University of Massachusetts Amherst

ScholarWorks@UMass Amherst

Astronomy Department Faculty Publication

Series Astronomy

2009

The New Frontier: Galactic-Scale Star Formation

D Calzetti

RC Kennicutt

Follow this and additional works at: https://scholarworks.umass.edu/astro_faculty_pubs

b Part of the Astrophysics and Astronomy Commons

Recommended Citation

Calzetti, D and Kennicutt, RC, "The New Frontier: Galactic-Scale Star Formation" (2009). Publications of
the Astronomical Society of the Pacific. 137.

https://doi.org/https://doi.org/10.1086/605617

This Article is brought to you for free and open access by the Astronomy at ScholarWorks@UMass Amherst. It has
been accepted for inclusion in Astronomy Department Faculty Publication Series by an authorized administrator of
ScholarWorks@UMass Amherst. For more information, please contact scholarworks@library.umass.edu.


https://scholarworks.umass.edu/
https://scholarworks.umass.edu/astro_faculty_pubs
https://scholarworks.umass.edu/astro_faculty_pubs
https://scholarworks.umass.edu/astro
https://scholarworks.umass.edu/astro_faculty_pubs?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F137&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/123?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F137&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/https://doi.org/10.1086/605617
mailto:scholarworks@library.umass.edu

PUBLICATIONS OF THE ASTRONOMICAL SOCIETY OF THE PACIFIC, 121:937-941, 2009 September
© 2009. The Astronomical Society of the Pacific. All rights reserved. Printed in U.S.A.

The New Frontier: Galactic-Scale Star Formation

D. CaLzerT' AND R. C. KENNICUTT?
Received 2009 June 12; accepted 2009 June 30; published 2009 August 20

ABSTRACT. The arena of investigation of star formation and its scaling laws is slowly, but consistently, shifting
from the realm of luminous galaxies to that of faint ones and to subgalactic regions, as existing and new facilities
enable investigators to probe regions of the combined parameter space of surface brightness, wavelength, and
angular resolution that were inaccessible until a few years ago. We summarize what has been accomplished,
and what remain as challenges in the field of galactic-scale star formation.

1. INTRODUCTION

Over the past two decades, evidence has been increasingly
accumulating that there is a tight relation between the star for-
mation rate surface density and the gas surface density on global
(disk-averaged) scales in nearby galaxies, which is expressed,
using the parametrization of Schmidt (1959, 1963), as

Som = AT, (1)

where Ygpg is in units of M, yr~' kpc™? and Xy, in M, pc?,

and with N~ 1.4-1.5 and A~ 2.5x 10~* (e.g., Kennicutt
1998a and references therein).

The scaling relation provides a direct link between the gas
supply and the efficiency of the conversion process of gas into
stars. Implicitly included in the physical mechanisms that reg-
ulate star formation is the threshold of star formation, i.e., the
minimum gas surface density below which star formation can-
not be initiated (e.g., Martin & Kennicutt 2001). Understanding
the physical connection between star formation and its fuel
is a critical ingredient for models of the evolution of galaxies
and their baryonic component (e.g., Kay et al. 2002). A variety
of physical models have been proposed to explain the power-
law scaling between gas and star formation surface density
and the presence of a threshold for star formation, including
large-scale gravitational instabilities (Martin & Kennicutt
2001; Elmegreen 2002; Wong & Blitz 2002), local dynamical
timescales of rotating disks (Wyse & Silk 1989; Kennicutt
1998a), galactic shear (Hunter et al. 1998), turbulence and
cloud-cloud collision mechanisms or local gravity (Mac Low
& Klessen 2004; Krumholz & McKee 2005; Tasker & Tan
2008; Heitsch & Hartmann 2008; Krumholz et al. 2009), and
many others. These models cannot, however, be discriminated
by global galaxy measures or by measurements that only target
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the brightest, most intense star-forming, and densest environ-
ments within galaxies.

