
銀河の星形成・化学進化史と宇宙再電離 

柏野 大地 
国立天文台　科学研究部 

2023年度 第53回天文・天体物理若手夏の学校



柏野 大地2023年8月1日 天文・天体物理夏の学校

はじめに

2

対面開催おめでとうございます 

招待講師として呼んでくださりありがとうございます 

いつでも質問してください
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水素の電離

博士修了 名古屋大学・指導教員 杉山直教授 
東大John Silverman教授と共同研究

名古屋大学 特任助教 (YLCフェロー) 
受入 杉山直教授／観測的宇宙論研究室

チューリッヒ工科大学 ポスドク (雇われ) 
受入 Simon Lilly教授

2020 Oct– 
2023 Jul

2016 Oct – 
2020 Sep

2016 Aug

国立天文台科学研究部　大内正己教授のグループ

Observational cosmology group, ETH Zürich, 2017

国立天文台 特任助教 (NAOJフェロー) 
受入 大内正己教授

2023 Jul – 
present

最後の夏学は2015 
(2016は副校長でしたが自分のD論公聴会と重なり欠席)

柏野大地（かしのだいち）
自己紹介
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今日の話の内容
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1.   銀河の星形成と化学進化の歴史 

2.   銀河と宇宙再電離
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銀河の星形成と化学進化の歴史

5



柏野 大地2023年8月1日 天文・天体物理夏の学校

宇宙138億年の歴史 = 大半は「銀河宇宙」の歴史

6

138億年
ビックバンから始まる宇宙の歴史

宇宙の 
「暗黒時代」

宇
宙
誕
生

 (ビ
ッ
ク
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ン

) 

観測者 (我々)

   銀河の形成・進化
銀河形態の多様性の発達

初代星・銀河の形成
宇宙再電離

© NASA/WMAP Science Team (改変) 
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銀河進化研究の目標
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• 宇宙で最初の銀河は？（そもそもどこから銀河と呼べるのか？） 

• 現在見られるハッブル系列はどのように顕在したか？ 

• 星形成はなぜ停止するのか？ 

• 銀河中心の超大質量ブラックホールはどのように発生するのか？ 

• 形成された時の性質や環境がその後の進化にどのような影響を与えるのか？ 

• 銀河間空間、そして宇宙全体にどのような影響を与え、また与えられるのか？ 

• ... 

ビックバン直後の元素のスープ状態の宇宙が、 
どのようにして現在の「銀河宇宙」に進化したのか？（そしてこの先どうなるのか？）
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銀河によって駆動される物質の進化
この世界はなぜこんなに複雑なのか？

物質の元となるヘリウムよ
り重い元素は恒星内部の
核融合によって作られ、
超新星爆発などによって
宇宙空間に供給される。
銀河は星形成の現場

H He

C N O Fe etc

物質の進化
He

He
H

H H

HH
H H

初期の宇宙

水素のヘリウムのみの世界

H

現在の宇宙

© NASA; worldclassphotoShutterstock.com; Shiva N hegde/Shutterstock.com
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宇宙の星形成史
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• 宇宙全体の星形成率密度は、約100億年前 (z~2) をピークに現在まで減少している。 

• この最も星形成が活発だった時代は cosmic noon と呼ばれる。 

AA52CH10-Madau ARI 4 August 2014 10:30

brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ! 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M" year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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cosmic noonの銀河の性質
© NASA; worldclassphotoShutterstock.com; Shiva N hegde/Shutterstock.com
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The Astrophysical Journal Letters, 758:L9 (5pp), 2012 October 10 Magdis et al.

Figure 4. Evolution of Mgas/M∗ and fgaswith redshift. Literature data are: orange
circles from Leroy et al. (2008), empty black circles from Geach et al. (2011),
blue squares from F. Salmi et al. (2012, in preparation), and green squares
from Tacconi et al. (2010). The z ∼ 3 LBGs of this study are shown with
filled red squares. M18 is presented as a 4σ upper limit. Dashed lines depict
the tracks of M. Sargent et al. (2012 in preparation), for the case of M∗ =
5.0 × 1010 M$, M∗ = 1.0 × 1011 M$, and M∗ = 2.0 × 1011 M$. Cyan
lines show the evolutionary tracks of Reddy et al. (2012), for galaxies with a
final stellar mass M∗ = 5.0 × 1010 M$ at z = 2.3 for the case of a constant
sSFR = 2.4 Gyr−1 at z ! 2 and for the case of sSFR = 2.4 Gyr−1 up to z ∼ 3.0
and sSFR = 5.0 Gyr−1 at z ∼ 4. The solid orange line depicts the predicted
evolution of Mgas/M∗ for the case of an increasing sSFR ∝ (1 + z)2.9 at all
redshifts (Davé et al. 2012).
(A color version of this figure is available in the online journal.)

4 times more massive than the comparison sample (that has
〈M∗〉 ≈ 5 × 1010 M$) could introduce a bias in our result.
However, rescaling the Mgas/M∗ of all galaxies in Figure 4 to
M∗ = 5.0 × 1010 M$ by assuming Mgas/M∗ ∝ M−0.4

∗ (e.g.,
Daddi et al. 2010b; Saintonge et al. 2011; G. E. Magdis et al.
2012, submitted) does not affect our conclusion. Finally, the
flattening of the evolution would be even more pronounced
if the observed signal from both of our sources were treated
only as upper limits and is further observationally supported by
the non-detection of CO emission from z ∼ 5 LBGs (Davies
et al. 2010).

We thank an anonymous referee whose remarks helped clarify
several aspects of this Letter. We are grateful to Alice Shapley
for providing the optical spectra of the sources. G.E.M. acknowl-
edges support from the John Fell Oxford University Press (OUP)
Research Fund and the University of Oxford. E.D. and M.T.S.
were supported by grants ERC-StG UPGAL 240039 and ANR-
08-JCJC-0008. V.C. also acknowledges partial support from the
COST Action ECOST-STSM-MP0905-230512-016069.

REFERENCES

Baker, A. J., Tacconi, L. J., Genzel, R., Lehnert, M. D., & Lutz, D. 2004, ApJ,
604, 125

Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004, MNRAS, 351, 1151
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Condon, J. J. 1992, ARA&A, 30, 575
Chary, R., & Elbaz, D. 2001, ApJ, 556, 562
Coppin, K. E. K., Swinbank, A. M., Neri, R., et al. 2007, ApJ, 665, 936
Daddi, E., Bournaud, F., Walter, F., et al. 2010a, ApJ, 713, 686
Daddi, E., Dannerbauer, H., Elbaz, D., et al. 2008, ApJ, 673, 21
Daddi, E., Elbaz, D., Walter, F., et al. 2010b, ApJ, 714, 118
Dannerbauer, H., Daddi, E., Riechers, D. A., et al. 2009, ApJ, 698, 178
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Cosmic  
noon

• 個々の銀河の星形成率は現在の銀河の20倍程度高かった。 

• 高い星形成率は、銀河中に大量に存在するガス (星形成の材料) によって支えられていた。 

• cosmic noonから現在までは、ガスを消費され星形成が抑制される歴史であった。
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銀河の金属量 (メタリシティ)
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• 金属量＝水素に対する重元素（酸素・鉄など）の存在量 

• 銀河の金属量は、星形成・ガスの流出入の歴史を反映する 

• 銀河の化学進化は非常に簡単なモデルでうまく説明される

ガス流入 
·Min

 ガス流出 
 ·Mout = η ⋅ SFR

還元星形成

ガス (星形成の材料)

長寿命の小質量星

大質量星は超新星爆発により 
ガス相にメタル (とガス) を供給

dMZ

dt
= Zin

·Min + y ⋅ SFR − Z(1 − r)SFR − Z ⋅ η ⋅ SFR

ガス相メタル質量の変化 (Z = 金属量)

ガス流出による 
メタルの持ち出し

小質量星に取り
込まれるメタルインフローによる

メタル供給 
(通常 )Zin ≪ Z 大質量星で新たに合成

されガス相に還元され
るメタル (y: イールド)

　  mass-loading factorη
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星質量-金属量関係 (MZR)
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• 銀河の進化モデルを制限する上で重要な観測量 
• ガス成分（O/H）: 近傍宇宙からz~4程度までよく制限されている。 
• ある星質量で見ると、金属量は赤方偏移と共に減少する。

2 Mannucci: Galaxy metallicity near and far

Fig. 1. Evolution of the mass-metallicity re-
lation from local to high redshift galaxies
from Mannucci et al. (2009). Data are from
Kewley & Ellison (2008) (z=0.07), Savaglio et al.
(2005) (z=0.7), Erb et al. (2006) (z=2.2) and
Mannucci et al. (2009) (z=3–4).

ploding supernovae (SNe), a relation between
metallicity and SFR is likely to exist. In other
words, SFR is a parameter that should be con-
sidered in the scaling relations that include
metallicity, such as the mass-metallicity rela-
tion.

2. The local Fundamental Metallicity
Relation

To test the hypothesis of a correlation between
SFR and metallicity in the present universe and
at high redshift, we have studied several sam-
ples of galaxies at different redshifts whose
metallicity, M!, and SFR have been measured.
A full description of the data set is given in
Mannucci et al. (2010)

Local galaxies are well measured by the
SDSS project (Abazajian et al., 2009). Among
the ∼ 106 galaxies with observed spectra,
we selected star forming objects with red-
shift between 0.07 and 0.30, having a signal-
to-noise ratio (SNR) of Hα of SNR>25 and
dust extinction AV < 2.5. Total stellar
masses M! from Kauffmann et al. (2003) were
used, scaled to the Chabrier (2003) initial

mass function (IMF). SFRs inside the spec-
troscopic aperture were measured from the
Hα emission line flux corrected for dust ex-
tinction as estimated from the Balmer decre-
ment. The conversion factor between Hα lu-
minosity and SFR in Kennicutt (1998) was
used, corrected to a Chabrier (2003) IMF.
Oxygen gas-phase abundances were measured
from the emission line ratios as described in
Maiolino et al. (2008). An average between
the values obtain from [NII]λ6584/Hα and
R23=([OII]λ3727+[OIII]λ4958,5007)/Hβwas
used. The final galaxy sample contains 141825
galaxies.

The grey-shaded area in the left panel
of Fig. 2 shows the mass-metallicity relation
for our sample of SDSS galaxies. Despite
the differences in the selection of the sample
and in the measure of metallicity, our results
are very similar to what has been found by
Tremonti et al. (2004). The metallicity disper-
sion of our sample, ∼0.08 dex, is somewhat
smaller to what have been found by these au-
thors, ∼0.10 dex, possibly due to different sam-
ple selections and metallicity calibration.

The left panel of Fig. 2 also shows, as a
function of M!, the median metallicities of
SDSS galaxies having different levels of SFR.
It is evident that a systematic segregation in
SFR is present in the data. While galaxies with
high M! (log(M!)>10.9) show no correlation
between metallicity and SFR, at low M! more
active galaxies also show lower metallicity.
The same systematic dependence of metallic-
ity on SFR can be seen in the right panel of
Fig. 2, wheremetallicity is plotted as a function
of SFR for different values of mass. Galaxies
with high SFRs show a sharp dependence of
metallicity on SFR, while less active galaxies
show a less pronounced dependence.

