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A B S T R A C T 

We study the formation and evolution of elliptical galaxies and how they suppress star formation and maintain it quenched. A 

one-zone chemical model which follows in detail the time evolution of gas mass and its chemical abundances during the active 
and passive evolution is adopted. The model includes both gas infall and outflow as well as detailed stellar nucleosynthesis. 
Elliptical galaxies with different infall masses, following a down-sizing in star formation scenario, are considered. In the chemical 
evolution simulation, we include a no v el calculation of the feedback processes. We include heating by stellar wind, core-collapse 
supernovae (SNe), Type Ia SNe (usually not highlighted in galaxy formation simulations), and active galactic nucleus (AGN) 
feedback. The AGN feedback is a no v elty in this kind of models and is computed by considering a Bondi-Eddington limited 

accretion onto the central supermassive black hole. We successfully reproduce several observational features, such as the [ α/Fe] 
ratios increasing with galaxy mass, mass-metallicity, M BH 

–σ and M BH 

–M ∗ relations. Moreo v er, we show that stellar feedback 

and in particular Type Ia SNe, has a main role in maintaining quenched the star formation after the occurrence of the main galactic 
wind, especially in low-mass ellipticals. For larger systems, the contribution from AGN to thermal energy of gas appears to be 
necessary. Ho we ver, the ef fect of the AGN on the development of the main galactic wind is negligible, unless an unreasonable 
high-AGN efficiency or an extremely low-stellar feedback are assumed. We emphasize the important role played by Type Ia 
SNe in the energy budget of early-type galaxies. 
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1  I N T RO D U C T I O N  

Metal abundances are important since they are directly related to 
stellar mass loss and supernova (SN) ejecta, and they can provide 
constraints on the history of star formation (SF), initial mass 
function (IMF), and metal enrichment history of the interstellar 
medium (ISM). Early-type galaxies (ETGs) are metal rich systems 
characterized by having high-[ α/Fe] ratios in their dominant stellar 
population, with supersolar [Mg/Fe] in the nuclei of bright galaxies 
(F aber, Worthe y & Gonzales 1992 ; Carollo, Danziger & Buson 
1993 ). This is an important indicator of the fact that elliptical galaxies 
suffered a short duration of SF, since Type Ia SNe, which occur on 
a large interval of time-scales, should not have had time to pollute 
significantly the ISM before the end of the SF, and therefore could 
not contribute to lower the [ α/Fe] ratio (according to the time- 
delay model , Matteucci 2001 ). Moreo v er, the increase of the central 
[Mg/Fe] ratio with the stellar velocity dispersion suggests, al w ays 
on basis of the time-delay model, that the more massive systems 
evolve faster than the less massive ones. This process is known as 
downsizing in star formation (Cowie et al. 1996 ; Heavens et al. 2004 ; 
Treu et al. 2005 ). 

In order to account for this trend in the SF, the monolithic model for 
the formation and evolution of ellipticals, first suggested by Larson 
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( 1975 ), assumes that ellipticals suffer an intense SF and quickly 
produce galactic winds when the energy injected into the ISM equates 
the potential energy of the gas. SF is then quenched and galaxies 
are e volving passi vely afterwards. Then, in order to reproduce the 
increasing trend of the [Mg/Fe] with galactic mass, Matteucci ( 1994 ) 
first computed models for ellipticals with a shorter period of SF in 
larger systems, assuming an increasing efficiency of SF with the 
galactic mass. As a consequence, galactic winds occur earlier in 
more massive galaxies ( inverse wind scenario ) and the [ α/Fe] ratio 
increases with galaxy stellar mass. 

Galactic outflows are both theoretically expected (Tomisaka & 

Ikeuchi 1988 ) and observationally detected (Heckman, Armus & 

Mile y 1990 ). Physically, the y are e xpected to be driv en by the 
energy released from stars and supernovae (SNe; Chevalier & Clegg 
1985 ), as well as from supermassive black holes (SMBH; Begelman, 
de Kool & Sikora 1991 ). Active galactic nucleus (AGN) feedback 
is fundamental to control the BH growth and the AGN activity 
itself, by regulating the evolution of the physical properties of the 
surrounding gas, and therefore the BH accretion and luminosity. 
Outflows and feedbacks are fundamental aspects of galaxy formation 
and e volution, ho we ver the underlying physical mechanisms are 
complex and it is still debated whether AGN feedback is the main 
driver of galaxy evolution and to what level it impacts on the physical 
properties of the bulk of the gas in galaxies (Valentini, Gallerani & 

Ferrara 2021 ). Indeed, much more investigation is still needed. There 
e xist man y theoretical works which address this important question 
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by adopting different treatments of the feedback processes: the 
energetic output is usually parametrized by invoking stellar winds, 
SNe and/or AGNs, or a combination of these. 

Results of semi-analytic works, which have been conducted in 
recent decades, point out that the most important mechanism able to 
suppress the SF activity is stellar feedback (both in form of stellar 
winds and SN explosions), at least in relatively low-mass elliptical 
galaxies (Somerville & Primack 1999 ; Benson et al. 2003 ; Bower 
et al. 2006 ; Bower, Benson & Crain 2012 ; Pan, Zheng & Kong 
2017 ). For high-mass galaxies instead, AGN feedback can efficiently 
regulate the SF activity (Silk & Mamon 2012 ; Li et al. 2018 ). On 
the other hand, theoretical studies based on large-scale cosmological 
simulations find that the energy feedback from Type II SNe alone 
is not enough to quench the SF activity, both in low- and in high- 
mass elliptical galaxies and an energy source from radiation, wind 
and radio jets from the central AGN is needed (Croton et al. 2006 ; 
Lu & Mo 2007 ; Choi et al. 2015 ; Dav ́e, Thompson & Hopkins 2016 ; 
Taylor, Federrath & Kobayashi 2017 ; Weinberger et al. 2017 ). These 
results are often a consequence of a poor modelling of the energy 
feedback from SNe, especially from Type Ia SNe, being one of the 
most difficult processes to model in galaxy-formation simulations 
(see Kawata & Gibson 2003 and references therein, but see also 
Scannapieco et al. 2006 , 2008 ; Jim ́enez, Tissera & Matteucci 2015 ). 

Ho we ver, as also pointed out by Li et al. ( 2018 ), the cosmological 
simulations, compared to analytical models, are better at capturing 
the environmental effects occurring during the cosmological evo- 
lution of galaxies, but the scales on which the feedback processes 
operate are much smaller that the typical resolution of the simulations 
and a much higher resolution is needed in order to focus on the 
relatively small scales of influence of the different feedback processes 
(even if the situation is improving in recent years: e.g. Curtis & 

Sijacki 2016 ; Costa, Pakmor & Springel 2020 ; Angl ́es-Alc ́azar et al. 
2021 ). 

Many hydrodynamical simulations have been carried out in this 
direction in order to study the feedback processes in detail, both 
focusing on the effect of the AGN feedback (Binney & Tabor 1995a ; 
Choi et al. 2012 ; Gan et al. 2014 ; Ciotti et al. 2017 ; Yuan et al. 
2018 ; Ciotti et al. 2022 ) and on the role of SN feedback (Ciotti et al. 
1991 ; Smith, Sijacki & Shen 2018 ; Lanfranchi et al. 2021 ). The 
main advantage of hydrodynamical models is that complex physical 
effects can be taken into account with high accurac y. Howev er, the 
computational times of those simulations are long and sometimes 
it is useful to search for less time-consuming solutions, usually 
represented by one-zone models. In this work, we adopt a one- 
zone chemical evolution model. These models are very detailed 
in computing the chemical abundances and can take into account 
dynamical processes in a simple way (Sazonov et al. 2005 ; Ballero 
et al. 2008 ; Matteucci 2008 ; Lusso & Ciotti 2011 ). Interesting cases 
that can be identify by those models can then be simulated in much 
more detail with hydrodynamical codes. 

