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ABSTRACT
Understanding how galaxies maintain the inefficiency of star formation with physically self-consistent models is a central

problem for galaxy evolution. Although numerous theoretical models have been proposed in recent decades, the debate still
exists. By means of high-resolution two-dimensional hydrodynamical simulations, we study the three feedback effects (the stellar
wind heating, SNe feedback, and AGN feedback) in suppressing star formation activities on the evolution of early-type galaxies
with different stellar masses. AGN feedback models are updated based on Yuan et al. (2018). The gas sources comes exclusively
from the mass losses of dying low-mass stars for most of our models. We find that SNe feedback can keep star formation at
a significantly low level for low mass elliptical galaxies for a cosmological evolution time. For the high mass galaxies, AGN
feedback can efficiently offset the radiative cooling and thus regulate the star formation activities. Such a suppression of star
formation is extremely efficient in the inner region of the galaxies. AGB heating cannot account for this suppression for low and
high mass galaxies. The X-ray temperature TX and luminosity LX of hot plasma can be in agreement with the observed data
with the inclusion of effective feedback processes. These results thus suggest that we can use TX and LX to probe the role of
different feedback processes. The inclusion of additional gas sources can make the mass scale between SNe and AGN feedback
dominating in suppressing star formation decrease to an observationally inferred value of a few 1010 M�.

Subject headings: black hole physics—galaxies: elliptical and lenticular, cD—galaxies: evolution—galaxies:
stellar content—methods: numerical

1. INTRODUCTION

Early-type galaxies (ETGs) in our local Universe are repre-
sentative quiescent systems with little ongoing star formation
activities, in which almost all of their stars are formed ∼ 10
Gyr ago (e.g., Kauffmann et al. 2003). The existence of these
quiescent galaxies raises two major questions to galaxy for-
mation and evolution models (see Naab & Ostriker 2017 for
a review). The first one is what causes the cessation of the
star formation in the first place (e.g., Mo et al. 2005, and ref-
erences therein), and the second one is how to maintain the
observed low level star formation rates (SFRs) over the cos-
mological evolution time. The second one could be essen-
tial because the ETGs are embedded in hot X-ray emitting
gases (Fabbiano 1989; O’Sullivan et al. 2001). These hot dif-
fuse gases continuously replenished by stellar mass losses will
eventually form new stars if an effective heating source is ab-
sent to offset the radiative cooling in the entire galaxy (Fabian
et al. 1984; Croton et al. 2006). A major challenge for galaxy
formation and evolution is thus the reproduction of the overall
inefficiency of star formation with physically self-consistent
models.

From the observational point of view, the energy deposited
in the interstellar medium (ISM) by both stellar feedback
via stellar winds and supernovae (SNe) (e.g., Heckman et al.
2000; Pettini et al. 2000) and active galactic nucleus (AGN)
feedback via the powerful wind and radiation (e.g., Lynds
1967; Schawinski et al. 2007; Feruglio et al. 2010; Cicone

et al. 2012; Tombesi et al. 2013; Teng et al. 2014; Baron et
al. 2017, see also McNamara & Nulsen 2007; Fabian 2012;
King & Pounds 2015 for reviews on different aspects) can
suppress star formation1 on galactic scales. Observational ev-
idence of AGN feedback effect in the host galaxy can also
be found from the linear correlation between the black hole
accretion rate and the star formation activity of galaxies host-
ing AGNs (both for star-forming and quiescent galaxies, e.g.,
Harris et al. 2016; Netzer et al. 2016; Yang et al. 2017), al-
though some debates still exist (e.g., Harrison et al. 2012;
Rosario et al. 2012; Azadi et al. 2015; Barger et al. 2015;
Stanley et al. 2015; Suh et al. 2017). The reason for this
discrepancy is probably because of the sample selection and
the different timescales between the black hole accretion and
star formation activities (Hickox et al. 2014; McAlpine et al.
2017). These observations suggest that the energetic output
from stellar wind, SNe and/or AGNs are indeed important in
regulating the star formation activities.

Various theoretical works to solve this long outstanding
problem by invoking some forms of feedback process or a
combination of them exist in the literatures. In this way, many
semi-analytic works have been conducted in recent decades.
It is believed that stellar feedback is an important mechanism
to suppress star formation activities in low-mass galaxies and

1 But see also Bieri et al. (2016) for a compilation of the observational
evidence of AGN positive feedback on star formation activities.
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to match the low-mass end of the galaxy luminosity function
(e.g., Somerville & Primack 1999; Benson et al. 2003; Bower
et al. 2006, 2008, 2012; Pan et al. 2017), while AGN feed-
back can have significant impact in more massive systems
(e.g., Silk & Mamon 2012, for a review). Other scenarios due
to external or environmental effect, such as tidal interactions
(Moore et al. 1996) and ram pressure stripping (e.g., Gunn
& Gott 1972; Dressler & Gunn 1983; Gavazzi et al. 1995;
Boselli & Gavazzi 2006), are also proposed.

Recently, Conroy et al. (2015) proposed another stellar
feedback scenario to prevent star formation in elliptical galax-
ies based on an analytical analysis. They suggest that the ther-
malization of the winds from dying low-mass stars (asymp-
totic giant branch (AGB) stars, red giants, and planetary neb-
ula phases, hereafter we simply term it AGB heating) with
pre-existing hot ISM itself can be responsible for heating the
gas and hence plays an important role in preventing star for-
mation in quiescent galaxies. However, the analytical model
neglects the mass increment to the ISM from evolved dying
low-mass stars and it is hard to capture the complex interac-
tion of the stellar wind with the ambient gas. Detailed nu-
merical simulations are, therefore, necessary to address this
issue.

Apart from these semi-analytic works, there exist abundant
theoretical works based on large scale cosmological simula-
tions, which can incorporate many physical processes occur-
ring in real galaxies. Qualitative agreements with some semi-
analytic models have been reached. Specifically, stellar feed-
back due to stellar winds, photoionization from young stars
and the thermal energy from SN incorporated in cosmological
simulations is proven to be the chief piece of physics required
to limit the efficiency of star formation and reduce star forma-
tion in less massive galaxies (M? . 1011 M�; e.g., Stinson et
al. 2006; Scannapieco et al. 2008; Schaye et al. 2010; Stinson
et al. 2013; Hopkins et al. 2014; Wang et al. 2015; Anglés-
Alcázar et al. 2017; Habouzit et al. 2017; Prieto et al. 2017).
However, energy feedback from type II SN feedback alone
is found to be difficult to produce realistic quiescent galaxies
(e.g., Martizzi et al. 2014). For high galaxy masses, the en-
ergy sources could be provided by radiation, wind and radio
jet from the central AGN (e.g., Croton et al. 2006; Lu & Mo
2007; Choi et al. 2015; Davé et al. 2016; Weinberger et al.
2017a; Taylor et al. 2017)2.

Compared to analytical works, cosmological simulations
are better to capture the environmental effect during the cos-
mological evolution of galaxies. However, the scales on
which different feedback processes operate are usually much
smaller than the typical resolution of cosmological simula-
tions, although this situation is improving in recent years. For
example, the TNG50 run of the latest Illustris TNG simula-
tions can reach a high spatial resolution of 74 pc (for the Illus-
tris TNG simulations method, see, e.g., Springel et al. 2018)3.
Recently, Curtis & Sijacki (2015) developed a new refinement
scheme to increase the spatial and mass resolution around the
accreting black hole, and it has been applied in the moving
mesh-code AREPO to investigate the black hole growth and
different AGN feedback processes. Nevertheless, if the focus
of a simulation is a single galaxy with an idealized, isolated

2 There are also some theoretical works which suggest AGN-induced star
formation activities (e.g., Ciotti & Ostriker 2007; Liu et al. 2013; Silk 2013;
Zubovas et al. 2013; Bieri et al. 2016) or no impact of AGN feedback in the
star formation (Roos et al. 2015).

3 http://www.tng-project.org/

setup, then a much higher resolution can be reached, allow-
ing one to pin down how feedback arises on relatively smaller
scales to influence galaxy properties. Many simulation works
have been carried out in this direction, some of them focused
on the effect of feedback by AGN on nuclear activities and
host galaxy properties (e.g., Binney & Tabor 1995; Ciotti &
Ostriker 1997, 2007; Novak et al. 2011; Choi et al. 2012; Gan
et al. 2014; Ciotti et al. 2017; Eisenreich et al. 2017; Biernacki
& Teyssier 2018; Yuan et al. 2018), while others on the role of
SN feedback (e.g., Ciotti et al. 1991; Núñez et al. 2017; Smith
et al. 2018).

As different feedback processes could be responsible for
suppressing the star formation activities in different galaxies,
it is crucial to isolate different feedback processes to under-
stand their individual roles. To this aim, we perform two-
dimensional (2D) hydrodynamical simulations for an ideal-
ized, isolated galaxy with different feedback models to quan-
tify the roles of different feedback processes. We mainly con-
sider three feedback processes, which are AGB heating, SNe
feedback, and AGN feedback. The stellar mass of the ellipti-
cal galaxies we explore covers a range of 6.9 × 109 − 9.8 ×
1011 M�. We then explore how these three different feed-
back processes can regulate star formation activities in ellip-
tical galaxies differently.

X-ray observations show that the gas temperatures TX of
low angular momentum galaxies are consistent just with the
thermalization of the stellar kinetic energy estimated from
their stellar velocity dispersion σe within the effective radius
reff (Boroson et al. 2011; Pellegrini 2011; Sarzi et al. 2013;
Goulding et al. 2016). The physical reason may be related to
feedback processes. The X-ray luminosity LX of the hot gas,
produced by the bremsstrahlung and metal-line radiation, is
the main observable by which galactic haloes are detected.
Both TX and LX are effected by different feedback processes,
making them potentially good tools to probe the effect of
feedback apart from star formation activities (e.g., Ciotti et
al. 1991; Tang et al. 2009; Tang & Wang 2010; Ostriker et al.
2010; Pellegrini 2011; Choi et al. 2012; Pellegrini et al. 2012;
Gaspari et al. 2014; Negri et al. 2014; Choi et al. 2015; Eisen-
reich et al. 2017; Pellegrini et al. 2018). Therefore, we will
further investigate the effect of different feedback processes
on TX and LX, and build a connection with the star formation
suppression. This is another goal of this paper.

As a series of works, we here mainly focus on a compari-
son of these three different feedback models in regulating star
formation and related ISM properties for different galaxies.
For a detailed discussion of AGN feedback, we refer the in-
terested readers to Yuan et al. (2018). Compared to previous
works, the main feature of this work is that they have incorpo-
rated the most updated AGN physics into simulations, namely
the correct descriptions of radiation and wind from the AGN
for any given accretion rates. This is obviously crucial to cor-
rectly evaluate the effect of AGN feedback. Yoon et al. (2018)
extended Yuan et al. (2018) to the case of high angular mo-
mentum galaxies.

