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ABSTRACT

We present a detailed description of a phenomenological H, formation model and local star formation pre-
scription based on the density of molecular (rather than total) gas. Such approach allows us to avoid the arbitrary
density and temperature thresholds typically used in star formation recipes in galaxy formation simulations. We
present results of the model based on realistic cosmological simulations of high-z galaxy formation for a grid
of numerical models with varied dust-to-gas ratios and interstellar far UV (FUV) fluxes. Our results show that
both the atomic-to-molecular transition on small, tens-of-parsec scales and the Kennicutt-Schmidt (KS) rela-
tion on large, kiloparsec scales are sensitive to the dust-to-gas ratio and the FUV flux. The atomic-to-molecular
transition as a function of gas density or column density has a large scatter but is rather sharp and shifts to
higher densities with decreasing dust-to-gas ratio and/or increasing FUV flux. Consequently, star formation is
concentrated to higher gas surface density regions, resulting in steeper slope and lower amplitude of the KS
relation at a given Xy, in less dusty and/or higher FUV flux environments. We parametrize the dependencies
observed in our simulations in convenient fitting formulae, which can be used to model the dependence of the
KS relation on the dust-to-gas ratio and FUV flux in semi-analytic models and in cosmological simulations
that do not include radiative transfer and H, formation. Finally, we show that ionized gas can contribute a
significant fraction of the total gas surface density in environments typical for high-redshift galaxies.

Subject headings: cosmology: theory — galaxies: evolution — galaxies: formation — stars:formation — methods:

numerical

1. INTRODUCTION

Conversion of gas into stars is one of the major sources of
uncertainty in modeling formation of galaxies. This uncer-
tainty reflects our incomplete understanding of the process of
star formation both locally and on global scales. Traditionally,
star formation is included in cosmological simulations and
simulations of isolated galaxies by using simple phenomeno-
logical prescriptions that relate local rate of star formation to
the local density of gas, with some additional criteria such as
temperature and density thresholds for the gas to be eligible
for star formation. The parameters of these prescriptions are
chosen so that the empirical power law relation between the
surface density of star formation, Xspr, and surface density of
(hydrogen) gas averaged on kpc scales, Xy, Xgpr oc Xy, with
n ~ 1-1.4, (Schmidt|1959; Kennicutt|1998; Bigiel et al. 2008)
observed in z = 0 galaxies is reproduced (see, e.g.,|Schaye &
Dalla Vecchial[2008, for a recent overview).

However, both theoretical considerations and observational
evidence indicate that such approach may miss some impor-
tant environmental trends. For example, relation between
the local star formation recipe and the large-scale Kennicutt-
Schmidt (KS) relation is not trivial and depends on the den-
sity and thermal structure of the interstellar medium (ISM,
Kravtsov|[2003; (Tassis|2007; [Wada & Norman!|[2007; Robert-
son & Kravtsov|2008}; Schaye & Dalla Vecchial[2008}; |Saitoh
et al.[2008)). This is because for a given large-scale gas surface
density the fraction of dense, star forming gas is determined
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by the gas density distribution function, which, in turn, de-
pends on the thermal state of the ISM (Wada & Norman|2001};
Robertson & Kravtsov|2008). For the same reason, the global
rate of star formation may be controlled by the rate with which
dense gas is formed by the ISM, rather then by the assumed
local efficiency of the gas (Saitoh et al.[2008). This implies
that star formation parameters tuned to reproduce the empir-
ical KS relation in one situation (e.g., in controlled simula-
tions of isolated disks |Springel & Hernquist|[2003; |Schaye &
Dalla Vecchia|2008)) may not reproduce this relation in galax-
ies with significantly different ISM density distributions.

In addition, there is a growing observational evidence that
the KS relation is more complex than previously thought
(Heyer et al.|[2004; Boissier et al.|2003; Bigiel et al.|2008).
For example, instead of a well-defined surface density thresh-
old at low Xy below which Xgpr drops to zero (Martin & Ken-
nicutt 2001), observations indicate continuous relation be-
tween star formation rate and gas surface densities (Boissier
et al.|[2007) down to small Xy, albeit with a steeper slope
(e.g., Bigiel et al.|[2008)). Likewise, studies of individual
dwarf galaxies, which typically have low gas surface densi-
ties (Zy < 10 — 20 M, pc~2) throughout their disks, show that
the KS relation in such galaxies is generally characterized by
a considerably steeper slope, n ~ 2 — 4, than the canonical
value of 1.4 (Heyer et al|2004; Bigiel et al.|[2008; |Verley
et al.|2010). Moreover, recent detailed study of the global
star formation relation by Bigiel et al.| (2008)) shows that a
single power law is in general a poor description of the KS
relation over the entire range of surface densities. Instead,
the slope of the Xgpr — Xy relation may vary from the steep
valuesof n =~ 2 —4 at Xy < 10 M, pc’2 to linear n ~ 1 at
Ty ~ 10 — 100 Mg pc™2 and then possibly steepening again to
n~15-2atZy 2 100 Mg pc.

Finally, the growing evidence indicates that in high-redshift
galaxies (z 2 3) the KS relation is significantly steeper and has
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an order of magnitude lower amplitude at Zspgr < 100 M, pc™?
(Wolfe & Chen|2006;[Rafelski/2009], see also Fig. 3 in|Gnedin
& Kravtsov|[2010).

This complex behavior of the star formation rate density
with the density of the neutral gas (H I+H,) can be understood
if star formation occurs only in the molecular gas (Robert-
son & Kravtsov| 2008 |Gnedin et al.|2009; |[Krumholz et al.
2009c; [Pelupessy & Papadopoulos|2009; |(Gnedin & Kravtsov
2010). Indeed, detailed observations of nearby galaxies show
that star formation correlates most strongly with the molec-
ular gas (e.g., 'Wong & Blitz/|2002a; Bigiel et al.|2008), es-
pecially with the densest gas traced by HCN emission (Gao
& Solomon| 20045 [Wu et al.|[2005), while it only correlates
weakly, if at all, with the density of atomic gas (Wong &
Blitz)2002a; Kennicutt et al.|[2007; [Bigiel et al.[[2008)). We
can thus expect that the relationship between the star forma-
tion rate density and gas density Xy = Xy, + Zyp (the KS re-
lation) varies depending on the molecular fraction of the gas
fo, = Zn,/Zh.

Several factors may control the molecular fraction in the
gas on different spatial scales. On small scales of indi-
vidual molecular complexes it is primarily the cosmic dust
abundance and the interstellar FUV radiation that control
the atomic-to-molecular transition (e.g., [Elmegreen| [1993;
Krumholz et al|[2008| see |Stahler & Palla/ |2005| for peda-
gogical review). On larger (~ kpc) scales the fraction of
dense, molecular gas in a patch of gas of a given Xy is ex-
pected to depend on the density distribution of gas in that
patch (e.g., [Elmegreen|2002). The density distribution itself
depends on thermodynamics of gas (see, e.g., Robertson &
Kravtsov|2008)) and metallicity, as more metal rich gas may
be more efficient in building regions of higher densities via
radiative shocks arising in the highly turbulent medium of
gaseous disks. The density PDF should also reflect the global
dynamics of gas in galactic disks in general. For example,
spiral density wave will compress the gas facilitating its cool-
ing and conversion of atomic gas into molecular form. Like-
wise, large-scale instabilities seed the turbulence in the disk
that can shape the global density PDF (Wada & Norman|2001}
Elmegreen|2002; Kravtsov|[2003} [Krumholz & McKee|2005).

Although observational studies of environmental depen-
dence of the KS relation on gas metallicity, interstellar FUV
radiation, and other properties of galaxies are in their early
stages (e.g., Bigiel et al.|2008; | Krumbholz et al.|2009a} |[Rafel-
ski/2009), it is clear that such strong dependencies can have
important implications for our understanding of galaxy evo-
lution (see discussion in |(Gnedin & Kravtsov|[2010). For ex-
ample, given that observations indicate that star formation in
low-metallicity, high-UV flux environments of high-redshift
galaxies is concentrated to significantly higher gas surface
densities (Wolfe & Chen|2006; Rafelski/2009), stars in these
galaxies should be confined to the high surface density re-
gions and should therefore be more resistant against dynam-
ical heating in mergers. At the same time, the longer gas
consumption time scales in lower density regions of high-z
gaseous disks along with high accretion rate would keep them
gas rich and more resilient to mergers as well (e.g.. Robertson
et al.|2004, 2006; Springel & Hernquist[2005)). This can help
to resolve one of the major puzzles of hierarchical galaxy for-
mation: prevalence of thin disks at low redshifts in the face of
high merger rates at high redshifts.

It is thus important to explore potential effects and implica-
tions of the environmental dependence of the KS relation for
the evolution of galaxies. However, to capture the key physics

responsible for this dependence in cosmological simulations
of galaxy formation is challenging, because this requires high
spatial resolution to model dynamics of interstellar medium
in the hierarchically forming galaxies, 3D radiative transfer
to model local UV radiation flux, and formation of molecular
hydrogen. The latter is mediated by dust grains which cat-
alyze H, formation and provide the initial key shielding from
interstellar FUV radiation. This shielding allows build-up of
molecular fraction sufficient for H, self-shielding, which in
turn shapes the sharp transition of atomic to molecular gas.

Although fully self-consistent modeling of dust chemistry
and H, formation is still far beyond reach, phenomenolog-
ical model capturing the essential metallicity and UV flux
dependence of molecular fraction can be used to model H,
in self-consistent, high-resolution cosmological simulations
(Gnedin et al.||2009; |Gnedin & Kravtsov|2010). In this study
we present a detailed description of such H, formation model
and local star formation prescription based on the density of
molecular (rather than total) gas. We present results for a
grid of numerical models with varied dust-to-gas ratios and
interstellar FUV radiation fluxes and explore the dependence
of atomic-to-molecular transition on small, molecular cloud
scales, on these variables and the effect this dependence has
on the Kennicutt-Schmidt relation on large ~ kpc scales. We
parametrize the dependencies observed in our simulations in
convenient fitting formulae, which can be used to model the
metallicity and UV flux dependence of the KS relation in
semi-analytic models and in cosmological simulations that do
not include radiative transfer and H, formation.

