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There Is Not One Magic Scale/Process 
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If you zoom out enough 
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“Bathtub Model” 
 

Once you accrete gas other 
processes happen…  

 
This is good enough for folks 
working at very large scales. 



A Molecular Bathtub 
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“Cloud (H2) Formation” 
 

In dwarfs and outer disks, the 
ISM is mostly diffuse, warm gas 

and the key to get stars is just to 
get cold, bound clouds. SF is 

fast after this. 
 

This is basically the classic “star 
formation threshold.” 
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From Cold (Bound?) Gas to Stars 

Young 
Stars 

Dense 
(Molecular) 

Gas 

Extragalactic 
(Ionized) Gas 

Bound 
(Molecular) 

Gas 

Diffuse (Atomic) 
Gas 

“Molecular SF ‘Law’” 
 

In high z galaxies, inner parts of disks, 
starbursts, galaxy centers, most gas is 
H2 already (we think) and H2 and SF 

are the most straightforward 
observables. 

 
This is the current most commonly 

studied link at galaxy scales. 



But Only Dense Gas Forms Stars 

Young 
Stars 

Extragalactic 
(Ionized) Gas 

Diffuse (Atomic) 
Gas 

Dense 
(Molecular) 

Gas 

Bound 
(Molecular) 

Gas 

“Dense Gas Threshold” 
 

In the Milky Way stars form 
overwhelmingly inside the high 

density parts of a cloud. Linking star 
formation to the dense structures is a 
huge part of Galactic star formation. 

 
This is, e.g., the topic probed by HCN-

star formation comparisons. 



Linking Clouds to Galaxies 
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If dense gas (or gas density) is the 

end of the story, substructure within 
clouds and the properties of the 

cloud population are the key aspect 
mediating star formation.  In the 

Galaxy this could be “PDF” or 
“filament formation” depending on 

your distance. 



A Vastly Oversimplified Sketch of Regimes 
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Understanding These Processes Via Observations 
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H2 (CO) 
 
HI (21-cm) 
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Understanding These Processes Via Observations 

τ DepH2 =
MH 2

MSFR

“gas depletion time.”  
Timescale x efficiency. Specific SFR per MH2. 

Observable, normalized, natural theoretical prediction, scale independent*. 
 

These types of quantities should reflect equilibrium in long lived systems. 
 

That is, they encode formation & destruction (and so depend on feedback). 
 

SFR
MHI

SFR
MH2

MH2

MHI

SFR
MDense

Mdense

MH2

SFR
Mgas



Natural Way to Talk About These Processes 

τ DepH2 = H2∑
SFR∑

“gas depletion time.”  
Timescale x efficiency. Specific SFR per MH2. 

Observable, normalized, natural theoretical prediction, scale independent*. 
 

These types of quantities should reflect equilibrium in long lived systems. 
 

That is, they encode formation & destruction (and so depend on feedback). 
 

Rmol =
H2∑
HI∑

fdense = H2∑ (n >105cm−3)

H2∑
∝
IHCN
ICO

“Molecular-to-atomic ratio. “ 
How molecular is the cold ISM? 

“Dense gas fraction.” 
How much of an average cloud’s mass is dense?  

* Once you zoom out enough. This is an important caveat! 



Some examples of ideas expressed this way: 

SFR/Mgas depends on disk-averaged Σgas 
Kennicutt ‘98 and many following 

 
Physics: largely observational, but free fall in a fixed-h disk works 

SFR/Mgas depends on disk-averaged orbital time Ω 
Silk ‘97, Tan ‘00, Daddi+’10, Genzel+ ‘10, Garcia-Burillo+ ’12 

 
Physics: disk self-regulation 

SFR/MH2 depends on Mdense/MH2 
Gao & Solomon ‘04ab, Heiderman+ ‘10, Lada+ ‘10, 12, Evans+ ‘14 

 
Physics: universal processes (efficiency in self-gravitating dense gas), i.e., a 

“dense gas threshold” 



MH2/MHI depends surface density of individual clouds and D/G ratio 
Krumholz+ 09, 10, McKee+ ’10, Sternberg+ ‘14 

 
Physics: PDR-type modeling of HI-to-H2 transition in clouds.  

