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between the two programs, a total of seven distinct protocluster
targets were observed, but data was corrupted for one target
due a nonnominal operation of a microshutter, leaving seven
targets suitable for analysis. The choice of protocluster targets
in each MSA was based on three primary factors, namely (i) the
central pointing of the MSA, (ii) the position of the MSA
ensuring no spectral overlap in the detector, and (iii) the
preferential selection of brighter objects to maximize the
probability of emission line or continuum detections.

The data were reduced using the official STScI JWST
pipeline (ver.1.8.2)33 forLevel 1data products, and the
msaexp34 code for levels (2) and (3) data products, the latter
of which is built on the STScI pipeline routines but also
includes custom routines for additional corrections. Briefly, we
begin our data reduction on the uncalibrated files with the
Detector1Pipeline routine and the latest set of reference
files (jwst_1014.pmap) to correct for detector-level artifacts and
convert to count-rate images. We then utilize custom
preprocessing routines from msaexp to correct for 1/f noise,
identify and remove snowballs, and remove bias on an
exposure-by-exposure basis, before running a number of STScI
routines from the Spec2Pipeline to produce the final 2D

cutout images. These include the AssignWcs, Extra-
ct2dStep, FlatFieldStep, PathLossStep, and
PhotomStep routines to perform World Coordinate System-
registration, flat-fielding, pathloss corrections, and flux calibra-
tion. Background subtraction is performed locally using a
three-shutter nod pattern before drizzling the resulting images
onto a common grid. From there, we optimally extract the
spectra via an inverse-variance-weighted kernel, derived by
summing the 2D spectrum along the dispersion axis and fitting
the resulting signal along the spatial axis with a Gaussian
profile by following the recipe of Horne (1986). We visually
inspect all kernels to ensure spurious events are not included
(or limited) where possible. The kernel then extracts the 1D
spectrum along the dispersion axis.

2.2. Imaging Data and Photometry

Deep NIRCam images are available from DDT program
(PID 2756; PI. W. Chen) and General Observersprogram
UNCOVER (Bezanson et al. 2022), including F115W, F150W,
F200W, F277W, F356W, F410M, and F444W filters. The
imaging data are reduced in the same way as presented by
Merlin et al. (2022), using the official STScI JWST pipeline,
including the most recent version of the photometric zero-

Figure 1. NIRCam red giant branch composite image of the Abell 2744 field (blue, F115W; green, F200W; red, F444W). Confirmed galaxies are marked by red
squares and shown individually in the zoomed-in panels (2 2 × 2 2). The position of the micro‐shutter assembly (MSA) slit for each object is shown a rectangle
(colored in cyan for theDirector's Discretionary Time (DDT) program and red for the GLASS-ERS). The remaining photometric z ∼ 7.9 candidates that were
originally identified in Zheng et al. (2014) but not covered by our NIRSpec observations are marked in orange circles.

33 https://github.com/spacetelescope/jwst
34 https://github.com/gbrammer/msaexp
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Abnormal N/O ratio
Rapid rotational disk?

Galaxy clutering
Protocluster?

Dusty/clumpy Dusty starburst
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Active star formation

What induces the various properties?
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Given the large number of active galaxies in
this region, the elevated photon flux required
to power the filaments could be provided by
the galaxy population identified within our
field. To test this hypothesis, we determined the
number of ionizing photons provided by x-ray–
selected AGNs and SMGs (22). Under the
simple assumption that the ionizing sources
typically lie 250 kpc from filaments, the re-
quired photon flux corresponds to a photon
number emission rate of Qion ~10

55 s−1 to
power the whole filament. The eight x-ray
AGNs in the structure have Lx ~1044 erg s−1,
corresponding to a total rate of Qion ~10

57 s−1,
whereas the 16 SMGs that are protocluster
members form stars at a rate of 160 to 1700
M⊙ year−1 and hence produce a total of Qion

~1057 s−1. This is sufficient ionizing photon
flux to power the filament emission, even un-
der the assumption that only 1% of the pho-
tons escape their host galaxies. This simple
estimate, although an approximation of the
more complex radiative transfer in this re-
gion, supports our interpretation that the
gas residing in these filamentary structures
is ionized by the photons produced by star-
forming galaxies and AGNs in the massive
protocluster core.
The volume densities of SMGs and x-ray

AGNs in this field are about three orders of
magnitude higher than the volume average

at this epoch (21). Such an overdensity of ac-
tive populations is very rare (29), and there is
little observational evidence regarding how
this intense activity is fueled and sustained.
Cosmological simulations suggest that rapid
infall of gas from the cosmic web in proto-
clusters may lead to the formation of SMGs
(30). Although gas inflows are not directly
observable in our data, the location of SMGs
and AGNs within the filaments supports the
idea that large reservoirs of gas are funneled
toward forming galaxies under the effect of
gravity, triggering and sustaining their star
formation and driving the growth and ac-
tivity of their central SMBHs. Assuming a
typical density of 6 × 10–3 cm−3 for filaments
with (projected) thicknesses of ~100 kiloparsec,
the region imaged by our observations con-
tains ~1012M⊙ of gas (depending on the filling
factor of the gas), which is potentially available
to accrete onto galaxies in this region and so
fuel their continuing star formation (22).
Our observations have uncovered a large-

scale filamentary structure in the emission
from the core of the SSA22 protocluster. Evi-
dence of similar structures in other proto-
clusters from imaging observations (15, 25)
suggests that this may be a general feature
of protoclusters in the early Universe. The
network of filaments in SSA22 is found to
connect individual galaxies across a large vol-

ume, allowing it to power star formation and
black-hole growth in active galaxy populations
at z ~3.
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Fig. 3. Three-dimensional pictures of Lya filaments. (A) Velocity map of the Lya emission obtained
from its flux-weighted centroid in the MUSE data. Image scale and plotting symbols are the same as those
in Fig. 2. Coherent velocity trends can be seen along the filament structures. (B) The 3D distribution of
Lya filaments shown with blue [signal-to-noise ratio (SNR) > 2] and magenta (SNR > 5) voxels. The locations
of SMGs (without detectable x-ray AGNs, orange circles), AGN-hosting SMGs (red diamonds), and
x-ray–luminous AGNs without ALMA 1-mm detections (brown hexagons) are also displayed. The Lya
filaments and SMGs and AGNs are colocated on megaparsec scales.
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How galaxies form in overdense regions?
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Cosmic reionization

