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6.—
T
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m
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and

baryonic
(right)

Tully-Fisher
relations,including

the
data

for
the

extrem
e

dwarfgalaxies
listed

in
Table

5.
T
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horizontallines

through
these

objects
are

the
m

axim
um

plausible
range

for
V

f :
these

are
m

uch
larger

than
1σ

error
bars.

T
he

verticallines
show

the
fullrange

ofpossible
stellar

m
asses,from

zero
to

m
axim

um
disk.

T
he

extrapolation
ofthe

B
T

F
fit

to
the

m
ore

m
assive

galaxies
from

Table
1

isin
good

agreem
ent

w
ith

these
extrem

e
dwarfs.

T
he

im
portance

ofthis
check

isillustrated
by

the
thin

lines
inset

in
the

left
panel.

T
hese

show
the

lim
its

ofsam
ples

that
suggest

shallower
slopes

(e.g.,B
ell&

de
Jong

2001;C
ourteau

et
al.2003).

optim
alBTF

by
7σ.Thiscan

be
m

ade
lessby

changing
Υ

! ,
but

only
at

the
price

of
degrading

the
correlation

and
the

the
m

any
consistency

checkson
Υ

! .In
orderto

recovera
slopeasshallow

asx
=

3,onerequiresP
=

0.36
or

Γ
<

0.1
(Table

2).
Such

absurdly
sub-m

axim
aldisks

would
fallconsiderably

shortofthem
asswhich

isdirectly
observed

in
starslocally.

Consideration
of

the
extrem

e
dwarfs

renders
it

even
m

ore
diffi

cultto
reconcile

a
shallow

slope
with

the
data.

W
hileitispossible,atleastin

principle,to
m

ovem
assive

galaxies
down

in
m

ass
by

reducing
their

m
ass-to-light

ratios
in

order
to

accom
odate

a
shallow

slope,it
is

not
possible

to
m

ove
the

extrem
e

dwarfs
very

far
up.

Even
taking

m
axim

um
disk

in
those

cases
m

akes
little

differ-
ence

to
the

slope,and
causes

the
curious

situation
that

the
IM

F
in

these
low

m
ass

galaxies
m

ust
be

system
ati-

cally
heavierthan

that
in

giantgalaxies.
Itis

thus
very

diffi
cultto

reconcilea
shallow

(x
=

3)slope
forthe

BTF
with

the
data.4.5.

T
he

M
axim

ality
ofD

isks

O
neapplication

oftheresulthereisto
quantify

thede-
greeto

which
galaxy

disksarem
axim

al.Thereisconsid-
erabledebateasto

whetherhigh
surfacebrightnessdisks

arem
axim

al(e.g.,Sellwood
1999;Courteau

&
Rix

1999).
Therewould

seem
littledoubtthatlow

surfacebrightness
disks

are
dark

m
atter

dom
inated

(de
Blok

&
M

cG
augh

1997,2001),but
an

argum
entfor

m
axim

aldisks
can

be
m

ade
even

in
these

objects
(Fuchs

2003).
It

is
therefor

ofconsiderableinterestto
investigatehow

m
axim

aldisks
are,and

how
disk

m
axim

ality
varieswith

disk
properties.

For
the

M
DA

cc
m

ass-to-light
ratios

favored
here,the

fraction
ofm

axim
um

disk
in

each
case

is

Γ
!

=
Υ

acc

Υ
m

ax .
(10)

This
is

plotted
against

disk
m

ass
and

surface
density

in
Fig.7.

There
is

only
a

weak
correlation

ofΓ
!

with
disk

m
ass

(R
=

0.45)
which

depends
heavily

on
rather

few
points

at
low

m
ass

(cf.Persic
&

Salucci1988).
D

y-
nam

icalargum
entsstem

m
ing

from
the

adherence
oflow

surface
brightness

galaxies
to

the
Tully-Fisher

relation
(Zwaan

et
al.1995;Sprayberry

et
al.1995;H

offm
an

et
al.

1996)
suggest

that
disk

m
axim

ality
Γ

!
should

cor-
relate

with
surface

brightness
(Tully

&
Verheijen

1997;
M

cG
augh

&
de

Blok
1998a;Zavala

etal.2003).W
e

can
im

proveon
thisby

using
the

m
ass-to-lightratiosΥ

acc to
convertthe

observed
centralsurface

brightness
into

the
centralsurface

m
assdensity

ofstars:

logΣ
0 =

logΥ
acc +

0.4(27.05−
µ

0 ).
(11)

A
santicipated,there

isa
good

correlation
between

Γ
!

and
Σ

0
(R

=
0.74).A

fitto
the

data
in

Fig.7
gives

logΓ
! =

−
0.98+

0.3logΣ
0 .

(12)

In
term

s
ofthe

m
ore

directly
observable

centralsurface
brightness,

this
translates

to
logΓ

!
=

3.13
−

0.16µ
0 .

