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Abstract

We present near-infrared spectroscopic confirmations of a sample of 16 photometrically selected galaxies with
stellar masses log(My/M,) >11 at redshift z > 3 from the XMM-VIDEO and COSMOS-UltraVISTA fields using
Keck/MOSFIRE as part of the Massive Ancient Galaxies At z > 3 NEar-infrared (MAGAZ3NE) survey. Eight of
the ultramassive galaxies (UMGs) have Speciﬁc star formation rates (sSFR) < 0.03 Gyr~', with negligible
emission lines. Another seven UMGs show emlss1on lines consistent with active galactic nuclei and/or star
formation, while only one UMG has sSFR > 1 Gyr~'. Model star formation histories of these galaxies describe
systems that formed the majority of their stars in vigorous bursts of several hundred megayear duration around
4 < z < 6 during which hundreds to thousands of solar masses were formed per year. These formation ages of
<1 Gyr prior to observation are consistent with ages derived from measurements of D,,(4000) and EW,(Ho). Rapid
quenching followed these bursty star-forming periods, generally occurring less than 350 Myr before observation,
resulting in post-starburst SEDs and spectra for half the sample. The rapid formation timescales are consistent with
the extreme star formation rates observed in 4 < z < 7 dusty starbursts observed with ALMA, suggesting that
such dusty galaxies are progenitors of these UMGs. While such formation histories have been suggested in
previous studies, the large sample introduced here presents the most compelling evidence yet that vigorous star
formation followed by rapid quenching is almost certainly the norm for high-mass galaxies in the early universe.
The UMGs presented here were selected to be brighter than K, = 21.7, raising the intriguing possibility that even
(fainter) older quiescent UMGs could exist at this epoch.
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1. Introduction

The observation of massive, quiescent galaxies has repeat-
edly forced astronomers to reconsider the paradigm of galaxy
evolution and cosmology, particularly in the early universe.
The spectrum of an old galaxy at z = 1.55 (Dunlop et al. 1996)
brought serious challenges to the Einstein—de Sitter cosmology
(Einstein & de Sitter 1932) popular at the time. Further
observations of similar galaxies at progressively higher
redshifts (e.g., Cimatti et al. 2004; Kriek et al. 2009; Gobat
et al. 2012; van de Sande et al. 2013) led to the realization that

* The spectra 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.

galaxies could build up large stellar populations and quench
star formation at early times, which required new suites of
simulations to reproduce them (e.g., Genel et al. 2014; Hopkins
et al. 2014; Vogelsberger et al. 2014a, 2014b; Crain et al. 2015;
Henriques et al. 2015; Schaye et al. 2015; Wellons et al. 2015;
Davé et al. 2016; Feldmann et al. 2016).

It is now clear that most, if not all, ultramassive galaxies
(UMGs; log(My/My) >11) have assembled the majority of
their mass by z ~ 1.5 (e.g., Gallazzi et al. 2005; Nelan et al.
2005; Thomas et al. 2005; Treu et al. 2005; Thomas et al. 2010;
Estrada-Carpenter et al. 2020). Indeed, the number density of
these galaxies evolves very little over the most recent 9 Gyr
(van der Wel et al. 2014; Gargiulo et al. 2016; Kawinwanicha-
kij et al. 2020), and evidence suggests most of the mass
assembly for these galaxies occurred in an early short-lived
burst, while less massive quiescent galaxies underwent longer,
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less intense periods of star formation (Pacifici et al. 2016;
Ciesla et al. 2017). Thus, determining the evolution of these
UMGs at earlier times is of great interest as they hold clues to
the processes required not only for intense, early star formation,
but also rapid quenching.

Critical to the discovery of large numbers of quiescent UMGs at
higher redshifts is the existence of wide and deep near-infrared
(NIR) imaging combined with ancillary multiwavelength observa-
tions. The NIR wavelengths are where these galaxies are most
easily detected and also constrain stellar masses, as the NIR
corresponds to the rest-frame optical at z ~ 3. Additional
photometry across a range of wavelengths is necessary to
effectively characterize SEDs and rule out drastically different
natures; in particular, IRAC photometry is critical to differentiating
between dust-obscured and old populations at z > 2. A variety of
recent surveys have made such imaging available, including
CANDELS (Grogin et al. 2011; Koekemoer et al. 2011), NMBS
(van Dokkum et al. 2009; Whitaker et al. 2011), UltraVISTA
(McCracken et al. 2012), VIDEO (Jarvis et al. 2013), DES+VHS
(Banerji et al. 2015), and ZFOURGE (Straatman et al. 2016). This
has resulted in an increasing number of photometric candidates that
require follow-up to confirm their quiescent natures (Marchesini
et al. 2010; Spitler et al. 2014; Straatman et al. 2014; Alcalde
Pampliega et al. 2019; Guarnieri et al. 2019; Merlin et al. 2019;
Shahidi et al. 2020).

Selection of these objects is often done using color—color
diagrams (e.g., Labbé et al. 2005), the most common of which
is the rest-frame (U — V') versus (V —J) plane known as the UVJ
diagram (e.g., Wuyts et al. 2007; Williams et al. 2009; Martis
et al. 2016; Forrest et al. 2016), where the red colors of
quiescent objects make them stand out. However, at high
redshifts, the clear color bimodality seen in UVJ at low
redshifts is not as well defined (Whitaker et al. 2011; Muzzin
et al. 2013; Straatman et al. 2016). Additionally, the presence
of strong emission lines can move galaxy colors significantly,
thus affecting conclusions drawn from photometry alone (e.g.,
Salmon et al. 2015; Forrest et al. 2018; Z. C. Marsan et al.
2020, in preparation). Spectroscopic follow-up is thus required
to (1) confirm the redshift, (2) quantify the strength of emission
lines associated with ongoing star formation, and (3) put limits
on dust-obscured star formation.

NIR spectroscopy (corresponding to rest-frame optical
wavelengths at z ~ 3) can inform these areas by detecting
either emission features such as [O I]AA3726, 3729, H3 4861,
and [OII ]AN959, 5007, or absorption features including the
Balmer series and calcium HA3970 and KA3935 lines (e.g.,
Belli et al. 2014; Kriek et al. 2015; Belli et al. 2017; Newman
et al. 2018). While the strongest constraints on dust-obscured
star formation can be provided by far-infrared data, a complete
lack of emission lines in a spectrum is also highly constraining.
However, at z > 3, candidate UMGs are faint and require
significant amounts of exposure time, particularly for those that
do not have emission lines. Indeed, while <20 candidate
quiescent UMGs have been spectroscopically confirmed at
z > 3 (e.g., Marsan et al. 2015, 2017; Glazebrook et al. 2017;
Schreiber et al. 2018a; Tanaka et al. 2019; Forrest et al. 2020;
Valentino et al. 2020; Saracco et al. 2020, submitted), only a
few have been confirmed to have no emission lines, and several
have far-infrared detections indicating ongoing star formation
(Schreiber et al. 2018a, 2018b). All of these works have
concluded that these galaxies formed their large stellar masses
in short, intense bursts of star formation.

Forrest et al.

For this work, we used the H- and K-band spectroscopic
capabilities of Keck-MOSFIRE (McLean et al. 2010, 2012) to
follow up a set of massive candidates from XMM-VIDEO
(Annunziatella et al. 2020, in preparation) and COSMOS-
UltraVISTA fields (A. Muzzin et al. 2020, in preparation). The
survey aimed to characterize not only quiescent candidates but
also candidate UMGs in the blue star-forming region and red
candidates consistent with large amounts of dust to inform the
picture of galaxy formation in the early universe. We present
the photometric properties and selection method in Section 2,
the spectroscopic observations and data reduction in Section 3,
the redshift determination and galaxy property characterization
in Section 4, and then present the results in Section 5 and the
main conclusions in Section 6. Throughout this work, we
assume a Chabrier IMF (Chabrier 2003) and a ACDM
cosmology with Hy=70kms™' Mpc™', @y =03, and
Oy = 0.7. We also adopt an AB magnitude system (Oke &
Gunn 1983).

2. Photometric Data and Target Selection
2.1. Photometric Catalogs

Massive Ancient Galaxies At z > 3 NEar-infrared
(MAGAZ3NE) survey targets were selected from parent photo-
metric catalogs in the UltraVISTA DR1 (Muzzin et al. 2013),
UltraVISTA DR3 (A. Muzzin et al. 2020, in preparation), and
XMM-VIDEO (M. Annunziatella et al. 2020, in preparation)
fields.

The UltraVISTA survey McCracken et al. (2012) obtained deep
near-infrared Y-, J-, H-, and K-band imaging over 1.62 deg” in the
COSMOS field. Combined with ancillary photometry from
0.15 — 24 pm, this yielded 30 bandpasses, allowing for accurate
characterization of galaxy spectral energy distributions (SEDs) and
precise photometric redshifts (DR1 catalogs, 90% completeness
K, = 23.4 mag; Muzzin et al. 2013). Further deeg imaging in the
NIR yielded a set of ultradeep strips over 0.84 deg” (DR3 catalogs;
90% completeness K; = 24.5 mag; Z. C. Marsan et al. 2020, in
preparation; A. Muzzin et al. 2020, in preparation), which allowed
for detection of massive, quiescent galaxies whose properties
cannot be constrained from optical photometry alone. Considerable
further photometry was also added to obtain a total of 49
bandpasses in regions where there is overlap. Critical to this work
were Spitzer/IRAC mosaics using data from the S-COSMOS
(Sanders et al. 2007), SPLASH (Mehta et al. 2018), and SMUVS
(Ashby et al. 2018), which resulted in IRAC imaging ~1.2 mag
deeper in the 3.6 and 4.5 ym bandpasses relative to DR1.

