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Resumen / La mayoria de las galaxias que estdn en proceso de formacién estelar siguen una relacién conocida
como la “secuencia principal”, donde la tasa de formacién estelar esta estrechamente relacionada con la masa
total de la galaxia. Sin embargo, cuando la tasa de formacién estelar especifica (que es el cociente entre la tasa de
formacién estelar y la masa de la galaxia) disminuye significativamente, las galaxias se vuelven pasivas y se alejan
de esta secuencia principal. El estudio de las galaxias que abandonan esta secuencia nos proporciona informacién
valiosa sobre los diversos mecanismos fisicos responsables de la supresién de la formacién estelar y cémo se originan
las galaxias pasivas en diferentes rangos de masa y en ambientes de distinta densidad (campo, grupos, ciimulos de
galaxias). Esta revisién tiene como objetivo ofrecer una visién general de la abundante evidencia observacional que
respalda este fenémeno, asi como de los principales resultados de diversas simulaciones numéricas cosmoldgicas
que ayudan a su interpretacién. Al hacerlo, se evaluard el papel de varios mecanismos fisicos que pueden estar
actuando de manera simultdnea.

Abstract / Most star-forming galaxies follow a relationship known as the “main sequence”, where the star for-
mation rate is closely tied to the total mass of the galaxy. However, when the specific star formation rate (which is
the ratio of the star formation rate to the mass of the galaxy) decreases significantly, galaxies become passive and
deviate from this main sequence. Studying galaxies that depart from this sequence provides valuable information
about the various physical mechanisms responsible for suppressing star formation and how passive galaxies orig-
inate in different mass ranges and environments of varying density (field, groups, galaxy clusters). This review
aims to provide an overview of the abundant observational evidence supporting this phenomenon, along with key
findings derived from diverse cosmological numerical simulations that aid in their interpretation. Throughout this

Boletin de la
Asociacién Argentina de Astronomia

exploration, we will assess the role of various physical mechanisms that may be acting simultaneously.

Keywords /| galaxies: formation — galaxies: evolution — galaxies: star formation

1. Introduction

The main sequence of galaxies is an almost linear corre-
lation existing between the star formation rate and the
stellar mass of those galaxies forming stars, referred to
as star-forming galaxies (e.g. Brinchmann et al., 2004;
Noeske et al., 2007; Daddi et al., 2007; Pannella et al.,
2009; Magdis et al., 2010). Recent studies have exam-
ined the evolution of this sequence using data from deep
surveys. Mérida et al. (2023) utilized the Cosmic As-
sembly Near-Infrared Deep Extragalactic Legacy Sur-
vey (CANDELS) and the Survey for High-z Absorption
Red and Dead Sources (SHARDS) to probe the main
sequence in the redshift range 1 < z < 3. Additionally,
Huertas-Company et al. (2023) extended the analysis to
the range 0 < z < 6, incorporating data from the James
Webb Space Telescope (JWST). In the latter study, the
power-law fit to the star-forming main sequence, focus-
ing on galaxies with stellar mass M, > 10° Mg in red-
shift bins 0 < z < 1, 1 < 2z < 3, and 3 < z < 6, is char-
acterized by normalizations of 0.72, 1.04, and 1.19, and
slopes of 0.96, 0.89, and 0.55, respectively. The rise in
the zeropoint with increasing redshift aligns with prior
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studies (e.g Whitaker et al., 2012). The decline in slope
observed as redshift increases is also corroborated by nu-
merous other studies in the literature, as illustrated in
the compilation by (Mérida et al., 2023, see their figure
14). However, these authors demonstrate that the trend
changes when exploring the main sequence at smaller
stellar masses. They consider M, > 10 Mg at z = 1
and M, > 1085 Mg, at z = 3, reaching ~ 0.6 dex deeper
than previous analyses. This variation in the evolution
of the slope might be influenced by a greater scatter in
star formation at fixed stellar mass and the absence of
massive objects at these redshifts. Further in-depth ob-
servations and investigation are required to comprehend
this trend.

Various techniques are employed to classify galaxies
based on their star-forming activity. One such method
utilises the rest-frame U —V versus V — J colour—colour
diagram, known as the UVJ diagram (e.g. Muzzin et al.,
2013). This method involves empirical cuts in this
colour-colour space and is grounded in the analysis of
the 4000A break in the spectrum of an old stellar pop-
ulation. Another approach to classify galaxies based on
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Deviation of galaxies from the main sequence

their star formation activity relies on the mass-doubling
timescale, which is determined by the instantaneous star
formation rate (SFR) at the time of observation (Tac-
chella et al., 2022). The mass-doubling number, de-
noted as D(z) = sSFR(z) x tu(z), involves the specific
star-formation rate (sSFR = SFR/M,) and the Hub-
ble time at the time of observation, ty. Galaxies are
classified as star-forming if D(z) > 1/3, and quiescent, if
D(z) < 1/20, being transitioning galaxies between these
two categories if 1/20 < D(z) < 1/3.

