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A B S T R A C T 

The cosmological inflow of a galaxy is speculated to be able to enter the galaxy and enhance the star formation rate (SFR) and 

black hole accretion rate (BHAR). In this paper, by performing high-resolution hydrodynamic simulations in the framework of 
MACER , we investigate the fate of the inflow and its impacts on the evolution of a massive elliptical galaxy. The inflow properties 
are adopted from the cosmological simulation IllustrisTNG. We find that the inflow gas hardly enters but is blocked beyond 

∼20 kpc from the central galaxy and becomes part of the circumgalactic medium (CGM). The gas pressure gradient, mainly 

contributed by the thermalized stellar wind and subdominant contributed by the energy input from the active galactic nuclei 
(AGNs), balances gravity and prevents the inflow from entering the galaxy. The SFR and BHAR are almost not affected by 

the normal inflo w. Ho we ver, if the rate of cosmological inflow were increased by a factor of 3, a small fraction of the inflow 

would enter the galaxy and contribute about 10 per cent of the gas in the galaxy. In this case, the gas density in the galaxy would 

increase by a factor of � 20. This increase is not because of the additional gas supply by the inflow but due to the increase of 
gas density and pressure in the CGM caused by the inflow . Consequently , the SFR and BHAR would increase by a factor of ∼5 

and ∼1000, respectively . Finally , AGN feedback can perturb the motion of the inflow and heat the CGM through its intermittent 
outbursts. 
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 I N T RO D U C T I O N  

ne of the puzzles in galaxy evolution is the interplay between 
alaxies and cosmological inflow. Many details about how the 
osmological inflow affects galaxy evolution are still lacking. In 
lassical theory, the gas inflow comes from the spherical collapse due 
o the gravity of dark matter halo (Rees & Ostriker 1977 ; White &
ees 1978 ). The inflowing gas following the collapse of the dark
atter will experience a virial shock and become a spherical hot 

as inflo w. Ho we ver, numerical simulations found that spherical 
irialized hot gas inflow and cold streams/clumps may co-exist 
Kere ̌s et al. 2005 ; van de Voort et al. 2011 ; Nelson et al. 2013 ). The
old gas inflow into the halo is usually not spherically symmetric but
n the form of filaments or clumps and does not need to experience
he virial shock. The cold gas inflow remains cold when penetrating 
he hot gaseous halo (Kere ̌s et al. 2005 , 2009 ; Nelson et al. 2013 ).
he mass ratio of the cold gas inflow to the total inflow increases with
 E-mail: fyuan@shao.ac.cn 
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ecreasing halo masses and increasing redshifts, so the cold inflow 

s the dominant gas accretion mode in high-redshift and low-mass 
alaxies. 

Over the past decades, cosmological simulations have shown the 
resence of inflow from large-scale structures and its interaction with 
eedback processes from galaxies, which must play a vital role in the
alaxy evolution (Correa et al. 2018a , b ). The gas inflow is rapid if
he halo mass is small and the virial radius is smaller than the cooling
adius. In a massive halo, if the virial radius is larger than the cooling
adius, the gas inflow will be shock-heated to the virial temperature,
nd the gas supply will become slow. 

Ho we ver, the fate and impacts of cosmological inflow on the
alaxy evolution, especially in galaxies larger than 10 13 M � at z =
, are still poorly understood. Cosmological simulations show that 
he gas inflow rate can exceed 100 M � yr −1 in massive galaxies at
o w redshift (K ere ̌s et al. 2005 ; Dekel et al. 2009 ; v an de Voort et al.
011 ; Nelson et al. 2013 ). Although the inflowing gas is dominated
y virialized gas and vulnerable to energetic feedback, it is still a
otential fuel for star formation. On the other hand, most massive
alaxies in the present day are quenched. Cosmological simulations 
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ave found that the cold stream inflow may be a significant gas
esource for star formation in the formation stage of the massive
alo at high redshifts (Dekel et al. 2009 ). Nelson et al. ( 2015 ) used
he Illustris simulation suite (Vogelsberger et al. 2014 ) to study the
nteraction between feedback and cosmological inflow and found
hat the feedback processes can suppress the inflow rate. Correa et al.
 2018b ) also used the EAGLE simulation suite (Crain et al. 2015 ) to
tudy the interaction between inflow and feedback and found that the
eedback can strongly suppress the inflow rate at ∼ 10 12 M � halo.
o we ver, these works do not focus on the impacts of cosmological

nflow on the evolution of massive galaxies at low redshifts. 
Many idealized galaxy simulation works have been done to analyse

he reason for quiescence, usually by invoking active galactic nucleus
AGN) feedback (e.g. Gaspari, Brighenti & Temi 2012 ; Li et al. 2015 ;
rasad et al. 2015 ; Ciotti et al. 2017 ; Wang et al. 2019 ). Ho we ver,

n these works, cosmological inflow is not considered. Some works
lso have discussed the interplay between cosmological inflow and
assive galaxies. Dekel & Birnboim ( 2006 ) and Birnboim, Dekel &
eistein ( 2007 ) have shown that the virial shocks in the massive
alaxies at low redshifts can heat the inflowing gas and make
hem vulnerable to the energetic feedback unless galaxy haloes are
ominated by cosmic-ray energy where virial shocks are suppressed
Ji et al. 2020 , 2021 ). In analytical work, Voit et al. ( 2020 ) have
roposed that the virialized gas inflow in massive galaxies may
eside in the CGM and provide the pressure to control the thermal
tate of the gas in galaxy regions, then further control the valve of
 GN feedback. In this work, A GN feedback is not included. Some

mportant questions, such as the impacts of cosmological inflow for
he quenched galaxies, still need to be answered. 

In this work, by performing high-resolution numerical simulations,
e focus on the fate and impact of cosmological inflow in galaxy

volution, with AGN and stellar feedback included. We will try to
nswer the following questions: (1) can cosmological inflow enter
he galaxy? (2) if it cannot, what is the physical mechanism for
topping it? (3) why can massive galaxies remain quenched even
n the presence of cosmological inflow, and how does it affect star
ormation in the galaxy? (4) whether and how can the AGN feedback
ffect the cosmological inflow? 

The simulations are performed in the framework of MACER , with
evelopments on stellar yields and the AGN physics at the super-
ddington region in this paper. Briefly speaking, MACER is an

dealized elliptical galaxy simulation framework developed based on
arly works (Ciotti & Ostriker 2001 ; Ciotti, Ostriker & Proga 2009 ,
010 ; Ostriker et al. 2010 ; Novak et al. 2011 ; Gan et al. 2014 ). In the
ost updated version, Yuan et al. ( 2018 ) have incorporated the state-

f-the-art AGN physics, including radiation and wind as a function
f accretion rates in both the hot and cold accretion (feedback)
odes. The effects of AGN feedback on the black hole growth,
GN light curve, and star formation are discussed and compared

o observations. Yoon et al. ( 2018 ) extended Yuan et al. ( 2018 )
o the case of elliptical galaxies with a large angular momentum.
he respective roles of AGB heating, supernovae feedback, and
GN feedback in the evolution of galaxies were investigated in Li
t al. ( 2018 ). The role played by the hot mode in the feedback was
iscussed in Yoon et al. ( 2019 ), and it was found that the total mass
f newly formed stars would be two orders of magnitude smaller if
e only adopted the cold mode no matter what value the accretion

ate is. 
The structure of the paper is as follows. In Section 2 , we re vie w

he key features of the MACER , especially the AGN physics adopted,
nd the new developments to MACER we have made in this work. We
escribe the main inflow properties and how they are extracted from
NRAS 524, 5787–5803 (2023) 
he IllustrisTNG cosmological simulations in Section 3 . Section 4
ntroduces the set-up of our fiducial and reference models. Our results
re presented in detail in Section 5 , trying to answer questions like
hether the cosmological inflow can enter the galaxy and why it is
locked, the effect of inflow on SFR and black hole accretion rate
BHAR) in the galaxy, and whether and how AGN feedback can
ffect the inflow and CGM. We finally conclude in Section 6 . 

 PHYSI CS  I N C L U D E D  IN  MACER 

.1 Key features of MACER 

he MACER framework we will use in this paper is based on Yuan
t al. ( 2018 ). We first briefly introduce its sev eral ke y features below.

