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まとめ：z=0.5-1.7銀河のHaマップ (WFC3 G102, 3D-HST, KMOS) から、

Haの分布は星に比べて1.2倍広がっている。Inside-out evolutionか？

[背景]
• ΛCDMの簡単なモデルだとDM haloが成長していくと、銀河もより大きな半径で

星形成をおこすはず。実際にはそんなにシンプルではないが。
• 一番簡単な検証は、銀河がinside-out growthしてるか
• z~1 : Nelson+12, etc… (3D-HST)
• z~1.7 : Wilman+20 (KMOS3D)

• 宇宙の星形成はどの様にquenchしてきているのか？
• z~1銀河団ではout-side-in quench <= ram pressure strip
• z=2.5だと sub-dominant (Suzuki+19)

• z=0.5-1.5でquenchを引き起こすプロセスが変わる？
• z<1ではself/mass quenchingとenvironmental quenchingは切り分け可能
• z>1だと、environmental quenchingに星質量依存性が(重いものほど環

境依存性大)
[やったこと]
• CLEAR サーベイ : CANDELS Lyman-A Emission at Reionization Survey

• HST-WFC G102スリットレス分光
• もともとはz=6.5-8.2 LAEをターゲットにしたもの
• z~0.22-0.75銀河の空間分解した星形成をさぐる
• 582 SFG, 4つの質量ビンでスタッキング

• 他のサーベイデータと比較
• z=0.7-1.5 (3D-HST G141スリットレス分光)
• z~1.7 (KMOS3D) : 281天体
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ABSTRACT
Using spatially resolved H↵ emission line maps of star-forming galaxies, we study the evolution of gradients

in galaxy assembly over a wide range in redshift (0.5 . z . 1.7). Our z ⇠ 0.5 measurements come from deep
Hubble Space Telescope WFC3 G102 grism spectroscopy obtained as part of the CANDELS Lyman-↵ Emission
at Reionization (CLEAR) Experiment. For star-forming galaxies with Log(M⇤/M�) > 8.96, the mean H↵
effective radius is 1.2±0.1 times larger than that of the stellar continuum, implying inside-out growth via star
formation. This measurement agrees within 1� with those measured at z ⇠ 1 and z ⇠ 1.7 from the 3D-HST and
KMOS3D surveys respectively, implying no redshift evolution. However, we observe redshift evolution in the
stellar mass surface density within 1 kiloparsec (⌃1kpc). Star-forming galaxies at z ⇠ 0.5 with a stellar mass of
Log(M⇤/M�) = 9.5 have a ratio of ⌃1kpc in H↵ relative to their stellar continuum that is lower by (19±2)%
compared to z ⇠ 1 galaxies. ⌃1kpc,H↵/⌃1kpc,Cont decreases towards higher stellar masses. The majority of the
redshift evolution in ⌃1kpc,H↵/⌃1kpc,Cont versus stellar mass stems from the fact that Log(⌃1kpc,H↵) declines twice
as much as Log(⌃1kpc,Cont) from z ⇠ 1 to 0.5 (at a fixed stellar mass of Log(M⇤/M�) = 9.5). By comparing our
results to the TNG50 cosmological magneto-hydrodynamical simulation, we rule out dust as the driver of this
evolution. Our results are consistent with inside-out quenching following in the wake of inside-out growth, the
former of which drives the significant drop in ⌃1kpc,H↵ from z ⇠ 1 to z ⇠ 0.5.

