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

Table 1
Summary of Observational Survey Data Used in This Work

Survey/Archive Telescope ! Continuum/Line " 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 (A! % !$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.
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SCUBA 450μm 

Spitzer IRAC 

However… minimal 
evidence for ongoing 

star formation 

The Galactic Centre Infrared Dark 
Cloud G0.253+0.016  



SMA and IRAM 30m Observations 

ν ~ 218.9 and 230.9 GHz (1.3 and 1.37mm) 
Angular resolution ~4 x 3” (~0.15 pc) 
Spectral resolution: 1.1 kms−1  
Line and Continuum observations 

ν ~ 217.3 and 233.0 GHz  
Angular resolution ~12” (~0.5 pc) 
Spectral resolution: 0.3 kms−1  
Line observations 



The density structure of  G0.253+0.016  

SMA 230.9 GHz or 1.3mm 
dust continuum emission  

Combined SMA and scaled 
SCUBA 450 μm dust emission 

36 cores 
25 - 250 Msun 



Column density PDF 

PDF has no power-law tail  
No indication of gravitational collapse or star formation 



Is there a density threshold for star 
formation which applies to all clouds? 
   

(e.g. Lada+2010, Heiderman+2010) 
 

Column density threshold for 
star formation 



Column density threshold for 
star formation 

Is there a density threshold for star 
formation which applies to all clouds? 
   

(e.g. Lada+2010, Heiderman+2010) 
 
G0.253+0.016 should produce ~40 YSOs 
with >15 Msun which are not observed 
  

(see Kauffmann+2013)	

	




Can turbulence explain SFR~0? 

For a bound cloud or core with radius R: 
    

 Nth ∝ Mvir/R2 ∝ σv
2 

Virial Mass:	  



14 km/s 

2.5 km/s 

Scaled threshold column density by ratio of  σv 
2: 

N’th = 0.75 g cm-2
  

But still expect 10 YSOs >15 Msun! 

Can turbulence explain SFR~0? 



14 km/s 

2.5 km/s 

Scaled threshold column density by ratio of  σv 
2: 

N’th = 0.75 g cm-2
  

But still expect 10 YSOs >15 Msun! 

Can turbulence explain SFR~0? 

Other aspects… background/average density, evolution?  



SMA Detected Lines 

Detected lines:  
SiO, CH3OH, HNCO, SO – Shock tracers 
12CO, 13CO, C18O – Diffuse gas tracers 
H2CO – Dense gas tracer, temperature probe 



Temperature from H2CO 
Ratio between integrated flux: 
H2CO 303 → 202 / 321 → 220 

N(H2) ~ 1023 cm-2   X(H2CO) ~ 10-9 

(see Mills & Morris 2013 and 
Rodriguez-Fernandez+2001) 

Average line ratio : 1.4 
Corresponding to: TK > 320 K 

n ~ 104 - 105 cm-3      T ~ 100s of K 


























 
































IRAM 30m 12CO  

Evidence for Cloud Collisions 

Dec - velocity Plane of  Sky 

G0.253+0.016 
70 km/s cloud 

Large velocity gradient over 30km/s 

Black: CH3OH 
  

Green: 13CO 



70 km/s cloud 

IRAM 30m 12CO  

Evidence for Cloud Collisions 

Dec - velocity Plane of  Sky 

G0.253+0.016 
70 km/s cloud 

Large velocity gradient over 30km/s 

Black: CH3OH 
  

Green: 13CO 



Evidence for Cloud Collisions 

Plane of  Sky 

Anathpindika+2011 
Are super star clusters formed 

by cloud collisions? 
(Fukui+ 2013, Higuchi+2014) 

 

Black: CH3OH 
  

Green: 13CO 



Conclusions 

See our paper on astro-ph! 
arXiv:1404.1372 

 

•  Column density PDF has no power-law tail, 
consistent with no or little star formation 

  

•  Not one column density threshold for star 
formation! Increased due to turbulence and 
background average density 

  

•  High gas temperatures on size-scales traced 
by the SMA beam (~0.15 pc) 

  
•  Evidence for cloud collision with another 

cloud at 70 kms-1 

  