One is that the inner boundary of the MACER simulation domain
s small enough to resolve the outer boundary of the accretion flow,
.e. the Bondi radius. In the case of a massive elliptical galaxy, Yao,
uan & Ostriker ( 2021 ) have calculated the value of the Bondi radius
nd found that it is typically ten times larger than the inner boundary.
nce the mass rate at the inner boundary is calculated, we can

ombine this value with the theory of black hole accretion to obtain
he accretion at the black hole horizon. This accretion rate determines
he power of the AGN and is the most crucial parameter to determine
GN feedback (see also, Angl ́es-Alc ́azar et al. 2021 ). In contrast,
osmological simulations have a much poorer resolution. Thus it
s difficult to determine the exact value of the BHAR. The spatial
esolution of MACER achieved at the inner region of the simulation
omain, where the interaction between AGN outputs and interstellar
edium is the strongest, is as high as 0.2 pc in Yuan et al. ( 2018 ). 
The second advantage of the MACER is that the AGN physics

dopted in the code has considered the latest developments in black
ole accretion theory. These mainly include the wind in both the
old and hot accretion (feedback) modes and the radiation in the hot
ode. F or e xample, the properties of the wind in the hot mode, such

s the velocity and mass flux, are taken from Yuan et al. ( 2015 ), as
ill be detailed in Section 2.2 . Given that the hot mode plays an

ssential role in AGN feedback (Yoon et al. 2019 ) and the wind is
ore important than radiation in suppressing star formation, such a

orrect treatment is essential. 
The third advantage is the exact calculation of the interaction

etween AGN outputs (wind and radiation) and the gas in the galaxy.
e do not adopt the parametrized approach as usually adopted in
ost feedback works, e.g. assuming some percentage of the AGN

ower is deposited into an assumed region surrounding the AGN.
or both radiation and wind, we directly inject them at the inner
oundary of the simulation domain and calculate self-consistently
heir energy and momentum interaction with the ISM. 

Compared with Yuan et al. ( 2018 ), we have added some new
hysics into the model in this work, as we will introduce below. In
he following part of this section, for the convenience of readers, we
ntroduce the main physics adopted in Yuan et al. ( 2018 ), plus the
ew physics added in this work. 

.2 AGN physics 

lack hole accretion is divided into cold and hot modes, bounded
y 2 per cent L Edd in terms of the bolometric luminosity, or Ṁ BH ∼
 per cent Ṁ Edd in terms of the mass accretion rate at the black
ole horizon (here Ṁ Edd ≡ 10 L Edd /c 

2 ) (Yuan & Narayan 2014 ).
he critical accretion rate is based on the observations of the

ransition of the black hole X-ray binaries between hard and soft
tates (McClintock & Remillard 2006 ). We believe that the value of
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he critical luminosity should be independent of the black hole mass.
n our model, we first calculate the mass flux at the inner boundary
f the simulation Ṁ ( r in ). We then judge whether the accretion is in
he cold or hot modes according to the comparison between Ṁ ( r in )
nd 2 per cent Ṁ Edd . The cold mode accretion is further divided 
nto the standard thin disc (Shakura & Sunyaev 1973 ) and super-
ddington accretion, bounded by Ṁ Edd . Note that there is no so-
alled Eddington limit, and the accretion rate can be much higher 
han the Eddington accretion rate, as indicated by both theoretical 
tudies (e.g. Abramowicz et al. 1988 ; Ohsuga et al. 2005 ; S 

↪ 
adowski

t al. 2014 ; Jiang, Stone & Davis 2014 ) and observational ones (e.g.
elly & Shen 2013 ). In the hot accretion mode, we have three kinds
f output: wind, jet, and radiation. In this work, we neglect jet,
hich is a caveat. We will investigate the role of jet in our future
ork. Ho we ver, in the cold mode, we assume only to have wind and

adiation. 1 The physics of radiation and wind in the two modes are
ompletely different. 

When the accretion rate is higher than 2 per cent Ṁ Edd , the AGN 

s in the cold mode. The inflow through the inner boundary first
reely falls until a disc is formed at the circularization radius. The
HAR Ṁ BH is calculated from Ṁ ( r in ) by solving the following set
f differential equations, taking into account the mass evolution of 
he small disc and the mass lost in the wind, 

d Ṁ eff 

d t 
= 

Ṁ ( r in ) − Ṁ eff 

τff 
, (1) 

 dg = 

∫ 
Ṁ eff d t, (2) 

˙
 d , inflow = 

M dg 

τvis 
, (3) 

˙
 BH = Ṁ d , inflow − Ṁ wind . (4) 

ere, Ṁ eff is the ef fecti ve accretion rate that the gas falls into the
mall disc, τ ff ≡ r in /(2 GM BH / r in ) 1/2 is the free-fall time-scale from
he inner boundary to the small disc, M dg is the total mass of small
isc, τvis ≡ 1 . 2 × 10 6 ( M BH / 10 9 M �) yr is the instantaneous viscous
ime-scale, Ṁ d , inflow is the accretion rate from the small disc to the 
ccretion disc, and Ṁ wind is the mass-loss rate via the disc wind. The
alculation of the mass flux of the wind will be given in the following
aragraph. 
The bolometric luminosity is calculated by L bol = εthin Ṁ BH c 

2 , 
ith εthin is the radiative efficiency of the standard thin disc and is

et to be 0.1. Although there have been numerous theoretical studies
n the wind launched from a thin disc (e.g. Wang, Bu & Yuan 2022 ),
ince the observational data is very abundant, we directly use the 
tatistical results of the mass flux and velocity of wind as a function
f L bol (Gofford et al. 2015 ). Following Yuan et al. ( 2018 ), the mass
ux and velocity of the wind from cold mode can be described as 

˙
 wind , cold = 0 . 28 

(
L bol 

10 45 erg s −1 

)0 . 85 

M � yr −1 , (5) 

 wind , cold = min 

( 

2 . 5 × 10 4 
(

L bol 

10 45 erg s −1 

)0 . 4 

, 10 5 
) 

km s −1 . (6) 

n equation ( 6 ), we set 10 5 km s −1 as an upper limit of the wind since
bservations indicate that the velocity of the wind will be saturated 
 Observations find that about 10 per cent of the quasars are radio loud, which 
uggests that sometimes jets still exist even though the accretion is in the cold 
ode. The physics is still not understood, so we temporarily assume in the 

aper that there is no jet in the cold mode. 

t  

i  

 

h  

t  

i  
t this value. We set the angle distribution of the wind mass flux as
˙
 ( θ ) ∝ cos 2 θ . 
When Ṁ BH � Ṁ Edd , the accretion will be in the super-Eddington 
ode. This accretion regime is neglected in Yuan et al. ( 2018 ) but is

onsidered in this work. Specifically, the mass flux and velocity of
ind as a function of Ṁ BH and radius will be taken from Yang et al.

 2023 ). In this work, they have performed three-dimensional general
elativistic radiation magnetohydrodynamical (RMHD) numerical 
imulations of a super-Eddington accretion flow around a black 
ole and analyse the data using the ‘virtual particle trajectory’ 
pproach, which can loyally reflect the motion of fluid elements and
iscriminate turbulence and real wind, to obtain the wind properties. 
he radiative efficiency as a function of Ṁ BH is taken from fitting

he three-dimensional RMHD simulation data of Jiang et al. ( 2019 ).
he mass flux and velocity of wind and the radiative efficiency of

he super-Eddington accretion flow are described by 

˙
 wind , super = 

(
r d 

45 r s 

)0 . 83 

Ṁ BH , (7) 

 wind , super = 0 . 15 c, (8) 

super = 0 . 21 

(
100 Ṁ BH 

Ṁ Edd 

)−0 . 17 

. (9) 

ere, r d is the outer boundary of the super-Eddington accretion 
ow. The angle distribution of the mass flux is set to 0 ◦−30 ◦ and
50 ◦−180 ◦. 
When the accretion rate is lower than 2 per cent Ṁ Edd , the accretion

s in hot mode. The accretion flow consists of a truncated cold
isc outside r tr and a hot accretion flow within this radius (Yuan &
arayan 2014 ). The truncation radius is described by 

 tr ≈ 3 R s 

[
2 × 10 −2 Ṁ Edd 

Ṁ ( r in ) 

]2 

, (10) 

here R s is the Schwarzschild radius. MHD numerical simulations 
ave shown the existence of strong wind in hot accretion flows (Yuan
t al. 2012 ; Narayan et al. 2012 ). Using three-dimensional general
elativity MHD numerical simulation data and ‘virtual test particle 
rajectory’ approach, the properties of wind as a function of accretion
ate and black hole spin have been obtained (Yuan et al. 2015 ; Yang
t al. 2021 ). On the observational side, we are accumulating more
nd more observational evidence for wind from hot accretion flows 
e.g. Wang et al. 2013 ; Cheung et al. 2016 ; Park et al. 2019 ; Ma
t al. 2019 ; Shi et al. 2021 ). Ho we ver, these observ ations still cannot
rovide a good constraint on the properties of the wind. So in this
aper, following Yuan et al. ( 2018 ), we adopt the results obtained in
uan et al. ( 2015 ). The BHAR, mass flux, and velocity of the wind

rom hot mode are described as 

˙
 BH = Ṁ ( r in ) 

(
3 r s 
r tr 

)0 . 5 

. (11) 

˙
 wind , hot = Ṁ ( r in ) 

[ 

1 −
(

3 r s 
r tr 

)0 . 5 
] 

, (12) 

 wind , hot = (0 . 2 − 0 . 4) v K ( r tr ) , (13) 

here v K ( r tr ) is the Keplerian velocity at truncated radius. Based on
he analysis of Yuan et al. ( 2015 ), the angle distribution of the wind
s set to 30 ◦−70 ◦ and 110 ◦−150 ◦ in Yuan et al. ( 2018 ) and this work.