Similarly, the VISTA Deep Extragalactic Observations
survey (VIDEQO; Jarvis et al. 2013) acquired deep near-infrared
Z-, Y-, J-, H-, and K-band imaging in three fields: the European
Large Area Infrared Space Observatory S1 field, the extended
Chandra Deep Field South, and the XMM-Newton Large Scale
Structure (XMM) field. Of the three VIDEO fields, we only
present targets from the XMM field in this work, which also
has substantial photometric observations in other optical and
near-infrared bandpasses. Catalogs were constructed using
VIDEO DR4 data over 4.65 deg” with a 50 depth of
K, = 23.8 mag (M. Annunziatella et al. 2020, in preparation).
These include 22 photometric passbands ranging from u band
to IRAC 8.0 um, including NIR observations from the VIDEO
survey (Jarvis et al. 2013), and deep IRAC data from the
SERVS (Mauduit et al. 2012) and DEEPDRILL (Lacy et al.
2020, submitted) surveys.
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Table 1
Properties of UMG Candidates Derived from Fits to the Combined Spectroscopy and Photometry (see Section 4), Ordered by Stellar Mass

UMG Zphot Zspec log (M phot /M) log(M spec /M) SFR1o (Mo yr ) ts0 (Gyr) 1, (Gyr) Ay

COS-DR3-202019 3.1075% 3.13267 9052 1152799 1167455 82.4719% 0.76+32 0.40+03¢ 0.6109
XMM-VID3-2293 3.074047 3.3132753:99% 11.56709: 11.57+5%2 29.5+4349 1.127949 0.3279% 0.8°93
XMM-VID1-2075 3.48750%8 3.4520%95014 11.4970:2 11527900 0.0449 0.487542 0.42+3:12 0.4139
XMM-VID3-1120 3.40%012 3.49197 53018 11.447093 11.4715% 0.0+ 0.725349 0.517534 0.0199
COS-DR3-160748 3.3540%2 3.3524+9:0008 1147709 11467098 3.1492 0.375949 0.325949 0.0+39
COS-DR3-201999 3.1419% 3.131373%4 11407092 11407593 13193 0.527949 0.327949 04153
COS-DR3-179370  3.14%072 33673100010 11.34199 11.37+0% 32193 1207000 0231073 0.8+02
COS-DR3-195616 3.0940% 3.2552+09012 11314995 1131509 217433, 06279452 0.32792! 06199
COS-DR3-208070 3.4410:0¢ 3.4912+5301 11.27+592 11.26759% 125%48 0307543 0.23+943 1043
XMM-VID3-2457 3.515007 3.4892700032 11.20758¢ 11265002 0.0+5¢ 0.404313 0.215049 0.5507
COS-DR3-84674 3.0675:9¢ 3.0094+3:9013 11.2659%2 1125555 11458 0.5050:0¢ 0.32104 0.5599
COS-DR1-113684 3.4740.58 3.8309*5-90%¢ 11.20753%¢ 11.2075% 157592 0.45%349 0.32%044 0.0+39
COS-DR3-131925 3.207008 3.139375:99% 1117555 11127542 83.9113% 0.32793¢ 0.05+02 0.5593
COS-DR3-226441 3.2740:08 3.2446100013 11.3470:92 11.025:98 10.978% 0.4310:3¢ 0.327913 0.5592
XMM-VID1-2399 3.68101 3.5798= 330 11.187958 11.02+914 5047209 0.06°033 0.017547 1.8799
COS-DR3-111740 312799 2.7988* 53013 11.1375% 10.9853 0.7+32 0.33+5:2 0267349 0.049

COS-DR1-79837 3304049
XMM-VID3-3941 3.041012
XMM-VID1-2761 3.607918
COS-DR1-258857 3277518
XMM-VID2-270 323716

11924598
1171598
11522982
11315098
1128459

3.5901+ 9300

Note. Errors on the photometric masses assume z = Zpho. Star formation rates are taken from the best-fit SFH to the photometric and spectroscopic data, averaged over
the previous 10Myr. The formation and quenching times, f5o and 7, are given as lookback times from the spectroscopic redshift. Objects whose redshift or UMG

nature were not confirmed are listed at the bottom (XMM-VID3-3941 is a quasar).

2.2. Candidate UMG Targets

We selected primary targets on the basis of photometric
redshift (3 < zpnot < 4; roughly the window in which HJ3 falls
into the MOSFIRE K band) and stellar mass (log(My/M.) >
11.0), as fit using EAzY (Brammer et al. 2008) and FAST
(Kriek et al. 2009; see Table 1). We also made a K-band
magnitude cut, mg < 21.7 AB. According to the MOSFIRE
ETC'* a 300 minute (18 ks) exposure would allow such an
object to be detected with a continuum signal-to-noise ratio
(S/N) of 5/pixel, sufficient to determine a redshift from a
Balmer absorption feature such as H3. In the H band, the same
detection threshold corresponds to my < 22.3 AB.

In order to characterize a representative sample of UMGs at
3 <z< 4, we aimed to observe galaxies in a variety of
locations on the UVJ diagram, potentially representing different
stages of massive galaxy evolution. The main goal of this
survey was to obtain redshifts for UMGs, confirming that such
a population exists at this epoch, and to subsequently
characterize these galaxies using emission and absorption
features.

Confirmation of these faint galaxies via detection of
absorption lines is difficult under poor observing conditions.
As such, we selected a number of UMG candidates with blue
SEDs, consistent with ongoing star formation, to observe when
conditions were unfavorable. These galaxies were more likely
to have emission features that can more easily be detected. In
particular, we considered the amount of UV flux, strength of
the Lyman and Balmer breaks, UVJ colors, and photometrically
derived star formation rate (SFR) for selection. While the same
mass and photometric redshift thresholds applied for the

14 https: //www2.keck.hawaii.edu/inst/mosfire/etc.html

selection of these targets, the magnitude cut was relaxed half a
magnitude to my < 22.2.

This selection method resulted in a sample of 33 candidate
UMGs. From this sample, 21 were observed and 16 were
spectroscopically confirmed. In this work, we discuss these 16
objects, but a summary of the 5 remaining objects is presented
in Appendix B. Note that none of these unconfirmed objects
can be ruled out as a UMG at 3 < z < 4—three objects had
insufficient S/N to confirm a redshift, one shows a clear
continuum but no defining features, and the fifth has a redshift
z=3.6 but hosts a luminous quasar, making its mass
uncertain.

3. Observations and Data Reduction
3.1. Mask Construction and Ancillary Targets

MOSFIRE slits were arranged using the MOSFIRE Auto-
matic GUI-based Mask Application (MAGMA) tool."> This
software requires an input list of targets with priority weighting
and a range of allowable pointing positions and position angles
(PA). For each candidate UMG, K-band images were visually
inspected to find nearby sources that could contaminate the
spectra. In several cases, PA was constrained and/or dither size
altered to avoid spectral contamination. We also constructed
masks ahead of time for observing in poor conditions, targeting
UMG candidates more likely to show emission features as
discussed above. Slit width for these masks was increased from
077 to 079.

All masks had one or two UMGs, four to eight position
alignment stars, and at least one star on a science slit, for use in

15 http: //www?2.keck.hawaii.edu /inst/mosfire /magma.html


https://www2.keck.hawaii.edu/inst/mosfire/etc.html
http://www2.keck.hawaii.edu/inst/mosfire/magma.html

THE ASTROPHYSICAL JOURNAL, 903:47 (24pp), 2020 November 1

monitoring the seeing and slit losses, as well as performing a
telluric correction (see Section 3.3.2 and Appendix D). Masks
were designed to include as many bright, nearby galaxies with
similar photometric redshifts as possible in order to character-
ize the local environment via emission-line detection. Ancillary
targets were prioritized based on magnitude, SED shape, zZphot
and redshift probability distribution from EAzY, and the stellar
mass and SFR fit by FAST.

3.2. Observing Plan

Bright UMG candidates with red SEDs and UVJ colors were
prioritized for observation, as these were not expected to show
strong emission features. More time and better conditions were
required to confirm redshifts for these objects through the
detection of absorption features. That said, classification as
star-forming or quiescent via UVJ colors is known to not be a
pure indicator of the existence or lack of emission features, as
spectroscopic determination of both redshift and emission-line
contamination can alter derived rest-frame colors significantly
(e.g., Schreiber et al. 2018a).

We performed on-the-fly reductions throughout observing. If
a UMG showed clear emission lines in the 2D reduction, we
moved on to the next target for the night. However, if emission
features from a UMG candidate were not clear after 2—3 hr but
a stellar continuum was seen, we changed to a second mask on
the same UMG. This allowed us to spectroscopically confirm
neighbor galaxies to the UMG and increase the continuum S/N
of the UMG for better characterization of absorption features.

