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Multi-scale nature of first galaxy formation
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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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knowledge of small-scale objects cosmological simulations

First galaxy

We aim to study first galaxies by high (〜0.1pc)-resolution cosmological 
simulations integrating the latest knowledge of small-scale objects

<pc-scale kpc-scale >Mpc-scale

1886 C.-C. He, M. Ricotti and S. Geen

Figure 2. Line-of-sight projections of the (density-weighted) gas density for three simulations with cloud mass 3.2 × 104 M⊙. From left to right, we
show clouds with increasing mean density: ngas ∼ 1.8 × 102 cm−3, representing our fiducial clouds in the local Universe, ngas ∼ 1.8 × 103 cm−3 and
ngas ∼ 1.8 × 104 cm−3, respectively. From top to bottom, we show the time evolution of the clouds. Sink particles are displayed as cyan dots. The snapshots
shown in the top row represent the initial conditions of the turbulent cloud: no stars have formed at this time because the highest density is below the threshold
for star formation, but the cloud idealized initial conditions have been already evolved for ∼3tff in order to develop a turbulent density field. In the bottom row
snapshots, star formation has stopped and most of the gas has been expelled as a result of UV feedback from massive stars.
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Knowledge of Pop II cluster formation from 
cloud-scale simulations
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Figure 2. Line-of-sight projections of the (density-weighted) gas density for three simulations with cloud mass 3.2 × 104 M⊙. From left to right, we
show clouds with increasing mean density: ngas ∼ 1.8 × 102 cm−3, representing our fiducial clouds in the local Universe, ngas ∼ 1.8 × 103 cm−3 and
ngas ∼ 1.8 × 104 cm−3, respectively. From top to bottom, we show the time evolution of the clouds. Sink particles are displayed as cyan dots. The snapshots
shown in the top row represent the initial conditions of the turbulent cloud: no stars have formed at this time because the highest density is below the threshold
for star formation, but the cloud idealized initial conditions have been already evolved for ∼3tff in order to develop a turbulent density field. In the bottom row
snapshots, star formation has stopped and most of the gas has been expelled as a result of UV feedback from massive stars.
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Star clusters across cosmic time 1893

Figure 10. Top: Stellar mass of the cluster mcl as a function of the initial
mass of the gas cloud (mgas) for the set of simulations with different
initial cloud densities (see legend). The grey dot–dashed line is plotted
as a reference for 100 per cent SFE. Excluding the three fiducial cloud
simulations with the lower masses, we observe a clear power-law relation
between mcl and mgas. We speculate that the minimum cluster mass floor
observed for the fiducial clouds data points is due to inefficiency UV stellar
feedback due to lack of realistic implementation of low-mass stars feedback
in our simulations. Indeed, the simulations by Jones & Bate (2018), shown
as magenta stars, are in excellent agreement with the extrapolation of out
power-law fits as shown by the brown diamonds, assuming equations (8)
and (9) fits with mf = 10 M⊙ (see the brown dashed line for our fit to the
smallest density of the three Jones18 data points). Bottom: Same as the top
panel but showing the total SFE (TSFE), i.e. the SFE once star formation
ends and the cloud is dispersed. The solid horizontal line at f∗ = 15 per cent
roughly separates clouds that form GC progenitors from open star clusters.

radiation feedback or protostellar jets feedback should be included
in the simulation. In all the other simulations UV feedback by
massive stars is likely the dominant feedback at play; therefore,
these simulations incorporate the relevant physics for the formation
of realistic star clusters.

3.3 Star formation law in molecular clouds

Next, we ask the question of what is the physical interpretation of
the empirical relationship we derived for the SFE as a function of
cloud mass and compactness. To answer this question, we first fit
the SFE f∗(τ ) with an analytic function, where τ ≡ t/tff, in order
to minimize the stochastic noise of the simulations. The f∗(τ ) has a

shape that can be fit by an arctan function or the Fermi function:

fF(τ ) = f0

e−(τ−τ0)/"τ + 1
. (10)

Both fits give similar results for the purpose of interpreting f∗(τ ).
In Fig. 11, we show the fit to f∗(τ ) using the Fermi function fF

(orange solid curves) and its time derivative (blue curves), or the
dimensionless SFR per free-fall time, SFRff ≡ df∗/dτ ≈ dfF/dτ .
The fits are a good approximations to the data points from the
simulations (solid points), except for a few clouds where f∗(τ ) has
a pit near the end of the star formation process.

