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“bottom-up” simulations of first galaxies

First stars

Pop II clusters
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the I-front is almost fully ionized, i.e., xHI ⌧ 1 and xHII =

xe ⇡ 1, where xHI, xHII, and xe are the hydrogen neutral
fraction, ionized fraction, and the electron fraction, respec-
tively. The gas is roughly in photo-ionization equilibrium:
kion nH xHI = ↵B n

2

H
xHIIxe ⇡ ↵B n

2

H
, where kion is the hydro-

gen photo-ionization rate. Thus, the photo-ionization heat-
ing rate per unit volume is � = �E kion nH xHI ⇡ �E ↵B n

2

H
,

where �E = hh⌫iion � 13.6 eV is the mean energy deposited
into the gas per photo-ionization. The Ly↵ cooling rate can
be written as ⇤ = ⇤̃Ly↵ n

2

H
xe xHI ⇡ ⇤̃Ly↵ n

2

H
xHI with a T-

dependent coe�cient ⇤̃Ly↵. As ↵B and ⇤̃Ly↵ are decreasing
and increasing functions of T , respectively, the equilibrium
temperature (i.e., � = ⇤) is higher if the neutral fraction
behind the I-front, xHI, is lower.

In ionization equilibrium, xHI is inversely proportional
to the ionization parameter, ⇠ ⌘ Fion/nII, where Fion is the
flux of ionizing radiation. Since the absorption of the ionizing
photons inside the HII region is insignificant except for the
extreme vicinity of the I-front, we assume optically thin flux
in our estimate. Then, approximating the size of I-front with
the Strömgren radius rStrm (Eq. 13), we obtain ⇠ slightly
inside the I-front as

⇠ =
L

4⇡ r
2

Strm
nII

/ L
1

3 n

1

3

II
, (27)

where we ignore the TII dependence in the last expression.
From Eqs. (8), and (11)-(12), the analytical model predicts
that L is proportional to M

3

BH
n

2
1 in the RIAF regime. There-

fore, from Eq. (27), the dependence of ⇠ on MBH and n1 is

x
�1

HI
/ ⇠ / MBH n1 . (28)

This explains why the temperature rise inside the HII region
is steeper in the runs with larger n1 for fixed MBH, as well as
why we obtain the same temperature profiles in runs having
the same n1 MBH.

4.2 Region II: unstable D-type flows

As we increase v1, the dense shell in the D-type flow be-
comes unstable. As a reference case for the unstable D-type
flow in the Region II of Fig. 1, we perform the run with
n1 = 10

5
cm

�3, MBH = 10
2

M�, T1 = 10
4

K, and v1/c1 = 4.
We show a snapshot of the flow structure after the instability
is fully developed and saturated in Fig. 6. We also provide
a corresponding 3D view in Fig. 7. The shell is destroyed by
the eruptive expansions of the I-front launched from various
places, with dense clumps forming in the gaps of the I-front.

The instability in this range of v1 was seen in the pre-
vious 2D simulations of PR13. However, the way the insta-
bility grows is significantly di↵erent in 2D versus 3D sim-
ulations (see Fig.8 of PR13), as we have also confirmed by
performing 2D comparative runs. Although the structures
due to the instability are seen in various directions in 3D,
they tend to converge to the axis of BH motion in 2D due
to the assumed axisymmetry, making the structures more
ordered and stronger in 2D than in 3D. Furthermore, we
observe that the instability can be artificially seeded near
the axis in 2D due to the singularity of the spherical coor-
dinates.

The instability can be understood as the instability of a
thin shell between the D-type I-front and the shock, studied

nH [cm-3]

v [km/s]

densityxH=0.90.1

10000 au

Figure 6. The same as Fig. 3 but for the run with n1 = 10
5

cm
�3,

MBH = 10
2 M�, T1 = 10

4
K, and v1/c1 = 4 at a time after the

instability is fully developed and saturated.

