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ABSTRACT

We investigate two modes of coupling the feedback energy from a central AGN
to the neighboring gas in galaxy simulations: kinetic - velocity boost, and thermal -
heating. We formulate kinetic feedback models for energy-driven wind (EDW) and
momentum-driven wind (MDW), using two free parameters: feedback efficiency ey,
and AGN wind velocity v,,. A novel numerical algorithm is implemented in the SPH
code GADGET-3, to prevent the expansion of a hole in the gas distribution around
the BH. We perform simulations of isolated evolution and merger of disk galaxies,
of Milky-Way mass as well as lower and higher masses. We find that in the isolated
galaxy BH kinetic feedback generates intermittent bipolar jet-like gas outflows. We
infer that current prescriptions for BH subgrid physics in galaxy simulations can grow
the BH to observed values even in an isolated disk galaxy. The BH growth is en-
hanced in a galaxy merger, which consequently requires different model parameters
to fit the observations than an isolated case. Comparing the [Mpy — 04| relation ob-
tained in our simulations with observational data, we conclude that it is possible to
find parameter sets for a fit in all the models (e.g. v, = 10000 km/s and e; = 0.25
for BH kinetic EDW), except for the case with MDW feedback in a galaxy merger,
in which the BH is always too massive. The BH thermal feedback implementation of
Springel, Di Matteo & Hernquist (2005) within the multiphase star-formation model
is found to have negligible impact on gas properties; and the effect claimed in all previ-
ous studies is attributed to gas depletion around the BH by the creation of an artificial
hole. The BH mass accretion rate in our simulations exhibit heavy fluctuations. The
star formation rate is quenched with feedback by removal of gas. The circumgalactic
medium (CGM) gas at galactocentric distances (20 — 100)h~! kpc are found to give
the best metallicity observational diagnostic to distinguish between BH models.

Key words: cosmology: theory — galaxies: evolution — galaxies: interactions — galax-
ies: active — methods: numerical — black hole physics

tion of galaxies in the form of feedback (e.g., [Silk & Reed
11998; King 12003; |Granato et all 2004;

INTRODUCTION

Supermassive black holes (SMBHs) are believed to exist at

the centers of active galaxies (e.g., [Kormendy & Richstone
M; Ferrarese & Ford M), powered by the accretion of
matter and liberating enormous amounts of energy. Active
Galactic Nuclei (AGN) influence the formation and evolu-
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Begelman & Nath
uﬁﬂ Barai & Wutd um Croton et al J um Barai um
[Fabiarl 2012; [Wagner, Umemura & Bicknell 2013), gener-

ating observational trends such as the central SMBH -
host galaxy stellar bulge correlations (e.g.,
[199%; M&MM) The energy output is often ob-

served as AGN outflows in a wide variety of forms (see

Crenshaw, Kraemer & Qeorgd m; Everetﬂ m, for re-
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views), e.g.: collimated relativistic jets and/or huge over-

pressured cocoons in radio (Nesvadba et all 121)_05_4)7 blue-
shifted broad absorption lines in the UV and opti-
cal (Reichard et all [2003; Rupke & Veilleux 2011), warm
absorbers (Krongold et all [2007) and ultra-fast outflows
(Tombesi et al J u)j) in X-rays, molecular gas in far-IR
(Feruglio et all|2010; [Sturm et. al![2011)).

Concordance galaxy formation models in the cold
dark matter cosmology widely incorporate feedback
from AGN in simulations of isolated galaxies and

lated isolated and merging disc galaxies to investigate the
effect of feedback from both AGN and supernovae on galaxy
evolution, and to isolate the most important factors of these
feedback processes. They utilize different methods for dis-
tributing the feedback energy in the same thermal form,
and do not have kinetic feedback. Our work considers the
kinetic mode in addition to thermal.

Wurster & Thacker (2013B) compared
the AGN feedback  algorithms of four au-

mergers  (e.g., Springel, Di Matteo & Hernquist 2005
Johansson, B]]rkgrL & N aaﬂ u)ﬂ_g) and cosmologi-
cal volumes Si ]agkl et all [2007; Booth & Sghagd
2009; Mbmw&ll Bﬁm&ﬂﬁﬁﬂL&&ﬁmﬂ 2011
Di Matteo et al J u)j) Slmulatlons generally invoke AGN
feedback in the negative form which quenches star formation
and limits the formation of massive stellar systems (e.g.,

thors [2005;
\Okamoto, Nemmen & Bower  12008;  [Booth & Schayd
M; Debuhr, Quataert & Ma M) together with their
own model in galaxy merger simulations, and found
wide variation in accretion behaviours. Among these,
in [Debuhr, Quataert & Ma (2011) the feedback is re-
turned as momentum or in the kinetic form, while the
others have thermal feedback. However the model by

Scannapieco, Silk & Bgmmné M; van de Voort et al]

[2011; [Dubois et all [2Q13) as supported by some observa—
tions (e.g., Schawinski et all [2006; [Wang et al! [2007).

the same time, AGN feedback can be positive ocassmnally
which also plays an important role in the cosmological
context. AGN outflows has been shown to overpressure,
compress and fragment clumpy gas clouds, triggering star-
bursts, in theoretical and numerical studies (e.g.,

[1989; [SilK [2005; [Zubovas et all 2013), and observed in
jet-induced star formation and radio-optical alignment
l%, \Chambers, Miley & van Breugel [1987; [Zinn et all

)-

We investigate, in this paper, different models and im-
plementation of AGN feedback in galaxy simulations. Our
goal is to compare and contrast two modes of coupling of
the feedback energy from BH to the surrounding gas: ther-
mal - where the gas temperature (or, internal energy) is
increased, and kinetic - where the gas velocity is boosted.
We aim to find the model parameters in each case which
fits relevant observational data, and explore the signatures
of various feedback models on the BH growth, galaxy and
CGM properties. In this work we perform simulations of iso-
lated and merging disk galaxies, before applying our models
to cosmological volumes in the future.

Galaxy formation simulations have investigated
both AGN feedback mechamsms thermal (e.g.,

Di Matteo, Springel & Hernquist

2007; [Booth & Schaye [2009; Qa&pa et aJ 20111),
kinetic (e.g., [Germain, Baral & MarLgl uﬁﬁ Dubois QL al J
2010; [Ostriker et all Gaspari, Brighenti & Temi
[2019; [Vazza, Bruggen &thllgﬂ 12013). ri et al
(M) explored several feedback mechanisms in galaxy
clusters, including cold gas accretion and massive sub-
relativistic outflows, that self-regulate the mechanical
power from AGN outflow heating. These models were

extended by |Gaspari et all (lZQllH) to galaxy groups.
Gaspari, Brighenti & Temi (2019) studied the role of

mechanical AGN feedback in controlling the ther-
modynamical evolution of isolated elliptical galaxies.
Gaspari, Ruszkowski & Sharmd (2012) explored the for-
mation of multiphase gas via thermal instability in cluster
cores heated by collimated bipolar AGN jets.

There has been two contemporary studies of BH feed-
back in isolated galaxy systems, the distinction of our work

from those is outlined below. [Newton & Kay (2013) simu-

Debuhr, Quataert & Md (2011) also has a distinct ac-

cretion prescription based on the viscous transport of
angular momentum; therefore comparing it with e.g.
Springel, Di Matteo & Hernquistl (2005) (which uses the
modified Bondi accretion rate) makes it hard to disentangle
if the differential effects are because of various accretion
methods or varying feedback models. In our study we use
the same accretion methodology and then compare between
thermal versus kinetic modes of feedback.

This paper is organised as follows: we describe our nu-
merical code and simulation setup in §2] in §3] we present
and analyze our results, some important outcomes are dis-
cussed in §4] while in §5 we give a summary of the main
findings and discuss possible future applications.

2 NUMERICAL METHOD

We use a modified version of the TreePM (particle mesh) -
SPH (smoothed particle hydrodynamics) code GADGET-
M ), which includes a more efficient domain
decomposition to improve the work-load balance over the
public version GADGET-2. Some of the subgri(ﬂ physics
included in the semi-public version of GADGET-3 code we
use are outlined below. The BH modules including our new
kinetic feedback model are described in §2.1] §2.2] and §2.31
The initial galaxy models are presented in §2.4] and our
simulations are mentioned in §2.51
The non-AGN subgrid models: radiative physics, star-
formation (SF) and chemical evolution, are same as
the work of [Baraiet all (2013). Radiative cooling and
heating is computed by adding metal-line cooling from
iersm h mith (2009). Production of 11 differ-
ent elements: H, He, C, Ca, O, N, Ne, Mg, S, Si, Fe,
are accounted for. A photoionizing background radiation
from the cosmic microwave background (CMB) and the
|Haardt & Madad (2001) model for the UV/X-ray back-
ground are considered.
SF is implemented following the multiphase effec-

tive subresolution model by [Springel & Hernquist 420_03)

Gas particles with density above a limiting threshold,

1 By subgrid we mean sub-resolution, referring to physical pro-
cesses occuring at length scales smaller than the resolved scales
in our simulations.
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pse = 0.13 cm™® (units of number density of hydrogen
atoms), contain cold and hot phases, and are star form-
ing. Collisionless star particles are spawned from gas par-
ticles undergoing SF, based on the stochastic scheme by
Eia&z,JNﬁmb&rgif_Hﬁmmlsﬂ <|J_9_9ﬂ We allow a gas particle
to spawn up to four generations of stars. Stellar evolution
and chemical enrichment are followed for the 11 species, us-
ing the chemical evolution model of [Tornatore et al! (2007).
We include a fixed stellar initial mass function (IMF) accord-
ing to the (IM) formalism. There is no kinetic
feedback from SNe-driven galactic outflows in our simula-
tions.

2.1 BH Accretion and Energy Feedback

Our subgrid models for BH accretion and feed-
back are based on the original prescriptions by

\Springel, Di Matteo & Hernquist (2005), which we ex-

tend to include kinetic feedback. The mass inflow rate
of surrounding gas onto a central SMBH of mass Mgu

is parametrized by the rate given by [Hoyle & Lyttleton
(1939); Bondi & Hoyld (1944); Bondi (1952):
4 G? ME g poo

(oo +02)%/%

MBondi =« (1)
In the original Bondi-Hoyle-Lyttleton parameterization, poo
is the gas density far from the BH (or, at infinity), ¢s,oc is the
sound speed in the gas far from BH, v is the velocity of the
BH relative to the far-off gas, and the parameter « is ana-
lytically dependent on gas adiabatic index () with o = 1/4
for v = 5/3. It was originally used to formulate critical as-
trophysical accretion, where gas is subsonic far away, passes
through a sonic point, and accretes onto the central object
with a supersonic velocity.

