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ABSTRACT

We report ALMA observations with resolution ⇡ 0.500 at 3 mm of the extended Sgr B2 cloud in the Central Molecular
Zone (CMZ). We detect 271 compact sources, the majority of which have extents smaller than 5000 AU. By ruling
out alternative possibilities such as externally ionized globules, we conclude that these sources consist of a mix of
HCH ii regions and YSOs (young stellar objects), with most of the newly-detected sources being YSOs. Based on their
luminosities, most of these sources must contain objects with stellar masses M⇤ & 8 M�. The spatial distribution of
these sources, which are spread over a ⇠ 12⇥ 3 pc region, demonstrates that Sgr B2 is experiencing an extended star
formation event, not just an isolated ‘starburst’ within the protocluster regions Main (M), North (N), and South (S).
Using this new sample, we examine star formation thresholds and surface density relations in Sgr B2. While all of the
detected sources reside in regions of high column density (N(H2) & 2 ⇥ 1023 cm�2), not all regions of high column
density contain 3 mm sources. The observed column threshold for star formation is substantially higher than that in
solar vicinity clouds, implying either that high-mass star formation requires a higher column density or that the star
formation threshold in the CMZ is higher than in nearby, low-mass clouds. The relation between the surface density
of gas and stars is incompatible with extrapolations from local clouds, and instead it appears that a linear ⌃⇤ � ⌃gas

relation best matches both Sgr B2 and local clouds. Together, these points suggest that a higher volume density
threshold is required to explain star formation in CMZ clouds. These observations constitute the largest known single,
possibly coeval, sample of forming massive stars.
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3-mm spectral imaging of the CMZ 2965

Figure 2. Peak brightness images for the lines of HCN, HCO+, HNC, HNCO, N2H+ and HC3N. These are the six brightest lines we observed. The scale is
peak brightness as T ∗

A in K here and in Figs 3–5.
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Gas in the CMZ is qualitatively different from gas in the disk

It is warmer, denser, and more turbulent. 
It is also chemically rich (i.e., it has lots of molecules 

everywhere that usually aren’t seen anywhere)
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Fig. 1. Observed star formation rates vs. the mass of dense gas residing
at visual extinctions AV > 7 mag. Yellow diamonds give the properties
of molecular clouds within about 500 pc from sun compiled by Lada
et al. (2010). The yellow crosses present the Gao & Solomon (2004)
data for star formation in entire galaxies, as re–calibrated by Lada et al.
(2012). The large green cross gives the CMZ star formation rate for the
|`|  1� region largely explored by this paper, while the smaller green
crosses hold for further regions explored by Longmore et al. (2013a).
The red bullets give masses and star formation rates for individual CMZ
clouds discussed in this paper. See Paper I for details and the uncertain-
ties illustrated by red error bars and arrows shown in the lower right
corner. The black dashed line indicates a fit to the Lada et al. (2010)
data taken from the same publication. The gray dashed line gives a re-
lation with a star formation rate lower by a factor 10.

to violent gas motions, such as cloud–cloud collisions at high ve-
locities. These motions might further compress the clouds.

This combination of tidal action, external pressure, and cloud
interactions probably results in the high average gas densities ob-
served in the CMZ. What is so far not known is the density struc-
ture of CMZ clouds on spatial scales of about 0.1 to 1 pc. The
characterization of cloud structure on these small spatial scales
is one of the central goals of the GCMS.

Detailed knowledge of the structure of CMZ dense gas on
small spatial scales is crucial for our understanding of key prop-
erties of the CMZ. In particular, it is generally established that,
relative to the solar neighborhood (Heiderman et al. 2010; Lada
et al. 2010; Evans et al. 2014), star formation in the dense gas
of the CMZ is suppressed by an order of magnitude (Güsten &
Downes 1983; Caswell et al. 1983; Caswell 1996; Taylor et al.
1993; Lis et al. 1994, 2001; Lis & Menten 1998; Immer et al.
2012a,b; Longmore et al. 2013a; Kau↵mann et al. 2013b; Pa-
per I). It has been argued that the aforementioned star formation
relations describe both the solar neighborhood and the integral
star formation activity of entire galaxies (Gao & Solomon 2004;
Lada et al. 2012).

