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Abstract

Massive elliptical galaxies harbor large amounts of hot gas (T2, 10° K) in their interstellar medium (ISM) but are
typically quiescent in star formation. The jets of active galactic nuclei (AGNs) and Type Ia supernovae (SNe la)
inject energy into the ISM, which offsets its radiative losses and keeps it hot. SNe Ia deposit their energy locally
within the galaxy compared to the larger few Xx10 kiloparsec-scale AGN jets. In this study, we perform high-
resolution (512% hydrodynamic simulations of a local (1 kpc®) density-stratified patch of the ISM of massive
galaxies. We include radiative cooling and shell-averaged volume heating, as well as randomly exploding SN Ia.
We study the effect of different fractions of supernova (SN) heating (with respect to the net cooling rate), different
initial ISM density/entropy (which controls the growth time #; of the thermal instability), and different degrees of
stratification (which affect the freefall time #¢). We find that SNe Ia drive predominantly compressive turbulence in
the ISM with a velocity dispersion of o, up to 40 km s~ ' and logarithmic density dispersion of o, ~ 0.2-0.4. These
fluctuations trigger multiphase condensation in regions of the ISM, where min(#;)/t < 0.6 exp(60;), in agreement
with theoretical expectations that large density fluctuations efficiently trigger multiphase gas formation. Since the
SN Ia rate is not self-adjusting, when the net cooling drops below the net heating rate, SNe Ia drive a hot wind
which sweeps out most of the mass in our local model. Global simulations are required to assess the ultimate fate of
this gas.

Unified Astronomy Thesaurus concepts: Early-type galaxies (429); Interstellar medium (847); Type Ia supernovae

CrossMark

(1728); Cooling flows (2028)

1. Introduction

The interstellar medium (ISM) in massive galaxies is hot,
with temperatures 7 ~ 10°-107 K, and the dense central regions
(number density n~ 0.01-1 cm73) can cool in less than 1 Gyr
(Werner et al. 2012). However, the ISM in most of these early-
type galaxies is not undergoing a cooling flow (Peterson et al.
2003). They show little to no current star formation, and their
stellar populations are typically 210 Gyr old, barring a few
exceptions (see, e.g., Calzadilla et al. 2022). Hence, the ISM of
these massive ellipticals needs to be heated constantly to keep
them in a roughly thermal balance, see Donahue & Voit (2022)
for a recent review.

Heating of the ISM due to the jets of active galactic nuclei
(AGNs) powered by the accretion of matter onto the
supermassive black hole is one significant energy source
(e.g., Allen et al. 2006; Fabian 2012; Gaspari et al. 2017; Main
et al. 2017; Guo et al. 2023). AGN jets are typically found to
deposit their energy further out (few x 10 kpc) from the central
regions of the galaxy (Birzanet al. 2004). However, on
approximately kiloparsec scales, the jets are highly collimated
and the cavities/bubbles associated with them are not volume
filling. While the mechanical energy input from AGN jets
matches the net cooling of the halo gas in several systems
(McNamara & Nulsen 2007; Rafferty et al. 2008; Olivares et al.
2023), the distribution of this heating throughout the ISM is
still an open question.

Heating due to supernovae (SNe) is another attractive model.
In early-type galaxies with old stellar populations, Type Ia
supernovae (SNe Ia) dominate the stellar energy output channel
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and are a natural outcome of stellar evolution. The spatial
distribution of SNela is expected to follow the stellar
distribution in the galaxy. Hence, these SNe deposit their
energy more uniformly and within the ISM of the galaxy
compared to the AGN jets. Studies such as that of Voit et al.
(2015) have shown that the energy injected by SNe la exceeds
the energy lost due to radiative cooling in the high-entropy
outer regions of elliptical galaxies. They propose that the mass
deposited into the ISM by asymptotic giant branch (AGB) stars
can be swept out by an SN Ia-driven wind, helping to keep the
ISM density low and its cooling time (f.,,) long. Li et al.
(2018) find that supernova (SN) heating can suppress star
formation in low-mass ellipticals, while AGN feedback is more
efficient for systems with stellar mass >10"' M., (also see Ciotti
1991; Conroy et al. 2015; Voit et al. 2020; Molero et al. 2023).

Since the net energy output of SNe Ia is lower than that of the
AGN outbursts, many individual galaxy/galaxy cluster-scale
simulations have ignored their effect. Cosmological simulations
have generally included the mass and the injection of energy,
due to the SNe using sub-grid models (e.g., Crain et al. 2015;
Pillepich et al. 2018). Alternatively, in simulations that do
include discrete SNe (e.g., Su et al. 2019) it is not clear whether
they have the resolution to resolve individual supernova
remnants (SNRs) of a size of a few x10pc in the low-density
ISM of massive ellipticals. While the injection of energy due to
SNe is accounted for by such models, they cannot account for
the small-scale turbulence driven by the remnants (on scales of
50-100pc) and the density fluctuations they generate. These
density fluctuations can trigger multiphase condensation in the
halo gas if the ratio of the growth time of the thermal instability
to the freefall time (#;/# Sharma et al. 2012; Choudhury et al.
2019) or the ratio of #; to the mixing time (7;/#nix, Gaspari et al.
2018; Mohapatra & Sharma 2019) falls below a critical density
dispersion amplitude (oy)-dependent ratio (Voit 2021;
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Mohapatra et al. (2023, hereafter M23). Observational studies
such as that of Olivares et al. (2019) report multiphase
filamentary structures around the brightest cluster galaxies in
low-entropy and short cooling time regions of clusters.

Numerical studies on small scales (<10kpc regions) can
resolve individual remnants, either by implementing mesh-
refinement techniques around the SN injection regions or
modeling even smaller, less than or equivalent to kiloparsec-
scale regions of the ISM with uniform resolution. For example,
Tang et al. (2009a, 2009b) looked at the role played by SNe Ia
in the Milky Way’s bulge. They find that SNela power a
galactic bulge wind with a filamentary structure. This wind
sweeps out mass from the inner regions and keeps the
circumgalactic medium (CGM) hot.

In the context of massive elliptical galaxies, Li et al.
(2020a, 2020b, hereafter MLi20a and MLi20b, respectively)
modeled small patches (of a size of approximately a few
%100 pc) of the ISM at different distances from the galactic
center. They show that the nonuniform heating by SNe
produces multiphase gas even when the net heating rate
moderately exceeds the net cooling rate. They also report that
the heating by SNela is different from uniformly injected
volume heating—the localized heating caused by SNe Ia drives
compressive turbulence and produces large density fluctuations
in the ISM. However, MLi20a and MLi20b did not include an
external gravitational field in their setup. In a stably stratified
atmosphere, buoyancy effects can suppress the formation of
cold gas if #; /1 is large enough. The SN-heated bubbles would
rise against gravity and generate convective instabilities (such
as the Rayleigh-Taylor instability), which can generate
solenoidal turbulence and increase the mixing rate of the SNe
ejecta with the ambient ISM. Further, an overheated atmos-
phere would drive an outflowing wind (as reported by Tang
et al. 2009b, in the context of the Milky Way’s bulge). Such a
wind can transfer energy, mass, and metals to outer regions of
the galaxy. Thus, an external gravitational field is expected to
play a critical role in understanding the impact of SNe Ia on the
ISM of massive galaxies.

A parallel set of calculations has been used to study the onset
of thermal instability in stratified plasmas and the impact of
ambient turbulence (and/or seed perturbations) on this process
(e.g., Parrish et al. 2010; Choudhury & Sharma 2016;
Voit 2018; Choudhury et al. 2019; M23). This is important
for understanding the origin of multiphase gas in massive
galaxies, groups, and clusters, and its role in fueling star
formation and black hole growth. Such calculations typically
either seed the initial density fluctuations of a fixed amplitude
or drive turbulence on large scales. MLi20b have shown that
the properties of turbulence driven by small-scale SNIa
remnants are quite different from the large-scale forcing
typically employed in turbulence simulations. The remnants
typically drive turbulence on sub-100 pc scales with a large
compressive to solenoidal ratio and seed much larger density
perturbations than expected from oM (rms Mach number)
scaling relations in forced turbulence (Federrath et al.
2008, 2010; Konstandin et al. 2012). These differences in
driving can affect the mixing rate between the hot remnants and
the ambient ISM, as well as the occurrence of multiphase
condensation for a given set of turbulence parameters.

In this work, we aim to study the properties of the energy
injected by SN Ia in a density-stratified, kiloparsec-scale patch
model of the ISM. We conduct hydrodynamic simulations
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including randomly injected SNe, radiative cooling, and shell-
by-shell volume heating. In our fiducial set, we study the effect
of increasing SN injection rate on multiphase condensation,
properties of turbulence in the ISM, and the development of an
SN Ia-powered wind. We also check the dependence of our
results on the ambient stratification (which control #), different
initial gas densities (which affect #;) as well as the effect of
including mass ejected from AGB stars. We note from the
outset that our study is restricted to local simulations that model
a patch of the ISM/intracluster medium (ICM). These
calculations are analogous to the extensive literature on
simulations of the impact of core-collapse SNe on the ISM of
disk galaxies (e.g., Kim & Ostriker 2015; Martizzi et al. 2015;
Fielding et al. 2017). One important difference is that the local
approximation is much less motivated for the Type I/elliptical
galaxy application because of the absence of a thin disk.
However, given the extensive literature on local simulations in
studying the onset of thermal instability, it is valuable to assess
the role of SNeIa in that context before proceeding to global
simulations.

In the next section, we introduce some of the theoretical
background and estimate the different relevant energy sources
and sinks. We state our model and numerical methods in
Section 3. In Section 4, we present the results from our fiducial
set of simulations, where we progressively increase the SN la
heating rate keeping all other parameters constant. We study
the effect of other simulation parameters and summarize the
astrophysical implications of this work in Section 5. We
discuss our caveats and prospects in Section 6, and finally,
conclude in Section 7.