 





Column density PDF 
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Fig. 14. The integrated flux line ratio of the 3(0,3) - 2(0,2) over 3(2,1)
- 2(2,0) transition of H2CO. The synthesised beam for both lines and
the ratio image is shown in the bottom left corner: 4.3!! " 2.9!!, P.A.
= -1.0#. The plus sign marks the position of the water maser reported
by Lis et al. (1994) and the crosses mark (respectively from north to
south) the positions of the 1.3 cm sources VLA 4 and 5 from Rodrı́guez
& Zapata (2013). The dashed grey contour shows the combined dust
continuum emission at a level of 0.024 mJy beam$1, the lowest black
contour shown in Figure 4.

4.1 we presented evidence that G0.253+0.016 was interacting
with a cloud at 70 km s$1. Looking at Fig. 17, we see that
this cloud would lie in Arm II. In fact, when inspecting an
HNC !-v-b cube of the data, we see that the emission asso-
ciated with G0.253+0.016 reaches to higher velocities, while
the 70 km s$1 cloud in Arm II reaches to lower velocities and
touches G0.253+0.016. However, if the CMZ consists of one
stable orbit of gas, it would be impossible for these two clouds
to interact, as they would be on opposite sides of the elliptical
orbit. Therefore we suggest that a possible solution to this con-
tradiction could be that Arms I and II are instead two distinct,
coherent velocity streams, such as two spiral arms, which fol-
low on from the dust lanes tracing the intersection of x1 orbits in
the bar. Arm II eastward of Sgr B2 is probably tracing the inner
section of one of the dust lanes of the Milky Way, which follows
on to the rest of Arm II beginning at Sgr B2. Examples of galax-
ies with such inner spiral arms and complex nuclear structures
are NGC 58066 and NGC 13007. Therefore we suggest that the
interaction of G0.253+0.016 with its environment may require
a di!erent structure for the CMZ than an elliptical ring of gas,
possibly several spiral arms which interact in a complex manner.

6 http://www.spacetelescope.org/images/potw1235a/
7 http://hubblesite.org/newscenter/archive/releases/2005/01/image/a/

Fig. 15. Dependency of the H2CO3(0,3) - 2(0,2) over 3(2,1) - 2(2,0) line
ratio on kinetic temperature and volume density for an assumed column
density of 1014 cm$2 and a linewidth of 10 kms$1. The black contours
show the line ratio at the labelled intervals. The yellow contour shows
a line ratio value of 1.4.

0.0 0.5 1.0 1.5 2.0 2.5
30

35

40

45

50

55

60

V
el

oc
it

y
(k

m
s!

1
)

Radius (pc)

Fig. 16. Filled circles show a position-velocity cut along the north-
most filament shown in Fig. 9, between 17h46m08s.0 $28#43!36!!.5
and 17h46m11s .0 $28#43!05!!.4 (J2000). The dashed line presents a
fit to the data between radii of 0.25 and 1.5 pc (assuming a distance
of 8.4 kpc).

4.3. The current star-formation activity and potential of
G0.253+0.016

In Section 3.1.3 we presented the column density PDF of
G0.253+0.016. In this section, we compare the observed PDF to
that expected from theory. In the case of magnetised turbulence,
the dispersion in the three-dimensional density PDF "2

s should
be described as (Padoan & Nordlund 2011a; Molina et al. 2012):

"2
s = ln

!

1 + b2M2
s #/(# + 1)

"

, (4)

where b is the compressive to total power in the turbulent driv-
ing,Ms is the gas Mach number, and # is the ratio of gas to mag-
netic pressure. We assumed b = 0.4, corresponding to a ‘nat-
ural’ mixture of solenoidal and compressive driving. In the
case of 3D turbulence, this is produced by a ratio of compres-
sive to solenoidal turbulence forcing power of 1/2 (Federrath
et al. 2010). We also calculated Ms for the case of isothermal
gas asMs =

%
3"v/cs where we assumed the one-dimensional

15

Dispersion in the 3D density PDF  
(Padoan & Nordlund 2011, Molina+ 2012) 

b - ratio of compressive to total power in the turbulent 
driving (=0.4) 
  