The dependence of metallicity on M! and
SFR can be better visualized in a 3D space with
these three coordinates, as shown in Figure 3.
SDSS galaxies appear to define a tight sur-
face in the space, the Fundamental Metallicity
Relation (FMR). The introduction of the FMR
results in a significant reduction of residual
metallicity scatter with respect to the simple
mass-metallicity relation. The dispersion of in-
dividual SDSS galaxies around the FMR, is

Mannucci & Creci 2010
赤方偏移進化New Te-based strong-line MZR and FMR 951

Figure 3. Upper panel: Mass–metallicity relation (MZR) for the sample of SDSS galaxies analysed in this work, as derived by the set of metallicity calibrations
presented in Fig. 1. Grey points represent individual galaxies, while the filled regions encompass the 1, 2, 3 and 4σ levels of the density contours of the
distribution in the log(M")–log(O/H) plane. White circles (and associated error bars) are median metallicities (and dispersions) in narrow 0.15 dex bins of
stellar mass, while the solid red curve represents the best fit to those median points according to the MZR parametrization given in equation (2). The dashed red
part instead is the extrapolation of the MZR fit in the low-mass regime, with the low-mass bins (i.e. with fewer than 25 objects) represented by white triangles
with dashed error bars. The dashed orange band marks the value assumed for the solar abundance (i.e. Z! = 8.69 ± 0.05, Allende Prieto et al. 2001). The
small box in the lower right-hand part of the figure show the distribution of the metallicity dispersion of the individual galaxies around the best-fitting MZR,
whose 1σ dispersion is equal to 0.07 dex. Bottom panel: Comparison between the MZR derived in this work (red curve, with grey areas encompassing the 1σ

and 2σ dispersions in each log(M") bin) and different predictions of the MZR from previous studies in the literature, colour-coded as reported in the legend.
Strong-line MZRs have been re-derived by applying each different calibration method to our sample. In particular, the Kewley & Dopita (2002), Tremonti et al.
(2004), Mannucci et al. (2010) curves are anchored to an abundance scale defined by different grids of photoionization models, while the Andrews & Martini
(2013), Pettini & Pagel (2004) and Yates et al. (2019) curves are based on the Te-based abundance scale. Red stars and blue crosses represent the abundances
derived in nearby galaxies from stellar spectroscopy of red and blue supergiants respectively, as collected by Davies et al. (2017).

MNRAS 491, 944–964 (2020)
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星質量-金属量関係：JWSTの登場でz~10に届く
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• ビックバンから数億年後には星質量-金属量関係が出現 
• 今のところ統計誤差・系統誤差共に大（絶対値・傾き・分散） 
• JWST観測が進むにつれてすぐに精度が改善されるはず

18 Matthee et al.

Figure 17. The relation between gas-phase metallicity and stellar mass at z ⇠ 6 for galaxies and stacks with direct Te-based

metallicity estimates. The horizontal errors show the boundaries of the subsets (pentagons) and the 16-84th percentiles of

masses in the full stack (star), respectively. We highlight the systematic uncertainty between di↵erent strong-line calibrations

in the bottom-right. We find that recent measurements in individual galaxies (Curti et al. 2022) roughly scatter around the

metallicity of our median stack of z ⇠ 6.5 [OIII] emitters. The average metallicity is slightly higher than expectations from the

FIRE simulation (Ma et al. 2016), once these have been rescaled to match the mass-metallicity relation at z ⇡ 3 (Sanders et al.

2021).

Now, under the assumption that the Bian et al. (2018)
calibration is also applicable for our stacks in subsets of
mass, we estimate gas-phase metallicities for these sub-
sets and list them in Table 3. Based on the relation
between [OIII]/H� and mass that is shown in Fig. 15,
we assume that our two most massive subsets are on
the higher metallicity branch of the [OIII]/H� - metal-
licity relation, while the other subsets are on the lower
branch. In Fig. 17 we compare the Te-based metallic-
ity measurement of our median stack and our strong-line
method based measurements in subsets of mass to recent
measurements in early JWST spectra (e.g. Curti et al.
2022) and (rescaled) expectations from hydrodynamical
simulations (Ma et al. 2016). Our strong-line method
estimates are suggestive of a strong correlation between
metallicity and mass, in line with expectations from the
simulations. Our results extend the redshift evolution of
a decreasing metallicity at fixed mass established from
z ⇡ 0 � 3 (e.g. Sanders et al. 2021), and our measure-
ment for the sample averaged metallicity (from the Te-
method) is in line with the redshift evolution expected
from these simulations.
We however note that the applicability of the spe-

cific strong-line calibration is uncertain. For example,

our direct-method based metallicity for the full stack
of galaxies at z > 6.25 is significantly lower than the
strong-line based metallicity of subsets with similar mass
as the median mass of the full sample. While this could
be due to calibration uncertainties, we remark that line-
ratios measured in median stacks of samples with a rela-
tively wide variation in line-ratios – especially with val-
ues around the peak of a double-valued relation – may
be challenging to interpret. Further, if we would use the
Nakajima et al. (2022) calibration for sources with high
EWs, we find that the metallicities of our two lowest
mass stacks would increase by ⇡ 0.2 dex yielding milder
redshift evolution at z & 3 and a shallower slope. Fu-
ture follow-up targeting fainter lines such as [OIII]4363
and ongoing e↵orts to re-calibrate strong line methods at
high-redshift will be able to relieve some of these caveats.
Further, larger samples from the full EIGER data will
enable stacks in subsets with smaller dynamic range.

6. DISCUSSION AND OUTLOOK

Here we will discuss our results and provide an outlook
of some results that can be anticipated with the obser-
vations of the full EIGER sample in six quasar fields.

Matthee, ..., Kashino et al. 2023
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Fig. 5. The mass-metallicity relation (MZR) for our full JWST sample. Filled circles represent individual galaxies presented in this work from
JADES, whereas filled crosses are galaxies observed in the framework of the CEERS programme and compiled from Nakajima et al. 2023. The
star symbol reports the recent JADES/NIRSpec observations of GN-z11 (Bunker et al. 2023, at z=10.601), whereas ’X’ symbols mark galaxies
from the EROs as compiled from Curti et al. 2023. Large squared and diamond symbols mark the median values computed in bins of M?(full
sample, in purple), and (M? z), as described in Table 2. An orthogonal linear regression fit to the median values in bins of M? for the di↵erent
redshift sub-samples is shown by the purple (full sample), yellow (z = 3�6) and blue (z = 6�10) lines, respectively. We include a comparison with
previous determinations of the MZR at lower redshifts from Curti et al. 2020b (SDSS at z ⇠ 0.07), and Sanders et al. 2021 (MOSDEF at z ⇠ 2�3),
as well as the best-fit of the low-mass end of the MZR at z ⇠ 3 provided by Li et al. 2022 and based on JWST/NIRISS slitless spectroscopy.

matched in stellar mass with our JWST sample (log(M?/M�)⇡
6.5-9.5), are very compact, characterised by very high emis-
sion lines equivalent widths, low metallicities (derived with the
Te method), and high ionisation parameters, and therefore have
been long identified as potential analogues of very high-redshift
galaxies. The remarkable agreement between the emission line
and metallicity properties in our high-z JWST sample with that
seen in this sample of local extreme line emitters corroborates
such interpretation (see also Cameron et al. 2023).

4.1. Comparison with models and simulations

We now move to comparing the observed MZR in our z = 3�10
galaxy sample with the predictions of di↵erent cosmological
simulations, as depicted in the right-hand panel of Figure 6. In
particular, we report the mass-metallicity relationship at z ⇠6
from FIRE (Ma et al. 2016), IllustrisTNG (Torrey et al. 2019)
and FirstLight (Langan et al. 2020), as well as predictions at
z ⇠ 8 from Astraeus (Ucci et al. 2023), and Serra (Pallottini et al.
2022). For IllustrisTNG simulations we followed the approach
described in Torrey et al. (2019), considering central galaxies
and assuming that oxygen comprises 35 per cent of the SFR-
weighted metal mass fraction within twice the stellar half-mass
radius. Within FIRE simulations the gas-phase metallicity is de-
fined as the mass-weighted metallicity of all gas particles that be-
long to the ISM, assuming solar abundance ratios (Asplund et al.

2009). We note that the FIRE results at z = 6 are re-normalised
to match the normalisation of the MZR in the local Universe.
Results from the FirstLight simulations at z = 6 are instead com-
piled from (Langan et al. 2020, , and Langan, private communi-
cation), and based on the assumption that the unresolved nebular
region around each star particle shares the same mass ratio of
metals produced in Type II SN explosions as in the star particle.
The galaxy metallicity is defined as the mass- weighted aver-
age nebular metallicity including all star particles younger than
100 Myr. Finally, the Astraeus simulations (Ucci et al. 2023) ac-
counts for the oxygen mass in the halo without any weighting,
whereas in SERRA gas and stellar metallicity are coupled and
the metallicity is tracked as the sum of all heavy elements, (Pal-
lottini et al. 2022).

Overall, most simulations appear to reasonably reproduce
the normalisation of the relation at M?⇡ 108�9, though under-
predicting the abundances observed at log(M?/M�)<8, with the
theoretical MZRs characterised by steeper slopes than inferred
from our sample. Only the extrapolation of IllustrisTNG pre-
dictions to lower M? seems to match reasonably well (in nor-
malisation) the distribution of galaxies in the M-Z plane below
M?= 108M�, but diverges more significantly at higher masses.
On the contrary, the lack of a clear correlation (and the large
scatter) at z ⇠ 8 predicted by SERRA seems in line with our
observations at the highest redshifts (z > 6).

We also compare our inferred MZR slopes with those pre-
dicted by (semi-)analytical chemical evolution models under the
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New Te-based strong-line MZR and FMR 953

Figure 5. The binning scheme exploited in this work to investigate the M!–Z–SFR relation. Each 0.15 dex wide bin in M! and SFR is colour-coded by its
median metallicity, while the number of galaxies and the internal metallicity dispersion are reported for each of them. Only those bins including more than 25
galaxies are considered in this analysis.

triangles (with dashed error bars) in the upper panel of Fig. 3, while
the extrapolation of the best-fitting MZR is shown by the dashed
red line. The extrapolation produces a slight overestimate of the
metallicity compared to the median points at the lowest masses,
although being fully consistent within 1σ ; including these points
in the MZR fitting procedure does not strongly affect the overall
shape of the relation, producing only a small steepening of the
low-mass-end slope (up to γ = 0.29).

We finally note that, as already mentioned in Section 2.3, small
systematics are present between nitrogen-based and oxygen-based
diagnostics within our strong-line calibration set, especially at low
metallicities (hence preferentially at low masses). Given the poor
sampling of this region of the mass–metallicity plane, this is where
such effects can have a larger impact on the determination of the
slope of the MZR. To have an estimate of the amplitude of this
effect, we refer the reader to the analysis presented in Appendix B.

4 TH E F U N DA M E N TA L M E TA L L I C I T Y
R ELATION

4.1 The correlation between M!, Z and SFR

We now want to consider the mutual relations between stellar mass,
metallicity and star-formation rate, the M–Z–SFR relation. First,
we explore the dependence of the MZR on the total SFR. To do
so, we sorted the sample into 0.15 dex bins of stellar mass and
0.15 dex in total SFR and computed the median metallicity (and
dispersion) in each bin. As in the previous section, we limit the
analysis only to those bins including at least 25 galaxies, to sample
as much as possible the low-mass–high-SFR regime while keeping
a reasonable statistics inside each bin at the same time.