Figure 7. A 3D view of the flow structure corresponding to the
2D slice snapshot in Fig. 6. We illustrate the I-front (yellow), to-
gether with the density (green and red) and velocity (streamlines)
fields. The green and red contours correspond to nH = 5⇥ 10

5 and
10

6
cm

�3, respectively.

in previous literature. This instability was found analyti-
cally using linear analysis by Giuliani (1979) and confirmed
in 2D (Garcia-Segura & Franco 1996) and 3D (Whalen &
Norman 2008a,b) simulations of an expanding D-type I-
fronts around massive stars. As mentioned in Garcia-Segura
& Franco (1996), this instability is caused by a mechanism
similar to that of the thin-shell instability of an expanding
hot bubble in a cold ambient gas found by Vishniac (1983).
In both cases, the thermal pressure of inner hot gas and the
ram pressure of external cold gas balanced each other in the
unperturbed state, but a force imbalance is introduced in
the presence of shell distortions because the force from the
thermal pressure is orthogonal to the surface but the ram-
pressure force is parallel to the flow, enhancing the front
distortion. Using linear perturbation analysis, under the as-
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Figure 2. 3D volume rendering of the density field, together with the ionization fronts (green surface) where the ionization degree is 0.8, for the same case as
in Fig. 1 with (Mcl, Rcl, Z) = (105 M⊙, 20 pc, 1 Z⊙). Each panel shows the snapshot at the same epochs as in Fig. 1. The white dots in the panel (4) represent
the positions of the star cluster particles. The box size is 40 pc on a side.

collapse in a self-similar fashion (Larson 1969) in the early stages
because the turbulent motion cannot support the collapsing clouds
with α = 0.5. When the star formation takes place, the density
structure resembles the power-law profile with the high-density core
at the centre as in the initial set-up of He et al. (2019). Besides, they
adopted very similar strength of turbulent motions to our simulations
(α = 0.4) and magnetic fields weaker than the turbulence. Therefore,
the small difference in the SFEs might be attributable to the similar
virial parameter α.

3.1.2 Low-metallicity model with Z = 10−2 Z⊙

Next, we consider the low-metallicity case (M5R20Z-2 in Table 1)
with Z = 10−2 Z⊙ to examine the metallicity dependence of the
evolution. Figs 4 and 5 illustrate the evolution for this case in the
same styles as in Figs 1 and 2, respectively. In the early epoch,
the turbulent motion gives the dominant contribution. The overall
evolution looks similar to that in the fiducial case with Z = 1 Z⊙
until the first star particle forms at 4.0 Myr (Figs 4-1, 5-1), even
though the metal cooling is inefficient. Once star formation occurs,
H II regions start to expand into low-density regions at 4.7 Myr (Figs
4-2, 5-2). Unlike the case with Z = 1 Z⊙, dense filaments are easily
photoionized, and they cannot survive around the H II region. The
neutral gas is pushed out all at once, and star formation is completely
quenched at 5.4 Myr (Figs 4-3, 5-3). Finally, the H II regions spread
over the entire cloud and complete the photoevaporation of the gas
inside the cloud at 5.7 Myr (Figs 4-4, 5-4).

Only small amounts of H2 and CO molecules form along the
filaments in the early phase of the cloud collapse, but the stellar
FUV photons easily dissociate them. As shown in Fig. 4, H2 and CO
molecules completely disappear after one free-fall time unlike for
the cloud with Z = 1 Z⊙ (see Fig. 4-2). The cloud becomes dark in
CO lines soon after the star formation begins.

In the bottom panel of Fig. 3, we show the time evolution of
the mass in each component for the case with Z = 10−2 Z⊙. We
see that the H2 mass is much lower than that for the case with
Z = 1 Z⊙ throughout the evolution. Since H2 formation on the dust
grains is inefficient due to lower metallicity (and hence lower dust
abundance), most of the gas remains atomic from the beginning of
the simulation. In this case, the star cluster formation occurs in an
almost atomic cloud rather than in a molecular cloud (Krumholz
2012). Meanwhile, the ionized gas mass increases until the ionized
gas is finally evaporated from the cloud. The star formation stops at
5 Myr, with the duration of star formation ∼1 Myr, much shorter than
in the case with Z = 1 Z⊙. The SFE is 5 per cent and smaller than that
for Z = 1 Z⊙ by a factor of ∼3. He et al. (2019) also performed one
simulation run assuming Z = 1/40 Z⊙, and they obtained a similar
reduction rate of the SFE.

