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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, most of which are smaller than 5000 AU. By ruling out
alternative possibilities, we conclude that these sources consist of a mix of hypercompact H ii regions and young stellar
objects (YSOs). Most of the newly detected sources are YSOs with gas envelopes that, based on their luminosities,
must contain objects with stellar masses M⇤ & 8 M�. Their spatial distribution 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. Using this new sample, we examine star formation thresholds and surface density relations in
Sgr B2. While all of the YSOs reside in regions of high column density (N(H2) & 2 ⇥ 1023 cm�2), not all regions of
high column density contain YSOs. The observed column density 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 any star formation threshold in the CMZ must be higher than in nearby clouds. The relation between the surface
density of gas and stars is incompatible with extrapolations from local clouds, and instead stellar densities in Sgr B2
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radio-astro-tools
• radio-astro-tools.github.io 

• spectral-cube, pvextractor, radio-beam 

• built for general users, not just blackbelts 

• but for this audience, makes many tasks more 
convenient 

• see also astroquery.alma, astroquery.nrao, 
astroquery.splatalogue



What gas conditions govern the star formation rate? 
!

What gas conditions control the stellar initial mass function?



What gas conditions govern the star formation rate? 
!

What gas conditions control the stellar initial mass function?

Transient, pulsar folks: You care because event rates are 
N ~ (Ngalaxies) (SFR) (∫IMF) 

!
Also, dust & gas modify observability of events, 

so it’s important where & when they occur
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Figure 12
Relation between star-formation-rate (SFR) surface densities and total (atomic and molecular) gas surface
densities for various sets of measurements (from Bigiel et al. 2008). Regions colored gray, green, yellow, and
red show the distribution of values from measurements of subregions of SINGS galaxies. Overplotted as
light blue dots are data from measurements in individual apertures in M51 (Kennicutt et al. 2007). Data from
radial profiles from M51 (Schuster et al. 2007), NGC 4736 and NGC 5055 (Wong & Blitz 2002), and NGC
6946 (Crosthwaite & Turner 2007) are shown as dark blue filled circles. The disk-averaged measurements
from 61 normal spiral galaxies (dark blue stars) and 36 starburst galaxies (orange triangles) from Kennicutt
(1998b) are also shown. The magenta-filled diamonds show global measurements from 20 low-surface-
brightness (LSB) galaxies (Wyder et al. 2009). In all cases, calibrations of initial mass function (IMF), X(CO),
etc., were placed on a common scale. The three dotted gray diagonal lines extending from lower left to
upper right reflect a constant global star-formation efficiency. The two vertical lines denote regimes that
correspond roughly to those discussed in Section 6 of this review. Figure taken from Bigiel et al. (2008).
Reproduced by permission of the AAS.

also show that the UV-based SFR falls off much more rapidly than the cold-gas surface density,
with global star-formation efficiencies (ϵ ′) an order of magnitude or more lower than those in the
inner disks (Bigiel et al. 2010). Taken together, these recent results and studies of the outer MW
(Section 5.1) confirm the presence of a pronounced turnover in the Schmidt law for total gas at
surface densities of order a few M⊙ pc−2 (Figure 12).
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Star Formation in Galaxies

Generally follows the 
Kennicutt-Schmidt 

relation, but 
this is empirical & 

much of the scatter 
comes from local 
physical effects.



Star Formation in the Galactic Center

Our Galactic center has a low SFR per dense gas mass  
(a long apparent depletion timescale 𝛕dep ~ Mgas/SFR)

Leroy et al 2013
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Galaxy centers have shorter 𝛕dep (but higher variance in 𝛕dep) 
A&A proofs: manuscript no. gcms_ii
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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

Article number, page 2 of 12

Shorter 𝛕dep 
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densities much below those prevailing in the CMZ. It is, how-
ever, generally observed that CO-based velocity dispersions sig-
nificantly exceed those of N2H+ and NH3 (e.g., Kirk et al. 2010).
We can thus confidently claim that CMZ clouds explored at radii
&1 pc clearly have higher velocity dispersions than regular Milky
Way clouds.

In summary the data in Fig. 7 indicate that the linewidth-size re-
lation of CMZ clouds is unusually steep by a significant factor.
We stress that our claims about an unusually steep linewidth-
size relation in CMZ clouds chiefly rest on the manual inspec-
tion of the data points shown in Fig. 7. We feel that this direct
comparison su↵ers from fewer uncertainties than the quantita-
tive discussion of linewidth-size fits to data sets. This unusually
steep relation might have important implications for the nature
of turbulence in CMZ clouds (Sect. 5.1).

That said, we caution that Shetty et al. (2012) find that the
linewidth-size slope does not change between the CMZ and
the solar neighborhood. This is in particular remarkable be-
cause their linewidth-size slope of 0.67 for �2-minimized N2H+
data is similar to our result. The Shetty et al. results are in
agreement with previous investigations by Oka et al. (1998)
Miyazaki & Tsuboi (2000) who also find that the kinematics
of CMZ molecular clouds deviate from those of regular Milky
Way clouds only by having a larger intercept, �0. However, our
study di↵ers from the Shetty et al. investigation in that we can
compare clouds inside and outside the CMZ at the same spa-
tial scale. We thus deem our results to be more robust than the
conclusions provided by Shetty et al. Oka et al. do not cover a
large range of spatial scales, and so they can only constrain
�0. Miyazaki & Tsuboi, by contrast, conduct an analysis very
similar to ours, that is, they compare CMZ regions with reg-
ular Milky Way clouds over a range of spatial scales in their
Fig. 2b. It is thus interesting that their analysis only indicates
di↵erences in �0, while the slope appears to be identical every-
where in the Milky Way. A major di↵erence between their and
our work, though, is that we can access spatial scales .0.1 pc.
The di↵erence between our and their work could thus be ex-
plained if the linewidth-size relation steepens on small spatial
scales.

