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Abstract

Protoclusters of galaxies have been found in the last quarter-century. However, most of them have been found
through the overdensity of star-forming galaxies, and there have been no known structures identified by more than
two spectroscopically confirmed quiescent galaxies at z>2.5. In this letter, we report the discovery of an
overdense structure of massive quiescent galaxies with the spectroscopic redshift z =2.77 in the COSMOS field,
QO-1000. We first photometrically identify this structure as a 4.20 overdensity with 14 quiescent galaxies in
7 x 4pMpc® from the COSMOS2020 catalog. We then securely confirm the spectroscopic redshifts of four
quiescent galaxies by detecting multiple Balmer absorption lines with Keck/MOSFIRE. All the spectroscopically
confirmed members are massive (log(M, /Mg) > 11.0) and located in a narrow redshift range (2.76 < z < 2.79).
Moreover, three of them are in the 1 x 1 pMpc? in the transverse direction at the same redshift (z = 2.760-2.763).
Such a concentration of four spectroscopically confirmed quiescent galaxies implies that QO-1000 is >68 times
denser than the general field. In addition, we confirm that they form a red sequence in the J — K color. This
structure’s halo mass is estimated as log(Mp,0 /M) > 13.2 from its stellar mass. Similar structures found in the
MlustrisTNG simulation are expected to evolve into massive galaxy clusters with log(Mp,, /M) > 14.8 at z=0.
These results suggest that QO-1000 is a more mature protocluster than the other known protoclusters. It is likely in
a transition phase between star-forming protoclusters and quenched galaxy clusters.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); High-redshift galaxy clusters (2007); Galaxy
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environments (2029); Galaxy quenching (2040); Quenched galaxies (2016)

1. Introduction

It is widely known that the properties of galaxies in the local
universe are largely affected by their surrounding environments.
In particular, massive and quiescent galaxies often reside in
massive and dense structures, such as galaxy cluster cores (e.g.,
Peng et al. 2010). Exploring massive structures in the high-
redshift universe can unveil their origin. In recent decades,
protoclusters, which are progenitors of local clusters with halo
mass of 10g(Mya,/Ms) > 14, have been found out to z ~ 7-8
(e.g., Harikane et al. 2019; Hu et al. 2021; Laporte et al. 2022).
They have often been found through the overdensity of star-
forming galaxies, such as bright galaxies in rest-frame ultraviolet
continuum (e.g., Steidel et al. 1998; Overzier et al. 2008;
Toshikawa et al. 2018), Ly« emission (e.g., Shimasaku et al.
2003; Jiang et al. 2018; Harikane et al. 2019), Ha emission
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(e.g., Hayashi et al. 2012; Darvish et al. 2020), and infrared (e.g.,
Miller et al. 2018; Oteo et al. 2018).

In the general field, recent multiwavelength surveys and
near-infrared spectrographs have identified galaxies with
suppressed star formation activity even at high redshifts (e.g.,
Kriek et al. 2009; Glazebrook et al. 2017; Forrest et al. 2020a;
Valentino et al. 2020; D’Eugenio et al. 2021; Marchesini et al.
2023). These quiescent galaxies have been spectroscopically
confirmed up to z=4.01 (Tanaka et al. 2019), and the James
Webb Space Telescope has discovered candidates even at z > 4
(Carnall et al. 2023). They are thought to have intense star
formation in the first 1-2 Gyr from the Big Bang and to have
suddenly quenched (Schreiber et al. 2018; Belli et al. 2019;
Forrest et al. 2020a, 2020b; Saracco et al. 2020; Valentino et al.
2020). However, the relationship between their suppressed star
formation activity and the surrounding environment is not
understood yet. Some studies report an individual quiescent
galaxy in protoclusters selected from star-forming galaxies
(Kalita et al. 2021; Kubo et al. 2021) and the high quiescent
fraction for a protocluster using both photo-z and spec-z galaxy
samples (Spitler et al. 2012; McConachie et al. 2022).
However, most protoclusters have been found mainly through
the distribution of star-forming galaxies, and no protocluster at
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z > 2.5 had been identified solely by the distribution of massive
quiescent galaxies, as is done in local clusters. This situation
could induce sample bias in the sampling of dense structures
and prevent us from understanding the relationship between
quenching and the surrounding environment.