The CMZ thus provides a unique and important laboratory to
study suppressed SF in dense gas (Fig. 1). This is an important
endeavor: similar suppression mechanisms might well a↵ect the
growth of galaxies elsewhere in the cosmos. Several theoretical
research projects have been launched to understand the observed

trends in star formation. Kruijssen et al. (2014) review analyti-
cal models of suppressed SF, while Bertram et al. (2015) con-
duct numerical studies of clouds subjected to CMZ conditions.
Krumholz & Kruijssen (2015) propose that inward transport of
gas in a viscous disk could explain many of the cloud properties
observed at |`| . 3�.

There are essentially three ways to inhibit star formation: by
suppressing the formation of dense molecular clouds, by sup-
pressing the formation of cores of ⇠ 0.1 pc size that could e�-
ciently form individual stars (or small groups), or by suppress-
ing the collapse of these cores into stars. Paper I establishes that
a large number of massive and dense clouds exist, and that SF
is suppressed inside these clouds. Thus we can reject the option
of pure suppressed cloud formation. Further, in Kau↵mann et al.
(2013b) we use the first resolved maps of dust emission of the
G0.253+0.016 cloud (a.k.a. the “Brick”) to demonstrate for the
first time that at least one CMZ cloud is essentially devoid of
significant dense cores that could e�ciently form a large num-
ber of stars. This indicates that the suppression of dense core
formation suppresses SF activity. This picture is confirmed by
subsequent studies of G0.253+0.016 that also reveal little dense
gas in this cloud (Johnston et al. 2014; Rathborne et al. 2014,
2015) and characterize this aspect of cloud structure via prob-
ability density functions (PDFs) of gas column density. These
studies do not, however, explore whether the density structure
of G0.253+0.016 is representative of the average conditions in
CMZ molecular clouds. Such research is the goal of the present
paper. In this study we use mass–size relations for molecular
clouds to characterize their density structure: relations m / rb

e↵
between the masses and e↵ective radii of cloud fragments do,
for example, imply density gradients % / rb�3 under the assump-
tion of spherical symmetry (see Sec. 4.1 and Kau↵mann et al.
2010b). This analysis reveals that unusually steep mass–size re-
lations prevail in the CMZ, indicating unusually shallow density
gradients within clouds.

Here we use dust emission data from the Submillimeter Ar-
ray (SMA; near 280 GHz frequency) and the Herschel Space
Telescope (at 250 to 500 µm wavelength) for a first comprehen-
sive survey of the density structure of several CMZ clouds. The
data are taken from Paper I (Kau↵mann et al., submitted). Two
conclusions from that study are of particular importance for the
current research.

– It has been established for many years that CMZ molecular
clouds have unusually large velocity dispersions on spatial
scales & 1 pc, when compared to clouds elsewhere in the
Milky Way. Paper I demonstrates that the velocity dispersion
on smaller spatial scales becomes similar for clouds inside
and outside of the CMZ. In other words, random “turbulent”
gas motions in the dense gas of CMZ clouds are relatively
slow.

– Previous work shows that the star formation in the dense gas
residing in the CMZ is suppressed by a factor ⇠ 10 when
compared to dense gas in the solar neighborhood. In Paper I
we show that this suppression also occurs within dense and
well–defined CMZ molecular clouds.

In the present paper the new information on cloud density struc-
ture derived below is combined with these previous results on
cloud kinematics and the star formation activity. Given our com-
prehensive sample, the GCMS now allows for the first time to
explore how cloud properties vary within the CMZ. In particu-
lar, this permits us to test the scenario for cloud evolution pro-
posed by Kruijssen et al. (2014) and Longmore et al. (2013b).
This picture of cloud evolution builds on the idea that all major
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Star formation in the Central Molecular Zone is lower 
than expected given its dense gas content
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Figure 4. (a) Color images of the 24, 8, and 3.6 µm emission from the central 2◦ × 1.◦4 are shown in red, green, and blue colors, respectively. The diffuse clouds
peaking at 24 µm are centrally heated whereas the emission in green color is mainly due to PAHs in photodissociation regions. (b) Similar to (a) except that the 4.5,
5.8, and 8 µm images are shown in blue, green, and red colors, respectively.
(A color version of this figure is available in the online journal.)

along the Galactic plane traces local sources of heating by H ii
regions.