The data in Fig. 7 also allow to obtain the flow crossing time,
tcross = `/�(v). Undriven turbulence is supposed to decay as
e�t/tcross (Mac Low & Klessen 2004), and so tcross also indicates
the time scale on which turbulence might decay. The actual
decay time might exceed tcross, however, if the medium has
clumped up into cloud fragments with small volume filling fac-
tor that interact little with another. We adopt ` = 2 re↵ to indi-
cate where tcross = 0.3 Myr in Fig. 7. The velocity dispersions
obtained for the local N2H+ intensity maxima are above this re-
lation, and they give values as low as tcross = 9 ⇥ 104 yr. The
kinematics for the larger cloud structures are below the refer-
ence relation, implying tcross > 0.3 Myr. These measurements
set a reference time scale that can, for example, be used for our
later discussion of star formation processes.

4. Suppression of CMZ star formation

As explained in Sect. 1, it has been known for decades that
star formation in the dense gas of the CMZ is suppressed by
an order of magnitude, compared to clouds elsewhere in the
Milky Way. Longmore et al. (2013a) quantify this trend compre-
hensively and provide a general framework in which the sup-
pression of SF can be discussed. Previous studies establish that

CMZ averages
(Longmore et al. 2013)

CMZ clouds
(this study)

Milky Way  clouds
(Lada et al. 2010)
Milky Way  clouds
(Lada et al. 2010)

factor 10

representative
statistic
uncertainty for
CMZ clouds

representative
statistic
uncertainty for
CMZ clouds

reduction
for atter
α3 = 2.3 IMF
in CMZ

reduction
for atter
α3 = 2.3 IMF
in CMZ

Fig. 8. Observed star-formation rates vs. the mass of dense gas residing
at visual extinctions AV > 7 mag. Yellow symbols give the properties of
molecular clouds within about 500 pc from sun compiled by Lada et al.
(2010). Green crosses plot data for several degree-sized regions in the
CMZ from Longmore et al. (2013a), as indicated by small labels. The
large green cross applies to the |`|  1� region largely explored by this
paper. The red bullets give masses and star-formation rates for individ-
ual CMZ clouds determined in this paper building on data for methanol
masers and H ii regions. The red error bar in the lower right corner indi-
cates the statistical uncertainty in SF rate that holds for the CMZ clouds
containing few H ii regions or none. This excludes Sgr B2, for which
much lower statistical uncertainties apply. The nearby red arrow indi-
cates the reduction in SF rate for the same clouds with H ii regions if a
flatter IMF is adopted. The black dashed line indicates a fit to the solar
neighborhood data taken from Lada et al. (2010). The gray dashed line
gives a relation with a star-formation rate lower by a factor 10.

the CMZ as a whole produces fewer stars than one would ex-
pect based on the integral gas properties. In Kau↵mann et al.
(2013b) we demonstrate this suppression quantitatively for a sin-
gle individual cloud. Figure 8 extends this analysis to include
all major molecular clouds in the CMZ. The discussion pre-
sented here thus constitutes a significant update to the analysis
in Kau↵mann et al. (2013b). First, we now build on own well-
defined mass measurements for CMZ molecular clouds, while
earlier we had to compile estimates from the literature. Second,
we now consider the stellar initial mass function in more detail.

This discussion requires a joint analysis of information on
both the dense gas in clouds and the star formation activity. The
more technical details are presented in Appendices B and C.
Here we aim to summarize the discussion presented there.

4.1. Observations of star formation in CMZ clouds

Few systematic studies of star formation in CMZ clouds ex-
ist. For example, to our best knowledge there is no reason-
ably complete and reliable compilation that would catalogue
H ii regions as reliable signposts of high-mass star formation.
We therefore collect this information from specific studies of
selected target clouds. Such observations are typically con-
ducted with the VLA. We build on work by Liszt (1992) and
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Figure 3. Results of the simulation with the fiducial parameters. From
top to bottom, the panels show the surface density !, velocity dispersion
σ , inward radial velocity −vr, instantaneous inflow rate Ṁin = −2πr!vr,
Toomre Q parameter, and instability growth time normalized to the orbital
time tgrowth/torb. In the top four panels, we show results at t = 0 (thin black
solid line), t = 10 Myr (thick blue solid line), t = 25 Myr (thick green dashed
line), and t = 50 Myr (thin red dashed line), as indicated in the legend. For
the instability growth time in the bottom panel, we show the value for the
fastest growing mode, with a solid line indicating that the fastest mode is
acoustic and a dashed line indicating that it is gravitational. Colours and line
thicknesses are as in the panels above.

Figure 4. Mass in the regions with Q < 1 and Q < 10 ( top panel, solid
blue and dashed green lines, respectively), and mass-weighted mean radius
of this mass (bottom panel) versus time in the fiducial simulation. The mean
radius is plotted only at times when the mass is non-zero.

starts. In Fig. 4, we show the total amounts of mass for which Q < 1
and Q < 10, and the mass-weighted mean radius of this gas, as a
function of time.5 By ∼50 Myr, several times 107 M⊙ of material
has accumulated in the unstable region. Thus a mass comparable
to that of the observed ring-like stream in the CMZ (Molinari et al.
2011) can accumulate in an unstable region after a few tens of Myr.

