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Abstract

The initial mass function (IMF) succinctly characterizes a stellar population, provides a
statistical measure of the end result of the star-formation process, and informs our under-
standing of the structure and dynamical evolution of stellar clusters, the Milky Way, and
other galaxies. Detecting variations in the form of the IMF could provide powerful insights
into the processes that govern the formation and evolution of stars, clusters, and galaxies.
In this contribution, we review measurements of the IMF in resolved stellar populations,
and critically assess the evidence for systematic IMF variations. Studies of the field, local
young clusters and associations, and old globular clusters suggest that the vast majority
were drawn from a “universal” IMF, suggesting no gross systematic variations in the IMF
over a range of star formation environments, and much of cosmic time. We conclude by
highlighting the complimentary roles that Gaia and the Large Synoptic Survey Telescope
will play in future studies of the IMF in Galactic stellar populations.

1 Introduction

The Initial Mass Function (IMF) describes the number of stars formed in a stellar system
as a function of stellar mass, and is a fundamental property of all stellar populations. As a
statistical measure of the end result of the star formation process, the IMF is a key observable
for testing theoretical models of star formation. As a succinct characterization of the funda-
mental components of a stellar population, the MF also serves to inform our understanding of
the structure and dynamical evolution of stellar clusters, the Milky Way and other galaxies.

Numerous physical processes have been identified which may influence the shape of the
IMF, such as: gravitational fragmentation of collapsing molecular cores (Klessen et al. 1998);
competitive accretion between multiple stars inhabiting the same mass reservoir (Larson
1992); the truncation of mass accretion due to radiative or dynamical feedback (Silk 1995);
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2 Searching for IMF variations in resolved stellar populations

dynamical interactions between stars in a clustered environment (Reipurth & Clarke 2001);
and the production of a clump mass spectrum by turbulent flows within molecular clouds
(Padoan & Nordlund 2002). The efficiency of each mechanism could also depend on other
physical variables, such as the metallicity and magnetic field strength of the parent molecular
cloud, the local stellar density, or the intensity of the surrounding radiation field. These
effects may ultimately result in observable MF variations as a function of environment.

The effort to provide observational constraints on the form of the IMF can be traced
back to the ‘Luminosity Curve’ measured by Kapteyn (1914), which determined the relative
numbers of B type stars as a function of absolute magnitude. Salpeter (1955) subsequently
produced a measurement of the IMF for high mass stars which has remained essentially
unchanged to the present day. Salpeter (1955) found that the shape of the IMF took the
form of a power law, which can be expressed as:

Φ(logm) = dN/d logm ∝ m−Γ, (1)

where m is the mass of a star and N is the number of stars in some logarithmic mass range
logm+ dlogm. Salpeter (1955) inferred a value of Γ =1.35, which has come to be known as
the ‘Salpeter slope’.

While numerous observational studies have found the Salpeter slope to be a good de-
scription of the IMF in the super-solar mass regime, one of the first measurements of the
low-mass IMF revealed that solar-mass and sub-solar mass stars are slightly less numerous
than might be expected from an extrapolation of the Salpeter slope (Miller & Scalo 1979).
Changes in the slope of the IMF can be expressed within the power-law formalism by al-
lowing different mass regimes to possess distinct power-law slopes, as in the seminal ‘broken
power-law’ IMF derived by Kroupa et al. (1993). Miller & Scalo (1979) adopted a different
approach, describing the IMF over a large mass range with a single analytical expression, a
gaussian in log(m), often known as a ‘log-normal’ function

φ(m) ∼ e−
(log m−log mc)

2

2σ2 (2)

where the variable mc fixes the peak of the IMF (in log(m) space), and σ characterizes the
peak’s width. Distinctions are often drawn between the power-law and log-normal charac-
terizations of the IMF, but these differences are currently entirely in the realm of theory, not
observation: Dabringhausen et al. (2008) have shown that the log-normal IMF advanced by
Chabrier (2005) is extremely similar to a two-part power-law, hence distinguishing between
a Kroupa-type broken power-law or Chabrier-type log-normal IMF is virtually impossible.