There is another type of 24 µm source that shows neither
8 µm counterpart nor any evidence for embedded sources of
heating. AFGL 5376 (Uchida et al. 1990) is one example that
is located at high latitudes. G0.85−0.44 is another source that
shows similar characteristics. Alternative mechanisms must be
responsible for heating these clouds. One candidate is the high

flux of cosmic rays that could be responsible for heating large
dust grains but not PAHs.

3.3. Infrared Dark Clouds

We note several IRDCs in Figure 4(a) with different levels of
darkness. These cold, dark clouds are seen in absorption against
the diffuse background emission. The IRDCs are optically thick
even at 24 µm. Therefore, their apparent surface brightnesses
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SFR in the CMZ

Yusef-Zadeh+ 2009:  0.14 M☉/yr 
Koepferl+ 2014: >63% of Spitzer YSO candidates are not 
YSOs

Several other methods agree that SF is low: 
Barnes+ 2017 summarizes, finding 0.06-0.12 M☉/yr

Background: Spitzer, Yusef-Zadeh+ 2009



Where has star formation been observed in the CMZ?

The CMZ dust ridge: 
Sgr B2 to The Brick

Sgr B2: 
Star-forming 

Schmiedeke+ 2016 
Ginsburg+ 2017 

De Pree+ 2014,2015
Sgr B1: 

Stars formed
Clouds C/D/E: 

Early signs of SF 
Ginsburg+ 2015 

Barnes+, Walker+ in prep

Brick: 
Little-to-no SF 

Longmore+ 2013 
Rathborne+ 2014, 2015

“TLP” / M10 / G10: 
More SF from left to right 

Battersby+ in prep 
Butterfield+ in prep

20 km/s: 
Some SF 

Lu+ 2015

Sgr C: 
Some SF 

Kendrew+ 2013



Wang+ 2010

Quintuplet Cluster

Arches Cluster

Where have stars formed in the CMZ?



Cluster precursors in the MALT90 survey 9

Figure 4. Mass-size relationship between the clumps. In this plot, the clumps are color coded by dust temperature bins. Uncertainties in
the measurements are shown with gray crosses. These uncertainties are dominated by the errors in the kinematic distance determination.
The red dotted line shows the fit to the sample, and the black dotted lines shows the ATLASGAL nominal sensitivity of 0.25 mJy/Beam,
which corresponds to 2⇥1021 cm�2. The yellow region highlights the parameter space for clouds that empirically have been shown that
do not harbor high-mass stars (Kau↵mann et al. 2010a). Most of the clumps in our sample are above this limit, suggesting they will
evolve into clusters harboring high-mass stars. The red hatched region shows the parameter space for clump progenitors of open clusters
(Portegies Zwart et al. 2010), assuming a star-forming e�ciency of 30%. 69% of the clumps lie within this region. The blue region
highlights the parameter space for YMC progenitors (Bressert et al. 2012). There are just a few clumps meeting these criteria, which
suggests that YMCs are rare in the plane of the Galaxy. Among the YMC progenitors one clump (marked with a black star in the plot)
appears to be at the earliest stage of evolution.

The column density map shows a common envelope
that surrounds both dust continuum peaks (AGAL331.029-
00.431 S and AGAL331.034-00.419 S). The dust tempera-
ture map shows an almost homogeneous, cold dust temper-
ature across the clump (Figure 5). MALT90 observations
show widespread emission of high density tracers N2H

+,
HNC, and HCO+ (1-0). The morphology exhibited by these
molecular lines is very similar, surrounding both dust con-
tinuum peaks, confirming that this is a physically coherent
structure.

The HCO+ molecular line emission shows a blue peaked
profile, which might indicate that this clump is collapsing.
The blue peaked profile is confirmed by the emission of the
optically thin tracer H13CO+ that has a peak at the velocity
of the dip seen in HCO+ (Figure 5).