In this work, we adopt an updated version of Matteucci ( 1994 ) 
chemical evolution model for elliptical galaxies, where the SN rates 
are computed in details as well as the stellar nucleosynthesis. The 
main no v elty of this model is the inclusion of the AGN feedback, 
besides that of SNe and stellar winds. In particular, we study the 
evolution of ETGs with different initial infall of gas mass (between 
10 10 –5 × 10 12 M �). The evolutionary scenario that we consider is the 
following: ellipticals are formed by infall of gas in a primordial dark 
matter halo, and its evolution is influenced by infall and outflow of 
gas as well as by stellar nucleosynthesis. The system goes through an 
early intense burst of SF, which is then quenched when strong galactic 
winds are produced and the galaxy e volves passi vely afterwards. This 

happens when the thermal energy of the gas in the ISM exceeds its 
binding energy. We study both the case in which the gas is thermalized 
only by stellar winds and SNe of all types, with particular attention to 
Type Ia SNe, and the case in which AGN feedback also contributes 
to the thermal energy of the gas. 

The paper is organized as follow. In Section 2 , we present the 
chemical evolution simulations with the basic equations which are 
used to describe the evolution of the gas mass, the nucleosynthesis 
prescriptions, and the energetic treatment. Then, in Section 3 , we 
show the results obtained when no AGN feedback is adopted. 
Section 4 is devoted to the description of the adopted treatment for 
the BH accretion, luminosity and feedback, and also results obtained 
with the new energy formulation are presented. Finally in Section 5, 
we present our discussion and conclusions. 

2  C H E M I C A L  E VO L U T I O N  M O D E L  

In order to study the chemical evolution of ETGs, we adopt a new 

model based on the main assumptions presented in Matteucci ( 1994 ) 
and similar to the most recent model of De Masi, Matteucci & 

Vincenzo ( 2018 ). The model is one zone but it can be easily extended 
to be multizone. It assumes instantaneous and complete mixing of 
gas. It is able to follow in detail the evolution of 22 chemical species, 
from H to Eu, from the beginning of SF up to the present time. It 
is assumed that galaxies form by infall of primordial gas in a pre- 
existing diffuse dark matter halo with a mass about 10 times the 
total mass of the galaxy. Stellar lifetimes are taken into account, 
thus relaxing the instantaneous recycling approximation (IRA). An 
early intense burst of SF is followed by a massive galactic wind. 
After this main wind, the galaxy can continue to loose mass or just 
stop the wind, depending on the assumptions made on feedback and 
gravitational potential, as we will describe in the next Sections. 

2.1 Basic equations 

The fundamental equations which describe the temporal evolution of 
the mass fraction of the generic element i in the gas G i ( t) have the 
following form (for details, see Matteucci 2012 ): 

Ġ i ( t) = −ψ ( t ) X i ( t ) + X i, inf ( t ) Ġ i, inf ( t ) − X i ( t ) ̇G i,w ( t ) 

+ Ṙ i ( t) − X i ( t) Ṁ BH ( t) , 

where X i ( t) is the abundance by mass of the element i at the time t 
( 
∑ 

i X i = 1), and X i, inf ( t) is the abundance of the element i of the 
infalling gas. The terms of the right-hand side of the equation are: 

(i) The first term represents the rate at which chemical elements 
are subtracted by the ISM to be included in stars. ψ ( t ) is the star 
formation rate (SFR), which represents how many solar masses of 
gas are turned into stars per unit time. The SF is assumed to stop 
as soon as galactic winds are generated. Until that moment, the 
SF follows a Schmidt–Kennicutt law with k = 1 (Schmidt 1959 ; 
Kennicutt 1998 ), so that: 

ψ ( t ) = 

{
νG ( t) k if t < t GW 

0 if t ≥ t GW 

, (1) 

where the constant ν is the SF efficienc y e xpressed in Gyr −1 and 
represents the inverse of the time needed to convert all the gas 
into stars. We assume ν to increase with the galactic mass in order 
to reproduce the so called inverse wind model (Matteucci 1994 ; 
Matteucci, Ponzone & Gibson 1998 ). 
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(ii) The second term is the rate at which the chemical elements are 
accreted through infall of gas. It is given by the following relation: 

Ġ i, inf ∝ X i, inf e 
−t/τinf , (2) 

where X i , inf represents the chemical abundance of the element i of the 
infalling gas (here assumed to be primordial and therefore with no 
metals) and τinf is the infall time-scale, defined as the time at which 
half of the total mass of the galaxy has been assembled. The reason 
for the choice of a continuous infall rather than hierarchical mergers 
to form ellipticals is due to the fact that mergers rise some important 
problems in reproducing the properties of stellar populations in these 
galaxies. In particular, in Pipino & Matteucci ( 2008 ), it was explored 
that the effect of dry mergers on the chemical properties of stars in 
elliptical galaxies. It was found that a series of multiple dry mergers 
(with no SF in connection with the mergers), inv olving b uilding 
blocks that have been created ad hoc to satisfy the [Mg/Fe]-mass 
relation observed in these galaxies, cannot fit the mass metallicity 
relation and vice versa. 
In conclusion, dry mergers alone seem not to explain the need of 
a more efficient SF in more massive galaxies, as suggested by the 
[Mg/Fe]-mass relation, as well as the late-time assembly suggested 
in the hierarchical paradigm to reco v er the galaxy downsizing. In 
addition, there are also simulations taking into account cosmological 
infall. In particular, in Colavitti, Matteucci & Murante ( 2008 ), a cos- 
mological infall law is derived based on dark matter halo properties 
and this resembles the exponential infall law predicted for the Galaxy 
(Chiappini, Matteucci & Gratton 1997 ). Therefore, we think that a 
continuous gas infall is more appropriate to reproduce the chemical 
properties of ellipticals, as we will see in the next paragraphs. 

(iii) The third term represents the outflow rate of the element i 
due to galactic winds developing when the thermal energy of the gas 
exceeds its binding energy (see Section 2.3 ). The outflow rate has 
the following law: 

Ġ i,w ( t) = 

{
0 if t < t GW 

ω i G ( t) if t ≥ t GW 

, (3) 

where ω i is the wind parameter (the so called mass-loading factor) for 
the element i . It is a free adimensional parameter tuned to reproduce 
specific observational features of the simulated galaxy. Here, we do 
not adopt differential wind, so the mass-loading factor is the same 
for all the chemical elements. 

(iv) The fourth term R i ( t ) represents the fraction of matter which is 
returned by stars into the ISM through stellar winds, SN explosions, 
and merging neutron stars (MNS), in the form of the element i . 
Namely, it represents the rate at which each chemical element 
is restored into the ISM by all stars dying at the time t . R i ( t ) 
depends on the initial mass function (IMF, φ(m)), whose different 
parametrizations adopted will be described in Section 3.1 . 

(v) Finally, the last term is the rate at which the mass fraction of 
gas in the form of the chemical element i is accreted by the BH. 
Details of this term will be further described in Section 4 . For Type 
Ia SNe, we assumed a single-degenerate scenario in which SNe arise 
from the explosion via C-deflagration of a C-O white dwarf in a close 
binary system as it reaches the Chandrasekhar mass due to accretion 
from its red giant companion. Then, following Matteucci & Greggio 
( 1986 ), Matteucci ( 2001 ), the rate is given by: 

R SNIa = A 

∫ M B M 

M B m 

d M B φ( M B ) 
∫ 0 . 5 

μm 

f ( μ) ψ( t − τm 

) d μ, (4) 

where M B is the mass of the whole binary system and M B m and M B M 
are the minimum and maximum mass of the progenitor systems equal 
to 3 and 16 M �, respectively. The parameter μ = M 2 / M B is the mass 

fraction of the secondary component of the binary system, which 
follows the distribution: 

f ( μ) = 2 γ+ 1 ( γ + 1) μγ (5) 

with γ = 2. Finally, A represents the fraction of binary systems which 
are able to give rise to a Type Ia SN explosion. It is a free parameter, 
constrained in order to reproduce the present-day observed Type Ia 
SNe rate of Cappellaro, Evans & Turatto ( 1999 ). 
For Type II SNe, their rate is computed as: 