3.1.3 Radiation pressure on dust grains

In Sections 3.1.1 and 3.1.2, we have seen that the expansion of
H II regions quenches star formation, while the radiation pressure
on dust grains also affects the gas motion. Here, we investigate the
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growing knowledge about
small-scale processes

well-established ICs 
and evolution Eqs

First galaxy

Our goal is to reveal the formation of first galaxies from a 
theoretical side by combining simulations that follow the 

large-scale physical law and knowledge of small-scale processes



Various physical processes that affect 
the formation of the first galaxies
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BH?

gas cooling

SN

star-forming cloud
radiation/outflow

galactic disk?

ISM

EUV&FUV
low-metal stars

First star

SN

EUV&FUV

BH seed
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To understand first galaxy formation is to understand how the gas in
a halo is converted to stars through various physical processes



EUV/FUV feedback
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To understand the role of FUV/EUV feedback in the first galaxy 
formation using cosmological radiation hydrodynamics simulations

Purpose of this work

Ionization bubble

FUV feedback: H2 + FUV -> 2H

• blows away surrounding gas by 
pressure of hot ionization bubble

• suppress star formation by 
dissociation of coolant (H2)

EUV feedback: H + EUV → H+ + e-

EUV FUV

Photodissociation region

• sometimes leads to supermassive 
star formation

H+
H

no coolant 
at T < 104 KT〜 a few x 104 K
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Simulation methods
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Zoom-in simulations of a single galaxy (Mhalo =108 Msun at z = 10 )

Code RAMSES-RT
(Teyssier 2002, Rosdahl & Teyssier 2015)

Cosmological AMR (M)HD, Moment method 
RT (M1 closure), DM particle, sink (BH) 
particle, stellar radiation, SN feedback, 
non-equil. chemistry/cooling/heating

Initial Conditions MUSIC (Hahn & Abel 2011)
Generate initial condition at z = 

127 w/ zoom technique 

Last  cosmic time 500 Myr same as z 〜 10

Box Size 0.3 h-1 cMpc (zoom-region) 35 h-1cMpc (base-box)

DM Mass 800 M☉resolution (zoom-region) 1011 M☉ (base-box)

Star Mass 100 M☉ resolution Internal Salpeter-like IMF

Refinement
1) NJ = 8 (Δx > 1 pc), 4 (Δx < 1 pc)

2) Lagrangian for DM and stars

1) at least NJ cells per Jeans 
length

2) to keep star clusters bound

Spatial Resolution Δxmin = 0.15 pc * [ (1 + z ) / 10] AMR level = 25

Star Formation
nSF = 5×104 cm-3 * [(1+z)/10] 2 

* (T/100 K)
Binary Pop III (Mtot=120Msun) for Z < 10-5 Zsun

Pop II cluster (Mcl〜102-5 Msun) for Z > 10-5 Zsun

see also Garcia, Ricotti, Sugimura, Park (2023)



Feedback models
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We perform runs with different feedback models to clarify the 
role of EUV/FUV radiative feedback separately

Run Pop III
FUV          EUV 

Pop II
FUV        EUV

fiducial ○ ○ ○ ○

p2noFUV ○ ○ - ○

p2noEUV ○ ○ ○ -

noFUV - ○ - ○

noEUV ○ - ○ -



RESULTS
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First galaxy formation in fiducial run



Star-formation history in the 
zoom-in region of fiducial run
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(3Myr average)

burst Pop II star formation

Pop III-to-Pop II transition

• star-formation history in the 
300 ckpc zoom-in region

• first Pop III star appears at 
z=26

• Pop III-to-Pop II transition 
occurs at z=13

• Pop II stars form through 
several burst events

• Pop III stars continue to form 
until z〜10



Internal state of the galaxy 
during its formation
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• star-formation history in the
virial radius of main merger 
tree (using Rockstar halo 
finder; Berhoozi+ 2013)

• Pop III-remnant BHs (〜100 Msun) 
hardly grow by gas accretion
(BHL accretion assumed)

• feedback sometimes evacuates 
gas from the halo

Pop III feedback

Pop II feedback



Pop III Pop II

Model dependence of SFH
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Early Pop III-to-Pop II
transition

Continuous
Pop II formation



Gas distribution during star formation 
with and without FUV feedback
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z = 10.5
t = 461 Myr
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z = 10.5
t = 458 Myr
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• large star-forming cloud collapses 
as a whole with weak fragmentation

• star formation proceeds in small 
fragmented star-forming clouds

(similar to SMS formation site)
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Stellar clusters
w/ and w/o
FUV feedback
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• Fewer but  bigger clusters formed 
in the run w/ FUV

