroscopy can

accurately predict the ages and masses of these clusters.

3.4.2 Scales of Star Formation

What can cluster 89/90 tell us about the scales of star formation in the Antennae

galaxies as well as locally? The spectrum of our cluster likely contains two separate

underlying populations with an age spread between 6-18 Myr and a mass ratio

Mold/Myoung ≤ 0.2. At the distance of the Antennae our 1” slit covers a region of

≈ 90 pc. This region likely contains two massive clusters, one with a mass of order

107 M⊙ and the other of order 106 M⊙. It is possible the older cluster started out

at a higher mass and lost a large fraction of its mass due to dynamical evolution.

How does this compare to sites of massive star formation we can study in detail?

No young 106 M⊙ clusters exist in local group galaxies. However massive sites of

star formation (up to roughly 105 M⊙) are accessible in both the Milky Way and the

LMC. Grebel and Chu (2000) present detailed observations of Hodge 301, a cluster
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in the 30 Doradus star forming complex. Hodge 301 is between 20-25 Myr old and

lies at a distance of 3’ (≈ 44 pc) from the young center of 30 Doradus, R136. It

is estimated to have been relatively massive with an initial mass of up to 6000 M⊙

though less massive than R136 (≈ 30000 M⊙). In the Galaxy, NGC 3603 and the

Arches cluster, two of the most massive star forming regions in the Milky Way do

not appear to have similar older star formation complexes in their proximity, though

both have isolated red supergiants in their younger stellar environments. Melo et al.

(2005) found the typical separation of young super-star clusters in M82 to be ≈

12 pc though the equivalent age spread of the clusters is not given. Christopher

(2008) found that half of their Antennae NIRSPEC cluster sample with 1” resolution

contained more than one star cluster which would indicate a larger typical star

cluster separation than in M82. Christopher (2008) also found some sources in their

Antennae sample with no obvious cluster superposition which contained emission

lines as well as CO bandheads simultaneously. This raises the question whether some

SSC have non-instantaneous bursts of star formation over the size of the cluster and

about the magnitude of this age spread.

Cluster 89/90 illustrates the need to study massive star forming regions in detail

at a distance where the individual cluster complexes can be resolved from each other.

Neff and Ulvestad (2000) found radii of ≈ 3 pc for the thermal radio sources in NGC

4038/9. This distance corresponds to 0.03” in the Antennae. If we assume a typical

star cluster separation of 12 pc, the distance at which a 1” spectrum can resolve this
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distance is ≈ 2.5 Mpc. More distant galaxies make ideal targets for observations

with adaptive optics (AO) equipped with integral field unit (IFU) spectrographs.
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CHAPTER 4

APPLICATIONS TO STARBURST NGC 253

We now turn to modeling a young cluster in the starburst NGC 253. NGC 253

is a nearby (d = 3.9 Mpc (Karachentsev et al., 2003), 1” = 19 pc) nearly edge-on

spiral galaxy with a star formation rate of 17.4 M⊙ yr−1 kpc−2 (Kennicutt, 1998)

which contains an extremely active nuclear starburst region. Its star formation rate

places it in the middle of the starburst sample used by (Kennicutt, 1998) compared

to roughly 0.001 - 0.1 M⊙ yr−1 kpc−2 in normal disk galaxies. The majority of

near-infrared emission from the galaxy is emitted by the inner 100 pc (Forbes et al.,

2000) indicating the intensity of the starburst occurring in the nucleus of the galaxy.

The starburst is thought to be fueled by a bar that conveys gas into the nucleus of

the galaxy (Engelbracht et al., 1998). The exact position of the nucleus of NGC 253

remains unclear (Müller-Sánchez et al., 2010). It is either associated with a bright

radio source TH2 which is not detected at other wavelengths, which would make

it similar to the Galactic Center, or with an X-Ray source separated by ≈ 4 pc

which would make the nucleus a low luminosity AGN (Müller-Sánchez et al. (2010);

Fernández-Ontiveros et al. (2009)).

A number of young star forming regions have been identified in the nuclear region

of the galaxy through radio images (Johnson et al., 2001) as well as near-infrared
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and mid-infrared imaging and spectroscopy (Alonso-Herrero et al. (2003); Kornei

and McCrady (2009); Keto et al. (1999)). Most of the star formation seems to lie

on a ring around the nucleus at a distance of ≈ 50 pc (Forbes et al., 2000). Johnson

et al. (2001) found five massive star clusters in NGC 253 with purely thermal radio

emission indicative of an age ≤ 3 Myr only one of which is positively associated

with a compact optical object. High levels of extinction obscure the other clusters

at optical wavelengths. All lie within 150 pc of the nucleus of the galaxy. The cluster

population in the nucleus of NGC 253 has also been studied at sub-arcsecond scales

with the VLA by Fernández-Ontiveros et al. (2009) who find a total of 37 near-IR

sources, most of which are likely star clusters of varying masses and ages. We focus

on the brightest near-IR cluster in the galaxy, which is located at a distance of ≈

4” (76 pc) from the kinematic center of NGC 253. .

We obtained spectra of this cluster which is also a thermal radio source estimated

to contain up to 319 O7 stars (Johnson et al., 2001). In our analysis we found this

object in NGC 253 to have a complex morphology with a young central cluster (≤

3 Myr) surrounded by an older background population containing red supergiants.

Some of this morphology can be seen in near-infrared images of the cluster (e.g.

Kornei and McCrady (2009); Fernández-Ontiveros et al. (2009); see also Fig. 4.1).

Near-infrared spectra of the same object were also obtained by Kornei and McCrady

(2009) though those spectra did not differentiate between background and central

cluster spectra due to lower spatial resolution.
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Figure 4.1 Image of the nuclear region of NGC 253 from HST NICMOS in the K-
band. The scale of the image is roughly 5.2” X 6.5”. The light cross marks the
position of the near-infrared peak which coincides with our cluster and shows the
two observed spectral orientations as well as indicating the lenth of the slit. The
position of TH2, the presumed nucleus of the galaxy, is also marked.

In the following sections we present an analysis of the cluster H- and K-band

spectrum similar to that presented in Chaper 3. Section 4.1 describes the observa-

tions and data reduction. Section 4.2 describes the modeling details for this cluster.