R SNII = (1 − A B ) 
∫ M B M 

M up 

ψ( t − τm 

) φ( m ) d m 

+ 

∫ M WR 

M B M 

ψ( t − τm 

) φ( m ) d m 

+ 

∫ M max 

M WR 

ψ( t − τm 

) φ( m ) d m 

+ αIb /c 

∫ 20 

12 
ψ( t − τm 

) φ( m ) d m, (6) 

where the lower extreme of the first integral is M up , namely the 
limiting mass for the formation of a degenerate C-O core, defined 
in the range 6–8 M �. The mass M WR is the limiting mass for 
the formation of a Wolf–Rayet star. Abo v e this mass, single stars 
become Wolf–Rayet and explode as Type Ib/ c SNe. Their rates are 
represented by the last two integrals. In fact, Type Ib/c supernovae 
can originate either from the explosion of single Wolf–Rayet stars 
with masses ≥M WR , or from massive binary systems made of 
stars with masses in the range 12 ≤ M /M � ≤ 20. M max is the 
maximum mass assumed for existing stars and it can be as high 
as 100 M �. Finally, αIb /c represents the fraction of massive binary 
systems in the range 12 ≤ M /M � ≤ 20 which can give rise to SNe 
Ib/ c . 

2.2 Nucleosynthesis prescriptions 

For all the stars sufficiently massive to die in a Hubble time, the 
following stellar yields have been adopted: 

(i) For low and intermediate mass stars (LIMS in the 0.8–8 M �
range), we include the metallicity-dependent yields of Van den 
Hoek & Groenewegen ( 1997 ). 

(ii) F or massiv e stars, we assume yields of Fran c ¸ois et al. ( 2004 ). 
(iii) For Type Ia SNe, we include yields of Iwamoto et al. ( 1999 ). 
(iv) For r -process elements, we adopted the best models of 

Molero et al. ( 2021 ): r -process elements are produced by both 
MNS (with a yield of 3 × 10 −6 M � per merging event) and by 
magneto-rotational driven SNe (MRD-SNe), with a yield equal to 
that of the theoretical calculations of Nishimura et al. 2017 , their 
model L0.75. In particular, we assume that only 1 per cent of the 
stars with initial mass in the 10 –80 M � range would explode as 
MRD-SNe. 

2.3 Energy prescriptions 

The existence of a wind phase at some stage of evolution of elliptical 
galaxies is required in order to both explain the observed iron 
abundance in the intracluster medium and a v oid o v erproducing gas. 
Galactic winds develop when the thermal energy of the gas, E 

th 
gas ( t), 

exceeds its binding energy E 

b 
gas ( t) (see Matteucci 1994 ; Bradamante, 

Matteucci & D’Ercole 1998 ): 

E 

th 
gas ( t) ≥ E 

b 
gas ( t) . (7) 
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In the next sections, we will focus on the description of the different 
contributions to those two terms. 

2.3.1 Gas thermal energy 

The gas thermal energy is given by the sum of the thermal energy 
deposited in the gas by SN explosions, E 

th 
SN ( t), stellar winds E 

th 
wind ( t) 

and AGN feedback E 

th 
AGN ( t): 

E 

th 
gas ( t) = E 

th 
SN ( t) + E 

th 
wind ( t) + E 

th 
AGN ( t) . (8) 

In this section, we will focus on the contribution by SNe and stellar 
winds. The AGN feedback is further described in Section 4 . 

In particular, E 

th 
SN ( t) is given by the contribution of both Type II 

SNe ( E 

th 
II , here Type Ib/c SNe are included in the Type II SNe) and 

Type Ia SNe ( E 

th 
Ia ), while E 

th 
wind ( t) is given by the contribution of both 

stellar winds from massive stars ( E 

th 
W 

) and winds from LIMS ( E 

th 
σ ). 

So that: 

E 

th 
SN ( t) = E 

th 
II ( t) + E 

th 
Ia ( t) , 

E 

th 
wind ( t) = E 

th 
W 

( t) + E 

th 
σ ( t) . (9) 

We have: 

E 

th 
II ( t) = 

∫ t 

0 
εII R II ( t 

′ ) d t ′ , 

E 

th 
Ia ( t) = 

∫ t 

0 
εIa R Ia ( t 

′ ) d t ′ , 

E 

th 
W 

( t) = 

∫ t 

0 

∫ m up 

8 
φ( m ) ψ ( t ′ ) εW 

d m d t ′ , 

E 

th 
σ ( t) = 

∫ t 

0 

∫ 8 

0 . 8 
φ( m ) ψ ( t ′ ) σ 2 ( t ′ ) d m d t ′ , (10) 

with σ 2 = 0.335 GM ∗( t )/ R e being the stellar velocity dispersion. R II 

and R Ia are the rates of Type II and Type Ia SNe, respectively, that 
we showed in the previous section, and the terms εII/Ia and εw are the 
energies injected into the ISM from SN explosions and stellar winds 
from massive stars, respectively. In particular: 

εII = ηII E 0 , 

εIa = ηIa E 0 , 

εW 

= ηW 

E W 

, (11) 

where E 0 = 10 51 erg is the total energy released by a SN explosion 
and E wind = 10 49 erg is the energy injected into the ISM by a typical 
massive star during its all lifetime. ηII , ηIa , and ηW 

are the efficiencies 
of energy transfer from SN Type II, Type Ia, and stellar winds into 
the ISM, respectively. According to Cioffi, McKee & Bertschinger 
( 1988 ), due to significant cooling by metal ions, only a few per cent of 
the initial 10 51 erg can be provided to the ISM by Type II SNe. On the 
other hand, since Type Ia SNe explosions occur in a medium already 
heated by Type II SNe, they can contribute with a higher percentage 
of their energy budget (Matteucci & D’Ercole 2001 ; Matteucci & 

Recchi 2001 ; Recchi, Pipino et al. 2002 ; De Masi et al. 2018 ). In this 
work, we assumed an efficiency of 3 per cent for Type II SNe and 
stellar winds (see Bradamante et al. 1998 ; Melioli & de Gouveia Dal 
Pino 2004 ) and tested three dif ferent v alues for Type Ia SNe: 80, 30, 
10 per cent, simulating different cooling conditions. 

2.3.2 Gas binding energy 

Following Bertin et al. ( 1991 ), elliptical galaxies have their luminous 
mass embedded in massive and dif fusi ve dark matter halos. In this 

context, the binding energy of the gas can be expressed as: 

E 

b 
gas ( t) = W L ( t) + W LD ( t) , (12) 

where W L ( t ) is the gravitational energy of the gas due to the luminous 
matter, given by 

W L ( t) = −q LG 
M gas ( t) M L ( t) 

R e 
, (13) 

with M L ( t ) being the total baryonic mass at the time t , R e the ef fecti ve 
radius, and q L = 1/2. W LD ( t ) is the gravitational energy of the gas 
due to the interaction of luminous and dark matter: 

W LD ( t) = − ˜ ω LD G 

M gas ( t) M DM 

R e 
, (14) 

where M DM 

is the mass of the dark matter halo and 

˜ ω LD = 

1 

2 π

R e 

R DM 

[
1 + 1 . 37 

(
R e 

R DM 

)]
(15) 

is the interaction term with R DM 

being the radius of the dark 
matter halo. According to Bertin et al. ( 1991 ), the relations for the 
gravitational interaction between the gas mass and the total luminous 
mass of the galaxy, and between the gas mass and the dark matter are 
valid for R e / R DM 

defined in the range 0.10–0.45, at least for massive 
elliptical galaxies. Here, we adopted R e / R DM 

= 0.1, since that was 
considered being the best value in previous works (e.g.: Matteucci 
1992 ; De Masi et al. 2018 ). 