Finding overdense regions through the distribution of
quiescent galaxies has been challenging because the number
density of quiescent galaxies is small (~107> Mpc ™ at z > 3)
compared to that of star-forming galaxies (e.g., Muzzin et al.
2013; Straatman et al. 2014; Davidzon et al. 2017; Schreiber
et al. 2018; Merlin et al. 2019), leading to less statistical
significance in overdensity. The Cosmic Evolution Survey
(COSMOS, Scoville et al. 2007) can solve this issue. Thanks to
the deep multiband photometry across the ~2 deg” from the
latest COSMOS2020 catalog (Weaver et al. 2022), we can now
select quiescent galaxies even in the low-mass regime
(log(M, /M) ~ 10-10.5) with the precise photometric redshift
from the wide field.

In this letter, we report the discovery of an overdense
structure of massive quiescent galaxies at z =2.77 with four
spectroscopically confirmed quiescent galaxies from Keck/
MOSFIRE observations in the COSMOS field. This structure is
a good example of a mature protocluster already dominated by
quiescent galaxies less than 2.5 Gyr after the Big Bang. This
letter is organized as follows. We first summarize our target
selection for overdense regions of quiescent galaxies and our
Keck/MOSFIRE observations in Section 2. Then, the analysis
of the observed data and the discussion based on its result are
summarized in Section 3. Lastly, we conclude this letter in
Section 4. We assume the following cosmological parameters:
Ho=70kms ! Mpc_l, Q,,=0.3, and 2, =0.7. Magnitudes
are in the AB system (Oke & Gunn 1983). We assume the
initial mass function of Chabrier (2003).

2. Data
2.1. Selection of Quiescent Galaxy Overdensity

We search for overdense structures of quiescent galaxies at
z~ 3 in the COSMOS field in ~2 deg” based on the projected
distribution of quiescent galaxies. The galaxy sample is based
on spectral energy distribution (SED) fitting with MIZUKI
(Tanaka 2015) to the photometry of the COSMOS2020
CLASSIC catalog (Weaver et al. 2022), covering a wide range
of wavelength with 40 bands from the # band to IRAC ch4.
Three criteria are applied to select quiescent galaxies. First, a
cut in UltraVISTA /K, 3" aperture magnitude is applied as
K, <24.8 mag to minimize the effect of the depth inhomo-
geneity when measuring the galaxy number density. This
threshold corresponds to the 3¢ limiting magnitude in the
“deep” stripe of UltraVISTA. Then, we select quiescent
galaxies based on their 1o upper limit of specific star formation
rate (sSFR) from SED fitting (10g(SSFR . ypper/yr ) < —9.5),
following our previous works (e.g., Kubo et al. 2018; Tanaka
et al. 2019; Valentino et al. 2020; Ito et al. 2022). Galaxies not
satisfying this criterion are classified as star-forming galaxies.
This threshold corresponds to ~1 dex lower than the sSFR of
the star formation main sequence (e.g., Tomczak et al. 2016;
Leslie et al. 2020). Lastly, we set the stellar mass cut as
log(M, /M) > 10.3 since the magnitude cut leads to incom-
pleteness in terms of stellar mass. This threshold corresponds to
a 90% completeness limit of quiescent galaxies at our target
redshift (z~ 2.8), based on our K, magnitude limit and the
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method commonly used in previous works (e.g., Pozzetti et al.
2010; Laigle et al. 2016; Weaver et al. 2022).