Fig. 5 shows our binning grid in the M!–SFR plane: each bin
is colour-coded by its median metallicity, while the metallicity
dispersion and the number of objects within each bin is reported
within. The upper left-hand panel of Fig. 6 shows instead different
mass–metallicity relations at fixed SFR (colour-coded for their total
SFR values). The fit to the (global) median MZR (presented in
Section 3.1) is shown in black, while grey contours trace the 1σ

metallicity dispersion in each mass bin. A clear segregation in SFR
is visible, with highly star-forming galaxies characterized by lower
metallicities compared to low star-forming galaxies of the same
stellar mass. Fig. 6 also reveals that the tightness of the observed
secondary dependence of the MZR on the SFR strongly decreases
in the high-mass regime (i.e. above log(M!) ! 10), with all the
different MZRs flattening towards the same saturation value Z0. We
can easily visualize this trend by directly tracing the metallicity
dependence on SFR at fixed stellar mass (top right-hand panel of
Fig. 6). Lines of constant stellar mass flatten with increasing M!,
with the dependence of metallicity on SFR strongly weakening for
curves corresponding to log(M!) ! 10.5 M!. The strength of the
Z–SFR dependence is also a function of the SFR itself and becomes
stronger at high SFRs, as can be seen from the clear steepening of the
different curves in the high-SFR regime at almost all stellar masses.

It is also interesting to investigate the mutual relationship between
M!, metallicity and specific star-formation rate (sSFR = SFR/M!,
bottom panels of Fig. 6), which describes the relative weight of
recent star formation over the global star-formation history of a
galaxy. At low masses, the dependence is present over the entire
sSFR range, while weakening for increasing masses at sSFR <

10−9.5 yr−1, until almost completely disappearing for the highest-
mass bins. However, when describing the relation in terms of
sSFR, the change in slope of the Z–sSFR anti-correlation become
increasingly evident in the high-sSFR regime (i.e. for sSFR! 10−9.5
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• 星質量を固定した時、金属量と星形成率は逆相関を示す 
• 高い星形成率を支えるガス流入が金属量の増加を抑制していると解釈できる 
• この関係は赤方偏移に依存しなさそうということで、fundamental metallicity relation (FMR) とも 
呼ばれるが、本当にfundamental (赤方偏移しない) かは検証が不十分

Curti et al. 2020

functional form of

( )
( )

/� � � � �y y y12 log O H 8.80 0.188 0.220 0.0531 ,
10

2 3

where y= μ0.60− 10. In this parameter space, the z∼ 2.3 and
z∼ 3.3 stacks fall directly on the best-fit z∼ 0 FMR, despite
the high-redshift stacks not being included in the fitting
process.

The lower panel of Figure 9 displays the metallicity residuals
at fixed μ0.60 about the best-fit z∼ 0 FMR. Collectively,
the weighted-mean offset of all high-redshift stacks is

( )/% � � olog O H 0.01 0.02 dex, where the uncertainty
reported here is the error of the weighted mean. The individual
MOSDEF galaxies with both metallicity and SFR detections
(gray points, Figure 9) have a mean offset in O/H of
0.04± 0.02 at z∼ 2.3 and 0.02± 0.03 at z∼ 3.3 (black points,
Figure 9). We thus find that a single relation among M*, SFR,
and O/H can describe the mean properties of galaxy samples
over z= 0–3.3 with high precision. In other words, the FMR
does not evolve out to z∼ 3.3.

The observed scatter of the O/H residuals of the individual
galaxies, taken to be the standard deviation, is 0.16 dex at z∼ 2.3
and 0.22 dex at z∼ 3.3. We perform the same scatter analysis as
for the MZR (Section 4.2.1), except here measurement errors
account for uncertainty in both O/H and SFR because μ0.60
depends on SFR and the SFRs carry significant errors (typically

∼0.2–0.3 dex). After removing the measurement uncertainty in
Δlog(O/H) at fixed μ0.60 (σmeas= 0.10 (0.18) dex at z∼ 2.3
(3.3)) and the metallicity calibration scatter of σcal= 0.11 dex, we
find an intrinsic scatter around the best-fit FMR of 0.06 dex at
both z∼ 2.3 and z∼ 3.3. This intrinsic FMR scatter is lower than
the intrinsic MZR scatter at z∼ 2.3 (3.3) of 0.08 (0.12) dex
(Section 4.2.1), indicating a second parameter dependence on SFR
is present in the high-redshift data. At z= 0, the intrinsic scatter of
the FMR is ≈0.05 dex (e.g., Mannucci et al. 2010; Cresci et al.
2019; Curti et al. 2020b), where the inclusion of SFR as an
additional parameter has decreased the scatter from the value of
0.1 dex found for the MZR. We thus find that the addition of SFR
as a secondary parameter to the MZR results in a similar decrease
in the intrinsic scatter in O/H at z∼ 2.3 and z∼ 3.3, from
≈0.10 dex around the MZR to 0.06 dex around the FMR.
The FMR projection in the right panel of Figure 9 displays a

flattening above μ0.60= 10.0 where O/H has no dependence on
SFR at fixed M*. This flattening behavior at high mass and low
SFR is a feature on which there is a consensus in the literature
(e.g., Mannucci et al. 2010; Yates et al. 2012; AM13; Telford
et al. 2016; Cresci et al. 2019; Curti et al. 2020b). The highest-
mass z∼ 2.3 stack has μ0.60= 9.5, below the regime where the
z∼ 0 stacks begin to flatten. Even at log(M*/Me)= 11.0,
z∼ 2.3 galaxies would only have μ0.60≈ 9.7 assuming our
best-fit SFR–M* relation holds (Equation (3)), making it
impractical to probe μ0.60> 10.0 with samples at z> 2. It is of

Figure 9. Left: O/H vs. M* for stacked spectra of galaxies at z ∼ 0 (circles), z ∼ 2.3 (squares), and z ∼ 3.3 (triangles). Points are color-coded by SFR, where the SFR
is determined using dust-corrected Hα or Hβ for all samples. Upper right: projection of the FMR as O/H vs. ( ) ( ): :N � � q �M M Mlog 0.60 log SFR yr0.60

1
* ,

where the coefficient of the SFR, α = 0.60, is that which minimizes the scatter of the z ∼ 0 M*+SFR binned stacks. The inset panel presents the z ∼ 0 scatter in O/H
at fixed μα as a function of α. The black line displays the best-fit cubic function to the z ∼ 0 stacks, given in Equation (10). Gray circles show z ∼ 2.3 and z ∼ 3.3
individual galaxies with metallicity measurements, while the black diamond and triangle show the mean values of these galaxies at z ∼ 2.3 and z ∼ 3.3, respectively.
Lower right: residuals in O/H around the best-fit z ∼ 0 FMR projection (black line, upper right). The high-redshift galaxies show excellent agreement with the
z ∼ 0 FMR.
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星成分金属量 (stellar metallicity) 
• 形成時期が違う (i.e., 金属量が違う) 星々の"平均的"な値 
• 様々の元素量を反映（ここではFe） 
• Fe はIa型超新星で生成されるため、酸素などのα元素に比べて生成に遅れがある。 
‣ O/Fe は進化段階の指標に

A simple method for solving chemical evolution 2943

In summary, we first derive the evolution of σ gas with time by
solving equation (10) with a numerical algorithm; then, it is straight-
forward to recover the galaxy SFR by making use of equation (14).

2.4 Free parameters and methods

The free parameters of our model are given by (i) the star formation
efficiency, νL, when the linear Schmidt–Kennicutt law is assumed,
or the quantity SFR0, in the case of a non-linear Schmidt–Kennicutt
law; (ii) the mass loading factor, ω, which determines the intensity
of the galactic winds and (iii) the infall time-scale, τ , which charac-
terizes the intensity of the gas infall rate, assumed to be a decaying
exponential law.

The assumed IMF and the set of stellar yields determine the return
mass fraction, R, the net yield of the chemical element X per stellar
generation, 〈yX〉, and the yield of X from Type Ia SNe, 〈mX, Ia〉. Other
fundamental assumptions in the model are given by the DTD for
the Type Ia SN rate and the prescription for the SFR law.

An observational constraint for the calibration of the gas infall
history is given by the radial profile of the present-day total surface
mass density, σ tot(r, tG), which is very difficult to retrieve from an
observational point of view. In this work, we apply our model to
reproduce the observed chemical abundance patterns at the solar
neighbourhood, where rS = 8 kpc; hence, we normalize the infall
law, as given in equation (12), by requiring the following constraint:

tG∫

0

dt Î(rS, t) = σtot(rS, tG), (16)

where we assume tG = 14 Gyr, a single infall episode, and σ tot(rS,
tG) = 54 M# pc−2, which represents the present-day total sur-
face mass density at the solar neighbourhood (see also Micali,
Matteucci & Romano 2013, which refers to the work by Kuijken &
Gilmore 1991).

The best model is defined as the one capable of reproducing the
observed trend of the [O/Fe] versus [Fe/H] chemical abundance
pattern, which represents the best observational constraint for the
chemical evolution models of the MW. Our best models are char-
acterized by the following values of the free parameters:

(i) νL = 2 Gyr−1, for our best model with the linear Schmidt–
Kennicutt law, and SFR0 = 2 M# pc−2 Gyr−1, for our best model
with the non-linear Schmidt–Kennicutt law;

(ii) the infall time-scale for the gas mass growth of the MW disc
is τ = 7 Gyr;

(iii) the mass loading factor is ω = 0.4.

Finally, the best models assume the single-degenerate scenario
for the Type Ia SN rate. We remark on the fact that the predicted
[Fe/H]-[O/Fe] relation in the MW is fitted by construction using
fixed values for the key free parameters νL (or SFR0), ω and τ .

It is worth noting that the values of our best parameters are in
agreement with previous recent studies (see e.g. Minchev, Chiappini
& Martig 2013; Nidever et al. 2014; Spitoni et al. 2015); in par-
ticular, a typical infall time-scale τ ∼ 7 Gyr and star formation
efficiency ∼1 Gyr−1 are necessary to reproduce also the observed
age-metallicity relation and the metallicity distribution function of
the G-dwarf stars in the solar neighbourhood (Matteucci 2001, 2012;
Pagel 2009).

Once the best set of free parameters is determined, we fix them
and explore the effects of assuming different DTDs for the Type
Ia SN rate and different prescriptions for the relation between the
SFR and the surface gas mass density, σ gas(r, t). In this way, we can

Figure 1. In this figure, we show the observed data set for the [O/Fe]
(upper panel) and [Si/Fe] (bottom panel) versus [Fe/H] chemical abundance
patterns that we assume in this work for the comparison with the predictions
of our models. Data with different colours correspond to different works
in the literature. In particular, our set of data for the solar neighbourhood
includes MW halo stars from Gratton et al. (2003, red squares), Cayrel
et al. (2004, blue circles) and Akerman et al. (2004, magenta triangles), and
halo, thin and thick disc stars from Bensby, Feltzing & Oey (2014, black
triangles).

demonstrate the flexibility of our method for solving the chemical
evolution of galaxies by taking into account the major systematics
in the theory.

3 THE OBSERV ED DATA SET

The data set for the observed [Fe/H]–[O/Fe] and [Fe/H]–[Si/Fe]
relations in the solar neighbourhood is shown in Fig. 1(a) and
Fig. 1(b), respectively, where the data from different works are
drawn with different colours. Our set of data includes both MW
halo stars from Gratton et al. (2003, red squares), Akerman et al.
(2004, magenta triangles) and Cayrel et al. (2004, blue circles), and
MW halo, thin and thick disc stars from Bensby et al. (2014, black
triangles).

The data in Fig. 1 span a wide metallicity range from [Fe/H] ≈
−4.0 dex to [Fe/H] ≈ 0.5 dex; they show a continuous trend in the
[O/Fe] and [Si/Fe] abundance ratios as functions of the [Fe/H]
abundances, although highly scattered. There is an initial, slowly
decreasing plateau, followed by a steep decrease, which occurs at
different [Fe/H] abundances and with different slopes when halo
and disc stars are considered separately. This is particularly evident
when looking at the [Si/Fe] ratios in Fig. 1(b), where the data of
the halo stars by Gratton et al. (2003, red squares) decrease with a
different slope with respect to the disc data by Bensby et al. (2014,
black triangles).