F or the radiativ e efficienc y of the hot accretion flow, our model
as adopted the findings of Xie & Yuan ( 2012 ). It is important to note
hat, unlike the standard thin disc, the efficiency of hot accretion flow
s lower and dependent on the accretion rate. The radiation efficiency
MNRAS 524, 5787–5803 (2023) 
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 hot can be described as 

 hot ( Ṁ BH ) = ε 0 

(
Ṁ BH 

0 . 1 L Edd /c 2 

)a 

. (14) 

he values of parameter ε 0 and a can be found in Xie & Yuan
 2012 ). 

.3 Interaction of AGN outputs with ISM 

fter the AGN outputs are obtained, we implement them into our
imulations. For AGN wind, we treat it as a source term. We add
he energy, momentum and mass of the wind into the innermost two
rids of the simulation region. Then the energy, momentum, and
ass of the wind will automatically transport to a large scale in the

imulations. 
For AGN radiation, we consider the heating and radiation pressure.

he radiation pressure is due to electron scattering and the absorption
f photons by atomic lines. The radiative heating and cooling
ere calculated in Sazonov et al. ( 2005 ). The radiative heating

nd cooling terms include bremsstrahlung, Compton heating and
ooling, photoionization heating, line and recombination continuum
ooling. Compton temperature is required to calculate Compton
eating/cooling. Its value is determined by the spectral energy
istribution of the AGN. In the case of cold accretion mode, its
alue has been studied in Sazonov et al. ( 2005 ), which is T C,cold =
 × 10 7 K. In the case of hot accretion mode, the spectrum is
ompletely different and much harder than the cold mode (Ho 1999 ).
he value of Compton temperature in this regime was calculated in
ie, Yuan & Ho ( 2017 ), which is about ten times higher than T C,cold 

nd is adopted in MACER . 

.4 Galaxy model 

ollo wing pre vious work (Ciotti et al. 2009 ), the dark matter halo
nd stellar distribution are set to a static, spherically symmetric
istribution. The initial total stellar mass M � is set to be 3 × 10 11 M �.
he stellar distribution is adopted to the Jaffe (Jaffe 1983 ) profile: 

� = 

M � r J 

4 πr 2 ( r J + r) 2 
, (15) 

here r J is the Jaffe radius. r J is set to 6.9 kpc in our simulations. The
orresponding ef fecti ve radius r e is 9.04 kpc. The one-dimensional
tellar velocity dispersion σ 0 is set to be 260 km s −1 . The ef fecti ve
adius r e and the stellar velocity dispersion σ 0 are chosen to let
he galaxy obey the fundamental plane (Djorgovski & Davis 1987 )
nd Faber–Jackson relation (Faber & Jackson 1976 ). The black hole
ass M BH is set to be 1 . 8 × 10 9 M �, which obeys the M BH −σ relation

Kormendy & Ho 2013 ). The total density profile is assumed to be
n isothermal sphere. The dark matter mass and virial radius are
 × 10 13 M � and 513 kpc at z = 0. 
In this paper, we only consider galaxies with low angular momen-

um. Since the rotation of the galaxies is slow, we can calculate
he stellar velocity dispersion σ � by Jeans equation. The stellar
elocity dispersion is an important parameter for calculating the
hermalization of stellar mass-loss, which is a significant part of
tellar feedback in elliptical galaxies. 

.5 Star formation and stellar feedback 

he model of star formation, stellar mass-loss, and stellar feedback
re based on a previous work (Ciotti & Ostriker 2012 ), but we use
he tabular mass-loss 
 M ( M � , Z � ) (Karakas 2010 ; Doherty et al.
014a , b ; Nomoto et al. 2013 ) in this work. The stellar feedback
NRAS 524, 5787–5803 (2023) 
ncludes thermalized stellar wind, SN Ia, and SN II. Since the
tar formation rate (SFR) is relati vely lo w in elliptical galaxies,
he stellar feedback is dominated by the thermalization of stellar
ind and SN Ia feedback. For detailed descriptions of stellar mass-

oss and stellar feedback, please refer to Ciotti & Ostriker ( 2012 ).
 brief introduction will be given below. Compared to Ciotti &
striker ( 2012 ), the stellar metallicity is considered, affecting the

tar’s mass-loss rate. We set a static stellar metallicity profile. We
lso consider the stellar yields. Like the mass-loss, the tabular metal
elease 
 Z ( M � , Z � ) is used. This part of the model will be introduced
n Section 2.5.3 . 

.5.1 Star formation 

he star formation model is the same as the previous work, except
hat we consider the density and temperature thresholds for star
ormation, as widely adopted in numerical simulation works due to
he insufficient resolutions. In this work, we require that gas can only
e converted into stars if its density is higher than 1 cm 

−3 and the
emperature is lower than 4 × 10 4 K. 

.5.2 Stellar mass-loss and stellar feedback 

he same as previous work, the stellar mass-loss rate following the
tellar evolution theory (Maraston 2005 ) can be described by 

˙
 � = IMF ( M TO ) | Ṁ TO | 
M, (16) 

here IMF( M � ) is the initial mass function (IMF) and is set to
alpeter IMF, M TO is the turn-off mass of the star, 
 M is the total
ass-loss of a star of M TO . Unlike previous work, we use the turn-off
ass given in Cristallo et al. ( 2015 ), which is a function of the age

f the stellar population and the stellar metallicity. 
Following Spolaor et al. ( 2010 ), we set the radial profile of star
etallicity as 

 Z/Z �)( r) = exp [ −0 . 23 log ( r/r e )] + 0 . 3 . (17) 

he stellar mass-loss rate can be calculated using equation ( 16 ). 
The SN Ia is also the same as previous work. The SN Ia feedback

nergy is added to the simulation uniformly in the form of thermal
nergy. Ho we ver, Recent works (Li et al. 2020a , b ) show that the
nhomogeneity of the ISM due to the SN feedback will enhance
he net heating rate. To take this effect into account, we increase
he energy of Stellar Feedback by a factor of 1.4 (Miao Li, pri v ate
ommunication). 

Follo wing pre vious work, the mass return due to the massi ve star
nd energy output from SN II is calculated by 

˙II = SFR ·
∫ M max 

8 M � IMF ( m ) 
M( m, Z � )d m ∫ M max 

M min 
IMF ( m ) m d m 

, (18) 

˙
 II = SFR · E II 

∫ M max 

8 M �
IMF ( m )d m, (19) 

here M min and M max is the lower and upper limit of IMF, E II is the
nergy released by single SN II, and 
 M ( m , Z � ) is the total mass
f the star during its evolution, which is a function of stellar mass
nd stellar metallicity. Here, we assume that M max is 40 M �, M min 

s 0 . 5 M �, and E II is 10 51 erg. 

.5.3 Stellar yields 

ince the metallicity will affect the gas cooling rate, we include the
tellar yield in this work. Similar to the mass return from the old star
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escribed in equation ( 16 ), we can calculate the metal release from
he mass-loss of the old star by 

˙
 � = IMF ( M TO ) | Ṁ TO | 
Z, (20) 

here 
 Z is the total metal release of a star with mass M TO . 
By assuming IRA, the metal release from the mass return of a

ewly formed star is similar to equation ( 18 ), which is expressed as 

˙
 II = SFR ·

∫ M max 

8 M � IMF ( m ) 
Z( m, Z � )d m ∫ M max 

M min 
IMF ( m ) m d m 

, (21) 

here 
 Z ( m , Z � ) is the metal release as a function of the stellar mass
nd metallicity. 

