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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum computed from
the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming the base-⇤CDM cosmology.
In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander component-separation algorithm, computed over
86% of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the
upper panel. Residuals with respect to this model are shown in the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic
variance (approximated as Gaussian) and not including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at
` = 30, where the horizontal axis switches from logarithmic to linear.

computing the covariance matrices, assuming that foregrounds
are isotropic and Gaussian. This model underestimates the
contribution of Galactic dust to the covariances, since this com-
ponent is anisotropic on the sky. However, dust always makes
a very small contribution to the covariance matrices in the
CamSpec likelihood. Mak et al. (2017) describe a simple model
to account for the Galactic dust contributions to covariance
matrices.

It is important to emphasize that these changes to the 2018
CamSpec TT likelihood are largely cosmetic and have very lit-
tle impact on cosmological parameters. This can be assessed by
comparing the CamSpec TT results reported in this paper with
those in PCP15. The main changes in cosmological parameters
from the TT likelihood come from the tighter constraints on the
optical depth, ⌧, adopted in this paper.

In polarization, CamSpec uses a di↵erent methodology
to Plik. In temperature, there are a number of frequency-
dependent foregrounds at high multipoles that are described by
a physically motivated parametric model containing “nuisance”
parameters. These nuisance parameters are sampled, along with
cosmological parameters, during Markov chain Monte Carlo
(MCMC) exploration of the likelihood. The TT likelihood is
therefore a power-spectrum-based component-separation tool
and it is essential to retain cross-power spectra for each dis-
tinct frequency combination. For the Planck TE and EE spec-

tra, however, Galactic dust is by far the dominant foreground
contribution. At the multipoles and sensitivities accessible to
Planck, polarized point sources make a negligible contribution to
the foreground (as verified by ACTPol and SPTpol; Louis et al.
2017; Henning et al. 2018), so the only foreground that needs to
be subtracted is polarized Galactic dust emission. As described
in PCP15, we subtract polarized dust emission from each T E/ET

and EE spectrum using the 353 GHz half-mission maps. This
is done in an analogous way to the construction of 545 GHz-
cleaned temperature maps described in PCP15 and Appendix A.
Since the 353 GHz maps are noisy at high multipoles we use
the cleaned spectra at multipoles 300 and extrapolate the dust
model to higher multipoles by fitting power laws to the dust esti-
mates at lower multipoles.

The polarization spectra are then corrected for temperature-
to-polarization leakage and e↵ective polarization e�ciencies as
described below, assuming a fiducial theoretical power spec-
trum. The corrected T E/ET spectra and EE spectra for all half-
mission cross-spectra constructed from 100-, 143-, and 217 GHz
maps are then coadded to form a single T E spectrum and a sin-
gle EE spectrum for the CamSpec likelihood. The polarization
part of the CamSpec likelihood therefore contains no nuisance
parameters other than overall calibration factors cT E and cEE for
the T E and EE spectra. Since the CamSpec likelihood uses coad-
ded T E and EE spectra, we do not need to bin the spectra to form
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JWST: optimized to push the high-redshift frontier
Infrared coverage captures rest-frame UV (hot, young stars) at z ≳ 7 − 10

NASA and J. Olmsted [STScI]

λobs = (1 + z) λemit



First results from JWST: galaxies everywhere!
• Expectation: first observations will help us understand instrument, find 

galaxies at distance seen by Hubble (z~10) or just beyond 

• What happened: a shocking number of galaxy candidates were 
quickly discovered out to z~20 (~200 million years after the big bang)

First Glimpse at Cosmic Dawn with JWST CEERS 7

in §4.1 of Finkelstein et al. (2022). We find that three
sources have SNR >1.5 in at least one HST ACS im-
age (details are in the appendix table), thus following
our conservative dropout criteria, we remove these three
sources from our sample.
After the above process, our sample included two can-

didate z > 12 galaxies. Of these two candidates, one
appears robustly detected with SNR > 10 in several fil-
ters, while the other only just satisfied our detection
significance criteria in two filters. We thus focus the re-
mainder of this paper on the more robust source (the
other object is ID 971 in the appendix table, and will
be analyzed in future work).

4. RESULTS

4.1. A Robust Galaxy Candidate at z = 14

This source, CEERSJ141946.35+525632.8, hereafter
known as “Maisie’s Galaxy”5 was detected in the
CEERS2 field. Promisingly, it was first identified in
the earliest (v0.02) internal CEERS reduction in this
field, being the first z ⇠ 14 candidate viewed on 18 July,
2022. In each subsequent reduction, this source contin-
ued to satisfy all selection criteria, becoming progres-
sively more robust as the data became cleaner. Several
CEERS team members viewed all nine potential z ⇠ 14
candidates above on 22 July 2022, and agreed on the
robustness of this source. The photometric redshift of
this source is z = 14.3+0.4

�1.1, which (for our assumed cos-
mology) corresponds to an age of the Universe of 286+36

�10

Myr. The properties of this galaxy are summarized in
Table 1, and we list its photometry in Table 2.
Figure 1 shows cutouts of this candidate galaxy in the

NIRCam bands, while Figure 2 shows two color com-
posites. Figure 3 shows the observed spectral energy
distribution of our candidate with photometric redshift
fits. The confidence of this source as a robust very high-
redshift galaxy is easy to see from all three of these fig-
ures. The Lyman-↵ break color, here F150W-F200W, is
>2.5 mag (1�), completely eliminating any known low-
redshift interloper. Such a model would need to have
an extremely red color to match our F150W-F200W
>2.5 mag break, but then have a very blue color. While
lower-redshift passive or dusty galaxies can mimic high-
redshift Lyman-↵ breaks, the observed >2.5 mag break
is much larger than known populations of low-redshift
galaxies. Such galaxies would also be fairly red redward
of the break. Though di↵erential geometry could accom-

5 This exceptional source survived all detailed analysis steps, firmly
becoming a plausible candidate on the ninth birthday of the lead
author’s daughter. We adopt this short name for convenience in
this and future papers.

