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talk seeks to provide overview and context for these objects

unusually dense molecular clouds
black hole

extreme star–forming regions

unusually dense clusters
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Central Bar
out to ~3 kpc radius
feeding the innermost region

Central Molecular Zone (CMZ)
innermost ~200 pc (|ℓ| < 1.5 deg)

largely molecular gas
main focus of this review

Central Engine
region within few pc of Sgr A* not 
covered here
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990 S. N. Longmore et al.

Figure 1. Distribution of dense gas and SF activity tracers as a function of Galactic latitude and longitude. Black circles mark the positions of H II regions, blue
crosses show methanol masers and red plus symbols mark water masers. Regions of sky not covered in these surveys are shaded in grey. NH3(1, 1) (bottom)
and H69α (second-bottom) integrated intensity emission is displayed using a square-root image stretch. The tracers and their function as either a dense gas
or SF activity tracer are labelled at the right-hand edge of the bottom row. The CMZ can be seen as bright, extended NH3(1, 1) emission from longitudes of
roughly 358◦ to 4◦.
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NH3 (1,1)

H69 α

H2O masers

CH3OH masers

HII regions

dense gas concentrated 
around ℓ = 0°

star formation 
not concentrated

Longmore et al. (2013)

⇒ star formation in dense gas is suppressed
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topics of this review:
● distribution of young stars and gas in the CMZ
● physical processes in CMZ Clouds
● suppression of CMZ star formation
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. Research on Galactic Center star formation is making great advances, in particular

due to new data from interferometers spatially resolving molecular clouds in this environment.

These new results are discussed in the context of established knowledge about the Galactic

Center. Particular attention is paid to suppressed star formation in the Galactic Center and

how it might result from shallow density gradients in molecular clouds.
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The Galactic Center environment provides unique conditions for star formation within

the Milky Way. About 3–10% of the total molecular gas and star formation (SF) of the

Milky Way† reside at |
`| 6 3� (i.e., within galactocentric radii 6 430 pc). Unlike the rest

of the the Milky Way, the region within ⇠ 200 pc galactocentric radius (i.e., |
`| . 1

.

�5)

is dominated by gas in molecular instead of atomic form. This domain of the Galaxy is

therefore also known as the Central Molecular Zone (CMZ; Morris & Serabyn 1996). The

molecular clouds in the CMZ are unusually warm, dense, and “turbulent” (see below).

This text largely ignores the immediate environment of Sgr A⇤ and the question why

the CMZ is so unusual within the Milky Way. Kruijssen et al. (this volume) discuss this

latter aspect of CMZ science. Instead this text sets out to summarize our knowledge

about ongoing star formation and the state and distribution of dense molecular gas in

the CMZ. Many of the most recent results concern the internal structure of CMZ clouds

as resolved by interferometers. Many of the global aspects described in the reviews by

Güsten (1989) and Morris & Serabyn (1996) thus still remain valid today. A Galactic

Center distance of (8
.34± 0

.16) kpc is adopted (Reid et al. 2014).
2
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2.1. Observations of Young Stars and Star Formation

The CMZ is a spectacular star–forming environment. It contains massive and compact

young stellar groups like the Arches and Quintuplet clusters (Nagata et al. 1990, 1995;

Cotera et al. 1994) that together contain & 200 O–type stars (Figer 2004) and have few

— but still some — counterparts in the disk of the Milky Way (Portegies Zwart et al.

2010). The CMZ also harbors the Sgr B2 molecular cloud that alone hosts 59 compact

Hii regions (Gaume et al. 1995).Still, relatively few and poor overall constraints on the young stars inhabiting the CMZ

† Observations of line and dust emission indicate that the |`| 6 3� region contains of order

(3 to 8) ⇥ 107M� of molecular gas (Dahmen et al. 1998; Tsuboi et al. 1999; Longmore et al.

2013). It forms stars at a rate of order 0.1M� yr�1 (Yusef-Zadeh et al. 2009; Immer et al. 2012b;

Longmore et al. 2013; Koepferl et al. 2015). The Milky Way contains (1.0 ± 0.3) ⇥ 109M� of

molecular gas (Heyer & Dame 2015), while the star formation rate is 1 to 4M� yr�1 (Diehl

et al. 2006; Misiriotis et al. 2006; Lee et al. 2012).

1

most material detailed in 
proceedings of IAUS322

this in particular includes 
references

see arXiv:1611.07022

Kauffmann (2017)



Gas and Stars in the CMZ

186 YUSEF-ZADEH ET AL. Vol. 702

(a)

(b)

Figure 5. (a) Large-scale gray-scale ratio image I(24 µm)/I(8 µm) shows the bright region to be mainly due to 24 µm emission whereas dark region shows the region
dominated by 8 µm emission. Note that the dark regions in this ratio image do not represent the IRDCs. (b) The distribution of 24 µm emission in green color is
shown against the distribution of 450 µm emission (Pierce-Price et al. 2000) in red color.

(A color version of this figure is available in the online journal.)

found in the region restricted to positive and negative longitudes,
respectively. There is an excess of 31,082 sources identified
in negative longitudes. This asymmetry could be explained
by the high extinction experienced by mid-IR sources in the
region where dense molecular clouds are highly concentrated.
Alternatively, the distribution of compact dusty sources could
be due to an intrinsic excess of YSOs or evolved AGB stars.
The dashed line in Figure 6 is chosen empirically, as discussed
below, to separate the reddest YSOs from AGBs. Each of the
two possibilities is discussed below.

OH/IR stars are oxygen-rich, mass-losing cool giants that
represent evolved AGB stars at the end of their lives (Habing

1996). These post-AGB stars are known to be dusty with excess
emission at infrared wavelengths. YSOs are also known to have
excess emission in infrared wavelengths and are characterized
by dusty envelopes and disks that absorb the radiation from the
central protostar (Whitney et al. 2003a; Adams et al. 1987).
To explore the color of evolved stars in the Galactic center,
we examined the spatial distribution of known OH/IR stars
in the region shown in Figure 6 using the OH 1612 MHz
catalogs (Lindqvist et al. 1992; Sevenster et al. 1997a, 1997b;
Sjouwerman et al. 1998). OH/IR surveys are not affected
by visual extinction. These surveys have uniformly sampled
the region covered by IRAC observations. The shallow but

Yusef–Zadeh et al. (2009)



Gas and Stars in the CMZ

observations of star formation
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Hard to probe the Center in IR Bands
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extreme foreground obscuration:
AK ≈ 2 mag  ⇒  AV ≈ 20 mag

Spitzer little help:
sensitive to Lint ≳ 103 Lsun in „regular“ clouds
…but some clouds are opaque even at 70 μm

⇒ can only probe high–mass stars, using 

wavelengths ≳ 2 μm



Jens Kauffmann ● MPIfR

High–Mass Stars in IR Bands
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Spitzer, Hubble, Chandra

cluster properties:
● total of 200 OB stars
● 2×104 Msun in 0.4 pc radius 

(e.g., in Arches)
● unusual — but not exceptional 

— in Milky Way
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Dong et al. (2009)
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186 YUSEF-ZADEH ET AL. Vol. 702

(a)

(b)

Figure 5. (a) Large-scale gray-scale ratio image I(24 µm)/I(8 µm) shows the bright region to be mainly due to 24 µm emission whereas dark region shows the region
dominated by 8 µm emission. Note that the dark regions in this ratio image do not represent the IRDCs. (b) The distribution of 24 µm emission in green color is
shown against the distribution of 450 µm emission (Pierce-Price et al. 2000) in red color.

(A color version of this figure is available in the online journal.)

found in the region restricted to positive and negative longitudes,
respectively. There is an excess of 31,082 sources identified
in negative longitudes. This asymmetry could be explained
by the high extinction experienced by mid-IR sources in the
region where dense molecular clouds are highly concentrated.
Alternatively, the distribution of compact dusty sources could
be due to an intrinsic excess of YSOs or evolved AGB stars.
The dashed line in Figure 6 is chosen empirically, as discussed
below, to separate the reddest YSOs from AGBs. Each of the
two possibilities is discussed below.

OH/IR stars are oxygen-rich, mass-losing cool giants that
represent evolved AGB stars at the end of their lives (Habing

1996). These post-AGB stars are known to be dusty with excess
emission at infrared wavelengths. YSOs are also known to have
excess emission in infrared wavelengths and are characterized
by dusty envelopes and disks that absorb the radiation from the
central protostar (Whitney et al. 2003a; Adams et al. 1987).
To explore the color of evolved stars in the Galactic center,
we examined the spatial distribution of known OH/IR stars
in the region shown in Figure 6 using the OH 1612 MHz
catalogs (Lindqvist et al. 1992; Sevenster et al. 1997a, 1997b;
Sjouwerman et al. 1998). OH/IR surveys are not affected
by visual extinction. These surveys have uniformly sampled
the region covered by IRAC observations. The shallow but

Yusef–Zadeh et al. (2009)

…or maybe just main–sequence stars illuminating clouds? Koepferl et al. (2015)

K. Immer et al.: Recent star formation in the inner Galactic bulge. II.
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Fig. 6. Areal coverage of our CMZ sample with Galactic longitude l and Galactic latitude b. Black dots mark the ISOGAL sources, gray dots the
MSX sources without ISOGAL counterparts.
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Fig. 7. From top left to bottom right, distributions of: angular separation between the ISOGAL and the associated MSX source, ISO–MSX 7 µm
magnitude differences, ISO–MSX 15 µm magnitude differences, and ISO–MSX differences in colors.

3.2.1. Interstellar extinction

Interstellar extinction in the direction of the CMZ can exceed
30 mag in the V band. Since we want to estimate the bolometric
luminosities of our sources from their flux densities at 15 µm,
we have to correct them for interstellar reddening for all sources
in the CMZ sample. We used an extinction map, computed by
Schultheis et al. (2009), which is based on the combination of
photometric data from the 2MASS and IRAC/GLIMPSE sur-
veys. We derived a value for AV toward each object in our CMZ
source list as an average of all data points within a radius of 0.5′

of the object position. For CMZ sources that are not located

within the area of this extinction map, we used an older extinc-
tion map (Schultheis et al. 1999) that is based on photometric
data from the DENIS survey.

Furthermore, we extracted A15
AKS

conversion factors from the

results of Jiang et al. (2005), who give a value for each ISOGAL
field. For those MSX sources that are not located in an ISOGAL
field, an average value of 0.4 was set as the A15

AKS
conversion fac-

tor. The
AKS
AV

conversion factor was obtained from the results of

Nishiyama et al. (2008) (
AKS

AV
= 0.062). This value was derived

specifically for the Galactic center environment.

A121, page 9 of 19
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Immer et al. (2012)

IR search refined with spectra
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Fig. 2aFig. 2b Fig. 2.—(a) Mosaic image of the entire surveyed region at 20 cm with a resolution of 3000. The logarithmic gray-scale range is between 30.0 and 100.0 mJy
beam!1. (b) Close-up view of the brightest region toward Sgr A. Prominent nonthermal radio filaments (NRFs), SNRs, and H ii regions are designated.

Fig. 2a

Fig. 2b

Figure 2. Left: the crosses show the H2O masers. The two red crosses (W6, W18) are known OH/IR stars. The blue crosses show H2O masers without known OH/IR
star counterparts. Both the contours and the background image show the SMA 1.3 mm continuum emission. The loops are the same as in Figure 1. Right: the spectra
of the 18 H2O masers. The features at ∼18 km s−1, either in emission or in absorption, are from sidelobes of the strongest maser, W5.

Table 3
Properties of the H2O Masers

Maser ID R.A. & Decl. vpeak
a Fpeak

a Fintegrated
b LH O2 Dense Cores

(J2000) (km s−1) (mJy) (mJy km s−1) (10−7 Le)

W1 17:45:38.10, −29:03:41.75 14.8, 19.0 431, 100 430 7.0 C1-P2
W2 17:45:37.73, −29:03:46.29 21.5, 27.8 131, 161 775 12.6 C1-P1
W3 17:45:37.48, −29:03:49.15 24.5, 28.1 999, 1022 3797 61.8 C1-P1
W4 17:45:34.63, −29:04:36.42 2.4 396 670 10.9 K
W5 17:45:37.76, −29:05:01.91 −32.2, 18.6 180, 13180 6822 110.0 C3-P1
W6 17:45:40.75, −29:05:01.93 12.7 225 357 5.8 K
W7 17:45:35.85, −29:05:08.75 51.0 212 186 3.0 K
W8 17:45:37.68, −29:05:13.57 46.2 17 18 0.3 C3-P2
W9 17:45:37.52, −29:05:22.59 −40.8, −40.2 33, 35 46 0.7 K
W10 17:45:37.16, −29:05:41.70 −18.7, 10.8 54, 93 196 3.2 C4-P1
W11 17:45:37.62, −29:05:43.92 4.5, 9.9 783, 507 3258 53.0 C4-P1
W12 17:45:37.51, −29:05:43.89 13.1, 16.9 110, 99 264 4.3 C4-P1
W13 17:45:37.90, −29:05:44.24 −21.5, 26.4 23, 23 55 0.9 C4-P1
W14 17:45:36.72, −29:05:46.02 −25.5, −24.6 84, 171 246 4.0 C4-P5
W15 17:45:36.33, −29:05:49.52 5.5, 13.1 972, 1178 2377 38.7 C4-P4
W16 17:45:35.15, −29:05:53.62 −4.8, −4.4 26, 24 48 0.8 C4-P3
W17 17:45:37.11, −29:05:54.38 −3.8, −3.1 171, 159 302 4.9 C4-P6
W18 17:45:34.77, −29:06:02.43 20.3, 20.7 17, 16 33 0.5 K

Notes.
a Peak fluxes are not corrected for primary-beam response. For masers with more than two velocity components, only the two strongest peaks are listed.
b Integrated fluxes are corrected for primary-beam response.

5

The Astrophysical Journal Letters, 814:L18 (7pp), 2015 December 1 Lu et al.

Yusef–Zadeh (2009)

Lu et al. (2016)

continuum and recombination lines:
near ionizing sources

masers (H2O, CH3OH):
excitation due to shocks (outflows) and 
infrared radiation
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K. Immer et al.: The dust ridge

Fig. 4. Left: the Orion nebula (M42) at 8.4 GHz, as observed with the VLA in D-array (Shepherd et al. 2001). Right: source E at 8.4 GHz. Contour
levels are 20% to 100%, in steps of 20% in both panels (1% corresponds to 1.4σ and 1.0σ in the left and the right panels, respectively).

flux density of 0.98 Jy, which is comparable to the integrated
flux density of source E. Therefore, if we would move the Orion
nebula to the Galactic center distance of 8.5 kpc, we would see
an H II region similar to source E. While the massive pre-main
sequence stars in Orion are easily detectable due to their close-
ness to the Sun, the large distance to source E prevents the detec-
tion of the exciting stars. Thus, the only sign of the massive star
formation in source E is the strong radio continuum emission.
Needless to say, it would be completely impossible to detect the
emisison of the ∼2 million year old, ∼2000 member Orion neb-
ula cluster at optical wavelengths, if it had been placed in the
Galactic center region, given the luminosity and the pervasive
high extinction toward this region.

We conclude that our data show evidence for massive star
formation in a more evolved state taking place at the periph-
ery of the dust ridge region, but outside its molecular clouds.
The 8.4 GHz 3-σ sensitivity limit of 0.15–0.25 mJy beam−1 in
a 2.′′6 beam can be translated to a Lyman continuum luminos-
ity of ∼2.4–5 × 1045 s−1 which corresponds to a single B0.5–B1
ZAMS star. Thus, we can exclude the existence of ZAMS star
with spectral types earlier than B0.5 in the dust ridge clouds.

3.4. Infrared emission in the dust ridge

Observations of the dust ridge at infrared wavelengths give an-
other possibility to find newly-born stars in the clouds, since
these stars heat the surrounding dust which then reemits this en-
ergy at infrared wavelengths.

Figure 5 shows the dust ridge in a GLIMPSE false-color im-
age. The contours display the distribution of the dust emission
at 870 µm. The correspondence between the contours and the
dark parts in the image in the northern part of the dust ridge is
remarkable. The clouds in the southern part of the dust ridge are
either not dense enough to absorb a large fraction of the diffuse
infrared background or are located behind the material that emits
the warm infrared background.

In addition, the infrared map shows emission at the posi-
tions of the three radio sources A, D, and E (marked with green
crosses in Fig. 5). Since no maser emission is detected in the lat-
ter two sources, they might be in a more advanced stage of the
star formation process.

4. Conclusion

Observation of the dust ridge at 870 µm reveal several dust
clouds ordered along a narrow ridge between the radio contin-
uum sources G0.18-0.04 and Sgr B2. The temperature of the
dust condensations is very low, between 15 and 22 K, which
indicates that if high-mass star formation is taking place in the
clouds, it is in a very early stage. Mid-infrared observations of
the dust ridge from the GLIMPSE survey show the dust ridge
clouds in absorption in front of the diffuse infrared background.
The agreement between the infrared dark clouds and the dust
emission is remarkable.

The mass of the dust clouds are very high, ranging from
13 000 M⊙ to over 150 000 M⊙, making this region one of the
most massive reservoirs of molecular material near the Galactic
center. Due to the large masses and the low temperatures, it is
possible that an active site of future star formation in the central
molecular zone will develop in this region.