A great deal of observational work has been devoted to characterizing the IMF in a
variety of astrophysical environments, across the full range of stellar masses, and extending
into the brown dwarf regime. In a recent review (Bastian et al. 2010), we provided a overview
of recent empirical measurements of the IMF, and evaluated the evidence for systematic IMF
variations. In this contribution we update that review, focusing on recent (2009-2011) IMF
measurements in resolved stellar populations, which the upcoming Gaia mission will charac-
terize in exquisite detail. Specifically, we review recent measurements of the mass function in
the extended solar neighborhood (Section 2), in young star forming regions (Section 3), and
Galactic open/globular clusters (Section 4). We conclude in Section 5 by examining the com-
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plimentary roles that Gaia and the Large Synoptic Survey Telescope will play in extending
and improving IMF studies of resolved stellar populations.

2 The Mass Function of the extended solar neighborhood &

Galactic field

The IMF of field stars in the Galactic disk is a crucial reference for IMF measurements of any
other stellar population. Resolving multiple systems in distant environments is sufficiently
challenging that most IMF studies are only able to measure the ‘system mass function’,
for example, which is unable to account for unseen companions. Inferring the single-star
mass function from the system mass function, therefore, hinges on corrections inferred from
intensive photometric and spectroscopic studies of the nearest stars, which are most favorable
for detecting companions (e.g., Metchev & Hillenbrand 2009; Raghavan et al. 2010). The
Galactic field also offers valuable opportunities to detect the coolest, lowest luminosity brown
dwarfs within the local volume (e.g., Mainzer et al. 2011) and/or assemble the largest possible
samples to minimize statistical (though not systematic) uncertainties associated with mass
function measurements (e.g., Covey et al. 2008b).

Recent studies of the mass function in the extended solar neighborhood have primar-
ily been conducted with data from wide-field surveys, and with a particular focus towards
the IMF near and below the stellar/sub-stellar boundary. Selecting a sample of ∼15 mil-
lion low-mass (0.6–0.1 M⊙) stars with reliable photometry in the Sloan Digital Sky Survey,
Bochanski et al. (2010) jointly fit the structure of the thin and thick disks of the Milky
Way, as well as the local MF: their inferred MF agrees well with that measured from the
8-pc volume complete sample of Reid & Gizis (1997), with a broad peak near log M ∼ -0.6.
Burningham et al. (2010) identified nearly 50 nearby T dwarfs in data obtained by the UK
Infrared Sky Survey. Using a Monte Carlo analysis to predict the number of T dwarfs ex-
pected for various combinations of the IMF, adopted Galactic star formation history (birth
rate ∝ eβt, for -0.2 < β <0.2), and brown dwarf evolutionary models, Burningham et al.
(2010) inferred an IMF that falls steeply1 (Γ < −1.0) in the brown dwarf regime. Reylé et al.
(2011) also inferred a similarly steep (Γ < −1.0) IMF from the space densities of ∼50 T
and ∼170 L dwarfs confirmed in a 780 sq. degree survey with the Canada-France-Hawaii
Telescope.

Photometric catalogs of low-mass stars and brown dwarfs from wide field surveys are
now sufficiently large that uncertainties in IMF measurements are dominated by system-
atic errors in the analysis, such as biases due to the photometric distances estimates used
to identify those stars lying within the sample volume. Several multi-epoch surveys are
already underway, or will soon enter operation, and will provide astrometric precision suf-
ficient to construct large, uniform samples of nearby stars with direct trigonometric dis-
tance estimates, eliminating the largest of these potential systematic errors. These surveys,
such as Gaia (Perryman et al. 2001), Pan-STARRS (Beaumont & Magnier 2010), SkyMapper
(Keller et al. 2007), and the Large Synoptic Survey Telescope (Ivezic et al. 2008), represent
the next major advance in IMF measurements in the extended solar neighborhood.

