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Galaxies with stellar masses as high as roughly 10" solar masses have been identified >
outto redshifts z of roughly 6, around 1 billion years after the Big Bang. Ithasbeen

difficult to find massive galaxies at even earlier times, as the Balmer break region,
whichis needed for accurate mass estimates, is redshifted to wavelengths beyond
2.5pum. Here we make use of the 1-5 pm coverage of the James Webb Space Telescope
early release observations to search for intrinsically red galaxies in the first roughly
750 million years of cosmic history. In the survey area, we find six candidate massive
galaxies (stellar mass more than 10" solar masses) at 7.4 < z< 9.1, 500-700 Myr after
the Big Bang, including one galaxy with a possible stellar mass of roughly 10" solar
masses. [f verified with spectroscopy, the stellar mass density in massive galaxies
would be much higher than anticipated from previous studies on the basis of
rest-frame ultraviolet-selected samples.

The galaxies were identified in the first observations of the James
Webb Space Telescope (JWST) Cosmic Evolution Early Release Sci-
ence (CEERS) program. This program obtained multiband images at
1-5 pmwith the Near-Infrared Camera (NIRCam) in a ‘blank’ field, cho-
sen to overlap with existing Hubble Space Telescope (H5T) imaging.
The total area covered by these initial datais roughly 40 arcmin®. The
data were obtained from the Mikulski Archive for Space Telescopes
(MAST) archive and reduced using the Grizli pipeline®. A catalogue
of sources was created, starting with detection in a deep combined
F277W + F356W + F444W image (see Methods for details). A total of
42,729 objects are in this parent catalogue.

We selected candidate massive galaxies at high redshifts by identify-
ing objects that have two redshifted breaks in their spectral energy dis-
tributions (SEDs), the A,.,=1,216 ALyman break and theA,... of roughly
3,600 A Balmer break. This selection ensures that the redshift prob-
ability distributions are well constrained, have no secondary solutions
at lower redshifts and that we include galaxies that have potentially
high mass-to-light (M/L) ratios. Specifically, we require that objects
arenot detected at optical wavelengths, bluein the near-infrared with
F150W-F277W s lessthan 0.7, red at longer wavelengths with F277W-
F444W is more than 1.0 and brighter than F444W is less than 27 AB
units in magnitude. After visual inspection to remove obvious artefacts
(such as diffractionspikes), this selection produced 13 galaxies withthe
sought-for ‘double-break’ SEDs. Next, redshifts and stellar masses were
determined with three widely used techniques, taking the contribution
of strong emission lines to the rest-frame optical photometry explicitly
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intoaccount™ ', We use the EAZY code™ (with extrastrong emission-line
templates), the Prospector-a framework" and five configurations of
the Bagpipes SED-fitting code to explore systematics due to modelling
assumptions. The seven individual mass and redshift measurements
ofthe 13 galaxies are listed in the Methods section. We adopt fiducial
masses and redshifts by taking the median value for each galaxy. We
note that these masses and redshifis are not definitive and that all gal-
axies should be considered candidates.

As shown in Fig. 1, all 13 objects have photometric redshifts
6.5 <z <9.L Six of the 13 have fiducial masses greater than 10'° Mg
(Salpeterinitial mass function (IMF)) and multiband images and SEDs
ofthese galaxies are shownin Figs. 2and 3. Their photometric redshifts
range fromz= 7.4 toz= 9.1. The model fits are generally excellent, and
inseveral cases clearly demonstrate that rest-frame optical emission
lines contribute to the continuum emission. These lines can be so
strongin young galaxies that they can dominate the broad-band fluxes
redwards of the location of the Balmer break® **'% and Spitzer/IRAC
detections of optical continuum breaks in galaxies at zz 5 have been
challenging to interpret™***, With JWST, this ambiguity is largely
resolved due to the dense wavelength coverage of the NIRCam filters
and the inclusion of relatively narrow emission-line-sensitive filter
F410M (ref. 25), which falls within the F444W band, although the uncer-
tainties are such that alternative solutions with lower masses may
exist', The brightest galaxy in the sample, 38094, isat z=7.5and may
have a mass that is as high as M, = 1= 10" Mg, more massive than the
present-day Milky Way. It has two nearby companions with a similar

sity, New Haven, CT, USA.

*Department for Astrophysicsl and Planetary Science, University of Colorado, Bewlder, O, USA, *Department of Physics and Astrenarmy and PITT PAGE, University of Pitisburgh, Pittsburgh, PA,
USA "Department of Astronomy and Astraphysics, University of California, Santa Gruz, Santa Cruz, A, USA. *Kavli Institute for Particle Astrophysics and Cesmelogy and Department of
Physics, Stanford University, Stanford, CA, USA. "Department of Astronomy and Astrophysics, The Pennsylvania State University, University Park, PA, USA. "Institute for Computational and Data
Seisnces, Tha Pennsylvania State University, Univarsity Park. PA, USA, "Instituta for Gravitation and tha Cosmas, The Pennisylvania State Uinivarsity, Univarsity Park, PA, USA. “Cosmiz Dawn
Center [DAWN], Nials Bohr Institute, Univarsity of Copenhagen, Kebanhawn N, Denmark. “Department of Astronamy, University of Massachusatts, Amherst, MA, USA, "Departament of
Astronomy end Astrophisics, University of Valencia Burjessot, Valencia, Spain. YUniversity Association C5I1C ‘Group of Extregalactic Astronomy and Cosmology’ [inatitute of Physics at

Cantabela University of Valencia), Santander, Spain. Me-miail: labbe@swinedu.au

266 | Nature | Vol 816 | 13 April 2023



Stellar mass (logiM_/M_1)
© a
T
T*
+F

@
T

H | L L
o 2 4 6 8

Redshift

Fig. 1| Redshifts and ten Ll fdouble-break selected
galaxies. Showningrey circlesare EAZY-determined redshifts and stellar
masses using line enh IMF) for objects with
SNR = &in the F444W band, Fiducial redshifts and masses of the bright galaxies
(F444W = 27 AB) that satisfy our double-break selection are shown by the large
red symbols, Uncertainties are the 16th-84th percentiles of the posterior
probabilicy distriburion. All galaxies have photometric redshifts 6.5 <z < 9.1
Six galaxies are candidate massive galaxies with fiducial M, = 10™ M,
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breakin their optical to near-infrared SEDs, suggesting that the galaxy
may be in a group.