MH2/MHI depends on disk surface density (stars) and scale height 
Elmegreen+ ’89, ‘94, Wong, Blitz, Rosolowsky ‘04, ’06, Ostriker+ ‘10,11 

 
Physics: vertical hydrostatic equilibrium self-regulation 

SFR/Mgas (or MH2/MHI) depends on radial stability (Q in one form or another) 
Kennicutt ‘89, Boissier+ ‘03, Schaye ‘04, Li+ ’05, ’06, Krumholz+ ’12 

 
Physics: radial disk stability self-regulation 

Some examples of ideas expressed this way: 



SFR/Mgas depends on the free-fall time (density) across many scales 
Elmegreen 00, Krumholz & Tan ‘07, Krumholz+ ’12 

 
Physics: Regulated gravitational instability still uses collapse time 

SFR/MH2 depends positively on shear / cloud collision rate 
Tan ‘00, ‘10, Tasker ‘09, Fukui+ ’14; Koda+ ‘09, Wada similar (w/ arms) 

 
Physics: compression of clouds from collision needed for high mass SF 

SFR/MH2 anti-correlates with Bernoulli-style pressure 
Meidt+ ’13, but bar-suppression similar 

 
Physics: radial disk stability self-regulation 

Some examples of ideas expressed this way: 



Framework & Approach 

1. Building stars on a galactic scales occurs over multiple 
scales and processes. The limiting process varies by regime. 
 
 
2. Intensive quantities that capture a balance of formative 
processes and feedback offer a useful, scale independent 
way to study these processes in multiwavelength data sets. 
 
 
3. Many current theories can be readily expresses this way. 
 
4. The same approach applies to, e.g., cloud properties, HI 
phases, internal conditions in the gas, dynamical features 
like arms & bars, etc. 
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Time Averaged Processes and Individual Regions 
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GOLDSMITH+ ‘08 



The Complications of High Resolution 

SCHRUBA+ ’10 

ROSOLOWSKY+ ’07, HODGE+ ‘02 



At High Enough Resolution, Evolution is Visible 

SCHRUBA+ ’10 

ROSOLOWSKY+ ’07, HODGE+ ‘02 



The Complications of High Resolution 



SCHINNERER ET AL. (2013), PETY ET AL. (2013) – ASK S. MEIDT, HUGHES, LEROY ET PAWS IN PREP. 

Brightest CO   
Brightest Hα   
Overlap 

At High Enough Resolution, Evolution is Visible 
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H2 Surface Density 

SCHRUBA+ ’10; MILKY WAY: MURRAY ’10; LMC: KAWAMURA+ ‘09 

THEORY: FELDMAN+ ’10, FELDMAN+ ‘12, HOPKINS+ ‘12, KRUIJSSEN ’14, KRUIJSSEN IN PREP. 

Evolution as “Scatter” in SFR-to-Gas Ratios 



Scale-Dependence of Scatter in H2/SFR 

LEROY+ ’13, BLANC+ ‘09 



Resolving Evolution in Individual Regions 

LMC - KAWAMURA+ ’09, FUKUI & KAWAMURA ‘10 



Surface Density and Scale 

LEROY, LEE, SCHRUBA ET AL. ‘13 

Surface density is not scale independent – especially for CO  



Scale and Studying SF in Galaxies 

1. Galaxy scale observations allow study of time-averaged 
processes by blending regions in many evolutionary states. 
 
2. The increasing resolution of extragalactic data sets 
allows one to distinguish individual regions. 
 
3. Capturing these regions in a specific state (HII region, 
molecular cloud, exposed cluster) introduces scatter into 
attempts to measure time-averaged equilibria. 
 