 C O S M O L O G I C A L  INFLOW  

e veral pre vious works have included the cosmological inflo w based
n the MACER framework (Gan et al. 2019 , 2020 ; Ciotti et al. 2022 ).
o we ver, the fate and impacts of inflow on the galaxy evolution have
ot been fully investigated in those works. In this paper, we use the
llustrisTNG simulation data to implement cosmological inflow into 
ur simulations to investigate these questions. 
Many theoretical studies (Kere ̌s et al. 2005 ; van de Voort et al.

011 ; Nelson et al. 2013 ) suggest that the cosmological inflow can
e classified into two modes: the hot mode and the cold mode. For
he hot mode, the gas inflow into the dark matter (DM) halo is close
o the virial temperature, and the angle distribution is approximately 
pherically symmetric. In contrast, the temperature of the inflow gas 
f cold mode is relatively low and is in the form of filaments. There
xists a critical mass of galaxies abo v e which the cosmological flow
s dominated by the hot mode and vice versa. This critical mass is
round 10 12 M � (Kere ̌s et al. 2005 ; Correa et al. 2018a ). Since we
ocus on massive galaxies above this critical halo mass, we only 
onsider the hot inflow. We will simulate the cold filament flow in
uture work. 

.1 Inflow data from TNG 

e extract the inflow gas property from the public data of Illus-
risTNG 

2 (Nelson et al. 2019 ) to implement it into our simulations.
he IllustrisTNG project is a suite of state-of-the-art cosmologi- 
al magnetohydrodynamical simulations, including several subgrid 
odels such as star formation and stellar feedback, BH accretion 

nd feedback, etc. The IllustrisTNG project was run using a moving- 
esh code AREPO 

3 (Springel 2010 ). The TNG project includes three 
ifferent simulations with different resolutions and simulation boxes: 
NG50, TNG100, and TNG300. We extract the inflow gas data in 
ark matter haloes of comparable mass to the ones we simulate from
NG100 (Springel et al. 2018 ; Pillepich et al. 2018 ; Marinacci et al.
018 ; Naiman et al. 2018 ; Nelson et al. 2018 ). 

.2 Determining the gas accretion history 

o determine the gas accretion history of a DM halo in a cosmological
imulation, one should identify a single dark matter halo and its
erger tree. The public data of IllstrisTNG provide friends-of-friends 

FoF) halo catalogues and use SUBFIND algorithm (Springel et al. 
001 ) to identify the subhaloes within F oF haloes. F or the subhaloes
 https://www.tng-pr oject.or g/data/
 https:// arepo-code.org/ 

t
a  

0  

h

resented in the simulation, IllstrisTNG provides two distinct merger 
rees in the public data: SUBLINK (Rodriguez-Gomez et al. 2015 )
nd LHALOTREE (Springel, Di Matteo & Hernquist 2005 ). In this
ork, we use the SUBLINK merger tree and trace back the gas

ccretion history of the main leaf progenitors. 
Some previous works (Kere ̌s et al. 2005 ; van de Voort et al. 2011 ;

orrea et al. 2018b ) measure the gas accretion rate by counting the
as elements in current subhaloes but not in its previous progenitors.
t is a good scheme when we want to investigate the inflow gas prop-
rties and gas accretion history. Ho we ver, such a method is unsuitable
or us to extract the inflow gas information and add it to our grid-based
ode as a boundary condition. In this work, we use a scheme similar
o the one described in Faucher-Gigu ̀ere, Kere ̌s & Ma ( 2011 ). The
as accretion or outflow is determined within a fixed radius. Once
his radius is selected, we count all the gas elements within a ring
ith a thickness of 
 p around the radius. Then the inflow rate is

alculated by 

˙
 in = � p M p v p ( < 0) /
 p . (22) 

e repeat calculating the inflow rate by increasing 
 p until Ṁ in 

onverges. The gas accretion rate calculated in this scheme is 
nstantaneous. 

.3 Inflow gas properties 

ince our work focuses on the evolution of 2 Gyr-old massive
lliptical galaxies in which most of the stars have already formed, we
dd the following filters to select the haloes from TNG100 simulation
ata: 

(i) The halo mass should be ∼ 10 13 −14 M � at z = 0, which is
imilar to our simulated galaxy. 

(ii) The mass ratio of halo at z = 1.6 and z = 0 should be less than
. Since our simulated galaxy potential is static, we select the DM
aloes that do not grow too rapidly. 
(iii) The ratio of stellar mass at z = 1.6 and z = 0 should be less

han 2. Since we presume the simulated galaxies already formed at
 Gyr after the big bang, we add this filter to ensure that the selected
alaxies do not gain much more stars from that time on. 

(iv) The central velocity dispersion should be 200 −300 km s −1 at
 = 0. 

After adding the abo v e-mentioned filters, we selected 20 galaxies
rom TNG100 data. The inflowing gas properties are shown in Fig.
 . The dark matter halo masses in selected haloes grow from ∼
 × 10 12 M � to ∼ 2 × 10 13 M �. Since our simulations set a static
ark matter halo, this set-up may be slightly inconsistent with the
ccretion and growth of dark matter. The figure also shows that the
nflow rate, metallicity, sound speed, radial velocity, and rotational 
elocity of the inflowing gas change with the cosmic age. Ho we ver,
he range of change is not v ery large. F or simplicity, we assume that
he properties of inflowing gas do not change with time. Since the
old inflow rate is much lower than the hot inflow, as shown in Fig.
 , we only consider the spherical hot inflow. In our fiducial model,
he inflow rate, radial velocity, square of sound speed, metallicity, 
nd rotational velocity are set to be 100 M � yr −1 , 0.5 v vir , 0.8 v 2 vir ,
.18 Z �, and 0, respectively, where v vir is the virial velocity of DM
alo and Z � is the solar metallicity. 
MNRAS 524, 5787–5803 (2023) 
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M

Figure 1. The time evolution of the median value of the halo mass, inflow rate, metallicity, square of sound speed, radial velocity, and rotational velocity of the 
hot gas inflow for the selected galaxies extracted from TNG100 data. The shaded areas represent the corresponding values in the 25th and 75th percentiles in 
selected galaxies. 
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 SE T-UP  O F  M O D E L S  

.1 Model set-up 

he current MACER uses two-dimensional axisymmetric spherical
oordinates ( r , θ , φ). The inner and outer boundaries of the simulation
omain are located at 2.5 pc and 500 kpc, corresponding to less than
he Bondi and virial radius, respectively. Our fiducial simulations
ave 240 × 60 grids in the r −θ plane. The mesh is divided
omogeneously in the θ direction, while we use a logarithmic mesh
NRAS 524, 5787–5803 (2023) 
n the radial direction. A small range of θ around the axis is excluded
o a v oid the singularity. With such grids, the finest resolution is
chieved in the innermost grid, ∼0.3 pc. Such a configuration
nsures that the innermost region, where the AGN radiation and
ind interact between AGN outputs and the ISM is the strongest,
as the highest resolution. The radially inner and outer boundary
onditions are set to the inflo w–outflo w boundary based on Roe
iemann solvers. At the pole, the boundary condition is set to 

ymmetry. 
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Unlike our previous works, we add gas as the initial condition to
he simulation domain. The distribution is set to be an β model at
arge radii and a power-law distribution at small radii: 

gas ( r) = 

{ 

ρ0 (1 + ( r/r c ) 2 ) −3 / 2 β r > r c 

ρ0 / 2 ( r/r c ) α r ≤ r c 
, (23) 

here r c is set to be 6.9 kpc, β to be 2/3 based on observations
Anderson, Bregman & Dai 2013 ), and the power index α is set to
e −1, which is consistent with some observations of the massive 
llipticals (Wong et al. 2014 ; Russell et al. 2018 ). 

We set the initial baryon fraction in our simulated galaxies to be
0 per cent cosmic mean baryon fraction. Our set-up for the gas
rofile has a more extended core than observations (Werner, Allen & 

imionescu 2012 ). We find that the simulation will quickly turn to a
uiescent state within ∼2 Gyr after the start of the simulation. 

.2 Reference models 

o investigate the fate and impacts of cosmological flow in massive 
alaxies, we have run six models. The descriptions of these six
odels are listed in Table 1 . In the ‘Fiducial’ model, all of the

eedback processes and cosmological inflow described in Section 
 are adopted. The ‘NoAGN’ model is the same as the ‘Fiducial’
odel, except that it does not include AGN feedback. Similarly, the 

NoSN’ model does not include SN feedback, while the ‘NoFB’ 
odel does not include both AGN and SN feedback. Finally, the 

NoInflow’ model does not include the cosmological inflow, while 
he ‘3Inflow’ model includes three times of inflow rate adopted in the
Fiducial’ model. Since the ‘Fiducial’ model has a ‘quenching’ phase 
t ∼2 Gyr, we restart the ‘Fiducial’ model at 6 Gyr to run ‘NoAGN,’
NoSN,’ ‘NoFB,’ ‘NoInflow,’ and at 7.5 Gyr to run ‘3Inflow’ 
odels. 