In Fig. 2, we focus on the data set by Bensby et al. (2014)
and show how the stars of the halo (magenta circles), thick disc
(blue triangles) and thin disc (red triangles) are distributed in the
[Fe/H]–[O/Fe] (upper panel) and [Fe/H]–[Si/Fe] (bottom panel)
diagrams. Bensby et al. (2014) were able to assign a membership
to the majority of the stars in their sample, according to the MW
stellar component they likely belong to; in particular, Bensby et al.
(2014) adopted a conservative kinematical criterion to retrieve the
membership of the stars in their sample (see their appendix A). The
presence of two well separate sequences between thin and thick disc
stars, as suggested by many recent works in the literature (see e.g.
Nidever et al. 2014; Kordopatis et al. 2015), is still not evident by
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A simple method for solving chemical evolution 2943

In summary, we first derive the evolution of σ gas with time by
solving equation (10) with a numerical algorithm; then, it is straight-
forward to recover the galaxy SFR by making use of equation (14).

2.4 Free parameters and methods

The free parameters of our model are given by (i) the star formation
efficiency, νL, when the linear Schmidt–Kennicutt law is assumed,
or the quantity SFR0, in the case of a non-linear Schmidt–Kennicutt
law; (ii) the mass loading factor, ω, which determines the intensity
of the galactic winds and (iii) the infall time-scale, τ , which charac-
terizes the intensity of the gas infall rate, assumed to be a decaying
exponential law.

The assumed IMF and the set of stellar yields determine the return
mass fraction, R, the net yield of the chemical element X per stellar
generation, 〈yX〉, and the yield of X from Type Ia SNe, 〈mX, Ia〉. Other
fundamental assumptions in the model are given by the DTD for
the Type Ia SN rate and the prescription for the SFR law.

An observational constraint for the calibration of the gas infall
history is given by the radial profile of the present-day total surface
mass density, σ tot(r, tG), which is very difficult to retrieve from an
observational point of view. In this work, we apply our model to
reproduce the observed chemical abundance patterns at the solar
neighbourhood, where rS = 8 kpc; hence, we normalize the infall
law, as given in equation (12), by requiring the following constraint:

tG∫

0

dt Î(rS, t) = σtot(rS, tG), (16)

where we assume tG = 14 Gyr, a single infall episode, and σ tot(rS,
tG) = 54 M# pc−2, which represents the present-day total sur-
face mass density at the solar neighbourhood (see also Micali,
Matteucci & Romano 2013, which refers to the work by Kuijken &
Gilmore 1991).

The best model is defined as the one capable of reproducing the
observed trend of the [O/Fe] versus [Fe/H] chemical abundance
pattern, which represents the best observational constraint for the
chemical evolution models of the MW. Our best models are char-
acterized by the following values of the free parameters:

(i) νL = 2 Gyr−1, for our best model with the linear Schmidt–
Kennicutt law, and SFR0 = 2 M# pc−2 Gyr−1, for our best model
with the non-linear Schmidt–Kennicutt law;

(ii) the infall time-scale for the gas mass growth of the MW disc
is τ = 7 Gyr;

(iii) the mass loading factor is ω = 0.4.

Finally, the best models assume the single-degenerate scenario
for the Type Ia SN rate. We remark on the fact that the predicted
[Fe/H]-[O/Fe] relation in the MW is fitted by construction using
fixed values for the key free parameters νL (or SFR0), ω and τ .

It is worth noting that the values of our best parameters are in
agreement with previous recent studies (see e.g. Minchev, Chiappini
& Martig 2013; Nidever et al. 2014; Spitoni et al. 2015); in par-
ticular, a typical infall time-scale τ ∼ 7 Gyr and star formation
efficiency ∼1 Gyr−1 are necessary to reproduce also the observed
age-metallicity relation and the metallicity distribution function of
the G-dwarf stars in the solar neighbourhood (Matteucci 2001, 2012;
Pagel 2009).

Once the best set of free parameters is determined, we fix them
and explore the effects of assuming different DTDs for the Type
Ia SN rate and different prescriptions for the relation between the
SFR and the surface gas mass density, σ gas(r, t). In this way, we can

Figure 1. In this figure, we show the observed data set for the [O/Fe]
(upper panel) and [Si/Fe] (bottom panel) versus [Fe/H] chemical abundance
patterns that we assume in this work for the comparison with the predictions
of our models. Data with different colours correspond to different works
in the literature. In particular, our set of data for the solar neighbourhood
includes MW halo stars from Gratton et al. (2003, red squares), Cayrel
et al. (2004, blue circles) and Akerman et al. (2004, magenta triangles), and
halo, thin and thick disc stars from Bensby, Feltzing & Oey (2014, black
triangles).

demonstrate the flexibility of our method for solving the chemical
evolution of galaxies by taking into account the major systematics
in the theory.

3 THE OBSERV ED DATA SET

The data set for the observed [Fe/H]–[O/Fe] and [Fe/H]–[Si/Fe]
relations in the solar neighbourhood is shown in Fig. 1(a) and
Fig. 1(b), respectively, where the data from different works are
drawn with different colours. Our set of data includes both MW
halo stars from Gratton et al. (2003, red squares), Akerman et al.
(2004, magenta triangles) and Cayrel et al. (2004, blue circles), and
MW halo, thin and thick disc stars from Bensby et al. (2014, black
triangles).

The data in Fig. 1 span a wide metallicity range from [Fe/H] ≈
−4.0 dex to [Fe/H] ≈ 0.5 dex; they show a continuous trend in the
[O/Fe] and [Si/Fe] abundance ratios as functions of the [Fe/H]
abundances, although highly scattered. There is an initial, slowly
decreasing plateau, followed by a steep decrease, which occurs at
different [Fe/H] abundances and with different slopes when halo
and disc stars are considered separately. This is particularly evident
when looking at the [Si/Fe] ratios in Fig. 1(b), where the data of
the halo stars by Gratton et al. (2003, red squares) decrease with a
different slope with respect to the disc data by Bensby et al. (2014,
black triangles).

In Fig. 2, we focus on the data set by Bensby et al. (2014)
and show how the stars of the halo (magenta circles), thick disc
(blue triangles) and thin disc (red triangles) are distributed in the
[Fe/H]–[O/Fe] (upper panel) and [Fe/H]–[Si/Fe] (bottom panel)
diagrams. Bensby et al. (2014) were able to assign a membership
to the majority of the stars in their sample, according to the MW
stellar component they likely belong to; in particular, Bensby et al.
(2014) adopted a conservative kinematical criterion to retrieve the
membership of the stars in their sample (see their appendix A). The
presence of two well separate sequences between thin and thick disc
stars, as suggested by many recent works in the literature (see e.g.
Nidever et al. 2014; Kordopatis et al. 2015), is still not evident by
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近傍銀河の平均的な星成分金属量 
(銀河スペクトルではmetal-rich星の寄与が支配
的)

Old Young

天の川銀河の恒星

古く、metal-poor星も存在する。 
high-z銀河を見れば、このような星の形成現場が
見られるはず

Vincenzo+17
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Kashino et al. 2022
see also Cullen et al. 2019, 2021

Z*/Z⊙
0.0007
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Black: Observed spectrum 
Blue: Best-fit (incl. smoothing) 
Red: Best-fit (before smoothing) 
Gray: masked-out regions

銀河のスペクトルに見られる恒星大気吸収線（主に鉄Feに
よる）をテンプレートでフィットする。 
非常に微弱な特徴のため多数のスペクトルをスタッキング
（平均化）してフィットを行う。
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Kashino et al. (2022): 
• >1300個の銀河サンプルを用いて星質量‒鉄金属量関係を精度よく測定 
• 酸素-鉄比 (O/Fe) が天の川含む近傍銀河よりも大きいことを見出したA simple method for solving chemical evolution 2943

In summary, we first derive the evolution of σ gas with time by
solving equation (10) with a numerical algorithm; then, it is straight-
forward to recover the galaxy SFR by making use of equation (14).

2.4 Free parameters and methods

The free parameters of our model are given by (i) the star formation
efficiency, νL, when the linear Schmidt–Kennicutt law is assumed,
or the quantity SFR0, in the case of a non-linear Schmidt–Kennicutt
law; (ii) the mass loading factor, ω, which determines the intensity
of the galactic winds and (iii) the infall time-scale, τ , which charac-
terizes the intensity of the gas infall rate, assumed to be a decaying
exponential law.

The assumed IMF and the set of stellar yields determine the return
mass fraction, R, the net yield of the chemical element X per stellar
generation, 〈yX〉, and the yield of X from Type Ia SNe, 〈mX, Ia〉. Other
fundamental assumptions in the model are given by the DTD for
the Type Ia SN rate and the prescription for the SFR law.

An observational constraint for the calibration of the gas infall
history is given by the radial profile of the present-day total surface
mass density, σ tot(r, tG), which is very difficult to retrieve from an
observational point of view. In this work, we apply our model to
reproduce the observed chemical abundance patterns at the solar
neighbourhood, where rS = 8 kpc; hence, we normalize the infall
law, as given in equation (12), by requiring the following constraint:

tG∫

0

dt Î(rS, t) = σtot(rS, tG), (16)

where we assume tG = 14 Gyr, a single infall episode, and σ tot(rS,
tG) = 54 M# pc−2, which represents the present-day total sur-
face mass density at the solar neighbourhood (see also Micali,
Matteucci & Romano 2013, which refers to the work by Kuijken &
Gilmore 1991).

The best model is defined as the one capable of reproducing the
observed trend of the [O/Fe] versus [Fe/H] chemical abundance
pattern, which represents the best observational constraint for the
chemical evolution models of the MW. Our best models are char-
acterized by the following values of the free parameters:

(i) νL = 2 Gyr−1, for our best model with the linear Schmidt–
Kennicutt law, and SFR0 = 2 M# pc−2 Gyr−1, for our best model
with the non-linear Schmidt–Kennicutt law;

(ii) the infall time-scale for the gas mass growth of the MW disc
is τ = 7 Gyr;

(iii) the mass loading factor is ω = 0.4.

Finally, the best models assume the single-degenerate scenario
for the Type Ia SN rate. We remark on the fact that the predicted
[Fe/H]-[O/Fe] relation in the MW is fitted by construction using
fixed values for the key free parameters νL (or SFR0), ω and τ .

It is worth noting that the values of our best parameters are in
agreement with previous recent studies (see e.g. Minchev, Chiappini
& Martig 2013; Nidever et al. 2014; Spitoni et al. 2015); in par-
ticular, a typical infall time-scale τ ∼ 7 Gyr and star formation
efficiency ∼1 Gyr−1 are necessary to reproduce also the observed
age-metallicity relation and the metallicity distribution function of
the G-dwarf stars in the solar neighbourhood (Matteucci 2001, 2012;
Pagel 2009).

Once the best set of free parameters is determined, we fix them
and explore the effects of assuming different DTDs for the Type
Ia SN rate and different prescriptions for the relation between the
SFR and the surface gas mass density, σ gas(r, t). In this way, we can

Figure 1. In this figure, we show the observed data set for the [O/Fe]
(upper panel) and [Si/Fe] (bottom panel) versus [Fe/H] chemical abundance
patterns that we assume in this work for the comparison with the predictions
of our models. Data with different colours correspond to different works
in the literature. In particular, our set of data for the solar neighbourhood
includes MW halo stars from Gratton et al. (2003, red squares), Cayrel
et al. (2004, blue circles) and Akerman et al. (2004, magenta triangles), and
halo, thin and thick disc stars from Bensby, Feltzing & Oey (2014, black
triangles).

demonstrate the flexibility of our method for solving the chemical
evolution of galaxies by taking into account the major systematics
in the theory.