Galaxies that deviate from the main sequence are
quiescent (passive) galaxies with a low SFR. They
have undergone a process of star formation suppression,
known as “quenching”, a term referring to the interrup-
tion of the conditions necessary for star formation.

The link between the evolution of the SFR, colours
and morphologies of galaxies is evident in many studies
in the literature. Schawinski et al. (2014) provide a clear
illustration of these connections based on z = 0 results
from a galaxy sample in the Sloan Digital Sky Survey
(SDSS) Data Release 7. In their analysis, galaxies are
classified by morphology and colour. The colour-mass
diagram of the entire sample reveals a bimodal distri-
bution, resulting from the overlap of two distinct pop-
ulations: galaxies on the red sequence, mostly of early
type, and galaxies forming the blue cloud, dominated
by late-type galaxies. The intermediate region between
these two main populations is referred to as the green
valley, representing a transitional stage in terms of SFR
evolution from the blue cloud to the red sequence. This
correlation is evident when identifying galaxies based on
their SFR, where galaxies on the red sequence exhibit
low SFR, while those on the blue cloud show high SFR
(refer to their figures 4 and 6).

To wunderstand the mechanisms behind galaxy
quenching, it is essential to consider the currently ac-
cepted scenario of galaxy formation, taking into ac-
count the knowledge provided by the results of cosmo-
logical numerical simulations. In the cold dark mat-
ter cosmogony, the large scale structure of the Uni-
verse forms through the hierarchical merging of dark
matter haloes. Modern dark matter-only cosmologi-
cal simulations can cover volumes as large as a box of
side length of 3 h~! Gpe, like the MillenniumXXL simu-
lation with a dark matter particle mass resolution of
m, = 8456 x 10° Mg (Angulo et al., 2012). More
recently, the Uchuu simulation suite (Ishiyama et al.,
2021) introduced a large simulation covering a volume
of 2h~! Gpe side length, featuring improved mass res-
olution (m;, = 3.27 x 10®* Mg). This kind of simula-
tions effectively model the large-scale structure of the
Universe, unveiling the cosmic web, a complex three-
dimensional network comprising filaments, nodes, and
void regions. Nodes, situated at the intersections of mul-
tiple filaments, often correspond to locations of massive
galaxy clusters. The physics pertinent to galaxy forma-
tion is considered through both hydrodynamic simula-
tions (see Crain & van de Voort, 2023, for a review) and
semi-analytic models of galaxy formation (see reviews
of Baugh 2006; Benson 2010). Modeling the formation
of the galaxy population through hydrodynamic sim-
ulations involves solving the partial differential equa-

tions governing the gravitational evolution of matter,
the hydrodynamic evolution of gas, and the interaction
of gas with evolving radiation and magnetic fields. Hy-
drodynamic cosmological simulations have the capabil-
ity to trace the formation of cosmic structures up to
scales of O(100 Mpc). On smaller scales, these simu-
lations need to employ subgrid models to approximate
the macroscopic effects of physics that are not numer-
ically resolved. Semi-analytic models offer an alterna-
tive approach to modeling baryonic physics on N-body
dark matter simulations through analytic methods, pro-
viding the advantage of being computationally less ex-
pensive than hydrodynamical simulations, and allowing
to generate galaxy populations in volumes of O(Gpc).
A comprehensive overview of these different modeling
techniques is presented by Vogelsberger et al. (2020).
A simplified scenario of the physical processes in-
volved in modeling galaxy formation takes into account
that the baryon component, constituting the visible part
of galaxies, is initially primarily composed of gas, pre-
dominantly hydrogen and helium. Over time, some of
this gas undergoes the process of turning into stars dur-
ing the formation of cosmic structures. Dark Matter
haloes serve as the locations where future galaxies will
emerge, experiencing accretion shocks as gas and dark
matter accumulate onto these haloes through cosmo-
logical accretion. This process heats the gas to tem-
peratures ranging from 10® to 10°keV. The gas, sup-
ported by pressure against gravitational collapse, at-
tains a quasi-equilibrium state. In the inner regions of
the halo, the gas radiatively cools, contracting into a
disc where stars form from molecular gas. The forma-
tion of stellar bulges and black holes can occur in the
galactic center due to gas inflows triggered by instabil-
ities induced by mergers, flybys, and disc instabilities.
While the process of star formation generates chemical
and energetic stellar feedback, gas accretion onto super
massive black holes (SMBH) gives rise to active galactic
nuclei (AGN) and its associated energetic feedback.
Currently, hydrodynamic simulations and semi-
analytic models have advanced to the point of accu-
rately reproducing a wide range of observations, includ-
ing spatial clustering, mass, size, and SFR distributions,
as well as scale relations connecting various properties
with mass. This instills confidence in the insights drawn
from simulations. However, crucial results are sensitive
to details of subgrid models, such as properties of cir-
cumgalactic gas and the effects of energy injection from
stellar winds, supernova (SN) explosions and AGN.
The rate at which stars form is controlled by the
quantity of cold gas present in the galaxy, determined by
the interplay between gas accretion (or inflows) and gas
expulsion toward the halo or beyond (outflows). This
balance establishes the connection between the SFR and
stellar masses, forming the main sequence of galaxies.
Any disturbance in the equilibrium between accretion
and ejection can lead the galaxy to deviate from the
main sequence. The causes of quenching can be catego-
rized based on their impact on the gas at various stages.
This review seeks to compile the primary physical
mechanisms leading to the quenching of star forma-
tion, offering an overview of numerous observational
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findings related to this phenomenon, along with key in-
sights from various cosmological numerical simulations
that aid in their interpretation. It explores how pas-
sive galaxies originate across different mass ranges and
environments, including varying density scenarios such
as field, groups, and galaxy clusters. The foundation of
this review is largely derived from the work of Man &
Belli (2018), which provides concise overview and a com-
prehensive classification of the quenching mechanisms at
work in massive galaxies. We delve into references pro-
vided by them and complement the information with
additional and updated results, extending the analysis
to include low-mass galaxies. Additionally, we present
recent findings from our own research that contribute
to the understanding of specific aspects within this vast
topic.