We place these results in context by comparing them to previous
studies of the evolution of the galaxy mass function toz of roughly 9.
These studies are based on samples that were selected in the rest-frame

ultraviolet (UV) using ultra-deep HST images, with Spitzer/IRAC pho-
tometry typically acting as a constraint on the rest-frame optical
SED****%5 The bottom panel of Fig. 3 compares the average SED of
the six candidate massive galaxies to the SEDs of HST-selected galax-
ies at similar redshifts. The galaxies we report here are much redder
and the differences are not limited to one or two photometric bands:
the entire SED is qualitatively different. This is the key result of our
study: we show that galaxies can be robustly identified at z= 7 with
JWST that areintrinsically redder than previous HST-selected samples
atthe same redshifts. It is likely that these galaxies also have much
higher M/L ratios, but this needstobe confirmed with spectroscopy. We
note that the new galaxies are very faint in the rest-frame UV (median
F150W of roughly 28 AB), and previous wide-field studies with HST
and Spitzer’” of individual galaxies did not reach the required depths
to find this population.

The masses that we derive are intriguing in the context of previous
studies. No candidate galaxies with log(M,/Mg) = 10.5 had been found
before beyond zof roughly 7, and no candidates with log{M./Mz) =10
had been found beyond z of roughly 8. Furthermore, Schechter fits to
the previous candidates predicted extremely low number densities
of such galaxies at the highest redshifts®, This is shown by the lines in
Fig. 4: the expected mass density in galaxies with log(M./M,) >10 at z
ofroughly 9 was roughly 10° M, Mpc ™, and the total previously derived
stellarmass density, integrated overtherange 8 < log(M,/Mz) <12, isless
than10°M, Mpc . If confirmed, the /WST-selected objects would fallin
adifferentregion of Fig.4, inthe top right, asthe JWST-derived fiducial
mass densities are far higher than the expected values on the basis of
the UV-selected samples. The mass in galaxies with log(M./Mz) = 10
would be a factor of roughly 20 higher at z of around 8 and a factor of
roughly 1,000 higher at zof roughly 9. The differences are even greater
for log(M./My) > 10,5,

We infer that the possible interpretation of these JWST-identified
‘optical break galaxies’ falls between two extremes. If the redshifts
and fiducial masses are correct, then the mass density in the most
massive galaxies would exceed the total previously estimated mass
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Fig.2|Images of thesix galaxies with the highest apparentmassesasa
function of wavelength. The fiducial stellar masses of the galaxiesare
(log(M./M,) > 10). Each cut-out has a size of 2.47 = 24", The filters range from
the 0.6 pm FG06W Mlter of HSTYACS to the 4.4 pm F444W JWST/NIRCam filter.

The galaxiesare undetectedin the optical filters, blueinthe short-wavelength
MIRCam fileers and red inthe long-wavelength NIRCam filters. The colour stamps
show F150Winblue, F277Wingreenand F444Win red,
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Fig. 3| SEDs and stellar population model fits. a, Photometry (black squares),
hest-fitting EAZY models (red lines) and redshift probability distribution Pz}
(grey filled histograms) of six galaxies with apparent fiducial masses

log(M, /M) =10. The flux density units are f,. Uncertainties and upper limits
(triangles) are 1. Fiducial best-fit stellar masses and redshifts are noted.
TheSEDsarech |zed by adoublebreak: aLymanbreak and anupturnat
more than3 pm. Emissionlines are visiblein the longest wavelength bands in
several cases. by, Average rest-frame SED of the six candidate massive galaxies

density (integrated down to M, = 10° M,;) by a factor of about two at
zofroughly 8 and by a factor of roughly five at z of roughly 9. Unless
the low-mass samples are highly incomplete, the implication would
be that most of the total stellar mass at z = 8-9 resides in the most
massive galaxies. Although extreme, this is qualitatively consist-
ent 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 zof roughly 2 the stars
in the central regions of massive galaxies already make up 10-20%
of the total stellar mass density at that redshifi™”. A more fundamen-
tal issue is that these stellar mass densities are difficult to realize in
astandard A cold dark matter cosmology, as pointed out by several
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(red dots) and the 16th-84th percentile of the running median (shaded area).
The redlineis the best-fitmedian EAZY model. Green squares and the

green line show average rest-frame UV-selected galaxies atz= 8,10 from
HST + Spitzer™". Grey triangles show two spectroscopically confirmed
galaxiesatzof roughly 9 (refs. 23,34,35). The double-break selected galaxies
are notably redder than previously identified objects at similar redshifits. This
may be due to high M/L ratios or effects that are not included in our modelling,
suchas AGN or exoticlines.

recent studies™*, Our fiducial mass densities push against the limit
set by the number of available baryons in the most massive dark
matter halos.