1strictly speaking, the ‘steep decline’ that Burningham et al. (2010) measure corresponds to a logarithmi-
cally binned MF, but the decline is sufficiently steep that the inferred IMF also declines in linear units.
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3 Open/Globular Clusters

The field star population provides unique leverage on the Galaxy-averaged IMF, but detect-
ing IMF variations requires studies of discrete stellar populations with distinct properties and
star forming environments. The events that produce bound clusters are rare outliers along
the spectrum of the Milky Way’s star formation events, such that comparing cluster IMFs
with that measured in the field provides an interesting test for the universality of the IMF.
As high spatial density systems, clusters are also observationally convenient laboratories for
efficiently assembling a statistically significant sample of stars. The ‘cosmic scatter’ intro-
duced into color-magnitude or magnitude-mass relations by stars with different metallicities
or ages are also minimized for cluster studies: to the extent that clusters represent single stel-
lar populations (an assumption with increasingly prominent counter-examples, e.g., ω Cen;
Geisler, this volume; Lee et al. 1999), each cluster’s uniform age and metallicity minimizes
uncertainties in the relative mass and magnitude determinations.

The advantages clusters provide for mass function measurements, however, come at
the cost of additional complications. Strictly speaking, observations sample only a cluster’s
present-day mass function. To infer the form of the IMF, corrections must be applied to the
present-day mass function to account for the loss of high-mass stars with tlife < tcluster and
for spatial variations introduced into the cluster mass function due to dynamical effects (e.g.,
Portegies Zwart et al. 2010). Care must also be taken to ensure that analyses of resolved
clusters are based upon a robustly determined catalog of cluster members 2, and for un- or
marginally resolved clusters, that the effects of a stochastically sampled IMF are properly
accounted for in modelling the cluster’s colors and luminosity (Piskunov et al. 2011).

As with studies of the field star IMF, the increased availability of deep, wide-field
imaging has enabled significant progress in characterizing the IMFs of Galactic open clus-
ters, as demonstrated by recent surveys of clusters such as IC4665 (Lodieu et al. 2011),
the Pleiades (Casewell et al. 2011), Hyades (Bouvier et al. 2008), and Praesepe (Baker et al.
2010; Boudreault et al. 2010; Wang et al. 2011). For brevity, we note that most of these
surveys return mass functions that agree well with that measured in the solar neighborhood,
particularly after accounting for dynamical effects; we refer the reader to the contributions by
Lodieu and Moraux for overviews of recent open cluster mass function measurements. The
method presented by Bouy et al. for measuring accurate proper motions from heterogenous
archival data could also deliver significantly improved cluster membership catalogs for future
open cluster mass function measurements.

With typical ages of a substantial fraction of a Hubble time, Galactic globular clusters
provide an opportunity to probe the IMF in star-forming environments well-separated in
space, time, and metallicity from star formation events that are currently ongoing in the
Milky Way. The high space densities that have ensured the globular clusters’ survival to the
present epoch, however, also present observational challenges due to source crowding, which
is exacerbated by their large distances, and challenges for analysis/interpretation, with even
more severe dynamical evolution than in the open clusters discussed above. For these reasons,
to fully sample the mass function to the faintest masses and characterize potential spatial

2as an example of the impact different membership criteria can have on an IMF measurement, see the
very different mass functions Baker et al. (2010) and Boudreault et al. (2010) obtained for the Praesepe open
cluster, despite using quite similar observations and analysis techniques.
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variations in the cluster MF, reliable mass function measurements in globular clusters require
high angular resolution observations at a range of cluster radii.

The most comprehensive and uniform analyses of the mass functions of Galactic globu-
lar clusters were performed by De Marchi et al. (2010) and Paust et al. (2010), respectively.
Both studies analyzed ensembles of mass functions measured from Hubble Space Telescope
observations of Galactic globular clusters, with care taken to account for the radial gradient
in the present-day mass function due to dynamical evolution. While De Marchi et al. (2010)
and Paust et al. (2010) reach differing conclusions in several areas (the optimal functional
form to describe the MF in each cluster; the structural parameter that best correlates the
clusters’ dynamical states with the mass function shapes; etc.), the bottom line answers are
the same – present-day mass functions of globular clusters, after correcting for the effects of
dynamical evolution, are indistinguishable from that measured in the extended solar neigh-
borhood, with no evidence for trends with metallicity, age, or location in the Galaxy.