There
is

considerably
greater

scatter
about

this
latter

relation.
Irrespective

of
how

we
fram

e
the

relation,
or

what
m

ass-to-light
ratio

prescription
we

prefer,
it

seem
s

in-
evitable

thatthe
disk

contribution
m

ustdecline
system

-
atically

as
surface

density
declines.

Low
surface

bright-
ness

disks
are

inevitably
dark

m
atter

dom
inated.

In
contrast,

high
surface

density
disks

contribute
a

non-
negligible

fraction
of

the
total

m
ass

at
sm

all
radii

for
plausible

Υ
! .

Rem
arkably,this

leavesno
residualsigna-

ture
in

the
Tully-Fisher

relation
(M

cG
augh

&
de

Blok
1998a;Courteau

&
Rix

1999)
in

spite
ofthe

generally
m

odestradiusatwhich
rotation

curvesachieve
V

f .
Statistics

ofthese
data,divided

into
quartiles

by
Σ

0 ,
are

given
in

Table
6.

The
typicalΓ

!
=

0.78
in

the
high-

est
surface

density
quartile.

Γ
!

can
not

exceed
unity,

and
is

projected
to

saturate
at

µ
0
≈

19.5m
ag.arcsec −

2.
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Figure 2. The data used to constrain the models (symbols plus errorbars), and the 68% and 95% confidence limits from the WMAP3
MCMC. The left-hand panel shows the galaxy luminosity function with the 2dFGRS data from Madgwick et al. (2002), while the right-
hand panel shows the values of the galaxy-galaxy correlation function at the correlation lengths of the magnitude bins used by Norberg
et al. (2002). For the data, these are unity by definition. Note that the model accurately fits the data.

bg,eff =

∫ ∞

0
〈N〉M bh,eff(M) neff(M) dM
∫ ∞

0
〈N〉M neff (M) dM

(29)

where 〈N〉M is given by (1), but with L1 and L2 replaced by
the luminosity limits Lmin and Lmax of the volume limited
sample under consideration.

To determine the likelihood function of our free pa-
rameters we use the Monte-Carlo Markov Chain (hereafter
MCMC) technique (see e.g., Gamerman 1997). Each element
of the chain is a model, consisting of 8 parameters. At any
point in the chain we generate a new trial model by drawing
the shifts in the eight free parameters from eight indepen-
dent Gaussian distributions, centered on the current value
of the corresponding model parameter. The probability of
accepting the trial model is

Paccept =

{
1.0 if χ2

new < χ2
old

exp[−(χ2
new − χ2

old)/2] if χ2
new ≥ χ2

old
(30)

Here χ2 = χ2
Φ + χ2

r0
with

χ2
Φ =

NΦ∑

i=1

[
Φ(Li) − Φ̂(Li)

∆Φ̂(Li)

]2

, (31)

and

χ2
r0

=

Nr∑

i=1

[
ξgg(r0,i) − 1

∆ξ̂gg(r0,i)

]2

, (32)

where .̂ indicates an observed quantity, and NΦ = 35 and
Nr = 8 are the number of data points for the LF and the
correlation lengths, respectively. Note that, by definition,
ξ̂gg(r0,i) = 1.

2.6 The Model

Using the method described above we construct two chains
consisting of 20 million models each, one for the WMAP1

cosmology and another for the WMAP3 cosmology. Each
chain is thinned by a factor 104 to remove the correlations
between neighboring models (see van den Bosch et al. 2005a
for details). The end result are two MCMCs consisting of
2000 independent models each that properly sample the full
posterior distributions.

Fig 2 shows that the model based on the WMAP3 cos-
mology accurately fits the galaxy LF and the galaxy corre-
lation lengths as function of luminosity. The WMAP1 cos-
mology, however, yields an equally good fit to the data (not
shown here, but see Fig. 3 in van den Bosch et al. 2005a).
The fact that both cosmologies allow an equally good fit to
these data, despite the large differences in halo mass func-
tion and halo bias, illustrates that Φ(L) and r0(L) alone
allow a fair amount of freedom in cosmological parameters
(cf. van den Bosch et al. 2003b). However, as we will see
below, the WMAP1 and WMAP3 cosmologies predict sig-
nificantly different mass-to-light ratios.

Fig. 3 plots the posterior distributions of the CLF pa-
rameters for both the WMAP1 (red, unshaded histograms)
and the WMAP3 (blue shaded histograms) MCMCs. The
median and 68 percent confidence intervals of these distri-
butions are listed in Table 2. A comparison of the WMAP1
results presented here with those presented in van den Bosch
et al. (2005a), shows small differences (all within the 68 per-
cent confidence levels). These owe to the fact that (i) we use
a new model for the halo bias, including its scale dependence,
(ii) we properly model the data over its light-cone, and (iii)
we no longer impose the constraint that the mass-to-light
ratio is constant for haloes with M ≥ 1014h−1 M#.