The article is structured as follows. Section 2 intro-
duces fundamental aspects of gas accretion and ejection.
Section 3 constitutes the central part of this review, de-
tailing the primary mechanisms for quenching star for-
mation. Section 4 briefly outlines some findings from
our own research focused on the star formation quench-
ing of satellite galaxies. Finally, Section 5 presents con-
cluding remarks, summarizing the entire scenario by
considering the evolution of the fraction of passive galax-
ies, encompassing both centrals and satellites, over a
broad stellar mass range.

2. Gas inflows and outflows

Before delving into the physical processes linked to the
quenching of star formation, it is essential to present
certain aspects of gas accretion (inflows) and ejection
(outflows).

2.1. Gas accretion

As previously noted, the gas falling into a dark matter
halo heats up in the presence of shocks. These shocks oc-
cur when a critical balance is achieved between the cool-
ing rate and the compression rate of the post-shock gas
(Birnboim & Dekel, 2003). Hydrodynamic simulations
indicate that there exists a critical halo mass for the
formation of stable shocks, Mgpocx = 1012 My (Dekel
& Birnboim, 2006). For halo masses below the criti-
cal threshold (Mhao < Mghock), the gaseous disc forms
through the accretion of cold flows. In contrast, for halo
masses surpassing the critical limit (Mhalo > Mshock),
the initially falling gas undergoes heating via stable
shocks until it attains a virial temperature Tiy = 108 K.

In the context of a hierarchical structure forma-
tion scenario, where more massive haloes form at later
epochs, the typical mass of haloes formed at a given red-
shift, z, increases as redshift decreases. Thus, gas ac-
cretion becomes more complex when considering large
haloes at high redshift. At z 2 2, there are streams of
cold and dense gas that penetrate through the shock-
heated medium. Consequently, below the critical mass,
there is only accretion of cold gas regardless of redshift,
while above the critical mass, at high redshift, there are
cold flows traversing the hot halo. This entire scenario is
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illustrated in figure 7 of Dekel & Birnboim (2006). These
large haloes at high redshift are rare haloes located at
the intersection of cosmic web filaments that will evolve
into galaxy clusters with virial masses M, & 10'® Mg,
at z = 0. These filaments are narrow compared to the
virial radius of the halo, and their higher density pro-
motes shorter cooling times, leading to the development
of these cold streams.

2.2. Gas ejection

Gas outflows can originate from two primary sources,
and their prevalence is contingent on the stellar mass
of the galaxy: stellar winds, primarily influencing low-
mass galaxies, and AGN, whose impact is relevant in
high-mass galaxies. The combination of these mecha-
nisms leads to a maximal efficiency of baryon-to-star
conversion for a halo mass of Mpae ~ 10'2M® and
a stellar mass of M, ~ 10'°My; these values remain
roughly constant across different redshifts. This is ev-
idenced by results from galaxy formation models (e.g.
Henriques et al., 2019).

Stellar feedback is provided by galactic winds gen-
erated in star-forming galaxies, which can be propelled
by the overlap of SN explosions, radiation pressure from
starlight on dust particles, and cosmic rays (see Zhang,
2018, for a review).