The paper is structured as follows. In Section 2, we in-
troduce the physics included in our model. The numerical
results for different feedback models in different galaxies are
presented in Section 3. Discussions and summary of our work
are given in Section 4.

2. MODEL

In this section, we introduce the feedback model with a
highlight on stellar physics in our models. Most of the input
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physics is the same as those in Novak et al. (2011; and see
also Gan et al. 2014) except the AGN physics, which is taken
from Yuan et al. (2018) (see the Appendix for a description).

2.1. Galaxy Model
Following Ciotti & Ostriker (2007), we choose the galaxy

parameters to be consistent with the edge-on view of the
fundamental plane and the Faber-Jackson relation (Faber &
Jackson 1976). The structural and dynamical properties of
the galaxy models adopted here can be found in Ciotti et al.
(2009). Specifically, the Jaffe (1983) stellar models embed-
ded in a dark matter (DM) halo plus a central suppermassive
black hole (SMBH) of mass MBH are used so that the to-
tal mass density profile is described by a singular isothermal
sphere. The stellar density profile is

ρ? =
M?r?

4πr2(r? + r)2
, (1)

whereM? and r? are the total stellar mass and the scale-length
of the galaxy, respectively, and the effective radius is reff =
0.7447r?. The total mass density profile is given by

ρT =
v2

c

4πGr2
, (2)

where vc is the constant circular velocity, and is related to
the central projected velocity dispersion as σ◦ = vc/

√
2 =√

GM?/2r?. The gravitational potential associated with this
mass density profile is then described as

φT = v2
c ln(r/r?). (3)

An important ingredient is the energetics of the gas flows,
namely the thermalization of the stellar wind which depends
on its radial profile of the stellar velocity dispersion. For the
isotropic model we consider here, the energy density associ-
ated with the stellar wind is given by

ρ?σ
2
?=ρ?σ

2
?◦ +

GM?MBH

4πr4
?

×
[
1− 2s+ 6s2 + 12s3

3s3(1 + s)
− 4 ln

(
1 +

1

s

)]
, (4)

where s ≡ r
r?

, and

σ2
?◦=σ

2
◦(1 + s)2s2

[
1− 3s− 6s2

s2(1 + s)
+ 6 ln

1 + s

s

]
, (5)

where σ?◦ is the isotropic one-dimensional stellar velocity
dispersion without the contribution of the central SMBH.

For the secular evolution cases we consider, the gas density
over the galaxy is initially very low4 so that the gas in the sim-
ulations comes almost exclusively from stellar evolution, e.g.,
mass losses from evolved stars as described in Section 2.3.
For several models, we also explore the effect of the external
gas supply by including a gaseous component throughout the
entire galaxy in the initial setup as shown in Section 3.3.

4 The initial gas density is set to be n0 = 10−10 cm−3 (ref. to Equa-
tion 26), which is negligible compared to the final gas density, e.g., shown in
Figure 1.

2.2. Radiative Cooling and Heating
Radiative cooling process are computed by using the for-

mulae in Sazonov et al. (2005). When AGN feedback is ig-
nored in our simulations, it corresponds to the case of the ion-
ization parameter ξ = 0 (Sazonov et al. 2005; Ciotti & Os-
triker 2012). In particular, bremsstrahlung losses, line and
continuum cooling, are taken into account for solar metal-
licity. The net gas energy change rate per unit volume for
T & 104 K is given by:

C ≡ n2(Sbrem + Srecomb), (6)

where n is the Hydrogen number density. All quantities are
expressed in cgs units. The bremsstrahlung loss is given by

Sbrem = 3.8× 10−27
√
T . (7)

The sum of line and recombination continuum cooling is

Srecomb = 10−23 Z

Z�
a(T ), (8)

where the solar metallicity is used in this work, and

a(T ) =
18

e25(log T−4.35)2
+

80

e5.5(log T−5.2)2
+

17

e3.6(log T−6.5)2
.

(9)
For the case of AGN feedback included, we use the cooling

and heating function as presented in Sazonov et al. (2005) ex-
cept an updated Compton temperature (see also Ciotti & Os-
triker 2012; Yuan et al. 2018, and a brief description in the Ap-
pendix.). Specifically, the Compton heating/cooling and pho-
toionization heating are incorporated when AGN feedback is
included.

2.3. Stellar Secular Evolution and SN Ia heating
In ETGs, the gas is lost by evolved stars mainly during the

red giant, AGB, and planetary nebula phases at a rate of Ṁ?.
These ejecta, with an initial velocity of the parent star, then
interact with the mass lost from other stars or with the hot
ISM and mix with it. Thus, stellar winds are heated to X-ray
temperatures by thermalization of the kinetic energy of colli-
sions between stellar ejecta. According to single burst stellar
population synthesis models (Maraston 2005), the evolution
of Ṁ? for solar metal abundance, after an age of & 2 Gyr, can
be approximated as (Pellegrini 2012):

Ṁ?(t) = 10−12A ×M? t
−1.3
12 (M� yr−1), (10)

where M? is the galactic stellar mass in solar masses at an
age of 12 Gyr5, t12 is the age in units of 12 Gyr, and A =
2.0 or 3.3 for a Salpeter or Kroupa IMF (the latter is adopted
here). The energy input per unit time into the ISM due to the
thermalization (simply termed the AGB heating rate) is

L?(t) =
3

2

∫
ρ̇?(t)σ

2
?dV, (11)

where ρ̇?(t) is the stellar mass loss rate density. The stellar
mass loss and energy injection rates, which are proportional
to the stellar mass density ρ? in each grid, are added into the
computational domain.6

5 Here, we do not consider the time evolution of M?, in terms of both the
spatial distribution and the total stellar mass, since the total stellar mass loss
integrated after 2 Gyr is only ∼ 6% of the initial value for a Kroupa IMF.

6 We do not consider the contribution of newly formed stars to AGB heat-
ing because of the minor effect.
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The luminosity defined above can be converted into an
equivalent temperature as (Pellegrini 2011)

Tσ =
µmp

kBM?

∫
ρ?σ

2
?dV, (12)

where kB is the Boltzmann constant, mp is the proton mass,
and µ is the mean molecular weight.

SN Ia explosions also provide mass and energy to the
ISM, where the mass loss due to SN Ia is ṀSN(t) =
1.4M�RSN(t). Here RSN(t) (in yr−1) is the time evolution
of the explosion rate, and each SN Ia ejects 1.4M�. Follow-
ing the latest observational and theoretical results (Totani et
al. 2008; Maoz et al. 2010, 2012; Wang & Han 2012; Graur
& Maoz 2013; Liu et al. 2018), we parameterize the time evo-
lution of the SN Ia rate as

RSN(t) = 1.6× 10−13 LB

LB�

(
t

13.7 Gyr

)−s

(yr−1), (13)

where LB is the present epoch B-band galaxy luminosity, and
s = 1.1 characterizes the secular evolution (Pellegrini 2012).
This is roughly consistent with the SN Ia rate adopted in the
previous works (Novak et al. 2011; Gan et al. 2014). Then the
corresponding mass loss rate is

ṀSN(t) = 2.2× 10−13 LB

LB�

(
t

13.7 Gyr

)−s

(M� yr−1),

(14)
which leads to ṀSN(13.7 Gyr) almost 100 times smaller
than the “quiescent” stellar mass loss Ṁ?(13.7 Gyr) in Equa-
tion (10). Assuming each type Ia SN event releases an energy
of ESN = 1051 erg (Iwamoto et al. 1999; Thielemann et al.
2004), and a fraction of ηSN = 0.85 is thermalized in the sur-
rounding ISM7, the energy input rate over the whole galaxy
is

LSN(t) = 5.0× 1030ηSN
LB

LB�

(
t

13.7 Gyr

)−s

(erg s−1).

(15)

2.4. Star Formation and SN II Heating
The star formation rate per unit volume at each radius r is

estimated from the equation

ρ̇SF =
ηSFρ

τSF
, (16)

where ρ is the local gas density, ηSF is the star formation ef-
ficiency, which is in the range of 0.02− 0.4 (e.g., Elmegreen
1997; Weinberg et al. 2002; Cen & Ostriker 2006; Stinson et
al. 2006; Shi et al. 2011, here a value of 0.1 is adopted), and

τSF = max(τcool, τdyn), (17)

where

τcool =
E

C
, τdyn = min(τJeans, τrot), (18)

and

τJeans =

√
3π

32Gρ
, τrot =

2πr

vc(r)
. (19)

7 Based on numerical simulations, a fraction of ∼ 90% of the injected
energy from SN can be thermalized into the tenuous hot ISM of ETGs (Cho
& Kang 2008; Agertz et al. 2013).

Here E and C are the gas internal energy and the effective
cooling per unit volume, G is the Newtonian gravitational
constant, r is the distance from the galaxy center, τrot is an
estimate of the radial epicyclic period, and vc(r) is the galaxy
circular velocity in the equatorial plane. Then the star forma-
tion rate (SFR) is simply expressed as SFR =

∫
ρ̇SFdV . We

do not consider the migration of newly formed stars, which
means that the stars stay at the place where they initially form.
It should be noted that we do not impose temperature and/or
Jeans’ mass limiters for star formation algorithm, which may
lead to an overestimate of SFR in the high temperature and
low density regions (e.g., the outer region of our simulated
galaxies). This will be studied in the future in more detail.

Star formation removes mass, momentum and energy from
each grid, but also injects new mass and energy by type II SN
with a delay time of 2× 107 yr. Assuming the newly formed
star follows a Salpeter IMF, the mass return from SN II pro-
genitors is 20% of the newly formed stellar mass. By assum-
ing each SN II typically injects an energy of ESN (Woosley
& Weaver 1995), the SN II energy injection efficiency (the in-
jected energy divided by the rest mass energy of the ejector
from type II SN) is 3.9× 10−6ηSN = 3.3× 10−6.