2.3.3 Galaxy binding energy 

The binding energy of the galaxy is given by: 

E 

b 
gal ( t) = B L ( t) + B LD ( t) , (16) 

where B L ( t) is the gravitational energy of the galaxy due to the 
luminous matter, given by 

B L ( t) = −q LG 
M 

2 
L ( t) 

R e 
, (17) 

and B LD ( t) is the gravitational energy of the galaxy due to the 
interaction between luminous and dark matter: 

B LD ( t) = − ˜ ω LD G 

M L ( t) M DM 

R e 
. (18) 

3  RESULTS  

The model for the chemical evolution of elliptical that we run is 
similar to one of the best models reported by De Masi et al. ( 2018 ) 
(their model 02b), who used a chemical evolution code similar to the 
one used here. 

The model explores the evolution of elliptical galaxies in the 
baryonic mass range 10 10 –5 × 10 12 M �. The ef fecti ve radius R e 

increases with the baryonic mass, and according to the inverse wind 
scenario (Matteucci 1994 ), the SF efficiency ν increases as well 
while the infall time-scale τ decreases. 

In Table 1 , we report the adopted parameters. In particular, in the 
1 st , 2 nd , 3 rd , and 4 th columns, we report the adopted infall mass, the SF 

efficiency, the infall time-scale, and the ef fecti ve radius, respecti vely. 
In the 5 th , 6 th , and 7 th columns, we report the predicted final stellar 
mass, time of the onset of the galactic wind, and present day Type Ia 
Sne rate. In the last column, we report the adopted IMF. In particular, 
according to De Masi et al. ( 2018 ) models with constant IMF for 
galaxies of different mass fail in reproducing the observed trends 
with galactic mass. They tested a varying IMF and found a better 
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Table 1. Parameters of the model described in section 3 . We adopted different values for the SF efficiency ν, the infall 
time-scale τ , and the ef fecti ve radius R eff (columns 2, 3, and 4, respectively) for the different infall masses M i (column 1). 
In column 5, 6, and 7, we report the predicted final stellar mass M ∗f , the predicted time for the onset of the galactic wind t w , 
and the predicted rate of Type Ia SNe R Ia . Finally, on the last column, we specify the adopted IMF. 

M i (M �) ν (Gyr −1 ) τ i (Gyr) R e (kpc) M ∗f (M �) t w (Gyr) R Ia (SN/century) IMF 

1 × 10 10 3.0 0.5 1 1.0 × 10 9 0.37 0.004 Scalo 
5 × 10 10 6.0 0.4 2 1.5 × 10 10 0.35 0.031 Salpeter 
1 × 10 11 10 0.4 3 2.0 × 10 10 0.33 0.072 Salpeter 
5 × 10 11 15 0.3 6 1.5 × 10 11 0.33 0.524 Arimoto & Yoshii 
1 × 10 12 22 0.2 10 2.0 × 10 11 0.25 1.178 Arimoto & Yoshii 
5 × 10 12 60 0.1 12 1.5 × 10 12 0.19 5.024 Arimoto & Yoshii 

Figure 1. Left-hand panel: Predicted abundances ratios in the ISM as functions of [Fe/H] for O, Mg, S, Zn, and Ca for an elliptical galaxy with infall gas mass 
of M i = 10 11 M �. Right-hand panel: Predicted [O/Fe] abundance ratio in the ISM as a function of [Fe/H] for galaxies with 10 10 M � (dashed line), 10 11 M �
(solid line), and 10 12 M � (dash–dotted line) initial infall masses. 

agreement with data by assuming that the IMF goes from being 
bottom heavy in less massive galaxies to top heavy in more massive 
ones, producing a downsizing in SF, fa v ouring massive stars in larger 
galaxies. The adopted IMF in this work are: 

(i) A Scalo ( 1986 ) IMF for low-mass galaxies: 

φ( m ) ∝ 

{
m 

−2 . 35 if 0 . 1 ≤ m M 

−1 
� < 6 

m 

−2 . 7 if 6 ≤ m M 

−1 
� ≤ 100 

. (19) 

(ii) A Salpeter ( 1955 ) IMF for intermediate mass galaxies: 

φ( m ) ∝ m 

−2 . 35 . (20) 

(iii) A Arimoto & Yoshii ( 1987 ) IMF for high-mass galaxies: 

φ( m ) ∝ m 

−1 . 95 . (21) 

As a first step, we try to reproduce the main chemical properties 
of the stellar populations dominating the spectra of ETGs. 

3.1 [ α/Fe] ratio and mass-metallicity relations 

Our chemical evolution code provides the evolution as a function of 
time of the abundances of chemical elements in the ISM. For instance, 

Fig. 1 shows the abundances of different α-elements for an elliptical 
galaxy of initial infall mass of 10 11 M � (left-hand panel) and the 
[O/Fe] ratios for elliptical galaxies of different infall masses (right- 
hand panel). As it is possible to see, we infer a higher [O/Fe] in the 
ISM of the more massive galaxies at fixed [Fe/H], as a consequence 
of the effect of the more efficient SFR in the brightest galaxies relative 
to the smaller ones. The metallicity of ellipticals is measured only by 
means of metallicity indices obtained from their integrated spectra. 
The most common metallicity indicators are Mg 2 and < Fe > . In 
order to pass from metallicity indices to [Fe/H] (and viceversa), one 
needs to adopt a suitable calibration. In order to compare the results 
of our models with the observed averaged stellar abundances of the 
dominant stellar populations in the galaxies in the data set, we first 
need to compute the mean stellar abundance of the element X . This 
is defined by Pagel & Patchett ( 1975 ) as: 

< X/H > ≡ < Z X > = 

1 

S 0 

∫ S 0 

0 
Z X ( S ) d S , (22) 

where S 0 is the total mass of stars ever born contributing to light at 
the present time. We recall that the right procedure should be that 
of averaging on the stellar luminosity at the present time since the 
observed indices are weighted on V -band luminosity (e.g. Arimoto & 
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Figure 2. Line-strength indices predicted by the model using Tantalo, Chiosi & Bressan ( 1998 ) calibrations together with observational data for both < Fe > 

(left-hand panel) and Mg 2 (right-hand panel). Black dots are the galaxies in the catalogue and the lines are the linear fit to the data (black line) and to the model 
(cyan line). The shaded area represents the 1 σ uncertainties, while the black dotted lines are the boundaries of the 95 per cent confident region. 

Yoshii 1987 ; Matteucci et al. 1998 ). Ho we ver, as it has been shown by 
Matteucci et al. ( 1998 ), results obtained by averaging on luminosity 
are not significantly different from those obtained by averaging on 
mass, at least for massive galaxies (see also Pipino & Matteucci 
2004 ; De Masi et al. 2018 ). Therefore, in this work, we will refer only 
to mass-averaged metallicites. Once the mass-averaged abundances 
have been determined, we can convert them into spectral indices. 
This is done by using the calibration relations derived from Tantalo 
et al. ( 1998 ), who consider the Mg/Fe ratios: ⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

Mg 2 = 0 . 233 + 0 . 217 < Mg / Fe > 

+ (0 . 153 + 0 . 120 < Mg / Fe > ) < Fe / H > , 

< Fe > = 3 . 078 + 0 . 341 < Mg / Fe > 

+ (1 . 654 − 0 . 307 < Mg / Fe > ) < Fe / H > . 

(23) 

In Fig. 2 , we compare the predictions of our model with the 
observational data. In particular, the continuous black and cyan lines 
are the linear regression of the data points and of the model results, 
respectively, with the shaded area representing the 1 σ uncertainties. 
The black dotted lines are the boundaries of the 95 per cent confident 
region. Our model fit reasonably well the observed mass-metallicity 
relation. In particular, the increasing trend of both < Fe > and 
Mg 2 is successfully reproduced, although the predicted metallicity, 
especially at high masses, is slightly to high, reflecting in a higher 
Mg 2 than the observed one. This difference could be due to different 
assumptions, such as the adopted IMF, the prescriptions for the 
yields, the adopted calibration or a combination of those factors. 
For the < Fe > , we predict a slope of m 

model 
< Fe > 

= 0 . 356 ± 0 . 084 to 
be compared to that of the best-fitting line of the observational data 
equal to m 

data 
< Fe > 

0 . 301 ± 0 . 019, while for the Mg 2 we predict a slope of 
m 

model 
Mg 2 

= 0 . 070 ± 0 . 035 to be compared to m 

data 
Mg 2 

= 0 . 062 ± 0 . 001. 
Therefore, we have shown that our models can well reproduce the 
chemical properties of ETGs stellar populations, formed before the 
time at which the galactic wind occurs. At this point, we want to study 
the passive evolution of ETGs, after the main wind and consequent 
stop of SF, and the effects of SNIa and AGN feedback. 