The morphology exhibited by the optically thin tracers
H13CO+ and HN13C (1-0) does not follow what is seen in
the other molecules, with the peak of the integrated intensity

located between the 2 over-densities seen in the dust contin-
uum maps (Figure 6). There is no emission from “hot core
chemistry molecules”, such as HC13CCN, HNCO, CH3CN or
HC3N (1-0) that usually trace hot, dense gas that is heated
by proto-stars, confirming the early stage of evolution of this
clump. There is a marginal detection of the shock tracer SiO,
which might indicate the presence of shocked gas, perhaps
due to colliding gas inside this clump.

The apparent lack of any sign of current star formation,
its mass and density, its coherence in the (l,b,v) space, and
the blue-peaked profile indicative of infall motions makes
AGAL331.029-00.431 S a excellent candidate of a YMC pro-
genitor. Since the only YMC progenitor found is composed
of two column density peaks, might argue that YMC progen-
itors are formed via the merging of two or more molecular
clumps. We have to note that although our analysis places
this clump at the far kinematic distance, further observa-
tions are needed to more accurately determine its distance

c� 0000 RAS, MNRAS 000, 000–000

Contreras+ 2016

Sgr B2Sgr B2 is the most massive 
protocluster cloud in the galaxy

W49
W51

Brick



Sgr B2 The Brick
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This population is newly discovered, and is the first clear sign 
of star formation in the CMZ outside of dense clusters
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10 Ginsburg et al

YSOs. The single maser that does not have an associ-
ated millimeter source is 500 west of Sgr B2 S and resides
near some very faint and di↵use 3 mm emission; it is un-
clear why the 3 mm is so weak here, but it hints that
there are MYSOs with 3 mm emission below our detec-
tion limit.

H2O masers—Water masers are generally associated
with young, accreting stars. We matched our catalog
with the McGrath et al. (2004) water maser catalog,
finding that 23 of our sources have a water maser within
100. These sources are likely to contain YSOs, but not
necessarily MYSOs based on their H2Omaser detections
alone. There are 14 masers from their catalog that do
not have associated sources in our catalog, though not
all of these maser spots are spatially distinct. Most of
these unassociated masers are seen outside of Sgr B2 N
and Sgr B2 S and may be associated with outflows.

X-ray sources—Some young stars exhibit X-ray emis-
sion, including some MYSOs (e.g., Townsley et al. 2014),
so we searched for X-ray emission from our sources. 3 of
the sources have X-ray counterparts in the Muno et al.
(2009) Chandra point source catalog within 100. The
Muno et al. (2009) catalog covers our entire observed
area. The X-ray associated sources most likely contain
YSOs. There are 102 X-ray sources in the field of view
that do not have associated 3 mm sources.

Spitzer mid-infrared sources—We searched the Yusef-
Zadeh et al. (2009) catalogs of 4.5 µm excess sources and
YSO candidates and found only one source association,
though there are 5 and 14, respectively, of these sources
in our field of view. Two of the 4.5 µm excess sources
and one of the YSO candidates are associated with ex-
tended H ii regions (which we do not catalog); the single
association is of a 4.5 µm source with the central region
of Sgr B2 M. By-eye comparison of the Spitzer maps
and the ALMA images suggests that the lack of associa-
tions is at least in part because of the high extinction in
the regions containing the 3 mm cores; there are overall
fewer Spitzer sources in these parts of the maps.

44 GHz CH3OH masers—Finally, we searched the
Mehringer & Menten (1997) sample of 44 GHz Class
I CH3OH maser sources for associations, finding no
matches with any of our sources out of the 18 non-
thermal CH3OH emission sources they reported. This
methanol maser line apparently does not trace star for-
mation.