The value of the peak of SFRff has a weak dependence on the
cloud mass (see the top panel in Fig. 12) and a stronger dependence
on the cloud mean density. We fit the SFRff|max with a power law
similar to equation (9):

SFRff |max ≈ 1.1 per cent
(

mgas

104M⊙

)0.36 (
1 + ngas

ncri

)αf

, (11)

where αf ≈ 1.0 and ncri is the same critical density as in equation (8).2

The duration of the star formation burst in units of tff, "τ SF, is
proportional to the width of the SFRff shown as the blue lines in
Fig. 11. The function dfF/dτ has a peak value f0/4"τ and a full-width
half-maximum 3.526"τ . We define "τ SF ≡ 4"τ so that

f∗,tot ≈ f0 = dfF

dτ
|max × "τSF. (12)

Inspecting Fig. 11 we see that "τ SF increases with the cloud mass
and appears to be proportional to the dimensionless sound crossing
time of the cloud. Here, we define the sound crossing time, tcr, as
the ratio of the time it takes for a sound wave with cs = 10 km s−1

to cross the cloud radius. Similarly to the dimensionless "τ SF, we
define τ cr ≡ tcr/tff, where the free-fall time is defined at the cloud’s
mean density. We find that "τ SF/τ cr = "tSF/tcr ≈ 6 (the horizontal
line in the bottom panel of Fig. 12). This results makes physical
sense because the feedback mechanism stops star formation by
creating overpressured H II regions that require a constant number
of crossing times to expel the gas.

Since tcr ∝ rgas ∝ (mgas/n)1/3, we have "τSF ∝ tcr/tff ∝
m1/3

gas n
1/6. From equation (12), we derive f∗,tot ∝ m 0.69

gas n 0.17
gas (1 +

ngas/ncri)1.0, which is in good agreement with equation (9) for
n > ncri. The agreement can be improved further by considering
a more accurate fit to τ SF/τ cr rather than assuming a constant value
∼6. Namely, considering the weak dependence of the star formation
time-scale on the cloud mass and density: "τSF/τcr ∝ m −0.3

gas n −0.2
gas .

From the analysis and interpretation of these results, we can thus
derive a star formation law in molecular clouds that can be used
as a more accurate sub-grid recipe in cosmological simulations
that resolve the molecular cloud phase. Assuming a constant mean
volume for the cloud we have f∗ ≡ m∗/mgas ≈ ρ∗/ρgas. Therefore,
assuming ρgas = const (i.e. assuming f∗ ≪ 1) during the episode
of star formation, which has a duration "tSF, we have SFRff|max ≡
df∗/dτ |max ≈ dρ∗/dt|max(tff/ρgas), which implies

dρ∗

dt
= ϵ

(
mgas

104M⊙

)0.36 (
1 +

ρgas

ρcri

)1.0 ρgas

tff
∝ (ρgas)

2.5,

if ngas > ncri ≈ 103 cm−3 (13)

2The value of αf is somewhat correlated with ncri. We sample a sequence
of ncri for which we obtain a good fit and find that for ncri in the range
∼400–1600 cm−3, the corresponding αf is in the range of 0.85−1.1.
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He+19, see also Fukushima+20,23,
Chon+23,24, Grudic+21, Kim+20, etc.

Cloud-to-cluster SFE depends on cloud mass, density, and metallicity

He+19
He+19

We integrate this knowledge into galaxy formation simulations
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METHODS



Star-formation models in galaxy simulations
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1. Free-fall-time-based models (standard)

2. Sink-particle models

3. Cloud-to-cluster model (This work)

(see Thomspon and Kang’s talk)

<latexit sha1_base64="HpcWPn30p+43u8PVs7bYKipJZjw="></latexit>

⇢̇⇤ = ✏↵
⇢gas
t↵
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Msink(t+�t) = Msink(t) +�Mgas

<latexit sha1_base64="Koh58Kst27fyTi2JONlnvDcJv9Q="></latexit>

�Mgas
<latexit sha1_base64="QDoenh61E93FeXFPrMQBBeajKpU="></latexit>

Msink
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Mgas,cell
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M⇤
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�t

probability: 

(some variants in εff)

can include the cloud-to-cluster SFE

<latexit sha1_base64="XC1W93m/CIHjyYzxULrL4Xgs2CY="></latexit>
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�tMgas,cell

t↵ M⇤
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Mcloud
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1. Detect a collapsing gas cloud by searching for a cell with

ü nH > nSF = 5×104 cm-3 * ((1+z)/10)2 * (T/100 K) 

ü determine cloud size Rcloud by n1D(Rcloud) = 1/1000 * nSF

2. Obtain cloud properties using on-the-fly spherically-averaged profile

ü Z > Zcr = 10-5 Zsun

KS, Ricotti, Park, Garcia, Yajima (2024)

x

star-forming cloud

stellar cluster

Rcloud

2pc

2pc

3. Estimate the total stellar mass of Pop II cluster

ü each star particle (M* = 100 Msun) represents a group of stars obeying Salpeter IMF (1-100 Msun)

4. Distribute Pop II particles

Mcloud

Mcluster

cloud-to-cluster SFE from He+19 

ü other cloud properties Mcloud, ncloud, Zcloud, etc.