The analysis of the spectrum, which constrains the nature of the cluster, is pre-

sented in section 4.3. Section 4.4 puts our results in context with previous work and

describes the limitations of the study.
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4.1 Observations and Data Reduction

K- and H-band spectra of our source were obtained over two nights (11-21-2007;11-

22-2007) with the OSIRIS spectrograph at the 4m SOAR telescope on Cerro Pachon,

Chile. The spectra were obtained with the OSIRIS high-resolution longslit which

measures 0.42” x 72” with a spectral resolution of R ≈ 3000 (2 pixel). The slit was

centered on the near-infrared source peak and observations were obtainted in sets

of four, offset from each other across the slit by 5”. In the K-band, two orientations

offset by 90 degrees from each other were taken while only one orientation was

obtained in the H-band. The median seeing for both nights was below 1”. The two

K-band orientations obtained were at PA = +60.9 degrees and PA = +150.9 degrees

while the H-band spectra were obtained at PA = +60.9 degrees East of North. See

Fig. 4.1 for an image of the nuclear region of NGC 253 from archival HST NICMOS

observations with the slit orientations marked.

Total on-source integration in the K-band was 120 min with 60 x 120s exposures.

Total on-source integration in the H-band was 80 min with 40 x 120s exposures.

Between sets of observations the grating tilt was changed slightly to remove any

fringing which can affect high-resolution OSIRIS spectra. Telluric standards were

obtained within 30 minutes and 0.1 airmasses of all individual spectra to ensure

the best possible correction. An A0V standard was used and a high signal-to-noise

spectrum of Vega was used as comparison (see Vacca et al. (2003) for a detailed

description of this method). The benefit of using an A0V star is that it is largely
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Figure 4.2 Normalized combined OSIRIS H- and K-band cluster spectra. Emission
lines which are indicative of the presence of hot stars in the cluster are marked. CO
absorption bandheads in the K-band at 2.29 µm are barely visible at this scale.
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featureless except for hydrogen absorption lines. These lines are often broadened

by rotation however and then need to be adjusted to match the model spectrum of

Vega. In our case when comparing our spectrum to the Vega spectrum we found that

the hydrogen absorption lines in the telluric standard were extremely well matched

in depth and width and did not need to be adjusted. We then divided the telluric

standard by the Vega model scaled to match the observed flux of the standard to

obtain the telluric spectrum.

The spectra were extracted with a combination of standard IRAF and custom

IDL routines. Individual spectra were sky-subtracted by subtracting subsequent

observations offset by 5” from each other. The images were then divided by normal-

ized flatfields and finally extracted before being corrected for telluric absorption and

summed. The extraction process is described in more detail below. Both spectral

orientations in the K- and the single orientation in the H-band showed a remain-

ing galaxian background after sky subtraction most likely due to a population of

stars in the region surrounding the central young cluster. Great care was taken to

remove this background as it contains CO absorption indicative of the presence of

red supergiants and has the potential of contaminating the cluster spectrum which

contains the same absorption bands at much weaker levels.

In the K-band the shape of this background varied between the two orientations,

one orientation showing a linearly increasing background beneath the cluster peak

while the other orientation showed a background well fit by a broad resolved gaussian
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distribution. The average flux level of the complex variable background compared

to the cluster was ≈ 30 %. When fitting this remaining background an important

question to answer was whether our limitations in fitting the complex shape of

the background dominates the errors or whether the errors are dominated by RMS

noise in this background. We found that while errors in fitting the background shape

existed, the overall errors in the fit were dominated by RMS noise. The overall level

of the two varied between different sets of observations but overall we found that ≤

15 % of the errors in the background fit are generated due to systematic errors in

the fit of the shape of the galaxian background while the remaining are due to RMS

noise. Thus we conclude that the errors in the fit are dominated by the RMS noise

in the background rather than any systematic variations.

In addition we compared the final extracted combined K-band spectra from

the two orientations. Any difference in depth of absorption lines beyond that ex-

pected from errors in the individual measurements between spectra from the two

orientations could indicate issues with the background subtraction. We measured

the equivalent widths of these CO absorption lines for both orientations and they

agreed to within their errors where the errors are dominated by our ability to fit

the continuum around the absorption bands (EW (CO1) = 5.2 ± 0.6 Å; EW (CO2)

= 5.6 ± 0.7 Å). We also found that a difference spectrum constructed by sub-

tracting K-band spectra of the two orientations showed no structure around the CO

bandhead at 2.29 µm. The RMS around 2.19 µm of a section of continuum of this
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Figure 4.3 Co-added K-band cluster spectra from two positions offset by 90 degrees
in the spatial dimension together with a difference spectrum. The RMS of the
residuals does not change at the location of the CO(2-0) bandheads indicating no
contamination caused by erroneous background subtraction.

difference spectrum was 0.022, while the RMS of the location of the CO bandhead

was 0.027 between 2.29-2.32 µm, both of which are consistent, assuming a signal-

to-noise rate of ≈ 30 for each individual spectrum. This indicates that background

subtraction is consistent for both spectral orientations even though the overall shape

of the background varied between the two orientations. We thus conclude that our

final extracted K-band spectra of the cluster are not contaminated by the galaxian

background.

The final H- and K-band cluster spectra are shown in Figure 4.2, while K-band

spectra of the two orientations together with the residual spectrum are shown in

Figure 4.3.
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4.2 Modeling

4.2.1 Nebular Emission

To estimate the thermal free-free and free-bound emission in the cluster we used the

thermal radio data of the cluster obtained by Johnson et al. (2001) (Our cluster is

their source 2 in NGC 253). This data can then be used to estimate the contribution

of nebular emission to the near-infrared flux. Using the radio flux from the datapoint

with the shortest wavelength which is least susceptible to non-thermal emission (1.3

cm) F1.3cm = 33.6 x 1024 erg s−1Hz−1 and the formula by Condon (1992):

QLyc ≥ 6.3× 1052
(

Te

104 K

)−0.45

×
(

ν

GHz

)0.1

(4.1)

