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Abstract

The circumgalactic medium (CGM) of star-forming dwarf galaxies plays a key role in regulating the galactic
baryonic cycle. We investigate how susceptible the CGM of dwarf satellite galaxies is to ram pressure stripping in
Milky Way-like environments. In a suite of hydrodynamical wind tunnel simulations, we model an intermediate-
mass dwarf satellite g laxy (M, = 10”2 M..)) with a multiphase interstellar medium (ISM; Mgy = 107 M..)) and
CGM (Mcom.yir = 10 > M) along two first-infall orbits to more than 500 Myr past pericenter of a Milky Way-like
host. The spatial resolution is ~79 pc in the star-forming ISM and 316—632 pc in the CGM. Our simulations show
that the dwarf satellite CGM removal is fast and effective: more than 95% of the CGM mass is ram pressure
stripped within a few hundred megayears, even under a weak ram pressure orbit where the ISM stripping is
negligible. The conditions for CGM survival are consistent with the analytical halo gas stripping predictions in
McCarthy et al. We also find that including the satellite CGM does not effectively shield its galaxy, and therefore
the ISM stripping rate is unaffected. Our results imply that a dwarf galaxy CGM is unlikely to be detected in
satellite galaxies; and that the star formation of gaseous dwarf satellites is likely devoid of replenishment from

a CGM.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Circumgalactic medium (1879); Dwarf
galaxies (416); Galaxy interactions (600); Hydrodynamical simulations (767); Ram pressure stripped tails (2126)

1. Introduction

Baryons fill the dark matter halo of a galaxy in the form of
diffuse gas (Spitzer 1956; White & Frenk 1991), known as the
circumgalactic medium (CGM). The CGM plays a key role in
galaxy evolution, as it harbors a significant fraction of the
baryonic mass and metals from the accretion of new gas and
the expelled feedback material (see reviews by Putman et al.
2012; Tumlinson et al. 2017; Faucher-Giguere & Oh 2023).
For the smallest galaxies in the Universe (dwarf galaxies;
logMy < 10° M), the CGM has recently begun to be
characterized in observations (Bordoloi et al. 2014; Burchett
et al. 2016; Johnson et al. 2017; see Zheng et al. 2024 for a
compilation). Though many properties remain to be deter-
mined, it is clear that many dwarf galaxies that are not near
other galaxies have an extended CGM originating from a
combination of feedback from the galaxy and accretion or
recycling from the intergalactic medium (Christensen et al.
2016; Hafen et al. 2019; Li et al. 2021).

Dwarf galaxies that are satellites are extensively shaped by
interactions with their hosts (Sales et al. 2022), and their CGM
will be the first baryons affected. The removal of satellite gas
by the CGM of the host galaxy is known as ram pressure
stripping (RPS; Gunn & Gott 1972). Cosmological simulations
of Milky Way (MW) analogs expect that RPS, accompanied by
gravitational effects (Mayer et al. 2001, 2006; Mateo et al.
2008; Boselli et al. 2014; Serra et al. 2023), can remove the
interstellar medium (ISM) and 7quench star formation for most
dwarf satellites with M, < 10" M., (Fillingham et al. 2015;
Simpson et al. 2018; Akins et al. 2021; Engler et al. 2023;
Samuel et al. 2023). Observed dwarf satellites of spiral galaxies

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

often show a lack of gas and star formation (Grcevich &
Putman 2009; Spekkens et al. 2014; Wetzel et al. 2015;
Carlsten et al. 2022; Zhu & Putman 2023) compared with field
dwarfs at similar masses (Geha et al. 2012; Phillips et al. 2014;
Karachentsev et al. 2018), although a large scatter has been
found in the satellite populations and quenched fractions (Geha
et al. 2017; Bennet et al. 2019; Mao et al. 2021; Smercina et al.
2022).

Satellite ISM removal by RPS has been widely observed in
spiral galaxies in high-density environments (e.g., van
Gorkom 2004; Sun et al. 2007a; Ebeling et al. 2014; Kenney
et al. 2014; Poggianti et al. 2017; Jachym et al. 2019; see recent
reviews by Cortese et al. 2021; Boselli et al. 2022). The ISM
stripping efficiency and the impact on satellite star formation
have been analyzed in numerical simulations (e.g., Abadi et al.
1999; Schulz & Struck 2001; Roediger & Hensler 2005;
Kapferer et al. 2009; Tonnesen & Bryan 2009; Bahé et al.
2012; Tonnesen & Bryan 2012; Bekki 2014; Lee et al. 2020;
Troncoso-Iribarren et al. 2020; Rohr et al. 2023; Zhu et al.
2024) as well as analytical models (Fujita & Nagashima 1999;
Koppen et al. 2018). Dwarf satellite galaxies, on the other
hand, are more likely already gasless and quenched because of
their shallow gravitational potential. Direct observations of
dwarf stripping are limited and require targeted deep observa-
tions (e.g., Pearson et al. 2016; Kleiner et al. 2023). Idealized,
controlled simulations have investigated dwarf satellite RPS in
relatively low-density environments, e.g., the outskirts of
groups and clusters (Mori & Burkert 2000; Steyrleithner
et al. 2020) and MW-like environments (Mayer et al. 2006;
Gatto et al. 2013; Salem et al. 2015; Emerick et al. 2016).
However, the simulations have found a mixture of dwarf ISM
stripping efficiencies. Including physical processes such as gas
outflows due to star formation is shown to be essential for
realistic RPS outcomes (Emerick et al. 2016; Garling et al.
2024).
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Table 1
Initial Mass and Structural Parameters of the Dwarf Satellite Galaxy
Stellar Disk Dark Matter Gas Disk Gaseous Halo
My [ by M Pdo 5 To My Agas bgas Mcom.vie @ 50 0
M) (kpe) (kpe) M) (gem™) (kpe) M) (kpe) (kpe) M) (kpe) (gem™)
1072 0.75 0.375 10%° 1.82¢-24 22 107 1.04 0.52 1082 1.5 52 8.26e-28

Note. Each parameter is described in Section 2.1; also see Equation (1) for the gaseous halo parameters.

Dwarf galaxy stripping simulations have largely not included
a CGM in the models. These simulations, therefore, lack
information on the fate of satellite CGM: is the CGM ram
pressure stripped before ISM removal begins? If the CGM
stripping is effective, it will cause a lack of future gas accretion,
affect the satellite’s star formation, and contribute significant
amounts of gas to the host halo. Previous simulations on spiral
or elliptical galaxy halo gas stripping found that the CGM
removal is often incomplete (McCarthy et al. 2008; Bekki 2009;
Roediger et al. 2015; Vijayaraghavan & Ricker 2015), which
may explain the X-ray bright tails observed in some galaxies in
groups and clusters (Sun et al. 2007b; Jeltema et al. 2008; Hou
et al. 2024). But Ghosh et al. (2024) recently showed that CGM
stripping is effective at small clustercentric distances. In the
dwarf galaxy regime, there is a lack of CGM stripping studies
except for the Large Magellanic Cloud (LMC): the observed
ionized part of the Magellanic Stream (Fox et al. 2020) could
consist of the stripped remnant of the LMC’s CGM (Lucchini
et al. 2020, 2021; Krishnarao et al. 2022); but see Kim et al.
(2024). However, dwarf satellites as massive as the LMC
(M, =2.7 x 10° M_; van der Marel et al. 2002) are relatively
uncommon in a cosmological context (Liu et al. 2011; Tollerud
et al. 2011; Robotham et al. 2012; Engler et al. 2021). There is
a need for constraining the CGM stripping efﬁcienc;/ for
intermediate-mass dwarf galaxies (M, ~ My, € 10’—107~ M)
that are common among observed gaseous/star-forming dwarf
satellites and where the quenched fractions are the most
unconstrained (20%—100%; Geha et al. 2017; Bennet et al.
2019; Mao et al. 2021; Carlsten et al. 2022; Karunakaran et al.
2022; Zhu & Putman 2023).

In this work, we investigate the RPS of an intermediate-mass
dwarf satellite galaxy with an extended CGM. In a suite of
hydrodynamical wind tunnel simulations, we vary the satellite
ram pressure as in a MW-like host’s first-infall orbits until more
than 500 Myr past pericenter, and we vary whether the satellite
CGM is included. The simulation results constrain the time-
scale and efficiency of the dwarf galaxy ISM and CGM
removal. Comparison between the cases with and without a
satellite CGM additionally quantifies the effect of the satellite
CGM on the ISM stripping rate. In the simulations, we model
radiative cooling in the multiphase gas, star formation, and
supernovae feedback to account for the outflows, independent
of RPS. We compare our results with analytical predictions of
dwarf galaxy and halo gas RPS and discuss the implications for
dwarf galaxy observations.

The paper is organized as follows. Section 2 outlines our
methodology: the dwarf galaxy model (Section 2.1), the orbits
and ram pressure profiles (Section 2.2), and the simulation suite
(Section 2.3). Section 3 reviews two analytical predictions in
the literature, the dwarf galaxy central gas stripping criterion
(Section 3.1; Mori & Burkert 2000) and the CGM stripping
criterion (Section 3.2; McCarthy et al. 2008). Section 4 covers
the main results of our simulations. Section 4.1 describes the

RPS morphology, timescale, and efficiency, Section 4.2
addresses whether the inclusion of satellite CGM affects the
ISM stripping rate, and Section 4.3 presents the gas surface
density radial profiles under RPS and compares our simulations
with the analytical criteria (Section 3). Section 5 discusses our
results in a broader context, and Section 6 summarizes the main
findings.