The issue of computational resolution appears: current
standard galaxy formation simulations resolve kpc to 100’s
of pc length scales, hence the Bondi radius and sonic
point (~ 10’s of pc) are unresolved. The gas properties
(pooy Cs,00) used in Eq. () are estimated by smoothing
on the resolution scale (hgm1 > few 100 pc) at the BH
location. This results in artificially low densities compared
to spatially resolving the Bondi radius scale. Further-

more, smaller-scale simulations (Barai, Proga & Nagaminé
2012; |Gaspari, Ruszkowski & Oh [2013) show that the

cooling gas is multiphase, with a variable accretion
rate. This cold phase of the ISM is not resolved in
galaxy simulations. As a numerical correction, the Bondi-
Hoyle-Lyttleton accretion rate inferred from simula-
tions is enhanced by setting the multiplicative factor
to o~ 100 (e.g., ringel, Di Matt Hern

ij 2007; _[Di Matteo et. all lzoos
Imm 2008; Johansson, Naab & Burkert [2009;

ringel & Haehnel uﬁﬁ, Dubois et al M)
Mhﬁ_&haﬁ (2009) used an a-factor dependent on the
gas density.

Recently alternate methods are prescribed to es-
timate the BH accretion rate: use viscous transport
of angular momentum (Debuhr et all lZQld)7 accretion
disc particle method (Power, Nayakshin & Kin

Wurster & Thacker 2!!135). Ongoing studies are attempting

to improve the accretion prescription in intermediate-scale
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simulations (e.g., [Barai, Proga & Nagamine 2011, [2012;
Hobbs et all [2012; [Gaspari, Ruszkowski & Oh 2013).

It can be analytically shown that a BH, embedded
in star-forming gas (having p > psr) governed by the
ISpringel & Hernquistl (2003) effective equation-of-state (§2),
accreting via Eq. (Il has a mass growth time ¢4 < 1/a.
The time t4 is less than the Hubble time when o > 100.
With a smaller a value, t, exceeds the Hubble time and
then it is never possible to grow the BH to the observed
masses. Following these arguments, we adopt the Bondi-
Hoyle-Lyttleton formulation with a constant o = 100.

Furthermore accretion is limited to the Eddington rate,
making the resultant BH mass accretion rate,

Mgn = min (MBondi, MEdd) . (2)

Here, Mpgaq is the Eddington mass accretion rate, expressed
in terms of the Eddington luminosity,

47TGMBHmpC
or

Lgda = = ¢, Mpaac”. (3)

A fraction of the accreted rest-mass energy is considered
to be radiated away by the BH, assuming radiatively efficient
accretion. The radiation luminosity is,

L, = erMBHc2, 4)

with ¢, being the radiative efficiency fraction. We adopt
the mean value for radiatively efficient accretion onto a
Schwarzschild BH (Shakura & Sunyaev [1973): e, = 0.1,
which is kept fixed.

A fraction e of the radiated energy is eventually fed
back to the neighboring gas as feedback energy from the
BH:

Efccd = 6f-[/r = GfETMBHC2. (5)

Using e = 0.05, Di M ringel & Hernquist (2005)
found consistent correlation of BH mass and galaxy stellar
velocity dispersion (the Mpu — o, relation), between galaxy
merger simulations and observations. We consider the feed-
back efficiency €y as a free parameter in our models.

We examine two ways in which the BH feedback energy
is coupled to the surrounding gas:
e Thermal : We adopt the default scheme from
Springel, Di Matteo & Hernquist (2003). The energy FEreea
is distributed thermally to heat up the gas isotropically
around the BH. The temperature of the neighboring gas par-
ticles (those contributing to Eq.[I0in §2.3]) are incremented
by an amount scaled by their SPH kernel weights. For a gas
particle dense enough to be multiphase star-forming, the ex-
cess specific thermal energy decays on a relaxation timescale
(7, from Eq. 12 of [Springel & ngnguisﬂ M) to attain the
specific energy of the effective equation-of-state. If the local
cooing time (computed assuming all the particle mass is in
the hot phase) is shorter than 75, normal radiative cooling
is used to dissipate the thermal feedback energy.
e Kinetic : The gas velocity is increased, as described next.

2.2 Kinetic AGN Feedback

In the following we consider that BH feedback drives a
gas outflow of velocity v, and mass outflow rate Mw The
energy-conservation equations can be written using the ki-
netic energy or momentum of the outflowing gas, each of
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which gives one AGN wind formalism. We consider one
fixed value for v, (a free parameter), which is a simplified
assumption of our models (intended to be applied to cos-
mological simulations in the future), although more physi-
cally the AGN wind velocity should be self-regulated (e.g.,
Gaspari et all[2011a/H).

2.2.1 Energy-Driven Wind (EDW)

The kinetic energy carried away by the wind is equated to
the feedback energy from BH:

1 - . .
Eva?u = Efeed = EfETMBHCZ. (6)

This gives the outflow rate as,

. . CQ
M, = 26f67-MBHU—2. (7)

2.2.2  Momentum-Driven Wind (MDW)

Energy output is related to the momentum of radiation via
FE = pc. The rate of momentum outflow in the AGN wind is
Pw = vaw. Equating p., to the radiation momentum from
AGN we get,

]')w = vaw = = EfETMBHC. (8)

Efccd
c
This expresses the mass outflow rate in terms of the BH

accretion rate,
Mw = EfETMBHi. 9)
Vw

The main difference between EDW and MDW is the
occurrance of factors (¢/v,)? and (¢/vy,) in the mass outflow
rate Egs. (7) and (@). Hence to have the same M, in both
cases, a larger efficiency factor is needed in MDW: €5 mpw =
2€f,EDW (c/vw).

There are two free parameters in our subgrid model of
kinetic feedback: €y and v,,. Typical AGN wind velocity val-
ues seen in observations is between v, = few 1000 — 10000
km/s. [Debuhr, Quataert & Ma (2012) considered wind ve-
locities of 3000, 7000 and 10000 km/s in their simulations of
kinetic AGN feedback. The radiative efficiency e, (Eqs. Bl H)
is held at a fixed value. We vary the free parameters (ey, v.)
within reasonable ranges to obtain a closest match of the
simulation versus observational [Msu — o] relation (§3.1),
and discuss the best-fit parameters.

2.3 Implementation in the GADGET-3 code

A BH is represented as a collisionless particle in the
GADGET-3 code, having a dynamical mass msm,dyn, given
by simulation resolution (§2.4] Table [[l). Owing to the nu-
merics of low- and medium-resolution simulations (where
one might need to track BHs in galaxies containing some
hundreds of particles), there is another variable describing
the BH mass in a smooth fashion, which we call the subgrid
mass, Mpu. The value mpm,ayn is used for the non-AGN
physics in the code (e.g. gravitational interactions). Mgy is
used to compute the AGN physics (e.g. Bondi rate, Eq. [),
which is hence the true BH mass.

At t = 0 in our simulations, the collisionless parti-
cle is seeded with a BH having an initial subgrid mass
Mpua = MBH,sccd = 10° M. At each timestep At, it grows
according to the BH accretion rate (Eq.[2), its subgrid mass
increases by an amount ]\./IBHAt7 with mBH,qyn remaining
the same. The initial growth from Mpn,sced tO MBH,dyn OC-
curs in that way, without altering the surrounding gas dis-
tribution. After a BH has grown such that Msu > msH,dyn,
it might accrete (so called swallow) neighboring gas parti-
cles, using a stochastic methodology. When a gas particle is
swallowed, it is removed from the simulation, and mpsw,dyn
increases by the swallowed particle mass mgas. This con-
serves dynamical mass within the computational volume.
The probability of swallowing gas is set to ensure that Mpu
and mpH,dyn tracks each other closely. Such a procedure
grows the BH in a continuous fashion with time, increasing
the mass Mpu smoothly. It also allows to track BHs less
massive than mpn,qayn. Having just a single BH mass would
create significant fluctuations in mp,qyn at the epochs when
discrete gas particles are accreted, and would render impos-
sible to have a correct BH mass in less massive galaxies.

We do not incorporate any scheme for BH advection
(which is done in some studies by e.g. reposition BH at
minimum gravitational potential), since our tests obtain
a BH dynamics expected for isolated systems. In an iso-
lated galaxy the separation between the BH and the mini-
mum gravitational potential is always less than the softening
lengths, while during a merger the BHs deviate from the po-
tential minima by few times softening some of which is due
to merger dynamics.

Kernel-weighted quantities are computed smoothing
over gas particles in the local environment around the BH,
using a kernel having the same shape as that used in SPH
calculations. However 4 times more neighbors are used for
the BH particle, than in the SPH (which has 32 + 4 neigh-
bors). The kernel size, or the BH smoothing length hgm,
is determined (in analogy to finding gas particle smoothing
length) by implicit solution of the equation,

4
gﬁhBBHPBH = Mhngp. (10)

Here ppu is the kernel estimate of the gas density at the
position of the BH, and M, is the mass of ~ 4 x 32 neigh-
boring gas particles.

We implement a probabilistic criterion (similar to other
subgrid prescriptions in GADGET-3) to distribute the ki-
netic feedback energy from the BH to the neighboring gas,
i.e. particles whose masses contributed to the total neighbor
mass My, in Eq. ([I0). Gas particles are stochastically se-
lected from the neighbors and kicked into AGN wind, by im-
parting a one-time v,, boost. A probability for being kicked
is calculated in a timestep At for each neighboring i’th gas
particle:

Ws Mw At ) (11)
PBH

Here w; = W(|reu — 7i|, heu) is the SPH kernel weight
of the gas particle relative to the BH, and M, is the
mass outflow rate expressed by Eq. (@) or (@) for EDW
or MDW respectively. Note that p; is similar to the prob-
ability for swallowing gas particles during BH accretion
(Springel, Di Matteo & Hernquist 2005). A random number

pi =
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x;, uniformly distributed in the interval [0, 1], is drawn and
compared with p;. For x; < p;, the gas particle is given a
wind velocity kick. If ¥,1q is particle velocity and ¢ its grav-
itational potential, then after receiving AGN wind kick, its
velocity is updated to:

Unew = Uold + Vw. (12)

The direction given by the unit vector & is set along
(1701d X 6(;5) or — (1701d X 6(;5)7 randomly selected between
the two. This makes the wind particles to be preferentially
ejected along the rotation axis of the galaxy or perpendicu-
lar to the galaxy disk. Some other studies (e.g., Tescari et al.
2011; Barai et all [2013) implement hydrodynamic decou-
pling of the wind particles. Unlike those we do not allow
any decoupling, i.e. in this work the AGN wind particles are
always coupled and undergo hydrodynamic interactions.

