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ABSTRACT

Based on two-dimensional high-resolution hydrodynamic numerical simulation, we study the mechanical and
radiative feedback effects from the central active galactic nucleus (AGN) on the cosmological evolution of an
isolated elliptical galaxy. The inner boundary of the simulation domain is carefully chosen so that the fiducial Bondi
radius is resolved and the accretion rate of the black hole is determined self-consistently. It is well known that when
the accretion rates are high and low, the central AGNs will be in cold and hot accretion modes, which correspond
to the radiative and kinetic feedback modes, respectively. The emitted spectrum from the hot accretion flows is
harder than that from the cold accretion flows, which could result in a higher Compton temperature accompanied
by a more efficient radiative heating, according to previous theoretical works. Such a difference of the Compton
temperature between the two feedback modes, the focus of this study, has been neglected in previous works.
Significant differences in the kinetic feedback mode are found as a result of the stronger Compton heating. More
importantly, if we constrain models to correctly predict black hole growth and AGN duty cycle after cosmological
evolution, we find that the favored model parameters are constrained: mechanical feedback efficiency diminishes
with decreasing luminosity (the maximum efficiency being ~1073-), and X-ray Compton temperature increases
with decreasing luminosity, although models with fixed mechanical efficiency and Compton temperature can be
found that are satisfactory as well. We conclude that radiative feedback in the kinetic mode is much more important
than previously thought.
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1. INTRODUCTION

There is accumulating evidence showing that the evolution
of host galaxies is tightly related to their central supermassive
black holes (SMBHs; Fabian 2012; Kormendy & Ho 2013).
The most linkages are the strong correlations between the mass
of SMBHs and properties of the galactic spheroid, including
luminosity (Kormendy & Richstone 1995), stellar velocity
dispersion (Gebhardt et al. 2000; Ferrarese & Merritt 2000;
Tremaine et al. 2002; Giiltekin et al. 2009; Graham et al. 2011),
and stellar mass (Magorrian et al. 1998; Marconi & Hunt 2003;
Haring & Rix 2004). The general consensus is that powerful
feedback from the central active galactic nuclei (AGNs) should
play an important role in the formation and evolution processes
of their host galaxies. Simple energetic arguments indicate
that AGNs should be capable of heating the inner regions of
galaxies to offset radiative cooling and further regulate the
black hole growth (e.g., Ciotti & Ostriker 1997; Binney 2001;
Fabian 2012). Many authors have proposed and performed
successful theoretical models and numerical simulations to
investigate how the feedback plays a role. However, because
the length scales associated with AGN activity are so tiny
compared to their host galaxy, the feedback process must operate
over a huge dynamical range. This implies that the detailed
AGN feedback mechanisms must be diverse and explains why
this process is still incompletely understood (for reviews, see
Ostriker & Ciotti 2005; Peterson & Fabian 2006; McNamara

& Nulsen 2007; Cattaneo & Best 2009; Fabian 2012; Yuan &
Narayan 2014).

To study AGN feedback, ideally, we should cover the whole
range of lengths and timescales, from black hole event horizon
to the galactic scales. Obviously, such a huge dynamical range
is technically almost impossible to achieve by current two- and
three-dimensional numerical simulations. In reality, different
works focus on feedback at different scales. At the smallest
black hole accretion scale, works have been done on outflow
production driven by line force (e.g., Kurosawa & Proga 2009a,
2009b; Liu et al. 2013b) and on the radiative feedback due to
the global Compton scattering (Park & Ostriker 1999, 2001;
Yuan et al. 2009). The latter effect has been invoked to explain
the intermittent behavior of the black hole activity of some
compact young radio sources (Yuan & Li 2011). On the other
hand, many works (e.g., Di Matteo et al. 2005; Johansson et al.
2009) have focused on the much larger galactic scale, from
~100 pc to tens of kpc, and the timescale from a fraction of
Myr to several Gyr. Brighenti & Mathews (e.g., 2002, 2003;
see also Mathews & Brighenti 2003) investigated the AGN
heating in the interstellar medium (ISM) in detail and found
that the thermal feedback could break the cool-core structures
that are observed in many clusters, i.e., the overheating problem.
Gaspari et al. (e.g., 2012, 2013) performed detailed simulations
on the mechanical feedback, and they found that the mechanical
feedback is favored to solve the cooling flow problem, to explain
cold rims, and in the meantime to avoid overheating.
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Many works on AGN feedback have been done in the context
of isolated elliptical galaxies by Ciotti, Ostriker, and their
collaborators, in both one dimension (Ciotti & Ostriker 1997,
2001, 2007; Ciotti et al. 2009b; Shin et al. 2010; Ostriker
et al. 2010; Jiang et al. 2010) and two dimensions (Novak
et al. 2011, 2012). In these works, the inner boundary is small
enough to resolve the black hole accretion flow, typically a few
pc. This is important since it can compile the accretion rate
in a physical way, which is crucial to evaluate the effect of
AGN feedback (Novak et al. 2011). When the Bondi radius
(Bondi 1952) is not resolved, other more approximate methods
of estimating the accretion rate (e.g., see Springel et al. 2005)
must be utilized. The outer boundary is large enough to reach
hundreds of kpc, i.e., the galactic outskirts. The timescale
also covers a large range, from accretion timescale to galaxy
evolution timescale. The interaction of the radiation and winds
from the inner AGNs with the galactic gas and their effects on
regulating the accretion are considered, together with physical
processes such as supernova heating and star formation. Overall,
the above-mentioned works evidenced that the most satisfactory
models are the combined models with both mechanical feedback
and radiative feedback, in which mechanical feedback is very
efficient in regulating the black hole growth, and radiative
feedback can help to balance cooling and modulate the gas
dynamics on the galactic scale.

As is well known, two “modes” of AGN feedback have been
identified (Fabian 2012; Kormendy & Ho 2013). When the
mass accretion rate is relatively large, 20.1 Mgqq (Where the
Eddington rate is defined as Mggqa = 10Lggg /c?), we have
the radiative or quasar mode. In this regime, a standard thin disk
is operating in the central region of AGNs, the luminosity is high,
and a strong wind is observed (see Fabian 2012 for a review).
When the accretion rate is lower, the AGN is said to be in the
kinetic mode, also known as the “radio’ or “maintenance’ mode.
This mode corresponds to low-luminosity AGNs (LLAGNS). In
this regime, the accretion flow is expected to be in the hot
phase (Narayan & Yi 1994, 1995; see Yuan & Narayan 2014
for a recent review of the theoretical aspects of this model and
its various astrophysical applications). The spectrum from a hot
accretion flow is quite different from that of a standard thin disk,
as we will describe in more detail in Section 2.1.2. Moreover,
recent theoretical studies indicate that, in addition to jets, winds
also exist in hot accretion flows (Yuan et al. 2012; Narayan et al.
2012; Sadowski et al. 2013; Li et al. 2013). Observationally,
such a theoretical prediction has been confirmed by the Chandra
observation of the accretion flow around the SMBH in our
Galactic center (Wang et al. 2013).

The importance of radiative feedback in the quasar mode is
obvious and well recognized. However, in the kinetic mode,
the role of radiation is usually assumed to be minor compared
to mechanical feedback by winds or jets. The reasons are
possibly twofold. First, it is usually thought that the radiative
power is low compared to the kinetic power of jets. Second,
the efficiency of radiative heating of the emitted radiation on
the ISM is assumed to be not high. However, the radiative
luminosity may actually be larger than the kinetic outflow power
for luminosities ZIO‘4LEdd (Fender et al. 2003). It should be
noted that, regarding the radiative heating efficiency, it depends
not only on the bolometric luminosity but also on the spectral
energy distribution (SED). Taking the Compton heating as an
example, the Compton heating is proportional to both the total
radiative flux and the Compton temperature T¢ (defined as the
effective temperature of the radiation field; Sazonov et al. 2005),
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and the value of T is determined by the SED (see Equation (4)):
in the quasar mode, typically 7o ~ 107 K (Sazonov et al.
2005), while in the kinetic mode, as we will describe in detail
in Section 2.1.2, T¢ is likely to be as high as 10° K, which is
about two orders of magnitude higher than that in the quasar
mode (Yuan et al. 2009). Such a difference of T¢ in the two
feedback modes has not been considered in the works mentioned
above; rather, it is often assumed to maintain the same T at
different feedback modes. Therefore, the radiative feedback in
the kinetic mode could potentially be much more important than
previously thought. For example, Novak et al. (2011) studied
two models with different mechanical feedback efficiency ey .
In the first class of models (“models A”), €y is a constant. In
another family (“models B”), the efficiency decreases with the
decreasing luminosity. Although there is some initial evidence
that the assumption of model B leads to more realistic results,
Novak et al. (2011) find that model B predicts too much growth
of black hole mass and an incorrect AGN duty cycle. Will
the results be changed when we correctly consider a stronger
Compton heating in the kinetic mode? One of our main aims of
the present work is to study the effect of a variable T¢.