2. Methodology

We run a suite of three-dimensional dwarf galaxy wind
tunnel simulations using the adaptive mesh refinement (AMR)
code Enzo (Bryan et al. 2014). The dwarf galaxy is placed in a
162° kpc simulation volume with a 256> root grid resolution.
We allow up to three levels of refinement so that the highest
spatial resolution is 79 pc. In the cases where a dwarf satellite
CGM is included (Section 2.1), the typical resolution within the
CGM is 316-632 pc, or at least 190-380 cells across the CGM
diameter. We model the radiative cooling of the multiphase gas
using the Grackle chemistry and cooling library® (Smith et al.
2017), which calculates photoheating and photoionization from
the UV background of Haardt & Madau (2012). We use the star
formation recipe of Goldbaum et al. (2015) and the stellar and
supernovae feedback model from Goldbaum et al. (2016); also
see our previous work for details (Zhu et al. 2024).

2.1. The Dwarf Satellite Galaxy: Initial Conditions

This Section outlines the mass and structural properties of
our modeled dwarf satellite galaxy. We select the stellar mass
to be M, = 10" M_,, which is within the most common mass
range of observed star-forming dwarf satellites and where the
quenched fraction is the most uncertain (Geha et al. 2017;
Bennet et al. 2019; Mao et al. 2021; Carlsten et al. 2022;
Karunakaran et al. 2022; Zhu & Putman 2023; see Section 1).
Because dwarf galaxies’ dark matter mass and distribution are
generally uncertain (Oman et al. 2015; Sales et al. 2022), we
base the satellite galaxy’s initial conditions on the Local Group
dwarf irregular Wolf-Lundmark—Melotte (WLM), which has
excellent literature data (e.g., Leaman et al. 2012; Oh et al.
2015). Besides the initial mass and structure, we do not attempt
to model WLM, as it is relatively isolated and not an infalling
satellite (McConnachie et al. 2021; Putman et al. 2021). The
dwarf galaxy parameters are summarized in Table 1 and
detailed below.

We model the first three components in Table 1 as in our
previous work (Zhu et al. 2024): the stellar disk and dark matter
as static gravitational potential fields, and the gas disk evolved
with an AMR grid. The static stellar potential follows the
Plummer—Kuzmin model (Miyamoto & Nagai 1975), and the
gas is initialized as a smoothed exponential disk, where the
input masses (M., Mg,s) and scale radii (ay, ag,s) are from

* https://grackle.readthedocs.io/
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Figure 1. Simulation initial conditions. Left: temperature and density radial profiles at # = 0 Myr, defined as the moment wind enters the box after the CGM relaxation
phase (Section 2.1). The solid lines show the density and temperature averages on the right- and left-hand y-axis, respectively, and the red-shaded region shows the
temperature standard deviation (+o07). The dwarf CGM extends beyond ry;. = 42 kpc to about 60 kpc. Right: gas temperature slice (at x = 0 kpc, edge-on). The
dashed white circle annotates the disk—halo transition radius (rgisx = 5.2 kpc; see dashed line in the left panel and Section 2.1). Gas in the disk and inner halo is

turbulent and multiphase.

Read et al. (2016). The stellar mass grows from the initial value
as star formation proceeds in the simulations. The scale heights
(b, bg,s) are obtained under a height-to-radius ratio of 0.5 from
dwarf galaxy intrinsic shape measurements (Kado-Fong et al.
2020). We adopt a spherical Burkert model (Burkert 1995;
Mori & Burkert 2000) for the cold dark matter potential using
the WLM maximum rotation velocity vp,x = 39 km s7! (Read
et al. 2016). The resulting dark matter core density (p,0) and
core radius (rg) are listed in Table 1, and the virial radius and
enclosed dark matter mass (v, ~ 42 kpc, M, ~ 107 M) are
consistent with those under a CORENFW model (Read et al.
2016).

For the dwarf gaseous halo (CGM), we first model an
isothermal sphere with a power-law density profile,
p(r) = pyo(r /rgo)“, where pgo is the CGM scaling density at
a scaling radius 4, and « is the power-law index (Table 2.1).
The enclosed CGM mass is given by,

r

Mcom,enc(r) = f 4mr2py - (r/rg0)dr (1)

where iy, 1S the CGM inner boundary radius. We select the
power-law index o= —1.5 based on Stern et al. (2019) and
Tmin = Sdgas = 5.2 kpc to be the ISM—CGM transition radius.
Adopting the CGM scaling density and radius in Table 1, the
enclosed CGM mass within 7y;; is Mcom.enc(Fvir) = 108'5M®.
This mass corresponds to 25% of the baryonic mass budget
within ry;, which is around the upper limit found in the
My ~ 10" M., dwarf galaxies in cosmological simulations
(Christensen et al. 2016; Hafen et al. 2019), and much higher
than the cold phase CGM mass in local volume observations
(Zheng et al. 2024). We choose to model this relatively massive
satellite CGM for the purpose of testing the CGM’s
susceptibility to RPS—a less-massive CGM may be a better
match to isolated dwarf galaxies, but will be more easily
removed under stripping.

Once the simulations begin, the dwarf galaxy model in
Table 1 is subject to an initial relaxation phase of 2 Gyr,
allowing the galaxy to gradually radiatively cool. The rotating
gas disk collapses and forms stars, driving stellar and
supernova feedback, and ejecting low-density, metal-enriched*
material into the halo. The initially static, isothermal, and
smooth CGM also cools and develops a temperature gradient;
after interactions with outflows from the gas disk, it eventually
becomes turbulent and multiphase. The post-relaxation dwarf
galaxy with a multiphase CGM is shown in Figure 1; it is used
as the initial condition for the wind tunnel simulations
(Section 2.3).

The left panel of Figure 1 shows the satellite dwarf’s post-
relaxation density and temperature profiles used as initial
conditions. The density profile p(r) (blue solid line and right-
hand y-axis) decreases steeply within the disk region (r < rgis;
vertical dashed line) and flattens in the halo region to a post-
relaxation power-law index o’ &~ —1 (Table 1). Our modeled
dwarf CGM extends beyond ry; to r~ 60 kpc, resulting in a
total enclosed mass  Mcomenc(r = 60 kpe) & 108'67M®
(Equation (1)). In later Sections, we consistently adopt
1.5riy = 63 kpc as the CGM upper radius limit to account for
its total mass (e.g., Figure 4). Beyond the dwarf CGM
(r =~ 60 kpc), we initialized a uniform ambient medium that is
diffuse and hot (p=12x 10" gem >, T=12 x 10°K),
which models the pre-infall environment of the dwarf in the
outskirts of its spiral host’s CGM. Properties of this ambient
medium only affect the outer radius of the dwarf CGM and,
therefore, have no effect on the stripping result.

The right panel of Figure 1 shows the temperature structure,
which is quantified by the radial profile with scatter in the left
panel (7(r) &= o4(r); red-shadowed line and left-hand y-axis).

4 Due to the lack of strong observational constraints, we set the initial gas

metallicity to Zy,s = 0.3Z;, within the disk (r < rgi = 5.2 kpc) and 0.1Z, in
the halo. Metals produced by star formation can be mixed into the surrounding
gas via feedback.
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Table 2
Orbital Parameters of the Dwarf Satellite in a Milky Way-like Spiral Halo
Orbit e (‘Vq’).o‘i ‘Vr,0|) Rperi nperi Vperi Pmm,peak Ttotal
(Va00) (kpe) (em™) (kms™) (dyne cm™?) (Myr)
(e)) @ 3 “ ® ©) @) ®
Fiducial 0.85 (0.402, 1.037) 40 1.49e-4 399 3.94e-13 1900
Weak 0.6 0.8, 0.772) 110 3.22e-5 286 4.38e-14 2296

Note. Columns (1)—(2): the two orbits simulated in this work and the eccentricities. Column (3): the initial tangential (|V,0|) and radial (|V,.¢|) velocity magnitudes at
R>00, both in units of the host’s virial velocity (Vago = /G - Mago/Rag0 = 163 km sfl). Columns (4)—(7): the pericentric distance (Rper), host stripping medium
number density (1), satellite velocity (vperi), and the peak ram pressure strength (Bam,peak = Muperi * vpze,i). Column (8): the satellite’s total traveling time from the

host’s Rgo t0 Ryeri (first-infall segment) and back to Rpg (post-pericenter segment).

Gas is multiphase within r < 30 kpc, as seen from the slice and
the large scatter in the radial profile; it consists of the cold ISM
and hot feedback bubbles within the disk (white dashed circle)
and the inner CGM that can be heated by feedback or cool and
inflow into the ISM. The multiphase gas (r < 30 kpc) is also
turbulent. Our modeled CGM is not in thermal or static
equilibrium, reflected by a continuous net inflow into the ISM
in the absence of external interactions like RPS (see Figure 4;
will be discussed in Section 4). We address these systematics
by modeling isolated control cases in addition to RPS cases
(Table 3).