We can understand the outcome of the simulations by examining
the rotation curve shown in Fig. 1. The region where the incoming
material stalls is precisely where the rotation curve turns over from
close to flat, as it is in the bulk of the Galaxy, to close to solid body,
as it is near the Galactic Centre. In this near-solid body region,
there is little shear, as shown by the dimensionless shear 1 − β.
This suppresses transport in two ways. First, since acoustic insta-
bilities are driven by the presence of shear, the approach to solid
body rotation weakens the acoustic instability and thus lowers α.
Secondly, recalling equation (5), we see that even for fixed α the

5 This computation is somewhat subtle, because the regions in which we
are interested are, at early times, just a few computational cells wide. To
suppress discreteness noise, we compute the mass in the unstable region
via the following procedure. We take the simulation output at each time
and compute Q on our computational grid. We then construct Akima (1970)
spline approximations to log r versus log ! and log r versus log Q at each
time step. We use the splines to generate finer grids of 32 768 points, and
integrate the mass in the Q < 1 and Q < 10 regions on that higher resolution
grid. Note that the small oscillations seen in mass versus time shown for
Q < 1 in Fig. 4 are not a result of this procedure, and are robust against
changes in it. Instead, they are a real feature of the simulation. Oscillations
occur because as Q approaches unity, gravitational instability turns on as
a transport mechanism. This leads parts of the disc to undergo a cycle in
which regions where Q < 1 have active mass transport that raises the velocity
dispersion and drives Q above unity so that transport stops. At that point, the
turbulence begins to decay, so Q eventually drops back below unity, turning
on transport and starting the cycle again.

MNRAS 453, 739–757 (2015)
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Toomre Q parameter, and instability growth time normalized to the orbital
time tgrowth/torb. In the top four panels, we show results at t = 0 (thin black
solid line), t = 10 Myr (thick blue solid line), t = 25 Myr (thick green dashed
line), and t = 50 Myr (thin red dashed line), as indicated in the legend. For
the instability growth time in the bottom panel, we show the value for the
fastest growing mode, with a solid line indicating that the fastest mode is
acoustic and a dashed line indicating that it is gravitational. Colours and line
thicknesses are as in the panels above.

Figure 4. Mass in the regions with Q < 1 and Q < 10 ( top panel, solid
blue and dashed green lines, respectively), and mass-weighted mean radius
of this mass (bottom panel) versus time in the fiducial simulation. The mean
radius is plotted only at times when the mass is non-zero.

starts. In Fig. 4, we show the total amounts of mass for which Q < 1
and Q < 10, and the mass-weighted mean radius of this gas, as a
function of time.5 By ∼50 Myr, several times 107 M⊙ of material
has accumulated in the unstable region. Thus a mass comparable
to that of the observed ring-like stream in the CMZ (Molinari et al.
2011) can accumulate in an unstable region after a few tens of Myr.

We can understand the outcome of the simulations by examining
the rotation curve shown in Fig. 1. The region where the incoming
material stalls is precisely where the rotation curve turns over from
close to flat, as it is in the bulk of the Galaxy, to close to solid body,
as it is near the Galactic Centre. In this near-solid body region,
there is little shear, as shown by the dimensionless shear 1 − β.
This suppresses transport in two ways. First, since acoustic insta-
bilities are driven by the presence of shear, the approach to solid
body rotation weakens the acoustic instability and thus lowers α.
Secondly, recalling equation (5), we see that even for fixed α the

5 This computation is somewhat subtle, because the regions in which we
are interested are, at early times, just a few computational cells wide. To
suppress discreteness noise, we compute the mass in the unstable region
via the following procedure. We take the simulation output at each time
and compute Q on our computational grid. We then construct Akima (1970)
spline approximations to log r versus log ! and log r versus log Q at each
time step. We use the splines to generate finer grids of 32 768 points, and
integrate the mass in the Q < 1 and Q < 10 regions on that higher resolution
grid. Note that the small oscillations seen in mass versus time shown for
Q < 1 in Fig. 4 are not a result of this procedure, and are robust against
changes in it. Instead, they are a real feature of the simulation. Oscillations
occur because as Q approaches unity, gravitational instability turns on as
a transport mechanism. This leads parts of the disc to undergo a cycle in
which regions where Q < 1 have active mass transport that raises the velocity
dispersion and drives Q above unity so that transport stops. At that point, the
turbulence begins to decay, so Q eventually drops back below unity, turning
on transport and starting the cycle again.

MNRAS 453, 739–757 (2015)

 at European Southern O
bservatory on A

pril 12, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

Rings and starbursts near galactic centres 745

Figure 3. Results of the simulation with the fiducial parameters. From
top to bottom, the panels show the surface density !, velocity dispersion
σ , inward radial velocity −vr, instantaneous inflow rate Ṁin = −2πr!vr,
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has accumulated in the unstable region. Thus a mass comparable
to that of the observed ring-like stream in the CMZ (Molinari et al.
2011) can accumulate in an unstable region after a few tens of Myr.

We can understand the outcome of the simulations by examining
the rotation curve shown in Fig. 1. The region where the incoming
material stalls is precisely where the rotation curve turns over from
close to flat, as it is in the bulk of the Galaxy, to close to solid body,
as it is near the Galactic Centre. In this near-solid body region,
there is little shear, as shown by the dimensionless shear 1 − β.
This suppresses transport in two ways. First, since acoustic insta-
bilities are driven by the presence of shear, the approach to solid
body rotation weakens the acoustic instability and thus lowers α.
Secondly, recalling equation (5), we see that even for fixed α the

5 This computation is somewhat subtle, because the regions in which we
are interested are, at early times, just a few computational cells wide. To
suppress discreteness noise, we compute the mass in the unstable region
via the following procedure. We take the simulation output at each time
and compute Q on our computational grid. We then construct Akima (1970)
spline approximations to log r versus log ! and log r versus log Q at each
time step. We use the splines to generate finer grids of 32 768 points, and
integrate the mass in the Q < 1 and Q < 10 regions on that higher resolution
grid. Note that the small oscillations seen in mass versus time shown for
Q < 1 in Fig. 4 are not a result of this procedure, and are robust against
changes in it. Instead, they are a real feature of the simulation. Oscillations
occur because as Q approaches unity, gravitational instability turns on as
a transport mechanism. This leads parts of the disc to undergo a cycle in
which regions where Q < 1 have active mass transport that raises the velocity
dispersion and drives Q above unity so that transport stops. At that point, the
turbulence begins to decay, so Q eventually drops back below unity, turning
on transport and starting the cycle again.