Comparing the WMAP1 and WMAP3 results, one
notes that several parameters, notably M2, α15, η, γ2 and γ3,
have virtually the same likelihood distributions for both cos-
mologies. In the case of (M/L)cl, (M/L)0 and M1, however,
the distributions for the WMAP1 and WMAP3 cosmologies
are clearly offset from each other. As we show below in more

c© 2000 RAS, MNRAS 000, 1–23
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Figure 4. Posterior constraints on a number of quantities computed from the WMAP3 MCMC. The contours show the 68% and 95%
confidence limits from the marginalized distributions. Upper left-hand panel: The average ratio between M and L18 as function of halo
mass. The (red) solid dots indicate the results from our 2dFGRS group catalogue (see Table A1), while the thick (black) line indicates
the results from the 2PIGG group catalogue of Eke et al. (2004). Upper right-hand panel: The average relation between Lcen and M .
Again, the (red) solid dots indicate the results obtained from our 2dFGRS group catalogue. Lower left-hand panel: The faint-end slope of
the CLF, α̃, as function of halo mass M . Solid dots (red) and squares (black) correspond to the results obtained from our 2dFGRS group
catalogue and the 2PIGG catalogue, respectively. Lower right-hand panel: The average satellite fraction as function of luminosity. Solid
circles (red) and triangles (blue) indicate the satellite fractions of early and late type galaxies, respectively, obtained by Mandelbaum
et al. (2006) from galaxy-galaxy lensing in the SDSS. The thick dashed line corresponds to the results obtained by TNWW (Tinker et
al. 2006b) from an HOD analysis of the 2dFGRS, and the two thick crosses are the satellite fractions (and their 68% confidence limits)
obtained by Cooray (2006) from a CLF analysis of the SDSS

back, cause galaxy formation to also become relatively inef-
ficient in massive haloes.

The solid circles with errorbars correspond to the results
obtained from our 2dFGRS group catalogue (Table A1),
and are in excellent agreement with the CLF predictions.
It is extremely reassuring that two completely different ap-
proaches yield average mass-to-light ratios that are in such

good agreement. Note that the errorbars indicate the ob-

served scatter, not the error on the mean†.
According to our parameterization, at the high mass

† Since the halo masses are estimated from the group luminosities
(see Appendix A), this scatter is a lower limit on the true scatter.

c© 2000 RAS, MNRAS 000, 1–23

van den Bosch et al. (2007)

– 28 –

Fig. 11.— “Baryonic” mass relative to total mass as a function of luminosity for the samples of isolated
galaxies with b/a < 0.5 in the two HI samples used here, as marked. Baryonic mass is defined as the
stellar mass plus the neutral gas mass, as described in the text. The dashed line at 0.17 is the cosmic mean
based on cosmological measurements (Tegmark et al. 2006). The dotted line at 0.025 is the mean of the
Springob et al. (2005) measurements.

Blanton et al. (2007)

Challenges for Low-
Mass Galaxy Formation

1) The faint-end slope of the 
luminosity is flat, α<~1.3

2) The mass-to-light ratio is 
inferred to increase rapidly at 
log10 M < 11.5 (i.e., the halo mass 
function is steep).

3) The stellar mass Tully-Fisher 
(1977) relation may break at faint 
magnitudes, but the baryonic TF 
relation apparently does not.

4) The baryon content of faint 
dwarfs is comparable to large 
disks (i.e., many small galaxies are 
gas rich).Mr - 5 log10 h-14 -22
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Star formation efficiency is a 
complicated function of halo mass.

Strong feedback has been a common 
recourse for attempting to addressing 
these challenges, but may not solve all 
outstanding issues.

Let’s revisit what we know 
observationally about star formation 
efficiency in quiescent galaxies and 
apply that knowledge to our models 
of star formation on galactic scales.
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FIG. 5.ÈRelation between the disk-averaged SFR per unit area and
molecular gas density for 36 infrared-selected circumnuclear starbursts.
The solid line shows a bivariate least-squares Ðt to the Schmidt law, as
described in the text. The dashed and dotted lines correspond to constant
global star formation efficiencies and gas consumption timescales, as indi-
cated.

N \ 1.40 ^ 0.13 (bivariate regression) or N \ 1.28 ^ 0.08
(errors in SFRs only). The Schmidt law is better deÐned
than for the normal disks, but partly because there is a
much larger dynamic range in SFR and gas densities in the
starburst sample ; the dispersion in absolute SFR per unit
area at Ðxed gas density is only slightly lower in the star-
burst sample. Star formation threshold e†ects are probably
unimportant in the starburst disks, and this might also
account for the somewhat tighter Schmidt law among these
objects.