Figure 2. Three-color images of Maisie’s Galaxy. The left
image is a composite of HST/ACS F606W and F814W in
blue, F115W and F150W in green, and F200W in red. This
shows the galaxy candidate as red due to the very high red-
shift resulting in no detected flux in the filters assigned to
the blue and green colors. The right image shows an approx-
imated “true” rest-UV color image, composed entirely of the
long-wavelength channel filters F277W in blue, F356W in
green, F410M+F444W in red). As we discuss further in §4,
intrinsically this galaxy is quite blue. The scale bar corre-
sponds to 1 (physical) kpc assuming z = 14 at a scale of 0.300

per kpc.

modate UV spectral slopes as blue as � ⇠ � 1, this ob-
ject has � ⇠ �2.3 (see §5.1; Casey et al. 2014). The sig-
nificant detection in four broadband filters also rules out
low-redshift extreme emission line galaxies. We show as
the orange curve in Figure 3 eazy’s best-fitting low-
redshift model, which is ruled out at high confidence.
Based on the non-detection in F150W and strong detec-
tion in F200W, the implied redshift is z > 13. This is
confirmed by the eazy fit, shown as the blue line, which
prefers z ⇠ 14.3 (due to the slightly red F200W-F277W,
indicating the Ly↵ break is just inside the blue side of
F200W).

4.2. Fidelity of Candidate

Figure 1 shows 1.800 cutout images of this source at
multiple wavelengths. This source shows the expected
pattern for a high-redshift galaxy, with no significant
flux in mutliple dropout bands, with robust flux in red-
der bands. The very sharp break between F150W and
F200W is consistent with a redshift of z > 13. The
advantage of JWST is clear here, as this source is well-
detected in all five NIRCam filters redward of the break.
This multi-band detection essentially eliminates the pos-
sibility of a spurious nature. Of note is that while per-
sistence from previous observations a↵ected several HST
programs (see discussion in Finkelstein et al. 2022 and
Bagley et al. 2022), CEERS observed with the bluest fil-
ters first, thus any flux from persistence would be most
apparent in F115W.
To further rule out a spurious nature, the science, er-

ror, and data-quality images were visually inspected at

Finkelstein et al. 2022 
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• Expectation: first observations will help us understand instrument, find 

galaxies at distance seen by Hubble (z~10) or just beyond 

• What happened: a shocking number of galaxy candidates were 
quickly discovered out to z~20 (~200 million years after the big bang)







First results from JWST: massive early galaxies
One of the most surprising results: galaxies with  at 
redshift 8-10

M⋆ ≈ 1010.5−11 M⊙

Figure 1: Double-break selected galaxies. EAZY-determined red-
shifts and stellar masses of all objects with S/N> 8 in the F444W
band are shown. Galaxies that satisfy our double-break selection
(having no optical flux, a blue continuum out to 2.7µm, and a red
continuum beyond that) are shown by the large symbols. All these
galaxies have photometric redshifts 7 < z < 11 and high masses.
Seven have M⇤ > 1010 M�.

tections of optical continuum breaks in galaxies at z & 5
have been difficult to interpret.3, 6, 19–22 With JWST, this am-
biguity is largely resolved owing to the dense wavelength
coverage of the NIRCam filters and the inclusion of rela-
tively narrow filters (such as F410M, which falls within the
F444W band). Several of the seven objects are quite remark-
able, even among this group of remarkable galaxies. Galaxy
14924 is the most extreme object in terms of its mass and
redshift; it has z = 9.9 and a mass of M⇤ ⇡ 9 ⇥ 1010 M�,
higher than the present-day Milky Way. The brightest galaxy
in the sample, 38094, is at z = 7.6 and has a mass of
M⇤ ⇡ 1.4 ⇥ 1011 M�. It has two nearby companions with
the same approximate redshift, indicating that it is in a group
or proto-cluster.

We place these results in context by comparing them to
previous studies of the evolution of the galaxy mass func-
tion to z ⇠ 10. These studies are based on samples that
were selected in the rest-frame UV using ultra-deep HST

images, with Spitzer/IRAC photometry typically acting as a
constraint on the rest-frame optical SED.3, 16, 23–25 No galax-
ies with log(M⇤/M�) > 10.5 have been found before be-
yond z ⇠ 7, and no galaxies with log(M⇤/M�) > 10
have been found beyond z ⇠ 8. Furthermore, Schechter
fits to the data at lower masses predict extremely low num-
ber densities of such galaxies at the highest redshifts.3 This
is shown by the solid lines in Fig. 4: the expected mass den-

sity in galaxies with log(M⇤/M�) > 10 at z ⇠ 10 is less
than 102 M� Mpc�3, and the total stellar mass density, in-
tegrated over the range 8 < log(M⇤/M�) < 12, is only
⇡ 104 M� Mpc�3.

The seven JWST-selected objects are shown by the large
symbols in Fig. 4, split in two redshift bins and two mass
limits. The JWST points are far higher than the expected val-
ues based on the UV-selected samples. The mass in galax-
ies with log(M⇤/M�) > 10 is a factor of ⇠ 30 higher at
z ⇠ 8 and a factor of ⇠ 105 higher at z ⇠ 10. The dif-
ferences are even greater for log(M⇤/M�) > 10.5. One
way to phrase this is that the expectation from the Schechter
fits was that we would have to survey 1000 degree2 rather
than 40 arcmin2 to find these massive z ⇠ 10 galaxies. At
z ⇠ 8 errors in our masses could be partially responsible;
the dashed lines, which assume errors of a factor of 3, come
close to matching the data points. However, at z ⇠ 10 the
difference is very large, irrespective of the precise masses of
the objects.

