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Central Molecular Zone (CMZ):
inner ~200 pc where gas is largely molecular instead of atomic
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Figure 1. Continuum images toward G0.253+0.016. The images are 14 pc on a side for the distance of 8.4 kpc. Left to right: GLIMPSE (Benjamin et al. 2003) three
color (3.6, 4.5, and 8 µm), Herschel 70 µm (Molinari et al. 2011), SCUBA/JCMT 450 µm (Di Francesco et al. 2008). The cloud G0.253+0.016 is seen as an extinction
feature in the mid-IR to far-IR but is a strong emitter in the submillimeter/millimeter. As such it must be both cold and dense and sit in front of the majority of the
diffuse Galactic mid-IR background emission.
(A color version of this figure is available in the online journal.)

Table 1
Summary of Observational Survey Data Used in This Work

Survey/Archive Telescope λ Continuum/Line θ Reference(s)
(s)UKIDSS UKIRT 1.2, 1.6, 2.2 µm Continuum <1′′ Lawrence et al. (2007)GLIMPSE Spitzer 3.6, 4.5, 5.6, 8.0 µm Continuum 2′′ Benjamin et al. (2003)HiGAL Herschel 70, 160, 250, 350, 500 µm Continuum 5′′–36′′ Molinari et al. (2010b, 2011)SCUBA Archive JCMT 450, 850 µm Continuum 8′′ Di Francesco et al. (2008)MALT90 Mopra 3 mm Line 35′′ Jackson et al. (2011), Foster et al. (2011)HOPS Mopra 12 mm Line 2′ Walsh et al. (2008, 2011)MMB Parkes and ATCA 3 cm Line ∼1′′ Caswell et al. (2010)

(see Section 2.2) to investigate the near-IR extinction towardG0.253 + 0.016. We downloaded the infrared sources in a 15′ ×15′ region centered on G0.253 + 0.016 from the UKIDSS database, which allowed for a direct and coherent comparison of thecloud and off-cloud properties. The comparison of on- and off-source Ks versus (H − Ks) color–magnitude diagrams (CMDs)showed that there are far fewer very red stars in the directionof G0.253 + 0.016 than in any of the off-source diagrams, witha clear and maintained deficit in the number of red stars wellestablished by (H − Ks) = 1.7 ± 0.2 mag (see the top panelof Figure 2).19 This is equally clearly seen when comparingthe NACO data for G0.253 + 0.016 with a similar field of view,albeit shallower, NACO observations toward the Galactic centerby Schödel et al. (2010): Figure 2 shows the Ks versus (H −Ks)CMD and the histogram of (H − Ks) colors for that Galacticcenter field and for G0.253 + 0.016. Toward the Galactic center,the red giant branch bump feature is clearly seen extending to(H −Ks) ∼ 2.6 mag, after which it is effected by completenesslimits. However, despite being ∼2 mag deeper, the number ofsources toward G0.253 + 0.016 drops rapidly above an (H −Ks)of ∼1.7 mag, clearly showing that the extinction is produced bya sharp increase in dust density as expected from a dense cloud,as opposed to being produced by several low-density cloudsalong the line of sight which would be seen as a much moregradual decrease in the number of red stars.
We used the NACO data and Equation (2) of Nishiyamaet al. (2006) to estimate the distance to the cloud, using the

19 It should be noted that across the UKIDSS field examined there is alsoconsiderable variation in the foreground extinction, not surprising in a field soclose to the Galactic center direction.

red clump (RC) stars around Ks ∼ 15 mag. We assume anabsolute magnitude for the RC stars of MK = −1.54 mag,20 apopulation correction ∆MK = −0.07, and the extinction law ofSchödel et al. (2010) for the Galactic center (Aλ ∝ λ−2.21). Thedistance modulus is then given by DM = K − MKs + ∆MK ,where K is the observed, de-reddened K magnitude. We arelooking for the distance to the near side of the cloud, so weused (H − Ks) = 1.7 mag to determine the extinction, sincethis is the color where we start to lose stars with respect tothe Galactic center of Schödel et al. (2010) (see Figure 2,right-hand panel). Using the aforementioned extinction law,we derive AKs = 2.13 mag for an effective wavelength of2.168 µm, which, when applied to the observed magnitude ofthe RC stars (KS,obs = 15 ± 0.3 mag), yields a de-reddenedKs = 12.87 ± 0.3 mag or K = 12.86 ± 0.3 consideringthe difference between Ks and K (Nishiyama et al. 2006). Thedistance modulus is then DM = 14.34 ± 0.3, translating intoa distance of 7.4 ± 1.0 kpc and independently placing it justin the foreground of the Galactic center. The greatest source ofuncertainty in this analysis is undoubtedly the extinction law,and we note that a difference of only 10% in the exponent ofthe extinction law in particular translates into an approximately10% change in the derived distance.
In summary, based on the UKIDSS and NACO data weconclude that we have undoubtedly detected the extinctioncaused by G0.253 + 0.016 and that this is a single physical entity(as opposed to multiple clouds separated by large distances

20 We adopt the Schödel et al. (2010) value of MK = −1.54 rather than that ofMk = −1.59 in Nishiyama et al. (2006) as we are directly comparing our datato the former.
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Figure 1. Continuum images toward G0.253+0.016. The images are 14 pc on a side for the distance of 8.4 kpc. Left to right: GLIMPSE (Benjamin et al. 2003) three
color (3.6, 4.5, and 8 µm), Herschel 70 µm (Molinari et al. 2011), SCUBA/JCMT 450 µm (Di Francesco et al. 2008). The cloud G0.253+0.016 is seen as an extinction
feature in the mid-IR to far-IR but is a strong emitter in the submillimeter/millimeter. As such it must be both cold and dense and sit in front of the majority of the
diffuse Galactic mid-IR background emission.
(A color version of this figure is available in the online journal.)
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Summary of Observational Survey Data Used in This Work

Survey/Archive Telescope λ Continuum/Line θ Reference(s)
(s)UKIDSS UKIRT 1.2, 1.6, 2.2 µm Continuum <1′′ Lawrence et al. (2007)GLIMPSE Spitzer 3.6, 4.5, 5.6, 8.0 µm Continuum 2′′ Benjamin et al. (2003)HiGAL Herschel 70, 160, 250, 350, 500 µm Continuum 5′′–36′′ Molinari et al. (2010b, 2011)SCUBA Archive JCMT 450, 850 µm Continuum 8′′ Di Francesco et al. (2008)MALT90 Mopra 3 mm Line 35′′ Jackson et al. (2011), Foster et al. (2011)HOPS Mopra 12 mm Line 2′ Walsh et al. (2008, 2011)MMB Parkes and ATCA 3 cm Line ∼1′′ Caswell et al. (2010)