2. Theoretical Background
2.1. Analytic Estimates

In this section, we begin by providing some estimates of the
different energy sources and sinks for the typical massive
elliptical galaxies studied in Werner et al. (2012, 2014).

2.1.1. Radial Profiles of Stars, Gas Density, and Entropy

We first obtain the radial profiles of gas number density n
and entropy S from Figure 6 of Werner et al. (2012). We
normalize the gas number density n = 0.07 cm  and entropy
So=6.8keV cm? at r=_2kpc, in agreement with the X-ray
observations. The entropy profile flattens in the center and
follows a power-law scaling ocr' at large r. In the upper panel
of Figure 1, we show the radial profiles of gas number density
n, stellar mass density p, and entropy S.

For calculating the stellar mass distribution, we assume a
Hernquist profile (Hernquist 1990) with m, =2 X 10“M@ (see
Table 1 in Merritt & Ferrarese 2001, for typical bulge masses
of these galaxies) and r, =2kpc (ry = rer/ 1.8, we obtain reg
using the mass—size relations from Figure 1 of Trujillo et al.
2011).

2.1.2. Cooling Rate of the Hot ISM

The ISM of an early-type galaxy is generally hot, with
temperatures of around 10°~10" K. It cools through free—free
Bremsstrahlung emission and far-UV /X-ray line emission. In
order to calculate the cooling rate, we set the gas metallicity to
Z=0.5Z and generate a temperature-dependent cooling table
A(T) using Grackle (Smith et al. 2017). The cooling rate
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Figure 1. Upper panel: radial profiles of gas number density n, stellar mass
density py, and entropy S for a typical massive elliptical galaxy, normalized to
their values at 2 kpc. Lower panel: radial profiles of the cooling rate density £,
SN heating rate density ésn, and stellar wind heat rate density éy, assuming the
stellar velocity dispersion of o, =250 km s~

density £ is given by
L = n?A(T). (1a)

We show L as a function of r in the lower panel of Figure 1.

2.1.3. Heating due to SN la

For a stellar population of age ~10 Gyr, the SN Ia energy
injection rate is given by

Egn ~ 105 erg x 300(Myr)~'(My/10'° M), (1b)

assuming that each SN injects Esy = 103! erg of energy and
that the SNIa goes off at a rate 300(Myr)*l(M*/ 10'°M.),
consistent with the delay-time distribution of the SN Ia in Maoz
& Graur (2017; see also Scannapieco & Bildsten 2005;
Barkhudaryan 2019). We show ésy (Esn per unit volume) in
the lower panel of Figure 1. While the exact values of the
cooling rate and the SN heating rate will vary across different
systems, the comparison in Figure 1 indicates that the SN
heating rate is likely within an order of magnitude of the
cooling rate density within the central 10 kpc of the ISM in
massive galaxies. This emphasizes the potential importance of
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SNe Ia as a heating source that can compensate for cooling
losses and affect the development of thermal instability. This is
one of the main motivations for studying the effect of SN Ila
heating in local patches of the ISM.

2.1.4. Heating due to Thermalization of Stellar Winds

Stars on the AGB eject their outer envelopes into the ISM, at
a rate of

My = My x 2.5 x 107 Myr—!, (1c)

assuming a stellar age of ~10Gyr and using the models in
Conroy et al. (2009). Since the stars typically have a velocity
dispersion of oy ~200-300kms ' with respect to the ISM,
the wind material can become thermalized with the ISM and
contribute to its heating." The heating rate density due to the
stellar winds is given by

éx = Myo2 = 2.5 x 10 Myo2Myr . (1d)

We show the radial profile of é in the lower panel of Figure 1,
assuming o, =250km s~ '. The stellar heating rate density is
roughly an order of magnitude smaller than the cooling rate
density and the SN heating rate density. However, it could be
more important in compact galaxies with large o, as discussed
in Conroy et al. (2015).

2.2. Condition for the Absence of Shell Formation

In the standard picture of an SN going off in the ISM (see
Chapter 39 in Draine 2011), the evolution of the remnant can
be divided into four stages—(1) free-expansion, (2) Sedov—
Taylor phase (energy conservation), (3) snowplow phase
(where a dense cooling shell forms from the swept-up material)
and (4) fadeaway (where the shock wave fades into a sound
wave in pressure equilibrium with the ambient medium). In the
early-type galaxies considered in this study, the ISM is hotter
(temperature 7> 10°K) and has a lower density (n<
0.1 cm ™) compared to typical conditions in a galactic disk.
Under such conditions, the shock wave may reach pressure
equilibrium before the snowplow phase, i.e., before the onset of
significant cooling losses (MLi20a).

The fade radius Ry,qe, at which the shock wave evolves into a
sound wave is given by

4mwP/3
=46.0 pc a!/3(Esn/107" erg)!/3
X (n/0.08 cm™3)~"1/3(T/3 x 106K)"'/3,  (2a)

1/3
E
Rfade(a(vl) SN)

where P and T are the pressure and temperature of the ambient
ISM, respectively, and « is a free parameter of order unity. The
fade radius is less than the radius at end of the Sedov—Taylor
phase (when strong cooling commences) when the ambient
density n falls below a critical number density n.;, which is

' The AGB ejecta may not always become fully mixed with the ISM and may

survive as cold gas embedded in the hot ISM, especially in high-pressure
environments; see Li et al. (2019) for a detailed study. For simplicity, we have
ignored this effect in our calculations.
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given by MLi20a as

Heit = 7.56 cm™3(T/(3 x 10°K) /)35 |Esn/10% erg .
(2b)

The strongest dependence in Equation (2b) is on the
temperature of the ambient medium. Higher temperatures—
when the temperature is above the peak of the atomic cooling
curve—correspond to less efficient cooling and higher ambient
pressure, both of which lead to the SNR reaching pressure
equilibrium prior to significant cooling losses. The condition
n < ng; is satisfied for most regions of the ISM in the early-
type galaxies that we study.

3. Methods
3.1. Model Equations

We use Euler equations to model the ISM as an ideal gas
with an adiabatic index of yv=15/3. We evolve the following
equations:

0 . .
a—’; + V- (o) = s My + pys (3a)
%+V-(pv®v)+VP=pg, (3b)
Oe
m +V-{(e+ Pyw)=—pr -V)®
+ésN + €x + éhen — L, (3¢)
v, P (3d)
2 v—1

where p is the gas mass density, v is the velocity and
P = pkgT/(1um,,), where 1 =~ 0.6my,, is the mean particle weight,
m,, is the proton mass, and kg is the Boltzmann constant. In the
continuity equation (Equation (3a)), ngy denotes the rate of SN
injection per unit volume and Mgy denotes the mass injected by
each SN. In addition to the mass injected by SNe, we also
include the contribution of AGB winds, denoted by p,. (only in
a subset of our simulations). We denote the acceleration due to
gravity as g in the momentum Equation (3b). In the energy
equation (Equation (3c¢)), the total energy density is given by E
and the gravitational potential is denoted by ®, with g = -V ®.
We include L, ésn and éx defined by Equations (1a)—(1d), as
well as a shell-by-shell heating rate density égpe.

3.2. Numerical Methods

We perform hydrodynamic simulations using a performance
portable version of the Athena++ (Stone et al. 2020) code
implemented using the Kokkos library (Trott et al. 2021). We
use the second-order Runge—Kutta time integrator, the Harten—
Lax—van Leer contact Riemann solver, and the piece-wise
linear spatial reconstruction method. For cells with unphysi-
cally large velocities or temperatures, we use a first-order flux
correction algorithm described in the appendix in Lemaster &
Stone (2009).

3.2.1. Domain Size and Decomposition

We simulate a cuboidal patch of the ISM with dimensions
L x L x 1.5 L using a Cartesian grid, where L = 1 kpc and the
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longer dimension is oriented along the z-direction. By default,
we divide the simulation domain into a grid size of
512 x 512 x 768, such that each resolution element is cubical
in size (i.e., dx =dy = dz). Our simulation box is centered at
the origin (0, 0, 0).

3.2.2. Boundary Conditions

Similar to M23, we use periodic boundary conditions along
the x- and y-directions. The proper boundary conditions in the
vertical direction for this problem are nontrivial in that if an
SN-driven outflow develops, one would like boundary
conditions that allow such an outflow (and allow the density
and pressure at the boundary to change). If an outflow does not
develop, the boundary conditions should maintain hydrostatic
equilibrium with densities and pressures similar to the initial
condition. After experimentation, we settled on a compromise
in which we use constant boundary conditions for p and P at
the z-boundaries. At the upper z-boundary, we implement diode
boundary conditions for the z-direction velocity v,. At the lower
boundary, we set v.=0 for gas with T2 Tqoor and diode
otherwise. Setting v, =0 at the lower boundary prevents the
atmosphere from undergoing a global collapse and the second
condition prevents cold-infalling gas from gathering in the
negative z-direction.

To minimize the impact of the boundary conditions on our
results, we treat the regions beyond |z| > 0.5 L as boundary
regions and do not include them while analyzing the results of
our simulations.