⾚⽅偏移~20 ⾚⽅偏移~10 ⾚⽅偏移~6

Detection of Lyman-alpha lines from galaxies at z > 10. 
Were giant HII bubbles formed?

z=13 z=10.6

Witsitok+2024 Bunker+2023
JWST observations



Constraints on the reionization 
using IGM absorption profiles

Curtis-Lake+(2023)

Isolated HII bubble model 

(Furlanetto&Oh 2005)Umeda+(2023)
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This indicates that observed galaxies 
distributes within giant HII bubbles with 
the overlap effect

JADES-GS-z11-0
@z=10.3



1) How did first galaxies form in overdense regions?
2) How was IGM ionized in overdense regions?
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FOREVER22
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(FORmation and EVolution of galaxies in Extremerly 
overdense Regions motivated by SSA22)

Whole volume: (714 cMpc )^3
Top 10 protoclusters at z=2 are selected
Zoom-in cosmological simulations

Gadget-3 (Springel+05)
OWLS/EAGLE model
(Schaye+10, 15)
FiBY model
(Johnson+13)

FOREVER22 model
ü Pop III stars and Pop II stars
ü Supernova feedback (stochastic thermal)
ü Non-eq. primordial chemistry
ü Photoionization heating
ü Radiation pressure on dust
ü BH feedback (thermal and jet)
ü Dust growth and destruction

Yajima et al. (2022, MNRAS, 509, 4037)



3 levels of zoom-in simulations
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Volume

PCR
BPCG

FIRST

timeResolution

PCR run (10 regions)
L = 28.6 cMpc
mgas = 4x106 Msun
Mhalo ~ 1014 Msun
zend = 2

BPCG run (10 regions)
L ~ 10 cMpc
mgas = 5x105 Msun
Mhalo ~ 1013 Msun
zend = 4

FIRST run (2 regions)
L ~ 3 cMpc
mgas = 8000 Msun
Mhalo ~ 1011 Msun
zend = 9

Star formation 
 in first galaxies

Reionization

Today’s talk



12



Star formation history of the first galaxies
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Feedback
outflow

Trapped gas in 
massive haloes

suppression of 
star formation

starburst

Modelled galaxies at the overdensity 
regions can reproduce the observed 
SFRs at z~10-14, while the SFRs at z=16 
are much lower than the observations.

(Yajima et al., 2023)

First0
First1



First galaxies with Pop III stars?
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Mass fraction of PopIII stars

Pop II

Pop III
Accretion of primordial clouds

Mass fraction of Pop III stars decreases 
with total stellar mass
it is <~ 1% for galaxies with Mstar>106Msun
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Distribution of POPIII stars
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z=10
fpopIII=0.017%
SFR=41.5 Msun/yr
Mstar =2.8x109 Msun
MPOPIII = 4.8x105  Msun
Z=6.6x10-2 Zsun

Pop II
Pop III

30 kpc Isobe+(2023)

Maiolino+(2023)

PopIII?



Impacts of Pop III stars on the 21-cm global signal
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(Yajima, et al., 2015)
21 cm signal



Reionization simulations
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Star 
formation

Galaxy
clustering

Escape
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Radiative transfer calculations
1) Escape of ionizing 
photons from galaxies

2) Ionization of IGM
HII bubbles in protocluters
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Monte Carlo in AMR Ray-tracing in uniform cells
ART2 code (HY+12; Li+21) ART code (HY+09)

106 photon packets for each galaxy 105 radiation rays for each galaxy 18



Escape fraction of ionizing photons

Median values show 10-30%
fesc decreases slightly as the 
halo mass increases
There are large dispersions
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log 𝑓!"# = 𝛼	log𝑀$%&' + 	𝛽
𝛼 = −0.25
𝛽 = 2.0



Redshift: 18 => 6

28.6 cMpc

Log N
eutral fraction

Ionization structure (Protocluster) 
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(Yajima et al. in prep.)



Bubble distributions (z=10)
Protocluster

Mean field

Protocluster 

Mean field
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Ionization history

Protocluter regions 
are ionized  earlier
It completes at z~7-8
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Time evolution of HII bubbles around most 
massive haloes

Lya can penetrate IGM?
(HY et al. 2018)

The radii of HII bubbles 
reach 2~8 cMpc at z~10
Lya lines can be observed 
even from galaxies at z~13
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Bubble size v.s. Star formation rate
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Skewness of HII bubbles
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Summary

We perform cosmological simulations focusing on protocluter 
regions. Our findings are as follows.
• First galaxies show bursty star formation and queching phases. 
• Mass fraction of Pop III stars decreases gradually as halo/stellar mass 

increases, and it is ~1% for galaxies with Mstar~106 Msun
• Massive galaxies form giant HII bubbles with R~2-8 cMpc even at z~10. 
• The cosmic volumes with L=28.6 cMpc including protocluters are 

almost completely ionized at z~7-8.
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