×
(

Fnebular

1027 erg s−1 Hz−1

)

we obtain QLyc ≥ 3.3 x 1051 s−1 which corresponds to ≈ 100 O5 stars. We believe

this value to be consistent with the values derived by Alonso-Herrero et al. (2003)

(QLyc = 1.4 x 1053 s−1) through the Pα flux over an ≈ 33” X 53” field of view and

Engelbracht et al. (1998) (QLyc = 1.0 x 1053 s−1) through Brγ narrowband images

over a 15” aperture of the nucleus of NGC 253. However, Kornei and McCrady

(2009) derive a minimum ionizing flux from the Brγ luminosity of QLyc = 1.0 x 1053

s−1 for this cluster alone. The source of this discrepancy is not clear. We assumed

an electron temperature of 7500 K. We then convert this to a nebular flux in the H-

and K-band following:

Fnebular =
(
c

λ2

)
×
(
γtotal
αB

)
×QLyc (4.2)
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Thus FnebK = 1.88 x 10−13 and FnebH = 3.33 x 10−13 erg s−1 µm−1 cm−2. This

corresponds to 4.8 % and 10.8 % of the broadband K- and H-band fluxes respec-

tively. When incorporating the nebular flux into our models we adopted these values.

We consider these percentage minimum values since the broadband magnitudes may

include some background emission and possibly overstate the cluster’s nebular emis-

sion. However as is detailed in later sections this does not influence our IMF slope

determination.

4.3 Analysis

We analyzed three separate sets of spectra: cluster, cluster+background and a set of

background spectra. The background spectra were extracted for two reasons. First,

to ascertain again that our cluster spectrum was not contaminated by any significant

background emission. Second, to understand the nature of the background which

can help us understand the star formation history of the larger region.

Four different K-band background spectra were extracted, on either side of the

cluster in both orientations. The extracted background spectra were quite different

in flux level and they were normalized before combining them into a final back-

ground spectrum. We also compared the CO absorption depths of the separate

background spectra to make sure they agreed to within the errors and they did.

The cluster+background spectrum was extracted in the same manner as the cluster

spectrum except with background subtraction turned off. In addition to comparing
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Figure 4.4 Plot of the ratio of equivalent widths of CO(3-1) 2.29 µm divided by
the sum of the Ca 2.26 µm and Na 2.20 µm absorption features in supergiant and
dwarf standards. A clear separation can be seen between supergiants and dwarfs
in this index. Overplotted are cluster, cluster+background and background only
spectra at an arbitrary temperature. The cluster spectrum lies on the dwarf locus
while the background spectrum fits the supergiant locus and the cluster+background
spectrum is in between. This is further indication that we have successfully removed
any background contamination in our cluster spectrum.
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Figure 4.5 Best-fit model overlaid over a normalized scaled cluster spectrum. The
bands used in our analysis are marked. The emission lines as well as large parts of
the continuum were not included in the modeling. The best-fit reduced χ2 = 1.18.

spectra obtained at the two different K-band orientations (see Figure 4.3) we exam-

ined the surface gravity sensitive index discussed in Chapter 3 for the final cluster,

cluster+background and background spectra as an additional safeguard.

This index combines the surface gravity sensitive CO(2-0) line with the Ca and

Na lines in the K-band, the depth of which are not surface gravity sensitive (though

the ratio of the sodium doublet is surface gravity sensitive). It allows us to differ-

entiate between supergiant dominated older star cluster populations (≥ 6 Myr) and
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young clusters dominated by PMS and main sequence stars. Figure 4.4 shows a

plot of this index for main sequence and supergiant standards with the computed

index for the cluster, cluster+background and background spectra overplotted. The

cluster spectrum matches the dwarf locus well while the background spectra agrees

well with the supergiant locus. The cluster+background spectrum as would be ex-

pected lies in between the two being a mix of a young cluster and older population.

Combined with the comparison between the spectra extracted from the two K-band

orientations we are convinced that we have properly addressed the background sub-

traction to the best level possible and in the following sections we attempt to model

and derive a best-fit IMF for the cluster spectrum as well as trying to better under-

stand the background population.

4.3.1 Cluster

When determining the IMF in the cluster we rely on absorption lines which are

produced by different mass ranges in the cluster. The CO (2-0) line at 2.29 µm,

the Ca triplet between 2.26 and 2.27 µm and the Na doublet at 2.21 µm are mainly

observed in stars below 0.5 M⊙, while the Mg lines at 2.28 µm and 1.71 µm are

due to stars between 0.5 - 1.5 M⊙. We initially considered both the K-band and

H-band spectrum in our analysis. However we could not positively identify the Mg

line at 1.71 µm in the H-band spectrum as its signal-to-noise rate is much lower than

the K-band spectrum (10-15 vs. 30-40 on average). There is also some evidence of
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background contamination in the H-band spectrum not seen in the K-band. The

12CO absorption line at 1.62 µm in the H-band, traces of which are present in

our cluster spectrum is surface-gravity sensitive and generally much stronger in

the spectra of supergiants than of dwarfs. As we did not observe two spectral

orientations in the H-band and since the overall quality of each spectral image was

lower we do not have a way to independently assess our background subtraction.

Since the 2.28 µm Mg line is clearly present in our K-band spectrum we decided to

only include the K-band cluster spectrum in our IMF modeling.

When modeling the cluster spectrum we considered a broken power-law IMF

similar to a Kroupa IMF. Similar to both a Chabrier (2003) and Kroupa (2001) IMF

we adopted a Salpeter (1955) slope above our break-point. We are not sensitive to

massive stars in absorption lines although the emission lines in the cluster are due

to ionizing radiation due to hot stars in the cluster. Below the break-point of 1

M⊙ we varied the power-law slope between 0.00 and 2.35 in linear units in 0.5 dex

steps since our χ2 analysis shows that we are not sensitive to smaller variations. We

considered PMS models of three different ages: 0.3, 1 and 3 Myr. We also varied

the break-point of the IMF between 0.25 M⊙ and 2 M⊙ increasing the break-point

by a factor of two in each step. We did not consider ages above 3 Myr as the 3

Myr models were not a good fit for any of the slopes considered and the attenuation

of absorption lines above 3 Myr is quite steep as PMS stars are contracting and

becoming less luminous. The level of nebular continuum simply attenuates the
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absorption lines in our spectrum over the short wavelength range considered. The

nebular continuum is thus degenerate with the assumed age for the model. Thus

neither can be constrained by our model directly.

