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Abstract

We report the discovery of 15 exceptionally luminoud 11 14 candidate galaxies discovered in thet

0.28 deg of JWST NIRCam imaging from the COSMOS-Web survey. These sources span rest-frame UV
magnitudes of! 20.5> My, > ! 22, and thus constitute the most intrinsically luminais10 candidates

identl ed by JWST to date. Selected via NIRCam imaging, deep ground-based observations corroborate their
detection and help sidréantly constrain their photometric redshifts. We analyze their spectral energy distributions
using multiple open-source codes and evaluate the probability of low-redshift solutions; we concludelthat 12
(80%) are likely genuineg" 10 sources and/35 (20%) likely low-redshift contaminants. Three of azit 12
candidates push the limits of early stellar mass assembly: they have estimated stellat BaskesMe,

implying an effective stellar baryon fraction Q' 0.20 0.5, where” & Md (foMhaio- The assembly of such

stellar reservoirs is made possible due to rapid, burst-driven star formation on timed&0ddyr where the star
formation rate may far outpace the growth of the underlying dark matter halos. This is supported by the similar
volume densities inferred foMg' 10'° M. galaxies relative toMg' 10° McN both about 10°

Mpc' 3N implying they live in halos of comparable mass. At such high redshifts, the duty cycle for starbursts
would be of order unity, which could cause the observed change in the shape of the UV luminosity function from a
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double power law to a Schechter functiorz &t8. Spectroscopic redshift damation and ensuing constraints of
their masses will be critical to understand how, and if, such early massive galaxies push the limits of galaxy
formation in the Lambda cold dark matter paradigm.

Unil ed Astronomy Thesaurus concefgionization(1383; High-redshift galaxie§734); Redshift surveys
(1378; Lyman-break galaxie®@79

1. Introduction EoR. In this paper we report the discovery of several extremely

| : right candidate galaxies beyorm! 10 found in the!rst
The! rst year of JWST observations has revealed a wealth Ofgzg deg of NIRCam imaging data from COSMOS-Web.

surprises, including the remarkable overabundance of Iuminoug_hough found in a similar survey area as the 0.2 dégHST

galaxies in the epoch of reionizatiggoR) relative to earlier . ;
. ; . imaging used td nd GN-z11, HST could not have selected our
expectationgBouwens et a015 Finkelsteir201§ Stark201§ candidates, as their detection relies on the extraordinary depth

Finkelstein et al2022a Robertson2022. The Hubble Space : ; :
; . : provided by JWSTE long wavelengttfLW) imaging. Through-
TelescopgHST)!s discoveries at> 8 told a story of a Universe out, we use a Planck cosmologiflanck Collaboration et al.

rapidly growing atz" 9 (Oesch et al2018, yet very few 2020, AB magni ;
. ; . . . : , gnitudes(Oke & Gunn1983, and a Chabrier
candidates were idehtid atz" 10. This suggested that galaxies initial mass functior(IMF; Chabrier2003.

grow in lock step with their halos with roughly equal star-
forming ef ciencies at all times, wher@f ciencyOis here 2 Data
de ned as the effective stellar baryon fractidiz= M¢ '
(foMhaig, WhereMis the stellar mas$, = 0.156 is the cosmic We select this sample ot" 10 candidates from the
baryon fraction(Planck Collaboration et a2020, and M4 is COSMOS-Web surveyGO # 1727, Pls: J. Kartaltepe and C.
the halo mass. Within therst few hundred million yearéat Casey; Casey et @023, a 255 hr imaging program covering a
z> 10) the dearth of galaxy candidates from the pre-JWST eracontiguous 0.54 dégn four NIRCam! Iters (F115W, F150W,
was considered to be a natural consequence of the halo-growti=277W, and F444\in parallel, observations with MIRI in one
limited conversion of baryons into staiBagley et al.2024 !'lter (F770W) are obtained. We refer the reader to Casey et al.
Harikane et al.2023, a process that was thought to be (2023 for a detailed description of the survey design. In this
independent of redshift at early timésg., Tacchella et al. paper, we explore therst two epochs of COSMOS-Web data
2013 Mashian et al201§ Stefanon et al2017 Oesch et al. taken in January 2023 and April 2023, respectively. In total, the
2018 Bouwens et al2023 though some work has suggested its area surveyed in these two epochs is 0.28 ttegNIRCam and
evolution; e.g., Coe et al2013 MclLeod et al. 2015 0.07 deg for MIRI (covering 25% of the NIRCam moshic
Finkelstein2016 McLeod et al2016 Finkelstein et al2022h). COSMOS-Web NIRCam data reduction was performed using
Nevertheless, H3¥ deepest surveys led to the discovery of the JWST Calibration Pipelin@ushouse et ak023 version
GN-z11(Oesch et al2014 Skelton et al2014 Oesch et al. 1.10.0, with the addition of several custom nhadtions also
2016, then az" 11 candidate that was not only the most implemented in other workée.g., Bagley et al2024. This
distant galaxy candidate idergd before JWS® launch, but includes subtraction of/1 noise and the background. The
also one of the most luminous, with an observed rest-frame UVvCalibration Reference Data System pmap-1075 was used,
magnitude of Myy"! 21.5. Selected from 0.2degof  corresponding to NIRCam instrument mapping imap-0252.
aggregate deep HST imaging, its implied volume density wasAstrometry is anchored to Gaia EDR3 and bootstrapped
rather rare but difcult to constrain with a single source. from HST Advanced Camera for Surveys F814W imaging
We now know GN-z11 to be &= 10.60 thanks to JWST (Koekemoer et aR007 and COSMOS2020 catalogé/eaver
NIRSpec observatior@unker et al2023 with a star formation et al. 2022. The normalized median absolute deviation of the
rate (SFR" 20 M. yr' ! and stellar mass 10° M (Tacchella ~ astrometry is less than 12 mas for!dters. Mosaics with a 30
et al.2023N all well in place within the rst 400 Myr after the ~ mas pixel scale are produced in stage 3 of the pipeline. A
Big Bang. Beyond its extraordinary brightness, further JWST forthcoming pape(M. Franco et al. 2024, in preparafjonill
observations of GN-z11 reveal even more surprises: it exhibitgorovide a more complete description of the COSMOS-Web
Ly! in emission, has a possible damping wing of the NIRCam image processing. Similarly, we reduce MIRI data
intergalactic mediurtiGM) observed as a Lorentzian absorption Using the same pipeline with similar custom rhodtions; a
pra le in Ly! (previously only seen as a signature of neutral more complete description of COSMOS-Web MIRI imaging
IGM absorption in quasars; Miralda-Escutdog, as well as  (S. Harish et al. 2024, in preparajjomill follow.
signatures of a candidate accreting supermassive black hble, Ly Beyond JWST, we use the wealth of multiwavelength data in

halo, and possible nearby companidSeholtz et al.2023. the COSMOS eld to vet detections presented in this paper, from
These observations place new constraints on the early assembie HSTF814W imaging from the original COSMOS Survey
of the highest density peaks in the cosmic web. oekemoer et al.2007 Scoville et al. 2007, the Spitzer

Now that JWST is discovering new galaxies beyprdd by ~ COSMOS SurveySanders et ak007), Subaru Telescope Hyper
the dozens(if not hundreds; Adams et aR023a 2023h Suprime-Cam(HSQ) imaging (Aihara et al.2022, and Ultra-
Finkelstein et al2023a Franco et al2023 Harikane et al.  VISTA imaging (McCracken et al2012, updated to the most
2023, we can directly assess whether or not GN-z11 is sorecent release DR5. A full desdigm of these dastoa sets is provided
unique(Mason et al2023. Most new discoveries have covered in Weaver et al(2029 and Casey et a(2023.™ We note that
much fainter intrinsic luminosities with deep NIRCam data none of the targets included in our analysis are detected in the
obtained over somewhat narrdwlds of view(< 100 arcmif),
bUF the COS_MOS'Web S.UN@O# 1727_; Casey et ak023 1S 30 COSM0S2020 used UltraVISTA DR4 imaging, while this work uses
uniquely suited to the discovery of bright, rare sources in theultravISTA DR5
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COSMO0S2020 photometric catalqyVeaver et al.2022, be achieved with weight maps, which accounts for read noise but
which used a dee@HI_MEANdetection(Drlica-Wagner et al.  fails to account for Poisson noise from the sky or sourcesStEus
2018 image constructed using UltraVISTAJHKsplus HSC ++ underestimated errors for faint or undetected sources. We
iz bands to extract source photometry. While some of theaddress this by independently deriving a measure of the Poisson
sources have a marginal signal in UltraVISTA imaging sky noise using thousands of randomly placed circular apertures
(detailed later in Tabl&), they are not of slitient signal-to- of varying diameter. We then mpared the Poisson sky noise
noise ratio(S/ N) to have satised the COSM0OS2020 analysis estimates to the standard deviatior! ok density measurements
criteria. Thez> 7.5 sources idented in COSMOS2020 were for an idealized SZrsic prie (convolved with the PFplaced

limited to those presented in Kauffmann et(a2D22, which randomly throughout the mosaic and founttB @iameter(for
have similar rest-frame UV luminositié@d,y, < ! 21) to those HST and JWST imagingnd 1 diameter aperturdfor ground-
presented here, but are generally at lower redshiftz< 10 based imagingcaptured the idealized mel uncertainty well.

and identi ed over a wider area. Similarly, none of our sources This measure of the Poisson sky noise was then added in
have sigricant emission in the millimetéfour of 12 sources  quadrature with theSE++derived uncertainty to generate the
have some Atacama Large Millimgteubmillimeter Array estimates of the source photometry given in Tdbl&or the
(ALMA) coverage, while all are covered by deep single-dish purposes of this work, we adopt the model-based photometry but

data from SCUBA-2; Simpson et @019 J. McKinney et al. also provide aperture-based measurements for reference to the
2024, in preparatign X-ray (Civano et al.2016, or radio reader. . ]
(Jarvis et al2016 Smoli" et al.2017). All sources in theSE++andSE Qlassi©catalogs are thent

We note that the MIRI data cover only 0.07 texf the with photometric redshifts using thEAzY SEDH tting tool
0.28 deg covered to date in COSMOS-W¢P5%); of the 15 (Brammer et al2008 with a combination of the default Flexible
candidates we discuss in this pafenose selection is outlined  Stellar Population Synthesis templat€®nroy & Gunn201Q
in the next section only three are covered by MIRI 7:7m specically QSF 12 v3 and bluer templates optimized for
pointings. Of those, only one is detected: COS-z12-2 & 7.8 selecting less dusty galaxies in the EoR from Larson et al.
(the measuretlux density is given later in Sectidi). We note (2023, which provide a number of models with variablel Ly
that detection at this threshold, as well as nondetection, is noescape fractions. For our initial runs we adopt the reduckd Ly
particularly constraining to the spectral energy distribution template set; we ruBAzY a second time on candidate 10
(SED) !ts, though the constraints are included in our analysis.galaxies using the template set without Lyand perceive no
Had any candidates been detected at 7rd@ at higher change in the resulting redshift probability density distributions
signil cance(" 100#), it would suggest they are more likely (PDF9. We do not use a magnitude prior in &A&zY runs, but
to be lower-redshift contaminants. instead adopt the defaulat redshift prior.