The overdensity map of quiescent galaxies is obtained by the
method of Gaussian kernel density estimation (e.g., Badescu
et al. 2017; Chartab et al. 2020; Ito et al. 2021). We construct a
redshift slice with a width of 6z=+0.1, comparable to the
scatter of our photometric redshift of z > 2 quiescent galaxies
(see Ito et al. 2022), and the galaxy distribution is smoothed
with the bandwidth (standard deviation of Gaussian) as
3 arcmin (~5.5 cMpc at z~ 2.8), which is equivalent to the
typical half-mass radius of protoclusters at this redshift
estimated in simulations (Chiang et al. 2013). Regions near
bright stars are masked out based on the flag in the
COSMOS2020 catalog (FLAG_COMBINED). In addition, the
number density near the edges of the survey region and the
masks is corrected, following the method in Chartab et al.
(2020). We ignore the area where the correction factor is more
than 1.67. After careful screening of the overdense regions with
the number of quiescent galaxies, we find multiple significant
overdense structure candidates of quiescent galaxies at
2.5 < zZppot < 3.5, corresponding to the survey volume of
1.5 x 107 cMpc>.

A significant overdense region of quiescent galaxies is found
in the redshift slice of 2.74 <z < 2.94 (Figure 1). Accord-
ing to the 20 contour, this region covers 14 x 8 arcmin®
(~7 x 4 pMpc? at this redshift). Hereafter, we define this as the
area of this overdense region. It has an overdensity, defined as
the excess number density over its average normalized by the
average, of 4.20 at the peak. There are 14 quiescent galaxies,
and they are all as massive as log(M, /M) > 10.5 (Table 1).

A point that we should mention about this structure is that
star-forming galaxies are not strongly concentrated. The
overdensity is also measured from star-forming galaxies, which
is ~1¢ at most (see right panel of Figure 1). At the density peak
of quiescent galaxies, it is ~0c¢. This implies that this structure
could not be found based on the distribution of star-forming
galaxies. The fraction of quiescent galaxies in this structure is
0.34 £0.11 atlog(M,. /M) > 10.3 in this redshift slice, which
is ~3 times higher than the average in the entire COSMOS
field (0.129 4 0.009). This high value suggests that quenching
is more efficient in this structure than in the general field.

2.2. Keck/MOSFIRE Observation and Data Reduction

We conduct Keck/MOSFIRE H-band spectroscopy target-
ing the quiescent galaxies inside this structure. Using two
masks, we observe nine quiescent galaxies at 2.74 < zppo <
2.94. The first mask (R.A., decl. = 10:00:08.26, +01:40:58.64)
was observed on the first half-night of 2022 April 19, and the
other (R.A., decl. = 10:00:22.82 4+01:41:36.54) was observed
on the first half-night of 2022 April 20. Each exposure was
120 s long, and ABBA nodding was applied. A bright star was
included in each mask, and exposures where the star had a
significantly lower signal-to-noise ratio (S/N) than the other
exposures were not used in this study. The final total
integration times for these masks were 3.38 hr and 2.65 hr,
respectively. The obtained data were reduced by MOSFIRE
DRP'? and the 1D spectra were optimally extracted from the
reduced 2D spectra (Horne 1986). Spectra of AQV stars were
used to convert the pixel count to the flux density. The flux loss
due to the slit was corrected using the UltraVISTA /H-band

13 https: / /keck-datareductionpipelines.github.io /MosfireDRP/
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Figure 1. Left panel: density map of quiescent galaxies with log(M, /M) > 10.3 at 2.74 < zpne < 2.94. The red shaded contours indicate —10, Oc, 10, 20, 30, and
40 overdensity. Gray regions correspond to the mask or the outside of the survey area (see Weaver et al. 2022). The dashed rectangle indicates the overdense structure
reported in this paper. Right panel: zoom-in view of the overdense structure. The red and blue contours correspond to the density map of quiescent and star-forming
galaxies with the same stellar mass cut, respectively. The number in these contours indicates the significance of the overdensity. The stars indicate the quiescent
galaxies spectroscopically confirmed in this study, and the circles are photometrically selected ones at 2.74 < zpnor < 2.94. They are color-coded by their stellar mass.
The blue squares are star-forming galaxies in the same redshift slice. Black squares show the location of the MOSFIRE masks.

magnitude in the COSMOS2020 catalog. The noise spectra
were estimated as the standard deviation of the pixel count
where no object is observed for each mask.