Targets were initially observed with MOSFIRE K-band
spectroscopy in order to detect any strong emission from [OIII ]
AM959, 5007 and HBG 4861 in either emission or absorption.
A single exception to this was COS-DR3-84674, which was
observed in the H band, due to concerns that a small deviation
from its low z,no could cause lines to fall between the H and K
bands. As such, we targeted this object in the H band in an
attempt to obtain an absorption-line redshift or detection of
[O 1I] emission.

For half of the UMG targets, emission from [O II]A5007 was
detected in the K band with S/N > 10. The remaining eight
had continuum detections, but no clear emission features were
seen. While in three cases the redshift could be confirmed from
absorption features, the remaining five UMGs without clear
spectroscopic redshifts were followed up with H-band
spectroscopy. This allowed for detection of higher-order
Balmer abosorption features, CaH and CaK absorption, and
the 4000 A break, and also allowed for constraint of the
spectral shape between the two bandpasses.

In total, 15 of the confirmed UMGs were observed for an
average of 2 hr in the K band, and 6 confirmed UMGs were
observed for an average of 5 hr in the H band. All masks were
observed using an ABBA dither pattern and 180 or 120 s
exposures for the K and H bands, respectively. A table of
observed masks and UMG targets can be found in Appendix A.

3.3. Spectral Reduction
3.3.1. Spectral Extraction

Each mask was processed individually. In cases where a
galaxy was observed on multiple masks, spectra were only
stacked after each one had been processed independently and a
1D spectrum extracted. For these, the 1D spectra were coadded
using inverse variance weighting based on the error spectra.

Forrest et al.

We began by running the MOSFIRE Data Reduction
Pipeline (DRP),'® which constructs a pixel flat image; identifies
slits; removes thermal contamination (K band); performs
wavelength calibration using sky lines, neon arc lamps, and
argon arc lamps; removes sky background; and rectifies the
spectra, yielding a reduced 2D spectrum for a given mask.

While the DRP also offers an option to extract a 1D
spectrum, we wrote our own custom code to perform optimal
extraction (Horne 1986). Briefly, this involves collapsing the
2D spectrum for each slit along the wavelength axis and fitting
a Gaussian to the summed fluxes, with a prior on the predicted
position of the object on each slit. This Gaussian is then used as
a weight when collapsing the spectrum along the spatial axis to
obtain the 1D spectrum (and errors) for each object.'”

3.3.2. Sky-line Identification and Telluric Corrections

Strong sky lines are a serious contaminant in the NIR,
particularly in the H band, and while the DRP attempts to
subtract off their flux, large flux variances remain at these
locations even after subtraction. For each wavelength in a
reduced mask, we calculate the median variance per pixel on
sky in the spatial direction, and derive thresholds above which
wavelengths are determined to be contaminated by either weak
or strong sky lines. Strong sky lines are masked, while weak
lines are interpolated over. More details on this process are
given in Appendix C. For plotting purposes, we filled masked
wavelengths by using an inverse variance-weighted average of
nearby wavelengths which are not associated with sky lines.

A custom Python code was also written to perform telluric
correction using stars observed in mask slits. The method
is briefly described here, while a more detailed description,
as well as a comparison to standard star telluric correction is
provided in Appendix D. Briefly, we used the spectra of stars
observed on the slits within each mask to obtain a telluric
correction by fitting PHOENIX stellar models (Husser et al.
2013) to the NIR photometry of each star to obtain a model
spectrum. The ratio of the model to the observed stellar
spectrum was taken to be the telluric correction and was
applied to all slits on a given mask. When multiple stars were
observed on a mask, the resultant telluric corrections were
coadded using inverse variance weighting of the spectral errors.
As the subsequent fitting procedure scales the spectra to match
the photometry, we were here only concerned with the
correction of the spectra in terms of shape.

4. Analysis

In order to determine spectroscopic redshifts, we used a
combination of the programs slinefit'® and FAST++'"
(Schreiber et al. 2018a), a variation of the popular FAST
program (Kriek et al. 2011) which fits to both photometric and
spectroscopic data. FAST++ allows for different functional star
formation histories (SFHs), scaling of spectra to match
photometry, and fitting of spectra with different wavelength
resolutions, among many other features. The program s1inefit
fits spectra with emission (and absorption) features across a range
of redshifts using Gaussians of varying widths and amplitudes. In

'® hitps://github.com/Mosfire-DataReductionPipeline /MosfireDRP

'7 The official MOSFIRE DRP appears to have not yet been updated to do this
— https://github.com/Keck-DataReductionPipelines /MosfireDRP /issues / 126.

'8 hitps: //github.com/cschreib/slinefit
19 https://github.com/cschreib/fastpp
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this work, we are concerned with fitting [O I[]AA3726, 3729 (line
ratio fixed to unity), H3, and [OIII JAM959, 5007 (line ratio
fixed to 0.3) for the UMGs and galaxies at similar redshifts. The
program also allows for continuum fitting to enable more
accurate characterization of line properties such as equivalent
widths.

4.1. Fitting Photometric and Spectroscopic Data with FAST++

In fitting with FAST++-, we use stellar population models
from (Bruzual & Charlot 2003, BC03) with a starburst dust law
(Calzetti et al. 2000). We used the following grids for various
input parameters:

7 < log(T yr™l < 10, A7 = 0.1
7 < log(age yr~!) < 9.25, Aage = 0.05
0 <Av/mag < 4, AAV:OI

In general, metallicity was fixed to Z = 0.02 = Z,, as
several studies have shown this to be broadly correct for high-
redshift massive galaxies (e.g., Belli et al. 2019; Kriek et al.
2019; Estrada-Carpenter et al. 2019; Jafariyazani et al. 2020;
but also see P. Saracco et al. 2020, in preparation, for a
spectroscopic measurement of supersolar stellar metallicity for
one of our galaxies, COS-DR3-160748). However, we did test
metallicities of 0.4 Z; and 2.5 Z, as well, which yielded only
slightly worse fits to the data and not significantly different
galaxy properties.

Velocity dispersion, which must be fixed for each run of
FAST++, was set to 300 km s~'. While velocity dispersions of
similar galaxies at these redshifts and masses are rare, Tanaka
et al. (2019) calculate o = 268 & 59kms ™' for a galaxy at
7z = 4.01 with log(Mx/M) ~ 11. Their Figure 4 also presents
published velocity dispersions for massive quiescent galaxies at
z > 1.5, which range from ~100 to ~500kms~' and show a
slight positive correlation with stellar mass. A more in-depth
analysis of velocity dispersions is beyond the scope of
this work.

Characterizing the SFHs of these galaxies addresses directly
the potential identification of the population from which they
descended. Additionally, the maximum SFR and the time at
which these galaxies quenched inform models of star formation
in the young cosmos and can provide important insights into
the evolution of massive galaxies in the local universe. Here we
test both a delayed exponentially declining SFH*" (using the
parameter grid above) as well as a double-exponential SFH:

(tourst—1) /Trise f
e , fort >t
SFRbase() X (1, o M
e burst 7—decl, for t g tblll‘St
1, fort >t
SFR() = SFRyaself) x free ©)
Rgpr, for t < tiree

This SFH has been used in other works studying massive
galaxies at high redshift (Schreiber et al. 2018a; Forrest et al.
2020; Valentino et al. 2020), and we adopt the same parameter

20 SFR(#) octe'/7.
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grid described therein:

7.0 < log(tourst yr™) < 9.2, Alog(tpurs yr~) = 0.05
7.0 < log(mise yr™Y < 9.5, Alog(mise yr~ 1) = 0.1
7 < log(Tgea yr™Y) < 9.5, Alog(geq yr~1) = 0.1
7 < log(tree yr=Y) < 8.5, Alog(tiee yr~) = 0.5
—2.0 < log(Rskr) < 5.0, Alog(Rsgr) = 0.2

We emphasize that while the exact shape of the best-fit SFH
is model dependent and can vary depending upon assumptions
of the parametric form, general characteristics, such as when
the majority of stars were formed and when the galaxy
quenched, can be well constrained provided that the SFH
inputs are sufficiently flexible and appropriate for the object in
question. In particular, Belli et al. (2019) show that various
SFH parameterizations yield similar values of star-forming
timescale and sSFR. We find the same for the delayed-r and
double-exponential models described here, and we will use
values from the double-exponential fits in the remainder of
the work.

4.2. Redshift Determination and Template Fitting for
Absorption-line UMGs

When stellar continuum is detected with no clear emission
features, we use FAST++ to determine the redshift. For
galaxies with spectra in both the H and K bands, we fit the
spectrum of each band combined with the photometry
independently in order to remove differences in flux scaling
between the spectra when matching the photometry. The two
spectra are then scaled relative to each other and refit in
combination with the photometry. This relative rescaling
between bands can be up to 15% depending on the accuracy
of the flux calibration factor in the slit star telluric correction.

For redshift fitting, we fit to the combined photometry and
spectroscopy of the galaxy in question. We do three runs per
galaxy, the first with the model redshifts in the range 2.5 <
Zmodel < 4.0 with Az = 0.01 to obtain an initial fit, Zgpec 0, and a
second run with model redshifts Zgpec,0 — 0.02 < zpogel <
Zspee,0 T 0.02 and Az = 0.0001 to obtain a final zg,e.. While
these two runs are completed with a delayed-r SFH, the third
run uses a double-exponential SFH with the possibility of
additional low levels of late-time star formation (see
Section 4.1 as well as Schreiber et al. 2018b, 2018a). This
SFH is more computationally intensive and thus having the
redshift fixed to zge. improves runtime significantly. More
details on the fitting input parameters are given in Section 4.1.