We infer from these first JWST data that the high mass
end of the mass function evolves surprisingly little from
z ⇠ 10 to z ⇠ 6. This echos the finding that the UV lu-
minosity function also seems to show little evolution at the
bright end,26–28 although we note that these UV-bright galax-
ies have much lower masses.26, 28 Another comparison is to
high redshift QSOs: it has become clear that black holes with
masses of ⇠ 109 M� already existed at z & 7, requiring a
very early onset of accretion.29

Taken together, these results indicate that the central re-
gions of massive galaxies began forming very early in pro-
cesses that were distinct from the gradual build-up of the rest
of the galaxy population. In this context it is interesting that
the mass density in the most massive galaxies exceeds the
total previously-estimated mass density (integrated down to
M⇤ = 108 M�) by a factor of ⇠ 2 at z ⇠ 8 and by two or-
ders of magnitude at z ⇠ 10. Unless the low mass samples
are highly incomplete, the implication is that most of the to-
tal stellar mass at z = 8 � 10 resides in the most massive
galaxies. This is qualitatively consistent with the notion that
the central regions of present-day massive elliptical galaxies
host the oldest stars in the universe (together with globular
clusters), and with the finding that by z ⇠ 2 the stars in the
central regions of massive galaxies already make up 10% –
20% of the total stellar mass density at that redshift.30 We
note here that the seven galaxies are all extremely compact,
with sizes re . 0.5 kpc.

The high number density that we find here can be veri-
fied with future JWST surveys over larger areas, and it may
be possible to confirm the redshifts of the brightest individ-
ual galaxies with future NIRSPEC spectroscopy. Our results
also have implications for JWST searches for galaxies at even

2

Milky Way

Labbé et al. 2022



First results from JWST: massive early galaxies
Galaxies with  at redshift 8-10 imply thousands of 
times more stars than was expected based on Hubble 

M⋆ ≈ 1010.5−11 M⊙

Labbé et al. 2022

Figure 4: Stellar mass density in JWST-selected massive galaxies.
The large symbols show the total mass density of the seven galax-
ies in two redshift bins, 7 < z < 9 and 9 < z < 11, and for two
limiting masses, log(M⇤/M�) > 10 and log(M⇤/M�) > 10.5.
The lines are derived from Schechter fits to UV-selected samples.3

Dashed lines are derived from Monte Carlo simulations that per-
turb the masses of individual galaxies. The perturbations are drawn
from a log-normal distribution with a 1� width of 0.48 dex (a fac-
tor of 3). The JWST-selected galaxies greatly exceed the expected
mass densities of massive galaxies at these redshifts.

higher redshifts. Assuming that the galaxies formed stars at
a constant rate until the epoch of observation (a reasonable
assumption given the formation histories determined with
Prospector-↵), the progenitors of the massive z ⇠ 10 galax-
ies would have masses of & 5 ⇥ 109 M� at z ⇠ 18, within
the reach of deep JWST studies.
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What should we have expected?
Problem: this implies more stars than material available to make stars in 
the standard ΛCDM cosmology 
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Ruling out ⇤CDM with high-redshift galaxies (?) 3

Figure 2. Left: The relationship between "¢,max and redshift for a variety of fixed cumulative comoving number densities, from 10�8 Mpc�3 (dark blue) to
10�3 Mpc�3 (orange). The existence of a galaxy with "¢ at a given redshift I requires that such galaxies have a cumulative comoving number density that is at
most the number density shown on this plot, as those galaxies must reside in host halo of mass "halo = "¢/( 5b n ) . The cumulative comoving number density
corresponding to an observed "¢ will likely be (much) smaller than is indicated here, as the plot assumes the physically maximal n = 1. For smaller values
of n , the curves move down relative to the points by a factor of n (as indicated by the black downward-facing arrow). Also shown are high-redshift galaxy
candidates found in JWST data (blue and gray stars). Right: The comoving stellar mass density contained within galaxies more massive than "¢ at I = 10 for
three values of the assumed conversion e�ciency n of a halo’s cosmic allotment of baryons into stars. Even assuming that all available baryons in all halos with
enough baryons to form 1010 or 1010.5

"� of stars at I = 10 have indeed been converted into stars by that point — an unrealistic limit — it is still not possible
to produce the stellar mass density measured by Labbé et al. (2022) in ⇤CDM with a Planck 2020 cosmology (ignoring sample variance considerations). For
more realistic values of n , the discrepancy is substantially larger. The right-most data point exceeds the maximal ⇤CDM expectation by more than a factor of
20, meaning a large correction to the inferred stellar mass or e�ective volume of the sample is required to bring observation and theory into agreement.

stellar mass density exceeds the theoretical limit of 5b d(> "halo),
though the point at "¢ = 1010

"� is marginally consistent when
considering the 1f error. Assuming a more reasonable conversion ef-
ficiency for available baryons into stars of n ⌘ "¢/( 5b "halo) = 0.1
or 0.316 results in a significantly stronger discrepancy. While the
comparison in the left panel shows that the Labbé et al. (2022) can-
didates are much more common — by a factor of 1000 for the I = 10
object — than expected in ⇤CDM, the discrepancy in the right panel
is more grievous, as it originates from collections of galaxies that are
less subject to the statistics of the rarest individual objects.

4 DISCUSSION

The first glimpse of high-redshift galaxy formation with JWST has
revealed perhaps surprisingly massive galaxies at early times. These
systems provide a way to test a bedrock property of the ⇤CDM
model (or, e.g., assumptions in derivations of stellar masses or the
viability of high-redshift galaxy candidates): the stellar content of
halos should not exceed the available baryonic material in those halos.
This requirement does not rely on assumptions such as abundance
matching but rather is simply a statement about the baryonic reservoir
associated with halos that contain enough baryonic material to form
the galaxies in question. It is also more stringent than the requirement
that the observed galaxy UV luminosity function not exceed the
theoretical maximum coming from a nearly instantaneous (10 Myr)
conversion of a halo’s full baryonic reservoir into stars (Mason et al.
2022), as it is an integral constraint as opposed to a di�erential one.

The massive, high-redshift galaxy candidates cataloged in Labbé
et al. (2022) appear to violate the integral constraints in terms of
their cumulative number densities and stellar mass densities.