AGN feedback is produced by a diverse group of
galaxies, including Seyferts, radio galaxies, blazars, and
quasars. These are very luminous sources with an en-
ergy spectral distribution ranging from radio to gamma
rays, showing significant temporal variability as their
energy is generated from gas accretion onto a SMBH.
This has led to the proposal of a unified model consisting
of the central SMBH surrounded by a dust torus, with
an accretion disc and the generation of jets. The forma-
tion of jets depends on the rate of gas accretion onto the
SMBH relative to the Eddington accretion rate, a the-
oretical value estimated for spherical accretion. This
gives rise to two modes of AGN feedback: radiative
AGN feedback and mechanical AGN feedback (Heck-
man & Best, 2014; Harrison, 2017). In the radiative
scenario, the accretion disc takes precedence, while in
the mechanical scenario, the jet plays a dominant role.

Radiative AGN (also termed quasar mode, follow-
ing Croton et al. 2006, or wind mode) typically exhibit
high accretion rates, with their energy being primarily
radiated from the accretion disc. They are luminous
in X-rays, optical, and/or infrared wavelengths and are
commonly observed in galaxies experiencing active star
formation with young stellar populations. Conversely,
mechanical AGN (also termed radio mode, following
Croton et al. 2006, or jet mode), marked by low accre-
tion rates, generate jets, resulting in a mechanical re-
lease of energy. They are commonly recognised by their
radio emission and are typically located in more mas-
sive galaxies with older stellar populations, especially
at lower redshifts.
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3. Star formation quenching mechanisms

Star formation quenching arises from diverse physical
processes that disturb the balance between gas accre-
tion and ejection, consequently impacting the reservoir
of cold gas available for star formation. These quenching
mechanisms can be categorized according to their effects
on the gas cycle throughout galaxy evolution (Man &
Belli, 2018), and they may act individually or in combi-
nation. In some cases, cosmological gas accretion may
be inefficient. Even when accretion occurs, the condi-
tions for gas cooling might not be met. If a reservoir
of cold gas forms, it could be heated. Despite the pres-
ence of a cold gas reservoir, star formation may either
be insufficiently efficient or excessively eflicient. Addi-
tionally, gas in a cold gas reservoir might be expelled by
outflows generated by internal sources or removed by
physical processes related to the environment in which
the galaxy resides. The subsequent subsections provide
a more detailed explanation of the physical processes
leading to each of these scenarios.

3.1. Inefficient cosmological gas accretion

Star-forming galaxies can transition to a passive state
through a phenomenon known as cosmological starva-
tion, characterized by a reduction in the accretion of gas
into their dark matter haloes, as demonstrated by Feld-
mann & Mayer (2015). This occurrence is evident in the
outcomes of a detailed zoom-in hydrodynamic cosmolog-
ical simulation (ARGO) analyzed by these researchers.
The simulation tracks the evolutionary trajectory of a
massive galaxy at z > 2. Initially, at z = 4, the sim-
ulated galaxy possesses a stellar mass of ~ 109 Mo
and has blue colour with a disc-like structure. However,
by z = 2, it undergoes a transformation into an early-
type, red galaxy with a stellar mass of ~ 10'* M®. The
galaxy follows the star formation main sequence until
z =~ 3.5, at which point it deviates, experiencing a no-
table decline in sSFR by a factor of 5 to 10 within a
few hundred million years, indicative of suppressed star
formation.

The cause of this suppression becomes evident when
examining the evolution of the galaxy’s dark matter,
stars, and gas masses (see figure 11 in Feldmann &
Mayer, 2015). At z 2 3.7, the dark matter halo under-
goes growth during a collapse phase, marked by rapid
accretion, accompanied by an increase in available gas
and stellar mass. Around z = 3.5, the phase of cosmo-
logical starvation sets in, wherein the accretion rates of
both dark matter and gas onto the halo decrease. For
z < 3.3, the SFR diminishes and remains at low levels
due to the accretion of cold gas from large radii, specif-
ically through the cold streams (see Section 2.1).

The notably aspect of this scenario is its ability to ex-
plain the coexistence of star-forming and passive galax-
ies within a given mass range, highlighting that SFR
depends not only on the halo mass but also on the gas
accretion rate.

