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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+):
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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)
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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
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[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
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Figure 2. Redshift evolution of Schechter+ parameters for both
our simulated LF (red squares) and simulated SFRF (blue dia-
monds) at z = 6, 7, & 8, shown with 1σ error bars. The SFRF β
value is offset by ∆z = 0.1 for readability. The horizontal dash-
dotted line in the top panel represents the approximate JWST

observable limit (Muv ≈ −16).

whereas our halo mass function in N400L10 run agrees
very well with Sheth & Tormen (1999) down to 108M⊙,
as we showed in Figure 17 of Jaacks et al. (2012a). This
corroborates our suspicion that the main difference in the
two results is coming from the difference in the number
of low-mass halos in the two simulations. We also dis-
cuss the other possibility of difference in metal diffusion
in Section 4.
In Figure 2, we summarize the redshift evolution of

best-fit Schechter+ parameters. We see that M t
uv be-

comes dimmer and the power-law slope α − β of Φ(L)
becomes shallower with decreasing redshift. These re-
sults support the current paradigm of hierarchical struc-
ture formation: as the smaller objects form first and later
merge to form larger systems, the number of dim object
decreases, and the LF becomes flatter at the faintest end.
Since the predicted M t

uv occurs at Muv < −16 at z = 7
& 8, this feature should be observable by future missions
such as James Webb Space Telescope (JWST ).

3.2. Star Formation Rate Function (SFRF)

A recent work by Smit et al. (2012) presented the ob-
served SFRF from dust-corrected UV LF by converting
LUV into SFR using the Kennicutt (1998) conversion.
The SFRD is then easily obtained by integrating the
Schechter-like fit to the SFRF down to a certain lower
limit, culminating in the commonly used Lilly-Madau
diagram (Lilly et al. 1996; Madau et al. 1996). Compar-
ing the SFRF of our simulated galaxies to the observed
results is an excellent test of our SF model, since SFR is
one of the most basic outputs of our simulations. It is
also a more intrinsic comparison for us as it does not re-
quire any assumptions on our part regarding the amount
of extinction in our simulated galaxies as this correction
is included in the observational estimates.
Figure 3 shows the SFRF of simulated galaxies at

z = 6, 7, 8 (red triangles, blue circles and green squares,
respectively). We find good agreement with the observed
results (Smit et al. 2012, cyan diamonds), especially at
z = 7. Deviation at low-SFR end of z = 6 is expected,
given a similar deviation in the LF at the low-end shown
in Jaacks et al. (2012a,b). This deviation could either
indicate that our simulation is still overproducing stars
at z = 6, or it could also be due to uncertainties in the
faint-end observations (i.e., missed faint galaxies) and/or
assumptions regarding extinction.
The SFRF has a similar functional form as the LF,

therefore we utilize the same Schechter+ function to fit
it: φ(SFR) ≡ dn/d log(SFR) = ln(10)SFR Φ(SFR), and

φ(SFR) = ln(10)φ∗
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where φ∗, SFR∗ and α are the usual Schechter parame-
ters as in Equation (1); SFRt is the location of the second
turnover, and β is related to the low-SFR end power-law
slope which is proportional to (1+α−β) at SFR ≪ SFRt.
The best-fit results to all five parameters are shown in
Figure 3 with solid lines. Similarly to the rest-frame UV
LF, the right-most panel shows the increase in normal-
ization and brightening of SFRt clearly from z = 8 to
z = 6.

3.3. SFRD and Reionization

Having a continuous representation of the SFRF allows
for easy integration and acquisition of the SFRD at each
redshift. In Figure 4 we show the results of this integra-
tion (red solid and green lines) plotted against observa-
tional results by Bouwens et al. (2011, black squares) and
Oesch et al. (2012, blue diamond). The red solid line rep-
resents an integration down to log(SFRlim[M⊙yr−1]) =
0.0, which is approximately consistent with the lowest
SFR value of the observational data. The green solid
crossed line is the SFRD value when integrated down to
log(SFRlim) ≈ −1.0. This value is chosen to be consis-
tent with a galaxy stellar mass Ms = 107M⊙ via the Ms-
SFR relationship found in our simulations (SFR∝ M1.0

s ).
The mass of Ms = 107M⊙ also represents the minimum
galaxy resolution of the N400L10 run (∼100 star parti-
cles). The solid observational data points were obtained
assuming the Salpeter IMF, therefore we also show the
same data points corrected for the Chabrier IMF with
open symbols by applying a simple factor (see Section
3.2.1 of Thompson et al. 2013). Our conclusions are not
affected by the change in the IMF.
Figure 4 demonstrates that, when integrated down to

a minimum SFR (log(SFRlim) = −0.10), the H2 run
agrees very well with the Fiducial run and observational
estimates. This is expected, since the H2-SF model did
not affect the number density of objects within the ob-
served range of Muv ! −18 (Figure 1). We note that the
observed points were calculated by integrating the UV
LF to a limiting Muv ∼ −17.74 Bouwens et al. (2012b),
which corresponds to log(SFR) ≈ −0.10 when converted
via Kennicutt (1998) relation.
The green crossed line, representing the integration

