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The galaxy–halo assembly correlation 3155

Figure 12. Left-hand panel: best-fitting scatter in stellar mass at fixed Mpeak, split for central and satellite galaxies at z = 0, compared with the results for
central galaxies in Reddick et al. (2013). Right-hand panel: best-fitting scatter in stellar mass at fixed peak halo mass (Mpeak) for central galaxies as a function
of Mpeak and z. Error bars and shaded regions in both panels show the 68 per cent confidence interval for the model posterior distribution.

Figure 13. Left-hand panel: average star formation rates in galaxies as a function of halo mass and redshift. Right-hand panel: average star-forming fractions
as a function of halo mass and redshift. The purple line marks the predicted transition in Dekel & Birnboim (2006) between cold flows reaching the central
galaxy (below the line) and not reaching it due to shock heating (above the line). In both panels, white lines mark median halo growth trajectories, and the
grey region marks where no haloes are expected to exist in the observable Universe. A robust upturn in the star-forming fraction to higher redshifts is visible
(Section 4.3).

Figure 14. Left-hand panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy SFRs (Fig. 13, left-hand panel). Right-hand
panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy star-forming fractions (Fig. 13, right-hand panel).
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巨大銀河の進化 ⇄ 初代銀河の進化

Behroozi et al. 2019

ハローの成長史と星形成銀河の割合

現在の最遠方銀河
z=11-13, logM*=9
(Jiang et al. 2021,

Harikane et al. 2022)

答えたい疑問：
巨大銀河はいつ・どのように形成したのか？
解決するためのアプローチ：
劇的な進化段階にいる銀河を観測する
（star-forming → quiescent）
（disk → bulge）
（rotation → random）

transition (empirical)
quiescent

⇧
star-forming
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現在の最遠方銀河
z=11-13, logM*=9
(Jiang et al. 2021,

Harikane et al. 2022)

GREX-PLUSが狙う
z=10-15の銀河

銀河の誕生

銀河の進化
GREX-PLUSが狙う

z=4-8の銀河

ハローの成長史と星形成銀河の割合

巨大銀河の進化 ⇄ 初代銀河の進化

transition (empirical)
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z>15 z=5-8 z=4-6z=8-15

巨大銀河の進化 ⇄ 初代銀河の進化

Lyman break galaxies Lyman break galaxies Submillimeter bright galaxies 
Dust-obscured quasars Quiescent galaxies

発見 Roman ❌ ✅ ❌ ❌

GREX-PLUS ✅ ✅ ✅ ✅

星質量 Roman ❌ ❌ ❌ ❌

GREX-PLUS ✅ ✅ ✅ ✅

「巨大銀河はいつ・どのように形成したのか？」
・z>7のサブミリ波銀河を発見し、特徴付ける
・z=5-8のサブミリ波銀河の個数密度を測定する
・z=5-8のサブミリ波銀河のハロー質量を測定する

Romanではできず、3-5 μmの広域探査が絶対必要

Romanではダメな理由
1. 強いダスト減光のため2 μmで検出できない
2. 銀河の星質量を知ることができない



GREX-PLUSでしか見つからない2-4 μmで赤い銀河

Mawatari et al. 2020

do not contribute to the SMDs. Our SMD at z∼6 is broadly
consistent with the decreasing trend of passive galaxies from
z=0 to 4. The fraction contributed by the BBGs in the total
SMD including star-forming galaxies at z∼6 is only ∼1%.

7.3. Cosmic Star Formation Activity at 2z 14

The small but nonzero number of BBGs suggests star formation
activity by their progenitors at z  10, several hundred million yr
or more before the observed epoch of z∼6. In the following
section, we discuss the cosmic star formation activity by such
progenitors, assuming that all three candidates are real BBGs.