3.3. Problem Setup
3.3.1. Initial Density and Pressure Profiles

We set up a gravitationally stratified atmosphere with a
constant g oriented along the —Z direction. At time =0,
pressure and density follow exponentially decreasing profiles
along the +Z direction and the gas is at hydrostatic equilibrium.
The initial z-profiles are given by

P(t=0) =P, exp(fé), (4a)
. P=0
pt=0)= 7gH ) (4b)

where H is the scale height of the pressure/density and Py, po
(=Py/gH) are the initial values of pressure and density at z =0,
respectively.
3.3.2. SN Injection
The SN heating rate density égy is given by
ésn = nisNEsN. (5a)

In our local ISM patch simulations, we set

fisn = g exp(—z/HsN), (5b)

such that the net heating rate due to SN 1is
Nsn Esn = fin fﬁodv, where (5¢)
Nex = [ngnav, (5d)

and fsn is a parameter that sets the normalization of the SN
heating rate. In the above set of equations, Hgy denotes the
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scale height of the stellar/SN distribution, £ is the cooling rate
at t =0 and fgy is a parameter that we vary across simulations.
We set Hsy = 0.5H so that the heating rate by an SN has the
same variation with z as £ (£ o< p? o< exp(—z/0.5H)),
motivated in part by the observations shown in Figure 1. As
we shall show, even with an initial condition balancing heating
and cooling both globally and as a function of z, the
simulations with significant SN Ia heating tend to rapidly
blow a significant amount of gas out of the box. We tried other
values of Hgn/H as well, and found that in those cases, the
transition to rapid blowout happened even more quickly.

We fix fgy at £ = 0, which sets Ngy. The expected number of
SNe in a time step dt is given by Ngydt. We draw the total
number of SNe in a given time step from a Poisson distribution
with this mean. We obtain the x and y coordinates of the center
of the remnant from a uniform distribution and use an
exponential distribution for the z coordinate.

The SN Ia remnants in the ISM of an elliptical galaxy are not
expected to undergo a snowplow phase (see Section 2.2) and
remain in the energy-conserving phase until they fade away
into sound waves. Once the center of an individual remnant is
determined, we inject Egy = 107! erg of energy as thermal
energy and Mgy = M, of mass inside a sphere of radius
0.6 X Rpqe- Since our simulations have a spatial resolution of
~2 pc, each remnant is resolved by >10 cells.

3.3.3. Heating due to AGB Winds

In a few of our simulations, we have included the effect of
mass and energy added to the ISM due to ejecta from AGB stars.
We assume that the AGB wind material is thermalized with the
ambient ISM. After setting Ny using Equation (5¢), we obtain
My and é, using Equations (1b)—(1d) and o, =250 km s ' We
inject mass and energy into the ISM with the same z-dependence
as the SN injection (xexp(—z/Hsn)). Although we do not
include the effect of AGB winds in our fiducial set, we discuss
their impact in the Appendix.

3.3.4. Modifications to the Cooling Function

To control the code time step set by the cooling function, we
reduce L to zero for T' < Tyt The modified cooling function
is given by

L= I’IZA(T)CXP(_lo(ﬂloor/T)4)a (5e)

where we set Thoor = 3 X 10% K.

3.3.5. Thermal Heating Rate and Shell-by-shell Energy Balance

To study the impact of different fractions of SN heating with
respect to the net cooling, as well as to prevent a runaway
cooling flow, we implement an additional heating source égej;,
which replenishes a (1 — fq) fraction of the energy lost due to
cooling of hot gas (T > Tyo; = 10°°K) in every z-shell at each
time step. This method is a useful toy model that is agnostic to
the origin of other sources of heating (such as AGN, radiation,
cosmic rays, conduction, etc.) and has been used in many
previous studies, such as those of Sharma et al. (2012),
Choudhury et al. (2019), and M23. Despite its simple
prescription, it leads to results similar to those of feedback
heating (Gaspari et al. 2012; Prasad et al. 2015).
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Mathematically, this is given by
pOey, 2.0 [LA — fn)exp(—10(Tho/T)*) dxdy
f pdxdy .

Eshell =
(51)

3.3.6. Important Timescales

The different relevant timescales of our setup are the Brunt—
Viisild oscillation time,

gy = 7Hs/g, where Hy = (v — DH, (62)
the turbulent mixing time,
Imix = [int,sol/vint,sol Where, (6b)

[k Eq (k)dk
pd - T
JE()sordk

[im,sol =
the gravitational freefall time,
teg = +J2H / g, (6¢)
the cooling time,

I’lkBT

(v — DPA(T)’ (60

Toool =

and the thermal instability growth time,

ti = Yeool
2 —dInA/dInT — apea
RYlcool AL T=T, (6e)
using (dInA/dInT)r—z, ~ 0 and apexr = 1. (6f)

In the above set of equations Hy is the scale height of entropy, k
is the wavenumber, E,(k) is the power spectrum of the
divergence-free (or solenoidal) component of the velocity field,
Vintsol 18 the solenoidal component of velocity on the integral
scale linsols Ohear 18 defined such that égpen o< pi,» and npyp
and vy, are the number density and the velocity of the bubble
inflated by an SNR, respectively.

3.4. Initial Conditions

We conduct a variety of simulations to model small patches
of the ISM of an elliptical galaxy at different locations away
from the galactic center. For all our simulations, we initialize
the gas at a constant initial temperature Ty =3 x 10° K, which
is consistent with typical ISM temperatures in elliptical
galaxies (see, e.g., Figure 1 in Voit et al. 2015). For our
fiducial set of simulations, we set no=0.08 cm > (at roughly
2 kpc out in Figure 1), motivated by observations of gas a few
kiloparsecs from the center of massive galaxies, see, e.g.,
Figure 1 in Voit et al. (2015). At r=0, we seed density
fluctuations 6p/p in the gas, with 20% amplitude and a flat
power spectrum (i.e., no scale dependence). These are
consistent with measurements of X-ray brightness fluctuations
(see, e.g., Zhuravleva et al. 2018, albeit on somewhat larger
scales compared to our setup). Previous studies such as those of
Choudhury et al. (2019), Voit (2021), and M23 have shown
that a stratified, thermally unstable medium is expected to
become multiphase if the ratio #;/#; becomes smaller than a
8p/ p-dependent threshold. We choose the density/pressure
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scale height of H = 12 kpc such that the initial #;/#; is close to
the condensation threshold proposed by M23. Since we expect
the SN driving to generate further density fluctuations in the
ISM (as seen in MLi20b), our choice of initial conditions lets
us directly study their impact on multiphase condensation. Our
choice of H and T are also consistent with the observed profiles
of density and temperature (at a few kiloparsecs from the
center) in massive galaxies that host extended multiphase
filaments (see blue scatter points in Figure 1 of Voit et al. 2015,
for reference).

3.5. List of Simulations

For this study, we conducted a total of 16 simulations, which
are listed in Table 1. We mainly study the effect of varying the
fraction of the SN heating rate with respect to the net cooling
rate. For our fiducial set, we conduct four simulations with
Jsn = 0.01, 0.1, 0.5, and 0.99, as indicated in their respective
simulation labels. In addition to understanding the effects of
resolved SN Ia heating, our parameter choices are motivated by
the inferred ratio between the heating and cooling rates
observations of massive elliptical galaxies (Werner et al.
2012, 2014; Voit et al. 2015). For example, we find that in
massive ellipticals, such as NGC 5846 and NGC 5044, which
have a flat gas entropy profile, beyond the inner 10 kpc the
stellar density (and as a result the SN Ia heating rate) drops off
much faster with increasing radius compared to the net cooling
rate. So heating due to SN Ia could dominate in the core, but
other heating sources are expected to contribute in the outskirts.

To check the effect of a faster cooling rate, we repeat the
fiducial set with double the initial density (no = 0.16 cm73) and
smaller initial seed density fluctuations (6p/p =0.05). These
runs are indicated by hdens in the simulation label.

For all of our other parameter choices, we conduct a pair of
simulations—one with a small SN heating fraction (fgy = 0.01)
and another with a large SN heating fraction (fgy = 0.99). The
observed galaxies have different densities, temperatures, and
strengths of stratification, which also vary across the inner and
outer regions of the ISM. The Idens runs are useful to study the
effect of a weaker cooling rate due to their smaller initial gas
density. We conduct a pair of simulations with smaller density/
pressure scale heights—H6hdens to look for the effect of
stronger stratification on the hdens runs. Our H3 runs have initial
density profiles that are directly comparable to that of a massive
elliptical galaxy (see Figure 1), noting that we use a slightly
cooler Ty. Finally, the 7z runs include mass and energy injection
due to mass loss from AGB stars, as described in Section 3.3.3
(all other runs do not account for AGB winds).

We evolve all the simulations until #.,q =500 Myr. We
define t,, as the time at which the fraction of gas mass at
T < 10K exceeds 1% for the first time. For all simulations
that have more than 1% of their total mass in the cold phase, we
list #y, in column (5) of Table I, otherwise we denote
tmp > 500 Myr. In columns (6)—(12) we present different
statistical properties of the simulations, averaged over the last
15 Myr of their evolution before #y,, (Or feqq if they never have
Mco1a/Mioe > 0.01 during the simulation). For simulations
where t,, <30 Myr, we present the statistical properties for
15 Myr <t <tpp, to allow enough time for the system to
evolve before we analyze them.

We rerun all 16 simulations listed in Table 1 at half the
resolution (using 256> x 384 resolution elements) and find all
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of the simulation properties listed in columns (5)—(12) to be
within a few percent of their high-resolution counterparts.

4. Results of the Fiducial Runs

We start by presenting results from our fiducial runs, where
we progressively increase the fraction of the SN Ia heating rate
with respect to the net cooling rate. We study the effect of this
parameter (fsn) on the distributions of thermodynamic
quantities such as density and temperature, time evolution of
mass and energy, formation of cold gas (T'< 10**K), and
vertical shell-averaged profiles of energy fluxes. As we shall
see, an important feature of our results is that when SN Ia
heating is important (larger fsy), there is no local equilibrium
between SN heating and cooling possible. SNe eventually drive
gas out of the box, decreasing the cooling rate, leading to
stronger SN-driven wind, etc. The longer timescale outcome of
this inevitable instability cannot be studied in our local
approximation and will ultimately require global simulations.

4.1. Projection Maps

In Figure 2, we show snapshots of the x-projections of the
logarithms of gas number density log,(n,) (column (1)), mass-
weighted temperature log;(7;) (column (2)), normalized density
log,o(p,) (column (3)), and normalized pressure log,(P,)
(column (4)), 1respectively.2 For the f0.01 and fq0.1 runs
that do not form multiphase gas (i.e., Mcoa/Mor < 0.01 at all
times), we present the snapshots at # = 7,4, whereas we show
the snapshots at ¢ = f,,,,, for the fg0.5 and f0.99 runs.