The initial identi cation of candidatez> 10 galaxies is
performed using the following criteria on ti&E++ model-
based photometric catalog:

1. 9 Neg1aw< 2, I Nr11sw< 2, I Ngzzzw! 5, and
S Nrasaw! 5,

2. besttt photometric redshift frorkAzY of z,! 8.5,

3. the integral of the redshift probability distribution above
redshift 6 isp(z> 6)! 0.95 and above redshift 8 |3

3. Photometry, Source Selection, and Measurements

Photometric catalogs for COSMOS-Web imaging were
constructed using the model-based photometric package Sour-
ceXtractof+ (SE++Bertin et al202Q KYmmel et al2020. A
detection image is constructed usin@ldl_MEANcombination
(Szalay et al.1999 Drlica-Wagner et al2018 of all four
NIRCam! Iters (F115W, F150W, F277W, and F444\WAfter
source detection, an optimal SZrsic model tisusing each 4 gﬁ 8)! O.'tsg' a.ndF277W £277W " 275
individual NIRCam band. Then extraction is carried out using - the magnitude in [ W -
the best-t NIRCam-derived SZrsic model on the JWST imaging, Of the" 340,000 sources idehéid in the 0.28 dég 620 sources
HST imaging, and all ground-based data sets described irful! Il these criteria, of which 34®5%) are identied as hot pixels
Weaver et al(2022. Model-based photometry allows simulta- and are thrown out using size threshold critéréa, sources with
neous photometric measurements to be made on images withn SE++ area smaller than 100 modeled pixels and a radius
different PSFs without degradation. This allows us to fold in smaller than 001). All remaining 280 candidates are visually
constraints from the deep ground-based data without loss of/etted. Because we did not difgcselect sources using JWST
resolution(thus photometric precisipim our space-based data. color cuts, many are somewhat Kge277W B[F444W] > 1) as

Alongside the primangE++ photometry, we us8E @lassi© well as spatially extended. As autt they are likely to be at lower
(Bertin & Arnouts1999 to perform aperture photometry on PSF- redshifts tharz" 10 and thus removed; 86 sources remain as
homogenized images from HST and JWST. PSF homogenizatiomplausible z" 10 candidates. Their distribution in observed
is performed using empirically measured PSFs built with PSFEX[F277W against photometric reuift is shown in Figurel
(Bertin 2017 and thepypher package(Boucaud et al2016, including some other well-known highsources in the literature
which computes a homogenization kernel between two differentincluding GN-z11(Bunker et al.2023 Tacchella et al2023.
PSFs. Allimages are PSF homogenized to the F444W image. Th&rom these 86, we closely scrutinize sources that are estimated to
same detection image is used$& @lassi©as was foSE++ A have absolute UV magnitudes brighter thdgny, ! 21 and
number of tests were performed to check the consistency of the! 10 as shown in Figuré. There are 15 clearly separated from
model-based and aperture-based photometry, all of which will bethe population of fainter sources found at similar redshifts in
described in a forthcoming pap@v. Shuntov et al. 2024, in  COSMOS-Web. Note that all 15 sources also pass/ tReceria
preparation Here we brigy describe key adjustments that were of our selection usin§E @lassi©aperture photometry. We limit
made to the uncertainties in t8&++ catalog for the purposes of our analysis to this subsample only in this paper, focusing on
this work. Our initial catalog construction wiBE++ could only galaxies at the most extreme miasgof luminosity and redshift.
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Table 1 §

10< z< 14 Galaxy Candidate Photometry g

SE GCLASSIGOAPERTURE-BASED PHOTOMETRY SE++ MODEL-BASED PHOTOMETRY _g

SOURCE F814W F115W F150W F277wW F444W F814wW F115W F150W F277W F444wW UVISTA UVISTAJ UVISTA H UVISTAKs &

(nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) N

COS-z10-1 0.% 6.8 184+ 8.6 60.1+ 7.1 67.4+ 3.5 92.3+ 3.9 6.5+ 13.4 0.0+ 9.0 147.8+ 14.3 180.9+ 6.9 246.0+ 8.1 0.1+ 98.4 27.3+ 45.3 130.7 61.6 192.9+ 84.2 §

COS-z12-1 !'1.7+ 66 ! 49+ 76 12.1+ 6.3 56.2+ 3.5 47.3+ 3.9 0.0+ 10.1 0.0+ 8.6 44.1+ 10.9 248.2+ 6.0 226.2+ 7.1 21.6+ 30.9 0.0+ 335 87.4+ 49.7 176.7+ 68.3 -g

COS-z12-2 ' 0.1+ 7.0 12+ 7.8 26.2+ 6.3 82.0+ 3.5 80.3+ 3.9 0.0+ 9.6 21.9+ 144 51.8+ 11.0 182.4+ 6.0 188.2+ 7.3 124.3+ 106.8 22.0+ 45.9 215.4+ 62.2 197.7+ 855 =

COS-z12-3 0.5 6.5 103+ 79 18.7+ 6.4 94.2+ 3.5 142.5+ 3.9 2.3+ 11.8 8.4+ 11.2 39.8+ 9.2 235.8+ 6.3 364.2+ 8.5 39.0+ 92.5 0.0+ 39.2 124.9+ 55.5 260.3+ 76.1 '5
COS-z10-2 0.5 6.5 120+ 82 22.5+ 6.7 29.3+ 3.5 89.7+ 3.9 7.5+ 11.1 0.0+ 10.3 86.8+ 11.5 97.4+ 5.9 260.5+ 7.7 65.2+ 90.2 0.0+ 999.8 0.0+ 1000.4 27.% 75.7
CO0S-z10-3 04 73 103+ 7.7 37.1+ 6.5 46.3f 35 58.4+ 3.9 14+ 121 0.3+ 15.1 89.7+ 12.5 110.7# 6.9 139.1+ 8.6 67.8+ 95.2 0.0+ 39.2 26.8+ 57.3 75.0+ 78.6
COS-z10-4 ' 05+ 65 | 45+ 80 24.3+ 6.3 41.0+ 3.5 47.1+ 3.9 0.0+ 9.6 0.0+ 10.3 61.8+ 10.2 105.6+ 6.0 132.9+ 6.9 0.0+ 28.4 4.1+ 34.7 105.1+ 48.6 70.8+ 66.8
COS-z11-1 1.¢ 97 9.2+ 85 20.6+ 6.8 435+ 35 44,5+ 3.9 8.5+ 11.1 0.0+ 10.8 44.5+ 10.9 103.7« 5.8 106.6+ 6.8 36.1+ 91.7 0.0+ 39.3 109.4+ 55.4 24.2+ 75.8
COS-z11-2 104277 |24+ 76 20.8+ 6.3 39.2+ 35 45.7+ 3.9 0.0+ 10.1 4.3+ 10.0 43.4+ 8.2 86.8+ 4.4 106.4+ 5.1 0.0+ 84.9 0.0+ 39.3 123.5+ 55.1 109.5+ 75.6
C0OS-z13-1 0.3 9.2 147+ 8.0 0.0+ 7.3 44.6x 3.5 27.1+ 3.9 9.8+ 10.4 2.5+ 11.8 5.3+ 9.8 82.9+ 5.9 48.7+ 6.3 0.0+ 28.9 15.6+ 34.4 39.4+ 48.2 140.4+ 66.0
COS-z13-2 1572 180+ 97 24+ 75 44,9+ 35 32.2+ 3.9 11.3+ 10.0 2.7+ 10.8 0.0+ 8.3 66.9+ 5.0 41.3+ 5.8 0.0+ 85.2 16.4+ 40.8 64.8+ 55.1 41.0+ 75.4
COS-z14-1 0% 7.4 2.9+ 7.6 3.4+ 6.3 27.8+ 3.5 21.1+ 3.9 8.9+ 10.7 9.3+ 8.9 1.2+ 7.3 50.9+ 4.5 30.2+ 4.8 46.0+ 91.1 0.0+ 39.2 0.1+ 555 475+ 76.7
COS-z12-4 0.5 9.7 10.9+ 7.6 10.5+ 6.3 80.6x 3.5 45.2+ 3.9 9.7+ 12.0 10.7+ 11.5 17.9+ 94 174.6x 12.8 86.0+ 8.8 0.0+ 87.8 0.0+ 39.3 120.2+ 56.3 201.7+ 77.2
COS-z13-3 0. 6.0 142+ 76 5.2+ 6.3 41.4+ 35 27.6+ 3.9 1.7+ 10.1 0.0+ 10.2 10.0+ 8.7 65.8+ 5.3 33.5+ 5.7 0.0+ 85.7 0.0+ 39.3 0.0+ 53.8 79.0+ 75.6
COS-z14-2 0. 8.3 115+ 76 8.4+ 6.3 34.2+ 35 27.6+ 3.9 5.8+ 10.6 0.0+ 7.6 25+ 71 77.4f 47 61.5+ 5.1 12.0+ 29.9 0.1+ 34.8 25.1+ 48.8 42.1+ 67.0

EFFECTIVE WAVELENGTH OF FILTER[" m]
0.814 1.15 1.50 2.77 4.44 0.814 1.15 1.50 2.77 4.44 1.02 1.25 1.65 2.15

Note. The photometry for all of our" 10 candidates extracted using two different meth®darce Extractor
spread functiorfPSH-homogenized imaging for space-based data only, and SmumceXtractor++

(SE) Qrlassi€) which is aperture-based photometry measured 80 @liameter apertures on point-
(SE++) single-SZrsic-model-based photometry measured on images in their native resolution.

‘e 19 Aase)
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We then apply more stringehts to the 15" 10 candidates : ' ' T '
in our data set. First, we repeat the photometric redsthifig !
of all candidates usingePhare (Arnouts et al.2002 llbert
et al. 2000, Bagpipes (Carnall et al2018, andEAzY. We
generate optimadlts after running each tool twice: once with a
" at redshift prior from & z< 20 and a second time with"at
prior from 0< z< 7 to generate best- low-redshift template
I'ts. All codes use the fullux density constraints and their
uncertainties in all broadbandters (rather than upper limits

OurEAZzY runs are slight mottations of the initial tests used
to select the sample: we allow a wider range of possible redshift ; Maisie's ]
solutions with! ner redshift sampling, and shift the adopted 28 F Galaxy 3
template set from Larson et #2023 to those with no LYy : @ Gs-z11-0 ]
emission to account for a presumably neutral IGM"atl0. ¥

For LePhare optimal!'ts, we follow the methodology of
Kauffmann et al(2022 and bri¢y summarize it here. Bruzual 10 12 14 16
& Charlot (2003 templates are used spanning a range of star Zynot
formatlo.n historie¢SFHS; exp_onentlall_y declining and delayed' Figure 1. The distribution of bright candidaie’ 10 galaxies we identify in
I'tay as in llbert et al(2019, with two different dust attenuation  ine 1 rst 0.28 de§ of COSMOS-Wek(gray point}. The galaxies described in
curves(Calzetti et al200Q Arnouts et al2013. Emission line this paper(gray starsare drawn from this sample, focusing on the particularly
" uxes are added following Saito et @020, allowing variation luminous subsefgalaxies with initial estimates Myy < ! 21). Note that the
in line strength by a factor of 0.3 dex from expectaf®chaerer conversion from[F277W to Myy as plotted is only approximate, as exact

B . conversions depend on the rest-frame UV slope. The gray region marks the
& de Barros2009. Note that LY emission is included in these  arameter space not explored in this wei&277W > 27.5. Well-known
I'ts, though not at sighcantly high equivalent widths to impact literature sources are shown in purple at their measured spectroscopic redshifts.
the! ts to the photometry of these bright sources. The redshifts of GL-z10 and GL-z12 are given in accordance with their

ForBagpipes optimal! ts, we implement a delayeiSFH marginal detections ¢O 111] from ALMA (Bakx et al.2023 Yoon et al.2023
as a fraction of the age of the Univetsat redshiftz plus a and their photometric uncertainti@Sastellano et ak022).

recent, instantaneous burst lasting between 1 and 100 Myr. We

N

(¢)]
T
]

N
(o)}

S

CEERS2:588

N
N
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S B
X
1

[F277W] (AB Mags)

use a Calzetti dust attenuation |§Galzetti et al2000 with characteristics of the sample, such as stellar mass, 100 Myr
stellar population models from Bruzual & Char(@003. We averaged SFRsMyy, the rest-frame UV slop& and the
allow the absolute magnitudes of attenuafigrio span @8 to absolute magnitude of attenuatidp. The motivation for such a

capture a reasonable range of attenuation, ranging fronthoice is further discussed in Sectidh2 In addition,
unobscured to values more heavy attenuated than are seen Bagpipes is the only code that directly provides posterior
the integrated light of typical submillimeter galax{esy., da  (jstributions for all physical parameters, giving valuable insight

