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Question 1) Does the Kennicutt-
Schmidt law apply only as an average 
of a distribution of clouds in a galaxy 
or to each cloud separately?	


Question 2) Is there one density 
threshold for star formation which 
applies to all clouds? 	

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

!MAK0/"sf AK ! AK0 ! 0.8 mag,
(2)

where MAK0 =
" +"
AK0

M(AK )dAK , "sf is the timescale of star
formation, and ! 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 "sf = 2 # 106 yr$1, we find that ! = 10% ± 6%. We
can further express the star formation timescale in terms of a
free-fall timescale at the density corresponding to the threshold
extinction: "sf = f # "ff , where f ! 1.0, "ff = (3#/32G$t )0.5

and $t is the density at the threshold extinction. Then above the
extinction threshold,

SFR(MAK0 ) = !

f
# "$1

ff |$t
# MAK0 , (3)

where "ff is evaluated at the threshold density. The ratio, !
f

, is the
star formation efficiency per free-fall time. For $t = 104 cm$3

(see the discussion below), "ff = 3.5 # 105 yr, f = 5.7, and the
average efficiency per free-fall time is !/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

!M0/"sf 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.

Questions…!



The Galactic Centre Infrared Dark 
Cloud G0.253+0.016 !

Projected 45pc from the Galactic Centre	


Mass: 1 - 2 x 105 M	


Geometric mean radius: 2.8 pc	


Peak column density: 	

            4 g cm-2 -OR- 1.2 x 1024 cm-2  (H2)	


Number of stars > 16 M: Zero 	

    (should be > 30 according to Lada+10)	


(Lis+94, Lis+01, Longmore+13, this work)	
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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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SMA and IRAM 30m Observations!

ν ~ 218.9 and 230.9 GHz (1.3 and 1.37mm)	
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ATLASGAL 870μ	




SMA Detected Lines!

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



Shock tracers!
Evidence for Cloud Collisions!



Evidence for Cloud Collisions!

CH3OH first moment map!
(intensity-weighted average velocity)	  

Shock tracer CH3OH 
shows large velocity 
gradient across three 
filaments in south of 

cloud. !

Velocity gradient 
requires 4 x 104 Msun 

accelerating mass if due 
to gravity, but not 
detected in 1.3mm 

continuum.!



IRAM 30m 12CO 	  

Evidence for Cloud Collisions!

Dec - velocity	
Plane of Sky	
Black: CH3OH!
Green: 13CO	  

G0.253+0.016	

70 km/s cloud	


Large velocity gradient	




70 km/s cloud	


IRAM 30m 12CO 	  

Evidence for Cloud Collisions!

Dec - velocity	
Plane of Sky	
Black: CH3OH!
Green: 13CO	  

G0.253+0.016	

70 km/s cloud	


Large velocity gradient 
between clouds	




The Galactic Centre Environment!

Sgr A	
Sgr B2	


HNC from MOPRA 3mm survey of Central Molecular Zone (Jones+ 2012)	

Longitude - velocity diagram	


G0.253+0.016	




The Galactic Centre Environment!
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HNC from MOPRA 3mm survey of Central Molecular Zone (Jones+ 2012)	
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(Arm I and Arm II originally shown in Sofue+ 1995)	




The Galactic Centre Environment!
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Molinari+ 2011, plot from Kruijssen+ 2013, submitted	
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The Galactic Centre Environment!
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The density structure of G0.253+0.016 !

SMA 230.9 GHz or 1.3mm 
dust continuum emission 	


Combined SMA and scaled SCUBA 
450μm dust emission	




The density structure of G0.253+0.016 !

Column density Probability Density Functions (PDFs)	


 Grey histogram: SCUBA 450micron emission	

Black histogram: combined SMA and scaled SCUBA 450micron	


3σ noise	




Can turbulence explain SFR~0?!
Virial mass:

Threshold column density:

(Lada et al. 2010)

~16 km/s 

~2.5 km/s 

New threshold column density:

Mass above new threshold and number of YSOs 
(0.18 YSOs / Msun):

Number of YSOs > 15 Msun given Kroupa IMF: 

                                24 (but zero observed! Lis+ 1994)

2) There is not one absolute 
column density threshold for SF, 
but a "critical overdensity factor”	


(e.g. Krumholz & McKee 2005, 
Padoan & Nordlund 2011, 
Kruijssen+ 2013, submitted)	


Possible Solutions:	


1) Evolution: other studies have 
looked at more evolved clouds, or 
clouds smoothed over a large area 
and thus time.	




Conclusions!

•  Shock tracers and dynamics point to cloud 
collision for G0.253+0.016  	


•  Proposed Molinari+2011 100pc ring does not 
agree with observed position-velocity structures	


•  Unusual column density PDF (no obvious 
power-law tail        consistent with no SF)	


•  Absolute column density threshold modified for 
Galactic Centre turbulence not sufficient to 
explain difference (critical overdensity factor 
needed instead?)	