Modified Schechter SFR fcn:

Agrees well with current obs @ z=6-7 (Smit+ ’12)

SFR fcn provides more direct comparison btw sim & obs.

 pressure-SF model

H2-SF

Jaacks+ ’13
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Figure 6. Same as Figure 5 but for cosmological halos. The halo numbers are labeled in parentheses.
(A color version of this figure is available in the online journal.)

experiences similar gaseous structures when propagating out-
ward. In the bursts, the fesc quickly increases when the H ii
region breaks out from the halo, which can take up 10 Myr
after the starburst starts. The escape fraction peaks when the
SFR is at its maximum and varies anywhere from 10−3 to
unity, depending on the column density of the surrounding
medium.

In more massive halos, the escape fraction is highly dependent
on preceding star formation and its effect on the gas structure.
For example, in halos with Mvir = 107.5–108.5 M⊙, SFRs that
differ by an order of magnitude can produce similar values
of fesc. In the initial starburst, the radiation needs to escape
through a relatively smooth r−2 density profile and fesc ! 0.5.
Then conditions quickly erode from this smooth initial state to a
turbulent multiphase ISM because of both radiative cooling and
stellar feedback. Now radiation must escape through a clumpy
and turbulent ISM, whose porosity can increase fesc for a given
luminosity or SFR (Clarke & Oey 2002).

Generally only radiation from the strongest starbursts can
escape, whereas during suppressed periods of star formation
very little (fesc < 0.01) radiation escapes. As SFRs become
more consistent in halos with Mvir > 109 M⊙, the escape
fraction varies between 0.1 and 1.0 with less variation than
the lower mass halos. In addition, we find that radiation from
stars that form on the outskirts of the thin disk have a higher

escape fraction than stars that are deeply embedded within the
galaxy, which is similar to the results of GKC08.

In Figure 7, we plot the average UV escape fraction as a
function of halo mass, where the error bars indicate the standard
deviation of fesc over the 11 models for each halo mass. Halos
with Mvir " 108 M⊙ have fesc ∼ 0.5 ± 0.2. For a normal IMF
in these low-mass halos, fesc drops to values below 0.1. Escape
fractions steadily increase with halo mass to ∼ 0.8 above this
mass for both top-heavy and normal IMFs.

As seen in Figure 5, fesc is highest when the SFR is at its
maximum, max(SFR). To depict this strong dependence on the
strength of the starburst, we show fesc for every simulated halo
as a function of max(SFR) in Figure 8, grouped by halo mass.
For instance in the Mvir = 107.5 M⊙ halos, fesc increases from
0.2 to 0.8 when max(SFR) is higher by an order of magnitude.
We have also plotted the idealized halos with a normal IMF as
large open circles.

3.2.2. Dependence on Halo Parameters

Although the absolute values of fesc in idealized halos are
inaccurate for reasons discussed in the previous section, we can
utilize the trends with physical halo parameters–baryon mass
fraction, spin parameter, and turbulent energy–to estimate fesc
in cosmological halos other than the ones studied in this paper.
For example, Wise & Abel (2008a) found that the first stars

Wise & Cen ‘09

Enzo AMR
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Figure 12. Redshift evolution of the sSFR of simulated galaxies.
Data points for the Fiducial and H2 runs are the median sSFR
at M? = 1010M� (Figure 11), while the error bars represent a 1�
spread in the data. Observations are taken from Reddy & Stei-
del (2009, stars), Weinmann et al. (2011, cyan shade), Bouwens
et al. (2012, squares), and Stark et al. (2012, circles). Simulation
data from Davé et al. (2011) is shown as the black dashed (VZW
model) and dot-dashed (SW model) lines for comparison. Fiducial
points are o↵set by 0.1 dex for clarity.

agreement between multiple di↵erent simulations and semi-
analytic models of galaxy formation suggest that the ⇤CDM
model predict a general decline in the sSFR of galaxies of
a given mass, contrary to observations. However, we note
that none of these simulations included the e↵ect of AGN
feedback. Krumholz & Dekel (2011) argued that taking the
metallicity-dependence of H2 formation would help to recon-
cile the discrepancy, however, even with our new H2-based
SF model, our simulations do not produce the plateau of
sSFR at z > 2.