We subsequently run slinefit on the spectrum, with the
best-fit model from FAST++ used as the stellar continuum
template. This allows for measurement or limits on the strength
of weak emission features in these galaxies. This does not
affect the redshift determination at all, only the line measure-
ments. Final line fluxes and equivalent widths are presented in
Table 2.

4.3. Redshift Determination and Template Fitting for Emission-
line UMGs

For galaxies where emission features are detected we use
slinefit to determine the spectroscopic redshift, zspec. In this
first fit we use a set of high resolution galaxy spectral templates
based on those provided in EAzY (Brammer et al. 2008) to



Table 2

Properties of Confirmed UMGs Derived from Fits to the Spectra. Fluxes Are in Units of 10 "® erg s~' cm ™2
UMG Jiom EWy([O 11]) SFRor D,,(4000) EWy(H6) Jus EWoHpB) SFRy5" Somaaese  EWo([O 1] M4959) Sommasoo7 EWy([O m]A5007)
COS-DR3-202019 162 + 7 -30.1 £34 576+26 1.15+010 83+17 320+11.6 —65+24 365=+133 99 £24 —2.0=£05 332 +£79 —6.7 £ 1.6
XMM-VID3-2293° 443 £ 6.9 —193 £33 579+09.1 95.8 +£2.0 —40.8 £ 3.0 320+ 7 —136 + 10
XMM-VID1-2075 63+ 1.5 —14+£03 9.1 +£22 12+15 —-03£0.3 4.0+ 49 —-09 £ 1.1
XMM-VID3-1120 60+50 —-14+12 28+23 2.8+33 —-15+£09 42+49 —44+£12 1.1 £03 —14.6 £ 4.1 38+ 1.1
COS-DR3-160748" 17.8 £7.2 —57+09 239+97 47.6 £ 2.1 -59+03 1587 £ 7.1 —-19.8 £ 1.0
COS-DR3-201999°  17.8 + 3.5 —42+£09 63+£12 121£005 9.1+£08 13+£22 —0.3 £26 15+£25 34+1.0 —0.8 £0.2 113 £3.2 —28£0.8
COS-DR3-179370 10.8 £3.5 —8.8 £2.9 14.6 £ 4.7 192 £0.7 —155+ 1.1 64.0 £2.2 —51.6 £ 3.5
COS-DR3-195616° 124 £22 —55+£1.0 155 +28 231+ 13 —10.0 £ 0.7 77.1 £ 4.5 —334+23
COS-DR3-208070 323 +£28 —156£14 478 +41 12.4 £ 0.6 —58+£03 415 +£ 2.1 —194 £ 1.2
XMM-VID3-2457 53+4.1 —-20£16 25+£19 1.5+£26 —-0.6 £ 1.1 22+38 3.1+1.0 —-13+04 10.5 £33 —43+14
COS-DR3-84674 6.2 £2.1 —20£36 20+£07 147+006 72+£07
COS-DR1-113684 4.8 +£2.1
COS-DR3-131925° 76.5 £526 —194 +17.0 87.8+60.3 156 + 12 —389 + 12.9 518 + 40 —130 £ 43
COS-DR3-226441° 50.8 £ 6.5 —29.7£57 63.1£8.0 116 £2 —65.7£72 386.8 + 7.8 —219.1 £24.1
XMM-VID1-2399" 04 +44 —-03 £ 2.9 0.7+£70 215 £20 —-137 £ 1.6 71.8 £ 6.6 —456 £5.2
COS-DR3-111740 1.10£0.03 114 +£05

Notes. Equivalent widths are in rest-frame Angstroms and in the case of Hf is calculated after taking stellar continuum absorption into account. Negative values indicate emission.
. This calculation assumes all flux from the line is due to star formation. This may be considered an upper limit for those galaxies that host AGNs.
b Sounaso07 [fus > 6, consistent with AGNs at these large stellar masses.
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Figure 1. Comparison of photometric and spectroscopic redshifts (left) and masses (right) for confirmed UMGs. Those with detected emission lines are shown as
white stars, while UMGs confirmed via absorption features are in black. The black 1:1 line on the left is bounded by two dashed lines at Sonpap. Errors on zg,e. are

smaller than the marker size. See Table 1 for numbers.

generate a stellar continuum on top of which to fit lines. The
resultant Zy,ec is then fixed when fitting with FAST++.

Before fitting these galaxies with FAST++ however, we
must correct the observed photometry for the effects of the
emission lines, as the template libraries do not include them. To
do this, the observed magnitude is converted to a total flux by
multiplying the average flux density by the width of the
bandpass. In the K-band, the photometric flux is reduced by the
sum of the emission-line fluxes,

Fx cor = Tk obs — (Fug + Flomagese + Fiommasoo7)  (3)

where the line fluxes are taken from the model output of
slinefit.

In most cases, we do not have H-band spectra, and so we
must estimate the effects of photometric contamination by
[O11]. We do this by making the following assumptions:

(1) the [O1] line flux is due to a combination of star
formation and active galactic nucleus (AGN) activity,

Fom, ot = Fiom, ser + Flom, AGN 4

(2) case B recombination can be used to obtain an SFR from
HG (Kennicutt 1998; Moustakas et al. 2006),

SFRyj, = 4.65 x 10742 Ly, )
Lio = 2.86 Ly (6)
SFRys = 1.33 x 10741 Ly, %)

where L; is in units of erg s~ and SFRs are in units of M, yr .
(3) the SFR derived from H{ is equal to that derived from [O 1],

SFRys = SFRjom (@)
SFRion) = 4.14 x 107*? Liom, skr 9)

(4) the ratio of [OTIJA5007 to [O1I] due to AGN activity is
given by typical values (Silverman et al. 2009):

Liom,aeN/Liommaso07, agny = 0.21 (10)

Tying all these pieces together leaves us with an [O II] line flux
estimation as a function of the H3 and [O II]A5007 line fluxes
observed in the K-band spectra. Equation (4) then becomes

Fom, o = 3.21 Fyg + 0.21 Fomm»so07 (11

and we can correct the H-band photometry accordingly:
Fyy corr = Fi,ops — Flony. (12)

We note that while the various assumptions made in these
calculations may not be accurate in every case, the typical
effect of the H-band photometric correction is only a few
percent, and a factor of 2 in the correction does not change the
resultant best-fit parameters for the equations significantly,
particularly because the spectroscopic redshift is known.
Furthermore, any effects of dust would only decrease the
strength of [O1I] relative to HG and [OTI], and thus any
correction would be smaller than calculated here.

Next we use FAST++ to fit the galaxy with the redshift fixed
to that obtained with s1inefit. For this process, we input the
corrected photometry, as well as spectra with the emission-line
regions masked, again due to the fact that the template libraries
in use do not include emission features. As above, galaxies with
spectra in both the H and K bands are fit with each spectral band
independently and then scaled to match the entire spectrum.
Once a best-fit template is obtained from FAST++, we then
repeat the entire process, i.e., we rerun s1linefit with the best-
fit FAST++ template input as the continuum model, use the
resulting revised line strength estimates to recorrect the
photometry, and refit with FAST++. In all cases, the new line
flux and equivalent-width values are similar to the initial values,
with differences of <15%.

The spectroscopic and photometric redshifts agree quite well
(see Figure 1 and Table 1), with oxpmap = 0.012 for the UMGs.
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Figure 2. The photometry (left) and spectroscopy (right) for each spectroscopically confirmed UMG. The best-fit template to the combined photometry and
spectroscopy is shown colored by the template’s sSSFR averaged over the last 10Myr, which is indicated by a black and white line/arrow on the color bar to the right.
Spectra are plotted in bins of 12 pixels, weighted by inverse variance, with errors shown in gray. Wavelengths corresponding to prominent spectral features from
hydrogen (orange), oxygen (magenta), and calcium (green) are also labeled. The dash on each y-axis corresponds to a flux density of 5 x 107" ergs s ™' cm 2 AL

As defined in Brammer et al. (2008),

Az — median(Az)

onmap = 1.48 x median
1+ Zspec

Similarly, the final stellar masses agree very well with those
derived from the photometric catalogs alone. The largest
discrepancies occur for galaxies with strong emission-line
contamination and one with a large redshift discrepancy.
Best-fit spectral models are shown plotted with the observed

photometry and spectra in Figures 2, 3, and 4. These figures
also show the line fits and effects of photometric corrections for
line emission.

5. Results
5.1. Absorption-line Galaxies

Of the 16 confirmed UMGs in the sample, 7 show well-
detected absorption features and lack emission features. Five of
these absorption-line galaxies are UVJ quiescent residing in the
lower region of the quiescent wedge typically associated with
young post-starburst galaxies. Notably, XMM-VID3-1120 was
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Figure 3. Same as Figure 2. For UMGs with strongly detected emission features, the best-fit model to the observed emission lines is overlaid in teal. Orange points
indicate the photometry corrected for the flux of emission lines (see Section 4.3), while photometric points with S/N < 3 are shown as downward-facing arrows.

published in Forrest et al. (2020) as XMM-2599—the updated
identifier is due to a new catalog version.