We also measured the equivalent widths of the emission lines in our extracted

spectra. The cluster alone has a Brγ equivalent width of 58.2 ± 3.2 Å. The

background spectra alone show an average Brγ equivalent width of 18.4 ± 2.3

Å. Combined with our best-fit model we can use the Brγ equivalent width of the

cluster spectrum to infer an age for this cluster in NGC 253 using Starburst99,

which generates Brγ equivalent widths with respect to age. The age determined

through this method is ≈ 5 Myr. Possible caveats for this age determination are

extinction in the cluster, possible clumpiness of the gas in the cluster as well as

uncertainties in the continuum level calculated by S99 in the near-infrared at young

ages. Particularly at young ages S99 likely overestimates the level of continuum due

to the nebular emission which would make this age an upper limit.

We performed a χ2 analysis of our model results similar to Chaper 3 and have

plotted the best-fit model overlaid over the cluster spectrum in Figure 4.5. The

results of our χ2 analysis as well as corresponding IMF probabilities are plotted in

Figure 4.6. We have included only probabilities for models with ages of 0.3 Myr as

the overall fit quality was worse for 1 Myr with the best-fit χ2 = 1.40. The best-fit

IMF slope is 1.0 +0.5
−1.0 in linear units with a 99 % confidence limit for a model age of

0.3 Myr and for a break-point of 1 M⊙. Slopes above 1.5 are ruled out.
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We also tried to change the break point between 0.25 and 2 M⊙. A lower break

point means a cluster contains more low-mass stars compared to a cluster with an

IMF with a higher mass breakpoint assuming the slope is kept constant. For 2 M⊙

we found that 1.5 +0.5
−0.5 (99 % confidence) in linear units becomes the best-fit slope.

By shifting the break point to 0.5 M⊙ (the same as a Kroupa IMF) we found we

required a more shallow IMF slope to produce an adequate fit with a best-fit slope

of 0.5 +1.0
−0.5 (99 % confidence) in linear units.

The best-fit IMF slopes of 0.5 and 1.0 for breakpoints of 0.5 and 1 M⊙ respec-

tively contain a factor of 33 % and 50 % fewer low-mass stars than a Kroupa IMF

(where a low-mass star is defined as an object with m ≤ 0.5 M⊙). Though our

IMF results are broad, an IMF with a slope steeper than 2.0 in linear units below

the break-point is excluded for all IMF breakpoints. Based on these results dense

nuclear starburst environments appear capable of producing a normal IMF.

4.3.2 Nature of the Background

To understand the formation history of this region in NGC 253 we also modeled

the cluster+background spectrum in a simple way. We combined the best-fit cluster

model with an older supergiant dominated cluster model at a varying mass ratio.

The best-fit model is plotted in Figure 4.7. We did not attempt to conduct a de-

tailed analysis: we more interested in qualitative than quantitative results since it is

unclear whether the region surrounding our young cluster is a coherent population
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Figure 4.6 Plot of probabilities vs. IMF for 0.3 Myr and breakpoints between 0.25 - 2
M⊙. Older models provided worse fits and are not included. As the IMF breakpoint
decreases flatter IMF slopes become more likely.
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Figure 4.7 Best-fit model of a supergiant population plus a young cluster with the
properties described in the text. Overplotted is the extracted cluster+background
spectrum. Note the presence of surface gravity sensitive CO absorption bands in
the H-band, which are well matched by a population of red supergiants with an age
of 12 Myr.
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or perhaps successive star formation events. The pure background spectra show that

some emission lines are still present in this background region. Specifically the H2

line at 2.12 µm present in the cluster+background spectrum is equally strong in the

background population and the cluster population as indicated by the equivalent

width of the line in both the cluster spectrum and the background spectrum. The

He I line at 2.05 µm is present in both cluster and background spectra though at

reduced strength in the background, similar to Brγ. All three lines are produced by

ionizing radiation due to massive stars and their presence in the background spec-

trum indicates that massive stars are still be present in this region. This may be an

indication either that there are multiple generations of star formation present in the

background population or that stars have been forming in this region continuously

over several Myr. The best-fit simple population model for the background cluster

has an age of 12 Myr. As is evident from Figure 6 the H-band spectrum is not a

good fit to the model, particularly around the 1.71 µm Mg line, possibly indicating

a more complicated star formation history than we model here, though the Mg line

in the K-band is quite well matched.

4.3.3 Caveats

Similar caveats exist for our results with regard to NGC 253 as with regard to NGC

4038/39 presented in Chapter 3. We are limited by the stellar library of field dwarfs

we use to model the spectra of PMS stars with lower surface gravity. The use of a
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stellar library also limits our spectral coverage. Because we have limited information

about the cluster we are trying to model it is possible that we may have assigned

an erroneous age or nebular flux contribution. As in Chapter 3 we tried varying

the nebular contribution by by 50% and found no significant effect on our results.

Varying the nebular continuum in this manner represent an overall change in the

K-band and H-band luminosity of the cluster by ± 2.4 % and ± 5.4 % respectively.

This corresponds to an increase or decrease of near-infrared extinction affecting the

cluster of Ak = +0.018
−0.017 and Ah = +0.059

−0.058. Kornei et al. (2009) estimated an extinction

for this cluster of Ak = 1.57 using Fe 1.64 µm to Fe 1.64 µm line ratios while Alonso-

Herrero et al. (2003) estimate Ak = 0.4 - 1.0 for the central region of NGC 253 using

a H-K color map. Thus the range of extinction covered by our ± 50% variation in

nebular emission (Ak = 0.25) exceeds the change in extinction estimated by the

variation of ± 50% of nebular emission. Though ages older than 1 Myr provided

bad fits to the cluster spectra we also tried models with ages between 0.3 and 1 Myr

and found that while 0.3 Myr models provided the overall best fit the IMF, results

returned by older models matched well with those of the 0.3 Myr models indicating

that errors in age assumptions are not a dominant issue.