The other extreme interpretation is that all the fiducial masses are
larger than the true masses by factors of more than 10-100. We use
standard techniques and multiple methods to estimate the masses.
Under certain assumptions for the dust attenuation law and stellar
population age sampling (favouring young ages with strong emission
lines), low masses can be produced (Methods). This only oceurs at
specific redshifts (z= 5.6, 6.9, 7.7 or about 10% of the redshift range of
the sample}inwhich line-dominated and continuum-dominated mod-
els produce similar F410M-F444W colours. In addition, it is possible
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Fig.4|Cumulativestell density, if the fiducial ofthe
JW5T-sel d red galaxi il d. The solid symbaols show the total
mass density in two redshift bins, 7<z< 8.5 and 8.5 < < 10, based on the three
most massive galaxies in each bin. Uncertainties reflect Poisson statistics and
cosmic variance. The dashedlines are derived from Schechter fitsto
U¥-selected samples”, Th:JWST selected galaxies would greatly exceed the

itles of laxiesthatwere expected at these redshifis onthe
hasis of previous studies. Th1smd|cateslhatlhese studies were highly
incomplete or thatthe fiducial masses are overestimated by a large factor.

mass d

that technigues that have been calibrated with lower redshift objects”
are not applicable. As an example, we do not include effects of exotic
emission lines or bright active galactic nuclei (AGN)". Part the sam-
ple is reported to be resolved in F200W (ref. 33) making a significant
contribution from AGN less likely, but faint, red AGN are possible and
would be highly interesting in their own right, even if they could lead
to changes in the masses.

It is perhaps most likely that the situation is in between these
extremes, with some of the red colours reflecting exotic effects or AGN
and others reflecting high M/L ratios, Future JWST NIRSpec spectros-
copy can be used to measure accurate redshifts as well as the precise
contributions of emission lines and to the observed photometry, With
deeper data, the stellar continuum emission can be detected directly
forthe brightest galaxies. Finally, dynamical masses are needed totest
the hypothesis that our description of massive halo assemblyin A cold
dark matterisincomplete. It may be possible to measure the required
kinematics with ALMA or from rotation curves with the NIRSpecintegral
field unitif the ionized gas is spatially extended™?,
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Anymethods, additional references, Nature Portfolio reporting summa-
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Methods

Observations, reduction and photometry

Thisarticleisbased onthe firstimaging taken with the NIRCam on JWST as
partofthe CEERS program (Principal Investigator, Finkelstein; Program
Identifier, 1345). Four pointings have been obtained, covering roughly
38 arcmin’ on the Extended Groth Strip HST legacy field and overlapping
fully with the existing HST-Advanced Camera for Surveys (ACS) and
'WFC3 footprint. NIRCam observations were taken in six broad-band fil-
ters, FLISW, F200W, FI50W, F277W, F356W and F444W, and one medium
bandwidth filter F410M. The F410M medium band sits within the F444W
filter and is asensitive tracer of emission lines, enablingimproved pho-
tometric redshifts and stellar mass estimates of high-redshift galaxies®,

Exposures produced by stage 2 of the JWST calibration pipeline
(v.1.5.2) were downloaded from the MAST archive. The data reduc-
tion pipeline Grism redshift and line analysis software for space-based
spectroscopy (Grizli*) was used to process, align and co-add the expo-
sures. The pipeline mitigates various artefacts, such as ‘snow-balls’
and 1/fnoise. the Toimprove pixel-to-pixel variation, custom flat-field
calibration images (https://s3.amazonaws.com/grizli-v2/Nircam-
Skyflats/flats.html) were created from on-sky commissioning data
{program COM-1063) that are the median of the source-masked and
background-normalized exposures in each NIRCam detector.

The pipeline then subtracts a large-scale sky background, aligns the
images to stars from the Gaia DR3 catalogue and drizzles the images
to a common pixel grid using astrodrizzle. The mosaics are available
online as part of the v.3 imaging data release (https://s3.amazonaws.
com/grizli-v2/JwstMosaics/v3findex.html). Existing multi-wavelength
ACS and WFC3 archival imaging from HST were also processed with
Grizli. For the analysis in this paper all images are projected toa com-
mon 40 mas pixel grid. Remaining background structurein the NIRCam
mosaics is due toscattered light. The background is generally smooth
onsmall scales and was effectively removed witha 5-inch median filter
after masking bright sources.

We use standard astropy™* and photutils™ procedures to detect
sources, create segmentation maps and perform photometry. The
procedures are like those used in previous ground- and space-based
imaging surveys. Briefly, we create aninverse variance weighted com-
bined F277W + F356W + F444W image and detect sources after convo-
lution with a Gaussian of 3 pixels full-width at half-maximum (0.12")
to enhance sensitivity for point sources. Point spread functions were
matched tothe F444W band using photutils procedures. Photometry
was performed at thelocations of detected sourcesin all filters using
0.32-inch-diameter circular apertures. The fluxes were corrected to
total using the Kron autoscaling aperture measurement on the detec-
tion image. A second small correction was applied for light outside
theaperture based on the encircled energy provided by the WebbPSF
software. The final catalogue contains 42,729 sources and includes
all available HST-ACS and JWST-NIRCam filters (ten bands, spanning
0.43 to 4.4 pmy). Photometry for HST-WFC3 bands was also derived, but
only used for zeropoint testing as the HST-WFC3 images are several
magnitudes shallower than NIRCam.

Photometric zero-points

The first JWST images were released with preflight zero-points for the
NIRCam filters. The preflight estimates do not match the in-flight per-
formance, with errors up to roughly 20%inthe long-wavelength bands.
This analysis uses updated in-flight calibrations that were provided
by the Space Telescope Science Institute on 29 July 2022 (jwst_0942.
pmap) onthe basis of observations of two standard stars. The calibra-
tions improved the accuracy of the long-wavelength photometry but
introduced errors in the short-wavelength bands, with variations up to
20% between detectors, as determined from comparisons to previous
HST-WFC3 photometry and analyses of stars in the Large Magellanic
Cloud and the globular cluster M92 (refs. 37,38).