Ms - Mach number (=7.6) 
  

β - ratio of gas to magnetic pressure  (                         ) 
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velocity dispersion was !v = 4.3 km s!1, derived from the H2CO
linewidths of "10 km s!1 measured in Section 3.1.6. The sound
speed cs was determined using

cs =

!

kB T

2.8 mH
. (5)

The temperature was assumed to be 320 K, and kB and mH

are the Boltzmann constant and the mass of hydrogen respec-
tively. Thus we found a sound speed of 0.54 km s!1 and a Mach
number of 13.7. Note, however, that our calculation of the ex-
pected magnetic field strength B below is only sightly sensitive
to the assumed value of T , as for small values of ", the c2

s term in
the expression for Mach number in Equation 4 e!ectively can-
cels with that in the expression for ".

The value of " can be determined via " = 8#$c2
s/B

2, where
$ is the density of the gas (both ions and neutrals) assuming they
are well-coupled, and B is the magnetic field strength measured
in gauss. We assumed $ = 2.8mHn where n = 2# 104 cm!3 from
our analysis in Section 3.1.6.

Finally, we assumed the correspondence between the disper-
sions of the three- and two-dimensional PDFs !s = %!&, where
% = 2.7 ± 0.5 (Brunt et al. 2010).

Given our measured value of !& = 0.30 (Section 6) for
G0.253+0.016, we expect a magnetic field strength B = 0.47 mG
is required to produce the observed PDF. This is in agreement
with measured values of the magnetic field strength of dense
clouds within the inner 200 pc of the Galaxy, which range from
several 0.1 mG to a few mG (Ferrière 2009). Further, we prop-
agated our expected uncertainties in b (= 0.33 to 1.0), % (= 2.2
to 3.2), !v (= 5 to 20 km s!1) and n (" 104 to 105 cm!3), find-
ing B from 0.12 to 5.7 mG, again in good agreement with the
literature. We note the range of linewidths taken here also cov-
ers that measured in our combined 13CO SMA plus IRAM 30m
observations over the area covered by G0.253+0.016 (33 km s!1,
corresponding to !v = 14 km s!1). In addition, observations may
favour non-compressive turbulence with values of b closer to 1/3
(Kainulainen & Tan 2013), which are covered by our assumed
values. Thus our observed column density PDF agrees well with
current theory on how the density structure of molecular clouds
is determined via turbulence and magnetic fields.

We determined the "-variance spectrum !2
"

(Stutzki et al.
1998) of G0.253+0.016, to compare its observed power-law ex-
ponent ' to recent predictions linking ' to the instantaneous
star-formation e#ciency (SFE, Federrath & Klessen 2013). The
power-law exponent of the "-variance spectrum determined
from the column densities is also the negative exponent of
the three-dimensional density power spectrum ' (Federrath &
Klessen 2013), and thus – as it presents fewer di#culties to de-
termine from observations than power-spectra – serves as a more
robust measure of the cloud structure on a range of scales. Figure
18 presents the "-variance spectrum of G0.253+0.016, derived
using a Mexican hat kernel, as a function of the fractional size
scale (/L, where ( is the absolute size scale in the image, and L is
the maximum scale in the map, which we took to be the length
of the smallest axis. The grey line shows the "-variance using
column densities determined from only the SCUBA image, and
the black line shows the "-variance of the column densities de-
rived from the combined SCUBA plus SMA 1.3 mm continuum
image. The error bars shown were calculated as described in
Bensch et al. (2001). These authors also determined that the "-
variance spectrum is a!ected by the observed resolution up to
4# the beam FWHM. Thus, as L = 272 pixels and the beam
sizes in pixels are 5.4 and 16 for the combined and SCUBA im-

ages respectively, the lower limits for reliable recovery of the
"-variance are respectively (/L = 0.08 and 0.24. Thus we fit the
combined"-variance spectrum between 0.08 and 0.2 to compare
it to the results of Federrath & Klessen (2013), who fit their sim-
ulations over the range (/L = 0.06 to 0.2. The best-fitting line
with a slope of 1.907 ± 0.037 and thus ' = !1.907 ± 0.037 is
shown in red in Figure 18. As all of the simulations of Federrath
& Klessen (2013) with ' < !1 had a SFE"0%, we therefore
conclude once more that the structure of G0.253+0.016 is con-
sistent with no or little star formation.