Since we performed a background subtraction which contains the same absorp-

tion lines as those which are used in our analysis it is possible that we have affected

our results by imperfect background subtraction. We found no evidence in our sur-

face gravity analysis or comparing spectra of different orientations of any systematic
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contamination. Should there be any contamination it could cause us to either over-

or under-subtract the background. Thus this could lead us to both over- and un-

derestimate the absorption lines in our analysis. In particular the CO absorption

line would be affected since the underlying contamination would be through a pop-

ulation of supergiants. Thus this would shift our IMF results erroneously towards

steeper slopes.

4.4 Discussion

What can the IMF results in this cluster in NGC 253 tell us about the shape of the

IMF in general and in this galaxy specifically? The only previous measurements of an

IMF in the central region of NGC 253 have come from Engelbracht et al. (1998) who

constrained the IMF in NGC 253 using near-infrared images and spectra combined

with evolutionary synthesis models to derive an IMF overabundant in high-mass

stars compared to a Basu and Rana (1992) IMF. Similarly to the results discussed

for M82 in Chapter 1, this IMF is skewed towards low-mass stars more strongly than

a Chabrier or Kroupa IMF and the IMF they derive is in reasonable agreement with

a Kroupa or Chabrier IMF. It should be noted that their spectra targeted the near-

infrared peak of NGC 253 which likely refers to the same cluster which is described

in this chapter but over a much larger region (≈ 12” aperture) than we study here.

However that paper was focused on the overall properties of the galaxy rather than

a specific cluster and for the photometry large apertures were used.
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Our results come from a very different set of measurements. Since we focus

on tracing stars just above and below the breakpoint in the IMF below 1 M⊙ our

measurements are in many ways complementary to those by Engelbracht et al. (1998)

who are tracing mainly the output of massive stars. Given that our results are

perfectly compatible with a Chabrier or Kroupa IMF we consider this an indication

that a normal IMF is possible in nuclear super-star clusters such as this object in

NGC 253.

Any indirect IMF measurements such as those presented in this chapter will

always be prone to some modeling degeneracies. If IMF variations in this cluster

compared to the field were present in the shape of an IMF breakpoint shifted to

higher masses as well as a steeper slope below the breakpoint we would not be able

to distinguish this from a lower mass breakpoint and a shallower slope. This is a

shortcoming in using integrated spectra since the assumption of a variation in the

IMF breakpoint with perhaps a simultaneous slope change is likely if the breakpoint

is somehow correlated to the thermal Jeans mass in star forming clouds. We may be

able to break this degeneracy by using a larger set of absorption lines not present in

H- and K-band spectra which trace different mass ranges to give our measurements

finer mass bins.

With mounting evidence that statistically significant IMF variations if they ex-

ist are modest a reasonable approach is to assume a ”normal” IMF unless strong

evidence presents itself that proves otherwise (Bastian et al., 2010). As such, more
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measurements of the IMF in extreme regions of metallicity or star formation envi-

ronment are needed which span a broad range of stellar masses.

This star forming region in NGC 253 appears to have a complex formation

history with the presence of red supergiants as well as PMS stars over a 20 pc

region though line-of-sight effects cannot be ruled out particularly because of the

large inclination of NGC 253 which increases line-of-sight issues. The young cluster

could be superimposed on a background of a larger diffuse region old enough to

contain red supergiants. Since we can clearly distinguish the young cluster and the

older (12 Myr) population in our spectra we can rule out a cluster with a continuous

burst of star formation over several Myr. It is possible that this cluster is similar to

the nuclear cluster in NGC 4244 (Seth et al., 2008) which has two distinct stellar

populations though this cluster in NGC 253 is at a distance of roughly 80 pc from

the presumed nucleus of the galaxy. If dynamical friction is one of the methods by

which nuclear clusters are created as has been proposed in the past (Tremaine et al.

(1975); Milosavljevic and Agarwal (2009)) then if our cluster remains bound it may

end up in as part of a nuclear star cluster in NGC 253. If it disperses its stars may

either disperse into the field of NGC 253 or also be accreted onto a nuclear star

cluster.
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CHAPTER 5

CONCLUSIONS: IMPLICATIONS FOR THE IMF AND CLUSTER

FORMATION

5.1 Summary of Results

In this study we have constructed models of young super-star clusters using a com-

bination of the pre-existing Starburst99 population synthesis models as well as a

suite of our own models adapted to young clusters with the inclusion of pre-main

sequence tracks. The primary purpose of these models is to constrain the IMF as

well as the star formation history in young super-star clusters through comparison

with near-IR spectra. To test our models on real datasets we obtained spectra of

young super-star clusters in the merger NGC 4038/39 (the ”Antennae”) and the nu-

clear starburst NGC 253. Both systems were selected because of previous reports of

unusual IMF measurements and because their properties (mass, environment etc.)

make them good candidates in the search for IMF variations.

5.1.1 PMS Starburst Models

Our models are a combination of the population synthesis code Starburst99 and our

own models which integrate treatment of pre-main sequence evolution. Pre-main

sequence stars can have a significant influence on the flux of a super-star cluster at
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ages younger than 6 Myr as discussed in Chapter 2 and their inclusion is important

if one wants to study the properties of clusters younger than this age.

Our approach utilizes analysis of stellar absorption bands in the H- and K-band

originating from different stellar mass ranges (≤ 0.5 M⊙; 0.5 - 1.5 M⊙) to constrain

the IMF. We generate integrated synthetic cluster spectra using a library of near-

infrared spectra which can then be compared to observations to determine a best-fit

IMF. Though our model is optimized for young clusters it can also generate synthetic

spectra of older clusters dominated by red supergiants. We demonstrate that for

clusters with an age younger than 3 Myr it is possible to detect IMF variations down

to ± 0.25 dex in linear units depending on the signal-to-noise of the data and the

accuracy to which the age of the cluster is known.

Our target selection is currently limited to clusters with available radio data

which present the best and easiest way to detect young clusters unambiguously.

Other corresponding multi-wavelength data is often not present or not cohesive.

Since different wavelengths generally trace different stellar populations, more readily

available multiwavelength datasets would improve age constraints on young clusters

and give insight into star formation histories of individual clusters.