In the present paper, following Novak et al. (2011), we per-
form two-dimensional high-resolution hydrodynamical numer-
ical simulations to study the effect of AGN feedback on the
evolution of an isolated elliptical galaxy. Both mechanical and
radiative interactions are considered. Special attention is paid
to the effect of radiative feedback. Especially, the Compton
temperature is self-consistently determined from the different
accretion modes, and a high (consistent) ¢ is adopted when the
accretion is in the hot mode. The paper is organized as follows.
In Section 2, we introduce the physics of our model, includ-
ing how we treat mechanical and radiative feedback, the galaxy
model we adopt, and the numerical treatments of stellar mass
loss, supernovae, and star formation. The setup and boundary
conditions of numerical simulation are described in Section 3.
Our results are presented in Section 4, while Section 5 is devoted
to summary and discussion.

2. MODEL

In this section we introduce the physics of our feedback
model. Many aspects of the simulations such as the galaxy
model, the treatment of stellar evolution, and the hydrodynam-
ical equations are the same as in Novak et al. (2011); for com-
pleteness, we briefly recall them.

2.1. Physics of Radiative and Mechanical AGN Feedbacks
2.1.1. AGN Accretion and Radiation

In order to resolve the Bondi radius, we carefully choose
the inner boundary of our computational domain. Yet, since
the dynamics of accretion within the Bondi radius cannot
be resolved, we still need to use a sub-grid model to describe the
black hole accretion onto the central AGN. In order to guarantee
accretion, in the absence of explicit viscosity terms, following
Novak et al. (2011), the specific angular momentum of the gas
is assumed to be low. In this case, it is generally assumed that
a small disk will be formed at a small circularization radius®
inside the Bondi radius.

One important aspect to consider is the timescale for the gas
at the inner boundary to fall onto the black hole. This is the

6 For hot accretion, this scenario is shown to be problematic (Bu & Yuan
2014). But since this does not affect our current study, we still assume this
scenario in the present paper.
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sum of two timescales (Ciotti & Ostriker 2007; Novak et al.
2011): (1) the free-fall timescale t; from the inner boundary
to the circularization radius and (2) the accreting timescale
7, at the circularization radius, which is determined by the
viscous timescale of the small accretion disk. Once the accretion
timescale is known, it is possible to evaluate the mass accretion
rate onto the black hole. First, we can calculate easily the mass
inflow rate at the inner boundary of the simulation domain. As
we described in Section 1, only a part of the gas can finally reach
the black hole because of the mass outflow from the unresolved
inner disk. We then need to subtract the mass outflow rate to get
the net mass accretion rate Mgy at the black hole horizon and
subsequently trace the black hole growth by updating the black
hole mass at each time step.
The instantaneous radiative luminosity of the AGN is deter-
mined by
Lgn = eemMgnc?, (D

where egy is the radiative efficiency and c is the speed of light.
If the accretion flow is described by a standard thin disk (i.e.,
the AGN is in the quasar mode), the efficiency is only a function
of black hole spin and is independent of accretion rate Mpy. We
adopt egy; =~ 0.1 in the present work. When the accretion is in
the hot accretion mode (i.e., the AGN is in the kinetic mode), the
value of €gy becomes smaller and is a function of Mpy. Xie &
Yuan (2012) present a detailed study of this problem and provide
fitting formulae of egy as a function of Mpy. However, in the
present paper, in order to isolate the effect of a time-dependent
Compton temperature T, we simply follow previous works and
adopt the following recipe:

(@)

with A = 100 and ¢y = 0.1 (Novak et al. 2011; see also Yu &
Tremaine 2002). We note that the efficiency described by the
above equation is in general lower than the more exact results
presented in Xie & Yuan (2012). In the equation above, the
dimensionless mass accretion rate is defined as

Mgy €oMppc?

m :
Mgaq Lgqq

, 3

where Lgqq is the Eddington luminosity.
2.1.2. Radiative Feedback in Kinetic Mode

The interaction between the radiation and the galactic ISM
proceeds through two channels. One is via radiation pressure,
and the other is the radiative heating. When evaluating radiative
heating via Compton scattering, an important concept is the
Compton temperature, which is the energy-weighted average
photon energy of the radiation emitted by the AGN. It is defined
as (e.g., Park & Ostriker 2007)

T I [ Fyhvdv @
Tk 4[Fdv’

where F, is radiative flux and k£ and h are the Plank and
Boltzmann constants, respectively. Obviously, the value of T¢
is determined by the spectrum of the radiation from the AGN.
Sazonov et al. (2004, 2005) assessed a full range of observational
data of quasars, computed the associated SED, and finally
calculated the typical Compton temperature of bright quasars,
obtaining T¢ =~ 2.5 x 107 K. Such a temperature is well above
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the central temperature of the cooling flow gas. So it is natural to
expect that radiative feedback from quasars could have profound
effects on their host galaxies. In fact, the radiative heating can
be written as (e.g., Sazonov et al. 2005)

Hcompion = 4.1 x 1072 0%6(Tc — Tyergems™!,  (5)

where £ = 4 F/n is the ionization parameter, F is the flux of
photoionizing photons, and # is the number density of the ISM.

Now the question is, what is the value of T¢ of the radiation
spectrum produced by LLAGN:S, i.e., in the kinetic mode?
The previous works adopted the same value as in the quasar
mode. However, observations show that the spectra produced
by LLAGNs and quasars are quite different, with the most
characteristic one being the lack of the “big blue bump” in
LLAGN:Ss (e.g., Ho 1999, 2008; Chiaberge et al. 2006; Eracleous
et al. 2010; Younes et al. 2010; see also the review by Yuan &
Narayan 2014). In addition, the spectrum of LLAGNS is more
“X-ray loud” than that of quasars (refer to Figure 7 in Ho 2008).
This means that the spectra of LLAGNs are much harder than
those of quasars, i.e., there is a larger fraction of high-energy
photons. Yuan et al. (2009) have made an initial calculation
from the emitted spectrum from a hot accretion flow and found
that the corresponding Compton temperature 7¢ could be as
high as ~10° K. We would like to emphasize that there are
two caveats in this calculation. One is that such a value of
T¢ is calculated from the theoretical spectrum emitted from
hot accretion flows. In reality, since the accretion model of
LLAGN:Ss also includes a truncated thin disk (Yuan & Narayan
2014), we should also include the contribution of such a thin
disk. Thus, the best way is to directly calculate T¢ from the
observed spectra of LLAGNSs at various luminosities. Taking an
LLAGN—NGC 3998—as an example, we have calculated the
corresponding T¢ following Equation (4). The multiwaveband
spectrum of this source is combined in Yu et al. (2011). The
result is 7¢ ~ 10° K, although there are some uncertainties in
the value of the high-energy cutoff in its X-ray spectrum. This
seems to indicate that the “theoretical spectrum” adopted in
Yuan et al. (2009) is not a bad approximation, at least for some
sources, although it is still necessary to check the other sources
with various luminosities. The second caveat, which is perhaps
more important, is that the relativistic effects are not included in
Yuan et al. (2009) and Equation (4). Obviously, combining the
SED of various AGNs with various luminosities and calculating
their T¢ after taking into account all relativistic effects will be
an important work (F. Yuan et al., in preparation). Including
relativistic effects is likely to reduce the value of T, which will
then weaken the radiative heating in the kinetic mode. However,
this effect may be cancelled in some degree since the radiative
efficiency we adopt in the present paper (i.e., Equation (2)) is
lower than the exact value calculated in Xie & Yuan (2012).
Given these complications, in the present work we simply adopt
Tc ~ 10° K. Such a large value of T¢ means that even though the
bolometric luminosity of LLAGNSs is low, its radiative feedback
effects are potentially important. This is further strengthened by
the possibility that galaxies may spend most of their time in the
LLAGN phase.

