
Lessons from the Milky Way: 
Galactic Center and Molecular Lines

 

Jens Kauffmann
Max–Planck–Institut für Radioastronomie

Behind the Curtain of Dust II, Sexten, Italy ● 2017 July 6

with: T. Pillai, Q. Zhang, K.M. Menten, P.F. Goldsmith, X. Lu, 
A.E. Guzmán, A. Schmiedeke, G. Melnick, V. Tolls



molecular clouds (in detail)
black hole (in detail)

„normal“ dense cores can existin extreme environments

line emission in Milky Way molecular 
clouds not understood well

(spatial distribution, intensities)

two take–home messages:



Studies of the Galactic Center

Central Molecular Zone (CMZ)
innermost ~200 pc
largely molecular gas



Jens Kauffmann ● MPIfR

Galactic Center Molecular Cloud Survey (GCMS)

4

~200 hour program using:
ALMA, SMA, CARMA, APEX

includes first high–resolution study of all 
major CMZ clouds
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other important work not covered here:
● CMZ structure: Longmore et al., Kruijssen et al.
● structure of clouds: Rathborne et al.
● physics within clouds: Mills et al.
● CMZ temperature structure: Ginsburg et al.

GCMS provides systematic overview not produced 
by the aforementioned studies
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little evidence for dense gas! Kauffmann et al. (2013a)



Jens Kauffmann ● MPIfR

Absence of Dense Cores: Not an Issue of Sensitivity

(a) ALMA continuum on Spitzer IRAC (b) ALMA 220 GHz continuum (c) ALMA SiO (5–4) (d) ALMA warm gas vs. SiO (5–4)

regions at >140 K
from ALMA H2CO 

SiO ridge of 4 pc

long SiO ridges
=> cloud–cloud collisions

Kauffmann et al. (in prep.)

same mass as 
from SMA data

GCMS now uses ~25h of ALMA time to 
collect such data for all major CMZ clouds
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Table 6. N2H+ source properties. Subscripts “SD” refer to single–dish observations.

Target Significant Maxima Clumps hviSD �SD(v) min(�Int[v])
km s�1 km s�1 km s�1

Sgr C 7 1 �52.5 6.5 1.1
20 km s�1 3 1 12.5 10.2 2.2
50 km s�1 9 1 48.6 13.9 1.1
G0.253+0.016 10 5 24.9 16.4 0.6
Sgr B1 o↵ 4 2 31.1 13.1 0.9
Sgr D 4 2 �16.1 2.5 1.5

the spectra towards the p–p–v maxima to find for every cloud
the most narrow lines that are well–separated from other veloc-
ity components. In a further step we characterize these spec-
tra via multi–component Gaussian fits of the sort illustrated in
Fig. 4. The velocity dispersions found for the narrowest com-
ponents, min(�Int[v]), are listed in Table 6. Relatively narrow
lines with velocity dispersions in the range 0.6 to 2.2 km s�1 are
found in all CMZ clouds studied here. Kau↵mann et al. (2013b)
and Rathborne et al. (2015) initially reported such narrow lines
for G0.253+0.016. Now we can consider the prevalence of small
line widths on small spatial scales a general feature of all CMZ
clouds.

The resulting velocity dispersions can be compared to the
value expected for one–dimensional thermal motions of a parti-
cle of mass m in gas at a temperature Tgas,

�th,m(v) = 288 m s�1
 

m
mH

!�1/2  
Tgas

10 K

!1/2

(1)

(where mH is the hydrogen mass). For N2H+ molecules with
m = 29 mH at gas temperatures of 50 to 100 K, as represen-
tative for the CMZ (see Sec. 1), one obtains thermal velocity
dispersions of 0.11 to 0.17 km s�1. This means that non–thermal
“turbulent” random gas motions dominate the observed velocity
dispersions. However, more relevant for the gas dynamics is the
comparison to the gas velocity dispersion for the mean free par-
ticle with a mass hmi = 2.33 mH (see Appendix A of Kau↵mann
et al. 2008). This gives 0.4 to 0.6 km s�1 for the 50 to 100 K tem-
perature range. This means that the non–thermal gas motions
become similar to the thermal motions of the mean free particle.
In other words, the one–dimensional sonic Mach number

M = �obs(v)/�th,hmi(v) (2)

determined from the observed velocity dispersion along the line
of sight, �obs(v), indicates transonic to mildly supersonic gas
motions instead of highly supersonic (i.e.,M � 1) ones. Specif-
ically, observed velocity dispersions of 0.6 to 2.2 km s�1 imply
M = 1.5 to 5.5 at 50 K gas temperature. Values lower by a
factor 21/2 ⇡ 1.4 apply for temperatures of 100 K. For compari-
son, for 50 K gas temperature we obtain much larger sonic Mach
numbers in the range M = 15 to 40 from single–dish velocity
dispersions �SD(v) as listed in Table 6.