4. The same scatter allows access to the life cycle of star 
forming regions. (c.f. NANTEN surveys, PAWS, Milky Way) 
 
5. There is almost certainly not a key scale but a key 
degree of averaging (e.g., integrated SFR or mass) 
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HI/SFR: cloud+star formation in dwarfs/outer disks 
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Star Formation Occurs in Molecular Gas 

Molecular Gas (CO 2-1) 
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SCHRUBA, LEROY ET AL. ’11, Leroy+ ‘08, Bigiel, Leroy+ ‘08, Kennicutt+ ‘07, Wong+ ‘02  

Atomic Gas (21-cm) 

Azimuthal averages in 30 galaxies 



IC 2574 - Dwarf 

NGC 3184 - Spiral 

But the ISM is Still Mostly HI in Outer Disks & Dwarfs  



LEROY ET AL. (2008) 
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Rough Radial Structure of Dwarf & Disk 



Integrated SFR-per-HI in the Local Volume 

LEE ET AL. (2009) 

Mass-dependent SFR/HI of magnitude few to several Gyr 



Integrated SFR-per-HI in GASS 

SCHIMINOVICH+ ‘10 

Mass-independent SFR/HI (c. 4 Gyr) but with big scatter. 



HI-SFR Balance in Larger ALFALFA Survey 

HUANG ET AL. (2012) 

Long (c. 10 Gyr) but variable HI depletion time 



HI-SF Balance in the Disks of Galaxies 

LEROY+ ’08, ‘09, IN PREP.; SEE REAGAN+ ‘01, WONG & BLITZ ’02, SHI+ ‘11, ‘14 

Strong dependence  
on stellar surface density. 

Large scatter at fixed gas surface 
density in same regime 
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ISM is mostly HI 



HI-SF Balance in the Outskirts of Galaxies 
SF

R/
H

I  

HI Surface Density 

BIGIEL, LEROY, WALTER ET AL. (2010) 

With large scatter, SFR-per-HI increases with increasing gas surface density 
in the outer parts (1-2 optical radii) of galaxies… 



SFR/HI Balance 

1.  HI makes up most of the ISM in dwarf galaxies and the 
outer parts of spirals.  

2.  In this regime SFR-HI captures the overall efficacy of the 
ISM at forming stars. This is often several Gyr (big 
galaxies) to roughly a Hubble time (smaller galaxies). 

3.  Measurements of the local volume and larger galaxy 
population show some mass dependence with the sense of 
higher efficiency at higher masses. 

4. In the disks of galaxies where the stellar potential well 
is still strong, stellar surface density predicts SFR/HI. 

5.  In the outer parts of galaxies more gas means higher 
SFR/HI, though with significant scatter. 
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Star Formation Occurs in Molecular Gas 

Molecular Gas (CO 2-1) 
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Azimuthal averages in 30 galaxies 



Local Disks – Most Apparent Behavior 1-to-1 
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LEROY, WALTER, SANDSTROM+ ’13, ‘08, SCHRUBA, LEROY+ ‘11, BIGIEL, LEROY+ ‘08 
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LEROY, WALTER, SANDSTROM+ ’13, ‘08, SCHRUBA, LEROY+ ‘11, BIGIEL, LEROY+ ‘08 



LEROY, WALTER, SANDSTROM+ ’13, SANDSTROM, LEROY+ ’13, ‘14 

30 galaxies, 1 kpc resolution 
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Galactocentric Radius 

Many Galaxy Centers Show More Efficient SF 



H2-SF From Disks to Starbursts 



H2-SF From Disks to Starbursts 



COLD GASS: Clear CO/SFR Correlation with M* 

SAINTONGE+ ’11, ‘12, ’13; LRTOU+ ‘13 



Early Type Galaxies: Same Qualitative M* Trend 

DAVIS ET ATLAS-3D ’13; C.F. ALATALO, YOUNG 



Each Point: 
Whole-galaxy average 
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Trends With Integrated Galaxy Properties 