2. COMPUTATIONAL APPROACH

Our computational approach consists of several subsequent
steps:

1. We use a snapshot from a fully self-consistent cosmo-
logical simulation as the initial condition for the set
of “fixed ISM” simulations described in the next step.
That simulation used a previous incarnation of our Hj
formation model (Gnedin et al.[[2009) and is, therefore,
not fully consistent in its physical model to the new
H, formation model that we develop here. We address
this inconsistency in step 3. We label that cosmological
simulation as “cosmo I”.

2. Starting from that initial condition, we perform a large
set (35) of “fixed ISM” simulations. Each of these sim-
ulations has the amplitude of the radiation field in the
Lyman-Werner band and the dust-to-gas ratio fixed to
constant values everywhere in the computational do-
main. Such simulations can be considered as highly
realistic isolated galaxy simulations, which include live
dark matter halo and stellar disk, and also allow for
self-consistent infall of fresh gas and galactic outflows.
Each of the “fixed ISM” simulations is continued for
600 Myr to insure that the memory of the initial con-
dition is forgotten. We have indeed verified that the
adopted value of 600 Myr is sufficient by comparing
the final snapshot with the intermediate snapshot at
300 Myr. We also continued a small subset of all “fixed
ISM” simulations to 1 Gyr and, again, found essentially
identical results at 1 Gyr and 600 Myr snapshots.

3. The set of “fixed ISM” simulations allows us to develop
the H, formation model and is used for all the results
presented in this paper. In order to verify that the use



of a not completely consistent cosmological simulation
in step 1 does not compromise our results, we rerun the
fully self-consistent cosmological simulation from the
very beginning, now using the H, formation model pre-
sented in the Appendix of this paper. Using a snap-
shot from that new cosmological simulation (dubbed
“cosmo II”’) as a new initial condition, we rerun a sub-
set of our “fixed ISM” simulations with this new, fully
self-consistent initial condition. We found that none of
our results change if we use either of the two sets of
“fixed ISM” simulations.

In the following two sub-sections, we describe in detail the
two cosmological simulations and “fixed ISM” simulations
respectively.

We underscore that all original results presented in this
paper utilize only the “fixed ISM” simulations. The self-
consistent “cosmo II” is the simulation used in [Gnedin &
Kravtsov| (2010) to study KS relation in high-redshift galax-
ies.

Our approach relies on the assumption that our “fixed ISM”
simulations present a reasonable model for the density and ve-
locity structure of ISM of both high- and low-redshift galax-
ies. Alternatively, this can be viewed as an assumption that
the main difference for global star formation rates between
different galaxies is due to their differences in metallicity and
UV field, not due to density and velocity structures. Although
non-trivial, this assumption is reasonable if density and veloc-
ity structure of the ISM is mainly determined by supersonic
turbulence driven by gravitational instabilities. Nevertheless,
the assumption is not yet convincingly tested at present, and
will need to be validated (or disproved) by higher resolution
simulations and observational measurements.

2.1. Cosmological Simulations

Both cosmological simulations (“cosmo I” and “cosmo
II”’) were run with Adaptive Refinement Tree (ART) code
(Kravtsov||1999; [Kravtsov et al.[|2002; [Rudd et al.|2008) and
follow a Lagrangian region corresponding to five virial radii
of a system, which evolves into a typical halo of an L. galaxy
(M ~ 10'2 M) at z = 0. The mass resolution in the high-
resolution Lagrangian region is 1.3 x 10® My, in dark matter
and mass resolution in baryon that varies from ~ 10° M, to
~ 10% M, depending on the cell size and density. The sim-
ulation reaches peak spatial resolution of 260 comoving pc
(65 pc in physical units at z = 3). The Lagrangian region
is embedded into a cubic volume of 64! comoving Mpc on
a side to model the tidal forces from the surrounding struc-
tures properly, but this outer region is resolved only coarsely
with a uniform 64° grid. Cosmological simulations follow
collapse of dark matter and gas self-consistently in a scale-
free LCDM cosmology with Q; = 0.3, Qg = 0.046, 0 = 0.9
and h = 0.7.

In addition to gasdynamics, our simulations include 3D ra-
diative transfer (RT) of UV radiation from individual stellar
particles formed during the course of the simulation using the
OTVET approximation (Gnedin & Abel|2001)). Inclusion of
the RT is important because the local UV flux can set ioniza-
tion and heating balance of gas and influence the abundance
of molecular hydrogen, as we describe below and in the Ap-
pendix. Unlike the IGM after reionization, which can be as-
sumed to be optically thin to ionizing radiation, the dense ISM
gas of simulated galaxies may well be opaque to ionizing pho-
tons of all but the nearest stars.

3

The simulations incorporate non-equilibrium chemical net-
work of hydrogen and helium and non-equilibrium cooling
and heating rates, which make use of the local abundance of
atomic, molecular, and ionic species and UV intensity. This
network includes formation of molecular hydrogen both in
the primordial phase and on dust grains. The abundances of
the relevant atomic and molecular species are therefore fol-
lowed self-consistently during the course of the simulation.
The heating and cooling terms in the equation for the inter-
nal energy include all of the terms normally included in the
simulations of first stars and in the ISM models, including
cooling on metals. We describe all included reactions and
heating/cooling processes in Appendix (§A.4). Figure [I0]in
the Appendix shows the net cooling rates for different metal-
licities and UV fields. One of the interesting features shown
in this figure is that, contrary to what is usually assumed, up-
dated rates of |Glover & Abel| (2008) for H,-related cooling
channels result in H, dominating cooling of gas at tempera-
tures T < 5000 K over cooling due to atomic species, such as
CII and OL

A crucial component of all our simulations is a sub-grid
model for the formation of molecular hydrogen on dust and
its shielding from the FUV radiation by cosmic dust and self-
shielding. The model is calibrated against the observed col-
umn density dependence of atomic and molecular gas frac-
tions in the Milky Way, LMC, and SMC (see Appendix). In
particular, the model reproduces the metallicity dependence
of the column density of the sharp transition from the atomic
to fully molecular gas observed in the MW, LMC, and SMC.

The only difference between “cosmo I”” and “cosmo II”” sim-
ulations is that the former uses the form of the H, formation
model described in |Gnedin et al.| (2009), while the latter uses
the formulation of the model developed in this paper and pre-
sented in the Appendix.

2.2. “Fixed ISM” Simulations

Each “fixed ISM” simulation starts from a z = 4 snapshot
from one of the two cosmological simulations, as explained in
step 3 above. In each of these simulations we fix the dust-to-

gas ratio and the interstellar radiation field at 1000A to con-
stant values and run the simulations for at least 600 Myr. A
small subset of the simulations were continued until 1 Gyr to
verify the independence of our results on the initial condi-
tions.

While fixing the dust-to-gas ratio in the whole computa-
tional domain to a fixed value, we do not change the metal-
licity of the gas from the value produced self-consistently in
the simulation. Setting, for example, the metallicity in the
whole domain to solar would unreasonably increase cooling
rates in the IGM, well outside the galactic disk that we at-
tempt to model in the “fixed ISM” simulations, which would
result in serious numerical artifacts (like a sudden increase in
the accretion rate by a large factor).

The radiative transfer in all “fixed ISM” simulations is still
followed with the Optically Thin Variable Eddington Tensor
(OTVET) approximation (Gnedin & Abel|[2001), except that
the amplitude of the radiation field as a function of frequency
returned by OTVET is scaled uniformly to achieve a fixed
value of J,y)05. Thus, the OTVET approximation in these
simulations is used to compute the shape of the radiation spec-
trum, while its amplitude is remains fixed. This is important,
for example, to maintain the ratio of ionized radiation to the
radiation in the Lyman-Werner band similar to the one pro-
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duced by sources with realistic stellar spectra.

All “fixed ISM” simulations reported in the subsequent
sections of this paper incorporate the H, formation model
described in the Appendix. During the calibration stage
of model development, additional “fixed ISM” simulations
were run that explored the parameter dependence of our phe-
nomenological H, formation model. These test simulations
were used exclusively for model development and are not re-
ported in this paper.

Using “fixed ISM” simulations, we explore a grid of values
of dust-to-gas ratio Dyw from 1073 to 3 relative to the Milky
Way value. The variable Dyw scales the rate coefficient for
the H, formation on dust Rp and the absorption cross-section
of dust in the Lyman-Werner band o to the values charac-
teristic for the Milky Way:

Rp = DuwRo; orw = Dmwoo, (1

where Ry = 3.5 x 10~"7 cm?s~! (Wolfire et al. 2008) and
oo =2 x 102" cm? (Draine & Bertoldi||1996; |Glover & Mac
Low|2007a), respectively.

The normalization of the interstellar FUV flux at lOOO/DX,

Unw = J1000A/JMWa

used throughout this paper, 1is also defined in
units of the typical Milky Way value Juyw =
10° photons cm™2 s! ster™! eV~! (Draine |1978; |[Mathis
et al.|1983)). We explore the range of Uyw from 0.1 to 100 in
our “fixed ISM” simulations.

The star formation model in our simulations closely follows
the recipe 2 of|Gnedin et al.[(2009) with small numerical mod-
ifications. Namely, the rate of star formation in each compu-
tational cell with molecular fraction fy, > 0.1 is evaluated

as

dp* PH,
= egp 2 2
2 = 6F o 2

where the time scale for star formation is defined as 7qg =
min(Tg, Tmax). We follows the definition of [Krumholz & Tan
(2007) for the gas free-fall time,

S 3r
T~ \326p

(here p is the total mass density, including helium), and Tp,x
is the free-fall time in the gas with ngg = 50cm™. We adopt
esp = 0.005, which is lower than the value we adopted in
Gnedin et al.| (2009) and is still within the range of values
advocated by |Krumholz & Tan|(2007)). The lower value of esg
that we adopt provides a better fit the THINGS measurements
of the KS relation (Bigiel et al.|2008).