The number density of the star-forming progenitors can be
different from that of the BBGs because the progenitors are

observable only during their star-forming phase (TSF), while
the descendant BBGs are always observable once the Balmer
break matures. Assuming the BBG observable time duration as

� � �T T T 0.2 GyrBBG age SF with U� qT 2SF SFH, where
0.2 Gyr is required to develop the Balmer break, we obtained
the number density of the star-forming progenitors as

( )� q x q �n n T T T5.6 10 60 Myrprog BBG SF BBG
8

SF Mpc−3

(comoving). We should note here that TSF is not strongly
constrained by the SED fitting. The observed Balmer break
demands a sufficiently long Tage. As a result, TSF in the
exponential SFH has to be short because of the limited cosmic
time at z∼6. It is possible that an SFH having a certain star
formation before the exponentially declining one provides a
good fit to the BBGs’ SED and allows a bit longer TSF

Figure 10. Same as Figure 9 but for BBG_22.

Figure 11. Same as Figure 9, but for BBG_29.
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SED as the “best-fit” template and the one derived from each MC
realization as the “MC-best” template.

6.2. BBG Candidates without ALMA Detection

Here we present the SED analyses for the three BBG candidates
not detected in the ALMA observations. Because the ALMA
Band7 upper limits are deeper than the Spitzer/MIPS, Herschel,
and JCMT/SCUBA-2 data, we used only the ALMA Band7 data
for the FIR range in the SED fitting. The resultant number of bands
is 15: F814W, [ ] [ ] [ ] [ ]g r i z y Y J H K, , , , , , , , , 3.6 , 4.5 , 5.8 , 8.0s ,
and ALMA Band7. In the following sections, we describe the
SED fitting performed separately with the three template groups
(Section 6.2.1) and that performed with composite templates of the
galaxy and AGN models (Section 6.2.2).

6.2.1. Fitting with Either Galaxy or AGN or XzLBG Template Group

First, we perform the SED fitting with the Galaxy group
templates (Table 3). As a result of 1000 MC runs, we found
that the BBG models at 5  z  8 are significantly favored for

all three BBG candidates. Figure 8 shows the probability
distributions of the five fitting parameters and the stellar mass
of the 1000 MC-best templates. The MC-best models are
massive ( _ qM 5 1010

* Me), dust-poor (AV<0.2), metal-
enriched (∼Ze), and old (0.7–1 Gyr) galaxies at 1 1z5 8.
Their SFH is extremely bursty (τSFR=0.03 Gyr), which leads
to almost zero SFRs at the observed epoch.28 The above SED
properties are similar to those of local passive galaxies (e.g.,
Cox 2000; Phillipps 2005). We note that none of the 1000 MC
realizations result in DG/DNLE solutions, except for BBG_9.
In BBG_9, our MC realizations result in DG solutions on rare

Figure 7. Postage-stamp images of the six BBG candidates in g, i, F814W, Y, K, [3.6], [4.5], and ALMA Band 7. The top three objects are not detected in ALMA
Band7, whereas the remaining three objects are detected. The panel size is always 6″×6″. The circle superposed on each panel shows the photometric aperture with
diameters of 0 6 for F814W, 2″ for ALMA Band 7, and 2× the FWHM of the PSF for the other bands.

28 A small SFR is also expected from the observed photometry in the FIR and
optical bands. We estimated the SFR upper limit from the ALMA Band 7 flux
upper limit assuming a modified blackbody with a dust temperature of Td=35 K
and a conversion factor from LIR to SFR (Madau & Dickinson 2014). All three
BBG candidates have SFR :1 M10 yr−1 (3σ). Almost the same constraint is
obtained from the observed flux upper limit in the Y band that roughly
corresponds to the rest-frame UV wavelength at the best-fit redshifts. The SFRs of
the BBG candidates are an order smaller than those of the z∼6 star-forming
galaxies on the main sequence (Speagle et al. 2014) with similar stellar masses
(∼5×1010 Me).
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of IR luminosity of ( ):1 1L L12 log 12.6IR because of the
so-called “negative K correction” (e.g., Blain et al. 2002).
Figure 16 shows some DG and DNLE model spectra at
different redshifts that reasonably fit the observed SEDs of the
three ALMA-detected galaxies. We conclude that the three
BBG candidates with ALMA detections are actually ultra-
luminous infrared galaxies (ULIRGs) with :�L L10IR

12

(Lonsdale et al. 2006) at z  4. Such massive dusty populations
were recently reported by Wang et al. (2019). Future redshift
confirmation with deep spectroscopy (e.g., by JWST or ALMA)
is required to further constrain their physical properties.
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2-4 μmで赤い銀河のダスト連続光をALMAで観測すると
4μm 2μm 870μm4μm



