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WMAP & Planck satellite results

(ESA  March 2013)
T ~ 2.73K black body with ~10-5 fluctuations

(WMAP9;  Hinshaw+ ’13)



Cosmic Energy Budget

ESA  March 2013

⌦⇤ ⇡ 0.68� 0.73
⌦M ⇡ 0.27� 0.32

(⌦M ,⌦⇤,⌦k) ⇡ (0.3, 0.7, 0.0)



Concordance ΛCDM model

• Successful on large-scales

• Can we understand galaxy 
formation in the context of 
ΛCDM model?
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timation method in its entirety, but it should be equally
valid.

7.3. Comparison to other results

Figure 35 compares our results from Table 3 (modeling
approach) with other measurements from galaxy surveys,
but must be interpreted with care. The UZC points may
contain excess large-scale power due to selection function
effects (Padmanabhan et al. 2000; THX02), and the an-
gular SDSS points measured from the early data release
sample are difficult to interpret because of their extremely
broad window functions. Only the SDSS, APM and angu-
lar SDSS points can be interpreted as measuring the large-
scale matter power spectrum with constant bias, since the
others have not been corrected for the red-tilting effect
of luminosity-dependent bias. The Percival et al. (2001)
2dFGRS analysis unfortunately cannot be directly plotted
in the figure because of its complicated window functions.

Figure 36 is the same as Figure 35, but restricted to a
comparison of decorrelated power spectra, those for SDSS,
2dFGRS and PSCz. Because the power spectra are decor-
related, it is fair to do “chi-by-eye” when examining this
Figure. The similarity in the bumps and wiggles between

Fig. 35.— Comparison with other galaxy power spectrum measure-
ments. Numerous caveats must be borne in mind when interpreting
this figure. Our SDSS power spectrum measurements are those from
Figure 22, corrected for the red-tilting effect of luminosity dependent
bias. The purely angular analyses of the APM survey (Efstathiou
& Moody 2001) and the SDSS (the points are from Tegmark et al.
2002 for galaxies in the magnitude range 21 < r∗ < 22 — see also
Dodelson et al. 2002) should also be free of this effect, but rep-
resent different mixtures of luminosities. The 2dFGRS points are
from the analysis of HTX02, and like the PSCz points (HTP00) and
the UZC points (THX02) have not been corrected for this effect,
whereas the Percival et al. 2dFGRS analysis should be unafflicted
by such red-tilting. The influential PD94 points (Table 1 from Pea-
cock & Dodds 1994), summarizing the state-of-the-art a decade ago,
are shown assuming IRAS bias of unity and the then fashionable
density parameter Ωm = 1.

Fig. 36.— Same as Figure 35, but restricted to a comparison
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
The similarity in the bumps and wiggles between the three power
spectra is intriguing.

Fig. 37.— Comparison of our results with other P (k) constraints.
The location of CMB, cluster, lensing and Lyα forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth τ), so requiring consistency with
SDSS constrains these cosmological parameters without assumptions
about the primordial power spectrum. This figure is for the case of a
“vanilla” flat scalar scale-invariant model with Ωm = 0.28, h = 0.72
and Ωb/Ωm = 0.16, τ = 0.17 (Spergel et al. 2003; Verde et al. 2003,
Tegmark et al. 2003b), assuming b∗ = 0.92 for the SDSS galaxies.

Tegmark+ (2004)

WMAP, Planck:

FFT

“Back-bone of structure”

(⌦M ,⌦⇤,⌦b, h,�8, ns) ⇡ (0.3, 0.7, 0.04, 0.7, 0.8, 0.96)SN Ia

simulate

（cf. パリティ 11月号記事）



Cosmic Timeline

Illiev+ ’06

What are the sources 
responsible for 

reionization & early 
chemical enrichment?

956 X. FAN

Fig. 7. – Evolution of the density of luminous quasars based on the SDSS and 2dF surveys. The
strong decline of quasar number density suggests the quasar/AGN population is not likely to
provide enough UV photons to ionize the Universe at z > 6.

Fig. 8. – The volume-averaged neutral fraction of the IGM vs. redshift using various techniques.
The dashed line shows the fiducial model of Gnedin [39] with late reionization at z = 6–7, the
solid line shows an idealized model with double reionization as described in [40], and the dotted
line illustrates the model with early reionization at z ∼ 14.

Fan+ ’08

Observations are 
rapidly approaching 
the first galaxies



Redshift Frontier

NASA



Hubble Ultra Deep Field

Deepest 
universe that 

the humankind 
have ever seen.

2003~2004

2012

Hubble Extreme 
Deep Field (XDF)

HUDF



1
9
9
6
M
N
R
A
S
.
2
8
3
.
1
3
8
8
M

1
9
9
6
M
N
R
A
S
.
2
8
3
.
1
3
8
8
M

1996

Stellar mass formed 
per unit time per unit 

volume

• 3 major uncertainties:
• dust extinction
• faint-end of LF (flux limit)
• IMF

Lilly-Madau Diagram



SFRD & UV Lum. Density

(cf., Dunlop+, Ellis+, Finkelstein+, McLure+, Oesch+, Ouchi+, Schenker+, etc.)

(Bouwens+ ’14)



Konno+’14

(∝SFR)

Mortlock+’11

Signatures of Reionization

• Lya/continuum is absorbed by HI in IGM at z>6 
• Declining fraction of LAEs (Stark+11, Ono+12, Pentericci+11,14, Schenker+12,14, Treu+13, Finkelstein+14)

• Accelerated decline at z≳7 (stronger for LAE?  Konno+14)
• QSO/GRB Lya damping wing —> Large XHI (>10% at z=6-7; Mortlock+11, Totani+14)
• Natural that no LAEs detected at z≳8?