The 74 we adopt assumes that in low density cells, in
which molecular fraction fy, is below unity, star formation
proceeds mainly in unresolved molecular clouds on subgrid
scales. This assumption then also motivates setting the maxi-
mum free fall time to 7,,x corresponding to the number den-
sity of 50 cm™ typical average density of molecular clouds.
The fy, < 1in these cells then can be viewed as reflecting the
fraction of the total gas in such star forming molecular clouds,
which themselves have fy, = 1, rather than incomplete con-
version of the atomic gas into the molecular form inside the
clouds.

As we show below (see Fig.[§|and discussion in § ), the KS
relation in our simulations is not very sensitive to variations of
esp between 0.005 and 0.01 and ngp between 10 and 50 cm™3.
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Fic. 1.— Average atomic-to-molecular gas transition as a function of total
hydrogen number density for 9 test simulations (as distinguished by colors
and line styles).

3. THE ATOMIC-TO-MOLECULAR GAS TRANSITION

The effect of two primary parameters, the dust-to-gas ra-
tio Dyw and the interstellar FUV flux Uyrw, on the transition
from atomic to molecular gas is illustrated in Figure [T] as a
function of the total hydrogen density, ng = ny + ngn + 2nn,
(the contribution of ionized gas ny is negligible for densities
shown in Figure [I). Note that in this study we do not ana-
lyze or identify individual galaxies. Instead, we select only
the highest resolution cells in the refinement mesh (level 9),
which are always located in the ISM of galaxies (and not say,
in the halo or intergalactic medium) in the high-resolution La-
grangian region of the simulation. Thus, only the highest res-
olution cells are used in Figure[I]and Figure 3 below, irrespec-
tively of which object they actually belong to.

As can be seen from the figure, both parameters affect the
atomic-to-molecular transition in a non-trivial way. This scal-
ing can be understood approximately if we ignore all physical
processes except the formation of molecular hydrogen on dust
and dissociation of molecular hydrogen by the UV radiation
in the Lyman-Werner band. This is necessarily an approxi-
mation, as many other processes are indeed important for the
detailed balance of molecular hydrogen (see Appendix), but
the formation on dust and photo-dissociation are the domi-
nant processes that control the atomic-to-molecular gas tran-
sition under normal ISM conditions. In this approximation,
the equilibrium abundance of molecular hydrogen can be de-
termined from the balance of the formation and dissociation
rates (cf. Appendix)

ng, TiwS 1, (Ni,)e™ ™M = Rpnynys, (3)

where ['tw = Umwl is the free space photo-destruction rate
and Rp and ow are given by Equation (I). The atomic gas
becomes molecular only due to self-shielding and shielding
by dust (the last two factors on the left-hand-side of Equation
@)). If the FUV flux is not too strong, the self-shielding by
molecular hydrogen dominates; in this limit dust absorption
can be neglected and Equation (3)) becomes

bith _ Dyw iy Ry
1- sz Umw F()S H, ’

where fy, = ny, /ny and we ignore ionized gas. For our ansatz
for the self-shielding factor S, o n;/* (Equation (AT1)), so
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Thus, the characteristic density at which molecular hydrogen
fraction reaches a particular value (e.g., 50%) scales with the
dust-to-gas ratio Dyw and the FUV radiation flux Upw as

47
UMW)
ng o« | —— . “)
i (DMW

In the opposite regime of large Unw, the shielding by
dust is expected to dominate over self-shielding, because self-
shielding is a gradual function of the gas column density and
may not be able to provide the required shielding for suffi-
ciently large UV fluxes. In this regime, Equation (3) becomes

Sa,  Duw " Ry
= H
1- sz UMW rOS H,

and the exponential factor is now large, so the characteristic
column density for the atomic-to-molecular transition is

« In(Umw / Dviw )
Dyw ’

DywooNu

e

Ny (5)
Thus, as |Gnedin et al.| (2009) mention, in the regime where
dust shielding dominates, the dependence of the characteristic
column density on the FUV flux Unw is only logarithmic.

There is no way to convert between the characteristic col-
umn density and the physical gas density easily. Neverthe-
less, the following simple fitting formula captures the average
dependence of the atomic-to-molecular transition on the dust-
to-gas ratio and the FUV flux in our simulations:

1

~ , 6
fi 1 +exp (—4x —3x3) ©)
where x is given by
— A3/T "H
X = A In (DMW ) . (7)
An,
Here n, = 25cm™3, A is
A= ln(l + gDi,{zV (UMw/15)4/7> , ®

and g is a fudge factor to approximately account for the tran-
sition between the two regimes: g ~ 1 when self-shielding
dominates and g o D;Alw when dust shielding dominates.

We adopt the following fitting formula for the quantity g:

l+as+s?
&= 1+s
where
‘= 0.04 _s Umw/2
" D.+Dyw’ 1+ (Unw/2)*
and

D.=15%107 xIn(1 +BUnw)")

describes the transition to the regime when formation of H;
via the gas phase reactions dominates.

Figure E] shows the value of the total (molecular, atomic,
and ionized - although the contribution of ionized gas in all
equations in this section is completely negligible) hydrogen
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FiG. 2.— Average total hydrogen number density of atomic-to-molecular
gas transition (defined as fi, = 0.5) as a function of the scaled dust-to-gas
ratio Dyw and the FUV flux Upw for all our test simulations. The point
(Dmw = 0.001,Umw = 100) is missing because the resolution of our
simulations is insufficient to capture the atomic-to-molecular transition in
such extreme conditions. Solid lines show fitting formula of Equation (9).

density at which molecular fraction reaches fy, = 0.5 (x = 0).
Our fitting formulae give the following approximate expres-
sion for this density:

€))

nui-H, = nu(fn, = 0.5) = )
MW
This equation is a better approximation than the the simple
step-function ansatz proposed in (Gnedin et al.[2009). Figure
demonstrates that Equation [9] indeed provides an accurate
model for the dependence of ny(fi, = 0.5) on Dyw and Umw .
Figure [3] shows that Equation (6) works well for fy, 2
0.1 for all simulated cases (4 values of Uyw and 7 values
of Dyw), but it becomes somewhat less accurate for lower
molecular fractions. The accuracy in the low fy, regime can
be improved with a simple modification: replacing x in Equa-
tion (6)) with x/g'/*. This change provides a more accurate fit
for the range 1073 < fu, < 0.1, but is less accurate than the
above approximation for fy, > 0.1. Given that for modeling
star formation the range fi;, > 0.1 is most relevant, we use the
unmodified form of our fit as the fiducial approximation.
Neither form of this fit describes the equilibrium H, abun-
dance (fy1, ~ 107 — 107®) in the Warm Interstellar Medium.
Such a small abundance is, of course, not relevant to star for-
mation.

4. THE KENNICUTT-SCHMIDT RELATION AND ITS DEPENDENCE
ON THE DUST-TO-GAS RATIO AND THE FUV FLUX

The physics of the transition from atomic to molecular
phase, discussed in the previous section, controls which local
regions within the interstellar medium of simulated galaxies
have high-molecular fraction and, hence, become the sites of
star formation. Although the local rate of star formation in
these regions is sensitive to the parameters of the H, forma-
tion model and star formation recipe, the global star forma-
tion rate surface density on larger, kiloparsec scales depends
on the density and UV flux distribution within larger scales
that are modeled self-consistently in the simulations. There-
fore, once we fix the parameters of the model controlling the
chemistry and star formation on small scales, we can exam-
ine the predicted KS relation between the surface densities of
various gas phases and the surface density of star formation
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FiG. 3.— Average atomic-to-molecular gas transition as a function of the fac-
torized variable x (Equation (7)) for all our test simulations (as distinguished
by colors and line styles). The top panel shows the linear scaling of the y axis
(most relevant for modeling star formation) while the bottom panel shows the
y axis in log. Black squares show the approximation from Equation (6).

averaged on large scale.

Observationally, only the surface densities of atomic and
molecular gas are directly measured and included in the es-
timate of the “total” surface gas density, Xy. However, as
we demonstrate below, the ionized gas may contribute signif-
icantly to the total gas surface density under some conditions.
Therefore, we deliberately avoid using the ambiguous nota-
tion Xy and instead use the following notation explicitly indi-
cating the components that are included in the surface density:

ZHI+HI+H, = ZHDO + ZHI + ZH,,

for the total surface density, including both neutral and ion-
ized gas, and
ZHI+H, = ZHI + ZH,,

for the surface density, including only neutral atomic and
molecular gas. Note that we follow the observational prac-
tice and do not include contribution of helium in the above
gas surface densities. We emphasize again that in observa-
tional work the total gas density is commonly identified with
this second quantity, Xy = Xy 14H, .

As we mentioned in the previous section, this distinction
is unnecessary for studying the atomic-to-molecular gas tran-
sition on small scales, because the fraction of ionized gas is
always small at densities at which the molecular fraction is
significant. In other words, high- fy, regions are always sur-
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Fic. 4— Average relation between Zgpr and the fotal surface density of gas
(atomic, molecular, and ionized) for 9 different representative combinations
of dust-to-gas ratio and the interstellar FUV flux (colored lines). The long-
dashed line is the best fit relation of |Kennicutt| (1998) for z ~ 0 galaxies. The
gray shaded area shows the KS relation for the local dwarf and normal spiral
galaxies measured by the THINGS project (Bigiel et al.||2008).

rounded by neutral atomic envelopes containing little ionized
gas. However, regions of a kiloparsec scale can contain a
mix of different ISM phases: from low-density ionized gas to
high-density, molecular regions. In fact, diffuse ionized ISM
gas is ubiquitous in nearby ;{galaxies (e.g.,Hoopes & Walter-
bos|2003). The warm (~ 10* K) diffuse ionized gas is present
both inside the disk and at large distances (up to ~ 2 — 4 kpc)
from the midplane both in the Milky Way (Reynolds||1989}
1991; |Gaensler et al.|[2008) and other nearby galaxies (e.g.,
Hoopes et al.|[1999; |Collins et al.|[2000; Rossa & Dettmar
2003, see|Haffner et al.| 2009 for review). This ionized gas can
be a significant fraction of the total gas density. In the Milky
Way, for example, the warm ionized gas accounts for ~ 25%
of the total hydrogen column density of the disk (Reynolds
1991; Haffner et al.[2009). One has to keep in mind the pos-
sible presence of such gas in theoretical interpretations of the
KS relation.