We attempt to measure the redshift from these 1D spectra by
fitting the spectral template with SLINEFIT'*(Schreiber et al.
2018). In SLINEFIT, stellar continuum templates, identical to
those used in EAZY (Brammer et al. 2008), are employed.
These templates are convolved with a Gaussian velocity profile
with the stellar velocity dispersion estimated from the spectra
by ppx £ (Cappellari 2017). The velocity dispersion of galaxies
will be discussed in another paper in detail (K. Ito et al. in
preparation). For galaxies without successful measurement of
velocity dispersion, we use the value of velocity dispersion
expected from their stellar mass according to the empirical
relation in Schreiber et al. (2018), which is based on the
velocity dispersion and the stellar mass of Belli et al. (2017).
We explore the redshift solution at 2 < z <4, which covers
most of the redshift range suggested by the photometric SED
fitting. In the fitting, pixels largely affected by skylines are not
used. If the spectra do not have large enough signal-to-noise
ratio, they are rebinned by 4x to a resolution of 6.5 A. The
obtained redshifts do not change significantly, even if we use
the native resolution.

3. Results and Discussion
3.1. Spectroscopic Identification of Four Quiescent Galaxies

Among nine spectra, we observe multiple significant
absorption lines in four of them (Figure 2). The other galaxies
were too faint for us to detect their absorption lines, and their
redshifts were not constrained from their spectra. Two galaxies,
QG306415 and QG281561, have large enough signal-to-noise
ratio even without rebinning (median S/N =4.6 and 3.2 per
pixel, respectively), whereas the other two, QG301560 and
QG280611, have large enough signal-to-noise ratio after four-

14 https://github.com/cschreib/slinefit

pixel rebinning (median S/N=3.3 and 2.6per pixel,
respectively).

Interestingly, all of their best redshifts are concentrated in a
small redshift range (z ~2.76-2.79, Table 1). Following the
method in Schreiber et al. (2018), we check the probability that
the true redshift lies within +0.01 of the best-fit redshift by
integrating the redshift probability distribution function. The
value is high for all four galaxies (96.4%—100%), implying that
these estimations are robust. Therefore, we conclude that this
observation confirms that this structure, hereafter called QO-
1000, has multiple quiescent galaxies in the small redshift
range. We employ z=2.77 as the redshift of QO-1000, the
mean of the redshifts of these four. Hereafter, these four
quiescent galaxies are called spectroscopic quiescent members,
and the other ten galaxies inside QO-1000 are called
photometric quiescent members. The latter members are also
plausible since it is possible we could not detect their
absorption lines just because of the depth limit of the
observation.

There are three points that we should make about these four
spectroscopic quiescent members. First, they are close to each
other and located within 8.0 x 1.6 arcmin? (~4 x 1 pMpc?). In
particular, three out of four (QG306415, QG281561,
QG301560) are located within 1 x I pMpc? at the same
redshift of z=2.76. Second, they are all massive. They have
stellar masses of log(M, /M) = 11.08-11.53, which is more
massive than the peak stellar mass of the stellar mass function
of quiescent galaxies at this redshift (e.g., Davidzon et al.
2017). Lastly, even if we conduct the SED fitting again with the
spectroscopic redshift, they have a low specific star formation
rate (see Table 1), which satisfies the criteria for quiescence
(see Section 2.1) and is 21 dex lower than that of the star
formation main sequence at this redshift (e.g., Leslie et al.
2020). One galaxy, QG281561, is observed in ALMA Band 7
but not detected (A3COSMOS, Liu et al. 2019). Assuming the
modified blackbody SED for dust with the typical dust
temperature of submillimeter galaxies (Dudzevicitté et al.
2020), its 30 upper limit suggests that the star formation rate
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Table 1
Properties of Quiescent Galaxies in QO-1000

Ito et al.