3.4. Steep Linewidth–Size Relation

The combination of interferometer maps and single–dish obser-
vations with a multi–scale characterization of cloud kinematics
permits us to construct the linewidth–size relation for the CMZ.
Here we construct the first such relation that extends from spatial
scales ⇠ 0.1 pc to radii > 1 pc (see Rathborne et al. 2015 for a

Fig. 7. Summary of the N2H+–based linewidth–size data explored in
this paper. Blue symbols give characteristics of structures of varying
spatial size explored here; see Sec. 3.4 for terminology and details. The
blue crosses with white filling indicate data for the Sgr D region that
probably resides outside the CMZ as studied here. The gray shaded
region summarizes the linewidth–size measurements reported by Shetty
et al. (2012). Dark green bullets indicate the properties of reference
Milky Way clouds from the Kau↵mann et al. (2013a) compilation that
is based on emission lines of N2H+ and NH3 that trace dense gas. Light
green diamonds give CO–based data for the lower density gas in Milky
Way clouds reported in the same collection. The dotted line is defined
by a crossing time of 3 ⇥ 105 yr.

multi–tracer exploration that characterizes scales � 0.5 pc in a
single cloud).

Figure 7 collects the information on gas kinematics obtained
above. The velocity dispersions from the single–dish spectra
are combined with the cloud size measurements from Herschel
given in Table 1. The “clumps” refer to the larger cloud struc-
tures identified in the dendrogram analysis. The vertical bar in-
dicates the range of minimum velocities found in the clouds by
fitting spectra towards individual local p–p–v maxima. A radius
of 200. 5 (i.e., 0.1 pc) is adopted for these structures, roughly cor-
responding to the beam radius of the observations. Figure 7 also
includes information on CMZ gas kinematics inferred by Shetty
et al. (2012; i.e., a factor 3 around the N2H+ results in their Ta-
ble 2) and the non–thermal kinematics of Milky Way molecu-
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GCMS: „Calm“ Dense Cores in „turbulent“ Clouds
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MW dense cores

Milky Way CO clouds

Kauffmann et al. (2013a,b)
Kauffmann et al. (2016a,b)

moderate turbulence on 
spatial scales ≲1 pc!

unusually steep 
linewidth–size relation
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in Fig. 3 (top) e↵ectively connect the mass–size measurement
for the most massive “core” of ⇠ 0.1 pc radius with the mass–
size data of the ⇠ 1 pc radius “clump” and the cloud in which
the core is embedded.

On small spatial scales ⇠ 0.1 pc we also include data for
Sgr B2 extracted from a column density map presented by
Schmiedeke et al. (2016). That study uses a range of contin-
uum emission data sets obtained using LABOCA, the SMA,
Herschel, and the VLA to obtain a three–dimensional model of
the density distribution via radiative transfer modeling. This in
particular takes the internal heating by star formation into ac-
count in a detailed fashion. Here we explore a map of the mass
distribution as collapsed along the line of sight. The data point
near 0.1 pc e↵ective radius in Fig. 3 (top) is obtained by running
a dendrogram analysis on that map in the same fashion as done
for the SMA data presented in this paper.

For reference in Fig. 3 (top) we illustrate the conditions
in Orion via the analysis of Herschel and Bolocam data ex-
plained in Sec. 2.1. We also indicate the mass–size threshold
for high–mass SF from Kau↵mann & Pillai (2010), m(r) �
870 M� ·(r/pc)1.33. Assuming a spherical geometry, uniform den-
sity, and a mean molecular weight per H2 molecule of 2.8 proton
masses (Kau↵mann et al. 2008), the mean H2 particle density is

n(H2) = 3.5 ⇥ 104 cm�3 ·
 

M
104 M�

!
·
 

r
pc

!�3

. (2)

The Herschel–based masses and sizes on the largest scales of the
CMZ clouds (Table 1 of Paper I) yield average densities in the
range (0.9 to 1.8)⇥ 104 cm�3. These densities are relatively high
for Milky Way molecular clouds: Orion A, for example, has an
average density of only 2.3 ⇥ 103 cm�3 for a radius of 4.4 pc.