Finally, dwarf galaxies are not cold rotating disks, as turbulent
gas velocities are often more comparable with the rotational
velocities than in larger disk systems (e.g., Wheeler et al. 2017;
Lelli 2022). We model an initially rotation-supported gas disk,
and the stellar and supernova feedback adds to the dispersion
support once star formation occurs. Our choice of a relativel;/
low volume density threshold for star formation, ngg=1cm™”,
was made to allow for radially extended star formation
across the ~5kpc disk so that feedback creates realistic gas
velocity dispersions in the ISM (the H I-weighted dispersion is
og1~7.3km s tatthe r=0 snapshot in Figure 1). This value
and the resulting star formation rate (SFR) in our modeled
galaxy of SFR, o~2.5x 10 °M_yr ' are consistent with
observations of WLM-mass dwarf galaxies (Leroy et al. 2008;
Zhang et al. 2012; McGaugh et al. 2017).

2.2. Satellite Orbits and Ram Pressure Profiles

We model realistic, time-dependent ram pressure profiles of
infalling dwarf satellites in MW-like spiral host halos. We
sample two cases, (i) a fiducial case representing the most
likely first-infall orbits; and (ii) a stripping threshold case
derived from analytical predictions (Section 3), where the peak
ram pressure is predicted to remove the dwarf CGM described
in Section 2.1.

Since ram pressure is defined as Bun = Py - Ve (Gunn &
Gott 1972), varying ram pressure can be achieved by varying
the density of the host’s stripping medium (p., here the spiral
host galaxy’s CGM) or the satellite orbital velocity (vg,). In this
work, we vary satellite orbits while fixing the spiral CGM
model to that in our previous work (Zhu et al. 2024). The host
stripping medium (py,os) follows a modified MW CGM density
profile under the Miller & Bregman (2015) parameterization
and is boosted by a constant factor of C =2.73 to address the
potential density underestimation, particularly at low orbital
radii (Salem et al. 2015; Voit 2019).

We numerically integrate the satellite orbits using the
Galactic Dynamics package Gala (Price-Whelan 2017; Price-
Whelan et al. 2020), where the dwarf satellite is approximated

as a point mass traveling in a spiral host with a Navarro—Frenk—
White (NFW) dark matter potential (Navarro et al. 1996). We
adopt the host halo mass Mg nost = 1.5 X 10'2 M., based on
literature values of the MW (Sawala et al. 2023) and NFW
concentration ¢ = 10 (Ludlow et al. 2014). The resulting virial
radius of the spiral host is Ropo.nost = 242 kpc.

Table 2 summarizes the key parameters of the two orbits,
one representing the most probable infalling dwarf satellite
(fiducial), and the other the minimum P,,,, orbit predicted to
strip the dwarf CGM (weak, because of its low peak P,,,; see
Section 3 for details). The fiducial orbit adopts the most
probable eccentricity e=0.85 for infalling satellites in
cosmological simulations (Wetzel 2011), resulting in a
pericentric distance of Ry =40 kpc, which agrees well with
observed MW infalling dwarf satellites (Fritz et al. 2018;
Putman et al. 2021). The weak P,,,,, orbit in Table 2 shares the
same initial velocity magnitude as the fiducial run but at a
lower eccentricity e =0.6 (lower radial velocity component
|V,|; Table 2) such that its Prampeak =4 X 1071 dyne cm 2 is
the predicted minimum value for CGM removal (Section 3). Its
pericentric distance of Rye; = 110 kpc is greater than most MW
satellites (Putman et al. 2021), implying that the P,,,, threshold
for CGM removal is lower than the peak P, of typical
infalling dwarf satellites (and similarly, less eccentric than most
satellites in cosmological simulations; Wetzel 2011).

The orbits consist of a first-infall segment (host Rypo—Rperi)
followed by a post-pericenter segment (Rpei—Ro00; See€, €.g.,
Fillingham et al. 2018; Simpson et al. 2018). We include the
post-pericenter segment because of the previous finding that
mass transport can be sensitive to the orbital history, i.e., the
time derivative of ram pressure (Tonnesen 2019; Zhu et al.
2024). Ram pressure peaks at the orbital pericenter, where the
host CGM densities and satellite velocities are listed in Table 2.
The orbital ram pressure time evolution read in from simulation
outputs (g, - vgzas in the wind direction) is shown in Figure 4.

2.3. The Simulation Suite

In the simulation suite, we vary whether the dwarf satellite
CGM (Section 2.1) is included; when the CGM is included, we
additionally vary the ram pressure strength (Section 2.2) to test
the CGM removal conditions. Table 3 summarizes each
simulation’s short name and setup.

In the following Sections, we will compare the simulations
in the suite (Table 3) as follows. The two stripping cases with
CGM (MW-w, weak-w) constrain the stripping rate and final
fate of the satellite CGM (Section 4.1), offering a direct
comparison with analytical stripping criteria (Section 4.3). The
non-equilibrium state of the dwarf CGM leads to temporal
trends (net inflow from inner halo to disk; CGM to ISM mass
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Table 3
Overview of the Simulation Suite
Simulation Wind Sat. CGM Comment
(eY] 2 (3) )
MW-w fiducial Y Satellite with CGM under the MW fiducial wind.
weak-w weak Y Satellite with CGM under the low ram pressure wind.
iso Y Satellite with CGM in isolation (no wind).
MW-w nocgm fiducial N Satellite without CGM (ISM only) under the MW fiducial wind.
iso nocgm N Satellite without CGM in isolation.

Note. Column (1) lists the simulation short names used throughout this paper. Column (2) shows the wind cases, where the fiducial and weak wind orbits (Section 2.2,
Table 2). Column (3) states whether (Y/N) the case includes the satellite CGM (Section 2.1, Table 1). Column (4) summarizes the simulation setup.

transfer; Sections 2.1 and 4) even in the absence of RPS, which
is quantified in i so. By comparing i so with the two stripping
cases, we can separate the internal effects from RPS and make
predictions for field versus satellite dwarfs (Section 5).

We also compare the ISM stripping of the cases with and
without the satellite CGM. The two nocgm cases adopt the
same initial stellar, dark matter, and gas disk properties in
Table 1 but without the gaseous halo. The CGM inflows during
the relaxation phase (Section 2.1) result in a slightly higher
initial ISM mass in the cases with CGM than their nocgm
counterparts (Figure 4). Comparing MW-w and MW-w nocgm
quantifies the potential impact of the CGM on the ISM
stripping rate (Section 4.2).

We implemented two Eulerian fluid tracers to track gas
motion and mixing: ISM and CGM colors, denoting the ISM
and CGM density fractions, respectively, within each gas cell.
Initially, the ISM (CGM) fraction is 1 (0) in the disk region and
0 (1) in the halo, whereas both fractions are 0 in the ambient
gas (Figure 1 at r > 60 kpc) and the ram pressure wind. In iso,
for example, the disk region CGM fraction gradually increases
as the inner halo gas cools and inflows, and the halo region
ISM fraction also increases because of feedback ejections.
During RPS, the color tracers track the percentage of the
survived/stripped gas originating from the disk or halo; see
Section 4, Figure 3 for detailed usage of the tracers.

3. Analytical Predictions: RPS and Dwarf Satellite Gas
Removal

In this Section, we apply analytical RPS criteria from the
literature to the parameter space in this work—dwarf galaxy
satellite RPS in a spiral galaxy host (Section 2). Section 3.1
predicts the stripping of central dense gas (Mori &
Burkert 2000), i.e., whether RPS can remove all of the gas
from the dwarf satellite. Section 3.2 predicts the stripping of
spherical diffuse gas (McCarthy et al. 2008), i.e., to what radius
the satellite’s CGM can be removed. The analytical predictions
will be compared with our numerical results in Sections 4
and 5.

3.1. Central Dense Gas Stripping

Instantaneous RPS conditions are generally defined as where
the ram pressure exceeds the gravitational restoring force in the
satellite. For example, the Gunn & Gott (1972) criterion
approximates spiral satellite galaxies as two-dimensional thin
disks whose gravitational force is dominated by the stellar
component perpendicular to the disk. Dwarf galaxies, however,
are more spherical and dark matter dominated (Behroozi et al.
2019; Kado-Fong et al. 2020; Carlsten et al. 2021). We follow

the Mori & Burkert (2000) analytical prescription, which
assumes the dwarf’s gravitational restoring force is dominated
by its spherical dark matter core. The value of P, needed to
exceed gravity in the core region, which equals the thermal
pressure  Pinermat,0 = Pgas,0kpT/(pm,) under the simplified
assumption of hydrostatic equilibrium, is given by

Pos ,,OkBT GM()p as,0
Bam = Phost * vS%ll = = =

@)

iy 3rp

where M, and r( are the mass and radius, respectively, of the
dark matter core, and pgy o is the core gas density (see Mori &
Burkert 2000). If we further assume that the dwarf galaxy’s
dark matter halo follows the one-parameter Burkert model
(Burkert 1995), as used in this work (Section 2.1), the core
radius and gas density both scale with the core dark matter
mass, 7y X M03/ 7 and Paas,0 X Lao < My /7. The pressure
balance criterion (Equation (2)) can be rewritten as a core
dark matter mass (M;) threshold,

2/7

) (3)

where F = Mg, 0/M is the core gas mass divided by the core
dark matter mass, and Mg is the critical core dark matter
mass below which the central gas can be removed under P,
(see Mori & Burkert 2000, their Equation (13)). The ratio F
remains close to the expected value 0.1 in our simulations, and
given the core mass of the WLM-mass dwarf satellite
My=4.6 x 10% M.; obtained from the value of vy, in
Section 2.1), Equation (3) predicts that P, > 1.24 x 10712
dyne cm ™ is required for central gas removal. This P, is
three times higher than the peak value in our simulations
(Prampeak Of MW-w; Table 2), which implies that the central
dense gas in our WLM-mass satellite cannot be removed in the
MW fiducial orbit based on Mori & Burkert (2000).

