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まとめ：JWST/CEERSサーベイ (NIRCam 35.5平方分)で、z=9-16候補を
26天体検出。rest-frame UV-LFはz=9からz=11でほとんど変わらず。

z>10ではIMFがtop-heavyなのか？

背景
• z>10天体は、HSTの口径(2.4m)と波長(WFC3でF160Wまで)の限界のた

め研究が進んでいない
• わかっていないこと

• 初期宇宙での星形成効率は近傍と違うのか？
• IMFはどうなっているのか? low-metallicity の効果でtop-heavy

になっているのか?
• JWST最初のERSデータはキャリブレーションに問題があった(現在は解

決済み)

CEERS : Cosmic Evolution Early Release Science Survey
• 13あるERSの一つ
• CANDELS EGS field
• 10 NIRCam pointing

• 6 pointingでNIRSpecと同時観測
• 4 pointingでMIRIと同時観測
• 4 pointingにはNIRCam slitless grism 分光も撮られている

• F115W, F150W, F200W / F277W. F356W, F410M, F333W
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ABSTRACT

We present an investigation into the first 500 Myr of galaxy evolution from the Cosmic Evolution
Early Release Science (CEERS) survey. CEERS, one of 13 JWST ERS programs, targets galaxy
formation z ⇠ 0.5 to z > 10 using several imaging and spectroscopic modes. We make use of the first
epoch of CEERS NIRCam imaging, spanning 35.5 sq. arcmin, to search for candidate galaxies at z > 9.
Following a detailed data reduction process implementing several custom steps to produce high-quality
reduced images, we perform multi-band photometry across seven NIRCam broad and medium-band
(and six Hubble broadband) filters focusing on robust colors and accurate total fluxes. We measure
photometric redshifts and devise a robust set of selection criteria to identify a sample of 26 galaxy
candidates at z ⇠ 9–16. These objects are compact with a median half-light radius of ⇠0.5 kpc.
We present an early estimate of the z ⇠ 11 rest-frame ultraviolet (UV) luminosity function, finding
that the number density of galaxies at MUV ⇠ �20 appears to evolve very little from z ⇠ 9 to z ⇠
11. We also find that the abundance (surface density [arcmin�2]) of our candidates exceeds nearly all
theoretical predictions. We explore potential implications, including that at z > 10 star formation may
be dominated by top-heavy initial mass functions, which would result in an increased ratio of UV light
per unit halo mass, though a complete lack of dust attenuation and/or changing star-formation physics
may also play a role. While spectroscopic confirmation of these sources is urgently required, our results
suggest that the deeper views to come with JWST should yield prolific samples of ultra-high-redshift
galaxies with which to further explore these conclusions.

Keywords: early universe — galaxies: formation — galaxies: evolution

1. INTRODUCTION

The epoch of reionization marks the period when
energetic photons (presumably from massive stars in
early galaxies; e.g., Stark 2016; Finkelstein et al. 2019;

stevenf@astro.as.utexas.edu

⇤
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†
NASA Hubble Fellow

Robertson 2021) ionized the gas in the intergalactic
medium (IGM). Understanding when and how this pro-
cess occurs is crucial to constraining both the earliest
phases of galaxy formation (which kick-started this pro-
cess), and how the evolution of the IGM temperature
a↵ects the star-formation e�ciency in low-mass halos
throughout (and after) this transition.
Advances in deep near-infrared (near-IR) imaging

with the Hubble Space Telescope (HST) have pushed con-
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Table 1. Imaging Data Summary

