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ABSTRACT

We present spectroscopic confirmation of an ultra-massive galaxy (UMG) with log(M,/Mg) = 10.98 +0.07
at Zspec = 4.8947 in the Extended Groth Strip (EGS), based on deep observations of Lya emission with
Keck/DEIMOS. The ultra-massive galaxy (UMG-28740) is the most massive member in one of the most
significant overdensities in the EGS, with four additional photometric members with log(M,/Mg) > 10.5
within Ry ~ 1 cMpc. The Lya profile is highly asymmetric (Ay = 3.56), suggesting the presence of
neutral gas within the interstellar medium, circumgalactic medium, or via AGN-driven outflows. Spectral
energy distribution (SED) fitting using a large suite of star formation histories and two sets of high-quality
photometry from ground- and space-based facilities consistently estimates the stellar mass of UMG-28740 to
be log(M,/Mgy) ~ 11 with a small standard deviation between measurements (o = 0.07). While the best-fit
SED models agree on stellar mass, we find discrepancies in the estimated star formation rate for UMG-28740,
resulting in either a star-forming or quiescent system. JWST/NIRCam photometry of UMG-28740 strongly
favors a quiescent scenario, demonstrating the need for high-quality mid-IR observations. Assuming the galaxy
to be quiescent, UMG-28740 formed the bulk of its stars at z > 10 and is quenching at z ~ 8, resulting in a high
star formation efficiency at high redshift (e ~ 0.2 at z ~ 5and € > 1 at z > 8). As the most massive galaxy in

its protocluster environment, UMG-28740 is a unique example of the impossibly early galaxy problem.
Subject headings: galaxies:high-redshift — galaxies:evolution — galaxies:clusters

1. INTRODUCTION

The discovery of extremely massive, passive galaxies at
z ~ 3—4 has challenged our understanding of galaxy formation
and evolution at early times (Schreiber et al. 2018; Forrest et al.
2020a,b; Valentino et al. 2020). These quiescent ultra-massive
galaxies (UMGs, M, > 10'' M) have little to no ongoing
star formation, requiring a period of intense star formation
followed by rapid quenching within the first 2 Gyr of the
Universe. Such extreme systems are difficult to reproduce in
galaxy formation models, with current simulations struggling
to form UMGs so early in cosmic time and often failing to
quench these systems by z ~ 3 (Forrest et al. 2020a; Valentino
etal. 2023; Xie et al. 2024). Thus, although rare, confirmation
of UMGs provide powerful constraints on theoretical models
of galaxy formation and evolution (e.g. Baugh 2006; Croton
et al. 2006; Nelson et al. 2018).

Intriguingly, the modeled ages and star formation histories
of UMGs at z ~ 3 suggest that some systems assembled the
majority of their mass and subsequently quenched as early as
z ~ 5 (Forrest et al. 2020b; Schreiber et al. 2018). Overall,
there appears to be rapid evolution of the UMG population
at 4 < z < 6, as some of these massive systems transition
from highly star-forming to passive. Imaging campaigns that

fCorresponding author: ststawinski@gmail.com

*The data presented herein were obtained at the W. M. Keck Observatory,
which is operated as a scientific partnership among the California Institute
of Technology, the University of California and the National Aeronautics
and Space Administration. The Observatory was made possible by the
generous financial support of the W. M. Keck Foundation.

originally uncovered UMGs at z ~ 3 also corroborate these
findings, yielding samples of photometric UMG candidates
at z > 4 (e.g. Muzzin et al. 2013a,b; Weaver et al. 2023).
Meanwhile, measurements of the number density of UMGs
find a significant increase in their abundance with cosmic time
from z ~ 6 to z ~ 3 (Stefanon et al. 2015; Davidzon et al.
2017; Marsan et al. 2022; Weibel et al. 2024). Altogether,
deep photometric surveys point to not only the existence of
these extreme systems at z ~ 5, but also that this epoch is
critical for understanding the rapid evolution of this extreme
population.

While it is presumed that ultra-massive galaxies should ex-
ist at z ~ 5, spectroscopic confirmation of candidate sys-
tems has been challenging. Studies searching for UMGs at
z ~ 5 have encountered difficulty in identifying and detecting
these systems via both ground- and space-based spectroscopy
(Antwi-Danso et al. 2023; Marsan et al. in prep). The few
existing, spectroscopically-confirmed UMGs at z > 4 repre-
sent a biased population of systems with exceptionally high
star formation rates (SFR = 500 M, yr~!) and with relatively
poorly-constrained stellar masses (e.g. Xiao et al. 2023, but
see also Carnall et al. 2023b).

Herein, we present the analysis surrounding the spectro-
scopic discovery (see Urbano Stawinski et al. 2024a)! of an
ultra-massive (M, ~ 10'! M) galaxy at z = 4.8947 that

! While finalizing this manuscript, de Graaff et al. (2024) presented
JWST/NIRSpec observations of this object, spectroscopically confirming its
quiescence. These complementary and parallel results are discussed in more
detail in §4.4.
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resides within an extreme overdense region in the Extended
Groth Strip (EGS). In §2, we describe our target selection
criterion and spectroscopic observations. We present the re-
sulting spectral fitting and characterization of the protocluster
environment in §3. We discuss the competing star formation
histories (SFH), compare our object to existing simulations,
and investigate the mass assembly history of this object in
§4. Finally, we summarize our results in §5. Unless other-
wise specified, we adopt a ACDM cosmology throughout with
Qum = 0.3, Q4 = 0.70, and Hy = 68 km s~! Mpc‘1 (Planck
Collaboration et al. 2016).

2. DATA
2.1. Target Selection and Photometric Measurements

We selected UMG candidates (M, = 101 Mg) at 3.5 <
Zphot < 6.5 in the Extended Groth Strip (EGS) using the multi-
wavelength photometric catalog from the Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
Grogin et al. 2011; Koekemoer et al. 2011). The CAN-
DELS photometric catalog (Stefanon et al. 2017), which spans
0.4 — 8um via a suite of ground- and space-based imaging,
incorporates photometric redshifts and stellar masses from
seven separate photo-z codes and/or spectral energy distribu-
tion (SED) template sets. For selection purposes, we used the
median zppoe and M, reported in the catalog. To increase the
likelihood of detection of Lya, we prioritized objects that had
an apparent CFHT r-band AB magnitude of < 28 and star for-
mation rate (SFR) of > 100 Mg, yr~!. To increase our sample
size, we included UMG candidates within the given redshift
range that had lower SFRs and masses as filler targets.