For reference we also indicate the properties of the Arches
cluster, one of the most massive stellar aggregates in the CMZ.
Espinoza et al. (2009) find a mass of 2⇥104 M� in an aperture of
0.4 pc radius. Note that Sgr B2 is the only CMZ region massive
enough to form a cluster of this density structure by simply con-
verting a fraction < 1 of the mass residing at a fixed radius into
stars. Walker et al. (2015) analyze this point in more detail. They
conclude that it is indeed hard to form an Arches–like cluster in
a single epoch of star formation. Walker et al. therefore suggest
that massive clusters might thus form in a number of successive
star formation events.

4. Dense Gas on Small Spatial Scales

4.1. Unusually Shallow Density Gradients in CMZ Clouds

One of the most puzzling aspects of CMZ clouds is that the em-
bedded dense cores of about 0.1 pc radius have relatively low
densities, compared to the high average densities inferred above
(Fig. 3 [top]). The most massive cores in CMZ clouds studied
here have masses similar to, and sometimes below, the one of the
most massive core in Orion A, i.e., the Orion KL region. A repre-
sentative mass of 400 M� within 0.1 pc radius gives a density of
1.3 ⇥ 106 cm�3. When compared to the average density on large
spatial scales, the density in Orion A on 0.1 pc scale increases by
a factor ⇠ 600. In the CMZ clouds the density increase is lower
by about an order of magnitude. This means that, compared to
clouds like Orion, CMZ clouds have much more shallow den-
sity gradients. In Kau↵mann et al. (2013b) we demonstrated this
trend for G0.253+0.016. The new data show that this is a general
trend for CMZ clouds.

Fig. 3. Analysis of the density structure of CMZ clouds. The top panel
presents the mass–size data extracted for apertures of various sizes. See
Sec. 2.1 for details. For reference, gray shading indicates the region of
the parameter space where high–mass stars cannot form (Kau↵mann &
Pillai 2010). The gray dashed line indicates a mean H2 column density
of 1023 cm�2. The ordinate in the lower panel gives the mass–size slope
d ln(m)/d ln(r) measured in the upper panel on spatial scales . 1 pc,
as explained in Sec. 4.1. The abscissa indicates the fraction of mass
measured in the interferometer data which we consider to be the dense
gas tracer. Horizontal lines are drawn for some regions for which only
mass–size data are available (i.e., Perseus, Ophiuchus, and Sgr B2).
Shaded regions highlight the parameter space occupied by spheres with
indicated singular power–law density profiles. Green lines and markers
present data from reference objects outside the CMZ. The gray shaded
region contains solutions inconsistent with a fundamental assumption
made in our analysis, i.e., that column densities decrease with increas-
ing e↵ective radius.
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clouds with average densities
much above Orion A…

…that often contain 
nothing like Orion KL

shallow density gradients:
% / r�1.3

Kauffmann et al. (2013a)
Kauffmann et al. (2016a,b)
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in Fig. 3 (top) e↵ectively connect the mass–size measurement
for the most massive “core” of ⇠ 0.1 pc radius with the mass–
size data of the ⇠ 1 pc radius “clump” and the cloud in which
the core is embedded.

On small spatial scales ⇠ 0.1 pc we also include data for
Sgr B2 extracted from a column density map presented by
Schmiedeke et al. (2016). That study uses a range of contin-
uum emission data sets obtained using LABOCA, the SMA,
Herschel, and the VLA to obtain a three–dimensional model of
the density distribution via radiative transfer modeling. This in
particular takes the internal heating by star formation into ac-
count in a detailed fashion. Here we explore a map of the mass
distribution as collapsed along the line of sight. The data point
near 0.1 pc e↵ective radius in Fig. 3 (top) is obtained by running
a dendrogram analysis on that map in the same fashion as done
for the SMA data presented in this paper.