The detection of class II methanol masers in two of the
dust ridge clouds is the only sign that massive stars are born
in the dust ridge. Except a weak water maser, no sign of ongo-
ing star formation is found in the most massive dust ridge cloud,
M0.25+0.012.

Observations of the dust ridge region at 8.4 GHz result in
the detection of five radio continuum sources, which are proba-
bly all excited by young massive stars. However, the sources are
found outside the massive dust clouds, in low column density
regions, indicating that the star formation at these locations is in
a more evolved state than in the dense clouds. The presence of
stars with spectral types earlier than B0.5 in the dust ridge clouds
is excluded by our observations.

M0.25+0.012 and cloud e are by far the most massive clouds
in the dust ridge. Longmore et al. (2012) identified M0.25+0.012
as a possible precursor of a young massive cluster like the
Arches cluster due to its position in the radius-mass plot. The
radius and mass of cloud e are comparable to the values of
M0.25+0.012. Assuming that cloud e is gravitationally bound,
its position in the radius-mass plot would be very close to the po-
sition of M0.25+0.012 and this cloud could therefore also form
a massive young cluster in the future. While M0.25+0.012 does
not show any sign of star formation, cloud e contains a methanol
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K. Immer et al.: The dust ridge

(a) Dust Ridge

(b) Source A (c) Source B (d) Source C

(e) Source D (f) Source E

Fig. 3. Panel a) 870 µm dust emission toward the dust ridge (see Fig. 2) with overlaid contours of the 1.4 GHz radio continuum emission
(Yusef-Zadeh et al. 2004). Contour levels are 3% to 10%, in steps of 1%. White circles show the VLA primary beam at 8.4 GHz for the three
pointings observed. Yellow boxes mark the positions and sizes of the radio continuum sources enlarged in panels b)–f). Panels b)–f) 8.4 GHz radio
continuum emission toward sources A–E. Contour levels are 20% to 100%, in steps of 20% (1% corresponds to 1.4σ, 0.2σ, 0.3σ, 0.6σ, and 1.0σ
in Figs. 3b–f, respectively).

The second southernmost source (B) was also detected
by Lis et al. (1994) who measured a peak flux density of
7.4 mJy beam−1 and an integrated flux density of 14.6 mJy at
8.4 GHz. They doubted that this source has an extragalactic na-
ture but instead assumed that they detected a compact H II region
due to its relatively high flux density. The Gaussian fitting of our
data results in a peak flux density of 5.56± 0.58 mJy beam−1 and
an integrated flux density of 9.27 ± 1.42 mJy. Assuming similar
uncertainties for the results of Lis et al. (1994), our results are
consistent within 3σ.

The third source detected, C, is a small, nearly circularly
shaped source which is also observable in the second field POS2.
Its integrated flux density is even higher than the integrated flux
density of source B. Source B and C are not detected in the
1.4 GHz map of Yusef-Zadeh et al. (2004) or in the 5 GHz cat-
alog of Becker et al. (1994). We determined lower limits for
the spectral index of –0.2 (source B) and 0 (source C), using
the 5 GHz detection limit of 9 mJy as upper limit. The spec-
tral indices suggest an interpretation of the two radio sources as
H II regions.
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990 S. N. Longmore et al.

Figure 1. Distribution of dense gas and SF activity tracers as a function of Galactic latitude and longitude. Black circles mark the positions of H II regions, blue
crosses show methanol masers and red plus symbols mark water masers. Regions of sky not covered in these surveys are shaded in grey. NH3(1, 1) (bottom)
and H69α (second-bottom) integrated intensity emission is displayed using a square-root image stretch. The tracers and their function as either a dense gas
or SF activity tracer are labelled at the right-hand edge of the bottom row. The CMZ can be seen as bright, extended NH3(1, 1) emission from longitudes of
roughly 358◦ to 4◦.
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Figure 3. Central Molecular Zone in the Galactic center as traced by the peak antenna temperature, T∗
A of the J = 1–0 12CO transition. The location of Bania’s

Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
1988).

in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished

Bally et al. (2011)

~5·107 Msun in |ℓ| < 3 deg
~2·107 Msun in |ℓ| < 1 deg
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Figure 3. Central Molecular Zone in the Galactic center as traced by the peak antenna temperature, T∗
A of the J = 1–0 12CO transition. The location of Bania’s

Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
1988).

in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished

1
9
8
1
A
&
A
.
.
.
1
0
3
.
.
1
9
7
G

Güsten et al. (1982)

NH3 with Effelsberg



Jens Kauffmann ● MPIfR

Distribution of Dense Gas in CMZ

19

No. 1, 2010 THE BOLOCAM GALACTIC PLANE SURVEY 143

4 3 2 1 0 -1 -2

1

0.5

0

-0.5

-1

Galactic Longitude

G
al

ac
ti

c 
L

at
it

u
d

e

       CO J=1-0   Tmax

Sgr A

Sgr B2l = 1.3
Bania’s Clump 2

Figure 3. Central Molecular Zone in the Galactic center as traced by the peak antenna temperature, T∗
A of the J = 1–0 12CO transition. The location of Bania’s

Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
1988).

in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished

Lis & Carlstrom (1994)

dust from the CSO
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Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
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in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished

Egan et al. (1998)

Infrared Dark Clouds (IRDCs): 
invented to describe G0.253+0.016 

(the “Brick”)

=> not all IRDCs are actually dense!
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.
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Figure 3. Central Molecular Zone in the Galactic center as traced by the peak antenna temperature, T∗
A of the J = 1–0 12CO transition. The location of Bania’s

Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
1988).

in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished

Molinari et al. (2011)
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Figure 5. Sketch of the proposed three-dimensional structure and placement of the 100 pc ring. Left panel: the ring is represented by the thick color line (red and
green mark positions above and below b = 0◦). The line of sight to the Sun is along the Y-axes. The thin full and dashed lines represent the major and minor axes
of the ellipse. Right panel: top view of the 100 pc ring with the proposed location of major clouds. The thick black dashed lines represent the innermost x1 orbits.
The position of Sgr A* along the line of sight is the one corresponding to the distance it should have from the front portion of the 100 pc ring to justify the velocity
difference between the 20 and 50 km s−1 clouds if due to the gravitational pull of the mass concentration around Sgr A⋆ (see the text).

where ∆vobs is half of the velocity range toward each of the 20
test positions (see Figure 4).

The best fit is obtained for an ellipse with a = 100 pc,
b = 60 pc, θp = −40◦, and vorb = 80 km s−1; we obtain
θz ∼ 0 implying that the ring crosses the mid-plane along
the X-axes. These numbers should be taken with caution, as
the velocities are derived by eye from a plot. However, the
discrepancy between the model radial velocity and the observed
ones is within ±25 km s−1. The only exception is the 50 km s−1

cloud (see Figure 3) located close in projection to Sgr A⋆ (see
Section 3.2).

The CMZ has been the subject of many studies in millimeter
molecular tracers, and although the interpretation is difficult for
the extreme confusion along the line of sight, several features
were identified. Sofue (1995) analyzed the CO data in Bally et al.
(1987) and identified two large-scale structures (the “Arms”).
Tsuboi et al. (1999) recognized a large-scale feature in their
CS position–velocity diagram that they call “Galactic Center
Bow” which matches the [l−, b−]–[l+, b+] arms of the ∞-shaped
feature. The cold, high column density dust features identified in
the Herschel images, used as a proxy for the densest molecular
gas, now indicate that the previously identified “Arms” and
the “Galactic Center Bow” are parts of a single, twisted, and
elliptical ring rotating around Sgr A⋆. Figure 5 presents a sketch
of the proposed arrangement of what we will call the 100 pc
ring.

A rough estimate of the ring mass is obtained by integrating
the N(H) map within a contour surrounding the 100 pc ring
which encloses material with N(H) ! 2 × 1023 cm−2 (for a
corresponding solid angle of ∼4 × 10−5sr). The contribution
of background or foreground gas is removed by subtract-
ing a column density of N(H) = 2 × 1023 cm−2, the mean
N(H) value in the interior of ∞-shaped feature. The result-
ing ring mass is ∼3 × 107 M⊙ (it is ∼4 × 107 M⊙ without
background subtraction). Within the uncertainties, the derived
ring mass agrees with 5.3 × 107 M⊙ estimated from SCUBA
maps (Pierce-Price et al. 2000) and 3 × 107 M⊙ from CO data
(Dahmen et al. 1998).

The 100 pc ring traces gas and dust moving about the nucleus
on an elliptical orbit whose major axis (the straight red line
in the right panel of Figure 5) is perpendicular to the major
axis of the great Galactic bar, oriented 20◦–45◦ with respect
to our line of sight (see Figure 5). The 100 pc ring is likely
located on the so-called x2 orbit system, which precesses at the
same rate as the solid-body angular velocity of the Galactic
Bar, resulting in stable, non-intersecting trajectories (Binney
et al. 1991). These x2 orbits are enclosed within another larger
system of stable orbits, called x1, elongated along the Galactic
Bar. The prominent Sgr B2 and Sgr C star-forming complexes
are located at the two projected longitude extrema of the 100 pc
ring where gas on x1 and x2 orbits may collide, producing strong
shocks which may trigger the formation of massive molecular
cloud formation as well as enhanced star formation rates by the
shock focusing mechanism suggested by Kenney & Lord (1991)
for the spiral-bar interface of M83.

It is tempting to speculate that the 100 pc ring constitutes the
remnant of a more persistent dusty torus that may have played a
role in past active galactic nucleus (AGN) phases of our Galaxy.
The recent Fermi-LAT detection of a large gamma-ray bubble
emanating from the Galactic center (Su et al. 2010; Crocker
2011; Zubovas et al. 2011) provides possible evidence for such
past activity. Mid-IR interferometry of AGNs reveals compact
dusty structures with a radius of a few parsecs (e.g., Jaffe et al.
2004; Radomski et al. 2008), but there is additional evidence
from Spitzer imaging and spectroscopy suggesting that larger
and more persistent structures play a role in shaping observed
AGN properties (e.g., Shi et al. 2006; Quillen et al. 2006).
Model predictions (e.g., Krolik 2007) for torus column density
in excess of 1024 cm−2, and orbital speed ∼100 km s−1, seem
to be consistent with the parameters we estimate for the 100 pc
ring.

3.2. The Relation Between the 100 pc Ring and Sgr A⋆

Sgr A⋆ is noticeably displaced ∼10′ (24 pc in projection)
toward the negative longitude side of the geometrical center of
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.
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suggestion:
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.
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Figure 4. Comparison of our orbital model (solid line) with the observed
integrated-intensity map of NH3(1, 1) emission near the Galactic Centre,
tracing gas with volume densities n > several 103 cm−3 (grey-scale). Sym-
bols with error bars show the coherent phase-space structure (see Section 2.2)
to which the model was fitted. We have divided the gas into four coherent
streams in position–velocity space that are colour-coded as indicated by the
legend. In our model, the back side of the gas stream consists of Streams
3 and 4, whereas Streams 1 and 2 represent the two (independent) ends of
the stream on the front side. The open black circle denotes the position of
Sgr A∗. The model starts at Stream 2 (the overlap with Stream 4 is coinci-
dental but could fit too) and continues through Streams 3 and 4 to Stream 1.
Top panel: distribution in Galactic longitude and latitude {l, b}. The red
arrow indicates the observed proper motion vector of Sgr B2 and the bright
yellow arrow represents the model prediction. Bottom panel: distribution in
Galactic longitude and line-of-sight velocity {l, vlos}.

Figure 5. Repeat of the three-colour composite of the CMZ from Fig. 1.
This time, the white dotted line shows our best-fitting orbit. Note that the
clouds near l = −1◦ have vlos ∼ {0, 140} km s−1 (bottom and top, respec-
tively) and hence are not associated with the gas stream that the model was
fitted to.

independent velocity structures along the line of sight, which are
associated in position–velocity space. Two of these are explained by
our model – they represent the front and back sides of the streams
(i.e. Stream 2 and Stream 3, respectively), which are connected in
position–velocity space but separated by more than 100 pc along the
line of sight (see Section 4.1 below). The third component connects
to the gas that can be seen at high latitudes near l = 0◦ in Figs 1–5
and is likely physically unrelated to the streams under consideration
here, unless it is being ejected from one of the streams by feedback.
This possibility is underlined by its similar line-of-sight velocity to
the Arches and Quintuplet clusters, implying that it could originally
have been associated with the gas that is currently occupying Stream
1 (see Section 5.2.6). We also note that this third component is phys-
ically associated with the infrared shells blown by the Arches cluster
(visible in green in Figs 1 and 5). The complex position–velocity
structure surrounding the Brick has previously been proposed to
result from a cloud–cloud collision (Lis & Menten 1998; Johnston
et al. 2014), but the results of our model show that such an event
is not necessary to explain the observed gas kinematics – instead,
they are caused by the line-of-sight projection of three unrelated
components.7

In addition to the above observational points, our orbital model
is dynamical rather than parametric. It therefore also satisfies sev-
eral physical requirements that were unaccounted for in previous
models.

(i) The extended mass distribution in the CMZ results in an or-
bit that is open rather than closed. The dissimilarity of the radial,
azimuthal, and vertical oscillation periods implies that the gas struc-
ture can survive on this orbit for multiple revolutions without being
disrupted by self-interaction (see Section 4.1).

(ii) The non-zero eccentricity results in a variable orbital velocity,
ranging from vorb ∼ 100 km s−1 at apocentre to vorb ∼ 200 km s−1

at pericentre. This is substantially higher than previous estimates.
As a result, the three orbital periods are a factor of 1.4–1.8
shorter than in the model of Molinari et al. (2011), who obtained
{PR,mol, Pφ,mol, Pz,mol} = {3.2, 6.4, 3.2} Myr.8

(iii) The bottom of the gravitational potential (assumed to lie at
the position Sgr A∗) coincides with the orbit’s focus. The previous
argument to move Sgr A∗ towards the front side of the orbit was
the fact that the line-of-sight velocity difference between the 50 and
20 km s−1 clouds could not be explained by the Molinari et al. (2011)
model. In our new model, the variable orbital velocity naturally
leads to the observed velocity difference. It is therefore no longer
necessary to displace Sgr A∗.

7 A peak of shock tracer emission near the low-{l, b} side of the Brick
has been put forward to support the idea that the Brick has undergone a
cloud–cloud collision (Johnston et al. 2014). However, the increased sen-
sitivity of ALMA shows that there is no single locus of enhanced shock
tracer emission (Rathborne et al. 2014a) – the cloud is so turbulent that it is
brightly emitting throughout. Such widespread emission should follow nat-
urally from local gravitational collapse or a compression caused by a recent
pericentre passage (see Section 4.1). In addition, some physical interaction
between components could be possible due to the tidal stripping expected to
occur at pericentre or the clearing of molecular gas shells by feedback from
the Arches and Quintuplet clusters (see Section 5.2.4). These interactions
are much less dramatic than the previously proposed collisions between gas
streams or clouds, but they could still contribute to the shock tracer emission
in the region.
8 Note that these periods differ from those quoted in section 3.3 of Molinari
et al. (2011), which actually correspond to the semiperiods of their model.
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.
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Orbital structure of Galactic Centre clouds 1067

Figure 6. Top-down view of our orbital model (solid line), with the observer
located in the negative-y direction. As in Figs 2 and 4, the colours refer
to the four coherent streams in position–velocity space. The dots indicate
the implied positions in the Galactic plane of several GMCs and cloud
complexes in the CMZ, the plus symbols indicate pericentres, the crosses
mark apocentres, and the open black circle denotes the position of Sgr A∗.
Note that we only show the part of the orbit that is currently associated
with the observed gas structure – in the future, the gas stream (or its star
formation products) will continue on the same rosetta-like orbit, beyond the
end of Stream 1 shown here.

Other, more fundamental open questions include the existence of
gaps in the observed gas distribution in comparison to our orbital
model, as well as the validity of the adopted gravitational potential.
These points are considered in Section 5.2.

4 IM P L I C AT I O N S FO R C M Z C L O U D S

4.1 Cloud evolution and the physics of star formation

The orbital solution of Section 3.2 allows us to consider the GMCs
and cloud complexes in the CMZ in the context of their dynamical
history. Fig. 6 shows a top-down perspective of the orbit, along with
the implied positions in the Galactic plane of the main GMCs in
the CMZ. One of the robust conclusions of our orbital parameter
survey is that the ‘dust ridge’ sequence of GMCs between the Brick
and Sgr B2 recently underwent a pericentre passage (as required
in the scenario of Longmore et al. 2013b). In addition, the 50 and
20 km s−1 clouds are the closest to Sgr A∗ of all objects under
consideration here, but not quite as close as they were in previous
models (R < 20 pc; Molinari et al. 2011).9

Comparing Figs 6 to 4, we see that the independent streams
never approach each other closely. From the top-down perspective
in Fig. 6, there are three crossings, of Streams {1, 2}, {1, 3} and
{2, 4}, at longitudes of l = {−0.◦8, 0◦, 0.◦7}. After identifying

9 Another difference with respect to previous work is the orientation of the
orbit. In the papers by Molinari et al. (2011) and Johnston et al. (2014), a
closed, elliptical orbit is rotated around the orbital rotation axis such that
it is tilted with respect to the line of sight (i.e. the apocentres occur away
from y = 0 pc). As is shown in Fig. 6, our orbital model exhibits little
such rotation, with both apocentres close to y = 0 pc. This difference arises
because the orbital velocity varies in our model, allowing a good fit at all
longitudes without the need of boosting the line-of-sight velocity by rotating
the model.

these positions in the top panel of Fig. 4, it is clear that at none of
these the streams are close in latitude, with distances consistently
!z > 20 pc. This is consistent with the statistical behaviour of the
orbit – the ratios between the vertical, radial, and azimuthal os-
cillation periods are non-integer, implying that the orbit does not
regularly intersect with itself. For the same reason though, there
must also be a time when streams do cross in three dimensions.
However, their total length does not exceed 1–1.5 azimuthal orbits,
indicating that such self-interactions must be extremely rare. Only
tidally stripped or feedback-ejected material could regularly inter-
act with other streams. For instance, the stripping of the Stream 2
GMCs during their pericentre passage may affect the gas orbiting
on Stream 1.

