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Schmidt-Kennicutt relation at z=0 and at z=3…



the challenge of proper treatment of star formation 
in cosmological simulations of galaxy formation

Ideally need resolution element in star forming regions of (at least) ~1-10 pc 
(i.e., >106 dynamic range in a box of 10 Mpc). Why? Molecular clouds form on 
these scales. The scale-height of cold gas disk in the MW is ~100 pc 

dark matter distribution around a forming object at z=7 and z=4,
which turns into a MW-sized object at z=0 (Kravtsov & Gnedin, O. 2005) 

~1 ~1 comovingcomoving MpcMpc ~1 ~1 comovingcomoving MpcMpc



cosmological simulations of  galaxy formation

Adaptive Refinement Tree (ART) code
(Eulerian shock-capturing AMR hydro)
Kravtsov ’99, Kravtsov et al. 2002

N-body dynamics of DM and stellar particles

supernovae feedback (thermal) and metal 
enrichment, stellar mass loss

radiative cooling and heating: Compton, 
UV background heating, density and metallicity 
dependent net cooling/heating equilibrium rates 
taking into account atomic line and molecular 
processes (cooling rates down to 10 K)

approximate 3D radiative transfer using the 
optically thin Eddington tensor (OTVET) 
approximation (Gnedin & Abel 2001)

peak spatial resolution ~20-50 pc (physical,
slowly changes with redshift)

z=3z=3
projected gas densityprojected gas density
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temperature-density diagram:
main phases of the ISM in simulated galaxies

hot, low-density gas
heated by shocks and 

SNe
warm

atomic gas
(formerly known as

“cold” phase)

Cold neutral
molecular 

gas

MultiMulti--phase ISM in simulated galaxiesphase ISM in simulated galaxies

HII regions

GnedinGnedin, N., , N., 
TassisTassis, , 
KravtsovKravtsov
2009, 2009, ApJApJ 697, 55697, 55



Thermal phases of the ISM:Thermal phases of the ISM:
gas temperature PDFgas temperature PDF

massive galaxymassive galaxy intermediate galaxy (M33)intermediate galaxy (M33) dwarf galaxy (DDO154)dwarf galaxy (DDO154)
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[Robertson & [Robertson & KravtsovKravtsov 2008 2008 ApJApJ 860, 1083 ]860, 1083 ]

controlled simulations of realistic galaxies controlled simulations of realistic galaxies 
(designed to match specific local galaxies)  (designed to match specific local galaxies)  



[Robertson & [Robertson & KravtsovKravtsov 2008 2008 ApJApJ 860, 1083 ]860, 1083 ]

Thermal phases and the density PDF of the ISMThermal phases and the density PDF of the ISM

massive galaxymassive galaxy intermediate galaxyintermediate galaxy

molecular, star forming gas molecular, star forming gas 

thermodynamics (i.e., balance of heating and cooling) thermodynamics (i.e., balance of heating and cooling) 
of ISM clearly affects its density distribution of ISM clearly affects its density distribution 
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A bit of JPG scienceA bit of JPG science……

Robertson & Kravtsov 2008

Kravtsov 2003; Wada & Norman 2007
Tasker & Bryan 2006

density PDF depends density PDF depends 
on gas surface densityon gas surface density



[[KravtsovKravtsov 2003; Wada & Norman 2007; 2003; Wada & Norman 2007; TaskerTasker & Bryan 2006;& Bryan 2006;
Robertson & Robertson & KravtsovKravtsov 2008 2008 ApJApJ 860, 1083 ]860, 1083 ]

Thermal phases and the density PDF of the ISMThermal phases and the density PDF of the ISM

massive galaxymassive galaxy intermediate galaxyintermediate galaxy dwarf galaxydwarf galaxy

molecular, star forming gas molecular, star forming gas 

BOTH thermodynamics AND dynamics of the ISM BOTH thermodynamics AND dynamics of the ISM 
affect its density distribution affect its density distribution 
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“on the fly” treatment of H2

peak spatial resolution in the disk ~20-50pc

H2 formation of dust grains/destruction by UV 
with a model for approximate self-shielding, 
assuming dust-to-gas ratio scales linearly with
metallicity of the gas

see see GnedinGnedin, N., , N., TassisTassis, , KravtsovKravtsov
2009, 2009, ApJApJ 697, 55 for details (or ask me)697, 55 for details (or ask me)

blueblue = HI= HI

ffH2H2 > 0.5> 0.5
red = molecular gas
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GnedinGnedin, N., , N., TassisTassis, , KravtsovKravtsov 2009, 2009, ApJApJ 697, 55;697, 55;
see also see also SchayeSchaye 2001; 2001; KrumholzKrumholz, McKee & , McKee & TumlinsonTumlinson 20092009
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Molecular fraction as a functionMolecular fraction as a function
of gas column densityof gas column density