In this paper we intend to evaluate quantitatively effects of
radiative feedback in the kinetic mode. To this aim, we study
two types of models, namely, model “f”” and model “v.” Model
“f” is for comparison purposes. In this model, the Compton
temperature is fixed to be Tc ~ 2 x 107 K, irrespective of
the luminosity of the accretion flow, just as in previous works
(e.g., Ciotti & Ostriker 2007; Ciotti et al. 2010; Novak et al.
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2011). In model “v,” the Compton temperature of the spectrum
is variable and is a function of the luminosity of the accretion
flow. Specifically, when the accretion rate is high, i.e., the system
is in the quasar mode, we adopt T¢ >~ 2 x 107 K; when the
accretion rate is low, i.e., the system is in the kinetic mode, we
adopt T¢ ~ 10° K.

The key question is how to treat the transition between
the radio and quasar modes. Since the physics of black hole
accretion is presumably independent of the black hole mass,
we can gain some insight from the observations of black hole
X-ray binaries. With the change of accretion rates, these kinds
of sources transit between two distinct states, namely, soft and
hard ones. The spectra of the two states are quite different,
with the hard state being much harder than the soft state. The
accretion flows in these two states are the standard thin disk
and hot accretion flows, respectively (Done et al. 2007; Yuan &
Narayan 2014), and the physics of the transition between these
two accretion modes is reviewed in Yuan & Narayan (2014).
The dividing luminosity between the two states is ~2% Lgqq
(Kalemci et al. 2013), so thatin model “v”” we adopt the Compton
temperature as

7. [25x 107K, L/Lgga > 0.02; ©
€T 11.0x 10°K, L/Lgga < 0.02.

2.1.3. Mechanical Feedback by Nuclear Winds

In addition to radiation, the nuclear wind from accretion flow
is another important channel of AGN feedback. We neglect the
role of jets since (at least for an isolated galaxy) it is believed that
jets simply drill through the surrounding gas and have little effect
on the galaxy. Winds provide mass, energy, and momentum
rushing into the ISM. The existence of wind in the quasar mode
has been directly confirmed by observations, e.g., via the broad
absorption lines in some quasars (e.g., Crenshaw et al. 2003;
Arav et al. 2005). In the case of the kinetic mode, outflows have
also been detected recently in LLAGNSs. Crenshaw & Kraemer
(2012) investigated the outflow from a sample of nearby AGNss.
Of the 10 nearby Seyfert 1 galaxies in their sample, 6 sources still
have their bolometric luminosities below 5% Lgqq. Their detailed
study of the UV and X-ray absorbers clearly shows that a strong
outflow exists in these sources. The bolometric luminosity of
one source, NGC 4395, is even as low as 1073Lggy. Most
recently, the existence of outflow in Sgr A* has been confirmed
by Chandra observations (Wang et al. 2013). Theoretically, the
existence of winds has been confirmed by MHD numerical
simulation, although agreement has not been achieved on the
mass flux of winds (Yuan et al. 2012; Narayan et al. 2012).

Following previous works, we adopt a phenomenological
approach and notate the properties of wind, namely, the fluxes
of mass, energy, and momentum, as follows (Ciotti & Ostriker
2007; Ostriker et al. 2010; Novak et al. 2011):

My = 2ew Mgyc? /vy, @)
EW = 6WMBHC2 > (8
Py = 2ew Mpuc?/vw , 9)

where vy is the velocity of the wind and ey is the mechanical
efficiency, which describes the ratio of the wind power and
the accretion power. As discussed in detail in Ostriker et al.
(2010), these expressions guarantee that the mass, energy, and
momentum carried by the wind are self-consistent.
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The velocity of the wind in the case of the quasar mode
is relatively well observed, which is roughly 10*kms~' (e.g.,
Crenshaw et al. 2003; Chartas et al. 2003; Blustin et al. 2007;
Hamann et al. 2008). In the kinetic mode, however, vy is
poorly constrained by observations. From the theoretical point
of view, Yuan et al. (2012; see also Li et al. 2013) discuss
in a preliminary essay the terminal velocity of wind based on
their MHD numerical simulation of hot accretion flow. More
systematic study is ongoing (F. Yuan et al., in preparation). In
the present work, we tentatively adopt the same vy as in the
quasar mode. As for the mechanical efficiency ey, even in the
case of the relatively better observed quasar mode, its value is
poorly constrained.

Given this situation, Ciotti et al. (2009b) considered two
prescriptions of mechanical feedback, and the corresponding
families of models were indicated as “models A” and “models
B.” For models A, both the mechanical efficiency (denoted
as e)) and the wind opening angles are independent of the
accretion rate. In models B, these two quantities vary with the
accretion rate and are arranged to be small at small accretion
rates and reach a specified maximum at the Eddington rate (see
also Novak et al. 2011). That is, we have

en, N [A]
ew =143 €l (10)
w —. L’ [B]

4 1+0.251

where | = Lgy/Lgqq. It follows that the efficiency of models
B is in general much lower than in models A. When / = 2,
the mechanical efficiency ey of models B is identical to that of
models A, but will drop rapidly with the decrease of /.

A natural question is then, which one is more realistic among
models A and B? In the case of hot accretion flow, in which
the outflow is likely mainly produced by the MHD mechanism
(Yuan et al. 2012), it is still an open question how the efficiency
changes with luminosity. But in the case of radiative line-driven
winds, numerical simulations (focused on the inner few hundred
R,, where R, = GMpy/ c? and G is the gravitational constant)
indicate that ey does fall off when the luminosity decreases
(Kurosawa & Proga 2009a, 2009b; Kurosawa et al. 2009). In
this sense, model B seems to be more realistic.

Following Novak et al. (2011), we parameterize the angular
distribution of the nuclear wind properties as

1 dg

fq(0) = 040’ 1D
where ¢ is a conserved quantity (mass, energy, or radial
momentum), Q is the total amount of the conserved quantity
to be injected, and d€2 = sinf8dOd¢ is the solid angle covered
by winds. We set f,(8) o cos?(0) so that the half-opening
angle enclosing half of the mechanical energy is ~45°. In
terms of solid angle, this means that the wind is visible from
~1/4 of the available viewing angles (Proga & Kallman 2004;
Kurosawa & Proga 2009b). This fraction is also in agreement
with observations of the fraction of obscured and unobscured
AGNs (Dai et al. 2008; Gibson et al. 2009) under the assumption
that the two populations are made up of a single population of
objects that differ only in viewing angle.

Under the above assumptions, we can conveniently introduce
in the numerical simulations the wind feedback by injecting the
desired mass, energy, and momentum into the innermost cells of
the simulation domain and self-consistently compute the radial
transport of these quantities.
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2.2. Galaxy Model: Gravity and Stellar Evolution

The gravitational potential of the galaxy is contributed to by
a dark matter halo and a stellar spheroid embedded in it, with a
central black hole. As is common, we ignore the self-gravity of
the ISM in the simulations. We note that the stellar population is
of critical importance in our galactic scale simulations because
(1) the gravity due to the stellar spheroid is dominant at the scale
of 0.1-10 kpc from the galaxy center; and (2) abundant gas will
be released during the stellar evolution, which is the main gas
resource of material fueling the black hole in our simulation.
In fact, over a cosmological time span, the evolving stellar
population will inject gas of mass summing up to ~20%-30% of
the total initial stellar mass into the galaxy, and this injected mass
is therefore ~~ two orders of magnitude larger than the black hole
mass observed in elliptical galaxies (as Mpy =~ 1073 M,; see
Magorrian et al. 1998; Pellegrini 2012). The stellar mass losses
are thermalized by the relative motion of the stars and ISM (e.g.,
Parriott & Bregman 2008); in addition, supernova explosions
provide additional sources of mass, metals, and energy. A full
description of the buildup of the gaseous halo of the galaxy,
up to onset of the first “cooling catastrophe,” has been given
elsewhere (e.g., Ciotti & Ostriker 2012). Here it is sufficient
to recall that when the ISM density reaches a critical value,
suddenly a large amount of cooling gas falls toward the center, a
part of it accretes onto the central black hole, a part forms stars,
and the remaining is expelled from the central region, until a
new cycle repeats. In other words, the stellar population not only
determines the source of the accreting gas but is also important
to the gaseous dynamics and to the black hole growth.