4 Young Star Forming Regions

Studies seeking to understand the influence of the star formation environment on the resultant
IMF often target young clusters or sites of ongoing star formation. Most active star-forming
regions have ages <3 crossing times3, so their current state likely closely reflects the initial
conditions of the star forming environment. As a result, star forming regions represent the
only environment in which one can attempt to directly trace the relationship between the
stellar IMF and the mass function of pre- and protostellar molecular cores (e.g., André et al.
2010; Michel et al. 2011), though the core’s subsequent evolution and potential fragmentation
complicates efforts to provide a one-to-one mapping between cores and stars.

These observational and interpretational advantages carry with them certain burdens,
such as the spatially structured extinction within star forming molecular clouds, the vari-
ability inherent to young stars (e.g., Covey et al. 2011), the presence of non-photospheric
emission from stellar accretion and circumstellar disks, and the large uncertainties associ-
ated with pre-main sequence color-magnitude and mass-magnitude relations. To minimize
the impact of these affects, algorithms have been developed to interpret a star’s observed
colors and magnitudes with a model that includes photospheric emission as well as extinc-
tion and accretion/disk emission (for optical and NIR techniques, respectively, see Rio et al.
2010; Covey et al. 2010), or by obtaining spectroscopic data to help disentangle each star’s
properties. Nonetheless, care must be taken to construct extinction-limited samples in these
regions to minimize biases related to source luminosity (and thus mass), and to measure the
IMF as a function of position in the cluster to quantify any IMF variations due to intrinsic
or dynamical mass segregation. Mass functions have recently been measured following these
principles for several young, pre-main sequence populations: Upper Sco (Lodieu et al. 2011),
the Orion Nebular Cluster (Rio et al. 2010), the ρ Oph surface population (Erickson, Wilking
& Meyer, submitted), and even clusters in the Large Magellanic Cloud using HST imaging
and STIS spectroscopy (Liu et al. 2009). These studies, which are most sensitive to the shape
of the mass function between 1.0 and 0.1 M⊙, obtained IMFs which peak near 0.2 M⊙ before
declining toward the stellar-substellar boundary, consistent with the field star IMF.

3though not necessarily all: see Covey et al. (2010) and references therein
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By contrast with the regions noted above, studies of the Taurus star forming region
have identified an unusual abundance of stars with K7-M0 spectral types, such that the (log-
arithmically binned) IMF peaks not at 0.2–0.3 M⊙, but rather near 0.8 M⊙ (Luhman et al.
2009). This IMF thereby represents a strong, and statistically significant, counter-example
to the more ‘typical’ stellar IMFs reported above: Luhman et al. (2009) find a <0.04% prob-
ability that the Taurus IMF shares the same parent population as those measured in the
Chameleon or IC348 young clusters, whose IMFs are statistically indistinguishable from the
field. Moreover, while Taurus’ large angular size (> 20 sq. degrees) makes it a difficult target
to survey in a uniform manner, it proximity and moderate extinction have made it a favored
region for observational work, such that it is arguably the best studied site of ongoing star for-
mation (with the Orion Nebular Cluster as a close second). Homogeneous wide-field surveys
of the Taurus star forming region have now been performed over a wide range of wavelengths
(Finkbeiner et al. 2004; Güdel et al. 2007; Rebull et al. 2010; Takita et al. 2010), and while
there remain a number of candidate young stellar objects that require confirmation and char-
acterization (e.g., Rebull et al. 2011), unless the new candidates possess a markedly different
distribution of spectral types & masses than previously identified members, it will be diffi-
cult to explain Taurus’ anomalous IMF as a spurious observational result, and time to begin
extracting physical insight from the discrepancy.