3.2 Energies with no AGN feedback 

We start showing the results of models where the AGN feedback is 
not considered. In Fig. 3, we show the evolution as a function of time 
of the gas thermal energy ( E 

th 
gas ), the gas binding energy ( E 

b 
gas ), and 

the galaxy binding energy ( E 

b 
gal ) for elliptical galaxies of initial infall 

mass of 10 10 , 10 11 , 10 12 , and 5 × 10 12 M �, as predicted by the model. 
As explained in section 2.3 , when the thermal energy of the gas 

heated by SN explosions and stellar winds exceeds its binding energy, 
the gas present in the galaxy is swept away, and the subsequent 
evolution of the system is determined only by the amount of matter 
and energy which is restored to the ISM by the dying stellar 
generations, namely low-mass stars, and among SNe, only Type 
Ia SNe. Therefore, a fundamental point in the evolution of elliptical 
galaxies is the time of the onset of the galactic wind, t w . In particular, 
in each panel of Fig. 3 , it is possible to see the different values of 
t w , which coincide to the points at which the gas thermal energy 
becomes larger than the gas binding energy. With increasing galaxy 
mass, the value of t w becomes smaller (as also reported in Table 1 ) 
according to the inverse wind scenario (Matteucci 1994 ). 

In order for a galaxy to be devoided of gas even after the time of 
the onset of the galactic wind, the condition E 

th 
gas ≥ E 

b 
gas must hold 

until the present time. For galaxies with mass M ≤ 10 11 M �, this 
condition is easily reached. Ho we ver, for systems of larger mass, 
and in particular for a galaxy of initial infall mass of 5 × 10 12 M �
(corresponding to a final stellar mass of 1.5 × 10 12 M �), the thermal 
energy of the gas appears to be comparable to its binding energy for 
all the evolution of the galaxy, creating a border line situation for the 
occurrence of a wind. 

In Fig. 4 , we report the evolution as a function of time of the 
different components of the total energy budget for a galaxy of initial 
infall mass of 10 11 M �. As discussed in section 2.3 , the ISM is 
heated by the thermalization of stellar motions ( E 

th 
W 

and E 

th 
σ ) and SNe 

explosions (both Type II, E 

th 
II , and Type Ia, E 

th 
Ia ). The contribution 

from Type II SNe dominates at early times but, as soon as the galactic 
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Figur e 3. Ener gy balance as a function of time for simulated elliptical galaxies with initial infall mass of 10 10 , 10 11 , 10 12 , and 5 × 10 12 M �. For each panel, 
the blue solid line represents the thermal energy of the gas E 

th 
gas , the green dashed line its binding energy, E 

b 
gas , and the grey dash–dotted line the binding energy 

of the galaxy, E 

b 
gal . 

Figur e 4. Ener gies for an elliptical galaxies with initial infall mass of 10 11 M �. Left-hand panel: contribution to the gas thermal energy by Type II SNe ( E 

th 
II ), 

Type Ia SNe ( E 

th 
Ia ), and stellar wind ( E 

th 
W 

, E 

th 
σ ). Central panel: contribution to the total gas binding energy from the gravitational energy of the gas due to 

luminous matter, W L , and the gravitational energy of the gas due to the interaction between luminous and dark matter, W LD . Right-hand panel: same as central 
panel, but for the galaxy binding energy. 
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Figure 5. Comparison between the thermal energy of the gas, E 

th 
gas (blue solid line), and its binding energy, E 

b 
gas (green dotted line), for a galaxy of initial mass 

M i = 10 11 M �, for different values of the efficiency of energy transfer from Type Ia SNe. 

wind occurs, it stops together with the contribution from stellar wind 
from massive stars. In fact, SF halts when the thermal energy of 
the gas exceeds its binding energy. After the SF has stopped, the 
galactic wind is maintained only by Type Ia SNe, which continue to 
explode until present time, and by the motion of lower mass stars. 
With a thermal energy of almost two orders of magnitude higher 
than that of stellar winds, Type Ia SNe appears to be the main drivers 
of the evolution of E 

th 
gas , after the quenching of the SF. Here, we 

assume an efficiency of energy transfer from Type Ia SNe equal to 
ηSNIa = 80 per cent , and justify our assumption by the fact that, since 
Type Ia SNe explosions occur in a medium, already heated by Type II 
SNe, they should contribute to the total amount of their energy budget 
with minimal radiative losses (see Recchi et al. 2001 ). However, we 
tested also other cases in which ηSNIa = 30 and 10 per cent , whose 
results are reported in Fig. 5 , for a galaxy of initial infall mass equal 
to 10 11 M �. As one can see, when the efficiency of energy transfer 
of Type Ia SNe gets as low as 10 per cent, the thermal energy of the 
gas appears to be almost comparable to its binding energy for all the 
galaxy evolution, so that basically the situation is the same of that 
illustrated previously in the lower right-hand panel of Fig. 3 for a 
high-mass system. 

It appears then reasonable to conclude that when no AGN feedback 
is considered, the thermal energy injected by SNe in the ISM is 
capable to both drive galactic winds at early times and to keep the 
inefficiency of the SF during the subsequent galaxy evolution. This 
is true at least for systems with M i ≤ 10 12 M �, but characterized 
by a high-Type Ia SNe efficiency of energy transfer, or for systems 
of M i ≤ 10 11 M �, but characterized by a low efficiency of energy 
transfer. Therefore, in the following sections, we will focus first on 
describing the treatment adopted to characterize the BH accretion and 
the AGN feedback, and then we will show its impact on the evolution 
and on the energy balance of a high-mass galaxy of 5 × 10 12 M �. 

4  B LACK  H O L E  AC C R E T I O N  A N D  AG N  

FE EDBACK  

In our phenomenological treatment of the AGN feedback, we 
consider only radiative feedback, thus neglecting other mechanisms 
as radiation pressure and relativistic particles, as well as mechanical 
phenomena associated with jets. It is usually assumed that SMBHs 

are assembled by mergers with other BHs and/or by accretion of the 
gas from the surrounding medium. Theoretical studies suggest that 
a seed BH with the mass in the range 10 2 –10 6 M � (Valiante et al. 
2011 ) can form either by rapid collapse of Pop III stars (Heger & 

Woosley 2002 ) or by the direct collapse of massive hot and dense gas 
clouds induced by gravitational instabilities (Bromm & Loeb 2003 ; 
Begelman, Volonteri & Rees 2006 ; Volonteri & Natarajan 2009 ). In 
this work, we consider a BH of seed mass equal to 10 6 M � which 
suffers spherical accretion of material at the Bondi rate (Bondi 1952 ): 

Ṁ B ( t) = 4 πR 

2 
B ρg c s λ, (24) 

where ρg and c s are the density and sound speed of the gas, 
respectively, and R B is the Bondi radius, namely the gravitational 
radius of influence of the BH, given by: 

R B = 

GM BH μ m p 

γ k b T V 
, (25) 

with μ being the mean molecular weight of the gas, m p the mass of the 
proton, k b the Boltzmann constant, G the gravitational constant, and 
γ the polytropic index ( γ = 1 in the isothermal case). The parameter 
λ in equation 24 is the dimensionless accretion parameter which, as 
determined by Ciotti & Pellegrini ( 2018 ) (see also Mancino, Ciotti & 