 RESULTS  

n Section 5.1 , we present an o v erview of the evolution of the galaxy
f the ‘Fiducial’ model, including the evolution of the BHAR and 
FR. In Section 5.2 , we focus on the trajectory of the cosmological

nflow and its spatial distribution. We find that the inflow cannot 
nter the galaxy but stops at ∼20 kpc. To study the physical reasons
hy the inflow will stop, we investigate the ratio of the gas pressure
radient and gravity and the radial mixing in Section 5.3 . Section 5.4
urther investigates how the gas pressure is established. We especially 
iscuss whether the AGN and stellar feedbacks are essential in this
rocess. Section 5.5 discusses the effects of cosmological inflow on 
he SFR and BHAR in the galaxy . Finally , in Section 5.6 , we discuss
he impacts of AGN feedback on the cosmological inflow. 

.1 Ov er view of the ‘Fiducial’ model 

he left-hand panel of Fig. 2 shows the time evolution of SFR and
HAR in the ‘Fiducial’ model from 7.5 to 12 Gyr. The middle
nd right-hand panels show the results of the other two models; we
ill discuss them later. From the figure, we can see that the BHAR
scillates around 10 −2 M � yr −1 ( ∼ 10 −3 Ṁ Edd ) with an oscillation 
mplitude fluctuating o v er three orders of magnitude. The star
ormation activity is also intermittent, and the value of SFR is
ypically much lower than 10 −3 M � yr −1 . Such an SFR is far below
he star-forming main sequence (SFMS; Noeske et al. 2007 ). 

Fig. 3 shows the snapshot of the gas number density, temperature, 
adial velocity, and inflow gas abundance of the ‘Fiducial’ model at 
ifferent scales at 7.875 Gyr when an AGN outburst occurs. We can
ee that the distributions of these quantities are quite inhomogeneous. 
he velocity distribution shows some complicated inflow-outflow 

ountain-like structures. From the third row of the figure, we can see
hat a strong outflow from the AGN leads to many hot bubbles and
ipples. A forward shock is present at r ∼ 2 kpc, possibly the relic
f a former outburst. Some large eddies appear at larger radii, relics
f AGN outbursts in the further past. From the fourth row of the
gure, a strong AGN wind produces an evident shock. The front of
 forward shock is evident at r ∼ 0.5 kpc. Inside the forward shock
s a thick high-temperature layer of gas, which is shock-heated ISM.

e also find the formation of some cold gas, likely due to the lifting
f low-entropy gas from the centre (Li et al. 2015 ; Voit et al. 2017 )
r the growth of local thermal instability (McCourt et al. 2011 ). 

.2 How deep can the cosmological inflow enter the galaxy? 
imulation results of the ‘Fiducial’ model 

he fourth column of Fig. 3 shows the distribution of the inflow
bundance at 7.875 Gyr in the ‘Fiducial’ model. The abundance is
he gas ratio of the cosmological inflow to the total mass. The top
anel shows that the cosmological inflow mixes with the ‘original’ 
as in the galaxy and forms a complex pattern. Ho we ver, from the
econd panel, we can see that the cosmological inflow roughly stops
t ∼20 kpc. In most regions outside 20 kpc, the cosmological inflow
bundance is larger than 0.5, while within this radius, the abundance 
uickly drops to almost zero. 
To obtain an o v erall picture of the gas composition in the galaxy,

e have drawn the radial distributions of the abundances of AGN
ind, stellar loss abundance, and cosmological inflow using the 

imulation data from 7.5 to 12 Gyr. Fig. 4 shows the gas fraction,
he average density originating from various sources and the total 
as density in the ‘Fiducial’ model. Here, ‘fraction’ is defined as the
atio of the gas mass from various sources, including AGN wind,
ass-loss from stellar evolution, and cosmological inflow, to the 

otal gas mass at the given radius integrated overall θ values. For the
nitial gas, most of it has been expelled out of the halo, and the rest
ontributes around 20 per cent of the total gas outside 10 kpc. Since
t is a subdominant component in the simulated galaxy, we ignore it
n this work. Also shown in the figure is the time- and θ -averaged
umber density of various gas components by the solid black lines
nd the number density of the total gas by the black dashed lines. It
an be seen from the figure that the abundance of inflow is nearly
s large as o v er 80 per cent at large radii, then drops sharply at
20 kpc, consistent with Fig. 3 . The stellar loss abundance is ∼1 at
 −20 kpc, while within 1 kpc, the gas is the mixture of the AGN
ind and the stellar loss. The abundance of AGN wind is o v er 90
er cent at r � 10 −2 kpc, then gradually decreases with increasing
adius. When the AGN wind is powerful, it can reach beyond 10 kpc.
rom Figs 3 and 4 , we can infer that the cosmological inflow cannot
nter the centre of the galaxy and fuel the star formation and black
ole accretion directly in massive galaxies. Almost all inflowing gas 
nally becomes part of circumgalactic media (CGM) and is blocked 
utside ∼20 kpc. 

.3 Why can the cosmological inflow not enter the galaxy? 

rom the abundance of inflow gas shown in Fig. 3 , we can see a
lear boundary at ∼20 kpc between the inflow gas and the original
as in the galaxy. Why can the inflow not continue to fall within this
adius? Ph ysically, the reason wh y the inflow is stopped at a specific
adius must be due to the force acting on the gas, combined with the
initial velocity’ of the gas. Consider a cloud of cosmological inflow
MNRAS 524, 5787–5803 (2023) 
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Figure 2. Time evolution of SFR (red lines) and BHAR (black lines) in the ‘Fiducial’ ( left panel ), ‘NoInflow’ ( middle panel ) and ‘3Inflow’ ( right-hand panel ) 
models. The translucent lines represent data with a time interval of 10 4 yr, while the opaque line represents data with a 100 Myr average. 

Table 1. The descriptions of different models. 

Model AGN feedback SN feedback Cosmological inflow 

Fiducial � � � 

NoAGN � � � 

NoSN � � � 

NoFB � � � 

NoInflow � � � 

3Inflow � � 3 × inflow rate 
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as, and we neglect its angular momentum. Then two dominant
orces acting on it are the gradient of gas pressure ∇P gas , usually
utwards, and the gravitational force ρ∇� . Here, P gas should come
rom the background gas surrounding the cloud, ρ is the density of
he cloud, and � denotes the gravitational potential. For simplicity,
et us assume that the cloud’s density equals the background gas.

e have calculated the ratio of these two forces ∇ P gas / ρ∇ � as a
unction of radius averaged over all θ angles. The results at different
imes are shown in Fig. 5 . The solid blue line represents the median
alue of the ratio. From the figure, we see that the ratio has a large
catter. For the median value, the ratio is smaller than one outside
200 kpc, i.e. the net force is inwards at that region, implying that

he inflow velocity keeps increasing in this region. Within ∼200 kpc,
o we ver, the gas pressure gradient becomes larger than the gravity,
o the inflow decelerates in this region and should finally stop at a
ertain radius. 

While the abo v e force analysis can pro vide us a physical insight
f why the inflow should stop at a certain region, it is difficult to
btain a quantitative estimation to the value of stop radius. For this
im, we have performed a convective stability analysis by calculating
he entropy gradient. From the bottom right-hand panel of Fig. 11 ,
e find that between ∼20 kpc and the outer boundary, the entropy
radient is flat, implying that the flow is conv ectiv ely unstable and
trong inflo w–outflo w motion should be present in this region, 4 which
ill determine the stop radius. This convection is likely driven by the
GN feedback, as have been pointed out by Yang & Reynolds ( 2016 )

n the context of AGN feedback in a galaxy cluster. The inflow thus
an be carried by the conv ectiv e motion and finally stops at ∼20 kpc.