Camera Filter FWHM PSF Enclosed Point-Source Limiting Zeropoint

Flux (d=0.200) Magnitude (5�) Correction

JWST/NIRCam SW F115W 0.06600 0.80 29.2 1.07 ± 0.03

JWST/NIRCam SW F150W 0.07000 0.80 29.0 1.05 ± 0.02

JWST/NIRCam SW F200W 0.07700 0.76 29.2 1.03 ± 0.03

JWST/NIRCam LW F277W 0.12300 0.64 29.2 1.00 ± 0.03

JWST/NIRCam LW F356W 0.14200 0.58 29.2 1.01 ± 0.02

JWST/NIRCam LW F410M 0.15500 0.56 28.4 1.00 ± 0.02

JWST/NIRCam LW F444W 0.16100 0.52 28.6 0.99 ± 0.02

HST/ACS F606W 0.11800 0.70 28.6 1.02 ± 0.02

HST/ACS F814W 0.12400 0.63 28.3 0.96 ± 0.03

HST/WFC3 F105W 0.23500 0.35 27.1 0.97 ± 0.04

HST/WFC3 F125W 0.24400 0.33 27.3 0.95 ± 0.03

HST/WFC3 F140W 0.24700 0.32 26.7 0.95 ± 0.03

HST/WFC3 F160W 0.25400 0.30 27.4 0.95 ± 0.03

Note—PSFs were created by stacking stars across all four pointings. For our photometry, we PSF
match all filters with FWHM smaller than the F444W PSF FWHM to the F444W PSF. We note
the HST imaging used is on the same 30mas pixel scale, which a↵ects the FWHM of the PSF.
The limiting magnitude is that measured in a 0.200 diameter aperture on the unmatched images,
corrected to total based on the PSF flux enclosed in that aperture size, averaged over the four
fields. The derived corrections to the photometric zeropoints for each filter were derived using
best-fitting EAZY models to ⇠900 galaxies with secure spectroscopic redshifts. These corrections
are due to a combination of residual di↵erences between our estimated total fluxes and true total
fluxes, di↵erences between the model templates and true galaxies, and true photometric zeropoint
inaccuracies (using the photometric reference files from pmap 0989 for NIRCam), Because these
corrections depend specifically on our photometry procedure, they may not be appropriate for
other photometric catalogs.

solved, comparable to high-redshift sources, see §5.4),
with a log-normal Sérsic parameter distribution, peaking
at 1.2. These mock sources were generated with galfit

(Peng et al. 2002), and added at random positions to the
F277W, F356W and F444W images. We combined the
former two to create a detection image, and ran SE in
the same way as on our real data to generate a F444W
catalog (focusing on this one band as all images were
PSF-matched to F444W). Finally, we match sources in
the SE catalog to their input values, and compare the ra-
tio of input-to-recovered fluxes. We find a median ratio
of 1.08, measured between 25 < mF444W < 26. There
is a slight trend with magnitude of lower corrections for
brighter sources, and higher for fainter sources, but only
at the 1-2% level. We thus elect to use a single correction
factor of 1.08 to all NIRCam fluxes and uncertainties.
For the HST fluxes, we elect to derive any residual

aperture correction from comparison to the Finkelstein
et al. (2022a) photometric catalog, which performed
similar simulations to derive total fluxes. Matching
sources in each of the six HST bands, we find a typi-
cal needed correction factor of ⇠1.35 (± 0.02). These

values are roughly consistent with the combination of
the correction derived in Finkelstein et al. (2022a) of
1.20 with the NIRCam correction derived here of 1.08.
We apply this same 1.35 correction to all HST bands,
such that colors amongst these bands are not changed.
We note that in §3.6 below we test for the presence of
any remaining photometric o↵sets in our catalog, and
find these to be small (.5%), indicating our procedure
for deriving total fluxes in all 13 HST + JWST bands is
robust, especially for this nascent observatory.

3.4. Noise Estimation

While SE does provide an estimate of the noise, it is re-
liant on the accuracy of the provided error maps. Given
the nascent nature of the JWST reduction pipeline, we
obtain estimates of our image noise directly from the im-
ages themselves. We follow the methods of Finkelstein
et al. (2022a), based on previous methodology outlined
in Papovich et al. (2016). Our goal is to estimate the
noise based on the number of pixels in an aperture. We
fit for the noise as a function of aperture size by mea-
suring the fluxes in circular apertures with 30 di↵erent
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Figure 3. The distribution of the best-fitting (minimized �2) photometric redshift versus apparent magnitude. Each object is
color-coded by its redshift sample (with the background shading denoting the redshift range where the P(z) was integrated to
determine the sample placement; the green circle far into in the blue region [CEERS6 7641] has a double peaked P(z)). The
magnitude plotted is F150W for z ⇠ 9, F200W for z ⇠ 11, and F277W for z > 12 galaxies. The small black star denotes
“Maisie’s Galaxy” (Finkelstein et al. 2022b), known here as CEERS2 5429. The top axis shows “Cosmic Time” (the time since
the Big Bang) for our adopted cosmology.

this correction factor was 0.6; for CEERS1 3910 it was
close to unity, so we applied no correction.