Among the single-phase runs (fgy0.01 and fg 0.1), we find
that the density of the gas decreases with increasing fsn. The
gas is also hotter. Since the SN Ia rate is fixed throughout the
course of the simulation unlike the shell-by-shell heat
prescription (which self-adjusts to a (I — fgy) fraction of the
total cooling rate at each time step), whenever the net cooling
rate falls below the initial cooling rate the system overheats.
The amount of overheating increases with increasing fsn.

Higher SN Ia rates are also associated with larger density and
pressure fluctuations. This is because the SNRs are small (a few
x 10 parsec-scale regions) and get overheated compared to the
remainder of the ISM. The overheated regions expand and rise
buoyantly (as can be seen in Figure 3) and drive sound waves
in the ISM. As these bubbles interact with the ISM, they form
mushroom-shaped clouds characteristic of the Rayleigh—Taylor
instability and drive turbulence in the ISM. The amplitudes of
density and pressure fluctuations increase with increasing fsy,
as can be seen in the right two panels of Figure 2.

In snapshots of the multiphase runs (fg 0.5 and f5 0.99),
we observe dense small-scale clouds that correspond to gas at
or below the cooling cutoff temperature (7' < 10*?K). These
clouds are not in hydrostatic equilibrium with the ambient ISM
and rain down to the bottom of the box, forming a trail along
the direction of gravity. The structure and distribution of cold
gas in SN-driven turbulence are quite different from that of the
cold clouds in turbulence driven on large box scales studied
in M23 (see their Figure 1). In our simulations, the clouds are
not volume filling (in contrast to their natural driving runs) and
do not form large, box-scale filaments (in contrast to their
compressive driving runs).

2 Here, p = p/(p)., where (p). is the average p in a z-shell, simi-
larly P = P/(P)..



Table 1
Simulation Parameters and Volume-averaged Quantities for Different Runs
Label o H NSN [mp v Fr /\/l Mc()mp tti/tff tli/[mix Us,hm
(em™) (kpe) Myr ) (Myn) (kms ")

1) 2 3) )] (5) (6) @ ®) ) (10) arn) (12)
fsn0.01 0.08 12 0.327 >500 9.4 +0.1 0.40 4+ 0.04 0.028 + 0.001 0.019 £ 0.001 1.06 £+ 0.01 0.78 +0.01 0.055 £ 0.002
fsn 0.1 0.08 12 3.271 >500 1554+0.2 0.31 £0.03 0.041 £ 0.001 0.035 £ 0.001 1.38 + 0.01 1.45 + 0.05 0.114 £ 0.001
fsn 0.5 0.08 12 16.35 90 26.6 £ 0.5 0.48 +0.03 0.071 £ 0.001 0.062 + 0.001 1.9+0.1 3.6 £0.32 0.204 £ 0.001
Jfsn0.99 0.08 12 32.39 55 33.2+0.1 0.61 +0.03 0.088 + 0.001 0.077 £ 0.001 3.0+0.1 72+0.2 0.306 £ 0.003
Jsn0.01 hdens 0.16 12 1.212 130 11.9 £0.7 0.496 + 0.001 0.036 + 0.001 0.021 £ 0.001 0.64 + 0.01 0.608 + 0.001 0.115 £ 0.003
fsn 0.1 hdens 0.16 12 12.12 70 184 +0.3 0.49 4+ 0.01 0.054 + 0.001 0.044 + 0.001 0.80 + 0.01 1.19 +0.01 0.200 + 0.001
fsn 0.5 hdens 0.16 12 60.59 40 302 +04 0.7 +0.1 0.086 £ 0.003 0.075 £ 0.003 1.6 £0.1 42402 0.36 + 0.01
Jsn 0.99 hdens 0.16 12 120.0 25 369 £0.5 0.9 +0.1 0.103 £ 0.004 0.091 £ 0.004 2.0+£0.1 6.9+ 0.3 0.43 +0.04
fsn 0.01 Idens 0.04 12 0.077 >500 6.5+0.1 0.44 +0.01 0.018 £ 0.001 0.014 £ 0.001 1.95 + 0.01 1.06 £+ 0.01 0.038 £+ 0.001
Jsn 0.99 1dens 0.04 12 7.645 >500 31.46 + 0.01 0.44 +£0.1 0.055 £ 0.001 0.052 + 0.001 45+0.5 9.4+0.7 0.207 £ 0.05
fsn0.01H6 hdens 0.16 6 1.245 >500 11.8 £0.3 0.445 + 0.005 0.034 + 0.001 0.020 + 0.002 1.21 £0.02 0.67 +0.01 0.060 £ 0.001
Jfsn0.99H6 hdens 0.16 6 123.3 25 41 +1 0.73 £ 0.01 0.110 £ 0.001 0.094 + 0.001 3.7+0.3 6.7+ 04 0.369 + 0.001
Jfsn0.01H3 0.08 3 0.321 >500 11.04 + 0.02 0.283 + 0.001 0.032 + 0.001 0.017 £ 0.001 3.72 £0.01 0.907 £ 0.002 0.044 £ 0.001
Jfsn0.99H3 0.08 3 31.79 >500 412 4+0.2 0.34 +0.01 0.102 £ 0.001 0.089 + 0.001 55+04 44+03 0.235 £ 0.005
Jon 0.017in 0.08 12 0.327 >500 8.45 +£0.03 0.54 4+ 0.04 0.028 + 0.001 0.016 £ 0.001 1.15 £ 0.01 0.93 +0.01 0.062 £ 0.001
Jon 0.997i1 0.08 12 32.39 40 324402 0.7+0.1 0.088 £ 0.002 0.077 £ 0.001 2.69 +0.05 6.88 +0.05 0.315 £ 0.005

Notes. Column (1) shows the simulation label. The number following fgy denotes the ratio of the SN energy injection rate to the net cooling rate at # = 0. The default initial number density r is set to 0.08 cm ™ unless

specified as hdens with np = 0.16 cm™> or 1dens with n9 = 0.04 cm

-3

, respectively, and are listed in column (2). The runs with i in the label include mass and energy injection into the ISM by AGB winds. In column

(3), we show the density /pressure scale height H, which is set to 12 (=12 kpc) for most of our runs (H is denoted in the simulation label otherwise). We list Nsn, the total number of SNe injected in the simulation per
megayear in column (4). In column (5), we show the multiphase gas formation time #,, (>500 if the gas in the simulation remains in a single phase). We show mass-weighted volume averages of the standard deviation
of velocity v in column (6) and dimensionless turbulence properties—the Froude number Fr, the Mach number M , and the compressive component of the Mach number M o in columns (7)—~(9), respectively. In
columns (10) and (11), we list the ratio of thermal instability growth timescale #; to the freefall timescale #¢ and the turbulent mixing timescale #,,x, respectively. Finally, we show the amplitude of logarithmic density
fluctuations in the hot phase in column (12). All averaged quantities /statistics (columns (6)-(12)) are calculated for gas with 10° K < 7'< 3 x 107 K within the inner cube ([x], |y|, |z| < 0.5), and averaged over a 15 Myr
duration before fmp (O feng if fmp > fena = 500 Myr).
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Figure 2. Snapshots of x-projected quantities for our fiducial set of simulations with different fractions of heating due to SNe at ¢ = t,,;, (t = fenq for fgy0.01 and
Jsn 0.1 runs that do not form multiphase gas). Column (1): logarithm of gas number density n; column (2): Logarithm of mass-weighted temperature 7, column (3):
logarithm of x-projected density normalized by the z-profile of density; column (4): logarithm of x-projected pressure normalized by the z-profile of pressure. The runs
with larger fsn show larger density and pressure fluctuations and are more likely to undergo multiphase condensation. The cold gas forms in small dense clumps.

4.2. Time Evolution

Here, we present the time evolution of some key properties
of our fiducial set of simulations. In rows 1—4 of Figure 4, we
show the time evolution of net mass and energy (normalized to
their values at r=0), the amplitude of velocity dispersion of
hot gas (0, nor), and the mass fraction of cold gas (M o1q/Miop),
respectively. We first discuss the evolution of these quantities
at initial times (¢ < 100 Myr).

We find that the net mass decreases (almost monotonically)
as a function of time. The mass-loss rate increases with
increasing fsn. The net energy also shows a similar behavior,
although the energy loss rate is much smaller and the decrease
is not monotonic. We observe a clear effect of different SN Ia
rates on o, o, Where the runs with larger SNIa rates drive
stronger motions in the ISM. This is consistent with the
velocity measured in observed Ha filaments on 100 pc scales in
Li et al. (2020c). However, the cold and hot phases are not
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Figure 3. Snapshots of x-slices of the gas number density showing the
evolution (from left to right) of an SN-inflated bubble in one of our simulations.
The sound wave driven by the SN can be seen in the first column. The under-
dense bubble rises buoyantly and gets disrupted due to the Rayleigh—Taylor
instability. These motions drive turbulence in the ISM.

comoving in our simulations. The condensed cold gas exits our
simulation domain before it becomes entrained in the hot
phase, so it does not trace the velocity structure of the hot
phase.

Only the f0.5 and f50.99 runs trigger multiphase
condensation.” The cold gas mass fraction shows an initial
increase, followed by a steep decrease. The fraction drops
below 10~* in roughly 7~ 80 Myr after its peak value as the
cold gas rains down through the bottom of the box.

The f50.99 run converts a larger fraction of its mass into
the cold phase at an earlier time compared to the fq0.5 run.
This is because the higher SN Ia rate generates stronger density
fluctuations where the dense regions cool faster, so the
threshold #;/t; for the simulation to remain single phase is
higher (Choudhury et al. 2019; Voit 2021 M23).