The merger criterion of two BHs is when they come
inside the hpu of each other, and their relative velocity is
smaller than the local sound speed.

2.8.1 Detect Hole in Gas Distribution, and Prevent its
Growth

We implement a novel numerical algorithm in the
GADGET-3 code to detect and prevent the expansion of
hole in the gas distribution around the BH. In the origi-
nal version, there was a problem of hole creation, classically
demonstrated by a BH accreting gas with no-feedback at
the center of a rotationally supported disk galaxy. The BH
would deplete the central gas, inside its smoothing length,
by swallowing particles. In order to have a constant number
of neighbors, hgu increases after some time encompassing
gas further out. The new gas is depleted in turn, turning
the BH more massive, and creating an enlarging hole at the
galaxy center. The process continues ad infinitum, with Agu
extending furthermore to accrete the gas of the whole galaxy,
unless an upper limit is imposed on hpu. Here gas is arti-
ficially accreted because of the numerical scheme, and not
physically because it has flown inward. Observed galaxies do
not show any hole in the gas distribution around their cen-
tral BHs, therefore the creation of such artificial holes affects
the simulated evolution of the galaxy and AGN feedback in
unwanted ways.

This issue has been present in all the stud-
ies using the BH numerical methodology of
Springel, Di Matteo & Hernquisti  (2005), demonstrated
by the BH growing to Mpu > 10° Mg (their Fig. 10) in a
no-feedback run. A visual example of the hole can be seen
in Fig. 13 of Wurster & Thacker (2013H).

One solution is to set a maximum hgn manually, which
however is not elegant because the value would vary with
resolution, galaxy mass, and additionally the environment
in a cosmological simulation. We have rather worked out a
computational solution, to prevent the limitless increase of
hpsu independent of simulation conditions.

Our numerical methodology assumes that the BH lies
at the gas density peak, or minimum SPH smoothing length
(hsm1) location. The existance of a hole around the BH is
detected using the hgy distribution of neighbors. With no
hole, the minimum hgmy) occurs at the BH position. When
there is a hole, a preferential boundary is created at hgpu,
with fewer than expected number of gas particles inside.

© 0000 RAS, MNRAS 000, 000-000
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This causes a small increase in the hgm of neighbors nearest
to the BH, and the minimum hgy,) occurs at a finite distance
from the BH location. Also hgu is then more than 2 times
larger than the minimum hgy, of neighbors.

In our code implementation, we detect just when a hole
is created around a BH, and control it. Gas particles lying
within a multiplication factor dj times hpu are searched to
find the nearest particle’s smoothing length hnear, and the
minimum smoothing length hmin. If either of the following
ratio of smoothing lengths exceeds a value 7j:

hBH hnear
> T, or, —

> Th, (13)

hmin hmin

then a hole exists. When this ezistence-of-hole condition is
met for a BH, its hgm is held fixed, and not allowed to
enlarge further. Testing with a single BH in an isolated
galaxy we find the working values of factors as: d;, = 4,
and 7, = 1.7. The hole is limited to a size ~ (0.7 — 0.8)h ™!
kpc successfully. All our isolated and merger simulations are
done using these values in the hole-detection algorithm.

2.4 Initial Galaxy Models

The initial isolated galaxy models are constructed follow-
ing the approach described in [Springel & White (1999);
Springel, Di Matteo & Hernquistl (2005). The total galaxy
mass Mot = vgoo/ (10GHy), is expressed in terms of the cir-
cular virial velocity v200. A Hubble parameter of Hy = 70.3
km s™' Mpc™!, or h = 0.703, (e.g. [Komatsu et all2011) is
adopted. Each galaxy is composed of a dark matter (DM)
halo, a rotationally supported gaseous and stellar disk com-
prising of a fraction fq = 0.04 of the total mass, and a
central stellar bulge of mass fraction f, = 0.01. The mass
distribution of the DM halo is modeled with the [Hernquist
(1990) profile, and has a spin parameter of A\ = 0.04. The
disk has a mass fraction fgzas = 0.2 as gas, and the rest
as stars; both components are modeled with an exponential
surface density profile of radial scalelength d, and radially-
constant vertical scaleheight zo = 0.2d. The spherical stellar
bulge is modeled with a [Hernquist (1990) profile having a
scalelength b = 0.2d.

We simulated galaxies of three masses. Our fiducial
galaxy is generated using wvaoo = 150 km/s, which cor-
responds to Mot = 1.12 X 1012M@7 a similar mass as
the Milky-Way. Furthermore, we simulate galaxies having
a lower-mass with v200 = 75 km/s, and a higher-mass with
v200 = 300 km/s. The number of particles of various types in
the initial condition of each galaxy are: 3 x 10° DM, 5 x 10*
gas, 25x 10% disk stars, and 25 x 10% bulge stars. Table [ lists
the relevant mass components and particle masses of all the
galaxies. New star particles form during the simulation (via
star formation in the gas), which are less massive than the
initial stellar particles in the disk and bulge. All the particles
(DM, gas, stars) follow collisionless gravitational dynamics,
while in addition the gas particles undergo hydrodynamical
interactions.

A collisionless tracer particle of mass fraction fsm =
5 x 107° is generated at the centre of a galaxy to carry the
SMBH. This corresponds to a dynamical BH particle mass
(5.58 x 10° M, in our fiducial galaxy) which is ~ 1.6 times
higher than the DM particle mass. The BH particle is thus
expected to trace the minimum of the gravitational potential
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Table 1. Galaxy Initial Conditions. Column 2: Virial velocity. Column 3: Total mass (dark matter 4+ gas + stars). Column 4: Gas mass
(disk). Column 5: Stellar disk mass. Column 6: Stellar bulge mass. Column 7: Dark matter particle mass. Column 8: Gas particle mass.
Column 9: Disk star particle mass. Column 10: Bulge star particle mass. Column 11: BH particle dynamical mass. Column 12: Disk (gas

+ stars) scale length.

Series V200 Mot Mgas M, aisk My bulge mpM Mgas My disk My bulge MBH,dyn d

Name (km/s) [Mg] (Mg] (Mg] (Mg] (Mg] [Mg] (Mg] [Mg] [Mg] (kpc/h)
Low-mass 75 1.40 x 10't 1.12 x 107 4.47 x 10° 1.40 x 10° 4.42 x 10°  2.23 x10*  1.79 x 10°  5.58 x 10*  6.98 x 10° 1.49
Fiducial 150 1.12 x 1012 8.93 x 10° 3.57 x 1010 1.12 x 10'®  3.53 x 10  1.79 x 10°  1.43 x 105  4.47 x 10>  5.58 x 10° 2.99
High-mass 300 8.93 x 1012 7.15 x 10'°  2.86 x 101 8.93 x 1019  2.83 x 107  1.43 x 105  1.14 x 107  3.57 x 10°  4.47 x 107 5.98

closely, minimizing artificial dynamical motion. In the AGN
simulations, a BH of initial subgrid mass 10° Mg is seeded
in this tracer particle.

The Plummer-equivalent softening length for gravita-
tional forces is set to Lsots = 0.5/h kpc for the gas and star
particles, and 1/h kpc for the DM and BH particles. The
minimum SPH smoothing length is set to a fraction 0.001
of Lsoft-

As the initial conditions for the merger simulations, two
equal-mass isolated galaxies are generated using a fixed v200-
The orbital planes of the two disks are kept the same, and
they are set on a parabolic collision course in the disk plane.
A minimum separation at which the galaxies would pass at
pericenter (if they were point masses) is taken as 2.5/h, 5/h,
and 10/h kpc, respectively for the lower-mass, fiducial, and
higher-mass cases.

2.5 Simulations

Table[2]lists the series of simulations we perform. The differ-
ent runs incorporate the same non-AGN subgrid physics de-
scribed in §2 and investigate different AGN feedback mod-
els. They are chosen from four broad categories, as given
below, exploring the model parameter space.

e SF: One run with star-formation, stellar evolution, and
chemical enrichment only (no BH).

e th1 — th3: Three runs of thermal feedback from BH (§2.1),
using €5 = 0.002, 0.01, 0.05.

o kinE1 — kinFE6 : Six runs of kinetic feedback from BH with
energy-driven wind prescription (§2.2.1)), using combinations
of e = 0.01,0.05, 0.25, and v, = 5000, 10000 km/s.

e kinM1 — kinM/ : Four runs of kinetic feedback from
BH with momentum-driven wind prescription (§2.2.2]), using
combinations of e¢; = 0.25,1.0, and v, = 1000, 2500, 5000
km/s.

The fiducial galaxy (v200 = 150 km/s) is simulated us-
ing all the above parameter cases for both isolated galaxy
evolution (indicated by letter "I’ in Table[2] Columns 5, 6, 7),
and galaxy merger (indicated by letter "M’ in Table 2]). The
parameter set of each category which generates a closest fit
to observations is also run with the lower-mass (v200 = 75
km/s, and higher-mass (v200 = 300 km/s) galaxy models.
The isolated galaxies are evolved up to a time 2 Gyr, and
the galaxy mergers up to 3 Gyr.

3 RESULTS AND ANALYSIS

We compare the black hole mass (Mgm) versus galaxy stellar
velocity dispersion (o) results obtained in our simulations

with the observed correlation, using a manual chi-by-eye ap-
proach. This comparison is considered as the figure-of-merit
in order to obtain the best-fit parameters for each AGN
feedback model. The fiducial galaxy (v200 = 150 km/s) is
simulated using several parameter variations in a series of
runs (§2.5)), each for isolated and merger evolution. The pa-
rameter set of each category which generates a closest fit to
the observational [Mgu — o] relation at the fiducial galaxy
mass are selected. These few cases are also run with the
lower-mass (v200 = 75 km/s), and higher-mass (v200 = 300
km/s) galaxy models.