To clearly illustrate this scenario, Fig. 6 shows the time-averaged
et radial mass flux, which is a sum of the radial flux through all
NRAS 524, 5787–5803 (2023) 

 We note that mixing might be underestimated under our 2D axisymmetric 
imulation due to reduced surface mixing areas and needs to be better 
uantified in full 3D simulations in the future. 

t  

i  

t  

o

ells at a given radius, as well as the absolute radial mixing flux,
hich is the sum of the absolute value of radial flux through all cells.
he figure shows that the mass flux is ne gativ e outside ∼70 kpc and
ecomes positive inside ∼70 kpc, indicating that the ‘o v erall’ inflow
otion stops at this radius. This result is consistent with the analysis

f Fig. 5 . From the outer boundary until ∼20 kpc, the absolute flux is
arger than the net mass flux, indicating radial mixing in this region
ue to convection. This is why the stop radius is 20 kpc. 
The force ratio depends on the density contrast between the inflow

nd the ‘original’ gas in the galaxy, among other things. The analysis
or Fig. 5 assumes that the density of the inflow and the ‘original’ gas
s identical. The background gas is usually in hydrostatic equilibrium.
uppose the density of the inflow gas is higher than the background
as. In that case, we will have ∇ P gas � ρ∇ � , so the inflow will keep
oving inwards until it stops at a radius where the density of the

nflow is roughly equal to that of the surrounding background gas;
o we expect that the ‘stop radius’ should be smaller if the density
f the injecting inflow is higher. This is why cold, dense clumps can
asily fall onto the centre of the galaxy. 

To test this issue, we check the results of the ‘3Inflow’ model.
he higher mass flux in this model is achieved by increasing the
ass density of the inflow at the outer boundary of our simulation

omain. Similar to Fig. 4 , in Fig. 7 , we draw the radial distribution of
he abundances of AGN wind, stellar loss, and cosmological inflow
ithin 7.5–12 Gyr for the ‘3Inflow’ model, together with the density
rofiles of each component and their sum. Compared with the results
f the ‘Fiducial’ model, the fraction of inflowing gas in 1 −10 kpc
an reach ∼ 10 per cent , significantly higher than the ‘Fiducial’
odel. 
Similar to Fig. 6 , we have also calculated the radial fluxes for

he ‘3Inflow’ model. The top left-hand panel of Fig. 9 shows the
ime-averaged net radial mass flux and absolute radial mass flux
or the ‘3Inflow’ model. Similar to Fig. 6 , we can also see that
he net mass flux has a similar structure between the ‘3Inflow’
odel and the ‘Fiducial’ model. Ho we ver, the inflo w region at the

uter part of the halo in the ‘3Inflow’ model is larger than in the
Fiducial’ model, with the boundary of inflow and outflow being
0 kpc in the ‘3Inflow’ model. This result is consistent with our
nalysis that the higher inflow rate with higher density will make
he cosmological inflow goes deeper in the galaxy. We also note that
he absolute mass flux is larger than the net mass flux at all radii,
mplying that the radial mixing will take the cosmological inflow
o reach the centre of the galaxy. This is consistent with the result
f Fig. 7 . 
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Figure 3. Snapshots of gas density, temperature, radial velocity, and inflow gas abundance at t = 7.875 Gyr with different scales for the ‘Fiducial’ model. The 
inflow gas abundance indicates the proportion of the gas coming from the cosmological inflow. From top to bottom, each row represents the snapshot of various 
physical quantities within the virial radius, 5 r e , r e , and 1 kpc, respectively. 
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.4 The roles of AGN and stellar feedbacks on blocking the 
osmological inflow 

n Section 5.3 , we show that the gradient force of gas pressure is
he main force that balances the gravitational force and prevents 
he cosmological inflow from entering the g alaxy. The g as pressure
epends on the distributions of density and temperature of the gas,
hile the temperature is determined by the heating and cooling 
rocesses, among other things. SN Ia and AGN feedback are 
MNRAS 524, 5787–5803 (2023) 
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Figure 4. The radial distributions of the abundances of AGN wind, stellar mass-loss, and cosmological inflow in the fiducial model stacked using simulation 
data at different times ranging from 7.5 to 12 Gyr. The depth of the colour, therefore, represents the time probability distribution. The solid line in each plot 
represents the time- and θ -averaged density of gas from AGN wind, stellar mass-loss, and cosmological inflo w, respecti vely. While the dashed line represents 
the total gas density. The simulation data from 7.5 to 12 Gyr is used for the time average. 

Figure 5. The stacked radial distribution of the ratio of radial gas pressure 
gradient and gravitational acceleration in the fiducial simulation using 
simulation data ranging from 7.5 to 12 Gyr. The depth of the colour represents 
the time probability. The solid blue line represents the median value of 
the ratio, and the horizontal dashed black line represents the force ratio 
equal to 1. 

Figure 6. The time-averaged net radial mass flux (sum of radial flux through 
all cells at given radius) and absolute radial mixing flux (sum of the absolute 
value of radial flux through all cells) in ‘Fiducial’ Model from 7.5 to 12 Gyr. 

t  

w  

b
 

o  

s  

W  

i  

F  

f  

r  

w
 

r  

b  

t  

t  

f
 

‘  

m  

s  

T  

‘  

t  

i  

T  

d  

fi  

h  

s  

r  

i
 

s  

a  

‘  

s  

O  

n  

i  

O  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5787/7221662 by U
niversità di Bologna - Sistem

a Bibliotecario d'Ateneo user on 18 April 2024
wo dominant heating mechanisms. In this section, we investigate
hether they are essential in constructing the gas pressure and
locking the cosmological inflow. 
For this aim, similar to Fig. 4 , we first calculate the gas fraction

f various gas sources in the ‘NoAGN,’ ‘NoSN,’ and ‘NoFB’
imulations and compare their results with the ‘Fiducial’ model.
e then can know whether the cosmological inflow can enter deeper

nto the galaxy when the AGN and SN feedback processes are absent.
ig. 8 shows the results. Similar to the ‘Fiducial’ model, we can see
rom the figure that the cosmological inflow is also blocked at certain
adii. The stop radius in the ‘NoAGN’ and ‘NoFB’ models is ∼10 kpc
hile it is ∼30 kpc in the ‘NoSN’ model. 
In the ‘NoFB’ model, the fraction of the cosmological inflow can

each ∼ 10 per cent at the inner region from r ∼ 10 kpc to the inner
oundary of the simulation domain. In this model, ∼ 90 per cent of
he gas comes from the stellar mass-loss. In the ‘NoAGN’ model,
his fraction decreases significantly, while in the ‘NoSN’ model this
raction almost decreases to zero. 

Comparing the gas density in the two models without AGN (i.e.
NoAGN’ and ‘NoFB’ models) shown in Fig. 8 and the ‘Fiducial’
odel shown in Fig. 4 , we can see that the density in the former is

everal times higher than in the latter at the inner region of the galaxy.
his is, of course, because of the absence of heating by AGN in the

NoAGN’ and ‘NoFB’ models. On the other hand, we note that, in
hese two models, even though there is no heating from AGN, the gas
n the galaxy remains roughly hot, and no catastrophic cooling occurs.
o understand this result, we calculated the gas cooling time-scale at
ifferent radii and compared it with the local inflow time-scale. We
nd that the former is al w ays larger, implying that the gas does not
ave enough time to cool down. Physically, the long cooling time-
cale is because the gas density is still low. The inflow time-scale is
elatively short partly due to the small angular momentum of the gas
n the simulated galaxy. 

To understand the values of the stop radius in different models
ho wn in Fig. 8 , follo wing Fig. 6 , we have calculated the time-
veraged net radial and absolute mass fluxes in the ‘NoAGN,’
NoSN,’ and ‘NoFB’ models. The results are shown in Fig. 9 . We can
ee from the figure that the ‘NoAGN’ and ‘NoFB’ models are similar.
utside ∼50 kpc, it is an o v erall inflow region (i.e. the net flux is
e gativ e), followed by an o v erall outflow re gion (i.e. the net flux
s positive) with decreasing radius and then an inflow region again.
utside ∼10 kpc, the absolute flux is larger than the net radial flux

n these two models, implying strong convection in this region. This
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Figure 7. Similar to Fig. 4 , but for the ‘3Inflow’ model. 