The remaining two absorption-line galaxies (COS-DR3-
111740, z = 2.80, and COS-DR1-113684, 7z = 3.83) are at
redshifts where a combination of the wavelength coverage of
MOSFIRE, position of the object on the chip, and the
bandpasses observed do not allow access to the [O11], H3, or
[O 111] emission features, and as such, emission features could
be present. This also results from the spectroscopic redshifts of
these two objects being discrepant from their photometric
redshifts—indeed, they are clear outliers on Figure 1. Both
have similar UVJ colors and SEDs to COS-DR3-160748
(discussed below), consistent with galaxies that have very

recently ceased forming new stars or have small residual
amounts of star formation.

5.2. Emission-line Galaxies

The remaining nine UMGs show clear emission features
with S/N > 10 from [O 1] or [OTIJA5007. Of these, seven
have a line ratio fig ;15007 fup > 6 (labeled in Table 2 and
Figures 2, 3, 4), which is typically associated with AGN
activity, especially at high mass (e.g., Baldwin et al. 1981;
Juneau et al. 2011; Kewley et al. 2013; Trump et al. 2013;
Shapley et al. 2015; Strom et al. 2017; Reddy et al. 2018). This
agrees with numerous previous studies that suggest that AGN
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Figure 4. Same as Figures 2 and 3.

activity is more common at high redshifts (e.g., Marsan et al.
2017), though this is the largest spectroscopic sample of this
mass and redshift to be analyzed.

One of these, COS-DR3-160748, was first spectroscopically
confirmed in Marsan et al. (2015), and a deep spectrum has
recently been analyzed in Saracco et al. (2020, submitted). Stellar
masses derived in all three works are in rough agreement (11.3<
log(My/M.) < 11.5), as are the conclusions that an AGN exists
in this galaxy and there is little ongoing star formation.

10

5.3. Rest-frame Colors

Figure 5 shows the spectroscopically confirmed galaxies on the
rest-frame UVJ color—color diagram, which has been well used as
a discriminator between star-forming and quiescent galaxies (e.g.,
Labbé et al. 2006; Williams et al. 2009; Forrest et al. 2018;
Schreiber et al. 2018a). However, at high redshifts, the clear
bimodality in colors between these populations appears to erode,
no longer providing a selection as pure as at lower redshifts (e.g.,
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Figure 5. The rest-frame UVJ diagram for all confirmed UMGs, colored by
sSFR averaged over the last 10Myr based on the best-fit SFH. The median error
bar is shown in the lower left, and the only UMG with an error bar twice this
size has the error plotted on the point.
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Figure 6. The SFR—stellar-mass plane. UMGs are shown as stars with the
same color scheme as in previous figures. The population of galaxies at
3 < z < 4 in the UltraVISTA DR3 catalog is shown in black, with the stellar-
mass completeness limit of the catalog as a white vertical line and medians in
bins of 0.5 dex in stellar mass also shown in cyan. The highest mass bin
average corresponds to log(sSFR/ Gyr~') ~—0.5, which is represented by a
dashed cyan line spanning the width of the bin. Massive z > 3 galaxies from
Schreiber et al. (2018a) and Valentino et al. (2020) are shown in green and
orange, respectively.

Whitaker et al. 2011; Muzzin et al. 2013; Straatman et al. 2016).
Part of the reason for this is that galaxies can be passive for up to
several hundred megayears (depending on SFH) before their colors
reach the quiescent wedge on the UVJ diagram (Merlin et al.
2018). While this is a short time relative to the lifetime of local
galaxies, it is non-negligible in the high-redshift universe and thus
one would expect a larger fraction of galaxies to be observed in
such a phase.

Schreiber et al. (2018a) suggest simply extending the
diagonal wedge line to bluer colors for samples of massive
galaxies, though they then encounter some star-forming
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contaminants in the resulting selection. We add this extension
in Figure 5 and find that three additional UMGs are included in
the resulting quiescent wedge. All have SEDs with small
amounts of UV flux, consistent with low levels of star
formation as would be expected in a galaxy that has recently
undergone a starburst event and is now quenching its star
formation, as well as a very blue (V — J), indicating the lack of
an older, passive stellar population.

Three galaxies with strongly detected emission lines are also
UVJ quiescent, even when accounting for the effects of their
emission features. Two of these have large [O II]A5007 /HS3
ratios, implying that their emission lines are due to AGN
activity and not ongoing star formation, while the third has
clear [O II] emission and negligible [O III], suggestive of some
ongoing star formation. We thus conclude that the standard
UVJ diagram, while still doing a decent job of separating star-
forming and quiescent galaxies, provides neither a complete
nor pure selection of either population at this mass and redshift
regime.

5.4. Star Formation Rates

We compare the UMGs on the SFR versus stellar-mass plane
to other 3 < z < 4 galaxies in the UltraVISTA DR3 catalogs
(Muzzin et al. 2020, in preparation), for which the SFRs and
stellar masses were calculated using an exponentially declining
SFH (Figure 6). All SFRs plotted here are averages over the last
10Myr as calculated from each galaxy’s best-fit SFH. Using the
instantaneous SFR or averaging over 100 Myr does not make any
significant difference to our conclusions. The absorption-line
UMG:s fall at least one dex below the star-forming main sequence
(SEMS), clearly consistent with galaxies having highly inhibited,
if not completely quenched, star formation. This is also the case
for several other massive z > 3 galaxies from Schreiber et al.
(2018a). The confirmed emission-line galaxies are generally
consistent with the SFMS, though they average only log(sSFR
[Gyr ') ~ —1, or SFR ~15 M_ yr ".

In addition to the SFRs derived from the emission-line-
corrected photometry and masked spectroscopy, we also derive
SFRs from HB and [O11] lines when observed in the spectra,
providing other probes of star formation. Comparing the results
of these star formation indicators is important in assessing their
accuracy, and we show this in Figure 7. Though these probes
do measure star formation over slightly different timescales,
agreement between various measurements for individual
galaxies is quite good. In logarithmic space, the differences
are most significant for low sSFR, but differences in absolute
terms here are on the order of ASFR ~ 1 M, yr—L.

5.5. Stellar Ages

The spectral indices D,(4000) and EW,(H6) (Balogh et al.
1999) combine to form an effective probe of stellar age that
breaks a degeneracy with metallicity (e.g., Kauffmann et al.
2003). In the local universe, massive galaxies tend to show larger
D,(4000) and lower EW,(H0), as they quenched long ago, while
less massive galaxies, on average containing younger stellar
populations have lower D,(4000) and higher EW,(H0).

We are able to measure both spectral features for four of the
UMGs and use published values for a fifth using spectra from
LBT/LUCI in Saracco et al. (2020, submitted). The spectral
wavelength coverage of the other UMGs does not allow for one
or both measurements due to different redshifts and bandpasses
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Figure 7. Comparison of sSFR for the UMGs using various star formation indicators. Black stars show the SFH from the best-fit template averaged over 10 Myr, gold
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accurate for AGN hosts and may therefore be an upper limit. The sSFR from the massive bin of the DR3 catalog plotted in Figure 6 is shown in cyan. An sSFR 1 dex
below this value, corresponding to SFR = 3 M., yr " for a log(My/Ms) = 11 UMG, and SFR = 10 M, yr~' for a log(Ms/M) = 11.5 UMG, is shown as a black

dashed line.
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Figure 8. The EW,(H$)-D,(4000) plane, used to constrain age. Lower-redshift
samples from SDSS and LEGA-C, presented in Wu et al. (2018), are shown in
black and blue, respectively. A stack of nine galaxies from D’Eugenio et al.
(2020) is shown in purple. The UMGs with spectroscopic coverage of both
features are shown in red, while COS-160748, presented in P. Saracco et al.
(2020, in preparation), is shown in brown. Stellar evolution tracks for a simple
stellar population (SSP) and exponentially declining SFH with varying 7 are
shown in shades of green. Ages of 0.2, 0.5, 1, 2, and 5 Gyr are marked with a
circle for each track.

observed. These are shown in Figure 8, along with large
samples of massive galaxies at z ~ 0.1 and z ~ 0.8 published
in Wu et al. (2018). Also plotted is a stack of massive galaxies
at z ~ 2.8 from D’Eugenio et al. (2020). Taken together, these
data paint a picture showing that the most-massive galaxies at
high redshifts are younger than galaxies of similar mass at
lower redshifts. This makes sense due to the younger age of the
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universe, as well as numerous studies suggesting that high-
mass galaxies appear to have formed much of their stellar mass
at earlier times than lower-mass galaxies at a given epoch (e.g.,
Pacifici et al. 2016; Bellstedt et al. 2020). Indeed, when
compared to various evolutionary tracks, the UMGs are
consistent with stellar ages of 200-800 Myr.

5.6. Star Formation Histories

These ages can be compared to the ages determined from the
best-fit SFHs of the modeling. As a reminder, we use FAST++
to simultaneously fit the photometry and spectroscopy, and
thereby derive the formation lookback time, by which point
half of the observed stellar mass has been formed, and the
quenching lookback time, at which time star formation in a
galaxy has fallen below 10% of the average during the main
burst of star formation (Table 1). While a double-exponential
SFH parameterization is used, conclusions do not change if a
delayed-exponential profile is used instead (see Section 4.1).