5. AN EARLY REDSHIFT > 9 JWST GALAXY
SAMPLE

Our final sample consists of 26 galaxies. We divide
them into redshift bins for analysis. The high redshifts
now accessible with JWST coupled with the broad filter
transmission functions make it harder to place galaxies
in often-used �z = 1 redshift bins, and such bins span
progressively smaller epochs of cosmic time (for exam-
ple, a �z = 1 bin centered at z = 12 would cover the
Ly↵ break over only ⇠40 Myr of cosmic time, compared
to 200 Myr for one centered at z = 6). We thus split
our sample into three redshift bins: a “z ⇠ 9” sample
from z = 8.5–10, a “z ⇠ 11” sample from z = 10–12,
and a “z > 12” sample from z = 12–17. We place can-
didate galaxies in the sample bin based on where their
integrated P(z) across the bin is the largest. These three
bins cover roughly similar ranges of cosmic time (116,
105, 122 Myr, respectively). We show the distribution
of photometric redshifts and apparent magnitudes of our

sample in Figure 3, and we tabulate the sample in Table
2. We show cutout images of all candidates in Figures 5,
6, 16 and 17, and SEDs in Figure 5, 7 and 18. We also
present a rest-UV color montage of our sample in de-
scending redshift order in Figure 4.
As a check on our fiducial EAZY photometric red-

shifts, we also measured photometric redshifts with
Cigale (Burgarella et al. 2005). We find excellent agree-
ment, with a median di↵erence of 0.2 (with EAZY pre-
ferring the slightly higher redshifts). Only the source
CEERS1 4143 has a di↵erence in best-fitting redshift of
>2, as Cigale prefers z = 5.4 for this source, whereas
EAZY finds z = 9.0, though this source lies right at the
boundary of our ��

2 selection criterion. Finally, we
inspected the spatial distribution of our full sample of
galaxies across the full CEERS field, and do not visually
see any evidence of strong clustering (which would not
be expected with such a small sample covering a broad
redshift range).

5.1. The z > 12 Sample

This highest-redshift sample contains two galaxies:
CEERS2 2159 and CEERS1 1730, with 68% confidence
ranges on their photometric redshifts of 16.0–16.6 and
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Figure 5. Top) Stamp images, 1.500 on a side, of the two galaxies that are best-fit with z > 12 (shown from the non-PSF-
matched images). The red circle denotes a 0.400 diameter region around the source (which we show in only two bands for clarity).
CEERS1 1730 has a best-fit photo-z of 13.4, albeit with a wide 68% confidence range of 12.3–14.2. CEERS2 2159 is best-fit by
z = 16.5 (16.0–16.6), and was first identified by Donnan et al. (2022). The bottom panels show the best-fitting EAZY models
(both overall, and constrained to z < 7), the model bandpass fluxes (open squares), alongside the observed photometry (circles;
upper limits are 2�). The inset panels show the P(z) distributions. Both sources exhibit well-constrained Ly↵ breaks, implying
the redshifts are z > 11. CEERS1 1730 does show a small low-redshift solution, and its primary P(z) peak extends to z ⇠ 10.5.

CEERS2 2159 shows no significant lower-redshift peak
in its P(z) due to its brighter magnitude leading to more
robust constraints on the full shape of the SED.