Pellegrini 2022 ), can assume a wide range of values depending on 
the galaxy structure. Here, we set λ = 2 × 10 4 for a galaxy of initial 
infall mass M i = 5 × 10 12 M �, even if this choice has a little effect, 
since the BH growth will be Eddington limited during the entire 
period of interest. The virial temperature, T V , is given by: 

T V = 

1 

3 k B 
μm p σ

2 , (26) 

with σ 2 being the stellar velocity dispersion (see Section 2.3.1 ). 
The accretion is limited to the Eddington rate, namely the accretion 

rate beyond which radiation pressure overwhelms gravity: 

Ṁ Edd ( t) = 

L Edd 

ηc 2 
, (27) 

where η gives the mass to energy conv ersion efficienc y . In this study , 
we adopt a fixed value of η = 0.1, which is the mean value for 
a radiati vely ef ficient Shakura & Sunyae v ( 1973 ) accretion onto a 
Schwarzschild BH, ignoring the possibility of radiatively inefficient 
accretion phases. 
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Figure 6. Evolution of the accretion rate, bolometric luminosity and BH mass for an elliptical galaxy of initial infall mass 5 × 10 12 M �. Left-hand panel: 
evolution of the accretion rate as a function of time. In grey dotted line it is reported the Bondi accretion rate, in grey dash–dotted line it is reported the Eddington 
accretion rate, and in cyan continuous line the resulting accretion according to equation 28 . Central panel: bolometric luminosity evolution as a function of time. 
Right-hand panel: the BH mass evolution as a function of time, with the vertical grey dotted lines indicating the mass reached by the BH after 1 Gyr. The grey 
continuous line represent the evolution of the mass of gas inside the galaxy. 

The accretion onto the BH is then 

Ṁ BH ( t) = 

{
Ṁ B ( t) if Ṁ B ( t) ≤ Ṁ Edd ( t) 
10 −3 Ṁ Edd ( t) if Ṁ B ( t) > Ṁ Edd ( t) 

, (28) 

where Ṁ B ( t) is the rate from equation 24 . The corresponding 
bolometric luminosity is computed as: 

L BH = εṀ BH c 
2 , (29) 

where ε = 0.1. As it is possible to see from equation 28 , we are using 
a reduction factor of 10 −3 to limit the maximum accretion rate. In an 
ideal simulation, the BH accretion at the Eddington rate limit would 
fluctuate in time, with shorter and shorter time-scales at increasing 
spatial and temporal resolution, since the feedback time-scale would 
decrease by moving nearer and nearer to the BH. Here, we are using 
a one-zone model with a time-step limited to 20 Myr. Therefore, in 
our simulation, in absence of the reduction factor, we would actually 
greatly o v erestimate the accretion. F or what concerns, the order of 
magnitude of the reduction factor, we explored different values in the 
range 10 −3 –1. As expected, for the value equal to unity, i.e. for an 
unphysical continuous Eddington accretion lasting 20 Myr, we found 
unrealistic results for both the BH accretion and, as a consequence, 
the BH mass M BH and luminosity L BH . Similar results are obtained 
also for a reduction factor of ∼10 −1 . Physically reliable solutions are 
obtained for a reduction factor in the range 10 −3 –10 −2 . We then chose 
the value of 10 −3 and based our consideration on Ciotti et al. ( 2017 ) 
(see also Ciotti & Ostriker 2007 ), where a duty-cycle of the order of 
10 −3 is commonly measured. In practice, the reduction factor should 
not be intended as a reduction of the feedback at the peak values 
of the AGN luminosity, but as a time-average over the length of the 
numerical time-step to be adopted in our one-zone simulations. 

Finally, we compute the energy per unit time deposited by the BH 

into the ISM as: 

Ė 

AGN 
th ( t) = ξL BH T V n̄ p , (30) 

with T V expressed in K and n̄ p being the average number of particles 
per cm 

3 near the galactic centre. We call the quantity ξ the total 
absorption coef ficient: follo wing Ciotti & Ostriker 2001 (equations 4 

and A10), this parameter can be estimated in the optical thin regime 
with values of the order of ∼3 × 10 −14 for realistic galaxy sizes 
and ISM properties. F or e xample, when ξ = 3 × 10 −14 , T V = 10 7 K, 
and ̄n p = 10 2 cm 

−3 , only ∼3 × 10 −5 is actually deposited as thermal 
energy in the ISM (see also Binney & Tabor ( 1995b )). Of course, 
this number can change significantly during the galaxy evolution. 
Therefore, due to the intrinsic and una v oidable uncertainties on 
the value of ξ in this work, we test four different values, namely: 
3 × 10 −14 , 3 × 10 −4 , 3 × 10 −2 , and 1, with this latter two being 
completely unphysical as they would certainly predict an AGN 

thermal feedback with an energy deposition larger than the available 
one. In the simulations, we used also these extreme values in order 
to be sure that we bracketed the true behaviour. 

4.1 Black hole masses and luminosities 

In Fig. 6 , we show the accretion onto the BH evolution as a function 
of time together with the corresponding bolometric luminosity and 
BH mass evolution (central and right-hand panel, respectively). 
As it is possible to see from Fig. 6 , the resulting accretion rate 
evolution is characterized by a series of spikes, each with a duration 
of 40 Myr, corresponding to the moments at which Ṁ B ≤ Ṁ E . The 
spikes are reflected into the luminosity, being this latter proportional 
to Ṁ BH (see central panel of the same Figure) and, as a consequence, 
it is characterized by a burst shape representative of the highly 
intermittent activity that QSOs may exhibit. The predicted final value 
of the luminosity is L BH = 2 . 2 × 10 44 erg s −1 , which is three order 
of magnitudes lower than the value that it assumes in the last burst, 
equal to L BH = 1 . 43 × 10 47 erg s −1 . It must be noted that with these 
values, we find a very good agreement with several observations of 
AGN bolometric luminosity both at high and at lower redshift (Dunn 
et al. 2010 ; Fiore et al. 2017 ; Izumi et al. 2021a , b ). 

The BH reaches a mass of 2 × 10 8 M � after 1 Gyr of galaxy 
evolution and a final mass of 3 . 5 × 10 9 M � at the present time. It 
is well known that there exist well-defined correlations between the 
mass of the SMBH, M BH , and the properties (e.g. velocity dispersion, 
σ , and the stellar mass, M ∗) of the spheroidal component of the 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/987/6825495 by guest on 09 July 2024

art/stac3066_f6.eps


996 M. Molero, F. Matteucci and L. Ciotti 

MNRAS 518, 987–1001 (2023) 

Figure 7. Comparison between our model predictions and observational data from G ̈ultekin ( 2010 ) for the M BH vs σ relation (left-hand panel) and for the M BH 

vs M ∗ relation with observational data from Marconi & Hunt ( 2003 ) (right-hand panel). In both panel, the solid black line is the best fit of the observational data 
and the cyan and red stars are the predictions of our model for galaxies of initial infall mass equal to 10 10 , 10 11 , 10 12 , and 5 × 10 12 M �, and for an absorption 
coefficient ξ equal to 3 × 10 −14 and 3 × 10 −2 , respectively. 

host galaxy (Magorrian et al. 1998 ). Even if there have been claims 
for a non-linear relation between M BH and M ∗ (Laor 2001 ; Wu & 

Han 2001 ), Marconi & Hunt ( 2003 ) re-established the tight linear 
relation: < M BH /M ∗> ∼ 0 . 002, in good agreement also with several 
other estimates (e.g.: McLure & Dunlop 2002 ; Dunlop et al. 2003 ; 
H ̈aring & Rix 2004 ). In Fig. 7 , we compare predictions of our 
model for galaxies of initial infall mass in the 10 10 –5 × 10 12 M �
range with estimates for the M BH vs σ (by G ̈ultekin 2010 ) and for 
the M BH vs M ∗ (by Marconi & Hunt 2003 ) relations. We remind 
σ 2 = 0.335 G M ∗( t )/ R e being the stellar velocity dispersion (see 
Section 2.3.1 ). The predictions we are showing here have been 
obtained with the physical expected value of ξ = 3 × 10 −14 , and 
show good agreement with observ ations. We sho w also what happen 
when higher values of ξ (3 × 10 −2 ) are adopted. The results change 
very little without affecting the agreement between measurements 
and predictions. This is a noticeable result, given the simplicity of 
our model. 