(see Section 2.2) to investigate the near-IR extinction towardG0.253 + 0.016. We downloaded the infrared sources in a 15′ ×15′ region centered on G0.253 + 0.016 from the UKIDSS database, which allowed for a direct and coherent comparison of thecloud and off-cloud properties. The comparison of on- and off-source Ks versus (H − Ks) color–magnitude diagrams (CMDs)showed that there are far fewer very red stars in the directionof G0.253 + 0.016 than in any of the off-source diagrams, witha clear and maintained deficit in the number of red stars wellestablished by (H − Ks) = 1.7 ± 0.2 mag (see the top panelof Figure 2).19 This is equally clearly seen when comparingthe NACO data for G0.253 + 0.016 with a similar field of view,albeit shallower, NACO observations toward the Galactic centerby Schödel et al. (2010): Figure 2 shows the Ks versus (H −Ks)CMD and the histogram of (H − Ks) colors for that Galacticcenter field and for G0.253 + 0.016. Toward the Galactic center,the red giant branch bump feature is clearly seen extending to(H −Ks) ∼ 2.6 mag, after which it is effected by completenesslimits. However, despite being ∼2 mag deeper, the number ofsources toward G0.253 + 0.016 drops rapidly above an (H −Ks)of ∼1.7 mag, clearly showing that the extinction is produced bya sharp increase in dust density as expected from a dense cloud,as opposed to being produced by several low-density cloudsalong the line of sight which would be seen as a much moregradual decrease in the number of red stars.
We used the NACO data and Equation (2) of Nishiyamaet al. (2006) to estimate the distance to the cloud, using the

19 It should be noted that across the UKIDSS field examined there is alsoconsiderable variation in the foreground extinction, not surprising in a field soclose to the Galactic center direction.
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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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Fig. 4. Summary of the virial parameter measurements ↵ from Sec. 5.
Blue symbols give data for structures of varying spatial size explored in
this paper. See Sec. 2.2 for terminology and details. The blue cross with
white filling indicates data for the Sgr D region that probably resides
outside the CMZ as studied here. Dark green bullets indicate the prop-
erties of reference Milky Way clouds that were explored in emission
lines of N2H+ and NH3 tracing dense gas. Values for these are taken
from the Kau↵mann et al. (2013a) compilation. Light green diamonds
give CO–based data for the lower density gas in Milky Way clouds re-
ported in the same compilation. The blue shaded area gives the virial
parameter that would hold for cloud fragments of radius 0.1 pc that have
masses and velocity dispersions within the ranges indicated in the fig-
ure. Gray shading shows where ↵ < ↵cr ⇡ 2, indicating the domain
where non–magnetized hydrostatic equilibria become unstable to col-
lapse.

spatial scales, but that some of the embedded substructures might
well be bound and unstable to collapse. Here we confirm this
finding and establish it as a general trend for CMZ clouds (e.g.,
Fig. 4).

The combined information on gas densities and kinematics
allows to calculate the virial parameter, ↵ = 5�2(v) R/(G M),
as defined by Bertoldi & McKee (1992). Measures of mass and
velocity dispersion refer to a given aperture of radius R. Clouds
are unstable to collapse if ↵ < ↵cr. The critical value depends
on the nature of the pressure supporting the cloud, with values
↵cr ⇡ 2 being appropriate in most cases where magnetic fields
are absent (Kau↵mann et al. 2013a).

We caution that the concept of the virial parameter ignores
several processes that might be relevant in the CMZ. For exam-
ple, the gravitational potential of the CMZ can subject clouds to
shear. The fast internal motions of some clouds might already
reflect this shear, while in other clouds shear might just be about
to set in and has not yet increased internal motions. These shear
motions will stabilize clouds against collapse, and (depending
on whether shear has set in or not) the observed virial parameter
might thus underestimate a cloud’s ability to resist self–gravity.
But CMZ clouds can also be subject to compressive tides (Sec. 1)
that increase self gravity. From this perspective the virial param-
eter might overestimate how well a cloud can withstand collapse.
The impact of shear and tides should be most significant on the
largest spatial scales. This suggests that virial parameter assess-
ments on entire clouds must be treaded with caution, while data
on smaller structures can be interpreted more reliably.

Figure 4 presents a virial analysis that uses the information
on cloud kinematics from Paper I (see Sec. 2.2). Given the range

of velocity dispersions (Fig. 7 of Paper I) and mass reservoirs
(Fig. 3 [top]) on small spatial scales, we adopt ranges for veloc-
ity dispersions and masses instead of fixed numbers. A radius of
0.1 pc is assumed for the smallest structures, corresponding to
the spatial scale on which the smallest interferometer–detected
structures are extracted in Fig. 3 (top). Note that no direct mass
measurements are available for the “clumps” of about 1 pc ra-
dius: here we adopt a mean H2 column density of 2⇥1023 cm�2 to
calculate a mass on the basis of the measured radii. This is a plau-
sible value, as can be gleaned from Fig. 3 (top). In this respect
the properties for the “clumps” in Fig. 4 should be taken as an es-
timate instead of a real measurement. Walker et al. (2015) obtain
slightly lower virial parameters for some of our clouds. Their re-
sults resemble those we obtain for the “clumps” of intermediate
size. It is plausible that this is a consequence of their scheme to
reject unrelated velocity components. The method Walker et al.
use to measure velocity dispersions resembles the one we use for
our “clumps”.

It appears that the clouds on largest spatial scales are un-
bound or only marginally bound. It is thus possible that sev-
eral of these clouds will disperse in the future. The situation is
markedly di↵erent for the “clumps” with radii of order 1 pc. It
seems plausible or even likely that many of these structures will
remain bound. These are excellent conditions for current or fu-
ture star formation. The densest interferometer–detected cores
are very likely subject to signifiant gravitational binding, de-
pending on how exactly gas motions and density structure com-
bine. Rathborne et al. (2015) and Lu et al. (2015) obtain similar
results for G0.253+0.016 and the 20 km s�1 cloud, respectively.

In summary the data presented here suggest that the condi-
tions are conducive for star formation on small spatial scales,
but that it is not clear that the entire clouds will participate in
this process. Note, however, that this analysis ignores magnetic
fields (as well as tidal forces and shear). Pillai et al. (2015) show
that, at least in G0.253+0.016, magnetic forces due to a field
⇠ 5.4 mG are an important and possibly dominating factor in the
total energy budget. This might also hold for other CMZ clouds.
Magnetic fields have the e↵ect of reducing the critical virial pa-
rameter (Kau↵mann et al. 2013a). Provided magnetic fields have
a su�cient strength, this might mean that the physical conditions
in CMZ clouds are not favorable for star formation.

6. Discussion: Suppressing CMZ Star Formation

We return to the problem illustrated in Fig. 1, i.e., the question
why CMZ star formation in dense gas is suppressed by a factor
& 10 compared to other regions in the Milky Way. Here we col-
lect some of the factors examined above and interpret them in
context.