Although the starburst disks exhibit a SFR versus gas
density relation that is qualitatively similar in form to that
seen in the normal spiral disks, the physical regime we are
probing is radically di†erent. The average gas surface den-
sities here range from 102 to 105 pc~2, compared to aM

_typical range of order 1È100 pc~2 in normal disksM
_(Figs. The mean densities of the starburst disks are2È3).

comparable instead to those of individual molecular cloud
complexes in normal galaxies. For example, the largest
H II/GMC complexes in M31, M33, and M51 have molecu-
lar masses and sizes corresponding to mean surface den-
sities of 40È500 pc~2 & RudolphM

_
(Wilson 1993 ; Wilson

& Scoville & Kuno This is comparable1992 ; Nakai 1995).
to the low end of the density range for the starbursts in

The mean densities of some of the starburstsFigure 5.
approach those found in Galactic molecular cloud cores,
but with the dense gas extending over kiloparsec diameter
regions. The star formation densities are just as extraordi-
nary. For example, the central 10 pc core of the 30 Doradus
giant H II region contains D104 in young stars, whichM

_corresponds to yr~1 kpc~2 if the star for-&SFR D 100 M
_

mation timescale is as short as 106 yr ; the average SFR
density averaged over the entire H II region is D1È10 M

_yr~1 kpc~2. Thus, the regions we are studying have project-
ed SFRs per unit area that approach the maximum limit
observed in nearby optically selected star clusters and
associations et al.(Meurer 1997).

Not surprisingly, the global star formation efficiencies in
the starburst sample are much higher than in the normal
disk sample (e.g., et al. & SageYoung 1986 ; Solomon 1988 ;

Scoville, & Soifer In we show theSanders, 1991). Figure 5
same lines of constant star formation efficiency and gas
consumption times as in (1%, 10%, and 100% perFigure 2
108 yr). The median rate of gas consumption is 30% per 108
yr, which is 6 times larger than for the normal disk samples,
and the efficiencies reach 100% per 108 yr for the most
extreme objects. It is interesting to note that the shortest gas
consumption times are comparable to the dynamical time-
scales of the parent galaxies, implying that the most lumi-
nous starbursts are forming stars near the limit set by the
gas accumulation timescale & Heckman(Lehnert 1996).

4. THE COMPOSITE SCHMIDT LAW

Taken together, the normal disk and starburst samples
span a dynamic range of approximately 105 in gas surface
density and over 106 in SFR per unit area. showsFigure 6
the composite relation, with the normal spirals shown as

FIG. 6.ÈComposite star formation law for the normal disk ( Ðlled
circles) and starburst (squares) samples. Open circles show the SFRs and
gas densities for the centers of the normal disk galaxies. The line is a
least-squares Ðt with index N \ 1.40. The short, diagonal line shows the
e†ect of changing the scaling radius by a factor of 2.

Star formation rates in 
disks: the standard lore n ~ 1.4

Kennicutt (1998)

SMD

SF
R

Schmidt (1959): Star formation rate has a power-
law dependence on the local gas density

ρ̇! ∝ ρ
n

g

ΣSFR ∝ Σ
1.4±0.15
gas

Kennicutt (1989,1998): Disk-averaged star 
formation rate surface density has a power-law 
dependence on the total gas mass surface density

Theoretical prescriptions for star formation that 
convert gas mass into stars on a dynamical 
timescale date at least to Larson (1969).  In 
simulations of galaxy formation, Katz (1992) and 
Navarro & White (1993) were among the first to 
adopt such prescriptions.

“Normal” Disks, 
bivariate least-squares 

fit: n~2.47±0.39

Starbursts, bivariate 
least-squares fit: 

n~1.40±0.13



Spatially-dependent 
determinations of 
the Schmidt Law

for the same galaxies in Figure 9 can largely be attributed to
a change in the normalizing radius, which shifts points
along a line of unit slope for the same total SFR and Mgas.
We conclude that within the uncertainty of !0.2 dex
adopted by K98, our results are consistent with his.

Table 6 gives the average Schmidt law index,

n ¼ d log!SFR

d log!gas
; ð16Þ

within each galaxy as derived from an unweighted least-
squares fit to the curves in Figure 8. An average of the indi-
ces for all seven galaxies, weighted by the inverse of their
variances, gives "nn ¼ 1:1! 0:2 for the uniform extinction
model and "nn ¼ 1:7! 0:3 for the NH-dependent extinction
model. We examined the effect of changing the radial CO
profile in the region where it had been extrapolated: in the
extreme cases of a sharp truncation or complete flattening
of the CO profile, we obtained values of "nn ¼ 0:8 and 1.45,
respectively, for the uniform extinction model. However,
such extreme profiles seem unlikely, and we consider the 1 !
errors on "nn stated above to be realistic. Given the uncertain-
ties, our derived indices are roughly consistent with the
Schmidt law among galaxies (n % 1:4) found by K98. Note
that there would not necessarily have been a correspond-
ence between the azimuthally averaged and global Schmidt
laws if star formation in galaxies depended on some quan-
tity other than !gas, but for which a disk-averaged h!gasi
was a convenient proxy. Thus, the validity of the Schmidt
law on both local and global scales probably reflects an
underlying physical link between!gas and!SFR.

