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outline

!  Statistics of gas content in galaxies!

!  Face-on distribution of HI and H2!

!  Vertical distribution of HI and H2!

!  Comments on star formation relations!



motivation
!  Molecular gas (at least in our vicinity) is dense, cold, 

and closely related to star formation.!

!  This is unlike atomic gas, which is multiphase (CNM/
WNM) under a wide range of conditions.!

!  Thus non-star-forming HI will tend to be heavily 
overrepresented when weighting by area or volume.!

!  Spatially resolved studies critical, but sampling and 
detection biases can become quite important.!

!  A star formation “law” can only be formulated once the 
dense, cold gas component has been isolated.!



STATISTICS OF GAS 
CONTENT IN GALAXIES



Global gas content: HI
!  Data from GALEX Arecibo SDSS Survey (GASS); red circles and 

green triangles are HI detections and non-detections respectively!
!  HI mass fraction decreases with stellar mass and surface density 

(surface density seems more important—bulge dominated?)!

Catinella+ 2010 



Global gas content: H2

!  H2 mass fraction fairly constant once CO is detected.!
!  However, detection rate of H2 is a strong function of stellar surface 

density.!

Saintonge+ 2011: COLD GASS 
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Galaxies are HI-dominated…

!  Based on HI and CO flux 
measurements with 
single-dish telescopes!

!  M(H2) ~ 0.3 x M(HI), with 
large scatter.!

!  Blue circles: COLD GASS 
(Saintonge+ 2011).!

!  Red squares: HERACLES 
(Leroy+ 2008).!

Saintonge+ 2011 



…BUT early types H2 Dominated

Boselli+ 2014; binned values exclude HI-
deficient objects (open circles) 

Young & Knezek 1989 



H2 and STar Formation
!  The tendency for high µ* galaxies to prefer molecular over atomic 

gas does not imply that they experience more star formation.!
!  These galaxies are displaced below the usual Kennicutt-Schmidt 

relation between H2 and star formation.!
!  Bulge stabilization of disk, or H2 in more diffuse phase?!
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THE ISM SURFACE 
DENSITY DISTRIBUTION



radial distributions
!  Early work in the 1980’s 

(typically major axis profiles) 
showed that the radial CO 
distribution traces the stellar 
disk well in the nearest face-on 
galaxies.!
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radial distributions
!  Early work in the 1980’s 

(typically major axis profiles) 
showed that the radial CO 
distribution traces the stellar 
disk well in the nearest face-on 
galaxies.!

!  Confirmed by many later 
studies, most recently by full-
disk CO(2-1) mapping with the 
IRAM 30m HERA receiver 
(Leroy+ 2008).!

Leroy+ 2008 



radial distributions
!  Radio interferometric studies 

like BIMA SONG have been 
key to resolving central CO 
concentrations (“bulges”) as 
well as depressions (“central 
holes”).!

Regan+ 2001 

HI! CO!

NGC 4736 by Wong & Blitz 2000 



radial distributions
!  Bars appear to concentrate CO towards the centers of galaxies, 

leading(?) to formation of low Sersic index “pseudobulges”.!

Kuno+ 2007 Fisher+ 2013 

barred 
unbarred 

H2 centrally 
concentrated 



radial distributions
!  Strong correlation of Rmol ="H2/"HI with "*!

Leroy+ 2008, HERACLES 



radial distributions
!  Strong correlation of Rmol ="H2/"HI with "*: hydrostatic pressure?!

Leroy+ 2008, HERACLES Correlation*with*pressure*not*as*good!*
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or if we measure only ΣH i (as is the case in dwarfs), then
SFE(HI) = SFE(H2)Rmol.

The balance between GMC/H2 formation and destruction will
set Rmol = ΣH2/ΣH i. If GMCs with a fixed lifetime form over a
free-fall time or orbital time, then Rmol ∝ τ−1

ff or Rmol ∝ τ−1
orb

(Section 5.4), which we have noted in Table 1. Combined with
Equation (8), an expression for Rmol predicts the SFE.