4.2 Energies with AGN feedback 

Fig. 8 shows the evolution as a function of time of the gas thermal 
energy ( E 

th 
gas ), the gas binding energy ( E 

b 
gas ), and the galaxy binding 

energy ( E 

b 
gal ) for an elliptical galaxy of initial infall mass of 5 ×

10 12 M �, and for four different values of the coefficient ξ (3 × 10 −14 , 
3 × 10 −4 , 3 × 10 −2 , 1). 

In the upper left-hand panel of Fig. 8 are reported results for 
models with ξ = 3 × 10 −14 . For this model, the effect of the AGN 

in the evolution of the thermal energy of the gas is totally negligible, 
and there is no difference between this situation and that in which 
AGN feedback is not considered. The coefficient ξ must be increased 
by at least ten orders of magnitude before the effect of the AGN on 
the thermal energy of the gas appears to be visible (upper left-hand 
panel of Fig. 8 ). Even if the contribution from the AGN appears to 

be no longer negligible, the time at which the galactic wind starts is 
equal to that of the models with ξ = 3 × 10 −14 and with no AGN 

feedback ( t GW 

= 0 . 19 Gyr ). Therefore, the AGN feedback cannot 
be the main cause of the formation of a galactic wind. Ho we ver, 
since its contribution to the subsequent evolution of E 

th 
gas ( t) cannot 

be neglected, its role could be crucial in maintaining quenched the 
galaxy after SF suppression. The situation drastically changes if one 
adopts a coefficient as high as ξ = 3 × 10 −2 . In this case, the total 
thermal energy of the gas, E 

th 
gas ( t), becomes completely dominated 

by the AGN feedback for all its evolution. In this model, the galactic 
wind starts also at earlier times, t GW 

= 0 . 15 Gyr , so that the AGN 

feedback seems to be its main driver. Finally, in the lower right- 
hand panel of Fig. 8 , we show the results for the energy evolution 
in the case in which ξ = 1. As one can see, the many bursts that 
characterize the shape of E 

th 
gas , are so powerful to exceed the binding 

energy of the galaxy E 

b 
gal . Since the physical consequence of this is a 

BH which could potentially disrupt entirely the host galaxy or at the 
very least remove a very large fraction of its gas, it seems physically 
unreasonable that the AGN feedback process could be so efficient. 

The situation is illustrated in more details in the upper left- 
hand panel of Fig. 9 , where we show the evolution of the different 
components of the thermal energy. When ξ = 3 × 10 −14 , the thermal 
energy due to the AGN is several orders of magnitude lower than 
that due to the other phenomena. In particular, the thermalization is 
dominated by the contribution of stellar motions and SN explosions, 
both at early and at late times (with Type II SNe being the major 
contributors at early times and Type Ia SNe and stellar motions at late 
times). The evolution of E 

th 
AGN ( t) reflects the bursty accretion history 

of the BH, as expected. Due to the high-accretion episodes that we 
described in the previous section, the BH injects powerful bursts of 
thermal energy into the surrounding gas. Ho we ver, the coef ficient 
ξ must be increased of at least ten orders of magnitude before the 
effect of the AGN on the thermal energy of the gas appears to be 
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Figur e 8. Ener gy balance as a function of time for simulated elliptical galaxies with initial infall mass of 5 × 10 12 M � and for different values of the absorption 
coefficient ξ . For each panel, the blue solid line represents the thermal energy of the gas E 

th 
gas , the green dashed line its binding energy, E 

b 
gas , and the grey 

dash–dotted line the binding energy of the galaxy, E 

b 
gal . 

visible. In fact, in this case, the bursts in the AGN thermal energy 
appears to be comparable with the energy injected by SNe and stars. 
Even if the contribution from the AGN is no longer negligible, at 
early times the thermal energy evolution is still dominated by Type 
II SNe, which continue to be the main driver of the galactic winds. 
For a coefficient ξ = 3 × 10 −2 , the thermal energy injected into the 
ISM by the AGN is larger also than that due to Type II SNe, and 
this causes the AGN feedback to be the main driver of the galactic 
wind. Finally, for the model with ξ = 1, the energy injected by the 
AGN is much larger than that due to the other phenomena and, as 
stated abo v e, this cause an unrealistic evolution of the considered 
galaxy. 

In Fig. 10, we report the evolution of the SFR as a function of time 
for the four different cases corresponding to the different values of 
ξ . As it is possible to see, the halt of the SF happens at the same 
time in the model with ξ = 1 × 10 −14 and in the model with ξ = 

1 × 10 −4 , as well as in the model in which we do not consider the 
effect of the AGN feedback. On the other hand, for the models with 
ξ = 1 × 10 −2 and 1, the SF stops at 150 and 80 Myr, respectively, 
due to the non-negligible affect of the AGN feedback at earlier 
time. 

5  C O N C L U S I O N S  

In this work, we modelled the evolution of ETGs with initial 
infall mass in the range 10 10 –5 × 10 12 M � by means of a chemical 
evolution model able to follow the evolution with time of the gas mass 
and its chemical composition during the entire galactic lifetime. In 
this first paper, we focused on the effects of stellar and AGN feedback, 
and their role in suppressing the SF in ellipticals at early times. In 
order to do that, we updated the computation of the energetic budget 
in our model which now includes, besides core-collapse and Type 
Ia SNe, both stellar winds from LIMS and AGN feedback. In this 
way, the ISM is heated by stellar winds (both from massive stars and 
LIMS), SNe of all types and AGN feedback, and whenever its thermal 
energy exceeds its binding energy a strong galactic wind is generated 
and the SF is suppressed. We recall that as far as SMBH accretion 
(and consequently AGN feedback) is concerned, we also take into 
account the effect of radiation pressure which stops accretion when 
the luminosity exceeds the Eddington luminosity. Therefore, even if 
not directly, radiation pressure influences the ISM thermal energy. 
We paid particular attention to the role of Type Ia SNe feedback in 
the suppression of SF, and the maintenance of such situation after 
the main galactic wind. 
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Figure 9. Contributions to the gas thermal energy by Type II SNe ( E 

th 
II ), Type Ia SNe ( E 

th 
Ia ), stellar wind ( E 

th 
W 

, E 

th 
σ ), and AGN feedback ( E 

th 
AGN ), for different 

values of the absorption coefficient ξ . 

5.1 Models without AGN feedback 

In the first set of simulations presented in this paper, we excluded 
the contribution of AGN feedback from the energetic budget. The 
thermal energy of the gas depends on SNe (both Type Ia and 
core-collapse), and on stellar winds (both from massive stars and 
LIMS). After the occurrence of the first galactic wind and consequent 
suppression of SF, only Type Ia SNe contribute to the thermal energy 
of the gas which is restored by low-mass stars, with the additional 
contribution of the thermalization due to the velocity dispersion 
of the ejecta from the dying low-mass stars. We first tested the 
model without AGN feedback on the chemical properties of the 
dominant stellar populations in ellipticals (e.g. mass metallicity 
relation and [ α/Fe] ratios), and selected the parameters that best 
reproduce observations. From the point of view of the energetic 
budget, the main conclusions are the following: 

(i) By assuming an efficiency of energy transfer of ηII = 3 per cent 
and of ηIa = 80 per cent for core-collapse and Type Ia SNe (see 
Recchi et al. 2001 ), respectively, all systems are able to develop a first 
massive galactic wind, when the condition E 

th 
gas ≥ E 

b 
gas is satisfied. 

The time of the onset of the galactic wind, t gw , becomes smaller at 
increasing galaxy mass, according to the inverse wind scenario of 
Matteucci ( 1994 ), and this is due to an assumed increasing efficiency 
of SF with galactic mass. 