The arena of investigation has been progressively shifting
from large (global) scales to small (sub-kpc) scales and from
bright to faint regions and galaxies in an attempt, among other
things, to break this degeneracy, and determine the physical un-
derpinning of the scaling laws of star formation. Over the past
several years, studies have expanded the investigation of the re-
lation between star formation and gas to radial profiles of gal-
axies, to constrain the form of the relation over a few kpc scales
(e.g., Martin & Kennicutt 2001; Boissier et al. 2003; Schuster
et al. 2006, and many others). Only with the relatively recent
accomplishment of high spatial resolution mapping in CO
and HI lines to probe the resolved molecular and atomic gas
content of galaxies, and of homogeneous, arcsecond-resolution,
UV-to-infrared multiwavelength imaging surveys to derive
robust dust—corrected star formation rates (SFRs), gas and star
formation are beginning to the traced on the sub—kpc scales
typical of star—forming regions in galaxies (Kennicutt et al.
2007; Bigiel et al. 2008; Leroy et al. 2008). These studies have
also yielded larger variations in the index of the power law, with
values in the range N ~ 1-3. This result underscores the fact
that challenges are still present not only on the theoretical front,
but on the observational front as well.

2. STAR FORMATION RATE TRACERS

At the most basic level, SFR indicators are merely measure-
ments of luminosity, either monochromatic or integrated over
some specific wavelength range. The main target is to identify
emission that probes recent star formation, while avoiding as
much as possible contributions from more evolved stellar popu-
lations. This is generally accomplished by targeting continuum
or line emission that is sensitive to the short-lived massive stars.

Luminosities at all wavelengths across the electromagnetic
spectrum, from the X-ray to the radio, have been employed
to calibrate SFR indicators, targeting both the direct stellar emis-
sion in the UV/optical range and the dust-reprocessed stellar
light in the mid/far-infrared (Kennicutt 1998b; Calzetti 2009
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and references therein). Because of observational limitations,
SFR indicators at any wavelength have traditionally been
reliably calibrated using the spatially-integrated light from
luminous galaxies or luminous star-forming regions within gal-
axies. These calibrations have thus been luminosity-weighted
toward the most active regions, also averaging across local
variations in star formation history and physical conditions
within each galaxy.

The main limitation for both spatially—integrated and spa-
tially-resolved SFR indicators is the presence of dust, which
absorbs the light from stars. Furthermore, dust is more closely
associated with star-forming regions, and there is a loose cor-
relation between amount of dust extinction and star formation
activity in both star-forming galaxies and regions (Wang &
Heckman 1996; Heckman et al. 1998; Calzetti et al. 2007). Uni-
form infrared surveys such as the one provided by IRAS (Soifer
et al. 1986) have provided means to correct SFR indicators
applied to whole galaxies.

Until recently, spatially-resolved measurements of SFRs
had to rely on UV and/or optical tracers coupled to uncertain
dust extinction corrections, due to the lack of high—angular-
resolution infrared measurements to probe the dust-obscured
star formation. Over the past decade, however, the Infrared
Space Observatory (ISO) and the Spitzer Space Telescope
(Spitzer) have transformed our approach to subgalactic SFR
measurements, by probing the dust-obscured star formation
with a few arcsecond resolution, corresponding to <1 kpc size
for galaxies within the Local Supercluster (Kennicutt et al.
2003; Calzetti et al. 2005, 2007, 2009; Kennicutt et al. 2007,
2009). The soon-to-be-operational Herschel Space Observatory
will expand on those capabilities, by spatially resolving
dust-obscured star formation at the peak energy emission
(~70 pm-150 pm).

Corrections for the effects of dust, however, can be challeng-
ing when applied over sub-kpc regions. For instance, the stars
that are responsible for the UV emission in a star-forming region
are often spatially separated from the gas that emits in Ho
(and in the infrared), by a few tens to a few hundred pc (Calzetti
et al. 2005; Relafio & Kennicutt 2009; Boquien et al. 2009a).
Although this separation is irrelevant when measuring SFRs
over entire galaxies, it becomes a crucial feature when the area
over which the SFR is measured approaches the size of the star-
forming region. In this case, the dust column density in front of
the UV-emitting stars can be dramatically different from, and
lower than, that in front of the Ho-emitting gas (Relafio &
Kennicutt 2009), by possibly a larger factor than that inferred
from galaxy-integrated studies (e.g., Calzetti et al. 1994).

SFR measurements of spatially-resolved regions within gal-
axies depend on many other physical factors besides dust at-
tenuation. Because SFRs defined at different wavelengths probe
different timescales (e.g., the UV-continuum emission probes
stellar populations in the age range ~0-100 Myr, while the
Ha-line emission probes the age range ~0-10 Myr), factors

such as local variations in the star formation history, star forma-
tion intensity, physical and chemical conditions, star cluster
mass function, and stellar Initial Mass Function (IMF) are likely
to play a role in the SFR calibrations.