2.5. Hydrodynamics
The evolution of the galaxy is governed by the following

time–dependent Eulerian equations of hydrodynamics (see
Ciotti & Ostriker 2012 for a full description) when AGN feed-
back is not incorporated:

∂ρ

∂t
+∇ · (ρv) = αρ? + ρ̇II − ρ̇+

? , (20)

∂m

∂t
+∇ · (mv) = −∇pgas + ρg − ṁ+

? , (21)

∂E

∂t
+∇·(Ev) = −pgas∇·v−C+ĖS+ĖI+ĖII−Ė+

? , (22)

where ρ, m and E are the gas mass, momentum and internal
energy per unit volume, respectively, and v is the velocity,
pgas = (γ − 1)E is the gas pressure, and we adopt an adi-
abatic index γ = 5/3. Here C is the net rate of radiative
cooling, g is the gravitational field of the galaxy (i.e., stars,
dark matter, plus the central SMBH). For simplicity, we do
not take into account effects of the self-gravity of the ISM or
the gravitational effects of the mass redistribution due to the
stellar mass losses and star formation8. Here we just recall
some main points in the previous works (Ciotti & Ostriker
2012; see also Gan et al. 2014; Yuan et al. 2018). In the
energy equation above, we include AGB stellar wind ther-
malization ĖS, and supernovae heating ĖI and ĖII. This
just corresponds to the SNe feedback cases (with a suffix
.agb+sn for the model names in Table 1). While in the AGB
heating case (with a suffix .agb for the model names), we
only consider late-type stellar winds in the mass equation
and their thermalization in energy equation, i.e., no ĖI and
ĖII in the energy equation, no ρ̇II term in the mass equation.
α = α? + αSN = Ṁ?/M? + ṀSN/M? is calculated for ev-
ery simulated grid for SNe feedback models, and only the first
term is included for AGB heating models. ρ̇+

? , ṁ+
? , and Ė+

?

8 The gravitational effect due to such stellar mass losses and star formation
is minor because the stellar mass variation resulting from them is . 10%.
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are the mass, momentum, and energy sink terms associated
with star formation, respectively.

When AGN feedback is considered in this work (with a suf-
fix .agb+sn+agn for the model names), we follow the most up-
dated AGN physics as described in Yuan et al. (2018). Specif-
ically, the initial black hole mass is determined according to
the updatedMBH−M? relation, which is given by (Kormendy
& Ho 2013)

MBH = 4.9× 108M�

(
M?

1011M�

)1.17

. (23)

Note that Mbulge = M? for elliptical galaxies. For a typi-
cal stellar mass M? = 3.0 × 1011M�, the black hole mass
MBH = 1.8× 109M�. The black hole accretion rate ṀBondi

is calculated from the inflow rate at the innermost grid of the
simulation domain. Depending on whether ṀBondi is larger
than 2%ṀEdd (ṀEdd is the Eddington accretion rate) or not,
the accretion flow will stay in the cold or hot mode. The cor-
responding wind and radiation outputs in each mode will then
be determined. The radiative heating/cooling processes and
the radiation force associated with AGN emission are incor-
porated accordingly. See the Appendix for a further descrip-
tion of the AGN feedback model.

We perform 2D hydrodynamic simulations using ZEUS-
MP/2 (Hayes et al. 2006) code in spherical coordinates (r,
θ, φ) with an axisymmetric configuration. Following Novak
et al. (2011) and Gan et al. (2014), the mesh in the θ direction
is divided uniformly into 30 cells, while a logarithmic mesh
in the radial direction with 120 bins is used in the range of 2.5
pc–250 kpc. The simulated galaxies are setup at an age of 2
Gyrs, and evolved in isolation for 12 Gyrs.

We use the standard “outflow boundary condition” in the
ZEUS code for the inner/outer radial boundary (Stone & Nor-
man 1992). This allows the gas to flow out and flow in from
the boundary depending on the state of the gas. For the θ
direction, a reflecting boundary condition at each pole is as-
sumed.

3. RESULTS

The relevant galaxy parameters and descriptions about dif-
ferent feedback models are shown in Table 1.

3.1. Energy Balance and Star Formation
We will study the energy balance and star formation activ-

ities for both low and high mass galaxy models in the fol-
lowing two subsections and then extend to the study for other
different galaxy models.

3.1.1. The Low Mass Galaxy Model (E220)

We first consider a galaxy with M? = 1.5 × 1011 M�. In
this case, we only study two feedback models, namely AGB
heating model (only AGB heating) and SNe feedback model
(include AGB heating, type Ia SNe and type II SNe), which
correspond to model names of E220.agb and E220.agb+sn,
respectively.

We first study how the hot gaseous halo is built up under the
initial conditions and the input physics for the AGB heating
model. We show the radial profiles of the gas density, temper-
ature, and radial velocity for the model E220.agb at four rep-
resentative times in the left panel of Figure 1. The gas is ap-
parently inflowing during almost the whole evolution period.
The density in the inner region of the galaxy continuously be-
comes larger because of the accumulation of the inflowing

gas. The gas temperature is initially very low and the inflow-
ing velocity is very high due to the gravitational acceleration.
After an interval of about 3 Gyrs, the gas temperature jump
around 100 pc disappears and the temperature in the inner re-
gion can reach a very high value, while the inflow velocity in
the inner region decreases to ∼ 100 km s−1. This arises from
the heating provided by the compression work of the inflow-
ing gas. In this stage, it is mainly the thermal pressure gra-
dient that balances the gravity force, which is dominated by
the rapidly growing SMBH in the inner region because of a
large inflowing gas. We should note that AGB heating cannot
be responsible for such a high gas temperature, as we will see
below that AGB heating cannot effectively balance cooling in
the entire galaxy.

We then show the results of the heating and cooling rates
for the AGB heating model in Figure 2. Since heating and
cooling rates fluctuate in different spatial regions, the lo-
cal heating (cooling) rate is more meaningful than the inte-
grated global term in determining whether the AGB heating
is important or not for balancing cooling losses. The heating
sources (H) include the thermalization from winds of low-
mass dying stars, while the cooling terms (C) are contributed
by bremsstrahlung losses, line and recombination continuum
cooling. Note that the heating contributed by the compression
work and wind shocks is not included in the calculation of H ,
although these terms can influence the gas temperature and
density as we have discussed above. We calculate the ratio
H/C of every simulated grid in the whole galaxy. One snap-
shot of the heating over cooling ratio is shown in Figure 2,
the time of which approaches the end of the simulation. The
arrows show the velocity field at φ = 0 plane. The red color
corresponds to a heating-dominated region while blue refers
to a cooling region. As we can see, most regions of the sim-
ulated galaxy are cooling dominated in our selected period.
From the velocity field overlaid in the plots, there exists re-
markable inflow towards the galactic center due to the strong
cooling (see also the left panel of Figure 1). In the absence of
an effective heating source, the gravitation potential can ac-
celerate the gas to a large velocity, which is basically due to
the singular isothermal potential we adopt. Therefore, a large
temperature in the inner region shown above is mainly related
to the unbalanced cooling behaviour.

After integrating the heating and cooling rates over the po-
lar angel θ, we show the time evolution of the spatial map of
the H/C ratio in the left panel of Figure 3. When we calcu-
late the heating and cooling rates in each radial ring, this is
obtained by Ėr(r) =

∫
2π r2 sin θδrĖdθ, where Ė could be

heating (H) and cooling (C) rates for each term. The same
method is applied to the calculation of the radial distribution
of the specific SFR (sSFR).

The left panel of Figure 3 corresponds to the case with only
AGB heating included. The ratio H/C < 1 is satisfied in
almost all radial bins during the whole evolution stage. To
specifically demonstrate this, we present theH/C ratio in our
selected periods in the middle panel. The absolute values of
H and C are shown in the bottom panels. It is clearly shown
that C is larger thanH even in the whole region of the galaxy,
especially in the inner region of the galaxy, where cooling
is remarkably strong. Therefore, AGB heating alone cannot
balance the cooling in the entire galaxy for the galaxy with
M? = 1.5× 1011 M�.

When type Ia and II SNe heating are incorporated, the evo-
lution of the gas properties are shown in the right panel of
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FIG. 2.— Heating over cooling rate ratio for model E220.agb at t = 11.9
Gyr, which is close to the end of the simulation. The heating source is
contributed by the thermalization of the stellar wind. The cooling sources
include the bremsstrahlung loss, line and recombination continuum cooling
processes. Arrows are normalized to the velocity field at the φ = 0 plane.

Figure 1. In comparison to the AGB heating model, the gas is
persistently blown out and escapes from the galaxy, as shown

from the density and velocity plot. The SNe driven wind
pushes the gas out of the galaxy, and also heats the gas ef-
fectively as the time evolves.

For the heating and cooling rate, we choose one snapshot,
which approaches the end of the simulation, to show the 2D
H/C ratio in the whole galaxy. The results are presented in
the left panel of Figure 4. In this case, the heating terms are
contributed by AGB, SN Ia and SN II heating, while SN II
is found to be unimportant compared to SN Ia because of the
low level of star formation activities as we will show below.

As apposed to the model with only AGB heating included,
it clearly shows that the total heating rate is much higher than
the cooling term in every spatial region. This results in mas-
sive outflows as indicated by the velocity field overlaid in the
left plot of Figure 4 (see also the right panel of Figure 1). We
further calculate that the ratio of SNe heating (mainly con-
tributed by type Ia SN) and AGB heating to quantify the role
of SNe and AGB heating in making the heating effective. The
2D map of SN Ia/AGB heating ratio is shown in the right
panel of Figure 4. As expected, the heating rate of SN Ia is
much larger than that of AGB throughout the whole galactic
region. It thus indicates that the SNe feedback is extremely ef-
fective in heating the ISM and driving galactic outflow (Ciotti
et al. 1991), which will in turn suppress star formation pre-
sented below.

In a similar way, we show the time evolution of the
θ−integrated H/C ratio in the right panel of Figure 3. The
heating rate is significantly larger than the cooling term up to
about two orders of magnitude at most times and in almost
all spatial regions, consistent with the results shown in Fig-
ure 4. From the bottom panel of Figure 3, we can see that the
cooling rate is significantly suppressed due to the SNe driven
wind, which causes the decrease of the gas density, as shown
in the right panel of Figure 1.

Since the star formation activities depend on the amount
of cold gas material available and the state of the gas, both
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are heavily influenced by the heating/colling balance state, a
straightforward question is how these heating processes will
influence the star formation activity. In Figure 5, we show
the 2D map of SFR density to demonstrate the time evolution
of the star formation activities. The black solid line in the
two panels of Figure 5 shows the stellar density distribution
in the corresponding radial bin, which is assumed to be con-
stant throughout the simulation, for a comparison. We can see
that there is a significant excess of star formation activity in
the inner galactic region for the model of E220.agb (the left
panel) because of the strong cooling-induced inflow. There is
no apparent SFR suppression signature as time evolves (the
lower plot in the left panel). When the SNe heating is invoked
(the right panel), the SFR density decreases with time because
of a gradual removal of a large amount of heated gas from the
galactic potential as we will show in Section 3.2.