2.1.6. Pressure and Phase of the ISM

Wong & Blitz (2002), Blitz & Rosolowsky (2004), and Blitz
& Rosolowsky (2006) explicitly considered Rmol. Following
Elmegreen (1989) and Elmegreen & Parravano (1994), they
identified pressure as the critical quantity that sets the ability of
the ISM to form H2. They showed that the midplane hydrostatic
gas pressure, Ph, correlates with this ratio in the inner parts of
spiral galaxies.

Pressure, which is directly proportional to the gas volume
density, should affect both the rate of H2 formation/destruction
and the likelihood of a gravitationally unstable overdensity
condensing out of a turbulent ISM (Elmegreen 1989; Elmegreen
& Parravano 1994). Elmegreen (1989) gives the following
expression for Ph:

Ph ≈ π

2
GΣgas

(
Σgas +

σg

σ∗,z

Σ∗

)
, (9)

and Elmegreen (1993) predicted that the fraction of gas in
the molecular phase depends on both Ph and the interstellar
radiation field, j, via Rmol ∝ P 2.2j−1. If ΣSFR ∝ ΣH2 and we
make the simple assumption that j ∝ ΣSFR, then Elmegreen
(1993) predicts

Rmol ∝ P 1.2
h or ΣH2 = ΣH iP

1.2
h , (10)

which combines with Equation (8) to predict the SFE.
Wong & Blitz (2002) and Blitz & Rosolowsky (2006) found

observational support for Equation (10). Using a modified
Equation (9) appropriate where Σ∗ ! Σgas, Blitz & Rosolowsky
(2006) fitted a power law of the form

Rmol = ΣH2

ΣHI
=

(
Ph

P0

)α

, (11)

finding P0 = 4.3 × 104 cm−3 K, the observed pressure where
the ISM is equal parts of H i and H2, and a best-fit exponent
α = 0.92. Wong & Blitz (2002) found α = 0.8. Robertson &
Kravtsov (2008) recently found support from simulations for
α ∼ 0.9.

2.2. Star Formation Thresholds

We have described suggestions for the efficiency with which
gas form stars, but not whether gas forms stars. A “star
formation threshold” is often invoked to accompany a star
formation law. This is a criterion designed to address the
question “which gas is actively forming stars?” or “where can
the ISM form gravitationally bound, molecular clouds?” and
proposed thresholds have mostly focused on the existence of
gravitational or thermal instability in the gas disk.

A common way to treat the issue of thresholds is to formulate
a critical gas surface density, Σcrit, that is a function of local
conditions—kinematics, stellar surface density, or metallicity.
If Σgas is below Σcrit, star formation is expected to be suppressed;
we refer to such regions as “subcritical.” Where the gas surface

density is above the critical surface density, star formation
is expected to be widespread. We refer to such regions as
“supercritical.”

In practice, we expect to observe a drop in the SFE associated
with the transition from supercritical to subcritical. We do
not necessarily expect SFE = 0 in subcritical regions. Even
with excellent resolution, an LOS through a galaxy probes
a range of physical conditions and this is certainly true at
our working resolution of 400–800 pc. Within a subcritical
resolution element, star formation may still occur in isolated
pockets that locally meet the threshold criterion.

Expressions for star formation thresholds are collected in the
lower part of Table 1.