High-z Quasar Spectrum



First Galaxy Formation  
in Atomic Cooling Halos

H2 cooling

atomic cooling

First Star Halo

~106 M⦿

~108 M⦿

Atomic Cooling Halo

Tvir ~ 104 K

First Galaxy Halo

Bryan & Norman ’98



Computational Cosmology
Self-consistent galaxy formation scenario 
from first principles (as much as possible)

z~1100

Initial conditions
z=10

z=3
Cosmological params,


Dark energy, Dark matter, 

Baryons  

(+expanding universe)

Radiative

cooling/heating,

Star formation,

 & Feedback

z=100

z=0

Gravity + Hydrodynamics



Cosmological Hydrodynamic Codes

Eulerian mesh  (e.g. Cen & Ostriker ’92; Katz+’96; KN+’01)  


AMR (adaptive mesh refinement: e.g. Enzo, RAMSES, …)


SPH  (Smoothed Particle Hydrodynamics: e.g. GADGET, GASOLINE, …)

- Eulerian mesh, PM gravity solver, shock capturing hydro

- fast; good baryonic mass res. at early times

- low final spatial resolution in high-ρ regions, but good at low-ρ regions

- Lagrangian, particle-based (both gas & dark matter)

- Tree-PM for gravity

- SPH for hydro

- fast; good spatial resolution in high-ρ region, but 


not so good in low-ρ region


- Eulerian root grid, refine as necessary

- multi-grid PM gravity solver, ZEUS hydro, PPM hydro

- high dynamic range, but slower

AMR-SPH comparison: 

O’Shea, KN+ ‘05

Moving Mesh  (e.g. AREPO)



Cosmological SPH Simulations

radiative cooling/heating (w/ metals), SF model, SN & galactic wind feedback with 
multicomponent variable velocity (MVV) model (Choi & KN ’11), self-shielding correction (KN+10)

• modified GADGET-3 SPH code (Springel ’05 + additional physics)

• Advantage over zoom-in runs:  larger statistical samples of galaxies2 Thompson, Nagamine, Jaacks, & Choi

Run Name Box Size Particle Count mdm mgas ✏ zend zend OTUV OTUV
[h�1 Mpc] DM & Gas [h�1 M�] [h�1 M�] [h�1 kpc] H2 Fiducial H2 Fiducial

N144L10 10.00 2⇥ 1443 2.01⇥ 107 4.09⇥ 106 2.77 3.00 3.00 Y Y
N500L34 33.75 2⇥ 5003 1.84⇥ 107 3.76⇥ 106 2.70 3.00 - Y -
N600L10 10.00 2⇥ 6003 2.78⇥ 105 5.65⇥ 104 0.67 6.00 - Y -

N400L10 10.00 2⇥ 4003 9.37⇥ 105 1.91⇥ 105 1.00 6.00 5.50 Y N
N400L34 33.75 2⇥ 4003 3.60⇥ 107 7.34⇥ 106 3.38 3.00 1.00 Y N
N600L100 100.00 2⇥ 6003 2.78⇥ 108 5.65⇥ 107 4.30 0.00 0.00 Y N

Table 1. Simulation parameters used in this work. The first three simulations were used to perform tests of the H2 model and resolution
study (Section 3.6). The second set of three simulations are the main production runs used to compare with previous SF models. The
quantities mdm & mgas are the particle masses of dark matter and gas particles, ✏ is the comoving gravitational softening length, and
zend is the ending redshift of each simulation. The H2 simulations (along with N144L10 Fiducial) use an optically-thick ultra-violet
threshold or ‘OTUV’ (see Section 2.3; Nagamine et al. 2010).

sion factor. Their findings suggested that H2 can be used to
infer star formation activity even in low metallicity galaxies.

Driven by these observational findings, new models have
been developed relating SFRs directly to the abundance
of H2. Some are in the form of analytic models (Fu et al.
2010; Krumholz et al. 2008, 2009; McKee & Krumholz 2010;
Krumholz et al. 2012), while others in the form of non-
equilibrium, fully time-dependent calculations (Gnedin et al.
2009; Feldmann et al. 2011; Mac Low & Glover 2012). How-
ever, many of these models have been restricted to single
isolated galaxies or cosmological zoom-in simulations of a
very small sample of galaxies due to the expensive compu-
tational cost of full cosmological simulations.

Recently, both semi-analytic and non-equilibrium H2

calculations have been implemented into full cosmological
simulations. Kuhlen et al. (2012) implemented the ana-
lytic model of Krumholz et al. (2008, 2009) and McKee &
Krumholz (2010) in the adaptive-mesh-refinement code Enzo

(Bryan & Norman 1997; O’Shea et al. 2004) to study how
H2-based star formation a↵ected dwarf galaxies at z > 4.
Both their previous model and the new H2 model were able
to reproduce many of the observational results pertaining to
the KS relation. The advantage they found within the H2

model was that it reduced the number of free parameters,
and that star formation was quenched in dwarf galaxies from
the onset without the need to artificially enhance stellar
feedback. Christensen et al. (2012) implemented the non-
equilibrium, fully time-dependent model of Gnedin et al.
(2009) into their cosmological SPH code GASOLINE (Wad-
sley et al. 2004) in order to study the e↵ects of H2-based
SF model on a dwarf galaxy down to z = 0. They found
that the inclusion of H2 resulted in a greater baryonic mass
in the disk, making it brighter, bluer, and more gas rich at
z = 0 than the same galaxy formed without the inclusion
of H2. They also found that with H2 there was more star
formation at late times.