3 THE OBSERV ED DATA SET

The data set for the observed [Fe/H]–[O/Fe] and [Fe/H]–[Si/Fe]
relations in the solar neighbourhood is shown in Fig. 1(a) and
Fig. 1(b), respectively, where the data from different works are
drawn with different colours. Our set of data includes both MW
halo stars from Gratton et al. (2003, red squares), Akerman et al.
(2004, magenta triangles) and Cayrel et al. (2004, blue circles), and
MW halo, thin and thick disc stars from Bensby et al. (2014, black
triangles).

The data in Fig. 1 span a wide metallicity range from [Fe/H] ≈
−4.0 dex to [Fe/H] ≈ 0.5 dex; they show a continuous trend in the
[O/Fe] and [Si/Fe] abundance ratios as functions of the [Fe/H]
abundances, although highly scattered. There is an initial, slowly
decreasing plateau, followed by a steep decrease, which occurs at
different [Fe/H] abundances and with different slopes when halo
and disc stars are considered separately. This is particularly evident
when looking at the [Si/Fe] ratios in Fig. 1(b), where the data of
the halo stars by Gratton et al. (2003, red squares) decrease with a
different slope with respect to the disc data by Bensby et al. (2014,
black triangles).

In Fig. 2, we focus on the data set by Bensby et al. (2014)
and show how the stars of the halo (magenta circles), thick disc
(blue triangles) and thin disc (red triangles) are distributed in the
[Fe/H]–[O/Fe] (upper panel) and [Fe/H]–[Si/Fe] (bottom panel)
diagrams. Bensby et al. (2014) were able to assign a membership
to the majority of the stars in their sample, according to the MW
stellar component they likely belong to; in particular, Bensby et al.
(2014) adopted a conservative kinematical criterion to retrieve the
membership of the stars in their sample (see their appendix A). The
presence of two well separate sequences between thin and thick disc
stars, as suggested by many recent works in the literature (see e.g.
Nidever et al. 2014; Kordopatis et al. 2015), is still not evident by
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In summary, we first derive the evolution of σ gas with time by
solving equation (10) with a numerical algorithm; then, it is straight-
forward to recover the galaxy SFR by making use of equation (14).

2.4 Free parameters and methods

The free parameters of our model are given by (i) the star formation
efficiency, νL, when the linear Schmidt–Kennicutt law is assumed,
or the quantity SFR0, in the case of a non-linear Schmidt–Kennicutt
law; (ii) the mass loading factor, ω, which determines the intensity
of the galactic winds and (iii) the infall time-scale, τ , which charac-
terizes the intensity of the gas infall rate, assumed to be a decaying
exponential law.

The assumed IMF and the set of stellar yields determine the return
mass fraction, R, the net yield of the chemical element X per stellar
generation, 〈yX〉, and the yield of X from Type Ia SNe, 〈mX, Ia〉. Other
fundamental assumptions in the model are given by the DTD for
the Type Ia SN rate and the prescription for the SFR law.

An observational constraint for the calibration of the gas infall
history is given by the radial profile of the present-day total surface
mass density, σ tot(r, tG), which is very difficult to retrieve from an
observational point of view. In this work, we apply our model to
reproduce the observed chemical abundance patterns at the solar
neighbourhood, where rS = 8 kpc; hence, we normalize the infall
law, as given in equation (12), by requiring the following constraint:

tG∫

0

dt Î(rS, t) = σtot(rS, tG), (16)

where we assume tG = 14 Gyr, a single infall episode, and σ tot(rS,
tG) = 54 M# pc−2, which represents the present-day total sur-
face mass density at the solar neighbourhood (see also Micali,
Matteucci & Romano 2013, which refers to the work by Kuijken &
Gilmore 1991).

The best model is defined as the one capable of reproducing the
observed trend of the [O/Fe] versus [Fe/H] chemical abundance
pattern, which represents the best observational constraint for the
chemical evolution models of the MW. Our best models are char-
acterized by the following values of the free parameters:

(i) νL = 2 Gyr−1, for our best model with the linear Schmidt–
Kennicutt law, and SFR0 = 2 M# pc−2 Gyr−1, for our best model
with the non-linear Schmidt–Kennicutt law;

(ii) the infall time-scale for the gas mass growth of the MW disc
is τ = 7 Gyr;

(iii) the mass loading factor is ω = 0.4.

Finally, the best models assume the single-degenerate scenario
for the Type Ia SN rate. We remark on the fact that the predicted
[Fe/H]-[O/Fe] relation in the MW is fitted by construction using
fixed values for the key free parameters νL (or SFR0), ω and τ .

It is worth noting that the values of our best parameters are in
agreement with previous recent studies (see e.g. Minchev, Chiappini
& Martig 2013; Nidever et al. 2014; Spitoni et al. 2015); in par-
ticular, a typical infall time-scale τ ∼ 7 Gyr and star formation
efficiency ∼1 Gyr−1 are necessary to reproduce also the observed
age-metallicity relation and the metallicity distribution function of
the G-dwarf stars in the solar neighbourhood (Matteucci 2001, 2012;
Pagel 2009).

Once the best set of free parameters is determined, we fix them
and explore the effects of assuming different DTDs for the Type
Ia SN rate and different prescriptions for the relation between the
SFR and the surface gas mass density, σ gas(r, t). In this way, we can

Figure 1. In this figure, we show the observed data set for the [O/Fe]
(upper panel) and [Si/Fe] (bottom panel) versus [Fe/H] chemical abundance
patterns that we assume in this work for the comparison with the predictions
of our models. Data with different colours correspond to different works
in the literature. In particular, our set of data for the solar neighbourhood
includes MW halo stars from Gratton et al. (2003, red squares), Cayrel
et al. (2004, blue circles) and Akerman et al. (2004, magenta triangles), and
halo, thin and thick disc stars from Bensby, Feltzing & Oey (2014, black
triangles).

demonstrate the flexibility of our method for solving the chemical
evolution of galaxies by taking into account the major systematics
in the theory.

3 THE OBSERV ED DATA SET

The data set for the observed [Fe/H]–[O/Fe] and [Fe/H]–[Si/Fe]
relations in the solar neighbourhood is shown in Fig. 1(a) and
Fig. 1(b), respectively, where the data from different works are
drawn with different colours. Our set of data includes both MW
halo stars from Gratton et al. (2003, red squares), Akerman et al.
(2004, magenta triangles) and Cayrel et al. (2004, blue circles), and
MW halo, thin and thick disc stars from Bensby et al. (2014, black
triangles).

The data in Fig. 1 span a wide metallicity range from [Fe/H] ≈
−4.0 dex to [Fe/H] ≈ 0.5 dex; they show a continuous trend in the
[O/Fe] and [Si/Fe] abundance ratios as functions of the [Fe/H]
abundances, although highly scattered. There is an initial, slowly
decreasing plateau, followed by a steep decrease, which occurs at
different [Fe/H] abundances and with different slopes when halo
and disc stars are considered separately. This is particularly evident
when looking at the [Si/Fe] ratios in Fig. 1(b), where the data of
the halo stars by Gratton et al. (2003, red squares) decrease with a
different slope with respect to the disc data by Bensby et al. (2014,
black triangles).

In Fig. 2, we focus on the data set by Bensby et al. (2014)
and show how the stars of the halo (magenta circles), thick disc
(blue triangles) and thin disc (red triangles) are distributed in the
[Fe/H]–[O/Fe] (upper panel) and [Fe/H]–[Si/Fe] (bottom panel)
diagrams. Bensby et al. (2014) were able to assign a membership
to the majority of the stars in their sample, according to the MW
stellar component they likely belong to; in particular, Bensby et al.
(2014) adopted a conservative kinematical criterion to retrieve the
membership of the stars in their sample (see their appendix A). The
presence of two well separate sequences between thin and thick disc
stars, as suggested by many recent works in the literature (see e.g.
Nidever et al. 2014; Kordopatis et al. 2015), is still not evident by
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z~2 (約100億年前) の銀河を観測す
ることによって、天の川銀河の
metal-poor星の形成現場を擬似的に
観測しているといえる。

( 天の川) 銀河考古学をhigh-z銀河観
測で検証
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すばる望遠鏡主焦点分光器 
• 0.4~1.3 um 波長帯で分光観測 
• 一度に最大2400個の天体を分光できる 
• 大統計に基づく、精密な銀河進化研究が高赤方偏移で可能に

©Kavli IPMU/NAOJJWST, ALMA  
遠方宇宙フロンティアの開拓 Euclid, Roman Space telescope 

究極的な広視野探査を実現

GZ-z11(Bunker et al. 2023)

©ESA

©NASA
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宇宙の歴史（1億～10億年の時代を拡大）

Formation of first 
luminous objects

Epoch of Reionization
(0.1-1 Gyrs old)

Present-day
 (13.8 Gyrs old)

Evolution of galaxies
Manifestation of the diversity

Dark ages
(~0.1 Gyrs old)

Neutral UniverseFully-ionized Universe
First-generation
galaxies

First-generation
stars

Ionized regions
“bubbles”

Dark ages

No luminous
objects

初代星の形成

–
電子

+
–

【１　研究目的、研究方法など（つづき）】
若手研究２

本質的理解の促進、特に理論研究の発展に資することを目標とする。サブテーマA)で目指す大
局的スケールでの再電離過程の制限は、今後のより詳細な物理過程を扱うための理論モデルの方
向性を決定づけるものになる。サブテーマB)およびC)で目指す銀河スケールにおける放射や重
元素放出などの物理過程の解明は、近年加速的に発展している高空間分解能シミュレーションと
比較検証する上で重要な観測的事実を提供する。

図1:宇宙再電離の流れ。左から右に時間が進み、右端が宇宙年齢138億年の現在に対応する。宇
宙誕生後しばらくは天体がない「暗黒時代」であり、この頃の宇宙は中性水素によって満たされい
る。宇宙年齢1億年から数億年頃に初代星・初代銀河が形成され、これら初代天体から放射される
光によってガスの電離が始まる。次第に電離領域が重なってゆき、宇宙年齢10億年頃にはほぼ全
てのガスが電離される。望遠鏡に向かう矢印は、遠方クエーサーから放射された光が電離状態の異
なる領域、銀河や銀河周辺ガスを通過しながら我々の元に届く様子を示している。

(2)本研究の目的および学術的独自性と創造性
A)「宇宙再電離は大局的空間スケールでどのように進んだのか」:本サブテーマでは、クエー
サー吸収線スペクトルと広域銀河探査を組み合わせて、再電離期における大局的な中性水素量の
空間揺らぎの起源を解明する。近年、多数のクエーサースペクトルの解析から、宇宙再電離末期
における残存中性水素の空間的・時間的分布についての統計的な性質が明らかにされつつある。
これらの情報は再電離プロセスを理解するための重要なヒントになる。観測で示された残存中性
水素の分布を再現する理論モデルが複数提案されており、これらのモデルを制限することが本サ
ブテーマの具体的な目的である。
B)「個々の銀河は周囲の銀河間ガスにどのような影響を与えたのか」:本サブテーマは、比較
的小スケールに着目し、銀河と銀河周辺に広がるガスの間の相互作用の解明を目指す。まず後述
する統計的手法で、銀河の明るさと周囲の電離領域の大きさの関係を明らかにする。またクエー
サースペクトルに見られる炭素や酸素、マグネシウムなどの重元素原子・イオンによる吸収線か
ら、銀河周辺ガスの重元素量および元素組成・イオン化状態を測定し、銀河から重元素が広がる
様子や電離光子のエネルギー分布を明らかにする。
C)「銀河だけで再電離は成し得たのか」:　宇宙再電離の主たる電離源は若い銀河であると考えら
れているが確証は得られていない。特に、銀河から漏れ出る紫外線だけで全ての銀河間ガスを電
離するのに十分だったのか、という問題がある。銀河進化の理解という点からも進化の初期フェー
ズにある若い銀河の性質を解明することは重要である。特に再電離において重要なパラメータは
電離光子の生成率と脱出率（生成された電離光子のうち、その銀河を脱出する割合）であり、申請
者は後述する2つの観測的アプローチで、これらのパラメータを含めた若い銀河の性質を調べる。
学術的独自性と創造性:本研究の独自性として、クエーサー分光観測と銀河探査を組み合わせる
という点を挙げたい。従来、クエーサー観測による銀河間ガスの研究と銀河探査による銀河進化
研究は別々に行われてきた。本研究では、全天に散らばるクエーサー領域で銀河探査を行うこと
によって、ガスと銀河の直接的な関連性に焦点を当てるという点で独自性が高い。次に観測デー

