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ABSTRACT

Using an idealized set-up, we investigate the dynamical role of cosmic rays (CRs) in the early stages of galactic outflows for
galaxies of halo masses 10%, 10!, and 10'> M. The outflow is launched from a central region in the galactic disc where we
consider three different constant star formation rates (0.1, 1, and 10 Mg yr~') over a dynamical time-scale of 50 Myr. We
determine the temperature distribution of the gas and find that CRs can reduce the temperature of the shocked gas, which is
consistent with previous results. However, we show that CRs do not have any noticeable effect on the mass loading by the
outflow. We find that CRs can reduce the size of the outflow, which contradicts previous claims of efficient dynamical impact
of CRs; however, it is consistent with earlier theoretical models of CR-driven blastwave as well as stellar wind. We discuss the
dependence of our results on CR injection prescriptions and compare them with earlier studies. We conclude that in the early
stages of galactic outflows the dynamical role of CRs is not important.
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1 INTRODUCTION

Galaxies form as a consequence of gravitational collapse of large gas
clouds into dark matter (DM) haloes. With the onset of star formation,
a substantial amount of gas is expelled from the galaxies in the form
of biconical outflow, as attested by observations of starburst galaxies
(see e.g. Veilleux, Cecil & Bland-Hawthorn 2005, for review). These
galactic-scale outflows play an important role in the dynamical and
chemical evolution of galaxies. Theoretical studies that do not include
such feedback mechanism overproduce the star formation rate (SFR)
and baryon fraction in galaxies. Outflows are therefore believed
to regulate the star formation process, and consequently influence
galactic evolution. These outflows also enrich the intergalactic matter
with metals that mostly form in the star-forming regions. Although
outflows are a crucial aspect of galactic evolution, their driving
mechanism and modes of propagation are still poorly understood.
Thermal pressure due to shock heating of the interstellar medium
(ISM) by supernovae and stellar winds in star formation sites has been
the focus of most previous studies (Efstathiou 2000; Girichidis et al.
2016; Martizzi et al. 2016). Non-thermal pressure, such as pressure
due to radiation from young stars (Murray, Quataert & Thompson
2005; Hopkins, Quataert & Murray 2012; Krumholz & Thompson
2012; Agertz et al. 2013; Rosdahl et al. 2015; Skinner & Ostriker
2015) and/or cosmic rays (CRs) (Ipavich 1975; Drury & Voelk
1981; Breitschwerdt, McKenzie & Voelk 1991; Zirakashvili et al.
1996; Hanasz & Lesch 2003; Samui, Subramanian & Srianand 2010;
Recchia, Blasi & Morlino 2016; Gupta et al. 2018a), has also been
suggested as an important driving mechanism as thermal pressure.
Preliminary analytical works assumed ideal coupling between CRs
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and thermal gas mediated by damped Alfvén waves and without
diffusion. Ipavich (1975) considered a spherical outflow emanating
from a point mass galaxy of 10'! My, and found that CRs escaping
from a galaxy are able to carry thermal gas with them and produce a
galactic wind with a mass-loss rate of 1-10 Mg, yr~!. Breitschwerdt
et al. (1991) improved this model by considering a disc galaxy and a
‘mushroom’-type geometry of the outflow. Everett et al. (2008) used
these ideas for a possible outflow from Milky Way and reported that
galactic wind models incorporating thermal pressure as well as CR
pressure produce the best fit to the observed Galactic diffuse soft
X-ray emission. Recently, Samui, Subramanian & Srianand (2018)
used a spherically symmetric thin shell model to study the effect of
CR pressure on the dynamics of outflow. They suggested that for
the low-mass galaxies where thermal pressure alone cannot sustain
a large-scale galactic outflow (because of radiative cooling, which
peaks at ~10° K), the inclusion of CRs may drive a steady outflow.

In addition to analytical models, hydrodynamical (HD) and mag-
netohydrodynamical (MHD) simulations have also been used. Uhlig
et al. (2012) performed the first HD simulations to investigate the
effects of CR heating due to streaming instability (see e.g. Kulsrud
& Pearce 1969, for review). However, CR diffusion was not included
in their simulations and CRs were assumed to heat the gas above
the disc scale height, which can affect the outflow. For a better
understanding, Booth et al. (2013) and Salem & Bryan (2014) used
a more realistic set-up by considering advection as well as isotropic
diffusion of CRs self-consistently. They found that the large-scale
pressure gradient established by CR diffusion helps to drive the
wind. Ruszkowski, Yang & Zweibel (2017) performed global three-
dimensional MHD simulation of an isolated Milky Way-sized galaxy
to investigate the role of two different CR transport mechanisms,
namely streaming and anisotropic diffusion. Similar to Booth et al.
(2013), they found that SFR is significantly decreased when CRs are
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included in their simulations. They also found that in the presence
of moderately super-Alfvenic CR streaming, the mass-loading factor
ranges between ~0.25 to ~0.6. Recently, these models have been
further improved by Butsky & Quinn (2018) where CR streaming
and isotropic and anisotropic diffusion of CRs have been investigated.
They reported that all three transport mechanisms result in strong
metal-rich outflows that largely differ from the models without CRs
in terms of the temperature and ionization structure of circumgalactic
medium (CGM).

The effects of CRs are primarily quantified using the parameters
such as mass-loading factor and the presence of multiphase gas in the
outflow and in the CGM. The mass-loading factor (usually denoted
by 1), which is defined as the ratio of gas outflow rate to the SFR,
is indicative of the efficiency of outflows in ejecting mass from the
host galaxy. For example, Booth et al. (2013) found that n ~ 0.5
in the case of Milky Way-sized galaxies (virial mass of 10'> M),
with or without CRs, while in the case of low-mass galaxies, such
as the Small Magellanic Cloud (SMC) (2 x 10° M), it can be ~10
with CR and ~1 without CRs. A multiphase structure of galactic
winds and the existence of cold gas (T ~ 10* K) in the wind were
noticed by Booth et al. (2013), Salem & Bryan (2014), and Butsky
& Quinn (2018). This owes to the fact that while thermal pressure-
driven winds are accelerated in the disc, the CR-driven winds are
accelerated smoothly into the halo. The pressure gradient in the halo
is 3—10 times higher in the case of CR-driven wind, compared to pure
thermal pressure-driven wind. They have shown that the CR-driven
winds have a lower speed and support ‘cold’ gas, which the authors
have used to explain the existence of multiphase gas in the CGM.
CR-driven winds in massive galaxies have been recently studied by
Fujita & Mac Low (2018), for a galaxy of mass 5 x 10'> Mg, with
a continuous mechanical power of 10 erg s~!, that corresponds
to an SFR of ~100-500 Mg yr~!. They found that it is difficult
for CRs to drive a wind from massive galaxies, even with a large
SFR, and found that n < 0.006-0.03. In addition to this, Jacob et al.
(2018) performed simulations of galaxies of mass range between 10'°
and 10" Mg and concluded that mass-loading factor drops rapidly
with virial mass with an approximate relation n ~ My, where o
is between —1 and —2. This relation is slightly steeper than the
previously reported results. Their simulations also reveal that CRs
cannot drive a steady mass-loaded outflow if the virial mass of the
galaxy is more than 10'> M, which supports the results by Fujita &
Mac Low (2018).

Most of the previous works, with the notable exception of Fujita
& Mac Low (2018), assume a feedback mechanism by which the
SFR is regulated, and the star formation activity changes with time
during the simulation runs. The resulting effects of CR are therefore
entangled with various factors and it is not clear how (a) galactic
mass, (b) SFR, (c) CR injection sites, and (d) different assump-
tions of diffusion contribute towards the propagation of outflows.
It is no wonder that the results of these studies have remained
inconclusive.