For comparison with observations, the star formation rate
in the simulations is averaged over 20 Myr and the gas and
SFR surface densities are averaged on the scale of 500 pc.
This specific choice is similar to the averaging spatial scale
and star formation indicator used in the THINGS measure-
ments (Salim et al.|2007; Bigiel et al.|2008). We tested the
sensitivity of the predicted KS relation to the specific choice
of the averaging temporal and spatial scales; such a compari-
son is presented in the Appendix (see Figure[T4). Overall, the
KS relation is robust to changes of spatial and temporal aver-
aging scales with the range 0.5 — 2.0kpc and 20 — 100 My,
respectively. Some modest trends are observed, but these are
in general agreement with observations.

We compute the surface densities averaged over 500 pc
scale by identifying cells in the AMR hierarchy that are close
to this scale, and using density in such cells, p, to compute
surface densities as ¥ = pAx, where Ax is the size of the



cells. Although this is an approximate calculation of the sur-
face density, it is not very far from the calculation, because the
scale of 500 pc is close to the thickness of the typical disks in
the simulations. This is approximately analogous to the obser-
vational studies, which typically correct the observed surface
densities for the inclination angle.

In the rest of this section we use all 500 pc cells in the com-
putational domain. However, since we only use cells with
non-zero star formation rate, and, by construction, star for-
mation in our simulations only occurs in the molecular gas
(Equation [2), only 500 pc cells that contain sections of galac-
tic disks are shown in the subsequent figures.

In Figure[z_f]we show the average relation between Zgpg and
the fotal surface density of gas (atomic, molecular, and ion-
ized), Zur+an+n,, for nine different representative combina-
tions of dust-to-gas ratio and the interstellar FUV flux Dyw
and Upw. We chose to average surface density of gas in bins
of Xgpr (so that the Zgpr - Xy relation is easily visible), and
we verified that averaging Xgpr in bins of Xy n+n, leads to
similar results.

As could be expected, both the dust-to-gas ratio Dyw
and the UV flux Uyw affect the relation significantly by af-
fecting the atomic-to-molecular transition and the fraction
of neutral gas in the ISM patches. Notably, the predicted
YsrR — ZHI1+HI+H, Telation does not agree with observations
for any combination of Upw and Dywy .

However, as we emphasized above, observational measure-
ments often do not account for the contribution of ionized gas
to surface density. We therefore present a separate predic-
tion for the KS relation for the neutral gas only in Figure 3]
for a representative subset of our test simulations. This figure
demonstrates that the predicted Xgpr — X 1+n, relation for the
parameter values representative of local galaxies (Dyw ~ 1
and any value of Upw) is in good agreement with both the
older measurement of [Kennicutt (1998) and with the recent
measurements by The HI Nearby Galaxy Survey (THINGS)
(Bigiel et al.|2008). In particular, our model approximately
reproduces the rapid decrease of the SFR and increase of
the scatter at Ty, < 10 Mgpc™ and the change in the
slope of the star formation rate vs gas surface density from
ZSFR o ZII‘I‘(}+H7 to ZSFR oC ZII{ILI‘JrHo at 2HI+H2 ~ 102 M@ pCiz.
The model also reproduces the observed scatter of the KS re-
lation reasonably well (we explore the scatter in this relation
as a function of metallicity, UV flux, and scale in a separate
study |[Feldmann et al.|2010).

A qualitatively similar trend of the KS relation with metal-
licity was recently predicted by |Krumholz et al.| (2009c)) us-
ing a model of atomic to molecular transition in molecular
complexes based on the Wolfire et al.| (2003a)) semi-analytic
model of atomic ISM (see also McKee & Krumholz 2009)).
Their model predicts significant steepening of the KS relation
below gas surface density of y < 10/cZ Mg pc2, where Z
is the metallicity of the gas in the units of Z; and c is the
ISM clumping factor. The latter reflects the difference be-
tween the surface density of the ISM averaged on some scale
> 100 pc and the surface density of individual giant molecu-
lar complexes on the scale of 100 pc. For averaging scales of
500 pc used in our calculations the clumping factor should be
¢ ~ 2 =5 (Krumholz et al.|[2009c). The model thus predicts
the steepening of the KS relation at surface densities values
are considerably lower than the transition surface density of
Tu ~ 50 — 100 Mg pc=2 for low metallicity seen in Figure
It is not entirely clear what the source of this difference is.
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The KS relations shown in Fig. {f] and [5] can be accurately
described by a simple fitting formula. Since stars only form
in molecular gas, the star formation rate surface density is
proportional to the surface density of molecular gas,

1
ZsFR = —2ZH,»
TSF

where TgF is the time scale for star formation (that may itself
depend on the molecular gas surface density). If the neutral
gas surface density Xy 1., is used as an argument, the reduced
star formation rate at low gas surface density needs to be taken
into account,

YR = Lﬂzz, (10)

TsF (1 +Z¢/ZH1+H,)

where X, is the characteristic surface density of neutral gas
at which the relation steepens. At large gas surface densities
(i.e., Zc < Zy1+n,) We have:

1
Zser ® — (CHm — Zp) (11)
TSF

where X7, is the saturation value of HI surface density, i.e.
the maximum Xy reached by gas as its total surface density
increases to large values. Note that comparison of this equa-
tion with the formula of Equation[I0]shows that

HI
X = 5

FigureE]demonstrates that, while the dust-to-gas ratio Dyw
plays the dominant role in controlling the turnover in the
YsFR — ZH1+H, relation at low surface densities for Dyw 2 0.1,
this is no longer the case at lower dust-to-gas ratios. Figure
[6] shows the dependence of the characteristic “threshold” sur-
face density X. on Uyw and Dyw for the full suite of our
models. At Dyw < 0.1, Z, changes by an order of magnitude
for Umw changing by three orders of magnitude between 0.1
and 100. Thus, although dependence of the KS relation on
the FUV flux for higher dust content systems is expected to
be weak, it can be stronger for dwarf galaxies at z ~ 0 and in
high-z galaxies with low dust-to-gas ratios.

The dependence of the HI saturation surface density on our
two main parameters can be understood qualitatively if we as-
sume that the density distribution in the ISM is approximately
self-similar. Let us consider a large-scale region over which
we measure the total hydrogen surface density XyriHm-H,-
Within this region the total hydrogen density has some den-
sity probability function (defined as a fraction of surface den-
sity contributed by the gas with the density between ny and
ny + dny), which in general depends on Xy 1 H11+H,,

dZyian+H, = ¢(nH, ZH1+HI+H, )dNH.

If the density distribution is approximately self-similar, a re-
gion with a higher surface density will have more dense gas,
ie.

¢y, ZHi+HI+H,) = Y(E),
where & = ny/Zx1Hn+n, and

fo Y(é)dé = 1.

The atomic hydrogen surface density is then simply

Zlef(; fHI¢dnH=2HI+HII+H2j(; Sa(§)dé.
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Fic. 5.— Average KS relations for the neutral gas (atomic and molecular) predicted in models with different representative values for the dust-to-gas ratio (left
panel) and the interstellar FUV radiation flux (right panel) are shown as colored lines. Dotted, short-dashed, and solid lines show the relation between Xgrr and
2ZHI, ZH,, and Zy14H, individually. The shaded blue band on the left panel shows the rms scatter for the Dyw = Umw = 1 model. The observed relations
(long-dashed line and gray band) are the same as in Fig. El

atomic-to-molecular transition is a rather steep function of the
gas density, the integral can be approximated as

1

SHIR W (fHInHl»[/)|HI—>H2 Ax

1
= A3/7 o HI-H, U(éni-n,/2)Ax,
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Fig. 6.— Characteristic threshold surface density X. as a function of two
main parameters Dyw and Uypw for all our test simulations. Cases with
Dyw < 0.01 are not shown, as in our simulations gas at such low values of
the dust-to-gas ratio never becomes fully molecular on 500 pc scale (and,
thus, £grr cannot be determined). The solid lines show the fitting formula of

Equation (T4).

If we assume that most of the atomic hydrogen mass is
at densities near the atomic-to-molecular transition density
nui-nH, (Which is the case in our simulations), then we can
use our parametrization from Equation (6) a function of fac-
torized variable x (Equation (7)), so that

ny dx
2
ZurH+n, A7

dé =

and

1 00
ZHi = i Im Sunay(E)dx.

The last integral cannot be taken exactly, but given that the

where Ax ~ 1 is the width of the atomic-to-molecular tran-
sition (fur = fu, = 0.5) in the variable x, which should be
essentially independent of any physical parameter.

The saturation HI surface density X7, is obtained from
Equation (I2) in the limit of Xy amen, — 0, in which case
the argument of  in Equation (I2)) can be replaced with zero,
and we finally obtain °

4/7
MHISH, ) A

1301 ~ ¥(0) 2A3/7

13
Durw 13)

We find that this scaling works well in our simulations, except
in the limit of large Dyw and large Uy, when the density of
the ionized-to-atomic transition is not negligible compared to
the density of the atomic-to-molecular transition. As a con-
sequence, the contribution of the ionized gas is not negligible
compared to the atomic gas, which leads to a decrease of X7,
compared to the value predicted by Equation (I3). In the ex-
treme case we consider (Dyw = 1, Uyw = 100) the saturation
HII surface density is 3-4 times higher than the saturation H1

5 Note, that, for a general self-similar distribution, the contribution to the
surface density AY; from the lowest density gas with n < n; is expected to be
linear on the gas density limit n;, A%; « n; (since there are no small character-
istic density values to provide scaling for a non-trivial density dependence).
Since

1
AZ; = ZHI+HIIH, fo, Y()dé ~ Ty nn, ¥(0)6 = y(O)ny,

generically (0) should be non-zero.
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(and, thus, £gpr cannot be measured).

surface density.