The discrepancy between the observed high-redshift galaxy can-
didates and ⇤CDM expectations is robust to choice of halo mass
function parameterization and cosmological parameters for the base
⇤CDM model: if anything, the Sheth & Tormen (1999) mass function
may over-estimate the abundance of massive halos at high redshifts
(Wang et al. 2022). Intriguingly, models with enhanced values of
f8 and the physical matter density ⌦m⌘

2 — such as some Early
Dark Energy models whose aim is to resolve the Hubble Tension
(e.g., Smith et al. 2022) — come closer to producing the requisite
baryonic reservoirs for obtaining the most massive Labbé et al. can-
didates, though the stellar mass density in the highest "¢ bin still
exceeds the theoretical maximum by a factor of ⇠5 (or ⇠80% when
considering the 1f error) in this model. Sample variance is certainly
an issue for the relatively small 40 arcmin2 size of the fields from
which the candidates were drawn, but the magnitude of the discrep-
ancy is large enough that it is di�cult to appeal to sample variance
to explain the full e�ect. Whether this points to an issue with the
presumed properties (such as stellar masses or e�ective volumes) of
the galaxy candidates or with the underlying cosmology remains to
be seen. If these massive galaxies are spectroscopically confirmed,
and/or if other galaxies with similar properties at I & 10 are found,
they will present a serious challenge for ⇤CDM structure formation
with parameters given by Planck Collaboration et al. (2020) because
they signify the existence of a significantly larger reservoir of col-
lapsed baryons than is possible in ⇤CDM. It is noteworthy that the

MNRAS 000, 1–4 (2022)



The implied dark matter hosts are very rare
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Too many stars too early in JWST data?
Problem: this implies more stars than material available to make stars 
in the standard ΛCDM cosmology  

Implications: either the inferred galaxy properties are wrong, the 
observed portion of the Universe is highly atypical, or there is an issue 
with our successful cosmological model



Too many stars too early in JWST data?
(1) galaxy properties are wrong: 

Need to understand the performance of NIRCam accurately 

‣ Calibrations are still ongoing  



Calibrations of NIRCam are still ongoing
4

Figure 1. M92 CMDs, plotted with di↵erent zeropoints and color-coded by NIRCam SW detectors. Inset in each panel
is a histogram of the F090W–F150W color between the dotted lines, o↵set in panel C to account for the di↵erent absolute
calibration. The zeropoints used to make these CMDs are available in a table behind the figure. Panel A: Zeropoints currently
in the JWST pipeline (pmap959), derived with Commissioning data (PID 1074). Several distinct (and overlapping) branches
are visible, caused by detector flux o↵sets. Panel B: Plotted using the latest NIRCam zeropoints, not yet in the JWST pipeline.
Panel C: Zeropoints from G. Brammer, derived from LMC data and bootstrapped to the NIRISS flux calibration. Panel D: 1-D
luminosity function correction derived from M92 data, normalized to detector B1. Panel E: 2-D KDE correction derived from
M92 data normalized to detector B1. Panel F: O↵sets derived from LMC data in the archive, normalized to detector B1.

We thank Marcia Rieke for providing the latest zeropoints derived from the NIRCam Commissioning program. This
work is based on observations made with the NASA/ESA/CSA James Webb Space Telescope. The data were obtained
from the Mikulski Archive for Space Telescopes at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-03127 for JWST. These
observations are associated with programs 1334, 1473, 1476, 1069, 1072, 1073, and 1074. We acknowledge the NIRCam
team for developing calibration program 1476 with a zero-exclusive-access period.

Facilities: JWST (NIRCam), MAST

Software: astropy (Astropy Collaboration et al. 2013, 2018), scikit-learn (Pedregosa et al. 2011), scipy (Virtanen
et al. 2020)

Boyer et al. 2022 (M92 globular cluster)
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With newest calibrations: masses are still high!

Figure 1: Double-break selected galaxies. EAZY-determined red-
shifts and stellar masses of all objects with S/N> 8 in the F444W
band are shown. Galaxies that satisfy our double-break selection
(having no optical flux, a blue continuum out to 2.7µm, and a red
continuum beyond that) are shown by the large symbols. All these
galaxies have photometric redshifts 7 < z < 11 and high masses.
Seven have M⇤ > 1010 M�.

tections of optical continuum breaks in galaxies at z & 5
have been difficult to interpret.3, 6, 19–22 With JWST, this am-
biguity is largely resolved owing to the dense wavelength
coverage of the NIRCam filters and the inclusion of rela-
tively narrow filters (such as F410M, which falls within the
F444W band). Several of the seven objects are quite remark-
able, even among this group of remarkable galaxies. Galaxy
14924 is the most extreme object in terms of its mass and
redshift; it has z = 9.9 and a mass of M⇤ ⇡ 9 ⇥ 1010 M�,
higher than the present-day Milky Way. The brightest galaxy
in the sample, 38094, is at z = 7.6 and has a mass of
M⇤ ⇡ 1.4 ⇥ 1011 M�. It has two nearby companions with
the same approximate redshift, indicating that it is in a group
or proto-cluster.

We place these results in context by comparing them to
previous studies of the evolution of the galaxy mass func-
tion to z ⇠ 10. These studies are based on samples that
were selected in the rest-frame UV using ultra-deep HST

images, with Spitzer/IRAC photometry typically acting as a
constraint on the rest-frame optical SED.3, 16, 23–25 No galax-
ies with log(M⇤/M�) > 10.5 have been found before be-
yond z ⇠ 7, and no galaxies with log(M⇤/M�) > 10
have been found beyond z ⇠ 8. Furthermore, Schechter
fits to the data at lower masses predict extremely low num-
ber densities of such galaxies at the highest redshifts.3 This
is shown by the solid lines in Fig. 4: the expected mass den-

sity in galaxies with log(M⇤/M�) > 10 at z ⇠ 10 is less
than 102 M� Mpc�3, and the total stellar mass density, in-
tegrated over the range 8 < log(M⇤/M�) < 12, is only
⇡ 104 M� Mpc�3.

The seven JWST-selected objects are shown by the large
symbols in Fig. 4, split in two redshift bins and two mass
limits. The JWST points are far higher than the expected val-
ues based on the UV-selected samples. The mass in galax-
ies with log(M⇤/M�) > 10 is a factor of ⇠ 30 higher at
z ⇠ 8 and a factor of ⇠ 105 higher at z ⇠ 10. The dif-
ferences are even greater for log(M⇤/M�) > 10.5. One
way to phrase this is that the expectation from the Schechter
fits was that we would have to survey 1000 degree2 rather
than 40 arcmin2 to find these massive z ⇠ 10 galaxies. At
z ⇠ 8 errors in our masses could be partially responsible;
the dashed lines, which assume errors of a factor of 3, come
close to matching the data points. However, at z ⇠ 10 the
difference is very large, irrespective of the precise masses of
the objects.