Using this methodology, the resulting best-fit SFHs show short
(median timescale of 120 Myr), intense (median of 1500 M, yr~")
bursts of star formation responsible for the vast majority of stellar-
mass growth. These bursts occurred 320 < t50/Myr < 740 in the
past, consistent with the ages surmised from spectral indices above.
Following this, star formation rates truncated quickly. UMG
quenching times are narrowly constrained to lookback times of
240 < t,/Myr < 510 for those UMGs no longer forming stars,
and the median value is 310 Myr (Figure 9). This quenching
happens rapidly with median timescale #s5p — 7, = 180 Myr. The
derived timescales are in good agreement with those from Saracco
et al. (2020), who performed an independent analysis on deeper
H + K spectra for COS-DR3-160748.

5.6.1. Rapidly Star-forming Progenitors

The confirmation of a number of highly dust-obscured
massive star-forming galaxies at z > 5 (Capak et al. 2011;
Riechers et al. 2013; Ma et al. 2015; Riechers et al. 2017;
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best-fit SFH. The dashed lines indicate lookback time in intervals of 250 Myr. Right: the redshift at which the SFR fell below 10% of its average during the main
starburst period. Upward arrows indicate UMGs that are consistent with still forming stars above this threshold. The difference in K-band magnitude a galaxy would
present due to quenching at a lookback time greater than 250 Myr (Amk2so) is shown on each dashed line (see also Figure 11 and Appendix E). This assumes an SFH
consisting of a period of constant star formation for 100 Myr, followed by an exponentially declining SFR with 7 = 100 Myr, as well as no dust attenuation.
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Figure 10. The stellar-mass evolution of spectroscopically confirmed UMGs
according to their best-fit SFHs. A set of spectroscopically confirmed DSFGs at
higher redshifts is shown in gray. The tracks on this population correspond to
the growth assuming the observed SFR continuing for half of the depletion
timescale, i.e., consuming half the available gas to produce stars.

Strandet et al. 2017; Marrone et al. 2018; Pavesi et al. 2018;
Zavala et al. 2018; Jin et al. 2019) has raised the question of
how these galaxies evolve and what their descendants look like.
Naturally, massive quiescent galaxies must be an eventual
evolutionary stage, as these galaxies cannot continue forming
stars at the observed rates for more than several
hundred megayears (assuming no large inflows of cool gas to
use as fuel). The idea that such galaxies might be the
progenitors of lower-redshift massive quiescent galaxies has
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been suggested in previous works (e.g., Toft et al. 2014; Belli
et al. 2019; Forrest et al. 2020).

It now appears that significant numbers of these dust-
obscured galaxies exist at z > 3, many of which may not be
photometrically detected in the optical or even the H and K
bandpasses due to large amounts of dust (Wang et al. 2019;
Williams et al. 2019; Riechers et al. 2020). The inferred
number densities of these objects have also increased as a result
of larger and deeper surveys with ALMA (e.g., Riechers et al.
2020) and agree with number densities of UMGs (star-forming
and quiescent combined) observed photometrically at
3 <z <4, which has been found to be about N ~ 1 X
1073 Mp073 (Schreiber et al. 2018a; Marsan et al. 2020, in
preparation). Of course, because star-forming UMGs contribute
to this number density, it is unreasonable to assume that all
z > 5 DSFGs are quenched by z = 3 (see Valentino et al. 2020
for an in-depth discussion), though it seems reasonable to
assume that the progenitors of the quiescent UMGs were at one
time starbursts very similar to these DSFGs. Best-fit SFHs
suggest that this period of intense star formation occurred at
z 2 4 for the majority of the UMGs (Figure 10), perhaps also
suggesting the existence of fainter, quenched UMGs as
descendants of the z > 5 DSFG population.

Indeed, the evolution of the most-massive early-type
galaxies in the local universe along a path involving rapid star
formation as a DSFG at z > 5, quenching around z > 3, and
the subsequent stellar-mass growth via mergers, is supported
by several lines of evidence. Studies of local galaxies suggest a
scenario in which the most-massive galaxies formed their stars
in bursts at very early times (e.g., Kauffmann et al. 2003;
Gallazzi et al. 2005; Thomas et al. 2010; Smith et al. 2012),
with subsequent mass growth dominated by mergers (Hill et al.
2017). The size growth of quiescent galaxies from compact at
high redshift to more extended at lower redshifts is also
consistent with being merger driven (e.g., Barro et al. 2013;
Kubo et al. 2018; Estrada-Carpenter et al. 2020). The
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Figure 11. The evolution of K-band magnitude for an object with a 100 Myr of constant star formation followed by an exponential decline parameterized by
7 = 100 Myr. Left: the SFH (black) used to construct the SEDs at various times (solid, colored lines). The vertical dashed line represents the nominal quenching time,
1., taken to be when the SFR drops below 10% that of the main starburst period. Center: the resultant SEDs at each time step, corresponding to 100, 150, 200, 250,
500, 750, and 1000 Myr after the quenching time, and scaled relative to the ¢ — £, = 250 Myr SED (red). Right: the SEDs redshifted to z = 3.3. The gray curve
corresponds to the K -band response function, and magnitude differences are given relative to the r — #, = 250 Myr SED (red).

quenching timescales presented here for such a large sample of
UMGs at 3 < z < 4 convincingly support this evolutionary
hypothesis of the most-massive galaxies.

5.6.2. On the Possibility of Older, Quiescent Galaxies

The quenching timescales derived for this sample suggest that
all the quiescent UMGs are younger post-starburst galaxies and
not old, long-dead, passive populations. Indeed, at this epoch, no
such old passive populations have been spectroscopically
confirmed (D’Eugenio et al. 2020), which we also find when
comparing the UMGs presented here to those published in
Schreiber et al. (2018a) and Valentino et al. (2020). While the age
of the universe at z > 3 is quite young, there is still sufficient
time for a UMG to have formed its stars, quenched, and evolved
passively for perhaps as long as 1 Gyr by z = 3, especially given
the short timescales on which UMGs at this epoch appear to form
their stars (Schreiber et al. 2018a; Forrest et al. 2020; Valentino
et al. 2020; Saracco et al. 2020).

Such a galaxy would be considerably fainter than a post-
starburst one, however, and selection for spectroscopic follow-
up is necessarily biased toward brighter targets. We quantify
this magnitude difference by generating galaxy SEDs at various
stages of the evolution according to several SFHs using BC03
SPS models. Solar metallicity models are used, as this
metallicity has been shown to be roughly appropriate for these
massive, early galaxies (Belli et al. 2019; Saracco et al. 2020,
submitted). We take the SED at several time steps in this
evolution, redshift it to z = 3.3 (the median redshift of the
sample), and calculate the magnitude in the K; band (see
Figure 11 as well as Appendix E for details). Compared to a
baseline observation of 0.25 Gyr after the simulated galaxy
quenches (roughly consistent with the quenched UMGs), a
galaxy observed 1 Gyr after quenching would be one to two
magnitudes fainter in the K; band depending upon the SFH,
corresponding to myg ~ 22 — 23 and fainter than the magni-
tude cut used here. For an object observed at z = 3.3, this
would correspond to z, = 6.1 and would require extreme star
formation just prior to this time, consistent with the z = 6.34
DSFG HFLS-3 (Riechers et al. 2013; Cooray et al. 2014).

Galaxies with the requisite K -band magnitudes, photometric
redshifts, stellar masses, as well as red UVJ colors do exist in
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the UltraVISTA DR3 catalog. There are 56 objects with
photometric fits suggesting 3 < z < 4, log(Mx/M) > 11, and
SFR < 10 M, yr ', 47 of which are fainter than my = 22. Of
the nine brighter targets, we targeted and confirmed three—
COS-DR3-84674, COS-DR3-111740, and COS-DR3-201999,
two of which are post-starbursts and one of which is at a lower
redshift. The faintest of the spectroscopically confirmed UMGs
(COS-DR3-179370) has mg = 22.14, but we note that this was
confirmed via detection of strong emission lines.

The fainter candidate objects generally have lower photo-
metric S/N, leading to less well-constrained photometric
redshifts and template fits. As a result, selecting reliable
candidates at fainter magnitudes from the existing photometry
for spectroscopic follow-up is more difficult. Targeting these
candidate old red galaxies with instruments such as Keck/
MOSFIRE would require multiple nights to confirm their
redshifts and natures through high S/N detection of stellar
continuum features. Still, the intriguing possibility of older,
more passive galaxies at this early time does exist. Proving it
will require significant time investment either from the ground
(several nights on 8—10 m class telescopes) or from space (e.g.,
JWST). Upcoming 30 m class telescopes could also play an
important role in confirming these objects as well.

6. Conclusions

We have presented the largest sample to date of spectro-
scopically confirmed UMGs with log(M, /M) > 11 at z > 3.
The sample is selected from the COSMOS-UltraVISTA and
XMM-VIDEO fields, which have a critical combination of
impressive depth and area, allowing these catalogs to excel at
finding such rare objects. Galaxies with well-defined SEDs
were observed as part of the MAGAZ3NE survey with the
Keck/MOSFIRE instrument in the K band, where strong
emission lines from HG and [OII] are observed in 9/16
UMGs. The H band was also used to confirm redshifts via
detection of Balmer series absorption, which is clearly visible
in all six UMGs targeted, and also to confirm any [O1]
emission. The confirmation of this population is further
evidence that such massive galaxies form the vast majority of
their stars early in the universe.
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While these UMGs show a wide range of SFRs, at least 5/16
have ceased star formation in the last several hundred Myr
(post-starbursts) and 3 others only have residual amounts of
new star formation ongoing (<5 M., yr~ "), which puts them >1
dex below the SEMS for galaxies of this redshift and mass. The
remainder are forming at least 10 M., yr—', and two UMGs are
consistent with SFR > 100 M., yr".

