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timescales are an upper limit for the removal of the hot coronaldissipation of the ISM at the the ISM-ICM interface. However,
ISM, since in these simulatiotise coronaehot halos in the magnetic pressure in the ICM_i40? times weaker than the
galaxies extend out to thgalaxies virial radius and comprise  thermal and ram pressure and therefore does not quantitatively
10% of the galaxiesmass. Ram pressure alone can therefore affect the hydrodynamics of the stripping proce¢geszkowski
ef ciently remove the hot coronal gas within one dynamical et al.2014 Shin & RuszkowskP014 Tonnesen & Ston2014
time (taynamical _ 2..3 Gyr for rich clusterk Vijayaraghavan & Ricke2017. On the other hand, magnetic
Thermal conduction, that ithe transfer of heat via electrons  elds will affect the rate of ISM evaporation that is duth@mal
and ions, affects the evolution of the ICM in various ways. The conduction. In the presence of a local magnetil, electrons
transfer of heat from the hotter outer ICM to the cooler core, will gyrate around the magneticeld (Spitzer 1962. The
which suppresses cooling and thereby subsequent star formayyroradius of a typical electrofly, mMwggBis 2 16
tion, has been proposed as a partial solution to the cootimg  cm, which issigni cantly smaller than electron mean free paths.
problem in clusters(e.g., Bertschinger & Meiksinl986 Electrons therefore cannot cross magnettd linesand are
Narayan & Medvedev200% Zakamska & Narayar?003 constrained to only transport heat along the direction of the
Ghizzardi et al2004 Jubelgas et a2004 Voigt & Fabian  magnetic eld. This anisotropic thermal conduction can drastically
2004 Wagh et al.2014. A caveat with this process is that reduce the effectiveness of evaporation thalues to thermal
thermal conduction can be suppressed by ICM magnetits  conduction. A viscous ICM will ab suppress shear instabilities
to values signicantly below the classical Spitzer value (Roediger et al2013h 20150. Magnetic elds and viscosity
(Spitzer1962. We explore the particular effects of anisotropic therefore qualitatively affect the stripping of galaxies, which
thermal conduction that tue to magnetic elds on galactic  yesyltsin more coherent, long-lived stripped tails, but tHeynot

coronae in the next paper in this ser{@aper I). Thermal  gramatically affect the gas e rate of galactic coronae
conduction has also been proposed as a potential mechanism Eﬂroughstripping.

transport heat generated bgentral AGN to the outer regions In this paper (Part ) and inthe following paper on

of clusters(reviewed in McNamara & Nulse#007. Using anisotropic thermal conduction in cluster galaxies, we simulate
numerical simulations, Dolag et €004 showed that thermal  g5|axjes embedded in wind tunnel simulation boxes with ICM-

conduction can result in an isothermal ICM core, but is 1ess|jke physical properties. In Partie describe the process of gas
effective in coolcore clusters. Smith et 42013 also studied  |o55 from isotropic thermal conduction including saturation, in
the effect of isotropic thermal conduction on ICM temperature o apsence of magnetields. We quantify the gas loss rate of

_prohles, r|1d|ng thatdlnclurc]img c”ondug:ftmn rlgsl\ljllt%j |tr)11more galaxies from thermal conduction and ram pressure stripping,
Isothermal cores and a thermally uniform . V(@o1]) the evolution ofthe effective heat ux as the galaxy

suggested that radiatively cooled gas in cluster cores can triggeL, 4 horates, and the effectiveness of thermal conduction on
AGN feedback when thermal conduction cannot balance

cooling varying galaxy mass and ICM densities. In Paktél describe
At typical temperatures of the ICM and galactic coronae, the effect of magneticelds and the subsequent anisotropic

thermal conduction can be particularly effective in transportin thermal conduction on stripping and evaporation over a range
P Y P Yof magnetic eld con gurations that either shield the galaxy or

heat from the ICM to ISM. The mean free path of ICM electrons : . :

) T ; . connect the galaxy and the ICM, the longevity of stripped tails,

is 10kpc, which iscomparable to the sizes of galactic coronae.