D* R.A. (J2000)  Decl. (J2000) Zipec” ps Zphot H* log(M, /M) 1og(SFRsgp/Me yr')°  log(sSFRsgp/yr™)°
(deg) (deg) (mag)
1 2) 3) @ ®) (6) ) ®) ) 10)
QG306415  149.99164 171213 27627100002 1.000  2.8770%% 2192 11.361500% 0.772:93%7 —10.59593!
QG281561  150.00727 1.68677 27603100008 1.000  2.92709% 2239 11.339138% 1.548199% —-9.7999
QG301560  150.00561 1.70671 2760670902, 0964  2.84709F 2222 11.532%05% 1.816709% —9.72+99%
QG280611 150.12540 1.68547 2.788070000¢  0.998  2.80709 2231 11.080109%2 0.49050:504 —10.590759%¢
QG300476  150.00687 1.70650 281707 2292 11.0459% 0.86+512 —10.17+9%
QG283763  149.96034 1.68968 2935917 2337 11007988 0.157539 —10.86793%
QG298647  150.04154 1.70480 2.801012  23.63 10885097 —0.13+0%3 —11.0793
QG319735  150.11350 1.72504 2791098 22.93 10.877092 091799 —9.95+0.08
QG303434  150.10729 170921 2.937908 2326 10.82790% 0.557933 —10.27+928
QG261850  150.12919 1.66686 2.861019  23.29 10.807008 0.93+01 —-9.871043
QG246253  150.05815 1.65102 2815018 23.52 10.6590%8 0.35°0% —10.31%39
QG332672  149.93256 173868 2815021 2545 10655093 0.37:03¢ —10.28%93¢
QG285514  150.07444 1.69131 2784018 2355 106450 0.8070:17 —-9.85701
QG241388  150.04645 1.64546 277502 2394 10.535941 0.279% —1027+933
Notes.

 The object IDs are taken from the COSMOS2020 CLASSIC catalog (Weaver et al. 2022). Spectroscopically confirmed ones are sorted by the signal-to-noise ratio of

the spectra, whereas the others are sorted by their stellar mass.
b Spectroscopic redshift from this MOSFIRE observation

¢ The interpreted probability within +0.01 from the best-fit spectroscopic redshift

4 The H-band Kron magnitude from COSMOS2020 CLASSIC catalog (Weaver et al. 2022)
€ If the spectroscopic redshift is provided, these parameters are inferred with the redshifts fixed to Zspec-

(SFR) of QG281561 is log(SFR/M,, yr~!) < 1.74, supporting
the value from the SED fitting.

3.2. Overdensity of Quiescent Galaxies

In this subsection, we discuss how concentrated quiescent
galaxies are in QO-1000 compared to the general field using
spectroscopic redshifts. As reported in the previous section,
QO-1000 has four quiescent galaxies concentrated in
~4 x 1pMpc? in the transverse direction and dz~ 0.03
(corresponding to 2400 kms™ ") in the line-of-sight direction.
Assuminég a cubic shape, this structure has a volume of
1.1 x 10° cMpc?, meaning that the number density of quiescent
galaxies in QO-1000 is 3.4 x 107> cMpc .

In the same definition of quiescent galaxies with the stellar
mass cut of log(M,/Mz) > 11.0, there are 360 quiescent
galaxies at 2.5 < Zpho < 3.0 in the entire COSMOS field,
giving the average number density of quiescent jgalaxies in the
COSMOS field as (4.7+0.3)x 10> cMpc™. This value
implies that QO-1000 is 72.1 4= 3.8 times denser in quiescent
galaxies than the average.

This high overdensity suggests that QO-1000 is a very dense
structure of quiescent galaxies, which is supported by the
precise spectroscopic redshifts. We note that this is based only
on the spectroscopically confirmed galaxies. Since there are
other photometric quiescent galaxies likely located in QO-
1000, QO-1000 can be denser than this derived value.
Therefore, taking the lower limit, we argue that this structure
is at least 68 times denser than the general field.