3.3 Galaxy stellar mass function (GSMF)

In the previous sections, we have seen that SF is less e�cient
in the H2 run, which should also be reflected in the GSMF.
Recall that for a given M? at high-z, the galaxies reside
in more massive halos in the H2 runs (Figure 8). Since the
higher mass halos are less abundant in a CDM universe, this
will reduce the number of low-mass galaxies and shifts the
galaxy population to higher mass DM halos.

Figure 13 shows the GSMF for our three primary runs
(N400L10, N400L34, N600L100) at z = 6. In Panels (a-c) we
directly compare the H2 run to the corresponding Fiducial
run for each simulation, and find that the H2 run produces
far fewer low-mass galaxies as expected. Note the di↵erent
y-axis ranges in Panels (a-c). Our result is in general agree-
ment with the findings of Kuhlen et al. (2012); they also
found a decrease in their GSMF at M? < 109M� at z = 4.

Figure 13d shows the comparison of the composite
GSMF from the two runs, following the method of Jaacks
et al. (2012a); we connect the GSMF from runs with di↵er-
ent box sizes at the resolution limit of each run. This method
allows us to cover a wider range ofM? utilizing many simula-
tions, and present the results collectively. The observational

estimate from González et al. (2010, yellow shade) at z = 6
is also shown. At the high-mass end of M? > 109M�, the
two composite GSMFs from H2 and Fiducial runs agree well.
The slight kink in the composite GSMF at M? ⇠ 108.8M�
for the H2 run is due to the resolution gap between the sim-
ulations; we have verified that an intermediate resolution
run (N500L34, ✏ = 2.72h�1kpc) fills in this gap. Due to the
heavy computational load, we did not complete the corre-
sponding Fiducial run for N500L34, therefore this run is not
used for other comparisons in this paper. At the low-mass
end of M? < 108M�, the H2 run has a significantly lower
number density of galaxies than the Fiducial run. This il-
lustrates that the H2 model has a greater impact on the
number density of low-mass galaxies.

3.3.1 On the overprediction of GSMF

One of the primary motivations for implementing the H2-
based SF model was to see if it can remedy the overpredic-
tion of GSMF at low-mass end due to its natural dependence
on metallicity as we described in Section 1. In the earlier sec-
tions, we saw that indeed the H2-based SF model reduces
the number of low-mass galaxies. However, even with the
new H2 model, we are still over-predicting the number of
low-mass objects at M? = 107.8 � 108.6M� compared to the
observational estimate of González et al. (2010) at z = 6
(Panel [d]). Therefore the H2 model alone does not seem to
be able to solve this generic problem of CDM model. Our
simulations also seem to under-predict the number of mas-
sive galaxies with M? > 109.5M� when compared to the
González et al. (2010) observational data at z = 6. Jaacks
et al. (2012a) argued that this di↵erence likely originates
from the di↵erent slope in the M?�SFR relation, where the
observational estimate was derived by using a crude rela-
tion from z ⇠ 4 and applied to z = 6 assuming that it is
unchanged. In our simulations, the M?�SFR relation has a
di↵erent slope, and this results in a di↵erent slope in the
GSMF.

Figure 13d also contains the results of applying the duty
cycle (DC) corrections (Jaacks et al. 2012b) to our compos-
ite GSMF both with (dot-dashed line) and without (dotted
line) accounting for dust extinction. Jaacks et al. (2012b)
defined the DC as the fraction of time that a galaxy exceeds
the current HST magnitude limit within a certain �z, and
characterized it with a sigmoid function as a function of M?.
According to their result, DC for z = 6 makes a relatively
sharp transition from nearly zero at M? < 107M�, crosses
0.5 at M? ⇠ 108M�, and to almost unity at M? > 109M�.
Using this relation, we can apply a correction for the ob-
servability of low-mass galaxies, and see the impact of SF
duty cycle on the observed GSMF. Similarly to the results
of Jaacks et al. (2012b), our GSMF becomes closer to the
observational estimate after the DC correction.

3.3.2 GSMF at z = 3 and 0

Figure 14 shows the GSMF at z = 3 (Panel a) & z = 0
(Panel b). Panel (a) is composed of data from the N400L34
& N600L100 runs, and Panel (b) of N600L100 data. Dashed
lines represent the Fiducial run, while solid lines represent
the H2 run. The shaded regions at z = 3 represent ob-
servational estimates of the GSMF at 3 < z < 4 (yellow)

c� 0000 RAS, MNRAS 000, 000–000

Sparre+’14

Illustris

For Mstar ~ 1010 M⦿ galaxies.