In this paper, we study with the help of idealized simulations
the outflow properties for three galactic masses (102, 10'!, and
10® Mg, hereafter M12, M11, and MS, respectively) using constant
SFRs for ~ few Myr. Our primary focus is to investigate the outflow
dynamics in the early stages (until 50 Myr) of galaxy evolution,
where the constant SFR is a reasonable assumption. For the fiducial
case, we also investigate long-term evolution (until 210 Myr) with
time-dependent SFR, however, without including feedback from the
outflowing gas on the star formation. These assumptions allow us
to distinguish the role of the individual physical process separately,
which can be extended in a more realistic scenario.
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We find that although the presence of CRs increases the cold gas
mass in the outflow, the dynamical impact of CRs is not important
in the early stages of galaxy evolution. We present our simulation
set-up and results in Sections 2 and 3, respectively. We discuss the
results of our long-duration simulations with periodic star formation
in Section 4. Implications of our work and comparisons with previous
studies are discussed in Section 5 and summarized in Section 6.

2 SIMULATION SET-UP

We solve the following two-fluid CR HD equations using the PLUTO
code (Mignone et al. 2007; Gupta, Sharma & Mignone 2019)

% v pwy=s (1)
- (o) =
ot P ’
d(pv oV .
(E;Ot)+V-(pv®v+p[1)+pV<I>[—T¢R=O )
d
5 (pUZ/Z +em + ecr) +V- [(,01)2/2 + em + e + pl)v]
= —{qcool + Sth (3)

degr

at +V. (ecrv + Fcrdiff) = _pcrv ‘v + Scr- (4)

Here p is the mass density and v is the velocity of the gas. The total
pressure, py, is the sum of thermal pressure (py,) and CR pressure
(Per). Here pv?/2 is the kinetic energy density, ey, = pu/(Ym — 1)
is the thermal energy density, and e, = pe/(yer — 1) is the CR
energy density, where y, = 5/3 and y. = 4/3 are the adiabatic
constants of the gas and CRs, respectively. The term vé /RR in the
momentum equation represents the centrifugal force that acts on the
gas due to rotation of the disc. @ is the total gravitational potential
(cf. Section 2.1). S,,, S, and S, are the injected mass and energy
source terms. The term, gco01, denotes the energy lost due to radiative
cooling of thermal gas. F 4 represents the flux term associated with
isotropic CR diffusion.

2.1 Gravitational potential

The total gravitational potential denoted by @, in equations (2) is
the superposition of gravitational potential exerted by a stellar disc
and DM halo. For the stellar disc, we use the Miyamoto and Nagai
potential (Miyamoto & Nagai 1975). In cylindrical coordinate (R, z),
it is given by

GMgl(isc
\/R2 + @+ V22 + D))

Here R = rsin® and z = rcos 6. Mj; . is the mass of the stellar disc.
The two parameters a and b represent the scale length and scale
height of the disc, respectively.

For the DM halo, we use a modified Navarro—Frenk—White Model

(Navarro, Frenk & White 1997). The potential is given as

Dgise(R, 2) = , (a,b=0). )

GMvir In 1+VR2+Zz+d2 rs
Ppm = — ( /’) (d=0),
VR+2+& ()
(6)
where f(c) =1In(l +c¢) — ﬁ with ¢ = ry;/rs, the concentration

parameter. M., is the total mass of the galaxy (including DM) within
virial radius (ry;;). rs and d are the scale radius and core radius of the
DM distribution, respectively. These parameters are listed in Table 1.
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Table 1. The values of parameters used in our simulations.

Parameters Values Values Values
(Units) (M12) (M11) (M8)
Myir Mg) 102 10! 108
M3 Mo) 5 x 100 5% 10° -
Tir (K) 3 x 100 6 x 10° 10*
Tyise (K) 4 % 10* 2 x 10* -
Tvir (kpe) 258 120 12
rs (kpc) 21.5 10.0 1.0
a (kpe) 4.0 2.0 -

b (kpc) 0.4 0.2 -

d (kpc) 6.0 2.0 1.0
c 12 12 12
f 0.95 0.9 -
Zdisc (ZO) 1.0 1.0 -
Zhato Zo) 0.1 0.1 0.1
pdo (my cm ™) 3.0 1.0 -
pno (my cm ™) 1.1 x1073 1.5x 1073 2x 1074

2.2 Initial density and pressure distribution

The initial gas distribution in the galaxy is assumed to have two

components: (i) a warm ionized gas (few times 10* K) in the disc

and (ii) a hot gas (~Ty;;). In order to set the initial gas distribution,

we use the steady-state solution of the Euler’s equation by solving
\% v

L _vo+Lr=o, %)
0 R

for each component. The disc and halo gas mass distributions are

found to be

1
Pa(R, 2) = pao exp {‘y{@(& z) — ©(0,0)
sd

— [H(@(R, 0) — (O, 0))}} 8)
and

Pn(R, 2) = pno €Xp {—aiz{CD((R, 7) — @0, 0)}} ; ©
sh

respectively. Here pqo and py are the central density, and ayq and ag
are isothermal sound speed of the warm disc gas and hot halo gas,
respectively. The two components of the thermal gas (i.e. the warm
and hot ionized gas) in the simulation have been treated as a single
fluid. Therefore, the total density of the thermal gas is given by p =
Pd + Pn-

The term fin equation (8) determines the centrifugal force on the
gas due to the rotation of stellar disc, i.e.

_ ey (00 ]
wer | 2e(55) | (10

In the thermally driven outflow models, initially, total pressure of
the gas is the sum of pressure due to the disc gas and the halo gas.
In the models, where CRs are included, assuming equipartition of
energy in the disc, we divide the total thermal pressure in the disc
such that py, = 2 p.,. We assume that initially halo gas has a very low
CR pressure.

The set-up discussed above is similar to Sarkar et al. (2015), except
that here we have CRs as an additional fluid. We find that for all model
parameters listed in Table 1, the gas distribution is reasonably stable
until # > 100 Myr. The time-scale we are interested in is much
smaller than this. The initial density and temperature profiles of the
three cases are shown in Fig. 1.
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2.3 Solver, grid distribution, and boundary

We perform our simulations in 2D spherical geometry with three
velocity components. To solve the two-fluid HD equations, we use the
HLL Riemann solver and take piecewise linear spatial reconstruction
for all variables. Time has been evolved using Runge—Kutta second-
order scheme. We define the computational box from 0.01 to 30 kpc
in the r direction and from 0.01 to 7/2 in the @ direction. In the
r direction, we take a uniform grid up to 110 pc (20 grid points)
and a logarithmic grid thereafter such that total grid along r is 512.
Along the 0 direction, we take 256 uniform grid distributions. For
the extended run, we choose a larger box (70 kpc) with 1024 grid
points in the r direction. The inner and outer boundaries for r are set
to be outflow, and for 6, both inner/outer boundaries are reflective.

2.4 Cooling

We have considered radiative cooling of the warm disc gas and hot
halo gas using the tabulated cooling function from Sutherland &
Dopita (1993). The dependence of cooling functions on metallicity
is taken into account using linear interpolation of the cooling curves
between two metallicities. We have assumed that the metallicity of
disc gas is solar (Z = Z) and the halo gas metallicity is Z = 0.1 Zg.

In the simulation, the disc gas rapidly loses its thermal energy
due to high metallicity and high density when cooling is considered.
However, in reality the disc gas is maintained at ~10* K by stellar
radiation. Since we do not include radiation in our simulation, we
use a box size of R x z = 15 x 2 kpc? for the 10'> Mg, galaxy and
a box size of R x z = 10 x 4 kpc? for the 10'"" My, galaxy within
which we do not allow the disc gas (initially kept at a few times 10*
K) to cool. However, we allow the injected material to cool, but not
below a radiative cooling floor of 10* K. (see Appendix A for details
of this cooling constraint.)

2.5 Mass and energy injections

We assume that multiple supernova explosions in the central region
of the galaxy give rise to continuous energy input in the form of
a constant mechanical luminosity. The central region within which
thermal energy is deposited is fixed by the condition proposed by
Sharma et al. (2014) so that the cooling rate is smaller than the
energy deposition rate. The injection region is of radius riy =
30 pc in all our models. We perform simulations with three different
SFRs for each galaxy. For Salpeter IMF, assuming the lower and
upper limits of stellar mass as 0.1 and 100 Mg, respectively, and
because each supernova gives rise to ~10°! erg energy, the relation
between mechanical luminosity and SFR (Salpeter 1955; Strickland
& Heckman 2007) is given by

SFR
) . (11)

L=7x10"ergs™! [ ———
1 Mg yr—!