While there are other models of star formation based on,
for example, supersonic turbulence in the ISM (e.g. McKee
& Ostriker 2007; Kritsuk & Norman 2011; Renaud et al.
2012), it is still worthwhile to explore an implementation of
H2-based SF as well, and investigate its implications. The
purpose of this paper is not to decide which process triggers
the star formation (i.e., supersonic turbulence or molecules),
as our simulations have neither the resolution nor detailed
dust physics to address the issue. In this paper, we limit

ourselves to examining the e↵ects of a new H2-based SF
model on galaxy formation, and we defer the implementation
of the turbulence-based SF model to the future.

There is another good reason to study the H2-based
SF model in cosmological simulations. Many of the earlier
works based on a CDM model have predicted very steep
faint-end of the mass/luminosity functions at high-redshift
(e.g., Nagamine et al. 2004c; Night et al. 2006; Lo Faro
et al. 2009; Finlator et al. 2011; Jaacks et al. 2012a), and
suggested that these low-mass galaxies are responsible for
reionizing the Universe at z > 6. However, the observational
estimates yield slightly shallower faint-end slopes, and if the
observational results are not a↵ected by the magnitude limit
very much the simulations need to consider processes that
would decrease the number of low-mass galaxies, especially
at high redshift. One of such candidate process is H2-based
star formation, and Jaacks et al. (2012a) for example have
speculated that the H2-based SF model may reduce the dis-
crepancy in GSMF at the low-mass end.

This paper is organized as follows. In Section 2 we dis-
cuss simulation parameters, SF models, and basic results.
Section 3 contains our findings for galaxy populations. The
results of SHMR, cosmic SFRD, GSMF, and KS relation are
presented along with resolution studies. Lastly in Section 4
we summarize our results and discuss future prospects.

2 SIMULATIONS & BASIC RESULTS

For our simulations we use a modified version of the
GADGET-3 cosmological SPH code (originally described in
Springel 2005). Our conventional code includes radiative
cooling by H, He, and metals (Choi & Nagamine 2009),
heating by a uniform UV background (UVB) of a modified
Haardt & Madau (1996) spectrum (Katz et al. 1996; Davé
et al. 1999; Faucher-Giguère et al. 2009), supernova (SN)
feedback, the Multi-component Variable Velocity (MVV)
wind model (Choi & Nagamine 2011), and a sub-resolution
model of multiphase ISM (Springel & Hernquist 2003). In
this multiphase ISM model, the high-density ISM is pictured
to be a two-phase fluid consisting of cold clouds in pres-
sure equilibrium with a hot ambient phase. Thermodynamic
forces are calculated only for the hot phase. The cold phase
on the other hand provides material for star formation, is
subject to gravity, adds inertia, and participates in mass &

c� 0000 RAS, MNRAS 000, 000–000

Fiducial:  Pressure-based SF model Schaye & Dalla Vecchia ’08
Choi & KN ’09, ’10, ’11

Thompson, KN+ ’13H2-SF model

com
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Figure 3. Star formation rate per unit area versus gas surface density in a
self-consistent simulation of a disc galaxy that quiescently forms stars. The
symbols show azimuthally averaged measurements obtained for our fiducial
choice of t⋆0 = 2.1 Gyr. The dashed inclined line gives the Kennicutt law
of equation (25), and the vertical line marks the observed cut-off of star
formation.

slope of the Schmidt law. Interestingly, the cut-off induced by the
best-fitting value of t⋆

0 also lies approximately in the right location.
It is presently unclear whether this has any profound significance,
or whether it is just a fortunate coincidence in the present simple
model. Recall that the cut-off in the model is induced by an imposed
physical density threshold ρ th for the onset of cloud formation, and
that this density is tied to the value for the star formation time-scale.

Finally, we examine how well full three-dimensional (3D) simu-
lations of spiral galaxies obey the Kennicutt law that we used to set
the star formation time-scale. In Fig. 3, we show azimuthally aver-
aged measurements obtained for our fiducial choice of t⋆

0 = 2.1 Gyr
in a compound galaxy consisting of a dark halo, and a star-forming
gaseous disc. There is good agreement with the corresponding an-
alytic curve in Fig. 2, validating the numerical implementation of
the multiphase model in our simulation code.

4 W I N D S A N D S TA R BU R S T S

4.1 Winds

As summarized above, our multiphase model leads to the establish-
ment of a physically motivated and numerically well-controlled reg-
ulation cycle for star formation in gas that has cooled and collapsed
to high baryonic overdensities. Gas contained in dark matter haloes
can thus cool and settle into rotationally supported discs where the
baryons are gradually converted into stars, at a rate consistent with
observations of local disc galaxies. In this model, the thickness and
the star formation rates of gaseous discs are regulated by supernova
feedback, which essentially provides finite pressure support to the
star-forming ISM, thereby preventing it from collapsing gravita-
tionally to exceedingly high densities, and also allowing gaseous
discs to form that are reasonably stable against axisymmetric
perturbations.

However, it is clear that the model we have outlined so far will
not be able to account for the rich phenomenology associated with

starbursts and galactic outflows, which are observed at both low
(e.g. Bland-Hawthorn 1995; Heckman et al. 1995, 2000; Lehnert &
Heckman 1996; Dahlem et al. 1997) and high redshifts (e.g. Pettini
et al. 2000, 2001; Frye, Broadhurst & Benitez 2002). This is because
our multiphase model by itself offers no obvious route for baryons to
climb out of galactic potential wells after having collapsed into them
as a result of cooling. Note that for the hybrid model of quiescent
star formation we explicitly assume that the cold clouds and the hot
surrounding medium remain tightly coupled at all times. The high
entropy gas of supernova remnants is thus trapped in potential wells
by being tied into a rapid cycle of cloud formation and evaporation.
In principle, tidal stripping of enriched gas in galaxy interactions
(Gnedin & Ostriker 1997) could lead to a transport of enriched gas
back into the low-density IGM. However, high-resolution simula-
tions of galaxy collisions (Barnes 1988; Barnes & Hernquist 1992;
Hernquist 1992, 1993) have shown that such dynamical removal of
gas from the inner regions of galaxies appears to be rather ineffi-
cient, especially for the deep potential wells expected for haloes in
CDM universes (Springel & White 1999).