Corresponding author: Jasleen Matharu
jmatharu@tamu.edu
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Figure 6. Top row: Stellar continuum and H↵ stellar mass–size relations for CLEAR. Small markers show measurements on individual galaxies,
larger markers show measurements from stacks. Shaded grey regions delineate the stellar mass bins for each stack. Sample sizes for the stacks
and individual measurements (in brackets) are stated at the bottom for each bin. The region enclosed by the van der Wel et al. (2014) z = 0.25 and
z = 0.75 mass–size relations (sizes measured at rest-frame wavelength of 5000Å) are shown as the red shaded region. Effective radii for all
measurements shown are not circularized. Bottom row: Ratio of the H↵ to stellar continuum effective radius. The thick grey line shows a running
median for the individual fits. On average, the H↵ effective radius is 1.2±0.1 times larger than the effective radius of the stellar continuum at
fixed stellar mass. Particularly large H↵ effective radii are seen both in the individual and stack measurements at Log(M⇤/M�) ⇠ 9.5 for all
fields excluding GS4. See Section 6.1 for more details.

radii for both the stellar continuum and H↵ measured by
GALFIT are marked with short vertical lines.

Out to approximately 10 kiloparsecs (1.500 at z = 0.57), the
shapes of the surface brightness profiles for both the stellar
continuum and H↵ stacks are captured well by GALFIT. The
good agreement between model and data in all panels indi-
cates that the size measurements are reliable for all mass bins.
Furthermore, all surface brightness profiles are spatially re-
solved, since the PSF surface brightness profiles represent the
resolution limit. By eye, it can be seen that the stellar contin-
uum profiles are always steeper and therefore more compact

than the H↵ profiles. This supports the more extended H↵ ef-
fective radii we measure and discuss in Section 6.1.

Sérsic index, n, is often used as a proxy for morphology (e.g.
Ravindranath et al. 2004; Bell 2008; Blanton & Moustakas
2009; Bell et al. 2012; Papovich et al. 2015). However, it is
somewhat unreliable due to its degeneracy with the effective
radius. This degeneracy means Sérsic index and effective
radius are highly covariant (e.g. Ji et al. 2020, 2021). We see
an example of this issue in the second panel of Figure 7. For
all other stellar mass bins, the Sérsic index for the H↵ profiles
is smaller than for the stellar continuum profiles (n(H↵) <
n(Cont)), supporting the case for more extended H↵ reflected

HUDFのデータがあるサンプ
ル
(深くて重みが大きくなってし
まうので別にスタックした)
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Figure 7. Normalized surface brightness profiles of the CLEAR stellar continuum and H↵ stacks along with their GALFIT models and point
spread functions (PSFs). GALFIT results for effective radii are marked with short vertical lines. GALFIT results for Sérsic indices are stated in
the top right-hand corner of each subplot. In general, GALFIT does a good job of measuring the shape of the stellar continuum and H↵ surface
brightness profiles out to ⇠ 10 kpc. The stellar continuum is always more compact than the H↵ emission when comparing the stellar mass
density within 1 kpc, ⌃1kpc. This trend breaks down when relying on Sérsic index, n, as a proxy for compactness, where H↵ seems to be more
compact than the stellar continuum in one case (second panel). This reflects a degeneracy between n and Reff. See Section 6.2 for more details.

by the larger H↵ effective radii measurements discussed in
Section 6.1. This trend breaks down for the stellar mass
bin within which we see particularly large H↵ effective radii
measurements. n(H↵) > n(Cont), even though we can see
by eye that overall the H↵ surface brightness profile is more
extended than the stellar continuum surface brightness profile.

One way to remove the degeneracy between n and Reff is to
combine them into one morphology parameter. An example
of such a parameter is the stellar mass surface density within
1 kiloparsec, ⌃1kpc, described in Section 5.2 (Cheung et al.
2012; Barro et al. 2017; Estrada-Carpenter et al. 2020). When
⌃1kpc is calculated at a particular wavelength, it indicates
what the stellar mass surface density within 1 kpc would be
if the stellar mass were traced by the flux at that wavelength.
Comparing ⌃1kpc calculated at two different wavelengths is
equivalent to comparing the fraction of total light emitted
within 1 kpc at those two wavelengths. We calculate ⌃1kpc for
all our stacks and state the values for Log(⌃1kpc) under those
of the Sérsic indices in each panel of Figure 7. Larger values
of ⌃1kpc indicate a higher degree of compactness within a
radius of 1 kpc. We can see that the H↵ and stellar continuum
trends in Log(⌃1kpc) better reflect the relative shape of the
H↵ and stellar continuum surface brightness profiles. In every
case, the stellar continuum is more compact than H↵ within 1
kpc. This result quantitatively confirms the initial impression
from Figure 5 that the H↵ emission is more extended than the
stellar continuum. In Section 6.4, we discuss the advantages
of ⌃1kpc as a morphology parameter and advocate for its use
in similar future studies.