MNRAS 453, 739–757 (2015)
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Ideally, the single dish data should have the same S/N as the
interferometric data that they are being combined with.
Although the S/N of the single dish data is lower than that of
the ALMA data, it is high enough that the gain from recovering
the zero-spacing information outweighs the increased noise that
they may introduce.

To recover the zero-spacing information for the ALMA line
cubes (HCN, HCO+, C2H, SiO, HNCO), we used data from the
MALT90 survey which were obtained using the Mopra 22 m
telescope (Foster et al. 2011; Jackson et al. 2013; Rathborne
et al. 2014a). To convert these data from TA

* to the flux OF in
Jy beam−1, we used a scaling factor of 23 K/Jy beam−1,
calculated via the equation TA

* =1.36M2
OF /(IR2), using an

FWHM beam size, θ, of 38″, wavelength, λ, of 3 mm, and a
main beam efficiency, η, of 0.49 (Ladd et al. 2005).

For the continuum image, since we do not have a direct
measurement of the emission at 3 mm on the larger angular
scales, it was necessary to estimate the flux at 3 mm. To
achieve this we scaled an image of the dust continuum
emission at 500 μm (Herschel, 33″ angular resolution) to what
is expected at 3 mm assuming that the flux scales like O C�(2 ),
where β was assumed to be 1.2. Herschel data were used for
this purpose as these data provide the most reliable recovery of
the large scale emission. We choose to scale the 500 μm
Herschel image as it is the closest in wavelength to 3 mm,
minimizing the effect of the assumption of β (see Rathborne
et al. 2014b for more details). Figure 2 compares the single
dish, ALMA-only, and combined (ALMA and single dish)
images for both the continuum and the HNCO integrated
intensity. For the 3 mm dust continuum emission, the ALMA-
only image recovers ∼18% of the total flux. The images clearly
show the significant improvement in angular resolution

provided by ALMA and the recovery of the emission on the
large spatial scales provided by the inclusion of the zero-
spacing information.

4. THE SMALL-SCALE STRUCTURE WITHIN A
CLUSTER FORMING CLUMP REVEALED

4.1. Continuum Emission

Figure 1 shows a two-color image of G0.253+0.016
combining infrared images from the Spitzer Space Telescope
(24 μm, ∼6″ angular resolution, shown in cyan) with the new
millimeter image from ALMA (3 mm, ∼1″.7 angular resolution,
shown in red). Contours show single dish dust continuum
emission (James Clerk Maxwell telescope 450 μm, ∼7″.5
angular resolution). Identified as an infrared dark cloud,
G0.253+0.016 is clearly seen as a prominent extinction feature
in mid-IR images. Because it is so cold, its thermal dust
emission peaks at millimeter/sub-millimeter wavelengths.
Moreover, since the 3 mm dust continuum emission is optically
thin, internal structure is easily revealed by the ALMA images.
While the overall morphology of the dust continuum emission
revealed by ALMA matches well the mid-IR extinction and the
large-scale dust continuum emission provided by the single
dish image, the ALMA image shows significant structure on
the small-scale. The emission is neither smooth nor evenly
distributed across the clump; it is highly fragmented and there
is a clear concentration of emission toward its center. These
small-scale fragments are presumably the cores from which
stars may form.
Because the 3 mm continuum emission is optically thin,

given standard assumptions about the dust emissivity, it can be
used to determine the column density and, hence, mass of its
small-scale fragments. Recent observations from Herschel of
the 170–500 μm dust continuum emission show that the dust
temperature (Tdust) within G0.253+0.016 decreases smoothly
from 27 K on its outer edges to 19 K in its interior (Longmore
et al. 2012). External to G0.253+0.016, the dust temperatures
are considerably higher, >35 K. Within the cloud and on the
spatial scales probed by the Herschel data (∼33″, ∼1 pc), no
small volumes of heated dust are apparent. All of the millimeter
emission detected by ALMA falls within the region for which
Tdust was measured to be �22 K. Thus, we assume that the
temperature of the dust detected by ALMA ranges from
19–22 K and use a value of 20 ± 1 K for all calculations.
Assuming this dust temperature, a standard value of the gas

to dust mass ratio of 100, a dust absorption coefficient (L3 mm)
of 0.27 cm2 g−1 (using L1.2 mm = 0.8 cm2 g−1, and L Or C Chen
et al. 2008; Ossenkopf & Henning 1994,) and a β of 1.2 ± 0.1,
the intensity of the 3 mm emission can be converted into the
H2 column density, N(H2), by multiplying the measured fluxes
by a single conversion factor of 1.9 ×1023 �cm 2/mJy. We
assume that Tdust is constant across the cloud. For the small
range of measured dust temperatures in G0.253+0.016, this
approximation is well justified. Given these assumptions, the
uncertainties for Tdust and β introduce an uncertainty of 10%
for the column density, volume density, mass, and virial ratio.
The column densities across G0.253+0.016 measured from

the ALMA-only image range from 0.5–82 × 1022 �cm 2, with a
mean value of 1.0 × 1022 �cm 2. Since this image detects only
the highest contrast peaks within the cloud and does not include
the large-scale emission, we also determine the column density
distribution using the combined (ALMA+SD) image which is