On the other hand, it is becoming increasingly clear that galac-
tic winds and outflows may play a crucial role not only in chem-
ically enriching and possibly heating the IGM (Nath & Trentham
1997; Aguirre et al. 2001a,b,c; Madau, Ferrara & Rees 2001), in
polluting the IGM with dust (Aguirre 1999a,b), and in enriching
the intracluster and intragroup medium, but may also be an im-
portant mechanism in regulating star formation on galactic scales
(Scannapieco, Ferrara & Broadhurst 2000; Scannapieco &
Broadhurst 2001a,b). Since winds can reheat and transport collapsed
material from the centre of a galaxy back to its extended dark matter
halo and even beyond, they can help to reduce the overall cosmic star
formation rate to a level consistent with observational constraints.
Because radiative cooling is very efficient at high redshifts and in
small haloes (White & Rees 1978; White & Frenk 1991), numer-
ical simulations of galaxy formation typically either overproduce
stars compared with the luminosity density of the Universe, or har-
bour too much cold gas in galaxies. The self-regulated model we
present above will also suffer from this problem, because it does not
drastically alter the total amount of gas that cools. It is plausible,
however, that galactic winds may solve this ‘overcooling’ problem,
provided that they can expel sufficient quantities of gas from the cen-
tres of low-mass galaxies. Removal of such low-angular momentum
material may also help to resolve the problem of disc sizes being
too small in CDM theories (Navarro & White 1994b; Navarro &
Steinmetz 2000; Binney, Gerhard & Silk 2001). Note that semi-
analytic models of galaxy formation must also invoke feedback pro-
cesses that reheat cold gas and return to the extended galactic halo
or eject it altogether.

We are thus motivated to extend our feedback model to account
for galactic winds driven by star formation. Winds have been in-
vestigated in a number of theoretical studies (Mac Low & Ferrara
1999; Efstathiou 2000; Aguirre et al. 2001a,b,c; Madau et al. 2001;
Scannapieco et al. 2001 among others), but the mechanism by which
galactic outflows originate is not yet well understood. In the star-
forming multiphase medium, it is plausible that not all of the hot
gas in supernova remnants will remain confined to the disc by being
quickly used up to evaporate cold clouds. Instead, supernova bub-
bles close to the surface of a star-forming region may break out of a
disc and vent their hot gas into galactic haloes. As a result, a galactic-
scale wind associated with star formation may develop. Note that
this process does not necessarily require a prominent starburst, but
could be a common phenomenon even with quiescent star formation
(Efstathiou 2000). In the latter case, winds may often not be strong

C⃝ 2003 RAS, MNRAS 339, 289–311

(Yepes+ ’97)

Sub-grid Multiphase ISM model

SFR:

(nth ~ 0.1 - 1 cm-3)

(controls the normalization; or equivalently, the SF efficiency.)

Population Synthesis Model 

Chabrier IMF (~Kroupa)


[0, 100] Msun

6 metallicity 

various filters 


E(B-V)=0 ~ 1.0

For each star ptcl:

cold phasehot phase

Each SPH ptcl is pictured as a multiphase hybrid gas.

gas recycling fraction

Springel & Hernquist ’03



SF in the Reionization Epoch

Pressure-based 
SF model

PopIIIhigh-mass 
gals

low-mass 
gals

Time

Big Bang



Redshift Evolution of LF & MF@z=6-9

αM=-2.87

z=9

αM=-2.26

z=6

KN+ ’04;  Night+ ’06; 
Finlator+ ’06 
Jaacks+ ’12a,b
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z=6
αL=-2.15

Rest-frame UV LF

Log (Stellar Mass)

(3-param Schechter fits)

Rest-frame UV mag

Steep faint-end slope is a generic 
prediction of ΛCDM model

WISH-UDS

WISH-EDS & HST Galaxy Stellar Mass Fcn

JWST limit



　Okamoto+ ’14 
Shimizu+ ’14 

    Gadget-3 SPH 
w/ AGN feedback



UV LFs at z=4-8:  Obs vs. Sim

(cf., Dunlop+, Ellis+, Finkelstein+, McLure+, Oesch+, Ouchi+, Schenker+, etc.)

(Bouwens+ ’14)

Simulations DM halo MF + M/L evol.

Steepening of the faint-end slope towards high-z 
even to α≲-2



Reionization of the Universe

Jaacks, Choi & KN ‘12a

108<M★<109M★>109

M★<108

Low mass gals dominate the contrib. to the ionizing 
photons & they can maintain ionization to z~6

Munoz & Loeb ’11

Madau+ ’99



SPH implementation of H2-SF model

✤ We modify the multiphase model to 
include the H2 mass fraction.

✤ Change t* --> free-fall time of the region.

✤ SF efficiency:  εff = 0.01 
(Krumholz & Tan 2007, Lada et al. 2010).

⇢̇⇤ = (1� �)✏ff
⇢H2

t⇤

where

star 
formation

cloud 
evaporation cloud 

growth

SN

⇢c

⇢h

⇢H2

GMC 
growth

(cf. Christensen+; Gnedin+, Robertson+…..)

Thompson, KN+ ’13

t? = tff =

s
3⇡

32G⇢gas

one SPH particle



Modified Schechter Func.

# of low-mass gals is significantly reduced at Muv>-16

Future test with JWST. 

LFs with H2-SF model
Jaacks, Thompson, KN ’13

2 Jaacks, Thompson, & Nagamine

Table 1
Simulation Parameters Used in this Paper. The parameter Np is the

number of gas and dark matter particles; mDM and mgas are the particle
masses of dark matter and gas; ϵ is the comoving gravitational softening

length.