A variety of studies have recently established that traditional
SFR(UV) and SFR(Ha) calibrations (e.g., Kennicutt 1998b)
yield different results when applied to bright or low-luminosity
regions and galaxies. In bright galaxies, SFR(UV)~SFR(Ha),
implying that the underlying assumptions of those calibrations,
i.e., constant star formation over the stellar age range of interest
and a universal stellar IMF (e.g., Kroupa 2001; Chabrier 2003 or
others), describe luminous galaxies reasonably well (e.g., Salim
et al. 2007; Meurer et al. 2009; Lee et al. 2009). Variations in
SFR(UV)/SFR(H«) due to differences in the adopted stellar
population models are around 10%-20%, which is well within
the scatter of the measurements in bright galaxies. However,
during the past decade, observational evidence has been accu-
mulating that, as their luminosity decreases, galaxies display a
systematic trend for SFR(UV) to become larger than SFR(Ha)
(e.g., Sullivan 2000; Bell & Kennicutt 2001; Salim et al. 2007;
Meurer et al. 2009; Lee et al. 2009). The discrepancy can be as
large as an order of magnitude at the faintest end of the Ha
luminosity, as shown by Lee et al. (2009) in an analysis of
almost 350 galaxies within the local 11 Mpc.® Preliminary
analyses appear to indicate a similar trend between bright and
faint sub-kpc regions within galaxies (Boquien et al. 2009b,
in preparation). Furthermore, in the last few years GALEX has
discovered the existence of extended UV disks in nearby star-
forming spirals, extended well beyond the ionized gas disk
(Thilker et al. 2005; 2007; Dong et al. 2008). Salim et al. (2007)
attribute the UV “excess” of low-luminosity galaxies to a
luminosity-dependent excess attenuation correction in the UV
data. More recently, Meurer et al. (2009) and Lee et al. (2009)
have shown that the UV “excess” in faint galaxies is present
prior to dust attenuation corrections.

The existence of the problem is clear, but the determination
of its nature will be considerably more difficult. Due to the dif-
ferent timescales they probe, the UV and Ha emission are sen-
sitive to the star formation history of the region; in the case of an
instantaneous burst of star formation with fixed stellar IMF and
stellar population model, by the time the Ho intensity has de-
creased by 2 orders of magnitude, the UV has only decreased by
a factor ~6 (using the 2007-updated models of Leitherer et al.
1999). While the average star formation history of whole star-
forming galaxies may be approximated by simple models like
constant or exponentially declining star formation, the star for-
mation history of small areas within those same galaxies is
likely to be more stochastic in nature. Nevertheless, star forma-
tion history may not be the only necessary ingredient, as
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environment-dependent stellar IMFs are also a possible expla-
nation to the observed effects (Massey et al. 1995).

If variations in the star formation history may account for the
observed discrepancies between SFR(UV) and SFR(Ha) for
resolved regions within galaxies, the same approach is less
applicable for large samples of low-luminosity and/or low—
surface-brightness galaxies, where such variations are expected
to average out or would imply implausible synchronizations
among the galaxies (Hoverstern & Glazebrook 2008; Meurer
et al. 2009). Alternative scenarios include a steepening of the
high end of the stellar IMF as a function of decreasing galaxy
luminosity (Hoverstern & Glazebrook 2008; Meurer et al.
2009), and an environment-dependent star cluster mass func-
tion, for which less massive galaxies do not form massive
gas clouds, leading to an stochastic sampling of the high end
of the stellar IMF (Pflamm-Altenburg et al. 2009; Lee et al.
2009). The two scenarios, albeit physically distinct, yield very
similar observational results in terms of integrated fluxes or
colors. A discrimination between the two will require direct
(via star counts) measurements of stellar IMFs over the full
parameter space of galactic environments, as found within the
local ~10-15 Mpc.

We are obviously in front of a severe limitation in our ability
to apply standard calibrations of SFR indicators to subgalactic
regions. The challenge over the next few years will be to answer
the following question: can we and how do we measure SFRs in
spatially-resolved regions of galaxies?

