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Abstract

1. A massive quiescent galaxy at 𝑧 = 4.53
1. Confirmed at the second highest redshift
2. Inferred star formation history shows this galaxy experienced starburst at 

𝑧!"#$ ~ 5 following a rapid quenching phase.

2. A massive galaxy group candidate at 𝑧 = 4.5 (5 massive galaxies)
1. First discovery of the galaxy group with a quiescent galaxy
2. This over-density significance is the largest in the COSMOS field at 4.4 <

𝑧!"#$ < 4.7. 
3. The Inferred halo mass from the central quiescent galaxy is ~ 10%&.(𝑀⨀, and 3 

SFGs are located ≲ 𝑅*+, (70 kpc).
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1.1 Star formation history of Local Ellipticals

Open Question
u What are the physical drivers of 

starburst and subsequent 
quenching?

• Many studies have been carried out to 
search for the progenitors of the local 
ellipticals.

• Method: Directly observe the quenching 
phase of the galaxy.
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Star formation histories of massive elliptical galaxies 
in the local Universe. (Thomas et al. 2010)

Present
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1.2 Possible quenching mechanism

• Man & Belli 2018

2024/1/25A massive quiescent galaxy at z=4.53

• Mass quenching
• AGN feedback
• Stellar feedback

• Environmental quenching
• Strangulation (starvation)
• Mergers
• Galaxy harassment
• Ram-pressure stripping

• Which is a main driver of massive 
galaxy quenching at high redshift?

695

comment

Star formation quenching in massive galaxies
Understanding how and why star formation turns o! in massive galaxies is a major challenge for studies of galaxy 
evolution. Many theoretical explanations have been proposed, but a definitive consensus is yet to be reached.

Allison Man and Sirio Belli

Despite the success of the Lambda Cold 
Dark Matter (Λ CDM) cosmological 
model in reproducing the observable 

Universe, certain properties of galaxies 
remain unexplained in this framework. 
Specifically, to reproduce the observed 
population of massive galaxies, cosmological 
models must include a poorly constrained 
quenching mechanism — a process that 
suppresses star formation — to solve two 
problems. The first is the discrepancy 
between the observed galaxy mass function 
and the theoretical halo mass function1. The 
second is the observation that more massive 
galaxies have systematically older stars2. 
This contravenes the hierarchical nature 
of Λ CDM, in which more massive galaxies 
are expected to be younger, because they 
assemble at later times.

The term ‘quenching’ has been used with 
two different meanings in the literature, 
to indicate either the termination of the 
star formation activity, or the process of 
maintaining a galaxy quiescent over its 
lifetime, despite the fresh fuel produced  
by stellar evolution and gas inflows.  
Given the substantially different timescales 
involved in the two processes, it remains 
under debate whether one single mechanism 
is responsible for both the onset and the 
maintenance of quenching. Archaeological 
evidence shows that the termination process 
must be particularly rapid for the most 
massive galaxies that would become present-
day giant ellipticals, most of which were 
already quenched by a redshift of z ≈  2.

In theoretical studies, feedback by 
energetic sources is often used to quench 
star formation. Although closely related, 
quenching and feedback are not strictly 
equivalent: there are theoretical scenarios in 
which galaxies are quenched by processes 
that are not feedback mechanisms, as we 
discuss below.

Quenching mechanisms
Over the years, numerous mechanisms have 
been proposed to explain the quenching of 
massive galaxies, including feedback from 
active galactic nuclei (AGNs), stellar feedback 
and gravitational effects. Given that these 
processes encompass several branches of 
astrophysics, it is not surprising that studies 

on the topic have suffered from inconsistent 
definitions and confusion in the literature.

Here, we attempt to provide a concise 
overview and a comprehensive classification 
of the quenching mechanisms. Normally, stars 
form out of molecular gas of temperature  
T < 102 K that cooled and settled from warm 
and hot gas within the halo (T =  103− 106 K)  
previously accreted from cosmological 
filaments. Galaxy quenching can be understood 
as an interruption to any one of the necessary 
conditions for star formation, as illustrated 
in Fig. 1. Several of these processes may be in 
place simultaneously; it is the timescale that 
determines their relative importance3.

Following the illustration in Fig. 1, we 
identify five broad classes of quenching 
mechanisms.