We infer from these first JWST data that the high mass
end of the mass function evolves surprisingly little from
z ⇠ 10 to z ⇠ 6. This echos the finding that the UV lu-
minosity function also seems to show little evolution at the
bright end,26–28 although we note that these UV-bright galax-
ies have much lower masses.26, 28 Another comparison is to
high redshift QSOs: it has become clear that black holes with
masses of ⇠ 109 M� already existed at z & 7, requiring a
very early onset of accretion.29

Taken together, these results indicate that the central re-
gions of massive galaxies began forming very early in pro-
cesses that were distinct from the gradual build-up of the rest
of the galaxy population. In this context it is interesting that
the mass density in the most massive galaxies exceeds the
total previously-estimated mass density (integrated down to
M⇤ = 108 M�) by a factor of ⇠ 2 at z ⇠ 8 and by two or-
ders of magnitude at z ⇠ 10. Unless the low mass samples
are highly incomplete, the implication is that most of the to-
tal stellar mass at z = 8 � 10 resides in the most massive
galaxies. This is qualitatively consistent with the notion that
the central regions of present-day massive elliptical galaxies
host the oldest stars in the universe (together with globular
clusters), and with the finding that by z ⇠ 2 the stars in the
central regions of massive galaxies already make up 10% –
20% of the total stellar mass density at that redshift.30 We
note here that the seven galaxies are all extremely compact,
with sizes re . 0.5 kpc.

The high number density that we find here can be veri-
fied with future JWST surveys over larger areas, and it may
be possible to confirm the redshifts of the brightest individ-
ual galaxies with future NIRSPEC spectroscopy. Our results
also have implications for JWST searches for galaxies at even
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Tension still present, though decreased
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Ruling out ⇤CDM with high-redshift galaxies (?) 3

Figure 2. Left: The relationship between "¢,max and redshift for a variety of fixed cumulative comoving number densities, from 10�8 Mpc�3 (dark blue) to
10�3 Mpc�3 (orange). The existence of a galaxy with "¢ at a given redshift I requires that such galaxies have a cumulative comoving number density that is at
most the number density shown on this plot, as those galaxies must reside in host halo of mass "halo = "¢/( 5b n ) . The cumulative comoving number density
corresponding to an observed "¢ will likely be (much) smaller than is indicated here, as the plot assumes the physically maximal n = 1. For smaller values
of n , the curves move down relative to the points by a factor of n (as indicated by the black downward-facing arrow). Also shown are high-redshift galaxy
candidates found in JWST data (blue and gray stars). Right: The comoving stellar mass density contained within galaxies more massive than "¢ at I = 10 for
three values of the assumed conversion e�ciency n of a halo’s cosmic allotment of baryons into stars. Even assuming that all available baryons in all halos with
enough baryons to form 1010 or 1010.5

"� of stars at I = 10 have indeed been converted into stars by that point — an unrealistic limit — it is still not possible
to produce the stellar mass density measured by Labbé et al. (2022) in ⇤CDM with a Planck 2020 cosmology (ignoring sample variance considerations). For
more realistic values of n , the discrepancy is substantially larger. The right-most data point exceeds the maximal ⇤CDM expectation by more than a factor of
20, meaning a large correction to the inferred stellar mass or e�ective volume of the sample is required to bring observation and theory into agreement.

stellar mass density exceeds the theoretical limit of 5b d(> "halo),
though the point at "¢ = 1010

"� is marginally consistent when
considering the 1f error. Assuming a more reasonable conversion ef-
ficiency for available baryons into stars of n ⌘ "¢/( 5b "halo) = 0.1
or 0.316 results in a significantly stronger discrepancy. While the
comparison in the left panel shows that the Labbé et al. (2022) can-
didates are much more common — by a factor of 1000 for the I = 10
object — than expected in ⇤CDM, the discrepancy in the right panel
is more grievous, as it originates from collections of galaxies that are
less subject to the statistics of the rarest individual objects.

4 DISCUSSION

The first glimpse of high-redshift galaxy formation with JWST has
revealed perhaps surprisingly massive galaxies at early times. These
systems provide a way to test a bedrock property of the ⇤CDM
model (or, e.g., assumptions in derivations of stellar masses or the
viability of high-redshift galaxy candidates): the stellar content of
halos should not exceed the available baryonic material in those halos.
This requirement does not rely on assumptions such as abundance
matching but rather is simply a statement about the baryonic reservoir
associated with halos that contain enough baryonic material to form
the galaxies in question. It is also more stringent than the requirement
that the observed galaxy UV luminosity function not exceed the
theoretical maximum coming from a nearly instantaneous (10 Myr)
conversion of a halo’s full baryonic reservoir into stars (Mason et al.
2022), as it is an integral constraint as opposed to a di�erential one.

The massive, high-redshift galaxy candidates cataloged in Labbé
et al. (2022) appear to violate the integral constraints in terms of
their cumulative number densities and stellar mass densities.

The discrepancy between the observed high-redshift galaxy can-
didates and ⇤CDM expectations is robust to choice of halo mass
function parameterization and cosmological parameters for the base
⇤CDM model: if anything, the Sheth & Tormen (1999) mass function
may over-estimate the abundance of massive halos at high redshifts
(Wang et al. 2022). Intriguingly, models with enhanced values of
f8 and the physical matter density ⌦m⌘

2 — such as some Early
Dark Energy models whose aim is to resolve the Hubble Tension
(e.g., Smith et al. 2022) — come closer to producing the requisite
baryonic reservoirs for obtaining the most massive Labbé et al. can-
didates, though the stellar mass density in the highest "¢ bin still
exceeds the theoretical maximum by a factor of ⇠5 (or ⇠80% when
considering the 1f error) in this model. Sample variance is certainly
an issue for the relatively small 40 arcmin2 size of the fields from
which the candidates were drawn, but the magnitude of the discrep-
ancy is large enough that it is di�cult to appeal to sample variance
to explain the full e�ect. Whether this points to an issue with the
presumed properties (such as stellar masses or e�ective volumes) of
the galaxy candidates or with the underlying cosmology remains to
be seen. If these massive galaxies are spectroscopically confirmed,
and/or if other galaxies with similar properties at I & 10 are found,
they will present a serious challenge for ⇤CDM structure formation
with parameters given by Planck Collaboration et al. (2020) because
they signify the existence of a significantly larger reservoir of col-
lapsed baryons than is possible in ⇤CDM. It is noteworthy that the
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expectation:  corresponds to very efficient conversion; the 
Milky Way today sits at peak of galaxy formation efficiency with 

ϵ ≈ 0.33
ϵ ≈ 0.2



What could be going on?
(1) galaxy properties are wrong: 

Need to convert from observed light to stellar mass, which depends 
on assumed stellar initial mass function, star formation history, etc. 