In the present models we adopt the Jaffe profile for the stellar
component,

M,r,

T Amr2(r, + 1)

Px 12)
where M, and r, are the total stellar mass and the scale length of
the galaxy, respectively. Observations show that the total density
distributions of ellipticals can usually be well described by an
r~2 profile over a large radial range (Rusin & Kochanek 2005;
Czoske et al. 2008; Dye et al. 2008). For this reason, we set
the density profile of the dark matter halo so that the total mass
profile decreases as 2. Finally, the initial black hole mass is
determined according to the Magorrian relation (Magorrian et al.
1998). The velocity dispersion field of the stellar population is
characterized by a central projected velocity dispersion o,, and
all the other dynamical quantities relevant for the simulations
are given elsewhere (e.g., Ciotti et al. 2009a).

We calculate the stellar evolution (according to stellar evolu-
tion theory; e.g., Maraston 2005) during the simulations follow-
ing Ciotti & Ostriker (2007, 2012) and Ostriker et al. (2010). In
practice, the mass-loss rate from the evolving stellar population
declines as M, oc t~!4, and it is injected into the computational
domain proportionally to p,.(r). Stellar evolution contributes
further to the gas dynamics via Type Ia supernova (SN Ia) ex-
plosions, which are the results of degenerate white dwarfs, e.g.,
accreting white dwarfs that finally reach the Chandrasekhar limit
and mergers of two white dwarfs (Ciotti et al. 1991). We assume
that each SN Ia ejects 10°! erg of energy and 1.4 M, of material
into the ISM. As anticipated, the SN Ia rate evolves secularly
as t~!, so that the specific heating of the injected gas increases
with time.

The metal-rich ISM is an ideal place for the onset of radiative
cooling instability, and this, in combination with AGN feedback,
leads to inevitable recurrent starbursts (Ciotti & Ostriker 2007).
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In the simulations, we compute the star formation rate at each
radius r using the standard Schmidt—Kennicutt scheme. Among
the newly formed stars, there is a population of massive stars
whose masses are >8 M. The massive stars have a relatively
short lifetime and will finally evolve to Type II supernovae (SNe
I) on a timescale of ~2 x 107 yr. As for SNe Ia, we assume that
each SN 1II ejects 10°' erg of energy into the ISM and leaves
behind a neutron star of 1.4 M.

2.3. Hydrodynamics

In our simulations, the evolution of the galaxy under the
effect of the central AGN is described by the following time-
dependent Eulerian equations of hydrodynamics (see Ciotti &
Ostriker 2012 for a full description):

ap . .
5+V-(pv)=ap*+pu—pi, (13)

om -
E_,_V.(lnv)z—Vp+,0g_vprad_nl*’ (14)

%—f+v-(Ev) = —pV-v+H—-C+Es+E +E; —E!, (15)
where p, m, and E are the gas mass, momentum, and internal
energy per unit volume, respectively, v is the velocity, p =
(y — 1)E is the gas pressure, and we adopt an adiabatic index
y = 5/3. H and C are the net rates of radiative heating and
cooling, respectively, and g is the gravitational field of the galaxy
(i.e., stars, dark matter, plus the time-dependent contribution of
the growing central SMBH). For simplicity, we do not take into
account effects of the self-gravity of ISM or the gravitational
effect of the mass redistribution due to the stellar mass loss and
star formation. The mass source term o, is the stellar mass loss
rate, and Eg corresponds to the thermalization of the stellar mass
loss due to stellar velocity dispersion. We let E; and E;; be the
feedback rates of energy from SNe I and SNe II, respectively.
Here p;; is the mass return from short-lived SNe II and p],
m}, and E;’ are the sink terms of mass, momentum, and energy
due to star formation, respectively. We briefly recall the heating
processes below; for more details we refer the readers to Ciotti
& Ostriker (e.g., 2007, 2012).

In the energy equation (Equation (15)), we include four
semianalytic heating terms, i.e., the radiative heating H, stellar
thermalization Eg, and supernova heating E; and E;;, which all
are expected in real galaxies. However, it is hard to tell which
process dominates over the others, because each heating process
plays a different role in different regions, at different times. With
stellar thermalization Eg, the ISM could be heated up onto a
level of the stellar velocity dispersion—it is not enough to drive
outflow. The heating due to supernovae (i.e., E; and E;;) is able
to drive galactic-scale outflow but only on the galactic outskirt
as the gravity is weak there, while the radiative heating H could
affect the ISM in the whole galaxy, especially in the galaxy
center. As a qualitative comparison, the relative importance of
the stellar thermalization Eg is always marginal compared to
the supernova heating, except in the innermost region where the
stellar velocity dispersion increases because of the gravity of the
SMBH. Regarding the supernova heating items, SN Ia heating
E; is related to the old stellar population, which is a secular
process, while SN II heating E;; depends on the star formation,
which is a transient process. Generally speaking, £; dominates
over Ej, except where a starburst occurs. In brief, the radiative
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heating H and stellar heating processes (E S, E 1, and E 11) play
important roles in the inner region and the outskirt of the galaxy,
respectively; of course, the relative importance also depends on
the AGN luminosity.

Radiative heating and cooling are computed by using the
formulae presented in Sazonov et al. (2005), which describe the
net heating/cooling rate per unit volume of a cosmic plasma
in photoionization equilibrium. In particular, Compton heating
and cooling, bremsstrahlung loss, photoionization, and line and
recombination cooling are taken into account.

The total radiation pressure gradient in Equation (14) can be
divided into two parts:

Vprad = (Vprad)es + (Vprad)phmo' (16)
Radiation pressure due to electron scattering is computed as

PKes LpH
¢ 4nr?’

(VPrad)es = — 17

where ke, = 0.35cm? g~ ! is the electron scattering opacity. The
radiation pressure due to all of the radiatively heating processes
is calculated simply as (see Novak et al. 2011 for details)

H
(Vprad)photo = ? (18)

3. MODEL SETUP

Following Ciotti & Ostriker (2007), we choose the galaxy
parameters so that the model obeys the edge-on view of the
fundamental plane (Djorgovski & Davis 1987; Dressler et al.
1987) and the Faber-Jackson (1976) relation, in particular,
the total stellar mass, M, = 3 x 10''Mg, and the galaxy
effective radius, R, = 6.9 kpc, plus the contribution of the dark
matter halo corresponding to a central projected stellar velocity
dispersion 0, = 260kms~! and to a stellar mass-to-light ratio
M, /Lg = 5.8 in solar units. The initial mass of the black hole
is Mgy = 1072 M, = 3 x 108 M. The gas density is initially
set to be a very low value so that the gas in the simulations
comes almost exclusively from explicit source terms arising
from stellar evolution. This is often termed “secular evolution”
to distinguish it from evolution induced by cosmological effects
(such as galaxy merging).