ALMA2: 観測周波数帯域が２倍以上に向上

現状：周波数設定を変えて何回も観測しなければならない
広帯域化の恩恵：
1. 連続光感度の向上 → quiescent galaxiesの確認
2. 一度にカバーできる赤方偏移範囲が拡大 → submillimeter bright galaxiesの分光確認
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The contribution by galaxies with different dust masses to
the 1.1 mm and 850 μm number counts is also presented in
Figure 4 (bottom row). Similar to the stellar mass, we find that
as the flux density increases, the number counts are dominated
by galaxies with increasing dust masses. We find that galaxies
with dust masses in the range between 108 and 109Me
contribute most strongly to the number counts at 0.3 (1.0) mJy
at 1.1 mm (850 μm), the flux density below which the number
counts flatten.

3.3. The Flattening in Number Counts Corresponds to the Knee
and Shallow Faint-end Slope of the Dust Continuum

Luminosity Functions

In the previous subsection, we have seen that our model and
the observations suggest that galaxies at z=1–2 contribute most
to the flux densities at which the 1.1 mm and 850 μm number
counts flatten (Figure 3). We have furthermore seen that the
galaxies responsible for the flattening have stellar masses around
5×1010Me, dust masses between 108 and 109Me, and SFRs
in the range between 10 and 500Me yr−1. At z=1–2, a stellar
mass of 5×1010Me roughly corresponds to the stellar mass at
the knee of the stellar mass function at these redshifts (e.g.,
Tomczak et al. 2014). This suggests that the flattening in the
number counts is driven by the shape of the 1.1 mm and 850 μm
luminosity function at z=1–2 and that the flattening may
actually simply reflect observations probing galaxies below the
knee of this function.

To test our hypothesis, we switch from number counts
(projected densities on the sky) to volume densities. In Figure 5,
we show the luminosity function (number of sources per volume
element) predicted from our model as a function of redshift
(cosmic time).25 We also show the stellar mass function and
dust mass functions. We highlight the flux density and stellar
(dust) mass regime at which the flattening occurs with a vertical
gray band. Indeed, the knee of the luminosity function at

z=1.5 (in the middle of the redshift range z=1–2)
corresponds to the flux densities at which the flattening in the
number counts occurs. Similarly, the stellar and dust mass at
which the flattening occurs in the number counts corresponds
to the knee of the respective mass functions at z=1.5. We
furthermore find that the faint-end slope of the dust continuum
luminosity functions (and dust mass function) is significantly
shallower than the low-mass slope of the stellar mass function
(almost flat at z< 2; compare the top two panels to the bottom-
left panel). This is driven by the strong dependence of the gas-
phase metallicity on stellar mass and the strong dependence of
the dust-to-gas ratio on the gas-phase metallicity. Because of
this shallow slope in the dust continuum luminosity function,
integrating to fainter flux densities results in only a modest
increase in detected sources, as will be discussed in Section 4.
The flattening in the number counts thus corresponds to
probing galaxies below the knee of the luminosity function.
Our model assumes that a set of empirical relations can be used

to describe the entire population of galaxies from low to high
redshifts. It is therefore worthwhile to explore if our finding that
the flattening in the number counts is caused by the shape of the
dust continuum luminosity function being robust against changes
in the assumed empirical relations. In Appendix A of this work,
we adopt a variety of different assumptions, including different
recipes to assign gas masses to galaxies, different mass–metallicity
relations, a different assumption for the amount of star formation
that is dust obscured, and different assumptions for the dust-to-gas
ratio of galaxies. Every empirical relation used in the model has an
error associated with it. To better understand how the error in
these components affects the number counts, we run the model
100 times, sampling over the intrinsic error for each empirical
relation. The different assumptions change the normalization of
the number counts by up to a factor of 2. It furthermore slightly
changes the shape of the cumulative number counts. Nevertheless,
for none of the explored scenarios does the flattening in the
number counts disappear. In other words, this flattening is not
driven by changes in the assumptions on how we derive the dust-
to-gas ratio of galaxies, their gas mass, the fraction of obscured