By =500 Myr, the net mass and energy reach a rough
steady state and show a slow decrease with time. Their values
are smaller for larger fsy runs since they lose more gas due to
multiphase condensation as well as to outflows (which we will
show in the next section). The motions in the hot phase have
roughly the same o, o as the initial times. The system remains
in a single phase after the initial round of multiphase
condensation.

4.3. Mass Injection by SN la and Boundary Fluxes

SNe Ia inject both mass and metals into the ISM. In addition
to forming metals during the SN Ia explosions, the wind driven
by the SN Ia can transport these metals to the outer regions of
the galaxy/into the CGM/ICM (Tang et al. 2009b). Account-
ing for the contribution from SN Ia is important to explain the
observed radial trends of metallicity in galaxy clusters,
especially for the observed amounts of Fe and Ni (Gatuzz
et al. 2023a, 2023b).*

Here, we discuss the evolution of the mass fluxes and
sources. The relevant sources/sinks of mass are the mass

3 We define a system to be mulnphase if Mcoia/Mio: = 0.01 at any time, and

tmp as the first time that this criterion is satisfied.
4" We do not evolve the metallicity of the gas in the present study and leave
such a study to future work.
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Figure 4. Time evolution of net mass (first row), energy (second row)
normalized to their initial values, velocity dispersion (o, 1, column (3)) of hot
gas (T 2, 10> K), and mass fraction of cold gas (TS 10** K, column (4)) for
our fiducial set of simulations. A higher SN Ia rate (larger fsy) leads to a larger
Oy hor- Stronger driving triggers multiphase condensation in the f; 0.5 and
Jfsn0.99 runs. Imbalanced heating due to SN Ia also gives rise to wind. In a
steady state, the mass and energy within the box decrease with increasing fsn
due to the increasing impact of these two processes.

outflow rate M., and the mass injection due to the SNe. They
are defined as

Mout = fPVdedy (72)

Mgy = f fisnMsndV. (7b)

In Figure 5, we show the evolution of My at the upper z-
boundary My, upp (tow 1) and the lower z-boundary Mou[ low
(row 2), respectively. In the third row, we present the mass
injection rate due to the SN Ia remnants MSN (row 3). All mass
fluxes are divided by M, the total mass at = 0.

The mass injected due to the SN Ia remnants is dependent on
fsn as it sets the SN Ia rate. However, its value is an order of
magnitude (or more) lower than the mass fluxes at the
boundaries and My/Msn < 500 Myr. So Mgy is too small to
have a significant impact on the gas density during the course
of a simulation. On the other hand, My/Mou upp and Mo/ Moyt jow
range between 80 and 500 Myr for fo > 0.5 and thus affect
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Figure 5. Time evolution of the mass fluxes at z = 0.5 (upp, first row) and
z = —0.5 (low, second row) and the SN mass injection rate (Msy, third row) for

our fiducial set of simulations. The mass fluxes at the domain boundaries are an
order of magnitude larger than the mass injected by the SN Ia, even for the
fx0.99 run. Thus, gas inflow/outflow at the boundaries dominates the
evolution of net mass.

the overall mass distribution significantly during the course of a
simulation.

Before the formation of multiphase gas at ¢ = f,,, M(,ut,upp is
positive and Mout,low is negative for the f 0.5 and f;0.99
runs, implying that the system is losing mass due to outflows
even before multiphase condensation. A§ t = typ, We observe a
sharp, correlated dip in Moy upp and Moy iow for both runs,
which indicates cold gas raining down and hot gas flowing in
from the upper boundary to replace it. This is also associated
with a sharp decrease in the net mass and energy of the box.
The amplitude of this drop is larger for the larger fsn run, which
forms more cold gas.

The fg 0.01 run does not show strong outflows or inflows at
any given time. The evolution of the fg 0.1 runs is similar to
the late-time evolution of the fg0.5 and f;0.99 runs, where
most of the material is flowing in the positive z-direction with a
similar outflow rate.

4.4. Vertical Profile of Density

In Figure 6, we show the vertical profiles of the shell-averaged
number density (n) for the fi0.01 and f5y0.99 runs from the
fiducial set at =0, min(fyp, 100 Myr) and f.,q. At =0, the
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Figure 6. The z-profile of the number density of gas with 10°K < T< 10"° K
at t =0 Myr, ¢ = min(¢p,, 100 Myr), and ¢ = 500 Myr. Increasing the SN Ia
rate leads to multiphase condensation and a strong outflow at late times. These
factors contribute to a drop in ng as well as a change in its functional form by
500 Myr.

squiggles in the profiles are due to the seed white noise of
amplitude o, = 0.2 that we add. By ¢ = min(t,,p, 100 Myr), we
find that (n) drops while maintaining a similar dependence with
Z, as a result of the weak outflows driven at early times. We also
note that most of the small-scale perturbations have disappeared,
likely due to viscous dissipation.

By t = teng, stronger outflows in fg 0.99 run lead to a further
drop in (n). The number density profile is also steeper. This
implies that SN Ia heating drives an outflow, which can affect
both the total amount of gas in the ISM and its radial
distribution. So the gas density profiles found in observations
(e.g., Werner et al. 2012, 2014) can evolve with time due to
heating by the SN Ia.

4.5. Energy Sinks, Sources, and Boundary Flux

The heat injected by the SN Ia is highly anisotropic on small
~10 pc scales, where overheated remnants are expected to rise
buoyantly and drive a convective flow. Further, the SN Ia rate
does not depend on the net cooling rate unlike the AGN
feedback loop, where the cooling and heating are expected to
be coupled through a delayed cycle (Prasad et al. 2015;
Tremblay et al. 2018). Although the injection of energy due to
SNIa and the radiative cooling rate are of similar magnitude
(see Figure 1), no local equilibrium is possible: SN over/
underheat the ISM when the net cooling rate increases or
decreases. During episodes of weaker cooling, the energy
injected by the SN Ia powers an outflow, at least on the scale of
our local box.
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Figure 7. Time evolution of the energy outflow flux Eoy (first row), the SN Ta
energy injection rate Esn (second row), radiative cooling rate Ecool (third row),
and the shell heating rate Eg,.; sources and sinks for our fiducial set of
simulations. At the initial times, the SN energy input compensates for the net
cooling and drives a weak outflow. Once the cooling rate drops (after
multiphase condensation), the SN Ia powers a stronger outflow.

Egen/Ey [Myr™'] E

<

We define the energy outflow rate E,, and the net energy
injection/loss rate densities below”:

Eout = fpvz(vz/z + LP/P)dXdy, (7c)
v—1

Egn = féSNdV = fﬁSNESNdV, (7d)

Eeo = [£aV= [wA(T)aV, and (7e)

5 Note that we have ignored ® from our energy flux calculations because our

fiducial runs have weak stratification (H = 12) and its contribution to the total
energy is small.
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Epenn = f EshendV. (71)

In Figure 7, we present the evolution of the net outflowing
energy flux (Eouiupp — Eoutlow) (first row), Esy (second row),
E.oo (third row), and Ege; (fourth row). All quantities are
normalized by E|, the net energy at r = 0. All the fluxes, source,
and sink terms are significant during the course of a simulation
(i.e., Eo/E < 500 Myr). By construction, the energy injection
rate due to the SN Ia increases with increasing fsn and does not
show much variation with time.

Before f=tfy, we observe a net energy outflow at the
boundaries. Around = fy,, Eo is briefly negative for the
Jsn 0.99 run, possibly because cold gas exits the box from the
bottom and hot gas enters from the top at this time. At late
times, Ey is positive and increases with increasing fsn, with an
amplitude comparable to the SN Ia heating rate.

Since the cooling rate is proportional to the square of the gas
density, its evolution follows a similar trajectory as the
evolution of net mass shown in Figure 4, barring the peak in
the cooling rate at f = t,,. The shell-by-shell heating rate is the
(1 — fgn) fraction of the radiative cooling losses at all times
except for tn, St Sty + i in the fo 0.5 and fg0.99 runs
because it only replenishes cooling losses for gas with
T> 10°° K (see Equation (5f)). Hence, the absence of a peak
in the net Egen corresponds to the formation of gas at
intermediate and low temperatures (7' < 10> K).

For the f;0.01 and f0.1 runs, Esxy and E,y are much
smaller compared to the cooling and shell-by-shell heating
rates at all times. For the two multiphase runs (fg0.5 and
fn0.99), we find that at r<t,, the cooling rate has an
amplitude similar to that of the SN Ia heating rate and is larger
than the outflow rate. However, at late times, the cooling rate
drops significantly due to mass loss and most of the energy
injected by the SN Ia is accounted for by a larger Ey.

4.6. Vertical Profiles of Energy Fluxes

Here, we present the contribution of different flux compo-
nents to the net energy flux at different z-shells. This is
important to understand the mechanism through which SNe
transfer their energy to the ISM as compared to the heat transfer
mechanism by AGN (see, e.g., Tang & Churazov 2017;
Bambic & Reynolds 2019; Choudhury & Reynolds 2022;
Wang & Yang 2022).

The total energy flux E,, defined in Equation (7c) can be
decomposed into different physical components, including
wind (advective), convective, and wave as follows (see Parrish
et al. 2009, for a similar analysis):

s = [astripe) 0% + TP/ | 09

kin therm
Econv = dedy i lkB
X ({n) (6v, 6Ty + (v,) (6ndT)), (7h)
Evave = f dxdy (6P6v.), (7i)

where () represents the average over a z-shell and the
fluctuations such as én are defined as n — (n) for each shell.
We break down this discussion into two subsections—(1) at
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Figure 8. Vertical profiles of energy fluxes for the fgyo s run at t = t,,, (upper
panel) and ¢ = t.,4 (lower panel), normalized by the mean SN Ia rate over the
entire volume. Convection and thermal wind flux are the two main contributors
to the net energy flux at early times. At late times, the net energy flux is mostly
positive and dominated by the thermal wind flux.

early times (¢ < min(¢y,, 100 Myr)), shown in the upper panel
of Figure 8 and (2) at t = f.,,q, shown in the lower panel. Since
the evolution of the z-profiles of the energy fluxes does not vary
much across the fiducial set, we present our analysis for the
Jsn 0.5 run only.