For reference in Fig. 3 (top) we illustrate the conditions
in Orion via the analysis of Herschel and Bolocam data ex-
plained in Sec. 2.1. We also indicate the mass–size threshold
for high–mass SF from Kau↵mann & Pillai (2010), m(r) �
870 M� ·(r/pc)1.33. Assuming a spherical geometry, uniform den-
sity, and a mean molecular weight per H2 molecule of 2.8 proton
masses (Kau↵mann et al. 2008), the mean H2 particle density is

n(H2) = 3.5 ⇥ 104 cm�3 ·
 

M
104 M�

!
·
 

r
pc

!�3
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The Herschel–based masses and sizes on the largest scales of the
CMZ clouds (Table 1 of Paper I) yield average densities in the
range (0.9 to 1.8)⇥ 104 cm�3. These densities are relatively high
for Milky Way molecular clouds: Orion A, for example, has an
average density of only 2.3 ⇥ 103 cm�3 for a radius of 4.4 pc.

For reference we also indicate the properties of the Arches
cluster, one of the most massive stellar aggregates in the CMZ.
Espinoza et al. (2009) find a mass of 2⇥104 M� in an aperture of
0.4 pc radius. Note that Sgr B2 is the only CMZ region massive
enough to form a cluster of this density structure by simply con-
verting a fraction < 1 of the mass residing at a fixed radius into
stars. Walker et al. (2015) analyze this point in more detail. They
conclude that it is indeed hard to form an Arches–like cluster in
a single epoch of star formation. Walker et al. therefore suggest
that massive clusters might thus form in a number of successive
star formation events.

4. Dense Gas on Small Spatial Scales

4.1. Unusually Shallow Density Gradients in CMZ Clouds

One of the most puzzling aspects of CMZ clouds is that the em-
bedded dense cores of about 0.1 pc radius have relatively low
densities, compared to the high average densities inferred above
(Fig. 3 [top]). The most massive cores in CMZ clouds studied
here have masses similar to, and sometimes below, the one of the
most massive core in Orion A, i.e., the Orion KL region. A repre-
sentative mass of 400 M� within 0.1 pc radius gives a density of
1.3 ⇥ 106 cm�3. When compared to the average density on large
spatial scales, the density in Orion A on 0.1 pc scale increases by
a factor ⇠ 600. In the CMZ clouds the density increase is lower
by about an order of magnitude. This means that, compared to
clouds like Orion, CMZ clouds have much more shallow den-
sity gradients. In Kau↵mann et al. (2013b) we demonstrated this
trend for G0.253+0.016. The new data show that this is a general
trend for CMZ clouds.

Fig. 3. Analysis of the density structure of CMZ clouds. The top panel
presents the mass–size data extracted for apertures of various sizes. See
Sec. 2.1 for details. For reference, gray shading indicates the region of
the parameter space where high–mass stars cannot form (Kau↵mann &
Pillai 2010). The gray dashed line indicates a mean H2 column density
of 1023 cm�2. The ordinate in the lower panel gives the mass–size slope
d ln(m)/d ln(r) measured in the upper panel on spatial scales . 1 pc,
as explained in Sec. 4.1. The abscissa indicates the fraction of mass
measured in the interferometer data which we consider to be the dense
gas tracer. Horizontal lines are drawn for some regions for which only
mass–size data are available (i.e., Perseus, Ophiuchus, and Sgr B2).
Shaded regions highlight the parameter space occupied by spheres with
indicated singular power–law density profiles. Green lines and markers
present data from reference objects outside the CMZ. The gray shaded
region contains solutions inconsistent with a fundamental assumption
made in our analysis, i.e., that column densities decrease with increas-
ing e↵ective radius.
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Table 6. N2H+ source properties. Subscripts “SD” refer to single–dish observations.

Target Significant Maxima Clumps hviSD �SD(v) min(�Int[v])
km s�1 km s�1 km s�1

Sgr C 7 1 �52.5 6.5 1.1
20 km s�1 3 1 12.5 10.2 2.2
50 km s�1 9 1 48.6 13.9 1.1
G0.253+0.016 10 5 24.9 16.4 0.6
Sgr B1 o↵ 4 2 31.1 13.1 0.9
Sgr D 4 2 �16.1 2.5 1.5

the spectra towards the p–p–v maxima to find for every cloud
the most narrow lines that are well–separated from other veloc-
ity components. In a further step we characterize these spec-
tra via multi–component Gaussian fits of the sort illustrated in
Fig. 4. The velocity dispersions found for the narrowest com-
ponents, min(�Int[v]), are listed in Table 6. Relatively narrow
lines with velocity dispersions in the range 0.6 to 2.2 km s�1 are
found in all CMZ clouds studied here. Kau↵mann et al. (2013b)
and Rathborne et al. (2015) initially reported such narrow lines
for G0.253+0.016. Now we can consider the prevalence of small
line widths on small spatial scales a general feature of all CMZ
clouds.