On an average 10 per cent of the SFR 1is the rate of mass injection
into the interstellar matter, i.e. Minj = 0.1 x SFR.

CRs are injected in the form of pressure wherever a shock is
detected (see Fig. 2) since shocks are the acceleration sites for CRs.
The following conditions (Gupta, Nath & Sharma 2018b) have been
used to detect whether a particular region within the simulation box
is shocked or not:

i) V-v <0
(ii) Ax|Vpl/lp > Siierances
(i) VT.Vp > 0.
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Figure 1. Initial density and temperature distributions for three galaxies with halo masses of (from left) 10'2, 10'!, and 10% Mg, respectively. Density (blue)
and temperature (red) profiles are shown along 6 = 0 and 77/2. For My;; = 108 M, (rightmost panel), the profiles are isotropic, because any disc in such a galaxy
is expected to be very small compared to the outflow length-scale of interest, and have not been considered in our simulation.
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Figure 2. Comparison of density and thermal pressure between TH and TH+4CR runs for M12 galaxy at ~20 Myr simulation time. The three sets of plots
(from left) are for SFR = 0.1, 1, and 10 Mg, yr—!. We also show the CR pressure in a separate plot. Green dots show the shock locations. In the TH4CR runs,

these are the locations where CR energy is injected.

For all our simulations, we have used jerance = 0.5. Wherever a
shock is detected, we redistribute the total pressure between thermal
and CR component following the CR pressure component fraction
W = per/(Pm + per)- In all our models, we have used w = 0.2.

3 RESULTS

To understand the properties of outflowing gas between the models
with and without CRs, we investigate (i) the morphology of the
outflowing gas, (ii) outer shock position, (iii) mass-loading factor,
and (iv) temperature distribution of the gas. These quantities have
been used in previous studies to quantify the dynamical impact of
CRs. Here we present the results from our simulations of three
different galaxies with halo masses of M, = 10%, 10", and 10'> Mg,

MNRAS 497, 2623-2640 (2020)

using three different constant SFRs:! 0.1, 1, and 10 Mg yr~!. To
represent runs with and without CRs, we have used two different
labels: “TH+CR’ and “TH’, respectively. Note that we have used our
simulation for M11 galaxy as the fiducial run. The used parameters
are given in Table 1.

3.1 Outflow morphology

In Figs 2, 3, and 4, we show the morphology of outflowing gas for
three different halo masses for TH and TH+CR runs. For all runs,
we find that the shape of the outflow is nearly spherical in nature.

't is to be noted that for 10% Mg galaxy, SFRs 0.1 and 1 Mg yr~! are
considered since 10 M, yr~! is unlikely in such a small galaxy.

0202 1840100 2z U0 1s8nB Aq || L0/8S/EZ9Z/E/L6H/OPIUE/SEIUW/WOD dNOOlWSPEIE//:SARY WO} PPEOJUMOQ



Mass density [my cm3)
T

Pressure [10712 dyne cm 2]

CR-driven galactic outflow 2627

M1, SFR = 0.1 M, yr'\, Time = 19.6 Myr ML, SFR = 1 M, yr'}, Time = 19.6 Myr M1, SFR = 10 M, yr'}, Time = 19.6 Myr

-16 -12 -8 -4

Mass density

0 : ; 0 :
0 4 8 12 16 -16 -12 8 -4 0 4 8 12 16 -16 -12 8 -4 0 4 8 12 16

outer shock

reverse shock

CR pressure CR pressure

107t 16 16
12 12
8 8
4 4
1072 0 0
0 8 12 16 0 4 8 12 16
R [kpc] R [kpc]

Figure 3. Same as Fig. 2, for My; = 10'! M.
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Figure 5. Position of forward shock detected at @ = 20° for M12, M11, and M8 galaxy for SFR 0.1, 1, and 10 M yr~!. The purple dots are for TH run and the
green dots are for TH+CR run with diffusion coefficient Do, = 1028 cm? s~ !. It is clear that the shock traverses a shorter distance when CR is included since a
fraction of the energy within the bubble (region within outer shock) escapes due to CR diffusion.

For M8, the shape is expected to be more spherical because, in this
case, the galactic disc is much smaller than the outflow length-scale
and the disc is not included in our simulation. For all cases, the
forward and reverse shocks are prominently distinguishable, except
for SFR = 0.1 Mg yr~! in M12 galaxy. In this case, the outflow has
an irregular shape and does not show a prominent reverse shock; the
locations of shocks are rather distributed inside the bubble. This can
be seen from the shock locations, as displayed by the green dots in
the second rows of Figs 2, 3, and 4.

For SFR = 0.1 Mg yr~! (first column of Figs 2, 3, and 4), a
comparison of different snapshots among three haloes shows that
for M12 galaxy, before the outflow breaks out of the central region,
an acoustic wave propagates from the central region. This can be
understood as follows.

In our set-up, CRs are initially confined in the galactic disc and
the halo has very low CR pressure. Due to the pressure gradient,
the CRs start to diffuse out of the disc and give rise to the acoustic
wave. This feature is not prominent for SFR = 1 and 10 Mg yr~!
because the velocity of the outflow is greater than this acoustic wave
generated due to diffusion of CRs; hence, the outflow overtakes it.
In other words, such waves can be noticed if the diffusion time-scale
is smaller than the dynamical time-scale of the outflowing gas. The
diffusion time-scale to reach the disc scale height b is given by

b? b\
~1M DL, 12
6 Do " (o.4 kpc) n28 12

where D¢, = 102D, 23 cm? s~ is the diffusion coefficient. In case of
M11, this acoustic wave initiated by diffusion is not visible because
M11 has a puffed up disc compared to M12 (due to the weaker
gravity and less steep temperature gradient from the disc to the halo;

Tdiff,CR ~
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see Fig. Al in Appendix A). Therefore, in this case the acoustic wave
is initiated at a later time (due to longer diffusion time-scale of CRs)
and by that time, it is overtaken by the outflow.

3.2 Outer shock position

We show the positions of the forward shocks? at 8 = 20° for three
different halo masses in Fig. 5. In all the panels, the purple dots
represent TH runs and the green dots represent TH+CR runs. The
positions of the forward shocks for M12 galaxy with low SFRs are
difficult to determine, since they do not have a distinct shock structure
w.r.t. CGM gas. From the figure, it can be noticed that for higher
SFRs, the forward shock distance is decreased by the inclusion of
CRs (green dots are located below purple dots). The reasons are
illustrated as follows:

Injections of CRs at the shocks develop non-thermal pressure in
the downstream region, namely the shocked wind and the shocked
CGM gas. The effective adiabatic index y of the composite gas
in these regions is determined by the CR injection fraction at the
shock. For a non-zero w, the effective y is reduced from 5/3 to
(5 4+ 3w)/[3(1 + w)] (Chevalier 1983). Consider two extreme cases,
of same amount of energy being either channelled to thermal gas or
CRs. From energy conservation, we then have 3 p. V. = % P Vins
where V denotes volume, with subscripts referring to either the case
of CR or thermal gas. The pressure in the shocked region is a certain
fraction of the ram pressure (pambiemvfhock), and at a given time,

20ne can also choose 6 = 0° to show the positions of the forward shocks;
however, we notice that it may show some artefacts due to boundary effects.
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Figure 6. Total energy within the bubble (region within outer shock) is plotted for the TH (dotted purple lines) and TH+CR runs (solid purple lines) for all the
cases. The green and blue solid lines show the thermal and relativistic component, respectively, in each TH4+CR run. Comparing the dashed and solid purple
lines, we notice that, in most of the cases, the total energy within the bubble becomes slightly less when CRs are included, because CR energy leaks out due to

diffusion.

they are nearly same (Weaver et al. 1977) in two cases. Therefore,
Ver < Vi. In other words, the volume occupied by shocked gas
is expected to be smaller if the gas is mostly dominated by CRs.
Previous studies (for e.g. Pfrommer et al. 2017; see Fig. 3, top
right corner) that investigated blastwave with CR shock acceleration
through 3D simulations also reported similar results. This effect
is enhanced by CR diffusion. Diffusion causes the leakage of CR
energy from the bubble, which further reduces the size of bubble.?
This is why the outer shock distance is decreased in the case of
TH+CR.