5.2. The z ⇠ 11 Sample

The z ⇠ 11 sample contains nine galaxies. As shown
by their cutout images in the bottom panel of Figure 6,
all show no significant flux in the ACS stack and F115W
images, consistent with z > 9.5. Many exhibit a red
F150W�F200W color, suggesting the Ly↵ break is in
F150W. The SEDs and P(z)s for all nine are shown in
Figure 7. First looking at the P(z)s in the upper-left of
each panel, the amplitude of the detected Ly↵ break is
strong enough to either eliminate, or leave a very small
low-redshift solution. As shown in Table 2, the inte-
grated P(z > 7) is �0.98 for 8/9 of these sources, with
the remaining source (CEERS1 7227) having a value
of 0.85, significantly greater than our sample limit of
0.7 (this object also just barely satisfies our ��

2 cri-

terion, as only the F200W flux is discrepant with the
best-fitting lower-redshift model, and it has a 2.2� sig-
nificance detection in F115W, which could indicate a
redshift closer to z ⇠ 9).
CEERS6 7641 shows a double-peaked high-redshift

P(z), with peaks at z ⇠ 9 and z ⇠ 11. As its inte-
grated P(z) at z = 10–12 is larger than at z = 8.5–10,
this object was placed in the z ⇠ 11 sample (this is the
green z ⇠ 11 symbol in Figure 3 that is in the z ⇠ 9
sample region), though clearly it has a near-equal prob-
ability of being at slightly lower redshift. Finally, we
note that similar to the z > 12 galaxies, the UV spec-
tral slopes for these nine sources all appear fairly blue.
Though a detailed analysis of this quantity is beyond
the scope of this paper, it is clear that these objects
all appear fairly low in dust attenuation. We acknowl-
edge that Ly↵-break selection can be biased against red
sources (e.g. Dunlop et al. 2012), thus a full quantita-

z>9 天体同定
• Photo-z: EAZY and CIGALE

• 26天体同定
• 1天体はCIGALEではz=5.4となった

• HST/SSTで同定されていたz>9候補二天体 (Finlekstein+22a)
• 片方はz=8.1, もう一方は検出できず(spurious?transient?)

• サイズ
• F200W
• r=0.2-1.2kpc (@z=10) / median 0.45kpc



UV luminosity function
• z=9.5-12 サンプル
• z=9 LFからほとんど進化していない (Bowler+20とconsistent)

• z=4-8までは急速に暗くなっているのと対照的
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Figure 13. The rest-frame UV luminosity function at z ⇠ 11, shown as the red circles (the open circle denotes our faintest
bin, where we are <30% complete). Each galaxy’s magnitude and magnitude uncertainty is denoted by a small circle and line
at the top of the figure. The light red symbols show literature constraints from JWST data, from GLASS (Naidu et al. 2022b),
CEERS+GLASS (Donnan et al. 2022, , who also used UltraVISTA), and the HUDF (Bouwens et al. 2022b). The light blue
points show a compilation of data from the literature at z ⇠ 9–10. Circles denote results from studies which used (modestly) deep
imaging from surveys such as CANDELS and the Hubble Frontier fields, including McLeod et al. (2015), Oesch et al. (2018),
and Bouwens et al. (2019, 2021). The squares denote studies making use of HST pure parallel surveys, including Bernard et al.
(2016), Morishita et al. (2018) and Rojas-Ruiz et al. (2020). The triangles denote results from wide-area ground-based studies of
Stefanon et al. (2019) and Bowler et al. (2020). The blue lines show the evolving double power-law (DPL) luminosity functions
from Finkelstein & Bagley (2022) at z = 4–8 (this model was fit to data at z = 3–9). The darker shaded gray region show the
predictions from these DPL fits extrapolated to z = 9 (upper bound) – 12 (lower bound); the lighter gray (outlined with dashed
lines) shows a similar extrapolation from the evolving Schechter function fits from Finkelstein (2016, ; this model was fit to data
at z = 4–8). The inset shows the stacked P(z) of the galaxies used in this luminosity function, as well as the redshift distribution
estimated from the completeness simluations at MUV = �20. The observed z ⇠ 11 luminosity function is consistent with the
top end of both smooth extrapolations, implying that the observed smoothly UV luminosity function evolution from z = 4 to
z = 9 may be slowing at z ⇠ 11.