The resulting velocity dispersions can be compared to the
value expected for one–dimensional thermal motions of a parti-
cle of mass m in gas at a temperature Tgas,

�th,m(v) = 288 m s�1
 

m
mH

!�1/2  
Tgas

10 K

!1/2

(1)

(where mH is the hydrogen mass). For N2H+ molecules with
m = 29 mH at gas temperatures of 50 to 100 K, as represen-
tative for the CMZ (see Sec. 1), one obtains thermal velocity
dispersions of 0.11 to 0.17 km s�1. This means that non–thermal
“turbulent” random gas motions dominate the observed velocity
dispersions. However, more relevant for the gas dynamics is the
comparison to the gas velocity dispersion for the mean free par-
ticle with a mass hmi = 2.33 mH (see Appendix A of Kau↵mann
et al. 2008). This gives 0.4 to 0.6 km s�1 for the 50 to 100 K tem-
perature range. This means that the non–thermal gas motions
become similar to the thermal motions of the mean free particle.
In other words, the one–dimensional sonic Mach number

M = �obs(v)/�th,hmi(v) (2)

determined from the observed velocity dispersion along the line
of sight, �obs(v), indicates transonic to mildly supersonic gas
motions instead of highly supersonic (i.e.,M � 1) ones. Specif-
ically, observed velocity dispersions of 0.6 to 2.2 km s�1 imply
M = 1.5 to 5.5 at 50 K gas temperature. Values lower by a
factor 21/2 ⇡ 1.4 apply for temperatures of 100 K. For compari-
son, for 50 K gas temperature we obtain much larger sonic Mach
numbers in the range M = 15 to 40 from single–dish velocity
dispersions �SD(v) as listed in Table 6.

3.4. Steep Linewidth–Size Relation

The combination of interferometer maps and single–dish obser-
vations with a multi–scale characterization of cloud kinematics
permits us to construct the linewidth–size relation for the CMZ.
Here we construct the first such relation that extends from spatial
scales ⇠ 0.1 pc to radii > 1 pc (see Rathborne et al. 2015 for a

Fig. 7. Summary of the N2H+–based linewidth–size data explored in
this paper. Blue symbols give characteristics of structures of varying
spatial size explored here; see Sec. 3.4 for terminology and details. The
blue crosses with white filling indicate data for the Sgr D region that
probably resides outside the CMZ as studied here. The gray shaded
region summarizes the linewidth–size measurements reported by Shetty
et al. (2012). Dark green bullets indicate the properties of reference
Milky Way clouds from the Kau↵mann et al. (2013a) compilation that
is based on emission lines of N2H+ and NH3 that trace dense gas. Light
green diamonds give CO–based data for the lower density gas in Milky
Way clouds reported in the same collection. The dotted line is defined
by a crossing time of 3 ⇥ 105 yr.

multi–tracer exploration that characterizes scales � 0.5 pc in a
single cloud).

Figure 7 collects the information on gas kinematics obtained
above. The velocity dispersions from the single–dish spectra
are combined with the cloud size measurements from Herschel
given in Table 1. The “clumps” refer to the larger cloud struc-
tures identified in the dendrogram analysis. The vertical bar in-
dicates the range of minimum velocities found in the clouds by
fitting spectra towards individual local p–p–v maxima. A radius
of 200. 5 (i.e., 0.1 pc) is adopted for these structures, roughly cor-
responding to the beam radius of the observations. Figure 7 also
includes information on CMZ gas kinematics inferred by Shetty
et al. (2012; i.e., a factor 3 around the N2H+ results in their Ta-
ble 2) and the non–thermal kinematics of Milky Way molecu-
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cores with low velocity dispersion

CMZ dense cores „do not know“ about 
their dense and turbulent environment!

no great difference from dense 
cores in Solar neighborhood

multiple explanations, not going 
into that today
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24 μm, 8 μm, 4 μm

G0.253+0.016
Sgr B2

~49 OB Stars

no OB Stars
~0.9×105 Msun of dense gas

~13.7×105 Msun of dense gas

Kauffmann et al. (2016a)

20 km/s cloud

HII region, H2O masers
~3×105 Msun of dense gas
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(Lada et al. 2010)

representative
statistical
uncertainty for
CMZ clouds

representative
statistical
uncertainty for
CMZ clouds

reduction
for flatter
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α

3
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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.

gas in the CMZ is subject to violent gas motions, such as cloud–
cloud collisions at high velocities. 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.