We further elaborate upon these issues in Section 4.2. We show
that, in the case of with-CRs no-diffusion run, the outer shock
position is slightly smaller than that without CR runs. When diffusion
is turned on, the difference becomes much larger and the outer shock
travels to a shorter distance. In Fig. 6, we have shown the total energy
(E,) within the bubble (i.e. within forward shock) as a function of
time. In case of TH4CR runs, the total energy includes the thermal
as well as CR energy, i.e. E; = Ey, + E. and we have shown these
two components separately. Fig. 6 shows that in case of TH+CR run,
for most of the cases, CR energy is less than the thermal energy and
it is expected since our injection prescription assumes w = pe/(Pin
+ per) = 0.2 [i.e. CR energy density fraction eq/(em + er) = 2w/(1

3The reduced value of effective y and the loss of energy through CR diffusion
(as in the case of radiation loss) also imply a slightly higher density jump
behind the shock, which we have confirmed from our simulation (see for e.g.
fig. 2 in Gupta et al. 2018a).

+ w) = 1/3]. Comparison of total energy (purple curves) between
TH and TH+CR runs shows that at early epochs total energy is
slightly lower in the case of TH+CR runs, because of CR diffusion.
However, this difference decreases as bubbles become larger, because
CR diffusion is less effective at larger distances [due to the increase
in CR diffusion time-scale, which is oc(distance)?; see e.g. equation
12].

For M12 galaxy, SFR = 0.1 Mg yr~!, total energy within the
bubble is larger in the TH+CR run compared to the purely thermal
run because, here, the forward shock is detected at the position of
the acoustic wave. As a result, thermal energy contribution from the
CGM is also included in this analysis.

For M8 galaxy and SFR = 0.1 Mg yr~!, we notice that the CR
energy within the bubble increases with time and after a certain time
(~20 Myr) it becomes larger than the thermal energy, resulting in an
increase of total energy in TH4CR run compared to TH run (purple
solid curve above the dashed curve). This is an artefact of boundary
effect near the pole for this case, as can be seen in the left column of
Fig. 4.

3.3 Mass-loading factor

Mass-loading factor (n) is defined as the ratio of the mass outflow
rate through a given surface to the SFR at a given epoch. Despite a
simple definition, there is disparity between the way mass-loading
factor is determined in simulations and in observations. One main
difference is in the definition of the surface area through which mass
outflow rate is calculated. For example, Booth et al. (2013) defined

MNRAS 497, 2623-2640 (2020)
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the surface as a plane at 20 kpc above the disc and Jacob et al.
(2018) used a cylinder of different radii and of height reaching up
to the virial radius. However, observers define the mass outflow rate
as ~QN r vm,, where Q signifies the total solid angle considered,
N is the column density of material along the line of sight, r is
a characteristic distance of the location of most of the outflowing
material, and v is the outflow speed (Heckman et al. 2015). Such
differences make it difficult to interpret the results.

In order to compare our results with previous works, we use two
different definitions of mass-loading factor, as described below.

3.3.1 Outflow rate across a plane

In this case, we estimate the mass outflow rate through a plane-
parallel to the galactic disc. To calculate the mass-loading factor
from our simulation, we define three planes at distances z = 2, 4,
and 10 kpc above and below the galactic disc of radius* R, = 15 kpc
for M11 and M12, and R, = 5 kpc for M8. The mass-loading factor
n has been calculated using

Mload [flst() Z-dA P UZ]
n= =2X —— ",
SFR SFR
where dA = Z 27 R dR is a differential area element in the plane and
v, is the vertical component of gas velocity. The factor 2 takes into
account the contributions in mass flux both above and below the
galactic disc.

We show the mass-loading factor (1) as a function of time for
three different galaxies in Fig. 7 by red curves (solid: TH+CR run,
dashed: TH run). The curves show that, in the early epochs, 7 rises to
a peak value and thereafter it becomes small. In some cases, it also
shows negative values because of infalling gas. The peak(s) in the
evolution of 7 is due to the crossing of the swept-up dense shocked
gas near the contact discontinuity (CD). After this epoch, the value
of n ~ 0.1, which comes from the gas in the free wind region. In
this region, the mass-loading factor is %Mmj /SFR =~ 0.1 because we
have taken M, as 10 per cent of the SFR.’

Comparing the solid (TH+CR) and dashed (TH) lines, we find no
significant difference in the magnitude of 1 in case of SFR =1 and
10 Mg yr~!. For M12 galaxy, SFR = 0.1 Mg, yr~!, the time variation
of 1 has a distinct feature for the run with CR, displaying a peak that
propagates with time to higher z. This is the signature of the acoustic
disturbance already described in Section 3.1.

13)

3.3.2 Outflow across a spherical surface

Next, we estimate the mass outflow rate through a spherical surface
of radius r centred at r = 0 as

M 4 2 /2
n= Sl‘;s - sj;;/ pvrsinfdo (14)
0

where v, is the radial component of the gas velocity. We show the
mass-loading factor as a function of time for different galaxies with

4We have checked that the choice of radius (R) does not affect the calculations
as long as the extent of the outflowing gas does not exceed this radius. For M8,
this constraint restricts our analysis to an epoch beyond which the outflow
becomes larger than 5 kpc.

SWe can also analytically estimate the mass-loading factor from the self-
similar solution, calculating the contribution of the shocked gas (shell) and
free wind separately (see Appendix D).
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Figure 7. Time evolution of mass-loading factor (1), calculated in two
different ways, is shown for all the cases. The first method (red lines) involves
the calculation of mass outflow rate through planes at a height of 2, 4, and
10 kpc from the galactic disc and the second method (blue lines) involves the
calculation of mass outflow rate through spherical surfaces at radii of 2, 4,
and 10 kpc from the centre. In each case, the dashed line is for TH runs and
the solid lines are for TH4+CR runs. We see no significant difference between
the dashed and solid lines. Galaxies with higher mass and lower SFR have
more negative values of 1 owing to the infall of gas due to gravity.
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Figure 8. For the fiducial case (M11 galaxy, SFR = 1 My yr~!, time 220 Myr), both the 2D temperature plot and the 1D temperature profile at @ = 20° show
that shocked CGM in the outflow has a lower temperature when CRs are included compared to purely thermally driven outflow.

blue lines (solid: TH+CR run, dashed: TH run, as used earlier) in
Fig. 7.

The curves show that the evolution of mass-loading factors quali-
tatively remains similar to the planar case (Section 3.3.1). However,
the peak value in this case is larger than that in the previous case.
Since the morphology of the outflowing gas is spherical, considering
a spherical surface results in a larger mass outflow rate.

We note that mass-loading factor is prominently negative for M12
and SFR = 0.1 Mg yr!, for z = 2 kpc and r = 2 kpc. One can
understand this by considering two relevant speeds, namely the
outflow speed and the escape speed. The outflow speed is roughly
100 km s~!, compared to the circular speed of 150 km s~! of such a
galaxy and also the escape speed of the DM halo (fig. 2 of Sharma
& Nath 2012). This results in the infall of cold gas clumps produced
in the shocked gas layer, producing negative values of 7. In other
words, galaxies with higher mass and lower SFR are likely to exhibit
negative values of 1. Fig. 7 also shows negative values in some
other cases at later times, which essentially comes from the infall of
cold clumps produced near the base of the outflow for the Kelvin—
Helmholtz instability due to shear.

We notice in Fig. 7 that n tends to decrease with increasing
SFR, except in the high-mass galaxy low-SFR cases, where 1 often
becomes negative due to the effect of stronger gravity. This effect is
most prominent for M8 galaxy where gravity effects are the least.
From the analytical solution by Weaver et al. (1977), the position
(r) of the outflow at time (¢) is estimated as r o< (L£3/p)'?, where L
is the luminosity of the source and p is the density of ambient gas.
Hence, the velocity (v) of the outflow when it is at a distance ris v &
(L/p)"3r=2 . The mass outflow rate (M) at r would be proportional
to the mass swept up by the outflow (o< p, does not change with L)
and the outflow velocity v. Hence, = (Myy/SFR) oc L=/ or n
SFR~%3since SFR is proportional to the source luminosity. The peaks
in Fig. 7 for M8 galaxy are consistent with this expected scaling.