UMG-28740 (@ = 14"19™39.7° and § = +52°56™56.5%), in
particular, was selected as a star-forming candidate, with an
estimated SFR of 20 — 200 M, yr~! and an apparent CFHT r-
band magnitude of 27.9*%6 . Within the Stefanon et al. (2017)
catalog, UMG-28740 has a median photometric redshift of
Zphot = 4.495 and a median stellar mass of log(Mx/Mg) =
11.0. In total, the CANDELS catalog reports photometric
measurements of UMG-28740 at ugriz and JHK; bands from
CFHT, F606W, F814W, F125W, F140W, and F160W from
HST, as well as all four Spitzer/IRAC channels.

In addition to the photometry from CANDELS, this galaxy
was recently observed with JWST/NIRCam (Rieke et al. 2003;
Beichman et al. 2012) as part of the Cosmic Evolution Early
Release Survey (CEERS, PID 12117; Finkelstein et al. 2023;
Bagley etal. 2023). Using JWST/NIRCam (pointing 2), UMG-
28740 was observed with the F115W, F150W, F200W, F277W,
F356W, F410M, and F444W filters at a 5o~ depth ranging from
AB magnitudes of 28.35—-29.2. While the CEERS photometry
was not incorporated in the initial target selection, it is utilized
in this work as a supplemental set of photometry in §3.1.

2.2. Spectroscopic Observations and Reduction

Using Keck/DEIMOS (Faber et al. 2003), we observed
UMG-28740 in March and May of 2023 on three different
slitmasks. For all obserovations, we used the 600 lines mm ™!
grating blazed at 7500 A and tilted to a central wavelength of
7200 A, with the GG455 order-blocking filter employed and
no dithering between exposures. With slit widths of 17, the
spectral resolution (FWHM) for the 600g grating on DEIMOS
is ~ 3.5 A (Weiner et al. 2006), with a dispersion of 0.65 A
per pixel. Calibrations for each slitmask included three in-
ternal quartz lamp flat-field frames and an arc lamp spectrum
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FiG. 1.— (top) A roughly 150 A-wide section of the co-added 2D spectrum for
UMG-28740 from our Keck/DEIMOS observations, highlighting the Lyman-
« emission line. (bottom) The corresponding co-added 1D spectrum with the
resulting best-fit redshift shown in red. Top x-axis shows the velocity offsets
from zpy, while the bottom x-axis shows the observed wavelength.

(using Kr, Ar, Ne, and Xe lamps). We were able to observe
UMG-28740 with the three different slitmasks for a combined
exposure time of 6.9 hours. The average seeing for these ob-
servations ranged from ~ 0.8-1"" with variable transparency.

The Keck/DEIMOS observations were reduced using the
spec2d? DEEP2/DEEP3 DEIMOS data reduction pipeline
(Newman et al. 2013; Cooper et al. 2012), yielding sky-
subtracted, wavelength-calibrated 1D and 2D spectra for each
target. We then combined the three 1D spectra of UMG-28740
from the reduction of each slitmask, creating a final co-added
1D spectrum as shown in Figure 1. For visualization of the
line, we also co-added the corresponding 2D spectra, as shown
in the top panel of Figure 1.

To measure a best-fit redshift, we utilized a custom template
fitter (as used in Urbano Stawinski et al. 2024b) that incor-
porates both an emission-line galaxy template as well as an
asymmetric Gaussian profile to probe for a single Ly line.
For UMG-28740, we found a single emission line nearby the
expected wavelength for Ly given the photometric redshift.
Fitting this profile, we find the resulting heliocentric-corrected
spectroscopic redshift for UMG-28740 s zspec = 4.8947 (best-
fit model is shown by the red line in Fig. 1).

While this redshift is determined by the presence of a single
emission line, there are multiple arguments consolidating this
feature to be Lya. First, the asymmetric profile of the emission
line follows the characteristic shape of Ly« emitters at z > 3
(e.g. Verhamme et al. 2008; Martin et al. 2015). Second, the
measured redshift is consistent with two sets of photometry
from CANDELS and CEERS, including high-quality photo-
metric measurements from HST/WFC3 and JWST/NIRCam
(see Fig. 2). Lastly, the location of this galaxy coincides with
a large overdense region at z ~ 5 (first highlighted by Naidu
etal. 2022 and later discussed in §3.2), which further solidifies
Zspec = 4.8947 as the correct redshift.

The asymmetric profile of Lya suggests the presence of
neutral gas around this object. We quantify the asymmetry of

2 https://sites.uci.edu/spec2d/


https://sites.uci.edu/spec2d/

UMG in a z ~ 5 Protocluster 3

the Ly« emission by taking the ratio of the red and blue sides
of the line profile following A s = ( f;o fadd)/( / Apea fadd)
peal

Atrough
where f; is the flux, Apeak is the wavelength centegr of the
profile, and Ayougn is the blue edge (Kakiichi & Gronke 2021;
Rhoads et al. 2003). We find the asymmetry parameter to
be high, Ay = 3.56, potentially indicating sufficient neutral
gas surrounding the galaxy within the interstellar medium, the
circumgalactic medium, or possibly as part of AGN-driven
outflows (Verhamme et al. 2008; Laursen et al. 2009).

3. ANALYSIS
3.1. SED Fitting

With our measured spectroscopic redshift (zspec = 4.8947),
we re-fit the SED of UMG-28740. Here, we employ both
the photometry from CANDELS (Stefanon et al. 2017) and
from CEERS (Bagley et al. 2023). From the CANDELS
photometric catalog, we exclude the HST/ACS photometry
at F606W and F814W due to uncertainties related to sky
subtraction, such that the SED fits are made to the photome-
try at ugrizJHK; from CFHT, F125W, F140W, and F160W
from HST/WFC3-IR, and all four Spitzer/IRAC channels.
Meanwhile, the CEERS catalog includes photometric mea-
surements at F606W and F814W from HST/ACS, F125W,
F140W, and F160W from HST/WFC3-IR, and finally F115W,
F150W, F200W, F277W, F356W, F410M, and F444W from
JWST/NIRCam.