5.1.2 NGC 4038/4039

Our first target was a massive young cluster in the overlap region of the Antennae (d

= 19.2 Mpc). The H- and K-band spectra of the cluster (Cluster 89/90 in Whitmore
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and Schweizer (1995)) contain both emission lines indicative of young hot stars as

well as late-type absorption lines. However these absorption lines show evidence

of the presence of both PMS stars as well as red supergiants. Due to the distance

of the Antennae the obtained spectrum covers a large region of physical space (≈

90 pc) and we interpret the spectrum as being due to two separate star clusters of

different ages.

Our models indicate the presence of a young (≤ 3 Myr) massive star forming

region that dominates in mass (by a factor of five) a second stellar population (12

+6
−6 Myr within 90 % confidence) old enough to contain red supergiants. Comparing

these models to the K-band magnitude of the region we derive a total mass of 1.4

x 107 M⊙ (extinction corrected: 1.9 x 107 M⊙). We also derive limits on the IMF

of the young cluster and find the IMF to be consistent with a Chabrier or Kroupa

IMF though the best-fit IMF is a Salpeter slope down to 0.1 M⊙. We derive slopes

of 1.5 - 2.35 within 90 % confidence. We rule out a low-mass cutoff in this cluster

in the Antennae.

5.1.3 NGC 253

The second cluster studied in this work is a massive young cluster (Cluster 2 in

Johnson et al. (2001)) in the nuclear region of the spiral galaxy NGC 253. Due to

the galaxy’s proximity (d = 3.9 Mpc), the cluster’s brightness in the near-infrared,

as well as its location near the nucleus of NGC 253 this target is ideal to search for



114

IMF variations. We find that our spectra are best explained as a young cluster (≤ 3

Myr) sitting in front of a background of older stars which contains red supergiants.

After carefully subtracting this background and performing several tests to quantify

residual errors we find that the young cluster shows clear evidence of the presence

of PMS stars.

We modeled the cluster properties as was done for the cluster in the Antennae

and found a best-fit IMF slope below 1.0 M⊙ of α = 1.0 +0.5
−1.0 within 99 % confidence

which is consistent with a Chabrier IMF. Note that all IMF slopes quoted in this

section are in linear units. We found similar results for an IMF breakpoint of 0.5

M⊙ though the best-fit slope in this case was α = 0.5 +1.0
−0.5 within 99 % confidence

compared to a Kroupa IMF with a slope of 1.3 below 0.5 M⊙. Thus there is slight

evidence that this cluster in NGC 253 may have an IMF deficient in low-mass stars

compared to a Kroupa IMF though the IMF slopes allowed by our models are quite

broad. Both a Kroupa and a Chabrier IMF are consistent with out results. An

additional measurement of a second cluster in NGC 253 with a higher signal-to-

noise level would be very useful in refining our results.

5.2 Discussion

5.2.1 Implications for the Shape of the Low-Mass IMF

Our technique has allowed us to detect directly low-mass stars in two super-star

clusters and thus for the first time provide measurements of the low-mass IMF in



115

such objects. In this section we discuss the implications our results in NGC 253

and NGC 4038/39 have for the shape of the low-mass IMF in extreme regions of

star formation in combination with previous work. It is important to remember

that previous work on the IMF in unresolved super-star clusters has come mostly

through analysis of the integrated properties of the cluster stellar population such

as mass-to-light ratios (e.g. Bastian et al. (2006)). Those studies do provide a host

of information that is complementary to our work such as dynamical mass estimates

and independent age estimates. In contrast our work can trace two distinct mass

ranges which allows for a much more robust IMF measurement even if the errors on

derived slopes remain large.

Since our study uses high signal-to-noise spectroscopy it is observationally ex-

pensive and we are limited to studying a small sample of clusters younger than 3

Myr. Compared to photometric studies (e.g. Whitmore et al. (1999)) which study

cluster populations over whole galaxies we will always have smaller samples. We

require the starburst in the galaxy to be ongoing so that massive young clusters are

present and the greater the distance the more massive and thus brighter the cluster

must be. Despite the small sample, the targets that are accessible are generally

objects in which a search for IMF variations is warranted. However we are left with

trying to draw conclusions about global IMF properties from a small sample.

With the caveat of a small sample to bear in mind, the IMF results from our two

targets indicate that low-mass stars can form with the same frequency in super-star
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clusters as in local star forming regions in the Milky Way. Since our IMF diagnostics

trace objects below 0.5 M⊙ we in effect rule out a low-mass stellar cutoff in both

of our targets though we have no information below the hydrogen burning limit.

The results from NGC 253 indicate that super-star clusters with solar metallicity

in the intense radiation environment of a galactic nucleus produce an IMF that

is consistent with that measured in the field of the Milky Way. Combined with

other evidence on the universality of the IMF above 1 M⊙ in extreme regions of

star formation such as R136 (Andersen et al., 2009), the Arches (Espinoza et al.,

2009) and Westerlund 1 (Brandner et al., 2008) our results seem to indicate that no

large IMF variations exist in SSC though smaller variations in the low-mass IMF

are not ruled out by our results. More data in other super-star clusters would be

very valuable in confirming these results in particular with respect to metallicity

since both of our targets have solar metallicity.

And yet claims remain that it is possible to change the conditions for star for-

mation enough that the IMF changes. The first stars are thought to have formed

with an IMF with an overabundance of massive stars compared to the present-day

form due to inefficient cooling of gas by molecular hydrogen (e.g. Tumlinson et al.

(2004)) though recent improvements in measurements of the cooling behavior of

metal-free gas may challenge these results (Kreckel et al., 2010). Observational evi-

dence supports this assertion due to the non-detection of Population III stars as well

as the predictions of an IMF skewed towards high-mass stars due to properties of
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low metallicity stars in the Galactic halo (Tumlinson, 2006). The theoretical predic-

tions as well as the observation evidence remain the single strongest argument that

IMF variations are possible. The question remains at what metallicity the shape of

the IMF begins to change (Omukai et al. 2005) and whether an object such as SBS

0335-052 can be studied in enough detail to investigate the IMF of its massive young

clusters with our technique. It is important to note that there are also simulations

of Population III stars which indicate that metallicity is not the deciding factor in

causing a changing IMF even at very low metallicities (Jappsen et al., 2009) and

instead suggest that other factors such as dust cooling (which may be present down

to 10−6Z⊙) play a more important role in shaping the IMF of the first stars.