2.2.1. Gravitational Instability

Kennicutt (1989, 1998a) and Martin & Kennicutt (2001)
argued that star formation is only widespread where the gas
disk is unstable against large-scale collapse. Following Toomre
(1964), the condition for instability in a thin gas disk is

Qgas = σgκ

πGΣgas
< 1. (12)

where σg is the gas velocity dispersion, G is the gravitational
constant, and κ is the epicyclic frequency, calculated via

κ = 1.41
v(rgal)
rgal

√
1 + β, (13)

where β = d log v(rgal)/d log rgal.
Martin & Kennicutt (2001) found that H ii regions are

common where Σgas exceeds a critical surface density derived
following Equation (12),

Σcrit,Q = αQ

σgκ

πG
. (14)

In regions where Σgas is above this threshold, gas is unstable
against large-scale collapse, which leads to star formation.
Below the threshold, Coriolis forces counteract the self-gravity
of the gas and suppress cloud/star formation. The factor αQ is
an empirical calibration, the observed average value of 1/Qgas
at the star formation threshold. For an ideal thin gas disk,
αQ = 1. At the edge of star-forming disks, Kennicutt (1989)
found αQ = 0.63 and Martin & Kennicutt (2001) found αQ =
0.69 (Qgas ∼ 1.5).

Kennicutt (1989) and Martin & Kennicutt (2001) mentioned
the influence of stars as a possible cause for Qgas > 1 at the star
formation threshold. Hunter et al. (1998a) presented an in-depth
discussion of how several factors influence αQ, for example stars
and viscosity lower it, while the thickness of the gas disk raises it.
Kim & Ostriker (2001, 2007) argued, based on simulations, that
the observed threshold corresponds to the onset of nonlinear,
nonaxisymmetric instabilities. Schaye (2004) and de Blok &
Walter (2006) suggested a different explanation: αQ '= 1,
because σg has been systematically mishandled; they pointed
out that σg measured from 21 cm emission will overestimate the
true velocity dispersion of gas in a cold phase.

The stellar potential well may substantially affect the stability
of the gas disk. Rafikov (2001) extended work by Jog &
Solomon (1984) to provide a straightforward way to calculate
the instability of a gas disk in the presence of a collisionless
stellar disk. Rafikov defined

Qstars = σ∗,rκ

πGΣ∗
, (15)



HI to H2 transition
!  A clue to the origin of the Rmol – "* correlation comes from pixel 

by pixel comparison of CO, HI, and 3.6 µm maps for 18 galaxies 
in the CARMA STING project (R. Xue, PhD thesis).!

3.6 µm!
CO!
HI!



CARMA STING [CO]

Xue et al., in prep. 



CARMA STING [HI]

Xue et al., in prep. 



HI to H2 transition
!  In the regime where CO is detected, "HI is confined to a narrow 

range of values that is metallicity dependent, as predicted by self-
shielding models (Krumholz+ 2009).!

observed relative to MK10 
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HI to H2 transition

observed relative to MK10 
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!  "H2 on the other hand correlates strongly with "*. !
!  Suggests that H2 supply is “regulated” by the stellar disk.!
!  Remember that only CO-detected galaxies are considered here.!



Spirals Only?

But in the Large Magellanic 
Cloud, stellar and CO 
distributions are decoupled.!

Fukui+ 2008 
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THE VERTICAL ISM 
DISTRIBUTION



Why Study Gas Thickness?

!  Possibility that gas volume density is more important than surface 
density for star formation!

!  Midplane hydrostatic pressure depends on vertical distributions of 
the gas and stars!

Blitz & Rosolowsky 
2006 

2 Krumholz

component proceeds on the same timescale as it does in the
more H2-rich regions, yielding a ceiling of ∼ 100 Gyr on the
total gas star formation timescale.