For t = t,,, (or at =100 Myr), we find that the net energy
flux is dominated by the contribution of the thermal wind flux.
The contribution of the kinetic wind flux is low, which is
expected since  Eyind.xin/Ewind.therm = (Y — 1)M?/2  and
M < 0.1 for all our simulations (see column (8) in Table 1).
The flux due to convection is also generally positive since the
SNRs are overheated compared to their surroundings and rise
due to buoyancy (8T x év, > 0).

Tang & Churazov (2017) show that for an outburst in a
uniform medium under spherical symmetry, the fraction of
energy carried away by sound waves is <12%. Bambic &
Reynolds (2019) showed that this fraction could be larger if a
cocoon of shocked plasma generates small-scale waves,
boosting their fraction to ~25%. We do not find much energy
in the form of sound waves, except small bumps in their z-
profiles, which likely correspond to recently injected SN Ia. On
average, the energy flux fraction in sound waves is <1%
of ESN-

At t =t.,q (the lower panel of Figure 8), we find the total
energy flux Ey is positive at all z-shells for fy > 0.1,
implying an outflow in the positive z-direction. It is completely
dominated by the contribution of the thermal wind flux. Since
the system loses mass due to outflows or condensation, the gas
density decreases as a function of time; hence, E.ony becomes
weaker at late times.
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4.7. Distribution Functions

In Figure 9, we present the mass-weighted probability
distribution functions (PDFs) of gas number density (column
(1)), temperature (column (2)), and Mach number (column (3)).
These help us understand the general characteristics of
turbulence driven by SNe in a low-density ISM. All the PDFs
are averaged over 10 Myr before min(#yp, fenq)-

The two single-phase runs show a single peak, corresp-
onding to the hot phase. The two multiphase runs show two
distinct peaks, corresponding to the hot and cold phases,
respectively. Unlike large-scale driven turbulence, the gas
density distribution is not lognormal. The fg0.01 and fg 0.1
runs show a low-density tail and a corresponding high-
temperature tail in the temperature PDF, which are likely
associated with gas inside the hot bubbles directly heated by
the remnants. The gas motions in the hot phase are subsonic,
with a peak of M < 0.1 for all runs. The cold phase in the
fon 0.5 and fg 0.99 runs is mildly supersonic, with M ~ 2-3.

With increasing fsn, the density and temperature PDFs
become broader, and the peak M increases—denoting stronger
turbulence driven by a higher SN Ia rate. We also find more gas
at intermediate temperatures (10*?K <7< 10° K). The hot,
intermediate, and cold phases are observed to coexist in
filaments of the M87 galaxy, with temperatures ranging from
100-10" K (Werner et al. 2013; Anderson & Sunyaev 2018).
Since the intermediate temperature gas cools fast and has a
short expected lifetime, turbulent mixing with the hot phase is
one of the mechanisms proposed to continuously generate
them. Heating of the cold regions (at < 10* K) by the SN Ia
and condensation from the dense regions of the hot phase can
also generate gas at these intermediate temperatures. Although
the filaments in M87 are likely associated with gas uplifted by
the AGN jet, the SN Ia can play a role in producing gas at these
temperatures through the above processes.

4.8. Density—Temperature Phase Diagram

Here, we discuss the effects of SN Ia driving on the density—
temperature phase diagram. The different trend lines shown in
the plots are useful for tracking the nature of the thermo-
dynamic perturbations in the gas. The phase diagrams let us
distinguish between different physical mechanisms that are
responsible for energy transfer in the ISM—for example,
adiabatic fluctuations can be due to compressive turbulence and
sound waves, whereas isobaric fluctuations are caused by weak
subsonic motions in a stratified medium (Mohapatra et al.
2020). Further, the growth rate of different modes of thermal
instability #; (for example isobaric, isochoric) is expected to be
different (Das et al. 2021). We can determine the relevant mode
for our simulations from the phase diagram and calculate the
correct ;.

In Figure 10, we show the phase diagram for the fiducial set.
For the f0.5 and fg0.99 runs, we observe the hot phase at
T>10°K and the cold phase below the cutoff temperature at
102 K. At T> 10’ K, we find adiabatic fluctuations that are
likely to be associated with recently injected SNe. The
perturbations in the intermediate temperature gas are mostly
isobaric (10*?K < 7'< 103° K). Unlike previous studies, such
as that in M23, we do not observe a sharp isochoric drop at
T~ 10°° K, which corresponds to the peak of the cooling
curve. We note a slight steepening of the PDF at T~ 10*° K,
which could be due to the under-resolution of the coldest
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Figure 9. Mass-weighted PDFs of gas number density, temperature, and Mach number for our fiducial set at # = min(fyp, fena). The two peaks in the distribution for
the fg 0.5 and fg 0.99 runs correspond to the hot and cold phases. With increasing fs, the width of the PDFs of the hot phase shows an increase, consistent with the

increasing strength of turbulence.

clumps, for which we do not resolve the cooling length
(Yool = Csleool> Se€ Fielding et al. 2020).

With increasing fsn, we observe more contribution of
adiabatic perturbations—which can be associated with com-
pressive turbulence and sound waves directly driven by
recently injected SNe. Arévalo et al. (2016) analyzed the
nature of X-ray brightness fluctuations for M87 using the
hardness ratio of X-ray spectra in Chandra observations (also
see Zhuravleva et al. 2018). They find the filamentary regions
to be isobaric, weakly shocked regions to be adiabatic and the
remaining regions to be a combination of the two. Our findings
suggest that the subsonic turbulence driven by the SN Ia can
contribute to either of the two observed modes.

4.9. Condition for Multiphase Gas Formation Fiducial Runs

For the gas around galaxies and galaxy clusters, the ratio
t;/te is an important criterion to determine whether a thermally
unstable system forms multiphase gas (McCourt et al. 2012;
Sharma et al. 2012). A small #;/t (S10) has been associated
with the existence of multiphase gas in both simulations
(Prasad et al. 2018) and observations (Olivares et al. 2019).
More recent theoretical studies have indicated that the threshold
value of #;/ty for multiphase gas formation depends on the
amplitude of density/entropy fluctuations (Choudhury et al.
2019; Voit 2021; M23).

In Figure 11, we plot the minimum value of the z-shell-
averaged value of #;/t; versus the amplitude of logarithmic
density fluctuations for gas with 7> 10° K. The dashed—dotted
black line shows the condensation curve proposed by M23,
scaled down® by a factor of 0.6.

We observe a clear impact of the role played by SNla
driving on the occurrence of multiphase condensation. In the
fsn0.01 and fy 0.1 runs, the seed density fluctuations at
t = 0 are quickly damped by viscous forces, and the weak SN Ia
driving does not generate large density fluctuations. As a result,
the simulations no longer satisfy the condensation criterion and
remain in a single phase until #=1.,4. The stronger SN Ia
driving in the fo 0.5 and fg 0.99 runs increases the amplitude

6 There is some ambiguity in defining 7; since the value of d InA/dT changes

for 10° K < T < 107K. Further, it is nontrivial to define the density dependence
of the heating by the SN Ia (cyeq parameter in Equation (6e)). We find that
scaling down the M23 condensation curve by a factor of 0.6 separates the
single and multiphase simulations of our study well.
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of density fluctuations. However, the larger number of injected
SN Ia also drives an outflow at initial times (see Figures 5 and
7) and overheats small regions of the gas where the remnants
deposit their energy. These processes decrease the gas density
and as a result increase min(t;)/t;. After accounting for the
combined effect of the two, the system still satisfies the
condensation criterion and forms multiphase gas.

5. Effect of Varying Other Parameters and Summary

In the previous section, we discussed the effects of varying the
level of SNIa heating while keeping all other parameters
constant. In this section, we vary different simulation parameters
such as the mean gas density, the strength of gravity, inclusion of
heating due to AGB winds, and assess the impact of switching
SN Ia heating on/off in these systems. These help us understand
the local effects of SN Ia heating on the ISM in different regions
of early-type galaxies.

5.1. Scaling of Fluctuations with the Rms Mach Number

Observational studies of the hot gas around giant elliptical
galaxies or galaxy clusters often rely on indirect techniques
such as using the amplitude of surface brightness fluctuations
(which are dependent on the gas density, e.g., Zhuravleva et al.
2014, 2015, 2018) or fluctuations in the thermal Sunyaev—
Zelsdovich effect to infer the amplitude of the turbulent gas
velocities (which depend on the thermal pressure of the gas,
e.g., Khatri & Gaspari 2016; Romero et al. 2023). On the other
hand, direct measurements of the turbulent velocities using the
high spectral-resolution telescope XRISM’ can be used to infer
the state of perturbations in the hot ISM. In this subsection, we
present the scaling relation between the gas density /pressure
fluctuations and the turbulent Mach number for SN Ia-driven
turbulence.

In Figure 12, we show the joint evolution of aihot (row 1) and
U]zn(p)!hot (row 2) versus M (column (1)) and its compressive
component Momp (column (2)). The dashed lines in each panel
show empirical fits to the data. The dotted line in the top right
panel shows the g,—M.omp scaling relation for homogeneous
turbulence forced on large scales from Konstandin et al. (2012).