Figure 3. The 1.1 mm (left) and 850 μm (right) galaxy number counts. The black solid lines mark our predictions for the number counts when accounting for all the
galaxies in the light cone (as shown in Figure 1). The colored lines mark the number counts when selecting galaxies based on their redshift. The color shading
corresponds to the 2σ scatter when sampling over the intrinsic scatter of the empirical scaling relations. The model predictions are compared to a literature compilation
of number counts as in Figure 1. The 1.1 mm number counts are dominated by galaxies at z=1–2, with additional contributions from galaxies up to z=3 at the
brightest fluxes and galaxies in the range z=0–1 at the faintest fluxes.

25 These are actually 1.1 mm and 850 μm flux density distribution functions,
but for simplicity we call them luminosity functions.
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2 mJy

redshift N [deg-2] N [200 deg-2]

4 < z < 5 ~40 ~8000

5 < z < 6 ~10 ~2000

6 < z < 7 ~2 ~400

Popping et al. 2020

Required observations and expected results

目標
・z>7のサブミリ波銀河を発見し、特徴付ける
・z=5-8のサブミリ波銀河の個数密度を測定する
・z=5-8のサブミリ波銀河のハロー質量を測定する
100平方度クラスの広域探査が必要
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Submillimeter bright galaxies at z>6
CO(2 ! 1) detection in a z = 6 galaxy 3
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G09-83808
IllustrisTNG-300

Schreiber et al. 2015
Pearson et al. 2018

Figure 1. G09-83808 in the context of the main-sequence
of star-forming galaxies. The best-fit SFR and stellar mass
of G09-83808, and their associated uncertainties, are rep-
resented by the red solid circle. The gray and gold regions
represents the main-sequence relationships of Schreiber et al.
(2015) and Pearson et al. (2018), respectively, extrapolated
to z = 6. For the sake of comparison we also include z ⇡ 6
star-forming galaxies from the IllustrisTNG-300 simulation
(Pillepich et al. 2018). Our target, G09-83808, lies on the
high-mass end of the main-sequence over a parameter space
that overlaps with the the most massive star-forming galax-
ies from IllustrisTNG.

red far-infrared colors (i.e. S250µm < S350µm <
S500µm). The source was then followed-up with sev-
eral telescopes including the Atacama Large submil-
limeter/Millimeter Array (ALMA), the James Clerk
Maxwell Telescope (JCMT), the Large Millimeter Tele-
scope (LMT), NOEMA, Spitzer, and the Submillimeter
Array (SMA). The galaxy’s redshift was determined to
be z = 6.0269±0.0006 through the detection of multiple
emission lines (including CO(5 ! 4) , CO(6 ! 5) , and
H2O(211 � 202)) in its LMT 3mm spectrum and a sub-
sequent detection of the [CII](2P3/2 �2 P1/2) transition
with the SMA (Zavala et al. 2018; see also Fudamoto
et al. 2017). Zavala et al. (2018) also presents high-
angular resolution ALMA observations of the dust con-
tinuum emission at �obs ⇠ 890µm. The high resolution
dust continuum observations were used for modelling
the gravitational lensing e↵ect in the uv plane using the
visilens code (Spilker et al. 2016b). The best-fit grav-
itational magnification of the source was found to be
µ890µm = 9.3± 1.0.
Using this magnification factor and the combined Her-

schel/SPIRE (250, 350, and 500µm), JCMT/SCUBA-2
850µm, and LMT/AzTEC 1.1mm photometry, an in-
trinsic star formation rate (SFR) of 380 ± 50M� yr�1

was derived in Zavala et al. (2018).