Whenisotropic thermal conduction is assumed, ICM electrons IN€ felationship between tail morphology and magneid
can transport heat between the ISM and ICSpitzer & con guration, and_the timescale over which gas evaporates as a
Harm 1953 Sarazin1986. The expected timescale for this result ofanisotropic thermal conduction.
process assuming steady-state evaporation and mass loss for a
uniform constant densityn) sphere of radiufR (in kpc) is . .
tevap 3.3 1CMRFT ¥2(In /30 Myr (Cowie & McKee 2. Simulation Methods
1977). tevap _ 10’ years for the parameters of a typical galaxy, ~We use theFLASH 4.3 code(Fryxell et al.200Q Dubey
which issigni cantly shorter than the ram pressure stripping et al. 2008, a paralleIN-body plus Eulerian hydrodynamics
timescale of 3 1@ years, although this assumption does not code with adaptive mesh neement(AMR), to perform the
include the effects of a gravitational potential and a density andsimulations in this paper. Our simulations consist of galaxies
temperature gradient. Cowie & Songdil®77 also calculated  with dark matter and gas components in a wind tunnel of ICM
the evaporation timescales of galaxies embedded®K 1@s; gas. In our simulations, massive particles are mapped to the
their calculated timescale is proportional to the size of coronaegrid using cloud-in-cell mapping. The potential on the mesh is
but is signi cantly shorter than ram pressure stripping times andcalculated from the total dark matter plus gas density using the
mass loss replenishment from stars. A combination of thermaldirect multigrid solve(Ricker2008. AMR is implemented on
conduction, which evaporates the ISM and results in a morethe Eulerian mesh irFLASH using PARAMESH (MacNeice
uniform temperature distribution, ram pressure stripping, et al.2000. We use the directionally split piecewise-parabolic
whichremoves any remnant ISM gas, and tidal stripping, method solver inFLASH to evolve Euleis equations of
which decreases the depth of the galaxpegential well, should  hydrodynamics. Thermal conduction is explicitly implemented
therefore efciently remove hot galactic coronae. by calculating the heatux on the boundaries of each cell, as
Gas removal from cluster galaxies must therefore be offset bydescribed below, and the subsequent change in internal energy

physical mechanisms that shield against stripping and conductiofior a given cell. The computational timestep is diffusion limited
or replenish gas loss from gales. The ICM is threaded byG to ensure stability.

magnetic elds (e.g., as reviewed in Carili & Taylo2002
Govoni & Feretti2004 Kronberg2005 Ryu et al.2012), which 2 g 052 withD L c,Svhere is the conductivity, is the gas
can suppress shear instabiiti¢hat are precursors to the density, andty is the specic heat capacity.
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2.1. Theoretical Background: Evaporation of Coronae
in a Hot ICM

Cool galactic coronae embedded in hot intracluster media

form temperature gradients. In the absence of magnelits

and any other heat sources, the temperature gradient will resufVhenlr

in the ow of heat, primarily through electrons, from the hot
ICM to the cooler galactic ISMSpitzer & H&rm 1953
Spitzerl962. As a result, the galactic ISM gas will expand and
evaporate into the ICM. Quantitatively, thew of heat is
expressed in the form of the heatx, Q, where

Q L( Te! (1)
with

E L

@)
where < T is the temperature gradient,is the conduction
coef cient, and« 0.419 and E 0.225 for a hydrogen
(2= 1) plasma.Llsp, the Spitzer thermal conductivity, is
3/2 7/275/2
20 2 —1(‘32 4e .
me’? ¢ ZIn -
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Here, kg is the Boltzmann constanfl. is the electron
temperaturem, andge are the mass and charge of an electron,
andIn - is the Coulomb logarithm,
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which alternatively reduces to
LT, < T
Qeff e e

lt 42M <T, '

(10

N, the effective heatux obeys the classical form,
while in the regime ofly N, the effective heat ux is
saturated. For typical galactic coronae in cluster environments,
Il M since the sizes of typical galactic coronae are
comparable to the electron mean free paths in Equéiion
Thermal conduction in these regions is therefore at least
partially saturated.

2.2. Initial Conditions

We perform a series 6fvind tunnel simulations of a galaxy
embedded in an ICM-like wind. These simulations, in the rest
frame of the galaxy, consist of a galaxy in the center of a cubic
box. One side of the box is an iow boundarythrough which
the ICM gas ows in at a constant velocity. The othee sides
of the box are outow boundaries. The density, pressure, and
temperature of the ICM wind are initially constant throughout
the box. The center of the galaxy is at the center of the box, to
prevent the development of an adial potential gradient
within the box from an asymmetric mass distribution of the
ICM wind with respect to the galaxy.