Finally, we comment on both the shape of the UV
luminosity function, and the overall evolution. In Fig-
ure 13 we plot two empirical extrapolations. The first is
a Schechter function from Finkelstein (2016), who mea-
sured the evolution of Schechter function parameters as
a linear function of (1+z) from z = 4–8; we plot this
function evolved to z = 9 and 12, shaded by the light
gray color. The darker gray shading is a similar empir-
ical evolution, this time using data from z = 3–9, and
assuming a double power-law (DPL) form, from Finkel-
stein & Bagley (2022). Over the magnitude range of our
observed sources, these two functions agree, and our ob-
servations are consistent with, albeit at the high end of,

these empirical extrapolations, implying that pur ob-
served z ⇠ 11 UV luminosity function is similar to the
z = 9 DPL luminosity functional fit from Finkelstein &
Bagley (2022).
These results suggest that the evolution of the UV lu-

minosity function, which had been smoothly declining
from z ⇠ 4 to 8, begins to slow by z ⇠ 11. The luminos-
ity function decline has been debated in the literature
prior to the JWST era, notably by Oesch et al. (2018)
and Bouwens et al. (2019), who found evidence for an ac-
celerated decline in the UV luminosity function at z > 8.
While our small sample cannot conclusively distinguish
between these two scenarios, should future luminosity

理論モデルとの比較
• Cumulative surface density (Fig 14)

• F277W < 28.5mag
• Behroozi+15 (Empirical model) とはよくあっている
• semi-analytic / hydrodynamic modelでは銀河の数を再現でき

てない
• 実際の銀河ではダストがほとんどない?
• Kennicutt-Schmidt則が近傍と異なる? : low-zでSFRは

高くなる
• semi-analytic modelでDM halo merger treeの時間分

解能が足りていない? 
• hydrodynamic modelで空間分解能が足りていない? 

(高密度/burstyな星形成がトレースできていない)
• IMFがちがう？ hi-zでは low-z, CMB温度が高いなど

の影響がある
• UV Luminosity

• 理論予想よりも2倍くらい明るい (Fig 15)
• たとえばTumlinson06だと0.01Zsolを仮定した時のtop heavy 

IMFで0.4dexくらい明るくなる。 => HeII 1640輝線の検出などで
確認できるだろう。

• とはいえ、SNフィードバックとダスト吸収をゼロにすれば現行の
IMFでも説明できる。

• ということでΛCDMが危うい、とかいう話にはならない(だろう）26 Finkelstein et al.
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Figure 14. The cumulative surface density of sources with mF277W < 28.5 at redshift greater than a given x-axis value, starting
at z � 8.5. The top panel shows the redshifts of individual objects (with blue, red and purple denoting the z ⇠ 9, 11 and >12
samples). In the middle panel the solid line shows the observed surface density, after applying a correction for incompleteness;
the dotted line shows the un-corrected (incomplete) values. The light shaded region shows the posterior on the distribution of the
completeness-corrected surface density derived from Monte Carlo simulations marginalizing over the uncertainties in magnitude
and photometric redshift; the dark shading includes Poisson uncertainty in this marginalization. The dashed line shows the
completeness-corrected surface density if we had applied a more conservative sample selection criterion of ��2

low�z�high�z > 9.
In the bottom panel, we show the same shaded regions, now comparing several recent model predictions, shown by the various
colored lines (with solid, dot-dashed and dashed denoting predictions from hydrodynamical, semi-empirical, and semi-analytic
models, respectively). For four models we plot thicker lines for predictions with no dust attenuation, and thinner lines for
attenuated predictions. In this panel we also show an estimate of the cosmic variance uncertainty using the method from
Bhowmick et al. (2020), though this is likely an upper limit on this quantity. Even including all sources of uncertainty, our
observed surface densities are higher than nearly all predictions, with the exception of the Behroozi & Silk (2015) semi-empirical
model. This apparent excess of high-redshift galaxies holds true at all z = 8.5–14, regardless of the ��2 cut, and is even true
of the raw, non-corrected counts at z > 10.5. These results strongly imply that these predictions lack the full complement of
physics describing star formation in the early universe, which we discuss in §8.2.