Run Box Size Np mDM mgas ϵ
(h−1Mpc) (DM,Gas) (h−1M⊙) (h−1M⊙) (h−1kpc)

N400L10 10.0 4003 9.37×105 1.91×105 1.0
N500L34 33.75 5003 1.84×107 3.76×106 2.70
N600L100 100.0 6003 2.78×108 5.65×107 4.30

initial mass function (IMF), while the H2 runs used the
Chabrier (2003) IMF for historical reasons of our work.
Galaxies are identified and grouped based on the bary-
onic density field (see Nagamine et al. 2004, for more
details).
Since the estimation of H2 mass fraction is dependent

upon metallicity, the details regarding our feedback and
enrichment models are relevant. When SF takes place,
metals are also produced with an instantaneous yield of
0.02, and thereafter tracked by the code based on a closed
box model for each gas particle (i.e., no diffusion). Our
MVV wind model is designed to account for both energy-
driven and momentum-driven winds (Choi & Nagamine
2011). Wind velocity is determined by vwind = ζvesc,

where vesc = 130(SFR)1/3
(

1+z
4

)1/2
km s−1. We adopt

the standard values of ζ = 1.5 for high-density regions
(momentum driven) and ζ = 1 for low-density regions
(energy driven), chosen by Choi & Nagamine (2011).
The mass loading factor is η = (σ0/σgal)2 for the energy-
driven case, and η = σ0/σgal for the momentum-driven
case, where σ0 = 300 km s−1 and σgal = vesc/2 is the
velocity dispersion of a galaxy. For full detail and phys-
ical justifications for this model, see Choi & Nagamine
(2011).
Our ”Fiducial” runs use the ”Pressure-SF model”

(Schaye & Dalla Vecchia 2008; Choi & Nagamine
2010), while the present work uses the H2-SF model of
Krumholz et al. (2009), implemented by Thompson et al.
(2013, hereafter H2 runs). This equilibrium analytic
model calculates the SFR based on the H2 mass density
rather than the total cold gas density, and Krumholz &
Gnedin (2011) have shown that it is in good agreement
with more computationally expensive, non-equilibrium
calculations by Gnedin et al. (2009). The details of the
implementation and the basic results of this model have
been presented by Thompson et al. (2013).
In principle our implementation of the H2-SF model of

Krumholz et al. (2009) must be similar to the previous
work by Kuhlen et al. (2012) on the most basic level.
The primary difference between the two work is in the
class of code in which it was implemented, Enzo (AMR)
versus GADGET (SPH). We will further discuss the ba-
sic differences and potential effects in Sections 3.1 and
4.

3. RESULTS

3.1. Modified Schechter Luminosity Function

We combine the results of our three runs to create a
composite LF, which covers a much wider dynamic range
than is possible with a single cosmological run. In Fig-
ure 1, we present our composite LF for z = 6, 7, 8 (red

triangles, blue circles, green squares) for the H2 run, in
comparison to the Schechter (1976) fits for our Fiducial
runs (dashed red, blue, green lines; Jaacks et al. 2012a)
with the Pressure-SF model. We also show the observed
LF fit range (gray shade; Bouwens et al. 2011). A small,
constant extinction EB−V is required to fall within the
observational range for both runs (Jaacks et al. 2012a),
although the H2 runs at z = 7 & 8 require less extinction
by ∆EB−V = 0.025 than the Fiducial runs, suggesting a
trend of decreasing EB−V with increasing redshift.
The value of EB−V is chosen to be consistent with the

value used to match the observed rest-frame UV LF in
our previous work (Jaacks et al. 2012a), and it is centered
between the following two recent observations: Bouwens
et al. (2012b) argued for little to no extinction at the
faint end of the LF at z = 6, whereas Willott et al. (2012)
found a best-fit value of AV = 0.75, which corresponds
to EB−V ∼ 0.19 assuming RV = 4.05 (Calzetti et al.
2000) at the bright end of the UV LF at z = 6. This
moderate amount of extinction is also consistent with the
estimates by Schaerer & de Barros (2010) and de Barros
et al. (2012) who included nebular emission lines in their
spectral energy distribution fits. Therefore the values
of EB−V chosen for this work are reasonably consistent
with current observations.
At Muv ! −18, both Fiducial and H2 runs show excel-

lent agreement with each other and observations. How-
ever at Muv > −18, the H2 run start to show a turn-over
of the LF, which is not present in the Fiducial LFs. This
flattening significantly reduces the number density of low
luminosity objects in the H2 run, and it occurs beyond
current observational limit of the Hubble Space Telescope
(HST ). As this population of low-luminosity galaxies is
thought to be the critical contributor to the total ioniz-
ing flux at these redshifts (Trenti et al. 2010; Salvaterra
et al. 2011; Bouwens et al. 2012a; Finkelstein et al. 2012;
Jaacks et al. 2012a), it is important to quantify this re-
duction and its implications.
To quantify the turnover point and flattening, we adopt

a modified Schechter function (hereafter Schechter+):

Φ(L) = φ∗

(

L

L∗

)α

exp

(

−
L

L∗

)

[

1 +

(

L

Lt

)β
]−1

, (1)

where φ∗, L∗ and α are the normalization, characteristic
luminosity, and faint-end slope of the standard Schechter
function. The additional parameter Lt indicates the
point at which the LF undergoes its second turn, and
β is related to the power-law slope at the lowest lumi-
nosities. Note that Φ(L) ∝ Lα−β when L ≪ Lt, and
that both α and β take negative values. A similar func-
tional form to Equation (1) was used by Loveday (1997)

(cf. Loveday+ ’97)

WISH-EDS & 
HST limit JWST limit

Kuhlen+ ’12 (AMR)
(cf. O’Shea, KN+’05:   Enzo-Gadget comparison)

WISH-UDS



Reionization of the Universe

Low mass gals dominate the contrib. to the ionizing 
photons & they can maintain ionization to z~6

H2-BASED STAR FORMATION MODEL, z ≥ 6 LUMINOSITY FUNCTION, & REIONIZTION 5

Figure 3. SFRF of simulated galaxies at z = 6, 7,&8, shown as red triangles, blue circles and green squares, respectively. The observational
estimates (Smit et al. 2012) are shown by filled cyan diamonds. Solid red, blue and green lines represent the best-fit Schechter+ functions
(Equation 2) to the simulation data.