As is shown with the downward filled triangles in Figure 6,
sSFR (defined as sSFR ≡ SFR/M?) in the entire galaxy
with only AGB heating included (green symbol) is remark-
ably higher than that with SNe feedback (red symbol) due to
the lack of effective heating sources to offset cooling. The er-

ror bars for each symbol demonstrate the maximum and min-
imum sSFR during the whole evolution. This further suggests
that AGB heating cannot be effective in preventing star for-
mation. Nevertheless, we find that the stellar feedback by SN
Ia is sufficient to balance the radiative losses and hence reduce
star formation significantly. The reduced sSFRs are then ex-
pected to be comparable to or lower than the observed values
for quenched galaxies (Renzini & Peng 2015).9

We have found that the inclusion of AGN feedback does
not change the results (i.e., energy balance and SFR) signif-
icantly with respect to model E220.agb+sn. This is because
SN Ia feedback can effectively heat the ISM close to the virial
temperature. In this case, the accretion rate of the black hole
will be very low, thus the accretion cannot provide energetic
outputs.

3.1.2. The High Mass Galaxy Model (E260)

9 Although the sSFR in the model E100.agb without SNe feedback can
stay at a low value comparable to the observed one, it is attributed to the
compression work. The inclusion of SNe feedback can make the sSFR much
lower.
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SN Ia and SN II heating. Right panel: the ratio of type Ia SN and AGB heating at t = 11.9 Gyr. Arrows in the left panel are normalized to the velocity field at
the φ = 0 plane.

The ISM mainly comes from the mass losses of evolved
stars, and is then related to the stellar mass, therefore, the
cooling, which is determined by the ISM density, depends
strongly on the stellar mass (Equations (6,10)). It is obvious
that both the AGB heating and SNe heating depend sensitively
on the stellar mass (Equations (10,11,15)). To explore how
the results above could change with the stellar mass, we then
move to a more massive galaxy with M? = 3.0× 1011 M�.

Two models are run at first, one with only AGB heating
(E260.agb), another one also incorporating SNe (SNe Ia and
II) feedback (E260.agb+sn). We do not show the analysis for
the gas thermal and dynamical properties here to avoid dupli-
cation since they are qualitatively similar to the results above.
The 2D snapshots of the heating over cooling ratio (H/C)
for the two models are shown in the left and middle panels
of Figure 7. Only one representative snapshot close to the
end of the simulation (11.9 Gyr) is shown here since we find
that the results are qualitatively similar at other time epoches.
As expected, for the model of E260.agb, AGB heating can-
not balance the cooling as shown in the left panel of Figure 7,
which is the same as in the AGB heating model in less massive
galaxy discussed above (i.e., E220.agb). For the SNe feed-
back model of E260.agb+sn, the total heating rate still cannot
offset the total cooling rate as shown in the middle panel of
Figure 7.

The spatial map of the θ−integrated heating over cooling
rate ratio is shown in Figure 8. The left panel corresponds to
the case of AGB heating, while the middle panel for the case
including SNe feedback. For both cases, the local heating
rate (both AGB and SNe) cannot offset the cooling in most
regions at all simulated times, although the inclusion of SNe

feedback can relieve the deficiency of heating slightly. The
heating rate can marginally balance the cooling rate only in
the outskirts of the galaxy (& 10 kpc) in the initial evolution
stage. The regions that suffer from strong cooling even extend
to more peripheral areas in the later stage. These numerical
results suggest that AGB heating and even SNe feedback are
not effective sources to balance the cooling for a very massive
elliptical galaxy, and AGN feedback may be required.

Accompanied by the heating and cooling analysis, we then
calculate SFR throughout the whole galaxy. We show the
θ−averaged SFR density normalized by initial old stellar pop-
ulation mass density ρ?,new/ρ? in each radial grid and their
time evolution in Figure 9. The left and middle panels repre-
sent the models of E260.agb and E260.agb+sn, respectively.
ρ?,new is calculated by integrating SFR density in each ra-
dial grid with time from the beginning of the simulation to
the given time. Note that we do not consider the migration of
the newly formed stars. Therefore, ρ?,new/ρ? monotonously
increases with time at any radii of the galaxy.

We can see that ρ?,new/ρ? > 1 in the inner region, which
suggests that there exists a large star formation excess in the
inner region of the galaxy for both models when we com-
pare ρ?,new with the stellar mass distribution ρ?.10 As the

10 The gravitational effect of this newly formed star can be negligible due
to the following reasons. On the one hand, the star formation excess only
exists in the very inner region of the galaxies (< 10 pc) where the galactic
potential is dominated by the central black hole. This still holds when we
consider the external gas sources in Section 3.3. On the other hand, the mass
of the newly formed stars is compensated by the mass loss of the old stellar
population. This makes the total stellar mass in all simulation grids close to
the initial value when we do not take into account of the redistribution of the
newly formed stars.
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FIG. 5.— Two-dimensional contour of SFR densities at each radial bin of the simulation grid for models E220.agb (left panel), E220.agb+sn (right panel). The
bottom small plots show the radial profiles of SFR densities at four selected epoches. As a comparison, the stellar radial mass distributions are also shown as
black solid lines with the labels in the right axes.

galaxy evolves, SFR also declines in the outer region of the
galaxy. This is basically consistent with the scenario that
the cold gas material flows into the center region as the lo-
cal heating rate cannot balance cooling effectively, which then
results in the increase of SFR in the inner region and its de-
crease in the outskirt region. The stronger deficiency in heat-
ing for the AGB heating model (E260.agb) makes ρ?,new/ρ?
in the inner region larger compared with SNe feedback model
(E260.agb+sn). This is also confirmed by the velocity field as
shown in the left and middle panel of Figure 7.

From the above analysis, we can see that for the more
massive system, both AGB heating and SNe feedback can-
not reverse the strong cooling and hence prevent star forma-
tion in the entire galaxy effectively. So another feedback pro-
cess, namely AGN feedback, is invoked for massive elliptical
galaxies.

In the right panel of Figure 7, we show a snapshot of
the heating and cooling rate ratio H/C at 11.9 Gyr for the
AGN feedback model (E260.agb+sn+agn). Other terms, such
as Compton heating/cooling, and photoionization heating in-
duced by radiation from the accreting supermassive black
hole are also included. Note that the AGN wind power is
not explicitly included in the heating rate H , since we inject
the wind power into the innermost cells of the simulated grid
and then calculate the radial transport. The inclusion of the
wind power can further offset the cooling rate, and then result
in H/C & 1 even in the very central region.11 The effect of
the wind feedback on the energy balance can be inferred from
the thermal state of the ISM (e.g., the X-ray temperature and

11 The cooling is dominated by the bremsstrahlung loss instead of the in-
verse Compton process, although some simulations have shown that inverse
Compton cooling can have an impact on the effectiveness of AGN winds
(Bourne et al. 2015), which can be used to reproduce the MBH − σ rela-
tion (King 2003, 2005). However, the role of inverse Compton cooling is
still under debate (Faucher-Giguère & Quataert 2012; Bourne & Nayakshin
2013).

luminosity).
In comparison with the relatively smooth H/C map in

models E260.agb and E260.agb+sn, the H/C ratio for
E260.agb+sn+agn shows some remarkably fluctuations in dif-
ferent regions (especially close to the galactic center) as
shown in the right panel of Figure 7. These are simply arising
from the effect of AGN radiation and wind on ISM properties,
which play a dominant role in the central region of the galaxy,
as discussed in Yuan et al. (2018). In addition, the H/C ratio
approaches unity even in the galactic central region, which in-
dicates that the heating can now reverse the cooling with the
inclusion of AGN feedback. In the right panel of Figure 8,
we show the radial distribution of spatial H/C ratio and its
time evolution. We can see that the local heating can balance
the cooling in most regions of the galaxy during most of the
time. Four time epoches are selected to specifically show the
radial profile of H/C, which confirms the results in the 2D
snapshot H/C map in Figure 7. From the heating and cool-
ing rate plots in the bottom panels of Figure 8, we find that the
decrease of the cooling rate is remarkable, when AGN feed-
back is included. However, the changes of the heating rates
are insignificant for different models except in the innermost
region. This is because the strong galactic wind driven by
AGN activities leads to the decrease of gas density. As shown
from the snapshot above, the heating dominant region should
be more prominent if we consider the power of the disk wind
from the central AGN in this plot.

In the right panel of Figure 9, we show the corresponding
spatial distribution of newly formed stellar density normalized
by old stellar population density (ρ?,new/ρ?). The evolution
pattern is different from the cases with the AGB heating and
AGB+SNe feedback models (right panel vs. left and mid-
dle ones in this Figure), i.e., the radial distribution of newly
formed stars and its time evolution. The suppression of SFR
in the galactic central region (. a few kpc) by AGN feedback
is remarkable compared with both AGB heating and SN feed-
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back models. Although ρ?,new/ρ? is still larger than unity
in the innermost region, this value is now much lower and
declines more sharply with radius than models without AGN
feedback. In addition, the star formation activities become
stronger in the outer region of the galaxy.

This is the signature of AGN feedback in action because the
AGN wind and radiation push ISM outward and heat up the
gas in the central region, both of which can prevent the star
formation close to the central region (see Yuan et al. (2018)
for a detailed discussion for this issue). There are also some
localized regions where the SFR is higher than that of model
E260.agb+sn at some times (e.g., around 30 kpc from the cen-
ter at 5 Gyr as shown in the right panel of Figure 9). The rea-
son is that the compression of the outflowing gas can make
dense cold clumps be formed there. The formation of such
cold clumps then results in intense star formation activities.
This suggests that AGN feedback can sometimes trigger star
formation activities in some galactic regions, which is already
shown by some observational and theoretical works (Ciotti &
Ostriker 2007; Liu et al. 2013; Silk 2013; Zubovas et al. 2013;
Bieri et al. 2016; Zubovas & Bourne 2017; Mukherjee et al.
2018).

Based on the analysis of star formation activities in differ-
ent feedback processes for the galaxy model E260, we can
see that AGN feedback plays a significant role in suppress-
ing SFR, especially in the central region of the galaxy. To
quantitatively address this issue, here we show the time evo-
lution of SFRs in the inner 1 kpc for three feedback models
in Figure 10. This is more close to the spatial scale where
SFRs are measured in observations. It clearly demonstrates
that the star formation activities in the central region are sig-
nificantly suppressed and remain at a very low level at most

times when AGN feedback is included (e.g., Choi et al. 2015),
even though several star bursts appear during some evolution-
ary stages.

For the total SFR integrated over the whole galaxy, we show
the mean sSFR during the whole evolution in Figure 6 as filled
squares. Different colors correspond to different feedback
models. The mean sSFR of the AGN feedback model (blue
symbol) is about a factor of two lower than the cases of stellar
feedback models (E260.agb: green; E260.agb+sn: red). As
expected, when AGN feedback is involved, the sSFR oscil-
lates more remarkably, which can be seen from the larger error
bar compared to other feedback models. The observed very
low rate of star formation in most massive elliptical galaxies
(Harwit 2015; Renzini & Peng 2015; Belli et al. 2017) essen-
tially rules out the AGB and AGB+SN feedback models.