The majority of our SED analysis was completed using the
SED-fitting code Bayesian Analysis of Galaxies for Physical
Inference and Parameter EStimation or BAGPIPES (Carnall
et al. 2018).3 BAGPIPES assumes Bruzal and Charlot stellar
populations (Bruzual & Charlot 2003), a Kroupa IMF (Kroupa
& Boily 2002), and a Calzetti dust law (Calzetti et al. 2000).
Adopting a double-power law star formation history, we mea-
sure best-fit model SEDs for each set of photometry (from
CANDELS and CEERS). We fit these datasets separately to
avoid any systematic biases associated with the varying pho-
tometric methods, such as different aperture sizes and adopted
PSF-matching methodology. The SEDs are fit to 10 free pa-
rameters, allowing for variation in metallicity, age, the slope
of the Calzetti dust law, and the ionization parameter. The full
set of free parameters used and their allowed distributions are
outlined in Table 1.

As shown in Figure 2, the resulting SED fits give a stel-

lar mass of log(M,/Mg) = 10.98J:%.%‘_£j using the CEERS

photometry and log(M, /Mg) = 11.08t%018 using the CAN-
DELS photometry. While the stellar mass is tightly con-
strained between the two sets of photometry, we find that the
SFR is dependant on the photometric catalog utilized. The
CANDELS photometry yields a dusty, highly star-forming
galaxy (SFR = 285.0"'2° Mo yr™!) and the fit to the
JWST/NIRCam photometry produces a very low star formation
rate (SFR = 9.5*% My yr™!) and low dust attenuation. The
latter, nearly quenched SED is shown in orange in Figure 2,
and is consistent with both sets of photometry within 10
error. On the other hand, the star-forming SED (shown in blue
in Fig. 2) has insufficient emission in the rest-frame optical
(~ 4000-6000A), so as to under-produce the flux measured in
the JWST/NIRCam F277W band. In addition, the star-forming
SED overpredicts the observed flux in the JWST/NIRCam
F356W, F410M, and F444W bands due to contribution from

3 https://github.com/ACCarnall/bagpipes

TABLE 1
LIST OF FREE PARAMETERS USED IN THE SED FiTs wiTH BAGPIPES
Parameter Unit Range Prior
General®
Stellar Mass Formed M, /Mg (1, 15) Logarithmic
Peak Star Formation 7/Gyr (0.3, tops) Logarithmic
Age tage /Gyr 0.1, 1) Logarithmic
Metallicity Z|Zo (0.01, 2.5) Logarithmic
V-band attenuation Ay (0, 8) Uniform
Dev1at19n from 9 (-0.3,0.3) Gaussian®
Calzetti slope
2175A bump strength B 0, 5) Uniform
ITonization U (-4,-2) Logarithmic
Double-power law®
double-power law a (0.01,1000)  Logarithmic
falling slope
double-power law B (0.01,1000)  Logarithmic
rising slope
Burstd
Stellar Mass Formed My /Mg 0, 15) Logarithmic
Age tage /Gyr 0.1, 1) Logarithmic
Metallicity Z|Zo (0.01, 2.5) Logarithmic
AGN¢
Continuum oFlux at f51002 . (0,10-19) Uniform
5100A erg/s/cm~/A
He Flux fHa ,  (0,10716:6) Uniform
erg/s/cm
Ha Velocity oHal/km/s  (1000,5000)  Logarithmic
Dispersion
Power law slope:
at A < 5000A @1<5000 (-2,2) Gaussian®
at 1 > 5000A @1>5000 (-2,2) Gaussian'

3Parameters used in all SED fits.

YThe Gaussian distribution for the Calzetti slope has a mean of u = 0
and a standard deviation of o = 0.1

“Parameters specifically used in the double-power law fits.
dparameters used in added AGN and burst components.

®The Gaussian distribution for the power law slope at at A < 5000A
has a mean of u = —1.5 and a standard deviation of o = 0.5

fThe Gaussian distribution for the power law slope at at A > 5000A
has a mean of u = 0.5 and a standard deviation of o~ = 0.5

strong emission lines such as Ha at ~ 3.9um. Based on
the photometry alone, this favors the quenched scenario for
UMG-28740 (see §4.1 for a more detailed discussion of these
discrepancies).

To test the robustness of our measurements for mass and
SFR, we ran BAGPIPES again using a variety of different
models; varying the included free parameters, changing the
assumed star formation history, restricting the assumed metal-
licity to solar, and adding different components such as bursts
and the broad-line region of an active galactic nucleus (AGN;
modeled by Gaussian fits to the He and Hf broad lines, see
Carnall et al. 2023b). In summary, we highlight the results
from five different models: a double-power law SFH, a double-
power law SFH including an AGN, a burst, or fixing the metal-
licity to solar metallicity, and a delayed-t model (see Table 2).
Adding an AGN or burst component is of interest to the evolu-
tion of massive galaxies in the early Universe, as the spectra of
asubset of UMGs have significant AGN contributions (Marsan
et al. 2017; Forrest et al. 2020b, Forrest et al. in prep.) and
current theoretical models speculate that the rapid formation
of such systems require extreme bursts of star formation (Sun
et al. 2023).
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F1G. 2.— (top) From left to right: image stamps of UMG-28740 in the JWST/NIRCam 1.50um, 2.77 um, and 4.44um filters, followed by an RGB image (F150M
in blue, F277M in green, and F444W in red). (bottom) Best-fit SEDs (star-forming in blue and quenched in orange) from BAGPIPES forced at the measured Zgpec-
The two sets of observed photometry are shown as dark blue (Stefanon et al. 2017) and orange (Bagley et al. 2023) markers. The width of each SED indicates the
+1 0 confidence intervals resulting from BAGPIPES. The open blue crosses show the predicted JWST/NIRCam flux at F277W, F356W, F410M, and F444W for the
blue star-forming SED. Here, the predicted JWST/NIRCam flux for the star-forming scenario is under-estimated at 2.77um and over-estimated at 3.56 — 4.44um,

suggesting that UMG-28740 is likely quenched.