6.1. Moderate CMZ Star Formation Density Thresholds

The most straightforward explanation of suppressed CMZ star
formation would be the existence of a high density threshold for
star formation that is not overcome by CMZ clouds. Kruijssen
et al. (2014) explore this option on the basis of the observations
by Longmore et al. (2013a). They conclude that an SF thresh-
old H2 particle density & 107 cm�3 is needed to explain the ob-
served level of SF suppression, provided steep power–law prob-
ability density functions (PDFs) of gas density prevail in clouds.
Log–normal distributions, which are more commonly observed
in molecular clouds (e.g., Kainulainen et al. 2009), imply thresh-
old densities & 3 ⇥ 108 cm�3. Kruijssen et al. also argue that
the fast supersonic motions in CMZ clouds would in fact imply
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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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Fig. 5: Left and Middle Panels: Correlation plots of H2CO integrated intensity ratio and kinetic temperature, respectively vs line
width. The error bars present the standard deviation of the weighted average for the integrated intensity ratio, 20% uncertainty
in the line width and 30% uncertainty in the temperature. The best linear fit to the temperature data using the total least square
method (Vanderplas et al. 2012) is shown as the solid line. Right Panel: The possible slope and intercept values with the 1, 2 and
3� likelihood contours.
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Fig. 6: Temperature versus line width plot, overlayed with thermal equilibrium models computed using the DESPOTIC (Krumholz
2014) code (see also Fig. 9 of Ginsburg et al. 2016). The data is consistent with the n = 105 cm�3 model.
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Figure 2. Images of the 3 mm dust continuum emission (in units of mJy beam−1) toward G0.253+0.016 showing the emission detected in the ALMA-only image
(left) and the recovery of the emission on the large spatial scales provided by the inclusion of the zero-spacing information (ALMA + single dish, right). These images
are shown in equatorial coordinates: the (0,0) offset position in R.A. and decl. is 17:46:09.59, −28:42:34.2 J2000.

sion assuming a β of 1.2 (right). The ALMA-only image clearly
shows the image artifacts from the missing flux on large scales,
while the combined image shows the significant improvement
and recovery of the large-scale emission. The removal of the
image artifacts justifies the value for β ∼1.2: higher values
underestimate the flux density on large scales which does not
remove the zero-spacing imaging artifacts. Thus, we assume β
of 1.2 ± 0.1.

Because the 3 mm emission is optically thin and traces all
material along the line of sight, it is proportional to the total
column density of dust. With Tdust of 20 K and assuming a gas
to dust mass ratio of 100, a dust absorption coefficient (κ3 mm)
of 0.27 cm2 g−1 (using κ1.2 mm = 0.8 cm2 g−1, and κ ∝ νβ ;
Chen et al. 2008; Ossenkopf & Henning 1994), and β of 1.2, the
intensity of the emission (I3 mm, in mJy) was converted to column
density, N(H2), by multiplying by 1.9 × 1023 cm−2 mJy−1. The
uncertainties for Tdust and β introduce an uncertainty of ∼10%
for the column density, volume density, mass, and virial ratio. In
log-normal fits to the N-PDF, there is an uncertainty of ∼10%
in the dispersion and ∼25% for the peak column density.

4. THE COLUMN DENSITY PDF

The sensitivity and angular resolution of the ALMA data
allow us to derive the N-PDF for G0.253+0.016 to high
accuracy.13 Figure 3 compares the N-PDF derived from the
ALMA-only data to that derived from the combined image
(left and right, respectively). Both N-PDFs are well fit by a
log-normal distribution. When using the combined image, the
shape of the N-PDF remains log-normal, however, the derived
dispersion is narrower and the peak column density higher
compared to using the ALMA-only image. These differences
are expected when including/excluding large-scale emission
(Schneider et al. 2014).

The deviation from log-normal at low column densities
arises from the large-scale diffuse medium and is a common

13 Recent work based on 1 mm Submillimeter Array observations toward
G0.253+0.016 has also measured its N-PDF; see Johnston et al. (2014).

feature in other PDFs (e.g., Lupus I, Pipe, and Cor A, see
Figure 4 from Kainulainen et al. 2009). Since the ALMA-only
image recovers a small fraction of the total flux (∼18%), its
PDF will characterize the highest contrast peaks within the
cloud. Thus, to make meaningful comparisons between the
N-PDF for G0.253+0.016 and to solar neighborhood clouds
and theoretical predictions requires the inclusion of the large-
scale emission. Thus, we use the values derived from that
N-PDF (i.e., Figure 3, right) but report both sets of values for
completeness.

There is a small deviation from the log-normal distribution
at the highest column densities which indicates self-gravitating
gas where star formation is commencing. This high-column-
density material arises from contiguous pixels that exactly
coincide with the location of previously known water maser
emission —the only evidence for star formation within the cloud
(Lis & Carlstrom 1994; Kauffmann et al. 2013). Because the
immediate vicinity of a forming star is heated, this deviation
may result from a higher temperature in this small region rather
than a higher column density. Nevertheless, in either case, this
deviation from the log-normal distribution indicates the effect
of self-gravity.

Assuming a dust temperature of 20 K, we calculate the mass
of this core (R ∼ 0.04 pc) to be 72 M⊙, and its volume density
to be >3.0 × 106 cm−3 (with Tdust = 50 K, M = 26 M⊙, and
ρ > 1.2 × 106 cm−3; the density is a lower limit since this core
is unresolved). To assess whether it is gravitationally bound and
unstable to collapse or unbound and transient, we determine the
virial parameter, αvir, defined as αvir = 3 kσ 2R/GM , where σ
is the measured one-dimensional velocity dispersion, R is the
radius, G is the gravitational constant, M is the mass, and k is a
constant that depends on the density distribution (MacLaren
et al. 1988). For high-mass star-forming cores with density
profiles of ρ ∝ r−1.8 (Garay et al. 2007), k is 1.16. Because the
core’s associated H2CS molecular line emission is unresolved in
velocity, σ< 1.4 km s−1. Thus, for a mass of 72 M⊙ αvir < 1.1
(for M = 26 M⊙, αvir < 2.8). Since αvir is ∼1, this star-forming
core is likely gravitationally bound and unstable to collapse.

3
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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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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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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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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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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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Fig. 4. Summary of the virial parameter measurements ↵ from Sec. 5.
Blue symbols give data for structures of varying spatial size explored in
this paper. See Sec. 2.2 for terminology and details. The blue cross with
white filling indicates data for the Sgr D region that probably resides
outside the CMZ as studied here. Dark green bullets indicate the prop-
erties of reference Milky Way clouds that were explored in emission
lines of N2H+ and NH3 tracing dense gas. Values for these are taken
from the Kau↵mann et al. (2013a) compilation. Light green diamonds
give CO–based data for the lower density gas in Milky Way clouds re-
ported in the same compilation. The blue shaded area gives the virial
parameter that would hold for cloud fragments of radius 0.1 pc that have
masses and velocity dispersions within the ranges indicated in the fig-
ure. Gray shading shows where ↵ < ↵cr ⇡ 2, indicating the domain
where non–magnetized hydrostatic equilibria become unstable to col-
lapse.

spatial scales, but that some of the embedded substructures might
well be bound and unstable to collapse. Here we confirm this
finding and establish it as a general trend for CMZ clouds (e.g.,
Fig. 4).

The combined information on gas densities and kinematics
allows to calculate the virial parameter, ↵ = 5�2(v) R/(G M),
as defined by Bertoldi & McKee (1992). Measures of mass and
velocity dispersion refer to a given aperture of radius R. Clouds
are unstable to collapse if ↵ < ↵cr. The critical value depends
on the nature of the pressure supporting the cloud, with values
↵cr ⇡ 2 being appropriate in most cases where magnetic fields
are absent (Kau↵mann et al. 2013a).