The following simple fitting formula corrects for this defi-
ciency and provides a good fit for the characteristic “thresh-
old” surface density, X, in all test cases we consider,

AY7 1
T, =20 My pc? . (14)

Dyww 1’1 + UMWDIZ\/IW

The accuracy of this fitting formula is demonstrated in Fig-
ures[6and[7} For very low values of Dyw < 0.01 the fit is not
very accurate. This is most likely due to the limited volume
of our simulations: at such low dust-to-gas ratios the atomic-
to-molecular transition shifts to extremely high gas densities,
ny ~ 10* cm™3, and our simulations lack 500 pc sized regions
that would be dominated by such dense gas. Large volume
simulations containing substantially more massive galaxies
will be need to test the accuracy of the fitting formula (T4)
in this regime.

Finally, we have checked that our results are not particularly
sensitive to the specific choice of the fiducial parameters esp
and ngr. While the fiducial values provide the best fit to the
median values of THINGS measurements (Bigiel et al.|2008)),
a substantial variation in the adopted values for these param-
eters has only mild effect on our results, as we demonstrate in
Figure[8]

5. STAR FORMATION RECIPES
5.1. Recipe for galaxy formation simulations

In § 3] we have shown that atomic to molecular transition
density can be well fit by fitting functions as a function of
dust-to-gas ratio and FUV flux (e.g., Equation (G)). These
fitting functions are an approximation to the average depen-
dence of the molecular fraction on the total hydrogen density.
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Fic. 8.— Dependence of the KS relation for the neutral gas (atomic and
molecular) on the parameters of the star formation recipe @) The long-
dashed line is the best fit relation of Kennicutt| (1998) for z ~ 0 galaxies. The
gray shaded area shows the KS relation for the local dwarf and normal spiral
galaxies measured by the THINGS project (Bigiel et al.||2008).
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Fi. 9.— Comparison of the KS relation for the neutral gas (atomic and
molecular) for the full simulations and test runs which used Equation @ to
estimate the molecular fraction in the gas for a representative subset of values
for Dyw and Upnpw

The scatter in this relation around the mean may be important
for particular observational measurements of the molecular
abundance in the ISM. However, it is interesting to ask the
question of whether we can reproduce results of our full sim-
ulations by using the fit for molecular fraction given by Equa-
tion (6) in star formation recipe of Equation (Z)), instead of the
true fy, calculated using our full chemistry model. The results
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of such tests are shown in Figure [9] which demonstrates that
using the fit to fi,(ng) gives results closely matching results
of the full calculations.

This means that the approximation of Equation (6) can
be used to implement the H,-based star formation recipe
in galaxy formation simulations that do not follow the full
molecular chemistry, provided that the resolution of the sim-
ulations is sufficiently high (~ 100 pc) and that the values for
the parameters Dyw and Uyw could be estimated or assumed.
The dust-to-gas ratio, Dyw can be estimated using local gas
metallicity Z. Although the observed relation between Dyw
and Z has a substantial scatter, on average the dust-to-gas ra-
tio appears to be directly proportional to the gas metallicity,
Z
Zo
both for normal galaxies (Inoue| 2003 [Draine et al. [2007;
Calura et al[2008) and in low metallicity dwarfs (Lisenfeld
& Ferraral/1998} [Hirashita)|1999; |Calura et al.|[2008; Madden
2008). Such a simple relation is, necessarily, a crude approxi-
mation, since not only the abundance, but even the properties
of dust are known to be different in different galaxies.

Relating the local FUV flux Upyw is trickier, but sensible
estimates can be made using the local SFR rate averaged on
a certain scale, as was done for example by |[Robertson &
Kravtsov|(2008). Given the steepness of the atomic to molec-
ular transition, the H,-based star formation recipe amounts to
the metallicity and FUV flux dependent density threshold for
star formation.

Dyw =

5.2. Star formation recipe for semi-analytic models

The dependence of the KS relation on the dust-to-gas ra-
tio and the FUV flux in our test simulations described in §4]
can also be encapsulated by a simple recipe. Such a recipe
can be used in semi-analytic models, in which radial depen-
dence of gas surface density, star formation, and chemical en-
richment are modeled explicitly (e.g., Firmani & Avila-Reese
2000; KKravtsov et al.|2004; [Dutton et al.|2007).

As we discussed above, the dependence of the KS relation
on Dyw and Upw in our models is due to the dependence of
the characteristic HI surface density, X., on these variables.
We therefore parametrize the KS relation by the following fit-
ting formula,

Ssrr CH1em,)
(1+ /S, )

where X, is given by Equation and isFR(ZHI+H2) is the
star formation rate in the fully molecular gas at this surface
density. For the latter, one can adopt either the original Ken-
nicutt fit (Kennicutt||1998)):
M 5 14
o) ( HI+H, ) , ( 1 6)

kpc? yr \1 Mg pc™

or the fit to the data presented in [Bigiel et al.| (2008), similar
to the one proposed in|Krumbholz et al.|(2009b),

THI+H, | ZHI+H, Sl
800 Myr X, ’

with the values of X, ~ 200 My pc‘2 and B, =~ 1.5. Note that
neither the slope at high surface densities ), nor the charac-
teristic surface density X, at which the slope steepens are well
constrained by the current observations.

IR = (15)

Ssrrk = 2.4 % 107

Tsrrp = )

Figure[7|shows that the fitting formula for the KS relation of
Equation (I5) together with Equation (I4) reproduce the de-
pendence of the KS relation on Uyw and Dyw in simulations
remarkably well. In semi-analytic models this formula can
be used if one has some prescription for estimating Dyw and
Umw in model galaxies. As we noted in the previous sections,
these variables can be estimated approximately from the local
metallicity of the gas and local star formation rate.

6. DISCUSSION AND CONCLUSIONS

We have presented results of a phenomenological model for
formation of molecular hydrogen and have illustrated the de-
pendence of molecular fraction on the gas density, dust-to-
gas ratio, and far UV radiation flux. We have also presented
the large-scale Kennicutt-Schmidt relation arising in our sim-
ulated galaxies when the local star formation is based on the
density of molecular (rather than total) gas. Such approach al-
lows us to avoid arbitrary density and temperature thresholds
typically used in star formation recipes. Our results show that
both the molecular fraction and the KS relation are sensitive
to the dust-to-gas ratio and the FUV flux, although the sen-
sitivity of the KS relation to the dust-to-gas ratio is stronger
than to the FUV flux.

We parametrize the dependencies observed in our simula-
tions by fitting formulae (§ [3] and [), which can be used to
approximately account for H, formation and H,-based star
formation in simulations, which do not include a full H, for-
mation model and radiative transfer (see § [5.1). We demon-
strate that our fitting formulae, when applied to realistic sim-
ulations, produce results that are close to those obtained in
simulations with the full H, formation model and radiative
transfer (Figure [9).

We also provide fitting formulae for the dust-to-gas and
the FUV radiation flux dependence of the KS relation that
can be used in the semi-analytic models of galaxy formation
(§[5.2). One recent example of a model where such depen-
dencies can be relevant is the study of Dutton et al.| (2009).
The results of that study indicate that the redshift evolution
of SFR-M., relation of galaxies depends on the evolution of
the relation between stellar and molecular masses. [Dutton
et al.| (2009) find that, in their model, the effective surface
density of atomic hydrogen is y; ~ 10 Mg yr~! and does
not evolve with redshift. Our results, however, indicate that
>y should increase with increasing redshift, as metallicities
(and, hence, the dust abundance) of galaxies decrease and
their FUV fluxes increase. Conversely, the M, — My, and SFR-
M. relations should evolve differently if their expected depen-
dence on the dust-to-gas ratio and the FUV flux is taken into
account. Given that at lower metallicities (and, hence, the dust
abundance) we expect smaller star formation rate for the same
amount and spatial distribution of neutral gas, the trends de-
scribed in this paper may potentially explain why the model
of Dutton et al.|(2009) overpredicts the specific star formation
rate (SSFR = SFR/M.) of small-mass galaxies at z > 3.

One of the most interesting results of our simulations is that
significant amounts of ionized gas can be present around high
redshift gaseous disks. This ionized gas is akin to the diffuse
ionized gas observed in local galaxies (e.g.,|Hoopes & Walter-
bos|2003; \Haftner et al.|2009) and the Milky Way (Reynolds
1989, (1991;|Gaensler et al.|2008)). Our results indicate that the
ionized gas may dominate the gas mass at low surface densi-
ties (X < 10 Mg yr~!). Furthermore, our simulations show that
ionized gas can remain a significant mass component at higher
gas surface densities in environments with low dust content



and/or high FUV fluxes (e.g., compare gas surface densities
for a given Xgpg in Figures 4] and[5). One has to keep in mind
the possible presence of significant amounts of ionized gas
in theoretical interpretations of the KS relation and observa-
tional estimates of the total gas mass. The significantly dif-
ferent KS relation in the low dust-to-gas ratio, high FUV flux
environments of high-redshift galaxies may also strongly bias
gas mass estimates that use z = O calibration of that relation
(e.g., [Erb et al.|[2006; [Mannucci et al.|2009).