We proposed in Longmore et al. (2013b) that the recent pericen-
tre passage of the Stream 2 GMCs (i.e. the Brick, clouds d/e/f, and
Sgr B2) caused them to be vertically compressed by tidal forces,
leading to an accelerated dissipation of turbulent energy and eventu-
ally gravitational collapse.10 The exciting prospect of this scenario
is that the GMCs on Stream 2 may follow an absolute-time se-
quence of contraction and star formation, in which the zero-point of
each cloud’s evolution coincides with the moment of its pericentre
passage. While the detailed physics of the tidal compression and
turbulent dissipation will be considered in Paper II using numerical
simulations, we can already use our orbital model to determine the
time since pericentre for each of the GMCs. This then defines the
absolute timeline on which the cloud evolution should proceed if
the scenario of Longmore et al. (2013b) holds.

Table 2 lists the 3D galactocentric radii and orbital velocities
of the objects in Fig. 6, as well as the times since (until) their
last (next) pericentre and apocentre passages (!tp and !ta, respec-
tively). We see that the Brick experienced its last pericentre passage
!tp,last = 0.30 Myr ago, whereas Sgr B2 is closer to its upcoming
apocentre passage and has !tp,last = 0.74 Myr. The final column of
Table 2 lists the time separation between each cloud and the Brick.
This is done because the uncertainties on the individual times since
pericentre can be substantial, but the covariance of these implies
that the time differences between the clouds are constrained much
better. We find that the time elapsed since the position of the Brick
is generally constrained to within 0.05 Myr for the clouds on the
dust ridge (i.e. from the Brick to Sgr B2), and the time difference
between the Brick and Sgr B2 is !tBrick = 0.43+0.22

−0.08 Myr.
The star formation activity in the two regions could not dif-

fer more – the Brick is largely devoid of ongoing star formation
(Kauffmann et al. 2013), whereas Sgr B2 is one of the most actively
star-forming protoclusters in the Local Group (Bally et al. 2010). In
the context of the Longmore et al. (2013b) scenario, this indicates
that once collapse is triggered, the evolution towards prevalent star
formation proceeds rapidly in these clouds, taking about 0.5 Myr.
This is twice as fast as estimated previously using the Molinari
et al. (2011) model (Longmore et al. 2013b), and corresponds to
about one free-fall time – the GMCs in Stream 2 have densities of
n ∼ 104 cm−3 (Longmore et al. 2013a) and hence tff = 0.34 Myr. In
this model, the Brick and Sgr B2 are separated by a single free-fall
time of evolution.

Clouds d/e/f are situated at locations intermediate to the Brick
and Sgr B2. Based on the presence of a methanol maser, which

10 While cloud collapse is taking place, the outer layers may be tidally
stripped. This would be observable along the line of sight as the expansion
of the cloud’s outer layers, which likely have elevated temperatures and
magnetic field strengths compared to the collapsing centre (Bally et al.
2014; Rathborne et al. 2014b).
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problem:

● need to feed orbit for ~4 Myr with 
source not changing in position or 
injection velocity (strict interpretation)

● must dump ~107 Msun on orbit in 
single event (workaround)

Lucas (2015)
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.

3

8 Ridley, Sormani, Treß, Magorrian, Klessen

Figure 9. A face-on schematic view of the model of the CMZ. The fig-
ure has been rotated so that the Sun is at (x,y) = (0,�8). The near and
far side spiral arms are shown in red and blue respectively. Streamlines of
the gas flow are shown. The black symbols denote the locations of promi-
nent molecular clouds, as in Fig. 3. From left to right: Sgr B2 (rotated
square), G0.253+0.016, also known as “the brick” (square), the 20kms�1

and 50kms�1 clouds (upward triangles), Sgr C (plus).

Figure 10. Bottom: The fluid density of the simulation at the earlier point
of 207Myr. The flow has reached an approximate steady state, but shows
several signs of unsteadiness. Top: A closer view of the central region of the
simulation. The colorbar is in units of M� pc�2.

Figure 11. The same as Fig. 8, for the earlier point of the simulation with
two additional features of the flow highlighted: Black points: a “bead” of
material on the positive latitude shock. Pink points: Two clumps of material
along the near-side spiral arm. Both are signatures of the wiggle instability.

gle” instability. It does not appear to be a numerical artefact, as it
appears in simulations run with many different codes (SBM15a).
Kim et al. (2014) used a shearing box analysis to show that the
instability originates from the generation of potential vorticity be-
hind the curved shocks. This potential vorticity is amplified as it
passes through successive shocks, leading to an instability that pe-
riodically destroys the spiral shocks.

Our model is mostly stable, however, there are a few signa-
tures of the wiggle instability in the flow. Figure 11 shows the gas
density at t = 207Myr in the simulation. The flow in the inner re-
gion shows some signs of unsteadiness. Most noticeably, a bead
of material has formed along the positive latitude shock, and two
clumps of material have formed along the near-side spiral arm. The
features are highlighted (in black and pink respectively), in Figure
11, along with their counterparts in the (l,v) plane.

The two pink “clumps” are formed as a consequence of the
wiggle instability. Dense material belonging to the pink region is
seen detaching from the spiral arms and later colliding with mate-
rial on the blue arm, close to the point where it is fed by the green
shock, as in our interpretation of the Sgr B2 and 1.3� cloud com-
plexes in Section 5.1.2.

5.2.1 Clump 2 cloud complex

It is particularly tempting to associate the signature of the black
“bead” along the shock in Figure 11 with the Clump 2 cloud com-
plex. They are almost coincident in (l,v) space, and have a similar
velocity structure. We therefore interpret the Clump 2 cloud com-
plex as material that is in the process of transitioning from the x1 to
the x2 orbits, part way down the shock, as originally suggested by
Stark & Bania (1986).

The rest of the emission from the shock (in green) covers a
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Figure 10. The same as in Fig. 9, but zooming into the CMZ.

asymmetries are developed in all simulations. Movies of all simula-
tions that illustrate this are available as online-only supplementary
material.

5.4 Implications for external galaxies

Our simulations produce results that vary strongly with time. This
is particularly pronounced in the central regions, where the detailed
predictions of the simulations changes significantly from snapshot
to snapshot. This suggests that the same may happen in external
galaxies. Here we have employed an external potential that is tuned
for the Milky Way, but the fact that an asymmetry is developed is
not particularly sensitive to the details of the external potential em-
ployed. Hence, we would expect a significant fraction of external
barred galaxies to show a significant degree of asymmetry in the
molecular gas distribution of their central regions. Indeed, some of
them (e.g. M83) show quite irregular nuclear regions (e.g. Lund-
gren et al. 2004; Frick et al. 2016). In M83 it may be that the nu-
clear region has been recently swept by a big molecular mass that
has been falling along the dust lanes. Others (e.g. NGC1097) ap-
pear more regular, but a closer look with ALMA (e.g. Izumi et al.
2013; Fathi et al. 2013) reveals that the gas distribution displays
more substructure than is apparent at first glance.

5.5 Shortcomings of our model

5.5.1 Vertical structure

While the dynamics in the (x,y) plane is very rich in our models, in
the vertical direction not much happens. Figure 15 shows slices of
the total density at different heights. It shows that the dense molecu-
lar component is much more confined to the Galactic plane than the
more diffuse component. The more diffuse component has much
in common with the appearance of the isothermal simulations in
Ridley et al. (2017). Thus, the addition of the third dimension by
itself does not seem to produce major differences in the gas flow.
This confirms that treating the gas as a razor-thin disc is a fairly
good approximation if we are only interested in motions within the
Galactic plane.

In our simulations, the thickness of the gaseous layer is ⇠
15pc for the molecular gas and ⇠ 300pc for the atomic gas. These
are smaller than the observed counterparts. In particular, the ob-
served thickness of dense CO is ⇠ 90pc (Heyer & Dame 2015).
Our inability to reproduce the correct molecular gas scale height
is unsurprising, since previous simulations of the Galactic disc in-
cluding similar physics (e.g. Dobbs et al. 2011) also yield a gas dis-
tribution that is much thinner than the observed one. The missing
ingredient is most likely an appropriate level of small-scale turbu-
lence driven by stellar feedback – in the absence of this, there is
insufficient pressure to prevent the gas from collapsing into a thin
layer. The same mechanism is likely to also be responsible for the
Larson (1981) size-linewidth relation, which is also not reproduced
in our models. We will be able to test this in future simulations that
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asymmetries are developed in all simulations. Movies of all simula-
tions that illustrate this are available as online-only supplementary
material.

5.4 Implications for external galaxies

Our simulations produce results that vary strongly with time. This
is particularly pronounced in the central regions, where the detailed
predictions of the simulations changes significantly from snapshot
to snapshot. This suggests that the same may happen in external
galaxies. Here we have employed an external potential that is tuned
for the Milky Way, but the fact that an asymmetry is developed is
not particularly sensitive to the details of the external potential em-
ployed. Hence, we would expect a significant fraction of external
barred galaxies to show a significant degree of asymmetry in the
molecular gas distribution of their central regions. Indeed, some of
them (e.g. M83) show quite irregular nuclear regions (e.g. Lund-
gren et al. 2004; Frick et al. 2016). In M83 it may be that the nu-
clear region has been recently swept by a big molecular mass that
has been falling along the dust lanes. Others (e.g. NGC1097) ap-
pear more regular, but a closer look with ALMA (e.g. Izumi et al.
2013; Fathi et al. 2013) reveals that the gas distribution displays
more substructure than is apparent at first glance.

5.5 Shortcomings of our model

5.5.1 Vertical structure

While the dynamics in the (x,y) plane is very rich in our models, in
the vertical direction not much happens. Figure 15 shows slices of
the total density at different heights. It shows that the dense molecu-
lar component is much more confined to the Galactic plane than the
more diffuse component. The more diffuse component has much
in common with the appearance of the isothermal simulations in
Ridley et al. (2017). Thus, the addition of the third dimension by
itself does not seem to produce major differences in the gas flow.
This confirms that treating the gas as a razor-thin disc is a fairly
good approximation if we are only interested in motions within the
Galactic plane.

In our simulations, the thickness of the gaseous layer is ⇠
15pc for the molecular gas and ⇠ 300pc for the atomic gas. These
are smaller than the observed counterparts. In particular, the ob-
served thickness of dense CO is ⇠ 90pc (Heyer & Dame 2015).
Our inability to reproduce the correct molecular gas scale height
is unsurprising, since previous simulations of the Galactic disc in-
cluding similar physics (e.g. Dobbs et al. 2011) also yield a gas dis-
tribution that is much thinner than the observed one. The missing
ingredient is most likely an appropriate level of small-scale turbu-
lence driven by stellar feedback – in the absence of this, there is
insufficient pressure to prevent the gas from collapsing into a thin
layer. The same mechanism is likely to also be responsible for the
Larson (1981) size-linewidth relation, which is also not reproduced
in our models. We will be able to test this in future simulations that
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.

3

Sormani et al. (2017)

model: hydrodynamical flow

structure like dust ridge?

problem:

● not clear whether vertical structure 
reproducible — but limited physics included

● CMZ too large — but potential could be 
adjusted
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Figure 3. Central Molecular Zone in the Galactic center as traced by the peak antenna temperature, T∗
A of the J = 1–0 12CO transition. The location of Bania’s

Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
1988).

in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished

Bally et al. (2011)
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trace highly embedded young stars and clusters. Inspection of
the 24 µm Spitzer images shows that Bania’s Clump 2 also
lacks a substantial population of embedded sources visible at
24 µm. Perhaps the clumps are embedded in a medium having
an unusually high pressure or large non-thermal motions which
suppress gravitational instabilities on the mass scale of stars
or even clusters. Many of the Clump 2 features are seen in
silhouette against background star light and diffuse emission
from the ISM in the 3.6–8 µm Spitzer images, indicating that
they are in front of much of the central bulge.

The absence of emission in the Spitzer images is not the result
of high extinction. Regions having similar amounts of 1.1 mm
emission closer to the mid-plane of the Galaxy show a factor
of two to four times more emission between 6 and 24 µm.
Furthermore, the brightest 1.1 mm emission maxima toward
Bania’s Clumps 2 imply localized extinctions of AV < 10 mag
averaged over a 40′′ aperture. However, the low spatial frequency
emission resolved out by BPGS may amount to as much as
AV = 30 mag based on the line-of-sight column density of CO.
But, this would be insufficient to completely hide all Spitzer
mid-IR emission.

The exceptionally large line widths and velocity extent of this
complex may be caused by three processes. First, the abrupt
change in the orientation of the orbital velocity where a spur or
inner dust lane encounters the ridge of dense gas at the leading
edge of the Galactic bar. Second, at the ends of the so-called x1
orbits in a tri-axial potential where they become self-intersecting
(Contopoulos & Papayannopoulos 1980; Binney et al. 1991;
Marshall et al. 2008; Rodriguez-Fernandez & Combes 2008). In
either mechanism cloud–cloud and cloud–ISM collisions result
in high ram pressures, shocks, and turbulence that can produce
large line widths and non-thermal motions. Third, broad-line
features such as Bania’s Clump 2 may consist of unrelated
clouds along an x1 orbit which has a leg aligned with our line
of sight. In this scenario, Bania’s Clump 2 traces gas in a dust
lane at the leading edge of the bar which is elongated along our
line of sight.

Figure 21 shows a cartoon of the possible configuration of
the central regions of the Milky Way as seen from the north
Galactic pole. The x1 orbits are elongated along the major
axis of the Galactic bar in a frame of reference rotating with
the bar. As a family of orbits with decreasing semimajor axes
(corresponding to lower angular momenta about the nucleus)
are considered, the ends first become more “pointed,” then they
become self-intersecting. Clouds whose orbits decay eventually
enter the regions of self-intersection where they may encounter
other clouds or the lower density ISM on the same trajectory with
supersonic velocities. The resulting shock waves and consequent
dissipation of orbital energy causes the clouds to rapidly migrate
onto the smaller “x2” orbits whose major axes are orthogonal to
the bar. Most of the observed dense gas in the CMZ is thought
to occupy the near side of the X2 orbits at positive longitudes
where they are seen as IRDCs.

Models of gas flows in a tri-axial potential can reproduce
the major features observed in the longitude–velocity diagrams
of molecular tracers of the inner Galaxy (Bissantz et al.
2003; Rodriguez-Fernandez et al. 2006; Rodriguez-Fernandez
& Combes 2008; Rodriguez-Fernandez 2009; Pohl et al. 2008;
Liszt 2009). It is suspected that the major axis of the central
bar is currently oriented within 15◦–45◦ of our line of sight.
The conventional interpretation of the Galactic center molecular
line emission places the high-velocity rhombus evident in l–V
diagrams in the “180 pc molecular ring” (sometimes called the

Figure 21. Cartoon showing a face-on view of the central 500 pc region of
the Milky Way as viewed from the northern Galactic pole. The Sun is located
below the figure and positive longitudes to the left. The diffuse gray scale shows
the current orientation of the stellar bar, thought to have its major axis tilted
between 20◦and 45◦ with respect to our line of sight. The large oval shows
a nonintersecting x1 orbit; lower angular momentum x1 orbits become self-
intersecting. The “rhombus” of molecular emission in l–V diagrams probably
occupies the receding and approaching portions of the innermost x1 orbits. The
three smaller inscribed ellipses show x2 orbits. Bania’s Clump 2 is thought to
be located on the receding portion of the last stable x1 orbit where it is self-
intersecting. Approaching gas presumably enters as an atomic phase; shock-
compression and subsequent cooling results in its conversion to the molecular
phase. The receding gas above Bania’s Clump 2 traces the leading edge of the
bar and populates extended network of positive velocity clouds in l–V diagrams
such as Figure 4. The CMZ emission is associated with gas mostly located on
the near-side of the Galactic center on the x2 orbits. The possible locations of
the Sgr C, 20 km−1, 50 km−1, and Sgr B2 complexes are indicated.

EMR—see Figure 4 in Morris and Serabyn 1996). This feature
is tilted with respect to the Galactic plane so that the positive
latitude part is seen at positive velocities. In Figure 4, this feature
is labeled as the “leading edge of the bar” since in most models,
the gas that is transiting from x1 to x2 orbits is found in such a
dust lane (see Figure 5 in Morris and Serabyn 1996).