Figure 1. Combined infrared and millimeter image of G0.253+0.016 (24 μm
emission from the Spitzer Space Telescope shown in cyan traces the heated
dust from the Galaxy; 3 mm emission from ALMA shown in red traces the dust
from the clump’s interior) overlaid with contours of the single-dish JCMT
450 μm emission (contour levels are 30–90% of the peak, in steps of 20%).
The scale bar marks a size scale of 1 pc. This cloud is so cold and dense it is
seen as an extinction feature against the bright IR emission from the Galaxy.
With the significant improvement in angular resolution and because ALMA
sees through to the clump’s interior, we are now able to pinpoint the dust and
gas within it and characterize its internal structure.
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densities much below those prevailing in the CMZ. It is, how-
ever, generally observed that CO-based velocity dispersions sig-
nificantly exceed those of N2H+ and NH3 (e.g., Kirk et al. 2010).
We can thus confidently claim that CMZ clouds explored at radii
&1 pc clearly have higher velocity dispersions than regular Milky
Way clouds.

In summary the data in Fig. 7 indicate that the linewidth-size re-
lation of CMZ clouds is unusually steep by a significant factor.
We stress that our claims about an unusually steep linewidth-
size relation in CMZ clouds chiefly rest on the manual inspec-
tion of the data points shown in Fig. 7. We feel that this direct
comparison su↵ers from fewer uncertainties than the quantita-
tive discussion of linewidth-size fits to data sets. This unusually
steep relation might have important implications for the nature
of turbulence in CMZ clouds (Sect. 5.1).

That said, we caution that Shetty et al. (2012) find that the
linewidth-size slope does not change between the CMZ and
the solar neighborhood. This is in particular remarkable be-
cause their linewidth-size slope of 0.67 for �2-minimized N2H+
data is similar to our result. The Shetty et al. results are in
agreement with previous investigations by Oka et al. (1998)
Miyazaki & Tsuboi (2000) who also find that the kinematics
of CMZ molecular clouds deviate from those of regular Milky
Way clouds only by having a larger intercept, �0. However, our
study di↵ers from the Shetty et al. investigation in that we can
compare clouds inside and outside the CMZ at the same spa-
tial scale. We thus deem our results to be more robust than the
conclusions provided by Shetty et al. Oka et al. do not cover a
large range of spatial scales, and so they can only constrain
�0. Miyazaki & Tsuboi, by contrast, conduct an analysis very
similar to ours, that is, they compare CMZ regions with reg-
ular Milky Way clouds over a range of spatial scales in their
Fig. 2b. It is thus interesting that their analysis only indicates
di↵erences in �0, while the slope appears to be identical every-
where in the Milky Way. A major di↵erence between their and
our work, though, is that we can access spatial scales .0.1 pc.
The di↵erence between our and their work could thus be ex-
plained if the linewidth-size relation steepens on small spatial
scales.

The data in Fig. 7 also allow to obtain the flow crossing time,
tcross = `/�(v). Undriven turbulence is supposed to decay as
e�t/tcross (Mac Low & Klessen 2004), and so tcross also indicates
the time scale on which turbulence might decay. The actual
decay time might exceed tcross, however, if the medium has
clumped up into cloud fragments with small volume filling fac-
tor that interact little with another. We adopt ` = 2 re↵ to indi-
cate where tcross = 0.3 Myr in Fig. 7. The velocity dispersions
obtained for the local N2H+ intensity maxima are above this re-
lation, and they give values as low as tcross = 9 ⇥ 104 yr. The
kinematics for the larger cloud structures are below the refer-
ence relation, implying tcross > 0.3 Myr. These measurements
set a reference time scale that can, for example, be used for our
later discussion of star formation processes.

4. Suppression of CMZ star formation

As explained in Sect. 1, it has been known for decades that
star formation in the dense gas of the CMZ is suppressed by
an order of magnitude, compared to clouds elsewhere in the
Milky Way. Longmore et al. (2013a) quantify this trend compre-
hensively and provide a general framework in which the sup-
pression of SF can be discussed. Previous studies establish that

CMZ averages
(Longmore et al. 2013)

CMZ clouds
(this study)

Milky Way  clouds
(Lada et al. 2010)
Milky Way  clouds
(Lada et al. 2010)

factor 10

representative
statistic
uncertainty for
CMZ clouds

representative
statistic
uncertainty for
CMZ clouds

reduction
for atter
α3 = 2.3 IMF
in CMZ

reduction
for atter
α3 = 2.3 IMF
in CMZ

Fig. 8. Observed star-formation rates vs. the mass of dense gas residing
at visual extinctions AV > 7 mag. Yellow symbols give the properties of
molecular clouds within about 500 pc from sun compiled by Lada et al.
(2010). Green crosses plot data for several degree-sized regions in the
CMZ from Longmore et al. (2013a), as indicated by small labels. The
large green cross applies to the |`|  1� region largely explored by this
paper. The red bullets give masses and star-formation rates for individ-
ual CMZ clouds determined in this paper building on data for methanol
masers and H ii regions. The red error bar in the lower right corner indi-
cates the statistical uncertainty in SF rate that holds for the CMZ clouds
containing few H ii regions or none. This excludes Sgr B2, for which
much lower statistical uncertainties apply. The nearby red arrow indi-
cates the reduction in SF rate for the same clouds with H ii regions if a
flatter IMF is adopted. The black dashed line indicates a fit to the solar
neighborhood data taken from Lada et al. (2010). The gray dashed line
gives a relation with a star-formation rate lower by a factor 10.

the CMZ as a whole produces fewer stars than one would ex-
pect based on the integral gas properties. In Kau↵mann et al.
(2013b) we demonstrate this suppression quantitatively for a sin-
gle individual cloud. Figure 8 extends this analysis to include
all major molecular clouds in the CMZ. The discussion pre-
sented here thus constitutes a significant update to the analysis
in Kau↵mann et al. (2013b). First, we now build on own well-
defined mass measurements for CMZ molecular clouds, while
earlier we had to compile estimates from the literature. Second,
we now consider the stellar initial mass function in more detail.