As we discussed in |(Gnedin & Kravtsov| (2010), the dust-
to-gas ratio and the FUV flux dependence of the KS relation
that we observe in our simulations has a number of important
implications for galaxy evolution, such as a lower efficiency
of star formation in DLA systems, star formation confined to
the highest gas surface densities of high-z disks, and generally
longer gas consumption time scales in gaseous disks of high-
redshift galaxies. The latter can be, at least partly, responsible
for the prevalence of disk-dominated galaxies at low redshifts.
This is because low efficiency of star formation can maintain
disks gas rich until major mergers become rare. The outer,
mostly gaseous regions of high-redshift disks should be more
resistant against dynamical heating in mergers (e.g., Robert-
son et al.[2004, |2006; Springel & Hernquist|2005) and would
help maintain forming stellar disks dynamically cold during
minor mergers (Moster et al.[2009) at later epochs. Moreover,
minor mergers of forming disks should be largely gaseous,
and gas brought in by such mergers should be deposited at
large radii as it is ram pressure stripped by interaction with
the gaseous disk and/or halo around it. This should prevent
formation of large bulges, which was plaguing galaxy forma-
tion models, and instead lead to formation of more extended,
higher-angular momentum disks. This scenario is borne out
in recent galaxy formation simulations of |Agertz, Teyssier, &
Moore| (2010), who show that low efficiency of star forma-
tion at high redshifts leads to more realistic disks and smaller
bulge-to-disk ratios.

Another interesting consequence of the complex depen-
dence of the KS relation on the dust-to-gas ratio and the FUV
flux may be relevant to our own backyard. Recently, (Orban
et al.||2008) noted that star formation histories of Milky Way
satellites can only be explained by a KS relation (Equation
(T6)) with the sharp threshold if the threshold varies semi-
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randomly within a modest dispersion of about 0.1 dex. This
variation is consistent with the variation given by Equation
for the values of Dyw and Unmw typical for dwarf galax-
ies (Dyw = 0.1, Uyw = 1). Since star formation histories
of galactic satellites are known to be highly variable (Ma-
teo||1998;; |[Dolphin et al|2005), the FUV flux is expected to
vary accordingly; such variations may be responsible for the
needed variation of the threshold in the KS relation, or, more
precisely, the characteristic surface density X, from Equation

The high mass-to-light ratios (and hence low star formation
efficiencies) of the Local Group dwarf spheroidal galaxies
may also be partially explained by the environmental depen-
dence of H, abundance and, hence, star formation. Star for-
mation in such low metallicity, low dust content dwarf galax-
ies should be confined only to the highest gas surface densities
(i.e., the central regions) while leaving the bulk of the gas at
lower gas surface densities inert to star formation. This is con-
sistent with observations of local dwarf low surface brightness
galaxies which exhibit very low molecular gas fractions and
anemic star formation rates (Matthews et al. 2005} |Das et al.
20006; Boissier et al.|2008; [Wyder et al.|2009; |Roychowdhury
et al.|[2009).

The examples described above illustrate the importance of
further investigation of the effects of environmental depen-
dencies of the KS relation discussed in this paper. The results
and fitting formulae that we present should aid in implement-
ing such dependencies in both cosmological simulations and
semi-analytic models and should thus help to explore a wide
range of possible effects.

This work was supported in part by the DOE at Fermilab,
by the NSF grants AST-0507596 and AST-0708154, and by
the Kavli Institute for Cosmological Physics at the University
of Chicago through the NSF grant PHY-0551142 and an en-
dowment from the Kavli Foundation. The simulations used in
this work have been performed on the Joint Fermilab - KICP
Supercomputing Cluster, supported by grants from Fermilab,
Kavli Institute for Cosmological Physics, and the University
of Chicago. This work made extensive use of the NASA As-
trophysics Data System and arXiv.org preprint server.

APPENDIX

H; FORMATION MODEL

In this Appendix we present a complete description of the chemical reaction network of hydrogen and helium, as well as our
phenomenological model for the formation of molecular hydrogen. This model differs non-trivially from and supersedes the

previous version of this model described in|Gnedin et al.| (2009).

We follow in detail 8 species of hydrogen and helium: HI, HII, He I, He II, He III, H,, H™, and H; It is not, however, necessary
to follow electrons separately, since, in all physical regimes of interest, abundances of HJ and H™ are extremely small, so

Ne = NHM + NHeT + 2AHe 1T

Note that this equation does not include any negative terms and thus n, will always be calculated with the relative error similar

to the relative errors of ny 1, nyer, and nyey, but not larger.

We follow all other species self-consistently and separately by solving the corresponding ODEs to avoid potentially unbounded
increase of relative error in subtracting abundance of one specie from another (sometimes called “loss of precision’). For example,
if the abundance of He III would be calculated by subtracting the abundance of HeI and He II from the constant total abundance
of He, the relative error of He III can be arbitrarily large when the fraction of He III is small.

We explicitly assume that all species are advected with the same peculiar gas velocity V. In this case the equations for the

evolution of their number densities can be concisely represented as

Onj
ot

1 . . ,
— + 3Hn_,- + adivx(njﬁ’) = Ij + Mj + DJ', (A1)
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where j = HI, HII, Hel, HeII, He III, H,, H™, and H; , the divergence is taken in comoving space X and three terms on the right
hand side include reactions due to ionization balance, molecular chemistry, and dust chemistry respectively. This subdivision of
the reactions into three sets is primarily for the sake of convenience and because we use different sources for different reaction
rates. This separation is, of course, artificial - all the reactions take place together in a fluid element.

The OTVET radiative transfer solver produces the radiation field at each computational cell that is used to calculate the rates
for reactions between chemical species and radiation (including photo-ionization). We generically label these rates as TRT with
various indicies. Since the self-shielding of molecular hydrogen and shielding by dust are not included in the OTVET solver,
but are the ingredients of our empirical model, they are encapsulated into two factors, Sy, and Sp, with which we multiply the
appropriate rates. These factors are described below.

Ionization Balance

Ionization balance terms include standard processes of photo-ionization, collisional ionization, and radiative recombination,
and therefore only involve j = HI, HII, Hel, Hell, He IIl. We label all terms that include at least one of H,, H™, and H; as
“molecular chemistry”, and describe them all in the following subsection.

Tur = —nuilur — Cunenur + Runnenun,

Tun = —Tur = —Raunenuu + nuil'ur + Cuinenui,

Ther = —nheil'Her — Chetftente1 + (Dhent + Rue ey,

: (A2)
Then = —ngenlven — (Dhen + Ruet)nenten — CrenfteNtent + Mhetl et + Che1Mente1 + Rute mmenye i,

Tyem = —Ruemnenuem + nuenl'ven + CheneNpen,

Iy, = Iy=Iuw=0

Here C; are collisional ionization rates, R; are radiative recombination rates, and D; are dielectronic recombination rates. For
these rates we use highly accurate fitting formulae from Hui & Gnedin| (1997). The recombination coefficients are computed
self-consistently as a combination of case A and case B recombination, depending on the gas opacity.

The photo-ionization rates are derived from those returned by the radiative transfer solver and include the shielding by dust as

Tmi = SpIXT  [HI+y— HII),

Iger = Sply,, [Hel+y — Hell], (A3)
I'genr = Spl' [HCH+’)/—)HCHI]

Hell

In particular, we use the same factor to account for dust shielding in all three photo-ionization rates. Obviously, this is not exact,
as the dust cross-section is a function of wavelength. However, since the effect of helium on molecular chemistry inside molecular
clouds is thought to be small, helium ionization inside molecular clouds is sufficient to be treated rather approximately.

Molecular Chemistry

Molecular chemistry terms include a large set of reactions between Hj, H;, and H™ and atomic species. The full set of equations
we call “the full 8-species Model”:

Mur = Tang- + Tpnyg + 2Lenn, + 20iwnn, — kinenut — kenp-nun — ksnaunnn — kangg nan—
kasnue nut — 2ksongyy — 2k3ingg nu, — 2kaongg nuer + 2ksnunng- + 2keneny; + konp,nan+
2kgnenH2 + 2k9nH1nH2 + 2k10nH2nH2 + 2k11nHeInH2 + k14nenH— + klanInH- + kglnH;nH-+
3kaonp-nyy + kaanenu, + kaanyennu, + kasnneinnn + kagnuennin- + koonme 1ny-,

Mun = DIpnug + 20cnny — ksnninun — ksna-nun — kzng,nun — Kienu-nun — kagnyenun + kanpg i+
. koanpeunm, + kognuinuen,
Muer = —kynuunuer — koonu-nuer + koannennn, + kosnuennu, + koonpeunni + kognpe unu-,
MHe n = —koanm,nuen — kosnu, nuen — kagnuinuen — kognu-nuen + kornuunuer + koonu-npet, (A4)
Mpem = 0,
My, = —Tpnu, —Tenn, — Townn, — ksnw,nun — ksnenn, — konuiny, — kionw,nn, — kiinpeny, —

3
kazneny, — koanuennn, — kosnuenntu, + kony-nun + kanpgnun + kainag - + ksongy+
2 2 :
k31 ng iy, + k32ngHels

My; = —TIpnu; —Tenng + Dpny, — kanmingg — kenenw; — kaing-nng — kaonp-nug + ksnpinnun+
) kanp,nun + kienunnu- + kosnp, nuer,
My- = —Tany- — konuing- — ksnunnu- — kianeny- — kisnuing- — kignunng- — kaingg na-—
—kaonu;ny- — kasnpennu- — koonye - + kinenui + kaznenn,,
where
o = SpI¥T [H +y - HI+el
Is = Spl’ HJ +y — HI+HII],

—
@]
Il
%]
o
Oﬂm
3

[

[

[H} +y — 2HII + e],
Ip = SDSH2FRT [Hy +y — Hj +e], (A3)

[Hy +y — 2HI (hv > 13.6eV)],

[

H; + ¥y - 2HI (Lyman-Werner band)].

c
=
I

SpSmIT
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The rate coefficients k;-ks3; are taken from|Glover & Abel| (2008); we do not list here all these reactions for brevity. Cross sections
for photo-rates A-D are given by|Shapiro & Kang|(1987), while the cross section for the reaction E is given by|Abel et al.| (1997),
for both ortho- and para-H,. The radiative transfer in the Lyman-Werner bands FETW is treated fully self-consistently with 20,000
frequency bins, as described in Ricotti et al.| (2002).

Analogously to the previous section, we use the same Sy, factor to account for H, self-shielding for reactions D, E, and LW.
This is a crude approximation, but a more accurate treatment would introduce additional parameters that cannot yet be calibrated
with the existing limited observational measurements.