Bania’s Clump 2 is located at higher longitudes than the
180 pc molecular ring. Thus, it is either located where the x1
orbits become self-intersecting, or where a spur encounters the
dust lane at the leading edge of the bar, or traces gas in the
dust lane which is oriented nearly parallel to our line of sight.
Rodriguez-Fernandez et al. (2006) show the likely location of
Bania’s Clump 2 in a hypothetical face-on view of the Galaxy
(see their Figure 2). The superposition along the line of sight of
clouds moving near the apex of the innermost, self-intersecting
x1 orbits can exhibit a large range of radial velocities within
a very restricted spatial region. This phenomenon is caused by
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Figure 3. Central Molecular Zone in the Galactic center as traced by the peak antenna temperature, T∗
A of the J = 1–0 12CO transition. The location of Bania’s

Clump 2 is indicated along with some of the other prominent Galactic center features. Taken from the AT&T Bell Laboratories data presented by Bally et al. (1987,
1988).

in the sidelobes, and matching of the spatial frequency response
functions. No correction has been made for contamination by
spectral lines.

The SHARC-II 350 µm images were obtained with a 9′′

FWHM beam. Thus, they have to be convolved with a Gaussian
function with σ = 13.′′5 to match the 33′′ effective BGPS beam.
Because the data values in both the 350 and 1100 µm images are
in units of Janskys per beam, the pixel values in the convolved
SHARC-II images must be multiplied by the ratio of beam areas
(13.4 when scaling from 9′′ to a 33′′ beam).

Inspection of the 350 µm beam delivered by the CSO on
bright point sources such as planets shows that in addition to
the main 9′′ beam, there is a low-level error pattern several
arcminutes diameter with a roughly hexagonal shape. The main-
beam efficiency of the CSO at 350 µm is only about 0.4 ± 0.15.
In a complex field such as the Galactic center with an abundance
of bright, extended emission, fluxes will be overestimated when
compared with a point source calibrator in the main beam due to
the signal entering the sidelobes. Because bright emission near
both Sgr A and Sgr B2 is extended on scales of many arcminutes,
we assume that about 30% of the signal at a typical location in
the maps arises from signal picked up in the sidelobes. As an
approximate correction for this effect, we scale the convolved
350 µm images by a factor 0.7 to correct for clumps contributing
emission through the sidelobes.

Comparison of the two 350 µm maps of the Sgr A region
discussed above shows that the rapidly scanned SHARC-II
images recover flux on larger angular scales than the 1.1 mm
BGPS images. Thus, the SHARC-II images are spatially filtered
with an “unsharp mask.” The mask is constructed by convolving
the 350 µm with a Gaussian function having a kernel σk , and
subtracting a fraction f of the mask from the original image.
The optimal values of σk and f were chosen by finding the
closest match between the spatial structure of the resulting
“unsharp-masked” SHARC-II image with the corresponding
BGPS image. For the Sgr A field, the best choice is σk =
90′′ (FWHM = 212′′) and f = 0.8; for Sgr B2, σk = 68′′

(FWHM = 160′′) and f = 0.5. The beam-matched, spatially
filtered 350 µm images were divided by the corresponding
1.1 mm BGPS images to form flux-ratio maps.

The observed intensity of continuum emission at each loca-
tion in a map is given by Sν = Ωbeam[1−e−τνd ]Bν(T )(Jy) where

Ωbeam ≈ 2.9 × 10−8 sr is the beam solid angle corresponding
to the 33′′ effective resolution of the 1.1 mm data and the con-
volved, beam-matched, 350 µm observations, τν is the optical
depth of the emitting dust, and Bν(T ) is the Planck function
at each frequency. The optical depth in the submillimeter to
millimeter regime scales with frequency as νβ where β is the
emissivity power-law index. For small grains, β is close to 2
in the millimeter to submillimeter regime but can be smaller if
the grains have experienced substantial growth or are coated by
ice mantles (Ossenkopf & Henning 1994). In the optically thin
limit, the flux ratio at each point in a ratio map is given by

R = S350 µm/S1.1 mm =
ν

3+β
350 [exp(hν1.1/kTd ) − 1]

ν
3+β
1.1 [exp(hν350/kTd ) − 1]

which cannot be solved analytically for Td. A look-up table is
generated for each choice of β and Td and used to analyze points
in the ratio maps. For hot β = 2.0 dust where both 350 µm
and 1100 µm are in the Rayleigh–Jeans limit, the observed
intensity ratio should be around R = 100. Larger ratios require
β >2. Where the pixels have good signal at both 350 µm and
1.1 mm, flux ratios have values R < 70, corresponding to dust
temperatures less than 70 K for β = 2 dust. The interpretation
of these results will be discussed below.

3. RESULTS

The inner 2◦ of the Galactic plane (Figures 1 and 2) contain
the brightest millimeter-wave continuum emission in the sky.
The CMZ (which consists of the high surface brightness region
between l ≈ 359◦ and 1.◦8) has a radius of about 200–300 pc
and contains the highest concentration of dense gas and dust in
the Galaxy (Morris & Serabyn 1996).

Figure 3 shows an image of the peak antenna temperature
of the 12CO J = 1–0 line taken from the data set presented by
Bally et al. (1987, 1988). Comparison of Figures 1–3 and maps
of dense-gas tracers such as CS (Miyazaki & Tsuboi 2000)
shows that the brightest 1.1 mm continuum emission is closely
associated with the brightest CO and CS emission.

Figure 4 shows the spatial-velocity behavior of CO-emitting
gas at positive latitudes integrated from b = 0.20 to 0.◦48.
Emission from the Galactic disk is confined to velocities
between VLSR = – 70 and +10 km s−1 and can be distinguished
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Figure 2. Herschel SPIRE 250 µm image of the Galactic center region.

Figure 3. Temperature map of the Galactic center region. The log-color stretch extends from 15 K to 40 K on Sgr A⋆.

cold dust appears in silhouette against the warmer background
even at 70 µm (Figure 1). Although the derived temperature
might be underestimated, a temperature map without the 70 µm
data provides similar results.

The detailed study of the great bubble visible in the 70 µm
and the temperature maps (Figures 1 and 3) will be presented
in a forthcoming paper. This Letter is dedicated to the analysis
of the large-scale filaments visible in the far-IR (Figure 2) that

trace a continuous chain of cold and dense clumps (Tdust ! 20 K,
N (H) > 2 × 1023 cm−2) organized along an ∞-shaped feature
that dominates the image between the Sgr C complex at l =
359.◦4 and Sgr B2 at 0.◦7. The total projected extent is ∼1.◦4,
or about 180 pc, for a solar Galactocentric distance of 8.4 kpc
(Reid et al. 2009). Warmer dust with relatively lower column
density (Tdust " 25 K, N (H) < 2 × 1023 cm−2) fills the interior
of the ∞-shaped feature.
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Figure 12. The same CO projection of Fig. 9 but coloured by proper veloc-
ity. The proper velocity is defined as the component of the velocity perpen-
dicular to the line of sight in the inertial frame of the Galaxy. The colour
scale is in kms�1.

Figure 13. The asymmetry of the CMZ in the variable ISRF simulation as
a function of time. M500 is defined as the total mass contained at radii R <
500pc in our models. The line separates the fraction of material at positive
longitude from the fraction at negative longitudes. From top to bottom: CO,
H2, H.

Figure 14. Histogram showing the fraction of time during which a given
degree of asymmetry is found. On the x axis, we show the fraction of CO
within R < 500pc which lies at positive longitudes, normalised to the total
CO mass within the same region. On the y axis, we show the fraction of
time spent in each bin. For example, the fraction of time during which be-
tween 70 and 75% of the CO lies at positive longitude is ⇠ 10%. The plot
is made using results from the variable ISRF simulation and considers only
snapshots at t > 150 Myr, i.e. the period after the bar potential has been
fully switched on.

found that, despite our initial conditions and the bar potential be-
ing completely point symmetric with respect to the Galactic Centre,
the molecular gas distribution spontaneously becomes asymmetric.
The observed unsteady flow requires both thermal and hydrody-
namical instabilities in order to produce fluctuations large enough
to explain the observations. The thermal instability arises in our
model because our cooling function effectively yields a two-phase
medium of the type envisaged by Field et al. (1969). Hydrodynam-
ical instabilities occur as perturbations are amplified when crossing
the bar shocks. Once the flow becomes unsteady, gas is stochasti-
cally converted from atomic to molecular form, producing quanti-
ties of molecular gas that fluctuate wildly. This also naturally pre-
dicts the widespread presence of shock tracers observed in the CMZ
(Jones et al. 2012).

In the simulations, fluctuations of amplitude comparable to the
observed asymmetries occur for a large fraction of the time, and
suggest that the present time is not a peculiar but rather a typical
moment in the life of our Galaxy.

Despite our models being three-dimensional, they fail to ex-
plain the vertical structure of the observed ISM. The gas layer is
too thin because the simulations lack small-scale turbulence, prob-
ably because of our neglect of stellar feedback, which is also the
likely origin of Larson (1981) relation. Also the tilt of the inner
(R . 3kpc) molecular gas layer (e.g. Liszt & Burton 1980) remains
unexplained.

Another shortcoming of our models is that the CMZ disc is
larger that the observations imply. This problem can most likely
be cured by carefully tuning the stellar potential. However, this is
best done with simpler simulations that are less computationally
expensive than the ones presented in this paper.

Directions of future work include:

(i) Tuning the stellar potential to produce a x2 disc that has the
same size as the observed CMZ. Once this is done, by comparing
molecular clouds formed in the simulation with prominent molec-
ular clouds seen in observations a de-projection can be attempted
to create a face-on picture of the CMZ.

(ii) Adding further physical ingredients to find whether the ver-
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found that, despite our initial conditions and the bar potential be-
ing completely point symmetric with respect to the Galactic Centre,
the molecular gas distribution spontaneously becomes asymmetric.
The observed unsteady flow requires both thermal and hydrody-
namical instabilities in order to produce fluctuations large enough
to explain the observations. The thermal instability arises in our
model because our cooling function effectively yields a two-phase
medium of the type envisaged by Field et al. (1969). Hydrodynam-
ical instabilities occur as perturbations are amplified when crossing
the bar shocks. Once the flow becomes unsteady, gas is stochasti-
cally converted from atomic to molecular form, producing quanti-
ties of molecular gas that fluctuate wildly. This also naturally pre-
dicts the widespread presence of shock tracers observed in the CMZ
(Jones et al. 2012).

In the simulations, fluctuations of amplitude comparable to the
observed asymmetries occur for a large fraction of the time, and
suggest that the present time is not a peculiar but rather a typical
moment in the life of our Galaxy.

Despite our models being three-dimensional, they fail to ex-
plain the vertical structure of the observed ISM. The gas layer is
too thin because the simulations lack small-scale turbulence, prob-
ably because of our neglect of stellar feedback, which is also the
likely origin of Larson (1981) relation. Also the tilt of the inner
(R . 3kpc) molecular gas layer (e.g. Liszt & Burton 1980) remains
unexplained.

Another shortcoming of our models is that the CMZ disc is
larger that the observations imply. This problem can most likely
be cured by carefully tuning the stellar potential. However, this is
best done with simpler simulations that are less computationally
expensive than the ones presented in this paper.

Directions of future work include:

(i) Tuning the stellar potential to produce a x2 disc that has the
same size as the observed CMZ. Once this is done, by comparing
molecular clouds formed in the simulation with prominent molec-
ular clouds seen in observations a de-projection can be attempted
to create a face-on picture of the CMZ.
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Figure 10. The same as in Fig. 9, but zooming into the CMZ.

asymmetries are developed in all simulations. Movies of all simula-
tions that illustrate this are available as online-only supplementary
material.

5.4 Implications for external galaxies

Our simulations produce results that vary strongly with time. This
is particularly pronounced in the central regions, where the detailed
predictions of the simulations changes significantly from snapshot
to snapshot. This suggests that the same may happen in external
galaxies. Here we have employed an external potential that is tuned
for the Milky Way, but the fact that an asymmetry is developed is
not particularly sensitive to the details of the external potential em-
ployed. Hence, we would expect a significant fraction of external
barred galaxies to show a significant degree of asymmetry in the
molecular gas distribution of their central regions. Indeed, some of
them (e.g. M83) show quite irregular nuclear regions (e.g. Lund-
gren et al. 2004; Frick et al. 2016). In M83 it may be that the nu-
clear region has been recently swept by a big molecular mass that
has been falling along the dust lanes. Others (e.g. NGC1097) ap-
pear more regular, but a closer look with ALMA (e.g. Izumi et al.
2013; Fathi et al. 2013) reveals that the gas distribution displays
more substructure than is apparent at first glance.

5.5 Shortcomings of our model

5.5.1 Vertical structure

While the dynamics in the (x,y) plane is very rich in our models, in
the vertical direction not much happens. Figure 15 shows slices of
the total density at different heights. It shows that the dense molecu-
lar component is much more confined to the Galactic plane than the
more diffuse component. The more diffuse component has much
in common with the appearance of the isothermal simulations in
Ridley et al. (2017). Thus, the addition of the third dimension by
itself does not seem to produce major differences in the gas flow.
This confirms that treating the gas as a razor-thin disc is a fairly
good approximation if we are only interested in motions within the
Galactic plane.

In our simulations, the thickness of the gaseous layer is ⇠
15pc for the molecular gas and ⇠ 300pc for the atomic gas. These
are smaller than the observed counterparts. In particular, the ob-
served thickness of dense CO is ⇠ 90pc (Heyer & Dame 2015).
Our inability to reproduce the correct molecular gas scale height
is unsurprising, since previous simulations of the Galactic disc in-
cluding similar physics (e.g. Dobbs et al. 2011) also yield a gas dis-
tribution that is much thinner than the observed one. The missing
ingredient is most likely an appropriate level of small-scale turbu-
lence driven by stellar feedback – in the absence of this, there is
insufficient pressure to prevent the gas from collapsing into a thin
layer. The same mechanism is likely to also be responsible for the
Larson (1981) size-linewidth relation, which is also not reproduced
in our models. We will be able to test this in future simulations that
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more diffuse component. The more diffuse component has much
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Ridley et al. (2017). Thus, the addition of the third dimension by
itself does not seem to produce major differences in the gas flow.
This confirms that treating the gas as a razor-thin disc is a fairly
good approximation if we are only interested in motions within the
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In our simulations, the thickness of the gaseous layer is ⇠
15pc for the molecular gas and ⇠ 300pc for the atomic gas. These
are smaller than the observed counterparts. In particular, the ob-
served thickness of dense CO is ⇠ 90pc (Heyer & Dame 2015).
Our inability to reproduce the correct molecular gas scale height
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tribution that is much thinner than the observed one. The missing
ingredient is most likely an appropriate level of small-scale turbu-
lence driven by stellar feedback – in the absence of this, there is
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layer. The same mechanism is likely to also be responsible for the
Larson (1981) size-linewidth relation, which is also not reproduced
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Figure 4. Three colour zoom-in of the “dust-ridge”, shown in blue and red are the warm and cool component luminosities, and in green
is the 70µm emission. Over-plotted are contours identical to Figure 2. Labeled are the sources with their total gas and embedded masses
determined from infrared measurements (see Table 4 from embedded masses determined via additional methods). The transparent curved
arrow represents the path of the orbital model of Kruijssen et al. (2015), with labels of time since pericentre passage according to this
model.

star formation, despite their similarly large gas masses and
small radii (e.g. Lis et al. 1999; Immer et al. 2012a; Long-
more et al. 2013b; Walker et al. 2015; Ginsburg et al. 2015).
Following the stream to higher galactic longitudes and veloc-
ities, and lower latitudes lies the mini-starburst complex Sgr
B2 (e.g. Bally et al. 1988; Hasegawa et al. 1994; Sato et al.
2000). Continuing on the stream from Sgr B2 to lower lon-
gitudes, latitudes and velocities, the H ii region complexes
G0.6, Sgr B1 and G0.3 are found (e.g. Mehringer et al. 1992;
Lang et al. 2010). The first assumption we make is that as
the quiescent clouds and (proto-)clusters are all part of the
same stream.

Secondly, the quiescent gas clouds all have very simi-
lar masses and radii, and are close to virial equilibrium and
therefore likely to collapse (Walker et al. 2015). Thirdly, the
gas column density probability distribution functions of the
quiescent gas clouds are indicative of imminent star forma-
tion (Rathborne et al. 2014b; Battersby in prep.), and the
radial distributions of the mass surface densities suggest that
collapse of these clouds could produce Arches or Quintuplet-
like clusters in the future (Walker et al. 2016). Lastly, there
is a general progression of star formation along the stream
from quiescent gas clouds to (proto-)clusters.

If the clouds and (proto-)clusters within the 0.18 <

l <0.76�, �0.12 < b <0.13� region do represent an evolu-
tionary sequence, one has an estimation of the initial condi-
tions for star formation within the Galactic Centre. With a
measure of SFE from section 5 and t↵ , the only thing needed
to derive ✏↵ is an absolute timescale linking the clouds and
(proto-)clusters.

Kruijssen et al. (2015) have developed a dynamical or-

bital solution to interpret the PPV structure of the molecu-
lar emission throughout the central ⇠ 200 pc of the Galaxy,
from which “Streams 2 and 3” have been over-plotted in
Figure 4. The focal point of this open, elliptical orbit coin-
cides with the position of the supermassive black hole at the
centre of the Galaxy, Sgr A⇤, and all the sources within the
0.18 < l <0.76�, �0.12 < b <0.13� region are downstream
past pericentre passage on this orbit.