Figure 4. SFRD obtained from the integration of SFRF for
both H2 and Fiducial runs with SFR limits of log(SFR) = −0.10
(solid/dashed red line) and log(SFR) = −1.0 (solid/dashed green
crossed line). Observations from Bouwens et al. (2012b) are rep-
resented by the black squares and recent z = 8 observations from
Oesch et al. (2012) by a blue diamond. The open black squares
and open blue diamond show the same observed points adjusted for
a Chabrier IMF. The SFRD required to maintain IGM ionization
(Equation 3) is shown by the shaded gray area for 7 ≤ C/fesc ≤ 50.
The blue dot-dashed line represents an updated estimation of the
critical SFRD by Shull et al. (2012).

limit of log(SFRlim) = −1.0, shows that the total SFRD
in our simulations is significantly higher than what is
currently observed. This is consistent with our previous
findings (Choi & Nagamine 2012; Jaacks et al. 2012a).
The reduction of SFRD at z ≥ 6 is also consistent with
findings by Krumholz et al. (2009); Gnedin & Kravtsov
(2010), and Kuhlen et al. (2012), who show that H2-
SF model reduces high-z SFRD due to metallicity effect
(Thompson et al. 2013). However the degree of reduc-
tion may still be different among different simulations
and models.
To determine whether or not our simulated galaxy pop-

ulation is sufficient to maintain reionization, we utilize
the theoretical prescription presented in Madau et al.
(1999), which quantifies the minimum SFRD required
to keep the intergalactic medium (IGM) ionized (shaded
gray contour):

ρ̇⋆ ≈ 2× 10−3

(

C

fesc

)(

1 + z

10

)3

[M⊙ yr−1Mpc−3]. (3)

This depends on redshift and the ratio of IGM clumping
factor (C) and escape fraction (fesc) of ionizing photons
from galaxies. Given that the exact values of both C and
fesc are still debated and uncertain, we show a wide range
of 7 ≤ C/fesc ≤ 50 (grey shade in Figure 4) which are
consistent with works by Iliev et al. (2006); Pawlik et al.
(2009); Finlator et al. (2012); Kuhlen & Faucher-Giguère
(2012).
We also include an updated estimation of the critical

SFRD by Shull et al. (2012, blue dot-dashed line) which
includes considerations for the Ly-continuum production
rates and the temperature scaling of the recombination
rate coefficient. Their calculation uses a fiducial value of
C/fesc = 15.
Figure 4 reinforces our previous arguments (Jaacks

et al. 2012a) that the abundant, low-luminosity galax-
ies, which are currently beyond the detection threshold of
HST, dominate the total SFRD at z ≥ 6. When this pop-
ulation is considered, there is sufficient amount of ioniz-
ing photons available to maintain ionization by z = 6−7
for a reasonable value of C/fesc.

4. CONCLUSIONS AND DISCUSSIONS

Using GADGET-3 cosmological SPH simulations
equipped with a H2-SF model, we examined UV LF,
SFRF and the contribution of low-luminosity galaxies to
the total SFRD at z ≥ 6 . Our major conclusions are as
follows.

• We find that, at Muv ! −18, the H2-based SF
model does not change the faint-end slope from
our Fiducial runs with α < −2.00 at z ≥ 6

Jaacks, Thompson, KN ’13



後半：Massive Gals & Downsizing

Romano-Diaz ‘14 
Yajima+ ‘14



Hubble 
Ultra Deep 
Field

How did these gals come about?



Three Revolutions in Cosmological Hydro Simulations

1990’:  1st 
Revolution

2001-2011
2nd Rev.

2012~
3rd Rev.

First cosmological, but 
coarse calculation

E.g., Cen ’92
    Katz+ ’96

Resolution~100 kpc
Resolution~ few kpc

Resolution~ 
20-100pc

E.g.,   KN+ ’01
        Springel & Hernquist ’03

Larger scale, medium 
resolution w. subgrid 

models Zoom-in method allows 
much higher res. 



Example Zoom-in Sim

• Quasar host-like 5-σ 
region (20 cMpc/h)

• 3.5 cMpc/h zoom-in 
region

• ϵ=300 com pc;     
~30pc (proper @z~10)

• mdm~5e5 M⦿

• mgas~1e5 M⦿

1 cMpc

Constrained Realization

(Romano-diaz+’11, ’13 sim)



Romano-Diaz+ ‘11
z=10.2

z=6.3
Yajima+ ‘14

resolution ~ 30 pc (proper)

Distinct massive disk gal already at z~10

Mtot ∼ 1.1 × 1010 h−1 M⊙ 

total disk mass is ∼2.9 × 109 h−1 M⊙ 

Mstar,disk ~ 8 × 108 h−1 M⊙ 

Mgas ∼ 4.8 × 1010 M⊙ 

Mdust/Mmetal = 0.4, i.e., Mdust = 0.008 Mgas (Z/Z⊙ ) 

Mstar ∼ 4.1 × 1010 M⊙ 



Large amount of dust 
in massive gals

Close to solar metallicity

Very high SFR

The most massive galaxy: 

Mstar ∼ 8.4 × 1010 M⊙ , 

Mdust ∼ 4.1 × 108 M⊙,  

SFR ∼ 745 M⊙ yr−1  (z = 6.3)

Yajima+ ‘14



Yajima+ ‘14

UV: 1600 A rest-frame

IR: 106 µm rest (850 µm obs)
surface brightness in the log scale in units 
of erg s−1 cm−2 Hz−1 arcsec−2 . 