We caution that the concept of the virial parameter ignores
several processes that might be relevant in the CMZ. For exam-
ple, the gravitational potential of the CMZ can subject clouds to
shear. The fast internal motions of some clouds might already
reflect this shear, while in other clouds shear might just be about
to set in and has not yet increased internal motions. These shear
motions will stabilize clouds against collapse, and (depending
on whether shear has set in or not) the observed virial parameter
might thus underestimate a cloud’s ability to resist self–gravity.
But CMZ clouds can also be subject to compressive tides (Sec. 1)
that increase self gravity. From this perspective the virial param-
eter might overestimate how well a cloud can withstand collapse.
The impact of shear and tides should be most significant on the
largest spatial scales. This suggests that virial parameter assess-
ments on entire clouds must be treaded with caution, while data
on smaller structures can be interpreted more reliably.

Figure 4 presents a virial analysis that uses the information
on cloud kinematics from Paper I (see Sec. 2.2). Given the range

of velocity dispersions (Fig. 7 of Paper I) and mass reservoirs
(Fig. 3 [top]) on small spatial scales, we adopt ranges for veloc-
ity dispersions and masses instead of fixed numbers. A radius of
0.1 pc is assumed for the smallest structures, corresponding to
the spatial scale on which the smallest interferometer–detected
structures are extracted in Fig. 3 (top). Note that no direct mass
measurements are available for the “clumps” of about 1 pc ra-
dius: here we adopt a mean H2 column density of 2⇥1023 cm�2 to
calculate a mass on the basis of the measured radii. This is a plau-
sible value, as can be gleaned from Fig. 3 (top). In this respect
the properties for the “clumps” in Fig. 4 should be taken as an es-
timate instead of a real measurement. Walker et al. (2015) obtain
slightly lower virial parameters for some of our clouds. Their re-
sults resemble those we obtain for the “clumps” of intermediate
size. It is plausible that this is a consequence of their scheme to
reject unrelated velocity components. The method Walker et al.
use to measure velocity dispersions resembles the one we use for
our “clumps”.

It appears that the clouds on largest spatial scales are un-
bound or only marginally bound. It is thus possible that sev-
eral of these clouds will disperse in the future. The situation is
markedly di↵erent for the “clumps” with radii of order 1 pc. It
seems plausible or even likely that many of these structures will
remain bound. These are excellent conditions for current or fu-
ture star formation. The densest interferometer–detected cores
are very likely subject to signifiant gravitational binding, de-
pending on how exactly gas motions and density structure com-
bine. Rathborne et al. (2015) and Lu et al. (2015) obtain similar
results for G0.253+0.016 and the 20 km s�1 cloud, respectively.

In summary the data presented here suggest that the condi-
tions are conducive for star formation on small spatial scales,
but that it is not clear that the entire clouds will participate in
this process. Note, however, that this analysis ignores magnetic
fields (as well as tidal forces and shear). Pillai et al. (2015) show
that, at least in G0.253+0.016, magnetic forces due to a field
⇠ 5.4 mG are an important and possibly dominating factor in the
total energy budget. This might also hold for other CMZ clouds.
Magnetic fields have the e↵ect of reducing the critical virial pa-
rameter (Kau↵mann et al. 2013a). Provided magnetic fields have
a su�cient strength, this might mean that the physical conditions
in CMZ clouds are not favorable for star formation.

6. Discussion: Suppressing CMZ Star Formation

We return to the problem illustrated in Fig. 1, i.e., the question
why CMZ star formation in dense gas is suppressed by a factor
& 10 compared to other regions in the Milky Way. Here we col-
lect some of the factors examined above and interpret them in
context.

6.1. Moderate CMZ Star Formation Density Thresholds

The most straightforward explanation of suppressed CMZ star
formation would be the existence of a high density threshold for
star formation that is not overcome by CMZ clouds. Kruijssen
et al. (2014) explore this option on the basis of the observations
by Longmore et al. (2013a). They conclude that an SF thresh-
old H2 particle density & 107 cm�3 is needed to explain the ob-
served level of SF suppression, provided steep power–law prob-
ability density functions (PDFs) of gas density prevail in clouds.
Log–normal distributions, which are more commonly observed
in molecular clouds (e.g., Kainulainen et al. 2009), imply thresh-
old densities & 3 ⇥ 108 cm�3. Kruijssen et al. also argue that
the fast supersonic motions in CMZ clouds would in fact imply
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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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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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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 trigger: Sgr A* tides
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Fig. 6. The spatial distribution of cloud properties. Blue labels in the top map give cloud names. Symbol sizes and labels in the top map indicate
the factor by which the star formation activity in the dense gas is suppressed relative to a typical Milky Way reference value provided by Eq. (5).
Symbol sizes and labels in the bottom map give the mass–size slope derived from the cloud structure data on spatial scales . 1 pc. A dotted line
in the maps shows part of the orbit for CMZ clouds proposed by Kruijssen et al. (2015). The background maps present a column density map
derived from Herschel dust emission data, as derived in this paper. The panels on the right present the same information on SF suppression and
mass–size slopes as a function of the radial phase of the orbit proposed by Kruijssen et al. (2015). The magenta arrows indicate very roughly how
a property might change, e.g., if SF suppression would decrease over time or in case density gradients would steepen over time: the directions of
arrows matter (i.e., up or down vs. phase), but their position or placement does not. In summary the observed trends suggests that clouds do not
follow a systematic evolutionary pattern as they orbit the CMZ.

We do find an increase in the dense gas star formation e�-
ciency between G0.253+0.016 and Sgr B2 by a factor & 3. How-
ever, current data do not indicate a monotonic increase of the star
formation activity, as indicated by the case of the Dust Ridge C
cloud where Ṁobs is up to 5 ṀSF,ref and the case of significantly
suppressed star formation in the Sgr B1–o↵ region between
Sgr B2 and Dust Ridge C.

The situation is even less clear — though not necessarily in
conflict with the Longmore et al. (2013b) model — when con-
sidering star formation in the 20 km s�1 and 50 km s�1 clouds.
First, the locations of these clouds along the proposed orbit are
separated by only about 105 yr, while their SF rate per unit dense
gas varies sharply by a factor ⇠ 9. It is di�cult to imagine how
this di↵erence in SF rate should emerge over such a small time
scale. Second, the 50 km s�1 cloud show significant star forma-
tion ahead of the pericenter passage. That said, Longmore et al.
(2013b) only speculate that their model holds for clouds between
G0.253+0.016 and Sgr B2, and Kruijssen et al. (2015) show
that the 20 km s�1 and 50 km s�1 clouds are disconnected from
the aforementioned sequence of clouds. Still, the 20 km s�1 and
50 km s�1 clouds highlight that the cloud state before pericenter
passage will influence the subsequent cloud evolution.