4.1.3. Gas Depletion versus Orbital Timescales

We have also considered an alternative description of the
star formation law given by

!SFR / !gas# ; ð17Þ

Fig. 8.—SFR plotted against total gas density for rings within all seven galaxies, after applying (a) uniform extinction corrections; (b) NH-dependent
extinction corrections. Parallel dotted lines represent lines of constant SFR per unit gas mass, with the corresponding gas depletion time labeled. The heavy
dashed line is the global Schmidt law derived byK98. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 9.—Disk-averaged SFRs plotted against total gas density. Large
plot symbols are averages derived from radial profiles given in this paper,
with radially varying extinction corrections applied. When connected by a
line to a smaller symbol, the small symbol represents the corresponding
point for the same galaxy as given by K98. The small dots are the other disk
averages calculated by K98, the heavy dashed line is his global Schmidt
law, and the error bars in the upper left represent his estimate of the
uncertainties. [See the electronic edition of the Journal for a color version of
this figure.]
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Fig. 5.— The variation of the star formation rate per unit area with total (circles) and

molecular (triangles) gas surface densities. The solid lines show the power law fits to the

data. The dashed lines show the gas depletion time scales.

Boissier et al.  (2003)

Wong & 
Blitz (2002)

Heyer et al. (2004)

CO-Bright M33

16 systems with abundance 
gradients, vcirc~100-300 km/s ΣSFR ∝ Σ

(1.96−3.55)
gas

ΣSFR ∝ Σ
1.36±0.08

H2

ΣSFR ∝ Σ
3.3±0.1
gas

ΣSFR ∝ Σ
1.7±0.3
gas

Wong & Blitz (2002), CO-Bright:

Heyer et al. (2004), M33 Total Gas:

Heyer et al. (2004), M33 H2:

Boissier et al. (2003), Z vs.NH:
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Fig. 5.— Relation between local SFR density and molecular and atomic hydrogen surface

densities separately. The solid green and open black triangles denote H2 surface densities
(see Fig. 4), with open red circles indicating CO upper limits (same symbol notation as for

Figure 4). Blue asterisks show the corresponding relation between SFR surface densities
and HI surface densities. The dashed line shows the best bivariate least squares fit to the

molecular densities alone. The fit to total gas density (see Figure 4) is shown for reference
as the solid line.

Is                        the 
whole story?

Kennicutt et al.  (2007)

ρ̇! ∝ ρg/tdyn

M51

* HI

Δ H2
Perhaps it’s time to 
consider a model for star 
forming gas in simulations 
of galaxies that explicitly 
follows the evolution of 
the molecular ISM and ties 
the SFR to the molecular 
gas properties.

Observations suggest:

SFR vs. Molecular Gas:

1) The total gas Schmidt Law 
for quiescent galaxies is scale-
dependent.

ngas ≈ 1.29 − 3.55

nH2 ≈ 1.3 − 1.7

2) SF in molecular gas + 
efficiency ∝ tdyn-1 is consistent.

SFR vs. Total Gas:



A cartoon of molecular 
ISM processes



At sufficiently high gas densities, low-temperature coolants will allow molecular gas 
to condense from the hot ambient medium.  The molecular gas fraction is 
determined by the equation of molecular equilibrium.

A cartoon of molecular 
ISM processes



Stars form from the molecular clouds, and the local interstellar radiation field 
increases.  Soft UV photons in the ISRF can begin to photodissociate the molecular 
clouds.

A cartoon of molecular 
ISM processes



In the presence of an ISRF, the molecular density at moderate ISM densities is suppressed.  In some 
regions of the ISM, the local ISRF can destroy all molecular gas, removing low-temperature 
coolants and increasing the gas temperature.  The destruction of H2 by the ISRF acts as a feedback 
mechanism to regulate star formation, and is efficient even as the local cooling time is short.

A cartoon of molecular 
ISM processes



Additional feedback mechanisms, such as supernovae from massive stars, may still operate.

A cartoon of molecular 
ISM processes



After the young stars die the ISRF may abate, allowing the molecular ISM to reform and 
the star formation cycle to start again.

A cartoon of molecular 
ISM processes



A new model for the molecular 
ISM and star formation

fH2 = fH2(ρgas, T, Z, UISRF)

Λnet = Λnet(ρgas, T, Z, UISRF)

ρ̇! = C!fH2(1 − β)ρ1.5
gas

ρgas
du

dt
= εSNρ̇! − Λnet

UISRF = U!(ν) ×

(

ΣSFR

ΣSFR,!

)

Robertson & Kravtsov (2007, in prep)

Star formation is tied to the local 
molecular density and dynamical time

The molecular fraction is a function of 
density, temperature, metallicity, and 

ISRF strength

The local ISRF strength tracks the 
local star formation rate density

The thermal evolution of ISM gas depends 
on the supernovae heating and the net 

atomic and molecular cooling rates

The net atomic and molecular cooling 
rates depend on density, temperature, 

metallicity, and ISRF strength

Implemented in the N-body/SPH code GADGET2



Robertson & Kravtsov (2007, in prep)

T, ρ, Z, and ISRF-dependent Cooling + 
Heating rates calculated with the 
photoionization code Cloudy

Tabulate the molecular fraction fH2, the 
ionization fraction, and the molecular 
weight + interpolate

Molecular gas may be photodissociated 
by soft UV photons.  Include the 
presence of an interstellar radiation 
field (Mathis et al. 1983), and vary its 
strength with the local SFR density.