All the runs performed are presented in §3.I1 For the
galaxy morphologies in §3.2] we choose models generating a
comparable BH mass, i.e. the BHs in these cases exist in the
same region of the [Mpu — o] diagram. Consequently we
compare between thermal and kinetic feedback with differ-
ent €, because the respective best-fit €y are unequal. Results
in remaining sections only show the closest fit models, plus
few cases with varying ey and v,. Note that our approach
explores parameters which fit the [MBH — 0'*] relation. This
however renders difficult to perform an absolute compari-
son of thermal versus kinetic feedback, since the respective
output powers are different, as described in §3.31

We analyze the carbon content of the gas in the galax-
ies, since it is one of the most abundant heavy element in the
Universe, and the spectral lines produced by ionized carbon
are relatively easy to observe. The carbon metallicity, Zc,
is computed as the ratio of carbon mass to the total particle
mass for each gas particle. Abundance ratios are expressed
in terms of the Solar metallicity, which is Z¢,o = 0.002177
(mass fraction of carbon in Sun) derived from the compila-
tion by |[Asplund, Grevesse & Sauval (2003).

3.1 [Mgsu — o0.] Correlation

The galaxy stellar velocity dispersion o, is computed by
considering all the stars: those newly formed during the sim-
ulation evolution by SF from gas, the disk and bulge stel-
lar components present from the initial condition (§2:4] Ta-
ble[dl). The position of the BH is taken as the galaxy center,
and the distances (or radii) of star particles are estimated
from it. In the case of merging galaxies the calculations are
done at a time when the BHs have merged to produce a sin-
gle BH, defining an unique galaxy center. The cumulative
sum of all star’s mass versus radius is found, as well as the
radius Ry, containing 1/2 of the total stellar mass. This
stellar half-mass radius is considered as the effective radius
in estimating o.. One hundred random line-of-sight (LOS)
directions are chosen around the center (or, BH position).
All the stars lying within R,/ from the center are picked,
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Table 2. Simulation Parameters. Column 1: Name of simulation run. Column 2: Feedback efficiency, €y
= Fraction of the radiated energy from BH which is coupled to the surrounding gas. Column 3: vy, =
Outflow velocity in kinetic feedback prescription. Column 4: Specifications of AGN feedback model. Columns
5, 6, 7: Letters 'I’ (Isolated galaxy evolution) and/or 'M’ (galaxy Merger) is written below Lower-Mass
(v200 = 75 km/s), Fiducial (v200 = 150 km/s), and Higher-Mass (v200 = 300 km/s) galaxy models, wherever
the parameter set in the row has been run with the column initial configuration.

AGN Feedback

Run €f Vw Lower-Mass  Fiducial Higher-Mass
Name [km/s]
SF No BH I, M
thi 0.002 BH Thermal I, M
th2 0.01 BH Thermal I I, M I
th3 0.05 BH Thermal M I, M M
kinE'1 0.01 5,000 BH Kinetic: Energy-driven wind I, M
kinE2 0.05 5,000 BH Kinetic: Energy-driven wind I I, M I
kinE3 0.25 5,000 BH Kinetic: Energy-driven wind M I, M M
kinE4 0.01 10, 000 BH Kinetic: Energy-driven wind I, M
kinE5 0.05 10,000 BH Kinetic: Energy-driven wind I, M
kinE6 0.25 10, 000 BH Kinetic: Energy-driven wind I, M I, M I, M
kinM1 0.25 5,000 BH Kinetic: Momentum-driven wind I, M
kinM2 1.0 5,000 BH Kinetic: Momentum-driven wind I, M
kinM3 1.0 2,500 BH Kinetic: Momentum-driven wind I I, M I
kinM} 1.0 1,000 BH Kinetic: Momentum-driven wind M
r T — T T T T VEREREE ™
4
L Isolated 1 Merger i
10° E3 E
_10°: + =
® - T E
z T ]
. | I ]
[2]
=
n 107_— B el —
4} E ¥ E
© E ¥ ]
= C A KinE v, =5k, £=0.01 I A KinE v,=5k, £=0.01
= - ® KinE v,=5k, £:=0.05 + ® KinE v,=5k, £=0.05 -
r O KinE v,=5k, £:=0.25 T O KinE v,,=5k, £.=0.25 -
10°H % Thermal £.=0.002 — X Thermal £,20.002 o
F A Thermal £.=0.01 T A Thermal £.=0.01 3
C ® Thermal £:=0.05 I ® Thermal £:=0.05 i
I —— Tremaine etal. (2002) | — Tremaine etal. (2002) |
—— Gultekin et al. (2009) —— Gultekin et al. (2009)
10°F E3 E
t . ] ] T . il ] L
10 100 1000 10 100 1000

All Star 0, og = [ <V, 06> - <V os>2 12 (km/s)

All Star 0, o (km/s)

Figure 1. Black hole mass versus galaxy stellar velocity dispersion along line-of-sight. The single isolated galaxy models, shown at an
evolution time of 2 Gyr, are in the left panel. The merger simulations, shown at an evolution time of 2.5 Gyr, are in the right panel. The
different colors and plotting symbols distinguish the AGN models as labeled in each panel. Each of the four broad categories of feedback
are denoted by a different color: [th1 — th3] thermal - red, [kinE1 — kinE3] kinetic EDW with v,y = 5000 km/s - blue, [kinE{ — kinE6)
kinetic EDW with vy, = 10000 km/s - cyan, [kinM1 — kinMJ4] kinetic MDW - green. The parameter choices are representated by the
plotting symbols: ey = 0.002 - asterisk, ey = 0.01 - triangle, e = 0.05 - filled circle, ey = 0.25 - open square, €y = 1 - open circle, ey = 1
and vy = 2500 km/s - filled diamond, ¢y = 1 and vy = 1000 km/s - cross. The solid and dashed lines display the best-fitting relations
and error bars obtained from observations by ) - black, and (@) - orange.
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and the LOS velocity component of each, vios, is found.
The stellar velocity dispersion along each LOS direction is
computed by summing over all relevant stars:

0. = ((vfos) — (vros)?) . (14)

The same is done for the 100 LOS directions. The median
and percentile of the 100 random direction o, values are
found, and shown as our results.

Fig. [l presents the Mpu versus o, diagram obtained
in our simulations. The left panel shows the isolated galaxy
cases at an evolution time 2 Gyr. The right panel shows the
galaxy merger runs at a time 2.5 Gyr, an epoch by when
the two BHs merge in all the cases. The median o, is de-
picted by the plotting symbol, and 70th percentiles around
the median indicated by the lower and upper error bars. Ob-
servational data is overplotted in Fig. [T as the straight lines.
The solid and dashed lines display the best-fitting relations
and error bars obtained by [Tremaine et all (2002) in black,
and |Gultekin et all (2009) in orange.

The best-fit parameters that we obtain for the isolated
galaxy evolution are: for BH thermal feedback e; = 0.01; for
BH kinetic EDW feedback v, = 5000 km/s with ¢y = 0.05,
and v, = 10000 km/s with e; = 0.25; for BH kinetic MDW
feedback v, = 2500 km/s with ¢; = 1. Estimating by-eye
the nearness of the simulation result to the observational
[MBu — o] relation at a given galaxy mass, we find mass
dependence of the relative fit given by a set of parameters,
more prominently for the isolated galaxy than the merger
case. The final BH masses of the 4 best-fit cases tend to be
relatively smaller than the observations for the higher-mass
galaxy, and larger than the observations for the lower-mass
galaxy.

We obtain the following best-fit parameters for the
galaxy merger: for BH thermal feedback ey = 0.05; for
BH kinetic EDW feedback v,, = 5000 or 10000 km/s with
er = 0.25. For BH kinetic MDW feedback, none of the pa-
rameters we explored fit the observations; the BH mass is
always too large. In the case of other feedback models, Mpu
reduces when ey is increased (thermal, kinetic EDW), also
when v, is decreased (kinetic EDW). However there is a
reversal of trends with kinetic MDW; at v, = 5000 km/s
Mpn decreases as the efficiency rises from ey = 0.25 to 1,
but Mgy increases rather as v, is reduced further to 2500
km/s. Even when ¢y is set to 1, the smallest BH mass pro-
duced is Mpu ~ 2.5 x 108 My with v, = 5000 km/s in a
fiducial galaxy run. With v, = 1000 km/s the BH grows
drastically to Mgy ~ 2 x 10° Mg. This happens because in
the merging system such a velocity is not high enough to
remove the gas away, but the kicked gas falls back near the
BH(s) and is accreted. Thus we find that it is not possible
to find €; and v, values to fit the observational [Mgu — 0]
relation with momentum-driven wind prescription of BH ki-
netic feedback in the case of a galaxy merger.

3.2 Galaxy Morphology and Outflow

The galaxy morphology and outflow structure of three resp-
resentative isolated cases are plotted in Fig. 2l at an evo-
lution time 1.73 Gyr. It is a fiducial galaxy with differ-
ent feedback models: SF (left two columns) - star forma-
tion only, th! (middle two columns) - BH thermal feedback

with ey = 0.002, and kinE! (right two columns) - BH ki-
netic feedback EDW with ¢; = 0.01, v, = 5000 km/s. In
the latter two runs the BHs grow to a comparable mass
Mgn ~ 1.5 x 10" Mg (from Fig. [).

The gas disk of the galaxy retains its identity in all the
runs, visible as a well-defined rotating disk in the central
r = (10 — 20)h™* kpc regions. There is no outflow in the SF
case. Thermal feedback (run th!) produces a weak outflow
with some gas going out to (30 — 40)h™" kpc, but later in
time most of the outflowing gas fall back to the disk. Kinetic
feedback (edge-on plane of kinE1) produces a well-developed
bipolar gas outflow propagating perpendicular to the galaxy
disk, escaping to r > 100 kpc from the central BH position,
seen in the topmost-right panel, as the red arrows upward
and downward directed.