impact on the surface density measured at z > 9, and
the excess of our observed galaxy numbers over nearly
all theoretical predictions persists at all redshifts. We
discuss possible explanations for this discrepancy in §8.2.
It is important to note that the compilation of the-

ory results included in this comparison is made utiliz-

ing several di↵erent modeling approaches and with some
di↵erent modeling assumptions (see Somerville & Davé
(2015) for a thorough review). For instance, cosmo-
logical hydrodynamic simulations (e.g. MilleniumTNG,
THESAN, Simba) are carried out by solving the equa-
tions of hydrodynamics, thermodynamics, and gravity
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Figure 15. The relation between rest-UV absolute magnitude and halo mass, obtained via abundance matching the observed UV
luminosity functions assuming the DPL fits from Finkelstein & Bagley (2022) for z = 4–8, and extrapolated to z ⇠ 11 (the thick
blue curve is equivalent to the average of the darker gray shaded region in Figure 13). For our observed z ⇠ 11 UV luminosity
function we use the z = 9 DPL fit from Finkelstein & Bagley (2022) as it is very consistent with our observations (Figure 13).
This relation implies that our observed galaxies at MUV = �20 (where our observations place the tightest constraints) have a
host halo mass of log(Mh/M�) = 10.55. At this halo mass, the expected UV luminosity based on the expected UV luminosity
function is 0.6–0.7 mag fainter. This implies that based on the observed abundances, our observed galaxies are 1.8⇥ more
UV luminous than expected from extrapolation of HST results. While larger sample sizes and spectroscopic confirmations are
needed to have greater confidence in the z ⇠ 11 luminosity function, should these results be confirmed it implies that z > 10
galaxies are more luminous in the rest-UV than expected. One possible explanation could be an increasing prevalence at higher
redshifts of a top-heavy initial mass function, which is predicted to dominate at very low metallicities.

that it would be surprising if the IMF did not begin to
evolve at some point.
We therefore explore what excess UV luminosity is

needed to match our observation. We first do a sim-
ple test by exploring how much we would have to shift
our observed luminosity function data in Figure 13 in
UV magnitude such that they would match the DPL lu-
minosity function fits from lower redshift extrapolated
to z ⇠ 11. We find our data would need to shift ⇠1
magnitude fainter to match these empirical predictions.
Therefore if an evolving IMF was the sole explanation
for the higher-than expected luminosities, the UV lumi-
nosity would need to be boosted by about a factor of
⇠ 2.5.
As a more complex version of this analysis we estimate

the total masses for the host halos of galaxies across the
luminosity function via abundance matching. We fol-
low the procedures of Reddick et al. (2013), assuming
a 0.2 dex scatter in UV luminosity at fixed halo mass,
showing the observed relations between halo mass and
UV absolute magnitude in Figure 15; qualitatively simi-
lar findings applied for scatter ranging from 0� 0.4 dex.

For z  9, we use the DPL UV luminosity functions from
Finkelstein & Bagley (2022). For the expected evolution
to z ⇠ 11, we extrapolate their fits to z ⇠ 12, and show
the volume-averaged extrapolated LF for z = 9.5 � 12
with the bright blue line. For our actual observed val-
ues, as we have not fit a functional form here due to our
limited dynamic range in luminosity, we assume the z =
9 DPL fit from Finkelstein & Bagley (2022) as this is
most consistent with our observed number densities in
Figure 13. We show in red the Mhalo – MUV relation
when abundance matching the average of the z ⇠ 9.5–12
halo mass functions to this assumed observed luminosity
function. In this figure, we highlightMUV = �20, which
is where our z ⇠ 11 observations are most constraining.
Our abundance matching analysis predicts that based on
our observations, these galaxies are hosted in halos with
log(Mh/M�) = 10.55 (upper light-red bar). If we had
instead used the extrapolated z ⇠ 11 results, these halos
should host galaxies with MUV = �19.3 to �19.4 (lower
light-red bar). This implies that our observed galaxies
are ⇠ �0.6–0.7 mag brighter (1.8⇥ in UV luminosity)
than expected for a galaxy in their host halo.