A new model for the 
molecular ISM and 

star formation



Robertson & Kravtsov (2007, in prep)

Isolated disk star 
formation efficiency

Characterize the SF efficiency in disks 
with vcirc~50-300 km/s, modeled after 
DDO154, M33, and NGC 4501. 

Compare and contrast three ISM + SF 
models: 

#1)  “Standard” atomic cooling + total 
gas density SF scaling + SF threshold 
model

#2) New atomic & molecular cooling + 
molecular density SF scaling w/o ISRF

#3) New atomic & molecular cooling + 
molecular density SF scaling w/ ISRF

lo
g 1

0 T

5

2

#1, 300 km/s #1, 125 km/s

#2, 125 km/s

#3, 125 km/s

#1, 50 km/s

#2, 50 km/s
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Robertson & Kravtsov (2007, in prep)

Results: Total Gas 
Schmidt Law

#3, 300 km/s
α = 2.0

#2, 300 km/s
α = 1.9

#1, 300 km/s
α = 1.8

#1, 50 km/s
α = 2.4

#1, 125 km/s
α = 2.3

#2, 50 km/s
α = 2.2

#3, 50 km/s
α = 4.8

#3, 125 km/s
α = 3.3

#2, 125 km/s
α = 2.5

~ NGC 4501 ~M33 ~DDO154

SFR density vs. total gas surface density 
averaged over annuli

SF timescale chosen to match disk-
averaged Schmidt Law (Kennicutt 
1998, dashed line) at high densities.

Molecular ISM model shows scale-
dependence owing to ΣH2(Σgas) 

Molecular ISM + ISRF model produces 
a much stronger dependence of SF 
efficiency on the galaxy mass scale.
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Robertson & Kravtsov (2007, in prep)

Results: Molecular 
Gas Schmidt Law

SFR density vs. molecular gas surface 
density averaged over annuli

Molecular ISM + ISRF model produces 
a slightly shallower dependence of SFR 
on molecular gas surface density than 
does the model without an ISRF.

The scale dependency of SF efficiency 
vs. molecular gas surface density is 
much weaker than for the total gas 
density Schmidt Law, as required by 
observations.

Σ S
FR

 [
h2

 M
su

n 
yr

-1
 k

pc
-2
]

#3, 300 km/s
α = 1.45

#2, 300 km/s
α = 1.48

#2, 50 km/s
α = 1.44

#3, 50 km/s
α = 1.22

#3, 125 km/s
α = 1.24

#2, 125 km/s
α = 1.44

~ NGC 4501 ~M33 ~DDO154

Σmol [h Msun pc-2]10-2 102

10-5

101

10-2 102

10-3

10-1



The H2-Pressure Relation 5

Fig. 3.— Molecular gas fraction as a function of midplane hydrostatic pressure for 14 galaxies. All galaxies follow a similar scaling
between Pext and Rmol. The mean index of the relationship is 0.92 ± 0.07 (dashed line). There are two categories of galaxies, offset from
each other by a factor of 5 in P0.

TABLE 2
Results of Pressure Analysis

Galaxy α P0/k Scattera 〈ΣHI cos i〉 Morphological
Name (104 cm−3 K) (M" pc−2) classb

MW 1.64 ± 0.11 2.0 0.09 8.4 Sb
NGC 598 0.87 ± 0.14 5.1 0.03 9.3 SA(s)cd
NGC 3521 1.02 ± 0.03 7.1 0.02 16.8 SAB(rs)bc
NGC 3627 0.81 ± 0.03 0.4 0.10 4.3 SAB(s)b
NGC 4321 0.84 ± 0.03 0.7 0.06 6.7 SAB(s)bc
NGC 4414 0.89 ± 0.02 4.6 0.02 14.4 SA(rs)c?
NGC 4501 1.07 ± 0.08 1.2 0.13 4.2 SA(rs)b
NGC 4736 0.93 ± 0.04 6.5 0.09 11.1 (R)SA(r)ab
NGC 5033 0.76 ± 0.03 3.0 0.05 11.5 SA(s)c
NGC 5055 0.73 ± 0.02 2.8 0.03 11.5 SA(rs)bc
NGC 5194 1.00 ± 0.05 3.0 0.07 13.2 SA(s)bc pec
NGC 5457 0.58 ± 0.32 2.1 0.09 16.6 SAB(rs)cd
NGC 7331 1.01 ± 0.06 5.1 0.05 14.5 SA(s)b

IC 10 0.73 ± 0.14 5.6 0.10 6.4 dIrr IV/BCD
Mean 0.92 ± 0.07 3.5 0.06 10.6 Sbc

Mean (Non-interacting)c 0.92 ± 0.10 4.3 0.05 12.2 Sbc
Combined Data 0.94 ± 0.02 4.5 0.14 9.9 · · ·

aDefined as the standard deviation of the residuals: ∆ log Rmol ≡ log Rmol − α(log Pext − log P0)
bFrom RC3 (de Vaucouleurs et al. 1991).
cExcludes data from NGC 3627, NGC 4321 and NGC 4501.