In this work, we selected to model a cored dark matter profile
under the Burkert (1995) parameterization (Section 2.1)
because it matches observational rotation curves for dwarf
galaxies (de Blok et al. 2008; Oh et al. 2015). However, dwarf
galaxy rotation curves show a large diversity (Oman et al.
2015; Sales et al. 2022), and the rotation curves can be
successfully reproduced under other dark matter models (e.g.,
Di Cintio et al. 2014; Read et al. 2016). Different choices of
dark matter models will modify the stripping criterion
(Equation (2)) from the special form in Equation (3). For
example, a “cuspy” NFW model adopts a steeper gravitational
restoring force profile in the galaxy center and, hence, requires

Fam > (i) MO,crit
1.66 x 102 dyne cm~2 0.1/11.27 x 10°M,
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higher P, for the central gas removal than the cored Burkert
model; however, the difference is shown to be negligible
(Emerick et al. 2016).

3.2. Spherical Diffuse Gas Stripping

We now consider the instantaneous RPS criterion for the
dwarf galaxy CGM, which is low in density, but high in mass
and volume compared with the central dense gas (Section 2.1).
We follow the analytical prescription of McCarthy et al.
(2008), originally for galaxy CGM stripping in groups and
clusters, and apply it to the dwarf satellite in spiral host
parameter space. The McCarthy et al. (2008) criterion, similar
to the central gas RPS criterion above (Equation (2)), compares
ram pressure with the gravitational restoring force, but here for
a spatially extensive distribution. The value of P, required to
balance the gravitational restoring force per unit area
(Fgrav/dA) as a function of the projected distance to the galaxy
center (R; projected along the ram pressure direction) is given
by

Bam > Fgrav/dA = agrav,max(R) : Egals(R)

Mo (R) - R

R , “)

where dgray,max 18 the maximum gravitational restoring accel-
eration along the projection, and My, Ygas, and pg,s are the
total mass (dominated by dark matter), gas projected density,
and gas volume density, respectively (McCarthy et al. 2008).
For a spherically symmetric gravitational potential, the
restoring acceleration dgray,max 1S usually maximized where
gravity is 45° anti-aligned with ram pressure. The « factor in
Equation (4) is a geometric factor of order unity from
integration along the projection (McCarthy et al. 2008).

To evaluate the condition for dwarf CGM removal, we
assume that the dwarf galaxy’s gravitational restoring force
comes from the dark matter component alone (the gas and
stellar masses are ~10% and 2% of the dark matter mass; both
are ignored here for simplicity). The gravitational potential of
the dark matter halo is spherically symmetric, so the maximized
acceleration is given by dgray,max(R) = @gray (R/c0s(8))cos(0),
where § = 45°, or equivalently, dgray max (R) = agmv(ﬁ R) / J2
(see illustration in Figure 3 of McCarthy et al. 2008)—the
factor of +/2 comes from projection along the ram pressure
direction. Equation (4) can be rewritten as the P, threshold
for stripping at each projected radius R,

Pram,thresh (R) = Odgrav,max (R) : EgaS(R)

~ (%)Qgrav(ﬁR) : Zgas(R)

~ GMpym (V2 R)
V2 (V2R

where the gravitational term (GM/r?) is the enclosed dark
matter acceleration at a spherical radius » = +/2R, which can
be expressed analytically for our dwarf galaxy (Section 2.1);
see Burkert (1995). The gas surface density profile (Xg,5(R))
can be evaluated numerically by projecting the gas volume
density at the simulation initial condition (Figure 1); also see
Section 4.3 for detailed methodology. Figure 2 shows the

: 2gas(R)’ (5)
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Figure 2. Ram pressure thresholds (Ppum mresn) predicted for the WLM-like
dwarf galaxy stripping (Section 3). The solid curve shows the radial profile of
Pram.nresh  across the entire dwarf galaxy (McCarthy et al. 2008; see
Equation (5)), and the dashed horizontal line shows the core stripping criterion
(Mori & Burkert 2000; see Equation (3)). The lighter- and darker-shaded
regions show the projected disk and core regions, respectively. Where the solid
curve intersects with R = rgiq/ J2 is the predicted CGM stripping condition,
which motivated our modeling of the weak-w orbit (orange symbol; see
Section 2.2).

predicted ram pressure threshold for our WLM-like dwarf
galaxy.

The McCarthy et al. (2008) stripping criterion (based on
Equation (5)) is evaluated at all projected radii in our simulated
dwarf, shown by the black solid curve in Figure 2. The
condition for complete CGM stripping is dictated by the
innermost CGM, where the gravitational restoring force and
gas projected density are both maximized. For our WLM-like
dwarf galaxy, the resulting ram pressure threshold is
Pram thresh = 3 X 10~ dyne cm 2 at the disk—halo interface
(R = rdisk/\/f ~ 3.7kpc, right edge of the shaded disk
region). This analytical CGM stripping threshold is adopted
as the peak orbital ram pressure in one of our orbits
(Section 2.2). We slightly enhanced the simulation value to
Pram peak = 4 % 10~ dyne cm 2 (horizontal orange line) to
account for potential underestimations, e.g., due to only
including the dark matter mass in Equation (5). This Py
value for the weak-w orbit is 10 times lower than the MW
fiducial orbit in our simulations (Table 2); it is also low
compared with the typical infalling dwarfs in the Local Group
(Putman et al. 2021).

In Figure 2, we also show the central dense gas stripping
criterion for this dwarf galaxy (Mori & Burkert 2000; see
Section 3.1) as a constant value in the core region (horizontal
dashed line). This value (Pyum~ 10~'>dynecm™>) is highly
consistent between Mori & Burkert (2000) and McCarthy et al.
(2008), both predicting that the satellite cannot be completely
stripped. The radial dependence of P,y thresn (McCarthy et al.
2008) is less applicable in the dark matter core, where the
gravitational acceleration increases with radius, and the
Agray,max approximation in Equation (5) no longer holds.
Outside of the core region, Py, mresn decreases with radius
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(solid curve in Figure 2), which implies that despite the CGM
being more massive than the gaseous disk, it is easier to strip
the CGM than the disk gas based on the McCarthy et al. (2008)
prediction.

To conclude, we have briefly reviewed two analytical RPS
prescriptions and applied them to make predictions for our
dwarf satellite stripping simulations (Section 2). Section 3.1
(Mori & Burkert 2000) predicts that the peak ram pressure in
our MW fiducial orbit (Table 2) is insufficient to remove the
central dense gas in the satellite. In Section 3.2 (McCarthy et al.
2008), we calculated the ram pressure threshold required for
dwarf CGM removal (Figure 2), which is lower than MW
fiducial, and used as the peak ram pressure for one simulation
orbit (weak-w; Section 2.2). We will further compare the
analytical criteria and the simulation results in the following
Sections, particularly Section 4.3.

4. Results

This Section describes our simulation results. Section 4.1
outlines how the satellite dwarf galaxy’s ISM and CGM
components evolve under RPS. Section 4.2 addresses whether
the inclusion of the satellite CGM affects the ISM stripping
rate. Section 4.3 shows the spatially resolved gas density results
and compares with the analytical criterion in Section 3.2.

4.1. Gas Removal and Survival Under RPS

We first describe the evolution of the dwarf satellite’s gas
content under RPS. Figure 3 shows the gas stripping
morphology of the MW-w run, which is then quantified in
Figure 4. For the runs where the satellite galaxy has a CGM
(Tables 1 and 3), its gas mass is constituted by both ISM and
CGM components, individually tracked by the fluid color
tracers (Section 2.3). As discussed in Section 2.1, our galaxy
evolves for 2 Gyr to allow for gradual radiative cooling in the
CGM. In all of the following Figures, =0 is when the wind
enters the box immediately after that settling period. In all of
our simulations, the satellite under RPS has its ISM partially
removed (<35%) while the CGM is almost completely
removed (>95%), as detailed below.