Figure 8. Similar to Fig. 4 , but for ‘NoAGN’ (top), ‘NoSN’ (middle), and ‘NoFB’ (bottom) models. 
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xplains why the values of the stop radius of cosmological inflow 

n these two models are both ∼10 kpc. Different from these two
odels, the net mass flux in the ‘NoSN’ model is positive at all radii.
his is because the AGN in this model is much stronger, triggering
tronger outflow. Outside 30 kpc the absolute mass flux is larger than
he net radial mass flux, implying convection there and explaining 
he stop radius of 30 kpc shown in Fig. 8 . At last, it is interesting to
ote that a convection region within ∼100 pc that is present in both
he ‘Fiducial’ and ‘NoSN’ models disappears in the ‘NoAGN’ and 
NoFB’ models, implying that the convection is triggered by AGN 

eedback. 
The abo v e results suggest that the gas pressure to block the

osmological inflow mainly comes from the thermalized stellar 
ind instead of SN and AGN feedback. First, the temperature of

he thermalized stellar wind is determined by the Jeans equation, 
he typical temperature of thermalized stellar wind is around the 
irial temperature, and the thermal energy of the thermalized stellar 
ind is comparable to its gravitational energy. More importantly, the 
MNRAS 524, 5787–5803 (2023) 
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Figure 9. Similar to Fig. 6 , but for the ‘3Inflow,’ ‘NoAGN,’ ‘NoSN,’ and ‘NoFB’ models. 
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tellar wind is the dominant gas source in the galaxy. The continuous
aterials supply provides a stable hot gas core at the centre, blocking

he cosmological inflow. 
It is worth considering which has a more significant impact on

re venting inflo w – SN or AGN feedback – ev en though both hav e
 smaller effect than stellar wind. Fig. 8 shows that the inflow
raction in the ‘NoSN’ model is very similar to that in the ‘Fiducial’
odel. Ho we v er, the av erage density of the gas from cosmological

nflow in the inner region in the ‘NoAGN’ model is higher than that
n the ‘NoSN’ and ‘Fiducial’ models. This result implies that the
GN feedback is the secondarily important mechanism to block the
osmological inflow in addition to the thermalized stellar wind. To
nderstand this result, we have calculated the total energy emitted
y the AGN and the SN for the ‘Fiducial’ model during the whole
volution period. We find that the former is roughly one order of
agnitude larger than the latter. 5 From the second row of Fig. 8 , we

an also see that AGN wind can propagate to ∼80 kpc. Considering
he shock produced by the wind, the energy produced by the AGN can
e transported even further. While for the stellar feedback, its energy
an only deposit within ∼r e , which is ∼7 kpc in our simulations.
iven the higher energy output and farther energy transport distance,
e can understand why the AGN feedback significantly impacts
NRAS 524, 5787–5803 (2023) 

eating the gas compared to SN feedback. 

 This result will be further discussed in Zhu et al. (in preparation). 

o  

a  

t  
.5 The effects of cosmological inflow on SFR and BHAR 

t is often assumed that cosmological inflow is a vital gas source for
tar formation and black hole accretion (S ́anchez Almeida et al. 2014 ;
eGraf et al. 2017 ). We now quantitatively evaluate the effects of

osmological inflow on SFR and BHAR. We do this by comparing
he values of SFR and BHAR in the ‘Fiducial’, ‘NoInflow’, and
3Inflo w’ models, sho wn in Fig. 2 . We find that the BHAR and SFR
re roughly the same for the ‘Fiducial’ and ‘NoInflow’ models. The
ain reason is that the cosmological inflow hardly enters the region
ithin ∼20 kpc in both simulations, while star formation mainly
ccurs in the central region of the galaxy. Ho we ver, in the ‘3Inflo w’
odel, we find that the inflow significantly enhances both the SFR

nd BHAR compared to the ‘Fiducial’ model, with the BHAR and
FR increased by ∼5 times and 3 orders of magnitude, respectively.
To obtain more quantitative results, we further show the fraction

f cumulative time above the BHAR and SFR of these three models
rom 8 to 12 Gyr in Fig. 10 . The figure shows that the duty cycle
f BHAR and SFR in the ‘Fiducial’ and ‘NoInflow’ models are
imilar. Less than 0.01 per cent of the time, the values of BHAR
n both models are abo v e 10 −2 Ṁ Edd , and the AGN enters the cold
ode. Only around 10 per cent of the time, the values of SFR in

oth models are greater than 10 −7 M � yr −1 . Ho we v er, the duty c ycle
f the ‘3Inflow’ model is significantly different from the ‘Fiducial’
nd ‘NoInflow’ models. In the ‘3Inflow’ model, the BHAR is larger
han 10 −2 Ṁ Edd at > 1 per cent of the time, while almost all of the
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Figure 10. The fraction of the cumulative time abo v e the corresponding SFR and BHAR in the ‘Fiducial,’ ‘NoInflo w,’ and ‘3Inflo w’ models from 7.5 to 12 Gyr. 
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6 If we also take into account all component of the gas, i.e. AGN wind, 
cosmological inflow, stellar mass-loss, and initial gas, the net flow rates at 
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ime, the SFR is larger than 10 −7 M � yr −1 . We conclude that the
osmological inflow can significantly enhance SFR and BHAR if the 
nflow rate is large enough. 

To investigate why the BHAR and SFR are high in the ‘3Inflow’
odel, we have shown the median radial profile of gas number 

ensity, temperature, cooling time, and entropy for ‘NoInflow,’ 
Fiducial,’ and ‘3Inflow’ models using their simulation data from 7.5 
o 12 Gyr from in Fig. 11 . The figure shows that the profiles of these
our quantities within ∼10 kpc are very similar for the ‘Fiducial’ 
nd ‘NoInflow’ models. Based on Sharma et al. ( 2012 ), the thermal
nstability will be triggered when the cooling time-scale is shorter 
han 10 times the free-fall time-scale in the hot halo. Ho we ver, in
oth models, we can see from the figure that cooling time does not
all below 10 times free-fall time-scale within 10 kpc. Although out 
f 10 kpc, the gas density in the ‘Fiducial’ model is higher than
he ‘NoInflow’ model due to cosmological inflow in the former, 
he thermal state of the gas in the inner region does affect the star
ormation and black hole accretion. Since the gas density and cooling 
ime of the ‘Fiducial’ and ‘NoInflow’ models within 10 kpc are 
imilar, the SFR and BHAR are thus similar in these two models. 

On the other hand, the gas density in the ‘3Inflow’ model is about
0–30 times higher than the other two models. Correspondingly, in 
his model, the cooling time-scale is shorter than 10 times the free-fall
ime-scale, so we expect the significant formation of cold gas in this

odel. This result explains why the SFR and BHAR are significantly 
igher than the other two models. 
What is the reason for enhancing density in the galaxy in the ‘3In-

ow’ model? We would like to point out that density enhancement is
ot because of the additional material supply from the cosmological 
nflow. From Fig. 7 , we can see that the inflowing gas fraction within

10 kpc is only ∼20 per cent, so the gas in the galaxy is dominated by
he stellar mass-loss, as we have emphasized before. This question 
as been investigated in Voit et al. ( 2020 ). Voit et al. ( 2020 ) have
roposed that the CGM pressure at the outer boundary will enhance 
he central pressure and density in the galaxy . Mathematically , this is
ecause the outer boundary conditions will determine the solution of 
ifferential equations to some degree. The gas density (and pressure) 
t the outer region in the ‘3Inflow’ model is 3 times higher than
he other two simulations, which will increase the gas density in 
he galaxy. Moreo v er, such an increase in gas density will result in
tronger cooling, further increasing the gas density. This explains 
0
hy the gas density in the whole galaxy in this model is 20–30 times
igher than in the other two models. Then why are the gas density in
he ‘Fiducial’ and ‘NoInflow’ models similar, although the density in 
he ‘Fiducial’ model is higher than the ‘NoInflow’ model at the outer
oundary? Voit et al. ( 2020 ) argue that this is because a critical value
f density (or pressure) exists at the outer boundary. Only when the
ensity at the outer boundary is higher than this value does the outer
oundary condition significantly affect the density in the galaxy. The 
xistence of this critical value is because thermalized stellar wind 
rovides the main source of gas pressure in the galaxy. A high gas
ensity will make the gas vulnerable to thermal instability and the
ormation of cold gas (Sharma et al. 2012 ) and stars. This is why the
FR and BHAR in the ‘3Inflow’ model are the highest. 