The lack of star formation in G0.253+0.016 can also be as-
sessed with reference to proposed critical density thresholds for
star formation. For instance, such a threshold for star formation
has been proposed by Lada et al. (2010) to be 0.024 g cm!2.
However, all of the mass of the cloud we measure, "105 M$
above a limit of 2#1022 cm!2 or 0.094 g cm!2, lies above this
threshold. Therefore, all "105 M$ should be forming stars, cor-
responding to 4#104 young stellar objects (YSOs), which are not
detected (Kau!mann et al. 2013). These results caution against
the idea of one density threshold for star formation, and this can
be rationalised on the grounds of what is expected from the inter-
play of physical conditions and physics to initiate gravitational
collapse and hence star formation within the cloud. If we assume
that turbulence dominates over magnetic and thermal forces, this
interplay is most easily seen in the expression for the virial mass
of a cloud, or any core or clump within the cloud,

Mvir =
5R!2

v

G'vir
. (6)

where R is the radius of the cloud, clump or core, !2
v is the ve-

locity dispersion, G is the gravitational constant, and 'vir is the
virial parameter (e.g. Bertoldi & McKee 1992), which is of the
order of one when the gas is bound. For a bound cloud, clump
or core of a given radius, the threshold column density should
therefore go as Nth % Mvir/R

2 % !2
v.

Similarly, Padoan et al. (2013) show that the volume den-
sity threshold for star formation should depend only on the local
linewidth-size relation. This implies that a di!erent threshold is
expected for regions with a di!erent linewidth-size relation, such
as the Galactic centre (e.g. Shetty et al. 2012).

Taking the linewidths observed in our combined 13CO
SMA plus IRAM 30m observations over the area cov-
ered by G0.253+0.016 (33 km s!1, corresponding to !v =
14 km s!1), and comparing it to those measured for nearby
clouds (!v " 2.5 km s!1, Kainulainen & Tan 2013), we would
thus expect the threshold density for G0.253+0.016 to scale by a
factor of (14/2.5)2 = 31.4 in comparison to the local clouds from
which the Lada et al. density threshold was determined. Hence
the scaled threshold for star formation in G0.253+0.016 would
then be 0.75 g cm!2 or NH2 =1.6#1023 cm!2. However, the mass
above this column density threshold is still 5.4#104±15

13% M$,
where the uncertainty is determined by the three assumed val-
ues of ". Using the prescription given by Lada et al. (2010), the
number of YSOs expected for this mass is 0.18 YSOs/M$#5.4#
104 M$ = 9.7#103 YSOs. Assuming this number of YSOs, a
Kroupa (2002) IMF with an upper slope of -2.3, and that Lada
et al. (2010) detect all of the YSOs above a limit of 0.08 M$,
we still expect 10 YSOs of mass >15 M$ (for the original 4#104

YSOs we would expect 44). Given a Poisson distribution with
an expected value of 10, there is thus a 97% probability that five
or more YSOs would be observed. Hence it is unlikely that we
would not observe any YSOs due to small number statistics.
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velocity dispersion was !v = 4.3 km s!1, derived from the H2CO
linewidths of "10 km s!1 measured in Section 3.1.6. The sound
speed cs was determined using
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. (5)

The temperature was assumed to be 320 K, and kB and mH

are the Boltzmann constant and the mass of hydrogen respec-
tively. Thus we found a sound speed of 0.54 km s!1 and a Mach
number of 13.7. Note, however, that our calculation of the ex-
pected magnetic field strength B below is only sightly sensitive
to the assumed value of T , as for small values of ", the c2

s term in
the expression for Mach number in Equation 4 e!ectively can-
cels with that in the expression for ".

The value of " can be determined via " = 8#$c2
s/B

2, where
$ is the density of the gas (both ions and neutrals) assuming they
are well-coupled, and B is the magnetic field strength measured
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our analysis in Section 3.1.6.