紫外線放射

+
–

+

–
++

–

–

+
–

+
–

水素の電離

宇宙の始まり

+

–

+

–
現在の宇宙 
(138億年)

銀河の進化 
多様性の現れ

初代星・初代銀河の形成 
(宇宙年齢1～数億年)

電離領域

宇宙の暗黒時代

初代銀河の形成

中性状態の宇宙完全電離された宇宙

再電離の完了 
(10億年頃)

宇宙 
再電離期

時間（宇宙年齢)
1億年10億年100億年138億年
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クエーサー

中性水素による吸収

波長

赤：クエーサーが放射するスペクトル 
黒：吸収を受けたスペクトル

薄く広がったガスは自分では光を出さない（非常に微弱） 
しかし、明るい天体を「背景光」に生じる吸収を調べることで物理状態を調べることができる

+
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– +
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– +
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C
Fe

重元素による吸収

ガン-ピーターソン検定 
(Gunn & Peterson 1965) 
ライマン線の吸収度合いから銀河間空間の
中性度を推定
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再電離期に向かって高まる中性度

23
2004; and SDSS J1044!0125, z ¼ 5:74, Djorgovski et al. [2001]
and Goodrich et al. [2001]) are broad absorption line (BAL)
quasars. In analyzing their spectra, we have excluded regions
that are affected by the Ly! and Ly" BAL features. Our optical
spectroscopy is usually adequate to detect Si iv BAL troughs.
However, at z # 6 the strongest C iv BAL troughs are redshifted
to kk 1 #m. Fewer than half of the objects in the sample have
adequate IR spectroscopic observations to detect the C iv BAL

feature. Note that the fraction of BAL quasars at z < 4 is #15%
in color-selected samples (e.g., Reichard et al. 2003).
Figure 1 shows strong redshift evolution of the transmission

of the IGM: transmitted flux is clearly detected in the spectra of
quasars at z < 6 and blueward of the Ly! emission line; the
absorption troughs deepen for the high-redshift quasars, and
complete GP absorption begins to appear along lines of sight at
z > 6:1. In this section we present detailed measurements of the

Fig. 1.—Spectra of our sample of 19 SDSS quasars at 5:74 < z < 6:42. Twelve of the spectra were takenwith Keck ESI, while the others were observed with theMMT
Red Channel and Kitt Peak 4 m MARS spectrographs. See Table 1 for detailed information.

FAN ET AL.120 Vol. 132

Fan et al. 2006
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is dominated by fluctuations along different sightlines (Becker
et al. 2015; Eilers et al. 2017b).

The right panel of Figure 4 compares our data set to opacity
measurements from additional sightlines from the literature
that are not in our data sample. The additional data points come
from the sightlines of SDSS J0144–0125 and SDSS J1436+5007
(Fan et al. 2006), CFHQS J1509–1749 (Willott et al. 2007),
ULAS J1120+0641 (Barnett et al. 2017), PSO J006.1240
+39.221 (Tang et al. 2017), and J0323–4701, J0330–4025,
J0410–4414, J0454–4448, J0810+5105, J1257+6349, J1609
+3041, J1621+5155, and J2310+1855 (Bosman et al. 2018). In
most of these analyses the bins were chosen to be Δz=0.15,

following Fan et al. (2006). This bin size covers roughly the same
spectral region as the chosen bin size of 50 hcMpc 1� in our
analysis and the one by Becker et al. (2015) at z∼6, but in the
redshift interval of 5z7, the bin size changes quite
significantly. Overall the agreement between the various
measurements with our new analysis is good, but we chose not
to add these measurements to the master compilation, because of
the different path lengths used to construct the measurements,
very low S/N data, or the variety of different instruments and data
reduction pipelines used to obtain the spectra, which enlarges the
systematic uncertainties on these measurements (see Section 5).

5. Comparison to Other Studies

For several quasar sightlines in our data sample the optical
depth has been measured previously by Fan et al. (2006) and
Becker et al. (2015), and more recently by Bosman et al. (2018).
However, the quality of the data and the methods to analyze the
data differ. Here, we carry out a detailed comparison of our
methods and measurements to previous work, and discuss
potential systematic uncertainties (Section 5.1) and resulting
discrepancies in the cumulative distribution functions (CDFs) of
the optical depth (Section 5.2).

5.1. Estimating Systematic Uncertainties

We compare the measurements of the IGM opacity for the 16
quasar sightlines that are both part of our analysis and the data
set of Fan et al. (2006) and are not BAL quasars. The spectra
from Fan et al. (2006) partially overlap with our data set, but six
quasars were observed with a different telescope and instrument
(MMT Red Channel, Hobby-Eberly Telescope, and KP 4m
MARS) and eight quasars have additional Keck/ESI data. We
have reduced and stacked all of the Keck/ESI observations from

Figure 4. Evolution of the Lyα forest effective optical depth. Left panel:the dark blue data points show our IGM opacity measurements. The green and orange data
points are measurements of the optical depth performed by Becker et al. (2015), orange indicating the measurements of ULAS J0148+0600. In this data set we
consider the master compilation sample. The large red data points show the mean redshift evolution averaged over bins of Δz=0.25, and their uncertainties are
determined via bootstrapping. The gray underlying region shows the predicted redshift evolution from radiative transfer simulations, assuming a uniform UVB model.
We have simulation outputs in steps of Δz=0.5 and use a cubic-spline function to interpolate the shaded regions between the redshifts of the outputs. The light- and
medium gray shaded regions indicate the 68th and 95th percentiles of the scatter expected from density fluctuations in the simulations, whereas the dark gray region
shows any additional scatter due to ∼20% continuum uncertainties. Right panel:compilation of all opacity measurements found in the literature along quasar
sightlines that are not in our data sample and that have been calculated within similar spectral bin sizes.

Table 3
Measurements of the Average Flux and Optical Depth within the Lyα Forest of

Our Master Compilation Sample

zabs F� § FT� § eff
LyU� §B eff

LyT U� §B

4.0 0.4046 0.0151 0.9049 0.0372
4.25 0.3595 0.0112 1.0230 0.0311
4.5 0.2927 0.0190 1.2286 0.0651
4.75 0.1944 0.0150 1.6381 0.0770
5.0 0.1247 0.0132 2.0818 0.1060
5.25 0.0795 0.0078 2.5321 0.0984
5.5 0.0531 0.0058 2.9357 0.1090
5.75 0.0182 0.0045 4.0057 0.2469
6.0 0.0052 0.0043 >4.7595 L
6.25a −0.0025 0.0007 >6.5843 L

Note. The columns show the mean redshift zabs of the redshift bins of size
Δz=0.25, the averaged flux F� § and its uncertainty FT� § determined via
bootstrapping, and the mean optical depth eff

LyU� §B in that redshift bin and its
error

eff
LyT U� §B , also determined via bootstrapping.

a Note that this redshfit bin only contains two measurements.

9

The Astrophysical Journal, 864:53 (22pp), 2018 September 1 Eilers, Davies, & Hennawi

Eilers et al. 2018
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再電離の進み方 ‒ 「遅い」シナリオが有力視16 Naidu et al.

Figure 10. Comparison with reionization by faint galaxies. Left: In turquoise we plot x̄HI(z) from Finkelstein et al. (2019)
who explore reionization dominated by MUV> �15 galaxies with steep faint-end slopes (↵ < �2) and the highest fesc occurring
in the least massive galaxies by integrating down to MUV = �10. In gold we plot x̄HI(z) from Ishigaki et al. (2018) who assume
a constant fesc and ↵UV < �2 to find fesc= 17% and MUV(trunc) = �11 in order to complete reionization by z = 6. Both these
models ionize a large volume of the universe at early times, in tension with Ly↵ damping wing constraints (green stars and
pentagons). On the other hand, the shallower faint-end slopes (↵UV> �2) and fesc distributions highly skewed toward bright
galaxies in our models ensure rapid, late reionization (purple curves). Right: Assuming Schechter parameters from Finkelstein
et al. (2019), a constant fesc across all galaxies, and ⇠ion from this work, we show the likelihood of various combinations of
fesc and MUV-truncation arising from the constraints in §2.3. When the ionizing emissivity is dominated by faint galaxies
(MUV> �15), even with very low fesc, early reionization occurs, and such scenarios are disfavored compared to those starring
brighter galaxies.

with two sources in a sample of seven showing blue
wings despite a highly neutral IGM (e.g., Mason et al.
2018). We speculate these galaxies are oligarchs with
high escape fractions that are able to carve out their
own ionized bubbles perhaps allowing for their whole
line profiles (including blue wings and peaks) to es-
cape unattenuated by neutral gas. The lower luminosity,
low fesc sources have narrow, less complex Ly↵ profiles
that are perhaps truncated by the neutral gas surround-
ing them. High-resolution (R > 4500) Ly↵ surveys
with well-defined selection and completeness functions
at z ⇠ 0� 6 will help test if these complex Ly↵ profiles
that have been linked to ionized channels and thus LyC
fesc (Vanzella et al. 2019; Rivera-Thorsen et al. 2019;
Herenz et al. 2017) grow more common with redshift
and with galaxy properties like ⌃SFR. Since we do not
expect fesc to evolve appreciably between z ⇠ 6 � 8 as
⌃SFR flattens (Figure 5), such a survey can be limited
to z < 6 where the IGM transmission is higher and Ly↵
is easily observable.
Another intriguing observation is that of an overden-

sity of 17 HST dropouts at z ⇠ 7. In an extremely
long integration (22.5 hrs on VLT/VIMOS), Castellano

et al. (2018) find Ly↵ emission arising only from three
UV-bright galaxies among the dropouts while all their
faint galaxies are undetected in Ly↵ despite Ly↵ EWs
generally anti-correlating with brightness. We speculate
the bright oligarchs with high fesc have reionized their
immediate surroundings rendering them transparent to
Ly↵ while the fainter sources lie just outside these ion-
ized bubbles. With JWST ’s planned censuses at high-z
more such ionized overdensities at z > 6 will come into
view and deep follow-up spectroscopy that reveals fea-
tures of LyC fesc (e.g., multi-peaked Ly↵) will help test
if they are indeed powered by oligarchs.
Our proposed scenario also has strong implications for

the topology of reionization, with the distribution of
ionized bubble sizes and the patchiness resulting from
our model likely lying somewhere intermediate between
AGN-driven reionization (e.g., Kulkarni et al. 2017)
and reionization by widely distributed, numerous faint
sources (e.g., Geil et al. 2016). Upcoming 21cm surveys
will provide a strong test of this prediction (e.g., Hutter
et al. 2019a,b; Seiler et al. 2019). Our empirical model
also tracks the spatial distribution of galaxies and this
information can be coupled with models for fesc to pro-