In the next Section, we will compare our measurements
with CLEAR at z ⇠ 0.5 to those of 3D-HST at z ⇠ 1 and
KMOS3D at z⇠ 1.7 to study the evolution of spatially resolved

Table 2. Mean H↵/Continuum size and morphology ratios. Reff,
⌃eff and ⌃1kpc are the effective radius, the stellar mass surface
density within the effective radius (Section 5.1) and the stellar
mass surface density within 1 kiloparsec (Section 5.2).

H↵/Continuum ratio CLEAR 3D-HST KMOS3D

z ⇠ 0.5 z ⇠ 1 z ⇠ 1.7

Reff,H↵/Reff,Cont 1.18±0.08 1.16±0.12 1.29+0.92
-0.39

⌃eff,H↵/⌃eff,Cont 0.81±0.15 0.79±0.13 1.00+2.89
-0.81

⌃1kpc,H↵/⌃1kpc,Cont 0.77±0.14 0.80±0.17 0.84+1.80
-0.69

star formation in star-forming galaxies over a wide range in
redshift.

6.3. The Evolution of Spatially Resolved Star Formation in
Star-forming Galaxies between 0.5 . z . 1.7

Including CLEAR, there are now a few studies on spatially
resolved star formation of z > 0 star-forming galaxies using
H↵ emission line maps (Nelson et al. 2016a; Tacchella et al.
2015a; Wilman et al. 2020). The redshift ranges of these
studies make it possible to study the evolution of spatially
resolved star formation in star-forming galaxies over a wide
range in redshift for the first time.

Figure 8 compares the results from CLEAR (z ⇠ 0.5, this
work) to the results of 3D-HST (z ⇠ 1, Nelson et al. 2016a)
and KMOS3D (z ⇠ 1.7, Wilman et al. 2020). For each of
these studies, we compare the effective radii (Reff), stellar
mass surface densities within the effective radius (⌃eff, Sec-
tion 5.1) and within 1 kpc (⌃1kpc, Section 5.2) derived for the
H↵ emission line maps and the stellar continuum.
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Figure 10. Left: The stellar mass–size (top row) and ⌃1kpc–stellar mass relations (third row) for the stellar continuum and H↵ emission measured
at z ⇠ 0.5 from CLEAR and at z ⇠ 1 from 3D-HST. Purple and orange shaded regions show z = 0.5 and z = 1 TNG50 measurements from
Pillepich et al. (2019) applied to a galaxy sample matched to the observed ones. Second and fourth rows show Log(Reff,CLEAR)-Log(Reff,3D-HST)
and Log(⌃1kpc,3D-HST)-Log(⌃1kpc,CLEAR) respectively, with the solid line showing the stellar mass range over which there are measurements from
both surveys/comparable samples from TNG50. The numbers are the gradients of the lines. Both in the observations and simulations, the majority
of the evolution with redshift is in H↵, with a factor 2 and 1.4 larger difference than measured for the stellar continuum in Log(Reff) respectively,
and a factor 2 in Log(⌃1kpc) for the observations at a fixed stellar mass of Log(M⇤/M�) = 9.5. See Table 4 for the measured relations shown as
solid lines in the first and third rows. Upper right: The ratio of the H↵ to stellar continuum effective radius in CLEAR, 3D-HST and TNG50. The
IllustrisTNG effective radii follow the observational effective radii measurements remarkably well, suggesting the observed redshift evolution
towards more extended H↵ profiles of star-forming galaxies at lower redshifts is not dust-driven (see Section 7.3.1).