This discussion requires a joint analysis of information on
both the dense gas in clouds and the star formation activity. The
more technical details are presented in Appendices B and C.
Here we aim to summarize the discussion presented there.

4.1. Observations of star formation in CMZ clouds

Few systematic studies of star formation in CMZ clouds ex-
ist. For example, to our best knowledge there is no reason-
ably complete and reliable compilation that would catalogue
H ii regions as reliable signposts of high-mass star formation.
We therefore collect this information from specific studies of
selected target clouds. Such observations are typically con-
ducted with the VLA. We build on work by Liszt (1992) and

A89, page 12 of 22
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Sgr B2 is the most massive  
protocluster cloud in the galaxy

Brick

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
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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.

ALMA enables 
YSO counting in 
massive SFRs

Ginsburg et al 2018: tinyurl.com/SgrB2ALMA-2 

Discovered 271 
point(ish) sources, 

most of which are new

https://tinyurl.com/SgrB2ALMA-2
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Table 2. Model sets presented in this paper.

Model set Icon Star Disk Envelope Cavity Ambient Inner radius Variables Models

s�s-i yes . . . . . . . . . . . . . . . 2 10 000

sp�s-i yes passive . . . . . . . . . Rsub 7 10 000

sp�h-i yes passive . . . . . . . . . variable 8 10 000

s�smi yes . . . . . . . . . yes Rsub 2 10 000

sp�smi yes passive . . . . . . yes Rsub 7 10 000

sp�hmi yes passive . . . . . . yes variable 8 10 000

s-p-smi yes . . . power-law . . . yes Rsub 4 10 000

s-p-hmi yes . . . power-law . . . yes variable 5 10 000

s-pbsmi yes . . . power-law yes yes Rsub 7 10 000

s-pbhmi yes . . . power-law yes yes variable 8 10 000

s-u-smi yes . . . Ulrich . . . yes Rsub 4 10 000

s-u-hmi yes . . . Ulrich . . . yes variable 5 10 000

s-ubsmi yes . . . Ulrich yes yes Rsub 7 10 000

s-ubhmi yes . . . Ulrich yes yes variable 8 10 000

spu-smi yes passive Ulrich . . . yes Rsub 8 10 000

spu-hmi yes passive Ulrich . . . yes variable 9 10 000

spubsmi yes passive Ulrich yes yes Rsub 11 40 000

spubhmi yes passive Ulrich yes yes variable 12 80 000

A11, page 6 of 16
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Fig. 2. A subset of 2000 SEDs for each model set, normalized to the total luminosity of each SED.
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Most are HMYSOs.  Some are HCHIIs. 
All will likely form massive stars.
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Fig. 5. Zoomed-in, high resolution map of infrared extinction (AK) derived from Herschel observations for southeastern region (A) of the California
Molecular Cloud. Fiducial extinction contours as well as the position of known protostellar objects (filled red circles) are drawn on top of the grey
scale map. The contour values are 0.4, 0.8, 1.6 and 3.2 magnitudes and are indicated by thick colored lines superposed on the adjacent scale bar.
The angular resolution is 18 arcsec. See text.

and mass of a protostellar object. Moreover, because protostellar
objects are most likely to be within or very close to their orig-
inal birth sites, their surface densities are the most appropriate
for comparison with those of the gas or dust. Therefore, we con-
sider here only protostars (i.e., Class 0, Class I, and flat spectrum
YSOs) in our determination of the cloud SFR.

IRAS observations provided the first census of young stellar
objects which displayed characteristics of potential protostars in
the California cloud. Seventeen candidate protostars were identi-
fied from IRAS observations by Lada et al. (2009). Deeper Her-
schel (Harvey et al. 2013) and Spitzer (Broekhoven-Fiene et al.
2014) observations resulted in independent and more complete
YSO catalogs of the cloud including greatly improved source
classifications. These catalogs increased the known number of
YSOs to 60 and 166 objects, respectively, including both proto-
stars and more evolved (Class II + III) stars.

Because the two catalogs were complied independently us-
ing slightly di↵erent criteria, there is some disagreement in
source classifications between them. For this study we merged
these two catalogs and re-examined the source classifications
following procedure outlined by Lewis & Lada (2016) and sum-
marized in the Appendix. Table A.1 in the Appendix presents the
merged catalog of YSOs we adopted. We identify 43 protostars
in the CMC.

The protostellar sources are largely confined to the portion
of the cloud surveyed by Herschel. The locations of 42 of these
protostellar sources are shown on the extinction maps in figures

5–7. These regions account for about 80% of the cloud mass
mapped by Herschel and roughly 40% of the total cloud mass
in the Herschel + Planck maps. Within the cloud boundary of
AK > 0.2 mag the protostellar surface densities are not uniform
with ⌃⇤ = 0.2, 0.03 and 0.02 pc�2 for regions A, B, and C, re-
spectively. Region A is considerably more active and e�cient in
forming stars than either B or C. Region A contains ⇠ 70% of
the protostars in the CMC while occupying only a small fraction
(7%) of the total (Herschel + Planck) cloud area and containing
only a small fraction (10%) of its total mass. This region also
contains NGC 1579 (LK H↵101) the only substantial embedded
cluster in this massive cloud. In all three regions the distributions
of protostars closely follows the distribution of high extinction
gas.