A 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.

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
CMZ clouds move along one common orbit that might be closed
(Molinari et al. 2011) or consist of open eccentric streams (Krui-
jssen et al. 2015). It is then plausible to think that certain posi-
tions along this CMZ orbit are associated with particular stages
in the evolution of clouds. Here we can test this picture.
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SF relation not 
universal!

dense gas:
defined as AV > 7 mag

equivalent of
Gas & Solomon relation

are these placed 
right (using HCN)?
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cloud sample: cloud–to–cloud variation

maps ~10 arcmin

maps ~1 deg

studies at IRAM:
● ~75 h for Rosette
● ~100 h for cloud sample

data from FCRAO:
archival data for Orion

n   / cmcr –3

2×103 2×103 2×103 1×105 1×105 1×106 1×106
Rosette & Orion: physics of line emission
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LEGO Survey of Molecular Clouds

15

studies at IRAM:
● ~75 h for Rosette
● ~100 h for cloud sample

data from FCRAO:
archival data for Orion

n   / cmcr –3

2×103 2×103 2×103 1×105 1×105 1×106 1×106

additional groups are working on this:
● Pety et al. (Orion B in detail)
● Shimajiri et al. (densest parts of nearby clouds)
● Watanabe et al. (W51 in detail)
● Stephens et al. (clumps in clouds)
● Mills et al. (CMZ)

LEGO provides the only systematic wide–field 
survey of a diverse sample
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data on Orion A:
from FCRAO (Melnick et al. 2011, Ripple et al. 2013)
transitions near 100 GHz

critical densities do not control how lines couple to dense gas
=> abundances, excitation?

Kauffmann et al. (subm.)

n   / cmcr –3

2×103 2×103 2×103 1×105 1×105 1×106 1×106
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Kauffmann et al. (subm.)

=> HCN (1–0) traces density ~103 cm–3

typical reference value: ≫104 cm–3
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Kauffmann et al. (subm.)

LEGO
=> G&S galaxies have SF 
suppressed by factor ~5?!

Milky Way  clouds
(Lada et al. 2010)

GC averages
(Longmore et al. 2013)

individual GC clouds 
(Kauffmann et al. 2017)

Galaxies 
(Gao & Somomon 2004, 

following Kauffmann et al. [this paper])

factor 10

unknown reservoirs of HCN 
emission in galaxies?



Summary



Jens Kauffmann ● MPIfR

Summary

20

Jens Kau↵mann et al.: The Galactic Center Molecular Cloud Survey

in Fig. 3 (top) e↵ectively connect the mass–size measurement
for the most massive “core” of ⇠ 0.1 pc radius with the mass–
size data of the ⇠ 1 pc radius “clump” and the cloud in which
the core is embedded.

On small spatial scales ⇠ 0.1 pc we also include data for
Sgr B2 extracted from a column density map presented by
Schmiedeke et al. (2016). That study uses a range of contin-
uum emission data sets obtained using LABOCA, the SMA,
Herschel, and the VLA to obtain a three–dimensional model of
the density distribution via radiative transfer modeling. This in
particular takes the internal heating by star formation into ac-
count in a detailed fashion. Here we explore a map of the mass
distribution as collapsed along the line of sight. The data point
near 0.1 pc e↵ective radius in Fig. 3 (top) is obtained by running
a dendrogram analysis on that map in the same fashion as done
for the SMA data presented in this paper.