The observed star formation activity increases with
time past pericentre (shown as the increasing spatial extent
of the hot gas component in Figure 4). In the scenario pre-
sented by Longmore et al. (2013b), Kruijssen et al. (2015),
and Longmore et al. (2016), gas clouds will experience strong
tidal forces close to pericentre passage, which will compress
the gas along the vertical direction. This adds turbulent en-
ergy into the gas which can be quickly radiated away by
shocks due to the high density. In the model, this implies
the clouds become self-gravitating and allows them to ini-
tiate gravitational collapse, eventually triggering star for-
mation. Further downstream, as star formation continues,
feedback from massive embedded stars begins to blow cav-
ities in the surrounding environment, and eventually cause
the dissipation of the host cloud (Barnes et al. in prep).

Assuming that star formation within each cloud
was triggered at pericentre passage, we can cal-
culate the time-averaged star formation rate as
SFR (M� yr�1)=M⇤,tot(M�) /tp,last (yr), where tp,last

is the time since the last pericentre passage. In Figure 4 we
label the time since pericentre passage for the orbital model
presented by Kruijssen et al. (2015), where the pericentre
of the orbit is located just upstream from the “Brick”. We
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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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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

Article number, page 10 of 12

no obvious trend along orbit

=> no evolutionary timeline along orbit

trend in SF activity

trend in cloud structure

SF triggering near Sgr A*  
does not describe CMZ well
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Figure 23. Kinetic ammonia temperature T24 (top), NH3 (3,3) column density (middle top) and NH3 (3,3) line width (middle
bottom) as a function of time since far side pericenter passage (bottom x-axis, top x-axis shows important dynamical points in
the K15 model and massive molecular clouds). The bottom panel shows radial distance from the center of the Galactic potential.
Measurements for individual pixels (light grey points) are overlaid with black crosses denoting medians in bins of 0.01 Myr and
error intervals that include 50% of the data in each bin. Linear fits to the median temperature and corresponding heating rates
are shown for four regions of consistent time evolution.

Krieger et al. (subm.)

SWAG: Molecular Cloud Evolution in the CMZ 3

Figure 1. Overview of the GC. The gas (background, NH3 (3,3) peak intensity) resembles the shape of an 1 symbol and
is parametrized as a sequence of stream segments by K15. The direction of motion is along the dust ridge ([l+, b+] denoting
positive longitude and latitude) to Sgr B2, [l+, b�], [l�, b+] to Sgr C and [l�, b�]. Dust ridge [l+, b+] and l�, b�] are on the near
side (in front of the GC) whereas [l+, b�] and [l�, b+] are on the far side (Bally et al. 2010; Molinari et al. 2011). The most
important sources are labeled.

8.3 kpc1) is filtered out by the ATCA interferometer.
Spectral fitting of the ammonia hyperfine structure al-
lows us to construct maps of line-of-sight velocity, line
width, opacity and kinetic gas temperature which can
be tested for evolutionary behavior under the assump-
tion of a kinematic model. Applying this method to
SWAG data and the stream model will allow us to check
gas properties for absolute time dependencies that can
be expected if a sequential star formation sequence is
present in one or more of the streams.

As the structures in the GC are complex, simple
names can be misleading. Throughout this paper we
will refer to the “ring” as the general 1-like structure of
CMZ gas without being interested in the detailed struc-
ture or kinematics. “Stream”, however, refers to the K15
model that introduced a stream as a set of four segments
of an orbit wrapping around the GC whose subdivision
does not have physical meaning but simplifies descrip-
tions.

In this paper, we summarize the observational setup
and data reduction of the SWAG survey in §2 on the
basis of observations of one third of the total area, cov-
ering the region between Sgr B2 and Sgr C. §3 shows and
discusses the primary data products (channel and mo-
ment maps, spectra, position-velocity diagrams) and §4

1 Adopting the distance measurement by Reid et al. (2014).

describes the fitting of the ammonia hyperfine structure
inversion lines.

In section 5, we use the derived thermal and kinetic
properties of GC molecular clouds to discuss their prop-
erties in the context of the dynamic model of K15 by re-
constructing potential time dependencies of these prop-
erties (§5). The resulting relations are discussed in the
context of the star formation sequence as proposed by
Longmore et al. (2013). A summary in §6 concludes this
work.

2. OBSERVATIONS AND DATA REDUCTION
The “Survey of Water and Ammonia in the Galac-

tic Center” (SWAG) is a large survey aiming to map
the entire Central Molecular Zone (CMZ) of the Milky
Way from ⇠ �1� to ⇠ +2� in Galactic longitude at
latitudes |b| < 0.4�. The boundaries correspond to
an integrated surface brightness level of 0.1 Kkm s�1 of
NH

3

(3,3) from Mopra single-dish observations (beam
size ⇠ 2.4’ Ott et al. 2014). The achieved spatial
resolution is ⇠ 22.8” (20.6" - 25.0" in the range of
25.4 GHz - 21.2GHz) which, at the Galactic Center dis-
tance, corresponds to ⇠ 0.9 pc. The velocity resolution
is ⇠ 0.4 km s�1 (0.37 km s�1 to 0.45 km s�1 for 25.4 GHz
- 21.2 GHz). The observations are performed in a mo-
saic of ⇠ 6500 pointings with the Australia Telescope
Compact Array (ATCA) interferometer during sim525
hours spread over three years (2014 - 2016). At a wave-

study of various NH3–derived cloud properties

mixed evidence for global evolution
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(a)

(b)

Figure 5. (a) Large-scale gray-scale ratio image I(24 µm)/I(8 µm) shows the bright region to be mainly due to 24 µm emission whereas dark region shows the region
dominated by 8 µm emission. Note that the dark regions in this ratio image do not represent the IRDCs. (b) The distribution of 24 µm emission in green color is
shown against the distribution of 450 µm emission (Pierce-Price et al. 2000) in red color.

(A color version of this figure is available in the online journal.)

found in the region restricted to positive and negative longitudes,
respectively. There is an excess of 31,082 sources identified
in negative longitudes. This asymmetry could be explained
by the high extinction experienced by mid-IR sources in the
region where dense molecular clouds are highly concentrated.
Alternatively, the distribution of compact dusty sources could
be due to an intrinsic excess of YSOs or evolved AGB stars.
The dashed line in Figure 6 is chosen empirically, as discussed
below, to separate the reddest YSOs from AGBs. Each of the
two possibilities is discussed below.

OH/IR stars are oxygen-rich, mass-losing cool giants that
represent evolved AGB stars at the end of their lives (Habing

1996). These post-AGB stars are known to be dusty with excess
emission at infrared wavelengths. YSOs are also known to have
excess emission in infrared wavelengths and are characterized
by dusty envelopes and disks that absorb the radiation from the
central protostar (Whitney et al. 2003a; Adams et al. 1987).
To explore the color of evolved stars in the Galactic center,
we examined the spatial distribution of known OH/IR stars
in the region shown in Figure 6 using the OH 1612 MHz
catalogs (Lindqvist et al. 1992; Sevenster et al. 1997a, 1997b;
Sjouwerman et al. 1998). OH/IR surveys are not affected
by visual extinction. These surveys have uniformly sampled
the region covered by IRAC observations. The shallow but

Yusef–Zadeh et al. (2009)

…or maybe just main–sequence stars illuminating clouds? Koepferl et al. (2015)

K. Immer et al.: Recent star formation in the inner Galactic bulge. II.
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Fig. 6. Areal coverage of our CMZ sample with Galactic longitude l and Galactic latitude b. Black dots mark the ISOGAL sources, gray dots the
MSX sources without ISOGAL counterparts.
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Fig. 7. From top left to bottom right, distributions of: angular separation between the ISOGAL and the associated MSX source, ISO–MSX 7 µm
magnitude differences, ISO–MSX 15 µm magnitude differences, and ISO–MSX differences in colors.

3.2.1. Interstellar extinction

Interstellar extinction in the direction of the CMZ can exceed
30 mag in the V band. Since we want to estimate the bolometric
luminosities of our sources from their flux densities at 15 µm,
we have to correct them for interstellar reddening for all sources
in the CMZ sample. We used an extinction map, computed by
Schultheis et al. (2009), which is based on the combination of
photometric data from the 2MASS and IRAC/GLIMPSE sur-
veys. We derived a value for AV toward each object in our CMZ
source list as an average of all data points within a radius of 0.5′

of the object position. For CMZ sources that are not located

within the area of this extinction map, we used an older extinc-
tion map (Schultheis et al. 1999) that is based on photometric
data from the DENIS survey.

Furthermore, we extracted A15
AKS

conversion factors from the

results of Jiang et al. (2005), who give a value for each ISOGAL
field. For those MSX sources that are not located in an ISOGAL
field, an average value of 0.4 was set as the A15

AKS
conversion fac-

tor. The
AKS
AV

conversion factor was obtained from the results of

Nishiyama et al. (2008) (
AKS

AV
= 0.062). This value was derived

specifically for the Galactic center environment.
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luminosities of our sources from their flux densities at 15 µm,
we have to correct them for interstellar reddening for all sources
in the CMZ sample. We used an extinction map, computed by
Schultheis et al. (2009), which is based on the combination of
photometric data from the 2MASS and IRAC/GLIMPSE sur-
veys. We derived a value for AV toward each object in our CMZ
source list as an average of all data points within a radius of 0.5′

of the object position. For CMZ sources that are not located

within the area of this extinction map, we used an older extinc-
tion map (Schultheis et al. 1999) that is based on photometric
data from the DENIS survey.

Furthermore, we extracted A15
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Figure 3. Peak brightness images for the lines of H13CN, H13CO+, HN13C, CH3CN, SiO and HOCO+.
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FIG. 5.È(Top) E†ects of the external radiation Ðeld intensity and the
internal luminosity on the model SED. The SED of a cloud without strong
external heating (solid line ; is too narrow andG0 \ 40, L 0 \ 2.5 ] 105 L

_
)

grossly underestimates the observed Ñux at MIR wavelengths (j \ 100
km). Models with strong external heating, but no internal heating sources
(dashed line ; produce a broad SED but underestimateG0 \ 500, L 0 \ 0)
the Ñux at the wavelengths near 100 km. (Middle) Best-Ðt model including
both external and internal heating (solid line ; G0 \ 500, L 0 \ 1.9 ] 105

The dotted lines, corresponding to and 2.7 ] 105L
_

). L 0 \ 1 ] 105 L
_

,
represent the allowed range of consistent with the calibration uncer-L 0tainties ; the maximum central luminosity consistent with the data is equiv-
alent to about four B0 ZAMS stars. (Bottom) E†ect of on the modelG0SED. The solid line is the best-Ðt model (G0 \ 500, L 0 \ 1.9 ] 105 L

_
).

The dotted lines, corresponding to and 600, represent the rangeG0 \ 400
of consistent with the calibration uncertainties.G0

1.9 ] 105 The two dotted lines show models corre-L
_

.
sponding to and 600, which are still consistentG0 \ 400
with the data given the calibration uncertainties.

Increasing the outer cloud radius by 50% has no e†ect on
the best-Ðt value of and lowers by D7%. Using aG0 L 0shallower density law of r~1 instead of r~2 increases the
best-Ðt by D20% and lowers by D10%. To obtain aG0 L 0satisfactory Ðt in the 50È100 km wavelength range for the
r~1 density proÐle, we have to lower b from 2.8 to 2.4. We
thus conclude that the best-Ðt values of the UV Ðeld
enhancement factor and the internal source luminosity are
only weakly dependent on the detailed model cloud param-

FIG. 6.ÈC II/O I intensity ratio as a function of (C II ] O I ] Si II)/FIR
for a grid of PDR models with a range of hydrogen densities and UV Ðeld
intensities (from WolÐre et al. 1990). Gray squares correspond to several
lines of sight in our ISO maps away from the submillimeter continuum
sources.

eters and are well constrained by the models. Our best-Ðt
estimate of is 500 ^ 100 and the best-ÐtG0 L 0 \ 2 ] 105

with a factor of D2 uncertainty. The upper limit for theL
_

,
internal luminosity of 2.7 ] 105 corresponds to approx-L

_imately four B0 zero-age main-sequence (ZAMS) stars (Cox
2000).

3.3. Atomic Fine-Structure L ines
In addition to the continuum SEDs, our LWS grating

spectra cover the 63 km Ðne-structure line of O I and the
158 km line of C II. Observations of these lines, together
with the FIR continuum emission, allow independent deter-
mination of the physical conditions in the di†use interstellar
medium (ISM) in the Galactic center region, namely, the gas
density and the ISRF intensity, through photodissociation
region (PDR) modeling.

WolÐre, Tielens, & Hollenbach (1990) calculated a grid of
PDR models for a range of hydrogen densities and UV(nH)
Ðeld intensities and showed that the C II/O I and(G0)
(C II ] O I ] Si II)/FIR intensity ratios can be used to con-
strain independently the values of and (see Fig. 6).6nH G0The gray points in Figure 6 correspond to several lines of
sight within our ISO maps, away from the dense cores,
which cover a wide range of the 45/173 km color tem-
peratures. The points cluster around andG0 \ 1000 nH \
1000 cm~3. The derived values of and are uncertainnH G0to within a factor of D2 owing to uncertainties in the
optical depth of the Ðne-structure lines. The value of G0derived from the Ðne-structure line observations thus agrees
with that obtained in ° 3.2 from the continuum radiative
transfer modeling. We therefore have a consistent model of
the continuum emission from GCM 0.25]0.01, which is
primarily externally heated by the di†use Galactic center

6 As discussed by Simpson et al. (1997), the intensity of the 35 km Si II

line, which is included in the calculations of WolÐre et al. (1990), can be
neglected since Si is highly depleted in their models.

Lis et al. (1994)

Lis & Menten (1998)

The Astrophysical Journal, 746:117 (10pp), 2012 February 20 Longmore et al.

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 toward
G0.253 + 0.016. We downloaded the infrared sources in a 15′ ×
15′ region centered on G0.253 + 0.016 from the UKIDSS data
base, which allowed for a direct and coherent comparison of the
cloud 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 direction
of G0.253 + 0.016 than in any of the off-source diagrams, with
a clear and maintained deficit in the number of red stars well
established by (H − Ks) = 1.7 ± 0.2 mag (see the top panel
of Figure 2).19 This is equally clearly seen when comparing
the NACO data for G0.253 + 0.016 with a similar field of view,
albeit shallower, NACO observations toward the Galactic center
by Schödel et al. (2010): Figure 2 shows the Ks versus (H −Ks)
CMD and the histogram of (H − Ks) colors for that Galactic
center 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 completeness
limits. However, despite being ∼2 mag deeper, the number of
sources toward G0.253 + 0.016 drops rapidly above an (H −Ks)
of ∼1.7 mag, clearly showing that the extinction is produced by
a sharp increase in dust density as expected from a dense cloud,
as opposed to being produced by several low-density clouds
along the line of sight which would be seen as a much more
gradual decrease in the number of red stars.

We used the NACO data and Equation (2) of Nishiyama
et al. (2006) to estimate the distance to the cloud, using the

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

red clump (RC) stars around Ks ∼ 15 mag. We assume an
absolute magnitude for the RC stars of MK = −1.54 mag,20 a
population correction ∆MK = −0.07, and the extinction law of
Schödel et al. (2010) for the Galactic center (Aλ ∝ λ−2.21). The
distance modulus is then given by DM = K − MKs

+ ∆MK ,
where K is the observed, de-reddened K magnitude. We are
looking for the distance to the near side of the cloud, so we
used (H − Ks) = 1.7 mag to determine the extinction, since
this is the color where we start to lose stars with respect to
the 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 of
2.168 µm, which, when applied to the observed magnitude of
the RC stars (KS,obs = 15 ± 0.3 mag), yields a de-reddened
Ks = 12.87 ± 0.3 mag or K = 12.86 ± 0.3 considering
the difference between Ks and K (Nishiyama et al. 2006). The
distance modulus is then DM = 14.34 ± 0.3, translating into
a distance of 7.4 ± 1.0 kpc and independently placing it just
in the foreground of the Galactic center. The greatest source of
uncertainty in this analysis is undoubtedly the extinction law,
and we note that a difference of only 10% in the exponent of
the extinction law in particular translates into an approximately
10% change in the derived distance.

In summary, based on the UKIDSS and NACO data we
conclude that we have undoubtedly detected the extinction
caused 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 of
Mk = −1.59 in Nishiyama et al. (2006) as we are directly comparing our data
to the former.

3
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Galactic Center Molecular Cloud Survey (GCMS; Kauffmann et al.)

100 pc = 42 arcmin

Galactic Center Molecular Cloud Survey (GCMS):

ALMA (~30h), SMA (~100h), CARMA (~100h)

includes first high–resolution study of all major 
CMZ clouds

Kauffmann et al. (2013a, 2017a,b)

CMZoom: SMA (~500h)

covers all area at high column density

Battersby, Keto et al. (in prep.)

numerous studies of selected fields:

using ALMA, VLA, and SMA

Rathborne et al., Mills et al., Lu et al., Walker et al., Kendrew et al., Yusef–Zadeh et al.