‘We perform two-dimensional hydrodynamic simulations with
ZEUS-MP/2 (Hayes et al. 2006) in spherical coordinates (r,
0, ¢), ie., all quantities are assumed to be axisymmetric.
Following Novak et al. (2011), in the 6 direction the mesh is
divided homogeneously into 30 angular cells, while for the radial
direction (covering the radial range of 2.5 pc—250 kpc) we use a
logarithmic mesh with 120 bins to reach the needed resolution
in the inner computational region. With this choice each cell is
10% larger than the previous inner cell. It is most important to
resolve the fiducial Bondi radius so that the accretion rate can
be robustly estimated. In particular, the inner boundary radius
(rin = 2.5 pc) is chosen to be within the Compton and Bondi
radii when the Compton temperature Tc ~ 2.5 x 107 K. The
Compton radius r¢ is where the Compton temperature is equal to
the local virial temperature, mainly determined by Mgy (Ciotti
& Ostriker 2007; Yuan et al. 2009). However, r¢ is not resolved
for high T¢, as in models “v” when the Eddington ratio is low,
i.e., Tc ~ 10° K, and then r¢ ~ 0.06 pc with a black hole mass
of 3 x 103M,. The typical values of the Bondi radius (for the
central gas temperature and density of elliptical galaxies) range
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between 10 and 100 pc (e.g., Pellegrini 2010). The Bondi radius
is estimated by using the sound speed c; i, at the inner boundary,

GMBH
rp = .

19
C%,in ( )
Since rp varies during the simulations, in the code the ra-
dial inflowing velocities at the inner boundary are limited to
Cs.in(r/rin)* in the case in which the Bondi radius is unre-
solved. This helps to avoid an unphysical large accretion rate.
We stress that in the simulations Bondi accretion is not imposed.

The simulations in our paper are very time-consuming despite
the low numerical resolution. This is because of the large dynam-
ical range. Technically, it is too computationally expensive to
implement both large dynamical range and high numerical res-
olution simultaneously. One of us (Gregory Novak) had tested
the model in a previous (but similar) paper with different nu-
merical resolutions and with different dynamical ranges (Novak
et al. 2011). In his tests with higher resolution, similar results
are found. However, when testing the model with a larger inner
boundary (i.e., smaller dynamical range), the results changed
significantly. Therefore, in this paper we chose to sacrifice the
numerical resolution to cover a large dynamical range.

We assume reflecting boundary conditions on the 6 bound-
aries occurring at each pole. On the inner/outer radial boundary,
we use the standard “outflow boundary condition” in the ZEUS
code (see Stone & Norman 1992 for more details). This al-
lows both outflow and inflow depending on the state of gas just
outside/inside the inner/outer boundary.

We use a semi-implicit scheme for radiative cooling because
the cooling timescales could be very short, e.g., in the galactic
center where gas density could occasionally be very high. If the
time step required by the Courant-Friedrich-Levy condition is
shorter than the cooling time, the code updates gas temperature
due to radiative cooling explicitly. Otherwise, we use an implicit
scheme to update the energy integration. To avoid unphysical
cooling and dramatic collapse, which usually cause the code to
crash, we also impose three limits dictating that the gas not drop
below the temperature of the cosmic microwave background, the
effective temperature associated with the AGN radiation field
(note that this temperature is not equal to T¢), or the effective
temperature of the stellar radiation field. In addition, we set a
temperature floor of 10* K in the cooling functions, since the
gas cannot reach these low temperatures by radiative cooling
alone (Sazonov et al. 2005; Novak et al. 2011).

4. RESULTS

As discussed in the Introduction, in this paper we study the
effects of AGN radiative feedback in both the quasar and kinetic
modes, paying special attention to the effects of a variable T¢
in the two modes. For this aim, we have run two groups of
simulations according to the behavior of T¢, namely, models
“f” and “v.” In models “f” T¢ is fixed, while in models “v” T¢
changes according to Equation (6). Table 1 shows the various
models we have run. Capital letters “A” and “B” in the model
names represent the two types of the nuclear wind model
adopted (see Equation (10)), while the numbers denote different
mechanical efficiency €}y of the wind, with increasing numbers
corresponding to decreasing values of €. In the following we
first present an overview of the results, and then we focus on
some more specific properties of the models.
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Figure 1. Snapshots of the ISM profiles just before ( = 9.3 Gyr, left panel), during (r = 9.3125 Gyr, middle panel), and after (+ = 9.325 Gyr, right panel) an AGN
burst in model BO5v. The upper panel shows the pseudocolor contours of density and the radial profiles of the gas density at two layers of grids just above (solid) and
below (dashed) the equatorial plane. The lower panel shows the pseudocolor contours of temperature and the radial profiles of radial velocity at two layers of grids
just above (solid) and below (dashed) the equatorial plane. In the contours warmer colors stand for higher values, and note that the axes are logarithmic distances.

(A color version of this figure is available in the online journal.)

4.1. Overview of Results

In general, the simulation results are similar to those presented
in Novak et al. (2011). For example, Figure 1 shows the snapshot
of the density and temperature of the ISM at different epochs
for model BO5v used here as a reference model, with the results
of other models being similar. At early times, the ISM is very
tenuous and the galaxy is in a quiescent phase, where only
the passive evolution of a stellar population is taking place.
Stellar mass losses enrich the gas content of the galaxy gradually.

Meanwhile, such gas is heated to a temperature near (slightly
higher than) the local virial temperature as determined by the
local stellar velocity dispersion and by SN Ia explosions. In this
evolutionary phase, the accretion onto the black hole is very low
and is Bondi-like. The black hole remains quiescent until the
ISM is globally cooled via radiative cooling. This catastrophic
cooling leads to collapse of the ISM toward the center, i.e.,
a “cooling flow” occurs, beginning with the formation of a
cold shell of >~ kpc radius (Ciotti & Ostriker 2007). Such a
cold shell is unstable due to the Rayleigh-Taylor instability
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Table 1
Some Parameters and Calculation Results of the Computed Models
Model eM (€EM) logAMpy  logAMy  log My
AOf 5.0 x 1073 0.03731 7.2678 9.8027 9.6923
AO05f 1.0 x 1073 0.05597 8.0671 9.7337 9.6416
Alf 25x107%  0.06644 8.7466 9.7155 9.6152
A2f 1.O0x 107%  0.07204 9.1099 9.8545 9.5876
A3f 50x 1073 0.07330 9.5489 9.8541 9.6570
BOf 5.0x 1073 0.06040 9.3773 9.8173 9.5989
BOsf 1.0 x 1073 0.06515 9.9414 9.8904 9.6141
BIf 25x107%  0.06781 10.006 9.8974 9.5763
B2f 1.0x 107*  0.06678 10.004 9.8839 9.5796
B3f 5.0 x 107 0.06644 10.001 9.8857 9.5788
B4f 3.0 x 1073 0.06635 10.001 9.8839 9.5810
nowind.f 0.06611 9.995 9.8864 9.5867
AOv 5.0x 1073 0.03688 7.2411 9.8636 9.6431
AOQ5v 1.0 x 1073 0.06753 8.0549 9.7355 9.6569
Alv 25x107%  0.07037 8.6848 9.7593 9.5612
A2v 1.0 x 107*  0.07199 9.0242 9.8312 9.5776
A3v 5.0 x 107 0.07408 9.2183 9.9005 9.6118
BOv 5.0 x 1073 0.06094 8.8918 9.7935 9.6323
BOSv 1.0 x 1073 0.06729 9.2255 9.8228 9.6153
Blv 25x107%  0.07032 9.3446 9.8228 9.6203
B2v 1.0x 107*  0.07072 9.4096 9.7659 9.6058
B3v 50x 1073 0.07116 9.4290 9.7257 9.6259
B4v 3.0x 1073 0.07349 9.4160 9.8104 9.5830
nowind.v . 0.07392 9.4580 9.7951 9.6704
BO5s 1.0 x 1073 0.06461 9.3854 9.8103 9.5856

Notes. (1) Parameter e% is the mechanical wind efficiency, (egm) is the mass-
weighted mean radiative efficiency of the black hole accretion flow, AMgy is
the change in the mass of the black hole in the evolution, AMy is the total
gas mass driven beyond 70 kpc (which is far from the center, and the ISM
there is recognized as galactic wind in this paper), and Mg, is the total mass
remaining within 70 kpc. All the masses are in units of solar mass. (2) There is
no mechanical feedback of disk wind in models “nowind.f” and “nowind.v.”

and is to be disrupted quickly. On the path toward the galactic
center, the gas becomes even denser due both to the volume
effect and to the accumulation of gas by the collapsing cold
shell. The increase of gas density in turn enhances radiative
cooling, which is proportional to density squared. Such a cool
and dense environment is ideal for star formation or even a
starburst (Figure 1, left panel). Actually, star formation is a very
significant process of consuming the accreting gas (about 1/3 of
the total) before it reaches the black hole. Finally, the black hole
gets the fuel, and AGN activity is triggered (Figure 1, middle
panel).