Equations (A4) can be substantially simplified if we note that in all physical regimes relevant to cosmology the abundances of
HJ and H™ are always extremely small, so that they can always be assumed to be in the kinetic equilibrium, MH; ~ My ~ 0
(T. Abel, private communication). With this assumption and neglecting reactions involving k;; and kj,, because their rates are
o Ny~ Ny where both ny- and ny; are small, expressions for the equilibrium abundances of H; and H™ can be derived in a closed
form, resulting in the following “6-species model”:

kinenur + koznengy,
ng- = :
LA + konur + ksnpu + kiane + kisnun + kiennn + kosiben + kaonpe1
I'pan, + ksnamun + ko, nan + Kienanna- + kosnp, nHen
. =
" T + T + kanpy + kente ’
Mur = Tang- +Upnyg + 20pny, + 2liwny, — kinenui — kany-nun — kanunnuy — kanpgngi—
kasnue nut — 2ksongyy — 2k3ingg nu, — 2kaongnuer + 2ksnunng- + 2keneny; + kynp,nan+
2kgnenH2 + 2k9nH1nH2 + 2k10nH2nH2 + 2k11nHelnH2 + kyan.ng- + kisnging-+
. kaznenu, + koanyennu, + kornneinun + kagnpeunn- + koonpe inu- (A6)
Mun = TIpnn; + 2lcnny — ksnminan — ksnu-nan — kyng,nnn — kienn-nun — kognyernn + kanpg i+
. kaanueunu, + kagnuingen,
Muer = —kynuunuer — koonn-npet + koannennu, + kosnuennn, + kosnennut + kosipe nnu-
Muen = —koann,nyen — kosnu, Nuen — kosNuinuen — kosnu-npen + ko7nuunner + k2ony-npets
Myem = 0,
My, = —Tpnw, - Tenn, — Tiwnm, — kynw,nan — ksnenn, — Konwing, — kionw,nu, — kiingeinm, —
kysnenn, — koannennu, — kosiuennn, + konw-nui + kanpsnun + k3ongll+
k3indy nu, + kson?; nyer.

Finally, under normal ISM conditions the ionization balance of hydrogen and helium is controlled by the radiative recombina-
tion, photo-ionization and ionization by cosmic rays. In this limit we can ignore all gas-phase molecular chemistry reactions,

M j = 0.
We dub this approximation the “minimal model”. The minimal model is often (justifiably) used in studies of local ISM (c.f.
Krumholz & McKee|2005; Pelupessy et al.|2006; Krumholz & Tan|[2007; |Glover & Mac Low|2007a.b)), but is also occasionally
applied to high-redshift or low-metallicity systems (Krumholz et al.[2009a; Pelupessy & Papadopoulos|2009). We find, however,
that the minimal model produces results that are reasonably close to the full model for Dyw 2 0.01 (for any FUV flux), but
becomes progressively less accurate for lower dust-to-gas ratios, mis-predicting the atomic-to-molecular transition as a function
of density by a factor of 2 for Dyw ~ 0.01.

In order to maintain high accuracy for the full sampled range of Dyw and Umw, all simulations presented in this paper were
performed with the 6-species model.

Dust Chemistry
In our model the only dust chemistry reaction that we include is the formation of molecular hydrogen on dust,

-Z:)Hz = DywRoCpnui(nur + 2ny;,),
Du = 2Dy, (7
Duu = Duer = Duent = Duemt = Dy- = Dy =0,

where Ry = 3.5 x 1077 cm? s~ (Wolfire et al.2008, see Equation ) and C, is the clumping factor inside molecular clouds,
which takes into account the fact that the gas is clumped on subgrid scales unresolved in our simulations (also see |Gnedin et al.
2009). The clumping factor C, is a parameter of our model, we discuss a reasonable choice for its value below, in

Heating, cooling, and thermodynamics

For the heating and cooling terms in the equation for the internal energy we include all of the terms normally included in the
simulations of first stars and in the ISM models. Specifically, the entropy equation for the gas can be written as

ds . .
T= =H -
pT— H-C,
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where H and C are heating and cooling terms,
H = 7"{191 + 7;[CMB + 7_.{Lya + 7;(H2 + 7_'{PAH + 7"(CR’
C =Cc1 + Crr + Cper + CLEa + Crr + Cox + CLgn, + CLez + Cp. (A8)

In the heating function, we include

Hp : photoionization heating due to HI, He I, and He II, using cross-sections from [Hui & Gnedin| (1997);
WCMB : Compton heating/cooling on the CMB (Hui & Gnedin/{1997);

'7-'(Ly(, : heating by Lya photons (Tozzi et al.[2000);

'HHZ : heating due to photo-dissociation of H, 'HHZ =04eV X ny, (I'p + I'e + I'tw) (Equation );
‘HPAH : photo-electric heating on PAH, implemented as in|Glover & Mac Low|(2007a);

Heg : cosmic rate heating, assuming that the cosmic rate density scales as the dust-to-gas ratio, implemented as in \Glover &
Mac Low| (2007a)).

Cooling processes include
Ca cooling due to collisional ionizations of HI, He I, and He IT (Hui & Gnedin|1997);
Crr : cooling due to radiative recombinations of HII, He II, and He III (Hui & Gnedin||1997);
CoEr : cooling due to di-electronic recombination of He III (Hui & Gnedin[1997);

C‘LE,A : line excitation cooling of HI and He Il (Hui & Gnedin|(1997);

Crr : free-free emission (Hui & Gnedin|1997);

CQX : cooling due to charge exchange reactions between H,, H™, HI and free electrons (reactions 8, 9, 10, 14, and 15 from
Glover & Abel| (2008));

C‘LE,HZ : line excitation cooling of H, (Glover & Abel|2008));

CLe : line excitation cooling of heavy elements, using|Sutherland & Dopital(1993) cooling functions for 7 > 10* K and Penston
(1970) and Dalgarno & McCray| (1972) rates in the T < 10* K regime;

Cp : cooling on dust from |Draine| (1981)).

Some of the reaction rates involving H, depend on the ortho-to-para ratio of molecular hydrogen. For this ratio and other
thermodynamic quantities (y(T"), U(T), etc) we use exact expressions computed from quantum-mechanical statistical sums (Turk
et al, 2010, in preparation).

Examples of cooling functions from our simulations are given in Figure[I0] The cooling function, in general, is not a function
of gas temperature only, but also depends on the gas metallicity Z, the energy density of the incident radiation field U,, the
number density of baryons n;, (although for n;, < 10* cm™ the dependence on the last two parameters always enters as U, /n),
and abundances of all atomic and molecular species X; = n;/n;,. Therefore, when plotted as a function of temperature, the cooling
function takes a range of values (depending on the values of other gas properties) rather than a single, unique value.

Interestingly, Figure 10| shows that the cooling rate at 7 < 10* K is dominated by cooling due to molecular hydrogen, rather
than by low ionization metal species such as OI or CII, as is commonly assumed. Molecular hydrogen cooling is often assumed
to be negligible (c.f. [Wolfire et al.|[2003b; [Stahler & Pallal2005) due to lower cooling rates (c.f.|Galli & Pallal[1998). However,
we use the updated H; cooling rates of |Glover & Abel (2008), which are considerably higher than the previous estimates. As
Figure [I0]shows, the new H, cooling rates dominate over the low ionization metal species at T < 5000 K.

Shielding Factors

The two shielding factors, Sp and Sy,, together with the clumping factor C,,, are important parameters of our empirical model.
As|Gnedin et al.| (2009) explain, we use an ansatz similar in spirit to the Sobolev approximation to estimate dust shielding:

Sp = e~ Pvwoo(nut + 2nm,) Lson (A9)
where Dyw is the dust-to-gas ratio in units of its Milky Way value (see §, oo =2x 1072 cm?, and

Lsob = p/(2IVp)). (A10)

Note that the value for oy that we use in this paper is twice lower than the one listed in |Gnedin et al.| (2009); the new value is
a commonly adopted value for this parameter for the Milky Way type dust, and provides a better quantitative fit to the existing
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Fic. 10.— Cooling functions (per hydrogen nucleus) for 3 representative values of gas metallicity Z and the FUV flux Umw. In this plot we assume
Dmw = Z/Z. Blue points show the full cooling function (including all relevant physical processes), while red points show the result of excluding H, cooling.
Black lines trace the H, cooling function from|Galli & Palla(1998) (left panel) and the standard, metal-free cooling function (right panel).

observational constraints. In addition, a factor of 2 in the denominator of the expression for Lgo, was missing in |Gnedin et al.
(2009) - this was a typo, and the correct expression was used when simulations were run.

The major change between our current model and the model of |Gnedin et al.[(2009) is in the form of the molecular hydrogen
self-shielding factor. In|Gnedin et al.| (2009) this form was modified from the commonly used formula of Draine & Bertoldi
(1996), because the FUV flux in \Gnedin et al.| (2009) was much higher than the Draine value. In our present tests, we find that
we can use either the original |Draine & Bertoldi| (1996) formula or their simpler and more approximate expression,

1, for Ny, < 104 cm™2,
Sy, = (A11)

_3/4
(NH2/10‘4cm‘2) / , for Ny, > 10 cm~2,

which we actually use for computational efficiency®.

Finally, to complete the full specification of our chemical model, we need to estimate the column density of the molecular gas,
Nu,, for the self-shielding factor given by Equation . Unfortunately, we cannot simply use the Sobolev approximation to
derive Ny, similar to the column density of dust in Equation (A9), because H, absorption is concentrated in separate absorption
lines and is sensitive to the internal velocity dispersion inside molecular clouds. These velocities are unresolved in our simula-
tions, but can greatly reduce the self-shielding of molecular gas. Dust, on the other hand, absorbs UV radiation in continuum and
is thus not affected by velocity distribution of the gas.