We also compared the results from BAGPIPES to fits us-
ing the C++-adapted SED fitting code FAST++* (Kriek et al.
2009). With FAST++, we adopt the same parameters used in the
literature to model UMGs at z ~ 3.5 (Forrest et al. 2020a,b),
assuming a Bruzal Charlot stellar population (Bruzual & Char-
lot 2003), the Calzetti dust law (Calzetti et al. 2000), and a
Chabrier IMF (Chabrier 2003). The Chabrier IMF is related
to the Kroupa IMF used in BAGPIPES by a factor of ~ 1
(Wright et al. 2017), allowing for direct comparison between
results of the two SED codes. We allow FAST++ to vary
the extinction from 0 < Ay < 4 with a AAy = 0.1, the
age from 7 < log(Age) < age of the Universe at zgpe. With
Alog(Age) = 0.05, and a metallicity of Z/Zs = 0.02 as in
Forrest et al. (2020a,b). For the assumed SFH, we adopt a
double-exponential SFH as used in Forrest et al. (2020a,b).

Remarkably, regardless of the photometric dataset used,
SFH assumed, underlying SED code, or range of free pa-
rameters, we find all best-fit SEDs result in a massive galaxy
with a stellar mass of log(M,/Mg) ~ 11. Across the various
fits, UMG-28740 has a median mass of log(M,/Mg) = 10.98

4 https://github.com/cschreib/fastpp

with a 1o standard deviation of 0.07 (see Table 2 for mea-
surements from each SED fit). Hereinafter, we conservatively
use this stellar mass and error as our best estimate for UMG-
28740. This SED fitting analysis also highlights a discrepancy
between SFR and dust extinction — resulting in the two possi-
ble scenarios, star-forming or quenched (see §4.1 for a more
detailed discussion).

3.2. An Overdense Region around UMG 28740

UMG-28740 is embedded within a significant overdensity
at z ~ 5, as traced by the surface density of galaxies at
4.5 < zZphot < 5.5 in the CANDELS photometric catalog.
As shown in Figure 3, UMG-28740 resides near the center of
the overdense region and is the most massive member. How-
ever, we caution that the observed overdensity is located near
the edge of the CANDELS survey area within the EGS, with
UMG-28740 only ~ 16" from the edge of the HST/WFC3
imaging footprint, such that the full extent of the structure
may be underestimated. Naidu et al. (2022) first identified
this particular overdense region, finding that a ~ 0.8 arcmin?
area centered on a lower-mass photometric neighbor of UMG-
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TABLE 2
STELLAR MAss AND SFR FrRoMm ALTERNATIVE SED Fits

SFH Code Mass SFR
log(M4/Mo) Mo/yr
CANDELS (Stefanon et al. 2017)

Double-power law? BAGPIPES  11.080-%%  285.012%°
Double-power law+AGN ~ BAGPIPES  10.97 5-0¢ 8.639
Double-power law+burst ~ BAGPIPES 10.98 8:82 419.6 }gg;
Double-power law at Z; ~ BAGPIPES 10.91 8:(1)7 299.9 gg?

Delayed-7 BAGPIPES 109201}  312.1}30)

Double Exponential FAST-++ 10.950-% 245166

CEERS (Bagley et al. 2023)

Double-power law? BAGPIPES 10.98 83‘; 9.5 gg
Double-power law+AGN ~ BAGPIPES ~ 10.96 J-0¢ 0099
Double-power law+burst ~ BAGPIPES 11.17 8:82 18.1 Z:%
Double-power law at Z, ~ BAGPIPES 10.99 8:8% 74 (1):2

Delayed-7 BAGPIPES 11.05 -2 322108

4SED fit is shown in Fig. 2.

28740 contained 4X the average surface density of sources
at 4.5 < zpnot < 5.5. However, this lower-mass neighbor

(M, ~ 10%6 Mg, spectroscopically confirmed by Arrabal
Haro et al. 2023Db), is located > 20" to the south (> 0.8 cMpc
at z = 5) of UMG-28740 and outside of the apparent center of
the overdense region as traced by the CANDELS photometric
catalog (see the highlighted red cross in Fig. 3).

To investigate the extent of the overdense region around
UMG-28740, we search for other overdensities across the en-
tire CANDELS footprint within the EGS field by compar-
ing the galaxy surface densities in redshift slices of Az = 1
to the average surface density at each corresponding epoch.
We use the CANDELS catalog to identify sources at 2.5 <
Zphot < 6.5, as this catalog covers a larger footprint within
the EGS (versus CEERS). We limit this analysis to sources
with log(M,/Mg) > 9, so as to define a tracer population
that is unbiased (complete) over the full redshift range probed.
Across the entire field, we compute the galaxy surface den-
sity as a function of position on the sky within an aperture of
45" x 45" and a depth of Az = 1. Stepping through redshift
from z = 3 to z = 6 with a step size of Az = 0.1, we identify
regions that are overdense compared to the average surface
density at the corresponding redshift. We find that the region
hosting UMG-28740 is one of the most extreme overdense
regions within the EGS at 3 < z < 6, with a surface density
that is ~ 10x higher than the average surface density of the
field at z = 4.9.

At z ~ 5, the effective radii of protoclusters are estimated to
extend up to R, = 5 — 10 cMpc (Chiang et al. 2013). UMG-
28740 is positioned nearby the apparent center of the overdense
region, such that we can estimate Rpy,j from UMG-28740 to
trace the effective radius of the protocluster. However, we cau-
tion this region is also near the edge of the EGS field, limiting
observed galaxies past Rproj ~ 0.6 cMpc to the north-west and
potentially skewing the true center of the overdensity. Nev-
ertheless, within Ryoj = 3.44 cMpc from UMG-28740, there
are 26 photometric protocluster members at 4.5 < z < 5.5
and with M, > 10° Mg, in the CANDELS photometric cata-
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FiG. 3.— Overdensity hosting UMG-28740 (blue star) at z ~ 5. The
underlying 2D histogram and contours show the galaxy surface density for
objects in the CANDELS catalogat4.5 < zppo < 5.5and log(M«/Mg) > 9.
The beam size (with a diameter of 4.5””) used to convolve the density map
is shown in the upper right corner. Cyan circles denote photometric sources
found in the CANDELS (Stefanon et al. 2017) and CEERS (Bagley et al.
2023) catalogs, where white circles are low-mass galaxies only found in the
deeper CEERS catalog. The size of the circle indicates the estimated stellar
mass of the object. Red crosses and the orange diamond are spectroscopically-
confirmed sources from Arrabal Haro et al. (2023a) and Urbano Stawinski
et al. (2024b), respectively. The highlighted red cross indicates the location
of the lower-mass member from Naidu et al. (2022).