3.4 Temperature distributions

It has been claimed in previous studies that the shocked gas in a
CR-driven outflow is at a lower temperature compared to a purely
thermally driven outflow. Fig. 8 shows that for the fiducial case,
our simulation results are in accordance with this finding. The
temperature of the shocked gas at the outer shock is ~1.7 times
lower in TH4CR run.

To understand the role of CRs in multiphase structure of the
outflow, the temperature distribution of gas has been used in different

studies. We study the time evolution of the total mass content in five
temperature bins. The temperature bins represent different phases of
the gas:

(i) very cold (T < 10* K);

(i) cold (10* K <T < 10° K);
(iii) warm (10° K<T < 10° K);
(iv) hot (10° K <T < 107 K);
(v) very hot (T > 107 K).

The time evolution of the total mass in each temperature bin is
shown in Fig. 9. The curves show that the simulated galaxies M12
and M11 initially have almost negligible gas content in very cold (7'
< 10* K) and very hot (T > 107 K) range. However, the gas mass
in these two phases gradually grows with time. The increase in very
cold gas content suggests cooling due to adiabatic expansion of gas,
whereas the increase in very hot gas content suggests the increase
of mass content in the shocked wind region with time. For M12, the
halo gas temperature is 3 x 10° K and for M11 itis 6 x 10° K, and so
the gas mass in these bins for the respective galaxies remains almost
constant since the maximum contribution in these ranges comes from
the halo gas. In both M12 and M 11, the cold (10* K <7 < 10° K) gas
content decreases gradually with time, which suggests the mass-loss
from the disc due to outflow. For M8, since all the gas is initially at
10* K, the gas mass in all phases increases with time as expected,
except the very cold (T < 10* K) gas.

Comparing the results for runs with and without CRs, we find
that the amount of very hot (>107 K) gas in TH4+CR runs is 2—
4 times lower compared to TH runs in both M12 and M11. This is
expected from the consideration that a fraction of the total energy in
shocked gas is imparted to CRs, thereby reducing the thermal energy
density there, consequently reducing the temperature. This has been
known since the calculations by Chevalier (1983) for blast and driven
waves with CRs, where it was shown that the temperature of the hot
gas behind the shock is reduced in the presence of CRs (see also
Gupta et al. 2018a). Since a reduction of temperature increases the
radiative cooling rate in this temperature range, the presence of CRs
also increases cooling and the amount of cold gas. This is borne out
by the fact that in our simulation, the amount of very cold (T < 10*
K) gas in TH+CR runs is 2-5 times higher than that in runs without
CRs. This finding of increase of cold gas in the presence of CRs is
consistent with previous studies.

To get a better idea of the multiphase structure of the outflow, we
show a 2D probability distribution of gas mass in the simulation box
within specified density and temperature bins [Alog;o(7/K) = 0.1

MNRAS 497, 2623-2640 (2020)
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Figure 9. Gas mass contained in the simulation box is shown with dashed (TH) and solid (TH+CR) lines of different colours for different temperature ranges.
It shows that gradually amount of very cold gas (T < 10* K) becomes more in the cases where CRs are included, compared to purely thermal models.

and Alogo(p/my cm™3) = 0.1] at ~20 Myr in Fig. 10. Gas mass
in each density and temperature bin has been normalized by the
total gas mass within the simulation box. In the initial distribution of
M11 galaxy, the bright-spot in the low-density and high-temperature
(~10° K) region represents the hot and tenuous halo gas. The high-
density and low-temperature (~10* K) region is the signature of
the dense and cold disc gas. The gas that falls between these two
regions follows a straight line with negative slope (®—0.8) in the
p-T diagram. This negative slope that approximately follows the
power law, T o p~', indicates that the initial density distribution
is in pressure equilibrium,® as expected for a stable galaxy set-up.
For M8 galaxy, such a region is absent in the initial distribution
since there does not exist a wide distribution of density as well as
temperature. Most of the halo gas has a density of ~10~*mycm™>
and a temperature of ~10* K.

At a later time, at ~20 Myr, a fraction of the CGM (halo) gas
reaches higher temperature and lower density compared to their
initial states, arising from the shocked wind region of the outflow.
Another feature to be noticed is that an amount of gas is accumulated
towards the bottom right corner of the diagram, i.e. at a high-density
and low-temperature region. This is the shocked gas near the weak
outer shock in the disc.

For SFR = 1 and 10 Mg, yr~!, another interesting aspect is that,
for M11 galaxy, there is an accumulation of gas that shows up along
a straight line with a positive slope in the p—T diagram. This line is

The slope is not exactly —1 since gravitational force is also included in
setting up the initial hydrostatic equilibrium.

MNRAS 497, 2623-2640 (2020)

a characteristic of adiabatic expansion in the free wind region of the
outflow. We do not see this feature for SFR = 0.1 M, yr~—! because
the wind is not powerful enough and as a result, the outflow may
not have a distinct free wind region, as previously shown in Fig. 3.
However, for M8 galaxy this feature is noticeable even for low SFR
because in this case, outflow is strong enough due to weaker gravity
of the halo and the absence of a thick disc compared to M11.

Comparing the results for TH and TH4-CR runs for M11, we find
that the temperature of the shocked disc gas (right bottom corner) is
lower by a factor of ~2. These results are also valid for M12, albeit
these effects are more prominent for M11 galaxy.

4 EFFECT OF LONG-DURATION OUTFLOW
EVOLUTION

In the previous sections, we have presented results by focusing on
first ~50 Myr of galactic outflows. We would like to emphasize that
our idealized simulation in which the star formation is not coupled to
any feedback processes is a controlled experiment, and the aim is to
determine the role of CRs by comparing our findings with previously
published results. In order to understand the long-term evolution, we
extend the simulation of our fiducial galaxy (M11) until 210 Myr.
Since SFR cannot be kept constant for such a long duration, we
consider a period of star formation events with the period being
30 Myr. In other words, star formation is kept uniform between
0-30, 60-90, 120-150, and 180-210 Myr, and it is switched off in
the intermediate periods. As an alternative to using two different free
parameters, we assume the period of star formation and the quiescent
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Figure 10. The 2D probability distribution of gas mass fraction (normalized
to total mass in the simulation box) within specified density and temperature
bins at ~20 Myr for M11 and M8 galaxy. The leftmost columns for each panel
show the initial mass probability distribution. This figure suggests enhanced
cooling of shocked gas when CRs are included, as indicated by the portions
with T < 10* K in TH+CR runs compared to TH runs.

period both to be 30 Myr, being motivated by Booth et al. (2013). This
allows us to study the structure and evolution of sequential outflows
triggered by periods of star formation, which produces numerous
shocks.

We find that each star formation event gives rise to a shock
structure. The subsequent shocks produced after the first event of
star formation travel faster than the previous shocks since they travel
in a comparatively rarefied medium. It can be observed that after
sufficient amount of time, the subsequent shocks catch up with the
first shock produced. This phenomenon has been previously noticed
by Tang & Wang (2005). However, as found in the short-duration
runs, here also we find that the shocks travel to a shorter distance in
the presence of CRs.

4.1 Mass loading in the long-term evolution

To study the mass loading in the long-duration simulation with
periodic star formation, we calculate the time-averaged mass outflow
rate instead of the previously used mass-loading factor. At a particular
time (say T4y ), we show the time-averaged mass outflow rate through
each spherical surface of radius 7,

. 1 Tay |
(Mout(r)> = 4 out(ra t) dr
Tay Jo
dgr? [Ty 72
=7 / / pv; sind do dr, (15)
dy Jo 0

in Fig. 11. The figure shows that the mass loading gradually increases
with time as the outflow progresses outwards and accumulates more
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Figure 11. Time-averaged mass outflow rate, (M), as a function of
distance for with (solid curves) and without (dashed curves) CR runs. Three
colours denote the epoch up to which the time average is done (see equation
15). The figure shows that with and without CR runs give a similar evolution

of <Mnut)~

mass. After the outflow crosses the region where most of the mass
resides within that time-scale, the mass outflow rate starts to decline
and gradually approaches zero. At large radii, the negative values of
mass loading are a numerical artefact, which arises because of the
logarithmic grid that makes the radial width of the computational
cells large near the outer boundary. We have confirmed that this
artefact can be reduced by extending box size, and it does not affect
our results.