Figure 3 shows the satellite’s gas surface density and its
fractional components (ISM and CGM fractions) for the MW-w
simulation (Table 3). The dense gas, i.e., the central ~5 kpc
and the stripped tail shown in the top row, is consistently cool
(T< 10* K). The ISM and CGM color tracers in the middle and
bottom rows show the density fractions of gas that were
initially the satellite’s ISM and CGM, respectively. E.g., an
ISM color of 0.6 and a CGM color of 0.3 means the gas density
along line of sight is 60% ISM, 30% CGM, and the remaining
10% comes from the host wind. We have excluded wind
contamination in the top row (X,,,) by only showing gas with a
summed ISM and CGM color >0.95 (<5% wind). The
columns from left to right summarize the evolution with four
characteristic time frames:

1. Initial condition (#=0Myr). The satellite galaxy is
initially unperturbed by RPS, but its ISM and CGM
interact internally. Star formation-driven feedback ejects
diffuse hot (T~ 10°K) gas into the CGM region, while
some of the inner CGM cools and flows into the ISM
region, leading to mixing of the color tracers.

2. Onset of CGM stripping (f =700 Myr). Ram pressure—
driven shock front has reached one side of the CGM,
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sweeping it along the 45° wind direction, Vyindxy,s) =

O, g g). The central ISM remains largely undisturbed

but at a lower ISM fraction than that in (i) because CGM
inflows have continuously mixed into the ISM for
700 Myr.

3. CGM mostly removed; onset of effective ISM stripping
(t=1050 Myr; ~150 Myr before pericenter). Most of the
CGM in the inner ~20kpc radius has been stripped
(except the central mixed gas), forming a stream-like tail.
The ISM tracer begins to show morphological distur-
bances, but the extended tail gas is CGM-dominated.

4. Post-pericenter condition (#= 1400 Myr). The low-den-
sity CGM is completely removed. The stripped tail now
consists of stripped ISM and CGM, dominated by CGM
at large radii and ISM closer to the dwarf.

The physical processes in MW-w (Figure 3) are representative
of those in the other simulations in our suite (Table 3). For
weak-w, the stripping morphology and time evolution closely
resemble MiW-w, despite its peak ram pressure being ~10 times
lower (Section 2 and Figure 4 below). This agreement aligns
with our expectations from our analytical calculations in
Section 3.2. For the iso control case with satellite CGM, the
overall morphology is similar to the leftmost column in Figure 3
(initial condition for RPS cases), while its time evolution is
dominated by the gradual mixing of the CGM into the central
ISM region via inflows throughout the ~2 Gyr simulation. The
MW-w run without satellite CGM (MW-w nocgm) follows the
ISM stripping morphology in the middle row of Figure 3, where
the onset of effective ISM stripping occurs at approximately the
same time (¢t = 1050 Myr, third column).

One unique aspect of the stripping simulations with a
satellite CGM is the tail morphology; see the top and bottom
panels of Figure 3 at = 1050 Myr. The wind compresses the
stripped CGM gas behind the galaxy disk, leading to a dense
CGM tail that is narrower than the stripped tail at later times
(t= 1400 Myr). We discuss this in more detail in Section 5.3.

Figure 4 quantifies the gas removal. Consistent with
observational work, for mass calculations, we distinguish
between the satellite CGM and ISM (Figure 4 top and middle
panels) based on purely spatial cuts, i.e., distance r to the
galaxy’s center. E.g., stripped ISM in the tail is counted in
Mcom; CGM that cools and inflows into the center is counted
in Mgy We adopt the initial disk radius rg;sc 0 = 5.2 kpe as the
ISM-CGM boundary throughout this work, which closely
matches the true ISM—CGM boundary in iso (Figure 6), but is
slightly greater than the ISM radii in the RPS cases where gas
is truncated. Increasing or decreasing this boundary radius does
not affect overall trends.

We first discuss the satellite CGM removal quantified in the
top panel of Figure 4. Most notably, the satellite CGM removal
is fast and effective. In the MW-w and weak-w cases, Mcgp iS
rapidly lost starting at ~850 Myr, with 90% of Mcgm lost
within ~350 and 600 Myr, respectively, and the final mass-loss
fractions reach >95%. The stripping timescale is comparable to
the shock propagation time across the satellite CGM
(Tehoek & 2 Feam/ Vshoek =~ (120 kpe) /(269 km s~ ') = 438 Myr),
which is expected for satellites moving supersonically in the
stripping medium (see, e.g., Nittmann et al. 1982; Mori &
Burkert 2000; McCarthy et al. 2008). The true rate at which the
CGM becomes unbound is even faster because our CGM
spatial cut covers a large volume (1.5r;,), and gas can remain
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Figure 3. Gas stripping morphology of the MW-w simulation (Table 3). The different panels show the gas surface density (X, top row) and the ISM and CGM tracer
fractions (middle and bottom rows; color tracers described in Section 2.3) at four example snapshots (columns left to right). The ¥,,, panels are projected face-on
(along the z-axis: aligned with the disk rotation axis and 45°-angled with the wind), while the two color tracers are projected edge-on (along the x-axis) to better show
global morphology under the 45° wind. Most of the CGM is quickly removed before effective ISM stripping takes place (third column), as elaborated in Section 4.1.

in the volume (hence counted in Mcgy) for hundreds of
megayears after it becomes unbound. For example, at
t=1050 Myr, Figure 4 shows that the MW-w case Mcgm 1S
~50% lost, but the remaining 50% resides in the unbound tail
and is about to be removed (Figure 3, third column). The final
CGM mass (=2 x 10’ M..)) in both wind cases mostly comes
from the gravitationally unbound stripped tails within 1.5r;.

We now shift our focus to the ISM mass. The effect of RPS
alone on the ISM mass evolution is shown by the nocgm cases
(Figure 4 middle panel, dashed—dotted lines): Mgy remains
approximately constant until 7~ 1000 Myr, the onset of
effective ISM stripping, at which point the MW-w nocgm case
begins to lose mass due to RPS, resulting in a ~27% lower
final mass than the i so nocgm control.

In the presence of a satellite CGM, the ISM mass evolution is
affected by both RPS and the ISM—CGM interactions (Figure 4
middle panel, solid lines). In all cases with a gaseous halo, the
CGM adds mass to the ISM. In iso (blue solid line) with our
satellite CGM setup, the cool inner-CGM gas continuously
inflows and replenishes the ISM, leading to the growth of Mjgy,.
In the two stripping cases (red and orange solid lines), Misy'S
increasing trend stops at f~ 700 Myr, indicating the CGM
inflows are being cut off. The short-term enhanced
AMigy ~ 8 x 10° M, in the stripping cases relative to iso

during t = 600—700 Myr originates from ram pressure compres-
sing part of the CGM gas into the ISM region (see top panel,
AMcgm ~ —AM;isy during this phase).

Subsequently, ram pressure begins to impact the ISM. Mgy
for MW-w begins to decrease at ¢~ 1000 Myr, marking the
effective ISM stripping phase (coincides with MW-w nocgm);
for weak-w, it remains almost constant because the low P, is
insufficient for dense gas removal. The distinct trends in weak—
w and iso at t> 1700 Myr show that, although weak RPS
causes negligible ISM removal, it affects Mgy, by removing the
CGM, preventing further inflows from this gas reservoir.

The effective ISM stripping phase in Mw-w (1000
—1400 Myr) coincides with when the orbital ram pressure is
highest (Pyum > 1073 dynecm™%; Figure 4 bottom panel),
which corresponds to a satellite—host distance closer than
77 kpc in the MW-w orbit (Section 2.2). This phase includes the
final stage of the first-infall segment (approaching Rperi, Pram
increases) and the initial stage of the post-pericenter segment
(moving away from Ry, Pram decreases).

4.2. Does the Satellite CGM Shield Its ISM Against Stripping?

We showed in Section 4.1 that most of the satellite CGM
mass is removed even in a low ram pressure orbit. This
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Figure 4. Dwarf satellite gas mass and orbital ram pressure time evolution. Top
panel: gas mass within the CGM region, defined as rg;g 0 <7 < 1.57; (the
initial gas disk radius to 1.5 times the virial radius; see Section 2). The lines
show the two wind runs and i so control with satellite CGM. Middle panel: gas
mass within the ISM region, defined as r < rgisk 0, showing the runs with CGM
as solid lines and those without CGM as dashed—dotted lines in the same color.
Bottom panel: ram pressure of the MW-w and weak-w orbits (host Ry t0 Rperi
and back to R,gp; Section 2.2). The initial ~550 Myr before the first shock
reaches the central galaxy is shaded in gray.

indicates that Mcgy is likely negligible in the z~ 0 satellite
dwarfs. However, if the existence of the CGM decreases the
ISM stripping rate, even though it is ultimately removed, the
CGM can still affect the satellite’s global properties (see
Section 1). This Section explores the potential effect of CGM
shielding the ISM against stripping, where we compare the
ISM mass-loss rates between the two MW-w simulations with
and without satellite CGM.

Figure 5 shows the ISM mass loss relative to an initial time
frame, #,=700Myr, before the effective ISM stripping
begins (shaded; also see Section 4.1). The y-axis quantity
A(Mism + Msg) is purely kinetic, i.e., driven by mass transport
alone, where the values of Mgy in MW—-w (solid line) and MW-w
nocgm (dashed—dotted line) are as shown in Figure 4, and
additionally corrected for gas consumption by star formation
(Msg). The correction for Mgk is necessary because the SFRs
for simulations with a satellite CGM are systematically higher
than those without—a direct consequence of the CGM
continuously replenishing the star-forming ISM.
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Figure 5. Dwarf satellite ISM mass-loss curves under the Milky Way fiducial
wind, showing AM |§02 the ISM mass at time ¢ minus that at a pre-ISM stripping
time (t, = 700 Myr, Figure 3). AM is corrected for gas consumption by star
formation; see Section 4.2. The shaded region annotates the effective ISM
stripping phase (Section 4.1). The similar ISM mass-loss rates with and without
a CGM suggest that the CGM shielding effect is weak.