log along with 160 members identified in the CEERS catalog,
pushing down to lower stellar masses (M, > 108 My). Addi-
tionally, out of all the photometric members there are 4 massive
neighbors with 10.5 < log(M«/Mg) < 11 within just 29.5”,
or ~ 1.13 cMpc, of UMG-28740. The closest of these massive
members is only separated from UMG-28740 by 0.29 cMpc.
This makes the protocluster surrounding UMG-28740 the most
compact overdensity of massive log(M,/Mg) > 10.5 galaxies
within the entire EGS at z ~ 5 (according to the CANDELS
catalog), with only two other compact regions each contain-
ing two similarly massive galaxies at a similar spatial scale
(Rproj < 3 cMpc). Moreover, there are no other instances of
> 3 massive galaxies within Rp; < 3 cMpc at this redshift in
the CANDELS catalog.

This protocluster also hosts 5 spectroscopically-confirmed
galaxies from Keck/DEIMOS (Urbano Stawinski et al. 2024b)
and JWST/NIRSpec (Arrabal Haro et al. 2023a) spectroscopy
within Ry = 3.44 cMpc (see Fig. 3). The measured mass
of these spectroscopic members range from log(M,/Mg) =
9.18 — 9.95 and span 0.75 cMpc to 2.10 cMpc from UMG-
28740. In summary, all members within Ry, = 4 cMpc, both
spectroscopically confirmed and all photometric candidates,
are estimated to be less massive than UMG-28740.

4. DISCUSSION

4.1. Investigation into Competing Star Formation Histories

As mentioned in §3.1, the two sets of photometry yield
two different SFH scenarios, one with a highly star-forming
and dusty SED versus one with low star formation and little
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formation time (¢, ) corresponds to the epoch at which 50% of the stellar mass is formed for the double-power law models. The higher-quality JWST/NIRCam
photometry favors the quenched scenario and suggests that UMG-28740 formed much of its stellar mass as early as z > 10.

dust extinction. The high-quality JWST/NIRCam photometry
favors a nearly quenched, SED. In contrast, the photometry
from CANDELS favors a star-forming SED, with the exception
of a quenched solution when assuming a double-exponential
SFH with FAST++ (as described in §3.1). We show a variety
of these SFHs, highlighting the best fit SEDs from the final
BAGPIPES run, in Figure 4.

Looking at the SED fits alone, the +10- spread of the or-
ange, quenched SED is consistent with both sets of photometry
within the errors. However, there is a clear offset between the
JWST/NIRCam photometry and the blue, star-forming SED,
with the largest discrepancy at F277W and F410M. To test the
consistency between the NIRCam photometry and the star-
forming SED, we predict the flux that we would expect from
a mock F277W, F356W, F410M, and F444W observation of
the star-forming SED fit, using the ‘predict’ function within
the BAGPIPES code (see the open blue crosses in Fig. 2).
For F277W, the expected flux would be elevated from the
continuum due to the emission lines nearby 2.77um; how-
ever, we find this predicted flux is insufficient to reproduce
the observed F277W flux even within +1o0. For F356W and
F410M, the predicted flux is elevated to a greater extent, due
to contributions from strong emission lines such as He at
~ 3.9um. However, this added emission over-predicts the flux
measured by the NIRCam photometry (also seen, to a lesser
extent, in the F444W predicted flux). Taken together, this
suggests that the quenched scenario is more consistent with
the observed photometry from both catalogs, and thus more
likely to be the true SFH of UMG-28740. Moreover, run-
ning BAGPIPES with a double-power law SFH on both sets
of photometry simultaneously (i.e. the combined CANDELS
and CEERS photometric dataset), we find the best-fit model
to be quenched (SFR ~ 8 My, yr™1), further indicating the im-
portance of the mid-IR photometry in supporting a quenched
SFH for UMG-28740.

One argument against a quenched SFH is the detection of
Ly emission. However, this may be explained by either AGN
contribution or remnant star formation consistent with a post-
starburst SED. Indeed, a recent study of a post-starburst galaxy
at z ~ 3 has detected significant amounts of neutral gas from
AGN driven outflows via ALMA (Scholtz et al. 2024). Out-
flowing neutral gas around UMG-28740 could also contribute
to the asymmetric Lya profile measured in §2.2.

To explore the consistency of the observed Lya profile with a
quiescent model, we compare the observed and expected Lya
equivalent widths (EW) from different SED fits. Assuming
no AGN contamination, we again use the ‘predict’ function
in BAGPIPES to estimate the EW of Ly« in the various SED
fits. For the nearly quenched scenario, the SFR from all mod-
els without an AGN component ranges from 9.5 Mg yr~! to
32.2 Mg yr~!. Measuring the EW of Lya from the model
SEDs (using the =10 spread in the quenched models) yields
an EWpy, = 16.5 — 35.1A. We then estimate the EW of the
observed Lya line from Keck/DEIMOS. We find the contin-
uum level just redward of the line profile and calculate the EW
using a custom python code. Because the continuum level is
so low, we conservatively call this measurement an upper limit
on the true EW. Performing this analysis yields an observed
EWirye > 34.0A, within the range of the predicted values for
the post-starburst SED. Hence, we cannot rule out the nearly
quenched scenario by detection of Lya emission alone.

We perform the same analysis on the SEDs with AGN con-
tribution. With AGN contribution we find the +10 spread for
the quenched SEDs yields EWyy, = 29.9 - 31.7A, which is
below the estimated observed Lye EW. This would suggest
that AGN contribution alone may not explain the presence of
Lya emission seen in the Keck/DEIMOS spectroscopy, and
that likely there is some remnant star formation (even with the
presence of AGN contamination).
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The best-fit SEDs for UMG-28740 yield two different SFH
scenarios, a highly star-forming galaxy or a nearly quiescent
one. However, due to the flux required by the JWST/NIRCam
photometry in the mid-IR (F277W, F356W, F410M, and
F444W) and the consistency in the EW of the observed and
predicted Ly emission line, we argue that the quenched SED
is likely the true SFH of this object.