Table 4. Least-Squares linear fits to the Log(Reff)- and Log(⌃1kpc)- stellar mass relations for the stellar continuum and H↵ shown in Figure 10.

CLEAR 3D-HST
0.22 . z . 0.75 0.7 < z < 1.5

Median Log(M⇤/M�) = 9.47 Median Log(M⇤/M�) = 9.62
Gradient Intercept Gradient Intercept

Log(Reff)
Cont 0.19186±0.00005 -1.4272±0.0004 0.1936±0.0001 -1.538±0.001
H↵ 0.32±0.02 -2.6±0.2 0.233±0.006 -1.89±0.06

Log(⌃1kpc)
Cont 0.7966±0.0001 0.726±0.009 0.7824±0.0002 0.98±0.02
H↵ 0.651±0.001 2.0±0.1 0.655±0.002 2.2±0.2

ShadeはTNG50

[結果]
• Reff Haは Reff contにくらべて1.2倍大きい => inside-out growth (図6)

• この比は赤方偏移進化せず。Inside-out growthのスピードは変
わっていない (図8)

• IllustrisTNGのシミュレーション結果とよく合う => ダスト吸収の
影響は考えなくていいだろう。(図10)

• Σ1kpc Ha/Σ1kpc cont (図8)
• z=1に比べて20%くらい減っている。 => Haのプロファイル進化が

原因。
• 星質量依存性あり(星質量が大きいほどHaが広がっている) : 

z=1.7 (KMOS3D)ではそうなってないが… 
• やはりinside-out quenchingか。
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Figure 8. Evolution of H↵ to stellar continuum morphologies for
star-forming galaxies between 0.5 . z . 1.7. Top panel: Stellar
mass distributions for the different datasets. Ratio of the H↵ to
stellar continuum effective radius Reff (second panel), surface density
within the effective radius ⌃eff (third panel) and surface density
within 1 kiloparsec ⌃1kpc (bottom panel) for CLEAR (z ⇠ 0.5), 3D-
HST (z ⇠ 1) and KMOS3D (z ⇠ 1.7) star-forming galaxies. KMOS3D

results are plotted as running means from individual measurements.
Over the stellar mass range shown, the H↵ to stellar continuum Reff,
⌃eff and ⌃1kpc are on average the same between 0.5 . z . 1.7 within
1� (see Table 2). Trends of larger/more extended H↵ than stellar
continuum for higher mass galaxies at fixed redshift and larger/more
extended H↵ for z⇠ 0.5 galaxies at fixed stellar mass are apparent for
all three morphology parameters, but are stronger in ⌃1kpc. Between
0.5 . z. 1, the slope of the ⌃1kpc,H↵

⌃1kpc,Cont
–stellar mass relation is constant,

but the intercept increases by a factor of 1.07 (see Table 3) between
z ⇠ 0.5 and z ⇠ 1 (bottom panel). At Log(M⇤/M�) = 9.5, star-
forming galaxies at z ⇠ 0.5 have a (19±2)% lower surface density
in H↵ compared to the stellar continuum than z ⇠ 1 star-forming
galaxies within a galactocentric radius of 1 kiloparsec.

clear (pun intended) redshift trend at fixed stellar mass. Star-
forming galaxies at z ⇠ 0.5 have lower surface densities in
H↵ emission compared to the surface densities in their stellar
continuum than their z ⇠ 1 counterparts at fixed stellar mass
within a galactocentric radius of 1 kpc. More specifically,
at a fixed stellar mass of Log(M⇤/M�) = 9.5, star-forming
galaxies at z ⇠ 0.5 have a (19± 2)% lower surface density
in H↵ emission compared to the stellar continuum surface
density within 1 kpc than z ⇠ 1 star-forming galaxies.