The gas density, temperature, and carbon metallicity
are plotted in the second, third, and fourth rows of Fig.
respectively. All the runs have a central overdense region,
the outer half of which correspond to a cold, annular ring
composed of gas cooling in the disk, on the way to SF. There
is a large central concentration of metals, originating from
SF, in all the runs The metallicity distribution is more cen-
trally concentrated in SF and thl cases. Kinetic feedback
carries some metals out from the SF regions and enrich the
CGM and IGM to > 100 kpc. A remarkable spiral pattern
is visible in the face-on Z¢ distribution in the 4th row, 5th
column panel.

The bottom row of Fig. [2] depicts the projected stellar
mass, where all stars (disk, bulge, newly formed in simu-
lation from gas particles by active SF) have been counted.
The edge-on plane shows the co-existence of a disk-like and
a bulge-like stellar components. The star distribution is in-
distinguishable between the three runs.

Fig. Bl presents the projected distributions of gas and
stars in the fiducial galaxy merger with three respresenta-
tive models: SF' (left two columns) - star formation only, th3
(middle two columns) - BH thermal feedback with e; = 0.05,
and kinE3 (right two columns) - BH kinetic feedback EDW
with v, = 5000 km/s and ey = 0.25. In the latter two runs
the BHs grow to a comparable mass My ~ 7 X IOGM@
(from Fig. ). The intermittent gas outbursts produced by
BH kinetic feedback, which were clearly distinguishable in
the isolated galaxy, is difficult to disentangle in a merger, be-
cause other dynamical processes related to the merger pro-
cess cause substantial gas to outflow.

The top two rows (¢t = 1.59 Gyr) of Fig. Bl depict an
epoch when the galaxies are approaching each other, on the
way to their second pericenter passage and subsequent coa-
lescence. Earlier at ¢t ~ 0.4 Gyr the merging galaxy pair goes
through a first pericenter passage during which there is a
grazing collision of the outer disks. The resulting shocks and
tidal interactions cause some gas to leave the disk plane and
outflow, in all the models including the SF case. BH feed-
back induces enhanced gas outflow: more in run th3 than
SF, and highest in run kinE3. Each merging galaxy in all
the runs exhibit spiral patterns composed of overdense gas.
The spiral patterns are somewhat disturbed with kinetic BH
feedback. The stellar distribution is almost indistinguishable
between the feedbak models here at 1.59 Gyr.

The bottom two rows (¢t = 2.31 Gyr) of Fig. [3] shows
the resulting merged galaxy at an epoch during coalescence.
It consist of a central compact spheroid and two tidal tails

© 0000 RAS, MNRAS 000, 000-000



Kinetic AGN Feedback 9

#$1

100

Gas Vel ~ SFonly - NoBH SFonly - NoBH

80

80

{kpeh)

40

20

108 o

BO

60

{kpc/h)

40
20
108
80

80

(kporh)

20
20
108
80

&0

(kpedh)

40
20

100
20 8

60

{kpehy

40

20

0 = i o : E
0 20 40 60 80 100 20 40 60 8O 100 20 40 &0
fkpcih) {kpe/h) {kpeih)

Thermal r.,::O.bOZ

Tl'lwermallaso.ooz KinE v,,ésk. £=0.01

K@%:s& £=0.01
‘\\

L
V4

20 40 60 80 100 20 40 60 80 100 20 40 60 B8O 100
(kpc/h) (kpclh) {kpc/h)

Figure 2. Projection of gas kinematics (top four rows) and stars (bottom row) in isolated fiducial galaxy simulation with different
feedback models: SF' (left 2 columns) - star formation only, th! (middle 2 columns) - BH thermal feedback with ¢y = 0.002, and kinE1
(right 2 columns) - BH kinetic feedback EDW with ¢ = 0.01, v, = 5000 km/s. The panels show the face-on (left) and edge-on (right)
planes of a (100h~! kpc)3 volume centered around the BH (or collisionless tracer particle in the SF run) at time ¢ = 1.73 Gyr. First row
depicts the velocity vectors of 20% of all the gas particles within the projected volume, with the outflowing (v, > 0) particles denoted
as red, and the inflowing (v < 0) as black. Second row shows gas density, third row is gas temperature, and fourth row is gas carbon
metallicity, all projected values, color coded from red as the highest and black as the lowest. Bottom row presents the projected stellar

mass, counting all stars (disk + bulge + newly formed in simulation).

of overdense gas (visible as red in the third row, tails more
prominent in SF and th3 runs). There is a diffuse gaseous
halo larger in size, which is more spherically shaped in the
SF case, and quite disturbed giving an irregular appearance
with kinetic feedback. The stellar distribution display few
differences between the models at 2.31 Gyr: central 30h~*
kpc radius of the face-on panels exhibit more spherically
shaped structure in the SF case, then th3, and more elipti-
cally shaped in kinE3.

3.3 Black Hole Accretion Rate, Feedback Power,
& Star Formation Rate

The BH mass accretion rate is an important quantity in
the models, which governs BH growth as well as provides
feedback energy in a self-regulated manner. It is measurable
in observations, which can be compared to simulation re-
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sults. The time evolution of BHAR in our fiducial isolated
galaxy is presented in Fig. @l top-left panel. At t = 0, we
find an accretion surge of 0.002Mg /yr because of our sim-
ulation initial condition. Embedding a 10°Ms BH in the
gas-rich environment of a disk galaxy center suddenly, re-
sults in a high accretion rate. It reduces by 100 times soon
after, because of reduced central gas, which has depleted by
the initial burst of accretion and SF. From 0.02 Gyr, the
BHAR rises linearly up to a time (0.5 — 0.7) Gyr to reach
few times 0.001 — 0.01M¢ /yr, the duration coinciding with
the exponential mass growth of the BH (§3.4] Fig. [{ top-left
panel). There are heavy fluctuations in the BHAR, whereby
it increases or decreases by a factor of up to 100 in 0.02
Gyr. The BHAR in terms of the Eddington mass accretion
rate (Eq. ) also displays significant variability, especially
at t > 0.5 Gyr. MBH/]V[Edd varies between 1072 — 1 for the
thermal feedback models, while between 10™° —1 for kinetic.
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Figure 3. Projection of gas distribution and stars in fiducial galaxy merger simulation with different feedback models: SF (left two
columns) - star formation only, th3 (middle two columns) - BH thermal feedback with ¢y = 0.05, and kinE3 (right two columns) - BH
kinetic feedback EDW with v, = 5000 km/s and e; = 0.25. The panels show the face-on (left) and edge-on (right) planes of a (100h~!
kpc)? volume at time 1.59 Gyr in the top two rows, and a (200h~! kpc)3 volume at ¢ = 2.31 Gyr in the bottom two rows. Projected gas
density is plotted in the first and third rows, and projected total stellar mass in the second and fourth rows.

The feedback energy rate (Efeed, Eq. B) is plotted in
Fig. @ middle-left panel. As expected the feedback power
has same trends as BHAR, however the absolute value of
Efeed is different depending on €f. At ¢t < 0.5 Gyr, when the
BH mass is small, higher e¢; produces a larger power. For
the same feedback model, the impact of varying e; reduces
at t > 0.5 Gyr, as the BHs grow, and the BHAR becomes a
dominating factor in Efeed.

The total star formation rate in the fiducial isolated
galaxy versus time is displayed in the bottom-left panel of
Fig. M Similar to BHAR, at ¢ = 0 there is an initial burst of
SFR of 6 Mg /yr. It reduces afterward via depletion of central
gas, and then increases again. The SFR decreases linearly
after 0.5 Gyr, as more gas in the galaxy is converted to stars,
to reach 1.5Mg /yr at 2 Gyr. There are periodic fluctuations
in the SFR, when it would decrease by a factor of (1.1 —2),
occurring because of supernovae feedback in the stellar evo-
lution model. All the AGN models show these general trends
similarly. Thermal feedback produces almost the same SFR
as the SF run. Kinetic feedback, more prominently the EDW

models, produce up to 1.5 times lower SFR than the SF and
thermal cases at t > 0.9 Gyr.

The top-right panel of Fig. ] depicts the BH mass ac-
cretion rate time evolution in the fiducial galaxy merger,
with the rates summed over each of the two merging BHs
initially when they are separate. Note that the parameter
values of the plotted linestyles are different between iso-
lated and merger cases. Most of features of the BHAR in
the merger are same as that of the isolated. The amplitude
of fluctuations (change by a factor of up to 1000 in 0.02 Gyr)
are larger in a merger than isolated case, because of extra
dynamical processes (tidal forces, shocks) acting on the two
merging galaxies. The vertical dashed and solid black lines
in the right panels of Fig. dlmark the epochs of first (¢ ~ 0.36
Gyr) and second (t ~ 1.86 Gyr) pericenter passages of the
two galaxies, which occur at a concurrent time for the dif-
ferent feedback models. The galaxies merge at the second
pericenter epoch, while the BHs undergo a third and some
subsequent pericenters before merging.

The feedback power in the merger is in Fig. @ middle-
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Figure 4. Evolution with time of BH mass accretion rate (top row), energy feedback rate (middle row), and total star formation
rate (bottom row), in the fiducial case of isolated galaxy (left column), and merger (right column) simulations. The different colors and
plotting linestyles discriminates AGN feedback models labeled in the bottom panels. The runs for a single isolated galaxy are: SF' (black
solid) - star formation only, thl (red dashed) - thermal with ey = 0.002, th2 (red solid) - thermal with ey = 0.01, kinE2 (blue solid) -
kinetic EDW with vy, = 5000 km/s and ey = 0.05, kinE5 (cyan solid) - kinetic EDW with v, = 10000 km/s and €y = 0.05, kinE6 (cyan
dashed) - kinetic EDW with v, = 10000 km/s and €y = 0.25, kinM3 (green solid) - kinetic MDW with v, = 2500 km/s and ey = 1.
The contributions from each of the two merging galaxies are summed over, and the resulting total rates are plotted in the right column.
Note that the parameter values of the plotted linestyles are different between isolated and merger cases. The galaxy merger runs are:
SF (black solid) - star formation only, th2 (red solid) - thermal with ¢ = 0.01, th8 (red dashed) - thermal with ¢y = 0.05, kinE3 (blue
solid) - kinetic EDW with v, = 5000 km/s and €5 = 0.25, kinE5 (cyan dashed) - kinetic EDW with v, = 10000 km/s and €5 = 0.05,
kinE6 (cyan solid) - kinetic EDW with vy, = 10000 km/s and € = 0.25, kinM2 (green solid) - kinetic MDW with v, = 5000 km/s and
er = 1. The vertical dashed black line in the right panels marks the epoch of first pericenter passage of the two merging galaxies, and
the vertical solid black line marks the second pericenter passage.
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right panel. Its dependence on BHAR and €y are similar to
that in an isolated galaxy.