3.1.3. Other Galaxy Models

Several additional galaxy models are simulated with their
model parameters listed in Table 1. Here we do not show the
detailed energy balance analysis to avoid duplication. The star
formation suppression signature can be directly seen from the
sSFR in the entire galaxies based on the results above.

The total sSFRs for different galaxies are plotted in Fig-
ure 6. For a comparison, we also show the observed data
for the main sequence and quenched galaxies from Renzini &
Peng (2015). The error bars for different points demonstrate
their time variabilities during the whole evolution. It can be
seen that the suppression of star formation in less massive
galaxy is very significant. More importantly, we find that this
suppression is mainly contributed by SN Ia feedback rather
than the stellar wind heating when we compare with different
stellar feedback models (a similar conclusion is made in 1D
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FIG. 7.— Heating over cooling rate ratios for model E260.agb (left panel), E260.agb+sn (middle panel), and E260.agb+sn+agn (right panel) close to the end of
the simulation (t = 11.9 Gyr). Arrows are normalized to the velocity field at the φ = 0 plane.

simulation by Ciotti et al. 1991). For more massive galax-
ies, the stellar feedback alone cannot effectively suppress star
formation activities, as is the case of the galaxy model E260.
AGN feedback can regulate SFR to a lower value with a few
M� yr−1, which are consistent with observations of star for-
mation activities in massive quiescent galaxies (Harwit 2015;
Renzini & Peng 2015; Belli et al. 2017). One thing we should
mention is that in the simulation setup, all the ISM comes ex-
clusively from the mass losses from evolved stars, i.e., there
is no gaseous component initially in the whole galaxy. As the
gaseous content is essential for the star formation process, the
initial gas mass in the galaxy could be another important fac-
tor to effect the results above. In the Section 3.3, we will study
how the above results will depend on the initial gas density in
different galaxies.

From the results for different galaxies, the mass scale be-
low which stellar feedback becomes important is M? ' (1 ∼
3) × 1011 M�, which corresponds to a B-band stellar lumi-
nosity for the galaxy of (2 ∼ 6)× 1010 L�. Above this mass
scale, AGN feedback plays a dominant role in balancing the
cooling losses and further regulating SFRs. SN Ia feedback,
instead of AGB heating, is the main heating source to prevent
the SFRs for low mass galaxies. The physical reason of such
transition is as follows. The gas source is mainly contributed
by the mass loss of evolved stars during the red giant, AGB,
and planetary nebula phase. This mass loss is proportional to
the stellar massM? of the galaxy. The gas density supplied by
this mass loss then increases withM? linearly. Since the cool-
ing rate is related with the square of the gas density, and then
related with the square of M?, while the heating rate provided
by AGB and SNe (mainly SNe Ia) are linearly proportional to
M? (Equations 11,15), these heating sources, therefore, can-

not balance the cooling when M? increases to a threshold.
Above this mass scale, the heated gas cannot escape from the
galaxy potential and so flow into the galactic center to trigger
the AGN activity. This scenario is similar to the one found by
Bower et al. (2017).

The results above are qualitatively consistent with the pic-
ture for the galaxy evolution model, but with a slightly dif-
ferent transition mass scale (e.g., Silk & Mamon 2012; Choi
et al. 2015; Taylor et al. 2017). In the following, we will
find that this mass scale can be compatible with the observed
value when a small fraction of gas source is added in the en-
tire galaxy initially. However, the results above are contrary
to the suggestion by Conroy et al. (2015), who proposed that
AGB heating could play an important role in preventing star
formation in quiescent galaxies. We suspect that the main rea-
son for this discrepancy is the gas reservoir of the simulated
galaxy. Conroy et al. (2015) only considered the energy in-
put from AGB wind heating, but ignored the addition of the
mass losses from AGB stars into the ISM in the galaxy. The
inclusion of the AGB mass losses into the galactic gas mass,
which is found to be substantial, inevitably introduces strong
cooling, which can then alter the heating/cooling balance and
the star formation activities as well.

The physical reason of SNe (and AGN) heating being more
effective than AGB heating in reversing cooling is that, the
specific AGB heating rate (the heating rate divided by the
stellar mass, which mainly links to the stellar velocity dis-
persion σ0) is roughly bound to the gravitational potential of
the galaxy, while SNe (AGN) heating is apparently unaware
of such limitation. Therefore, SNe (AGN) heating could be,
in principle, energetically important in thermalizing the ISM
and acting as a more efficient heating mechanism. Actually,
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FIG. 9.— Radial profiles of newly formed stellar density ρ?,new normalized by original stellar population mass density ρ? for models E260.agb (left panel),
E260.agb+sn (middle panel), and E260.agb+sn+agn (right panel) at four selected epoches. Note that ρ?,new is the time-integral of SFR density from the
beginning of the simulation to the given time, so it monotonously increases with time at all radii.

the specific energy output from SNe (AGN) is indeed much
larger than that from AGB for the galaxies we consider.

3.2. ISM Properties
The gaseous component in the galaxy is the total material

available for star formation and black hole accretion, both of
which can in turn affect the ISM densities and temperatures
by some feedback processes. The heating/cooling energy bal-
ance and star formation activities should trace the properties
of ISM since the former strongly depend on the ISM densities
and temperatures. ISM temperatures and luminosities can in
turn be used to diagnose the feedback processes in action. So
we will discuss how the ISM mass (or its radial distribution),

hot gas temperature and luminosity can be used to discrimi-
nate different feedback processes in the following.

The X-ray emission in the 0.3−8 (and 0.5−2) keV Chandra
band, and the temperature weighted by the X-ray emission
from the hot plasma, are calculated as (e.g., Negri et al. 2014)

LX =

∫
εXdV, (24)

TX =

∫
TεXdV

LX
, (25)

respectively, where εX is the thermal emissivity in the energy
band 0.3− 8 (and 0.5− 2) keV of a hot, collisionally ionized
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TABLE 1
Galaxy Parameters and Some Simulation Results for Different Feedback Models

Model σ◦ reff M? M?/LB n0 M†gas M†wind Notes
(km s−1) (kpc) (M�) (M�/LB�) (cm−3) (M�) (M�)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
E100.agb 100 1.1 6.9× 109 3.1 − 1.3× 107 1.0× 109 only AGB heatinga

E100.agb+sn 100 1.1 6.9× 109 3.1 − 1.8× 105 1.7× 108 stellar feedbackb

E190.agb 190 3.6 8.0× 1010 4.8 − 2.0× 108 1.4× 109 only AGB heating

E190.agb+sn 190 3.6 8.0× 1010 4.8 − 1.0× 107 1.8× 108 stellar feedback

E220.agb 220 4.9 1.5× 1011 5.3 − 4.3× 108 1.8× 109 only AGB heating

E220.agb+sn 220 4.9 1.5× 1011 5.3 − 2.9× 107 2.1× 108 stellar feedback

E260.agb 260 6.9 3.0× 1011 5.8 − 9.8× 108 1.1× 109 only AGB heating

E260.agb+sn 260 6.9 3.0× 1011 5.8 − 3.5× 109 6.9× 109 stellar feedback

E260.agb+sn+agn 260 6.9 3.0× 1011 5.8 − 4.4× 108 9.4× 109 AGN feedback c

E340.agb 340 13.5 9.8× 1011 7.2 − 6.9× 109 1.9× 109 only AGB heating

E340.agb+sn 340 13.5 9.8× 1011 7.2 − 1.6× 1010 7.7× 109 stellar feedback

E340.agb+sn+agn 340 13.5 9.8× 1011 7.2 − 2.1× 1010 6.0× 109 AGN feedback
... ... ... ... ... ... ... ... ...

E190.agb+low gas 190 3.6 8.0× 1010 4.8 0.01 4.4× 108 2.7× 109 only AGB heating
+ initial low n0

E190.agb+sn+low gas 190 3.6 8.0× 1010 4.8 0.01 1.0× 107 1.8× 108 stellar feedback
+ initial low n0

E190.agb+high gas 190 3.6 8.0× 1010 4.8 0.16 4.3× 108 1.3× 109 only AGB heating
+ initial high n0

E190.agb+sn+high gas 190 3.6 8.0× 1010 4.8 0.16 1.3× 109 7.0× 109 stellar feedback
+ initial high n0

E220.agb+low gas 220 4.9 1.5× 1011 5.3 0.01 1.1× 109 3.3× 109 only AGB heating
+ initial low n0

E220.agb+sn+low gas 220 4.9 1.5× 1011 5.3 0.01 6.3× 108 9.1× 109 stellar feedback
+ initial low n0

E220.agb+high gas 220 4.9 1.5× 1011 5.3 0.10 5.6× 108 1.3× 109 only AGB heating
+ initial high n0

E220.agb+sn+high gas 220 4.9 1.5× 1011 5.3 0.10 2.1× 109 6.5× 109 stellar feedback
+ initial high n0

E260.agb+sn+gas 260 6.9 3.0× 1011 5.8 0.05 3.9× 109 6.3× 109 stellar feedback
+ initial n0

E260.agb+sn+agn+gas 260 6.9 3.0× 1011 5.8 0.05 9.4× 108 5.1× 109 AGN feedback
initial n0

E340.agb+sn+gas 340 13.5 9.8× 1011 7.2 0.04 2.0× 1010 6.6× 109 stellar feedback
+ initial n0

E340.agb+sn+agn+gas 340 13.5 9.8× 1011 7.2 0.04 1.7× 1010 6.0× 109 AGN feedback
+ initial n0

NOTE. — † Mgas is the total ISM mass remaining within 10 reff of the galaxies in the end of the simulations, and Mwind is the ISM mass driven beyond
10 reff in the galaxies. (a). only winds from evolved stars and their thermalization included (model name with a suffix .agb). (b). stellar feedback includes
AGB heating, SN Ia and SN II feedback (model name with a suffix .agb+sn). (c). including AGN feedback in addition to AGB heating and SNe feedback (model
name with a suffix .agb+sn+agn).
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FIG. 10.— Time evolution of SFRs within the inner 1 kpc for three dif-
ferent feedback models for the galaxy E260. The green, red, and blue
curves correspond to AGB heating, AGB+SN feedback, and full feedback
(AGB+SN+AGN) models, respectively.

plasma, which is obtained from the spectral fitting package
XSPEC12 (spectral model APEC).

3.2.1. ISM Mass

In Table 1, we list the ISM mass in the end of the simulation
within 10 reff of the galaxy, beyond which the ISM can be
recognized as a galactic wind.