Therefore, we introduce the following simple ansatz for the effective column density Ny, for Equation (ATI),

Ny, = ny, L, (A12)

where L. is the velocity coherence length of the molecular hydrogen inside molecular clouds. Since we cannot deduce this
quantity from observations or other calculations, we treat it as another parameter of our model.

With the expressions for the shielding factors above, the only two parameters of our model are C,, and L.. These parameters
can only be determined by comparing the simulation results to the observational data.

Correction for Numerical Diffusion

Ideally, in a simulation with infinite spatial resolution, our model should work as designed. In practice, however, the spatial
resolution of a simulation is finite. In addition, numerical solutions of partial differential equations always contain truncation
errors. As|Gnedin et al.|(2009) show, these errors lead to a small, but non-negligible amount of numerical heating and advection
that biases the H, formation model.

% We have indeed verified that a more complex formula (Equation (37) of |Draine & Bertoldi| (1996)) produces essentially indistinguishable results from the
more approximate form of Equation
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Fig. 11.— Average atomic and molecular gas surface densities as functions of the total (neutral) hydrogen gas surface density averaged over 500 pc scale. The
left panel show three test simulations with three values of the clumping factor C,, and molecular coherence length L. Filled squares and open circles with error

bars mark the observed average atomic and molecular hydrogen surface densities at Xy, = 10, 30, and 100 Mo, pc~2 from|[Wong & Blitz|(2002b). The right panel
shows our fiducial model (L. = 0.3 pc,C, = 30) together with the rms scatter (shaded bands) around the averages. The error-bars on the observational points
now show the dispersion around the average rather than the error of the mean.

The analysis of this numerical diffusion bias and the method to correct it in our simulations is described in detail in |Gnedin
et al. (2009). Here we only list all the relevant equations for the sake of completeness.
The correction procedure consists in multiplying the densities of HI and HII and thas temperatute 7 that are returned by

the hydro solver - nﬂ?, nﬁ%, THS (and which are used as initial conditions to Equations [A 1)) by the following correction factors,
HS
HS "H1
HI HSY >
I+ QNum(nH/nHI
S
HS HII
n —
HII HS \°
I+ QNum(nH/”HH)
HS
THS

1+ Onum(T/30K)”

while simultaneously adjusting the density of molecular hydrogen to insure mass conservation. The correction factor Onym is
defined as
At 1/3
ONum = ao—cellE (1 - SD )7

where « is a numerical coefficient of the order of unity, o is the gas velocity dispersion at the cell scale, computed in each cell
(i, j, k) from its six neighbors,

1 2 2 2
2 .. _ = - - - -
Teen(ls J k) = 6 [(Viﬂ,j,k - Vi,j,k) + (Wfl,j,k - Vi,j,k) + (Vi,j+1,k - Vi,j,k) + ] ,

At and Ax are the numerical time step and the cell size (which is, in fact, different for different cells on an adaptively refined mesh

in our simulations), and the factor 1 - ./* ensures that the numerical correction becomes non-trivial only when the dust shielding
is strong (S p < 1, i.e., inside molecular clouds). This last factor was not included in the numerical correction formula of |(Gnedin
et al.| (2009); in this paper we find that we can reduce the numerical correction by that factor without noticeably biasing the H,
formation model.

This form for the numerical correction is rather insensitive to the specific choice of the coefficient a: varying a from 0.5 to
2 changes atomic hydrogen fractions inside molecular clouds and star formation rates by less than their natural scatter. We use
a =1 as the fiducial value.

Calibration

As the primary data sets used to calibrate the model, we use the measurements of atomic and molecular gas surface densities
in nearby spirals from [Wong & Blitz| (2002b) and measurements of gas fractions along the lines of sight to individual stars for
atomic (Goldsmith & Li[2005) and molecular gas in the Milky Way and Magellanic Clouds (Tumlinson et al.[2002;|Gillmon et al.
2006; Wolfire et al.[[2008)).

We calibrate the two parameters of the model: the clumping factor C, and the molecular coherence length L.. We find, however,
that there is no unique best-fit set of parameters. Instead, any combination of these two parameters that satisfy the constraint

L.C,~10pc
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Fic. 12.— Atomic (bottom) and molecular (top) gas fractions as functions of the total (neutral) hydrogen gas column density along individual lines of sight
through the galactic disks. Colored points shows our fiducial test simulation (L, = 0.3 pc, C,, = 30), while black points show observational measurements. The
left panel shows the (Dpyw = 1, Umw = 1) simulation case and the observational measurements of molecular fractions in the Milky Way galaxy from |Gillmon
et al.[(2000) (filled triangles) and [Wolfire et al.| (2008) (filled squares) and atomic fractions measurements from Goldsmith & Li|(2005). The right panel shows
(Dmw = 0.3, Umw = 10) (blue points) and (Dyw = 0.1, Umw = 100) (red points) simulation cases that should bracket possible values of these parameters for
Magellanic Clouds. Filled squares and triangles on the top panel show the measurements for LMC and SMC molecular fractions respectively (Tumlinson et al.
2002). On the bottom panel the measurements are for SMC (Leroy et al.|2007), to be compared with red points.

provides an acceptable fit to the observational constraints. As an example, we show on the left panel of Figure[TT]fits to the[Wong
& Blitz|(2002b) measurements (averaged over all galaxies they observed) for three combinations of the parameters L. and C,,. In
general, higher clumping factors result in the lower atomic contents at high surface densities, but the trend is too weak to be of
any statistically significant constraining power.

As a fiducial set of parameters we choose the combination L, = 0.3 pc and C, = 30. This choice provides a marginally better
overall fit to the observations, and is also consistent with estimates of the gas clumping factor deep inside molecular clouds
(McKee & Ostriker|2007). The fiducial value of C,, is somewhat larger than the estimates of the clumping factor from numerical

simulations of turbulent molecular clouds, C, = ealznﬂ, where o, = 1 - 1.5 is the dispersion of the lognormal density distribution
inside the clouds. However, the value of C, = 10, which was used in [Gnedin et al.| (2009) and is more consistent with the
numerical simulations of turbulent molecular clouds would provide an almost equally good to the existing observations, if it is
used with L. ~ 1 pc.

Dependence on Numerical Resolution

Any sub-cell model would be of limited value, if it was only applicable to a narrow range of numerical resolutions. In order
to test the range of spatial resolutions over which our model performs robustly, we have re-run a subset of our test simulations,
varying the maximum allowed level of refinement between 6 and 10, compared to our fiducial value of 9 (cell size of Ax = 65 pc
at z = 3 in physical units).

The results of these tests are shown in Figure[I3|for the atomic-to-molecular transition and the KS relation. In order to perform
a genuine resolution test, in each run with different resolution we only show cells that are refined to the lowest allowed level. For
example, in the run with the maximum level 10, we only show cells from level 10, so that level 9 cells, which are also present
in that test run, do not contaminate Fig.[I3] Of course, in realistic simulations cells from all levels that contain molecular gas
are going to contribute to the f, — ny relation, so Fig. [[3]actually exaggerates the effect of changing resolution. At resolutions
Ax < 260 pc our model performs robustly down to the smallest scales we are able to probe (Ax ~ 30 pc). At coarser resolution of
Ax = 520 pc small molecular clouds in low density gas are not captured properly, resulting in a sharper fall-off in the KS relation
at low values of Xy 1.n,. In addition, the Sobolev-like approximation for the dust column density (Equation (@) overestimates
the column density significantly, which results in the atomic-to-molecular transition shifting towards lower density gas (especially
for low dust-to-gas ratio and high FUV flux). We conclude, therefore, that spatial resolution of at least 250 pc is required for our
model to work robustly.

Dependence on Averaging Scales

The exact value of the star formation rate surface density and the gas surface density in principle can depend on the specific
choices for the spatial and temporal scales over which Xy and Xgpr are averaged. Observational studies (Kennicutt||1998} |Salim
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representative cases (Dyvw, Umw) = (1, 1), (Dmw, Umw) = (0.1, 100), and (Dmw, Umw) = (0.01, 100), while only the first case (Milky Way like parameters) is
shown on the right panel for the sake of clarity (the other two cases show similar behavior). The value of the cell size Ax on the highest resolved level is shown
for each line. Black squares on the left panel trace the approximate fit @ Note that we ran only one case (Milky Way like parameters) with the highest resolution
(32 pc) because of computational expense.
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Fig. 14— Dependence of the KS relation on the spatial and temporal scales over which the star formation rate is averaged, for two representative sets of
parameters: Upyw = 1, Dpyw = 1 (left panel) and Upyw = 100, Dvw = 0.1 (right panel). Line types and colors show averaging over spatial scales from 500 pc to
2 kpc and over time period from 20 Myr to 100 Myr.

et al|2007; Bigiel et al|2008) often use a combination of star formation estimators that correspond to different temporal scales.
Therefore, the best approach would be to model the observational methodology exactly, but this is not feasible in practice. In this
paper we adopt a simplified procedure, and select the fixed values for both the temporal At and spatial Al averaging scales. The
sensitivity of our results to the exact choice for these two scales is shown in Figure[T4] In general, the KS relations measured in
the simulations are robust for Az < 30 Myr and Al < 1kpc. For larger spatial and temporal scales modest trends are observed.
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Several processes can contribute to such trends. For example, if the star formation at low surface densities is intermittent on the
time scale of the averaging (i.e. stars form only during episodes of duration comparable to the averaging time period), the average
Ysrr can depend on the time period used for averaging. This may explain the weak trend at low Xy with Az. Such trend is also
consistent with observations (e.g., Boissier et al.[2007), which show that star formation derived from the UV flux is more spatially
extended compared to the star formation derived from H,, which corresponds to time period of ~ 107 years. Overall, our results
are quite robust to changes of spatial and temporal averaging scales within the range of values used in observations. This relative
insensitivity of the KS relation (besides the weak trends mentioned above) is in general agreement with observations, which
indicate broadly consistent KS relations derived using different star formation indicators and a wide range of spatial averaging

scales (e.g.,|[Kennicutt et al.[2007; Bigiel et al.|2008)).
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