Once the central AGN is accreting at a significant level,
it produces radiation and a nuclear wind. They interact with
the ISM in the galaxy, which in turn regulates the central
AGN feeding. For radiative feedback, the ambient gas could be
heated almost immediately because of the irradiation by AGN
via, e.g., inverse Compton scattering and photoionization. The
mechanical feedback by outflow/wind is important mainly in the
region very near to the black hole as mass flow can immediately
mix into the ambient ISM, affect the gas dynamics by ram
pressure, and heat the gas via shocks. As shown in the right panel
of Figure 1, when the ISM is either heated or pushed outward
as the consequence of radiative and mechanical feedback, gas
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Figure 2. Light curve of AGN luminosity during the cosmological evolution
in model BO5v. The three panels correspond to the results with different time
resolution.

(A color version of this figure is available in the online journal.)

is expelled from the galactic center, leaving behind a hot cavity.
Finally, a new loop of nucleus activity starts over again when
the stellar mass losses replenish the galaxy, a critical density
for catastrophic cooling is reached, and a new cold shell forms
and collapses. A complete discussion of the life cycle of cold
shells, their evolution under the action of radiative losses, AGN
feedback, and star formation can be found in Ciotti & Ostriker
(2007) and Ciotti et al. (2009b, 2010). Jiang et al. (2010) also
studied the synchrotron emission produced by the AGN bursts,
which behave like a giant supernova remnant. We note that AGN
feedback not only is negative, quenching the cooling flow, but
could also be positive in some situations, inducing star formation
in the central region of the galaxy (Ciotti & Ostriker 2007; Liu
et al. 2013a)

4.2. Light Curve of AGN Luminosity

The light curve of the AGN luminosity over the whole cosmic
epoch has been shown in Novak et al. (2011) for model A.
Figure 2 shows the light curve for a “B”’-type model (in particular
model BO5v). The three panels correspond to different time
resolutions. By comparison with Figure 6 in Novak et al. (2011),
it can be seen that the overall luminosity evolution of models
A and B is quite similar. The black hole accretion is very
chaotic with a complicated temporal substructure, and many
feedback loops are observed. A decline of the overall profile
is clearly shown (top panel). Since the luminosity is shown in
units of Lgqq, such a decline is mainly due to the mass growth
of the central black hole. The luminosity evolution reflects the
hydrodynamical phases briefly summarized in Section 4.1. We
can see that the luminosity valleys are followed by a relatively
long-term climb (middle panel). These are dividing points of



THE ASTROPHYSICAL JOURNAL, 789:150 (14pp), 2014 July 10

10°

1

g 102 i
3 10°

= .53
S 10

(%] -4

© 10
-

T 107 P

= 103 BT

3 107 |

& 10™

- 5
10°
10°

time/Gyr

Figure 3. Comparison of the light curves of AGNs in different models in the
cosmological evolution. Upper panel: models Alv (red dashed lines) and Alf
(blue solid lines). Lower panel: models BOSv (red dashed lines) and BOSf (blue
solid lines). Recall that the red (v) models have enhanced Compton heating and
the lower panel (B) has less efficient wind driving at low luminosity, which
would occur for radiatively driven winds.

(A color version of this figure is available in the online journal.)

feedback loops and signatures of strong AGN feedback. AGN
feedback heats the ISM, expels it out of the galactic center,
and stops the nuclear activities (Figure 1, right panel), until a
new cooling cycle begins, followed by black hole accretion.
In the bottom panel, we can see the luminosity fluctuations on
short timescales, i.e., the temporal substructure within a single
accretion event. Rayleigh—Taylor instability and the interaction
of direct and reflected shock waves (see Ciotti & Ostriker 2007
for a full discussion; see also Ciotti et al. 2010) are the main
causes of such fluctuations. In fact, in Figure 1 (left panel)
we can see that a cool dense shell forms around the galactic
center: the density in the shell is higher than that of its inner gas,
while the gravitational force points to the center. As a result,
the cold shell fractures and falls onto the center piece by piece
asynchronously, which finally induces the quick fluctuations in
the light curves.

Figure 3 compares the different light curves of different
models, namely, A versus B and f versus v. The upper panel
shows the light curves of model Alv (red dashed line) and
model Alf (blue solid line). Both of the light curves are
chaotic, and there is little qualitative difference between the
two models. This is not surprising because in models “A” the
mechanical AGN feedback by nuclear winds is independent
of Lgy, so that the change of radiative feedback (f versus
v) is not important. The behavior of the light curve changes
for model B, whose mechanical efficiency is smaller and thus
mechanical feedback is weaker. It can become not chaotic at
all, as shown by the blue solid line in the lower panel of
Figure 3 (for model B05f). However, the light curve shown
by the red dashed line (model BO5v) is again chaotic. This
is because in this model, although the mechanical feedback
is weaker, the radiative feedback becomes stronger due to the
consideration of a higher T¢ in the kinetic mode. In addition,
during most epochs of the evolution, the accretion luminosity
is significantly lower in model BOSv than in model BO5f. This
result is because of the stronger radiative heating in model “v”
due to the higher Compton temperature, which results in an
overall smaller accretion rate during the evolution.
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4.3. Radiative Efficiency

In the third column of Table 1 we list the mass-weighted
mean radiative efficiencies (egy) of the black hole accretion
flow averaged over the evolution time as

fLBH dt
fMBH c? dl"

(€em) (20)

Note that if the bulk of black hole accretion is in quasar mode,
then according to Equations (2) and (3) one expects (egm) =~
€90 = 0.1. Instead, if low-luminosity accretion is important,
(egm) < 0.1. In all of the models except models AOf and AOv,
(egm) lies in a narrow range ~0.056-0.074. This efficiency is
similar to that found by Kulier et al. (2013) applying the Soltan
argument (1982; see also Yu & Tremaine 2002; Haiman et al.
2004) but correcting for orbiting and ejected black holes. The
values of (egy) in models AOf and AOv are the smallest. This
is because of the strong mechanical feedback: the mechanical
efficiency ey in these two models is the largest among all
models. Such a strong wind is very efficient in regulating mass
accretion, since it pushes the gas away; thus, the accretion
rates are on average lower compared to other models. When
the accretion rate is low, the efficiency will also become low.

In general, the value of (egy) is slightly larger in models
“v” than in “f.” The reason is as follows. In Equation (20) the
numerator is obviously dominated by the contribution in the
quasar mode, which is roughly the same for models “v” and “f”
because the change of T¢ only applies in the low-luminosity
kinetic mode. The denominator is precisely equal to the growth
of the black hole, i.e., the fourth column in Table 1. Compared
to model “f,” the Compton heating in model “v” is stronger due
to the higher T¢. When the gas temperature is higher, the mass
accretion rate will be lower. This results in an overall smaller
black hole growth over the cosmological time, as discussed in
the following section.

4.4. Mass Growth of Black Hole

The regulation of black hole growth at the centers of spheroids
is an important effect of AGN feedback. In fact, we recall that
also in isolated galaxies (i.e., no merging) the gas produced by
the evolving stars over the whole evolution is more than two or-
ders of magnitude larger than the observed masses of black holes
in the local universe. The fourth column in Table 1 is the mass
growth AMgy of the SMBH during the whole evolution epoch.

For both models “v” and “f)” we can see that the black
hole growth is quite sensitive to the mechanical efficiency €},
namely, AMgy drops rapidly when €} increases. Physically,
this is because, with the increase of e% , the gas surrounding
the black hole is pushed away more strongly, and thus the mass
accretion rate decreases. Interestingly enough, we find that there
exists a critical e€V4 ~ 10~*, below which the black hole growth
AMpgy is insensitive to €. This is the case of models B3f and
B4f (or B3v and B4v). The explanation is that below such a
small value of e% , the AGN feedback becomes dominated by
radiative feedback.