Theoretical models to date have been less success-
ful at explaining the behavior of these H i-dominated re-
gions. While the KMT model successfully predicted the
metallicity-dependent location of the transition between
the H2-rich and H2-poor regions, and the corresponding
dramatic increase in star formation timescale between the
two, it did not successfully predict the ∼ 100 Gyr ceil-
ing on the star formation timescale that appears in the
H i-dominated regime. The alternative model proposed by
Ostriker, McKee & Leroy (2010, hereafter OML), while it
did successfully predict a ceiling on the total gas depletion
time, failed to reproduce the sharp, metallicity-dependent
change in star formation timescale between the H2-rich and
H2-poor regimes (Bolatto et al. 2011).1

The goal of this paper is to extend the KMT model to
provide a more accurate treatment of the behavior of H i-
dominated regions. The central idea of this extension is as
follows: the way a given section of a galactic disk is parti-
tioned between a non-star-forming H i phase and the star-
forming H2 phase is determined by the gas column density,
the metallicity, and the ratio of the ISRF to the density of
the cold atomic ISM. If the atomic interstellar medium ex-
ists at a pressure where both warm and cold neutral atomic
phases are present, then the ratio of ISRF to density is ap-
proximately fixed, and the transition becomes a function of
the column density and metallicity alone. This is the original
KMT model. However, in regions where the depletion time
of the gas is as long as 100 Gyr, the ISRF will be extremely
small. At sufficiently low ISRF intensity, the ratio of ISRF
to density can no longer remain fixed, because the density
of the cold atomic gas can only fall so far before its pressure
falls below the minimum required to maintain hydrostatic
equilibrium. The need to maintain hydrostatic balance sets
a floor on the density of the cold atomic phase of the ISM,
and we will show that this in turn tends to put a floor on
the H2 fraction and the star formation rate. We show that
a model including this effect naturally explains both where

the H2-rich to H2-poor transition occurs as a function of
metallicity, and why the star formation timescale saturates
at ∼ 100 Gyr in the H i-dominated region.

The plan for the rest of this paper is as follows. In Sec-
tion 2 I show how the KMT model can be modified to in-
clude the limits imposed by hydrostatic equilibrium at low
star formation rate and ISRF strength; I refer to the model
that results from this extension as the KMT+ model. Sec-
tion 3 contains comparisons between the KMT+ model and
a wide variety of observations, both in the local Universe and
at high redshift. I discuss some applications of the KMT+
model, and compare to alternative models, in Section 4, and
I summarize in Section 5.

1 Bolatto et al. (2011) proposed a modified version the OML
model with an extra metallicity-dependence introduced to fit the
observations of the Small Magellanic Cloud. I discuss this model
in Section 4.3.

2 MODEL

2.1 The Density of Cold Atomic Gas

Consider a galactic disk in which the atomic interstellar
medium consists of a warm phase (WNM) and a cold phase
(CNM). I discuss the limits of applicability of this two-phase
model in Section 2.5. Wolfire et al. (2003) show that there
is a minimum density for the cold phase of

nCNM,min ≈ 31G′
0

Z′
d/Z

′
g

1 + 3.1(G′
0Z

′
d/ζ

′
t)

0.365
cm−3, (1)

where G′
0 is the intensity of the ISRF, Z′

d and Z′
g are the

dust phase and gas phase metallicities, ζ′t is the ionization
rate due to cosmic rays and X-rays, and primes indicate
quantities normalized to their values in the Solar neighbor-
hood. Following KMT, we approximate that G′

0/ζ
′
t ≈ 1,

since both should scale approximately with the local star
formation rate, and that Z′

d = Z′
g = Z′, since both should

scale approximately with the total supply of metals. In two-
phase equilibrium, the CNM can exist at a range of densities
from nmin up to ∼ 5nmin, and KMT adopt a fiducial value
of

nCNM,2p = φCNMnCNM,min (2)

≈ 23G′
0

(

1 + 3.1Z′0.365

4.1

)−1

cm−3 (3)

with φCNM = 3.
The above expression, taken at face value, would imply

that as G′
0 → 0, we should have nCNM and thus the pressure

of the CNM approaching 0 as well. However, the pressure of
the CNM cannot go to arbitrarily low values, because of the
need to maintain hydrostatic balance. Consider a galactic
disk consisting of the two atomic phases mentioned above,
plus a gravitationally-bound molecular phase that, due to its
boundedness, does not contribute to the pressure of the ISM
except through its gravity. OML show that the pressure in
such a disk may be written as the sum of three components:

Pmp ≈ π
2
GΣ2

HI + πGΣHIΣH2
+ 2πζdG

ρsd
ρmp

Σ2
HI, (4)

where ΣHI and ΣH2
are the atomic and molecular gas sur-

face densities, respectively, ζd ≈ 0.33 is a numerical factor
whose exact value depends on the shape of the gas surface
density profile, ρsd is the volume density of stars and dark
matter within the gas disk (∼ 0.01 M# pc−3 in the Solar
neighborhood – Holmberg & Flynn 2000), and ρmp is the
volume-weighted mean gas density as the midplane. Here,
the first term in the equation represents the self-gravity of
the non-gravitationally-bound H i, the second term repre-
sents the weight of the H i within the gravitational field
provided by the bound H2 clouds, and the third term repre-
sents the weight of the H i within the gravitational field of
the stars and dark matter.

OML argue that the thermal pressure at the midplane
will be smaller than this by a factor of α ≈ 5 due to the
additional support provided by turbulence, magnetic fields,
and cosmic ray pressure, so that Pth = Pmp/α. The thermal
pressure in turn can be written

Pth = ρmpf̃wc
2
w , (5)

where cw ≈ 8 km s−1 is the sound speed in the WNM,
and f̃w is the ratio of the mass-weighted mean square ther-

c© 0000 RAS, MNRAS 000, 000–000
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which is almost certainly an oversimplification). While the
distinction between disks and starbursts is not completely sharp
(e.g., objects like M82 are “weak” starbursts within disks), that
two galaxies with the same gas surface density can display
very different SFRs suggests that there must be some factor in
addition to surface density that determines the SFR. Both Daddi
et al. (2010b) and Genzel et al. (2010) suggest that this factor
has to do with some sort of dynamical time, and they argue
in favor of it being the galactic orbital period. It is unclear by
exactly what mechanism the orbital period affects the SFR.

A sensitivity to the galactic orbital period, or a density
threshold, is difficult to reconcile with the star formation law
observed in the Local Group data, which shows no evidence
for either. It is not even clear how dependence on the orbital
period would manifest on local scales, but, ultimately, the star
formation law for galaxies as a whole must be the result of
adding up numerous local patches. Furthermore, we note that
numerical simulations of star formation are generally based on
a purely local star formation law with no explicit dependence
on the galactic orbital period and that simulations of entire
galaxies never have the resolution to reach the proposed density
thresholds of ∼104–105 cm−3 (e.g., Springel & Hernquist 2003;
Robertson & Kravtsov 2008; Gnedin et al. 2009; Bournaud et al.
2010; Teyssier et al. 2010; Ceverino et al. 2010; Agertz et al.
2011; Kuhlen et al. 2011, to name a few).4 Nonetheless, at least
some of these simulations seem to be able to reproduce many
of the observations on which the claims for a non-local star
formation law are based (e.g., Teyssier et al. 2010).

The goal of this paper is to alleviate this confusion by pointing
out that all the data that have been thought to provide support
for multiple star formation laws, sensitivity to the global orbital
period, or density thresholds are in fact consistent with a single,
simple volumetric star formation law with no thresholds and no
direct dependence on the galactic orbital period. The apparent
conflict between this model and the data stems from a failure
to properly account for projection effects, a problem which has
been noted before (Shetty & Ostriker 2008). We provide a simple
method to account for these effects, which makes it possible to
combine data across a wide range of size scales, from individual
Milky Way clouds to entire starburst galaxies. The remainder
of this paper is as follows. In Section 2 we discuss three simple
models of star formation and develop observational predictions
for each one. In Section 3 we compare these models to the
available observational data. Finally, in Section 4 we discuss
and summarize our results.