We derived new zero-points for all short-wavelength and long-
wavelength bands, for both NIRCam modules, using two independent
methods. The first method ('GB") uses zero-points that are based on
standard stars observed by JWST in the B module and transferred to
the A module using overlapping stars in the Large Magellanic Cloud.
The second method ('IL") uses 5,000-10,000 galaxies at photometric
redshifts 0.1 < z< Swith asignal to noise ratio (SNR) greater than 15 from
the CEERS parent catalogue and calculates the ratio between observed
and EAZY model fluxes for each detector, module and photometric
band. As the observed wavelengths sample different rest-frame parts
of the SEDs of the galaxies, errors in the model fits can be separated
fromerrorsinthe zero-points. More information on the methodology
and the resulting zero-points are provided on github (https://github.
com/ghrammer/grizli/pull/107).

The methods agree very well, with differences of 3 + 3% in all bands
except F444W, where we find a difference of 8%. We use the GB values
for all bands except F444W where we take the average of the GB and
IL values (multiplicative corrections 1.064 formodule A and 1.084 for
module B). The photometryislisted in Extended Data Table 1. Using the
fiducial zero-points, Extended Data Fig. 1shows offsets with respect to
EAZY model fluxes, split by detector, module and filter, showing only
0-3% residuals. A third independent method used colour-magnitude
diagrams of stars in M92 (refs. 37,38) in FO90W, F150W, F277W and
F444W bands, with reported consistency with the GB values within
the uncertainties. Our adopted zero-points agree with the mostrecent
NIRCam flux calibration { jwst_0989.pmap, October 2022) towithin 4%.
This paper adopts a 5% minimum systematic error (added in quadra-
ture) for all photometric redshift and stellar population fits to account
for calibration uncertainties. Finally, we compiled a sample of 450
galaxies with spectroscopic redshifts 0.2 < z< 3.8 from 3D-HST (ref. 39)
and MOSDEF* to test photometric redshift performance, finding a
normalized median absolute deviation of (2, — Z0)/(1+ 2,.) = 2.5%.

Sample selection

The JWST-NIRCam imaging in this paper reaches 5o depths from 28.5
to 29.5 AR, representing an order of magnitude increase in sensitivity
and resolution beyond wavelengths of 2.0 pmand allowing us to select
galaxies at rest-frame optical wavelengths tozof roughly 10. Toenable
straightforward model-independent reproduction of the sample we
use a purely empirical selection of high-redshift galaxies based on
NIRCam photometry, rather than one oninferred photometric redshift
or stellar mass. We select on a‘double-break’ SED: no detectionin the
HST-ACS optical, blugin the NIRCam short-wavelength filtersand red
inthe NIRCam long-wavelength filters, which is expected for sources
atz =z 7 with Lyman break and with red UV-optical colours.

The following colour selection criteria were applied:

F150W - F277W < 0.7

F277W - F444W=1.0

inaddition to a non-detection requirement in HST-ACS imaging.

SNR(By35 Vags, lsia) <2

To ensure good SNR, we limit our sample to F444W < 27 AB magni-
tude and F150W < 29 AB magnitude and require SNR(F444W) > 8. We
manually inspected selected sources and removed a small number of
artefacts, such as hot pixels, diffraction spikes and sources affected
by residual background issues or bright neighbours.

This selection complements the traditional drop-out colour selec-
tion techniques based on isolating the strong Lyman 1,216 A break as it
moves through the filters. Drop-out selection is not feasible here: the
HST-ACS data are not deep enough to select drop-out galaxies to the
limits as the NIRCamimaging. Screening for two breaks

atival
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has shown to be an effective redshift selection: a similar technique was
used to successfully select bright galaxies at 7 <z < 9 from wide-field
HST and Spitzer data®, Ared F277W-F444W colour can be produced by
large amounts of reddening by dust, evolved stellar populations witha
Balmer Break™, strong optical emission lines™ or acombination of these.

This selection produced a total of 13 sources, with amedian SNR ratio
in the F444 W band of roughly 30 (see Fig. 2 and Extended Data Fig,. 2).
The resulting sample is dark at optical wavelengths (2oupper limit of
lziy > 30.4 AB) and faint in F115W and F150W with median of roughly
28 AB magnitude, beyond the limits reached with HST-WFC3 except
in small areas in the Hubble Ultra-Deep Field and the Frontier Fields.
The absence of any flux in the ACS optical, thered I, - F115W = 2.5
and blue F115W-F150W of roughly 0.3 AB colours are consistent with
astrong Lyman break moving beyond the ACS 1, band at redshifts
z>6. The NIRCam F444W magnitudes are bright at around 26 AB, and
the median FISOW-F444W of roughly 2 AB colour is redder than any
sample previously reported atz > 7 (refs. 3,18,21,29,41).

Fitsto the photometry

Several methods are used to derive redshifts and stellar masses, all
allowing extremely strong emission lines combined with a wide range
of continuum slopes: (1) EAZY with extratemplates thatinclude strong
emission lines, (2) Prospector with a strongly rising star formation
history (SFH) prior that favours young ages, (3) Bagpipes to evaluate
dependence on stellar population model assumptions and minimiza-
tion algorithm. Finally, we also consider (4), a proposed template set
for high-redshift galaxies with blue continua, strong emission lines
and a non-standard IMF. Throughout, reported uncertainties are the
16th-84th percentiles of the probability distributions. A Salpeter* IMF
is assumed throughout, for consistency with previous determinations
of the high-redshift galaxy mass function®* and constraints on the IMF
inthe centres of the likely descendants™**, Asummary of the results
is presented in Extended Data Figs.3and 4.