BOLATTO, WOLFIRE, & LEROY ’13; SANDSTROM, LEROY+ ’13, LEROY+ ‘11  

Metallicity/DGR and CO 



Metallicity/DGR and CO 
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Feldmann, Gnedin
& Kravtsov (2012)
Israel (1997a)

Milky Way

ULIRGs

Figure 9
Conversion factor, estimated from dust-based approaches, as a function of gas-phase abundance. (a) Color points show estimates for
very nearby galaxies [from Israel (1997a), Madden et al. (1997, based on [CII]), Leroy et al. (2007, 2011), Gratier et al. (2010),
Roman-Duval et al. (2010), Bolatto et al. (2011), and Smith et al. (2012)]. Gray points show high-quality solutions from analysis of 22
nearby disk galaxies by Sandstrom et al. (2013), with typical uncertainties illustrated by the error bars near the bottom left corner.
Metallicities are from Israel (1997a), Bolatto et al. (2008), and Moustakas et al. (2010) and quoted relative to solar in the relevant system
[12 + log[O/H] = 8.7 for the first two, 12 + log[O/H] = 8.5 for the latter, which uses the metallicity calibration by Pilyugin & Thuan
(2005). Note that significant systematic uncertainty is associated with the x-axis. The color bands illustrate our recommended ranges in
αCO for the Milky Way and ULIRGs. (b) Colored lines indicate predictions for XCO as a function of metallicity from the references
indicated, normalized to XCO,20 = 2 at solar metallicity where necessary. For these predictions, we assume that giant molecular clouds
have ("GMC) = 100 M! pc−2, which we translate to a mean extinction through the cloud using Equation 21. Dust-based
determinations find a sharp increase in XCO with decreasing metallicity below Z ∼ 1/3 − 1/2 Z!.

determined by Sandstrom et al. (2013) for a sample of 22 nearby disk galaxies. In Figure 9b, we
plot theoretical predictions for XCO as a function of metal abundance, assuming the dust-to-gas
ratio is linearly dependent on metallicity. For Wolfire, Hollenbach & McKee (2010), we plot the
equation

XCO(Z′)
XCO(Z′ = 1)

= exp
+4.0 #AV

Z′ AV,MW
exp

−4.0 #AV

AV,MW
, (28)

which is obtained from Equation 27 assuming that the dust-to-gas ratio tracks metallicity. Here
Z′ is the abundance of heavy elements and dust relative to solar, XCO(Z′ = 1) is the CO-to-H2

conversion factor at solar metallicity, and ĀV,MW is the mean extinction through a GMC at Milky
Way metallicity (ĀV,MW ≈ 5 for "GMC ≈ 100 M! pc−2). The prediction for Glover & Mac Low
(2011) simply adapts their equation 16, which gives XCO as a function of AV . We assume that the
mean extinction through a cloud scales as the metal abundance, AV = Z′ AV,MW

XCO(Z′)
XCO(Z′ = 1)

=
{

1 for Z′ ĀV,MW > 3.5
(Z′ ĀV,MW)−3.5 for Z′ ĀV,MW < 3.5

(29)

In the full prediction of Narayanan et al. (2012), XCO depends on a combination of ICO and Z,
rather than metallicity alone. We cannot readily place their predictions in this plot. Instead, we
plot their equation 6, in which XCO depends on Z′ and "H2 . For each of these predictions, we
assume "H2 = 100 M! pc−2, translating this to AV ,0 assuming RV = 3.1 and the dust-to-gas ratio
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SFR-H2 Variations About a “Normal” Relation 



Local Depletion Time Predicted by Dynamical Pressure 

MEIDT ET PAWS ‘13 



Specific SFR in Gas and Stars 



SFR/H2 Balance 

1. SFR traces H2 more directly than HI. 
 
2. In the disks of big galaxies, the implied depletion time 
is 1 to a few Gyr. 
 
3. Trends with galaxy properties:  

 - depletion time increases with stellar mass 
 - early type galaxies show the same trend 
 - apparent depletion time shorter at low metallicity 
 - specific star formation rate in gas and stars match 

 
4. Within galaxies, centers show wide range of SFR/H2. 
 
5. Even a “normal” scaling hides systematic variations. 
(e.g., dynamical suppression in M51 inner arms) 
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SCHRUBA, LEROY+ ‘11; LEROY+ ’08; BIGIEL, LEROY+ ’08; LEROY+ KINGFISH IN PREP. 