Figure 6 (bottom) presents measures of the gas density dis-
tribution, i.e., the mass–size slope. We do find noteworthy vari-
ations within the CMZ: Sgr B2 and Sgr C have slopes sig-
nificantly di↵erent from all other clouds along the proposed
orbit studied here. However, there is only weak evidence for
any systematic trend. In particular we see no change between
G0.253+0.016 and Sgr B1–o↵: such a trend would probably be
expected if clouds were evolving towards star formation between
G0.253+0.016 and Sgr B2. That said, the Sgr B2 region has
the shallow mass–size slopes naively expected for regions that
evolve towards star formation by increasing their density gradi-
ents. Still, if the di↵erence between Sgr B1–o↵ and Sgr B2 is a
result of evolution, then this process must be completed in the

about 3 ⇥ 105 yr that it takes to travel between the clouds along
the orbit. This would be an exceptionally fast evolution in cloud
structure, comparable to the dynamic crossing times for CMZ
clouds (Sec. 3.4 of Paper I).

Note that the inverse trend is observed for the evolution be-
tween Sgr C and the 50 km s�1 cloud, i.e., the mass–size slope in-
creases along the orbit. This is clearly not expected for straight-
forward evolution towards star formation. Some additional hy-
potheses are required to explain this trend.

We stress that some of this discussion depends on whether
all CMZ clouds do indeed follow the orbit proposed by Kruijssen
et al. (2015). Their model provides a good mathematical descrip-
tion of the structure of the CMZ. Note, however, that some stud-
ies find evidence for interaction of the 20 km s�1 and 50 km s�1

with the inner Galactic Center environment. See Herrnstein &
Ho (2005) for a discussion of the evidence, including material
taken from earlier sources. Such interactions would place these
two clouds within about 10 pc from Sgr A⇤. This would be incon-
sistent with the Kruijssen et al. orbital model, and such deviant
clouds should not be placed in Fig. 6 (right).

This leaves us with a mixed record on evidence for an evolu-
tionary sequence along the Kruijssen et al. (2015) orbit that is
primarily controlled by the orbital phase — i.e., the separation
in space or time from the closest pericenter passage along the
CMZ orbit. The spatial distribution of CMZ star formation does
not support this idea, while there is limited evidence from the
analysis of cloud density structure.

We stress that these observations complement the ideas for-
warded by Longmore et al. (2013b) and Kruijssen et al. (2015).
First, as noted before, we cannot test whether a given cloud is
modified during pericenter passage, as proposed by Longmore
et al. (2013b). Second, we only explore whether the orbital phase
is the primary parameter controlling SF. It is well possible that
factors like initial density, etc., also play a role and that clouds do
follow an evolutionary sequence as they orbit the CMZ — but on
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Fig. 6. The spatial distribution of cloud properties. Blue labels in the top map give cloud names. Symbol sizes and labels in the top map indicate
the factor by which the star formation activity in the dense gas is suppressed relative to a typical Milky Way reference value provided by Eq. (5).
Symbol sizes and labels in the bottom map give the mass–size slope derived from the cloud structure data on spatial scales . 1 pc. A dotted line
in the maps shows part of the orbit for CMZ clouds proposed by Kruijssen et al. (2015). The background maps present a column density map
derived from Herschel dust emission data, as derived in this paper. The panels on the right present the same information on SF suppression and
mass–size slopes as a function of the radial phase of the orbit proposed by Kruijssen et al. (2015). The magenta arrows indicate very roughly how
a property might change, e.g., if SF suppression would decrease over time or in case density gradients would steepen over time: the directions of
arrows matter (i.e., up or down vs. phase), but their position or placement does not. In summary the observed trends suggests that clouds do not
follow a systematic evolutionary pattern as they orbit the CMZ.

We do find an increase in the dense gas star formation e�-
ciency between G0.253+0.016 and Sgr B2 by a factor & 3. How-
ever, current data do not indicate a monotonic increase of the star
formation activity, as indicated by the case of the Dust Ridge C
cloud where Ṁobs is up to 5 ṀSF,ref and the case of significantly
suppressed star formation in the Sgr B1–o↵ region between
Sgr B2 and Dust Ridge C.

The situation is even less clear — though not necessarily in
conflict with the Longmore et al. (2013b) model — when con-
sidering star formation in the 20 km s�1 and 50 km s�1 clouds.
First, the locations of these clouds along the proposed orbit are
separated by only about 105 yr, while their SF rate per unit dense
gas varies sharply by a factor ⇠ 9. It is di�cult to imagine how
this di↵erence in SF rate should emerge over such a small time
scale. Second, the 50 km s�1 cloud show significant star forma-
tion ahead of the pericenter passage. That said, Longmore et al.
(2013b) only speculate that their model holds for clouds between
G0.253+0.016 and Sgr B2, and Kruijssen et al. (2015) show
that the 20 km s�1 and 50 km s�1 clouds are disconnected from
the aforementioned sequence of clouds. Still, the 20 km s�1 and
50 km s�1 clouds highlight that the cloud state before pericenter
passage will influence the subsequent cloud evolution.

Figure 6 (bottom) presents measures of the gas density dis-
tribution, i.e., the mass–size slope. We do find noteworthy vari-
ations within the CMZ: Sgr B2 and Sgr C have slopes sig-
nificantly di↵erent from all other clouds along the proposed
orbit studied here. However, there is only weak evidence for
any systematic trend. In particular we see no change between
G0.253+0.016 and Sgr B1–o↵: such a trend would probably be
expected if clouds were evolving towards star formation between
G0.253+0.016 and Sgr B2. That said, the Sgr B2 region has
the shallow mass–size slopes naively expected for regions that
evolve towards star formation by increasing their density gradi-
ents. Still, if the di↵erence between Sgr B1–o↵ and Sgr B2 is a
result of evolution, then this process must be completed in the

about 3 ⇥ 105 yr that it takes to travel between the clouds along
the orbit. This would be an exceptionally fast evolution in cloud
structure, comparable to the dynamic crossing times for CMZ
clouds (Sec. 3.4 of Paper I).

Note that the inverse trend is observed for the evolution be-
tween Sgr C and the 50 km s�1 cloud, i.e., the mass–size slope in-
creases along the orbit. This is clearly not expected for straight-
forward evolution towards star formation. Some additional hy-
potheses are required to explain this trend.

We stress that some of this discussion depends on whether
all CMZ clouds do indeed follow the orbit proposed by Kruijssen
et al. (2015). Their model provides a good mathematical descrip-
tion of the structure of the CMZ. Note, however, that some stud-
ies find evidence for interaction of the 20 km s�1 and 50 km s�1

with the inner Galactic Center environment. See Herrnstein &
Ho (2005) for a discussion of the evidence, including material
taken from earlier sources. Such interactions would place these
two clouds within about 10 pc from Sgr A⇤. This would be incon-
sistent with the Kruijssen et al. orbital model, and such deviant
clouds should not be placed in Fig. 6 (right).

This leaves us with a mixed record on evidence for an evolu-
tionary sequence along the Kruijssen et al. (2015) orbit that is
primarily controlled by the orbital phase — i.e., the separation
in space or time from the closest pericenter passage along the
CMZ orbit. The spatial distribution of CMZ star formation does
not support this idea, while there is limited evidence from the
analysis of cloud density structure.