The 3.6 and 4.5µm Spitzer/IRAC observations were
also used along with the FIR photometry to constrain
the stellar mass of the galaxy through a spectral en-
ergy distribution (SED) fitting technique using the en-
ergy balance code magphys (da Cunha et al. 2008).
First, since the emission of G09-83808 is blended with
that from the foreground z = 0.776 lensing galaxy in
the IRAC bands (see Zavala et al. 2018), the light dis-
tribution of the foreground galaxy was modeled using
galfit (Peng et al. 2002) and a Sérsic profile (Sérsic
1963). Then, the emission from the foreground galaxy
was subtracted from each image, and the photometry of
the background source was measured from the galfit
generated residual images using SExtractor (Bertin
& Arnouts 1996). Finally, combining the deblended
Spitzer photometry, which probes the rest-frame opti-
cal stellar emission, with the FIR data, the best-fit SED
for G09-83808 was derived, from which a stellar mass of
M? = 7.8+8.4

�4.2 ⇥ 1010 M� was inferred (after correcting
for gravitational magnification).
With these measurements in hand, we can place our

target in the context of the main-sequence of star form-
ing galaxies.
As it can be seen from Figure 1, G09-83808 lies on

the high-mass end of the main-sequence of star form-
ing galaxies when compared to the extrapolated rela-
tion of Schreiber et al. (2015), or slightly above (with
SFR/SFRMS ⇡ 2 � 3) if compared to the relation of
Pearson et al. (2018) or Khusanova et al. (2021) – note
that the cuts at high SFRs in the figure are imposed
to represent the typical turnover at high masses (e.g.
Tomczak et al. 2016).
Since this M?�SFR relationship is still not well deter-

mined at z ⇠ 6, we make use of results from simulations
to further explore the place of our galaxy in the context
of typical star-forming galaxies. To do this, we plot in
Figure 1 the z ⇠ 6 star-forming galaxies from the Il-
lustrisTNG project (Pillepich et al. 2018). These galax-
ies are in relatively good agreement with the adopted
main-sequence relationships, ruling out any significant
bias in our comparison. As shown in this figure, the
properties of our target are similar to those of the most
massive galaxies in IllustrisTNG. Therefore, we can con-
clude that G09-83808 probes the high-end of the main
sequence of star-forming galaxies.
This contrasts with the only other two z > 6 galaxies

discovered in blind (sub-)millimeter surveys, SPT0311-
58 and HFLS3, which show SFRs of ⇠ 1, 000 s of
M� yr�1 and are considered to be extreme starburst
galaxies (Riechers et al. 2013; Marrone et al. 2018).
Finally, we highlight that the metallicity of this galaxy

has recently been constrained to be Z ⇡ 0.5 � 0.7Z�

4 Zavala et al.
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Figure 2. The CO(2 ! 1) transition from G09-83808. Left: Velocity-integrated intensity (moment-zero) map of the CO(2 !
1) line over ⇡ 800 km s�1 centered at 32.81GHz. A double-arc structure is visible due to the gravitational lensing. The
aperture used to extract the 1D spectrum is indicated with the dashed black line, while the beam-size of the observations is
shown with the yellow ellipse in the bottom left. Right: Extracted spectrum around the expected frequency of the line at
z = 6.029 (gray dashed line). The dotted red line represents the best-fit Gaussian function (with ⌫obs = 32.810± 0.002GHz and
FWHM = 0.040± 0.005GHz). The solid line represents the best-fit with two Gaussian components adopted to better describe
the double-peak profile of the line, which is also noticeable in other transitions (see Appendix A).

(12 + log(O/H) ⇡ 8.34 � 8.54) via the detection of
[NII]205µm and [OIII]88µm in Tadaki et al. (2022). In-
terestingly, the mass-metallicity relation of Genzel et al.
(2015) predicts a value of 12 + log(O/H) ⇡ 8.48± 0.07,
in very good agreement with Tadaki et al. (2022).

2.2. VLA observations

Observations were taken using the Karl G. Jansky
Very Large Array (VLA) in the C array configuration
as part of project 20A-386 (PI: J. Zavala). Three di↵er-
ent executions were performed on 2020 June 10, 14, and
19 for a total integration time of 15 h.
The WIDAR correlator setup was designed for simul-

taneous continuum and spectral line observations in the
Ka-band, with mixed 3-bit and 8-bit samplers, resulting
in a total bandwidth of 5.12GHz subdivided into forty
128MHz dual-polarization sub-bands with 1MHz chan-
nels. During each execution, the source J1331+305 (aka
3C-286) served as band-pass and absolute flux calibra-
tor, while J0909+0121 was used as pointing source and
complex gain calibrator. A few scans from some anten-
nas were flagged before data calibration due to phase or
amplitude issues or because they were a↵ected by radio
frequency interference (although they do not represent
more than a few percent of all data). Data reduction
and calibration were done using the VLA pipeline fol-
lowing the standard procedures. Then, the data from
the three executions were combined during the imaging
procedure, which was done using natural weighting of
the visibilities in order to maximize the sensitivity at