Need to be sure we really are measuring the galaxy redshift correctly 

‣ Evidence for confusion with galaxies at much lower redshift (z~5)?



Current results based solely on imaging

wavelength ( )μm

NIRCam filters

8 Finkelstein et al.

Figure 3. Left) The circles denote our fiducial photometry, with green and red denoting HST/ACS+WFC3 and NIRCam
instruments, respectively. This SED exhibits the hallmark shape of a high-redshift galaxy, with several non-detections in blue
filters, followed by significant detections with a blue spectral slope. The arrows denote 1� upper limits. The F115W-F200W
break color is >1.9 mag (2�), which is su�cient to rule out all low-redshift solutions. The blue curve shows the best-fitting
eazy model at z = 11.8. The orange curve shows the result if we force eazy to find a solution at z < 7. This model is unable to
match the amplitude of the break as well as the slope redward of the break, and is correspondingly ruled out at high confidence
(�2

low�z = 54.5, compared to 15.8 for the z = 11.8 solution). Right) Photometric redshift probability distribution functions for
Maisie’s Galaxy. The thick blue curve shows the fiducial PDF from eazy, which exhibits no low-redshift solution and a peak
at z = 11.8+0.2

�0.3 (the purple curve shows the eazy result without HST photometry, which prefers z = 12.0 and has a tail to z =
14). The remaining curves show the results from independent runs with Prospector, Bagpipes, Cigale and Dense Basis
(see §5). All results significantly prefer a z > 12 solution, with all four codes finding best-fit redshifts nearly identical to eazy
(z = 11.8+0.2

�0.3, z = 11.6+0.2
�0.2, z = 11.8+0.4

�0.4, and 11.9+0.4
�0.4, respectively).

a↵ected by cosmic rays or other artifacts. In the case of
the z ⇠ 12 candidate, the source is visible in all of the
individual F200W, F277W, and F356W exposures, and
overlaps with a cosmic ray in only a few images. Even in
those cases, the cosmic rays that are masked in the data-
quality array are of the typical size that is cleanly re-
jected in the jump-detection step of the pipeline. There
were no overlaps with the larger “snowball” charged-
particle events.
As an additional check, we measured photometry at

the position of this source on our images without our
post-processing residual background subtraction step,
to ensure any systematic e↵ects at this source position
did not a↵ect our results. The images already have a
pedestal background subtracted in the pipeline, so the
relative colors should be secure when measured in this
way. We found that this set of photometry was con-
sistent with our fiducial photometry, and eazy returnsR
P(z > 11) = 0.995. Therefore it is unlikely that our

sky subtraction routine negatively a↵ected our result.
Dust-reddened foreground galaxies are another poten-

tial source of contamination. However, Maisie’s Galaxy
is not significantly detected in the deepest mid- and
far-infrared, sub-millimeter and radio data available for

this sky region, including Spitzer MIPS 24µm (Magnelli
et al. 2009), Herschel PACS 100µm and 160µm (Lutz
et al. 2011), Herschel SPIRE 250µm, 350µm, and 500µm
(Oliver et al. 2012), JCMT SCUBA2 850µm (Geach
et al. 2017), and VLA 10 cm (Dickinson, priv. comm.).
The SCUBA2 non-detection is explored in more detail
in Zavala et al. (2022).

4.2.1. Stellar Screening

Low-mass stars and brown-dwarfs can have colors that
mimic high-redshift galaxies in broadband filters (e.g
Yan et al. 2003; Ryan et al. 2005; Caballero et al. 2008;
Wilkins et al. 2014) in the absence of longer wavelength
observations (�obs & 2 µm). We explore this possibility
following the methodology in Finkelstein et al. (2022).
In brief, we derive a grid of models for the colors of low-
mass stars and brown dwarfs (spectral types of M4–T8)
in the NIRCam filters, by integrating the IRTF SpEX
brown dwarf templates (Burgasser 2014). As these spec-
tra end at 2.5µm, we use the tabulated 2MASS photom-
etry to link each SpeX model with Spitzer/IRAC pho-

Finkelstein et al. 2022 

Star-forming galaxies at 
very early cosmic times or 
quiescent galaxies at 
“low redshift” ( )?z ∼ 5



What could be going on?
(2) the observed portion of the Universe is highly atypical 

If the observations just happen to be in a very over-dense part of the 
Universe, then the problem goes away 

‣ Naive expectation: we would need to survey ~1000x more sky to see galaxies 
like this



space.com

http://space.com




What could be going on?
(3) there is an issue with our successful cosmological model 

If none of the other explanations hold up: 
we will have to re-examine the ΛCDM model 

Example: Early Dark Energy allows for more and faster earlier formation 
of cosmological structure. Could this also explain the JWST observations? 

‣ EDE: contributes ~10% of the energy density at  (and less at all other 
times); decreases sound horizon by decreasing , lowers inferred 

z ∼ 3500
t(z⋆) H0



EDE leads to enhanced high-  structure formationz
EDE: requires higher  than base Planck modelωm and nsClustering and halo abundances in EDE models 771

a 2 per cent change in ! 8 and 0.02 difference in the slope of the
spectrum. With these small deviations, one might imagine that the
final non-linear statistics (such as power, correlation functions, halo
mass functions) would be very similar. But instead we find very
significant differences, especially at redshifts z > 1.