We stress that these observations complement the ideas for-
warded by Longmore et al. (2013b) and Kruijssen et al. (2015).
First, as noted before, we cannot test whether a given cloud is
modified during pericenter passage, as proposed by Longmore
et al. (2013b). Second, we only explore whether the orbital phase
is the primary parameter controlling SF. It is well possible that
factors like initial density, etc., also play a role and that clouds do
follow an evolutionary sequence as they orbit the CMZ — but on
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Fig. 6. The spatial distribution of cloud properties. Blue labels in the top map give cloud names. Symbol sizes and labels in the top map indicate
the factor by which the star formation activity in the dense gas is suppressed relative to a typical Milky Way reference value provided by Eq. (5).
Symbol sizes and labels in the bottom map give the mass–size slope derived from the cloud structure data on spatial scales . 1 pc. A dotted line
in the maps shows part of the orbit for CMZ clouds proposed by Kruijssen et al. (2015). The background maps present a column density map
derived from Herschel dust emission data, as derived in this paper. The panels on the right present the same information on SF suppression and
mass–size slopes as a function of the radial phase of the orbit proposed by Kruijssen et al. (2015). The magenta arrows indicate very roughly how
a property might change, e.g., if SF suppression would decrease over time or in case density gradients would steepen over time: the directions of
arrows matter (i.e., up or down vs. phase), but their position or placement does not. In summary the observed trends suggests that clouds do not
follow a systematic evolutionary pattern as they orbit the CMZ.

We do find an increase in the dense gas star formation e�-
ciency between G0.253+0.016 and Sgr B2 by a factor & 3. How-
ever, current data do not indicate a monotonic increase of the star
formation activity, as indicated by the case of the Dust Ridge C
cloud where Ṁobs is up to 5 ṀSF,ref and the case of significantly
suppressed star formation in the Sgr B1–o↵ region between
Sgr B2 and Dust Ridge C.

The situation is even less clear — though not necessarily in
conflict with the Longmore et al. (2013b) model — when con-
sidering star formation in the 20 km s�1 and 50 km s�1 clouds.
First, the locations of these clouds along the proposed orbit are
separated by only about 105 yr, while their SF rate per unit dense
gas varies sharply by a factor ⇠ 9. It is di�cult to imagine how
this di↵erence in SF rate should emerge over such a small time
scale. Second, the 50 km s�1 cloud show significant star forma-
tion ahead of the pericenter passage. That said, Longmore et al.
(2013b) only speculate that their model holds for clouds between
G0.253+0.016 and Sgr B2, and Kruijssen et al. (2015) show
that the 20 km s�1 and 50 km s�1 clouds are disconnected from
the aforementioned sequence of clouds. Still, the 20 km s�1 and
50 km s�1 clouds highlight that the cloud state before pericenter
passage will influence the subsequent cloud evolution.

Figure 6 (bottom) presents measures of the gas density dis-
tribution, i.e., the mass–size slope. We do find noteworthy vari-
ations within the CMZ: Sgr B2 and Sgr C have slopes sig-
nificantly di↵erent from all other clouds along the proposed
orbit studied here. However, there is only weak evidence for
any systematic trend. In particular we see no change between
G0.253+0.016 and Sgr B1–o↵: such a trend would probably be
expected if clouds were evolving towards star formation between
G0.253+0.016 and Sgr B2. That said, the Sgr B2 region has
the shallow mass–size slopes naively expected for regions that
evolve towards star formation by increasing their density gradi-
ents. Still, if the di↵erence between Sgr B1–o↵ and Sgr B2 is a
result of evolution, then this process must be completed in the

about 3 ⇥ 105 yr that it takes to travel between the clouds along
the orbit. This would be an exceptionally fast evolution in cloud
structure, comparable to the dynamic crossing times for CMZ
clouds (Sec. 3.4 of Paper I).

Note that the inverse trend is observed for the evolution be-
tween Sgr C and the 50 km s�1 cloud, i.e., the mass–size slope in-
creases along the orbit. This is clearly not expected for straight-
forward evolution towards star formation. Some additional hy-
potheses are required to explain this trend.

We stress that some of this discussion depends on whether
all CMZ clouds do indeed follow the orbit proposed by Kruijssen
et al. (2015). Their model provides a good mathematical descrip-
tion of the structure of the CMZ. Note, however, that some stud-
ies find evidence for interaction of the 20 km s�1 and 50 km s�1

with the inner Galactic Center environment. See Herrnstein &
Ho (2005) for a discussion of the evidence, including material
taken from earlier sources. Such interactions would place these
two clouds within about 10 pc from Sgr A⇤. This would be incon-
sistent with the Kruijssen et al. orbital model, and such deviant
clouds should not be placed in Fig. 6 (right).

This leaves us with a mixed record on evidence for an evolu-
tionary sequence along the Kruijssen et al. (2015) orbit that is
primarily controlled by the orbital phase — i.e., the separation
in space or time from the closest pericenter passage along the
CMZ orbit. The spatial distribution of CMZ star formation does
not support this idea, while there is limited evidence from the
analysis of cloud density structure.

We stress that these observations complement the ideas for-
warded by Longmore et al. (2013b) and Kruijssen et al. (2015).
First, as noted before, we cannot test whether a given cloud is
modified during pericenter passage, as proposed by Longmore
et al. (2013b). Second, we only explore whether the orbital phase
is the primary parameter controlling SF. It is well possible that
factors like initial density, etc., also play a role and that clouds do
follow an evolutionary sequence as they orbit the CMZ — but on
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Fig. 4. Summary of the virial parameter measurements ↵ from Sec. 5.
Blue symbols give data for structures of varying spatial size explored in
this paper. See Sec. 2.2 for terminology and details. The blue cross with
white filling indicates data for the Sgr D region that probably resides
outside the CMZ as studied here. Dark green bullets indicate the prop-
erties of reference Milky Way clouds that were explored in emission
lines of N2H+ and NH3 tracing dense gas. Values for these are taken
from the Kau↵mann et al. (2013a) compilation. Light green diamonds
give CO–based data for the lower density gas in Milky Way clouds re-
ported in the same compilation. The blue shaded area gives the virial
parameter that would hold for cloud fragments of radius 0.1 pc that have
masses and velocity dispersions within the ranges indicated in the fig-
ure. Gray shading shows where ↵ < ↵cr ⇡ 2, indicating the domain
where non–magnetized hydrostatic equilibria become unstable to col-
lapse.

spatial scales, but that some of the embedded substructures might
well be bound and unstable to collapse. Here we confirm this
finding and establish it as a general trend for CMZ clouds (e.g.,
Fig. 4).

The combined information on gas densities and kinematics
allows to calculate the virial parameter, ↵ = 5�2(v) R/(G M),
as defined by Bertoldi & McKee (1992). Measures of mass and
velocity dispersion refer to a given aperture of radius R. Clouds
are unstable to collapse if ↵ < ↵cr. The critical value depends
on the nature of the pressure supporting the cloud, with values
↵cr ⇡ 2 being appropriate in most cases where magnetic fields
are absent (Kau↵mann et al. 2013a).