.6 The influences of AGN feedback on CGM 

ome previous works have studied the effects of AGN feedback on
he cosmological inflow (Somerville & Dav ́e 2015 ; Correa et al.
018b ). F or e xample, Zinger et al. ( 2020 ) has analysed the TNG data
nd found that AGN feedback can heat the inflow. In this section,
n MACER framework, we also investigate the influence of AGN 

eedback on cosmological inflow, which is accumulated in the CGM 

egion. 
For this aim, we have first compared the evolution of the net rate of

he gas coming from the cosmological inflow at three different radii
n the ‘Fiducial’ and ‘NoAGN’ models. Fig. 12 shows the results.

e can see from the figure that, in both models, most of the time,
he inflow is really inflowing (since it is ne gativ e). The inflow rate
ecreases inwards. Taking the ‘Fiducial’ model as an example, the 
ates at 0.1 r vir , 0.3 r vir , and 0.8 r vir averaged in 7.5–12 Gyr are −0.32,
6.26, and −43 M � yr −1 , respectively. 6 The rapid decrease of the 

nflow rate with decreasing radius result again indicates that only a
mall fraction of the cosmological inflow can reach a small radius,
nd most of them are accumulated in the CGM region, consistent
ith Fig. 4 . In the case of the ‘Fiducial’ model, we can find the

ntermittent occurrence of the outburst of outflow. This is most 
MNRAS 524, 5787–5803 (2023) 

.1 r vir , 0.3 r vir , and 0.8 r vir will be 1.08, −4.99, and −35 M � yr . 
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M

Figure 11. The median radial distribution of number density, temperature, cooling time, and entropy in the ‘Fiducial,’ ‘NoInflow,’ and ‘3Inflow’ models. The 
values are obtained by calculating the median value using the simulation data from 7.5 to 12 Gyr. 
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shown in Fig. 13 are almost the same. 

7 By checking the simulation data, we find that the increase of entropy in the 
‘NoAGN’ model in inner halo at the final 1 Gyr is due to a high-entropy 
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bvious at 0.1 r vir . Such outbursts are almost absent in the case of
he ‘NoAGN’ model. The duration of each outburst increases with
ncreasing radii, suggesting that the outbursts are driven at small radii
nd then propagate outwards. Detailed cross-correlation analysis of
he three light curves should be able to reveal the time lag between the
utbursts at three radii, which is beyond our present work and could
e analysed in future work. Since the cosmological inflow rate we set
s constant, such variation in gas flow rate and the galactic outflows

ust be triggered by strong AGN activities. The presence of some
eaks in the blue line of the ‘Fiducial’ model seems to indicate that
GN feedback can affect the cosmological inflow as far as � 0 . 3 r vir 

y its intermittent outbursts. 
To study whether the AGN feedback can transfer energy to the

GM re gion, we hav e calculated the time evolution of gas entropy
ensity in three different regions of the galaxy in the ‘Fiducial’ and
NoAGN’ models, namely the ‘galaxy’ (red line), ‘inner halo’ (blue
ine), and ‘outer halo’ (black line) regions. The results are shown
n Fig. 13 . We can see from the figure that, within 0.1 r vir (i.e. in
he ‘galaxy’ region), the entropy in the ‘Fiducial’ model is higher
NRAS 524, 5787–5803 (2023) 

c

nd has much stronger oscillations compared with the ‘NoAGN’
odel. Within 0.1 −0.3 r vir (i.e. the ‘inner halo’ region), the entropy

n the ‘Fiducial’ model is also significantly larger than the ‘NoAGN’
odel most of the time. 7 Outside 0.3 r vir (i.e. the ‘outer halo’ region),

he time evolution of entropy in both models is almost the same.
hese results indicate that the AGN feedback can heat the gas
utside 0.1 r vir . 
The abo v e results are consistent with our previous analysis of

GN wind abundance shown in Fig. 4 . The left-hand panel of Fig.
 shows that the AGN wind can reach ∼80 kpc, which is beyond
.1 r vir ∼ 50 kpc, thus can transport the AGN energy at least to that
adius. Since the AGN wind cannot reach 0.3 r vir , this explains why
he entropy of the outer halo of the ‘Fiducial’ and ‘NoAGN’ models
lump flowing into this region. 



Elliptical galaxies with cosmological inflow 5801 

Figure 12. The time evolution of net flow rate of the gas coming from 

cosmological inflow at different radii from 6 to 12 Gyr in the ‘Fiducial’ ( top 
panel ) and ‘NoAGN’ ( bottom panel ) models. The value of the gas flow rate is 
averaged with 125 Myr. The red, blue, and dark green lines represent the net 
flow rate at 0.1 r vir , 0.3 r vir , and 0.8 r vir , respecti vely. Positi ve v alues represent 
outflo w, while negati ve ones represent inflow. The dashed line represents 
the cosmological inflow rate we set at the outer boundary in these two 
models. 
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Figure 13. Time evolution of gas entropy in different regions in the ‘Fiducial’ 
( top panel ) and ‘NoAGN’ ( bottom panel ) models. The red, blue, and dark 
green lines represent the gas entropy within 0.1 r vir , between 0.1 r vir and 0.3 
r vir , and outside 0.3 r vir , respectively. 
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 SUMMARY  

n this paper, we have performed a two-dimensional high-resolution 
ydro-dynamical simulation to investigate the fate and impacts 
f cosmological inflow in the elliptical galaxy in the framework 
f MACER . In this framework, the inner boundary of the simu-
ation is small enough to resolve the Bondi radius so that the
ccretion rate of the central black hole can be reliably deter- 
ined, and state-of-the-art AGN physics is adopted. The time 

volution data of the physical properties of the cosmological 
nflow is extracted from the IllustrisTNG cosmological simula- 
ions (Fig. 1 ) and implemented in our simulation at the outer
oundary. 
We start our simulation at 2 Gyr after the big bang when the

arget elliptical galaxy is already formed. To understand the interplay 
etween AGN and SN feedback and cosmological inflow, in addition 
o the ‘Fiducial’ model in which both AGN and SN feedback 
re included, and the cosmological inflow has been considered, 
e have also run five additional models for comparison purposes, 

ncluding ‘NoA GN’ (A GN is not included), ‘NoSN’ (SN is not
ncluded), ‘NoFB’ (both AGN and SN are not included), ‘NoInflow’ 
cosmological inflow is not included), and ‘3Inflow’ (3 times inflow 

ate is adopted) models. Our main results can be summarized as
ollows. 
(i) In the ‘Fiducial’ model, the cosmological inflow falls into the 
alaxy from the outer boundary but is then blocked at ∼20 kpc
nd becomes part of the CGM (Figs 3 and 4 ). For the ‘3Inflow’
odel, some fraction of the cosmological inflow can enter the galaxy,

lthough most cannot. In the region of � 10 kpc, about 10 per cent
f the gas at each radius comes from the inflow (Fig. 7 ). 
(ii) The physical reason for stopping the inflow from falling further

s found to be the gradient force of gas pressure in the galaxy (Fig.
 ). An quantitative estimation to the stop radius of the inflow can be
btained by considering the radial mixing due to conv ectiv e motion
hich is present outside ∼20 kpc (Fig. 6 ). 
(iii) Neither AGN feedback nor SN feedback is found to be the

ominant process for preventing the cosmological inflow from en- 
ering the galaxy. Instead, the thermalized stellar mass-loss provides 
he gas pressure. The stellar wind provides the main source of gas in
he galaxy while the temperature of the thermalized stellar wind has
he local virial value. 

(iv) By comparing the inflow fraction in the ‘NoAGN’ and 
NoSN’models (Fig. 8 ), we find that AGN feedback is the secondarily 
mportant mechanism for blocking the cosmological inflow after 
he stellar mass-loss, i.e. it is more important than SN feedback.
hysically, this is because the total energy released from AGN is
bout one order of magnitude larger than SN feedback, and the
aximum distance the AGN feedback energy can be transported is 
 80 kpc, which is much larger than that of SN feedback. 
(v) Although AGN feedback is not the dominant process of 

locking the cosmological inflow, its intermittent outburst can affect 
MNRAS 524, 5787–5803 (2023) 
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he gas in the galaxy as far as � 0 . 3 r vir , in terms of affecting the
otion of the gas (Fig. 12 ) and transport energy of the AGN outburst

o increase the entropy of the gas (Fig. 13 ). 
(vi) By comparing the ‘Fiducial’ and ‘NoInflow’ models, it is

ound that both the SFR and the BHAR are not strongly affected by
he inclusion of the cosmological inflow (Fig. 2 ). 

(vii) Ho we ver, compared to the ‘Fiducial’ model, the BHAR and
FR in the ‘3Inflow’ model are increased by ∼5 times and 3 orders
f magnitude respectively (Fig. 2 ). This is because the inflow in the
3Inflow’ model makes the gas density at the CGM region higher
han a critical value, which is determined by the gas supply by the
tellar evolution so that the gas density in the galaxy is increased by a
actor of 20–30. The gas density in the CGM region in the ‘Fiducial’
odel is lower than this critical value, so the gas density in the galaxy

s not affected. Higher gas density makes the hot gas more vulnerable
o thermal instability and enhances the formation of cold gas and the
alues of SFR and BHAR. 
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