For reference in Fig. 3 (top) we illustrate the conditions
in Orion via the analysis of Herschel and Bolocam data ex-
plained in Sec. 2.1. We also indicate the mass–size threshold
for high–mass SF from Kau↵mann & Pillai (2010), m(r) �
870 M� ·(r/pc)1.33. Assuming a spherical geometry, uniform den-
sity, and a mean molecular weight per H2 molecule of 2.8 proton
masses (Kau↵mann et al. 2008), the mean H2 particle density is

n(H2) = 3.5 ⇥ 104 cm�3 ·
 

M
104 M�

!
·
 

r
pc

!�3

. (2)

The Herschel–based masses and sizes on the largest scales of the
CMZ clouds (Table 1 of Paper I) yield average densities in the
range (0.9 to 1.8)⇥ 104 cm�3. These densities are relatively high
for Milky Way molecular clouds: Orion A, for example, has an
average density of only 2.3 ⇥ 103 cm�3 for a radius of 4.4 pc.

For reference we also indicate the properties of the Arches
cluster, one of the most massive stellar aggregates in the CMZ.
Espinoza et al. (2009) find a mass of 2⇥104 M� in an aperture of
0.4 pc radius. Note that Sgr B2 is the only CMZ region massive
enough to form a cluster of this density structure by simply con-
verting a fraction < 1 of the mass residing at a fixed radius into
stars. Walker et al. (2015) analyze this point in more detail. They
conclude that it is indeed hard to form an Arches–like cluster in
a single epoch of star formation. Walker et al. therefore suggest
that massive clusters might thus form in a number of successive
star formation events.

4. Dense Gas on Small Spatial Scales

4.1. Unusually Shallow Density Gradients in CMZ Clouds

One of the most puzzling aspects of CMZ clouds is that the em-
bedded dense cores of about 0.1 pc radius have relatively low
densities, compared to the high average densities inferred above
(Fig. 3 [top]). The most massive cores in CMZ clouds studied
here have masses similar to, and sometimes below, the one of the
most massive core in Orion A, i.e., the Orion KL region. A repre-
sentative mass of 400 M� within 0.1 pc radius gives a density of
1.3 ⇥ 106 cm�3. When compared to the average density on large
spatial scales, the density in Orion A on 0.1 pc scale increases by
a factor ⇠ 600. In the CMZ clouds the density increase is lower
by about an order of magnitude. This means that, compared to
clouds like Orion, CMZ clouds have much more shallow den-
sity gradients. In Kau↵mann et al. (2013b) we demonstrated this
trend for G0.253+0.016. The new data show that this is a general
trend for CMZ clouds.

Fig. 3. Analysis of the density structure of CMZ clouds. The top panel
presents the mass–size data extracted for apertures of various sizes. See
Sec. 2.1 for details. For reference, gray shading indicates the region of
the parameter space where high–mass stars cannot form (Kau↵mann &
Pillai 2010). The gray dashed line indicates a mean H2 column density
of 1023 cm�2. The ordinate in the lower panel gives the mass–size slope
d ln(m)/d ln(r) measured in the upper panel on spatial scales . 1 pc,
as explained in Sec. 4.1. The abscissa indicates the fraction of mass
measured in the interferometer data which we consider to be the dense
gas tracer. Horizontal lines are drawn for some regions for which only
mass–size data are available (i.e., Perseus, Ophiuchus, and Sgr B2).
Shaded regions highlight the parameter space occupied by spheres with
indicated singular power–law density profiles. Green lines and markers
present data from reference objects outside the CMZ. The gray shaded
region contains solutions inconsistent with a fundamental assumption
made in our analysis, i.e., that column densities decrease with increas-
ing e↵ective radius.
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Table 6. N2H+ source properties. Subscripts “SD” refer to single–dish observations.

Target Significant Maxima Clumps hviSD �SD(v) min(�Int[v])
km s�1 km s�1 km s�1

Sgr C 7 1 �52.5 6.5 1.1
20 km s�1 3 1 12.5 10.2 2.2
50 km s�1 9 1 48.6 13.9 1.1
G0.253+0.016 10 5 24.9 16.4 0.6
Sgr B1 o↵ 4 2 31.1 13.1 0.9
Sgr D 4 2 �16.1 2.5 1.5

the spectra towards the p–p–v maxima to find for every cloud
the most narrow lines that are well–separated from other veloc-
ity components. In a further step we characterize these spec-
tra via multi–component Gaussian fits of the sort illustrated in
Fig. 4. The velocity dispersions found for the narrowest com-
ponents, min(�Int[v]), are listed in Table 6. Relatively narrow
lines with velocity dispersions in the range 0.6 to 2.2 km s�1 are
found in all CMZ clouds studied here. Kau↵mann et al. (2013b)
and Rathborne et al. (2015) initially reported such narrow lines
for G0.253+0.016. Now we can consider the prevalence of small
line widths on small spatial scales a general feature of all CMZ
clouds.