The bottom-right panel of Fig. Ml shows the total star
formation rate in the fiducial merger versus time, with the
rates summed over each of the two galaxies. The initial fea-
tures of the SFR in the merger case are the same as that
of the isolated. The stellar evolution induced fluctuations
have larger amplitudes at ¢ > 1 Gyr in a merger than an
isolated galaxy. The SFR decreases linearly from 0.9 Gyr
to (1.6 — 1.7) Gyr reaching a local minimum depending on
the AGN model. It rises subsequently because of additional
gas inflow to dense central regions of the merging galaxies,
and passes through a local peak at t = 1.86 Gyr during
the second pericenter passage. It reaches another peak at
(2.1 — 2.2) Gyr, and decreases henceforth by gas depletion.
At t > 2 Gyr, thermal feedback (red curves) produces lower
SFR than the SF run (black curve) by a factor between
(1.5 — 10). Kinetic feedback causes a greater supression of
SFR, starting from 0.9 Gyr; the reduction factors wrt the
SE case are: 5 — 30 times in EDW models with v, = 5000
km/s (blue) and in MDW models (green), 10 — 100 times for
EDW models with v,, = 10000 km/s (cyan).

3.4 Galaxy Mass Components

The masses of BH and gas components in the isolated fidu-
cial galaxy models versus evolution time is plotted in Fig.
The left panel presents the BH mass, where all the feed-
back models have the BH growing in a qualitatively similar
manner. Starting from a seed mass of 10° Mg, each BH first
undergoes a slow growth. It then has an exponential growth
over the time range (0.5 — 1) Gyr, when its mass increases
by a factor 10— few 100. After 1 Gyr it comes to an almost
steady state, having a very slow subsequent growth. The fi-
nal BH mass reached at 2 Gyr depends on the AGN model,
and is inversely proportional to ¢; and directly proportional
to vw. A higher €7 imparts a stronger feeedback affecting
more central gas, and yields a less-massive BH than a lower
€s. On increasing vuw, M., decreases (inversely proportional-
ity in Eq. (@) for EDW, and (@) for MDW), there is reduced
kinetic feedback and less gas is ejected out, making more gas
available for accreting onto BH which grows more massive.
As a note, a BH which is only accreting gas with no feedback
grows to a mass of 3 x 103 My in 2 Gyr.

The right panel of Fig. [Bldepicts the gas mass which has
outflown, or that lying outside a pre-defined disk region. No
gas outflows in the SF run. In the case of thermal feedback
a tiny fraction (< 107%) of gas outflows after 1 Gyr. The
kinetic feedback models cause some gas to outflow starting
from (0.2—0.3) Gyr. The outflowing mass rises exponentially
during the peak period of BH growth, because the feedback
energy governing the mass outflow is derived from the BH
accretion rate. A few x108Mg gas has outflown by 1 Gyr,
which is a fraction 0.03 — 0.07 of the initial gas mass.

The middle panel of Fig. [l denotes the time evolution
of central gas. This summed mass inside r < 2h~! kpc from
the BH consist of the innermost gas which is accreted onto
the BH, ejected out by kinetic feedback, and is part of the
central high-density star-forming region of the galaxy where
gas is converted to stars. This mass decreases equally for all
the feedback models up to ~ 0.7 Gyr, which is an impact
of star formation, and the BH mass is still small. Thermal

feedback does not alter the central gas reservoir content. In
the kinetic models, the inner gas is depleted such that the
central mass becomes 0.25—0.5 of the SF case between (1—2)
Gyr. There the BH grows appreciably after 0.5 Gyr, exerts
strong kinetic feedback, and ejects the central gas out.

Fig. [6l displays the time evolution of various component
(BH, gas, stars)’s masses in the fiducial merger simulation.
The mass contribution from each of the two merging galaxies
are summed over, and the resulting total masses are plotted.
Some trends are similar to the isolated galaxy evolution in
Fig. Bl while some are different caused by the dynamics of
the merger process.

The BH mass in the top-left panel of Fig. 6] shows a
similar general trend as isolated galaxy. The steady state
reached at ¢ > 1.5 Gyr, after the exponential growth, is
more prominent with kinetic feedback than thermal. The
impact of varying v, is reduced in a merger than a single
isolated galaxy.

The mass of new stars formed (bottom-left panel of
Fig.[) increases overall, and the total gas mass in the galax-
ies (bottom-middle) decreases with simulation time over
(0 — 3) Gyr, for all the AGN models, as gas is converted
to stars and is accreted onto central BH. Except there are
some epochs (at ~ 1.2,1.6,2.4,2.8 Gyr) when the star mass
reduces and gas mass increases by the same amount, occur-
ring because of stellar mass loss (a part of the stellar evo-
lution model of [Tornatore et all |2007). Thermal feedback
produces a late visible impact; at ¢ > 2 Gyr there is slighty
smaller star mass and a higher gas mass than the SF case.
The influence of kinetic feedback is larger, visible from 1.1
Gyr; the stellar mass is reduced by a factor of 1.7 —2.5 than
SF, resulting in a correspondingly higher gas mass.

The bottom-right panel of Fig. [6l shows the gas mass
inside a disk region, within distances from central BH
Az, Ay < 30h~! kpc along the disk plane, and Az < 10h~!
kpc in the perendicular direction. At ¢t > 1 Gyr, the kinetic
feedback cases have a smaller disk mass than the SF and
thermal runs, occurring because of increased outflows.

The top-right panel of Fig.[6ldenotes the gas mass which
has outflown, i.e. lying outside the disk region. Contrary to
the isolated case, in the merger of two galaxies there is sig-
nificant gas outflow from the beginning, for all the models.
The SF run has 3 x 10° Mg gas outflown by 3 Gyr, few times
larger than the gas mass within the disk at the same time.
This no-feedback outflow occurs mainly because of shock
heating and collisions during the merger. In the case of ther-
mal feedback the outflown gas mass is up to two times higher
than the SF case at t > 2 Gyr. The kinetic feedback mod-
els expel a significantly higher fraction of gas than the SF
and thermal runs; ~ 10'° Mg gas outflows by 3 Gyr, which
is comparable or larger than the mass of new stars formed,
and (100 — 1000) times higher than the gas mass remain-
ing in the disk. Thus the resulting galaxy, produced by the
merger of two disk galaxies, contains most of its gas in the
form of an extended spheroidal halo.

The rearrangement of gas distribution in the two galax-
ies during the merger is indicated by few opposite trends in
the component evolution. The outflow mass (top-right panel
of Fig. [f]) decreases sharply at 0.3 Gyr, coinciding with a
rise in disk mass (bottom-right). This corresponds to the first
pericenter passage (marked in the right panels of Fig. M) of
the galaxies approaching each other. During this encounter,
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with vy, = 2500 km/s and €y = 1.0.

T T T T T T T T T T
~ 10 :
S 2 f‘———\___/’_’-
10° - =~
T E —
oM F S i
2 4o g f
5 10% Ei
2 E 1)
< [ P
g 105L s
= Gas at [Ax, Ay > 30; Az > 10] |
10°( . . . . . . . .
0.0 0.5 1.0 1.5 2.0 25 3.0 . . . 1.5 2.0 2.5 3.0
t (Gyn t (Gyn
T T T T T T T T T T
10F
~—_ fE@
o) 1 @ 10} S <
= 1= 10°F
4 x
L
8 SF only - NoBH B 2 [a)
s / Thermal £=0.01 = ) 10%F E
s 10°F | = = = - Thermal &:=0.05 s g
=] 1 5o =
= / KinE v,,=5k, £=0.25 ] = All Gas Eg 107k  Gasat[Ax, Ay <=30; Az <= 10] 4
; . . . X . 10° . . . . . 10° . . . . .
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
t (Gyn t (Gyn) t (Gyn

Figure 6. Time evolution of various component (BH, gas, stars)’s masses in galaxy merger simulation, fiducial model: BH mass (top-
left panel), gas mass inside r < 2h~! kpc from BH (top-middle), gas mass outflown (top-right), mass of new stars formed from gas
(bottom-left), total gas mass in galaxy (bottom-middle), gas mass inside disk (bottom-right). The mass component for each of the two
merging galaxies are summed over, and the resulting total masses are plotted. The different colors and plotting linestyles distinguish
between AGN feedback models: SF (black solid) - star formation only, th2 (red solid) - BH thermal feedback with ey = 0.01, th3 (red
dashed) - BH thermal feedback with ¢ = 0.05, kinE3 (blue solid) - BH kinetic feedback EDW with v, = 5000 km/s and ey = 0.25,
kinE5 (cyan dashed) - BH kinetic feedback EDW with v,, = 10000 km/s and ey = 0.05, kinE6 (cyan solid) - BH kinetic feedback EDW
with vy, = 10000 km/s and ey = 0.25, kinM2 (green solid) - BH kinetic feedback MDW with v, = 5000 km/s and ey = 1.0.

tidal forces cause more gas to flow inward. After 0.5 Gyr the between (2 — 2.5) Gyr, making a galaxy with spheroidal gas
galaxies move apart, restoring the original gas configuration distribution.

in each. They undergo a second pericenter passage starting
at ~ 1.6 Gyr, when the outflow mass reduces and disk mass
increases again. The galaxy disks collide during this passage,
the disk structures are lost in the violent encounter, some
gas recoil forming tidal tails, and the nuclear regions merge

The top-middle panel of Fig. [6] shows the central gas
evolution, inside r < 2h~! kpc from the BH in each galaxy.
It shows heavy fluctuations at t > 1 Gyr; falling because
of accreting onto BH and/or ejecting out by feedback and
merger shock heating, while rising again when there is gas
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inflow to the inner regions. The thermal feedback and SF
cases are almost coincident up to 2.4 Gyr, after which a
strong burst of feedback reduces the central gas mass and
increases the outflow mass in the th2 run. In the kinetic mod-
els, the inner gas is depleted more at 1.5 Gyr, replenished
again later, presenting oscillatory behavior between (1.5—3)
Gyr; finally the central mass becomes (0.1 — 0.01) of the SF
case at 3 Gyr.