Naidu+20
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再電離源は？
Gunn & Peterson 1965

• 初代星 
• 若い銀河の星形成活動（大質量星由来の紫外線） 
• AGN活動（降着円盤由来の紫外線・X線など） 
• その他、粒子崩壊などのエキゾチックな新物理

「遅い再電離シナリオ」は初代星の寄与は無視できることを示唆。 
AGNでは個数（不定性はあるものの）が足りない。 
ここ最近は、おそらくみんな銀河だと思っている。 
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Key question: 電離光子は十分に供給され得るか？
全ての銀河間水素ガスを電離するのに、供給量 
[銀河数密度 x 星形成率 x 電離光子生成効率 x 電離光子脱出率 ] は十分か？  
 

20 Harikane et al.

Figure 16. Cosmic SFR density evolution. The red diamonds represent the spectroscopic constraints on the cosmic SFR
densities obtained in this study integrated down to MUV = �18.0 mag (corresponding to SFRUV = 0.8 M� yr�1, based on the
Salpeter (1955) IMF with a conversion factor of SFR/LUV = 1.15⇥ 10�28 M� yr�1/(erg s�1 Hz�1)). These measurements are
firm lower limits because 1) only spectroscopically-confirmed galaxies without AGN signatures are used, 2) galaxies possibly
in the overdensities are excluded, and 3) the measurements are not corrected for dust extinction. The error includes both
the 1� Poisson error and the cosmic variance. The blue curves are predictions of the constant star formation (SF) e�ciency
models of Harikane et al. (2018, 2022b, solid), Mason et al. (2015, 2023, dashed), and Sun & Furlanetto (2016, dotted). The
obtained lower limit of the SFR density at z ⇠ 12 is higher than the model predictions. Note that the predictions of Harikane
et al. (2018, 2022b) and Mason et al. (2015, 2023) are integrated down to MUV = �18.0 mag, while that of Sun & Furlanetto
(2016) is down to MUV = �17.7 mag. The gray open symbols are estimates of previous studies using photometric samples:
Harikane et al. (2023a, diamond), Donnan et al. (2023b, circle), Pérez-González et al. (2023, hexagon), Bouwens et al. (2020,
left-pointong triangle), Bouwens et al. (2022b, cross), Bouwens et al. (2022a, square), Finkelstein et al. (2015, pentagon), Coe
et al. (2013, plus), and Ellis et al. (2013, star). Our spectroscopic constraints are consistent with these photometric estimates,
especially those in Ellis et al. (2013) and Coe et al. (2013), which are based on the photometric candidates at z ⇠ 11� 12 that
are confirmed with JWST, GS-z11-0 and MACS0647-JD.

constraint at z ⇠ 12 is ⇠ 5 times higher than the model
predictions assuming the constant star formation e�-
ciency in Harikane et al. (2018, 2022b), Mason et al.
(2015, 2023), and Sun & Furlanetto (2016) at ⇠ 2� 3�
(see also Bouwens et al. 2022a), supporting earlier sug-
gestions of the slow redshift evolution from z > 10 based
on the photometric samples. This indicates a higher star
formation e�ciency in galaxies at z > 12 or other phys-

ical properties di↵erent from galaxies at z < 10, which
will be discussed in Section 6.1.

6. DISCUSSION

6.1. High Cosmic SFR Density at z > 10

As presented in Section 5, this study using
spectroscopically-confirmed galaxies suggests that the
cosmic SFR density at z ⇠ 12 is ⇠ 5 times higher

16 Matthee et al.

Figure 14. The ionising photon production e�ciency ⇠ion of various galaxy populations through cosmic times. Spectroscopic

measurements are shown as filled symbols, while photometric inferences (e.g. Bouwens et al. 2016) are shown as open symbols.

The average value of ⇠ion measured in our sample of [OIII] emitters is somewhat higher than the canonical value (e.g. Robertson

et al. 2013) and normal galaxies at low-redshift (Matthee et al. 2017; Atek et al. 2022), comparable to LBGs at z ⇡ 5 and

somewhat lower than to ⇠ion measured in extreme emission-line galaxies at z ⇡ 2 (Tang et al. 2019; Naidu et al. 2022).

nificant scatter in these line-ratios at fixed mass. We
discuss these objects in §6.3.
The interpretation of the trend between [OIII]/H� and

mass is not straightforward as the [OIII]/H� ratio is
sensitive to variations in both the excitation state and
the gas-phase metallicity. The relation between the gas-
phase metallicity and [OIII]/H� is double-valued with a
peak at 12+log(O/H)⇡ 7.7 and [OIII]/H� ⇡ 6 (e.g. Bian
et al. 2018; Curti et al. 2022; Nakajima et al. 2022). To
illustrate this e↵ect, the purple line in Fig. 15 shows the
expected relation between [OIII]/H� and mass assuming
the Bian et al. (2018) strong-line calibration derived in
local analogues of high-redshift galaxies and the mass-
metallicity relation (MZR) at z ⇡ 6 in the FIRE simula-
tion (Ma et al. 2016)6, which shows a similar behaviour
as observed in our stacks. This comparison implies
that the metallicities of our [OIII] emitters with mass
⇡ 108�9 M� are close to the metallicity where the rela-
tion between [OIII]/H� and metallicity peaks. We thus
conclude that the extremely high typical [OIII] EWs in
the majority of our sample are found in galaxies with

6
Similar to e.g. Curti et al. (2022), we rescaled the FIRE MZR

to match the absolute normalisation of the measured MZR at

z ⇡ 3 by Sanders et al. (2021), but apply the redshift evolution

measured in the simulation (Ma et al. 2016).

Table 3. The combined rest-frame EW(H�+[OIII]4960,5008)

and [OIII]5008/H� line-ratios in stacks of four subsets of our

sample (with H� coverage at z > 5.5) split by stellar mass.

Uncertainties for the EW are the 16-84 percentiles of the

distribution of EWs within each subset, while uncertainties

on line-ratios are measurement errors. We convert these line-

ratios to a gas-phase metallicity based on the strong-line cal-

ibration by Bian et al. (2018), see text. Logarithms are to

base 10.

log(M?/M�) EW0,H�+[OIII]/Å [OIII]/H� 12+log(O/H)

7.5 1870+1200
�590 5.3+0.9

�0.8 7.29+0.15
�0.14

8.2 980+670
�240 6.7+0.6

�0.6 7.77+0.22
�0.20

8.9 690+340
�300 6.3+0.9

�0.7 8.05+0.12
�0.35

9.5 410+200
�100 5.4+0.5

�0.4 8.19+0.06
�0.06

ISM conditions that give rise to the maximum [OIII] lu-
minosity at given H� luminosity (and thus, plausibly, at
a given star formation rate).
Surprisingly, we detect the temperature sensitive

[OIII]4364 line in the stacked spectrum of [OIII] emit-
ters at z > 6.25 (where we have full coverage for
this line and H�), see Fig. 16. After correcting the
[OIII]5008/[OIII]4364 ratio for dust attenuation using the

Harikane et al. 2023 Matthee, ..., Kashino et al. 2023

星形成率密度  
紫外線光度関数から変換

電離光子生成効率 
水素バルマー系列線と紫外線光度の比から測定
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Key question: 電離光子は十分に供給され得るか？
全ての銀河間水素ガスを電離するのに、供給量 
[銀河数密度 x 星形成率 x 電離光子生成効率 x 電離光子脱出率 ] は十分か？  
 
電離光子脱出率: 再電離時代の銀河では直接観測が不可能（周りの中性水素に吸収されるため"） 
低赤方偏移 (z~0.3‒4) では電離光子が漏れ出している銀河 (LyC leakers) が見つかっている。 
観測や流体シミュレーションからは、  の銀河で ‒ 程度はあり得そう。 
➡ 不定性は大きいが、再電離に必要な供給量に届く見込み (e.g. Naidu et al. 2020)

M* ∼ 109 M⊙ fesc ∼ 10 20 %



柏野 大地2023年8月1日 天文・天体物理夏の学校

Key question: 電離光子は十分に供給され得るか？
全ての銀河間水素ガスを電離するのに、供給量 
[銀河数密度 x 星形成率 x 電離光子生成効率 x 電離光子脱出率 ] は十分か？  
 
電離光子脱出率: 再電離時代の銀河では直接観測が不可能（周りの中性水素に吸収されるため"） 
低赤方偏移 (z~0.3‒4) では電離光子が漏れ出している銀河 (LyC leakers) が見つかっている。 
観測や流体シミュレーションからは、  の銀河で ‒ 程度はあり得そう。 
➡ 不定性は大きいが、再電離に必要な供給量に届く見込み (e.g. Naidu et al. 2020)

M* ∼ 109 M⊙ fesc ∼ 10 20 %

しかし、 
数勘定が矛盾ないからといって「星形成銀河が再電離を引き起こした」と言ってよいのか？ 
決定的な証拠として「銀河が周囲のガスを電離している現場」を押さえたい。
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どんな観測をすれば良いか？
初代天体の形成

（宇宙年齢 1~数億年）
再電離の完了
（10億年頃） 宇宙再電離期現在の宇宙

（138億年） 銀河の進化

時間の流れ ＝ 遠方天体から我々に向かう光の向き (右から左）

宇宙の
暗黒時代

中性水素に満たされた宇宙完全に電離された宇宙

初代銀河の形成

中性=
陽子と電子が結合

電離領域

クエーサー

銀河周辺の
重元素による吸収線

CO

C
O

電離領域を通過するときは光が透過する 電離されていない領域では光が吸収される

銀河周辺には
重元素が存在

銀河間ガス通過して我々に
届くスペクトル

クエーサーの放射スペクトル

波長

光の強度

初代星の形成

手前のガスによって距離に応じた
波長に Lyα光の吸収が生じる

遠方クエーサーの前景領域 (➡ スペクトルから視線上のガスの物理状態を知ることが可能) で 
銀河探査を行い直接的に銀河と銀河間ガスの相互作用を調査する
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大スケールにおける銀河分布と中性水素分布の逆相関を発見

30

複数クエーサーの前景領域 (z~5.7) で、すばる望遠鏡HSCを用いた銀河探査を実施し、 
~20 cMpcスケールで中性水素量と銀河分布が逆相関の関係にあることをより高い精度で明らかにした。 
➡ 銀河が再電離の主たる電離源であり、銀河が多いところほど再電離が早く進むということを強く示唆

see Becker et al. 2018, Kashino et al. 2020, Christenson+21; Ishimoto+22

図はプレスリリース (石本、柏川、柏野ほか' 22/8/25) より

 中性水素密度≈
背景クエーサー (z~6) 
クエーサーの周辺ではなく「手前」の赤方偏移 (z~5.7) で 
銀河を同定し、クエーサー視線上の銀河の数密度を測る。

Lyα透過の大きいもの・
小さいものを選んで観測

クエーサー1

クエーサー2
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より小さいスケールへ: JWSTで迫る「再電離の現場」

31

Epoch of ReionizatonLater epochs

　z~5

10 cMpc

　z~7

(c) THESAN

Direct imaging

Lyα透過光遠方 (z>6) クエーサー視線に沿っ
て星形成銀河の分光探査を行う。 
➡ クエーサースペクトルに見られ
る個々の透過光スパイクと銀河の
分布を比較したい。 

JWSTにより近～中間赤外線領域で高感度分光観測が可能になった。 
➡ 再電離時代の星形成銀河を、静止系可視光の強い輝線を用いて分光探査することが可能に。 

個々の透過光"スパイク"がはっきり見える
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JWST EIGER サーベイ

32

Emission-line galaxies and Intergalactic Gas in the Epoch of Reionization

分散画像撮像イメージ

JWST NIRCamの広視野スリットレス分光 
視野内の全ての天体のスペクトルを一度に得る (分散画像) 。 
取りこぼしなく全数調査を行うことができる。 
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スリットレス分光：輝線銀河の探査に最適

33

EIGER II: Characterisation of [OIII] emitters at z ⇠ 6 3

Figure 1. Demonstration of the JWST/NIRCam imaging and grism data and the continuum-filtering e�ciency in a small

16⇥ 16 arcsec2 region that constitutes 0.3 % of the data in the J0100+2802 field. The left panel shows a false-color composite

of the F115W/F200W/F356W imaging and highlights the locations of two [OIII] emitting systems identified in our data. These

are particularly red due to the strong line-emission that falls in the F356W filter. The middle panel shows the dispersed grism

image on the same sub-region, while the right panel shows the result of our continuum-filtering methodology which reveals

various emission-lines detected in the data.

by two or one visits. The total area with spectroscopic
coverage is 25.9 arcmin2, of which ⇡ 4.6 arcmin2 is cov-
ered by both NIRCam modules A and B (with reversed
dispersion direction). The observations were undertaken
on four visits on 22-24 August 2022 with a position angle
of the pointing of 236 degrees. The total grism exposure
times range from 8.8-35.0 ks, whereas the direct imaging
time ranges from 1.6-6.3 ks and the imaging in the short
wavelengths ranges from 4.4-23.8 ks, with the F200W
imaging receiving about 35 % more exposure time than
the F115W imaging.