7 https: / /heasarc.gsfc.nasa.gov /docs /xrism/about/
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Figure 11. The time evolution of the minimum value of the ratio #;/# plotted
against o, for the fiducial set. The dark gray points show the value of this ratio
at = 0. Simulations that do not form multiphase gas are shown as unfilled
colored data points at ¢t = t.,q and simulations that form multiphase gas are
shown as filled colored data points at ¢ = t,,,. The colored dashed lines show
the evolution of this ratio from ¢ = 0 to t = min(¢yp, fena). The dashed—dotted
trend line is a scaled version of the condensation criterion proposed in M23.
Although all four simulations start with similar min(#,)/#, their evolution is
strongly dependent on the SN Ia rate.

In general, we find that both o por and ojnpy not increase with
increasing M or M omp. The amplitude of pressure fluctuations
is much smaller than that of density fluctuations. The
fluctuations are larger for runs with higher fsn, in line with
our expectations. The multiphase runs (represented by the filled
markers) are typically associated with larger fsy and thus are
found in the top right of each panel, whereas the single-phase
regions are typically found in the bottom left, with a few
exceptions. Among the runs with the same fsy but different
densities, the ldens (hdens) runs have a lower (higher) cooling
rate, and hence weaker (stronger) SN Ia driving and smaller
(larger) o hots Tin(P),not cOmpared to the fiducial set. Variations
in the other parameters such as H or the inclusion of stellar
heating do not have any significant effect on these results.

Both 0, ot and oin(py,net follow power-law scaling with M
and M omp With some scatter around the empirical fits. We find
a tight relation between oot and Meomp. Similar
to MLi20b, we find both fluctuations to be much larger than
predicted by scaling relations in the literature, such as in
Konstandin et al. (2012) and Mohapatra et al. (2021, 2022).
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Unlike the proposed scaling relations, which were based on
idealized turbulence driven by exciting particular modes in k-
space, the SNe overheat small regions of the gas, which
expand, rise buoyantly, and drive turbulence in the ISM.
Heating by the SN Ia and radiative cooling of the ISM are also
associated with isobaric density perturbations, as seen in
Figure 10. We expect the differences between such idealized
driving and SN Ia driving to be due to the heating and cooling
of the gas, as well as the differences in driving scale, modes,
etc.

Compared to MLi20b, who study SN la-driven turbulence in
an unstratified box (i.e., without external gravity), we observe
some key differences. The amplitude of perturbations that we
observe are smaller by a factor of 4 or more compared to that
of MLi20b for the same M. This is likely due to the smaller
ratio between the power in compressive and solenoidal modes
in our simulations, even though the contribution from
compressive modes still dominates the total power. In our
simulations, we find that the bubbles inflated due to the energy
deposited by the SN Ia rise buoyantly and form mushroom-
shaped clouds, which are a typical characteristic of the
Rayleigh-Taylor (RT) instability (see Figure 3). The motion
of the hot bubble gas with respect to the ambient medium also
generates Kelvin—Helmholtz (KH) instability. Both the RT and
KH instabilities can drive solenoidal turbulence in the ISM and
increase its contribution to the total power.

Although the amplitude of density and pressure fluctuations
generated by SNIa-driven turbulence is large, they may be
difficult to detect since they occur on <100 pe scales. First of all,
small-scale fluctuations would be canceled out due to averaging
along the line of sight. Second, most current X-ray and
microwave telescopes lack the resolution to resolve small scales
even for nearby massive elliptical galaxies (Rgyge ~ 46 pc ~ 0”5
for the M87 galaxy, which is close to the resolution limit of the
Chandra telescope). Future X-ray telescopes, such as AXIS,®
would be useful to measure these ISM properties with their
higher angular resolutions and better sensitivities. The
synchrotron emission from the electrons accelerated in the

®  htps:/ /axis.astro.umd.edu/


https://axis.astro.umd.edu/

THE ASTROPHYSICAL JOURNAL, 965:105 (19pp), 2024 April 20

1072

Mohapatra & Quataert

107!

T 1 1 | I [ | I I T I I 1 LI
[ V fsn0.01ldens < fgn0.5hdens 1 1
i O fsn0.991dens fsn0.99hdens //_ :
10-1k A fsn0.01 fsn0.01H6hdens D.,’ dE 10t
E O fn0.1 fsn0.99 H6hdens A 1E E
C % /sn0.5 fox0.01H3 e & 1F .
= [ /099 fsn0.99H3 " n s .
~% [ ® fsn0.01hdens <] fsn0.01rin, S H4F |
© sl # fon0.1hdens ¥ fon0.99ri. L L i
B 1F 2 2 ]
- 1 In(1+ 18MZ,0)
| 4F o A Sl s 1.7 -
In(1+3M )
10801 1 | =l . | | 1 L1 1 110
1072 =7 T T T JE T T — T T T T g0
: 1r % S
: i ¥ i
2 103 Sl 4k o o 102
&k JE e ]
~ g o 1 ot B
S i 1E - i
L JL a4 ]
vy i 2 104
10 F 7 "--ln(l + 4M2'6) JF ____ln(]- + Mcomp) = 1
C 1 1| ol | | | | | L1 | 1L | | | | L1 11

M

107!

M comp

Figure 12. First row: the square of the amplitude of logarithmic density fluctuations (¢2) plotted against the Mach number (M) (left column) and its compressive
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dashed lines in all four panels show our empirical fits to the data. The pressure fluctuations show a tight scaling with M omp.

SN Ia shocks could be detected in radio wavelengths. However,
it would be challenging to distinguish them from the radio
emission from other sources, such as shocks due to AGN
activity and mergers.

5.2. Condition for Multiphase Gas Formation in All Runs

In this subsection, we revisit the criteria for multiphase gas
condensation for all our simulations. In addition to the
min(z;)/t; we discussed earlier, we also check the importance
of turbulent mixing in suppressing multiphase condensation, as
proposed by Gaspari et al. (2018).

In the first row of Figure 13, we show the ratio fmp /(% —0)
(averaged over the entire volume) versus o, po. Seven out of
our 14 simulations form multiphase gas, denoted using filled
markers. We Show fenq/(#i1—0) as the lower limit of #,, /(% 1—0)
for the single-phase runs, which are denoted by unfilled data
points. For most of the multiphase runs, fmp/(%i—0) < 1. Since
the SN Ia driving generates large density fluctuations, locally
dense regions cool in less than the (#;,—o). The fyy 0.01 hdens
and the fq 0.1 hdens runs are the two exceptions since the
SN Ia driving is weak for these runs.

In the second row, we show the ratio min(f;)/#g Versus o por
for all runs. The values of these two quantities at =0 are
denoted by the unfilled dark gray markers and the dashed lines
show their evolution with time until min(¢yp, fend). We start
with o por = 0.2 for all runs except the hdens set, for which we
set 0y not = 0.05. In general, we find that o, o decreases with
time for the runs with fg = 0.01 that remain single phase and
increases with time for the runs with fo = 0.99 that form
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multiphase gas. The value of o, stays roughly constant for
the fgy = 0.99 runs that remain in a single phase. For most of
the hdens runs, o, increases with time, which we associate
with the onset of thermal instability.

Now we shift our focus to the values of this ratio at
t = min(ty, fenq), represented by the colored markers. We refer
the reader to Table 1 for important simulation parameters. We
find that the runs with stronger stratification (fg0.01H3 and
Jfsn0.99H3) do not form multiphase gas due to the shorter #,
which increases the value of min(#;)/f;. Comparing the high-
density hdens set and the fiducial set, we find that both the
Jsn0.01 hdens and fg 0.1 hdens runs form multiphase gas (in
addition to the f;0.5 hdens and fg0.99 hdens runs) due to
the shorter 7;. However, once we double the strength of the
stratification, the fo0.01H6 hdens run no longer forms
multiphase gas due to a smaller #y, whereas the fo0.99H6
hdens run still does. In the ldens runs, due to the longer #;
neither fq0.01 1dens nor fg0.99 ldens runs form multiphase
gas. The runs with AGB winds (fy\0.01714 and fyy 0.99714)
show similar trends as their fiducial counterparts. The
exponential condensation curve that we introduced in
Section 4.9 separates all our single and multiphase simulations
well, i.e., the final value of min(z;)/#y is smaller (larger) than
the condensation curve if the simulation forms (does not form)
multiphase gas.

In the third row, we show the ratio min(#;)/#mix as a function
of o hor- We also draw an exponential curve in an attempt to
separate the simulations that form multiphase gas from the ones
that do not. Except for the fq0.99H3 run, which has strong
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Figure 13. First row: the time taken by a simulation to form multiphase gas
normalized by the initial thermal instability timescale fyp/avg(t;);—o plotted
against the amplitude of logarithmic density fluctuations in the hot phase o .
When the simulation forms multiphase gas, we show the data points as filled
markers. When they remain single phase until 7 = #.,4, we show the lower limit
of this ratio and mark them as unfilled data points and an upward arrow.
Second row: the minimum value of the ratio #;/fy plotted against o,. The dark
gray points show the value of this ratio at # = 0 and the dashed lines show the
evolution of this ratio until # = min(typ, fena). The dashed—dotted curve shows
the #;/t;—o, condensation criterion, which separates the plot into single and
multiphase regions. Third row: similar to the second row, but showing the ratio
ti/tmix instead. Fourth row: here, we show the larger of the two ratios shown in
rows 2 and 3. The dotted—dashed line shows the condensation criterion
proposed by M23. The solid line is a rescaled version of this criterion, which
fits our results better.

stratification, this curve also separates between the single and
multiphase simulations.

In the fourth row, we show the joint ratio
min(t;)/min(tg, tmix), which is used to define the multiphase
condensation criterion in M23. The dotted—dashed line shows
the condensation curve in M23, whereas the solid line shows a
rescaled version, which is a better empirical fit to the data in
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this work. Thus, both short #; and short ., can prevent
multiphase condensation. Among our simulations with the
same values of #; and initial #;, increasing fsy leads to larger
density perturbations. The increase in the solenoidal comp-
onent of turbulence (due to the larger SN Ia rate) is generally
insufficient to mix these perturbations with the ambient gas and
prevent multiphase condensation.