The galaxy consists of a spherically symmetric dark matter
potential and hot ISM gas in hydrostatic equilibrium with the
gravitational potential. The galdsydark matter component
and gas are initialized using the procedure described in

Thermal conduction in these media is primarily carried out vijjayaraghavan & Rickef2019, which we summarize here.

through electrons, sincks, r m, /2 The electron mean free
path is(Spitzer1962 Sarazin1986

3/2 2 2
3 (kBTe) 2 kpc Te Ne
4@ e In - 1K 10°3%cm?3
©)
The Spitzer thermal conductivity can therefore be written as
3/271/2
5 6 (B

13.8nk e 15— ©r9 cm? st M1,
me

The heat ux, Q, is inversely proportional to the length scale
of the temperature gradiemt; the lower the value ofr, the
higher the heatux. However, Cowie & McKed¢1977) show

that since the rate at which heat is transported is limited by the
ave assume that the gas mass fraction of the ISM is 10% of the

average electron speed in a given medium, the effective he
ux can saturate. Theynd that the magnitude of the saturated
heat ux whenM | is

1/2

2kaTe NekeTe

Qsat 0.4 (7

e
The effective heatux is obtained by interpolating betweén
and Qg
111
Qi Q Qa
In terms of the heatux ratio, T Q/Qsz, the effective heat
ux is

(8
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The galaxys total density prole is
81

This total density prde is described by a Navarro-Frenk-
White (Navarro et al1997 pro le,

St (r - Rogg)

tot S DM ISMS ICM,backgroﬁnd

S
/sl r 9
whereRyq is the galaxys virial radius, ands and g are the
scale radius and scale density paramet§és; packgrounals the
gas density beyond the ISM and is initially constant, whilg
is assumed to be a singular isothermal sphere distribution with

(12

2
Ssm(r - Reoo) ?20-

(13

total mass of the galaxy, not including the background ICM. At
r  Ryoo the dark matter is assumed to have an exponential fall
off in density, and the density of gas is the constant ICM
background density. Given the dark matter density Ipro
I o Sism IcMPackground W€ Bitialize the positions
and velocities of massive dark matter particles to determine the
galaxys gravitational potential as described in Vijayaraghavan
& Ricker (2015, using the procedure outlined in Kazantzidis
et al.(2009.

The galaxys pressure prde is initialized assuming hydro-
static equilibrium, whereg, ISM S icM,background®d 1S
the total gravitational potential,

dpP d’

. %as? .

ar (14
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Figure 1. Slices of density, temperature, and theomponent of the velocity in a simulation of gas loss from ram pressure with no thermal conduction from
t 0..160 Myr. The velocity slices are annotated with velocity vectors.
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Figure 2. Slices of density in aimulation of gas loss from ram pressure with no thermal conductiont fro#00..2400 Myt

The temperaturg is calculated from the usual ideal gas law, our base series of simulations, we addpt, 2 10¢f’
ke gem 3 Pev 2 10dtergem® andTey 714 16 K q
P N QasT (19 The mass of the galaxy idgo 2.8 101 Mg, its virial radius
p is Rgo 92.16 kpg and its scale radius Bs  18.43 kpc We
where kg is the Boltzmann constantN 0.59 is the mean also ran a simulation with a lower density ICM, with
molecular weight for a fully ionized hydrogen-helium plasma, and Sem 2 10¢® g cm ®, Pew 2 10¢?ergem®, and
m, is the proton mass. We assume a congtants/3equationof ~ Tem  7.14 10 K apd of a higher mass galaxy with
state throughout. The density, temperature, and pressure of thiboo 2.8 10?Mgq with a virial radius ofR0o 190 kpc
galaxy are continuous with the background ICM at Rygg. In The galaxy properties for both the standard galaxy and the higher
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maximum ram pressure experienced byghkaxies andvhen
ow shock galaxies encounter this ram pressure.

Figure 1 shows slices of the ISM and ICM density,
temperature, and component of the velocity in the= 0
plane. Figure shows density slices at later times. There is an
initial contact discontinuity at the galaxjrial radius on the
side facing the incoming ICM wind. At this interface, as the
ICM ows past the galaxy, shear instabilities leading to Kelvin-
Helmholtz(KH) rolls are formed. A bow shock propagates out

ICM ISM from the leading surface of the galaxy into the |QNustrated
in Figure3). A reverse shock propagates inw&scthe center
of the galaxyand penetrates the core of the galaxy at
t= 72 Myr. The reverse shock is refracted around the core
Contact and converges behind the cda¢t  88..95 Myr). The density
discontinuity and pressure within the core drop sigrantly after the reverse
shock has passed through the cfire 100..120 My). Gas
ows into the core to maintain hydrostatic equilibrium, and a
second shock then propagates outward from where the initial
reverse shock converged, through the core. As this shock
passes through the core, the core gas is compressed, resulting in
Figure 3. Sketch illustrating the relative positions and directions of propagation increased core density and pressure. This compression delays
of the bow shock, contact discontinuity at the IgBM interface, and reverse  the stripping of the core. The second shock propagates behind
shock. the initial bow shock; there is no subsequent reverse shock. The
o force due to ICM ram pressure pushes on the outer diffuse ISM
mass case were chosen from the galaxy sample in Vijayaraghavagng strips it away. The stripped ISM gas trails the galaxy
& Ricker (2019, where these propertiage discussed further. We initially in a hollow cylindrical tail.