(ii) All systems with final stellar mass � 10 12 M � can satisfy the 
condition E 

th 
gas ≥ E 

b 
gas , for the entire galaxy life, when the abo v e SN 

efficiencies of energy transfer are adopted. In other words, these 
galaxies are suffering a continuous wind for the remaining ∼12 Gyr, 
after the main early wind. Ho we ver, for higher mass systems the 
thermal energy of the gas, after the main wind, appears to be 
comparable to its binding energy for all the passive period of the 
evolution of the galaxy, thus creating a situation in which the gas is 
not lost from the system. 

(iii) If instead the efficiency of energy transfer of Type Ia SNe is 
assumed to be as low as ηIa = 10 per cent , the situation of comparable 
thermal and binding energy of the gas, after the main wind, occurs 
for systems of lower stellar mass ( ∼10 10 M �), but for all the smaller 
galaxies persists, the situation of a continuous wind triggered mainly 
by Type Ia SNe. 

Therefore, it appears reasonable to conclude that when AGN 

feedback is not considered, the thermal energy injected by Type 
Ia and core-collapse SNe in the ISM is enough for driving global 
galactic winds at early times as well as to keep the SF quenched for the 
entire period of passi ve e volution. In particular, the SF is quenched 
either in systems with stellar mass � 10 12 M �, but characterized by 
a high-Type Ia SNe efficiency of energy transfer ( ∼80 per cent), 
or in systems with stellar mass � 10 10 M �, but with an efficiency 
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Figure 10. Evolution of the SFR for a galaxy with initial infall mass of 
5 × 10 12 M �, and for different values of the absorption coefficient. 

of energy transfer as low as ( ∼10 per cent). As a consequence, it 
appears that for high-mass galaxies an additional source of energy 
should be required, in particular if the efficiency of energy transfer 
by Type Ia SNe is significantly smaller than ∼80 per cent, and this 
additional energy should be provided by the AGN feedback. 

5.2 Models with AGN feedback 

In our study, we adopted as the additional source of heating the 
AGN feedback. We considered the effects of radiative feedback on 
a galaxy with initial infall mass of 5 × 10 12 M � (corresponding to 
a final stellar mass of 1 . 5 × 10 12 M �), neglecting a direct effect 
of radiation pressure and/or other mechanisms associated with jets. 
Radiation pressure (as parametrized by the Eddington luminosity) 
plays an indirect role on ISM heating, because BH accretion and 
the associated energy injection are stopped whenever the accretion 
luminosity is larger than the Eddington one. In the simulation, the 
central BH is characterized by a seed mass of 10 6 M � and, as just 
recalled, it undergoes standard Bondi–Eddington limited accretion. 
Due to the one-zone nature of our model, we are forced to fix an 
absorption coefficient ξ , namely the fraction of accretion luminosity 
actually deposited on the ISM via Compton heating. This number, 
in hydrodynamical simulations with radiative transport, is found to 
be time dependent. Here, we use the parametrization introduced 
in Ciotti & Ostriker ( 1997 ), but we change the value by orders 
of magnitude, exploring also some unrealistic cases. As the results 
change very little even for large variations in the adopted value of ξ , 
we are confident that our conclusions are quite robust. In particular, 
we considered four dif ferent v alues for the absorption coefficient 
ξ , i.e. 3 × 10 −14 (the physically expected order of magnitude for a 
realistic gaseous atmosphere of an elliptical galaxy, see Section 4 ), 
3 × 10 −4 , 3 × 10 −2 , and 1 (unrealistically high values used to test 
the importance of AGN thermal feedback), which allowed us to 

isolate four different physical situations. We reached the following 
conclusions: 

(i) As expected, due to the indirect role of the radiation pressure 
which reduces the BH accretion whenever the accreted luminosity 
is larger than the Eddington one, the evolution of the BH accretion 
rate is characterized by a series of spikes, each with a duration of 
∼40 Myr. The spikes are reflected into the luminosity which, as a 
consequence, is characterized by a bursting shape. The predicted 
bolometric luminosities are in the range 10 44 –10 47 erg s −1 , in good 
agreement with observations. 

(ii) For absorption coef ficients belo w ξ = 3 × 10 −4 , the effect of 
the AGN on the evolution of the thermal energy of the gas is totally 
negligible with no difference between this model and the one without 
AGN feedback. 

(iii) For ξ = 3 × 10 −4 , the effect of the AGN on the thermal 
energy of the gas becomes detectable, ho we ver the time at which the 
galactic wind starts is unchanged with respect to the model without 
AGN feedback. Therefore, in this scenario, the AGN cannot be the 
main cause for the formation of a galactic wind. Ho we ver, since its 
contribution for the subsequent evolution of E 

th 
gas cannot be neglected, 

its role can be crucial in maintaining the SF quenched. 
(iv) For ξ = 3 × 10 −2 , the total thermal energy of the gas becomes 

completely dominated by the AGN feedback during the entire 
evolution. In this model, the galactic wind also sets in at earlier times 
so that the AGN feedback appears to be its main driver together with 
core-collapse SNe. 

(v) In the unphysical case in which ξ = 1, the many bursts that, 
due to the AGN feedback, characterize the shape of E 

th 
gas , are so 

powerful that they can provide an energy exceeding the binding 
energy of the entire galaxy. Therefore, we are inclined to consider 
this case physically unacceptable. 

(vi) We computed the final BH masses for galaxies of initial infall 
mass equal to 10 10 , 10 11 , 10 12 , and 5 × 10 12 M �. We succeeded in 
reproducing the observed proportionality between the stellar mass 
of the host galaxy and that of the central black hole as well as the 
Magorrian relation, without the need of stopping ad hoc the accretion. 

In conclusion, the most convincingly scenario is the one in which 
the ISM is thermalized by both AGN feedback and SNe of all 
types. When the efficiency of energy transfer of Type Ia SNe is 
∼80 per cent, core-collapse and Type Ia SNe are capable of both 
driving a global galactic wind at early times, and at keeping the SF 

quenched during the passive evolution for systems with stellar mass 
� 10 12 M �. If one adopts only an efficiency of ∼10 per cent for Type 
Ia SNe, simulating the strong cooling present in the innermost galaxy 
regions, then the galaxy stellar mass above which AGN feedback is 
necessary is ∼10 10 M �. The cooling process is indeed a complex one 
and depends strongly on the environmental conditions. When SNe 
explode in a cold and dense medium, the cooling is quite ef fecti ve. 
On the other hand, when the environment is warm and rarefied the 
cooling is ne gligible. F or e xample Recchi et al. ( 2001 ), by means of a 
dynamical model, suggested that the feedback of Type Ia SNe is more 
ef fecti ve than that from Type II SNe (Cioffi et al. 1988 ; Bradamante 
et al. 1998 ; Melioli & de Gouveia Dal Pino 2004 ), since the former 
explode in an already heated medium. When the contribution from the 
AGN is added and is characterized by the physically expected value 
for the absorption coefficient of ξ = 3 × 10 −14 , the BH feedback 
appears to be important to regulate the growth of the BH itself 
but only marginally important for the galaxy evolution. The first 
effects on the thermalization of the ISM manifest when an absorption 
coefficient ξ 
 10 −4 is adopted. In that case, the effect of the AGN 

on the development of the main galactic wind is still negligible 
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when compared to that of SNe, but it can substantially contribute in 
keeping the SF quenched during the galaxy passive evolution. This 
result is supported also by recent hydrodynamical simulations. In 
particular, Lanfranchi et al. ( 2021 ) (see also Caproni et al. 2015 , 
2017 ) investigated the effects of outflows from BHs on the gas 
dynamics in dwarf spheroidal galaxies (dSphs) by means of 3D 

hydrodynamic simulations, and concluded that, in an inhomogeneous 
ISM, the impact of the AGN outflow appears to be substantially 
reduced, and its contribution to the removal of gas from the galaxy 
is almost negligible. 
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