The ISM mass-loss curves of the two cases are highly
consistent in trends and values. If shielding is effective, mass
loss for the case with a CGM (solid line) should be significantly
lower than the one without (dashed—dotted) during the effective
stripping phase, but the similar mass losses of 1.8 x 10" M,
(MW-w) and 1.7 x 107 M., (MW-w nocgm) indicates that
shielding is negligible. The mild mass increase in MW-w (solid
line) before r= 1000Myr marks the final stage of CGM
inflows, where RPS has significantly reduced the inflow rate to
<16.7% of the early steady inflow (before 7y =700 Myr;
Figure 4 middle panel). To summarize, the presence of a CGM
changes the ISM mass (Figure 4) but not the ISM stripping rate
(Figure 5).

4.3. Radial Profiles and Stripping Criteria

In this Section, we present the effect of RPS on the gas
surface density profiles. To obtain the spatially resolved
profiles, we project and integrate the dwarf galaxy gas density”
along the face-on direction (as in Figure 3 first row) and divide
it into 0.32 x 0.32kpc” square patches (our adaptive mesh
resolution ranges from 80 pc in the ISM to 320—640 pc in the
CGM; Section 2). We then bin and azimuthally average the gas
surface density (X,,) in the patches to obtain profiles versus
the projected radius R. The azimuthally averaged X, (R)
shows the mean density in the annulus, which deviates from,
e.g., the stripped tail’s surface density because the distribution
is highly anisotropic (unlike in an unperturbed disk or CGM).
Finally, the profiles are averaged over 100 Myr (10 outputs) to
reduce biases from potential short-term gas displacement (e.g.,
due to rotation). The resulting Y,,4(R) profiles are shown in
Figure 6.

5 We include both the ISM and CGM gas of the galaxy and exclude

contamination from the stripping wind using the fluid tracers introduced in
Section 2.3 and shown in Figure 3.
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Figure 6. Azimuthally averaged gas surface density radial profiles (¥X,,(R); see Section 4.3). Left: ¥,,(R) time evolution under RPS. The black curves show MW-w
from pre- to post-pericentric times, and the filled gray curve shows iso over the same time range. Middle: comparison between MW-w with and without the satellite
CGM at t,05, showing the respective iso control cases for reference. Lines are in the same style as Figure 4. Right: comparison among the three cases with CGM at
tpost- The McCarthy et al. (2008) stripping criteria evaluated at MW-w and weak-w peak ram pressure given our modeled Burkert dark matter profile are shown in solid
and dotted black curves, respectively; the gray lines show the same thresholds when adopting an NFW profile instead; see Section 4.3 for details. We shaded the
projected disk region (all panels) and the dark matter core region (right panel) as in Figure 2.

The left panel of Figure 6 shows the evolution of ¥g,,(R).
Without RPS, the iso density profile (filled gray curve; iso at
tpre and o) remains stable. Within the filled curve, there is a
mild increase in the central ISM region (~3kpc) and a mild
decrease in the inner CGM (5—15 kpc), manifesting the gradual
CGM inflows to the ISM (Section 4.1). Our adopted ISM-
CGM boundary radius (rg;sk.0 = 5.2 kpc, shaded in all panels)
agrees well with the ISM-CGM transition radius in iso
(4-5 kpo).

Under RPS, the three MW-w time frames from pre- to post-
pericentric conditions clearly show the outside-in stripping
picture. From ¢ t0 #4q (dotted versus dashed line), diffuse gas
below 3 x 10”' M. pc 2 or at projected radius r>4kpc is
rapidly removed. The remaining CGM at t,;q is already
unbound and about to leave the system (Figure 3). From #,,;4 to
Ihos» @S ram pressure reaches peak pericentric values (e.g.,
Figures 4 and 5), some dense gas is removed in the outer ISM
region (1.5kpc <R <r1gisc0; dashed versus solid line). The
surface density in the central ~2 kpc region never decreases as
stripping proceeds; instead, it increases from Zp t0 #,iq because
of short-term compression of the CGM, and remains nearly
constant after.

The middle panel of Figure 6 compares the runs with and
without a satellite CGM at f,,q—a CGM shielding test similar
to Section 4.2., here with the spatially resolved X,,, radial
profiles. For the two iso cases (blue solid and dashed—dotted
curves), apart from the clear presence of CGM at r 2 5 kpc,
Yeas(R) in iso is systematically higher than iso nocgm
within the central ~3 kpc because of the continuous CGM
inflows over a few gigayears replenishing the ISM (also see the
middle panel of Figure 4, showing the difference in Migyy).
RPS removes gas from outer to inner radii (outside in), and the
stripping radius can be estimated from where the wind profile
deviates from the iso control and decreases steeply with
radius. The two MW-w cases (red solid and dashed—dotted
curves) share a remarkably consistent stripping radius of
R~ 2 kpc. This suggests that consistent with Section 4.2, the
satellite CGM does not affect the ISM truncation radius nor
shield the ISM against RPS.
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The right panel of Figure 6 focuses on the stripping criterion
of the spherical diffuse gas (the satellite CGM), comparing our
simulations with the McCarthy et al. (2008) analytic prediction
(Section 3). The radial profiles are largely consistent between
the two wind cases (red and orange solid lines); both have a
stripping radius of Rgip =2 2 kpc. The weak-w case, with a ten-
times-lower peak orbital ram pressure than MW-w, has a slightly
higher post-stripping Yq,s than MW-w at all radii, which is also
reflected in its ~20% higher ISM mass at o = 1500 Myr
(Figure 4). Compared with iso (blue solid curve), the clear
lack of CGM in the post-stripping wind cases confirmed the
easy CGM removal, even for the weak-w (low ram pressure)
orbit, as discussed in Section 4.1.

The McCarthy et al. (2008) analytic stripping thresholds (see
Section 3, Equation (5)) are shown in the right panel: the solid
lines are evaluated at the MW-w peak ram pressure, and dotted
lines at the weak-w peak ram pressure (Table 2). To
demonstrate the effects of different dwarf galaxy dark matter
profiles, which determine the enclosed mass term in
Equation (5), we show the analytic thresholds under the Burkert
model (as adopted in our simulations; black) as well as the NFW
model that gives the same Vj,,x (Read et al. 2016; gray). Gas
with surface densities below the stripping threshold is predicted
to be stripped by that ram pressure. The stripping threshold
adopts its radial dependence from the 1/agn (R) term
(Equation (5)), where the gravitational acceleration dgp,, is
dominated by the dwarf dark matter potential. The gas stripping
density threshold (inverse of acceleration) hence increases with
R outside of the projected core region (R > ro/~/2 ~ 1.55 kpc;
Figure 6): it is easier to remove gas at increasing radii as the
gravitational restoring force decreases with R.

For our simulated dwarf galaxy, the stripping radius
predicted by McCarthy et al. (2008) is where the analytic
stripping threshold intercepts with iso (blue solid line): R =2
—3 kpc for the MW-w threshold and 4—5 kpc for weak-w. The
predicted stripping radii agree remarkably well with the MW-w
simulation, while it mildly underpredicts the RPS effectiveness
in the weak-w simulation (both simulations have
Rgyip =~ 2kpc). The near complete CGM removal in our
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simulations is consistent with the McCarthy et al. (2008)
predictions, as the predicted Yg,, thresholds for survival under
RPS are higher than the satellite ¥, (i.e., gas predicted to be
removed) at all radii in the CGM. The analytic criterion
underestimating the stripping effectiveness in weak-w par-
tially arises from the steep X, radial dependence at
2 <R < S5kpc;it is challenging to estimate Rgyp over these
radii from the simulations. More importantly, the analytic
criterion assumes that stripping is instantaneous and considers
only the maximum gravitational restoring acceleration (where
gravity is 45° anti-aligned with the wind; see Equation (4) and
Section 3.2). In our simulations, the true restoring force
(Agrav,max * Sgas) 1S lower when the wind reaches this angle
because X, gradually decreases due to partial stripping, as
shown from the f, and fniq profiles in the left panel. As a
result, the McCarthy et al. (2008) P, criterion is likely an
upper limit required for stripping; orbits with even lower ram
pressure than our modeled weak-w could potentially remove
the dwarf CGM.

Figure 6 also shows that the more centrally concentrated
NFW mass profile results in a 32.7% lower X4, threshold than
the Burkert profile at the core radius (R = ro/ J2), and the
difference becomes mild at increasing radii: ~6.9% at the disk—
halo interface (R = rgis/ J2 ). This indicates that although
stripping can be >30% more difficult in the central ISM region
of a cuspy halo than in a cored halo, the difference decreases to
<10% at the disk-halo interface and the CGM region. The
predicted stripping radii under the two dark matter halo profiles
generally agree, and our prediction for the CGM removal holds
for both profiles.