5.2.2 Thoughts on Cluster Formation and Evolution

Both regions in this study appear to have a complicated star formation history over

modest spatial scales. In NGC 253 a young cluster sits in front of a background pop-

ulation of older stars which contains red supergiants and thus implies a minimum

age of ≈ 6 Myr (Leitherer et al., 1999). However emission lines are present in both

the older background as well as the young cluster possibly indicating the presence of

young massive stars in both. The young cluster shows late-type absorption lines due

to low-mass PMS stars and must thus be younger than 3 Myr. Kornei and McCrady

(2009) find a similarly complex star formation history for our source in NGC 253

due to the fact that their near-infrared spectra, which do not separate the young
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cluster and background population show both strong CO absorption bandheads and

recombination lines due to massive young stars in the cluster. Multiple generations

of star formation have now been observed in several nuclear star clusters (e.g. Seth

et al. (2008); Walcher et al. (2006)). There are several proposed theoretical for-

mation mechanisms for nuclear clusters with multiple age populations. Seth et al.

(2008) prefer a scenario where nuclear star clusters form through accretion of either

gas or already formed young star clusters.

We also found a similar result for the young object in NGC 4038/39 though the

greater distance to the Antennae does not allow us to separate the populations as the

physical resolution of our spectra is ≈ 90 pc. As discussed in Chapter 3, 30 Doradus

shows a similar age spread as our target with the young R136 at the center of the

star forming region and an old cluster Hodge 301 (20 - 25 Myr) (Grebel and Chu,

2000) within 45 pc. In NGC 4038/39, Christopher (2008) found approximately half

of their sample of 100 clusters in the Antennae showed indication of multiple sources

over spatial resolutions of 90 pc while Mengel et al. (2005) estimate that less than

5 % of their targets are superpositions of clusters. However Christopher (2008) also

found clusters which show evidence of hydrogen emissions and CO bandheads but

which are not resolved into multiple clusters based on HST imaging. They interpret

this as indication that these clusters may be single objects which could have formed

over a timescale of multiple Myr in a long duration burst.

Both these targets, though forming in a very different environment thus combine
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an older and a younger star forming region in close proximity. What conclusions

do these similarities allow us to draw? The age spread in both targets is the same

though the ages of the older stellar components are not well constrained. While we

do not know the exact spatial extent of the older cluster in NGC 4038/39 or the

spatial separation of the two populations, our 1” (90 pc) resolution provides an upper

limit. Given the high infant mortality of SSC it seems quite possible that this older

population is similarly diffuse to that of NGC 253. Using our spectra we can estimate

the spatial extent of the older background population to be ≈ 3” (60 pc) (though the

background is not symmetric in both spectral directions). Thus the physical scales

may actually be quite similar. We do not have an exact constraint on the mass of

this population in NGC 253 but given the flux ratio between background population

and young cluster it is likely that these populations are comparable in mass rather

than the situation in NGC 4038/39 where the younger population dominates in

mass by a factor of 10. It is tempting to try to look for an association between

the two star forming events in both targets. The physical scales associated with

the clusters in NGC 253 (≈ 20 pc) and NGC 4038/39 (≈ 90 pc) make triggering of

the younger component by the older population feasible. Triggered star formation

should proceed at roughly the sounds speed of an HII region (≈ 10 km s−1) which

would imply a timescale of roughly 5 Myr to cover 50 pc. Thus a 90 pc box certainly

makes a triggered event for the younger cluster a possibility and since the age of the

older population is ill constrained in NGC 253 this is not ruled out.
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Since mergers and nuclear starbursts are two of the most common formation

scenarios for super-star clusters we may need to consider the possibility of multiple

generations of star formation in close proximity whether due to multiple star clusters

forming in distinct star forming events or due to star formation over long time scales

in a single molecular cloud. Recently some globular clusters have also been found to

contain multiple populations of main-sequence stars indicating that it is possible to

create bound entities with wide age spreads (Portegies Zwart et al., 2010) though we

have no indication that this is occuring in our NGC 253 source. Since our spectra

are still not sensitive to scales finer than 10 pc an integral field unit spectrograph

such as NIFS may be the perfect instrument to explore the complex star formation

history of NGC 253 and NGC 4038/39 and other SSC in greater detail.

5.3 Future Directions

Apart from the two galaxies studied in this work there remain several interesting

targets containing SSC that are accessible with current observational capabilities.

Targets with metallicities different from solar as well as dwarf starbursts would be

prime targets to investigate IMF variations. In particular the dwarf starburst NGC

5253 with subsolar metallicity which hosts two very young SSC in close spatial prox-

imity (Tremonti et al., 2001) and which is at a distance similar to NGC 253 is an

excellent target. We obtained near-infrared spectra of these young SSC with OSIRIS

on SOAR and detected CO absorption in the spectra. The quality of the data was
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not good enough for inclusion in this thesis. However there appears to be no contam-

ination issues by red supergiants in this galaxy. Within a 10 Mpc volume there are

several other starbursts with relatively well studied young SSC populations, such as

He 2-10 and NGC 4449 which make worthwile targets. The most tantalizing target

remains SBS 0335-052 because of its extremely low metallicity (Z=Z⊙/40 (Izotov

et al., 1990)) and high star formation rate. It contains several clusters younger than

3 Myr (Johnson et al., 2009) with masses of ≈ 106 M⊙. Its large distance of 55.7

Mpc (Hunt et al., 2005) makes observations of individual star clusters extremely

challenging with current observational capabilities (0.1” = 27 pc). However future

IFUs on the next generation of ground based AO enabled telescopes should be able

to resolve individual star cluster spectra in this galaxy.