Comparing the dashed (TH) and solid (TH+4CR) curves of Fig. 11,
we note that mass loading is almost independent of whether the
outflow is driven by purely thermal gas or a composition of thermal
and CR gas. However, we notice that (M, (r)) has a sharper peak
when CRs are considered and at later time, 100 Myr onwards, the
peak is slightly higher (~1.3 times) compared to TH case. This
analysis justifies our previous results on mass loading and it verifies
that the findings are robust as they are also valid in case of multiple
star formation episodes in a longer time-scale.

4.2 Nature of cold clumps and the role of CR feedback

The long-duration simulation with periods of star formation allows
us to study the formation of cold clumps due to thermal instability
in the presence or absence of CRs. This investigation leads to an
important insight to the basic role of CRs in galactic outflows. It has
been reported (e.g. Booth et al. 2013; Dashyan & Dubois 2020) that
the presence of CRs can produce a greater feedback effect, which
has been shown through an increase in the mass-loading factor and
a suppression of SFR. As we have found that for time-independent
SFR, the mass loading does not show a significant difference between
TH and TH+CR runs, we need to study the formation of cold
clumps in these two cases. The formation of high-density and low-
temperature gas clumps and their infall on the galactic disc can
increase the SFR of the galaxy and thereby can decrease the efficiency
of feedback.

To illustrate this, we show the snapshot of density and temperature
distribution at 156.5 Myr in Fig. 12, which refers to an epoch of
6.5 Myr after the most recent burst of star formation is over (at
150 Myr). It is seen that numerous cold clumps (with a temperature
of ~10* K) are formed in the TH run, while they are absent in
TH-+CR run. We can understand the inhibition of clump formation
by CRs in the following way. The minimum size of cold clumps is
given by c¢sfecool (McCourt et al. 2018), where ¢ is the sound speed

MNRAS 497, 2623-2640 (2020)
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Figure 12. Density and temperature distribution of M11 galaxy at 156.5 Myr in the long-duration simulation with periodic star formation. The outer shock
produced in the first star formation event evolves independently; however, the shocks produced in the subsequent star formation events travel in a comparatively
rarefied medium and can catch up with the first shock. In the zoomed in version (shown on the right) of the density and temperature distribution, one can see
more high-density and low-temperature gas clumps in TH case compared to the TH+CR run. (for details, see Section 4.2).

and 7., 18 the cooling time of the cold gas. If we consider the cooling
time of the ambient gas, this will lead to a larger size, but here we are
more interested in the lower limit. On the other hand, while the gas
cools, the diffusion of CRs tries to wash out perturbation unless it
is larger than >./6 D.,t, where  corresponds to #.,.. This is similar
to the damping of small perturbation by the streaming of hot DM in
cosmological context. Therefore, the formation and growth of cold
clumps require csfeool > /06 Dcrfeool- This leads to a lower limit on
the cooling time-scale

6D,
Teool = 2C . (16)
C

S

Using D.; ~ 10?® cm? s~! and the sound speed of a 10° K gas (¢, ~
107 cm s™1), this gives a lower limit of ~20 Myr on the cooling time-
scale. For a 10° K gas with solar metallicity, the cooling rate is Ay ~
10?2 erg cm® s7!, and a cooling time-scale of 20 Myr implies an
upper limit on the clump density <1.5kgT/Anteool =3 X 1073 cm™3.
The basic point is that in the presence of CR diffusion, clumps can
only form with very low density, and they may not have high density
contrast with surroundings. Since the period between two bursts of
star formation here is 30 Myr, if clouds take a long (>20 Myr) time
to form, then they are likely to be crushed and evaporated by the
next outgoing shock, instead of raining down on the galaxy. The
inhibition of thermal instability in the presence of CR is therefore
a likely explanation of the greater feedback effect of CR found in
previous works.

In addition to the above effect, we notice that the shape of the free
wind region of outflow changes due to diffusion. The left-hand panel
of Fig. 12 shows that the shape of the free wind is more elongated
along the z direction when the outflow is driven by purely thermal
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gas. The morphology becomes more flattened or squashed when
the effect of CRs is included and the difference is a result of CR
diffusion as can also be seen from Fig. 15. As a result, in TH runs,
the CD remains near the free wind region and the wind created by
the subsequent star formation episodes hits the CD and it breaks
into high-density gas clumps. However, due to the flattened nature
of the free wind region in CR runs, the CD cannot be hit directly
by the wind produced later. Taken all together, it is evident that the
CR diffusion inhibits the clump formation either by washing out the
small perturbations or by changing the morphology of the outflow.
We therefore suggest that suppression of cloud formation due to CRs
can reduce the SFR.

5 DISCUSSION AND CONCLUSIONS

With the help of our results from idealized simulations of galaxies of
three different halo masses and three different SFRs, we have shown
that there is no significant effect of CRs in the dynamics of galactic
outflow, but it alters the temperature distribution of gas. Here we
explore the impact of the parameters we have used and compare the
results with previous works.

5.1 Comparison with previous works

We find that there is no significant difference in the time evolution
of mass-loading factor between runs with and without CR in all
cases. This is in agreement with Fujita & Mac Low (2018), who
considered a galaxy of mass 5 x 10'> My (although their mass
outflow rate includes all mass moving upward with v, pi, = 10 km
s~!). However, our result is in partial agreement with Booth et al.
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Table 2. Comparison of a few recent studies.
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Simulation time

Mass-loading factor (1) with

Some recent results (tsim) Halo properties SFR CR Effect on SFR by CR

Booth et al. (2013) 500 Myr Mhpao = 10" and 10° Mg, discrete” For MW,  ~ 0.5 forboth ~ For both MW and SMC,
Tcom = NM“ feedback model. For SMC, nis  SFR is more suppressed
ncgm = NM 10 times higher for CR by CR feedback.

feedback.

Fujita & Mac Low (2018) 2.2 Myr Mhaio = 5 x 1012 Mg continuous CR pressure initially loads Feedback is not coupled
Tcom = NM about twice as much mass as to SFR, no effect on
ncgm = NM thermal pressure alone at SFR.

blowout, but the mass loading
becomes similar afterwards.

Butsky & Quinn (2018) 13 Gyr Mhao = 1012 Mg discrete CR pressure support lifts Higher value of pe/pm
Tcom = NM thermal gas higher out of the implies more
ncom = NM gravitational potential well; no  suppression of SFR by

comment on 1. CR feedback.

Samui et al. (2018) 10 Gyr Mhalo = 1081 Mg analytical n = 33 for M8 and n = 0.7 for Uses an SF model
Tcom = Tvir MI11 (assumed). dependent on assumed

ncgm = follows a beta model values of 7.

Jacob et al. (2018) 6 Gyr Mpato = 10113 Mg discrete noc My — M2 No comparison with
Tcom = NM thermal
ncgm = NM

Dashyan & Dubois (2020) 250 Myr Mhao = 1019 and 10! Mg discrete Iso diffusion of CR increases ~ Reduced by a factor of 2

Teom = 10° K mass loading.
nCGM = 1079 cm™3

Hopkins et al. (2020) 14 Gyr Mhpaio = 10°712 Mg discrete Volume filling factor of Suppressed 4 times than
Tcom = NM outflow increases; however, the thermal where CR
ncgm = NM rate of outflow is similar near pressure dominates.

the disc.

Our model 50 Myr, 210 Myr Mhpaio = 108, 10", and continuous Similar as thermal Feedback is not coupled

102 Mg
Tcom = Tvir
ncGM = 1073-10~* ecm™3

(for fiducial case)

to SFR; no effect on
SFR.

Notes. “NM = not mentioned.
bFor details, see Section 5.2.

(2013), who did not find any significant difference in mass-loading
factor after the inclusion of CR in Milky Way-sized galaxy, but found
a tenfold increase for an SMC-type (with a mass of 2 x 10° M)
galaxy. It is, however, not easy to trace the reason for the difference,
because the halo gas temperature and density used by them are not
mentioned.