Strong trends with metallicity (dust content)

the 3D number density corresponding to the 3D number density corresponding to 
this transition can be parameterized as  this transition can be parameterized as  



H2-based star formation in cosmological 
simulations of  galaxy formation

Star formation only in the cells with dense, 
cold, high-fH2 gas + feedback

see see GnedinGnedin, N., , N., TassisTassis, , KravtsovKravtsov
2009, 2009, ApJApJ 697, 55 for details697, 55 for details

blueblue = HI= HI

ffH2H2 > 0.5> 0.5
red = molecular gas
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comparison with observations at z~3comparison with observations at z~3

GnedinGnedin & & KravtsovKravtsov 2009, in prep. 2009, in prep. 

galaxy formation simulations with selfgalaxy formation simulations with self--consistent consistent 
evolution of evolution of metallicitymetallicity, dust, dust--toto--gas, UV field, gas, UV field, 

and nonand non--equilibrium H2 formationequilibrium H2 formation

datadata: : ManucciManucci et al. 2009; et al. 2009; ErbErb et al. 2006; et al. 2006; PettiniPettini et al. 2001et al. 2001
colocoloredred pointspoints = galaxies in simulations = galaxies in simulations 



SchmidtSchmidt--KennicuttKennicutt relation relation 
for simulated galaxies @ z=3 for simulated galaxies @ z=3 

comparison with star formation constraints in the DLA systems comparison with star formation constraints in the DLA systems 
by Wolfe & Chen (2006)by Wolfe & Chen (2006)

surface densitiessurface densities
are measuredare measured

in 500 pc patchesin 500 pc patches

ΣΣsfrsfr--ΣΣH2H2

ΣΣsfrsfr--ΣΣHI+H2HI+H2

ΣΣsfrsfr--ΣΣHIHI

KennicuttKennicutt ‘‘98 fit98 fit

Wolfe &Chen 06Wolfe &Chen 06
upper limitsupper limits

GnedinGnedin & & KravtsovKravtsov 20092009
in prep. in prep. 

RafelskiRafelski+ 09+ 09

HI (DLA) HI (DLA) 

LBGLBG



Why z=3 SK relation is different?Why z=3 SK relation is different?
galaxies simulated to z=3 but with the dustgalaxies simulated to z=3 but with the dust--toto--gas ratio fixed to the gas ratio fixed to the 

Milky Way value and using MW interstellar UV flux Milky Way value and using MW interstellar UV flux 
GnedinGnedin & & KravtsovKravtsov 2009, in prep. 2009, in prep. 

KennicuttKennicutt 1998 fit1998 fit

BigielBigiel et al. 2008et al. 2008

surface densitiessurface densities
are measuredare measured

in 500 pc patchesin 500 pc patches

ΣΣsfrsfr--ΣΣH2H2

ΣΣsfrsfr--ΣΣHIHI



SummarySummary

both thermodynamics of gas (controlling the thermal phases) and 
large-scale instabilities are important in shaping the density PDF 
and the Schmidt-Kennicutt relation. 

fixed to reproduce local data on molecular fractions at different 
ties and column densities, simulations with new H2-based star 
formation produce populations of galaxies at z=3 with stellar masses, 
star formation rates, and metallicities in reasonable agreement with 
observations

Different (steepening at higher Σgas) Schmidt-Kennicutt relation 
is predicted for lower-metallicity, high-UV field environments of high-z 
galaxies. This can explain why dense DLA systems do not show the
expected associated UV flux, predicted by the local S-K relation 
(Wolfe & Chen 2006, Wild et al. 2007). Also, lower H2 content of DLAs
compared to the MW, given their metallicity (e.g., Noterdaeme et al. 08)