EAZY. The main benefits of EAZY" are ease of use, speed and reproduc-
ibility. EAZY fits non-negative linear combinations of templates, with
redshift and scaling of each template as free parameters. The allowed
redshift range was 0-20 and no luminosity prior was applied.

Thestandard EAZY template set (tweak_fsps_QSF_12_v3)isoptimized
for lower redshift galaxies. High-redshift stellar populations tend tobe
younger, less dusty and have stronger emission lines. We create amore
appropriate template set by removing the oldest and dustiest templates
(4y > 2.5) fromthe standard set, keeping templates1,2,7,8,9,10 and 11,
and adding two flexible stellar population synthesis (FSPS) templates
with strong emission lines. The first has a continuum that is roughly
constant in £, with EW(HB+[OINI]) = 650 A, similartoN IRSpec-confirmed
galaxies'® atz=7-8. The second has a red continuum that is constant
in F, with EW(HB+[OII]) = 1,100 A, comparable to line strengths
inferred for bright Lyman-break galaxies at z =7-9 (ref. 29).
Each template has an associated M/L ratio, so the template weights in
the fit can be converted to a total stellar mass. We fitall galaxiesin the
catalogue with the default EAZY template set first and then refit all
galaxiesatz> 7 using the new template set. The template set is available
online with the photometric catalogue (https://github.com/ivolabbe/
red-massive-candidates). The EAZY redshift distribution of the sample
of 13 galaxies is 7.3 <z < 9.4, with no low-redshift interlopers (z < 6).
EAZY masses range 9.2 < log(M./M,) <10.9.

Prospector. We perform a stellar population fit with more freedom
than is possible in EAZY using the Prospector™ framework, specifi-
cally the Prospector-a settings** and the mesa isochrones and stel-
lar tracks stellar isochrones* from FSPS*“%, This mode includes
non-parametric star formation histories, with a continuity prior that
disfavours large changes in the star formation rate between time
bins®. It uses a two-component, age-dependent dust model, allows

full freedom for the gas-phase and stellar metallicity, and includes
nebular emission in which the nebulae are self-consistently powered
by the stellar ionizing continuum from the model*, The sampling was
performed using the dynesty* nested sampling algorithm. We also
adopt two new priors that disfavour high-mass solutions: first, a mass
function prior on the stellar mass, adopting the observed z=3 mass
function for z> 3 solutions™, and second, a non-parametric SFH prior
that favours rising SFHs inthe early universe and falling SFHs in the late
universe, following expectations from the cosmic star formation rate
density. These are described in detail in ref. 57

The masses from Prospector are consistent within the uncertainties
withthe EAZY masses, witha mean offset of log(M,pys/Macazy) = 0.1 for
objectswithgreater than 10" M. The most massive objects as indicated
by EAZY are also the most massive in the Prospector fits, Prospector
also provides ages and star formation rates. The star formation rates
are generally not very well constrained in the fits due to the lack of
infrared coverage. The ages are also uncertain and depend strongly on
the adopted prior. For a constant SFH prior Prospector finds typical
ages of roughly 0.3 Gyr, with substantial Balmer breaks, whereas for
strongly rising SFHs Prospector finds a median mass-weighted age of
34 Myr, with strong emission lines and large amounts of reddening
(A, =1.5). This is reminiscent of the age-dust degeneracy that is well
known at lower redshift. The stellar masses do not vary significantly
between these two priors. Thered SEDs (Fig. 3) require high M/L ratios
foralarge range of the best-fit stellar population ages, asis well known
from studies of nearby galaxies™.

Bagpipes. Fits with the Bayesian analysis of galaxies for physicalinfer-

enceand parameter estimation (Bagpipes™) software are also consid-

ered. Compared to Prospector, Bagpipes uses the Bruzual and Char-
lot stellar population models® and sampling algorithm Multinest™.

Whereas Bagpipes does not cover new parameter space compared to

Prospector, itallows us to evaluate how sensitive the masses aretothe

adopted stellar population model or fitting technique. Furthermore,

Bagpipesis relatively fast, sowe canuse it explore the effect of model-

ling assumptions to investigate the role of systematic uncertainties

on the derived redshift and stellar mass. We focus on attenuation law,

SFH, age sampling priors and SNR.

(1)Bagpipes_csf salim: baseline model of constant SFH with redshift 0
to20, age_max from1 Myr to 10 Gyr, metallicity between 0.01and 2.5
Solar, ionization parameter -4 < log(U) < -2, a Salim* attenuation
0 <A, <4 and adopting alinear prior in age and log prior in metal-
licity and ionization and uniform prior in redshift, age and A,. The
Salim law varies between a steep Small Magellanic Cloud (SMC)-like
extinction law at low optical depth and a flat Calzetti-like dust law
at large optical depth, in accordance with empirical studies® and
theoretical expectations®’. The Bagpipes masses and redshifts are
similar on average to those of EAZY and Prospector, with a mean
offset of log(M. /M, azy) = O for the massive sample.

(2)Bagpipes_rising_salim: this model is not intended to search for
best fitin a wide parameter space but only in a restricted space to
increase the emission-line contribution to the reddest filter, F444W,
and decrease the stellar masses. The model is restricted to rising star
formation rates at high redshift (delayed 7> 0.5 Gyr) and redshifts
toz< 9,0 to force the Hb+[Olll] complex to fall within the F444W
filter. The fits show strong emission lines, low ages (median roughly
30 Myr) and high dust content (median 4, = L.7}. Even with these re-
strictions, the mean stellar mass agrees well with the baseline (mean
log(M,/M,,) = -0.1 for objects with greater than 10" M).