Recent observational surveys of star forming regions have been increasingly focused
on the sub-stellar IMF, as young brown dwarfs are significantly more luminous than they
will be at ages greater than a few tens of Myrs. Recent surveys for extremely young brown
dwarfs have been conducted in the ρ Oph (Alves de Oliveira et al. 2010; Haisch et al. 2010;
Geers et al. 2011), NGC 1333 (Scholz et al. 2009), Chameleon I (Mužić et al. 2011), and
IC348 (Burgess et al. 2009) young clusters. These studies have begun to contribute sizable
(n>10) samples of brown dwarfs in each star forming region; there is only modest statisti-
cal leverage for cluster to cluster comparisons, but clusters have been identified where the
substellar IMF may show signs of mass segregation (e.g., the ONC: Andersen et al, this vol-
ume), or may not decline as steeply into the substellar regime as do the IMFs measured in
other young clusters (Lodieu et al. 2011). More generally, it has been difficult to reconcile
the substellar IMFs measured in star forming regions with those inferred from measurements
of the field (Burningham et al. 2010); these discrepancies may be at least partially due to
inaccuracies in brown dwarf evolutionary models, however, as they are difficult to test given
the small number of known binary brown dwarfs.

The surveys noted above provide considerable leverage on the shape of the IMF near
and below its peak, but larger samples of high-mass stars are required to probe the shape
of the super-solar IMF. Rich Galactic clusters, such as NGC 3603, Westerlund 1, and the
Arches, and young clusters in the Large Magellanic Cloud, such as 30 Dor/R136, have been
useful laboratories for efficiently characterizing substantial populations of high mass stars.
The most recent generation of IMF measurements in these regions (e.g., Andersen et al.
2009; Campbell et al. 2010) have identified high-mass IMFs with Salpeter-type slopes, down
to a characteristic mass of 1-2 M⊙.

Recent attention has also turned to understanding how the relationship (or lack thereof)
between the mass of a young cluster and of its most massive members may inform our
understanding of the sampling mechanisms underlying the (high-mass) IMF. In brief, the
question is to understand if a star forming in isolation is as likely to become a high-mass O
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star as a star forming in a rich, massive cluster: if so, the IMF is likely sampled in a completely
random fashion; if not, some process (e.g., radiative feedback, dynamic interactions Dib et al.
2010; Krumholz et al. 2010) must allow the star forming environment to influence the order
in which the IMF is sampled. This means of probing the processes underlying the IMF
was highlighted by Weidner & Kroupa (2006), and has inspired extensive scrutiny of the
relationship between a cluster’s mass and that of its most massive star (e.g., Lamb et al.
2010), and of the birthplace of apparently isolated massive stars (e.g., Selier et al. 2011;
Bressert et al. 2011). Clearly a star of mass greater than the mass of the extant molecular
cloud reservoir cannot form. Beyond that common-sense limit, however, there are multiple
methods that can be adopted to set the upper mass limit of the IMF that will result from a
given molecular cloud (i.e., the expectation mass of a perfectly sampled IMF with a total mass
equal to that of the cloud, or the statistical upper mass limit that results from stochastically
sampling an IMF truncated at the total cloud mass). These differing assumptions as to
where to truncate a given cloud’s IMF are simultaneously quite influential in determining the
shape of the resultant IMF, but may also be quite difficult to test observationally (Elmegreen
2006; Parker et al. 2011). While a consensus view of the implications of these studies has
yet to emerge, they have revived investigations into the relationship between the structure
of molecular clouds, the dynamics of clusters, and the physics of star formation. Future
insights may also be gleaned from linking these studies of the high-mass IMF with those
investigating the dynamics and cluster-stellar mass relation in sparser star forming groups
(e.g. Kirk & Myers 2011). For brevity, we direct the interested reader to the contributions
by Weidner, Pflamm-Altenburg and Bressert elsewhere in this volume.