3.3. Nature of the Continuum Sources

The majority of the detected sources are observed only
as 3 mm continuum sources, with no spectral line in-
formation or detections at other wavelengths. In this

section, we employ a variety of arguments to classify
the sample of new sources. Plausible emission mecha-
nisms include free-free and thermal dust emission, so in
this section we explore whether the sources could be dif-
ferent classes of dust or free-free sources. We examine
whether they are dusty prestellar cores (§3.3.1), exter-
nally ionized globules (§3.3.2), H ii regions from an ex-
tended population of OB stars (§3.3.3), or H ii regions
around young massive stars (§3.3.4). After determin-
ing that the above alternatives do not readily explain
the whole sample, we conclude that the sources are pri-
marily dense gas and dust cores with internal heating
sources (§3.3.5).

A lack of line emission—We visually inspected the spec-
tra extracted from the full line cubes, and no lines are de-
tected peaking toward most of the sources (most sources
have emission in some lines, such as HC3N 10-9, but this
emission is clearly extended and not associated with the
compact source). Given the relatively poor line sensi-
tivity (RMS ⇡ 6 K), the dearth of detections is not very
surprising. We therefore cannot use spectral lines to
classify most sources.

Figure 6. A histogram of the flux density (the peak inten-
sity converted to flux density assuming the source is unre-
solved) of the observed sources. The histograms are stacked
such that there are a total of 27 sources in the highest bin.

3.3.1. Alternative 1: The sources are dust-only ‘prestellar’
cores

The simplest assumption is that all sources we have
detected that were not detected at longer wavelengths
are pure dust emission sources at a constant tempera-
ture, i.e., they are starless cores.

We have a catalog of 
sources with only 3mm 

detections.   
!

Are they YSOs?
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Diffusion (dispersion) 

timescale 
t = r / 𝜎v = 5x104 yr 
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(sims suggest t = 5 (r/𝜎v) = 
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Offner+2009)
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3. Rule out alternativesThe Astrophysical Journal Letters, 761:L21 (5pp), 2012 December 20 Sahai, Güsten, & Morris
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Figure 1. Images of Carina-frEGG1 at different wavelengths (a) Spitzer IRAC 8 µm, (b) HST F658N narrowband (F658N filter: Hα+[N ii]), and (c) VLT/NACO Ks
(2 µm). The panels are 14.′′6 × 24.′′4, with north up (as shown). Inset at right-middle shows a schematic of the hourglass-shaped central nebula (two possible curves
are shown for the southern lobe’s poorly defined western periphery); inset at bottom-left corner shows an enlarged view (1.′′89 × 1.′′96) of the central source.

the proplyd hypothesis for this object and support its frEGG
nature.

2. OBSERVATIONS & RESULTS

We observed Carina-frEGG1 (Figure 1) in the CO J = 3–2,
4–3, 6–5 and 7–6 lines, the 13CO J = 3–2 and the HCN and
HCO+ J = 4–3 lines, and the continuum at 350 and 870 µm
using the Atacama Pathfinder Experiment (Güsten et al. 2006)
12-m telescope4 during 2012 June 23–26. Pointing was checked
on nearby η Car, and found to be generally accurate within 3′′.

The dual-color receiver FLASH+ (Heyminck et al. 2006)
with wideband (4 GHz width) sideband-separating (2SB) SIS
mixers was used to map the CO J = 4–3 and 3–2 lines
simultaneously in a regular raster with 10′′ increments. Two
XFFT spectrometers, each with a bandwidth of 2.5 GHz, but
with 64 × 103 (32 × 103) channels for the low (high frequency)
bands, were used to process a total intermediate frequency (IF)
band of 4 GHz (with 1 GHz of overlap). The weaker 13CO(3–2),
HCN, and HCO+(4–3) lines were observed toward the nominal
center position only.

The dual-color heterodyne array receiver CHAMP+
(Kasemann et al. 2006), providing 2 × 7 beams, was used to
map the CO J = 6–5 and 7–6 lines simultaneously, over a
40′′ × 40′′ region that was oversampled with 4′′ spacing (with
all seven beams of each sub-array covering a given grid po-
sition repeatedly). Two FFT spectrometers, each with a band-
width of 1.5 GHz and 1024 channels, were connected to the
individual beams, processing a total IF band of 2.6 GHz (with
400 MHz overlap). The observations took place during excellent
weather conditions with zenith precipitable water vapor, PWV,
of 0.7 (0.4) mm in the low (high) frequency band.