Finally, we assumed the correspondence between the disper-
sions of the three- and two-dimensional PDFs !s = %!&, where
% = 2.7 ± 0.5 (Brunt et al. 2010).

Given our measured value of !& = 0.30 (Section 6) for
G0.253+0.016, we expect a magnetic field strength B = 0.47 mG
is required to produce the observed PDF. This is in agreement
with measured values of the magnetic field strength of dense
clouds within the inner 200 pc of the Galaxy, which range from
several 0.1 mG to a few mG (Ferrière 2009). Further, we prop-
agated our expected uncertainties in b (= 0.33 to 1.0), % (= 2.2
to 3.2), !v (= 5 to 20 km s!1) and n (" 104 to 105 cm!3), find-
ing B from 0.12 to 5.7 mG, again in good agreement with the
literature. We note the range of linewidths taken here also cov-
ers that measured in our combined 13CO SMA plus IRAM 30m
observations over the area covered by G0.253+0.016 (33 km s!1,
corresponding to !v = 14 km s!1). In addition, observations may
favour non-compressive turbulence with values of b closer to 1/3
(Kainulainen & Tan 2013), which are covered by our assumed
values. Thus our observed column density PDF agrees well with
current theory on how the density structure of molecular clouds
is determined via turbulence and magnetic fields.

We determined the "-variance spectrum !2
"

(Stutzki et al.
1998) of G0.253+0.016, to compare its observed power-law ex-
ponent ' to recent predictions linking ' to the instantaneous
star-formation e#ciency (SFE, Federrath & Klessen 2013). The
power-law exponent of the "-variance spectrum determined
from the column densities is also the negative exponent of
the three-dimensional density power spectrum ' (Federrath &
Klessen 2013), and thus – as it presents fewer di#culties to de-
termine from observations than power-spectra – serves as a more
robust measure of the cloud structure on a range of scales. Figure
18 presents the "-variance spectrum of G0.253+0.016, derived
using a Mexican hat kernel, as a function of the fractional size
scale (/L, where ( is the absolute size scale in the image, and L is
the maximum scale in the map, which we took to be the length
of the smallest axis. The grey line shows the "-variance using
column densities determined from only the SCUBA image, and
the black line shows the "-variance of the column densities de-
rived from the combined SCUBA plus SMA 1.3 mm continuum
image. The error bars shown were calculated as described in
Bensch et al. (2001). These authors also determined that the "-
variance spectrum is a!ected by the observed resolution up to
4# the beam FWHM. Thus, as L = 272 pixels and the beam
sizes in pixels are 5.4 and 16 for the combined and SCUBA im-

ages respectively, the lower limits for reliable recovery of the
"-variance are respectively (/L = 0.08 and 0.24. Thus we fit the
combined"-variance spectrum between 0.08 and 0.2 to compare
it to the results of Federrath & Klessen (2013), who fit their sim-
ulations over the range (/L = 0.06 to 0.2. The best-fitting line
with a slope of 1.907 ± 0.037 and thus ' = !1.907 ± 0.037 is
shown in red in Figure 18. As all of the simulations of Federrath
& Klessen (2013) with ' < !1 had a SFE"0%, we therefore
conclude once more that the structure of G0.253+0.016 is con-
sistent with no or little star formation.

The lack of star formation in G0.253+0.016 can also be as-
sessed with reference to proposed critical density thresholds for
star formation. For instance, such a threshold for star formation
has been proposed by Lada et al. (2010) to be 0.024 g cm!2.
However, all of the mass of the cloud we measure, "105 M$
above a limit of 2#1022 cm!2 or 0.094 g cm!2, lies above this
threshold. Therefore, all "105 M$ should be forming stars, cor-
responding to 4#104 young stellar objects (YSOs), which are not
detected (Kau!mann et al. 2013). These results caution against
the idea of one density threshold for star formation, and this can
be rationalised on the grounds of what is expected from the inter-
play of physical conditions and physics to initiate gravitational
collapse and hence star formation within the cloud. If we assume
that turbulence dominates over magnetic and thermal forces, this
interplay is most easily seen in the expression for the virial mass
of a cloud, or any core or clump within the cloud,

Mvir =
5R!2

v

G'vir
. (6)

where R is the radius of the cloud, clump or core, !2
v is the ve-

locity dispersion, G is the gravitational constant, and 'vir is the
virial parameter (e.g. Bertoldi & McKee 1992), which is of the
order of one when the gas is bound. For a bound cloud, clump
or core of a given radius, the threshold column density should
therefore go as Nth % Mvir/R

2 % !2
v.