Cunha et al.2013. We note that restricting téy< 3 is  into the covariances and the nature of potential contaminants.
required to preventts using rather unphysical models, for For sources with a signtant fraction of their redshift solutions
example extremely dust-attenuated dwarf galaxiesAyith 6 beyondz> 15 (those presented in SectidrB), we enforce an

at low redshift(z< 1). We later discuss why such low-mass, artil cial cap atz" 15 for their physical characteristics, realizing

extreme attenuation models are inconsistent with the sample. so|utions between 16 z< 20 are far less likely than ¥3z
We also!t model libraries of brown dwarf SEDs from < 15 we show all of the SEDts for the sample of 15

Morley et al. (2012 and Morley et al. (2014 to the candidates in Figurg.

photometry, which span temperaturesEZIDO0 K and a range

of surface gravities; none of our sample are Wwelby brown 3.1. Quantifying the Goodness of Fit

dwarf templates. As discussed in Secfa® all sources in our ) ) . ,

sample are also spatially resolved, further reinforcing the idea FOr €ach source, we quantify a normahz?édnetnc, which

that it is unlikely any are brown dwarfs. we ca_lculate as; D /Nbands vhereNpangsis the number.of
We then repeat a number of theds on the photometry effectlve _ bands available to us _that are most directly

extracted from th&E Czlassi©0”3 diameter apertures on all constraining for 1& z< 14 galaxies. Here we adopt

constraining space-based imagifig., HST F814W and the  Noanas= 7, taking the! ve space-based banddST F814W,

JWST NIRCam! lter§. We determine that differences in the @nd JWST F115W, F150W, F277W, and F444and we

measured photometry largely do not impact the results, thougtfunt two ground-basedters whose depths are most useful
some nuances of the differencéand their effects on the o this work: UltraVISTAH andKs. A future work on the UV

redshift probability distributiopsare discussed again later in UMinosity function(UVLF) frcl)m_ COSMOS-Web will explore
Section5.1 We adopt the model-based photometry fi®E#+ a more careful, quantitative deition of .

as our! ducial photometry andéind that all! ts (with EAZzY, Note that[¥ is nota reduced®?, which would also account
LePhare , and Bagpipes ) estimate<3% of the redshift ~ for the dggrees of f_reedom in modes 32 That is a complex
probability distributions is a< 7. problem in SED! tting, as often modelgused to generate

In this work, we adopt the posterior distributions of physical templates in SED tting) have more tunable parameters than
parameters from ourBagpipes tests to describe the

2 subtlegy of O is that it may dip below unity. While the same behavior for
31 This i ' ior i i ift areduced” would be an indication of an ovdrdata set, that is not the case

This is done to ensure that'at prior is assumed as a function of redshift ) ) $
rather than a"at prior on the age of the stellar population, which is for IZZ v_vhere we are not accounting for_the number of free parameters in the
automatically capped at the age of the Universe at any given redshift. model (if we were, the value off would increasg




The Astrophysical Journal, 965:98(22pp, 2024 April 10 Casey et al.

HSC griz  HST F814W y+Y JWST F1 15W UVISTAJ HSC griz  HST F814W y+Y JWST F115W UVISTAJ

JWST F150W UVISTAH UVISTAKs JWST F277WJWST F444W  JWST F150W UVISTA H UVISTAKs JWST F277WJWST F444W

PG
8 10 12 14 16 18 20
z
EAzY z=12470% 42=2.0
LePhare z=12.5202 42=0.6
BAGPIPES z=12.00'01 %2=0.7

~
=
&

COS-z10-1 COS-z12-1

8 10 12 14 16 18 20
z

EAzY 2=10473% %2=0.5

LePhare z=10.257);; ¥?=0.4

BAGPIPES z=9.69''%! %2=0.2

P

Flux Density [1Jy]
2

Flux Density [12Jy]
2

10"E ¢ il 10"E E

L Wi EAZY(<7) z=24720 +2=4.8 L EAzY(z<7) 7=0.890% »2=36

10-2 L l ‘ LePhare(z<7) 2=2.26'3; ¥2=4.5 10-2 L f i & LePhare(z<7) 2:0-70,];‘,1;}? re=2.1 .

E ) BAGPIPES(z<7) z=2.22""% y2=25 E ' BAGPIPES(:<7) z=3.1633 ;=17 §

0.5 08 1 15 2 3 4 5 6 0.5 08 1 15 2 3 4 5 6
Observed Wavelength [um] Observed Wavelength [um]

HSC griz HST F814W y+Y JWST F115W UVISTAJ HSC griz HST F814W y+Y JWST F1 15W UVISTAJ

e T T T —T3 e
E PR ] F PR
i COS-z12-2 i
_ 10'F _ 10'F
> FE s 10 12 14 16 18 20 > F s 10 12 4 16 18 20
S L p S L .
— [ EAzYz=12.1070% =11 — [ EAzYz=12.1677% ¥2=0.2
2 10°F LePhares-11.907% 2=16 2 10°F LePhare =12.0135 2=1.1
2 E BAGPIPES z=11.46"5, y2=2.4 2 E BAGPIPES z=11.507)%' %2=0.7
o) F 1 o) F
Q Q T !
X 107 l 3 107 '
w F I 4 w F
o i ¢ EAzY(z<7) 2=1.02777, %2=85.0 F & & EAzY(2<7) 2=3.1903 2=15
10-2 | & * LePhare(z<7) 2=3.03' 15 ¥2=2.6 10-2 | ¢ LePhare(z<7) z=2.231% /5 3.1
E BAGPIPES(2<7) 2=3.367% y?=3.2 E BAGPIPES(2<7) 2=3.2607 »2=1.7
E 1 1 1 1 1 I 1 1 1 1 1 E 1 I& 1 1 1 I 1 1 1 1 1
0.5 08 1 15 2 3 4 5 6 0.5 08 1 15 2 3 4 5 6
Observed Wavelength [um] Observed Wavelength [um]

Figure 2. Cutouts and SEDs of all sources in our sample. Cutoutd are38 and include, from left to right: a stack of H§@z, HST F814W, a stack of UltraVISTA

Y and HSCy, JWST F115W, UltraVISTA, JWST F150W, UltraVISTA] andKs, and JWST F277W and F444W. The plotted SED shows model-based photometry
and 2t upper limits for photometric points below# Zignil cance(gray). We overplot the bedtt high-redshift solutions frorkAzY (red), LePhare (blue), and
Bagpipes (greern), and their corresponding redshift PDFs betweenz3 20 in the inset plot. In gray we show the bestedshift solutions forced to< 7 from

EAzY (dashel LePhare (solid), andBagpipes (dotted. Synthesized photometry is shown in open boxes for two SEDs only for claritigAthébased highe
solution(red and theLePhare low-z solution(gray). Normalizedl:Z values(see Sectior.1) are given in each panel for both the highnd lowz solutions.

galaxies have photometric detections, and reducing the We motivate such a normaliz&f to have a quantity that
searchable parameter space by making well-motivated physicallows it to be directly compared between surveys that have a
choices differs greatly between SERing tools. variety of different! lters used to select their samples. For
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Figure 2. (Continued)

example, galaxies selected in the CEERS su(i#@kelstein Hainline et al.2024 here would translate t%[ﬁ 2 0.6 given

et al. 20233 are constrained with more deep space-basedthe seven bands that are constraining for COSMOS-Web
photometric bands, and would naturally have a higher value ofz> 10 candidates. Given the unique nuances of each redshift-
&2, and thus larger differential valués&? between low- and ! tting tool, we only directly comparéﬁ for low-z and highz
high-redshift solutions. Normalizing by the number of !ts using the sametting code(e.g.,EAzY low zto EAZY high
constraining bands would make the selection of sources inz, LePhare low zto LePhare highz andBagpipes low z
these different surveys directly comparable. For example, thao Bagpipes highz). Thus the criterion for a robust candidate
oft-used ! &> 4 criterion (e.g., Finkelstein et al2023a is %5 D2, W Dﬁ’high , 0.6D
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Figure 2. (Continued)

For transparency in our selection, Fig@reshowsall 15
I 21, though some of them have

F444W bands, and are discussed further in SedtidnNote
that sources detected in only two bands are naturally more

viable low-redshift solutions as measured

This dif! cult to select cleanly using & metric as most data

includes COS-z12-4, which we have multiple reasons toconstraints are upper limits. Nevertheless, these sources are

believe is at lowz (detailed in Sectiod), as well as COS-z13-3

discussed individually in Sectieh3 and again in SectioB.1

and COS-z14-2, which are only detected in the F277W andregarding the probability that they are low-redshift interlopers.

8
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3.2. Other Measurements lensing from neighbors anddnd it to be insigricant in all
ases (it is most signicant for COS-z10-1, where we

We conducted a simple test to assess the accuracy of th%emonstrate a lensing mabeation no greater than$ 1.09).

photometric redshift estimates made using the suite ofl best-

SEDs for the whole sample frorBAzY, LePhare , and i ) .

Bagpipes . These sets of templates are assumed to sample the ~ 4.1. Exceptionally Luminous 10z! 12 Galaxies

breadth of realistic SEDs fa> 10 galaxies. We shifted the 411 COS-710-1

SEDs forward and backward in redshift, modeled synthetic o

photometry with the characteristic noise of our data, and This source is detected frve bands and exhibits a 2.5 mag

remeasured the photometric redshifts. We found a systemati€lrop between F150W and thé& Rpper limit in F115W. COS-

offset toward higher redshifts usifigAzY, while Bagpipes z10-1 is formally detected in UltraVISTA- and Ks-band

exhibited no systematic offset. This is similar to the imaging in addition to the three reddest NIRCélters. Its

Bagpipes andEAzY systemic offsets seen in thest epoch  redshift is! t to 7= 10.2 10.4 usingEAzY andLePhare

of COSMOS-Webz" 9! 11 galaxies from Franco et al. and slightly lower aZyh.:= 9.7 fromBagpipes . COS-z10-1

(2023. We adopt the physical parameters and redshiftshas two neighbors within’b: one 0’47 to the southwest and

measured bpagpipes for the rest of this work. another ¥21 to the south-southwest. The former has a
We measure the sizes of the sample using the F277W banghhotometric redshift ofz,= 0.97, and the lattezyno=

using bothGALFIT (Peng et al.2002 2010 and GALIGHT 2.04, both of which are inconsistent with the forced low-

(Ding et al.2020. The F277W band is chosen as it provides redshift solutions for COS-z10-1 &, = 2.4, indicating that

the highest BN measurements for all galaxies in the sample physical association with the neighbdsdopting the low-

with the best spatial resolutioGALFIT uses a least-squares redshift solutioh is unlikely. We estimate the maximum

I tting algorithm while GALIGHT uses a forward modeling lensing that could occur from these foreground sources as

approach tol nd the optimum SZrsitt to a galax{@ two- " $ 1.01 given the estimated masses of the foreground objects

dimensional light prole, after accounting for the PSF. We use 0f ! 10° M. There is no sighicant low-redshift peak in the

average PSF images generated from our 2023 April epoch ofedshift PDF at low redshift for COS-z10-1, whose integrated

data measured using PSF@Bertin 2011). The size measure- probability of being az< 7 is <0.1%.