3.2. Inefficient gas cooling

The mode of gas accretion is strongly dependent on
halo mass and redshift, as discussed in Section 2.1.
Galaxies residing in dark matter haloes of virial mass
Myiy > 1012 Mg at low redshifts (z < 2) experience
the development of a hot gas halo through shocks and
the disappearance of cold gas streams. This results in
a reduction of the gas cooling rate and, consequently,
a decrease in the star formation rate. This quenching
mechanism, linked to the critical halo mass for shock for-
mation (Mghock &~ 102 Mg), is known as “virial shock
heating” or “halo mass quenching”. We can see it in ac-
tion by revisiting the colour-mass relationship for a sam-
ple of galaxies at z = 0 from the SDSS, separated by halo
mass (see figure 10 in Schawinski et al., 2014). Late-type
galaxies in the blue cloud (i.e., those located along the
main sequence) are predominantly found in low-mass
haloes (M, < 10'2 My,), while late-type galaxies in the
green valley and the red sequence (i.e., with low or no
SFR) are almost exclusively located in high-mass haloes
(Myir > 1012 Mg). Clearly, the star formation suppres-
sion in late-type galaxies is clearly different above and
below this critical mass.

3.3. Cold gas heating

While virial shock heating can initiate quenching in mas-
sive haloes at low redshifts by reducing the availability
of cold gas, the gas can still cool in the inner regions of
the halo and be available for star formation. Therefore,
additional sources of heating are required to maintain
the suppression of star formation, such as stellar feed-
back and AGN feedback (see Section 2.2).

The inclusion of stellar and AGN feedback in galaxy
formation models is crucial for reproducing a large num-
ber of observables, including the relationship between
the ratio of stellar mass to halo mass versus halo mass,
which provides the baryon conversion efficiency into
stars. An evident illustration of this is depicted in fig-
ure 1 of Harrison (2017). Models without any feed-
back results in an excess of stellar mass for all halo
masses. By activating stellar feedback, the stellar mass
is reduced in low-mass haloes. This feedback oper-
ates by disrupting molecular clouds, inducing turbu-
lence, and ejecting gas into the circumgalactic medium
and intergalactic medium. Additionally, by activating
AGN feedback, star formation is reduced at high masses
(M, = 10'° Mg, typically residing in haloes of virial
mass My 2 1012 Mg). The physical mechanisms of en-
ergy coupling to the interstellar medium remain poorly
understood. Possible channels include radiation pres-
sure on free electrons/dust grains expelling the reser-
voir of cold gas, and jets. While AGN winds may be
more important at early times, jets dominate the energy
budget at z < 2 Kondapally et al. (2023). The latter
constitutes an additional source of heating that prevents
star formation by counteracting the cooling of hot gas in
the halo. This is because highly energetic jets traverse
the cooling region and deposit their energy much farther
away, as observed in images of the intra-cluster medium
in X-rays and the radio lobes of the central galaxy in
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some galaxy clusters (McNamara et al., 2009; Fabian,
2012).

The impact of feedback on cosmological gas accre-
tion has been investigated using cosmological hydrody-
namic simulations that implement the full physics model
of the Tllustris simulation project (Nelson et al., 2015).
Comparing the results of runs with SN and AGN feed-
back and those without feedback for a halo with mass of
10M% Mg, at z = 2 (refer to their figure 6), it is evident
that models with feedback result in the injection of en-
ergy, pushing hot gas to larger radii, and increasing the
fraction of the virial sphere covered by outflows. There
are relatively unaffected cold streams and galactic winds
due to stellar feedback, which are cold and metal-rich,
within ~ 0.5 times the virial radius. Furthermore, when
analyzing the evolution of the net rate of cosmologically
sourced gas accretion onto central galaxies in haloes of
mass ranging from 103 Mg to 10114 Mg, feedback
suppresses accretion by a factor of &~ 3 at z=5 (refer to
their figure 1).

3.4. Inefficient star formation from available cold gas

Even in the presence of a cold gas reservoir, the star for-
mation activity requires the dissipation of kinetic energy
to induce instability and fragmentation. However, this
dissipation process can be hindered by long dissipation
scales, attributed to factors such as energy injection and
turbulence. Potential sources of this hindrance include
AGN feedback, as previously discussed (Section 3.3),
and a phenomenon known as “Morphological Quench-
ing” (Martig et al., 2009), linked to morphological trans-
formations.

Morphological quenching involves the morphological
transition from a rotation-supported disc to a pressure-
supported spheroid (due to gas turbulence) caused by
minor and major mergers. In the course of this process,
early-type galaxies can turn red even with gas reservoirs
similar to spiral galaxies. This concept is exemplified by
the outcomes of a simulation of a galaxy starting from
z = 2 (Martig et al., 2009, see their figure 2). Ini-
tially, there is a gradual increase in the stellar spheroid
due to minor mergers. Towards the end of the mor-
phological quenching phase, a substantial gaseous disc
and a stellar spheroid become evident. Therefore, mor-
phological quenching has the potential to produce a red
early-type galaxy with a significant molecular gas con-
tent: the stellar spheroid stabilizes the gas, halting star
formation. As the stellar disc diminishes, the conditions
for star formation are not fulfilled, as the self-gravity of
perturbations diminishes, failing to exceed the disrup-
tive galactic tidal field, which prevents fragmentation
into dense gas clusters.