The resulting velocity dispersions can be compared to the
value expected for one–dimensional thermal motions of a parti-
cle of mass m in gas at a temperature Tgas,

�th,m(v) = 288 m s�1
 

m
mH

!�1/2  
Tgas

10 K

!1/2

(1)

(where mH is the hydrogen mass). For N2H+ molecules with
m = 29 mH at gas temperatures of 50 to 100 K, as represen-
tative for the CMZ (see Sec. 1), one obtains thermal velocity
dispersions of 0.11 to 0.17 km s�1. This means that non–thermal
“turbulent” random gas motions dominate the observed velocity
dispersions. However, more relevant for the gas dynamics is the
comparison to the gas velocity dispersion for the mean free par-
ticle with a mass hmi = 2.33 mH (see Appendix A of Kau↵mann
et al. 2008). This gives 0.4 to 0.6 km s�1 for the 50 to 100 K tem-
perature range. This means that the non–thermal gas motions
become similar to the thermal motions of the mean free particle.
In other words, the one–dimensional sonic Mach number

M = �obs(v)/�th,hmi(v) (2)

determined from the observed velocity dispersion along the line
of sight, �obs(v), indicates transonic to mildly supersonic gas
motions instead of highly supersonic (i.e.,M � 1) ones. Specif-
ically, observed velocity dispersions of 0.6 to 2.2 km s�1 imply
M = 1.5 to 5.5 at 50 K gas temperature. Values lower by a
factor 21/2 ⇡ 1.4 apply for temperatures of 100 K. For compari-
son, for 50 K gas temperature we obtain much larger sonic Mach
numbers in the range M = 15 to 40 from single–dish velocity
dispersions �SD(v) as listed in Table 6.

3.4. Steep Linewidth–Size Relation

The combination of interferometer maps and single–dish obser-
vations with a multi–scale characterization of cloud kinematics
permits us to construct the linewidth–size relation for the CMZ.
Here we construct the first such relation that extends from spatial
scales ⇠ 0.1 pc to radii > 1 pc (see Rathborne et al. 2015 for a

Fig. 7. Summary of the N2H+–based linewidth–size data explored in
this paper. Blue symbols give characteristics of structures of varying
spatial size explored here; see Sec. 3.4 for terminology and details. The
blue crosses with white filling indicate data for the Sgr D region that
probably resides outside the CMZ as studied here. The gray shaded
region summarizes the linewidth–size measurements reported by Shetty
et al. (2012). Dark green bullets indicate the properties of reference
Milky Way clouds from the Kau↵mann et al. (2013a) compilation that
is based on emission lines of N2H+ and NH3 that trace dense gas. Light
green diamonds give CO–based data for the lower density gas in Milky
Way clouds reported in the same collection. The dotted line is defined
by a crossing time of 3 ⇥ 105 yr.

multi–tracer exploration that characterizes scales � 0.5 pc in a
single cloud).

Figure 7 collects the information on gas kinematics obtained
above. The velocity dispersions from the single–dish spectra
are combined with the cloud size measurements from Herschel
given in Table 1. The “clumps” refer to the larger cloud struc-
tures identified in the dendrogram analysis. The vertical bar in-
dicates the range of minimum velocities found in the clouds by
fitting spectra towards individual local p–p–v maxima. A radius
of 200. 5 (i.e., 0.1 pc) is adopted for these structures, roughly cor-
responding to the beam radius of the observations. Figure 7 also
includes information on CMZ gas kinematics inferred by Shetty
et al. (2012; i.e., a factor 3 around the N2H+ results in their Ta-
ble 2) and the non–thermal kinematics of Milky Way molecu-
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„normal“ cores in extreme environment

Galactic Center Molecular Cloud Survey (GCMS)

LEGO Survey

spatial distribution and intensity 

of lines not understood well

Milky Way  clouds
(Lada et al. 2010)

GC averages
(Longmore et al. 2013)

individual GC clouds 
(Kauffmann et al. 2017)

Galaxies 
(Gao & Somomon 2004, 

following Kauffmann et al. [this paper])

factor 10

all constrains cosmic SF