2.2. Imaging data reduction and photometry

As detailed in Paper I, the NIRCam imaging data are
reduced based on a combination of the jwst pipeline v-
1.8.212 and additional post-processing procedures. We
perform the standard steps from Detector1 and Image2
and aligned the images to a common astrometric ref-
erence system aligned to Gaia (Gaia Collaboration
et al. 2018). We perform additional subtraction of the
sky level and stray-light features (‘wisps’) and masked
large residual cosmic-ray features (‘snowballs’ e.g. Mer-
lin et al. 2022). Using a deep source mask we filter the
1/f noise in our exposures, inspired by Schlawin et al.
(2020) we subtract the median sky in quarter rows, then
columns and finally in the four amplifiers. Image3 is

1
https://github.com/spacetelescope/jwst

2
We used the CRDS context jwst 0988.pmap, released on 25 Oc-

tober 2022 on the PUB server. This uses zero-points based on

in-flight data (Boyer et al. 2022).

used to combine the post-processed images onto a com-
mon grid with resolution 0.0300/pixel.
Aperture-matched photometry is performed using

SExtractor with the F356W imaging data as detec-
tion image. The higher resolution F115W and F200W
imaging data are convolved to match the point spread
function (PSF) of the F356W imaging (see Paper I).
Magnitudes are measured with Kron apertures and the
errors estimated from the random blank sky variation
for apertures of di↵erent sizes, scaled to the local vari-
ance propagated by the pipeline (following Finkelstein
et al. 2022). The typical 5� sensitivities are 27.8, 28.3,
28.1 in the F115W, F200W and F356W imaging data,
respectively, reaching to a magnitude deeper in the best
regions (see Paper I).

2.3. WFSS data reduction

WFSS data are reduced with a combination of the
jwst pipeline (version 1.7.0) and our python based pro-
cessing steps as detailed in Paper I, which we summarise
here. Each exposure is processed with Detector1 step
and assigned a WCS using Spec2. Image2 is used for
flat-fielding and we additionally remove 1/f noise and
sky background variations by subtracting the median
value in each column. The output after this step is
named ‘SCI’. Our main development is the separation
of the ‘SCI’ image in two components, ‘EMLINE’ and
‘CONT’, which separate emission-lines from the contin-
uum. The continuum filtering subtracts the running
median in the dispersion direction with a filter with a
flexible kernel that has a hole in the center not to over-
subtract lines themselves. The process does not rely
on the trace model or known positions of continuum

連続光を差し引く

強い輝線を放射する星形成銀河の探査では、 
スペクトルが分散方向に混じり合うことはデメリットにならない。 
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1つのクエーサー視線領域で>100の星形成銀河を同定
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1.1 um + 2.0um + 3.5um 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8
Redshift ([OIII]5008)

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0
Wavelength [Å]波長 [μm]

赤方偏移
[OIII]二重輝線 (4959, 5007Å) とHβで銀河を同定
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銀河と銀河間ガス透過率の空間分布
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銀河と銀河間ガス透過率の空間分布
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銀河からの距離
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Figure 12. The average Ly↵ transmission as a function of
distance from the [O iii]-emitter galaxies in the three redshift
regimes 5.3 < z < 5.7, 5.7 < z < 6.14, and 6.15 < z < 6.24.
The upper and lower panels show the values with log and
linear scales to accomodate the wide range in the data. The
dashed lines and the shaded regions indicate the mean and
the central 68 and 95 percentiles of the probability distribu-
tion obtained when the transmission along the line of sight
is randomly scrambled (see text for details). At the lowest
redshifts, the transmission increases monotonically to larger
distances. At slightly higher redshifts, as the EoR is ap-
proached, the transmission curve shows a pronounced peak
around 5–6 cMpc. Finally, in the quasar near zone, where
the ionizing radiation from the quasar dominates, the trans-
mission reverts to the earlier monotonic behaviour.

It should also be noted that Ly↵ transmission is not
seen near the known metal-absorber systems (and thus
near their host candidate galaxies). All these findings
accumulate evidence that star-forming galaxies directly
impact on the surrounding IGM, but in a complex man-
ner.

5.1. Average transmission around galaxies

To quantify the e↵ects of galaxies on the IGM, we
measured the average Ly↵ transmission, denoted T (r),
as a function of comoving distance r from the [O iii]-
emitters in these three redshift regimes (5.3 < z < 5.7,
5.7 < z < 6.14, and 6.15 < z < 6.26).
Figure 12 shows the galaxy–Ly↵ transmission cross-

correlation, or the transmission curves T (r). In each of
the two lower redshift regimes, we took out the e↵ect of
(relative) redshift evolution within each redshift range
by dividing by the cosmic mean transmission as a func-
tion of redshift (Eilers et al. 2018) and then multiplying
back by the average within the redshift range in question

(to revert back to the absolute scale):

T̃ (zLy↵) =
T (zLy↵)

Tmean(zLy↵)
⇥

R zmax

zmin
Tmean(z)dz

zmax � zmin

, (1)

where Tmean is the cosmic mean transmission and T̃ is
the product of this step that is used for calculating the
transmission curve T (r).
In the near-zone regime where the ionizing radiation

is dominated by the quasar, we adopted a modeled av-
erage transmission profile as a function of distance from
the quasar, instead of the cosmic mean. This is shown in
Figure 9. The model profile assumes that the surround-
ing IGM density is constant and that the radiation field
� scales as r�2 where r is the distance from the quasar.
This produces T / exp(�ar

2) when the neutral fraction
is substantially small. Here the (constant) parameter a,
to be determined from the data, reflects the combination
of the IGM density and the luminosity of the ionizing
radiation.
Because we want to see if the IGM transmission is af-

fected by nearby galaxies, we compared the observed
transmission curves, T (r), with Monte-Carlo realiza-
tions using random transmission spectra. The random
data were generated by partitioning the real quasar spec-
trum into 0.7 cMpc-width bins and shu✏ing their order
within the redshift range. This reshu✏ing bin-size is
comparable to the instrumental resolution and thus also
comparable to the narrowest possible width of discrete
transmission spikes. We applied Gaussian smoothing
with � = 2 cMpc to both real and random transmis-
sion spectra before measuring the average transmission
around the galaxies. We limited our analysis within
r < 15 cMpc, i.e., ⇠ 2⇥ the maximum transverse dis-
tance covered by our data (⇠ 7cMpc at z ⇠ 6) in the
survey area.
Figure 12 illustrates that the overall level of Ly↵ trans-

mission, observed at larger r in the random realization,
varies strongly between the redshift ranges. This reflects
the global evolution of the cosmic ionizing radiation field
with redshift, plus the strong near-zone ionization e↵ect
due to the quasar in the highest redshift regime.
At the lowest redshift range, the transmission T (r) is

very low near to galaxies, and monotonically increases
with distance away from them, reaching an asymptotic
value at r ⇠ 8 cMpc. This monotonic increase in
transmission away from galaxies is similar to what is
observed at lower redshifts (e.g., Tummuangpak et al.
2014; Bielby et al. 2017; Mukae et al. 2020; Chen et al.
2020; Momose et al. 2021). This monotonic increase in
T (r) can be interpreted to be reflecting the ionization of
the IGM by a more or less uniform cosmic ionizing back-

銀河周りのライマンα光透過率を測定

37

再電離がほぼ完了した時代

再電離進行中

銀河分布と透過率に相関がない 
場合の統計的散らばり

注意：透過率の情報はクエーサー視線上のみ

rクエーサー視線

rr

r
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銀河周りの透過曲線が示唆すること
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透
過
率

銀河周辺の高密度ガスによる吸収 
（電離度が高くても、残存中性水素も多い）

赤点: 銀河 
グレースケール: ガス密度 
黄色: 電離領域 (電離度)

再電離がほぼ完了するころには、 
遠くの銀河の放射場の重ね合わせ
である背景放射場が支配的になる

再電離進行中は、銀河の局所的な電離放射場
の影響で銀河の近くで透過率が大きくなる
（さらに近づくと高密度による吸収の効果が
勝つ）

z~5.9

z~5.5

銀河からの距離

受かってる比較的質量の大きな銀河か、あるいは同じように 
分布しているであろう検出限界より暗い銀河か？
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銀河周りの透過曲線が示唆すること
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quasar

During reionization

quasar

After reionization is completed
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展望
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再電離中盤から宇宙の夜明け、そして暗黒時代へ 
• JWSTを中心とした高感度観測によりz>20の銀河探査 
• 初代星の痕跡探し 
• 宇宙再電離の３次元空間構造の解明 
中性水素が放射する21cm線ならば宇宙の夜明け・暗黒時代に迫れるか

z=12.12

z=13.20

大きく赤方偏移した中性水
素21cm線の検出を目指す
SKA-low計画©SKAO
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まとめ
• 銀河研究の対象は宇宙史全体・現象が複雑＝研究することがいろいろある（ネタに困らない？） 
• 確固とした事実になってきたcosmic noonから現在の銀河進化の描像 
• 集団としてみると、時間と共に星形成率個々の銀河のガス量と星形成率⤵、金属量⤴ 
• 宇宙全体の星形成率密度⤵ 
• 個々の銀河の進化 はよくわからないがまだまだ多い 
• 星形成はなぜ止まるのか？ 
• ガス流入の停止・フィードバック・環境効果はそれぞれどのように働くのか？ 

• 宇宙再電離における銀河の役割 
• 若い星形成銀河が重要な寄与をしていることが観測から強く示唆されている（統計は不十分？） 
• 実際に寄与が大きいのは受かってる比較的質量の大きな銀河か、あるいは検出限界より暗い銀河か？ 
➡ 電離光子脱出率がどうしても知りたくなる（どうやって測ろう？） 
• 再電離中盤から宇宙の夜明け、さらに暗黒時代では何が起こっているのか？ 
➡ JWSTによるz>20の（初代）銀河探査、SKAによる中性水素直接観測で探る暗黒時代 

41

研究のこと、キャリアのこと、なんでも質問してください。