We see, from Figs. 4] Bland[6] that thermal feedback pro-
duces negligible impact compared to the SF case in the iso-
lated galaxy and at ¢ < 2.4 Gyr in the merger. We investigate
and infer this is because the thermal energy injected is radi-
ated away very quickly by the dense star-forming gas parti-
cles in the multiphase model (Springel & Hernquist 2003).

3.5 Radial-Profiles

The radial profiles of gas properties of the isolated galaxy
cases at an evolution time of 2 Gyr are presented in Fig. [1
The radius is computed by the distance from the maximum
gas density location. The total galaxy mass varies between
the three columns: lower-mass of Mot = 1.40 X 1011M@
(left), fiducial of Moy, = 1.12x10'2 M, (middle), and higher-
mass of Moy = 8.93 x 10" Mg (right). Fig. B displays the
radial gas profiles of the merged galaxy at t = 2.31 Gyr, an
epoch when there is still significant gas left near the cen-
ter, however the two BHs in few runs have not merged yet.
The total mass of an individual galaxy undergoing merger
varies between the three columns. The profiles of the dif-
ferent models vary, more in the merged galaxy than in the
isolated evolution. This is because of the distinct operation
of each feedback, affecting the gas in diverse ways enhanced
by a merger.

3.5.1 Density

The gas density radial profiles are plotted in the top rows.
The isolated models in Fig.[f exhibit similar density profiles,
except the lower-mass galaxy, where strong kinetic feedback
in the kinFE6 run expels large amounts of gas and reduces
the density by 10 — 100 times than the other runs.

In the merger, Fig.[8 the lower-mass and fiducial galax-
ies present qualitatively similar profiles. However there are
two exceptions in the fiducial galaxy: at r ~ 3h™" kpc the
kinFE6 case produces a local peak, while the SF run gener-
ates a local drop. In the inner r < 2h~! kpc, the SF case
exhibit a ~ 1.5 times higher density than that with thermal
feedback, which in turn is (3 — 5) times denser than those
with kinetic feedback. The differences reduce and/or reverse
in the outer 7 > (2 — 3)h™! kpc, where in the lower-mass
galaxy kinetic feedback causes ~ 10 times more density than
thermal. The higher-mass galaxy (top-right panel of Fig. B)
has a smaller density than either of the two other galaxies.
This implies that most of the gas has been expelled at 2.31
Gyr here by strong feedback effects.

The features are signatures of kinetic feedback being
able to expel gas efficiently from central regions, conse-
quently reducing the central gas density, and depositing the
gas at larger distances.

3.5.2  Temperature

The temperature radial profiles are presented in the middle
rows of Figs. [7 and [B] using the effective temperature for
those gas particles which are star-forming. The T-profiles in
the inner regions r < (1 —Z)ff1 kpc of all the galaxies follow
the negative-sloped density-profiles (top rows in respective
figures). This represents the dense gas at galaxy center un-
dergoing SF, and having a T' between ~ (10° — 5 x 10°) K,
which is directly proportional to the density, as a result of
following the SF effective equation of state in the multiphase
model by [Springel & Hernquist (2003).

In the isolated (Fig. [[) kinetic feedback runs (except
case kinE2 in the higher-mass galaxy), the gas T increases
with radius at 7 > (5—10)h~" kpc, as the high-velocity out-
flows thermalize their energies at large-radii. The T profiles
reveal that thermal BH feedback does not heat up the inner
gas to higher temperatures as a physical model should do.

The fiducial merged galaxy (Fig. B) SF case has a
smaller (than the feedback runs) cold central spheroidal
core, surrounded by a hot gas halo of size r ~ 3h~! kpc;
and a prominent a cold annular ring at r ~ (4 — 6)ff1 kpc
composed of gas infalling from two tidal tails. The gas T
increases with radius at r > 2h~! kpc. These outer regions
contain gas shock heated during the merger, and feedback
processed material: gas heated by BH thermal coupling, and
shock heating via kinetically kicked gas. The T profiles show
a local peak, which for the SF and thermal feedback occurs
at a radius (e.g., r ~ 15h7! kpc in the fiducial galaxy) 10
times smaller than the kinetic feedback models (r ~ 200h™*
kpc). This is because the jet-like outflows of kinetic feedback
deposit their energies at a larger radii.

3.5.83 Carbon Metallicity

Radial profiles of the ratio of carbon mass fraction in the gas
to that of the Sun are plotted in the bottom rows of Figs. [1
and Bl The medians and percentiles are computed consid-
ering all (both enriched and non-enriched) gas particles in
radial bins. In the isolated galaxy (Fig. [T the Z¢ profiles
are flat overall. It has a sharp decrease at a mass-dependent
radii corresponding to the end of the galaxy disk, and in-
creases again at larger radii in the feedback runs comprising
of metal-enriched gas ejected out.

In the merged galaxy (Fig.[), the kinetic feedback mod-
els produce an almost flat, no-gradient Z¢ profile in the in-
ner r < 20h~* kpc; and small gradients at r > 20k~ " kpc.
These features demonstrate that kinetic feedback is substan-
tially effective in transporting metals away from central SF
regions, and spreading them in the lower-density surround-
ing CGM. The SF and thermal feedback cases exhibit metal-
licity gradients at all-r in the lower-mass and fiducial galax-
ies. Thermal feedback in the higher-mass galaxy produces a
no-gradient flat Z¢ profile like the kinetic models, with com-
parable metallicity values. This implies thermal feedback is
relatively more efficient to enrich the CGM of higher mass
galaxies.

In the inner r < 0.5h71 kpc all the feedback models
generate a 1.5 times lower Z¢ than the SF case, because of
suppression of central SF. The trend reverses in the outer
r > 0.5h~! kpc: thermal feedback displays a higher Zo up
to 10 times more than SF, and the kinetic cases exhibit up
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Figure 7. Radial gas profiles of isolated galaxy models at an evolution time of 2 Gyr. The three columns indicate varying total galaxy
mass: lower-mass with vaog = 75 km/s and Mot = 1.40 X 1011M@ (left), fiducial with vagp = 150 km/s and Mot = 1.12 X 1012M@
(middle), and higher-mass with v20o = 300 km/s and Mot = 8.93 x 10'2Mg (right). The AGN feedback models providing best-fit in
the [Mpu — o«] diagram of an isolated case are plotted: SF (black cross, green shade) - star formation only, th2 (red filled circle, yellow
shade) - thermal with e; = 0.01, kinE2 (blue square, reddish grey shade) - kinetic EDW with v,y = 5000 km/s and €5 = 0.05, kinE6
(cyan square, grey shade) - kinetic EDW with vy, = 10000 km/s and ey = 0.25. The plotted curves denote the median quantity in radial
bins of each run. The respective shaded areas enclose the 70th percentiles above and below the median in each case, showing the radial
scatter. Top row is the gas density in cgs units. Middle row is gas temperature, and the effective equation-of-state T' is shown for the
multiphase gas particles. Bottom row is carbon metallicity, showing the ratio of carbon mass fraction in gas to that of the Sun.

to 60 times higher Z¢, originating from the accumulation of
metal-enriched gas expelled by feedback.

4 DISCUSSION

We see that BH kinetic feedback operates intermittently,
visible for short instances, separated by longer time inter-
vals. The rightmost column of Fig. [2] represents a typical
outburst example; the evolution time of ¢t = 1.73 Gyr was
chosen for this figure to coincide with one such kinetic out-
burst. When gas accumulates near the galaxy center, the
accretion rate onto the BH rises, and feedback acts to eject
gas out of the disk in the form of bipolar jet-like outflows,
consisting of multi-temperature, metal-enriched gas, mov-
ing outward at a high speed v,. This depletes (partially)
the central reservoir of gas, and the BH accretion rate re-
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duces, stopping the bipolar outflow. This off-period occurs
for a longer time than the outflow was on, when the gas
flows in again near the central BH. The process acts pe-
riodically, with intermittent active outbursts, separated by
longer quiescent intervals; as long as the reservoir of gas in
the central disk region is not depleted significantly. Whereas
for BH thermal feedback, the outflow occurs relatively more
continuously, and after a while some of the outflowing gas
slows down, reverses and inflows.

We find the BH mass accretion rate to be highly vari-
able on a range of time scales. Kinetic feedback causes
larger amplitude of the fluctuations (variability factor be-
tween 10 — 10") than thermal (up to 100). At ¢ > 1 Gyr
with kinetic feedback, the accretion spikes of amplitude
~ 100 have a period of ~ 0.05 Gyr. Our results are con-
sistent with other studies who find variability of the BHAR
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Figure 8. Radial gas profiles of merged galaxy at an evolution time of 2.31 Gyr. The three columns indicate varying total mass of an
individual galaxy undergoing merger. The AGN feedback models providing best-fit in the [Mpy — o«] diagram of a merger are plotted:
SF' (black cross, green shade) - star formation only, th3 (red filled circle, yellow shade) - thermal with e = 0.05, kinE3 (blue square,
reddish grey shade) - kinetic EDW with v,y = 5000 km/s and ey = 0.25, kinE6 (cyan square, grey shade) - kinetic EDW with v, = 10000
km/s and €5 = 0.25. The plotted curves denote the median quantity in radial bins of each run, and the shaded areas enclose the 70th
percentiles above and below the median. Top row is gas density, middle row is gas temperature (with the effective T' shown for the

multiphase gas particles), and bottom row is carbon metallicity.

in simulations (e.g., |Gaspari, Ruszkowski & Sharma 12012;
|Gabor & Bournaud 2013).

We infer that different model parameters are needed
to fit the [Mpu — o«] observations for a BH evolving in an
isolated galaxy versus that formed in a merger of two galax-
ies. Also varying modes of AGN feedback (thermal versus
kinetic, additional details of wind prescription) require dif-
ferent parameter sets. BHs growing in cosmological envi-
ronments undergo several major and minor mergers as well
as quiscent evolution at different epochs. BHs also have al-
ternate phases of feedback, quasar-mode versus radio-mode
(which are usually realized as thermal or kinetic forms of
feedback in simulations), at varying points of their lifetimes
likely dependent on environment as well. The selection of a
unique parameter set for cosmological simulations is hence
not straight forward. We find that the best-fit € is larger in
a merger than in an isolated galaxy, considering either ther-
mal or kinetic feedback. Furthermore, a larger €; is needed

in kinetic over thermal within each of isolated or merger
case.