In the regime of low mechanical efficiency (e)ff < 1074,
we found too much black hole growth. For example, in models
B3f and B4f the final mass of the black hole is up to 10'°M,
which is beyond the typical mass range of an SMBH. In the
regime of high mechanical efficiency (el > 1073), the black
hole growth is heavily suppressed, e.g., in models AOf and AOv,
which results in a too low level of AGN activity as argued in
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Novak et al. (2011). Thus, we arrive at the important conclusion
that the model-favored mechanical efficiency, for both type “f”
and type “v” models, lies in a range of ~1073-10*, which is
consistent with previous works and observational suggestions
(e.g., Ciotti et al. 2009b, 2010; Ostriker et al. 2010, see also
Gaspari et al. 2012; Tombesi et al. 2013). It is interesting to
note that such a mechanical efficiency seems to be roughly
consistent with the MHD numerical simulation to the outflow
in hot accretion flows (e.g., Yuan et al. 2012, Equation (34)
therein).

In the case of fixed Compton temperature, we find that the
masses of the black holes in models Bf are all larger than in
the corresponding models Af. This is obviously because of the
stronger mechanical efficiency ey in model A than in model B
for given e}l . For example, as shown in Table 1, the final black
hole mass in AOf is smaller than that in BOf by nearly two orders
of magnitude and is nearly three orders of magnitude smaller
than in model “nowind.f,” in which there is no nuclear wind at
all. From Table 1 we can see that sometimes the final mass of
the black hole can be as large as over 10'°M,. This obviously
violates the observations and indicates that when a fixed T¢ is
adopted, models B tend to overpredict the final black hole mass,
although they may be more realistic than models A as we have
mentioned in Section 1. This conclusion is consistent with that
in Novak et al. (2011).

It is therefore of great importance that the black hole growth
AMgzy in models “v” with variable Compton temperature is
systematically smaller. This is true for both models A and B.
This is because a higher T¢ is adopted in model “v” in the
kinetic mode. A higher T¢ implies that the gas surrounding the
black hole is heated to a higher temperature, the mass accretion
rate is smaller, and less material is accreted by the black hole.
This conclusion is also reinforced by the fact that when ey
is smaller, the discrepancy of AMpy between models “v” and
“f” is larger. This is because when ey is smaller, the role of
mechanical feedback becomes less important compared to the
radiative feedback; therefore, the effect of a variable T¢ will be
more significant.

An important result in this context is that even for model
B, when we consider a higher T¢ in the hot accretion phase
(i.e., kinetic mode), i.e., model “v,” the final mass of the black
hole is not unrealistically large. The effect of a changing T¢ is
so relevant that it is testified also by the limiting case model
“nowind.v,” in which there is no wind feedback at all and the
mass of the black hole is the largest; however, also in this case
the final mass of the black hole remains below 10°°> M. Such a
range of black hole mass is fully consistent with observations,
and thus models “B” are “revived.”

4.5. AGN Duty Cycle

One of the most important results that Novak et al. (2011)
found is that for models B, in addition to the problem of black
hole growth, also the AGN duty cycle is not consistent with
observations. When a high 7¢ is adopted as in our model “v,” the
dynamics of the gas fueling the black hole and subsequently the
mass accretion rate is completely changed. As a consequence,
also the AGN duty cycle changes. In Figure 4 we plot AGN
duty cycle as a function of Eddington ratio, taking models BO5f
(left panels) and BO5v (right panels) as illustrative examples of
the effect of a high T¢. We remark that the results for other
models are similar. In the top panels, the black and red lines
show the cumulative time above and below the given Eddington
ratio, respectively. Solid lines are the results compiled from the
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entire simulation time, while dashed lines only use the data in
the final 2 Gyr. The points are observational constraints taken
from the literature. The black/red points are the measurements
of the fraction of objects above/below the given Eddington
ratio. The squares, circles, and upward- and downward- pointing
triangles are from Ho (2009), Greene & Ho (2007), Kauffmann
& Heckman (2009), and Heckman et al. (2004), respectively,
which are all compiled from low-redshift observations and
should be compared with dashed lines. The star is a constraint
compiled from high-redshift observations by Steidel et al.
(2003), which should be compared with solid lines. The top
left panel shows that there are too many AGN burst activities
during the entire evolution time in model BO5f (solid line),
but at the same time the AGN activity in the last 2 Gyr is
perhaps too moderate compared to the observational constraints
(dashed line). These problems of models B with fixed T¢ were
already pointed out in Novak et al. (2011). For this reason it is
particularly relevant that in the top right panel one can observe
a remarkable improvement in model BO5v, in which a higher
Tc is adopted in the phase of hot accretion flow. This result,
combined with the more realistic growth of the black hole we
have described in Section 4.4, indicates that models B (and their
improvements) have good potentialities to be used in realistic
simulations. In fact, the importance of radiative feedback in
the kinetic mode can be anticipated from the top left panel of
Figure 4. We can see from the figure that the galaxy center
spends >80% of its evolution time with Eddington ratios in a
range of 0.001-0.02. Such a range of Eddington ratio belongs to
the hot accretion phase (i.e., kinetic mode feedback), according
to Equation (6). During this phase, the luminosity is at most
two orders of magnitude lower than the typical quasar mode
(assumed to be 0.1 Lgqq), while the Compton heating efficiency
is two orders of magnitude higher in the hot accretion phase than
in the cold accretion phases, according to Equations (5) and (6).

It is well known that active galaxies spend most of their
lifetimes in the radio/quiescent mode, as is shown in the top
panels of Figure 4. By contrast, the Soltan argument indicates
that most of the energy is emitted with high Eddington ratio,
e.g., an acceptable model must have a significant fraction of the
total energy emitted above a level corresponding to ~10% Lgqq
(e.g., Kollmeier et al. 2006). In the bottom panels of Figure 4, we
plot the “energy-weighted” duty cycle; the lines are of the same
meanings as in the top panels, while they show the fractions
of cumulative radiative energy during the evolution time. It is
shown by the black solid lines that for model BO5v there is 22%
of the total energy emitted with an Eddington ratio >0.1, while
the value for model BO5f is just 3%. In other words, models “v,”
with a variable Compton temperature, are much more favored
than models “f”” by the Soltan argument.

4.6. ISM Budget: Galactic Winds and Star Formation

The fifth column in Table 1 gives the total gas mass AMy
driven beyond 70 kpc (i.e., 210 times the half-light radius of the
stellar spheroid). In this paper, we refer to the gas driven in these
regions as the galactic wind. We can see that the values of AMy
are quite similar for all of the models despite the large range
of eé‘v” and different treatment of 7. The reason is that AGN
feedback by both winds and radiation mainly acts on the few
inner kpc, and only in exceptionally strong accretion episodes
can the resulting shock waves reach the galaxy outskirts. In the
outer region of the galaxy, where most of the galactic winds
originate from, AGN feedback does not play an important role
and it is mainly SN Ia heating that controls the gas dynamics.
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Figure 4. AGN duty cycle as a function of Eddington ratio for models BOSf (left panels) and BO5v (right panels). In the top panels, the black/red lines show the
fractions of cumulative time above/below the given Eddington ratio. Solid lines are the results compiled from the entire simulation time, while dashed lines only
use the data in the final 2 Gyr. The points are observational constraints. The black/red points are the measurements of the fraction of objects above/below the given
Eddington ratio. The squares, circles, and upward- and downward- pointing triangles are from Ho (2009), Greene & Ho (2007), Kauffmann & Heckman (2009), and
Heckman et al. (2004), respectively, which are all compiled from low-redshift observations and should be compared with the dashed lines. The star is a constraint
compiled from high-redshift observations by Steidel et al. (2003), which should be compared with the solid lines. In the bottom panels, the lines have the same
meanings as in the top panels, while they show the fractions of cumulative radiative energy during the evolution.