4.2. Comparison to Simulations

The number density of UMGSs at z ~ 5 is extremely low,
especially for more quiescent systems (Stefanon et al. 2015;
Davidzon et al. 2017; Marsan et al. 2022; Weaver et al. 2023).
In addition, due to various observational challenges associ-
ated with observing these systems, there are only a handful of
spectroscopically-confirmed UMGs at this epoch in the liter-
ature (e.g. Antwi-Danso et al. 2023; Xiao et al. 2023; Carnall
et al. 2023b). To compare the SFR of UMG-28740 to a large,
unbiased sample of galaxies, we plot SFR versus stellar mass
for UMG-28740 with simulated galaxies. Many simulations
struggle to produce massive systems at high redshift, and most
fail to quench these objects at early epochs. However, the Il-
lustris TNG-300 simulation (Nelson et al. 2019) has been able
to form massive systems and subsequently suppress SFR to re-
produce quiescent UMGs up to z ~ 3.5 (Forrest et al. 2020a;
Schreiber et al. 2018; Glazebrook et al. 2017). Hence, we
compare UMG-28740 to simulated galaxies in TNG-300 at
z =5 (see Fig. 5).

While TNG-300 reproduces massive quiescent systems at
z ~ 3.5, as well as massive star-forming galaxies at ear-
lier epochs (Forrest et al. 2020a), TNG-300 fails to create
massive and quiescent galaxies like UMG-28740 (assuming a
quenched scenario) and one other spectroscopically-confirmed
quenched system in the literature to date (Carnall et al. 2023b)
at z ~ 5. The measured SFR of UMG-28740 for the quenched

scenario is ~ 2 dex below that of any other simulated galaxy
at log(M4/Mg) ~ 11. On the other hand, the TNG-300
simulation does reproduce massive, star-forming galaxies at
this epoch, including those from Xiao et al. (2023) and the
star-forming scenario of UMG-28740. The lack of massive
quenched objects is likely a result of one of two possibilities:
the TNG-300 simulation fails to catch the cessation of star for-
mation at this epoch or that the size of TNG-300 is too small
(V = 302.6> Mpc?) to capture a system as rare as UMG-28740
and its protocluster environment.

Recently, Xie et al. (2024) used the GAEA semi-analytic
model (De Lucia et al. 2024), applied to a larger box size than
that of TNG-300 (V = 685% Mpc?), to study the formation of
massive quiescent galaxies at early cosmic times. In summary,
Xie et al. (2024) find a larger relative number of quenched
massive galaxies at z ~ 4.5, with a quenched fraction for
systems with M, = (0.8 — 1.2) x 10'! M, of £, ~ 0.06. Xie
etal. (2024) suggest that the primary quenching mechanism for
massive galaxies at high redshift is accretion disk feedback via
quasar winds. Yet even within the GAEA simulation UMG-
28740 is exceptionally rare; galaxies as quiescent as the best-fit
quenched model, with a specific SFR of ~ 10710 yr~!, have
a number density of only ~ 2 x 1077 per cMpc? at z ~ 5 in
GAEA (De Lucia et al. 2024).

Observational studies suggest that massive quiescent galax-
ies at z ~ 5 exist at greater numbers than those predicted in
these models (e.g. Carnall et al. 2023a). However, spectro-
scopic detection of these systems has been nearly unachievable
prior to the launch of JWST. With JWST in operation, more
quiescent massive systems are being uncovered (see Carnall
et al. 2024 for 4 such systems at 3 < z < 5). These discov-
eries suggest systems such as UMG-28740 are not as unique
as current simulations project, placing valuable constraints on
modern models of galaxy formation.

4.3. Mass Assembly History of UMG-28740

To investigate the potential evolution of UMG-28740, in
Figure 6 we plot the mass assembly history correspond-
ing to the best-fit star-forming and quiescent models from
BAGPIPES (see Fig. 4). We compare the mass growth of
UMG-28740 to that of spectroscopically-confirmed UMGs at
z ~ 3.5 from the Massive Ancient Galaxies At z > 3 NEar-
infrared (MAGAZ3NE) survey (Forrest et al. 2020a,b, 2022), a
Keck/MOSFIRE effort that has successfully spectroscopically
confirmed a large sample of star-forming and quenched UMGs
at z ~ 3.5. We also include a sample of massive dusty star-
forming galaxies (DSFGs) at z > 5 from the literature (Riech-
ersetal. 2020; Williams et al. 2019; Jinet al. 2019; Zavala et al.
2018; Pavesi et al. 2018; Riechers et al. 2017; Strandet et al.
2017; Maet al. 2015; Cooray et al. 2014; Riechers et al. 2013;
Walter et al. 2012), including the dusty star-forming UMGs
spectroscopically confirmed by Xiao et al. (2023). Finally, we
also include the massive, spectroscopically-confirmed quies-
cent galaxy from Carnall et al. (2023b) and the photometric
massive galaxy candidates from Labbé et al. (2023). Below
we discuss the possible connections between UMG-28740 and
these various populations.

For the mass assembly history predicted by the best-fit star-
forming models, UMG-28740 is consistent with being the
progenitor of the existing UMG population at z ~ 3.5, such
that the ongoing star formation in the system will continue to
grow its stellar mass at 3 < z < 5, likely becoming similar to
one of the more massive UMGs detected by the MAGAZ3NE
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Fi6. 6.— Mass assembly history of UMG-28740 for the best-fit star-forming models (blue lines) and quiescent models (orange lines). We include the double-
power law fits (solid line), the fixed Z = Z double-power law fits (dashed dotted lines), and the delayed-7 fits (dotted lines). The =10 uncertainties for the
double-power law fits are shown as the shaded blue and orange regions. The green tracks and squares show the assembly histories for spectroscopically-confirmed
UMGs at z ~ 3 from Forrest et al. (2020b). Spectroscopically-confirmed massive galaxies at z ~ 5 from Xiao et al. (2023) and (Carnall et al. 2023b) are shown as
purple circles and a peach cross, respectively. Finally, we include a sample of z > 5 DSFGs (grey open hexagons) from the literature and a sample of photometric
massive galaxy candidates from Labbé et al. (2023) (cyan diamonds). The grey shaded regions show the stellar mass prohibited by ACDM cosmology, following
M, " = € fi, Mpa o™ where € is the star formation efficiency and f3, is the cosmic baryon fraction. We include three different thresholds, by assuming the
area of the EGS at a 20% efficiency and a 100% efficiency as well as the area of the full sky and 100% efficiency.

survey. Similarly, the DSFG population at z ~ 5, including
the galaxies identified by Xiao et al. (2023), are also likely
to evolve into members of the existing UMG population at
z ~ 3.5 (Forrest et al. 2020b). Looking towards higher z for
the best-fit star-forming models, the assembly history of UMG-
28740 is consistent with the massive galaxy candidates from
Labbé et al. (2023) as potential progenitors, with UMG-28740
forming much of its stellar mass at z < 8.