Escape Fraction of Ionizing Photons

Wise+ ’14

6 Yajima et al.

Figure 2. Escape fraction as a function of halo mass at z = 3−6
for the N144L10 Fiducial UVB run. Different colors are used for
different redshifts (red: z = 3, blue: z = 5, green: z = 6). The
triangles in the bottom right panel show the mean values in each
mass bin with 1-σ error bars. The data points with log fesc < −2.5
are shown at log fesc = −2.5 for plotting purposes.

the fesc of high-mass haloes with Mh > 1010M⊙ clearly de-
creases with redshift (blue open circles), and that of the low-
mass haloes does not change largely. On the other hand, our
results and Gnedin et al. (2008) indicate that fesc of high-
mass haloes with Mh > 1010M⊙ does not change largely
with redshift. For low-mass haloes with Mh < 1010M⊙, it
seems that fesc is increasing slightly with decreasing redshift
in our simulations. This might be due to the increasing cos-
mic SFR density and increasing UVB intensity from z = 6
to z = 3. Indeed, if we calculate the radiative transfer with-
out the contribution of UVB in Eq. (2) for the Fiducial run
at z = 3 with the same gas and stellar distribution, fesc
decreases by ∼ 10− 20 per cent. In addition, the mass frac-
tion of gas with log nH > 0.6 within haloes increases with
increasing redshift, which leads to lower escape fraction due
to higher recombination rate.

Figure 4 shows the probability distribution function
(PDF) of star particles as a function of fesc in haloes with
Mh ! 1011M⊙ (top panel) and Mh > 1011M⊙ (bottom
panel). The probability is defined by P (fesc) = Nstar(fesc ∼
fesc + ∆fesc)/(Nstar,total∆fesc), where Nstar is the number
of star particles that have the value of fesc, Nstar,total is the
total number of source star particles, and ∆fesc is the bin
width. The figure shows that the lower mass haloes have a
longer tail towards higher values of fesc. Since the ionization
structure in low-mass haloes shows conical regions of highly
ionized gas, ionizing photons can escape easily through these
ionized cones, but not through other angular directions cov-
ered by highly neutral gas. This allows for some star particles
in lower mass haloes to have high fesc. On the other hand,
the higher mass haloes show very complex and clumpy dis-
tribution of highly neutral gas, therefore it is more difficult

Figure 3. Mean escape fraction in each mass bin of Fig. 2 as
a function of redshift. Different symbols indicate different halo
mass ranges (filled circles: 108.75 − 109.25M⊙, stars: 109.25 −

109.75M⊙, filled triangles: 109.75 − 1010.25M⊙, open squares:
1010.25 − 1010.75M⊙, crosses: 1010.75 − 1011.25M⊙, open trian-
gles: 1011.25 −1011.75M⊙, and open circle: 1011.75 −1012.25M⊙).
The green open circles are for a relatively massive halo (Mtotal =
4 × 1011M⊙ at z = 3) examined by Gnedin et al. (2008), which
is to be compared with our open triangles. The red open circles
are for a similarly massive halo (Mh ∼ 1011M⊙) in the S33 run
of Razoumov & Sommer-Larsen (2010), which is to be compared
with our crosses.

for the ionizing photons to escape, and there are no star par-
ticles with fesc > 0.6. Thus the PDF for higher mass haloes
is concentrated at fesc < 0.1.

We also find that there is a large dispersion in fesc
for the low-mass haloes with Mh ! 1011M⊙. This result
may explain some of the recent observations. For example,
Shapley et al. (2006) and Iwata et al. (2009) detected ion-
izing radiation from high-z galaxies, with a detection rate
of about 10 per cent. The detected galaxies show extremely
high fesc (∼ 100 per cent). Our results do not show such
high values of fesc, however the fesc derived by Shapley et al.
(2006) and Iwata et al. (2009) are estimated from the flux
ratio at the Lyman limit and UV continuum. Recently Inoue
(2010) pointed out that the nebulae emission lines can boost
the above flux ratio, leading to a very high fesc with an as-
sumption that the fesc of nebular and stellar emission is a
few tens of per cent.

In our simulation sample, about 10 per cent show high
fesc (> 0.4). These galaxies may corresponding to the re-
cently observed objects with very high fesc. Furthermore,
Iwata et al. (2009) showed that fesc decreases with increas-
ing UV flux. In our simulations, SFR is positively correlated
with halo mass, therefore our result of decreasing fesc with
increasing halo mass is consistent with that of Iwata et al.
(2009).

c⃝ 2008 RAS, MNRAS 000, 1–13

Yajima, Choi, KN ’11
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Figure 2. Escape fraction as a function of halo mass at z = 3−6
for the N144L10 Fiducial UVB run. Different colors are used for
different redshifts (red: z = 3, blue: z = 5, green: z = 6). The
triangles in the bottom right panel show the mean values in each
mass bin with 1-σ error bars. The data points with log fesc < −2.5
are shown at log fesc = −2.5 for plotting purposes.

the fesc of high-mass haloes with Mh > 1010M⊙ clearly de-
creases with redshift (blue open circles), and that of the low-
mass haloes does not change largely. On the other hand, our
results and Gnedin et al. (2008) indicate that fesc of high-
mass haloes with Mh > 1010M⊙ does not change largely
with redshift. For low-mass haloes with Mh < 1010M⊙, it
seems that fesc is increasing slightly with decreasing redshift
in our simulations. This might be due to the increasing cos-
mic SFR density and increasing UVB intensity from z = 6
to z = 3. Indeed, if we calculate the radiative transfer with-
out the contribution of UVB in Eq. (2) for the Fiducial run
at z = 3 with the same gas and stellar distribution, fesc
decreases by ∼ 10− 20 per cent. In addition, the mass frac-
tion of gas with log nH > 0.6 within haloes increases with
increasing redshift, which leads to lower escape fraction due
to higher recombination rate.