 (i) Gas does not accrete. Massive galaxies  
may quench because of reduced gas 
accretion onto their dark matter ha-
loes. !is condition has been termed 
cosmological starvation4, and it stands 
as an example of quenching not 
driven by feedback. Even if accretion is 
completely shut o", the gas produced 
by stellar evolution could still fuel sub-
sequent star formation. !erefore, an 
additional mechanism may be needed 
to maintain the galaxy quiescent.

 (ii) Gas does not cool. In the standard 
picture of galaxy formation, gas col-
lapses in a dark matter halo and heats 
up because of virial shocks3. Simula-
tions show, however, that the shocks 
are formed only when the halo is more 
massive than about 1012 solar masses, 
M⊙ (ref. 5). !is mass scale is roughly 
the same as the scale above which galax-
ies are observed to be prevalently quies-
cent, suggesting that virial shock heat-
ing may account for the onset of star 
formation quenching. A#er the shock, 
however, the hot halo gas should cool 
and become available for star formation. 
To prevent further star formation, addi-
tional gas heating is necessary. !e most 
accepted explanation is feedback from 
radiatively ine$cient accretion onto 
supermassive black holes (radio-mode 
feedback), which is only e"ective in 
massive haloes with hot gas. Implemen-
tations of this feedback yielded the %rst 
successful mass-function predictions 
from semi-analytical models6,7.  
In addition to black hole accretion,  
other gas heating mechanisms have 
been proposed. For example, a gas 
clump or a satellite falling into a massive 
halo releases potential energy. If this 
energy can be e$ciently used to heat 

Gas cooling

Gas inflow

Gas outflow

(i) Gas does not accrete
• Cosmological starvation

(ii) Gas does not cool
• Virial shock heating
• AGN feedback
• Gravitational heating
• Stellar feedback

(v) Gas is removed
• AGN feedback

(iii) Cold gas does not form stars
• Morphological quenching
• Bar quenching
• AGN feedback
• Magnetic fields

(iv) Cold gas is rapidly consumed
• Mergers
• Disk instabilities
• Positive AGN feedback

What causes quenching in massive galaxies?

Fig. 1 | Schematic diagram listing the plausible quenching mechanisms.
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2.1 Target Selection
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COSMOS field
u The main data sets cover a wide area (≈ 2 deg&).
u This field has been observed from X-rays to radio wavelengths.

→ High-precision photometric redshifts can be obtained.

A massive galaxy candidate with a strong Balmer break 
at 𝑧!"#$ ~ 4.7. (Weaver et al. 2022)

Ito et al. 2022

VISTA 𝐾%-band image

Observed 
target

Spec-𝑧

Ph
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o-
𝑧

A massive quiescent galaxy at z=4.53
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2.2 Target Spectrum
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u The presence of faint [OII] lines allows the measurement of the secure 
spectroscopic redshift. 𝑧2!34 = 4.5313 ± 0.0005

Spectrum

Model 
Spectrum

Error

Keck/MOSFIRE 𝐾-band spectrum

A massive quiescent galaxy at z=4.53

Blow-up of [OII]
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2.3 Performing SED fitting (Prospector)
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Rest-frame UV to NIR SED & 
model spectrum from prospector.

Fitting code: Prospector [Johnson et al. 2021]
Assumption:
l Chabrier (2003) IMF
l Solar metallicity
l Delayed tau-model (𝑆𝐹𝑅(𝑡) ∝ 𝑡𝑒! ⁄# $)

Non-parametric SFH
l 𝑧%&'( = 4.53

Model Spectrum Features

u Strong Balmer break 

→ Being quenched phase

A massive quiescent galaxy at z=4.53
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2.4 Estimated star formation history
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Inferred star formation history of the quiescent galaxy.

Physical properties

u Large stellar mass
u Young stellar age

u This galaxy experienced starburst 
at 𝑧 ~ 5 and then rapidly 
quenched.

• One of the progenitors of massive 
ellipticals in the local Universe.

• Spectroscopically confirmed at the 
second highest redshift

Observed
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2.5 Surrounding environment
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RGB image (Red: VISTA/𝐾𝑠-band, Green: 
VISTA/𝐻-band, Blue: HSC/𝑖-band)

A massive quiescent galaxy at z=4.53

• Over-density significance (4.4 < 𝑧&'() < 4.7)
• 12𝜎 in the kernel density estimation method.
𝑟 = 3088(200 kpc) → The densest region!
• 2.2𝜎 at 𝑟 = 2.58(1 Mpc)

→ Significantly compact!