Of those with emission features, seven show line ratios of
[0 UIJAS007/HB > 6, typically observed in such massive
galaxies only with AGN activity. This is consistent with
previous studies suggesting that massive galaxies at these early
times are often AGN hosts and that AGN feedback may play a
significant role in quenching star formation in this population.

We compare the D,(4000) and EWy(H6) values for five of
the UMGs to high-mass galaxies at lower redshifts as well as
stellar evolution models. The most massive galaxies at higher
redshifts are younger, with the sample suggesting the bulk of
stars were formed <1 Gyr before observation.

The build-up of stellar mass from the best-fit SFHs for some
of these UMGs are consistent with z > 5 DSFGs, again
suggesting that a period of intense star formation is a critical
step in the evolution of this population before quenching star
formation at z > 3. This is also consistent with the SFHs
derived for massive local galaxies from stellar archeology.

Fitting the full multiwavelength SEDs (corrected for
emission-line contamination) and the near-IR spectroscopy
yield best-fit SFHs that similarly indicate that most star
formation occurred at 4 < z < 5 in short-lived, explosive
bursts of 500—3000 M, yr~' for 100-400 Myr before quench-
ing rapidly. While several of the UMGs have quenched before
z=4 as in Forrest et al. (2020), most UMGs that have
quenched their star formation did so around 250-400 Myr
before observation, and we do not confirm any significantly
evolved passive galaxies, implying that post-starbursts are the
most evolved galaxies in the massive population at this epoch.
However, the possibility of older, more passive galaxies does
exist, even at this remarkably early time. Identifying compel-
ling candidates will require deeper NIR photometry, and
spectroscopically confirming them will require substantial
observations with either large ground-based instruments or
sensitive space-based telescopes.
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Appendix A
Summary of Observations

Spectra were taken on Keck/MOSFIRE under the program
“Ultramassive Galaxies and Their Environments at3 < z < 4”
(PI: Wilson), which was awarded a total of 11.5 nights over 4
semesters (2018B-2020A). Of these, two nights were lost in
their entirety due to weather and a total of about one additional
night was lost due to various technical issues and shorter
periods of inclement weather. Data from a previous program
“Formation of Massive Quiescent Galaxies” (PI: Wilson),
which consisted of two half-nights in 2017B, were also used in
this analysis. We present the observations by individual mask
in Table Al and by UMG in Table A2.

Table A1
Summary of UMG Candidate Masks Observed by Date

Field Observing Mask Name Filter Total Integration Average Galaxies
Night Time (ks)* Seeing (")° Targeted

COSMOS-UltraVISTA 2017 Nov 21 COS2017; K 8.8 0.6 / 0.78 15

2017 Nov 22 C0OS20175 K 7.8 0.8 /0.74 13

2018 Nov 27 COS-201999-K1 K 72 1.1 /0.63 21

2018 Dec 14 COS-201999-H1 H 5.8 1.2 /149 12

COS-201999-H2 H 4.8 1.2 /140 10

2018 Dec 15 COS-84674-H1 H 5.3 1.2 /095 15

COS-84674-H2 H 5.3 1.2 /094 13

2019 Feb 28 COS-195616-K1 K 79 1.3 /0.89 18

COS-226441-K1 K 5.0 1.0 / 0.99 22

2019 Mar 17 COS-160748-K1 K 3.6 0.5 / 0.66 18

COS-201999-H3 H 4.8 0.7 / 0.67 20

COS-201999-H4 H 5.8 0.6 / 0.61 18

2019 Nov 14 COS-84674-H3 H 6.2 0.5 /0.65 16

2019 Dec 08 COS-79837-K1 K 29 0.5 /0.74 9
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Table A1
(Continued)
Field Observing Mask Name Filter Total Integration Average Galaxies
Night Time (ks)* Seeing (")° Targeted
COS-113684-K1 K 3.6 0.6 / 0.56 6
COS-258857-K1 K 3.6 0.6 / 0.80 8
2020 Feb 02 COS-131925-K1w K 43 1.4 /0.77 25
COS-111740-K1w K 9.4 1.4 /140 21
2020 Feb 03 COS-258857-K12 K 3.6 1.0 / 0.65 8
COS-79837-H1 K 12.5 0.8 /0.87 9
COS-208070-K1 K 3.6 0.8 / 0.99 14
2020 Feb 23 COS-111740-H1 H 43 1.0 / 0.66 21
COS-208070-K2 K 43 1.0 / 0.80 16
COS-113684-K2 K 8.6 0.7 / 0.68 6
XMM-VIDEO 2017 Nov 21 XMM2017, K 18.5 0.8 / 0.89 14
2017 Nov 22 XMM2017,4 K 18.5 0.8 /0.88 15
2018 Nov 27 XMM-2599-K1 K 10.8 0.6 / 0.69 21
2018 Dec 14 XMM-2599-H1 H 8.6 0.6 / 0.94 14
XMM-2599-H2f H 4.8 1.0 / 1.46 13
2018 Dec 15 XMM-2599-H1f H 9.6 0.7 / 1.13 15
XMM-2962-K1 K 5.0 0.6 / 0.70 20
2019 Nov 14 XMM-3941-H1 H 5.3 0.5/ 1.21 17
2019 Dec 08 XMM-3941-K1 K 5.8 0.8 /1.20 17
XMM-2293-K1 K 29 0.8 / 0.88 24
2020 Feb 03 XMM-3941-K12 K 5.0 1.0 /125 17
2020 Feb 23 XMM-270-K1w K 0.7 1.0 / 1.18 10
Notes.

% All individual K —band exposures were 180 s, while H—band exposures were 120 s.
® The first seeing value is the estimated seeing from MIRA focusing, while the second is an average of the seeing derived from Gaussian fits to 1D spectra of slit stars

on the given mask.

Table A2
Summary of Observations by UMG Candidates Ordered by my within a Field
Avg. S/N per

UMG Masks Magnitude Int. Time (ks) Avg. Seeing (") Pixel

(ng, ng) K H K H K H K H
COS-DR3-160748 COS-160748" (1,0) 20.25 21.09 3.6 0.7 3.44
COS-DR3-202019 CO0S-201999" (1,4) 20.79 21.36 5.0 21.1 0.7 0.6-1.5 2.04 1.92
COS-DR3-131925 COS-131925" (1,0) 20.96 21.30 43 0.8 0.25
COS-DR3-201999 CO0S-201999" (1,4) 21.00 21.51 7.2 21.1 0.6 0.6-1.5 3.01 3.73
COS-DR1-79837 COS-79837* (1,1) 21.10 22.25 2.9 12.5 0.7 0.9 2.42 4.12
COS-DR3-113684 COS-113684" (2,0) 21.10 22.57 12.2 0.6-0.7 2.64
COS-DR3-111740 COS-111740" (1,1) 21.10 21.09 9.4 43 14 0.7 4.96 3.03
COS-DR3-84674 COS-84674 (0,3) 21.28 21.67 16.8 1.2 4.36
COS-DR3-195616 C0S-195616" (1,0) 21.64 22.34 8.1 1.3 1.63
COS-DR3-226441 COS-226441" (1,0) 21.65 22.46 5.0 1.0 0.96
COS-DR1-258857 COS-258857" (2,0) 21.66 22.46 7.2 0.76-0.8 1.30
COS-DR3-208070 CO0S-208070" (2,0) 21.70 22.54 7.9 0.8-1.0 2.18
COS-DR3-179370 COS2017* (2,0) 22.14 23.51 16.6 0.7-0.8 1.19
XMM-VID3-2075 XMM-2692" (1,0) 20.79 21.94 5.0 0.7 3.51
XMM-VID1-1120 XMM-2599* (1,3) 20.97 22.44 10.8 23.0 0.7 1.0-14 4.00 1.35
XMM-VID1-2399 XMM20174 (1,0) 21.10 21.09 18.4 0.9 1.21
XMM-VID3-3941 XMM-3941* (2,1) 21.33 22.47 10.8 53 1.02 0.5 2.23 1.59
XMM-VID3-2293 XMM-2293* (1,0) 21.35 22.47 2.9 0.9 1.00
XMM-VID2-270 XMM-270" (1,0) 21.47 22.51 0.7 1.0 0.32
XMM-VID3-2457 XMM-2599* (1,3) 21.52 22.61 10.8 23.0 0.7 1.0-1.4 3.40 1.30
XMM-VID1-2761 XMM2017, (1,0) 21.74 23.22 18.5 0.9 1.68

Note. Masks of the same object begin with a UMG indicator, then with a number and band indicator (here represented by an asterisk) appended. The number of masks
observed in each bandpass is also given.
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Appendix B
Observations of Unconfirmed Objects

In this work, we have presented spectra of 16 UMGs.
However, five other UMG candidates were also spectro-
scopically observed, and these objects are presented here. The
associated masks and observations for each UMG are included
in Table Al and Table A2. SEDs and spectra are presented in
Figure B1.