(3)Bagpipes_csf salim_logage: like the modelin (1) butwithalogarith-
mic age prior, which is heavily weighted towards very young ages.
For the five reddest, most massive galaxies in (1) the results are un-
changed, whereas six other galaxies are now placed at significantly
lower masses (inconsistentwith model (1), given the uncertainties),
including 14,924 (from log(M./M;) =10.1to 8.7). The P(z) of these
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lower mass solutions is narrow and clustered in narrow spikes at

2=5.6,6.9, 7.7, where the F410M filter cannot distinguish between

strong lines and continuum SEDs (Extended Data Figs. 5and 6).
(4)Bagpipes_csf salim_logage snrl0:to testifthe fitin (3)is driven by

the high SNR in long-wavelength filters (which put all the weight in

the fits there), we impose an error floor of 10% on the photometry
that roughly balances the SNR across all NIRCam bands. As JWST is
still in early days of calibration, some limit on SNR is prudent. The

SNR-limited fits resultin high-mass solutions for 11out of 13 galaxies.

Notably, the uncertainties on the stellar mass do not encompass the

low-mass solution from (3) indicating that detailed assumptionson

the treatment of SNR can introduce systematic changes.
(5)Bagpipes_csf smc logage: SMC extinction is oftenused inmodelling
high-redshift galaxies™, Qur Bagpipes modelling use Salim-type dust
that includes the SMC-like extinction at low optical depth, butitis
useful to evaluate fits that are restricted to a steep extinction law in
combination with alogarithmic age prior favouring young ages. The

results are different from any of the modelling above: ten out of 13

galaxies show very low stellar masses (in the range 10° M,-10" M)

in combination with extremely young ages (1-5 Myr). Another no-

table aspect is that these fits do not match the blue part of the SED
well (NIRCam short-wavelength F1I15W, FISOW, F200W) and the fits
seem driven by the high SNRin the NIRCam long-wavelength filters

(Extended Data Fig. 3). Most fits have significantly worsey* than the

high-mass fits (EAZY, Prospector, Bagpipes (1)=(4)).

In conclusion, the derived masses depend on assumed attenuation
law, parameterization of ages and treatment of photometric uncertain-
ties. Together, these aspects can produce lower redshifts and lower
masses by up to factors of 100 in ways that are not reflected by the
random uncertainties. Therefore, different assumptions can change
the stellar masses and redshifts systematically and the uncertainties
are probably underestimated.

Although neither high nor low-mass models can be excluded with
the data available now, there are two features that would suggest the
ultra-young, low-mass solutions are less plausible. First, whereas
1-5Myr ages are formally allowed, the galaxy would not be causally
connected: 10*° M,, of star formation would have started spontaneously
on timescales less than a dynamical time (although dynamical times
are uncertain until velocity dispersions and corresponding sizes are
measured), Inaddition, the probability of catching most galaxies at that
precise moment is low, given the roughly 200 Myr search window at
z=7-9.lt would suggest there aremore than 40 older and more massive
galaxies for every galaxy in our sample.

Second, the P(z) of the low-mass solutions are extremely narrow
and concentrated at nearly discrete redshifts z=5.6, 6.9 and 7.7 (for
example, 38094 z = 6,93 + 0.01). Here strong Ha and HB+[OIII] transi-
tion between the overlapping F356W, F410M and F444W filter edges
(Extended Data Fig. 5). Asingle line can contribute to several bands
(for example, [OIN]5007 at z= 6.9), with great flexibility due to the
rapidly varying transmission at the filter edges. The resultis that line
and continuum-dominated models are degenerate due to undersam-
pling of the SED and resulting aliasing, but only at specific redshifts.

Although finding one 5 Myr galaxy exactly in this narrow window
could be luck, we find that ten out of 13 galaxies can only be fit with
low-mass, ultra-young models at these discrete redshifts z= 5.6, 6.9 and
7.7.5uch an age and P(z) distribution for the sample, at precisely the red-
shiftswhere this fortuitous overlap between filters occurs (roughly less
than 8% of the redshift range between z= 5-9), isnotimplausible. Torule
out that the spiked nature of the P(z) is the result of our double-break
selection, we perform simple simulations, We take random draws from
the posteriors of line-dominated model E, redshift the modelstoa
uniform distribution between four and ten, perturb with the obser-
vational errors and apply our double-break selection criterion to the
simulated photometry (Extended Data Fig. 6). This suggests that even
ifthe sample were line dominated with ages less than 5 Myr, the redshift

distribution should be different (not spiked) suggesting that these fits
suffer from aliasing. By contrast, P(z) of high-mass model B is broadly
self-consistent with the selection function based on the model B fits.

Thelikely reason that this effect primarily occurs with an SMC extinc-
tion law is because of the strong wavelength dependence (steepin
the far ultraviolet, flatter in optical). For the sample in this paper, fits
with SMC have difficulty reproducing the overall (rest-optical) red
SED shape. This can be clearly seenin Extended Data Fig. 3, where the
SMC-based fits have strongly ‘curved’ continuums, which are generally
too steep inthe rest-UV and too flat in the rest-optical (F356W, F410W,
F444W bands), requiring strong emission lines atspecific redshiftsto
produce the red colours.