C–band survey: VLA (~3h)

covers all area at high column density

Lu et al. (in prep.)
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Fig. 14. Enclosed mass in spheres of radius RGC for the inner
500 pc of the Galaxy. Thin solid lines show the mass distribu-
tion of NSC and NSD as derived from our photometric models
(Sect. 5.2). The dotted line is the photometric mass distribu-
tion of the GB. The dashed horizontal line is for the central
Black Hole (Eckart & Genzel 1998). The rightmost solid line
(MISM) is for the total intestellar mass in the NB and the outer
CMZ (Sect. 5.5). The thick grey line represents the total en-
closed mass, i.e., the sum of all these components. Data points
with error bars refer to the following dynamical mass estimates:
filled triangles: McGinn et al. (1989); open circle: Rieke & Rieke
(1988); filled squares: Lindqvist et al. (1992); open triangle:
Liszt & Burton (1978) and Burton & Liszt (1978) (adapted
from Haller et al. 1996). The dashed curve (a) shows, for com-
parison, the power-law approximation to the enclosed mass by
Sanders & Lowinger (1972) (Eq. (2.1) in MDZ96). The dotted
curve (b) shows the photometric mass distribution of the NB
(without GB) according to our model when integrated through
the entire NB in cylinders of radius RGC (i.e., the “observed”
mass in a given area). The open square shows the total “ob-
served” stellar mass of the central R = 15 pc derived from the
KLF of the K-band mosaic (Paper II).

components NSC and NSD and of different spatial regions
of the NB are given in Tables 7 and 9, respectively.

Figure 14 shows the mass distribution in spheres of
radius RGC around the GC derived from our volume
emissivity model of the NB (NSC +NSD) together with
the above discussed M∗/LNIR ratios. Also shown are the
mass of the central Black Hole (Eckart & Genzel 1998),
the mass distribution in the GB (see Sect. 4.2), and the
distribution of ISM in the NB and the outer CMZ (see
Sect. 5.5, here corrected for He and metals). The mass
distribution is dominated by the central Black Hole at
RGC < 2 pc, the NSC at 2 pc≤ RGC ≤ 30 pc, the NSD
at 30 pc≤ RGC ≤ 400pc, and the GB at RGC > 400 pc.
This photometrically derived mass distribution in the cen-
tral 500pc with the Black hole included is compared to

different dynamical mass estimates (for references see cap-
tion Fig. 14). Both mass distributions agree very well. The
presence of the NSD, which was inferred from the large-
scale NIR surface brightness distribution of the NB, pro-
vides a logical explanation for the “kink” in the dynam-
ical mass distribution at RGC ∼ 20 pc and the steep rise
between RGC ∼ 20 pc and 100pc. The power-law approx-
imation by Sanders & Lowinger (1972) (Fig. 14 curve (a);
cf. Eq. (2.1) in MDZ96) also gives a reasonable estimate
of the total enclosed mass in the inner 500pc. However, it
is inconsistent with the observed highly elliptical NIR sur-
face brightness distribution of the NB and, in detail, does
not fit the dynamical mass distribution well. Note that
these authors assumed a constant M∗/LNIR ratio for the
entire GC region. Also shown in Fig. 14 is the stellar mass
distribution contained in corresponding circular areas of
radius RGC when integrated throughout the entire NB
(curve (b)). It reproduces correctly the integrated stellar
mass in the central 30 pc derived from an analysis of the
KLF of the K-band mosaic (M∗(30pc) ∼ 1.2 × 108 M⊙,
Paper II). Curve (b) cannot be directly compared to dy-
namical masses which refer to spherical volumes of radius
RGC.

With M∗(NB) = M∗(NSC) + M∗(NSD) = (1.4 ±
0.6) × 109 M⊙, the NB accounts for ∼1–2% of the to-
tal stellar mass in the GD and corresponds to ∼10% of
the mass of the GB (see Sect. 4.2). The average mass
density of stars in the NB (outside the central ∼20 pc)
is then ρM

⋆ ∼ (200 ± 50)M⊙ pc−3, which is more than
40 times higher than the expected central mass density
in the GB when its exponential volume emissivity/density
profile (Eq. (4)) is interpolated into the centre.

5.5. Morphology of Interstellar Matter in the Galactic
Centre Region and its relation to the Nuclear
Bulge

In Sect. 4.3.3 we derived a total hydrogen mass of 6.8 ×
107 M⊙ for the central ∼1 kpc and confirmed the well-
known asymmetry in the mass distribution of ISM in the
CMZ. A comparison of the distribution of stars (Figs. 11a
and 15c) and that of ISM (Figs. 15a and 16b) indicates
that not all of the ISM in the CMZ is associated with the
stellar NB. There are several indicators that allow to dis-
tinguish between dust inside and outside the stellar NB:
1. The stellar radiation density inside the NB is consid-
erably higher than outside. Therefore, dust located inside
the NB must have a higher temperature and specific lu-
minosity than dust outside the NB. Figures 15b and d
show that both quantities are strongly enhanced in the
central |l| ≤ 0.◦6 (∼25K and 30L⊙/M⊙, respectively), in-
dicating the presence of a warm and luminous inner region
(R ≤ 100 pc) in the NB. At −0.◦6≥ l ≥ −1.◦9, both quan-
tities decrease to ∼21K and 13–15L⊙/M⊙, respectively,
indicating the presence of colder dust in the outer region
of the NB. At l ≤ −1.◦9, the approximate outer “edge” of
the NB, both quantities drop sharply and approach 16–
17K and 2–3L⊙/M⊙, respectively, values typical for dust

M(r) / r2.2

Launhardt et al. (2002)

classical treatment:

cloud sectors closer to Sgr A* are torn away 
if binding is not strong enough

=> CMZ clouds must be dense

Sgr A*

Güsten & Downes (1980)

with new potential:

M(r) / r� , Fgrav = G
M(r)m

r2

) Fgrav / r��2 = r0.2

Sgr A*

=> no limit on cloud density

William Lucas

(2015 PhD @ St. Andrews)
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Tplasma = 107 K , nplasma ⇠ 0.1 cm�3

) ndense = 104 cm�3 · (Tdense/100 K)�1

in pressure equilibrium:

14 G. Ponti et al.
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Figure 10. (Top panel) Soft lines (continuum unsubtracted) RGB image of the CMZ. The Si XIII line emission is shown in red, S XV in green and Ar XVII+ Ca
XIX in blue. (Bottom panel) RGB image of the energy bands between soft emission lines. The Si-S band emission is shown in red (see Tab. 1 for a definition of
the energy bands), S-Ar in green and Ar-Ca + Blue-Ca in blue. The diffuse emission in this inter-line continuum is very similar to the soft emission line one,
suggesting that the same process is producing both the lines and the majority of the soft X-ray continuum. The colour variations within the map are modulated
primarily by abundance variations (top), temperature of the emitting plasma, continuum shape and absorption.

and northeast of Sgr A?. This latter feature is discussed in detail in
section 8.4.

In spite of the fact that these images show different compo-
nents (one being dominated by emission lines, the other by contin-
uum emission), they are remarkably similar. No clear diffuse emis-
sion component is present in one and absent from the other image.
This indicates that most of the diffuse soft X-ray continuum and
line emission are, indeed, produced by the same process. In ad-
dition, the differences in the ratio between photons emitted in the
lines and in the continuum can add valuable information for under-
standing the radiative mechanism. In fact, such differences could be
due, for example, to different cosmic abundances and/or variations

in the relative contributions of various thermal and nonthermal radi-
ation mechanisms. In order to better highlight these differences, we
map the sum of the interline continua in the same image (see cap-
tion of Fig. 11 and Tab. 1). As expected, none of the point sources is
a strong soft line emitter (they in fact appear brighter in the interline
image). We also note that the intense soft X-ray emitting regions in
the Galactic plane, such as Sgr D, Sgr B1, Sgr C, the Chimney and
G359.9-0.125 are characterised by distinctively orange-red colours,
indicating they are strong line emitters.

For an alternative perspective, the bottom panel of Fig. 11
shows the Si XIII + Si-S bands in red, S-Ar + S XV + Ar-Ca in
green, and CFeK in blue. These energy bands are chosen to high-

c
� 0000 RAS, MNRAS 000, 1–??

Ponti et al. (2015)

hot plasma from X–ray data

=> confining pressure
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trace highly embedded young stars and clusters. Inspection of
the 24 µm Spitzer images shows that Bania’s Clump 2 also
lacks a substantial population of embedded sources visible at
24 µm. Perhaps the clumps are embedded in a medium having
an unusually high pressure or large non-thermal motions which
suppress gravitational instabilities on the mass scale of stars
or even clusters. Many of the Clump 2 features are seen in
silhouette against background star light and diffuse emission
from the ISM in the 3.6–8 µm Spitzer images, indicating that
they are in front of much of the central bulge.

The absence of emission in the Spitzer images is not the result
of high extinction. Regions having similar amounts of 1.1 mm
emission closer to the mid-plane of the Galaxy show a factor
of two to four times more emission between 6 and 24 µm.
Furthermore, the brightest 1.1 mm emission maxima toward
Bania’s Clumps 2 imply localized extinctions of AV < 10 mag
averaged over a 40′′ aperture. However, the low spatial frequency
emission resolved out by BPGS may amount to as much as
AV = 30 mag based on the line-of-sight column density of CO.
But, this would be insufficient to completely hide all Spitzer
mid-IR emission.

The exceptionally large line widths and velocity extent of this
complex may be caused by three processes. First, the abrupt
change in the orientation of the orbital velocity where a spur or
inner dust lane encounters the ridge of dense gas at the leading
edge of the Galactic bar. Second, at the ends of the so-called x1
orbits in a tri-axial potential where they become self-intersecting
(Contopoulos & Papayannopoulos 1980; Binney et al. 1991;
Marshall et al. 2008; Rodriguez-Fernandez & Combes 2008). In
either mechanism cloud–cloud and cloud–ISM collisions result
in high ram pressures, shocks, and turbulence that can produce
large line widths and non-thermal motions. Third, broad-line
features such as Bania’s Clump 2 may consist of unrelated
clouds along an x1 orbit which has a leg aligned with our line
of sight. In this scenario, Bania’s Clump 2 traces gas in a dust
lane at the leading edge of the bar which is elongated along our
line of sight.

Figure 21 shows a cartoon of the possible configuration of
the central regions of the Milky Way as seen from the north
Galactic pole. The x1 orbits are elongated along the major
axis of the Galactic bar in a frame of reference rotating with
the bar. As a family of orbits with decreasing semimajor axes
(corresponding to lower angular momenta about the nucleus)
are considered, the ends first become more “pointed,” then they
become self-intersecting. Clouds whose orbits decay eventually
enter the regions of self-intersection where they may encounter
other clouds or the lower density ISM on the same trajectory with
supersonic velocities. The resulting shock waves and consequent
dissipation of orbital energy causes the clouds to rapidly migrate
onto the smaller “x2” orbits whose major axes are orthogonal to
the bar. Most of the observed dense gas in the CMZ is thought
to occupy the near side of the X2 orbits at positive longitudes
where they are seen as IRDCs.

Models of gas flows in a tri-axial potential can reproduce
the major features observed in the longitude–velocity diagrams
of molecular tracers of the inner Galaxy (Bissantz et al.
2003; Rodriguez-Fernandez et al. 2006; Rodriguez-Fernandez
& Combes 2008; Rodriguez-Fernandez 2009; Pohl et al. 2008;
Liszt 2009). It is suspected that the major axis of the central
bar is currently oriented within 15◦–45◦ of our line of sight.
The conventional interpretation of the Galactic center molecular
line emission places the high-velocity rhombus evident in l–V
diagrams in the “180 pc molecular ring” (sometimes called the

Figure 21. Cartoon showing a face-on view of the central 500 pc region of
the Milky Way as viewed from the northern Galactic pole. The Sun is located
below the figure and positive longitudes to the left. The diffuse gray scale shows
the current orientation of the stellar bar, thought to have its major axis tilted
between 20◦and 45◦ with respect to our line of sight. The large oval shows
a nonintersecting x1 orbit; lower angular momentum x1 orbits become self-
intersecting. The “rhombus” of molecular emission in l–V diagrams probably
occupies the receding and approaching portions of the innermost x1 orbits. The
three smaller inscribed ellipses show x2 orbits. Bania’s Clump 2 is thought to
be located on the receding portion of the last stable x1 orbit where it is self-
intersecting. Approaching gas presumably enters as an atomic phase; shock-
compression and subsequent cooling results in its conversion to the molecular
phase. The receding gas above Bania’s Clump 2 traces the leading edge of the
bar and populates extended network of positive velocity clouds in l–V diagrams
such as Figure 4. The CMZ emission is associated with gas mostly located on
the near-side of the Galactic center on the x2 orbits. The possible locations of
the Sgr C, 20 km−1, 50 km−1, and Sgr B2 complexes are indicated.

EMR—see Figure 4 in Morris and Serabyn 1996). This feature
is tilted with respect to the Galactic plane so that the positive
latitude part is seen at positive velocities. In Figure 4, this feature
is labeled as the “leading edge of the bar” since in most models,
the gas that is transiting from x1 to x2 orbits is found in such a
dust lane (see Figure 5 in Morris and Serabyn 1996).

Bania’s Clump 2 is located at higher longitudes than the
180 pc molecular ring. Thus, it is either located where the x1
orbits become self-intersecting, or where a spur encounters the
dust lane at the leading edge of the bar, or traces gas in the
dust lane which is oriented nearly parallel to our line of sight.
Rodriguez-Fernandez et al. (2006) show the likely location of
Bania’s Clump 2 in a hypothetical face-on view of the Galaxy
(see their Figure 2). The superposition along the line of sight of
clouds moving near the apex of the innermost, self-intersecting
x1 orbits can exhibit a large range of radial velocities within
a very restricted spatial region. This phenomenon is caused by

Bally et al. (2011)
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Figure 3. Peak brightness images for the lines of H13CN, H13CO+, HN13C, CH3CN, SiO and HOCO+.
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trace highly embedded young stars and clusters. Inspection of
the 24 µm Spitzer images shows that Bania’s Clump 2 also
lacks a substantial population of embedded sources visible at
24 µm. Perhaps the clumps are embedded in a medium having
an unusually high pressure or large non-thermal motions which
suppress gravitational instabilities on the mass scale of stars
or even clusters. Many of the Clump 2 features are seen in
silhouette against background star light and diffuse emission
from the ISM in the 3.6–8 µm Spitzer images, indicating that
they are in front of much of the central bulge.

The absence of emission in the Spitzer images is not the result
of high extinction. Regions having similar amounts of 1.1 mm
emission closer to the mid-plane of the Galaxy show a factor
of two to four times more emission between 6 and 24 µm.
Furthermore, the brightest 1.1 mm emission maxima toward
Bania’s Clumps 2 imply localized extinctions of AV < 10 mag
averaged over a 40′′ aperture. However, the low spatial frequency
emission resolved out by BPGS may amount to as much as
AV = 30 mag based on the line-of-sight column density of CO.
But, this would be insufficient to completely hide all Spitzer
mid-IR emission.

The exceptionally large line widths and velocity extent of this
complex may be caused by three processes. First, the abrupt
change in the orientation of the orbital velocity where a spur or
inner dust lane encounters the ridge of dense gas at the leading
edge of the Galactic bar. Second, at the ends of the so-called x1
orbits in a tri-axial potential where they become self-intersecting
(Contopoulos & Papayannopoulos 1980; Binney et al. 1991;
Marshall et al. 2008; Rodriguez-Fernandez & Combes 2008). In
either mechanism cloud–cloud and cloud–ISM collisions result
in high ram pressures, shocks, and turbulence that can produce
large line widths and non-thermal motions. Third, broad-line
features such as Bania’s Clump 2 may consist of unrelated
clouds along an x1 orbit which has a leg aligned with our line
of sight. In this scenario, Bania’s Clump 2 traces gas in a dust
lane at the leading edge of the bar which is elongated along our
line of sight.

Figure 21 shows a cartoon of the possible configuration of
the central regions of the Milky Way as seen from the north
Galactic pole. The x1 orbits are elongated along the major
axis of the Galactic bar in a frame of reference rotating with
the bar. As a family of orbits with decreasing semimajor axes
(corresponding to lower angular momenta about the nucleus)
are considered, the ends first become more “pointed,” then they
become self-intersecting. Clouds whose orbits decay eventually
enter the regions of self-intersection where they may encounter
other clouds or the lower density ISM on the same trajectory with
supersonic velocities. The resulting shock waves and consequent
dissipation of orbital energy causes the clouds to rapidly migrate
onto the smaller “x2” orbits whose major axes are orthogonal to
the bar. Most of the observed dense gas in the CMZ is thought
to occupy the near side of the X2 orbits at positive longitudes
where they are seen as IRDCs.

Models of gas flows in a tri-axial potential can reproduce
the major features observed in the longitude–velocity diagrams
of molecular tracers of the inner Galaxy (Bissantz et al.
2003; Rodriguez-Fernandez et al. 2006; Rodriguez-Fernandez
& Combes 2008; Rodriguez-Fernandez 2009; Pohl et al. 2008;
Liszt 2009). It is suspected that the major axis of the central
bar is currently oriented within 15◦–45◦ of our line of sight.
The conventional interpretation of the Galactic center molecular
line emission places the high-velocity rhombus evident in l–V
diagrams in the “180 pc molecular ring” (sometimes called the

Figure 21. Cartoon showing a face-on view of the central 500 pc region of
the Milky Way as viewed from the northern Galactic pole. The Sun is located
below the figure and positive longitudes to the left. The diffuse gray scale shows
the current orientation of the stellar bar, thought to have its major axis tilted
between 20◦and 45◦ with respect to our line of sight. The large oval shows
a nonintersecting x1 orbit; lower angular momentum x1 orbits become self-
intersecting. The “rhombus” of molecular emission in l–V diagrams probably
occupies the receding and approaching portions of the innermost x1 orbits. The
three smaller inscribed ellipses show x2 orbits. Bania’s Clump 2 is thought to
be located on the receding portion of the last stable x1 orbit where it is self-
intersecting. Approaching gas presumably enters as an atomic phase; shock-
compression and subsequent cooling results in its conversion to the molecular
phase. The receding gas above Bania’s Clump 2 traces the leading edge of the
bar and populates extended network of positive velocity clouds in l–V diagrams
such as Figure 4. The CMZ emission is associated with gas mostly located on
the near-side of the Galactic center on the x2 orbits. The possible locations of
the Sgr C, 20 km−1, 50 km−1, and Sgr B2 complexes are indicated.