XMM-VID3-3941 has a very red SED, suggesting sig-
nificant dust obscuration, and its photometry is well fit with a
massive, dusty template at zyp = 3.04. However, it is
spectroscopically confirmed to be a quasar at zgp. = 3.68.
Comparison of the K-band spectrum with the SDSS composite
quasar spectrum shows good agreement with broad H3 and Hy
emission, as well as narrow [OII JAM959, 5007 emission
(Figure B1). Given that the quasar potentially contributes a
substantial amount to the flux of this galaxy, we refrain from
estimating other properties such as stellar mass.

A photometric redshift analysis indicates that COS-DRI1-
79837 is also a massive, dusty, star-forming galaxy at z = 3.3.
Spectra do not reveal clear features to confirm a redshift,
though a combined fit to spectra and photometry yields a best-
fit z = 2.65. The upturn in flux in the IRAC 3.6 ym and 4.5 ym
channels is also suggestive of AGN activity.
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Both of these candidates lie in the upper-right corner of the
UVJ diagram, nominally the location of dusty star-forming
galaxies, and have large photometric stellar-mass estimates of
log(My/M) > 11.7. Galaxies in this region are difficult to
spectroscopically confirm as many observable line features are
expected to be obscured by dust. Further probing of this region
is warranted and will be explored in future work.

COS-DR1-258857 lies on the wedge separating the star-
forming and quiescent regions of the UVJ diagram, with
Zphot = 3.26. The spectrum shows two significant dips around
2.14 and 2.17 pum, though the spectrum is noisy. Assuming one
of these is HG absorption, the redshift is then either z = 3.40
or z = 3.46.

The spectrum of XMM1-2761 does not have sufficient S/N
to determine a redshift, though we note this target is very faint
(Zphot = 3.59, mg = 21.74). Photometric detections in the rest-
frame UV suggest some ongoing star formation. The UVJ
colors may incorrectly place this galaxy in the quiescent wedge
due to photometric contamination by strong emission lines.

XMM-VID2-270 is photometrically a post-starburst similar
to a number of others confirmed in this work. Integration time
on this object was exceedingly short, taken in a short period
after high winds had subsided and before the XMM field set,
and no features are apparent in the resulting spectrum.
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Figure B1. Central panel: the rest-frame UVJ diagram showing the location of the five unconfirmed objects (purple) relative to the 16 confirmed UMGs (gray).
Surrounding panels: the photometry (top) and spectroscopy (bottom) for each object, shown with the best-fit template in purple. For XMM-VID3-3941, the SDSS
composite quasar template (Vanden Berk et al. 2001) redshifted to z = 3.59 is shown in red.
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Appendix C
Identification of Sky-line Contamination

We use the uncertainties on pixel fluxes determined by the
DRP, which we refer to below as pixel variance, to identify sky
lines. This is done by by comparing the average pixel variance at
a given wavelength to the distribution of pixel variances across
the entire mask. For each wavelength ); in a reduced H-band
mask, we calculate the median variance per pixel on sky in the
spatial direction, median(c()\;)). This is then compared to the
distribution of variances across all sky pixels, o2(), s). If median
(@2(\)) >1.5 x Py5(c%(), s)), where P, corresponds to the nth
percentile, then )\; is considered to have sky-line contamination.
Additionally, if median(c?(\;)) >2.5 x Pys(c2(), s)), then ); is
considered to have contamination from a strong sky line, while
between the two thresholds is termed contamination from a weak
sky line. Regions with strong lines are masked when doing all
fits. We interpolate fluxes over regions with weak lines, but do

1.6
Wavelength (um)
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not change the variance, which is generally higher at these
wavelengths. An example from a portion of an H-band mask is
shown in Figure CI.

The above method will not work effectively in the K band
due to increasing thermal contamination at redder wavelengths.
Applying the same method would result in incorrectly
identifying a large percentage of pixels at A > 2.2 ym as sky
lines and failing to identify weak sky lines at bluer
wavelengths. In this case, we model the background contrib-
ution to variance (i.e., not due to sky lines) at \; by calculating
a running Po(c>(\; = 0.1 pm)) and taking the ratio with
spectral uncertainty. We then perform the same calculation as
for the H-band masks with this “normalized” variance
distribution to determine thresholds for sky-line identification
(see Figure C2). In the case of both the H band and K band
(Figure C3), these identifications are checked against visual
identification and confirmed to be effective at removing sky-
line contamination.

Figure C1. Top: a portion of an example H—band mask reduced with the MOSFIRE DRP, with obvious sky lines. Bottom: the results of the sky-line identification—

orange are weak sky lines and blue are strong sky lines.
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Figure C2. Top: the median variance per pixel across wavelengths for a sample K-band mask (black). The value over which we normalize is shown in red. Bottom:
the normalized variance per wavelength (black) as well as the thresholds for weak (orange) and strong (blue) sky-line contamination.
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Figure C3. Same as Figure C1 but for a K-band mask, using the normalized variance threshold shown in Figure C2.

Appendix D
Telluric Correction Comparison

The telluric correction used in this work involved modeling
the observed spectra of faint stars on the individual MOSFIRE
masks. Slit stars have previously been used successfully for
absolute flux calibrations (e.g., Kriek et al. 2015) and telluric
correction (e.g., Schreiber et al. 2018a, see Appendix B for
details).

On many nights, we also took spectra of telluric standard
stars, all of which were A-type stars, to provide an alternative
telluric correction option. These spectra were processed in the
same manner as the science masks (MOSFIRE DRP to obtain
2D spectrum, custom code for 1D extraction). We subsequently
masked and interpolated over hydrogen absorption features
present in the 1D spectra of these stars and compared the
resultant curve to a blackbody with the temperature of the same
spectral subtype. The normalized ratio of these two yielded a
telluric correction factor that was applied to all the spectra on a
given mask.

20

When compared to the method incorporating the slit stars,
this method gave generally similar results. The standard star
correction tends to be smoother, which is reasonable consider-
ing that one part of the ratio (the blackbody) is itself a smooth
curve and given the higher S/N of the bright standard star
relative to the slit star. For masks observed directly before or
after a standard star observation, the differences in the telluric-
corrected spectra between the two methods are small
(Figure D1). However, we find that the corrections tend to be
more discrepant as the time between observations of a mask
and a standard star increase, almost certainly due to atmo-
spheric changes throughout the night (Figure D2). To
determine the redshifts and locations of strong emission and
absorption features, these differences are inconsequential.

We note that for science goals requiring high-S/N spectra,
such differences could become relevant. Also we do not claim
that one correction is necessarily better than the other, as this
will depend on the targets, observing sequence, and observing
conditions.
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Figure D1. Top: comparison of the telluric correction derived using stars on science slits (red) to the telluric corrections derived using a standard star (blue) observed
directly after the mask. Bottom: the percent difference between the two corrections as a function of wavelength. The median absolute deviation is given as well.
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Figure D2. Same as Figure D1, but for a mask that had two hours between observations of the mask and the standard star.
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Appendix E
On the Existence of a Population of Older UMGs

As we discuss in Sections 5.5 and 5.6, spectroscopically
confirmed massive galaxies at z > 3 lacking evidence of star
formation appear to be post-starbursts, i.e., have quenched in
the last several hundred megayears. Given that detection of
these objects is very near the limit of what is possible with
current instrumentation, we must consider the fact that this is
the result of an observational bias. We explore this by
calculating how much fainter an older, passive UMG would
be at these redshifts.

To accomplish this, we construct SEDs at various times along
several SFHs (using BC03 SPS models) and compare their
luminosities in the K; band, assuming a redshift of z = 3.3, the
median of the sample. We begin with an SFH consisting of
100 Myr of constant (and vigorous) star formation, followed by a

Forrest et al.

quick decline in star formation with 7= 100 Myr, shown in
Figure 11. The time at which this galaxy quenched is taken to be
when star formation drops below 10% of the SFR during the
constant period of star formation, akin to the value calculated for
the UMGs. This SFH is similar to the best-fit SFHs for the
UMGs, which have a median starburst period of 122 Myr and
steeply declining SFR thereafter. As expected, we find that
galaxies that quenched earlier are significantly redder and fainter,
in this case over five times fainter for a galaxy that quenched
1 Gyr before observation.

However, this test is somewhat model dependent. The
difference in magnitude due to time since quenching decreases
with an increase in either the duration of the starburst period
(Figure E1) or the 7 parameter (Figure E2). In addition, this
limits how long ago the oldest galaxies could have quenched
given the young age of the universe (1.9 Gyr at z = 3.3.).
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Figure E1. The same as Figure 11 but with an SFH of 500 Myr constant followed by an exponential decline of 7 = 100 Myr. The grayed-out region on the left panel

indicates an age greater than that of the universe at z = 3.3.
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Figure E2. The same as Figure 11 but with an SFH of 100 Myr constant followed by an exponential decline of 7 = 500 Myr. The grayed-out region on the left panel
indicates an age greater than that of the universe at z = 3.3. Assuming star formation began ~400 Myr after the Big Bang (z ~ 11), this extreme example would have

dropped below 10% of its maximum SFR at z ~ 5.
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