Located in the galaxy group?
l 4 massive star-forming galaxies within 

23**(150 kpc) from the quiescent galaxy.
l The companion galaxy is located at 

~ 13 kpc from the QG.

SFGQG

5 massive galaxies within 
2388 (150 kpc)!
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2.6 Physical properties of the members
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Rest-frame UV to NIR SED of the member galaxy Relation between stellar mass and star formation rate.

A massive quiescent galaxy at z=4.53

All members are normal star-forming galaxies except the central quiescent galaxy.
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2.7 Group characteristics
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RGB image (Red: VISTA/𝐾𝑠-band, Green: 
VISTA/𝐻-band, Blue: HSC/𝑖-band)

• These galaxies are likely to form a group.
• This is the first time to focus on the environment for 

quenching at 𝑧 > 4.
• Environmental effects (interactions or mergers) may 

cause the galaxy to quench or starburst.

Located in the galaxy group?
l QG’s halo-mass is ~ 10+,.. 𝑀⨀ from 

stellar-to-halo mass relation (Shuntov+ 22).
l 3 SFGs are possibly located within or on 

the virial radius (~ 70 kpc) of the QG.

A massive quiescent galaxy at z=4.53

SFGQG
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2.8 Formation scenario

implies a relatively top-heavy stellar mass function in
dense regions.

2. Between z∼5 and z∼1.5, the entire Lagrangian
volumes of protoclusters contain numerous halos of
1011–1012.5 :M . This allows protocluster galaxies to grow
at a total SFR of about �

:M1000 yr 1 for a prolonged
period of time, which contributes to about 65% of the
total stellar mass seen in present-day clusters. Depending
on the magnitude of the initial overdensity, some
protoclusters may already contain significant group- or
cluster-sized cores near the end of this epoch. These cores
would be the first regions to show evidence of galaxy
quenching or dense intracluster gas.

3. After z∼1.5, the fraction ofMå contained in protocluster
cores starts to increase as the cluster is being assembled.
The fraction of SFR in the cores lags behind its mass
growth, implying that the growth of the cores is achieved
mainly by incorporating externally formed stars from
infalling galaxies. The violent gravitational collapse
(Figures 2 and 3) proceeds in an inside-out manner as
the inner shells of a centrally peaked overdensity
turnaround before the outer shells. In this epoch, galaxy
quenching is enhanced through multiple channels,
including gravitational heating, AGN feedback, group
pre-processing, and various types of satellite quenching

processes like starvation, ram-pressure stripping, and
tidal disruption.

Due to the extreme hierarchical nature of cluster assembly,
the far majority of the stars in present-day clusters formed in
the extended protocluster regions, mainly during the second
phase outlined above. Only 15% of the stellar mass formed
“in situ” in cores (this calculation takes into account mass loss
during stellar evolution), which makes the core halos under-
representative during the main epoch of cluster (galaxy) growth
at cosmic noon.

6. Discussion

Based on two recent SAMs, we have demonstrated in this
Letter that the fraction of the cosmic SFR density associated
with the formation of present-day clusters is as high as 20% at
z=2 and 50% at z=10. Protocluster galaxies are thus a
nearly dominant population at Cosmic Dawn, and remain
significant at Cosmic Noon.
We outlined three stages that describe the early history of

cluster formation, which began with an inside-out growth phase
from z10 to z∼5, followed by an extended star formation
phase at z∼5–1.5, and a violent infalling and quenching phase
at z∼1.5–0.
These phases are in qualitative agreement with tentative

observational evidence. For example, Ishigaki et al. (2016)

Figure 5. Middle panel: average total SFR per protocluster. Bottom panel: The fractions of the total SFR (black curves) and stellar mass (red curves) occurring in the
core halo. The dashed lines at high redshift in the bottom panel illustrate the dependence of the upturn of core dominance on the limiting galaxy stellar mass. The rise
and fall in the total SFR of protoclusters and the reversed trend found for the cores motivates the three-stage scenario for cluster formation illustrated in the top panel.
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The core-scale quenching has already occurred at 𝑧 > 4 by gas consumption due to the starburst and/or AGN feedback. 

Chiang et al. (2017) 

Simulation: Cores would be the first regions to show 
evidence of galaxy quenching. 