3. GAS TRACERS

The 21 cm line and CO emission are used to trace the neutral
atomic and molecular gas (densities ~300 cm~>) components
in galaxies, respectively. Denser molecular gas phases,
>3 x 10* cm™3, have been recently probed using tracers like
HCN (Gao & Solomon 2004).

Surveys using existing facilities, like the VLA, WSRT,
ACTA, CARMA, IRAM, Nobeyama, JCMT, etc. have, in recent
times, produced or are producing homogeneous maps in HI and
CO for nearby, luminous galaxies, in some cases with a few
arcsecond resolution, to name a few, THINGS (Walter et al.
2008), BIMA-SONG (Helfer et al. 2003), HERACLES (Leroy
et al. 2009), STING (Rahman et al. 2009).

While the need for homogeneously observed, reduced, and
calibrated maps of large samples of nearby galaxies is acute for
both the atomic and molecular gas components, most of the
challenges lay with the latter. Even with today’s facilities
and instruments, most CO maps trace the bright central regions
and spiral arms of luminous galaxies. Conspicuously absent,
because generally undetected, are the interarm and outer regions
of spiral galaxies and the dwarf and low—surface-brightness
galaxies.

Those missing portions of the parameter space are due to the
combination of two factors: (1) lack of sufficient sensitivity with
existing facilities; (2) the uncertain relation between CO line
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intensity and molecular hydrogen column density. Maps of
the nearby spiral NGC5194 obtained with the 45 m single-dish
antenna of the Nobeyama Telescope (Koda et al. 2009) do in-
deed suggest that sensitivity to low—surface-brightness emission
is an important factor for detecting CO emission in faint galactic
regions, possibly including the outer regions of large spirals.
Observations with large single-antenna millimeter telescopes
(e.g., the Large Millimeter Telescope, Perez-Grovas et al.
2006; Schloerb 2008) will be able to target low—surface-
brightness emission in galaxies. In addition to the scaling laws,
these maps will be instrumental for addressing the existence,
universality, and environmental and physical dependences of
the threshold of star formation in galaxies (e.g., Martin &
Kennicutt 2001; Schaye 2004; Boissier et al. 2007; Dong et al.
2008; Krumholz & McKee 2008).

Far more complicated is determining whether a “universal”
relation between Hy column density and CO luminosity (the
Xco factor) is present in galaxies, and on which scales such
relation would be applicable. Current determinations of Xco
are mainly based on measurements made in luminous,
metal-rich spirals and range in value between 1.56 x 10%’ and
4.0 x 10 (K kms™)"tecm™ (Bloemen et al. 1986; Strong
et al. 1988; Young & Scoville 1991; Blitz & Rosolowsky
2006; Draine et al. 2007). One of the main caveats in the use
of the X factor is its potential dependence on metallicity
(today still controversial, see Wilson 1995; Boselli et al. 2002;
Blitz & Rosolowsky 2006), and on the physical conditions of
the molecular clouds (Dickman et al. 1986). One observational
result is that the detectability of CO decreases sharply with
galaxy parameters loosely linked to luminosity, or mass, or
surface brightness (Meier et al. 2002; Leroy et al. 2009). The
self-shielding of CO is likely to decrease for decreasing
metallicity, thus shrinking the physical size of the CO-emitting
region in the molecular cloud. Studies of individual clouds
in nearby galaxies covering the full parameter space of mass,
luminosity, surface brightness, metallicity, etc. will be required
to address these questions.

Independently of how reliably the CO traces Hy under all or
most conditions, searches for a complementary tracer of the mo-
lecular gas content of galaxies have become a timely endeavor.
If the metal depletion on to dust is roughly constant from galaxy
to galaxy, the expectation is that the dust-to-gas ratio will be
proportional to the galaxy’s or regions’s metallicity; this has
been shown to be in reasonable agreement with the data, with
a factor ~2 dispersion, at least in a sample of nearby galaxies
(Draine et al. 2007). From that relation, the molecular gas con-
tent can be “reverse engineered,” once metallicity, HI mass, and
dust mass are known. To achieve this goal, accurate, sensitive,
and high-angular resolution maps in both HI and dust emission
will be required. Accurate determinations of dust masses on
the scales relevant for probing the laws of star formation re-
quire observing, with ~arcsec resolution, the full wavelength
range from the infrared (starting around ~10-30 pm) to the
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millimeter, where dust emission dominates over other pro-
cesses. The Herschel Space Observatory only partially covers
that requirement. The millimeter range is particularly important
for measuring dust masses, since it probes the Rayleigh-Jeans
tail of the blackbody emission and is less sensitive to uncertain
dust temperature(s) determinations (e.g., Dunne et al. 2000).