FSPS-hot model. For completeness we also consider recently proposed
‘fsps-hot’ models™, which consist of templates with blue continua,
strong emission lines and with amodified extremely bottom-light IMF
that produces lower masses. Such an IMF is proposed to be appropri-
ate for the extreme conditions that might be expected in high-redshift
galaxies. For ten out of 13 galaxies (including all massive, greater than
10" M, sources), the fsps-hot template set provides poorer fits to the
photometry than the fsps-wulturecorn set (median Ay” = 31), dueto the
lack of red templates. The fsps-hot set places nine out of 13 galaxiesin
anarrow redshift range z= 7.7 with very small uncertainties o(z) = 0.05,
reminiscent of the spiked distribution found earlier for Bagpipes model
(5). The blue template set can only produce red colours if strong emis-
sion lines are placed at specific redshifts. Because the fits are poor
overalland no further insight is gained, we do not consider these masses
further to avoid confusion due to adopting vastly different IMFs. The
extremely bottom-light IMF, with suppression of {invisible) low-mass
stars, is untestable with photometric data.

Fiducial redshifts and stellar masses

The results of all methods are shown graphically in Extended Data
Fig. 4. Most methods explored produce good fits and consistent
masses and redshifts. Rather than Favour one method over the others
we derive fiducial masses and redshifts for each object by taking the
median values of the EAZY (1), Prospector (2), the five Bagpipes fits
(3~7) results from each galaxy. As discussed in the main text, the consist-
ency between various methods may largely indicate a consistency in
underlying assumptions. Different assumptions can change the stellar
masses and redshifts systematically in ways that are not reflected by
the random uncertainties. The fiducial redshifts and masses are listed
in Extended Data Table 2.

Furthermore, we do not consider contributions from exotic
emission-line species norinclude AGN templates in the fits™, All objects
inthis paper should be considered candidate massive galaxies, to be
confirmed with spectroscopy.

Lensing

Apotential concernisthat the fluxes (and therefore the masses) of some
orallthe galaxies are boosted by gravitational lensing. No galaxy is close
to the expected Einstein radius of another object. The bright galaxy
thatis L.2" to the southwest of 38094 has z,., = L15and M, = 10.63
(object number 28717 in the 3D-HST AEGIS catalogue®™), and an Einstein
radius (roughly 0.4} that is 0.3x the distance to 38094, If we assume
that the mass profile of the lensing galaxy is an isothermal sphere,
thenthe magnificationis 1/(1- 8/} where 8 is the separation from the
foreground source and 8, is the Einstein radius. This would indicate a
relatively modest -0.15 dex correction to the stellar mass. We apply
this correction when calculating densitiesin Fig. 4.

Volume

Stellar mass densities for galaxies with M, > 10" M are calculated
by grouping the galaxies in two broad redshift bins (7<z<8.5and
8.5 <z<10). Atz of roughly 8.5, the Lyman Break moves through the



F115W filter, allowing galaxies to be separated into the two bins. The
cosmic volume is estimated by integrating between the redshiftlimits
over 38 arcmin®, making no corrections for contamination or incom-
pleteness. The key resultis driven by the most massive galaxies. Any
incompleteness would increase the derived stellar mass densities,
whereas contamination would decrease it. Cosmic variance is about
30%, calculated using aweb calculator™™, The error bars on the densities
are the quadratic sum of the Poisson uncertainty and cosmic variance,
with the Poisson error dominant. The volume estimate is obviously
simplistic, but the colour selection function (Extended Data Fig. 6)
suggests that most of the sample should liebetween 7 < z< 10. Amore
refined treatment does not seemwarranted given that the main (orders
of magnitude) uncertainty in our studyis the interpretation of the red
colours of the galaxies.

Data availability

The HST data are available inthe MAST (http:/farchive.stsci.edu), under
program [D1345. Photometry, EAZY template set, fiducial redshifts and
stellar masses of the sources presented here are available at hteps://
github.com/ivolabbe/red-massive-candidates.

Code availability
Fublicly available codes and standard data reduction tools in the
Python environments were used: Grizli*, EAZY?, astropy®, photutils®

and Prospector
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the EAZY best-fit model fluxes for 5,000-10,000 sourcesat 0.1 <z < 5in the
CEERS field. Theoffsets are calculated separately for each detector (1-4),
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clarity. a. The first in-flight NIRCam flux calibration update of 29 July 2022
(jwst_0942 pmap) introduced significant offsets in NIRCam short-wavelength
zeropeints. b. After adopting our fiducial zeropoints, residual offsets are -<3%
across all bands. This paper adoprs a 5% minimum systematic error for all
photometric redshift and stellar population fits.
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log(M, /M) <10. The layout and panels of the figure are identical to Fig. 2in the
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Extended DataFig.3|S I falll3galaxiesth i ly youngages (<5 Myr) atspecific narrow redshiftintervals,
satisfy thecolor-color selection. a, The layout ofthe figureisidentical to Iﬂhe panelat the lower right shows the mragad rest Inrrle SED ofr.hamen
Fig.3ainthe main text. In addition, an alternative model fit (model E, see galaxies with fiducial log(M_ /M) <10, comp P usly-found

Methods) is shown that produces low stellar masses (blue), but generally atsimilar redshifts (see Fig. 3).
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Extended DataFig. 4| Results of th 11 lati Masses (a), shown, as well as the median of the seven that is adopt as the flducial value

redshifts (b), and the chi-squared fit quality (c) of the 13 galaxies that satisfythe  (see Methods section). These mediansare listed in Extended Data Table 2.
color-color selection. For each galaxy seven different measurements are
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&6 color (lines - continuum)

:» 5(F356W — F410M)
5(FA10W — F444M)
— sSum

1 1

5 % 7

8 9 10

redshift

Extended DataFig. 5| Color difference b ission li d

domi d models. The line-dominated modelisa5Myrold
constant SFHwith nebular emission lines. The continuum dominated model is
a 50 Myr old CSF without emission lines. Two colors differences invelving the
line-sensitive F410M filter are shown: F356W-F410M (green) and F410M-F444W

(red) and the sum of their absolute values, When Ho and HR+[001] move
through the filters with redshift, the emission line sensitive medium-band
F410M filter produces astrong signature, exceptatz = 5.6, 6.9, 7.7, where the
lines transition berween filters. Here continuum and line-dominated SEDs
produce similar colors due to undersampling of the SED by the filters.
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1

stacked P(2)

0-
5 6 7

I continuum

line
—— continuum selection
——— line selection

redshift

under theassumption of continuum (red) or line-dominated models (blue). The
high-mass continuum-dominated P(z) broadly traces the expected selection
functions. The low-mass line-dominated P(z) is not expected for selection of a
line-dominated model. The P(z) is concentrated at narrow redshifts around
Z=5.6,6.9, 7.7 (black dotted lines) where the line-sensitive F410M cannot
distinguish between continuum and strong lines due to aliasing.