ments were broadly consistent between the tatting

techniques and in all cases spatially resolved; we provide the 4.1.2. COS-z12-1

half-light radius measurements fr@aLFIT in Table2. ) ) ) )
This galaxy is detected 3# at high $N in F150W, F277W,
and F444W with margindl 2# signals in UltraVISTAH andKs.
4. Source Details It has a substantial factor of 5:20.2 " ux density drof1.7 mag
) ) o in the F150W lter, and another factor of 2460.2 drop to the 2
Here we provide more detailed descriptions and relevantypper limitin F115W. COS-z12-1 does not have an abrupt spectral
information about each of the 15 candidate galaxies dt0. We  preak, though its photometry can be explained well with redshift
note that the sample may be delineated into roughly three subsets= 12.q 12.5. Forced low-redshift solutions produce photometric
exceptionally luminous 1€ z< 12 candidategMyy <! 21.9), redshift estimates &, < 1 for EAzY and LePhare and at
bright 10< z< 12 candidates(! 20.5> Myy>! 21.5, and Zow= 3.2 for Bagpipes . Solutions atzy< 1 would require

z> 13 candidates withtMyy <! 20.5. These three samples extreme emission line strengths for a relatively low-mass galaxy
contain! ve sources each. Tke 13 candidates are only detected (with a spedic star formation ratesSFR of * 10 7 yr' 1), thus are

in two JWST bands, F277W and F444W, and thus are not as welless likely than the,,, = 3.2 Bagpipes solution, though all are
constrained in terms of their physical properties. Photometry issigni cantly less well t to the data than the high-redshift solutions
provided for all sources in Tableand the positions and derived  (p(z< 7)" 0.999. A foreground neighbor, located’a to the
physical properties are given in Takle _ southeast, idt with a photometric redshift afyno= 2.55 but

In the descriptions that follow, we quote the relative suf ciently distant to not contaminate COS-z@{hotometry; its
probability that a source is a low-redshift interloper; we draw photometry andzhet is also distinct from COS-z1231 low-
these probabilities from tHeAzY photometric redshittts using  redshift solutions to not suspect physical association. COS-z12-1 is

the SE++ photometry, whose distributions are presented in the most intrinsically luminous> 12 galaxy found in our sample
Figure3 and later discussed as an ensemble in Sebtibriwe with Mgy~ 22.19 349,

chose EAzY redshift PDFs due to their simplicity and

straightforward adoption of'eat redshiftand magnitudeprior. 413, COS-712-2

However, a general caveat of interpreting redshift PDFs is that T

the exact amplitude of the redshift peak is quite sensitive to the Detected in four band&150W, UltraVISTAH, F277W,

adopted template set, range of physical parameters governing trend F444W, with a marginal2.3# signal in UltraVISTAKS),

input SEDs, and to small differences in the adopted photometryCOS-z12-2 has a factor of 540.4 drop in"ux density

So while generally multiple independent cotled consist peaks (1.5 mag between UltraVISTAH and F150W, which demar-

in the distribution(also shown in the inset panels in Fig)e cates the candidd®e Lyman break. Its photometric redshift

the integral under each peak is somewhat uncertain. estimates spano:= 11.9 12.1 with possible low-redshift
We also address the presence of on-sky neighbors asolutionszg, = 1! 3. The low-redshift solution that is most

possible physical associations, checking for consistency withplausible is likely the strong-line emitterzat 3.03 found with

low-redshift solutions to our candidatgsarticularly because LePhare , though not quite as extreme a drop arounsd

close neighbors on the sky are statistically more likely to be1.5" m would be expected compared to observations. We also

physically associated; Kartaltepe et24l07 Shah et al2020. tested the reliance of the photometric redshift on the lbW-S

We also assess the possible contribution of gravitationalUltraVISTA data; after removing the UltraVISTA constraints, a

9
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Table 2
Sample Characteristics
Source ! 32000 ) 32000 Zphot Zphot Zphot Muv %v SFR].OOIM r Me Rert(GALFIT)
BAGPIPES EAZY LEPHARE Mg yr ) Me) ((s]o)]
SUPERBRIGHT10< z< 12 SAMPLE
C0S-z10-1 10:01:26.00 +01:55:59.70 9.69 53¢ 10.47 329 1027 9% 12153313 116734 308 (3.7 221 10° 520+ 50
C0S-z12-1 09:58:55.21 +02:07:16.77 12.08 §+ 12.47 392 1254812 1221901 117883 39 1 (4.0 19! 10° 420+ 70
C0OS-z12-2 09:59:59.91 +02:06:59.90 11.46 J& 12.1099% 11.923928 121.893#% 1186932 312 4.8 3 10° 450+ 30
I

C0S-z12-3 09:59:49.04 +01:53:26.19 11.46 338 12.16 §2} 12.035% 121583% 106093% 541 (56 1) 10° 520+ 40
BRIGHT 10< z< 12 SAMPLE

C0S-z10-2 09:59:51.77 +02:07:15.02 9.15 322 992 3% 10.06 935 !20.623% 11223% 44 (1.1$) 10" 1120+ 330

| I
C0S-z10-3 09:59:57.50 +02:06:20.06 9.82 332 10.49 332 10.17 32 12097317 11613% 18 ; .8 3 10° 890+ 90
C0OS-z10-4 10:00:37.96 +01:49:32.43 10.20 $2% 11.1933¢ 11.07 345 ! 20.85327 1 1.40 9% 18 { @9 3y 10° 870+ 90
C0S-z11-1 09:59:52.53 +02:00:23.53 11.19 93¢ 11.733% 11.70545 1211333 1 1.74 §32 16 ¢ 1.7 $ 10° 620+ 70
C0S-z11-2 10:01:34.80 +02:05:41.48 10.63 352 11.883%2 115033 1207733 1 1.48 3% 15 § (1.6 3! 10° 520+ 90
SAMPLE AT z> 13
COS-z13-1  09:59:05.75 +02:04:04.39 13.2 3§ 1263 13195 1212791 124433 563 (593 10° 450+ 50
C0S-z13-2 10:00:04.24 +02:02:11.19 13497 1273 12532 121033 123738 541 (5639 10° 190+ 30
COS-z14-1  10:01:31.17 +01:58:45.00 14.01%f 16135 14731 1207588 1235598 5038 (5129 10° 300+ 40
SAMPLE REJECTED AS LIKELY LOWZ CONTAMINANTS
C0S-z12-4 09:59:30.49 +02:14:44.10 12.38 31} 1254 3% 1263312 12190312 1246322 9034 (9.3 39 16 500+ 40
C0S-z13-3 09:59:31.30 +02:08:33.85 13.019 12535 13813 120973% 124498 4131y (@335 10° 270+ 40
C0S-z14-2 10:00:20.38 +01:49:58.33 14.4 12 1673] 1473% 1213293 122498 11032 (@139 10° 260+ 70

Note. The positions are measured from the detection image used BEtheandSE Qtlassi®catalogs. We provide three photometric redshifts for each source from
Bagpipes , EAzY, andLePhare , but note most of the derived propertfésncludingMuy, %, SFRoomyn and M& are measured from the béstBagpipes
posterior distributionsRes; is measured from F277W imaging usi@gLFIT. We catagorize subsets of our sample as described in the text in Seeiwhinclude
three sources which were removed for further analysis on suspicion they aredataminants; if cdrrmed as higlz, their properties may 'tect what is given in

this table.

z" 12 solution is still favored for COS-z12-2, though with UV slope than the other galaxies in this sample, which

increased probability of a low-redshift soluti¢®1%). The introduces more possible degeneracies with a low-redshift
low-redshift probability is decreased with tHeband detection  origin to its photometry. Nevertheless, the strong break at
in particular. There are no close neighbors witHis &f COS- """ 1.5"mN a factor of @10 in " ux density(2E2.5 magN

z12-2, rendering its photometry clean from contamination. argues for a high-redshift solution, and its photometric redshift
There is a source”® distant to the northwest that has a is consistently!t to z,u= 11.9 12.2. Without the Ultra-
photometric redshift from COSMOS2020 @fpn.= 3.68, VISTA photometry, COS-z12-3 would be diult to identify.
which is closer to but still statistically distinct from COS- For example, by removing the UltraVISTA constraints and
z12-23 low-redshift solution. We note that, depending on the rel tting its redshift, COS-z12-3 defaultszb 3 solutions; the
exact tuning of template sets f8AzY or the adopted range of most critical band that places the sourcez4tl2 is Ks,
physical parameters usedBagpipes , as much as 2% of the  detected at 3# Fitting the photometric redshift using the
redshift PDF sits az" 3 (and it goes as high as 7.4% using HSC, HST, UltraVISTAKs, and NIRCam data results in the
only aperture photometry from space-based consfraivs z" 12 solution with & 30% chance of a love-solution; this is
note that COS-z12-2 is also detected with MIRI at"h¥, the reduced to 2.4% when including the limits in the other
only galaxy in our sample to have such a detectiony its UltraVISTA bands, in particulaH band, where the low-
density isS; 7 m= 288+ 37 nJy. Though the MIRI constraint  solution would demand a brightérux density from the
is not plotted in Figure, this detection is consistent with an contribution of[O111] 5007 « . COS-z12-3 has no neighbors
approximately” at spectrum(in F¢) from the near-infrared  within 3”0.
and is included in the SEDts as an additional constraint. The inferred absolute UV magnitude of C0S-z12-3 is
While nominally one might think it has a sigeant impacton My, 21.58 397 and its dust-corrected SFR of 5416 M,
the stellar mass estimatgn the rest-frame optical this yr' 1is the highest of the sample. With a rest-frame UV slope of
particular measurement has no digaint impact due toitslow  C 0.60 3% and A, 0.58 3%, it is the reddest of the
S N; it does reduce the uncertainty on the stellar mass slightlypright sources in this paper; this combined with the high SFR
though. COS-z12-2 is the second brightest galaxy in this|eads naturally to a hypothesis that it may be dete@ed
sample. detectablpat millimeter wavelengths. COS-z12-3 is one of the
few sources covered by existing archival ALMA data at 2 mm
414 COS-212-3 from program 2021.1.00705(8l: O. Coopey, it is undetected
B with measured rms 0.08 mJy, which sets an approximate 2
This source is detected in four bar(@50W, UltraVISTA upper limit to the dust mass at 11.5 of 4 10° M. and
Ks, F277W, and F444W, with margindl 2# emission in  Lg! 6! 10" L. (SFR! 90 M. yr' b); both limits are not
UltraVISTA H) with a factor of 3.% 0.5 drop from sufl ciently constraining to be in cbict with the measuredy
UltraVISTA H to F150W. COS-z12-3 has a redder rest-frame from the Bagpipes !t. Detecting millimeter continuum in
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Figure 3. A comparison of redshift PDRst using EAzY to three sets of photometry for each higbalaxy candidate. The results for t8&++ model-based
photometry(MQ, which includes both space- and ground-based photometry, are shown in dark red. Light orange shows the restE<itadsi€photometry
extracted in ()3 diameter apertures from PSF-homogenized HST and JWST NIRCam imagé®&@jor aperture, space-based gnlpark orange shows the
distributions after joining together the aperture-based photometrySE@lassi©with the model-based photometric measurements from the ground-based data
(ONSG Qaperture with space and groindhis last! t is meant to highlight the relative value and importance of the ground-based constraints, particularly those from
deep SubartHSC imaging in the optical and UltraVISTA imaging in the near-infrared. Inset are the percentages of the redshift PDFz#hat.lie #te majority
of cases, the model-based photometry and aperture-based photometry produce similar redshift PDFs and the addition of the ground-basedhepaptretints-
based photometry dramatically reduces the integral of the redshift PDF Del@wor most sources.

such sources may require 2 mm observations with acoincidence that argued CEERS-93316 was4.9 and not

sensitivity" 0.01 mJy, though we stress that due to the

z" 16 from Naidu et al(20223, later cohrmed by Arrabal

negative K-correction, dust continuum observations of suchHaro et al(2023. We therefore choose to remove COS-z12-4

sources do not comm or refute a low- or high-redshift
solution; spectroscopy is necessary.

4.15. COS-z12-4

The! fth exceptionally bright candidate we identify is COS-
z12-4. The primary limitation in characterizing COS-z12-4 is
the proximity of two neighbor galaxies whose emission is
spatially confused in ground-based data. While nominally
I't to a photometric redshift afne;= 12.3 12.7 andMyy

21.90 3& the SE++model-based measurements for COS-
z12-4 claim a 8 detection in the HSQ@ band, and imaging
from the original COSMOS SuprimeCam i-band imaging
(Capak et al2007) may show & 1.5sigma detection; however,
on close inspection, both may be positive ndisetuations
from the neighboi@ emission. The lack of deep, optical

from our analysis for the rest of this paper. Nevertheless, we
provide its measured physical characteristitavere atz> 10

in Table2. We emphasize that obtaining a spectrum of COS-
z12-4 is important in case it is indeed an ultrahigh-redshift
source; in that case we will have learned a valuable lesson
about the claimed completeness of our survey, the true
occurrence rates of chance projections with toseurces,
and the abundance of ultrabrigtit 12 sources.