We caution that the concept of the virial parameter ignores
several processes that might be relevant in the CMZ. For exam-
ple, the gravitational potential of the CMZ can subject clouds to
shear. The fast internal motions of some clouds might already
reflect this shear, while in other clouds shear might just be about
to set in and has not yet increased internal motions. These shear
motions will stabilize clouds against collapse, and (depending
on whether shear has set in or not) the observed virial parameter
might thus underestimate a cloud’s ability to resist self–gravity.
But CMZ clouds can also be subject to compressive tides (Sec. 1)
that increase self gravity. From this perspective the virial param-
eter might overestimate how well a cloud can withstand collapse.
The impact of shear and tides should be most significant on the
largest spatial scales. This suggests that virial parameter assess-
ments on entire clouds must be treaded with caution, while data
on smaller structures can be interpreted more reliably.

Figure 4 presents a virial analysis that uses the information
on cloud kinematics from Paper I (see Sec. 2.2). Given the range

of velocity dispersions (Fig. 7 of Paper I) and mass reservoirs
(Fig. 3 [top]) on small spatial scales, we adopt ranges for veloc-
ity dispersions and masses instead of fixed numbers. A radius of
0.1 pc is assumed for the smallest structures, corresponding to
the spatial scale on which the smallest interferometer–detected
structures are extracted in Fig. 3 (top). Note that no direct mass
measurements are available for the “clumps” of about 1 pc ra-
dius: here we adopt a mean H2 column density of 2⇥1023 cm�2 to
calculate a mass on the basis of the measured radii. This is a plau-
sible value, as can be gleaned from Fig. 3 (top). In this respect
the properties for the “clumps” in Fig. 4 should be taken as an es-
timate instead of a real measurement. Walker et al. (2015) obtain
slightly lower virial parameters for some of our clouds. Their re-
sults resemble those we obtain for the “clumps” of intermediate
size. It is plausible that this is a consequence of their scheme to
reject unrelated velocity components. The method Walker et al.
use to measure velocity dispersions resembles the one we use for
our “clumps”.

It appears that the clouds on largest spatial scales are un-
bound or only marginally bound. It is thus possible that sev-
eral of these clouds will disperse in the future. The situation is
markedly di↵erent for the “clumps” with radii of order 1 pc. It
seems plausible or even likely that many of these structures will
remain bound. These are excellent conditions for current or fu-
ture star formation. The densest interferometer–detected cores
are very likely subject to signifiant gravitational binding, de-
pending on how exactly gas motions and density structure com-
bine. Rathborne et al. (2015) and Lu et al. (2015) obtain similar
results for G0.253+0.016 and the 20 km s�1 cloud, respectively.

In summary the data presented here suggest that the condi-
tions are conducive for star formation on small spatial scales,
but that it is not clear that the entire clouds will participate in
this process. Note, however, that this analysis ignores magnetic
fields (as well as tidal forces and shear). Pillai et al. (2015) show
that, at least in G0.253+0.016, magnetic forces due to a field
⇠ 5.4 mG are an important and possibly dominating factor in the
total energy budget. This might also hold for other CMZ clouds.
Magnetic fields have the e↵ect of reducing the critical virial pa-
rameter (Kau↵mann et al. 2013a). Provided magnetic fields have
a su�cient strength, this might mean that the physical conditions
in CMZ clouds are not favorable for star formation.

6. Discussion: Suppressing CMZ Star Formation

We return to the problem illustrated in Fig. 1, i.e., the question
why CMZ star formation in dense gas is suppressed by a factor
& 10 compared to other regions in the Milky Way. Here we col-
lect some of the factors examined above and interpret them in
context.

6.1. Moderate CMZ Star Formation Density Thresholds

The most straightforward explanation of suppressed CMZ star
formation would be the existence of a high density threshold for
star formation that is not overcome by CMZ clouds. Kruijssen
et al. (2014) explore this option on the basis of the observations
by Longmore et al. (2013a). They conclude that an SF thresh-
old H2 particle density & 107 cm�3 is needed to explain the ob-
served level of SF suppression, provided steep power–law prob-
ability density functions (PDFs) of gas density prevail in clouds.
Log–normal distributions, which are more commonly observed
in molecular clouds (e.g., Kainulainen et al. 2009), imply thresh-
old densities & 3 ⇥ 108 cm�3. Kruijssen et al. also argue that
the fast supersonic motions in CMZ clouds would in fact imply
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Fig. 4. Summary of the virial parameter measurements ↵ from Sec. 5.
Blue symbols give data for structures of varying spatial size explored in
this paper. See Sec. 2.2 for terminology and details. The blue cross with
white filling indicates data for the Sgr D region that probably resides
outside the CMZ as studied here. Dark green bullets indicate the prop-
erties of reference Milky Way clouds that were explored in emission
lines of N2H+ and NH3 tracing dense gas. Values for these are taken
from the Kau↵mann et al. (2013a) compilation. Light green diamonds
give CO–based data for the lower density gas in Milky Way clouds re-
ported in the same compilation. The blue shaded area gives the virial
parameter that would hold for cloud fragments of radius 0.1 pc that have
masses and velocity dispersions within the ranges indicated in the fig-
ure. Gray shading shows where ↵ < ↵cr ⇡ 2, indicating the domain
where non–magnetized hydrostatic equilibria become unstable to col-
lapse.

spatial scales, but that some of the embedded substructures might
well be bound and unstable to collapse. Here we confirm this
finding and establish it as a general trend for CMZ clouds (e.g.,
Fig. 4).

The combined information on gas densities and kinematics
allows to calculate the virial parameter, ↵ = 5�2(v) R/(G M),
as defined by Bertoldi & McKee (1992). Measures of mass and
velocity dispersion refer to a given aperture of radius R. Clouds
are unstable to collapse if ↵ < ↵cr. The critical value depends
on the nature of the pressure supporting the cloud, with values
↵cr ⇡ 2 being appropriate in most cases where magnetic fields
are absent (Kau↵mann et al. 2013a).

We caution that the concept of the virial parameter ignores
several processes that might be relevant in the CMZ. For exam-
ple, the gravitational potential of the CMZ can subject clouds to
shear. The fast internal motions of some clouds might already
reflect this shear, while in other clouds shear might just be about
to set in and has not yet increased internal motions. These shear
motions will stabilize clouds against collapse, and (depending
on whether shear has set in or not) the observed virial parameter
might thus underestimate a cloud’s ability to resist self–gravity.
But CMZ clouds can also be subject to compressive tides (Sec. 1)
that increase self gravity. From this perspective the virial param-
eter might overestimate how well a cloud can withstand collapse.
The impact of shear and tides should be most significant on the
largest spatial scales. This suggests that virial parameter assess-
ments on entire clouds must be treaded with caution, while data
on smaller structures can be interpreted more reliably.

Figure 4 presents a virial analysis that uses the information
on cloud kinematics from Paper I (see Sec. 2.2). Given the range

of velocity dispersions (Fig. 7 of Paper I) and mass reservoirs
(Fig. 3 [top]) on small spatial scales, we adopt ranges for veloc-
ity dispersions and masses instead of fixed numbers. A radius of
0.1 pc is assumed for the smallest structures, corresponding to
the spatial scale on which the smallest interferometer–detected
structures are extracted in Fig. 3 (top). Note that no direct mass
measurements are available for the “clumps” of about 1 pc ra-
dius: here we adopt a mean H2 column density of 2⇥1023 cm�2 to
calculate a mass on the basis of the measured radii. This is a plau-
sible value, as can be gleaned from Fig. 3 (top). In this respect
the properties for the “clumps” in Fig. 4 should be taken as an es-
timate instead of a real measurement. Walker et al. (2015) obtain
slightly lower virial parameters for some of our clouds. Their re-
sults resemble those we obtain for the “clumps” of intermediate
size. It is plausible that this is a consequence of their scheme to
reject unrelated velocity components. The method Walker et al.
use to measure velocity dispersions resembles the one we use for
our “clumps”.