Reverse shock

note that the galaxy scale radius and gas densitjgstmpe do not After the lower density, outer ISM gas is stripped, the denser
have a signicant effect on ram pressure stripp{u@ayaraghavan ~ core ISM gas is stripped away at a much slower (ten
& Ricker 2015. t 300Myrtot 1600 Myr) and trails the galaxy in a single

tail. This second narrow lled tail is also unstable to KH
instabilities. The ow in these regions becomes turbulent and

3. Results forms vortices, andissipatesnto the ICM withint 1600 Gyr.
) ) The ISM is completely stripped by 2400 Gyr (seen in
3.1. No Evaporation, with Ram Pressure Figure?2). Figure4 shows azimuthally averaged radial ges of

In this section, we discuss the stripping of a galsiapt the gas density, temperatupgessure, and dark mat(gerticlg
ISM gas as a result adm pressure. We performed a base density fromt  8..160 Myr.
simulation run of the model galaxy in an ICM wind tunnel
without thermal conduction. Under these simulated conditions,
ram pressure that due to the ICM wind is the only physical 3.2. Thermal Conduction, no Ram Pressure
process by which the galaxy can lose its gad. AtO Myr, the In this section we discuss the effect of thermal conduction
density, temperature, and pressure of the ICM and ISM arepepween the ICM and the ISM, conduction within the galaxy,
continuous at the galadgvirial radius,Rx00 The galaxy and  ang the subsequent evaporation of a galactic corona. We

the ISM are at rest in the frame of the simulation box. The performed a simulation of tf&8 g 10:*M. galaxy embedded
simulation box is three-dimensional and cubic, with each sidejy a static ICM, withvicy Okms L. The other ICM

the box through the x face. The other ve faces of the box Figure 5 shows radial prdes of the absolute values of the
have outow boundaries. The ICM wind has a velocity effective heat ux, as well as the theoretically expected saturated
Vicm  Viem X Withvicy  610kms ~. heat ux and full Spitzer heatux calculated from the density and

In more massive clusters, galaxglocities can be higher,  temperature of theuid at approximately= 8 Myr, t = 63 Myr,
210°kmss *. Since theam pressure iBam I Vizy, at higher  t= 95Myr, andt= 159 Myr. Dashed lines indicate regions
velocitiesand therefore in massive clusters, galaxies will where the heat ux is positive (i.e., a negative temperature
be stripped of their gas at a faster r@gown in Vijayaraghavan  gradien}, while solid lines show the typical situation where the
& Ricker 2015. Additionally, in realistic cluster environments, heat ux is negative(i.e., inwardly directed Note that the heat
galaxyorbital velocities will vary considerably unless they are ux is only positive in regions where it is comparatively waak
on circular orbits, which results a range of ram pressure values where the temperature gradient is very close to (Eguire 6).
encountered by galaxies. However, most of the galagéesloss The magnitude of the heatux depends strongly on the
occurs during their rst orbit within their host cluster temperature and temperature gradiel@ as T>/F T.. Initialky,

(t _2.3Gyr), when thegalaxies outer halos are stripped att= 8Myr, the effective heatux is highest inside the galaxy,
rapidly until their internal thermal pressure balances the sum ofwhere there is a nonzero temperature gradient, and decreases
the ICM thermal pressure and ram presgMigyaraghavan &  dramatically outside the galaxyr 2 100 kpg where the
Ricker 2015, followed by a slower disruption of the core. temperature prde is effectively at. Within the galaxy, the
Therefore, the timescale for gas loss is determined by both theffective heat ux depends sensitively on temperatame is
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Figure 4. Pro les in asimulation with ram pressure but no thermal conduction.