Similarly, Padoan et al. (2013) show that the volume den-
sity threshold for star formation should depend only on the local
linewidth-size relation. This implies that a di!erent threshold is
expected for regions with a di!erent linewidth-size relation, such
as the Galactic centre (e.g. Shetty et al. 2012).

Taking the linewidths observed in our combined 13CO
SMA plus IRAM 30m observations over the area cov-
ered by G0.253+0.016 (33 km s!1, corresponding to !v =
14 km s!1), and comparing it to those measured for nearby
clouds (!v " 2.5 km s!1, Kainulainen & Tan 2013), we would
thus expect the threshold density for G0.253+0.016 to scale by a
factor of (14/2.5)2 = 31.4 in comparison to the local clouds from
which the Lada et al. density threshold was determined. Hence
the scaled threshold for star formation in G0.253+0.016 would
then be 0.75 g cm!2 or NH2 =1.6#1023 cm!2. However, the mass
above this column density threshold is still 5.4#104±15

13% M$,
where the uncertainty is determined by the three assumed val-
ues of ". Using the prescription given by Lada et al. (2010), the
number of YSOs expected for this mass is 0.18 YSOs/M$#5.4#
104 M$ = 9.7#103 YSOs. Assuming this number of YSOs, a
Kroupa (2002) IMF with an upper slope of -2.3, and that Lada
et al. (2010) detect all of the YSOs above a limit of 0.08 M$,
we still expect 10 YSOs of mass >15 M$ (for the original 4#104

YSOs we would expect 44). Given a Poisson distribution with
an expected value of 10, there is thus a 97% probability that five
or more YSOs would be observed. Hence it is unlikely that we
would not observe any YSOs due to small number statistics.
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corresponding to !v = 14 km s!1). In addition, observations may
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values. Thus our observed column density PDF agrees well with
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scale (/L, where ( is the absolute size scale in the image, and L is
the maximum scale in the map, which we took to be the length
of the smallest axis. The grey line shows the "-variance using
column densities determined from only the SCUBA image, and
the black line shows the "-variance of the column densities de-
rived from the combined SCUBA plus SMA 1.3 mm continuum
image. The error bars shown were calculated as described in
Bensch et al. (2001). These authors also determined that the "-
variance spectrum is a!ected by the observed resolution up to
4# the beam FWHM. Thus, as L = 272 pixels and the beam
sizes in pixels are 5.4 and 16 for the combined and SCUBA im-

ages respectively, the lower limits for reliable recovery of the
"-variance are respectively (/L = 0.08 and 0.24. Thus we fit the
combined"-variance spectrum between 0.08 and 0.2 to compare
it to the results of Federrath & Klessen (2013), who fit their sim-
ulations over the range (/L = 0.06 to 0.2. The best-fitting line
with a slope of 1.907 ± 0.037 and thus ' = !1.907 ± 0.037 is
shown in red in Figure 18. As all of the simulations of Federrath
& Klessen (2013) with ' < !1 had a SFE"0%, we therefore
conclude once more that the structure of G0.253+0.016 is con-
sistent with no or little star formation.