3.3. Color-Magnitude Diagram

Galaxy clusters at z < 2 often exhibit a tight red sequence of
galaxies (e.g., Zirm et al. 2008; Tanaka et al. 2010). Here, we
plot the color-magnitude diagram for members of QO-1000.

Figure 3 shows J— K; versus K, from the COSMOS2020
catalog. J— K is from 2" aperture magnitude, whereas Kj
magnitude is the Kron magnitude. We see that quiescent
members of QO-1000 form a red sequence at J — K, ~ 1.85.
The spectroscopic quiescent members have a tighter correla-
tion, whereas photometric quiescent members follow them but
with a larger scatter. In contrast, star-forming galaxies at
2.74 < Zphot < 2.94 within the 20 contour of quiescent galaxies
in Figure 1 (denoted as “star-forming members”) have bluer
J—K; colors and fore/background galaxies at 2.0 < Zppor <
3.5, too. Such a sequence seen in quiescent members of QO-
1000 does not exist if we randomly select galaxies at
2 < Zphot < 3.5 from the entire COSMOS field apart from
QO-1000.

We constrain the formation redshift of quiescent members
with the model of Bruzual & Charlot (2003). The model
assumes a single burst of star formation with varying formation
redshift. The solar metallicity is assumed, supported by the
literature on quiescent galaxies at z > 1.5 (Onodera et al. 2015;
Saracco et al. 2020). Fitting them to the spectroscopic quiescent
members gives their formation redshift close to zgor, = 3.7. The
results do not change if we also include photometric quiescent
members.

This is the first time the red sequence has been seen in
overdense regions with spectroscopically confirmed galaxies at
z~ 3, whereas some studies had explored with photometrically
selected galaxies (e.g., Kodama et al. 2007; Uchimoto et al.
2012; Koyama et al. 2013). This analysis also supports the idea
that QO-1000 is a concentrated structure of quiescent galaxies.
We note that some bright (K < 22.5) galaxies have similar red
color (1.5<J— K ;<2) but are not classified as quiescent
members. They have photometric redshifts slightly offset from
the targeted redshift slice (2.74 < zpnot < 2.94), but may be
located in QO-1000 due to its uncertainty.
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Figure 2. Left panels: spectra of four quiescent galaxies with significant absorption lines. The object spectra are shown with orange shading and the noise spectra with
dark shading in each panel. In addition to QG301560 and QG280611, whose spectral analyses were conducted with binned spectra, the other spectra are also rebinned
over four pixels just for illustrative purposes. The blue lines are the best fit from SLINEFIT. The gray masked regions are not observed or are largely affected by
skylines and not used for the fitting. Right panels: blue and black lines indicate the probability distribution of the spectroscopic redshift from SLINEFIT and the

photometric redshift from MIZUKI, respectively.

3.4. Halo Mass Estimation

We attempt to estimate the host halo mass My, of QO-1000
with two methods referring to similar studies (e.g., Daddi et al.
2021; Sillassen et al. 2022). (1) We convert the stellar mass of
the most massive galaxy to its host halo mass. Based on the
stellar-to-halo mass ratio in Behroozi et al. (2013), we derive it
as log(Mpa0 /M) > 13.5. If we use the recent observationally
determined value in Shuntov et al. (2022), it is estimated as
log(Myao /M) > 13.2, considering the uncertainty of the
stellar-to-halo mass ratio. (2) Assuming the relationship
between the total stellar mass and the halo mass for z~1
clusters (van der Burg et al. 2014), we convert the sum of the
stellar masses of spectroscopically confirmed quiescent mem-
bers to the host halo mass. Since the distance between
QG280611 and others is much larger than the virial radius of
the cluster-like halo mass (log(Mpa0/My) ~ 14), QG280611 is
not included here, and we assume that the other three are
located in the same halo. In this method, the halo mass is
estimated as log(Mpu,/Ms) = 13.6. We note that other

galaxies might be in this halo. Therefore, this could be the
lower limit.

Employing the loosest lower limit, we argue that the halo
mass of QO-1000 is log(Mya,/Mz) > 13.2.