2. POSSIBLE STAR FORMATION LAWS

We consider three possible models for the star formation law:
a local one in which the quantity that matters is the local volume
density of gas, a global one in which star formation occurs on a
timescale set by the galactic rotation period, and a third model

4 In some of these simulations, e.g., Bournaud et al. (2010) and Hopkins et al.
(2011), gas does reach densities in this range, but these simulations also add an
artificial pressure in high-density gas to ensure that the Jeans length is well
resolved. This artificial pressure begins to dominate at densities above
n ≈ 6(∆x/100 pc)−4/3 H cm−3 (Teyssier et al. 2010), where ∆x is the spatial
resolution. For Bournaud et al. (2010), ∆x = 0.8 pc, so artificial pressure
dominates at densities above 3800 H cm−3. Hopkins et al. (2011) use
smoothed particle hydrodynamics simulations for which the resolution is
spatially variable, but even for their highest resolution simulations ∆x ∼ 2 pc,
corresponding to artificial pressure dominating at densities above 1100 H
cm−3. Thus, even if high-density gas can appear in these simulations, its
properties should be treated with great caution due to the effects of the
artificial pressurization.

in which the SFR is linearly proportional to the mass of gas
above some density threshold. Our goal is to determine which,
if any, of these proposed laws is capable of simultaneously
explaining the Galactic, Local Group, and disk and starburst data
at low and high redshift. For simplicity, we limit our attention
to regions where the gas is predominantly cold and molecular,
and thus able to form stars. In low surface density or low-
metallicity regions where the gas is significantly atomic, thermal
and chemical processes become dominant in determining where
stars can form, and the gravitational potential of the stars and
dark matter may have significant effects (Robertson & Kravtsov
2008; Krumholz et al. 2009, 2011; Gnedin et al. 2009; Gnedin
& Kravtsov 2010; Ostriker et al. 2010; Krumholz & Dekel
2011; Kim et al. 2011), resulting in a much more complex
star formation law.

2.1. A Volumetric Star Formation Law

2.1.1. The Projected Star Formation Law

A local volumetric star formation law is simply a function
that maps a gas volume density ρ to a volume density of star
formation ρ̇∗. One particularly simple hypothesis for this law is
that the SFR is simply some fraction of the molecular gas mass
per free-fall time, tff =

√
3π/32Gρ, so that

ρ̇∗ = fH2εff
ρ

tff
= fH2εff

√
32Gρ3

3π
, (1)

where fH2 is the fraction of the mass in molecular form5 and
εff is a dimensionless measure of the SFR, and is constant or
nearly so. Krumholz & McKee (2005) present a first-principles
calculation that shows εff ≈ 0.01 in any supersonically turbulent
medium, with a very weak dependence on other quantities that
we will ignore here for simplicity. Padoan & Nordlund (2011)
argue for a slightly different functional dependence of εff on
the virial ratio and Mach number, but their overall values of
εff for the range of parameters relevant to real star-forming
regions are only a factor of a few larger than the Krumholz
& McKee value. Any observational argument for an additional
dependence of the star formation law on large-scale galactic
quantities, or for density thresholds, must be able to invalidate
the null hypothesis of a constant εff in Equation (1). Note that
there is some ambiguity in the choice of scale over which tff
is to be measured. We adopt the Krumholz & McKee (2005)
approach in which the relevant size scale is that corresponding
to the outer scale of the turbulence that regulates the SFR.