A subset of galaxies that might be undergoing mor-
phological quenching are the group-dominant early-
type galaxies identified in the molecular gas survey of
the Complete Local-volume Groups Sample (CLoGS,
O’Sullivan et al., 2018).These galaxies deviate from the
main sequence (see their figure 6), displaying charac-
teristics such as high molecular gas content (Hygs ~
0.01 — 6 x 10® M®), low star formation rates (0.01 —
0.1 M®yr 1), and evidence of interactions, aligning
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with the expectations of morphological quenching.

Similarly, morphological quenching may clarify the
characteristics observed in the colour-mass distribu-
tion of early-type galaxies in the SDSS galaxy sample
(Schawinski et al., 2014, see their figure 10). In this dis-
tribution, early-type galaxies reside on the red sequence
regardless of their halo mass, implying low SFR across
the entire spectrum of halo masses.

3.5. Excessively efficient star formation from
available cold gas

When star formation occurs in efficient bursts and con-
sumes cold gas at a rate faster than it is replenished, the
galaxy may exhaust its fuel and transition to a quies-
cent state. Starbursts involve intense gas flows towards
the core (inflows), loss of angular momentum, and com-
pression of the gas, particularly evident in mergers of
gas-rich galaxies (e.g. Springel et al., 2005). During
these mergers, significant gravitational interactions lead
to pronounced gas flows toward the nucleus, reaching
maximum SFR and critical size for the SMBH in the
remnant galaxy. Subsequently, feedback mechanisms
come into play, halting additional SMBH growth and
expelling gas from the central region through a power-
ful wind driven by the AGN. This heating source (Sec-
tion 3.3) contributes to the quenching of star formation.

A similar situation can also arise from disc insta-
bilities experienced by a disc galaxy, generating a bar
(Athanassoula et al., 2013; Lépez et al., 2023).

Positive AGN feedback can also induce these star-
bursts, which can coexist with negative feedback, cre-
ating a central cavity at the edge of which the gas is
compressed, resulting in higher star formation efficiency
Mercedes-Feliz et al. (2023).

3.6. Gas removal

Other factors contributing to quenching involve the re-
moval of gas through outflows induced by stellar feed-
back and AGN feedback in low and high-mass galaxies,
respectively (see Section 2.2), as well as by the effects
of the environment on satellite galaxies.

FEach dark matter halo hosts a central galaxy. In
smaller haloes, only one galaxy is present, while in larger
haloes corresponding to groups or clusters of galaxies,
the central galaxy, being in general the most massive in
its group or cluster, is subject to processes where the
efficiency of quenching scales with the mass of its halo:
SN feedback, AGN feedback, halo mass quenching.

Subhaloes of dark matter within the larger halo host
satellite galaxies. These galaxies experience the same
mass-quenching processes as central galaxies but are
also influenced by environmental effects. These effects
encompass tidal forces (acting on gas and stars), lead-
ing to tidal stripping (Merritt, 1983), and ram pres-
sure, determined by the product of the density of the
intragroup/intracluster medium and the square of the
galaxy’s relative velocity with respect to it (Gunn &
Gott, 1972), resulting in the removal of the interstellar
medium from galaxies.
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It is worth noting that a central galaxy becomes a
satellite by being accreted by a group or cluster that
eventually hosts it at z = 0. Alternatively, it may be-
come a satellite of a group that is then accreted by a

larger halo, where it is ultimately located at z = 0.
Physical processes that satellites undergo before falling
into the host halo at z = 0 are considered as “pre-

processing” (e.g., Wetzel et al., 2013).

The fraction of observed z = 0 passive galaxies as
a function of stellar mass for both central and satellite
galaxies in the SDSS has been presented by Wetzel et al.
(2012) (see their figure 3, top panel); satellite galaxies
have been split in different samples according to the
mass of their host halo. As the stellar mass increases,
both satellite and central galaxies exhibit a decline in
their star formation, resulting in a concurrent rise in
the fraction of passive galaxies. In the case of satellite
galaxies with a specific stellar mass, the percentage of
passive galaxies increases with increasing halo mass, and
this dependency is more gradual for more massive galax-
ies, indicating that they exhibit less variation based on
the halo mass they inhabit. These trends are repro-
duced by current models of galaxy formation using ei-
ther semi-analytic models of galaxy formation (e.g. Cora
et al., 2018) or hydrodynamic simulations (e.g. Donnari
et al., 2021).

4. Passive satellite galaxies

This section relies on our own findings concerning the
examination of quenching mechanisms impacting satel-
lite galaxies. We employed a semi-analytic model of
galaxy formation and evolution, saG (Cora et al., 2018),
that incorporates various physical processes influencing
the baryonic component (gas cooling, quiescent star for-
mation, bursty star formation triggered by mergers and
disc instabilities, chemical enrichment, SN and AGN
feedback) coupled with the dark matter cosmological
simulation MDPL2 (Klypin et al., 2016). The simula-
tion features a box size of 1 A=, Gpc and a dark matter
particle mass of mpy = 1.51 x 10°M,,.