5642 R. Shimakawa et al.

Figure 12. Multi-faces of the Spiderweb galaxy (20 arcsec on a side in each image). (a) The left-hand panel shows NB2071 image (grey scale) and line-
subtracted Ks image (orange con tour). The first con tour is 1.5-sigma background rms. (b) The middle panel is an RGB image from F475W and F814W
photometry with HST. White con tours are based on the NB2071 image, and the first con tour corresponds to 1.5 rms in the background. (c) The right-hand
panel represents the surface brightness of narrow-band flux (SBNB) where the continuum is subtracted (equation 3). 1-sigma error is 3.2 × 10−17 erg s−1 cm−2

arcsec−2 for a given pixel2 area.

Figure 13. A speculative schematic of formation and evolution histories of galaxy clusters and galaxies therein, based on our findings through the MDCS.
We tentatively assume that PKS 1138 at z = 2.2 is a maturing protocluster (middle) and USS 1558 at z = 2.5 is a growing protocluster (right), respectively,
judging form substructures and characteristics of member galaxies. The left one represents the classical massive cluster of galaxies associated with a diffuse
X-ray source. Galaxy colours are trying to express that the star formation declining and red sequence formation in the centre of galaxy clusters towards the
local Universe. Yellow star symbols show energetic AGN activities. A table at the bottom highlights phenomena that are expected to occur in galaxies and
(proto-)inter-cluster medium (see text).

in more detail. We experimentally carry out some further analyses
with these caveats by comparing with HST/ACS images, which are
shown in Appendix D.

Finally, we inspected the other HAEs in PKS 1138 searching for
significantly extended H α structures based on the median stack-
ing with the IRAF scripts. Our stacking procedure reaches down
to 6.4 × 10−18 erg s−1 cm−2arcsec−2 with a two-sigma confidence
level. However, we do not identify such diffuse nebula beyond a
radii of 10 ph-kpc in the other HAEs, even after stacking all HAE
samples.

4 D ISCUSSION

High-redshift protoclusters provide us with a great opportunity to
unveil the formation histories of massive galaxy clusters and their
member galaxies in the local Universe. As claimed by past studies
(Kurk et al. 2004a; Kodama et al. 2007; Doherty et al. 2010; Hatch

et al. 2011; Galametz et al. 2012; Koyama et al. 2013a; Tanaka et al.
2013), PKS 1138 at z = 2.2 is considered to be one of the most
massive protoclusters at z ∼ 2, with a significant number excess
(δ ! 10) of massive red star-forming and passive galaxies over the
MOIRCS FoV relative to the general field at a similar redshift. This
suggests that the massive galaxies in PKS 1138 are in the maturing
phase, and such red galaxies would provide us with direct insights
into the quenching processes of bright red sequence objects seen in
the present-day clusters of galaxies.

With such expectations, the original motivation of this work was
to characterize these massive HAEs. We especially focus on X-
ray fraction and the rest-frame UVJ colours of HAEs based on the
Chandra X-ray data and multi-band images, both of which mostly
cover the survey area. We first derive the stellar mass function and
confirm the number excess of massive HAEs seen in the past studies
(Hatch et al. 2011; Koyama et al. 2013a,b). The characteristic stellar
mass is comparable to that in dense group cores seen in the USS
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Minor mergers and galaxy interactions increase 
star formation efficiency and AGN activity. 
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2.9 Future prospects

• Spectroscopic follow-up of the galaxy group (S24A)

2024/1/25A massive quiescent galaxy at z=4.53

u FOCAS multi-object spectrograph on the 
Subaru telescope
We plan to observe the Lyman alpha 
emission and/or break.

uConfirm the redshift and physical 
properties of the target.

→ First step to confirm the extreme 
overdense environment for quenchingModel SED of one of the star-forming 

members in a group.
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3. Summary

u We confirm a massive quiescent galaxy at 𝑧 = 4.53 using 
Keck/MOSFIRE spectrograph.

2024/1/25

Takumi Kakimoto (M2)@SOKENDAI takumi.kakimoto@grad.nao.ac.jp

Unique properties
u Spectroscopically confirmed at the second highest redshift
u This galaxy is in the small over-density region (galaxy group?).

→ Environmental effects (mergers and/or interactions) may play a role 
to the galaxy quench.
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