Blitz & Rosolowsky (2006)

fH2-Pressure
Correlation In 1993, Elmegreen calculated the relation 

between pressure, ISRF emissivity j, and 
molecular fraction as

fH2 ∝ P 2.2j−1

P ≈

π

2
GΣgas

(

Σgas +
σgas

σ!

Σ!

)

Modeling the disk midplane pressure as

Wong & Blitz (2002) and Blitz & Rosolowsky 
(2006) find that

fH2 ∝ P 0.8−0.9

This proportionality is similar to the predicted 
proportionality if the ISRF emissivity scales 
with the stellar surface mass density.



The H2-Pressure Relation 5

Fig. 3.— Molecular gas fraction as a function of midplane hydrostatic pressure for 14 galaxies. All galaxies follow a similar scaling
between Pext and Rmol. The mean index of the relationship is 0.92 ± 0.07 (dashed line). There are two categories of galaxies, offset from
each other by a factor of 5 in P0.

TABLE 2
Results of Pressure Analysis

Galaxy α P0/k Scattera 〈ΣHI cos i〉 Morphological
Name (104 cm−3 K) (M" pc−2) classb

MW 1.64 ± 0.11 2.0 0.09 8.4 Sb
NGC 598 0.87 ± 0.14 5.1 0.03 9.3 SA(s)cd
NGC 3521 1.02 ± 0.03 7.1 0.02 16.8 SAB(rs)bc
NGC 3627 0.81 ± 0.03 0.4 0.10 4.3 SAB(s)b
NGC 4321 0.84 ± 0.03 0.7 0.06 6.7 SAB(s)bc
NGC 4414 0.89 ± 0.02 4.6 0.02 14.4 SA(rs)c?
NGC 4501 1.07 ± 0.08 1.2 0.13 4.2 SA(rs)b
NGC 4736 0.93 ± 0.04 6.5 0.09 11.1 (R)SA(r)ab
NGC 5033 0.76 ± 0.03 3.0 0.05 11.5 SA(s)c
NGC 5055 0.73 ± 0.02 2.8 0.03 11.5 SA(rs)bc
NGC 5194 1.00 ± 0.05 3.0 0.07 13.2 SA(s)bc pec
NGC 5457 0.58 ± 0.32 2.1 0.09 16.6 SAB(rs)cd
NGC 7331 1.01 ± 0.06 5.1 0.05 14.5 SA(s)b

IC 10 0.73 ± 0.14 5.6 0.10 6.4 dIrr IV/BCD
Mean 0.92 ± 0.07 3.5 0.06 10.6 Sbc

Mean (Non-interacting)c 0.92 ± 0.10 4.3 0.05 12.2 Sbc
Combined Data 0.94 ± 0.02 4.5 0.14 9.9 · · ·

aDefined as the standard deviation of the residuals: ∆ log Rmol ≡ log Rmol − α(log Pext − log P0)
bFrom RC3 (de Vaucouleurs et al. 1991).
cExcludes data from NGC 3627, NGC 4321 and NGC 4501.

Blitz & Rosolowsky (2006)
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The disk galaxy models simulated with the 
molecular ISM + ISRF model successfully 
reproduce the Blitz & Rosolowsky (2006) 
pressure-molecular fraction trend.

The disk galaxy models simulated without 
an ISRF do not reproduce the trend, but 
follow a weaker trend that reflects the lack 
of molecular photodissociation at low ISM 
densities.

Given the scalings of the radiation field 
strength with the SFR surface density in our 
simulations, one expects that 

fH2 ∝ P 0.87

which closely matches the observe trend.
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Results: Dwarf Galaxy
Gas Disk Structure

H-Cooling H2-CoolingH2-Cooling + ISRF

50 km/s Dwarf

1 
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c

1 
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c

1 
kp

c

See also James Bullock’s talk and Kauffman, Wheeler, and Bullock (2007)

Mean Temperature of the ISM104 K 102 K



Final Aside: Dwarf Galaxy
Velocity Dispersions4

Fig. 2.— left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to
mass-follows light (King 1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW
profiles that assume constant velocity anisotropy. Short, vertical lines indicate luminous core radii (IH95). Distance moduli are adopted
from Mateo (1998). right: Solid lines represent density, mass and M/L profiles corresponding to best-fitting NFW profiles. Dotted lines in
the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that the stellar component
(assumed to have M/L=1) has exponentially falling density with scale length given by IH95.
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If dSph systems were originally disk 
galaxies, their velocity dispersions 
serve as constraints on models for 

their formation or evolution.
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Fig. 5.— The variation of the star formation rate per unit area with total (circles) and

molecular (triangles) gas surface densities. The solid lines show the power law fits to the

data. The dashed lines show the gas depletion time scales.