4.2. Bright 9< z< 13 Candidates
4.2.1. COS-z10-2

CO0S-z10-2 is one of the more intrinsically red galaxies in
our sample and has a slightly bimodal morphology in the
NIRCam LW bands. It is formally detected in three NIRCam

constraints with high-resolution imaging deems the source les®ands. The photometric redshift estimates fall betwee8.1

secure. The neighbors ar4T¥ away to the west and' @ away
to the southwest and aret with photometric redshifts of

Zphot= 4.65 and 4.50, respectively. The former is also detectedred color, it passes a%l:z

in COSMO0S2020 with a consistent photometric redshift of
Zohot= 4.8. Indeed, the.ePhare low-redshift photometri¢ t

to COS-z12-4 is consistent with the neighlamedshifts, at
Zow = 4.65. Though the best high-t still has a formally lower

[% than this lowz solution, the consistent photometry with a
low-z neighbor is sufcient to cast sighicant doubt on the
highz solution. The situation is similar to the environmental

11

1 10.1. The derived rest-frame UV slope for COS-z10-2 is
%=1 1.22 32 the second reddest of the sample; despite its
criteria thanks to the strength of its
Lyman break, which is a factor of 6 Trux (2 mag. The source

has no neighbors, but its double-component morphology may
cast some doubt on the reliability of single-SZrsi¢-erased
measured photometry. However, the aperture photometry for
this source is fully consistent with the model-based results
(albeit with more uncertainty in the redshift PDF, see Figure
CO0S-z10-2 has the highest derived stellar mass estimate of any
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in our sample witivi; (1.1 8z 10° M. (a consgquence ambiguity surrounding COS-z11-2, we keep it in the Hgh-
of its redder color in the rest-frame UV sample for further analysis.

4.2.2. COS-z10-3 4.3. Candidates at> 13

COS-z10-3 is detected in three NIRCam bands. COS-z10-3 In an effort to explore the most extreme subset of new
has a close neighbor”®@8 to the southeast that has a discoveries within the EOR, we have also idesdi a sample of
photometric redshift ofzyn= 2.32 that is also found in  candidate galaxies &> 13 from our existing imaging. As a
COSMO0S2020 with a similar photometric redshift. We note natural consequence of the design of our survey, sources with
that this is somewhat consistent with one of the three low-Znot™> 12.5 are ostensibly only detected in F277W and
redshift solutions for COS-z10-3 found BAZzY of z= 2.37, F444W. None are su€iently bright to be detected with
which raises the probability this is a low-redshift interloper. Spitzer at 3.6"m (a wavelength not covered with JWST
However, we note that such a solution is a relatively paor imaging in COSMOS-Web UltraVISTA ! lters, or MIRI at
compared to its corresponding high-redshift solution 7.7"m. Beyond the limited! Iter set, the wavelength gap

(% 0.9), sufl ciently high to remain in the sample. between F277W and F150W presents another challenge,
making it dif cult to quote photometric redshifts more precise
4.2.3. COS-z10-4 than! z$ 1. Another consequence of the limited photometry is

that the difference ir[Z between low- and high-redshlfts is

diminished: [ﬁ is overall lower because only two bands have
%/N > 3. Indeed, all sources in this category fail at least one
%IZ% cut (primarily EAzY and LePhare ).

Our approach toward candidates in this regime is thus
somewhat conservative. Of an initial set of 31 sources in our
initial EAzY catalog!t to photometric redshiftg,no> 12.5
With [F277W < 27.5, we down-select tove viable candidates
in this paper. Sources are rejected from the sample because they
fail all %IZ% 0.6 criteria (for EAzY, LePhare, and
Bagpipes ), have>5% probabilities foz< 7 solutions, they

4.2.4. COS-z11-1 have either diffuse morphologies with ralji; > 0”5, or they

COS-z11-1 has the highest redshift of heightOsubset ~ are spatially unresolved in F277{Rer< 0715), or they are
and is detected in the three NIRCam bands only, with Suf ciently red((F277W! [F444W < 0), all of which cast
detections in F150W, F277W, and F444W. There is no Signi cant doubt on a> 13 solution. As a natural conse-
evidence from the ground-based cutouts of sigamit emission ~ quence of this approach, the/e remaining sourcesCOS-
above the background noise. It has no neighbors ahtits ~ Z14-2, COS-z13-1, COS-z13-3, COS-z13-2, and COS-&ll4-1
redshiftszyne= 11.2 11.7. Using model-derived photometry, SPan somewhat bluer colors than the parent population with
0.4% of the redshift PDF is at< 7, though a sighicantly = ! 0.7< [F277W! [F444W <! 0.3. All have integrated
higher z< 7 probability is found while using aperture-based Probabilities of being at< 7 less than 0.4% using thelucial
photometry along62%). However, when adding the ground- model-based photometry.

COS-z10-4 is similarly detected in three NIRCam bands
with a compact core and diffuse extended emission. There is n
indication that it is detected in UltraVISTA imaging. The stack
of HSCgrizimaging displays a puzzling excess emission to the
southwest; because this is not spatially coincident with the
sourc&3 position within 1, it is not of signi cant concern.
COS-z10-4 has no close neighbors, and has redshift solution
spanningzpne:= 10.2 11.2, with signii cantly better higle! ts
than forced lowz solutions.

based constraints to the aperture-based photometry<tife We note that COS-z13-2 and COS-z14-1 both have MIRI
solutions occupy a lower percentage of the distribution COverage at 7.7m though neither is detected. The measured
at 26.3%. "ux densities we obtain for them usir8E++model-based

photometry areS; =26+ 31 nJy and S;»,,= 49+
31 nJy, respectively.
4.2.5.COS-z11-2 Of the! ve candidates, only two show sifnantly elevated

COS-z11-2 is detected in three NIRCam bands and has dow-redshift probabilities when using t&& Qlassi©aperture
marginal* 2.2# signal in UltraVISTAH band, such that a clear photometry: COS-z14-2 has 11.9% of its PDFz&t7 and
break is detected between UltraVISHAand F150W. It lacks  COS-z14-1 has 7.2% of its PDF a& 7. When adding the
neighbors and has redshift solutions spanzingl0.6 11.9. aperture photometry with ground-based constraintsz th&
The low-redshift solutions for this source cluster aram®.1 probability is reduced in COS-z14-1 to 1.8%, but is much
I 2.6 and are only marginally Worsét%[Z 0.3 0.5 than higher (98.4% for COS-z14-2. Though this result is incon-
the high-redshift solutions, likely because it is both relatively sistent with our model-based constraints on COS-z14-2, we
faint and redder than the other sources in the sample, withremove it from the analysis in the discussion. We also remove
Muv 20.7793% and C  1.48 3%, The low-redshift  source COS-z13-3 from further analysis because it faifsE|
solutions occupy 0.4% of the redshift probability distribution, criteria, even though the integral of its< 7 probability
though we note that adopting the aperture-based photometrys <0.5%.
results in a larger fraction of the redshift PDFzat7: 7.9% For the purposes of the discussion and ensuing physical
when using aperture-based photometry alone, and 13.8% whenharacteristics, we only retain three sources in zhel3
using aperture-based photometry added with model-derivecsample: COS-z13-1, C0OS-z13-2, and COS-z14-1, but we
ground-based constrair(&s seen in Figurg). The addition of provide descriptions of allve. We continue to stress that this
the ground-based constraints perhaps makes the distinctiosample is overall less robust than the sources described in
between low-redshift and high-redshift solutiond cliit for Sections4.1 and4.2 and all, including those we have thrown
C0OS-z11-2 because of the relative offset"imx between out on suspicion they are low, require spectroscopic
F150W and UltraVISTAH band. Despite the additional con rmation.
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5. Discussion UltraVISTA). As a result, this hybrid catalog can be thought
of as a sanity check on our model-based photometry, as we
ave replaced the most constraining, hightSands(i.e.,
WST NIRCanh with aperture-photometry measurements. In
all but two cases, COS-z10-4 and COS-z14-2, those additional

Here we present a more detailed discussion of the
rami cations of these discoveries. First we present a discussio
regarding low-redshift interlopers, a direct measurement of
their volume density and contribution to the UVLF, and a

i : o round-based constraints sigantly reduce the probability of
summary of their measured physical characteristics. We thery . . i i i
present a more detailed discussion of their stellar mass viable lowz solution over the space-based-only PDFs. COS

estimates and their implied star formatiohagéncies within 210-4 is kept in the sample given that it formally passestﬁur

the Lambda cold dark mattéf CDM) paradigm. We then criteria for inclusion and COS-z14-2 is removed as previously
; ; : . discussed in Sectioh.3.

discuss the potential gas content of the systems and last rais ; . .

the possibility of future observations constraining the host An important caveat of the previous paragraph is the

. : . ; adoption of"at redshift priors, which is a somewhat standard,
gﬁﬁﬁ:g(ig&?;;ﬁ;l ggﬁg&gﬁi also inform constraints on though potentially* awed, literature convention. The on-sky

surface density of galaxies as a function of redshift declines
steeply with increasing redshift, regardless of brightness. For
example, the on-sky surface density af'a4 27th magnitude
(AB) source is" 3008600 times higher than similarly bright
JWST observations of high-redshift galaxies so far havez" 10 sources according to some of the latest compilations of
made clear that galaxies ak 7 with strong emission line the UVLF (e.g., Finkelsteir016 Harikane et al2023. By
equivalent widths in the rest-frame optical can masquerade athis argument, any source with a low-redshift peak exceeding
ultrahigh-redshif(z> 10) galaxy candidates in JW$Tbroad- 0.3% may have as much of a 50% chance of being a true low-
band! Iters (Fujimoto et al.2023 Naidu et al.20223 Zavala redshift source, and those with 3% may be 10 times more likely
et al. 2023 McKinney et al.20233. While discussion of this to be low z than high z. Nevertheless, such a thought
phenomenon arose prominently via mob#ing to CEERS- experiment does not adequately account for variations in the
93316, an exceptionally exciting and brigtit 16 candidate intrinsic SEDs, the lack of detection in deep optical stacks, or
(Naidu et al.2022a Zavala et al2023 Donnan et al2023, the measured sizes of the sample. A dedicated study focused on
recent NIRSpec follow up conming a low-redshift solution  best practices in photometric redshifting to such samples
(z" 4.9 highlights the complexity and di€ulty in selecting would be timely, though beyond the scope of this work.
robust, ultrahigh-redshift candidat@srabal Haro et al2023. Given the broader range of potential contaminants in
This type of strong emission line contaminant may only be a COSMOS-Web, we explored if the ensuing derived parameters
substantial concern foz" 4.6 4.8 contaminants in elds for such low-redshift solutions IMESFRDA, space were
where coverage exists in a majority of NIRCam broadband physical. Digging into the posterior distributions of the physical
I'lters. At those redshifts, strong emission line sources mayproperties found fronBagpipes low-redshift!ts, we ! nd
appear as Lyman-break candidates zat 15. However, the redshift range of probable contaminants spansz4 4
COSMOS-Web has fewet lters and so emission line with median redshiftz' = 3, stellar massMg= 10° M.,
contaminants are possible over a broader range of redshiftd SFR' = 10 M yr' %, and attenuatiohA," = 1.7. The attenua-

5.1. The Possibility of Low-redshift Interlopers

Examples of bedtt low-redshift solutiongrestricted tae< 7) tion (thus reddening of the stellar continuyrmombined with

are shown in gray in Figura high SFRs, is what is needed to reproduce the photometry of a
Figure3 shows three different derivations of the full redshift z> 10 Lyman break. Note that allowirfy, to vary by up to 6

PDFs from (< z< 20 for each source measured uskwyzY generates another cluster of possible solutiong<al with

assuming' at redshift priors. We compare ouducial model- Ay" 5; these are largely unphysical, as they would imply

based photometric constraints to aperture photometry. In allextreme attenuation and high SFRs in low-mass dwarf galaxies
cases, the probability ofzz< 7 solution using the model-based (Bisigello et al.2023. If such a phenomenon were common,
photometry is<3% for each source. The source with the submillimeter number counts would likely be dominated by such
highest probability ar< 7 is COS-z12-3 with 2.4%, likely  sources, and they are n(fasey et al2014 Fujimoto et al.
caused by its comparatively red color; the rest of the sample hag018.