Column density predicts H2 fraction, with HI showing a narrow distribution 

HI 
H2 

H2-HI Balance 



H2-HI Balance 
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Residuals in H2/HI vs. column correlate with dust-to-gas ratio. 
Expected for HI shielding layer in clouds. 

Leroy et KINGFISH (Aniano, Draine) + HERACLES + THINGS in prep. 
Physics of HI shielding layer: Krumholz et al. 2009ab, Wolifre et al. 2010 

12+log O/H more mixed: Wong+ (incl. Leroy) ‘13 but Watson, Martini+ ‘12 



H2-HI Balance 

LEROY+ ’08, ‘09, IN PREP.; SEE REAGAN+ ‘01, WONG & BLITZ ’02 IN THE H2-RICH REGIME 

Strong dependence  
on stellar surface density. 

Large scatter at fixed gas surface 
density in same regime 

SF
R/

H
I  

Stellar Surface Density Gas Surface Density 

ISM is mostly HI 



Leroy et KINGFISH (Aniano, Draine) + HERACLES + THINGS in prep. 

Cloud Structure 
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Leroy et KINGFISH (Aniano, Draine) + HERACLES + THINGS in prep. 

Cloud Structure 



A Combined Gas-Stars Scaling 

SHI+ ‘11, ‘14; DOPITA+ ‘93 



H2/HI Balance 

1. Strong systematic changes in H2/HI across galaxies. 
 
2. Dependences on gas column, stellar surface density. 
 
3. Second order dependences on dust-to-gas ratio.  
 
4. Other possible expressions:  
 
- ISM pressure + DGR 
- self-regulation to a roughly constant HI layer 
- two parameter scaling law (stars and gas) 
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Cloud Structure Across the Local Universe 

Wilson et al. (2005) 



Cloud Structure – Environmental Dependence 

COLOMBO+ ‘14, HUGHES+ ‘13 (INCL MEIDT), SCHINNER+ ‘13, PETY+ ‘13; C.F. KODA+ ‘09 



Turbulence – Line Width Size 

LEROY+ ’14 - ACCEPTED 



Cloud Density/Surface Density 

LEROY+ ’14 - ACCEPTED 



Dynamical State 

LEROY+ ’14 - ACCEPTED 



Spectroscopy to Get Cloud Structure 

ALMA Multi–line Imaging of the Nearby Starburst Galaxy NGC 253 5
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Fig. 2.— Extracted spectrum near the centre of NGC 253 (position 5 in Fig. 4), on a logarithmic scale. To deal with subtle issues
regarding the bandpass calibration, the data have been independently continuum subtracted for each spectral window. After that, the
average continuum flux density in a given spectral window was added to the spectrum. The flux density offset between the observations
obtained in the compact and extended configurations is real; the observations in the compact configuration recover more of the extended
flux. As in Fig. 1, identified molecular spectral lines are labeled (secure: bold, tentative: italics, see Tab. 1 for full description of transitions).

HCO+ and CN) show weak emission extended vertically
between 1 and 2, following the base of the molecular
outflow, suggesting there is dense molecular gas here.
However, we do not discuss the dense gas tracers in the
outflow in detail here due to the difficulties dealing with
the morphology of the maps above and below the disk in
the presence of the negative ’bowl’.