• Metallicity generally follow the 
average gas metallicity inside virial 
radius with 〜0.5 dex scatter

• Metallicity evolution can be 
reproduced by a simple model 
based on M*,form and Mhalo

<latexit sha1_base64="JGPIccdowgTQih8viP4/XW+PINg="></latexit>

ZPopII [Z�] = 0.47⇥
✓
MPopII,form

Mvir

◆

<latexit sha1_base64="IJFKYlMQhZifRw5oP7FwtgqtTSM="></latexit>

ZPopIII [Z�] = 7.0⇥
✓
MPopIII,form

Mvir

◆

(depends on underlying IMF, metal escape fraction and gas mass fraction)

Fiducial

p2noFUV



Snapshot of a star forming 
cloud in the run with FUV
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Phase diagram of a star forming 
cloud in the run with FUV

deviates from the atomic cooling metal-free tracks. To demon-
strate this, we have performed a numerical experiment where we
have suppressed the contribution of dust grains to the energy
balance of the collapsing clouds. The results for models with
radiation field parameters of T! ¼ 104 K and J21 ¼ 103 are shown

in Figure 8. When the metallicity is below ½M/H$ ’ %3:5, the
temperature evolution is exactly the same as the metal-free one
(shown by the 2 ; 10%4 Z& track in the figure). For higher met-
allicity, fine-structure line cooling becomes dominant when
nHP 104 cm%3 and the temperature drops abruptly by more than

fig. 5afig. 5bFig. 5.—Temperature evolution of clouds with initial metallicity ½M/H $ ¼ %6 (solid line),%5.3 (dotted line),%5 (short-dashed line),%4 (long-dashed line), and%3
(dot-dashed line) irradiated by an FUV field with (a) T! ¼ 104 K, J21 ¼ 103 and (b) T! ¼ 105 K, J21 ¼ 3 ; 105. Thin lines show the results obtained without an external
FUV field for initial metallicities ½M/H $ ¼ %5:3, %5, %4, and %3 (the same line types as the irradiated cases with the same metallicity). Due to photoelectric heating,
when ½M/H $ ¼ %3, the temperature at the lowest densities is higher than in the other models. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 5a

Fig. 5b

OMUKAI, SCHNEIDER, & HAIMAN808 Vol. 686

Omukai+ (2008)

SF threshold →

Z〜10-3 Zsun

J21〜 105

self-shielding →

← Similar condition realized during 
the formation of first galaxy 

T〜104 K 
(nH<103cm-3)



EUV pre-SN feedback changes
the fate of the first SN bubble

21

10 km/sz = 23.6
¢t = 0 Myr

150 pc

40 km/sz = 23
¢t = 5 Myr

300 pc

10 km/sz = 18.7
¢t = 57 Myr

600 pc

10°2

10°1

100

101

n
H

[c
m

°
3
]

10 km/s

150 pc

40 km/s

300 pc

10 km/s

600 pc

10°2

10°1

100

101

n
H

[c
m

°
3
]

pre-SN RSNR ~ Rvir Pop II formation (noEUV)

fiducial

noEUV

EUV also enhances the efficiency of Pop II SN feedback → higher SFE

Rvir

Pop II formation!vshell〜vesc

vshell>>vesc



Pop III Pop II

Model dependence of SFH (again)
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Early Pop III-to-Pop II
transition

Continuous
Pop II formation



CONCLUSION
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結論
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• 現象論的なサブグリッドモデルを用いない、ボトムアップ的な初代銀河形成シ
ミュレーションに取り組んでいる

• 本研究では初代銀河形成においてEUV/FUVのそれぞれのフィードバックがど
のような役割を果たすかを調べた

• FUVフィードバックはガス分裂を抑制しPop II形成を間欠的にする
• 星形成効率（最終的な星質量）はむしろ上昇（ポジティブフィードバック）

• EUVフィードバックは超新星の前に周囲の密度を下げ、超新星フィードバックの
影響を増加させる
• Pop III超新星の後、すぐにガスがフォールバックしてPop IIを作るのを抑制
• Pop II超新星の影響を強めて星形成効率を低下させる

• 今後は、Pop III形成モデルの改良 （平野くんformula x 連星)、star-by-star Pop 
II形成モデルの実装、BHフィードバック入り計算などを進める予定