The difficulty in comparing a star formation law such as
this to observations, particularly extragalactic ones, is that we
generally do not have access to information about volume
densities. Instead, we only have access to quantities measured
in projection, and we can only evaluate the projected version of
Equation (1),

Σ̇∗ = fH2εff
Σ
tff

. (2)

It is important to note here that Σ is the mean surface density
of the region being observed,6 whether it is a single GMC or an

5 For simplicity throughout this paper we will adopt fH2 = 1, and where
possible we will compare only to molecular gas masses. However, we retain
the fH2 factor in the equations to remind the reader that stars form only in
molecular gas.
6 Throughout this paper, we adopt the convention that Σ without subscripts
refers to the surface density of whatever region is being observed, regardless of
its scale. Values that are averaged over some particular physical scale
independent of what is being observed will be subscripted.
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ABSTRACT

We show that the ratio of molecular to atomic gas in galaxies is determined by hydrostatic pressure and that the
relation between the two is nearly linear. The pressure relation is shown to be good over 3 orders of magnitude for 14
galaxies, including dwarfs, H i–rich, and H2-rich galaxies, as well as the Milky Way. The sample spans a factor of 5
in mean metallicity. The rms scatter of individual points of the relation is only about a factor of 2 for all the galaxies,
although some show much more scatter than others. Using these results, we propose a modified star formation
prescription based on pressure determining the degree to which the ISM is molecular. The formulation is different in
high- and low-pressure regimes, defined by whether the gas is primarily atomic or primarily molecular. This for-
mulation can be implemented in simulations and provides a more appropriate treatment of the outer regions of spiral
galaxies and molecule-poor systems, such as dwarf irregulars and damped Ly! systems.

Subject headinggs: galaxies: ISM — ISM: clouds — ISM: evolution — ISM: molecules
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1. INTRODUCTION

Millimeter-wave and infrared observations have long estab-
lished that all stars form in molecular clouds; most of these form
in giant molecular clouds (GMCs). This conclusion has good
theoretical support because Jeans instabilities with masses in
the range of 0.1–100M! occur in regions with temperatures and
densities found only in molecular clouds. Although good prog-
ress has been made in understanding how low-mass stars from,
the physics of high-mass star and cluster formation remains elu-
sive. Yet nearly all of the information we have about present-
day star formation in other galaxies comes from high-mass stars.
As a result, it would seem that understanding star formation in
other galaxies would be a daunting task.

Despite our ignorance, it may not be necessary to know the
details of star formation to understand how stars form on galactic
scales. For example, a number of studies suggest that in the disks
of normal galaxies, the efficiency of star formation—the frac-
tion of the molecular mass of a galaxy turned into massive stars
within 108 yr—shows an rms variation of only a factor of 2 when
averaged over kiloparsec scales (e.g., Murgia et al. 2002, etc.).
This constancy suggests that understanding star formation on kilo-
parsec or larger scales within galaxies may reduce largely to a
question of how molecular gas and thus how GMCs form. That
is, once GMCs form, the average rate of star formation is deter-
mined to within a factor of 2 as long as the initial mass function
( IMF) is relatively constant. Thus, finding a prescription for
how GMCs form in a galaxy, together with a robust value of the
star formation efficiency, may be all that is needed to determine
the global star formation history of a galaxy. Work of this sort
has been pioneered by Kennicutt (1983, 1989, 1998), but his inclu-
sion of atomic gas, which is inert to star formation, is unsatis-
factory, since no known stars form from atomic gas. Recently,
however, Krumholz & McKee (2005), have provided a treat-
ment that justifies including atomic gas in the Kennicutt (1998)
star formation prescription.

Following work byWong & Blitz (2002), Blitz & Rosolowsky
(2004, hereafter BR04) investigated whether the mean ratio of
molecular to atomic hydrogen, Rmol, at a given radius in a spiral
galaxy is determined primarily by a single parameter: the in-

terstellar gas pressure, Pext. They showed that this hypothesis
leads to a prediction that the transition radius, Rt, where Rmol ¼ 1,
should occur at a constant value of!?, the stellar surface density.
For a sample of 30 galaxies, the stellar surface density at the tran-
sition radius (!?;t) is constant to within 40%, consistent with the
hypothesis that Rmol is a function ( f ) of Pext alone, i.e., Rmol ¼
f Pextð Þ. In this paper we extend the work of Wong & Blitz (2002)
with a pixel-by-pixel analysis using additional galaxies to find the
functional form of f Pextð Þ over a much larger range of pressure.
We show that rms deviations from the derived relation are nomore
than about a factor of 2 for a range of galaxy types and metal-
licities. Finally, we use the pressure-molecular fraction relation to
derive a star formation law that modifies the Kennicutt (1998) star
formation prescription, particularly at lowmolecular gas fractions.