the expense of angular resolution (producing a synthe-
sized beam size of 0.9700 ⇥ 0.6800, PA= �30 deg). This
results in an r.m.s noise level of ⇡ 60µJy/beam for a
⇠ 45 km s�1 channel width for the sub-band centered at
the expected position of the CO(2 ! 1) line.

3. ANALYSIS AND RESULTS

3.1. The CO(2 ! 1) line and the lensing model

Figure 2 shows the CO(2 ! 1) line detection
(moment-0 map and 1D extracted spectrum) from G09-
83808. To measure the total flux density of the line
we fit either one or two Gaussian profiles to the ex-
tracted spectrum (see Figure 2), and we measure it di-
rectly from the clean moment-0 map. These methods
give us a statistically consistent integrated line flux of
µSCO(2!1) = 0.6 ± 0.1 Jy km s�1, which implies a line
luminosity of µL0

CO(2!1) = 1.8±0.3⇥1011 Kkms�1 pc2

(following Solomon et al. 1992).
To measure the gravitational amplification factor on

the line, we use the lens modelling code visilens
(Spilker et al. 2016b), which directly models the visi-
bilities in the uv plane. The modelling was done in a
similar way as for the 890µm dust continuum emission
previously reported in Zavala et al. (2018), parameter-
izing the lens mass profile as a singular isothermal el-
lipsoid and the background source as a n = 1 Sérsic
profile. While this modelling provides a good fit to the
data (see Figure 3), we acknowledge that the CO(2 ! 1)
data alone cannot constrain the source profile. The as-

星質量 vs 星形成率

Romanではダメな理由
1. 銀河の星質量を知ることができない
2. 強いダスト減光のため2 μmで検出できない

JVLAによるCO(2-1)

日本のファシリティを活かした観測戦略
1. GREX-PLUSで赤い銀河を選択
2. ALMA+ngVLA(2035~)でフォローアップ



Dust-obscured quasars

unobscured
10倍以上

obscured+unobscured
dusty star-forming 

galaxies

2-4 μmで赤い銀河

quiescent
galaxies

dust-obscured
quasars

宇宙論的シミュレーションによる
z=7 クエーサーの個数密度予測

Ni et al. 2020

unobscured quasarsdust-obscured quasars
Davies et al. 2019



The galaxy–halo assembly correlation 3155

Figure 12. Left-hand panel: best-fitting scatter in stellar mass at fixed Mpeak, split for central and satellite galaxies at z = 0, compared with the results for
central galaxies in Reddick et al. (2013). Right-hand panel: best-fitting scatter in stellar mass at fixed peak halo mass (Mpeak) for central galaxies as a function
of Mpeak and z. Error bars and shaded regions in both panels show the 68 per cent confidence interval for the model posterior distribution.

Figure 13. Left-hand panel: average star formation rates in galaxies as a function of halo mass and redshift. Right-hand panel: average star-forming fractions
as a function of halo mass and redshift. The purple line marks the predicted transition in Dekel & Birnboim (2006) between cold flows reaching the central
galaxy (below the line) and not reaching it due to shock heating (above the line). In both panels, white lines mark median halo growth trajectories, and the
grey region marks where no haloes are expected to exist in the observable Universe. A robust upturn in the star-forming fraction to higher redshifts is visible
(Section 4.3).

Figure 14. Left-hand panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy SFRs (Fig. 13, left-hand panel). Right-hand
panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy star-forming fractions (Fig. 13, right-hand panel).
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現在の最遠方銀河
z=11-13, logM*=9
(Jiang et al. 2021,

Harikane et al. 2022)

GREX-PLUSが狙う
z=10-15の銀河

銀河の誕生

銀河の進化
GREX-PLUSが狙う

z=4-8の銀河

ハローの成長史と星形成銀河の割合

まとめ