The S8 tension is the conflict between weak lensing and other local
observations that imply a relatively low value of S8 ! !8

"
"m/0.3

and the higher value of S8 of both the Planck-normalized #CDM and
the EDE model considered here (Smith et al. 2020). Our EDE model
has ! 8 = 0.836, larger than ! 8 = 0.820 of our fiducial Planck 2013
MultiDark model or the Planck 2018 value ! 8 = 0.811 ± 0.006.
But what is determined by CMB observations is "mh2, and the
higher value of H0 with EDE means that the resulting S8 = 0.830
is identical to that from Planck 2018 (Combined value, table 1 of
Planck Collaboration VI 2018).

The latest weak lensing measurements of S8 are the Dark Energy
Survey year 1 (DES-Y1) cosmic shear results S8 = 0.782+0.027

#0.027
(Troxel et al. 2018); the Hyper Suprime-Cam Year 1 (HSC-Y1)
cosmic shear power spectra, giving S8 = 0.800+0.029

#0.028 (Hikage et al.
2019); and the HSC-Y1 cosmic shear two-point correlation functions,
giving S8 = 0.804+0.032

#0.029 (Hamana et al. 2020). These measurements
are all in less than 2! disagreement with S8 = 0.830 from Planck-
normalized #CDM and our EDE model. Hill et al. (2020) claim
that the EDE model considered here, and other EDE models, are in
serious tension with large-scale structure measurements. They cite
the DES-Y1 result S8 = 0.773+0.026

#0.020, obtained by combining weak
lensing with galaxy clustering (Abbott et al. 2019), which disagrees
by 2.3! with S8 = 0.830. However, Abbott et al. (2019) allowed
the total neutrino mass free to vary, which leads to a somewhat
lower DES-inferred S8 than that, S8 = 0.792 ± 0.024, which arises if!

m$ = 0.06 eV is fixed, as the Planck team (Planck Collaboration
VI 2018) and we have done. Similarly, the shear-only result was
analysed by the SPTPol collaboration with the same convention as
ours. They obtained S8 = 0.79+0.4

#0.029 (Bianchini et al. 2020), to be
compared with S8 = 0.782 ± 0.027 once the sum of neutrino masses
is left free to vary (Troxel et al. 2018). While there is indeed some
S8 tension between the DES-Y1 measurements and the prediction of
our EDE model, it remains true that the addition of a brief period
of EDE resolves the #CDM Hubble tension and fits the Planck
2018 CMB observations without exacerbating the S8 tension. This
is confirmed from table 7 of Hill et al. (2020), where one can read
off that the joint DES-Y1 %2 goes from 506.4 for #CDM to 507.7
for the EDE cosmology, a marginal degradation given that the joint
DES-Y1 data have 457 data points (Abbott et al. 2019). This allows
us to conclude that the DES-Y1 result does not exclude the presence
of EDE.

This was also demonstrated by Murgia, Abellán & Poulin (2020),
where MCMC analyses of the EDE model against KiDS and DES
data were performed (see also Chudaykin, Gorbunov & Nedelko
(2020) for an analysis based on SPTPol data reaching similar con-
clusions). Additionally, it was recently suggested that the ‘Effective
Field Theory’ analysis of BOSS data excludes the EDE solution due
to the additional constraints on the CDM density &cdm it provides
(D’Amico et al. 2020; Ivanov et al. 2020). However, Smith et al.
(2020) show that the ‘constraint’ comes from a small ($2! ) tension
in the reconstruction of the primordial power spectrum amplitude As

between BOSS and Planck. Nevertheless, it was also shown that EDE
can reach a H0 value as high as 71 km s#1 Mpc#1 and provide a fit as
good as the #CDM one. Therefore, further measurements by DES,
HSC, and other programs will be important tests for cosmological
models as they improve the precision of measurements of S8 and
other cosmological parameters.

Figure 2. Bottom panel: Linear power spectrum of dark matter fluctuations
at z = 0 scaled with factor k5/4 to reduce the dynamical range and to make the
domain of BAOs k = (0.07 # 0.3)hMpc#1 more visible. Top panel: The ratio
of power spectra in our EDE model to that of the standard #CDM model.
The amplitude of fluctuations in our EDE model is always larger than in
#CDM though the differences at long wavelengths !0.1 h Mpc#1 are only
(2–3) per cent. The differences increase at large k and become substantial
($ 20 per cent) on galactic scales k ! 5hMpc#1.

In this paper, we compare for the first time the predictions
for large-scale structure observables between standard #CDM and
EDE. Through a suite of non-linear simulations, we compute the
halo mass function and the BAOs (and correlation functions) at
various redshifts. We find significant differences that will allow future
observations such as those from ROentgen Survey with an Imaging
Telescope Array (eROSITA; Merloni et al. 2012), James Webb Space
Telescope (JWST),1 Dark Energy Spectroscopic Instrument (DESI),2

and Euclid space mission3 to critically test such cosmologies.
We use extensive N-body simulations to study the effects of non-

linear evolution. As a benchmark, we employ a #CDM model with
the parameters and spectrum of the MultiDark-Planck simulations
(Klypin et al. 2016; Rodrı́guez-Puebla et al. 2016). Table 1 lists those
parameters and Fig. 2 compares linear power spectra. MultiDark-
Planck is a well-studied #CDM model based on the 2013 Planck
cosmological parameters (Planck Collaboration XVI 2014) that
has been used in many publications. Sophisticated analyses of
galaxy statistics applied to different MultiDark-Planck numerical
simulations show that the model reproduces the observed clustering
of galaxies in samples such as SDSS and BOSS (e.g. Guo et al.
2015; Kitaura et al. 2016; Rodrı́guez-Torres et al. 2016). Analyses of
this kind – matching selection functions, boundaries of observational
sample, light cones, and stellar luminosity functions – are difficult
to implement and require high-resolution simulations. We plan to do
such simulations in the future for the EDE model considered here, but
for now we are interested in learning what differences to expect and
what statistics should be promising to distinguish between standard
#CDM models compared with with EDE ones.