<latexit sha1_base64="4SY81T4C6pvsMq/xF+ILGSCDH0U="></latexit>

Mcluster = f⇤,He19(Mcloud, ncloud, Zcloud)Mcloud

(Pop III formation for lower-metallicity case)

Cloud-to-cluster Pop II formation
model for first galaxy simulations
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Zoom-in simulations of a single galaxy (Mhalo =108 Msun at z = 10)

Code RAMSES-RT
(Teyssier 2002, Rosdahl+ 2013)

We added our star-formation model to a 
modified version of RAMSES-RT

(Kimm+17, Katz+17)

Initial Cond. MUSIC (Hahn & Abel 2011) Zoom-in initial condition at z = 127

Final Time 500 Myr after Big Bang 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 Salpeter IMF

Refinement NJ = 8 (Δx > 1 pc), 4 (Δx < 1 pc) at least NJ cells per Jeans length

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

Star Formation nSF = 5×104 cm-3  [(1+z)/10] 2  (T/100 K) To resolve gravitational collapse of clouds
Pop II/III formation depending on metallicity



RESULTS
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First galaxy formation in the fiducial run

Steep starburst
may be related to the
large abundance of
high-z luminous galaxies

KS, Ricotti, Park, Garcia, Yajima (2024)

may also be linked to the high 
[OIII]/[CII] ratio in high-z galaxies 
(Nakazato,KS,Inoue,Ricotti 2026)
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z = 10.5
t = 461 Myr

50 pc

z = 10.5
t = 458 Myr

50 pc
10°1
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• entire star-forming cloud collapses 
with weak fragmentation

• entire cloud is fragmented into 
small star-forming clumps

Full simulation
Test run without 
FUV feedback

continuous star formation modebursty star formation

Examining the burst mechanism:
gas distribution with and without FUV feedback



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
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10 pc region of a clump, the gas is warm with T ⇡ 104 K
(temperature plot, middle-left); it has extremely low
metallicity with Z ⇡ 2 ⇥ 10�3

Z� (metallicity plot, left-
bottom); it is neutral and almost completely dissociated
with y(H2) ⇡ 10�8 (abundance plot, top-right); and it
is irradiated by an intense FUV field with J21 ⇠ 104�5

(radiation-field plot, middle-right).
This high FUV intensity can be explained as follows.

At this epoch, the main source of FUV radiation is
young Pop II stars with a typical age of . 10 Myr, which
emit FUV radiation at a specific emissivity of about
ṄFUV ⇠ 1046 s�1

M
�1

� (Bruzual & Charlot 2003; Katz
et al. 2017). Assuming a spherical propagation from
a point source with mass MPopII, we can calculate the
FUV photon number density at a distance r from the
source as nFUV = MPopII ṄFUV/(4 ⇡ r

2
c). This relation

can also be written in terms of J21 as

J21 = 2.3 ⇥ 104

✓
MPopII

106 M�

◆✓
r

100 pc

◆�2
 

ṄFUV

1046 s�1 M
�1

�

!
.

(5)

Assuming a value of ṄFUV = 3 ⇥ 1046 s�1
M

�1

� for the
FUV photon production rate of Pop II stars at an age of
5 Myr (Bruzual & Charlot 2003), and an enclosed stellar
mass of MPopII = 4 ⇥ 105

M� within a radius of 100 pc
(bottom-right), this estimation accurately predicts the
radial dependence of J21 at distances r & 100 pc, as
shown by the dashed line in the middle-right panel of
Fig. 8.

In the enclosed mass plot (bottom right), the Bonor-
Ebert mass, MBE = 1.18 P

3/2
⇢
�2

G
�3/2 (see, e.g.,

Stahler & Palla 2004), is also presented. If the enclosed
gas mass exceeds this critical mass, the gas is gravita-
tionally unstable. At this time, the enclosed gas mass
at Rcloud is larger than MBE, indicating that the cloud
is gravitationally unstable and collapsing. This aligns
with our treatment of converting the cloud into stellar
clusters based on our star formation model. Note that
the gas mass exceeds the DM mass within the cloud ra-
dius, justifying our assumption of ignoring the DM po-
tential in the star formation process on the cloud scale.
However, outside the cloud radius, the gravity of DM be-
comes the dominant force in attracting gas toward the
central region of the galaxy.