It appears that the clouds on largest spatial scales are un-
bound or only marginally bound. It is thus possible that sev-
eral of these clouds will disperse in the future. The situation is
markedly di↵erent for the “clumps” with radii of order 1 pc. It
seems plausible or even likely that many of these structures will
remain bound. These are excellent conditions for current or fu-
ture star formation. The densest interferometer–detected cores
are very likely subject to signifiant gravitational binding, de-
pending on how exactly gas motions and density structure com-
bine. Rathborne et al. (2015) and Lu et al. (2015) obtain similar
results for G0.253+0.016 and the 20 km s�1 cloud, respectively.

In summary the data presented here suggest that the condi-
tions are conducive for star formation on small spatial scales,
but that it is not clear that the entire clouds will participate in
this process. Note, however, that this analysis ignores magnetic
fields (as well as tidal forces and shear). Pillai et al. (2015) show
that, at least in G0.253+0.016, magnetic forces due to a field
⇠ 5.4 mG are an important and possibly dominating factor in the
total energy budget. This might also hold for other CMZ clouds.
Magnetic fields have the e↵ect of reducing the critical virial pa-
rameter (Kau↵mann et al. 2013a). Provided magnetic fields have
a su�cient strength, this might mean that the physical conditions
in CMZ clouds are not favorable for star formation.

6. Discussion: Suppressing CMZ Star Formation

We return to the problem illustrated in Fig. 1, i.e., the question
why CMZ star formation in dense gas is suppressed by a factor
& 10 compared to other regions in the Milky Way. Here we col-
lect some of the factors examined above and interpret them in
context.

6.1. Moderate CMZ Star Formation Density Thresholds

The most straightforward explanation of suppressed CMZ star
formation would be the existence of a high density threshold for
star formation that is not overcome by CMZ clouds. Kruijssen
et al. (2014) explore this option on the basis of the observations
by Longmore et al. (2013a). They conclude that an SF thresh-
old H2 particle density & 107 cm�3 is needed to explain the ob-
served level of SF suppression, provided steep power–law prob-
ability density functions (PDFs) of gas density prevail in clouds.
Log–normal distributions, which are more commonly observed
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old densities & 3 ⇥ 108 cm�3. Kruijssen et al. also argue that
the fast supersonic motions in CMZ clouds would in fact imply
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from the Kau↵mann et al. (2013a) compilation. Light green diamonds
give CO–based data for the lower density gas in Milky Way clouds re-
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lapse.
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Fig. 4).
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allows to calculate the virial parameter, ↵ = 5�2(v) R/(G M),
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velocity dispersion refer to a given aperture of radius R. Clouds
are unstable to collapse if ↵ < ↵cr. The critical value depends
on the nature of the pressure supporting the cloud, with values
↵cr ⇡ 2 being appropriate in most cases where magnetic fields
are absent (Kau↵mann et al. 2013a).

We caution that the concept of the virial parameter ignores
several processes that might be relevant in the CMZ. For exam-
ple, the gravitational potential of the CMZ can subject clouds to
shear. The fast internal motions of some clouds might already
reflect this shear, while in other clouds shear might just be about
to set in and has not yet increased internal motions. These shear
motions will stabilize clouds against collapse, and (depending
on whether shear has set in or not) the observed virial parameter
might thus underestimate a cloud’s ability to resist self–gravity.
But CMZ clouds can also be subject to compressive tides (Sec. 1)
that increase self gravity. From this perspective the virial param-
eter might overestimate how well a cloud can withstand collapse.
The impact of shear and tides should be most significant on the
largest spatial scales. This suggests that virial parameter assess-
ments on entire clouds must be treaded with caution, while data
on smaller structures can be interpreted more reliably.

Figure 4 presents a virial analysis that uses the information
on cloud kinematics from Paper I (see Sec. 2.2). Given the range

of velocity dispersions (Fig. 7 of Paper I) and mass reservoirs
(Fig. 3 [top]) on small spatial scales, we adopt ranges for veloc-
ity dispersions and masses instead of fixed numbers. A radius of
0.1 pc is assumed for the smallest structures, corresponding to
the spatial scale on which the smallest interferometer–detected
structures are extracted in Fig. 3 (top). Note that no direct mass
measurements are available for the “clumps” of about 1 pc ra-
dius: here we adopt a mean H2 column density of 2⇥1023 cm�2 to
calculate a mass on the basis of the measured radii. This is a plau-
sible value, as can be gleaned from Fig. 3 (top). In this respect
the properties for the “clumps” in Fig. 4 should be taken as an es-
timate instead of a real measurement. Walker et al. (2015) obtain
slightly lower virial parameters for some of our clouds. Their re-
sults resemble those we obtain for the “clumps” of intermediate
size. It is plausible that this is a consequence of their scheme to
reject unrelated velocity components. The method Walker et al.
use to measure velocity dispersions resembles the one we use for
our “clumps”.

It appears that the clouds on largest spatial scales are un-
bound or only marginally bound. It is thus possible that sev-
eral of these clouds will disperse in the future. The situation is
markedly di↵erent for the “clumps” with radii of order 1 pc. It
seems plausible or even likely that many of these structures will
remain bound. These are excellent conditions for current or fu-
ture star formation. The densest interferometer–detected cores
are very likely subject to signifiant gravitational binding, de-
pending on how exactly gas motions and density structure com-
bine. Rathborne et al. (2015) and Lu et al. (2015) obtain similar
results for G0.253+0.016 and the 20 km s�1 cloud, respectively.

In summary the data presented here suggest that the condi-
tions are conducive for star formation on small spatial scales,
but that it is not clear that the entire clouds will participate in
this process. Note, however, that this analysis ignores magnetic
fields (as well as tidal forces and shear). Pillai et al. (2015) show
that, at least in G0.253+0.016, magnetic forces due to a field
⇠ 5.4 mG are an important and possibly dominating factor in the
total energy budget. This might also hold for other CMZ clouds.
Magnetic fields have the e↵ect of reducing the critical virial pa-
rameter (Kau↵mann et al. 2013a). Provided magnetic fields have
a su�cient strength, this might mean that the physical conditions
in CMZ clouds are not favorable for star formation.
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We return to the problem illustrated in Fig. 1, i.e., the question
why CMZ star formation in dense gas is suppressed by a factor
& 10 compared to other regions in the Milky Way. Here we col-
lect some of the factors examined above and interpret them in
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The most straightforward explanation of suppressed CMZ star
formation would be the existence of a high density threshold for
star formation that is not overcome by CMZ clouds. Kruijssen
et al. (2014) explore this option on the basis of the observations
by Longmore et al. (2013a). They conclude that an SF thresh-
old H2 particle density & 107 cm�3 is needed to explain the ob-
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