The infrared/millimeter emission, however, only traces
heated (by stars) dust, and should, technically, provide a lower
limit to the actual dust content of a galaxy or a region. In addi-
tion to dust emission, molecular gas content can in principle be
traced via dust absorption, which is related to the dust column
density if the extinction law of a galaxy or a galactic region is
known (or reasonably determined, Bohlin et al. 1978). The main
difficulties in applying this method to external galaxies are: iso-
lating and measuring individual stars, both extincted and un-
extincted, and determining the line-of-sight location of those
stars relative to the gas distribution.

No less of an issue than measuring the spatially-resolved mo-
lecular gas content of galaxies is determining which gas density
component is most closely associated with the star formation.
Gao & Solomon (2004) determined, in their equation (1), that
the exponent N~1 if dense gas only, as traced by HCN, is
considered. The nature of the gas component most closely
associated with the star formation is still matter of intense
debate, both theoretical and observational (see, e.g., Blitz &
Rosolowsky 2006; Kennicutt et al. 2007; Narayanan et al.
2008; Leroy et al. 2008). The biggest challenge for mapping
the gas content of nearby galaxies and relating it to the physics
of star formation remains securing uniform, high—spatial-
resolution, surveys of multiple gas tracers, probing different
gas density phases, over a representative volume of the Local
Universe.

4. SUMMARY

New windows are being opened across the electromagnetic
spectrum in the combined parameter space of sensitivity and
angular resolution by the refurbishment of the Hubble Space
Telescope, the launch of the Herschel Space Observatory,
and by the future space optical/infrared (e.g., the James Webb
Space Telescope) and ground millimeter and radio facilities
(e.g., the Atacama Large Millimeter Array, the Large Millimeter
Telescope, the EVLA, the Square Kilometre Array, etc.). These
will enable the investigation of the accretion processes of

neutral gas onto galaxies and of the physical mechanisms under-
lying the conversion of gas into stars, not only in our own
Galaxy, but also in nearby and distant galaxies as a function of
cosmic time.

With new opportunities come new challenges, both for star
formation rate indicators and for gas tracers. As the focus of the
field shifts from the analysis of galaxy-averaged quantities to
spatially-resolved quantities within galaxies, calibrations of
SFR indicators will have to be “adapted” for applications to
subgalactic regions. This will imply accounting for variations
in dust column densities within resolved regions, as well as
variations in physical and chemical conditions, star formation
histories and, possibly, determining any environmental depen-
dence of the stellar IMF and cluster mass function.

For the gas tracers, challenges to be addressed over the next
few years will include: determining whether the Xq factor is
universal or is dependent on local conditions, and isolating
which parameters it may depend on; testing alternative ways
to trace the molecular gas content in galaxies; securing large
surveys of nearby galaxies with uniform, sub-kpc resolution
maps covering the full parameter space of galaxy properties
(luminosity, surface brightness, mass, star formation intensity,
global gas content, etc.), galactic conditions (including interarm
regions of spirals, outer disk regions, etc.), and the full param-
eter space of gas conditions (density, metallicity, etc.) found in
the Local Universe.

Addressing the issues discussed in this short review will have
far-reaching consequences for a number of fields investigating
galaxies and galaxy populations. For instance, it will both pro-
vide the tools to interpret observations of galaxies across cosmic
times, from first light to the present, and input subgalactic star
formation prescriptions for numerical and analytical simulations
of galaxy formation and evolution.

This work has been made possible by the efforts of two
science teams: the SINGS (Spitzer Infrared Nearby Galaxies
Survey) and the LVL (Local Volume Legacy) teams. SINGS
and LVL are Spitzer Legacy programs; the Spitzer Space Tele-
scope is operated by the Jet Propulsion Laboratory, California
Institute of Technology under a contract with NASA.

D. C. thanks Ron Snell at the University of Massachusetts
for many stimulating discussions on the relationship between
CO and H,.
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