5 Future IMF Advances Enabled by the Gaia-LSST Synergy

As indicated by the summaries above, and the more extensive review by Bastian et al. (2010),
despite decades of study and countless nights of observing time devoted to IMF measurements,
we still lack confident detections of systematic IMF variations as function of environment
and/or initial conditions. Instead, IMF measurements of resolved stellar populations return
results that are broadly consistent, within the limits of their statistical precision, with an
IMF that possesses a Salpeter slope above 1 M⊙, flattens into a broad peak near 0.2 M⊙, and
then declines into the sub-stellar regime. Regions do exist that appear to possess anomalous
IMFs (e.g., Taurus; Luhman et al. 2009), but these exceptions are relatively rare, and no
systematic link can be drawn from the region’s current or initial state to its anomalous IMF,
complicating attempts to attribute physical significance to these deviations.

As in the past, improved observational constraints on the presence or absence of IMF
variations in resolved stellar populations require improved censuses of several key environ-
ments: the volume complete sample in the extended Solar neighborhood, to provide the
highest-fidelity template single-star mass function; nearby clusters, including both young star-
forming regions and old open clusters, to provide sensitivity to environmental dependences;
and distant star forming regions, which probe environments with extreme metallicities and
star formation rates, and provide the statistical leverage needed to probe the high mass end
of the IMF. The last environment is perhaps most amenable to study with the James Webb
Space Telescope and/or the next generation of large aperture, AO-corrected facilities, which
will enable studies of more distant and crowded regions than are currently feasible.
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Figure 1: A visualization of the distances over which Gaia (red lines) and the Large Synoptic
Survey Telescope (LSST; blue lines) will able to detect stars and brown dwarfs, as a function
of r band absolute magnitude. Overplotted as solid black lines are the distances to which
Gaia will obtain parallaxes accurate to 1% and 10%; LSST will achieve astrometric precision
comparable to Gaia’s faint end performance, consistent with the red/faintward extrapolation
of Gaia’s 10% precision limit.
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Studies of the volume complete sample and of nearby clusters, however, will benefit
more from the next-generation of large area surveys with good astrometric performance;
these capabilities will also contribute to studies of the high-mass IMF, by providing improved
limits on the frequency and initial birth-places of apparently isolated young, high-mass stars.
Moreover, with the imminent launch of the Gaia mission, operations now underway for the
PanSTARRs and SkyMapper surveys, and first light expected for the Large Synoptic Survey
Telescope (LSST) by the end of this decade, the community will soon see a significant increase
in the depth, fidelity, and accuracy of large area surveys with good astrometric precision.

Figure 1 illustrates the range of distances over which Gaia and LSST will produce
reliable photometric catalogs, as a function of stellar absolute magnitude (and thus mass).
We also include the distance limits to which Gaia is expected to provide distances accurate
to 1% and 10%, calculated by adopting the model of Gaia’s astrometric performance as a
function of source magnitude summarized by Ivezic et al. (2008). Ivezic et al. (2008) also
demonstrate that Gaia’s astrometric precision will be superior to that of the LSST at all
magnitudes brighter than Gaia’s faint limit. At Gaia’s faint limit, however, LSST will be
able to achieve comparable astrometric precision, and LSST’s large aperture will enable
astrometric measurements for sources as faint as r∼24, albeit with errors that increase as
expected from photon noise.

Gaia and LSST will therefore produce highly complimentary photometric and astro-
metric catalogs, with Gaia providing unmatched precision for sources brighter than G ∼20,
and LSST smoothly extending the error function faintward to r∼244, and redward to y∼22.1.
These complimentary capabilities will advance IMF studies to a point significantly beyond
where either survey could take us alone:

• For stars at the peak of the IMF or blueward, Gaia will expand the vol-

ume complete sample by more than an order of magnitude. Currently, the
volume complete sample of solar-type stars extends reliably to a distance of 25 pc (e.g.,
Raghavan et al. 2010). As Figure 1 demonstrates, Gaia will provide distances accurate
to 1% for solar-type stars as far 500pc; this order of magnitude increase in the outer
boundary of the volume complete sample corresponds to a thousand-fold increase in
the volume of the volume complete sample!