signi cantly higher outside the cool galaxy core than within the the temperature is sufiently high and the temperature
core, i.e., at 2 10 kpc gradient is steep enough so the heax is saturated. Cowie
Heat is transported from the ICM to the ISM and from the & McKee (1977 describe these zones in their calculations of
outer regions of the galaxy inward. As the ISM is heated, it the evaporation of a cold gas cloud. For 150 Myr, when
expands. Figuré shows the evolution of density, temperature, suf cient heat has been transported from the ICM so that the
and pressure prdes during the evaporation process. As heat is galaxytemperature prde is at, the classical Spitzer heaix
transported into the core, the core temperature increases, as d® two orders of magnitude lower than the saturated heat
the density and pressure, which reach up=032 Myr. From The dark matter mass, which is an order of magnitude higher
t  32..96 Myr, the ISM density and pressure mostly decreasethan the ISM mass, is mostly unaffected by the evaporation of
as the ISM expands, and the temperature increases up to thise ICM, as seen in the particle density radial pglot in
ICM temperature. After the initial expansion, gasvs back Figure6. The gravitational potential is primarily determined by
into the core, briey resulting in an increased core density and the dark matter distribution, and therefore does not change
pressure betweén 140..150 Myr. This gas then expands and eitherwith the evaporation of gas. Therefore, to maintain
evaporates outward; iy= 160 Myr, the density, temperature, hydrostatic equilibrium, the density and pressure gradients,
and pressure prées are fairly at. while small, are nonzero. FoP® P(Roy) P(0) and
During this period of evaporation, the effective heak Pgas S gadReo)  Fas(0), With % P and %, S g
evolves considerably. At 55..135 Myr, (Figure5) the core the equation of hydrostatic equilibrium can be written as
gas temperature has increased to the extent that the effective
heat ux, now saturated, is sigréantly higher than at early (1Y)
times. Heat is transported to the core ISM gas from the ISM in
the outskirts and the ICM. There are three distinct radial zones
in the galaxy: an inner classical zone, where the gas is still cool
enough that the classical Spitzer heak is lower than the
saturated ux (r 2.5 kpo, an outer classical zone where the
heat ux is primarily determined by the classical Spitzer heat kg
ux since the temperature gradient is snall 10..20 kp9, o
and the intermediate saturated zgde r1 15kpd where P

GM

_ —_— 16
Reoo Ea Roo 19

Additionally, the ideal gas law gives us

Qas! 0 (17
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Figure 5. Pro les of the absolute values of the effective heat and expected theoretical values of saturated and classical Spitzente=aat different periods of
the galaxys evaporation. Solid lines correspond to a negative heatand dashed lines to a positive heax.

where we have droppedd since %9 /T  %P/P and tevap 216 Myr, which iscomparable to the actual evaporation

W /T %gaS gas TheBefore, we have timescale oft= 160 Myr. This evaporation timescale for gas
o %6Sas owing out from a cool cloud assumes steady state and does not
_— — (18 include the effect of gravity. These assumptions do not hold for a
P Fas galaxy with a potential gradient thatpgmarily determined by
At t = 400 Myr, the density, pressure, and temperaturdgso  dark matter, which is not affected by thermal conduction. In our
of the simulated galaxy correspondﬂﬁé H3as 0.02, while .s|mulat|0ns,.the gr?\!aiggrawtatlonal potenﬂa} and gas are initially
. Fas in hydrostatic equilibrium. As heat diffuses into the ISM, the ISM
a2 g 10 4, consistent with our earlier assumptions of becomes isothermal and its density, pressure, and temperature

Ww/T YP/Pand % /T %40Sgas S pro les atten, with a small gradierdut the ISM never evaporates
The heating, expansion, and evaporation of the ISM are seemompletely. This simulation does not include the effect of ram
in the density and temperature slices of Figlr&Ve see the  pressure or tidal forces from the clugjsvitational potential,
expanding shell of gas corresponding to the evaporating ISM aiyhich are ultimately responsible for removing all of the ISM gas.
t=96Myr andt = 160 Myr. The galaxys dense, cool core  However, we nd that if thermal conduction with saturation is in

also visibly evaporates by= 160 Myr. fact effective, galaxies should not have prominent dense coronae
Cowie & McKee (1977 determined the mass loss rate of a g P '

cool, spherical gas cloud of radi& number densityn; with )
T 0 atr= R embedded in a hot medium with T; at 3.3. Gas Loss from Thermal Conduction and Ram Pressure
r  R. Assuming classical evaptioam with Spitzer conductivity,

A ! We see in Sectiof3.1 that ram pressure alone removes the
they showed that the gwaration timescale is

ISM by t = 2 Gyr, while isotropic thermal conduction results
in the evaporation of the ISM by= 160 Myr, as seen in
Section 3.2 Therefore, evaporation that dsie to thermal
conduction is much more rapid than ram pressure stripping in
For a gas cloud with the properties of the ISM in our simulated removing gas. The presence afwing ICM doesqualitatively
galaxy, wher®®  Ryop (in kpc) andne Mgas/ G @3 Nnp) affect the process of evaporation thatdie to thermal

tevap 3.3  10%N.G2T, ™ 2'2—(;Myr. (19)
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