Figure 4 shows the probability distribution function
(PDF) of star particles as a function of fesc in haloes with
Mh ! 1011M⊙ (top panel) and Mh > 1011M⊙ (bottom
panel). The probability is defined by P (fesc) = Nstar(fesc ∼
fesc + ∆fesc)/(Nstar,total∆fesc), where Nstar is the number
of star particles that have the value of fesc, Nstar,total is the
total number of source star particles, and ∆fesc is the bin
width. The figure shows that the lower mass haloes have a
longer tail towards higher values of fesc. Since the ionization
structure in low-mass haloes shows conical regions of highly
ionized gas, ionizing photons can escape easily through these
ionized cones, but not through other angular directions cov-
ered by highly neutral gas. This allows for some star particles
in lower mass haloes to have high fesc. On the other hand,
the higher mass haloes show very complex and clumpy dis-
tribution of highly neutral gas, therefore it is more difficult

Figure 3. Mean escape fraction in each mass bin of Fig. 2 as
a function of redshift. Different symbols indicate different halo
mass ranges (filled circles: 108.75 − 109.25M⊙, stars: 109.25 −

109.75M⊙, filled triangles: 109.75 − 1010.25M⊙, open squares:
1010.25 − 1010.75M⊙, crosses: 1010.75 − 1011.25M⊙, open trian-
gles: 1011.25 −1011.75M⊙, and open circle: 1011.75 −1012.25M⊙).
The green open circles are for a relatively massive halo (Mtotal =
4 × 1011M⊙ at z = 3) examined by Gnedin et al. (2008), which
is to be compared with our open triangles. The red open circles
are for a similarly massive halo (Mh ∼ 1011M⊙) in the S33 run
of Razoumov & Sommer-Larsen (2010), which is to be compared
with our crosses.

for the ionizing photons to escape, and there are no star par-
ticles with fesc > 0.6. Thus the PDF for higher mass haloes
is concentrated at fesc < 0.1.

We also find that there is a large dispersion in fesc
for the low-mass haloes with Mh ! 1011M⊙. This result
may explain some of the recent observations. For example,
Shapley et al. (2006) and Iwata et al. (2009) detected ion-
izing radiation from high-z galaxies, with a detection rate
of about 10 per cent. The detected galaxies show extremely
high fesc (∼ 100 per cent). Our results do not show such
high values of fesc, however the fesc derived by Shapley et al.
(2006) and Iwata et al. (2009) are estimated from the flux
ratio at the Lyman limit and UV continuum. Recently Inoue
(2010) pointed out that the nebulae emission lines can boost
the above flux ratio, leading to a very high fesc with an as-
sumption that the fesc of nebular and stellar emission is a
few tens of per cent.

In our simulation sample, about 10 per cent show high
fesc (> 0.4). These galaxies may corresponding to the re-
cently observed objects with very high fesc. Furthermore,
Iwata et al. (2009) showed that fesc decreases with increas-
ing UV flux. In our simulations, SFR is positively correlated
with halo mass, therefore our result of decreasing fesc with
increasing halo mass is consistent with that of Iwata et al.
(2009).

c⃝ 2008 RAS, MNRAS 000, 1–13

Escape Fraction of Ionizing Photons
Yajima+‘11 Yajima+‘14



Smooth Accretion vs. In Situ SF

Jaacks, Choi & KN, 12b
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Accretion vs. In Situ?

Gas Accretion Rate

Stellar Accretion

Smooth gas accretion & In Situ SFR >> Mergers

Romano-Diaz+ ‘14



Two-phase Formation 
& Downsizing

Oser+’14：zoom-in cosmo hydro sim
7.0 × 1011–1.3 × 1012 M⊙ h−1 

4.5 × 1012–2.7 × 1013 M⊙ h−1 

late in-situ SF

Formed at high-z outside,  
but accreted later on.

Importance of In-situ SF!
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Almost no z-evolution, 
but
weak Mhalo dependence
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Halo Merger Rate
Ishiyama ‘14: large N-body simulation 
— results consistent with Millenium sim (Fakhouri+’10)

halo mass ratio

Very low merger rate!

Also suggests the importance of smooth gas accretion & in-situ SF

But note:  only primary 
infall with HOP grouping is 
followed. 
No secondary infall 
included.



AREPO (Springel ’12)

Galilean-invariant cosmological hydrodynamical simulations on a moving mesh 

Based on a moving unstructured 
mesh defined by the Voronoi 
tessellation of a set of discrete points.

Have the advantages of both AMR & SPH

Kelvin-Helmholz instability Rayleigh-Taylor instability

cf., DISPH (Saitoh & Makino ’13; Hopkins ’13) and GIZMO (meshless FV; Hopkins’14)



http://www.illustris-project.org/



Stellar Light Gas Density

Formation of massive elliptical, “red & dead” gal.





Which is the true HUDF observation?



Conclusions & Future
• `Computational Cosmology’ provides useful insights 

for nonlinear structure formation

• Both full-box & zoom-in cosmo runs are useful. 

• Star Formation & Feedback (from MS, SN & BHs) remains 
to be the key → Radiation Hydro Sims. w/ dust & metals 

• Remaining challenges:  gal color bimodality, downsizing (gal 
& AGN),  gal-SMBH coevolution,  reionization history, 
Hubble sequence, metal enrichment, dust.