On the other hand, assuming the more-likely quenched SFH,
UMG-28740 will evolve into a lower-mass UMG at z ~ 3.5
(M, ~ 10" My). Interestingly, however, in this scenario
UMG-28740 would not be included in the sample of known
UMGs at z ~ 3.5. Due to the difficulty in detecting ab-
sorption lines in faint systems from the ground, MAGAZ3NE
observations were limited to an AB magnitude of K; < 21.7.
In contrast, if we passively evolve the quenched model SED
for UMG-28740 at z = 4.8947 to z = 3.5, we find that UMG-
28740 would have an AB magnitude of K = 22.7, fainter than
the selection limit for the MAGAZ3NE survey and indicating
that existing samples of UMGs at intermediate redshift may be
biased against the oldest systems (see Forrest et al. 2020b). In-
stead, UMG-28740 would more likely resemble much fainter
UMGs at z ~ 3, such as those that have been targeted with
JWST/NIRSpec (Nanayakkara et al. 2024; Glazebrook et al.
2024).

Towards high-z, the evolutionary history of UMG-28740
drastically changes assuming a quenched model. At z ~ 5,
UMG-28740 is already an extreme system, more massive than
the other spectroscopically-confirmed quiescent system at this
epoch (Carnall et al. 2023b). Moreover, in contrast to the
massive quiescent galaxy from Carnall et al. (2023b), which
formed its mass at z ~ 7, we find UMG-28740 to already be

quenching by z ~ 8, with the bulk of its stellar mass formed
at much earlier cosmic time (z > 10). Based on the quenched
SED fits, the mass assembly of UMG-28740 is inconsistent
with the DSFG population at z > 5 and the massive galaxy
candidates from Labbé et al. (2023), instead forming a more
extreme amount of mass at very high redshift.

The formation of such massive galaxies at high redshift
is a highly active area of study thanks to a wealth of new
observations from JWST. For example, early JWST imaging
campaigns discovered a surplus of massive galaxy candidates
at z = 8—14 that stand in tension with predictions from ACDM
(Casey et al. 2023; Labbé et al. 2023; Boylan-Kolchin 2023).
These results have sparked a myriad of questions and scrutiny
in our current understanding of the physical processes driving
galaxy evolution, including those that underpin SED fitting
codes. The extreme build-up of mass required to assemble
massive galaxies suggests intense bursts of star formation that
convert > 20% of the available baryons into stars (Steinhardt
et al. 2016; Boylan-Kolchin 2023; Sun et al. 2023; Casey et al.
2023; Xiao et al. 2023; Antwi-Danso et al. 2023).

To investigate the star formation efficiency of UMG-28740,
we plot the limiting mass as imposed by a ACDM cosmol-
ogy (shown as the grey shaded regions in Fig. 6). To do this,
we follow the methodology from Boylan-Kolchin (2023), first
calculating the number density of halos of a given mass as
a function of redshift using hmf>, a python package that cal-
culates the halo mass function at different redshifts (Murray
2014). We then find the maximum halo mass, given a survey
volume, for which we would observe 1 such system. To con-
vert to stellar mass, we follow M,™ = € fp Mpa o™, where

5 https://hmf.readthedocs.io
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/b 1s the cosmic baryon fraction and € is the efficiency of con-
verting baryons into stars. We perform this calculation for the
area of the CANDELS footprint within the EGS (205 arcmin?,
Stefanon et al. 2017) using a line-of-sight depth of Az = 2 and
an efficiency of 20% (e = 0.2) and 100% (e = 1.0). We also
calculate the maximum stellar mass for observations across
the full sky with an efficiency of 100%, which is the upper
limit for what is allowed in a ACDM cosmology.

At z ~ 5, UMG-28740 has a stellar mass consistent with
a relatively high star formation efficiency (~ 20%), compa-
rable to that found in larger samples of massive galaxies at
high redshift (e.g. Chworowsky et al. 2023). In contrast, re-
cent analyses of massive star-forming galaxies at z > 5 find
even more extreme star formation efficiencies (e ~ 0.5, Xiao
et al. 2023; Casey et al. 2023). If UMG-28740 is quiescent
at z ~ 5, then its evolution is also consistent with an elevated
formation efficiency at higher z. As shown in Figure 6, at
z 2 8 where the quenched model for UMG-28740 is still star
forming, the implied formation efficiency is on the order of
(and potentially in excess of) unity, consistent with the expec-
tations from models of feedback-free star formation (Dekel
et al. 2023). Moreover, for the quenched model, UMG-28740
reaches significant tension with ACDM at even earlier times,
exceeding € = 1 across the area of the full sky at z ~ 15. We
tested this tension by fitting the CEERS photometry with a
model set to high metallicity (Z = 2Z), to further explore the
potential degeneracy between stellar age and metallicity. Even
at super-solar abundances, however, we find that the formation
time is only reduced by 0.15 Gyr, still in conflict with ACDM
at high redshifts. This suggests UMG-28740 formed its stars
at nearly impossible rates as currently predicted by theoretical
models.

4.4. RUBIES-EGS-0QG-1

While we finalized this manuscript, de Graaff et al. (2024)
presented a JWST/NIRSpec PRISM and G395M spectrum of
UMG-28740 (identified as RUBIES-EGS-QG-1 in de Graaff
et al. 2024). The spectroscopic observations were collected
in March 2024, with coverage of the Balmer break and the
Ha emission line. This effort was part of the RUBIES survey
(GO-4233; PIs A. de Graaff and G. Brammer), which uses
JWST/NIRSpec to observe galaxies in the EGS and UDS fields.
In this section, we discuss the results of this independent work
and compare those to our work.