3.3. Tentative and Unidentified Lines

There are a number of detected lines for which no
clear identification was possible. We have listed tenta-
tive identifications in Tab. 1 – in some cases no plausible
species were found, and these lines constitute unidenti-
fied (U) lines. The majority of the tentative identifica-
tions are prominent transitions from larger molecules, in-
cluding the aldehydes CH3CHO and NH2CHO, cyanides
CH2CN and CH3CH2CN and a number of organics of
similar complexity, CH2CO, HCOOH and CH3CH2OH.
These molecules are abundant in the Galactic center
(e.g., Cummins et al. 1986) and are expected to be de-
tectable at our sensitivity in NGC 253. If follow–up,
multi-line studies confirm these IDs then they would rep-
resent their first extragalactic detections.

3.4. Excitation and Abundances

When appropriate, an estimate of abundances is made
for the detected species. Molecular column densities
Nmol are determined assuming optically thin LTE emis-
sion:

Nmol =

(

3kQeEu/kTex

8π3νSulµ2
0gu

)

Imol, (1)

where Sul the line strength, and gu’s and Eu are the
upper state degeneracy and energy, respectively, Q is the
partition function, µo is the dipole moment in debye and
Tex is the excitation temperature associated with the
transition (e.g., Turner 1991).

Since this survey covers only one band, gas excitation
is not the focus of this project. The only lines that are

detected and useful for constraining gas excitation is the
pair of SO transitions, SO(32−21) and SO(22−11). From
this pair, an excitation temperature is estimated, via:

Tex =
10.09 K

ln( R
2.18 )

, (2)

where R is the intensity ratio, SO(32 − 21)/SO(22 − 11).
Towards the inner nuclear disk this ratio has a value of
R"2.5. There is some evidence for the ratio to increase
towards the outer nuclear disk (R!4), but the faintness
of SO(22 − 11) limits what can be said. For these ratios,
we estimate the inner disk to have an excitation temper-
ature of 74 K dropping to Tex !17 K. Ott et al. (2005)
use NH3 to estimate gas kinetic temperatures across the
inner nuclear disk of approximately twice the 74 K mea-
sured here. This suggests SO is slightly sub-thermal in
the center of NGC 253. The drop in excitation tempera-
ture in the outer nuclear disk reflects SO becoming more
strongly sub-thermal in lower density gas. On the other
hand, if SO preferentially originates in hot gas (hot cores
or shocked gas) then Tex(SO) can overestimate the ex-
citation for other species. For the analysis that follows,
we adopt an Tex = 75 K for calculating the molecular
columns/abundances, recognizing that this is only a ‘ref-
erence’ value, likely over-estimating abundances toward
the outer nuclear disk and the base of the outflows.

Fractional abundances also require an H2 column den-
sity, N(H2). N(H2) is most easily obtained from the
CO(1-0) brightness and an empirical conversion fac-
tor, XCO. We adopt a CO-to-H2 conversion factor of
XCO = 0.5 × 1020 cm−2 (K km s−1)−1. This is a factor
of four lower than typical for the Galactic disk (Strong
et al. 1988; Hunter et al. 1997; Bolatto et al. 2013a), but
consistent with what has been previously estimated for
NGC 253 (B13, L14). H2 column densities and derived
abundances for selected important species are reported
in Tab. 4.

4. DISCUSSION



Just Dense Gas? 

Gao & Solomon 04ab; see also Garcia-Burillo et al. (2012) 
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Fig. 9.— Graphical representation of rank coe�cients in Table 7. Each pixel corresponds to the absolute value of the rank coe�cient between the variable at
the top of the block (left block: S FEdense; right block:S FEmol) and the variable on the left side on the row. Within each column, ⌃SFR is derived from the SFR
tracer indicated below. Black dots indicate significant rank coe�cients, i.e., those with a a p-value below our adopted 2.5% threshold.

Fig. 10.— Map of the HERACLES CO(2–1) velocity-integrated intensity in NGC 6946 at 2800 resolution. The contours correspond to 1%, 5%, 10%, 25%, 50%,
70%, and 90% of the maximum map value. The numbers indicate the positions observed for this project. The small circles around them are 2800 wide. The solid
and dashed blue ellipses correspond to R25 and 5 kpc galactocentric radii, respectively.