The lack of star formation in G0.253+0.016 can also be as-
sessed with reference to proposed critical density thresholds for
star formation. For instance, such a threshold for star formation
has been proposed by Lada et al. (2010) to be 0.024 g cm!2.
However, all of the mass of the cloud we measure, "105 M$
above a limit of 2#1022 cm!2 or 0.094 g cm!2, lies above this
threshold. Therefore, all "105 M$ should be forming stars, cor-
responding to 4#104 young stellar objects (YSOs), which are not
detected (Kau!mann et al. 2013). These results caution against
the idea of one density threshold for star formation, and this can
be rationalised on the grounds of what is expected from the inter-
play of physical conditions and physics to initiate gravitational
collapse and hence star formation within the cloud. If we assume
that turbulence dominates over magnetic and thermal forces, this
interplay is most easily seen in the expression for the virial mass
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Mvir =
5R!2

v

G'vir
. (6)
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v is the ve-

locity dispersion, G is the gravitational constant, and 'vir is the
virial parameter (e.g. Bertoldi & McKee 1992), which is of the
order of one when the gas is bound. For a bound cloud, clump
or core of a given radius, the threshold column density should
therefore go as Nth % Mvir/R
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Similarly, Padoan et al. (2013) show that the volume den-
sity threshold for star formation should depend only on the local
linewidth-size relation. This implies that a di!erent threshold is
expected for regions with a di!erent linewidth-size relation, such
as the Galactic centre (e.g. Shetty et al. 2012).

Taking the linewidths observed in our combined 13CO
SMA plus IRAM 30m observations over the area cov-
ered by G0.253+0.016 (33 km s!1, corresponding to !v =
14 km s!1), and comparing it to those measured for nearby
clouds (!v " 2.5 km s!1, Kainulainen & Tan 2013), we would
thus expect the threshold density for G0.253+0.016 to scale by a
factor of (14/2.5)2 = 31.4 in comparison to the local clouds from
which the Lada et al. density threshold was determined. Hence
the scaled threshold for star formation in G0.253+0.016 would
then be 0.75 g cm!2 or NH2 =1.6#1023 cm!2. However, the mass
above this column density threshold is still 5.4#104±15
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where the uncertainty is determined by the three assumed val-
ues of ". Using the prescription given by Lada et al. (2010), the
number of YSOs expected for this mass is 0.18 YSOs/M$#5.4#
104 M$ = 9.7#103 YSOs. Assuming this number of YSOs, a
Kroupa (2002) IMF with an upper slope of -2.3, and that Lada
et al. (2010) detect all of the YSOs above a limit of 0.08 M$,
we still expect 10 YSOs of mass >15 M$ (for the original 4#104

YSOs we would expect 44). Given a Poisson distribution with
an expected value of 10, there is thus a 97% probability that five
or more YSOs would be observed. Hence it is unlikely that we
would not observe any YSOs due to small number statistics.
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The Galactic Centre Environment 

Herschel SPIRE 250μm image of the 
Galactic center region (Molinari+2011) 
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Δ - variance Spectrum 

Grey line: SCUBA-only 
Black line: combined SMA+SCUBA 
Red line: fit to combined SMA+SCUBA ∆-variance  
Slope: 1.91 ± 0.04  
(corresponding to: α = −1.91 ± 0.04) (Federrath+2013)	  

Increasing α 
for higher SFE	  

Theory (simulation)	   Observation	  



Massive star formation in the Brick? 

Colourscale: SMA 1.3mm continuum 
Red contours: 25 GHz continuum 

 (Mills+ in prep.)  

The brightest source at 25 GHz has 
Fpeak∼0.13 mJy/beam and has a flat 
spectrum. 
 
Fpeak (dust, 1.3mm) ~ 120 mJy/beam.  
  

Therefore the extrapolated ionized gas 
emission does not contribute significantly 
to the flux of  this source at 1.3 mm 
 

Early 
B-star? 



Shock tracers 

Evidence for Cloud Collisions 

Similar distribution to collisionally excited  
CH3OH masers at 36 GHz (Mills + in prep.)  



SMA and IRAM 30m Observations 

ν ~ 218.9 and 230.9 GHz (1.3 and 1.37mm) 
Angular resolution ~4 x 3” (~0.15 pc) 
Spectral resolution: 1.1 kms−1  
Line and Continuum observations 

ν ~ 217.3 and 233.0 GHz  
Angular resolution ~12” (~0.5 pc) 
Spectral resolution: 0.3 kms−1  
Line observations 

ATLASGAL 870μm 