In Section 2, we describe the cosmological simulations used in this
paper, and in Section 3 we present and discuss the resulting power
spectra. In Section 4, we compare the baryon acoustic oscillations and
corresponding correlation functions between #CDM and the EDE

1James Webb Space Telescope; https://www.jwst.nasa.gov/.
2Dark Energy Spectroscopic Instrument; https://www.desi.lbl.gov/.
3https://www.Euclid-ec.org/
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Table 3. Mean values of the BAO shift and damping at different redshifts obtained from the best-fitting ! and "nl
parameters of the !200 realizations of EDE2B and #CDM2B real-space power spectra (see Table 2). The damping
computed from linear theory "th

nl for each cosmology is also listed for comparison.

#CDM EDE
Redshift ! " 1(per cent) "nl (Mpc h"1) "th

nl ! " 1(per cent) "nl (Mpc h"1) "th
nl

4.079 0.061 ± 0.020 2.089 ± 0.052 2.101 0.060 ± 0.019 2.090 ± 0.055 2.170
2.934 0.080 ± 0.022 2.745 ± 0.039 2.703 0.078 ± 0.020 2.787 ± 0.042 2.791
1.940 0.115 ± 0.024 3.650 ± 0.032 3.584 0.110 ± 0.023 3.729 ± 0.033 3.699
1.799 0.123 ± 0.024 3.823 ± 0.031 3.756 0.117 ± 0.023 3.907 ± 0.032 3.876
1.553 0.139 ± 0.025 4.162 ± 0.030 4.095 0.132 ± 0.024 4.255 ± 0.031 4.224
1.256 0.165 ± 0.027 4.650 ± 0.029 4.589 0.154 ± 0.027 4.755 ± 0.030 4.731
1.021 0.182 ± 0.026 5.095 ± 0.026 5.063 0.176 ± 0.029 5.228 ± 0.030 5.215
0.775 0.228 ± 0.032 5.688 ± 0.029 5.656 0.205 ± 0.032 5.813 ± 0.030 5.820
0.500 0.280 ± 0.036 6.456 ± 0.030 6.465 0.247 ± 0.036 6.591 ± 0.031 6.641
0.244 0.345 ± 0.042 7.306 ± 0.033 7.377 0.297 ± 0.042 7.450 ± 0.034 7.560
0.007 0.390 ± 0.043 8.184 ± 0.033 8.354 0.352 ± 0.049 8.343 ± 0.037 8.536

Figure 8. Non-linear evolution of the BAO shift (bottom panel) and damping
(top panel) for the isotropic dark matter power spectrum in our EDE2B and
#CDM2B simulations. The displayed mean values, and 1$ uncertainties,
of ! and "nl, and given in Table 6, are estimated from the ensemble of
individual shifts and damping parameters measured from fitting each of the
power spectra, using equation (2), of the EDE and #CDM GLAM simulations.

Figure 9. Right-hand panel: Linear correlation function of dark matter at
z = 0 on large scales. We plot the correlation function % (R) scaled with R2 to
remove the main trend of the correlation function. The correlation function in
the EDE model is slightly shifted by ! 2 per cent to larger radii as compered
with the #CDM model. Left-hand panel: Non-linear correlation function at
z = 0. Compared to the linear % (R), the BAO peak in the non-linear regime
slightly shifts to smaller values and becomes wider with smaller amplitude
– effects that are well known and well understood. Non-linear effects do not
reduce differences between EDE and #CDM models.

Figure 10. Halo mass function at redshifts z = 0–4. The ull curves in the
bottom panel are for the EDE simulations and the dashed curves are for
the #CDM simulations. The smaller box and better resolution simulations
EDE0.5 and #CDM0.5 are used for masses below M ! 1014 h"1 Mpc. They
are shown as the red curves in the top panel. Larger box and lower resolution
simulations EDE2A and #CDM2A (the black curves in the top panel) are used
for massive haloes with M " 2 # 1013 h"1 Mpc. At z = 0 halo abundances
are very similar for the models: EDE predicts ! 10 per cent more of the most
massive clusters M $ 1015 h"1 M% and 1–2 per cent more of galaxy-size
haloes with M $ 1012"13 h"1 M% . The differences in abundances increase
substantially with the redshift.

2 per cent different in the EDE model. Why do we see large deviations
in the halo abundances? The evolution of the mass function is defined
by the growth rate of fluctuations, which in turn is defined by &m,
which is nearly the same for EDE and #CDM models. In this
case why do we see large evolution of the differences between the
models? In order to have some insights on the issue, we use analytical
estimates of the halo mass function that allow us to change parameters
and see their effects.

Specifically, we use the Despali et al. (2016) approximation for
virial halo mass function at different redshifts. By itself the approx-
imation is not accurate enough to reliably measure the differences
between EDE and #CDM models. However, it is good enough to
study trends and to probe effects of different parameters.

According to the theory (e.g. Bond et al. 1991; Sheth & Tormen
1999), the halo mass function n(M, z) is a function of $ (M, z) –
the rms of the linear density field smoothed with the top-hat filter
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EDE leads to enhanced high-  structure formationz
EDE: requires higher  than base Planck modelωm, σ8 and ns

Boylan-Kolchin 2022

Issue(?): higher   
will worsen the S8 tension

ωm & σ8

Also: EDE results in  
 versus base 

ΛCDM value of 13.8 Gyr. 
Inconsistent with GC ages? 
(Boylan-Kolchin & Weisz 2021)

t0 ≈ 12.8 Gyrx5

x5

x5



Outlook
JWST is revolutionizing our understanding of the earliest phases 
of galaxy formation 

Striking early results:  

‣ an unexpected treasure trove of galaxy candidates in the early Universe 
(z~15-20) 

‣ very massive galaxies at z~8-10 

These results are challenging our inference of galaxy properties, our 
understanding of galaxy formation, or our cosmological model 

‣ more baryons in stars than baryons present in halos massive enough to host the 
observed galaxies in base ΛCDM 

‣ if it is an issue with cosmology, could it be related to the Hubble tension & EDE? 

Observations over wider areas & with spectroscopy will point the way 
forward  exciting times for cosmology and galaxy physics with JWST→