Initially, we ensured a satisfactory alignment with
the aforementioned observational outcomes regarding
the fraction of passive galaxies (Wetzel et al., 2012).
This alignment was achieved by introducing a model
of ram pressure stripping applied to satellite galaxies
(among other improvements implemented in the model).
We apply fits to the radial profile of ram pressure based
on halo mass and redshift, derived from hydrodynamic
simulations (Vega-Martinez et al., 2022). This imple-
mentation mimics the observed phenomenon of ram
pressure stripping, such as in jellyfish galaxies, leading
to the expulsion of cold gas. However, this process also
affects the halo of hot gas surrounding the galaxy, result-
ing in a gradual reduction of its content. Our model con-
siders that the removal of cold gas occurs when the halo
of hot gas has significantly diminished. The stripped
mass, for both hot and cold gas, is higher in less mas-
sive galaxies due to their lower restorative gravitational
force. Moreover, it is more substantial for galaxies lo-
cated in larger haloes where the density of the intra-
cluster medium is higher (see figure 14 and 15 of Cora

et al. 2018). Once the hot gas diminishes to a point
where it no longer shields the cold gas, the latter also
undergoes ram pressure stripping, albeit at a lower mag-
nitude, playing a secondary role in further reducing cold
gas after the galaxy has ceased active star formation.

An in-depth investigation aiming to comprehend
how the fraction of satellite galaxies reaches the ob-
served value at z = 0 has been undertaken by Cora
et al. (2019). When examining the quenched fractions
at z = 0 as a function of the redshift at which galaxies
become satellites (redshift at first infall; see their figure
1), it becomes apparent that, for a given stellar mass,
there is a higher fraction of passive satellites for those
accreted at higher redshifts. This indicates that they
have been subjected to the effects of ram pressure strip-
ping for a longer time; although tidal stripping has been
taken into account, its effect is negligible. Additionally,
a higher fraction of quenched satellites at z = 0 is ob-
served for greater stellar mass, regardless of the redshift
of first infall, aligning with the overall trend of increased
star formation quenching in more massive galaxies.

Evaluating the fraction of passive galaxies at the
time of first infall (see figure 2 in Cora et al. 2019) re-
veals that the fraction is very low for low-mass galax-
ies (M, < 3 x 10'°My), regardless of the time of first
infall, indicating that low-mass satellites do not be-
come passive due to mass-quenching effects (halo mass
quenching, stellar and AGN feedback) while they are
central, consistent with Wetzel et al. (2013). In these
cases, star formation is primarily suppressed by en-
vironmental effects. Considering high-mass galaxies
(M, Z 3 x 101"Mg,) recently accreted, the fraction of
quenched galaxies is already 2 0.5, suggesting that star
formation is suppressed while the galaxy is still cen-
tral, driven by mass-quenching effects and not by en-
vironmental ones. For those high-mass galaxies falling
in at z 2 1.5, the quenched fraction is low, indicat-
ing that most central galaxies have been accreted as
main-sequence star-forming galaxies. However, as we
consider high-mass galaxies accreted more recently, this
fraction increases (till they achieve the z = 0 quenched
fraction) because they have had more time to suppress
their star formation due to mass-quenching processes;
environmental processes are no so relevant in high-mass
galaxies. In other words, high-mass satellites that are
star-forming during accretion primarily experience the
effects of mass-quenching processes following their first
infall.

Delving further into this analysis, Hough et al.
(2023) examine the connection between the passive
satellite fraction at z = 0 and the dynamic evolution of
galaxies within and around galaxy clusters. The sample
is divided into galaxies within the cluster that fell more
than 2 Gyr ago (ancient infallers), those that fell within
the last 2 Gyr (recent infallers), and backsplash galaxies,
which have a z = 0 cluster-centric distance larger than
the virial radius of the cluster but were inside it at some
point in their orbital evolution. The analysis explores
the relation between the fraction of quenched galaxies
as a function of their stellar mass for the three pop-
ulations at different times during their evolution (see
their figure 6). For ancient infallers, four times are
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considered: the time of infall to the progenitor of the
z = 0 cluster, the first and second passages through
the pericentre, and the present epoch (z = 0). For a
given stellar mass. the fraction of quenched satellites
is observed to increase along the galaxy’s orbit while
contained in the cluster. While low-mass satellites dis-
play a significant evolution in their passive fraction over
time, indicating the cumulative impact of environmen-
tal effects, high-mass galaxies demonstrate less change
in their passive fractions. This is due to their tendency
to be more quenched than low-mass galaxies at the mo-
ment of their infall. This is attributed to the fact that
present high-mass galaxies initiate star formation ear-
lier than their low-mass counterparts, depleting their
gas reservoirs. Additionally, mass-quenching processes,
as virial shock heating and AGN feedback, inhibit fur-
ther gas cooling, impeding the replenishment of their
cold gas discs (Cora et al., 2019), thereby disrupting
the baryon cycle. Conversely, recently accreted galaxies
show no changes between their infall time and z = 0,
indicating that 2 Gyr is not sufficient for environmental
effects to suppress star formation.