EMR—see Figure 4 in Morris and Serabyn 1996). This feature
is tilted with respect to the Galactic plane so that the positive
latitude part is seen at positive velocities. In Figure 4, this feature
is labeled as the “leading edge of the bar” since in most models,
the gas that is transiting from x1 to x2 orbits is found in such a
dust lane (see Figure 5 in Morris and Serabyn 1996).

Bania’s Clump 2 is located at higher longitudes than the
180 pc molecular ring. Thus, it is either located where the x1
orbits become self-intersecting, or where a spur encounters the
dust lane at the leading edge of the bar, or traces gas in the
dust lane which is oriented nearly parallel to our line of sight.
Rodriguez-Fernandez et al. (2006) show the likely location of
Bania’s Clump 2 in a hypothetical face-on view of the Galaxy
(see their Figure 2). The superposition along the line of sight of
clouds moving near the apex of the innermost, self-intersecting
x1 orbits can exhibit a large range of radial velocities within
a very restricted spatial region. This phenomenon is caused by

Jones et al. (2012)

mass transfer between orbits

=> energy losses needed

=> shocks?!
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8 Ridley, Sormani, Treß, Magorrian, Klessen

Figure 9. A face-on schematic view of the model of the CMZ. The fig-
ure has been rotated so that the Sun is at (x,y) = (0,�8). The near and
far side spiral arms are shown in red and blue respectively. Streamlines of
the gas flow are shown. The black symbols denote the locations of promi-
nent molecular clouds, as in Fig. 3. From left to right: Sgr B2 (rotated
square), G0.253+0.016, also known as “the brick” (square), the 20kms�1

and 50kms�1 clouds (upward triangles), Sgr C (plus).

Figure 10. Bottom: The fluid density of the simulation at the earlier point
of 207Myr. The flow has reached an approximate steady state, but shows
several signs of unsteadiness. Top: A closer view of the central region of the
simulation. The colorbar is in units of M� pc�2.

Figure 11. The same as Fig. 8, for the earlier point of the simulation with
two additional features of the flow highlighted: Black points: a “bead” of
material on the positive latitude shock. Pink points: Two clumps of material
along the near-side spiral arm. Both are signatures of the wiggle instability.

gle” instability. It does not appear to be a numerical artefact, as it
appears in simulations run with many different codes (SBM15a).
Kim et al. (2014) used a shearing box analysis to show that the
instability originates from the generation of potential vorticity be-
hind the curved shocks. This potential vorticity is amplified as it
passes through successive shocks, leading to an instability that pe-
riodically destroys the spiral shocks.

Our model is mostly stable, however, there are a few signa-
tures of the wiggle instability in the flow. Figure 11 shows the gas
density at t = 207Myr in the simulation. The flow in the inner re-
gion shows some signs of unsteadiness. Most noticeably, a bead
of material has formed along the positive latitude shock, and two
clumps of material have formed along the near-side spiral arm. The
features are highlighted (in black and pink respectively), in Figure
11, along with their counterparts in the (l,v) plane.

The two pink “clumps” are formed as a consequence of the
wiggle instability. Dense material belonging to the pink region is
seen detaching from the spiral arms and later colliding with mate-
rial on the blue arm, close to the point where it is fed by the green
shock, as in our interpretation of the Sgr B2 and 1.3� cloud com-
plexes in Section 5.1.2.

5.2.1 Clump 2 cloud complex

It is particularly tempting to associate the signature of the black
“bead” along the shock in Figure 11 with the Clump 2 cloud com-
plex. They are almost coincident in (l,v) space, and have a similar
velocity structure. We therefore interpret the Clump 2 cloud com-
plex as material that is in the process of transitioning from the x1 to
the x2 orbits, part way down the shock, as originally suggested by
Stark & Bania (1986).

The rest of the emission from the shock (in green) covers a

© 0000 RAS, MNRAS 000, 000–000

Ridley et al. (2017)

colliding flow lines
=> shocks
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(a) ALMA continuum on Spitzer IRAC (b) ALMA 220 GHz continuum (c) ALMA SiO (5–4) (d) ALMA warm gas vs. SiO (5–4)

regions at >140 K
from ALMA H2CO 

SiO ridge of 4 pc

long SiO ridges
=> cloud–cloud collisions

Kauffmann et al. (in prep.)
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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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MW dense cores

Milky Way CO clouds

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

moderate turbulence on 
spatial scales ≲1 pc!

unusually steep 
linewidth–size relation
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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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Figure 6. Relation between the turbulent density fluctuations (σρ/ρ0 ) and the combination of sonic Mach number (M) and plasma β.
This relation given by Equation (7), defines the turbulence driving parameter b (Federrath et al. 2008b, 2010). The three dotted lines
show Eq. (7) for three representative driving cases: purely solenoidal driving (b = 1/3, gold), naturally-mixed driving (b ∼ 0.4, blue),
and purely compressive driving (b = 1, purple); see Eq. (8). Numerical simulations are shown as symbols (with the color indicating the
applied driving mode: sol, mix or comp): from Federrath et al. (2008b, 2010) (diamonds), Price et al. (2011) (pentagon), Molina et al.
(2012) (squares), Konstandin et al. (2012) (stars), Nolan et al. (2015) (triangles), and Federrath & Banerjee (2015) (upside-down triangle).
The black crosses are measurements in the Milky Way spiral-arm clouds Taurus (Brunt 2010), GRSMC43.30-0.33 (Ginsburg et al. 2013),
and IC5146 (Padoan et al. 1997a). Our measurement for G0.253+0.016 is shown as the red circle with 1σ uncertainties drawn from the
PDFs in the top and right panels. This indicates solenoidal driving of the turbulence in G0.253+0.016, i.e., b < 0.4. By contrast, all three
spiral-arm clouds show a significant compressive driving component, b > 0.4.

three solar neighborhood clouds. Our measurement of
b = 0.22± 0.12 indicates solenoidal driving of the turbu-
lence (b < 0.4). Given the inherent observational uncer-
tainties we rule out mixed driving in favor of solenoidal
driving at 1σ confidence level. We speculate that the
most likely physical driver causing this solenoidal driv-
ing mode in G0.253+0.016 are shearing motions in the
CMZ. This is consistent with the large-scale velocity
gradient across G0.253+0.016 that we saw in Figure 4,
which Kruijssen et al. (in preparation) show rigorously is
caused by the shear that G0.253+0.016 experienced dur-
ing its recent pericenter passage (Longmore et al. 2013a;
Kruijssen et al. 2015).
If G0.253+0.016 is representative of clouds in the

CMZ, then we expect/predict that turbulence is gen-
erally driven solenoidally by shear in the CMZ and
possibly in the central parts of other galaxies as
well (Kruijssen & Longmore 2013; Martig et al. 2013;
Davis et al. 2014). The dominant driver of the turbu-
lence in such environments would be shear (as assumed
in Krumholz & Kruijssen 2015). With our direct mea-
surement of the driving parameter b = 0.22 ± 0.12 in
the CMZ, we provide an independent confirmation that
shear is a strong turbulence driver in G0.253+0.016.25

This solenoidal driving mode might cause (or at least

25 We note that the shear can only maintain the turbulence as
long as the rotation curve allows it. At a galacto-centric radius of
about 100 pc (i.e., where G0.253+0.016 currently resides), the rota-
tion curve reaches a shear minimum. In the Krumholz & Kruijssen
(2015); Krumholz et al. (2016) model, this is why the star forma-
tion is episodic: irrespective of the turbulence driving, eventually
the gas will hit the shear minimum and collapse to form stars and
drive feedback.

contribute to) the low SFRs observed in the CMZ
(Longmore et al. 2013b) compared to spiral-am clouds,
where the turbulence driving is significantly more com-
pressive (cf. Fig. 6). Indeed, simulations and theoret-
ical models of the SFR show that solenoidal driving
can reduce the SFR by an order of magnitude com-
pared to compressive driving (Federrath & Klessen 2012;
Padoan et al. 2014). More measurements of b are needed
in different environments to understand which turbu-
lence drivers are dominant in different physical con-
ditions (e.g., spiral-arm clouds vs. CMZ, low redshift
vs. high redshift, etc.).

7. DISCUSSION

7.1. Suppression of dense cores in G0.253+0.016

Interferometric molecular line and dust emission obser-
vations by Kauffmann et al. (2013) and Rathborne et al.
(2014b) showed a lack of dense cores of significant mass
and density in G0.253+0.016, thus providing a possible
explanation for the low star formation activity in the
CMZ cloud. However, this does not explain what causes
the lack of dense cores. Here we find a possible rea-
son, namely that the turbulence is driven solenoidally in
G0.253+0.016 by large-scale shear, which can suppress
the formation of dense cores and reduces the SFR.

7.2. The star formation rate in G0.253+0.016

Kruijssen et al. (2014) and Rathborne et al. (2014b)
showed that the volume density threshold for star for-
mation is several orders of magnitude higher in the
CMZ compared to clouds in the solar neighborhood.
We now compute the critical density and the SFR for

Federrath et al. (2016)

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

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

4. Dense Gas on Small Spatial Scales

4.1. Unusually Shallow Density Gradients in CMZ Clouds

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

Fig. 3. Analysis of the density structure of CMZ clouds. The top panel
presents the mass–size data extracted for apertures of various sizes. See
Sec. 2.1 for details. For reference, gray shading indicates the region of
the parameter space where high–mass stars cannot form (Kau↵mann &
Pillai 2010). The gray dashed line indicates a mean H2 column density
of 1023 cm�2. The ordinate in the lower panel gives the mass–size slope
d ln(m)/d ln(r) measured in the upper panel on spatial scales . 1 pc,
as explained in Sec. 4.1. The abscissa indicates the fraction of mass
measured in the interferometer data which we consider to be the dense
gas tracer. Horizontal lines are drawn for some regions for which only
mass–size data are available (i.e., Perseus, Ophiuchus, and Sgr B2).
Shaded regions highlight the parameter space occupied by spheres with
indicated singular power–law density profiles. Green lines and markers
present data from reference objects outside the CMZ. The gray shaded
region contains solutions inconsistent with a fundamental assumption
made in our analysis, i.e., that column densities decrease with increas-
ing e↵ective radius.
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Figure 3. Normalized column density PDFs for G0.253+0.016 (histograms, left: derived using the ALMA-only image, right: derived using the combined image). The
error bars show the

√
number uncertainties. The solid curves are log-normal fits to the PDF: best-fit parameters are labeled. Vertical dashed lines show the fit range

(the limits mark the approximate point at which the distributions deviate from log-normal). Vertical dotted lines mark N(H2) = 1.4 × 1022 cm−2. The small deviation
at the highest column densities traces material that is self-gravitating and corresponds to the only location in the cloud where star formation is occurring.

5. DISCUSSION

5.1. Comparison to Solar Neighborhood Clouds

In this section, we show that both the similarities and
differences in the PDFs for solar neighborhood and CMZ
clouds agree with predictions of turbulent models given their
environments (for a summary, see Table 1 and references
therein).

The similarity in the measured dispersions of the N-PDFs
(σlog N = 0.28–0.59 in the solar neighborhood and 0.34 ± 0.03 in
G0.253+0.016) can be understood by considering their turbulent
Mach numbers. The gas temperatures in the solar neighborhood
and CMZ (∼10 K and ∼65 K) correspond to sound speeds
(cs) of ∼0.2 and 0.5 km s−1, respectively. Given the observed
velocity dispersions (σ ∼ 2 and ∼15 km s−1, respectively),
their M1D numbers are ∼10 and ∼30, which corresponds to
predictions of σlog ρ ∼ 2.08 and 2.55 for the solar neighborhood
and CMZ, respectively (assuming b = 0.5). Thus, while the
M1D for CMZ clouds compared to solar neighborhood clouds
is higher, the predicted values for σlog ρ differ by only a factor
of 1.2 due to the weak dependence of σlog ρ on M1D.

The difference in the mean column densities of the N-PDFs
(N0 = 0.5–3.0×1021 cm−2 in the solar neighborhood and 86 ±
20 ×1021 cm−2 in G0.253+0.016) is understood by considering
the relative gas pressures. The turbulent gas pressure is given
by Pturb = ρ σ 2. For typical values for solar neighborhood
(ρ ∼ 102 cm−3; σ ∼ 2 km s−1) and CMZ clouds (ρ ∼ 104 cm−3;
σ ∼ 15 km s−1), the turbulent gas pressures in units of P/k are

105 and 109 K cm−3, respectively. The hydrostatic pressure
from self gravity (Pgrav) is related to the gas surface density
(Σ) through Pgrav = (3/2)πGΣ2. Given the surface density
of solar neighborhood (Σ ∼ 102 M⊙ pc−2) and CMZ clouds
(Σ ∼ 5 × 103 M⊙ pc−2), the respective hydrostatic pressures in
units of P/k are also 105 and 109 K cm−3. As Pturb ≈ Pgrav, the
pressures are close to equilibrium on the cloud scale for both
environments. Because Pgrav ∼ Σ2, the condition of hydrostatic
equilibrium translates the factor of 104 difference in turbulent
pressure to a factor of ∼102 difference in column densities.
This explains the factor of 102 difference between the mean
column density for solar neighborhood clouds and the CMZ
cloud G0.253+0.016.

The conversion of an N-PDF to a ρ-PDF has not been con-
clusively solved. Theoretical work suggests that the conversion
is a multiplication by a factor ξ , where σlog ρ = ξ σlog N (Brunt
et al. 2010). The uncertainty on ξ is ∼15% for the values
of σlog N measured in solar neighborhood and CMZ clouds
(Brunt et al. 2010)—smaller than the observed spread of the
measured σlog N . The relative universality of ξ means that the
small relative change of the N-PDF dispersions ([σlog N ]CMZ ∼
[σlog N ]Solar) translates to the same relative change of the
ρ-PDF dispersions, thereby allowing a direct comparison of
the measurements to theory. Thus, within the uncertainties, the
N-PDF of G0.253+0.016 satisfies the theoretical prediction
that [σlog ρ]CMZ ∼ [σlog ρ]Solar, providing the first reliable test
of turbulence theory in a high-pressure environment. Because
we neglected magnetic fields, the similarity in the predicted
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Figure 3. Normalized column density PDFs for G0.253+0.016 (histograms, left: derived using the ALMA-only image, right: derived using the combined image). The
error bars show the

√
number uncertainties. The solid curves are log-normal fits to the PDF: best-fit parameters are labeled. Vertical dashed lines show the fit range

(the limits mark the approximate point at which the distributions deviate from log-normal). Vertical dotted lines mark N(H2) = 1.4 × 1022 cm−2. The small deviation
at the highest column densities traces material that is self-gravitating and corresponds to the only location in the cloud where star formation is occurring.

5. DISCUSSION

5.1. Comparison to Solar Neighborhood Clouds

In this section, we show that both the similarities and
differences in the PDFs for solar neighborhood and CMZ
clouds agree with predictions of turbulent models given their
environments (for a summary, see Table 1 and references
therein).
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The difference in the mean column densities of the N-PDFs
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105 and 109 K cm−3, respectively. The hydrostatic pressure
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pressures are close to equilibrium on the cloud scale for both
environments. Because Pgrav ∼ Σ2, the condition of hydrostatic
equilibrium translates the factor of 104 difference in turbulent
pressure to a factor of ∼102 difference in column densities.
This explains the factor of 102 difference between the mean
column density for solar neighborhood clouds and the CMZ
cloud G0.253+0.016.

The conversion of an N-PDF to a ρ-PDF has not been con-
clusively solved. Theoretical work suggests that the conversion
is a multiplication by a factor ξ , where σlog ρ = ξ σlog N (Brunt
et al. 2010). The uncertainty on ξ is ∼15% for the values
of σlog N measured in solar neighborhood and CMZ clouds
(Brunt et al. 2010)—smaller than the observed spread of the
measured σlog N . The relative universality of ξ means that the
small relative change of the N-PDF dispersions ([σlog N ]CMZ ∼
[σlog N ]Solar) translates to the same relative change of the
ρ-PDF dispersions, thereby allowing a direct comparison of
the measurements to theory. Thus, within the uncertainties, the
N-PDF of G0.253+0.016 satisfies the theoretical prediction
that [σlog ρ]CMZ ∼ [σlog ρ]Solar, providing the first reliable test
of turbulence theory in a high-pressure environment. Because
we neglected magnetic fields, the similarity in the predicted
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– do for ~100 clouds
– sample all parts of Galaxy

(a) gas and YSOs in clouds
(first from Herschel and Spitzer; later VLA, ALMA, GBT, etc.)

(b) clump structure analysis

(c) questions to be answered
– typical number of, e.g., ~1 pc clumps per cloud?
– threshold clump mass for cluster formation?
– threshold clump mass for high–mass star formation?
– do massive clumps ingest environment and are more isolated?
– typical separation of clumps?
– influence of turbulence and gal. environment on

clump masses and separations?