5. Discussion

We can now discuss our results, beginning with general
conclusions we draw based on our simulations (Section 5.1,
5.2, and 5.3), followed by predictions for and interpretations of
observations (Section 5.4 and 5.5), and concluding by noting
the limitations of this work (Section 5.6).

5.1. Comparison between Simulations and Analytic Predictions

We showed in Section 4.1 that more than 90% of the satellite
dwarf CGM is stripped from the dark matter halo within a few
hundred megayears (even for the orbit with lower peak P,
than typical MW satellites). The remaining 5% —10% of the gas
mass in the halo is from the unbound gas in the tail, rather than
bound CGM around the disk. Since we adopted a relatively
massive satellite CGM model (25% of the baryonic mass
budget; Section 2.1), our results show that any less-massive
CGM or less-massive dwarf galaxy will easily have its CGM
stripped during its orbit.

Our simulation results are overall consistent with the
instantaneous CGM stripping prediction by McCarthy et al.
(2008; see also Section 3.2). Both orbits (Table 2) successfully
remove the dwarf CGM as predicted (Figures 2 and 6). In
particular, we modeled the weak-w orbit’s peak ram pressure
to match the gravitational restoring force at the disk—halo
interface. In the weak-w simulation, as predicted, RPS
removes most of the CGM (where Pum > Foray/dA) and
negligible ISM (where Py < Foray /dA); see Figure 4.

In the surviving ISM region, however, it is challenging to
obtain accurate values of the stripping radii (Rguip; see
Section 4.3) because X, profiles decrease steeply with radius.
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The McCarthy et al. (2008) thresholds slightly underestimate
the final Ry, in the simulations (~2kpc; right panel of
Figure 6). This suggests that the instantaneous RPS criterion
for spherical diffuse gas needs modifications in the dense,
turbulent, and star-forming ISM. Our result that the central ISM
cannot be removed in both modeled orbits (Table 2) agrees
with predictions by Mori & Burkert (2000; see also Figure 2).

5.2. Implications of Effective CGM Removal

In this simulation suite, we have included the CGM of the
satellite galaxy, which, in the absence of RPS, continuously
replenishes the satellite ISM (iso in Figure 4). The average
CGM-to-ISM inflow rate in iso is ~0.03 M. yr ', which is
not intended to match the under-constrained inflow rates for
dwarfs (Fox & Davé 2017), but is a direct consequence of our
massive CGM model (Section 2.1). RPS suppresses the CGM
inflows as soon as the wind reaches the ISM, halting the
increasing trend of Migy; in MW-w and weak-w (¢ = 700 Myr;
Figure 4). The suppression of CGM inflows happens early
on in the orbits, when the ram pressure is low
(Pram < 10~ dyne cm %) and the gas stripping is yet to be
effective. For our modeled dwarf satellite, RPS removes its
CGM altogether and prevents further inflows.

The cessation of gas inflows onto the disk, which can lead to
a gradual decrease in the satellite star formation, is referred to
as starvation (Larson et al. 1980) or strangulation (Balogh &
Morris 2000) in the literature (also see, e.g., Yoon &
Putman 2013; Peng et al. 2015; Garling et al. 2024). Rather
than RPS being a separate quenching mechanism, our
simulations confirm that RPS naturally prevents the halo gas
accretion onto the disk and is connected to the starvation/
strangulation mechanism (Cortese et al. 2021). Our results
suggest satellite dwarf galaxies will have significantly lower
CGM inflow rates and shorter quenching timescales (because
of the missing gas reservoir) than field galaxies of similar
masses.

5.3. Gas Tail Morphology

In our simulations with a satellite CGM, we find the
formation of a dense, narrow tail behind the galaxy (third
column of Figure 3) that is formed promptly as the inner CGM
is stripped away. Remarkably, this tail is composed mostly of
CGM material.” This can be seen by inspection of the ISM and
CGM color fractions in the second and third rows. The tail is
not formed from stripped gas that began very close to the
galaxy, as indicated by the gas tail’s near-zero velocity along
the wind direction. Instead, visual inspection of other outputs
confirms that it is formed by radiative cooling of CGM gas that
is compressed perpendicularly to the tail direction. This
compression occurs because, as the CGM gas is swept away,
it is done so more rapidly at a larger radius (e.g., see the
t=700 Myr edge-on view in Figure 3), driving a focusing
effect that results in enhanced pressure in the CGM directly
behind the galaxy.

To the best of our knowledge, a tail like this, formed out of
CGM (or ICM) gas, has not previously been seen in stripping
simulations, which have all been of larger halos. We argue that
this is directly due to the behavior of radiative cooling for the

6 At least to begin with—at later times, the CGM tail is swept away, and the

tail is increasingly made of ISM stripped directly from the galaxy—see the
fourth column of Figure 3.
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Figure 7. Left: mock H I column density map of the compression-induced CGM tail at t = 1050 Myr (as in third column of Figure 3); see Section 5.3. We annotated
H I emission contours at Nig = 10 (outer, darker line) and 10%° atoms cm ™2 (inner, lighter line), respectively. Beyond the ~25 kpc tail, there is no significant H 1
emission (at Ny;; > 10'® atoms cm™) in the trailing direction. Right: gas density, radius, and temperature phase distribution for this simulation snapshot. We
annotated the ISM- and CGM-dominated gas, defined as where the tracer fractions are >0.5, with the dashed and solid contours, respectively. The cool, H I-emitting
CGM tail shown on the left has a temperature of ~10* K. Various phases of the gas are identified in the plot.

low-temperature CGM gas we are modeling. The CGM gas out
of which the tail forms has a temperature of 7~ 10°K and a
metallicity of Z=0.11Z.,. At these temperatures and metalli-
cities, adiabatic compression (which is approximately correct in
the diffuse CGM where any shocks have low Mach numbers)
actually drives enhanced cooling. In particular, we find that
Oteo01/ OP at fixed entropy is strongly negative only in a small
range of temperatures from 10*’—10°2 K. This compression-
driven cooling tail would therefore be unique to the CGM of
galaxies in this mass range and would not be seen for higher-
mass systems.

The CGM tail acquires a cool, neutral component from the
compression-driven cooling phase. The left panel of Figure 7
shows a mock HI column density map of the satellite galaxy,
where the dense, narrow tail has Ny~ 10" cm?, as traced by
the outer contour. The right panel of Figure 7 shows the gas
phase distribution in this snapshot. The disk region
(r<5.2kpc) is dominated by the multiphase ISM (dashed
blue contour); the halo region CGM (solid teal contour) has
two components: (i) the cool, H I-emitting CGM tail of ~10*K
out to ~25kpc as in the left panel, and (i) a warmer, ~10° K
component of the CGM tail that is swept away (r > 20 kpc), as
shown in the third column of Figure 3. The total H I mass in the
~25kpc gas tail is My i~ 10" M., which corresponds to
~10% of the initial multiphase ISM mass (Figure 4); 86% of
this HI mass is at column density Ny1= 10" cm™2 or above.
The warm CGM tail at r>20kpc is where most of the
~108 M, stripped CGM mass resides and is being removed at
the shock propagation timescale (Section 4).

While this HT tail originally (~1 Gyr; Figure 7) comprised
entirely the compressed CGM, after 2 Gyr, the tail close to the
galaxy is instead from the stripped ISM that is well-mixed with
previously accreted CGM. After the initial compression-driven
cooling, the tail does not cool much further, and there is no star
formation in the tail, due to insufficient pressure. The latter
scenario, stripping of mixed ISM and CGM, is also seen in
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recent magnetohydrodynamical simulations by Sparre et al.
(2024a), modeling jellyfish galaxies in clusters.

Throughout the ~1 Gyr after its formation, the H I-emitting
component of the tail maintains a peak column density of
N1~ 10" cm?, first in the narrow linear morphology as in
Figure 7, and later in clumps. Based on the column density, we
predict it could be observable in emission and absorption line
studies, although the narrow morphology of the tail would
require subkiloparsec spatial resolution in emission and
serendipitous sight lines in absorption.

5.4. Predictions for the Most-massive Dwarf Satellites

We now consider the CGM stripping of the most-massive
dwarf satellites orbiting spiral galaxies, for example, the LMC
in the MW. Being more massive than 10% of the host total
mass, the ram pressure threshold (Equation (5)) of an LMC-like
CGM will be an upper limit for dwarf satellites. Recent
simulations (Lucchini et al. 2020, 2021) and observational
work (Krishnarao et al. 2022) suggest that the LMC’s CGM
could be the progenitor of the massive ionized component of
the observed Magellanic Stream (Fox et al. 2020).

Following the LMC parameterization of Lucchini et al.
(2021), we assume here that the massive satellite has the NFW
halo structure with M550 = 1.8 X 10" M, concentration ¢ =9,
and initially harbors a massive CGM with Mcgy = 8.3 X
10° M., that extends out to its virial radius (~117kpc).
The CGM stripping ram pressure can be estimated by P, >
Agray * Yigas (BEquation (5)). If we adopt simplifying assumptions
of the CGM density profile (pcgm, Which integrates to Y,),
e.g., following power laws as in Equation (1), we can test the
CGM stripping condition for a range of characteristic density
profiles, as shown in Figure 8.