For backsplash galaxies, the first passage through
the pericenter and the time of exit from the cluster are
considered. In this case, a moderate evolution is ob-
served, falling between ancient infallers and recent in-
fallers, aligning with their intermediate infall times (see
figure 3 of Hough et al. 2023). A more detailed examina-
tion of the amount of stripped hot gas since the galaxy
became a satellite (time of first infall) inside and out-
side the cluster indicates that the fraction of quenched
backsplash galaxies and recent infallers results from pre-
processing in groups and euvironmental effects within
the cluster (see figure 12 of Hough et al. 2023).

It is noteworthy that only ~ 50 per cent of low-
mass backsplash galaxies are passive at z = 0. A more
in-depth analysis of the backsplash population is pre-
sented in Ruiz et al. (2023), categorizing them based on
the stage of their orbit when they become passive: those
that are passive before entering the cluster, those that
become passive within the cluster, those that become
passive upon exiting the cluster, and those that never
suppress their star formation. Examining the number of
galaxies for each type as a function of their stellar mass
(see their figure 2) reveals that backsplash galaxies that
become passive before entering the cluster are high-mass
galaxies (consistent with the previously mentioned re-
sults), while those that continue to form stars or become
passive outside the cluster are predominantly low-mass
galaxies. The fact that some galaxies become passive
and others do not depends on the pericentre distance
of their orbit to the center of the cluster, with passive
galaxies having a smaller pericentre distance (see their
figure 6) due to the greater effect of ram pressure, result-
ing from a combination of higher intracluster medium
density in the inner regions and a higher relative velocity
of the galaxy near the pericentre.
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Fig. 1. Evolution across the redshift range 0 < z < 1 of the
fraction of quenched galaxies over &~ 7 dex in stellar mass.
Top panel: Results for low-mass galaxies (M, < 105Me;
Weisz et al. 2015), and high-mass ones (M, 2> 10°Mg; Geha
et al. 2012; Wetzel et al. 2013). Bottom panel: Same as top
panel (thin coloured lines) with the addition of thick lines
representing the fractions of quenched galaxies in all type of
systems, regardless of their mass, and field galaxies (Geha
et al., 2012; Karachentsev et al., 2013). Figure reproduced
with permission from Weisz et al. (2015).

5. Evolution of the passive fraction and
concluding remarks

Lastly, it is noteworthy to consider the evolution of the
passive fraction of galaxies, encompassing both centrals
and satellites, and extending the stellar mass range to
values below 108 M,. This insight is derived from obser-
vations of dwarf galaxies within the Local Group (Weisz
et al., 2015) and the Exploration of Local VolumE Satel-
lites (ELVES) survey (Greene et al., 2023), which inves-
tigates groups within a local volume within 12 Mpec.
Aligning with the findings of Wetzel et al. (2012) for
the stellar mass range > 10'°Mg at z = 0, the rela-
tionship between the fraction of quenched galaxies and
stellar mass exhibits a U-shaped pattern when covering
seven orders of magnitude in stellar mass. This pattern
persists when considering data at higher redshifts, span-
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ning from z = 0 to z = 1, as depicted in Fig.1 with data
compiled by Weisz et al. (2015).

The distinct U-shaped pattern emerges from differ-
ent quenching mechanisms coming into play at different
mass scales. At lower masses, external processes, such
as reionization, ram pressure stripping and tidal strip-
ping are relevant, while at higher masses, quenching is
primarily governed by stellar mass and halo mass (gas
accretion rates, virial shock heating, SN and AGN feed-
back). The low passive fraction at intermediate masses
indicates a transitional region where no specific mecha-
nism is particularly effective.

In this overview of the primary quenching processes
impacting central and satellite galaxies across various
stellar masses, it becomes apparent that certain mech-
anisms can trigger quenching, while others play a role
in its continuation. While specific studies have been
cited to emphasize particular aspects covered in this re-
view, it is essential to acknowledge the extensive body of
both observational and theoretical research addressing
this topic. This underscores the fundamental and un-
resolved nature of the question regarding why galaxies
transition to a passive state and deviate from the main
sequence in the realm of galaxy formation.
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