3.5. Comparison with lllustrisTNG Simulation

We explore whether there is any structure similar to QO-
1000 in the IustrisTNG simulation (Nelson et al. 2019) and its
evolution in terms of halo mass.

We use the TNG-300 (205/h cMpc box), the largest
simulation box. We focus on Snapshot 27 (z=2.73), which
has the closest redshift to QO-1000. From its subhalo catalog,
quiescent galaxies are selected by imposing log(sSFR/
yr 1) < —9.5, which is derived within twice the stellar half-
mass radius. To imitate the observation, SFR is averaged over
10 Myr (see Valentino et al. 2020). In addition, the stellar mass
threshold of log(M, /M) > 11.0 is also imposed since all of
our spectroscopic confirmed quiescent members satisfy it.
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Figure 3. Left panel: Color—magnitude diagram for galaxies in the QO-1000 field. The vertical axis shows J — K, and the horizontal axis shows K-band magnitude.
The red stars and open circles represent spectroscopic and photometric quiescent members of QO-1000, respectively. Blue circles are star-forming members. The gray
crosses represent the other galaxies at 2.0 < z,po < 3.5 within the 20 contour of Figure 1 in the projected space. The horizontal dashed lines show the J — K color of
the single-burst model of Bruzual & Charlot (2003) with different formation redshifts (zgorm = 3.0, 3.4, 3.7, and 6). Central panel: same as the left panel, but for
galaxies at 2 < Zphor < 3.5 randomly drawn from the entire COSMOS field apart from QO-1000. The same number of objects as in the QO-1000 field is drawn. Right
panel: histogram of J — K of all galaxies with K; < 22.5 mag in the QO-1000 field (red solid line) and randomly in the entire COSMOS field (gray dashed line).

From this sample of quiescent galaxies, we search for
structures like QO-1000. The criteria are that (1) three
quiescent galaxies should be within 1 pMpc of each other,
which corresponds to the distance between three galaxies in the
central region of QO-1000 (QG306415, QG281561, and
QG301560), and that (2) in addition to these galaxies, there
should be at least one additional quiescent galaxy within
8 pMpc of them, which corresponds to the distance from
QG280611 to the central galaxies. As a result, we find two
structures satisfying the above criteria. There are no systems
with more than three quiescent galaxies in the center (within
1 pMpc). Thus, our QO-1000 is the most overdense structure of
quiescent galaxies that TNG-300 can reproduce. Note that
quiescent galaxies there at Snapshot 27 keep a low sSFR at
lower redshift.

The evolution of their host halo mass is derived by tracing
the merger tree. Some quiescent galaxies in the above-selected
structures do not reside in the same halo at Snapshot 27.
Therefore, we focus on the evolution of the host halo of the
most massive galaxies of the structures at Snapshot 27. All
quiescent galaxies in the center of the above-selected structures
reside in a single halo at z = 0. As the proxy for the dark-matter
halo mass M,,,,, we use the mass within the radius where the
halo has an overdensity equal to the threshold of the spherical
collapse model defined in Bryan & Norman (1998, Group_-
M_TopHat200). Figure 4 shows the evolution of their My,
and those of the other quiescent galaxies with the same stellar
mass. Halos of the two selected overdense structures at
z=2.73 are more massive than the 84th percentile of those
of individual quiescent galaxies with similar stellar mass. They
are expected to grow into log(Mya,/Ms) = 14.8 and 15.0 at
z=0. This evolution of halo mass is consistent with the lower
limit of the halo mass of QO-1000 at z = 2.77. These mean that
the IllustrisTNG simulation supports the existence of an
overdense structure of quiescent galaxies at z ~ 3 and suggests
that QO-1000 will evolve to a Coma-like massive cluster by
z=0. In other words, QO-1000 is likely to be a protocluster of
quiescent galaxies.