The obtained trend of larger efficiency for kinetic feed-
back is consistent with studies using the value e; = 0.15

in the quasar-mode (Booth & Schaxd m; Dubois et al]
), and € = 1 in the radio-mode (Dubois et al] m ,
which were calibrated to reproduce the m
(1999) relations at z = 0. Our best-fit parameter set [v, =
10000 km/s, ey = 0.25] of BH kinetic feedback EDW falls
within the [Mgu — o.] best-fit category for both isolated
galaxy and merger. We plan to explore such parameters in
full cosmological simulations in the future.

In a relatively recent observational study
McConnell & Ma (2013), using new and revised kine-
matic data of a larger sample, presented significantly
steeper [Mpu — o, relation than the older observations

(Tremaine et al“ﬂﬂ; Gultekin et al“MQ) based on which

we calibrate our model parameters. This steepening has
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occurred because of newest dynamical measurements of BH
mass.

Our results demonstrate that the current implementa-
tion of BH thermal feedback has essentially no effect within
the framework of the standard multiphase star-formation
model |Springel & Hernquist (2003), where SF is based on
a density threshold only. The thermal energy deposited to
the gas particles which are multiphase (star-forming) is
radiated away instantaneously, since they are dense. And
they attain the effective equation-of-state temperature dic-
tated by their density. This process might even induce SF
by heating, since increasing the temperature of a multi-
phase particle makes the cold-phase more pressurized. This
mimics the positive AGN feedback phenomenon of trig-
gering starbursts by AGN outflows, when they compress
clumpy gas clouds (e.g., [Natarajan, Sigurdsson & Silk |1998;
Mellema, Kurk & Rottgering 12002; Barai & Wiita [2007;
Gaibler et all|2012).

The non-effectiveness of the thermal feedback is ag-
gravated in our models by the hole detection numerical
algorithm (§237)), first used in this study. The SFR in
our simulations is directly proportional to the gas mass
inside 2h~! kpe, implying that SF quenching happens by
removal of gas. We extrapolate that all the studies (e.g.,
Di Matteo, Springel & Hernquist 2005) using the BH nu-
merical methodology of |Springel, Di Matteo & Hernquist
(2005) are plagued by such artefacts: those incur a ther-
mal feedback induced SF quenching by gas depletion via
the creation of a hole around the BH location, and not ac-
tually by heating the gas. However we limit the expansion of
the hole using our novel numerical technique, which restricts
the gas depletion, therefore allows SF to occur unrestricted,
bounding the impact of SF reduction.

Modifications are needed in the BH thermal feedback
subgrid model in order to make it effective. One amend-
ment is to not allow the gas heated by BH thermal feedback
to form stars, to ensure the negative nature of AGN feed-
back. In subgrid models this amount to imposing an upper
temperature threshold for SF, such that only gas at lower
temperatures form stars (e.g., [Vogelsberger et all|2013).

The Zc profiles of the merged galaxy (Fig. [) reveal
that the differences between the models are most promi-
nent in the lower-mass and fiducial galaxies (of total masses
Mot /Mo = 1.40 x 10*" and 1.12 x 10'?), where kinetic feed-
back results up to (10 — 1000) times higher Z¢ than ther-
mal, within 7 ~ (20 — 100)h™! kpc. Hence we infer that the
CGM gas at such galactocentric distances can give the best
Zc observational diagnostic to distinguish between various
BH feedback models. Other studies also find that kinetic
AGN feedback can uplift metals from galaxy to 100s of kpc
(e.g., |Gaspari et al! 2011d), making metallicity diagnostics
an excellent way to differentiate feedback models.

5 SUMMARY AND CONCLUSION

We investigate different modes of AGN feedback in galaxy
simulations. We examine two physical ways in which the
feedback energy from a BH is coupled to the neighboring gas:
thermal - where the temperature is increased, and kinetic -
where the velocity is boosted. We formulate kinetic feed-
back models with two free parameters: feedback efficiency

© 0000 RAS, MNRAS 000, 000-000

Kinetic AGN Feedback 17

and AGN wind velocity. The models are implemented in the
TreePM - SPH code GADGET-3: gas particles are stochas-
tically selected from the neighbors and imparted an one-time
vy boost. We incorporate a novel numerical algorithm to de-
tect the existence of a hole in the gas distribution around
the BH, and prevent its expansion. The code includes ad-
ditional sub-resolution physics: metal-dependent radiative
cooling and heating; star formation; stellar evolution and
chemical enrichment.

We perform simulations of isolated and merging disk
galaxies, of total mass 1.12 x 10*2 Mg (similar as the Milky-
Way) in our fiducial case. Each initial galaxy model contains
3 x 10° dark matter, 5 x 10* disk gas, 25 x 10 disk star, and
25 x 10° bulge star particles. New stars form during the sim-
ulation, and in our analysis of o, all the stars are counted.
The collisionless BH particle has an initial dynamical mass
1.6 times the DM particle mass and a seed mass of 10° M.
For the merger simulations, two equal-mass isolated galaxies
are set on a parabolic collision course. We perform runs with
the same non-AGN physics, and varying the AGN feedback
models:

- star-formation and chemical enrichment only (no BH),

- thermal BH feedback,

- kinetic BH feedback with energy-driven wind prescription,
- kinetic BH feedback with momentum-driven wind.

The results are summarized below.

e We compare the Mpu versus o, obtained in our simula-
tions with observational data. All the stars lying within the
stellar half-mass radius are tracked, and the median stel-
lar velocity dispersion is estimated from hundred random
line-of-sight directions. The parameters giving a best-fit in
the isolated galaxy are: for BH thermal feedback e; = 0.01;
for BH kinetic EDW v, = 5000 km/s with ¢; = 0.05, and
vy = 10000 km/s with ¢y = 0.25; for BH kinetic MDW
vy = 2500 km/s with ¢, = 1. We obtain the following
best-fit parameters in the galaxy merger: for BH thermal
ey = 0.05; for BH kinetic EDW v,, = 5000 or 10000 km/s
with e = 0.25. For BH kinetic MDW feedback, none of the
parameters we explored fit the observations; the BH mass is
always too large.

e In the isolated galaxy, there is no gas outflow in the
star-formation only case. BH thermal feedback produces a
late weak outflow, with 1073 of all gas ejected after 1 Gyr.
BH kinetic feedback produces gas outbursts from 0.2 Gyr, as
bipolar jet-like outflows visible intermittently, separated by
longer quiescent intervals, with 0.03 — 0.07 of the gas mass
outflown by 1 Gyr. This results in a smaller stellar mass.

e In the merging galaxy pair, collisions, shock heating
and tidal interactions cause significant gas outflow from the
beginning, even in the star-formation only case. BH mod-
els induce enhanced outflow: in thermal feedback up to 2
times higher than star-formation only, and in kinetic feed-
back 5 —8 times more. The galaxies pass through a first and
second pericenters at 0.4 and 1.9 Gyr, and coalesce between
(2—2.5) Gyr. The resulting merged galaxy has an extended,
diffuse, spheroidal gaseous halo. Stellar and gas distribution
are more spherically shaped in the star-formation only run,
irregular to elliptically shaped with kinetic feedback, and
intermediate with thermal.

e The BH mass growth occurs in a qualitatively similar
manner for all the models: slow growth initially, exponential
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growth from t ~ 0.5 Gyr until 1 Gyr in the isolated galaxy
and until 1.5 Gyr in the merger when its mass increases by
a factor 10 — few 100 depending on the AGN model, and
an almost steady-state afterward. The final Mgy is inversely
proportional to ef, and directly to v,,. The impact of varying
vy is reduced in a merger than an isolated galaxy.

e The BH mass accretion rate exhibit heavy fluctuations,
by a factor of up to 100 in the isolated and 1000 in the
merger within 0.02 Gyr.

e The models display similar star formation rate in the
isolated galaxy: at t > 0.9 Gyr kinetic feedback generates
a 1.5 times lower SFR than the star-formation only and
thermal cases. In the merger, thermal feedback produces a
(1.5—10) times lower SFR than the star-formation only run
at t > 2 Gyr. Kinetic feedback causes a greater supression,
starting from ¢ > 1 Gyr, 5 — 100 times lower SFR than the
star-formation only case.

We see that the SFR is directly proportional to the gas
mass inside 2h~! kpc, implying that SF quenching happens
by removal of gas, and there is very little effect of feedback
by gas heating on SFR.

e The temperature radial profiles of the merged galaxy
display a local peak in the outer regions, which for the
star-formation only and thermal feedback occurs at a ra-
dius 10 times smaller than the kinetic feedback models. Gas
density and carbon metallicity profiles demonstrate that ki-
netic feedback expels dense metal-rich gas out from cen-
tral regions of galaxies, and enrich the lower-density CGM
and IGM to > 100 kpc. Radial Z¢c profiles present most
prominent differences between the models in galaxies of total
masses 1.40 x 10™ and 1.12 x 10" My : kinetic feedback re-
sults up to (10—1000) times higher Z¢ than thermal, within
r ~ (20 — 100)h~" kpc; the CGM gas at such galactocentric
distances can give the best Z¢c observational diagnostic to
distinguish between BH feedback models.

e The low to negligible impact of BH thermal feedback
on gas properties reveal that our adopted methodology from
Springel, Di Matteo & Hernquist (2005) is ineffective within
the framework of the multiphase star-formation model. It is
enhanced by the fact that we limit the expansion of the hole
using our novel numerical technique, which restricts gas de-
pletion around the BH. Previous studies using the same BH
thermal feedback model had SF quenching by gas depletion
via the creation of an artificial hole, and not actually by
heating the gas.

We are performing ongoing work to improve the sub-
grid model of BH thermal feedback, by modifying the way in
which feedback energy is distributed and changing the con-
ditions of SF. In the future, we plan to perform cosmological
hydrodynamic simulations including unified models of AGN
feedback: quasar-mode and radio-mode (numerically imple-
mented as thermal and kinetic feedback from BH), to study
BH-galaxy coevolution and IGM properties.
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