3 pc

cluster–forming clump

Figure 1: A mass–size analysis can be used to probe the density structure (panel b) of a given cluster–forming
clump (panel a). Here we find that the cluster forms in the most massive clump. To date, I did do this for
∼ 6 clouds (Kauffmann et al. 2010b). The study proposed here will consider a much larger sample. This will
comprehensively show how cloud fragmentation structure related to SF.

In a given cloud, are cluster–forming clumps remarkably massive and dense? Do those cluster–forming clumps
give birth to particularly massive cores, that can form particularly massive stars? Is HMSF only possible
in unusually massive clumps and cores? Figure 1 illustrates how I answered these questions based on the
then best available data. Cluster–forming clumps are unusually massive and contain unusually massive cores
(Kauffmann et al. 2010a,b). And HMSF is only possible in cloud fragments of radius r exceeding a limiting
mass m lim = 870 M⊙ · (r/pc)1.33 (Kauffmann & Pillai 2010). Reviews reference this work as an important step
in a new field of research (e.g., “KP–law” in Kennicutt & Evans 2012).

With new cloud data from Herschel, Planck, and interferometers, and YSO censuses from WISE and
Spitzer, this work can now be based on data of excellent quality, and it can be expanded towards truly compre-
hensive cloud samples. The project proposed here would conduct that work.

3 Proposed Project
Existing work has a pathfinder nature, demonstrating the feasibility of larger and less biased studies.
• Using modern instrumentation, research can now be expanded towards very large and representative cloud

samples. One can rely on instruments superior to what was used before (e.g., Herschel, eVLA, and ALMA).
This yields a comprehensive empirical picture of cloud fragmentation and its relation to star formation.

• Rich line emission observations are included, and their analysis will reveal how cloud kinematics influence
cloud fragmentation. Because of the sample size, the variation of fragmentation properties with overall state
of the cloud (e.g., gravitationally bound vs. unbound clouds) and galactic environment (e.g., cloud–cloud
collisions in inner Galaxy) will be exposed. This reveals the processes driving cloud fragmentation.

This project constitutes a major observational leap forward at a time where understanding cloud fragmentation
is a major limiting factor in theoretical star formation research. All aspects of it can be started using archival
data. This guarantees major results at low risk. The full potential of this work will be leveraged via challenging
work on new wide–field maps from interferometers and single–dish telescopes.
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in a new field of research (e.g., “KP–law” in Kennicutt & Evans 2012).

With new cloud data from Herschel, Planck, and interferometers, and YSO censuses from WISE and
Spitzer, this work can now be based on data of excellent quality, and it can be expanded towards truly compre-
hensive cloud samples. The project proposed here would conduct that work.

3 Proposed Project
Existing work has a pathfinder nature, demonstrating the feasibility of larger and less biased studies.
• Using modern instrumentation, research can now be expanded towards very large and representative cloud

samples. One can rely on instruments superior to what was used before (e.g., Herschel, eVLA, and ALMA).
This yields a comprehensive empirical picture of cloud fragmentation and its relation to star formation.

• Rich line emission observations are included, and their analysis will reveal how cloud kinematics influence
cloud fragmentation. Because of the sample size, the variation of fragmentation properties with overall state
of the cloud (e.g., gravitationally bound vs. unbound clouds) and galactic environment (e.g., cloud–cloud
collisions in inner Galaxy) will be exposed. This reveals the processes driving cloud fragmentation.

This project constitutes a major observational leap forward at a time where understanding cloud fragmentation
is a major limiting factor in theoretical star formation research. All aspects of it can be started using archival
data. This guarantees major results at low risk. The full potential of this work will be leveraged via challenging
work on new wide–field maps from interferometers and single–dish telescopes.
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Figure 4. Relation between N(YSOs), the number of YSOs in a cloud, and M0.8,
the integrated cloud mass above the threshold extinction of AK0 = 0.8 mag. For
these clouds, the SFR is directly proportional to N(YSOs), and thus this graph
also represents the relation between the SFR and the mass of highly extincted
and dense cloud material. A line representing the best-fit linear relation is also
plotted for comparison. There appears to be a strong linear correlation between
N(YSOs) (or SFR) and M0.8, the cloud mass at high extinction and density.

(A color version of this figure is available in the online journal.)

their birthplaces or dispersed much of their parental material.
Such evolved young stars are likely to be located in regions
of the cloud where the extinction is less than 0.8 mag and the
densities lower. One might expect that an improved, if not more
appropriate, comparison would result from only counting those
YSOs at higher extinction levels. We can only examine this
possibility for those clouds in our sample where there are both
statistically significant samples of YSOs at high extinctions
and published YSO positions (i.e., Ophiuchus, Pipe, Taurus,
Perseus, Lupus 3, 4, RCrA). Indeed, counting only YSOs at
AK ! 0.5 mag in these clouds, we again found a strong,
linear correlation between YSO number and threshold mass,
with a least-squares derived slope of 0.96 ± 0.13, essentially
identical to that for the lower extinction threshold sample. That
this refined sample gives the same result as the entire sample
suggests that any gas lost in the star formation process, and thus
not counted in our cloud mass measurements, has little effect
on the overall result. Apparently star formation activity over
the last 2 Myr has not produced a significant modification to
the total mass of high extinction material contained within the
clouds in our sample.

The linear nature of the correlation in Figure 4 indicates that
it is the cloud material above the extinction of approximately
0.8 mag that is most directly related to the level of star formation
activity and the SFR in a cloud. These results also suggest that
there is a threshold extinction above which the number of YSOs
produced by a cloud (and the SFR) is directly proportional
to the mass of the cloud above that threshold. We can now
describe the relation between the SFR and cloud extinction as
follows:

SFR(AK ) =
{

0 AK < AK0 ≈ 0.8 mag

ϵMAK0/τsf AK ! AK0 ≈ 0.8 mag,
(2)

where MAK0 =
∫ +∞
AK0

M(AK )dAK , τsf is the timescale of star
formation, and ϵ is the present star formation efficiency in the
gas of mass MAK0 . However, we note here that the present
data suggest that the extinction threshold of 0.8 mag may
not be particularly sharp, spanning a range of 0.6–1.0 mag.
Nonetheless, using the data in Table 1 for AK0 = 0.8 mag and
assuming τsf = 2 × 106 yr−1, we find that ϵ = 10% ± 6%. We
can further express the star formation timescale in terms of a
free-fall timescale at the density corresponding to the threshold
extinction: τsf = f × τff , where f ! 1.0, τff = (3π/32Gρt )0.5

and ρt is the density at the threshold extinction. Then above the
extinction threshold,

SFR(MAK0 ) = ϵ

f
× τ−1

ff |ρt
× MAK0 , (3)

where τff is evaluated at the threshold density. The ratio, ϵ
f

, is the

star formation efficiency per free-fall time. For ρt = 104 cm−3

(see the discussion below), τff = 3.5 × 105 yr, f = 5.7, and the
average efficiency per free-fall time is ϵ/f = 1.8%.

4. DISCUSSION

As mentioned earlier, the fact that we find star formation to
be most intimately associated with the high extinction material
in clouds is hardly surprising since it has been known for some
time that active star formation is confined to the high volume
density regions of molecular clouds (e.g., Lada 1992) and that
regions of high volume density correspond to regions of high
extinction. Therefore, it might be reasonable to assume that
Equation (2) can be rewritten as

SFR(n(H2)) =
{

0 n(H2) < n0

ϵM0/τsf n(H2) ! n0
, (4)

where M0 =
∫ +∞
n0

M(n)dn and n0 is the threshold volume
density, corresponding to the extinction threshold of AK ≈
0.8 mag, and it is implicitly assumed that M0 = MAK0 .

The value of n0 that corresponds to the threshold extinction
of AK = 0.8 mag is not known a priori, but can be estimated
from observations. Consider that column density, N, is related
to volume density, n, as N (r) = n(r) × r. For a stratified
cloud with n ∼ r−p, N ∼ r1−p. Using this fact, Bergin et al.
(2001) modeled the observed extinction profile of the IC 5146
(B168) dark cloud assuming cylindrical geometry and p = 2
and determined the relation between AV and n(H2) for that
cloud. They found (cf. their Figure 10) that a density of n(H2)
= 104 cm−3 corresponded to an extinction of AV = 6 mag
(AK = 0.66 mag). It has long been known that molecular lines
such as NH3, N2H+, and HCN require relatively high densities
(n(H2) " a few × 104 cm−3) to be observed. These species
are always detected in regions of high extinction, but direct,
quantitative comparison with extinction measurements have
been rarely made. However, such comparisons do exist for
N2H+ emission in three clouds, IC 5146 (Bergin et al. 2001),
B68 (Bergin et al. 2002), and FeSt 1-457 (Aguti et al. 2007).
In all these clouds N2H+ is detected over visual extinctions
of 6 mag and greater, supporting the suggestion that volume
densities of n(H2) ! 104 cm−3 correspond to extinctions of AV

! 6 mag (and AK ! 0.7 mag). These considerations suggest that
n0 ≈ 104 cm−3. Although the actual value of n0 is somewhat
uncertain, we will from here forward assume that high extinction
material corresponds to material at high volume density.

Lada et al. (2010)
also see Heidermann et al. (2010)

then AV = 7 mag can be 
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…but SF above this threshold is 
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990 S. N. Longmore et al.

Figure 1. Distribution of dense gas and SF activity tracers as a function of Galactic latitude and longitude. Black circles mark the positions of H II regions, blue
crosses show methanol masers and red plus symbols mark water masers. Regions of sky not covered in these surveys are shaded in grey. NH3(1, 1) (bottom)
and H69α (second-bottom) integrated intensity emission is displayed using a square-root image stretch. The tracers and their function as either a dense gas
or SF activity tracer are labelled at the right-hand edge of the bottom row. The CMZ can be seen as bright, extended NH3(1, 1) emission from longitudes of
roughly 358◦ to 4◦.

 at C
alifornia Institute of T

echnology on July 18, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

990 S. N. Longmore et al.

Figure 1. Distribution of dense gas and SF activity tracers as a function of Galactic latitude and longitude. Black circles mark the positions of H II regions, blue
crosses show methanol masers and red plus symbols mark water masers. Regions of sky not covered in these surveys are shaded in grey. NH3(1, 1) (bottom)
and H69α (second-bottom) integrated intensity emission is displayed using a square-root image stretch. The tracers and their function as either a dense gas
or SF activity tracer are labelled at the right-hand edge of the bottom row. The CMZ can be seen as bright, extended NH3(1, 1) emission from longitudes of
roughly 358◦ to 4◦.

 at C
alifornia Institute of T

echnology on July 18, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

990 S. N. Longmore et al.

Figure 1. Distribution of dense gas and SF activity tracers as a function of Galactic latitude and longitude. Black circles mark the positions of H II regions, blue
crosses show methanol masers and red plus symbols mark water masers. Regions of sky not covered in these surveys are shaded in grey. NH3(1, 1) (bottom)
and H69α (second-bottom) integrated intensity emission is displayed using a square-root image stretch. The tracers and their function as either a dense gas
or SF activity tracer are labelled at the right-hand edge of the bottom row. The CMZ can be seen as bright, extended NH3(1, 1) emission from longitudes of
roughly 358◦ to 4◦.

 at C
alifornia Institute of T

echnology on July 18, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

NH3 (1,1)

H69 α

H2O masers

CH3OH masers

HII regions

dense gas concentrated 
around ℓ = 0°

star formation 
not concentrated

Longmore et al. (2013)



Jens Kauffmann ● MPIfR

Star Formation Rate in Dense Gas

71

A&A proofs: manuscript no. gcms_ii

Galaxies
(Gao & Solomon 2004)

CMZ clouds
(GCMS Paper I)

CMZ averages
(Longmore et al. 2013)

Milky Way  clouds
(Lada et al. 2010)

representative
statistical
uncertainty for
CMZ clouds

representative
statistical
uncertainty for
CMZ clouds

reduction
for flatter
α

3
 = 2.3 IMF

in CMZ

reduction
for flatter
α

3
 = 2.3 IMF

in CMZ

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.

Article number, page 2 of 11
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Figure 2. Dependence on environment in our observations. From top to bottom, the dense gas fraction fdense (top row), the star formation e�ciency of dense gas
S FEdense (middle row), and the star formation e�ciency of molecular gas S FEmol (bottom row) as a function of: the molecular-to-atomic ratio (⌃mol/⌃atom, left-
hand column) and the stellar mass surface density (⌃star, right-hand column). The right-hand axis of each panel display the data in terms of observed quantities.
Filled and empty symbols correspond to detections and non-detections, respectively. The solid line shows our best fit to the data (Sect. 2.4). Its equation is
reported in the top right corner.
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Possible Mechanisms

75

list of potentially relevant factors:

● turbulence (but how driven?)

● high gas temperature, high thermal Jeans mass

● strong magnetic fields

● tidal forces

● cloud–cloud interactions on orbit

„intermediate“ explanation:

clouds contain few dense cores…

…but what is the reason for that?

(too) many possible explanations!
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Figure 5. Plots of the star formation e�ciency per free-fall time, ✏↵ , as predicted from the single-free-fall (left panels) and multi-free-fall
(right panels) models, as a function of the Mach number (upper panels), the virial parameter (middle panels), and the magnetic field
strength (lower panels). The purely hydrodynamical scenario is retrieved by setting � ! 1. These are calculated using the fiducial
values of �x ⇡ 1.12 (Krumholz & McKee 2005, KM05), ✓ ⇡ 0.35 (Padoan & Nordlund 2011, PN11), and ycut ⇡ 0.1 (Hennebelle &
Chabrier 2013, HC13). The coloured lines represent the model predictions. The shaded coloured regions represent the upper and lower
limits within the range of our adopted initial conditions (as shown in the legend of each plot). The vertical dashed lines show the result of
varying the variable on the x-axis by the range assumed to represent the properties present within the “Brick”, i.e. the initial conditions
for star formation within this region: � = 0.11 � 0.61, M = 11 ± 3, ↵ = 4.3 ± 2.3 (Federrath et al. 2016) and b = 0.33 (see text). Here
we adopt values of ✏core ⇡ 0.5 and �t ⇡ 1.91 for each model (Federrath & Klessen 2012). The horizontal dotted regions represent the
range of ✏↵ for the star-forming sources within the 0.18 < l <0.76�, �0.12 < b <0.13� region (determined from both infrared and VLA
embedded stellar mass estimates, see Table 5)10, accounting for the approximate factor of two uncertainty in ✏↵ (i.e. ✏↵ = 0.5 – 8 per
cent; see section 4.3).
MNRAS 000, 000–000 (0000)

Possible Mechanisms

76

Barnes et al. (2017)

list of potentially relevant factors:

● turbulence (but how driven?)

● high gas temperature, high thermal Jeans mass

● strong magnetic fields

● tidal forces

● cloud–cloud interactions on orbit (too) many possible explanations!

systematic comparison of models
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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.

Article number, page 2 of 11
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Figure 9. A face-on schematic view of the model of the CMZ. The fig-
ure has been rotated so that the Sun is at (x,y) = (0,�8). The near and
far side spiral arms are shown in red and blue respectively. Streamlines of
the gas flow are shown. The black symbols denote the locations of promi-
nent molecular clouds, as in Fig. 3. From left to right: Sgr B2 (rotated
square), G0.253+0.016, also known as “the brick” (square), the 20kms�1

and 50kms�1 clouds (upward triangles), Sgr C (plus).

Figure 10. Bottom: The fluid density of the simulation at the earlier point
of 207Myr. The flow has reached an approximate steady state, but shows
several signs of unsteadiness. Top: A closer view of the central region of the
simulation. The colorbar is in units of M� pc�2.

Figure 11. The same as Fig. 8, for the earlier point of the simulation with
two additional features of the flow highlighted: Black points: a “bead” of
material on the positive latitude shock. Pink points: Two clumps of material
along the near-side spiral arm. Both are signatures of the wiggle instability.

gle” instability. It does not appear to be a numerical artefact, as it
appears in simulations run with many different codes (SBM15a).
Kim et al. (2014) used a shearing box analysis to show that the
instability originates from the generation of potential vorticity be-
hind the curved shocks. This potential vorticity is amplified as it
passes through successive shocks, leading to an instability that pe-
riodically destroys the spiral shocks.

Our model is mostly stable, however, there are a few signa-
tures of the wiggle instability in the flow. Figure 11 shows the gas
density at t = 207Myr in the simulation. The flow in the inner re-
gion shows some signs of unsteadiness. Most noticeably, a bead
of material has formed along the positive latitude shock, and two
clumps of material have formed along the near-side spiral arm. The
features are highlighted (in black and pink respectively), in Figure
11, along with their counterparts in the (l,v) plane.

The two pink “clumps” are formed as a consequence of the
wiggle instability. Dense material belonging to the pink region is
seen detaching from the spiral arms and later colliding with mate-
rial on the blue arm, close to the point where it is fed by the green
shock, as in our interpretation of the Sgr B2 and 1.3� cloud com-
plexes in Section 5.1.2.

5.2.1 Clump 2 cloud complex

It is particularly tempting to associate the signature of the black
“bead” along the shock in Figure 11 with the Clump 2 cloud com-
plex. They are almost coincident in (l,v) space, and have a similar
velocity structure. We therefore interpret the Clump 2 cloud com-
plex as material that is in the process of transitioning from the x1 to
the x2 orbits, part way down the shock, as originally suggested by
Stark & Bania (1986).

The rest of the emission from the shock (in green) covers a
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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.
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