As Figure 1 also shows, however, Gaia’s astrometric precision does not decay as quickly
with stellar absolute magnitude as its photon limit does: in other words, Gaia will run
out of photons from the reddest stars more quickly than it will run out of baseline for
measuring their parallaxes. As a result, Gaia’s volume complete sample will be limited
primarily by photometric limits for stars with Mr ≥12-15, which lie near the peak of
most IMF measurements and correspond to a mass of ∼0.2 M⊙. At these lowest masses,
the distance limit of Gaia’s volume complete sample will decline from ∼100pc for M3/4
type stars to ∼10pc at the M9/L0 stellar/substellar boundary, with typical T dwarfs
only being detected within 2-3pc.

• With exquisite proper motions as well as parallaxes, Gaia will dramatically

improve membership determinations for nearby open clusters, and dissect

the kinematic sub-populations of the Galactic disk. The volume complete sam-

4at a single-epoch; co-added images will reach a depth of r∼27
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ple described above will be sufficiently large that it will encompass numerous nearby
clusters: α Per, the Pleiades, Hyades, Praesepe, and Rup 147 are a few notable bench-
mark clusters whose solar-type members will fall well within the horizon of Gaia’s
volume complete sample. Using Gaia’s precise proper motion measurements to dis-
criminate cluster members from the field, new studies of these clusters will improve
our understanding of not only their IMFs, but also the dynamics of cluster dissolu-
tion and mass segregation. Gaia will similarly improve our membership lists for young
moving groups like TW Hya, Beta Pic, and η Cha, combining kinematic criteria with
multi-epoch photometry to diagnose the enhanced variability characteristic of pre-main
sequence stars. Improving and extending the membership of these groups will enable
important observational tests for our models of pre-main sequence stellar evolution,
early cluster dynamics, and potential mechanisms for triggering star formation events.
Finally, the kinematic properties of the remaining ‘boring’ Galactic field stars will pro-
vide remarkable traction for understanding the star formation history and dynamics of
the Milky Way.

• Gaia’s photometric, astrometric and spectroscopic catalog will provide con-

siderable leverage for identifying stellar multiples, enabling new investiga-

tions of the IMF as a function of source multiplicity. Currently, most investi-
gations of the IMF are unable to fully diagnose the presence of stellar multiples, much
less characterize their properties, and are thus only able to probe the IMF of stellar
systems. The few investigations that have studied the IMF of companion stars directly,
however, find evidence that single stars and stellar companions are drawn from distinct
IMFs (e.g., Metchev & Hillenbrand 2009; Reggiani & Meyer 2011), suggesting new con-
straints for models of star formation and cluster dynamics. Gaia will be able to directly
detect and characterize numerous multiples whose orbital motions can be resolved via
astrometry and spectroscopy, and reveal countless more multiples via photometric off-
sets in the HR diagram. These photometrically detected binaries will provide useful
statistical constraints on the IMF of multiple systems, but their true potential for IMF
studies will not be achieved without spectroscopic follow-up to obtain orbital solutions
and detailed mass ratios, highlighting the clear science case for a ground-based spec-
troscopic survey to complement and extend Gaia’s spectroscopic coverage.

• Gaia parallaxes will anchor LSST’s color-magnitude relations. Compared to
the major scientific advances outlined above, it may seem trite to note that Gaia’s stellar
catalog will become the default source of calibrators for subsequent wide area surveys,
but this will nonetheless be a major contribution to the astronomical community.

To underscore the value of Gaia’s catalog for calibrating subsequent surveys, we can
use the Sloan Digital Sky Survey (SDSS) as a case study. The SDSS’s red sensitivity
significantly advanced our ability to study the lowest mass members of the Galactic disk
(e.g., Bochanski et al. 2007b,a; Covey et al. 2008a). The SDSS is sufficiently sensitive,
however, that determining absolute luminosities, and thus masses, for these lowest mass
stars has been surprisingly difficult; late-type stars with measured trigonometric paral-
laxes are nearly all sufficiently bright that they saturate the native SDSS photometry,
and these stars are sufficiently red that they lie well outside the realm of the grid of
SDSS’ primary photometric standards, such that the large color-terms required to con-



Covey et al. 11

vert existing color-magnitude relations into the SDSS filterset are relatively uncertain
(Davenport et al. 2006; Bilir et al. 2008). These combined effects have complicated
efforts to infer the color-magnitude relation of low-mass stars on the native SDSS pho-
tometric system, with measurements of stellar spectral types (Covey et al. 2007) often
required to bootstrap internally consistent color-spectral type relations to an externally
calibrated spectral type-absolute magnitude relation (e.g., Hawley et al. 2002).