The spectra were taken with position-switching against an
absolute reference position. Calibration was performed regu-

4 APEX is a collaboration between the Max-Planck-Institut fuer
Radioastronomie, the European Southern Observatory, and the Onsala Space
Observatory.

Table 1
Molecular Line Observations of Carina-frEGG1

Line Tmb
a TR

b VLSR Line Width Line Flux ηmb θb

(K) (K) (km s−1) (km s−1) (K km s−1) (′′)

CO(3–2) 1.1 33.0 −22.7 3.2 3.5 0.69 17.8
13CO(3–2) 0.4 13.4 −22.6 2.2 0.96 0.69 18.6
CO(4–3) 1.9 31.8 −22.7 3.1 5.4 0.60 13.1
CO(6–5) 2.1c 34.9 −22.6 3.5 7.3c 0.38 8.7
CO(7–6) 1.7c 28.6 −22.3 4.1 8.1c 0.31 7.7
HCO+(4–3) 0.17 . . . −22.6 2.0 0.37 0.69 17.3
HCN(4–3) 0.11 . . . −22.8 1.8 0.21 0.69 17.4

Notes.
a Main-beam line intensities.
b Source brightness temperature derived by applying beam-dilution corrections.
c Derived from peak position in map convolved to 13.′′1 resolution.

larly every 10–15 min with a cold liquid nitrogen (LN2) load
and an ambient temperature load. The data were processed with
the APEX real-time calibration software (Muders et al. 2006).
Beam sizes θb (FWHM) and main beam coupling efficiencies
(ηmb) are given in Table 1.

We obtained continuum observations at 350 (870) µm using
the bolometer array receivers LABOCA (SABOCA) (Siringo
et al. 2009, 2010), with a spatial resolution of 7.′′8 (19′′) on 2012
September 10 (September 11) and PWV ∼ 0.5 (0.3–0.4) mm.
Data reduction was done with the BOA software (Schuller et al.
2009) following standard procedures, including iterative source
modeling.

The CO maps show the presence of a compact molecular
globule (Figure 2), that appears unresolved at our highest
angular resolution of 7.′′7 in the CO J = 7–6 line. The line
profiles (Figure 3(a)) show a central core and weak wings,
extending to about ±6 km s−1 from the line center as seen
in our highest signal-to-noise profile (J = 4–3), and suggesting
the presence of an outflow. Gaussian fits to the line profiles result
in a width (FWHM) of about 3.1 km s−1 in the 3–2 and 4–3 lines,
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the global freefall time of a typical GMC is ∼5 Myr, though tur-
bulent support likely inhibits global collapse to some degree.
Finally, we assume that there is no effect on the gas distribution
by large-scale effects from phenomena such as feedback from
nearby high mass stars, supernovae, or galactic motions. These
processes only affect the cloud on longer timescales (>10 Myr)
than we are considering, with the exception of high mass star
feedback that we ignore for simplicity.

We begin by adopting a general star formation law where the
star formation rate per area shows a power-law dependence on
the gas column density:

∂Σ⋆(x, y, t)
∂t

= ckΣgas(x, y, t)α, (1)

where Σ⋆(x, y, t) is the mass surface density of YSOs as a
function of position in the sky and time, k is a constant that
is defined in Equation (2) below, and Σgas(x, y, t) is the mass
column density of molecular gas as a function of position and
time. We have assumed that the formation of a star depletes the
cloud by M⋆/c where M⋆ is the mass of the star created and c is
the mass conversion efficiency which takes into account the mass
of gas ejected from the cloud by feedback during star formation
(Mejected = M⋆/c−M⋆). Here we are assuming that the fraction
of the mass in the outflow ejected from the cloud is constant
throughout the cloud, but in fact the fraction of mass that escapes
the cloud’s gravitational potential may vary as a function of local
gas column density and be affected further by the nearby gas
configuration at >1 pc scales. Furthermore, it is worth noting
that in this formulation we are not considering individual stars,
thus the entire analysis, including the value of c, is averaged
over the stellar initial mass function (IMF), regardless of its
form. A pre-stellar core to star mass conversion efficiency that
is constant over the stellar mass range is consistent with recent
characterizations of the mass function of pre-stellar cores (e.g.,
Alves et al. 2007; André et al. 2010). They find a value for
this efficiency of 0.3 ± 0.1. However, this does not speak to
the amount of unaccreted matter that is ejected from the cloud
entirely; thus we consider 0.3 as a lower limit on the value of c.