5.2. Cloud Structure

The area distribution function is defined as

S (> AK) ⌘
Z 1

AK

dS (AK)

where dS (AK) is an element of cloud surface area at an extinc-
tion AK . The area distribution function is a cumulative distribu-
tion that represents the total cloud area above a given threshold
extinction as a function of AK . The derivative of this function,
�S 0(> AK) is proportional to the column density PDF of the
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Fig. 5. Zoomed-in, high resolution map of infrared extinction (AK) derived from Herschel observations for southeastern region (A) of the California
Molecular Cloud. Fiducial extinction contours as well as the position of known protostellar objects (filled red circles) are drawn on top of the grey
scale map. The contour values are 0.4, 0.8, 1.6 and 3.2 magnitudes and are indicated by thick colored lines superposed on the adjacent scale bar.
The angular resolution is 18 arcsec. See text.

and mass of a protostellar object. Moreover, because protostellar
objects are most likely to be within or very close to their orig-
inal birth sites, their surface densities are the most appropriate
for comparison with those of the gas or dust. Therefore, we con-
sider here only protostars (i.e., Class 0, Class I, and flat spectrum
YSOs) in our determination of the cloud SFR.

IRAS observations provided the first census of young stellar
objects which displayed characteristics of potential protostars in
the California cloud. Seventeen candidate protostars were identi-
fied from IRAS observations by Lada et al. (2009). Deeper Her-
schel (Harvey et al. 2013) and Spitzer (Broekhoven-Fiene et al.
2014) observations resulted in independent and more complete
YSO catalogs of the cloud including greatly improved source
classifications. These catalogs increased the known number of
YSOs to 60 and 166 objects, respectively, including both proto-
stars and more evolved (Class II + III) stars.

Because the two catalogs were complied independently us-
ing slightly di↵erent criteria, there is some disagreement in
source classifications between them. For this study we merged
these two catalogs and re-examined the source classifications
following procedure outlined by Lewis & Lada (2016) and sum-
marized in the Appendix. Table A.1 in the Appendix presents the
merged catalog of YSOs we adopted. We identify 43 protostars
in the CMC.

The protostellar sources are largely confined to the portion
of the cloud surveyed by Herschel. The locations of 42 of these
protostellar sources are shown on the extinction maps in figures

5–7. These regions account for about 80% of the cloud mass
mapped by Herschel and roughly 40% of the total cloud mass
in the Herschel + Planck maps. Within the cloud boundary of
AK > 0.2 mag the protostellar surface densities are not uniform
with ⌃⇤ = 0.2, 0.03 and 0.02 pc�2 for regions A, B, and C, re-
spectively. Region A is considerably more active and e�cient in
forming stars than either B or C. Region A contains ⇠ 70% of
the protostars in the CMC while occupying only a small fraction
(7%) of the total (Herschel + Planck) cloud area and containing
only a small fraction (10%) of its total mass. This region also
contains NGC 1579 (LK H↵101) the only substantial embedded
cluster in this massive cloud. In all three regions the distributions
of protostars closely follows the distribution of high extinction
gas.

5.2. Cloud Structure

The area distribution function is defined as
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where dS (AK) is an element of cloud surface area at an extinc-
tion AK . The area distribution function is a cumulative distribu-
tion that represents the total cloud area above a given threshold
extinction as a function of AK . The derivative of this function,
�S 0(> AK) is proportional to the column density PDF of the
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Fig. 10. The Schmidt relation for protostellar objects in the CMC.
The data is shown as red squares with corresponding uncertainties. The
black line represents the power-law relation, ⌃YS O = A

�
K derived from

the MCMC analysis with index � = 3.31. The gray shaded regions rep-
resent the 1, 2, and 3 � confidence levels for the plotted power-law
relation. The data are fully sampled in logarithmic bins 0.1 dex wide
equally spaced at intervals of 0.05 dex. See text.

Table 1. Schmidt relation and PDF power-law indicies for GMCs stud-
ied with Herschel

GMC � Reference n Reference
California 3.31 ± 0.23 1 4.0 1
Orion A 1.99 ± 0.05 2 2.9 4
Orion B 2.16 ± 0.10 2 3.0 4
Perseus 2.4 ± 0.6 3 2.7 4

References. (1) This paper; (2) Lombardi et al. (2014); (3) Zari et al.
(2016) (4) Lombardi et al. (2015).

timated in the NIR map. This is not surprising since more than
80% of the protostars in the CMC are found at AK > 1.0 mag
in the Herschel extinction map. At these high opacities the NIR
derived extinctions are considerably less reliable than our Her-
schel extinctions and moreover are expected to underestimate the
true opacities due to the small numbers of detectable background
stars present in the individual pixels. Our Herschel derived value
of � is closer to, but slightly less than, that (⇠ 4) derived by
Harvey et al. (2013) also using Herschel observations. Those au-
thors employed a di↵erent methodology to estimate a value for �:
First, Harvey et al. (2013) produced surface density maps of dust
(AK) and YSOs, both smoothed to a scale of 0.2 deg. They then
made a ratio of the two maps and constructed the correspond-
ing plot of ⌃⇤ vs AK from that data. Harvey et al. (2013) quote
only their value for � derived from this plot and do not produce
an estimate of its uncertainty so it is di�cult to assess the sig-
nificance of the di↵erence between the two estimates. Because
the value of � derived using Herschel dust column densities by
two di↵erent methods is higher than the value we previously de-
rived using 2MASS extinctions, we adopt our improved estimate
for this parameter as being the more faithful measure of its true
value.