For these reasons, the sizable overlap in Figure 1 between LSST’s bright limit, and
Gaia’s 1-10% parallax limit is encouraging: LSST will obtain direct photometry for
millions of stars with accurate Gaia parallaxes, enabling the construction of high fi-
delity color-magnitude relations on LSST’s native photometric system. Gaia’s exquisite
kinematic information will even allow these color-magnitude relations to be derived for
individual cluster populations, as well as for separate Galactic populations, providing
ample opportunities to calibrate the impact that metallicity and age can have on these
relations5. These data products will provide an incredibly robust foundation for nearly
all studies of stellar astrophysics with LSST’s photometric catalog.

• By smoothly extending Gaia’s astrometric performance to fainter and red-

der sources, LSST will extend Gaia’s IMF measurements to the lowest

masses, and the youngest ages. As Figure 1 demonstrates, there are numerous
sources for which Gaia’s astrometric precision would be sufficient to provide accurate
distances, if only the source would deign to emit enough photons to provide a confident
photometric detection. By virtue of its significantly larger aperture, and enhanced red
sensitivity, LSST will be able to smoothly extend Gaia’s astrometric precision solidly to
redder and fainter sources. Figure 1 illustrates this complimentarity in the context of
distance limits for unextincted main sequence stars and brown dwarfs in the solar neigh-
borhood; considering only r band sensitivity, LSST should be able to extend the limit
for 10% distances by a factor of ∼2 at the stellar-substellar boundary, and by a factor
of ∼3 for typical T-type brown dwarfs. These expanded distance limits correspond to
a factor of ∼8-27 increase in survey volume, and the availability of izy photometry will
provide even greater increases in survey volume for the reddest sources.

In addition to extending the outer boundary of the volume complete sample for the
lowest mass objects, LSST’s astrometric performance at red wavelengths will similarly
improve IMF studies of open clusters and star forming regions. LSST’s accurate pho-
tometry and astrometry for red sources will enable the kinematic identification and
characterization of low-mass stars and brown dwarfs in the nearest open clusters; the
fiducial color-magnitude diagrams defined by those kinematically defined samples will
then enable statistical analyses of the memberships and IMFs of more distant open
clusters, whose lower main sequences will only be detected in co-added LSST data
products. LSST’s red sensitivity will be of even more value for analyzing the mem-
berships of regions with ongoing star formation activity. The stars in the youngest
of these regions are often associated with significant extinction, making LSST’s as-
trometric performance at red wavelengths all the more important for defining cluster

5Indeed, while these color-magnitude relations for will be invaluable for interpreting LSST data, the leverage
they will provide for investigating morphological changes in the structure of the main sequence across stellar
populations will likely lead to significant advances in our understanding of stellar evolution.
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membership, analyzing cluster dynamics, and enabling robust IMF determinations in
extinction limited sub-samples of cluster members.

While we have yet to confidently detect robust signatures of IMF variations in resolved
Galactic stellar populations, the above discussion demonstrates that we will soon experience
a dramatic improvement in our ability to measure the mean IMF of the Milky Way, and
contrast it with robust IMF measurements for distinct kinematic and cluster populations in
our Galaxy. Whatever the results of these studies, they will have significant implications for
our understanding of the astrophysics of star formation: the stringent limits these capabilities
will be able to place on IMF variations will either demonstrate that star formation is a
remarkably process, producing a consistent IMF across a range of star forming environments,
or reveal the manner in which the IMF does reflect the properties of the underlying star
forming environment.
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