Finally, to further investigate the state of gas dur-
ing the starburst, in Fig. 9 we present phase plots for
the gas within the central 500 pc from the center of the
galaxy. In the top panel, each bin is color-coded ac-
cording to the mass in the density-temperature plane,
revealing several distinct states of the gas. Firstly, there
is a small mass of gas located in the high-temperature
region (T > 105 K ), which corresponds to SN bub-

nH [cm�3]

102

104

106

108

T
[K

]

102

104

M
ga

s
[M

�
]

10�4 10�2 100 102 104
nH [cm�3]

nH [cm�3]

102

104

106

108

T
[K

]

0.25

0.50

0.75

1.00

y(
H

+
)

nH [cm�3]

102

104

106

108

T
[K

]

10�8

10�6

10�4

10�2

100

y(
H

2
)

nH [cm�3]

10�6

10�4

10�2

100

Z
[Z

�
]

101

103

M
ga

s
[M

�
]

10�4 10�2 100 102 104

nH [cm�3]

102

104

106
J

21

101

103

M
ga

s
[M

�
]

Figure 9. Phase diagram for the gas in the central 500 pc
region of the galaxy during the largest starburst (same red-
shift as in Figs. 7 and 8). The panels from the top to the
bottom show: the gas mass (first panel), the ionization frac-
tion (second panel), and the molecular fraction (third panel)
in the density-temperature plane. The fourth and fifth pan-
els show the gas mass in the density-metallicity and in the
density-FUV intensity planes, respectively. The dashed lines
in the top panels indicate the threshold density for star for-
mation (Eq. 1). In the fourth panel, we set a metallicity floor
of Zfloor = 10�6 Z� to make a gas of primordial composition
visible in the plot.
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FUV photon production rate of Pop II stars at an age of
5 Myr (Bruzual & Charlot 2003), and an enclosed stellar
mass of MPopII = 4 ⇥ 105

M� within a radius of 100 pc
(bottom-right), this estimation accurately predicts the
radial dependence of J21 at distances r & 100 pc, as
shown by the dashed line in the middle-right panel of
Fig. 8.

In the enclosed mass plot (bottom right), the Bonor-
Ebert mass, MBE = 1.18 P

3/2
⇢
�2

G
�3/2 (see, e.g.,

Stahler & Palla 2004), is also presented. If the enclosed
gas mass exceeds this critical mass, the gas is gravita-
tionally unstable. At this time, the enclosed gas mass
at Rcloud is larger than MBE, indicating that the cloud
is gravitationally unstable and collapsing. This aligns
with our treatment of converting the cloud into stellar
clusters based on our star formation model. Note that
the gas mass exceeds the DM mass within the cloud ra-
dius, justifying our assumption of ignoring the DM po-
tential in the star formation process on the cloud scale.
However, outside the cloud radius, the gravity of DM be-
comes the dominant force in attracting gas toward the
central region of the galaxy.

Finally, to further investigate the state of gas dur-
ing the starburst, in Fig. 9 we present phase plots for
the gas within the central 500 pc from the center of the
galaxy. In the top panel, each bin is color-coded ac-
cording to the mass in the density-temperature plane,
revealing several distinct states of the gas. Firstly, there
is a small mass of gas located in the high-temperature
region (T > 105 K ), which corresponds to SN bub-
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Figure 9. Phase diagram for the gas in the central 500 pc
region of the galaxy during the largest starburst (same red-
shift as in Figs. 7 and 8). The panels from the top to the
bottom show: the gas mass (first panel), the ionization frac-
tion (second panel), and the molecular fraction (third panel)
in the density-temperature plane. The fourth and fifth pan-
els show the gas mass in the density-metallicity and in the
density-FUV intensity planes, respectively. The dashed lines
in the top panels indicate the threshold density for star for-
mation (Eq. 1). In the fourth panel, we set a metallicity floor
of Zfloor = 10�6 Z� to make a gas of primordial composition
visible in the plot.
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Anatomy of 
FUV-induced starburst

Omukai, Schneider, Haiman, 2008

SF threshold →

self-shielding →

warm (T〜104 K)
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J21〜 105Z〜10-3 Zsun

• metal-poor gas irradiated by strong FUV is 
heated to T〜104 K

T 〜 104 K

• it is essential to resolve grav. col.  (Δx〜0.1pc required)

very low metallicity

strong FUV field

• entire cloud collapses after they become 
massive enough → FUV-induced starburst!!



CONCLUSION
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Summary and Discussion
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• We have performed sub-pc resolution simulations of first galaxy formation 
integrating the latest knowledge of small-scale physics

• We have developed a model of star-cluster formation that incorporates the 
star-formation efficiency from cluster-scale simulations

• We have found FUV-induced starburst caused by the following mechanism

1. metal-poor gas under strong FUV field is heated to T〜104 K

2. entire clouds collapse after they become massive enough

3. FUV-induced starburst!!

• We are currently working on star-by-star simulations with Z-dependent IMF