15.0
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°
E 14.0
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2
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o
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—— field quiescent galaxies with log (M, /M) > 11.0
¥ QO-1000
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Figure 4. Evolution of the host halo mass of the most massive quiescent
galaxies in two structures similar to QO-1000 in TNG-300 (red lines). The
evolution of the median halo mass of field quiescent galaxies with the same
stellar mass in TNG-300 is shown by the gray line. The gray shaded region
corresponds to the range between their 16th and 84th percentiles. The lower
limit of the halo mass of QO-1000 (Section 3.4) is shown by the red star.

3.6. From Star-forming Protoclusters to Quenched Clusters

The high number density of spectroscopic confirmed
quiescent galaxies (Section 3.2) and the comparison with
MlustrisTNG (Section 3.5) imply that QO-1000 is likely to be a
protocluster consisting of quiescent galaxies. This protocluster
has the largest number of spectroscopic confirmed quiescent
galaxies at z ~ 3 reported so far. Moreover, this structure has
the red sequence of member galaxies and a higher quiescent
fraction than the average at the same redshift. These points
imply that this structure is more mature than most known
protoclusters, and many of its members are already in the
quiescent phase even at z ~ 3.

The high stellar mass of the quiescent galaxies in QO-1000,
especially spectroscopically confirmed ones (log(M, /M.) >
11.0), implies that they should have experienced intense star
formation, like submillimeter galaxies, and quenched rapidly.
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Recently, protoclusters of dusty star-forming galaxies have been
found at z ~ 4 (e.g., Ivison et al. 2016; Miller et al. 2018). Many
of their member galaxies are as massive as log(M, /M) ~ 11
(e.g., Long et al. 2020; Rotermund et al. 2021). Thus, such an
overdense structure of bursty star-forming galaxies might be the
progenitor of QO-1000. Assuming a monotonic decrease of star
formation of (proto)cluster galaxies and based on the constraint
on the halo mass (Section 3.4), QO-1000 is likely to be a
transition phase from star-forming protoclusters to local
quiescent clusters. In this respect, the concentrated region of
three spectroscopically confirmed quiescent galaxies might be a
protocluster core and will evolve into the center of a cluster.

4. Summary

In this letter, we report the discovery of an overdense
structure of massive quiescent galaxies at z=2.77, QO-1000. It
is first found from the 4.2¢0 overdensity in the overdensity map
of quiescent galaxies in the COSMOS field. The Keck/
MOSFIRE H-band spectroscopy detects multiple Balmer
absorption lines in the spectra of four galaxies, which implies
their redshift is z =2.76-2.79. The existence of four massive
(log(M, /M) > 11.0) galaxies with significantly low sSFR
(—10.6 < log(sSFR/yr~") < —9.7) suggests that this structure
is at least 68 times denser in quiescent galaxies than the general
field. Thus, we spectroscopically confirm that this structure is a
dense structure of quiescent galaxies at z = 2.77. The quiescent
fraction is ~3 times higher than the average value at this
redshift. Moreover, there is a red sequence of quiescent
galaxies. These features also suggest that quiescent galaxies
dominate this structure.

The high stellar mass of spectroscopically confirmed
quiescent galaxies implies they are hosted in a massive halo
with  log(Mpao/Mz) > 13.2. Comparison with the Illu-
strisTNG simulation shows that this structure is likely to be
hosted by a much more massive halo than other typical
quiescent galaxies with the same stellar mass and will evolve
into a cluster with log(My.1, /M) > 14.8 by z=0. Our results
imply that this structure is a more mature protocluster than
most known protoclusters and is likely in a transition phase
from star-forming protoclusters to local quenched clusters.

This discovery confirms that protocluster galaxies can be
quenched even at z~ 3, and quiescent galaxies can form an
overdense structure even at z~ 3. This structure will be an
ideal laboratory in which to explore the evolutionary history of
(proto)clusters and galaxies therein. More detailed investiga-
tions of member quiescent galaxies in this structure will be
conducted in our future studies, such as constraining star
formation history based on the spectra and multiband
photometry, investigating morphology using Hubble Space
Telescope/F160W images (3D-DASH, Mowla et al. 2022),
estimating dynamical masses, and comparing them with
simulations.
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