DATA

We summarize here the results of our observations. Figs. 10-*** show the location of the observed positions on the HERACLES
CO(2–1) maps of the target galaxies. The HCN(1–0) and CO(1–0) final spectra are shown in Figs. 11-***. The velocity-integrated
intensities of the two lines are listed in Table 8.

RADIATIVE TRANSFER (DO WE WANT/NEED THIS?)

Excitation of HCN(1–0)
A well-known result from radiative transfer models (e.g., Scoville & Solomon 1974) is that a two-level system is thermally

excited when n & ncrit�. Here, � is the probability that a photon escapes the system and ncrit is the critical density at which the
de-excitation rates by collisions and by spontaneous emission are equal. Thus, the optically thicker the emission line (i.e., the
lower �), the lower the density required to thermally excite the gas. For HCN(1–0), ncrit = 1.25 ⇥ 106 cm�3 at TK = 20 K (taking
the rate coe�cients listed in the LAMDA database12; Schöier et al. 2005).

We can estimate how the density e↵ectively traced by the HCN(1–0) emission depends on other cloud parameters. On the
plausible assumption that the dominant HCN(1–0) emission is (at least moderately) optically thick (***REF ***), � / 1/⌧,
where ⌧ is the line opacity. In this regime, the HCN(1–0) brightness temperature of a cloud, TB,HCN, behaves as (see also Scoville
& Solomon 1974)

12 http://home.strw.leidenuniv.nl/ moldata/

IRAM 30-m Survey of Disk Pointings 
PI: Antonio Usero (OAN, Madrid) 

Observations: 2008-2011 
 
•  Targeted 62 regions in 29 galaxies. 
•  Resolution ~ 1 – 2 kpc 
•  Drawn from HERACLES survey. 
•  Have SINGS, THINGS++, KINGFISH 
•  Also HCO+, other CO, HNC, more… 
•  Picked to: 

-  Be detectable (bright CO) 
-  Sample a range of radii, conditions 
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Spectroscopic Cloud Structure: Dense Gas 
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Fig. 2.— Dependence on environment. From left to right, 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) in our observations as a function of: the molecular-to-atomic ratio (⌃mol/⌃atom) and the
stellar mass surface density (⌃star). Filled and empty symbols correspond to detections and non-detections, respectively. The solid line shows our fit to the data
with the best fit equation reported in the top right corner. The quoted uncertainties give 1�-level errors derived as explained in Sect. 2.4.

Apparent dense gas fraction a clear function of surface density inside galaxy disks. 

HCN-to-CO vs. H2/HI IR-to-HCN vs Stellar Surface Density 

HCN-to-CO Increases With Surface Density 
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Apparent dense gas fraction predicts apparent depletion time but with huge scatter. 

Dense Gas Fraction As Driver 



Usero, Leroy et al. to be submitted 

A universal density threshold can be rescued by playing with HCN “conversion factors,” 
though the plausible range is quite specific – it has to cancel the observed trend.  
 
But, this removes the a major observational plank from the “universal” threshold idea. 

IR-to-HCN vs Stellar Surface Density 

Non-Universal Dense Gas Efficiency 



Frank Bigiel et PAWS (in prep.) – incl. Pety, Hughes, Schinnerer 

HCN, HCO+, HNC (1-0) mapping of M51 disk. 

Dense Gas Maps 



Usero, Leroy to be submitted, M51: Bigiel et al. (in prep.) 

M51 whole-galaxy map agrees (to first order) with selected disk points. 

IR-to-HCN vs Stellar Surface Density 

Gray points: 1 kpc, Red points: binned data 

Disk Survey 

Non-Universal Dense Gas Efficiency 



Cloud Structure / Dense Gas Fraction 

1. Cloud populations depend on environment. 
 
2. Mass function, turbulence, dynamical state all vary. 
 
3. Spectroscopic tracers of cloud structure (e.g., HCN/CO) 
also show systematic variations. 
 
4. Perhaps surprisingly (or not) SFR per dense gas also 
shows substantial variation. 