P(z< 7)< 1%. We emphasize again that tB&++model- Even with more reasonable limits setAp< 3, we note that
based andSE Qlassi®© aperture-based photometry are one may expect a nonnegligible fractid@0%EB0%) of
independently measured: thest from images in their native  contaminants to be detectable in existifgubhmillimeter
resolution, and the second from PSF-homogenized imagesimaging in the! eld; we estimate this fraction by inferridg,,
Because the aperture photometry only includes measuremenfsom Ay (whereAyy $ 2.64Ay), converting to IRX Lr/ Ly,

from ! ve band{HST F814W and the JWST NIRCam bajyds and thus scalinlyl,y to Liz. Sources above 102 L. would be

its derived redshift PDFs are broader and generally show ardetectable in existing SCUBA-2 and AzTEC maps in'thizl
increased probability for a low-redshift solution. This increased (Aretxaga et al2011 Casey et al2014 Simpson et al2019.
uncertainty in the redshift PDF can be attributed to the limited None of our sample are detected abosed8tection limits in
number of bands used to constrain the redshift. To demonstratéhose data sets.

the importance of the ground-based photometry for the
photometric redshifts, we construct a hybrid photometric . I
catalog which marries the HSTJWST constraints of the 5.2. Volume Density and UVLF Contribution

aperture photometry to the model-derived ground-based The solid angle covered by COSMOS-Web to date is
observations. We note that for these 10 candidates, the 0.28ded, implying a survey volume between %< 12.5
ground-based constraints are almost all modestly constraining 4.5! 10° Mpc®. This redshift interval brackets the more
nondetections(or a handful of low-BN detections in  corl dent candidates that are detected in more than two bands
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2F - - - 1t 1t 9 Table 3
F E UV Luminosity Function Constraints
z~11 —+— 5 Y
_3 :_ (95 <7< 125) _: z ZRANGE Muv I Myv #
. : -?# 3 (Mpc' ®mag *)
"o : M ] 11 [9.5, 12.5 1220 0.8 (1.0 23110 ¢
® -4F + 3 11 [9.5, 12.5 121.2 0.8 (1.4% 0.5! 10 ©
S ; ] .
@ E + 3 14 [13, 19 1 21.0 1.0 8.1+ 42! 10 7
o 3 3
8 -5 P 3 - .
S b ] Note. The measured contribution of our candidates to the UVIZ#=all and
E z= 14 have not been corrected for incompleteness.
\é -6 _ :!: Donnan+23 o _ . ..
8’ ; McLeod+23 @ ] Schechter functioht to the UVLF similar to other work. A
= : . Leung+23 e 3 more thorough observational derivation of the UVLF from
-TE F'”kfr';;ec'gigg S COSMOS-Web will follow in a forthcoming papé¥. Franco
3 Casey+23 (this Work):, 1 et al. 2024, in preparatiprand it will include completeness

-85 YA simulations and an extended measurement down to the
threshold detection limit of the survey.
.22 -20 -18 Y
Myy 5.3. Physical Properties of Briglzt> 10 Candidates

Figure 4. The direct contribution of sources presented in this paper to the We show in Flgur6 the distribution of sources presented in

UVLF at z" 11 (green stajsagainst recent JWST literature measurements ... . . g
(Adams et al2023a Bouwens et al2023 Donnan et al2023 Finkelstein this paper in absolute UV magnitude, rest-frame UV S(We

et al. 2023h Franco et al2023 Harikane et al2023 Leung et al.2023 and _Ste”ar mass. Wel compare to cher reported candidates in
McLeod et al.2024. The two functionall ts shown are the Donnan et al.  the literature summarized recently in Franco e@2f23. The
(2023 z" 10 double power-lawt (lighter blug and the Leung et a(2023 four brightest sources discussed in Secldhare shown in

z" 11 double power-lawt (darker blug: The tabulated UVLF data from this  4reen in each panel. Those four sources have luminosities well
paper are provided in TabBalong with a measurementzt 14 (not shown

herg. Thez" 10 measurement from thest epoch of COSMOS-Web data in matched to and exceeding GN-z11 at similar red_shifts. Given
Franco et al(2023 is shown in light green. These measurements do not the wide area covered by COSMOS-Web to date, it is clear that
account for incompleteness, but do account for contamination by adjusting thewe are sensitive to the discovery of more intrinsically luminous
contribution of each source by the probability that it is indeéd10. Our sources brighter thadyy $! 20.5 beyondz" 10. At a! xed
measurements are in agreement with other literature estimates of the UVLF - : :
similar redshifts. Fedshift, most JWST discoveries fr(_)m dee.per but narrower
! elds are aboutEB mag(or 2.3 15 time$ fainter than the
sample presented herein.

The rest-frame UV slopes of this sample are a bit redder than
most Lyman-break galaxi¢sBGs) at this epocHthe median
presented in the literatureat 8 is!% = ! 2.3+ 0.5 and the
median of this sample i€6=! 1.7+ 0.5); one source, COS-
z12-3, is a signicant outlier with’e= ! 0.6 while all others are
X e bluer than%= ! 1.2. Our sample is likely more red than the
(calculated using thef Imax method presented in this paperto - ey samples for a few reasons: as exceptionally bright

the UVLF atz” 11, with measurements also provided in o, rces they tend to have higher estimated stellar m@eses
Table3. We calculate the contribution of these sources 10 thehe earlier measurements of this relation from Finkelstein et al.
UVLF through 500 Monte Carlo draws from the posterior 5015 Tacchella et al2029. Those works measured a direct
distributions of measuredlyy and redshift values from  cqrrelation betweedbandMabut not%and My, (though the
Bagpipes , where sources may be counted in different |aiter relationship is derived in Topping et 8D23. With
magnitude bins in different draws or fall outside of the higher masses, it is more likely that the stellar population is
designated redshift range. These measurements have not beg@nerally older or the SFH more complex, such that there are
corrected for incompleteness, yet they do address potentiagither proportionally fewer O stars contributing to the rest-
contamination. Broadly, wénd that the volume density of frame UV" ux or the dust reservoirs in such early galaxies has
very bright galaxies found in COSMOS-Web is well aligned pyilt up enough to redden the UV a small amofsete Ferrara
with expectation from other recent JWST-measured LFs atet al. 2023 Ziparo et al. 2023. While more enhanced
z> 10. Figure 4 shows measurements at 10! 12 from metallicity may also account for relatively re¥ slopes
Donnan et al.(2023, Franco et al(2023, Harikane et al.  compared to low-metallicity galaxies with similar SFH%ba
(2023, Leung et al(2023, McLeod et al.(2024, and data  above! 2.0 points to either dust attenuation or less recent star
from the CEERS collaboratiofS. Finkelstein, private com-  formation as the cause of thatter UV slope. We do issue
municatior). The two functional double power-lams shown some caution in the interpretation of tigErelationship, as
are from Donnan et a(2023 and Leung et al(2023. both quantities are derived from SEDting and have
Most noticeable from our data is the relativebt slope of nonnegligible covariance.
the UVLF at the bright end; this could be caused by While bluer UV slopes are found in our highest-redshift
incompleteness in our lower-luminosity bin, which we do not (z> 13) sample, we caution that this is likely a selection effect:
correct in this work. Considering that the magnitude bin at galaxies with redder values &b at z" 13 would have
Muv="! 22 is relatively complete, our data disfavor a signi cant degeneracies with low-redshift solutions and thus

and the average redshift for galaxies in the bin is ntat1.
While ourz> 13 candidates have redshift PDFs extending out to
z" 20, solutions az> 15 are unlikely, so we cap the volume
estimate relevant for those sources "a2.4! 10° Mpc?,
corresponding to 18 z< 15 (thez" 14 samplg

Figure 4 shows the direct contribution of detected sources
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Figure 5. The derived physical characteristics of our luminoes10 candidates relative to other samples of early Universe galaxies in the litegegyngoints, the
majority of which are from the JADES sample in the left panel; Hainline 202a#), explicitly highlighting the COSMOS-Web sample found by Franco ¢2@23

in dark gray. The four galaxies that are exceptionally luminous are shown as green stars, the bright D sample is shown as dark blue stars, and the.3
sample is shown as light blue stars; this color scheme persists in Fgidrend9. Left: the rest-frame absolute UV magnitude against redshift in comparison to the
literature samples. We highlight three other luminous 26< 12 sources: GN-z1{now spectroscopically cormed atz= 10.60; Oesch et ak016 Bunker

et al. 2023, GL-z10, and GL-z1ZNaidu et al.2022h Castellano et a2022 with tentative spectroscopic iddrtations from ALMA (Bakx et al.2023 Yoon

et al.2023. Right: the rest-frame UV slopgiéwith stellar mass. Our sample is the reddest subset of candidates reported in the (fEratelstein et al2012
Tacchella et aR022 Topping et al2023. The dotte@dashed line is the bekt-relation derived foz = 8 galaxies from Finkelstein et §2012. No trend is detected

in Myy vs. %(see Topping et ak023.

This bias, which is prevalent in the selection of LBGs at all 1
redshifts, cannot easily be addressed without !Sogmit &
investments in spectroscopy for large samples. 8 101
Figure 6 shows the sizes of galaxies in the sample against 2
stellar mass surface density and SFR surface density. All sources+
are spatially resolved with average siz8s;' " 500 pc, which W
reduces concern that their emission may be dominated by an
active galactic nucleuAGN; though an unresolved morph- 10° . . . . : :
ology would not guarantee).itStellar mass and SFR surface : ° z>7 Bright LBGs
densities are calculated by dividing the tdftor SFR by 2 to .
account for theMgor SFR internal td=e¢, then we divide by
®%. The stellar mass surface densities are very similar to some
of the most compact local elliptical galaxigsuer et al2007,
Hopkins et al.2010, and ultracompact dwarfs and superstar
clusters(Hategan et al2005 Evstigneeva et aR007 Hilker I
et al. 2007 McCrady & Graham2007 though our sample is 1 , , , , , ,
about 10 times larger iRsr. This may suggest that, as observed, 0 200 400 600 800 1000 1200 1400
these galaxies could be viable progenitors of elliptical galaxy Res [PC]
cores with similar densities. The star formation surface densitieFigure 6. The F277W-measured half-light radii of the sample plotted against
are very similar to those seen in som¥e 7 bright LBGs(e.qg., the stellar mass surface dengiiyp pane) and star formation surface density
Bowler et al. 201, Some local starbursiie.g. the Great [T P A e o, e ouemi e s sty e o
Observatories = All-sky Lumm_ous Infrared Galaxy _Survey dwarfs and superstafclustgrs from the compilation in Hopkins(@mJ().pln
sample; Armus et ak009 McKinney et al.2023h and high- addition, we overplot the measured sizes and surface densities of the compact
redshift submillimeter galaxiediodge et al.2016§ Burnham z" 8 sourced rst discovered by Labbe et 2023 and whose sizes were

et al. 2021), though the latter systems tend to be much larger analyzed in Baggen et gR023. The star formation surface densities are on
' : ; par with otherz> 7 bright LBGs(Bowler et al.2017), local starburstéArmus
(R9ﬁ> 1 kpc) with hlgher SFRs. et al.2009 McKinney et al.2023h), and submillimeter galaxies with measured
sizes(with Regs > 1 kpc; Burnham et aR021). The sources from our sample
are colored by subsample as in FigGre

Compact z-8 Red Dots 3

be removed from our sample for failing our selection criteria. '
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5.4. Stellar Mass Uncertainties

Mass derivations from rest-frame UV data are naturally
uncertain. Nevertheless, JWST provides a longer wavelengttihe Universe az> 10 (<500 My signi cantly narrows the
lever arm than HST, into the rest-frame optical, to constrain thedynamic range of possible SFHs of luminous LBGs. This
SEDs of galaxies even beyomg 10. The few bands and lack places reasonable limits on the mass-to-light ratio and thus the
of coverage in the rest-frame near-infrared miss the goldunderlying stellar mass of individual sources, with derived
standard of stellar mass derivation. However, the young age ofincertainties 0.2 dexdespitethe lack of constraints in the
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rest-frame optical. Given the potential implications of stellar i ' ' '
masses exceeding®ll, atz> 10 (every source in our sample [ M, ~0.11M
exceeds this limji we address possible sources of uncertainty
in our stellar mass derivation here.