In the next Section, we discuss why these trends likely
became apparent when using the ⌃1kpc morphology parameter
and discuss further advantages of its use in such studies.

6.4. The Advantages of ⌃1kpc as a Morphology Parameter

In general, the stellar mass surface density within some
arbitrary radius, ⌃r — whether that radius be one kiloparsec
or not — is a more reliable morphology parameter to use than
n, Reff or even ⌃eff. This is because it breaks the parameter de-
generacy between n and Reff discussed in Section 6.2. n, Reff
and any parameter that is calculated using either n or Reff (such
as ⌃eff), is effected by this degeneracy. This parameter degen-
eracy increases scatter in n and Reff measurements, rendering
some measurements unreliable. An example of this issue can
be seen in Figure 8, where the particularly large H↵ Reff mea-
surements at Log(M⇤/M�) ⇠ 9.5 in CLEAR (Figure 6) can
be seen in both Reff and ⌃eff measurements, but not in ⌃1kpc
measurements. It can also be seen that the level of scatter at
fixed stellar mass in ⌃1kpc is far lower than in Reff and ⌃eff
(see also Cheung et al. 2012; Fang et al. 2013; van Dokkum
et al. 2014; Tacchella et al. 2015b; Woo et al. 2015; Whitaker
et al. 2017; Barro et al. 2017). The least-squares linear fits
for CLEAR and 3D-HST go through all the points and more
quantitatively, the derived gradient and intercept values have
higher significance (Table 3) than the trends measured from
Reff and ⌃eff measurements.

Because ⌃r mitigates the n - Reff parameter degeneracy,
there is no apparent reason as to why r = 1 kpc should be
preferred to any other radius. In Figure 9, we explore this
using ⌃r measured at different radii, r = 1.0 to 5.0 kpc (where
5 kpc is approximately the maximum value of the effective
radii measured for the galaxies in all three datasets). The
strongest trends in ⌃r with stellar mass are apparent for lower
values of r, with ⌃1kpc exhibiting the strongest trend.

Interestingly, in all three datasets, ⌃r behaves somewhat
differently at Log(M⇤/M�) = 9.5. ⌃1kpc has the highest or
higher H↵ surface density compared to ⌃r>1kpc. This may
be indicative of central starburst activity, which is prevalent
for star-forming galaxies toward low stellar masses (Fuma-
galli et al. 2012; Khostovan et al. 2021). ⌃r towards larger
r asymptotes towards the trends we see in ⌃eff (third panel,
Figure 8). There are a few reasons that can explain this, which
we discuss in the sections that follow.
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Figure 1. Zoomed-in regions (89⇥89 pixels, pixel scale = 0.100) of individual stellar continuum and H↵ thumbnails for select galaxies in the
CLEAR sample ordered by descending stellar mass. Original thumbnails are 189⇥189 pixels (see Section 3.1.4 for reasoning). H↵ emission
line maps are multiplied by 50 for visibility. The 3D-HST source ID for each galaxy is marked in the top right corner of each H↵ thumbnail. GS
= GOODS-S, GN = GOODS-N and see Section 3.2.5 for GS4 explanation. The stellar mass and grism redshift is stated in the bottom left corner
of each F105W thumbnail.
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Figure 3. UV J color separation (solid black line) applied to our sample to select star-forming galaxies during the sample selection process. See
Section 3.2.1 for details. Background contours show the full photometrically selected sample between 0.22 . z . 0.75 and Log(M⇤/M�) > 8.96.
Markers show all galaxies in CLEAR that pass the first 3 steps of sample selection (see Table 1) with stellar masses Log(M⇤/M�) > 8.96.
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Figure 4. Grism redshift (left panel) and stellar mass (right panel) distributions for galaxies in the CLEAR sample used in this study. Full sample
shows the galaxies that go into the stacks. Individual fits show the distributions for those galaxies that obtained good quality individual fits.