(A color version of this figure is available in the online journal.)
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Figure 5. X-ray surface brightness profiles of the hot ISM in the band of 0.3-8 keV for models BO5f (left panel) and BOS5v (right panel) at quiescence. The solid,

dotted, dashed, and dot-dashed lines correspond to increasing times, which are around 3 Gyr, 6 Gyr, 9 Gyr, and 12 Gyr, respectively.

The last column in Table 1 presents the total ISM mass Mg,
remaining within 70 kpc at the end of the simulations. The
values are similar for all models. This is because it is hard for
the radiation and wind to influence such a large spatial region.
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However, we do find, although not shown here, that the mass
of the remaining gas in the inner region, say, within ~1 kpc, is
significantly smaller in model “v” than that in model “f.” This
is again because of the higher 7¢ and thus stronger radiative
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represents the result of model “nowind.f,” and the dashed line is for model
“nowind.v.” We can see that the star formation in the galaxy center is heavily
suppressed in model “nowind.v” due to the strong radiative heating.
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(A color version of this figure is available in the online journal.)

heating and subsequently lower gas density. This is similar to
the case of the growth of the black hole mass. To examine the
effect of a high T¢ in a bit more detail, in Figure 5 we plot the
X-ray surface brightness profiles (0.3-8 keV; refer to Pellegrini
et al. 2012 for the calculation of the surface brightness) of the
hot ISM at quiescence for models BOSf (left panel) and BO5v
(right panel). The solid, dotted, dashed, and dot-dashed lines
correspond to increasing times, which are around 3 Gyr, 6 Gyr,
9 Gyr, and 12 Gyr, respectively. We can see that within ~10 kpc,
the emission profiles become systematically flatter in model “v”
than in model “f.”

Because of the different Compton heating in model “v”
compared to model “f,” it is also expected that some difference
will be present in the ISM of the two families. In particular, the
star formation may also be affected. To examine this effect, we
have calculated the total mass of the newly formed stars during
the whole evolution epoch. Figure 6 shows the enclosed mass
of the newly formed stars as a function of radius R in models
“nowind.v” and “nowind.f.” We can see that the star formation
in the galaxy center is suppressed in model “nowind.v”” due to
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the high Compton temperature by nearly one order of magnitude
compared to model “nowind.f.” However, the star formation in
the outer region of the galaxy is just slightly disrupted. This
implies that the range of radiative feedback is restricted to be
<1 kpc.

The suppression of star formation is quite similar to the
regulation of black hole growth. In the outer region of the
galaxy, the feedback effect on star formation is dominated by
supernovae. In the inner region, star formation relates directly to
the gas accretion. The falling cold shell and filament contribute
significantly to the mass accretion rate of the black hole, while
we usually also find a very high star formation rate there. The
strong radiative heating in the hot accretion phase tends to heat
the gas into a state of high temperature and low density, which
results in the suppression of star formation.

We note that while mechanical feedback by winds could
also suppress star formation, the mechanism is different. For
mechanical feedback, the gas is expelled outward by ram
pressure and probably heated via shocks. But ahead of the
shock, gas will be compressed, and thermal instability will
grow up rapidly. In this case, mechanical feedback could result
in enhanced rather than suppressed star formation. Such a
phenomenon is already observed in the numerical simulations
by Liu et al. (2013a). On the other hand, radiative feedback
always suppresses star formation.

4.7. Test Run with Smoothed Compton Temperature

For models “v” we use a variable Compton temperature 7¢ as
apiecewise function of the Eddington ratio (see Equation (6)). In
reality, T¢ could change somehow smoothly. In order to mimic
such a situation, we design another family of models in which
T¢ is of smoothed variation, i.e.,

1+m

fe=Teor T

2D
where we choose Tco = 1 x 10° K for comparison purposes
and make a test run (denoted as “B05s’’) with the same model
parameters as model BO5v (see Table 1 for details). We present
the simulation results of model BO5s in Figure 7. The right and
middle panels are the AGN duty cycles weighted by time and
energy, respectively (compare Figure 4); the left panel shows
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Figure 7. Simulation results of model B05s. Right/Middle panel: AGN duty cycle weighted by time/energy (compare Figure 4). Left panel: X-ray surface brightness

profiles of the hot ISM at quiescence (compare Figure 5).
(A color version of this figure is available in the online journal.)
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X-ray surface brightness profiles of the hot ISM at quiescence
(compare Figure 5). We can see that the results are quite similar
to those of model BO5v, i.e., a smoothed Compton temperature
does not change our main results.

5. DISCUSSION AND CONCLUSIONS

We have performed two-dimensional high-resolution hydro-
dynamical simulations to investigate the AGN feedback in an
isolated elliptical galaxy, focusing in particular on the so-far-
unexposed regime of an accretion-dependent Compton temper-
ature T¢. Both radiative feedback and mechanical feedback are
taken into account, and also physical processes on galactic scales
such as star formation and supernovae are considered in the cal-
culation. The inner boundary of our computational domain is
carefully chosen so as to make sure that the fiducial Bondi radius
is resolved in our simulation, allowing for a robust estimate of
the black hole accretion rate, which is crucial to study AGN feed-
back. Following previous works, two types of models have been
considered. In “A” models the mechanical efficiency of winds is
a constant, while in “B” models it decreases with the decreas-
ing luminosity of AGNs as would be expected from radiatively
driven winds (Proga et al. 2008). By construction, models in
the B family are perhaps more realistic than in the A family.
However, a few important systematic problems have been de-
tected in the B family in previous works. In particular, previous
calculations have shown that model B predicts a too high final
black hole mass and incorrect AGN duty cycle compared to ob-
servations. A major improvement of the present work compared
with previous ones is that we allow for a different Compton
temperature of the radiation spectrum from the central AGN. In
the radiative mode, the accretion flow is described as a standard
thin disk; thus, the corresponding Compton temperature is rel-
atively low, T¢ ~ 107 K. But in the kinetic mode, the accretion
flow is described by a hot accretion flow; thus, the correspond-
ing Compton temperature should be higher. Following previous
theoretical work, we adopt T ~ 10° K. This in general results
in a stronger radiative feedback as adopted in Ciotti & Ostriker
(2001). Consequently, we find that the accretion processes are
more chaotic and further suppressed. Specifically, we find that
model B now predicts a correct range of black hole mass and
AGN duty cycle. In a more general sense, our study indicates
that in the kinetic mode, radiative feedback is much more impor-
tant than previously thought and should be seriously considered
in future studies.

Some improvements can be made based on the present work
in the future. First, as we have mentioned in this paper, we have
simply chosen T¢ >~ 10° K as the Compton temperature of the
emitted spectrum from the hot accretion flows. This value comes
from the calculation based on the theoretical spectrum from a
hot accretion flow. In reality, the accretion flow is composed of
an inner hot accretion flow plus an outer truncated thin disk (see
Yuan & Narayan 2014 for a review). The best way is to combine
the observed SEDs of LLAGNs with various luminosities and
calculate the Compton temperature as a function of luminos-
ity. Moreover, the relativistic effect may be important in cal-
culating T¢, which was unfortunately neglected in the previous
work.

A complementary aspect of this study that needs an improve-
ment is the description of the properties of the nuclear wind
as a function of the black hole accretion rate. In particular, is-
sues line the mechanical efficiency ey, the wind speed, and its
angular distribution. In fact, as we have shown in this paper,
ew 1s of crucial importance for the evaluation of mechanical
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feedback. Unfortunately this value is still poorly constrained
by observations or by theories, so we have to treat it as a free
parameter, although some initial results have been obtained,
e.g., in the study of hot accretion flows (Yuan et al. 2012; Li
et al. 2013). The angular distribution of wind, which is also ex-
pected to be important to mechanical feedback, is again poorly
constrained. In this paper we assume a “bipolar-like” angular
distribution function of the wind. In the future, it is expected that
the theoretical studies will be able to better constrain these two
properties. In fact, we are using the MHD numerical simulation
data to study the wind from hot accretion flows, and some initial
results have been obtained. For example, we find that the winds
do have a wide range of distribution angles, ~0-45°. But dif-
ferent from the “bipolar-like” structure, we find that most of the
mass flux of wind seems to be concentrated on the disk surface.
It will be interesting to examine its effect in cooperation with
the variations of T¢.
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