Extended Data Fig. 6| Stacked redshift probability distribution ofall13
galaxies inthe sample. The P(z) were derived using Bagpipes (as described in
Methods). Redshifts of a high mass selutionare shown in red (model B: Salim
dustatrenuationlaw, rising SFH, linear age prior, continuum dominated) and a
low mass solution are shownin blue {model E: SMC dust, logarithmic age prior,
emission line dominated). Other high mass fits (e.g., Prospector, EAZY) and low
mass fits produce similar P(z). Solid curves show expected selection function
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Extended Data Table 1| HST/ACS and JWST/NIRCam Photometry of the double break sample

id  M35w 606w Slw  flisw 50w 200w 277w @B56w  Ml10m  Hddw
2850 3#4 284 485 10£3 1524 1244 1583 52:2 636 12543
7274 12606 1%4 626 52¢3  4T:d  51#3  57¢3 13822 1475 273%3
11184 -1086G  -423 265 3744 4TE4 D446 TAE3 21062 20086 22513
13050 58 264 7T 1083 1325 1284 2383 G5£2 8246 14844
14924 -3 4 1£5 10 3 KIER BHES A6 2 32 2 117¢5 18322
16621 I1#4  -3#7 2264 6345 57¢4  T5e3  8Ot2  117¢7 21243
21834 3k4 o134 286 4:3 1484 1723 1882 3382 4545 8323
25666 -5:7  2¢3 1087 24:3  24¢4 3123 34x3 452 B2EG 16323
29084 327 264 187 1683 2264 2423 2482 55:2  106:5  107#3
35300 -4£3 485 13 16t4 134 1822 3882 T2T  90¢3
JTER8 15 -4+ 3 2% 6 21¢4 1744 21+ 4 2643 59+ 2 40 G 80+ 3
38004 264 264 -6¢85  52¢3 8644 110¢3 169¢3 546¢3 10038 893+ 4
39575 3+¢8 426 6411 06 33t8 2588 2844 53t4  53t1l 9456

Units are nly. A fived 5% uncertainty is added in quadrature to the photometric uncertainties acoount for calit

fare fitting with EAZY, Pr



Extended Data Table 2 | Fiducial redshifts and stellar masses of the double break sample

id

ra

dec

redshift

stellar mass

log{ M. /M)

2850

7274
11184
13050
14924
16624
21834
25666
28984
35300
37TH88
J8004
BURTH

214840534
214806671
214892475
214.800155
214876150
214.844772
214.902227
214956837
215002843
214830662
214.912510
214.983019
215005400

52.817942
H2.847802
52.856892
52.868481
52.880833
52.802108
52.939370
52.973153
5007504
GLE8TTTT
52949435
52.955999
2096706

8.11(40.49, - 1.49)(+0.75, - 2.30)
T.77(+0.05, = 0.06)(+0.27, - 2.15)
T.32(+0.28, - 0.35)(+0.38, = 0.46)
8.14(+0.45, — 1.71)(+2.45, - 2.33)
8.83(+0.17, - 0.00)(+0.67, - 3.22)
8.52(+0.19, - 0.22)(+0.46, - 0.80)
8.54(+0.32,-0.51)(+1.52, - 2.92)
7.93(+0.09, - 0.16)(40.23, - 2.32)
T.54(+0.08, = 0.14)(+1.25, - 1.98)
9.08(+0.31, = 0.38)(+0.40, = 3.50)
6.51(+1.42, - 0.28)(+1.58, - 0.90)
TAS(+0.04, = 0.04)(+0.74, - 0.56)
8.62(+0.34, - 0.57)(+0.45, - 2.51)

10.03(+0.24, = 0.27)(+0.46, - 0.73)
9.87(+0.09, - 0.06)(+0.30, - 1.36)
10.18(+0.10, = 0.10)(+0.42, - 0.43)
10.14(+0.29, - 0.30)( +0.45. - 0.54)
10.02(4+0.16, = 0.14)(+0.90, - 1.63)
9.30(+0.27, - 0.24)(+0.72, - 0.8T)
9.61(+0.26, - 0.32)(+0.49. - 1.50)
9.52(+0.23, - 0.10)(+0.52, - 1.1T)
D57(+0.13, = 0.15)(+0.47, - 1.42)
10.40(+0.19, = 0.23)(+0.60,- 2.11)
9.23(+0.25,-0.10)(+0.92,- 1.17)
10.89(+0.09, - 0.08)(+0.22, - 1.99)
0.33(+0.43, - 0.39) (+0.69, - 1.11)

The adopted redshift and stellar mass are the medians of redshifts and masses
and SR limit}, see Mothods, & Salpater IMF is assurned. Ty imti

d with 7 different r

(EAZY, P and ipes (5

listed 2{ran) £ (sys) with rand,

pasterior

1d syshamati

ies (sys) corresp 19 to i

of all model fits,

dust, 5FH, age prior,

to the median 16th and B4th percentile of the
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