2. BACKGROUND

BR04 estimate Pext for disk galaxies from the midplane pres-
sure in an infinite, two-fluid disk with locally isothermal stellar
and gas layers. They assume that the gas scale height is much
less than the stellar scale height, which is typical of disk galaxies,
so that, to first order:

Pext ¼ 2Gð Þ0:5!gvg "0:5? þ #

4
"g

! "0:5
# $

: ð1Þ

Here !g is the total surface density of the gas, vg is the vertical
velocity dispersion of the gas, "? is the midplane volume density
of stars, and "g is the midplane volume density of gas.

In most galaxy disks, "? is much larger than "g when azi-
muthally averaged. For a self-gravitating stellar disk, the stellar
surface density !? ¼ 2"?h?, where h? is the stellar scale height
and h? ¼ v2? /2#G"?

% &0:5
. Thus, neglecting "g, equation (1)

becomes

Pext ¼ 0:84 G!?ð Þ0:5!g
vg

h?ð Þ0:5
: ð2Þ

Direct solutionof thefluid equations bynumerical integration shows
that this approximation is accurate to 10% for !? > 20 M! pc&2
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EDGE-ONS: HI Data
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EDGE-Ons: CO Data
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Disk Flaring
!  CO disk flaring modest, needs confirmation in most cases!
!  HI disk flaring more prominent (change in CNM/WNM mix?)!

Yim+ 2014 submitted 
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Fig. 13.— Top row: scale heights plotted against radius normalized by the optical radius
(R25) for CO (Left) and H I (Right). Bottom row: scale heights plotted against radius in
units of kpc for CO and H I. The lines show linear approximations obtained by least-squares

fitting.



Disk Flaring

Stellar disk flaring 
also seen in Spitzer 
3.6 µm imaging, 
contrary to usual 
expectation of a 
constant scale 
height.!

Yim+ 2014 submitted 
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Fig. 15.— The stellar LOS-integrated scale heights plotted against x offset in units of kpc
for NGC 891, 4157, 4565, and 5907. The circle points are the values obtained by exponential

fitting to right (solid) and left (open) disks of the data. The lines show linear approximations
obtained by least-squares fitting to model.



H2/HI and pressure
!  How do different pressure estimates relate to the atomic-molecular 

balance?!



H2/HI and pressure
!  How do different pressure estimates relate to the atomic-molecular 

balance?!



THINKING ABOUT STAR 
FORMATION RELATIONS



BEWare RICHnESS EFFECTS
!  Although normalized by area, " is still essentially a 

mass measurement.!

!  Inner parts of galaxies will have more of everything!!
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Don’t Include the HI
!  When Leroy et al. removed the richness effect by 

normalizing the SFR by the gas mass, the residual 
correlation with gas was virtually non-existent.!
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BEWARE NON-DETECTIONS

!  Even “molecular” 
SF law shows 
large scatter!

!  Groups get 
discrepant results 
working on the 
same data!!

!  Green line: 
discard upper 
limits, slope=1.9!

Blanc+ 2009"



summary
!  Observationally, H2 in CO-bright spirals is strongly 

coupled to stellar surface density, leading to in-plane 
CO distributions very distinct from HI.!

!  On the other hand, the H2 disk is much thinner than 
the stellar disk, suggesting any coupling may be 
indirect (e.g. related to disk dynamics).!

!  Midplane gas pressure is a strong contender for 
underlying this coupling, but Rmol correlates more 
poorly with it than with "* alone.!

vertical oscillation freq ~ Ω/Qeff 