One result that is similar to Booth et al. (2013), Salem & Bryan
(2014), and Butsky & Quinn (2018) is that we find the multiphase
structure of the outflow in both the TH and TH+CR runs; however,
the amount of very cold gas (7 < 10* K) is more in the models where
CRs are included. We have traced the reason of this phenomenon to
the reduction of gas temperature in the case of CR, which enhances
cooling rate for 7 < 107 K.

Our results, however, contradict the analytical results by Samui
etal. (2018). They suggested that galactic winds driven by CRs travel
a larger distance compared to thermally driven winds in massive
galaxies. They reported that in a galaxy of mass ~10% Mg, a steady
outflow is possible only with the inclusion of CR since they lose less
energy due to adiabatic expansion because of the softer equation of
state. However, even in the analytical calculation of blastwaves in
the presence of CRs by Chevalier (1983), it was shown that shocks
propagate to shorter distances compared to the case of purely thermal
gas. Our results are consistent with these theoretical expectations. In
Table 2, we summarize the differences among some previous works.

5.2 Dependence on the choice of SFR

There is a basic difference in the way star formation is implemented in
our work and most of the previous works. We assumed that star forms
continuously in the galactic disc, for the first few Myr with a time-
independent SFR, whereas others assume that stars form discretely
whenever a grid point in their simulation reaches a critical density.
Such a grid point is then called a ‘star particle’. Each star particle
represents an ensemble of stars that follow an initial mass function
(IMF). Depending on the IMF, in a given time duration Af, there
will be a number of SNe. For each SN, they inject 10°! erg of energy
and thereafter, the density of the grid point is updated accordingly.
It can be understood that for the same IMF, a continuous SFR will
inject more momentum into the ISM compared to a method where
star formation happens discretely in some cells.

In the case of discrete star formation in dense grid points, SFR at a
given time is dependent on the SFR at earlier time, which means that
there is a feedback channel that couples with the SFR. All previous
works except Fujita & Mac Low (2018) used discrete star formation
with feedback and found that outflows with CRs are more effective
for increasing mass loading and suppressing SFR compared to purely
thermal outflow. On the other hand, we find that CRs do not have
any significant effect on the dynamics of the outflowing gas and our
result matches with Fujita & Mac Low (2018). This contrast suggests
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M1, SFR = 1 M,/yr, Time = 19.6 Myr
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Figure 13. The 2D density plots for the fiducial case (M11, SFR = 1
Mg yr~!) at 220 Myr are shown for different CR injection schemes. In the
fiducial TH4-CR case, CRs are injected as pressure at the shock fronts (shock
injection). CRs can also be injected at the centre of the thermal injection region
(central injection) or as a combination of both shock and central injection.
We see that the dynamical effect of the CRs is to shrink the outer shock in a
more pronounced manner when CRs are included at the shock fronts.

that the result is dependent on the choice of how SFR is implemented
in the set-up, which leads us to the discussion in Section 4.2.

5.3 Choice of CR injection region

In this study, we have injected CRs at the locations of shocks,
which differs from most previous studies where a fraction of the
total energy is directly injected into CRs at the same location where
SN energy is injected (see e.g. Booth et al. 2013; Salem & Bryan
2014; Butsky & Quinn 2018; Fujita & Mac Low 2018). We find that
these two injection methods can aftect the morphology of outflowing
gas, which is shown in Fig. 13. Note that, to distinguish these two
methods, we have labelled them by shock injection (as described in
Section 2.5) and central injection (where 20 per cent of total input
energy is injected into CRs within ri;). In addition to these two
methods, we also show a combined case — central + shock injections.

Fig. 13 shows that outer shock travels a shorter distance in the
shock injection case (panel b) compared to the central injection case
(panel c). For both cases, the reverse shock is located at a similar
location (along the z-axis, it is located at ~4.5 kpc). However, the
gas swept up by outer shock is denser in the shock injection model
compared to the central injection model. The reason behind this can
be understood as follows:

(1) In case of shock injection, the CRs are continuously injected at
the location of shocks; thereby, it maintains a constant CR pressure
fraction in the shocked gas region. However, in the central injection
case, CR energy in the shocked gas evolves with time, and we find
that the CR energy is quite high near r;,; and also in the shocked wind
region; however, it drops gradually near the outer shock (thereby it
reduces CR pressure gradient w.r.t. the CGM). It can be seen by
comparing the solid and dashed blue curves (representing shock and
central injections, respectively) in Fig. 14, which represent the radial
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Figure 14. For the fiducial case (M11 galaxy, SFR = I Mg yr~!, along
6 = 20°), density (red curves) and CR pressure fraction [per/(Pth + Per)s
blue curves] are shown at ~20 Myr in case of shock injection (solid curves)
and central injection (dashed curves). The outer shock positions in these two
cases are marked with two black lines (dashed: central injection, solid: shock
injection) and the shocked gas regions are shown by grey shaded area. The
density jump at the outer shock is higher in case of shock injection. We also
note that pe/(pim + per) is less near the outer shock position in the central
injection case.

distribution of CR pressure fraction at @ = 20°. Therefore, the leakage
of CR energy from the outer shocked gas to the halo is more effective
in the shock injection case compared to the central injection case.

(i1) Due to efficient CR diffusion in the shock injection case, the
shocked gas of the outflow gets compressed to a higher density than
the central injection case (compare solid and dashed red curves in
Fig. 14). This effect also enhances the radiative cooling of the gas,
swept up by outer shock, since the cooling rate of the gas ocp?. As
a result, in the shock injection case, the outer shock travels a shorter
distance.

Therefore, both CR diffusion and radiative cooling of the gas play a
crucial role in determining the location of outer shock.

5.4 Dependence on CR diffusion coefficient

To understand the importance of CR diffusion, we show 2D density
plots for M11 galaxy, SFR = 1 Mg yr~!, at 20 Myr, for three
different values of diffusion coefficient (D) in Fig. 15. We note that
the position of the outer shock decreases with increasing De,. This
confirms our explanation that the energy contained within the bubble
leaks more with increasing CR diffusion as described in Section 3.2.
This can also be verified from Fig. 15, right-hand panel, where it
shows that the CR energy within the bubble decreases for higher
value of diffusion coefficient (D).

5.5 Limitations of our work

(1) A 3D simulation is more favourable to study the morphology
of the outflowing gas; however, it is computationally expensive and
a 2D version is unlikely to change the global dynamical features. We
would like to point out that Fujita & Mac Low (2018) found that
the kinematic behaviour of the outflow in their 3D simulation agrees
well with the 2D version (Fujita et al. 2009). Hence, it is expected
that our results will not change in a more realistic 3D simulation.

(ii) The results described here are valid for our assumption of
CR transport mechanism, i.e. isotropic diffusion that is a necessary
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Figure 15. Position of outer shock in the 2D density plots at 220 Myr for M11 galaxy, SFR = 1 Mg yr~! including CRs but with different values of CR
diffusion coefficients (D). It can be seen that the outer shock traverses a shorter distance with increasing values of D¢,. In a separate panel (right-hand side) we
also show how CR energy (E,) within outer shock changes depending upon the value of D,;.

assumption in CR-hydro simulations. When the magnetic field is
considered, the effect of CR diffusion is mostly dominated by the
choice of the diffusion coefficient parallel to the magnetic field
(k,) since the diffusion coefficient perpendicular to the magnetic
field is much smaller than k,,. However, given the uncertainty in the
value of parallel/perpendicular CR diffusion coefficient, the choice
of isotropic diffusion is still a good assumption.