5.4. The Protostellar PDF

We can gain some physical insight into the nature of the Schmidt
relation and its connection to star formation by writing the rela-
tion in the following form:

⌃⇤(AK) =
dN⇤(AK)
dS (AK)

= ⌃⇤0 ⇥
PDF⇤(AK)
PDFN(AK)

(9)

Here ⌃⇤0 is a constant equal to the global protostellar surface
density of the cloud, that is, the ratio of N⇤tot, the total number
of protostellar objects, to S tot, the total cloud area. PDF⇤(AK)
is the pdf of the protostellar population2 and PDFN(AK) is the
cloud column density pdf. In this form we see that the Schmidt
relation is proportional to the ratio of the protostellar and cloud
pdfs. The column density pdf of a molecular cloud is a standard
metric used to describe cloud structure. It has been shown to be
well described by simple power-law functions of extinction (i.e.,
PDFN / A�n

K ; Lombardi et al. 2015). The protostellar pdf is not
a well known distribution and to our knowledge has not been
studied in the literature. Because N⇤(AK) is proportional to the
total instantaneous SFR at any extinction, the protostellar pdf is
essentially the normalized measure of the SFR as a function of
extinction. Consider that we can rewrite equation 9 to yield:

PDF⇤(AK) =
⌃⇤(AK)
⌃⇤0

⇥ PDFN(AK) (10)

If ⌃⇤(AK) and PDFN(AK) are both power-law functions of AK ,
then PDF⇤(AK) must also be a power-law, i.e., PDF⇤(AK) / Ap

K
where p = � � n.

In Table 1 we list the values of � and n derived from simi-
lar analysis of local clouds with Herschel dust column densities.
For all these clouds n > � indicating that PDF⇤(AK) is a declin-
ing function of AK and predicting that the number of protostars
will steeply decline with extinction, despite the rapid rise of the
Schmidt relation with AK . For the CMC we find p = �0.69 and
for all four clouds h� � ni = �0.69 ± 0.27.

A protostellar pdf of the form PDF⇤(AK) / A�0.7
K seems

counterintuitive, in part because it clearly cannot describe the
behavior of the actual PDF⇤(AK) at low extinctions. This is clear
from figures 5, 6, 7, which show an almost complete absence
of protostars in regions of low extinction (i.e., AK . 1.0 mag).
Moreover, it also predicts that the number of protostars will
sharply decline with increasing extinction and this appears in
conflict with the fact that the protostellar positions seem to be
correlated with the highest extinction regions in the maps of fig-
ures 5, 6, 7.

The relatively small numbers of protostars in the CMC cou-
pled with the large dynamic range of extinction they sample
make it di�cult to directly determine a well sampled PDF⇤(AK)
and test these predictions. However, we can gain further insight
into the nature of the protostellar pdf by considering the normal-
ized cumulative distribution of protostars:

N⇤(> AK)/N⇤tot =

Z 1

AK

PDF⇤(AK)dAK (11)

This distribution can be considered the fractional yield of proto-
stars as a result of the star formation process in the cloud. Figure
11 shows the normalized, cumulative distribution of protostars
as a function of extinction observed in the CMC. As predicted
above, the observed data points (filled symbols) indicate that

2 i.e., PDF⇤(AK) ⌘ 1
N⇤tot

dN⇤(AK )
dAK
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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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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)
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which becomes, in the limit of kt ≪ 1:
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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.
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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.
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2. Immediate objectives of the ALMA-IMF Large Program

The ultimate objective of ALMA-IMF is to push forward the understanding of the IMF origin and
stimulate improvements to star formation models. To this aim, we will image with ALMA 15 massive
protoclusters and apply the robust analysis steps we have identified with our earlier projects.

Figure 2: Nine of the 15 protoclusters we propose to image with ALMA, as seen with Spitzer (3-
color). Requested ALMA mosaics are overlaid on the ATLASGAL 870 µm emission (heat color,
upper-left panels). Given their 103 � 104 M� masses and the requested sensitivity of 5� = 0.6 M�,
these 1-2 pc2 massive protoclusters should host hundreds of 2000 AU cores, with a large mass range.

2.1 Proposed targets: the most massive protoclusters at less than 6 kpc

The APEX/ATLASGAL and CSO/BGPS surveys covered the inner Galactic plane at (sub)millimeter
wavelengths, providing uniquely complete samples of sources at 2 to 8 kpc distances (Ginsburg et al.
2013; Csengeri et al. 2014). They revealed particularly massive, pc2 protocluster clouds, the best
known of which are W43-MM1, W49, W51-IRS2, and Sgr B2. We used the ATLASGAL imaging
to perform an unbiased selection of these extreme protoclusters, with M(<1pc2) = 2 ⇥ 103 M� as
mass threshold. While several tens of massive protoclusters were found within the whole Galaxy,
a distance-limited criterium of d < 6 kpc provides 15 targets. Further-away protoclusters were
excluded to allow studying a large sample of massive protoclusters with reasonable integration times
per target. Following evolutionary trends of protostars, the luminosity-to-mass ratio provides a fair
evolutionary indicator for ⇠pc2 protoclusters, which we qualify as ‘Young’ when L/M < 25 L�/M�,
‘Intermediate’ when L/M ⇠ 25 � 50 L�/M�, and ‘Evolved’ for L/M > 50 L�/M�. Among basic
image parameters, the carefully-defined mosaics are shown in Fig. 2 and given in Table 1.
The ALMA-IMF Large Program targets a nearby, complete sample of massive protoclusters at

2�6 kpc. Thanks to its high sensitivity and angular resolution, ALMA-IMF will reveal one thousand
cores, 8 times more than found in W43-MM1 alone, above the CMF peak at ⇠0.6 M�. Table 1
sample is necessary and su�cient to di↵erentiate between CMF and IMF slopes, as
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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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