Observations suggest that the total gas Schmidt Law is scale-dependent, 
but the molecular gas Schmidt Law is consistent with n~1.5

The scale-dependency of star formation efficiency has wide-ranging 
implications, from the luminosity function to the Tully-Fisher relation.

Robertson & Kravtsov (2007, in prep) have developed a model of 
star formation and the ISM that includes T, ρ, Z, and ISRF-dependent 
Λ and fH2, ties the SFR directly to the molecular gas density, and have 
implemented it in GADGET2.

Our model successfully reproduces the total gas Schmidt Law, 
the molecular gas Schmidt Law, and the fH2 - Pressure relation.

Towards a Concordant Model of Halo Occupation Statistics 7

Figure 2. The data used to constrain the models (symbols plus errorbars), and the 68% and 95% confidence limits from the WMAP3
MCMC. The left-hand panel shows the galaxy luminosity function with the 2dFGRS data from Madgwick et al. (2002), while the right-
hand panel shows the values of the galaxy-galaxy correlation function at the correlation lengths of the magnitude bins used by Norberg
et al. (2002). For the data, these are unity by definition. Note that the model accurately fits the data.

bg,eff =

∫ ∞

0
〈N〉M bh,eff(M) neff(M) dM
∫ ∞

0
〈N〉M neff (M) dM

(29)

where 〈N〉M is given by (1), but with L1 and L2 replaced by
the luminosity limits Lmin and Lmax of the volume limited
sample under consideration.

To determine the likelihood function of our free pa-
rameters we use the Monte-Carlo Markov Chain (hereafter
MCMC) technique (see e.g., Gamerman 1997). Each element
of the chain is a model, consisting of 8 parameters. At any
point in the chain we generate a new trial model by drawing
the shifts in the eight free parameters from eight indepen-
dent Gaussian distributions, centered on the current value
of the corresponding model parameter. The probability of
accepting the trial model is

Paccept =

{
1.0 if χ2

new < χ2
old

exp[−(χ2
new − χ2

old)/2] if χ2
new ≥ χ2

old
(30)

Here χ2 = χ2
Φ + χ2

r0
with

χ2
Φ =

NΦ∑

i=1

[
Φ(Li) − Φ̂(Li)

∆Φ̂(Li)

]2

, (31)

and

χ2
r0

=

Nr∑

i=1

[
ξgg(r0,i) − 1

∆ξ̂gg(r0,i)

]2

, (32)

where .̂ indicates an observed quantity, and NΦ = 35 and
Nr = 8 are the number of data points for the LF and the
correlation lengths, respectively. Note that, by definition,
ξ̂gg(r0,i) = 1.

2.6 The Model

Using the method described above we construct two chains
consisting of 20 million models each, one for the WMAP1

cosmology and another for the WMAP3 cosmology. Each
chain is thinned by a factor 104 to remove the correlations
between neighboring models (see van den Bosch et al. 2005a
for details). The end result are two MCMCs consisting of
2000 independent models each that properly sample the full
posterior distributions.

Fig 2 shows that the model based on the WMAP3 cos-
mology accurately fits the galaxy LF and the galaxy corre-
lation lengths as function of luminosity. The WMAP1 cos-
mology, however, yields an equally good fit to the data (not
shown here, but see Fig. 3 in van den Bosch et al. 2005a).
The fact that both cosmologies allow an equally good fit to
these data, despite the large differences in halo mass func-
tion and halo bias, illustrates that Φ(L) and r0(L) alone
allow a fair amount of freedom in cosmological parameters
(cf. van den Bosch et al. 2003b). However, as we will see
below, the WMAP1 and WMAP3 cosmologies predict sig-
nificantly different mass-to-light ratios.

Fig. 3 plots the posterior distributions of the CLF pa-
rameters for both the WMAP1 (red, unshaded histograms)
and the WMAP3 (blue shaded histograms) MCMCs. The
median and 68 percent confidence intervals of these distri-
butions are listed in Table 2. A comparison of the WMAP1
results presented here with those presented in van den Bosch
et al. (2005a), shows small differences (all within the 68 per-
cent confidence levels). These owe to the fact that (i) we use
a new model for the halo bias, including its scale dependence,
(ii) we properly model the data over its light-cone, and (iii)
we no longer impose the constraint that the mass-to-light
ratio is constant for haloes with M ≥ 1014h−1 M#.

Comparing the WMAP1 and WMAP3 results, one
notes that several parameters, notably M2, α15, η, γ2 and γ3,
have virtually the same likelihood distributions for both cos-
mologies. In the case of (M/L)cl, (M/L)0 and M1, however,
the distributions for the WMAP1 and WMAP3 cosmologies
are clearly offset from each other. As we show below in more
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