6 SUMMARY

We have performed idealized HD simulation of three galaxies with
virial masses of 10, 10'!, and 10'> M, for constant SFRs 0.1, 1,
and 10 Mg yr~!. Our aim has been to find the dynamical effects of
CRs on galactic-scale outflow of gas in the early evolutionary stage
(<50 Myr). Hence, we have performed two sets of simulations for
each case, one in which thermal pressure alone drives the outflow
(TH runs) and another in which 20 per cent of the total pressure at
the shocks is attributed to CRs (TH+CR runs). Comparing these two
sets of simulations, our results are summarized as follows:

(i) We find that the outflow reaches a shorter distance when CRs
are included in the model compared to purely thermally driven
outflows. The main reason behind this is the diffusion of CRs out of
the bubble (within outer shock, where CR pressure is high, compared
to the halo gas outside). We also note that the inclusion of CRs
decreases the value of the effective adiabatic index of the combined
fluid from 5/3 and from the energy conservation it can be shown that
the volume of the outflowing gas is less if it is driven by CR pressure
instead of thermal pressure. This result is more prominent for higher
mass galaxies and higher SFRs. However, for M8 galaxy, we do not
see any difference in the outer shock position between the runs with
and without CRs. This is because the speed of outflow in this case is
few hundred km s™', one order of magnitude larger than the escape
speed (~10 km s~!) of M8 galaxy. The outflow moves so fast that
the effect of diffusion is not observed in this case.

(i) The mass-loading factor (ratio of the mass outflow rate to SFR)
has been calculated in two ways, one in which the mass outflow
rate is estimated through a plane-parallel to the galactic disc (above
and below) and another in which it has been calculated through
a spherical surface. In both cases, we do not find any significant
difference between the mass-loading factors in TH and TH+CR
cases. This result is valid for all the galaxies for all constant SFRs.
However, for higher mass galaxies and lower SFR there is a trend to
show a few negative values in the time evolution of the mass-loading

factor owing to the strong gravitational potential of high-mass
galaxies.

(iii) We have studied the distribution of gas in different tempera-
ture bins, as well as distribution of gas mass in different density and
temperature bins within the simulation box. We find that the amount
of cold gas (~10* K) is more for models that include CR. This arises
from the fact that a part of the thermal energy is attributed to CR
energy in TH+CR models; hence, the effective temperature of the
outflowing gas decreases and increases its radiative cooling rate.

(iv) We have investigated the long-term evolution of the outflow
by performing a simulation of the fiducial case (M11 galaxy) for
a duration of 210 Myr with periodic star formation events. After
~160 Myr, we observe that a few high-density and low-temperature
gas clumps form in TH run, which are absent in TH+CR. We have
identified a possible explanation for the suppression of the formation
of these clumps by the diffusive nature of CRs. Our discussion
suggests that the formation of these clumps and their infall on the
galactic disc can decrease the efficiency of feedback (by enhancing
star formation due to the presence of cold clumps) that is reported
by previous results.

In a nutshell, we found that CRs do not change the dynamics of
the outflowing gas significantly in the early stage of galactic outflow
(<50 Myr); however, the temperature of the outflowing gas decreases
in the presence of CRs. Moreover, the idealized simulation provided
us a suitable platform to study the reason behind the higher efficiency
of CR-driven feedback as reported in earlier works.
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APPENDIX A: COOLING BOX

The cooling time-scale of the gas in the galactic disc is usually shorter
than the dynamical time-scale that has been considered in this study.
If there is no additional physical process to increase the energy of the
gas, then it would lose its thermal energy as time evolves. In reality,
the disc gas is heated by photoionization radiation from stars and its
temperature is maintained at ~10* K. In our simulations, since we
do not include radiation, we keep the temperature of the disc at ~10*
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Figure A1. Cooling time-scale of M12 and M11 galaxy. The black outlined
box shows the region where radiative cooling of the injected gas is only
allowed; for details, see Appendix A.

K for all runs. This is achieved by setting a box within which the
cooling is allowed only for the injected material (not the disc or halo
gas in that region). In order to choose the width and height of this
box, we first estimate the cooling time-scale of the gas by using

E,
Teo] = ———————
T e AN(T)
~ 60Myr [ — p B
y 100 K 1073 my cm—3
Ax !
- s Al
* (10—22 erg cm’ s—l) (AD)

where Ay is the normalized cooling rate, T is the gas temperature,
and p is the gas density. Fig. Al shows the cooling time-scale for
M12 and M11 galaxy and also the box within which the cooling of
disc or halo gas is not allowed. The size of this box is chosen such
that the cooling time-scale of the gas beyond the box is longer than
our simulation time-scale. For the galaxy with a mass of 108 M, the
disc is expected to be small and hence we have not considered any
box in this case.

APPENDIX B: CR COOLING

In this study, we have not included CR energy loss. CRs can lose
energy while interacting with matter. However, the cooling time-
scale of CRs due to these interactions is longer than the time-scale
used in our simulations. For example, the cooling time-scale of CRs
due to hadronic and leptonic interactions (Guo & Oh 2008) is given
by

o €cr
ol 7.5 % 10~ 100 ee
-1
0
~4x10*°Myr [ —————— , Bl
* T ( 1073 my Cm*3> ®BD

which is much longer than our simulation time-scale.

APPENDIX C: CONVERGENCE TEST

The resolution used in all our simulations is described in Section 2.3.
We performed a high-resolution run for our fiducial case (M11
galaxy, SFR = 1 Mg yr~!, at &7 Myr). For this particular run, we
use 1024 grid points along the r direction and 256 grid points along
the 6 direction. We do not find any qualitative difference between
the results of these two runs. This confirms that the resolution used
in this study is adequate for the purpose.
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Figure C1. The 2D density plots for M11 galaxy, SFR = 1 Mg yr~!, at
~7 Myr show no significant difference in our fiducial resolution and a higher
resolution (see the text for details) considered.

APPENDIX D: ANALYTICAL ESTIMATION OF
MASS-LOADING FACTOR

In this section, we analytically estimate the mass-loading factor for
the planar case. For this, we choose a plane-parallel to galactic disc
(as discussed in Section 3.3) at a height of z kpc both above and below
the disc. The net mass outflow rate can be considered as the sum of
the gas mass flowing out through the shocked CGM (hereafter shell;
M) and the shocked wind region (Mying). The mass flux carried
by the shell can be estimated as

Mhen = 27 rsinf Arpshvz

2
1 % (D1)

= 21 psh U ZAF
where r is the position of forward shock and v, is the z component
of the gas velocity, which can be written as v, = vicosf = v, ().
Here, pg, is the gas density of the shell that is taken to be 4 times
the ambient gas density assuming strong shock condition. Ar is the
width of the shell.

Next, to calculate the mass flux carried by the shocked wind,
we define the planar surface to be an integration of differential
area elements dx and dy. Following the geometry shown in the
schematic diagram (Fig. D1), x = OB tana = @ tano and y =
ztan . We also have 5 = cos & cos B, since in triangle COB, cos o =
OB/F, and in triangle OAB, OB = (cos f/z). Therefore, dx =
(z/ cos B) sec’> ada and dy = z sec? BdB. Also, v. = v,cos acos .
Hence, the mass flux carried by the wind is given by

Myin = / / pu(r)v,dxdy
1
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A comparison of analytically estimated mass-loading factor with
our simulation for M11 galaxy (SFR = 1 Mg yr~!) is shown in
Fig. D2. The curves show that the time evolution of mass-loading
factor in our simulation is qualitatively similar to the above analytic
estimates, albeit with some noticeable differences. This is due to
various assumptions in our analytic calculation, e.g. the morphology
of the outflowing gas (which is assumed as spherical) and shock jump
condition. Moreover, the formation of cold clumps may increase the
mass-loading factor and it is difficult to include all these in analytical
calculations self-consistently.

Figure D1. Schematic diagram for estimating mass-loading factor analyti-
cally.
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M11, SFR = 1 M, yr',, at 4 kpc
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Figure D2. Comparison of mass-loading factor for M11 galaxy, SFR = 1
Mg yr~! between our simulation (red curves) and analytic method (black
curves). The dash—dotted and dash—dot-dotted curves show mass loading
by the shocked gas (Mgpenr; see equation D1) and by the wind (Mying; see
equation D2), respectively, and the black dotted curve represents the total
mass-loading factor when the outflow reaches 4 kpc. In the early evolutions,
the dash—dot-dotted curve is below the dash—dotted curve because wind is
less denser compared to shocked-CGM gas until the shell exceeds 4 kpc. The
red dashed (TH) and solid (TH+CR) curves show the mass-loading factor
calculated from simulation at a height of z = 4 kpc.
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