6. Caveats and Future Work

In this section, we discuss some of the shortcomings of this
study. We also outline some interesting aspects to consider in
future works.

6.1. Boundary Conditions

We have modeled a small 1.5 kpc® patch of the ISM of an
elliptical galaxy using a cuboidal box oriented along the
direction of the stratification of the ISM. Our boundary
conditions are outlined in detail in Section 3.2.2. We have
also tested the effect of the outflow for v, at the z-boundaries,
hydrostatic equilibrium for P, and p or constant ratio boundary
conditions. We find that the evolution of our multiphase
simulations for 7> t,, is sensitive to the choice of boundary
conditions. If we do not fix the density and pressure at the
upper and lower boundaries, once any cold gas forms it triggers
a large-scale cooling flow and the simulation domain loses all
its mass. Most of the other choices that we tested face this
issue. The choice of boundary conditions does not have a
significant effect on our simulations that remain in a single
phase at all times.

6.2. Geometry

The hot ISM in elliptical galaxies is expected to follow an
elliptical /spherical distribution, whereas we model it as a
plane-parallel atmosphere. This difference in geometry can
affect the energy and mass outflow rates since the hot gas is
expected to expand and cool at larger radii. We plan to conduct
global galaxy-scale simulations with the appropriate geometry
in the future, which will let us address the fate of the SNe
heated gas. This will also resolve the challenge of boundary
condition sensitivity highlighted in the previous paragraph.

6.3. Heating Model

We include an additional heating term that replenishes the
(I — fgn) fraction of the radiative losses in each z-shell. This
modification also improved the stability of the atmosphere
against a large-scale cooling flow. This overly idealized heating
model is motivated by the observational evidence for global
thermal stability in massive galaxies but in detail it cannot be
correct and the formation of multiphase gas and the long-term
evolution of the hot ISM may be sensitive to the details of the
correct heating function.

Many massive elliptical galaxies have AGN and the AGN
jets can drive large-scale motions in the ISM. The in-fall of
satellite galaxies can also add mass and drive turbulence in the
ISM. We have not considered their effects in this study.

6.4. Resolution

We have performed all simulations listed in Table 1 at two
resolutions—512% x 768 and 256 x 384. We find the results
of our single-phase runs are convergent with increasing the
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resolution. Among the multiphase runs, we find that the results
diverge for 1 > t,,. The lower-resolution runs from more cold
gas compared to their high-resolution counterparts. This may
be due to the effects of excessive averaging at the boundary
layers between the hot and cold resgions, which forms more gas
at intermediate temperatures (10° K < 7T < 10°K). The inter-
mediate temperature gas cools fast and forms more cold gas in
the lower-resolution simulations.

6.5. Physics

We have ignored the effect of important physics such as
magnetic fields (Hopkins et al. 2020; Wang et al. 2021; Buie
et al. 2022), cosmic rays (Butsky et al. 2020; Kempski &
Quataert 2020; Beckmann et al. 2022), and conduction (Parrish
et al. 2009; El-Badry et al. 2019), see Faucher-Giguere & Oh
(2023) for a review. Magnetic fields and cosmic rays are
expected to be energetically important and can affect the
properties of the thermal energy-driven outflow. Conduction
can affect the energy exchange between the SNIa inflated
bubbles and the ISM. All three can affect the formation of cold
gas and its kinematics. In future studies, we plan to include
some of these physical properties and study their impact.

6.6. Chemical Evolution

We have ignored the evolution of the chemical composition
of the ISM due to metals injected into the ISM by the SN Ia.
SNe Ia are one of the main sources of elements such as Fe, Co,
Ni, etc. The gas cooling rate at T~ 10°K is sensitive to the
chemical composition of the ISM. We plan to include heavy
element injection and transport in future works and study their
properties such as their radial extent, spatial variations, etc.

7. Conclusion

In this paper, we model a 1.5 kpc® local stratified patch of the
hot ISM of a massive elliptical galaxy. We study the effect of
different strengths of heating due to the SN Ia, motivated by the
observational fact that the SN Ia heating rate is of order the
radiative cooling rate in many massive galaxies (see, e.g.,
Figure 1). We fix the heating rate due to the randomly injected
SN Ia to a fraction fgy of the net cooling rate of the ISM and
compare the hot ISM properties against a uniform shell heating
model typically used in idealized simulations. We have
conducted a total of 16 simulations, where we vary ISM
properties such as gas density and the strength of stratification.
Here, we summarize some of our key findings:

1. The SNela deposit their energy in small ~20pc size
regions of the ISM. These regions expand and rise
buoyantly, driving turbulence in the ISM. The turbulence
is associated with large density fluctuations (Figures 2
and 3).

2. The high-density regions have a short cooling time. Since
the ISM at these temperatures is thermally unstable, if the
ratio of the thermal instability growth time to the freefall
time (f;/t) is small enough, the dense regions cool down
to the cooling cutoff temperature at 10** K, they are out
of hydrostatic equilibrium and rain down through the
bottom of the box. Since the SNIa seed these density
fluctuations (also seen in MLi20a), a larger SNla
injection rate is more likely to trigger multiphase
condensation (Figure 11). Much of the literature has
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focused on the formation of multiphase gas by thermal
instability (e.g., McCourt et al. 2012; Sharma et al. 2012;
Choudhury et al. 2019) or AGN-driven uplift of gas (e.g.,
Pulido et al. 2018; Husko & Lacey 2023). Our results
show that the SNela are also efficient sources of
multiphase gas production in the hot ISM/ICM of
massive galaxies, groups, and clusters. A spatially and
temporally resolved treatment of the SNela is likely
critical for understanding the formation of multiphase gas
in massive galaxies and its role in fueling star formation
and black hole growth.

3. As the SN Ia rate is fixed, once the gas density drops due
to multiphase condensation, the SNe Ia overheat the ISM
and drive an outflow. The net mass remaining in the
simulation decreases with increasing SN Ia rate (Figures 4
and 5). Even in the simulations that do not form
multiphase gas, whenever the net heating exceeds the
net cooling, the SNela drive an outflow, which further
decreases the net mass and the cooling rate. This
evolution reflects the fact that heating by the SN1a is
inevitably unstable: unlike core-collapse SNe or (plau-
sibly) AGN, there is no connection between the SN Ia
rate and the radiative cooling of the hot gas. Global
simulations will be required to understand the ultimate
outcome of this instability.

4. In the initial phases of our simulations (prior to multiphase
gas condensation), the total energy flux is set by the sum of
convective and thermal wind fluxes, whereas sound waves
and wind kinetic energy carry negligible amounts of
energy. At late times, after multiphase gas condensation,
the convective energy flux also drops and the wind
becomes the dominant energy transport mechanism
(Figure 8). Multiphase condensation and outflows also
strongly alter the z-profile of gas density (Figure 6).

5. The SNeIa drive subsonic turbulence in the ISM, which
cause isobaric perturbations in it (Figures 9 and 10). The
amplitudes of the density and pressure fluctuations are
proportional to the compressive component of the rms
Mach number. However, the fluctuations generated by the
SNIa are much larger than predicted by the density
fluctuations—rms Mach number scaling relation in homo-
geneous turbulence (Konstandin et al. 2012), in agreement
with MLi20b. We expect that these differences are due to
the additional thermodynamics in our simulations, i.e.,
perturbations associated with the direct heating of the ISM
by the SN Ia and the radiative cooling of the ISM.

6. For all 16 simulations, we find that multiphase condensa-
tion occurs if the criterion min(;)/t; < ¢ exp(cy o) is
satisfied. We obtain ¢; = 0.6 and ¢, = 6 using an empirical
fit (Figure 13). In contrast with the simulations of idealized
driven turbulence in M23, we find turbulent mixing does
not suppress multiphase condensation even when
fi/tmix > 10. This is because the SNe Ia drive compressive
turbulence, which is poor at mixing perturbations in the
gas. Thus, one needs to be careful in interpreting the
importance of #;/fy;x in observations, where it is difficult
to determine the source/driving mode of turbulence.
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Additional Links

Movies of density, temperature, density fluctuations, and
pressure fluctuations along slices at x =0 are available at the
following links:

. Fiducial runs: https://youtu.be/EhY205ezfsU
. hdens runs: https://youtu.be/xXRj2j7zrYE

. 1dens runs: https://youtu.be /LHbx7Cp2mkE

. H6hdens runs: https://youtu.be/_TidwZOF_x8
. H3 runs: https://youtu.be/nlyCZBC_Krs

. Hig uns: https://youtu.be/xNnO2jJZHmM.
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Appendix
Effect of Including AGB Winds

In Section 2.1.4, we discussed that the energy injected into
the ISM due to the thermalization of the material ejected by
AGB stars can contribute to its heating. The mass injected by
these stars can also change the density of the ISM and its
cooling rate. We have described our implementation of mass
and energy input due to AGB wind ejecta in Section 3.3.3.
Here, we study their effect on the time evolution of important
parameters in our simulations.

In Figure Al, we show the evolution of the net mass, net
energy, hot gas dispersion velocity, and mass fraction of cold
gas for our fiducial f50.99 run and the f0.99m4 run.
Comparing the two, we do not find any major differences. We
do observe that the net mass in the fy 0.99714 run increases
slowly at late times, possibly due to mass injection from the
AGB winds. The additional mass in the system raises the gas
density and is also responsible for the formation and existence
of cold gas in the simulation domain until ~250 Myr,
compared to 150 Myr for the fq0.99 run.
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Figure Al. Time evolution of net mass (row 1, column (1)), energy (row 1,
column (2)), velocity dispersion of hot gas (row 2, column (1)), and mass
fraction of cold gas (row 2, column (2)) for our fiducial f50.99 run and the
Jsn 0.99r1 Tun implementing mass and injection of energy from AGB winds.
We find no major differences between the two, except a larger fraction of cold
gas formation for the fgy 0.99r14 run.
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