As we have discussed above, SNe feedback in less mas-
sive galaxies can effectively drive the ISM to the region far
from the galactic center to become the galactic wind. There-
fore, the depletion of ISM becomes significant when effective
SNe feedback is considered. The effect is more important at
the lower end of the galaxy stellar mass range because the
ISM in a shallower gravitational potential can be more easily
expelled. This is confirmed by examining the ISM mass re-
maining within 10 reff of the galaxies as shown in Table 1,
i.e., the gas masses of SNe feedback models are much lower
than those of AGB heating models (e.g., E220.agb+sn vs.
E220.agb, E100.agb+sn vs. E100.agb). This explains why
the plasma X-ray luminosity LX and temperature TX in SNe
feedback models is even lower compared to those with only
AGB heating models for less massive galaxies, as we will dis-
cuss below.

For the more massive system, the ISM mass for the case
of AGN feedback models is even higher than those with
only AGB heating cases. This is a complex mutual effect
of cooling-induced inflow and heating-induced outflow. With
only AGB heating and SNe feedback, the gas inflowing is
significant due to the strong cooling. This reduces the to-
tal ISM mass in the whole galaxy because a large fraction of
gas mass is accreted onto the central point mass (black hole).
While AGN feedback can drive the gas to the outer region
of the galaxies (Choi et al. 2015), and self-regulate the ISM
inflowing to the central black hole (accretion) at a low level.
This can result in the higher gas mass both within and beyond

12 http://heasarc.nasa.gov/xanadu/xspec/

10 reff of the galaxy (e.g., E340.agb+sn+agn vs. E340.agb
and E340.agb+sn) as shown in Table 1.

3.2.2. X-ray Temperature

Some Chandra X-ray observations show that the gas tem-
perature TX of ETGs is roughly consistent with Tσ from the
thermalization of the stellar kinetic energy estimated from
Equation (12) (e.g., Matsushita 2001; Nagino & Matsushita
2009; Boroson et al. 2011; Pellegrini 2011; Posacki et al.
2013; Sarzi et al. 2013; Anderson et al. 2015; Goulding et
al. 2016). This has been used to support AGB heating as a
dominant mechanism in suppressing star formation in ETGs
(e.g., Conroy et al. 2015).

Here we calculate the 0.3 − 8 keV luminosity-weighted
temperature TX using Equation (25). We show the radial
profiles of TX (X-ray luminosity-weighted in each radial bin
of the simulated grid) for the galaxy model E220 in Fig-
ure 11. The left (right) panel corresponds to model E220.agb
(E220.agb+sn). We also select four time epoches to check the
time variations of the radial profiles. For each model, the ra-
dial profile of Tσ calculated using Equation (12) at the initial
stage is superposed for a comparison13. The discrepancy be-
tween TX and Tσ is remarkable for the model E220.agb. A
large TX shown in the late stage of the inner galactic region is
similar to the results shown in the left panel of Figure 1.

When the SNe feedback is incorporated, the temperature
discrepancy decreases although TX is still slightly larger than
Tσ by about 0.3 − 0.5 dex. The reason is as follows. For the
AGB heating model, when the heating cannot offset the catas-
trophic cooling, the gas will flow towards the galactic center,
which acts as an extremely effective heating source, i.e., the
compression work and shock wave, heat gas in the central re-
gion. Such a high temperature due to gravitational heating of
the inflowing gas is related to the singular isothermal grav-
itational potential we adopt here, which has been studied in
previous works (e.g., Guo 2014). While the SN Ia feedback
is very efficient in heating the gas up to a few ×keV, and
preventing the gas flowing into the center, which can help to
avoid the overheating of the gas by the compression work.
This can be also confirmed by the gas mass remaining in the
galaxies as discussed above. Such a high plasma temperature
TX in the inner region of the galaxy due to gravitational heat-
ing is unreasonable. Therefore, SNe feedback is required to
avoid the overheating of the gas in the central region of the
galaxy and then build up the similarity between TX and Tσ .

For the more massive galaxy E260, we show the radial pro-
files of TX and Tσ in Figure 12. The left (right) panel cor-
responds to model E260.agb+sn (E220.agb+sn+agn). As we
have found that AGB heating model is far from being an effec-
tive heating mechanism at this mass scale, we do not show its
temperature profile here. When AGB heating and SNe feed-

13 Tσ mainly depends on the galactic structure. On the one hand, the evo-
lution of the old stellar population is negligible compared to the initial setup.
On the other hand, although the growth ofMBH can be significant due to the
strong inflowing gas towards the center when only AGB heating is consid-
ered, we prefer to use the initial MBH in calculating Tσ to compare with our
simulated results. This is because the initial MBH is already consistent with
M? −MBH relation in the nearby universe and this relation is not expected
to evolve too much since a redshift of z ∼ 3 (Kormendy & Ho 2013; Yang et
al. 2018). The very massive MBH in the end of the simulations for the AGB
heating models, e.g., MBH,final = 1.2 × 1010 M� for E220.agb model,
are highly inconsistent with the M? −MBH relation. This is additional evi-
dence to rule out the pure AGB heating model in terms of black mass growth,
although it is out of the scope of this work (see Yuan et al. (2018) for the
discussion of the black hole growth).
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FIG. 11.— Radial profiles of 0.3 − 8 keV emission-weighted ISM temperature TX at four simulated epoches for galaxy model E220. The left (right) panel
represents the model E220.agb (E220.agb+sn). The green lines show the Tσ values based on Equation (12).
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FIG. 12.— Same as Figure 11 but for the galaxy E260. The left (right) panel corresponds to the model E260.agb+sn (E260.agb+sn+agn).

back are included, there is a remarkable difference between
TX and Tσ in the inner region. This is attributed to the same
reason as above (i.e., the compression work by the cooling-
induced inflow). Interestingly, TX closely matches Tσ , espe-
cially in the galactic center region, when AGN feedback is
involved. The evolution of the black hole mass is insignifi-
cant due to the effective heating of the inflowing gas (Yuan
et al. 2018). This is an indication of the hydrostatic equilib-
rium built up by the inclusion of AGN feedback. Therefore, it
strongly suggests the necessity of AGN feedback in regulat-
ing ISM properties in massive elliptical galaxies, where it can
balance the cooling even in the inner region.

For the integrated TX and Tσ obtained from Equa-
tions (24,25) and Equation (12), their values for different
galaxy models with different feedback processes are all shown
in Figure 13. One representative X-ray observational data
set TX,obs (Anderson et al. 2015, and see also the references
therein) is chosen to compare with our simulated data. The
discrepancy between Tσ and TX,obs could be due to different
stellar kinematics and gas dynamical states (Sarzi et al. 2013;
Negri et al. 2014; Goulding et al. 2016). For each model, we
show the time-averaged value of TX with the error bar corre-
sponding to the maximum and minimum values that can be
reached during the evolution sequence. The mean value TX,
which indicates the temperature of gas where it stays in most
of time, is used below to compare with the observational data
TX,obs.

Our numerical results show that TX is higher for a more
massive system when only AGB heating models are consid-
ered, but systematically larger with respect to both Tσ and
TX,obs. When additional feedback mechanisms are consid-
ered, the tendency of TX in different galaxies is different.

With the inclusion of SNe feedback in low mass galaxies
(the red circle and red downward triangle in Figure 13), the
gas temperature is close to the temperature Tσ defined by
the gravitational potential with an exception of galaxy model
E10014. More importantly, our simulated TX values are in
agreement with observed ones as well. Although there is still
a slight discrepancy due to overheating by SNe, the inclusion
of additional gas content will potentially resolve this problem,
as we will discuss in Section 3.3.

For more massive galaxies with stellar masses larger than
∼ 3 × 1011 M�, it simply shows the sequence of TX,agb >
TX,agb+sn � TX,agb+sn+agn ≈ Tσ . The high TX for the
cases with AGB heating and SNe feedback models is expected
because of the compression work of the inflowing gas as dis-
cussed above. With the inclusion of AGN feedback, TX val-
ues are located in the region between Tσ and TX,obs, shown
as the blue symbols in Figure 13. It thus suggests that AGN
feedback can regulate the plasma temperature to be close to
the X-ray observations (Pellegrini et al. 2012, see Boroson et
al. 2011; Sarzi et al. 2013; Anderson et al. 2015 for observa-
tions).

To summarize, we find that when an effective heating
source can offset cooling over the galaxy, it can play a domi-
nant role in causing the consistency between TX and Tσ (and
TX,obs). Specifically, in low mass galaxies, SNe feedback
could help to make TX close to Tσ (TX,obs), while the heat-
ing source in high mass galaxies comes from AGN feedback.
Both of them play their dominant role in reversing the cooling
in their respective galaxies. This suggests a logical connection

14 Such a large discrepancy could be due to the rather effective SNe feed-
back to blow out most of the gas material, as shown in Table 1.
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FIG. 13.— 0.3 − 8 keV emission-weighted ISM temperature TX as a function of stellar mass M?. For each model, we show the time-averaged value
with the error bar corresponding to the maximum and minimum values reached during the evolution sequence. The green symbols represent the AGB heating
models, red ones for the stellar feedback (SN+AGB) models, and blue ones for full feedback (AGB+SN+AGN feedback) models. Symbols with different shapes
(diamonds, squares, downward triangles, circles, and upward triangles) correspond to galaxy models with different stellar masses. For some galaxy models, we
also incorporate a gas density initially throughout the entire galaxy to compare with the secular evolution cases. The filled black markers indicate the stellar
feedback models, open black ones for AGB heating models, and filled grey ones for full feedback models. Note that we only show the low gas density cases
for galaxy E190 and E220. Several simulated TX points with the same M? are slightly shifted horizontally for the purpose of presentation. The Tσ values for
different galaxies are shown as purple symbols. The observed TX,obs data (black crosses) are adapted from Anderson et al. (2015).

between TX − TX,obs similarity and the energy balance state.

3.2.3. X-ray Luminosity

In Figure 14, we compare the 0.3 − 8 keV luminosity for
the ISM in the whole galaxy15 with two selected observed data
sets from Anderson et al. (2015) and Forbes et al. (2017). We
note that there is slight difference between the two data sets,
which could be due to the stellar kinematic and environmental
effect (Sarzi et al. 2013; Negri et al. 2014; Goulding et al.
2016). A similar comparison based on 2D hydrodynamical
simulations for a large set of galaxy models with and without
AGN feedback has been recently presented (Pellegrini et al.
2018).