We !'rst check the sensitivity of the adopted SFH on the 100 b F % *
resultant stellar mass; generally, star formation that occurs E
further in the past will have a higher mass-to-light ratio implied "4 )
for the rest-frame UV, and thus a higher stellar mass. We § \\‘k **
compare out ducialBagpipes model, which superimposesa % I %\
delayed$ SFH with a recent, constant starburst to a model with =
only a delayeds SFH. The delaye8-only SFH models 10°}
effectively increase the stellar mass estimates !foed : LA
photometry by factors of OB8 (see also Michawski et al. e e
2012 Mitchell et al. 2013 Michalowski et al. 2014. [ X3
Conversely, we can ask what fraction of stellar mass in our | M
sample assembles during the recent, constant starburst phase; in 10° ! !
the majority of case$, 99% of the stellar mass is attributed to a 10 12 14
recent burs{forming within the previous 50 Myr on averdge Redshift
If we a"OW fo.r an even more exireme and recent burst without Figure 7. Stellar mass vs. redshift for our sample relative to curvésed
the contribution from the delay@ijdel’_the st_ellar masses  olume density, peak height, and other candidate galaxies reported in the
are only reduced by 10% below the ducial estimates, well jiterature(light gray points Volume density curvegpurple and peak height
within the reported uncertainties. In that sense, this illustrateqorangg are generated from the expectation of the halo mass function scaled by
that the stellar masses we derive in this work are a conservativ@e cosmic baryon fractiof and an éfciency to convert baryons to stars of
= 0.1 as in Boylan-Kolchif2023. The volume in the current COSMOS-

lower limit for a normally behaved stellar population, one Web data set i few! 10° Mpc® in a bin of width! z= 2. This comparison

comprised of Population Il and | stars with low, but not nighlights the particularly unusual nature of the three massive galaxies at

halo

extremely low, metallicity. z" 12, COS-z12-1, COS-z12-2, and COS-z12-3, whose existerices de
If Population 1l stars dominate the light in the rest-frame expectation. Their presence demands either a higher abundance of massive
UV, their expected top-heavy IM@Hirano et al.2014 2015 halos az" 12 or an enhanced stellar baryon fracfigh 0.2 0.5, implying

. . A that the star-forming e€iency is elevate@sg" 1) for a signl cant fraction of
would result in a UV continuum dominated by nebular, rather e galaxie§sFHs. The possible SFHs of these systems are shown in Bigure

than stellar, emission. This would lead to a higher light-to-massand more details on the implications of their masses are explored in the
ratio from the UV(e.qg., Schaerer & de Barr@909 by factors discussion. The sources from our sample are colored by subsample as in
" 0.580.6 dex, reducing the highest mass estimates in our™9!®>

sample az" 12 from" 5! 10° M to" 10° M.. This would,

of course, imply that rst generation star formation dominates
the energy output of these systems, which may be!adtf
and somewhat extreme boundary condition, even for such high
redshift galaxies given that their estimated halo masses ar
quite highMnaio" 10** Me. Another likely consequence of the
rest-frame UV being dominated by Population Il stars would

be a W;UCh bluer S.'Op%hth?” meas?red here. I of allowable SFHs(with conventional IMF assumptions
Lastly, we consider the impact of AGN on our stellar mass gemanding steep growth via recent bursts, and with limited
estimates. It has become clear that actively accreting superspys come more taed limits on stellar masses.

massive black holes may be a fairly prominent source of energy

output at early times, and JWST has enabled the Idmiion ] . o

of AGN with lower-mass black holes out to earlier times 5.5. Massive Beacons: Assembly of the First Megallthlc Halos?

(Larson et al.2023. For AGN to impact the masses in our  |n stellar mass space, a subset of our sample pushes the
sample signicantly, they would need to dominate the rest- pounds of the most massive sources that could plausibly be

frame UV luminosity by a factor of several over the stellar found in deep JWST surveysz# 10; in particular, COS-z12-
contribution. This would effectively translate to a lower 1 C0S-z12-2, and COS-z12-3, with masdés" 4P10!

against redshift in Figur@. On average their uncertainties
are" 0.2 dex; these are smaller than the average stellar mass
estimates for other similar HST-selected or JWST-selected
3alaxies in the EoR. Again this is due to the age of the Universe
atz> 10 being< 500 Myr and the luminosities of these sources
being so bright; these two restrictions severely limit the range

limit on the AGN luminosity ofMyy < ! 20.5 orLyyv” 1 10° M. at z$ 12. We overplot curves of constant number
I 21 10 L.. At an Eddington ratio of " 0.1, this would  density in Figure” implied from the halo mass functi¢8heth
imply a minimum black hole mass &gy " 586! 10° M. & Tormen 1999 scaled by the cosmic baryon fraction and a

Such masses would be somewhat unexpectedly large for theeasonablelefl ciencyO of “¢$ 0.1, where™grepresents the
downward-revised stellar mass estimates of their host galaxiesraction of baryons that have been converted into stars within a
I 10° M, so we assess this outcome as less likely than ourhalo over its integrated lifetimég# M (foMhao. We note
stellar mass estimates without a sigiint AGN contribution.  that the typical peak of the stellar mass-to-halo mass relation
While some higte supermassive black holes do seem (SMHR)is M¢Mpao" 1EB! 10 ? across a range of redshifts

unusually massive for their host galaxi@socevski et al. (Mandelbaum et al2006 Shankar et al2006 Conroy &
2023 Larson et al.2023, it does not appear that they Wechsler2009 Behroozi et al.201Q 2019 Shuntov et al.
contribute sigricant emission to the continuum. 2022, implying a maximuni' &' 0.2 (and one might expect

The stellar masses of our sample, as estimated using outhis fraction to be lower at much earlier cosmic times where
I ducial Bagpipes burst+ delayed$ model, are shown constraints on the SMHR do not yet exidtVe also overplot
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curves of constant peak heighta measure of the fraction of _ [

mass contained in halos above a given mass threshold; higher, 10%L .

values of( mark increasingly massive halos whére 4.5 at o F z=10

z= 0 corresponds to a halo of m&s$! 10" M.. This E@ [

makes clear that the implied evolution of our sample is extreme < 10° 3 3

with ( > 6 given"e= 0.1: they represent the highest possible — ;

mass overdensities that will grow to host massive galaxy _x

clusters in the present-day Universe. % 10 3 E
In Figure8, we directly calculate the cumulative stellar mass ~% ;

density in two bins centered at 10 andz= 12 with width < 10%

I z= 2. We use the full posterior distributionsZrand Mcas

derived usingBagpipes for these calculations and assume g5 _ [ I

Poisson uncertainties. Direct comparison to the halo mass & 10 3 —12 E

function implies reasonable to high stellar baryon fractions = e, =

with "¢$ 0.1! 0.3 atz= 10, not too distinct from expectations ® 408 i . ]

from the SMHR(Behroozi et al2019. However, atz= 12, = E N E

our discoveries imply higher stellar mass fractions, with = i “o N ]

"e 0.2 0.5 (see also the forthcoming publications by K. = q10*| d i

Chworowsky et al. 2024, in preparation; M. Shuntov et al. A i —?ﬁ.zfms 3

2024, in preparatign Harikane et al.(2023 present a & | f

comprehensive overview of early Universe discoveries from 10 ' . .

JWST in its! rst year, and theynd that particularly bright 10° 10° 10" 10"

galaxies (Myy <! 19.5 found in deeper, smaller volume My M@l

; ; Faneiad33
surveys require high bélenC|e§08VY9here < l\_/l f/(lfb Mhaio) Figure 8. The cumulative-stellar mass volume density as a function of stellar
0.3, to produce stellar massesl0™” Me atz= 12 16. Such 1355 calculated at= 10 andz= 12 from our sample. The halo mass curves,
candidates were not expected before JWST. Are such highwith three different integrated stellat efencies or stellar baryon fractions of
stellar baryon fractions 6tg' 0.2 0.5 realistic? " 0.1, 0.32, and 1 are derived' using 'the methodology_ outl'ine_d in Boylan-
Some theoretical work suggests they are. In particular,Ko'Ch'“(2023- The points are der|v_ed usTg the full posterior dlstrlbutu_)rzs in
laxies atz> 10. laraelv embedded in the neutral Universe andMgfor _each source in bins of \A_/ldthz- 1 centered_ on either reds_hlft. At
ga e - gely h z= 10 we infer stellar baryon fractiofig" 0.1 0.3, while atz= 12 we infer
before reionization, would not be bombarded with a back- higher stellar baryon fractions¢ 0.2 0.5. Open circles represent the
ground of UV radiation and thus the rapid collapse of extrapolated sum of stars and molecular gas; the gas masses are inferred from
molecular clouds could see very high rates of star formation % TEERSAITENER T Nt mrised of Stare and molecuiar gas
(Susa & UmemuréQOép. The feedbaCk'free_ starbu1(§tFI_3) leaving little room for substantial reservoirs of, e.g., atomic gas. This highlights,
scenario presented_ n Dekel et @023 provides a detf'i"ed the need to gather cold gas observations of the sample.
account from! rst principles of how such a starburst might be
powered; in such systems, the freefall time IsMyr and rapid  ghort-lived bursts of super-Eddington star formation may
star formation occurs before massive stars develop winds angyow out the majority of dust in early galaxiésith SSFR>
supernova feedback occurs, and the external UV backgroundg Gy 1), making it possible to detect very blue, luminous

has not yet been established. This is very similar to prior gajaxies beyond> 10. The median estimated sgecSFR in
simulation work which has demonstrated certain regimes whereyyr sample calculated on a 100 M{0 Myr) timescale is

feedback fails to regulate star formati@rorrey et al.2017% 5SFRoo § 103 Gyr' 1 (SSFRy § 15é2 Gyr! 1)_ This
Grudt' et al.2018. _ contrasts with, e.g., the very blue but similarly luminous
_ With a delayed onset of feedback, one might expect the, 7| g candidates idented by Topping et al(2022 with
instantaneous star-forming! efency (< M 7/(f, Mnato) jy SSFR' 30 Gyr 1. *Such systems may have relatively high
for short periodg! 5 Myr), to lead to to appreciably largag stellar massede’ 10* ° M., metallicityZ$ 0.1Z., and blue

of orqer a few tenths. Galaxies residing in halos of mass ygst-frame UV slope@6'!  2.6). Ziparo et al(2023 describe

" 10" M. at z" 10 may be expected to have FFB gas tnat either dust ejection by radiation pressure could result in
densities, thus they might have stellar masses as high ag,ch plue slopes, or alternatively, a patchy interstellar medium

10 M, SFRs in the tens of solar masses per year, and blueyjth spatially distinct regions of obscured and unobscured
compact (subkiloparsec morphologies. This describes the stellar light. Our sample is not quite as blweth median
properties of thez" 12 massive subsample wellMq $ 196 =1 1.7+ 0.5 as their! ducial model, which demonstrates
51 10° Me, !SFR'$ 40 M. yr' %, andRe$ 500 pc. Future  some inconsistency with the super-Eddington dust ejection
spectroscopy of such targets may further clarify the applic-pynothesis, but the patchy attenuation model may indeed be
ability of the FFB model to such systems, particularly in gppjicable to these systems. Future ALMA observations will
measurements of metallicity and rest-frame UV s(ape thus  provide crucial information as to the dust content of such
presence of dupt o _ _ systems.