Figure 8 shows the predicted ram pressure required to
remove gas at a range of projected radius, given a range of
CGM models (Equation (1)), for the LMC-like dwarf satellite
as described above. Where the ram pressure (horizontal colored
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Instantaneous RPS criteria for LMC-like CGM
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Figure 8. Instantaneous RPS criteria (McCarthy et al. 2008) for an LMC-like
CGM, in a similar style as Figure 2. The line styles represent different power-
law indices « adopted for the CGM profile (Equation (1)), where the total mass
Mcomime = 8.3 x 10° M, follows Lucchini et al. (2020, 2021). The profiles
extend out to 7y mc &~ 117 kpe (outermost radii not shown in this Figure).
The horizontal lines show the P, values at the MW pericenter, L21: Lucchini
et al. (2021); MW-w: this work (Table 2); S15: Salem et al. (2015). In this
calculation, we omit the ISM/disk region (here adopted to be
R < 5 kpc; shaded).

lines) intersects with the analytical RPS thresholds (black
curves) demonstrates the predicted CGM stripping radii. The
steepest CGM mass profile (aw = —2) is the most resilient to
RPS in the inner-CGM regions; it gives the upper limits of the
stripping radii Rguip = 10, 11, 15kpc, and the survived CGM
mass fractions 4.6%, 5.5%, and 9.3% for the pericentric ram
pressure values modeled in Lucchini et al. (2020), MW-w, and
Salem et al. (2015), respectively. For reference, the power-law
index « for our modeled WLM-like satellite ranges from —1.5
to —1 (Section 2.1), and for Lucchini et al. (2020) o ~ —0.75
(see their extended data, Figure 1).

To summarize, with the simple approximation we have done
here, we predict that most (>90%) of an LMC-like massive
dwarf CGM will be ram pressure stripped at the typical MW
orbit pericenter (Figure 8), and there would be no detectable
CGM on the LMC’s leading side. If observed ionized
components of the Magellanic Stream consist mainly of the
stripped Magellanic Corona (Krishnarao et al. 2022), the satellite
is required to be on a first-infall orbit within a few hundred
megayears past pericenter. Any previous close passage would
have previously stripped the LMC’s CGM. In this first passage
scenario, the LMC’s H1 disk (ISM) should only now be affected
by RPS as found by Salem et al. (2015). The HI component of
the Magellanic Stream is primarily linked to the three-body tidal
interaction between the LMC and SMC, and subsequently the
MW (Besla et al. 2012; Lucchini et al. 2021). Given the ionized
gas extends along the entire HI Magellanic Stream (Fox et al.
2014; Kim et al. 2024), it is likely this ionized gas is not all
material ram pressure stripped by the MW’s CGM.

5.5. Predictions for Dwarf Galaxy Observations

The effect of galaxy environment (e.g., isolated versus
satellite) on the CGM of dwarf galaxies is under-constrained in
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current observations (Bordoloi et al. 2014; Liang & Chen 2014;
Burchett et al. 2016; Johnson et al. 2017; or see Zheng et al.
2024 where the galaxy sample is selected to be isolated). We
showed that the dwarf CGM, because of its lower gravitational
restoring force and gas surface densities, can be ~50 times
more susceptible to RPS than the ISM (Figure 2) and can be
completely removed in low ram pressure orbits when the ISM
is unaffected (Figure 4). Different assumptions regarding the
dwarf galaxy dark matter profile will affect the stripping criteria
in the dense ISM region, but they agree within ~10% in the
CGM region, and the prediction for CGM removal is robust
(Figure 6). As a result, we predict that in observed gaseous/
star-forming dwarf galaxies,” the satellite population (e.g.,
Geha et al. 2017; Mao et al. 2021; Carlsten et al. 2022;
Karunakaran et al. 2022; Smercina et al. 2022; Zhu &
Putman 2023) is less likely to retain their CGM than isolated
“field” dwarfs at similar masses.

The predicted lack of CGM in the gaseous/star-forming
dwarf satellites will affect their star formation histories (e.g.,
Weisz et al. 2014; de los Reyes et al. 2022; McQuinn et al.
2024). Starvation will decrease the SFRs over longer timescales
due to the lack of gas replenishment. However, if ram pressure
affects the ISM directly, star formation could be enhanced
(Vulcani et al. 2018; Lee et al. 2020; Vulcani et al. 2020;
Roberts et al. 2021; Zhu et al. 2024) or reignited (Wright et al.
2019) on short timescales. We predict decreased SFRs over ~1
Gyr timescales and note that future simulations are required to
make a robust prediction of the star formation histories, which
we plan to address in future work.

5.6. Limitations

We have made idealistic simplifications in our modeling
choices. We omitted the direct modeling of magnetic fields
(Ruszkowski et al. 2014; Tonnesen & Stone 2014; Miiller et al.
2021; Roberts et al. 2024; Sparre et al. 2024b), molecular H,
and dust (Girichidis et al. 2021; Farber & Gronke 2022; Chen
& Oh 2023), and cosmic rays (Bustard et al. 2020; Farber et al.
2022) in the satellite galaxy. Our setup of galaxy wind tunnel
allows for high resolution in the satellite galaxy, but it omits
satellite—satellite interactions or satellite—host tidal interactions,
which require high-resolution cosmological simulations (e.g.,
Fillingham et al. 2015; Simpson et al. 2018; Akins et al. 2021;
Engler et al. 2023; Samuel et al. 2023). Finally, we assumed a
smooth MW-like CGM density distribution in modeling the
time-varying ram pressure, but the realistic structure of the
stripping medium is expected to be more complex (Tonnesen &
Bryan 2008; van de Voort et al. 2019; Simons et al. 2020;
Faucher-Giguere & Oh 2023). We expect our key result of the
effective CGM stripping to be overall unaffected by these
simplifications because the magnetic field strengths are weak,
the molecular gas and dust impact is likely negligible in the
CGM, and satellite—satellite interactions would only enhance
the CGM stripping in addition to RPS.

6. Summary and Conclusions

In this work, we investigated the CGM stripping of an
intermediate-mass dwarf galaxy (M, = 10" M.) in MW-like
host environments. In the wind tunnel simulations, we varied
(i) whether the dwarf satellite includes a CGM (Section 2.1)

7 The quenched dwarf galaxies are generally gasless; they are expected to
have lost their CGM before quenching.
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and (ii) the ram pressure input, which represents the first-infall
and post-pericentric evolution in a MW fiducial and a weak
ram pressure (low-eccentricity) orbit (Section 2.2). We
implemented fluid tracers to independently track the dwarf
satellite’s ISM and CGM responses to RPS and to quantify
mixing (Section 2.3). For one simulation in the suite, we
tailored the ram pressure input to match the analytical
prediction of halo gas RPS (Section 3.2) and compared the
simulation results with the analytical criteria in Section 4.3.
The key findings are summarized as follows.

1. The dwarf satellite CGM is effectively ram pressure
stripped (>90% mass removed) within the wind crossing
time of a few hundred megayears (Section 4.1).

2. The CGM does not affect the amount of ISM mass that is
stripped or the rate at which that mass is stripped, i.e., we
found no evidence for the diffuse gas shielding the central
dense gas against RPS (Figure 5).

3. Our simulation results are overall consistent with the
McCarthy et al. (2008) analytical CGM  stripping
criterion, as shown from the gas surface density profiles
(Figure 6).

As a result, we predict that for observed dwarf galaxies:

1. Satellite dwarfs, even in low-density environments such
as low-eccentricity orbits around a spiral galaxy, are
highly unlikely to retain their CGM at z ~ 0.

2. Satellite dwarfs under RPS can form a gas tail with a
potentially observable H I column density (N ; ~ 10" cm ™)
that lasts for 2>1Gyr. This tail initially originates from
compression-induced radiative cooling in the CGM
(Section 5.3 and Figure 7).

3. Star formation for satellite dwarfs is likely in the
starvation phase—slow decrease over gigayear time-
scales—because of the lack of CGM replenishment
unless RPS directly impacts the ISM.

The fast and effective dwarf CGM stripping is a key finding
of this work. The timescale of CGM becoming unbound is
shorter than the few-hundred-megayear timescale where the
dwarf loses most of its CGM mass (Figure 4), because unbound
gas that remains in the halo volume can still be included in a
mass measurement based on spatial criteria. Given the range of
ram pressure we covered (Section 2.2), the result holds for the
typical infalling dwarfs in the Local Group or extragalactic
spiral analogs. Indeed, orbits reaching much smaller pericentric
distances would likely interact with the extended H I disk of the
host, so a smooth beta profile would not be an appropriate
density model.

Importantly, we find that simulations are not required to
include a CGM in order to model the ISM stripping of dwarf
galaxies. We also find that while the McCarthy et al. (2008)
analytical CGM stripping criterion is consistent with our
simulations, we measure stripping to smaller radii than
analytically predicted, possibly hinting at the importance of
feedback in enhancing gas removal from low-mass galaxies,
and that the analytical criterion could slightly underestimate the
stripping  effectiveness because of the instantaneous
assumption.
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