This thesis encountered two main limitations when trying to apply our models to

real cluster data. Both of our targets had issues with background contamination and

spatial resolution. This is likely to also plague any future investigations especially for

more distant targets. There are a limited number of starburst galaxies with massive

clusters and good radio observations available at distances where seeing limited

observations can resolve small enough spatial scales that contamination of stellar

populations can be minimized. Even for targets at a few Mpc spatial scales accessible

with seeing limited observations of 0.5” scales correspond to tens of parsecs. SSC

are generally measured to have radii of 3 -4 parsecs (Neff and Ulvestad, 2000). Thus

even for nearby clusters AO observations are critical and for more distant objects
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which may be interesting to investigate in the future such as He 2-10 (d = 9 Mpc;

(Vacca and Conti, 1992)) they are essential to minimize background contamination.

Using AO IFU spectrographs with a resolution of 0.1” or less would mean that we

could have resolved the target in NGC 253 to a resolution of ≈ 2 pc and even the

object in the Antennae to scales of less than 10 pc. The second limitation we face

is a more fundamental one. Even spectra of a S/N of 120 can only resolve IMF

slope differences of ± 0.25 dex in linear units. Any IMF variations smaller than this

will not be discernible even under optimal conditions. It is possible that including a

wider array of absorption lines (such as those present in the J-band) could improve

this detection limit or increase the mass range traced by our methodology.

5.3.1 Near-IR Population Synthesis Modeling

Many challenges remain in trying to accurately model spectra of star clusters in the

near-infrared in particular where clusters including red supergiants are involved.

Model atmospheres of red supergiants remain uncertain and evolutionary tracks in

this phase are also still subject to some refinement. For our technique in particular,

as also discussed in more detail Chapter 2.5, we are limited by the accuracy of

the PMS tracks we use as well as our spectral library which is comprised of solar

metallicity main sequence stars as opposed to PMS stars which have lower gravity. It

would be interesting to explore what effects incorporating other pre-main sequence

tracks or model spectra for PMS stars would have on our model predictions. It may
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also be worthwile to attempt to construct a stellar library of PMS stars which could

produce model spectra with appropriate gravities.

Any photometric and spectroscopic studies of unresolved star clusters rely on

the availability of accurate population synthesis models. At present many modeling

suites exist (e.g. Bruzual and Charlot (2003); Vázquez and Leitherer (2005)) though

these models in general do not incorporate high resolution near-infrared libraries.

Efforts to accurately reproduce near-infrared high resolution spectra of star clusters

remain challenging. Lançon et al. (2008) found that accurate age determination

was difficult based on a sample of medium age star clusters in M82 and were only

able to derive quite broad age ranges. However more study is required to see how

accurately near-infrared population synthesis can constrain cluster properties such

as age, mass or ionizing radiation. The launch of JWST will make it possible

to conduct diffraction-limited spectroscopic surveys of a large population of star

clusters in the near-infrared simultaneously. If accurate age determinations are

possible with near-infrared population synthesis models, JWST as well as other

future infrared instruments will enable determination of star formation histories in

starburst galaxies in detail.

5.3.2 IMF studies

Despite the difficulty involved in measuring IMFs both in resolved clusters and

unresolved star forming regions and galaxies and despite the scarcity of evidence for
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variations uncovered thus far, the challenge remains worthwile. We have presented

the first direct evidence of a normal low-mass IMF in unresolved super-star clusters

in this work. However a larger sample is needed to support this result, especially

in starburst galaxies which have been reported to have an unusual IMF in the past,

such as M82.

It is also important to remember that we do not have as of yet direct data

on stars below the breakpoint of the IMF in any SSC or even any massive star

forming region in the Milky Way. Of particular interest remain clusters in the

LMC and the SMC, due to their low metallicities, where the next generation of

telescopes should be able to uncover stars down to a few tenths of M⊙ (Bastian

et al., 2010). There are compelling theoretical arguments that the location of the

IMF break point as well as star counts above and below this breakpoint are the ideal

location to search for IMF variations if different star formation regimes dominate

above and below this mass. Measurements of an IMF comparable to the field below

the breakpoint in these regions would be the strongest evidence yet for a universal

IMF. The improvement of current observational capabilities and a new generation

of telescopes will bring such surveys within our reach. The next generation of

ground based telescopes as well as the launch of JWST will be invaluable in this

respect. While the capabilities of JWST and telescopes such as the GMT will

likely be comparable in the near-infrared, both being able to study massive star

forming regions in the Milky Way down to the hydrogen burning limit, JWST will
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far exceed any ground based capabilities in the mid and far-IR. In conjunction with

such observatories as the Herschel Space Telescope it will thus make it possible to

study the core mass function in more detail and trace star formation activity at the

youngest ages out to further distances than presently possible. First results from

Herschel are already showing a direct connection between the CMF and the IMF at

much higher statistical significance than before (André et al., 2010).

The question about the IMF extrema: the maximum stellar mass as well as the

minimum mass for gravitational fragmentation also remains. There is reason to

believe that both the minimum (Whitworth et al., 2007) and maximum stellar mass

(Zinnecker and Yorke, 2007) could be influenced by environmental conditions and

could thus help understand star formation properties. New discoveries of very low-

mass members of nearby star forming regions down to a few MJup (e.g. Lafrenière

et al. (2008); Chauvin et al. (2004)) are pushing the boundaries on the minimum

mass object formed through gravitational collapse though their number counts re-

main few. JWST should make it possible to conduct surveys down to a few MJup

in nearby star forming regions helping us understand the frequency of such very

low mass objects. The next generation of telescopes will help us study star clusters

at an unprecedented level of detail beyond the Milky Way and in conjunction with

robust statistical techniques help us measure the IMF over orders of magnitude in

mass in a wide range of star forming environments.
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5.4 Conclusions

We have demonstrated that is is possible to constrain the low-mass IMF in unre-

solved SSC with our technique. Our results add an important datapoint to a growing

body of evidence towards a universal stellar IMF though more clusters with higher

signal-to-noise spectra would narrow the range of IMF slopes allowed. However, we

cannot detect variations in the slope smaller than ± 0.25 dex in linear units and con-

tamination of populations containing red supergiants appears to be a serious issue.

We also demonstrate the importance of studying SSC with detailed near-infrared

spectroscopy to help understand their star formation histories which may be more

complex than the single age starburst often assumed. Understanding how common

bound clusters of multiple bursts of star formation are could be important in un-

derstanding star formation in giant molecular clouds as well as shedding insight on

the formation of globular clusters with multiple age populations.
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