For the less massive galaxies, LX is very low when SNe
feedback is considered (red symbols). This is because much
of the ISM is blown out of the galaxies. When only AGB heat-
ing is considered (green ones), a higher LX is obtained, due to
the higher TX of the inflowing gas, with the consequent X-ray
luminosity peak in the central regions of the galaxies. On av-
erage, the LX values in AGB heating models are higher than
those of observations, even when the variabilities are consid-
ered, while LX in SNe feedback models are slightly smaller
than those of observations (Anderson et al. 2015; Forbes et al.
2017) for galaxy models E190 (circles) and E220 (downward

15 We find that the X-ray luminosity inside the virial radius is almost the
same as that in the whole galaxy.

triangles). We will show that this discrepancy can be allevi-
ated with the inclusion of additional gas sources in the initial
setup of the galaxies. Note that the flattening of the observa-
tional data from Anderson et al. (2015) below∼ 5×1010 M�
is largely because the X-ray emission becomes too faint to be
distinguishable from the background.

For the massive galaxies, although LX in AGB (green sym-
bols) and SNe (red ones) feedback models are slightly higher
than that in AGN feedback models (blue ones), LX in three
feedback models are all roughly consistent with observed val-
ues (black and grey crosses) for galaxy models E260 (squares)
and E340 (diamonds) after considering their variabilities in
the simulated data and the large scatter of observed ones, in
agreement with the results in Pellegrini et al. (2018). How-
ever, we cannot conclude that models with only stellar feed-
back are sufficient to explain the X-ray observations for even
massive galaxies. A general trend is that our simulated hot
gas X-ray emissions from AGN feedback models are fainter
(e.g., Choi et al. 2012) and more close to the the observations
from Forbes et al. (2017) (e.g., see also Choi et al. 2015). In
addition, one contradiction for the no AGN feedback mod-
els is the hot gas temperature TX that has been explored in
the Section 3.2.2. Another one to be checked observationally
is the variability of LX (or the scattering of LX for a given
M?). Although all of the three feedback models show similar
LX values, their time evolutions are apparently different (e.g.,
Ostriker et al. 2010). The remarkable oscillations of LX due
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FIG. 14.— ISM X-ray luminosity LX as a function of stellar mass M?. For the symbols of simulated data, they share the same meaning as in Figure 13. The
black and grey crosses are observational data for LX from Anderson et al. (2015) and Forbes et al. (2017), respectively. Note that all LX points are calculated in
the 0.3− 8 keV energy range, except for the observational data from Anderson et al. (2015), which are in 0.5− 2 keV band. This will result in a small decrease
(< 0.3 dex) of the simulated LX when we calculate LX in the narrower energy band.

to the modulation of AGN activities in AGN feedback models
are in agreement with the large scatter of LX,obs in observa-
tions.

3.3. Effect of Initial Gas Sources
Up to now, the galaxies we deal with are built up with the

cases that all of the gaseous sources come exclusively from
late-time stellar mass losses, i.e., secular evolution. Major
mergers could not be important after a cosmological time of
2 Gyr (redshift z ∼ 3; e.g., Fan et al. 2014) when we ini-
tially setup the galaxies, however, galaxies are constantly ac-
creting gas from the environment, which could be the inter-
galactic medium (IGM) and/or the accretion of satellite galax-
ies for field galaxies or the accretion of intracluster medium
(ICM) through cluster core’s cooling flow for galaxies in clus-
ters. Therefore, it is necessary to consider the external gas
sources for galaxy models. Here we include a gaseous compo-
nent in the entire galaxies in the beginning of the simulations
to mimic the external gas sources. This idealized treatment
could be appropriate for some situations, e.g., ETGs in clus-
ters where the accretion of satellites is likely to be gas-free.
The radial dependence of the gaseous component follows a β
profile

ngas(r) = n0[1 + (r/rc)
2]−3/2β , (26)

with a slope parameter β = 2/3 and assuming a core radius
rc = reff (e.g., Jones & Forman 1984; Eke et al. 1998; Mo et
al. 2010). For the normalization of the density profile, ob-
servations of galaxy groups or clusters infer the baryon or
gas fraction within virial radius of the galaxies (e.g., Dai et

al. 2010; Boroson et al. 2011; Anderson et al. 2015; Lim et
al. 2018). However, for the elliptical galaxies we setup at 2
Gyr, it would be inappropriate to adopt these results directly.
Alternatively, we choose different values of n0 for different
galaxy models as shown in Table 1 for a comparison with the
corresponding secular evolution cases. Our adopted gas den-
sity can make sure that the total baryon mass fraction within
the virial radius of the galaxies fb = (Mgas + M?)/MDM

is a fraction of 0.5 − 0.8 of the cosmic baryon fractions
fb,cosm = 0.1864 (Planck Collaboration et al. 2014) for our
high gas density models. Although these gas density values
are relatively high compared with observations of ETGs men-
tioned above, they are just for the purposes of studying its
effect on star formation activities and ISM properties.

The initial gas sources are incorporated into four galaxy
models (i.e., E190, E220, E260, E340). For low mass
galaxies, two feedback schemes are considered, one with
only AGB heating (E190.agb+gas and E220.agb+gas), an-
other also included SNe feedback (E190.agb+sn+gas and
E220.agb+sn+gas). For each case, we choose two different n0

values to explore the possible dependence on it. For the more
massive galaxies, we consider the cases with only stellar feed-
back (E260.agb+sn+gas, E340.agb+sn+gas) and with AGN
feedback (E260.agb+sn+agn+gas, E340.agb+sn+agn+gas).

The total sSFRs within the galaxies are shown in Figure 15.
The suppression of SFR for low mass systems is contributed
by SNe feedback, while this suppression mechanism for high
mass systems is provided by AGN feedback. However, the
quantitative results for the suppression of SFR compared with
secular evolution models are different in two aspects. On the
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one hand, the separation mass for SNe and AGN feedback
dominance slightly decreases to . 8×1010 M�, which is ac-
tually more consistent with observations (e.g., Kauffmann et
al. 2003; Baldry et al. 2006; Silk & Mamon 2012) and cosmo-
logical simulation results (Taylor et al. 2017). When a mas-
sive gaseous component is added into the galaxies initially,
this mass scale can become even lower. This can be shown
from the feedback models for E190 galaxy with the stellar
mass ofM? = 8.0×1010 M� (i.e., E190.agb+high gas: open
green and E190.agb+sn+high gas: open red), where no sig-
nificant suppression is seen. In such a case, AGN feedback
is needed for the further suppression of star formation activi-
ties. The incorporation of AGN feedback at high mass galax-
ies can self-regulate sSFR to a very low level, which is con-
sistent with those in the secular evolution cases, even with a
large amount of gas sources included initially, as shown with
the blue open markers in Figure 15. The exact mass scale
for suppression of star formation needs more detailed sim-
ulations in the future. On the other hand, the sSFRs at the
initial stage reaches the maximum values for all these mod-
els, shown as the upper tips of the simulated data points. As
galaxies evolved, the sSFRs decline due to different feedback
mechanisms. The suppressed sSFRs increase by a factor of
a few for SNe feedback models simply because of the inclu-
sion of the initial gas sources, which are now more consistent
with the observed data for quenched galaxies (Renzini & Peng
2015).

The results for TX are shown in Figure 13. Here we only
show the results of the low gas density cases for low mass
galaxies (galaxies E190 and E220). When SNe feedback is
included in the low mass galaxies (black filled markers for
E190 and E220 galaxies) or AGN feedback is involved in the
high mass galaxies (grey filled ones for E260 and E340 galax-

ies), TX are close to Tσ and TX,obs. But when a tremendous
gaseous component is added initially for SNe feedback mod-
els (i.e., E190.agb+sn+high gas, which are not presented in
Figure 13), TX are again much higher than observations due
to the compression work of the cooling-induced inflowing,
which are similar to the overcooling AGB models. This in-
dicates that a fine tuning of the initial gas density is necessary
for SNe feedback models to be compatible with observations.
This is because the SNe Ia rate is independent of the current
thermal state of the X-ray emitting plasma; therefore, SNe
Ia heating cannot act as a self-regulating mechanism. In ad-
dition, AGN feedback can self-regulate TX close to Tσ and
TX,obs even when we adopt a relativity high gas density for
high mass galaxies (grey filled markers for E260 and E340
galaxies). Accordingly, we could expect that the inclusion of
AGN feedback in the low mass galaxies can also resolve the
higher-predicated-TX problem. X-ray observations show that
the angular momentum of galaxies could also influence the
plasma temperature TX. Fast rotators generally have lower
TX.

In Figure 14, we show the 0.3 − 8 keV ISM luminosity
LX for different feedback models with initial gas sources in-
cluded. With a tenuous gaseous component for low mass
galaxies (n0 = 0.01 cm−3), SNe feedback can make LX

roughly consistent with X-ray observations (Anderson et al.
2015), especially close to Forbes et al. (2017). For the high
mass galaxies, AGN feedback can still make LX close to the
values of the secular evolution models, and be roughly in
agreement with observations (Forbes et al. 2017), although
they are slightly smaller than the observed values from An-
derson et al. (2015). In addition to the IGM accretion history,
it is found that the presence of density structures in 3D sim-
ulations could be responsible for such inconsistency (Tang et



19

al. 2009; Tang & Wang 2010).
The gas masses within 10 reff of the galaxies are tabulated

in Table 1. This basically shows similar trends as secular evo-
lution models. As expected, the final gas masses retained
within the galaxies are higher for the SNe feedback mod-
els in the low mass galaxies (e.g., E220.agb+sn+low gas vs.
E220.agb+sn) and for the AGN feedback models in the high
mass galaxies (E260.agb+sn+agn+gas vs. E260.agb+sn+agn;
E340.agb+sn+agn+gas vs. E340.agb+sn+agn). This is
straightforward to understand since there exists more gas
sources initially throughout the galaxies. It can also explain
why LX of the SNe feedback models in low mass galaxies are
higher than those of secular evolution cases.

4. CONCLUSIONS AND DISCUSSIONS

We present 2D hydrodynamical numerical simulations to
explore the role of different feedback models in suppressing
star formation activities for different isolated ETGs and in
regulating ISM properties. Different galaxy models are built
with the fundamental plane of elliptical galaxies and Faber &
Jackson relation. Three different feedback mechanisms (i.e.,
AGB heating, SNe feedback and AGN feedback) are incorpo-
rated for the galaxies with different stellar masses. In most
cases, we study the secular evolution cases, where all the gas
sources exclusively come from the mass losses of evolved
stars.

We find that SNe feedback can suppress star formation for
low mass galaxies, while AGN feedback is efficient in regulat-
ing star formation activities for high mass galaxies (Figure 6
and Figure 15). Especially, AGN feedback can be very effec-
tive in suppressing star formation activities in the inner region
of the massive galaxies (Figure 10). The mass scale to sepa-
rate these two feedback mechanisms is around a stellar mass
of M? ∼ 1011 M�. In any case, AGB heating cannot play a
dominant role in preventing star formation in all our simulated
ETGs. SNe can efficiently thermalize the ISM to very high
temperatures without connection to the gravitational poten-
tial of the galaxies, which is, however, the limitation of AGB
heating by definition. This physical difference results in the
different feedback efficiency for these two feedback models.
The inclusion of a tenuous initial gaseous component shifts
the SNe feedback dominating stellar mass downward slightly
(M? . 8.0 × 1010 M�), which is more consistent with ob-
servational results (e.g., Kauffmann et al. 2003; Baldry et al.
2006; Silk & Mamon 2012).