The physical properties of RUBIES-EGS-QG-1 were mea-
sured from SED fitting of the JWST/NIRSpec PRISM spec-
trum, as well as photometry from HST/WFC3 (F125W,
F140W, and F160W), HST/ACS (F814W and F606W), and
JWST/NIRCam (F115W, F150W, F200W, F277W, F356W,
F444W, and F410M). The spectrum and photometry were fit
simultaneously via Prospector (Leja et al. 2017), assuming
a Chabrier IMF (Chabrier 2003), stellar population models
from Flexible Stellar Population Synthesis (FSPS, Conroy &
Gunn 2010; Conroy et al. 2009), the MILES spectral library
(Sanchez-Blazquez et al. 2006), and MESA Isochrones and
stellar tracks (MIST, Choi et al. 2016; Dotter 2016). With
Prospector, de Graaff et al. (2024) explored four different
star formation history models — a delayed-, rising, and fixed
Z = Zy model as well as a SFH comprised of 14 bins of con-
stant star formation. The resulting best-fit stellar mass is in
agreement with our results, yielding M, = 8.7*%3 x 10'° M.
With inclusion of mid-IR spectroscopy from J WST/NIRSpec
de Graaff et al. (2024) pin down the SFR in the last 100 Myr

as SFRgp = 1.9%!:3 M yr™!, as the first work to spectroscop-
ically confirm its quiescence. This independent work uses a
separate SED modeling code and includes a high-quality spec-
trum that probes key spectral features, yet the final results are
in excellent agreement with our quenched model.

A remarkable note between the results presented in de Graaff
et al. (2024) and this manuscript is the detection of Ly« emis-
sion in a high-redshift quiescent galaxy. The observed spec-
trum and SED fit from de Graaff et al. (2024) did not include
a Lya emission line, potentially due to poor resolution at the
blue end of the JWST/NIRSpec PRISM spectrum and the low
SFR in the SED models. We investigate the potential ori-
gins of this Lye emission by estimating the EW of Lya for
a best-fit model SED to the observed photometry given SFR
= 6 Mpyr~! (the highest SFR in the last 10 Myr for any model
in de Graaff et al. 2024). We find the resulting Lya EW to be

18. 4+4 6 A, well below the limiting EW given by our obser-

vatlons (EWLy(, > 34.0 A, see §4.1). This suggests that star
formation from this galaxy alone may not be the cause of this
Ly emission, but rather there could be additional contribu-
tion from an AGN or the surrounding circumgalactic medium.
In addition, de Graaff et al. (2024) measured a slightly lower
redshift via emission line modelling of [Om], [Nu], [Su], and
Ha (zgpec = 4.8963) such that the peak Lya emission is red-
shifted by 479.67 km s~!. Taken together with the asymmetric
profile discussed in §2.2, this could be a sign of a significant
amount of neutral gas surrounding the galaxy or AGN-driven
galactic outflows.

The complementary analysis from de Graaff et al. (2024),
taken together with the conclusions of our SED fitting, high-
lights the importance of high-quality mid-IR photometry —
currently only accessible via JWST/NIRCam — in understand-
ing systems like UMG-28740. Only with such data can we
accurately measure key physical properties of z > 4 galaxies.
This example (UMG-28740) demonstrates the importance of
JWST as we continue to search and study the rarest and most
massive systems in the Universe.

5. CONCLUSIONS

In this work, we present spectroscopic confirmation of an
ultra-massive galaxy (UMG, ID 28740) with log(M,/Mg) =
10.98 + 0.07 at zgpec = 4.8947 based on deep spectroscopy
with Keck/DEIMOS. UMG-28740 is one of the most massive
spectroscopically-confirmed galaxies at z ~ 5 and lies within
one of the most extreme overdensities in the EGS. Here, we
summarize the main results of our analysis:

* We observe an asymmetric Lya emission line pro-
file with a relatively high asymmetry parameter of
Ay = 3.56, suggesting the presence of neutral gas
within or surrounding the galaxy. This neutral com-
ponent could be due to gas in the interstellar medium,
circumgalactic medium, or potentially associated with
AGN-driven outflows.

Using the spectroscopic redshift, we run a large suite of
SED modeling (assuming various SFHs and using two
SED fitting codes, BAGPIPES and FAST++) on two sets
of photometric data from CANDELS (Stefanon et al.
2017) and CEERS (Bagley et al. 2023). Regardless of
the SED code, set of free parameters, or SFH assumed,
the stellar mass of UMG-28740 is tightly constrained,
with a median mass of log(M,/Mg) = 10.98 and a
standard deviation of +0.07 between all runs.
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* We find a discrepancy between the measured SFR
and photometric dataset assumed, with multiple SED
fits to the CANDELS photometry yielding a highly
star-forming object. However, when fitting to the
JWST/NIRCam photometry from CEERS, UMG-28740
is nearly quiescent, with SFR < 32.2 My, yr~!. Futher-
more, while the quenched SED is consistent with both
sets of photometry, the predicted flux from the best-fit
star-forming SED under-predicts the measured flux at
F277W and over-predicts the measured flux at F356W,
F410M, and F444W; suggesting a quenched scenario is
more likely. Finally, we show the presence of Ly« does
not rule out a post-starburst, nearly quenched scenario.

We find UMG-28740 to be the most massive member
of a protocluster environment at z ~ 5, with the surface
density of galaxies in the region around UMG-28740
roughly 10x higher than the average coeval field sur-
face density. Within Rp,o; = 3.44 cMpc of UMG-28740,
we find 26 photometric members with M, > 10° Mg
and 160 photometric members with M, > 108 M, at
4.5 < z < 5.5, using the CANDELS and CEERS pho-
tometric catalogs, respectively. Finally, we find four

additional massive galaxies (M, > 10'%> M) within
0.29 — 1.13 cMpc of UMG-28740 in the CANDELS
photometric catalog.

Comparing the SFR of UMG-28740 to the Illustris
TNG-300 simulation box at z = 5 shows that, if
quenched, UMG-28740 is extremely rare — with a
SFR ~ 2 dex lower than any simulated galaxy at
log(My/Mg) = 11.

We find UMG-28740 has a high star formation effi-
ciency (~ 20%) at z ~ 5. Assuming a quenched model,
this efficiency exceeds € = 1 for the area of the full sky,

suggesting UMG-28740 would need to form its stars at
faster rates than predicted by theoretical models.
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