(cf. Dave+11, …)

Thompson, KN+’13

sSFR vs. redshift

Furlong+’14
EAGLE



Zoom Sim of Biased Region

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

• 3.5 cMpc/h zoom region

• ϵ=300 c-pc; ~30p-pc@z~10

• mdm~5e5 M⦿

• mgas~1e5 M⦿
1 cMpc

Constrained Realization

(Romano-Diaz+’11, ’13;  Yajima+’15)



Romano-Diaz+ ‘11
z=10.2

z=6.3

Yajima+ ‘15

resolution ~ 30 p-pc,  300 c-pc

Massive disk gal @ z~10

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

Mtot ~ 1.5e10 M⦿

total disk mass ~ 4.1e9 M⦿

Mstar, disk ~ 2.1e8 M⦿

Mgas ~ 4.8e10 M⦿ Mstar ~ 4.1e10 M⦿



Constrained Region (CR)

Unconstrained

Most massive gal: 
Mstar ~ 8.4e10 M⦿

Mdust ~ 4.1e8 M⦿

SFR ~ 745 M⦿/yr  (z=6.3)

Large amount of 
dust in massive gal

Close to solar 
metallicity

Extreme Property of Massive Gal in Biased Region

Very high SFR !

Yajima+ ‘15



Yajima+ ‘15

UV: 1600 A rest-frame

IR: 106 µm rest (850 µm obs)

ALMA Observability

surface brightness in log of  
[erg / s / cm2 / Hz / arcsec2 ]

ALMA observable !



Accretion vs. Merger?

Gas Accretion Rate

Stellar Accretion

Smooth gas accretion & In Situ SFR >> 
Mergers

Romano-Diaz+ ‘14



Brook+’09

Smooth accretion dominates at all z
(over galaxy mergers)

purple: smooth accretion
red:  gal mergers



Impact of SN feedback on Gas

With FeedbackNo Feedback

(movie from z=30 to z=6)

500 ckpc



Fiducial low-SF efficiency No SN feedback
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No Feedback

SF history
lo

g 
SF

R
lo

g 
M

st
ar

LAE

Observations:

(Iye+06; Ouchi+09; Ono+12; 
Shibuya+12; Finkelstein+13; 

Oesch+15; Zitrin+15) 

LBG
Oesch+16 (z=11.09)

Submm (SMG)
Watson+15 (z=7.5)

X   GRB host
Tanvir+12 (z=8.2)



Stellar-to-Halo Mass Ratio (SHMR)

No	SNe

SH03

Behroozi	
		z=6-8

z=8

z=7

z=6

z=6
z=7

z=8

z=10
z=12

Halo Mass

Strong Fluctuation 
caused by 
mergers, 

tidal shredding, 
grouping issue

Suppression of SF 
by feedback

lower SHMR

SH
M

R

fiducial





Dust Treatment
(for future improvement in radiation transfer  

&  dust IR emission)



Dust model
The production/destruction processes of Dust in ISM
(e.g. Asano+ ‘13a, Hirashita ‘15 etc.)

Galaxy

AGB stars, SNe II

dust

atoms, 
molecules

destruction
(SN shocks) grain growth

shattering

coagulation
Figure credit :Asano



Hirashita ’15: Two-component dust model

: SFR

E, Ez: mass injection rates

small large

dust-to-gas ratio evolution (1-zone)



Dust Formation & Destruction
small large grains

t=0.1 
Gyr

t=0.3 
Gyr

t=1.0 
Gyr

t=5.0 
Gyr

Hou+ ‘17

lo
g 

(D
us

t-
to

-g
as

 ra
tio

)

Aoyama+’17



Aoyama+’18

50 cMpc/h 
cosmo box

cf. McKinnon+’15

AREPO



Aoyama+’18, in prep.

Projected dust dist 
around gals. 

Cosmic Dust Evolution



Dust Evolution in Galaxies from z=7 to z=2

Hou+’18, in prep.

Mancini+’15



Summary

• High res. cosmo hydro sim — first galaxy formation at z>6

• Intermittent SF with feedback, but rapidly increasing SFR. 

•Feedback changes the structure of gas, star, DM dist.

•SF:  Smooth accretion > mergers

•Metal & dust enrichment in CGM/IGM

•Ongoing & Future work:  

•Cosmological Dust (Aoyama+18; Hou+18)

•Radiation Transfer (Lyα, [Cii], Oiii, …)