If we assume that no additional gas is flowing into or within
the cloud as the stars form, then the rate of depletion of the gas
mass is given by

∂Σgas(x, y, t)
∂t

= −kΣgas(x, y, t)α. (2)

In the case that α ̸= 1, the solution for Σgas(x, y, t), the gas
density remaining in the cloud, is

Σgas(x, y, t) = Σgas(x, y, 0)
!

t

t0
+ 1

"β

, (3)

where, Σgas(x, y, 0) is the column density of gas at the onset of
star formation, β is a constant, and t0 is the timescale for the gas
to be depleted by a factor of 2β . Specifically,

β = 1
1 − α

(4)

and

t0 = 1
k(α − 1)

Σgas(x, y, 0)1−α. (5)

Note that t0 depends on the initial column density of gas for
α > 1; in this case regions with higher column densities will be

depleted more rapidly. The amount of mass converted into stars
is then the mass of the depleted gas times the mass conversion
efficiency, c:

Σ∗(x, y, t) = c[Σgas(x, y, 0) − Σgas(x, y, t)]. (6)

Substituting Equation (3) into Equation (6), we obtain the
relationship:

Σ⋆(x, y, t) = cΣgas(x, y, 0)

#

1 −
!

t

t0
+ 1

"β
$

. (7)

In the case that t ≪ t0, we find that Σ⋆(x, y, t) has the same
power-law dependence as the star formation rate:

Σ⋆(x, y, t) = cΣgas(x, y, 0)αkt. (8)

In other words, the surface density of formed stars is propor-
tional to the surface density of initial gas to the α power. In
this limit, the observed gas density can be approximated as
Σgas(x, y, t) = Σgas(x, y, 0) and the following approximation
for the star formation rate can be used:

∂Σ⋆(x, y, t)
∂t

= Σ⋆(x, y, t)
t

= ckΣgas(x, y, t)α. (9)

In the case that the star formation rate is proportional to the gas
density, i.e., α = 1 (even though our data cannot be reproduced
by such a law, as we next show), we have a different solution to
Equation (2) for the gas remaining, Σgas(x, y, t):

Σgas(x, y, t) = Σgas(x, y, 0)e−kt (10)

and for Σ⋆(x, y, t) we find the solution:

Σ⋆(x, y, t) = cΣgas(x, y, 0)[1 − e−kt ] (11)

which becomes, in the limit of kt ≪ 1:

Σ⋆(x, y, t) = cΣgas(x, y, 0)kt. (12)

Equation (12) thus simplifies to Equation (8) for the α = 1 case,
under a similar assumption of small t.

At this point, we have argued that a power law observed in
Σ∗ versus Σgas is indicative of a star formation law of similar
functional form. Therefore, it is interesting to examine the α = 2
case, as suggested by the analysis from Section 3.

Combining Equations (3) and (5) under the assumption that
α = 2 allows us to find a useful expression for the quantity
Σ⋆/Σ2

gas computed in Section 3:

Σ⋆

Σ2
gas

(x, y, t) = ckt

!
1 +

t

t0

"
. (13)

Thus for α = 2, the histograms presented in Figure 11 can be
thought of as histograms of normalized star counts for Class I
and II YSOs versus cktSF(x, y)(1 + tSF/t0(x, y)) at the current
mean age of the YSOs at a given position, t = tSF. Using this
result and the observed evolutionary phase ratios of the YSO
population, NII /NI versus Σgas(x, y, tSF) (Figure 12), we can
constrain the constant k and thus the gas depletion time t0(Σgas).
Then we can directly compare our data to the gas depletion
model.

Here we measure tSF(x, y) by computing the ratio of the
surface density of stars formed divided by the star formation
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