Anothgr theor_etlcall interpretation of the very luminous, early Figure9 shows another rendering of the stellar masses in our
systems is provided in Ferrara et @023, who suggest that  sample against redshift. Here we have directly shown what the
= progenitor population of the three most massive systems at
—~ Note that efciency,”, in Harikane et al(2023 captures the instantaneous " 12 might look like, via posteriornner 68% cohdence
Cfl ciencyOof a halo whereaSgis the integrated etiency; both are distinct . ! .
from <, the star-forming étciency which is the inverse of the gas depletion INterva) on the SFHs, or cumulative stellar mass growth. .The
time, discussed more in Sectibr®. stellar mass growth in these systems is overwhelmingly
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Figure 9. Stellar mass against redshift for the candidates Idmhiin this pape(star3. Here we highlight the integrated SFHs for the three most mas$ivi2
candidates, which incorporate a delaggults recent starbursts: COS-z12dark greely COS-z12-Qteal), and COS-z12-Bpurplg. The dashed lines show stellar

mass growth histories if the SFH is instead assumed to be ddlayggwithout a burst; this results in higher stellar masses that would have built up more mass early
(z> 16). With the delayed plus burst model, the stellar masses may have increased by an order of magnitude in less than 1002Vlyd 4rprogenitors that look

much like the candidates we identify in SectibB. Other highz candidate galaxies from the literature are shown in gray points. Stellar masses that are formally
disallowed in" CDM are noted in dark gray, corresponding to the stellar mass threshold for the most massive halo in the full sky assumiifg also show the

same threshold corresponding to 0.28d#te area covered by COSMOS-Web in this work. Similarly, the most massive galaxy anticipated in all of COSMOS-Web,
calculated by Lovell et a(2023, is shown in the thin gray line; it assumes the halo baryon-to-stellar converlsigeney varies, with averadéx " 0.06, and the

corl dence intervals about that mass threshold encompass the most mési®eyalaxy(COS-z12-3 within " 2#.

dominated by a recent burst, such that their stellar masses hayerogenitor population, despite the short times¢al@0 Myr)
grown at rates that far outpace the growth of their parent darkbetween the two epochs. At later times, it is possible that
matter halogat a! xed volume densily As pointed out in galaxies like COS-z12-1, COS-z12-2, and C0OS-z12-3 evolve
Section5.4, such rapid and recent stellar mass growth providesto become some of the Unive@el rst massive galaxies
the most conservative stellar mass estimates for the sample as(@arnall et al2023 Glazebrook et ak023.
whole. The suggested burst-driven nature of COS-z12-1, COS-
z12-2, and COS-z12-3 in particular would imply that their host
galaxy halo masses may Fi)ntrinsically be Iowgrythan one might 5.6. Not All Baryons Are Stars
expect given their stellar masses, on par with some of the less Most baryons in galaxy halos beyorm> 3 should be
luminous galaxies in our sample. Recent work from the FIRE contained in gas and not stafé/alter et al.2020. What
simulation(Sun et al2023 has shown that, indeed, no special rami cations do such high stellar masses in our sample have on
adjustments are needed to reproduce the observed charactehe potential to observe their reservoirs of molecular and
istics of very bright early JWST discoveries, which tthewyl atomic gas? Such observations may yet prove crucial to our
are driven by stochastic and recent bursts of star formation. interpretation of their masses, and thuscencies.
We should note that in most, if not all, theoretical models  First, it is worth recognizing that typical observetioén-
built to explain very massive> 10 galaxies, rapid bursts of cies in the star formation process rarely excégd' 0.1
star formation happen on short timescales,Myr. Our SED (Evans et al2009 Bigiel et al.201Q Kennicutt & Evan012).
I tting using Bagpipes allows bursts to have either a very In the context of the galaxi®gas supply, the star-forming
short or relatively long duration, up to 100 Myr. Unfortunately efl ciency is as”sg# SFR Mgas (the inverse of the gas
limitations in the current data set do not enable meaningfuldepletion timesca)eand normalized to fOyr, thus represents
direct constraints to be placed on the burst timeqcale the the fraction of gas consumed every 100 Myr. Thisias the
posterior distribution of the ages of the burst componérsdt)s same as'g which we call the stellar baryon fraction in this
However, it may be possible and indeed necessary that suckvork, but others refer to it as the star formatiohcefncy;” &
exceptionally luminous systems have experienced a series afnay be thought of the integral form OJfse Similarly
short bursts that are fairly well modeled by one long-duration < wM f/(fb Mhaio) is also not the same dsg as the later
burst lasting up to 100 Myr. captures only baryonic processes. If we approximate
The ascent of such massigé 12 systems is so rapid that Mgas$ fuMhao (Which is a!rm upper limit to Mg,9 with
the population we identify at> 13N with stellar masses an  SFR$ 50 M, yr' %, we! nd the average star-formind efency
order of magnitude lowdrcould plausibly serve as a would need to bége! 0.32, in excess of limits seen in local
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molecular clouds but necessary to build the observed stellamassive halos, which we are sensitive to detecting in
populations. COSMOS-Web; atz" 10, EDE predicts" 10 times the
Though untethered to direct observationg:atl0, we can number of halos 10 M. than expected by CDM. Though
alternatively estimate gas masses in our sample using the starot directly measurable in the data we present in this work,
formation surface density to gas mass surface densityfuture follow-up spectroscopy may be able to place more
conversion, or the KS relatig@chmidt1959 Kennicutt19989. meaningful constraints on the dynamical masses of these bright
Adopting a unimodal KS relation with a power-law index of z> 10 sources, thus giving more direct measurements of the
roughly 2(Ostriker & Shetty?2011 Narayanan et aR012 and abundance of massive halos at early times.
with measured star formation surface densities ranging
6< $ser< 100 Mo yr' ! kpc 2, we extrapolate that the  5.8. Stochastic Bursts Drivinlglyy < ! 21 Galaxies in the
molecular (H,) gas masses would range from Epoch of Reionization

" 21 10% 41 10° M.. This presumes that the size of the Provided " CDM still holds, the most straightforward

gas reservoir is similar to the stellar reservoir. _Th|s would explanation for the presence of such extraordinarily massive
imply molecular gas_fractiongH, to total baryonic mays galaxies atz> 10 is their rapid growth through stochastic
" 40% on average. The effect of the added component of . = . .
. .. ._bursts of star formation where a sigrant fraction of available
g%\?v%mi?\r Igigargf? i:lh(e)ptgslalzi?;reysonllr? trr?: scsa;/g Il(J);ntelz@fj elnzs v Isbaryons is dfciently cooled, condensed, and transformed to
. . R tars on< 100 Myr timescales. The similar volume densities
candidates, this shows that summing the stellar mass an(fheasured for very massive galaxigslo®® M,) relative to

molecular gas mass fully compensates for the predicte . . .
baryonic content of these early halos, leaving little room for hose 10 time |~es':s massive suggests that very high stellar

other baryonic contributions, for example, like atomic hydro-

gen, Hi, which is an essential building block of molecular gas

and transitional state for primordial gas to be transformed into
stars.

Follow-up ALMA observations of these systems will prove
invaluable to provide an independent estimate of the gafxies
total baryonic budgets. For example, spectral scangXfor]

(at rest-frame 88 m), will not only provide much needed

spectroscopic commation of these sources but also facilitate a cosmological simulationgShen et al2023 Sun et al.2023.

direct dynamical mass estimate, accounting for both gas anq?éih O?T §|eun\t/ %g%kqﬂggngr?mg ewogeleei)iifzﬁ:gtr? ti(rjabynt]gie
stars. In the case of!gfient star formation, we might expect 9 P :

the dynamical mass constraint fr¢@iil] to be approximately bursts may be comprised of s_everal b{eb Myr) episodes of

0 super-Eddington star formatiofe.g., Ferrara et al2023,
equal 10 fyMnao$ 1ER! 10 Me. In the case of a lower consistent with the FFB modé¢Dekel et al.2023, though
ef clency and hlgher halo magas one may expect from future dust, gas, and spectroscopic obser\}ationé may provide
alternative cosmological models, see the next sctmme ' '

would expect the dynamical mass constraint to be factors ofgLur(S:'taL:ﬁ/S;ﬁ ];Zi)is(;’;?omﬂ'ﬁgsBéﬁ'g‘;ﬁgﬁ% %?%?Lsérsgruﬁ;r
;?ggéﬁlt }:]nlﬁsé Elaglger due to the overall larger baryonic masspopulations of UV-luminous galaxies recently discovered by
' JWST (Endsley et al2023h Dressler et alkk023 Looser et al.
2023. Ideally, direct mass constraints on every luminous
5.7. Alternative Cosmologies Predict More Massive Halos z> 10 candidate iderited may better inform their SFHSs.
Early Another key technique that might be used to constrain the
stochasticity of bright galaxies in the EoR is a clustering
analysis, as proposed in Mu—-oz et 023 where the
Myv < ! 21 population bias may provide insights into their
host halo masses.
If the bright end of the UVLF(e.g., Myy<! 21) is
minated by stochastic bursts with intrinsic timescales of
<100 Myr, then a natural consequence is an evolution in the
shape of the UVLF around” 8 from a double power laiat
z> 8) to a Schechter functiofat z< 8).3* This would be the
result if the UVLF is calculated in approximatelyed-width
bins; for example, a" 8, a bin of width! z$ 1 corresponds
to a timescale less than 100 Myr, meaning bursts with
timescales' 50 Myr will be observed with a duty cycle of
order unity(>0.5), whereas ar" 6 the duty cycle would be
ubstantially lowe(" 0.25. Conversely, a careful analysis of
fie epoch marking the transition between a double power law

baryon fractiong"&' 0.2 0.5 are not typical of the broader
population; the steepness of the halo mass function would
otherwise demand that sources 10 times less massitelate
times more common. With burst-driven star formation, galaxies
can deviate to highéiz and Malmquist bias ensures they are
the! rst to be characterized.

This hypothesis is consistent with burst-driven star formation
dominating the bright end of the UVLF as suggested in

An alternative interpretation to the very high stellar baryon
fractions implied in our sampl@vith "&$ 0.280.5) is that the
six-parameter” CDM model underestimates the number
density of massive halos at early times. This revision to the
cosmological framework could be explained through the earlydo
dark energy(EDE) model (Karwal & Kamionkowski2016
Poulin et al2018, which suggests that an early episode of dark
energy injection, near the time of maRediation equality
(followed by" CDM evolutior), could both explain the higher
perceived abundance of massive halos at early t{Klgpin
et al. 2021) and resolve recent measurements of the Hubble
constant tensior{e.g., Riess et al2022. As discussed in
Boylan-Kolchin (2023, the enhanced matter density, power
spectrum slope, anis in EDE could even be used to explain
the high stellar masses measured for some of the most massi
candidates found to date by JW®abbe et al.2023 over
much smaller regions of the skiyhough we also note that more
recent work has suggested downward revision of their stellar** We note that several works have argued the UVLF is intrinsically a double
mass estimates due to the contribution of strong emission lineg§oWwer law down t@" 4, though such works primarily relate iy ! 23

] Sources whose luminosities are likely attributable to AGtdvans et ak018
and or AGN; Endsley et a023a Labbe et al2023. Indeed, Adams et al202Q Finkelstein & Bagley2022 Harikane et al2022), and here
EDE predicts the most profound differences for the mostwe discuss the 20" Myy " ! 22 regime not thought to be AGN dominated.
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and Schechter function may help us directly constrain theWeb is conducted in the futyreand thus they serve as an

characteristic burst timescale of very brigy, <! 21) important laboratory for the formation and evolution of!thet
galaxies without the need to invoke dust or feedback to bright galaxies, including the search for Population Ill stars, the
suppress the bright end of the UVLF. onset of metal and dust production, as well as direct constraints

on the neutral gas fraction at very early times.
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