The consistency between the X-ray plasma temperature TX

and the observed values (and Tσ in some cases) can be built up
by SNe feedback in low mass galaxies, and by AGN feedback
in high mass galaxies (Figure 13). This is similar to the en-
ergy balance and star formation suppression analysis. Such a
similarity is irrelevant to the question of AGB heating as sug-
gested by some previous studies. This is because TX can be
more physically defined as the galactic potential energy in a
hydrodynamical equilibrium system state. It is the SNe feed-
back in low mass systems and AGN feedback in high mass
systems that can establish such a balanced state. These con-
clusions still hold when a certain amount of gas is added into
the entire galaxy in the beginning of the simulation.

We further investigate the 0.3− 8 keV ISM luminosity LX

to compare with X-ray observations (Figure 14). Although we
find that LX for SNe feedback models in low mass galaxies
for secular evolution cases are underluminous, this discrep-
ancy can be resolved when an additional gaseous component
is included initially in the galaxy. AGN feedback can self-

regulate LX close to the observed values in high mass galax-
ies even when some gas sources are included. Due to the large
uncertainties of the observed data, it seems that most of our
models are consistent with observations. The remarkable dif-
ference among different models can still make LX a good di-
agnostic tool to discriminate these models if good observa-
tional data are available in the future.

Although some gas sources are included initially when set-
ting up the galaxy models, we do not incorporate the accretion
of external gas sources from merger events, the accretion of
ICM and/or IGM when galaxies evolve. The accretion pro-
cess and violent events will allow galaxies to replenish with
external gas material even when the galactic gas sources are
depleted by star formation activities and blown out by feed-
back processes. This is the major limitation in the current
work. Such effects will be explored in a separate work in the
future.

We neglect the effect of the jet in the current work. This can
be justified by the well collimated structure of the jet, which
may simply pierce through the galaxy and have negligible in-
teraction with the galaxy for the feedback study of a single
galaxy, although the jet should be important for the evolu-
tion of large-scale structure such as galaxy clusters (e.g., the
cooling flow problem discussed by Yang & Reynolds 2016;
Bourne & Sijacki 2017; Weinberger et al. 2017b). However,
the assumption is needed to be examined in future work since
there are still some debates for this issue (Gaibler et al. 2012;
Wagner et al. 2012).

We should mention that the stellar component we adopt
in this work is simply a Jaffe profile. However, the exis-
tence of a diffuse stellar component (DSC) in groups and
clusters of galaxies is now well established (e.g., Gonzalez et
al. 2005). This component, also known as intracluster stars,
mainly dominates the stellar light in the outer region of the
galaxy. The dynamical difference between this component
and the central dominant one has been found by cosmological
simulations due to its velocity distribution (Dolag et al. 2010).
It could be important for the central galaxy in cluster via the
thermalization of the stellar wind. We will defer the imple-
mentation of this component in isolated galaxies to our future
work.
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APPENDIX

A. AGN FEEDBACK MODEL

The readers can refer to Yuan et al. (2018) for the details
of AGN physics adopted in the work, which is more up-
dated compared to previous works. Following Yuan et al.
(2018), we classify the AGN feedback modes into two cate-
gories, namely cold mode and hot mode feedback, according
to the AGN luminosity (or mass accretion rate at Bondi radius
ṀBondi) Eddington ratio. ṀBondi can be estimated based on
the inflow rate at the innermost grid. In both modes, the ra-
diative and wind feedback are both incorporated in our AGN
feedback models.

When ṀBondi is larger than a critical value Ṁc of
2%ṀEdd, the accretion flow stays in the cold mode. We can
calculate the wind mass, energy, and momentum flux based
on Gofford et al. (2015). After considering the viscosity
timescale of accretion, we can then further obtain the black
hole accretion rate ṀBH and AGN luminosity LBH as well
by assuming a radiative efficiency of 10%. For the Compton
heating/cooling term, we simply use the result based on the
observed spectrum of quasars (Sazonov et al. 2004), which
gives the Compton temperature TC = 2× 107 K.

When ṀBondi < Ṁc, the accretion flow transfers to the hot
mode. In this case, a truncation disk geometry, i.e., an inner
hot accretion flow plus a truncated standard thin disk in the
outer region, is adopted (Yuan & Narayan 2014). The wind
mass, momentum and energy flux and their angular distribu-
tion are calculated according to Yuan et al. (2015). The black
hole mass accretion rate can also be obtained self-consistently
after considering the disk wind. Using the radiative efficiency
of a hot accretion flow (Xie & Yuan 2012), we can calculate
the radiative output from the hot accretion flow LBH. Since
the spectrum of a hot accretion flow is quite different from
that of a cold disk, the Compton temperature is modified ac-
cordingly to obtain the Compton heating/cooling term (Xie et
al. 2017).

With the updated AGN physics above, the hydrodynamics
equations we solve are modified as follows,

∂ρ

∂t
+∇ · (ρv) = αρ? + ρ̇II − ρ̇+

? , (A1)

∂m

∂t
+∇ · (mv) = −∇pgas + ρg −∇prad − ṁ+

? , (A2)

∂E

∂t
+∇·(Ev) = −pgas∇·v+HAGN−C+ĖS+ĖI+ĖII−Ė+

? ,

(A3)
We can see that two additional terms are incorporated in mo-
mentum and energy equations, compared with Equations (21-
22), while the mass conservation equation remains the same.
All other terms share the same meanings with those of Equa-
tions (20−22).

The first obvious modification is that we include an extra ra-
diative heating source due to the central AGNHAGN, which is
the radiative heating rate per unit volume contributed by AGN
radiation. The radiative heating and cooling term HAGN − C
in Equation (A3) is computed following Sazonov et al. (2005,
see also Equations (4.54 − 4.60) in Ciotti & Ostriker 2012),
except that we further update the Compton temperature TC as
Xie et al. (2017), according to the AGN Eddington ratio (Yuan
et al. 2018) as we have discussed above.

The wind feedback is introduced by injecting the desired
mass, momentum, and energy into the innermost grids of the
simulation domain and then self-consistently calculate their
radial transport (see also Ciotti et al. (2017) for a similar
method in incorporating wind feedback by including these
terms in Equations (A1−A3)).

For the radiation force ∇prad in Equation (A2), we follow
Novak et al. (2011) and include both radiation pressure due to
electron scattering and absorption of AGN photos by atomic
lines. The radiation pressure contributed by electron scatter-
ing can be expressed as

(∇prad)es = −
ρκes

c

LBH

4πr2
, (A4)

where κes = 0.35 cm2 g−1 is the electron scattering opacity.
The photon absorption term can be computed as

(∇prad)photo = −HAGN

c
. (A5)
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Anglés-Alcázar, D., Faucher-Giguère, C.-A., Quataert, E., et al. 2017,
MNRAS, 472, L109

Azadi, M., Aird, J., Coil, A. L., et al. 2015, ApJ, 806, 187
Baldry, I. K., Balogh, M. L., Bower, R. G., et al. 2006, MNRAS, 373, 469
Barger, A. J., Cowie, L. L., Owen, F. N., et al. 2015, ApJ, 801, 87
Baron, D., Netzer, H., Poznanski, D., Prochaska, J. X., & Förster Schreiber,

N. M. 2017, MNRAS, 470, 1687
Belli, S., Genzel, R., Förster Schreiber, N. M., et al. 2017, ApJ, 841, L6
Benson, A. J., Bower, R. G., Frenk, C. S., et al. 2003, ApJ, 599, 38
Bieri, R., Dubois, Y., Silk, J., Mamon, G. A., & Gaibler, V. 2016, MNRAS,

455, 4166
Biernacki, P., & Teyssier, R. 2018, MNRAS, 475, 5688
Binney, J., & Tabor, G. 1995, MNRAS, 276, 663
Boroson, B., Kim, D.-W., & Fabbiano, G. 2011, ApJ, 729, 12
Boselli, A., & Gavazzi, G. 2006, PASP, 118, 517
Bourne, M. A., & Nayakshin, S. 2013, MNRAS, 436, 2346
Bourne, M. A., & Sijacki, D. 2017, MNRAS, 472, 4707
Bourne, M. A., Zubovas, K., & Nayakshin, S. 2015, MNRAS, 453, 1829
Bower, R. G., Benson, A. J., & Crain, R. A. 2012, MNRAS, 422, 2816

Bower, R. G., Benson, A. J., Malbon, R., et al. 2006, MNRAS, 370, 645
Bower, R. G., McCarthy, I. G., & Benson, A. J. 2008, MNRAS, 390, 1399
Bower, R. G., Schaye, J., Frenk, C. S., et al. 2017, MNRAS, 465, 32
Cen, R., & Ostriker, J. P. 2006, ApJ, 650, 560
Cho, H., & Kang, H. 2008, New A, 13, 163
Choi, E., Ostriker, J. P., Naab, T., & Johansson, P. H. 2012, ApJ, 754, 125
Choi, E., Ostriker, J. P., Naab, T., Oser, L., & Moster, B. P. 2015, MNRAS,

449, 4105
Cicone, C., Feruglio, C., Maiolino, R., et al. 2012, A&A, 543, A99
Ciotti, L., D’Ercole, A., Pellegrini, S., & Renzini, A. 1991, ApJ, 376, 380
Ciotti, L., Morganti, L., & de Zeeuw, P. T. 2009, MNRAS, 393, 491
Ciotti, L., Pellegrini, S., Negri, A., & Ostriker, J. P. 2017, ApJ, 835, 15
Ciotti, L., & Ostriker, J. P. 1997, ApJ, 487, L105
Ciotti, L., & Ostriker, J. P. 2007, ApJ, 665, 1038
Ciotti, L., & Ostriker, J. P. 2012, Astrophysics and Space Science Library,

378, 83
Conroy, C., van Dokkum, P. G., & Kravtsov, A. 2015, ApJ, 803, 77
Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 365, 11
Curtis, M., & Sijacki, D. 2015, MNRAS, 454, 3445
Curtis, M., & Sijacki, D. 2016, MNRAS, 457, L34
Curtis, M., & Sijacki, D. 2016, MNRAS, 463, 63
Dai, X., Bregman, J. N., Kochanek, C. S., & Rasia, E. 2010, ApJ, 719, 119
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