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ABSTRACT
The standard model of cosmology, the � cold dark matter (�CDM) model, robustly predicts the existence of a multitude of
dark matter ‘subhaloes’ around galaxies like the Milky Way. A wide variety of observations have been proposed to look for the
gravitational effects such subhaloes would induce in observable matter. Most of these approaches pertain to the stellar or cool
gaseous phases of matter. Here we propose a new approach, which is to search for the perturbations that such dark subhaloes
would source in the warm/hot circumgalactic medium (CGM) around normal galaxies. With a combination of analytic theory,
carefully controlled high-resolution idealized simulations, and full cosmological hydrodynamical simulations (the ARTEMIS

simulations), we calculate the expected signal and how it depends on important physical parameters (subhalo mass, CGM
temperature, and relative velocity). We find that dark subhaloes enhance both the local CGM temperature and density and,
therefore, also the pressure. For the pressure and density, the fluctuations can vary in magnitude from tens of per cent (for
subhaloes with Msub = 1010 M�) to a few per cent (for subhaloes with Msub = 108 M�), although this depends strongly on the
CGM temperature. The subhaloes also induce fluctuations in the velocity field ranging in magnitude from a few km s−1 up to
25 km s−1. We propose that X-ray, Sunyaev–Zel’dovich effect, radio dispersion measure, and quasar absorption line observations
can be used to measure these fluctuations and place constraints on the abundance and distribution of dark subhaloes, thereby
placing constraints on the nature of dark matter.
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1 IN T RO D U C T I O N

The standard model of cosmology, the � cold dark matter (�CDM)
model, predicts that every galaxy is surrounded by a dark matter halo
within which numerous smaller ‘subhaloes’ exist and orbit about the
main system (e.g. Klypin et al. 1999; Moore et al. 1999; Springel
et al. 2008). Conclusively detecting (or refuting) the presence of
this large population of dark subhaloes is one of the main quests of
modern cosmology, as the abundance and properties of such systems
are strongly linked to the physical nature of dark matter (see Bullock
& Boylan-Kolchin 2017, for a recent review).

A variety of methods have been proposed and are being used
to observationally constrain the abundance and properties of the
subhaloes, including measurements of the Lyman α forest power
spectrum (e.g. Viel et al. 2013), flux ratio measurements of gravita-
tionally lensed quasars (e.g. Mao & Schneider 1998), perturbations
of strong lensing arcs (e.g. Koopmans 2005), the prevalence of wide-
separation stellar binary systems (Penarrubia et al. 2010), dynamical
heating of thin stellar streams (e.g. Erkal & Belokurov 2015; Bovy,
Erkal & Sanders 2017), among others. Common to most of these
approaches is the distortion (either apparent or physical) of the stellar
or cool/neutral phase of matter, which is typically observed in the
optical or near-infrared bands.

The increasing fidelity and diversity of measurements of the
dominant (by mass) component of baryons, namely the warm/hot
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phase (∼105–8 K), raises the interesting question of whether it can be
utilized as a probe of dark subhaloes and, more generally, the nature
of dark matter. Specifically, the presence of dark subhaloes orbiting
through the circumgalactic medium (CGM, i.e. the warm/hot phase
around galaxies) will exert a gravitational force that will compress the
CGM in the vicinity of the subhaloes. Thus, subhaloes are expected
to source fluctuations in the spatial and kinematical properties of
the CGM, which may be accessed observationally through common
techniques for measuring the CGM, including via diffuse X-ray
emission, the thermal and kinetic Sunyaev–Zel’dovich effects, radio
dispersion measurements, and via absorption/emission lines in e.g.
quasar spectra.

Here we employ a combination of analytic theory, high-resolution
idealized hydrodynamical simulations, and full cosmological hydro-
dynamical simulations to calculate, for the first time, the expected
signal and discuss how it may be maximized. We are aware of only
two previous studies that focused on the local compressive effects
of subhaloes on hot diffuse gas, which are those of Churazov et al.
(2012) and Andrade-Santos et al. (2013). These authors examined
how very large infalling subhaloes that host galaxy groups (M ∼
1013 M�) affect the X-ray morphology of the Coma Cluster (M ∼
1015 M�). Here we focus on a very different regime: low-mass dark
subhaloes (107–10 M�), which, as we will show, will be most easily
identified around host galaxies similar to the Milky Way (i.e. that
have a significant cool, ∼105–6 K, CGM phase).

This paper is structured as follows. In Section 2, we develop a
simple analytic approach for calculating the expected signal for a
subhalo that is at rest with respect to the CGM. In Section 3, we
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describe our idealized simulation set-up. In Section 4, we present
the main results based on the idealized simulations, demonstrating
how the velocity and spatial distribution of the CGM is altered
by subhaloes as we systematically vary the important physical
parameters of the set-up (e.g. subhalo mass, CGM temperature,
and relative velocity). In Section 5, we analyse the high-resolution
ARTEMIS suite of cosmological hydrodynamical zoom-in simulations
of Milky Way-mass galaxies, demonstrating the signal is present
in realistic, self-consistent simulations. Finally, in Section 6, we
summarize and discuss our findings.

2 A NA LY TIC EX PECTATIONS

Before running hydrodynamical simulations of dark subhaloes mov-
ing through the CGM, we first try to develop some physical intuition
through analytic means. We consider here a spherical dark matter
(sub)halo embedded within the hot CGM that is at rest with respect
to that medium. While subhaloes are very unlikely to be at rest with
respect to the CGM (except perhaps at the apocentres of their orbits),
this considerably simplifies the calculation and should still provide
the correct qualitative behaviour, in terms of the expected trends for
the enhancement in temperature and density due to compression of
the gas, so long as the motion of the subhalo with respect to the CGM
is subsonic or mildly transonic.

We assume throughout that the CGM is an ideal gas and obeys the
adiabatic equation of state, P = Kρ5/3, where P and ρ are the pressure
and density, respectively, and K is the adiabat (or ‘entropy’).

Initially, in the absence of a dark subhalo perturber, we assume
a uniform medium with ambient thermodynamic quantities: Pcgm =
P0, ρcgm = ρ0, Kcgm = K0, and Tcgm = T0. We now introduce a dark
subhalo that, for simplicity, we assume to have an isothermal mass
distribution:

M(< r)

M200
= r

r200
(for r ≤ r200), (1)

where M200 is the total mass of the subhalo within the radius r200 that
encloses a mean matter density of 200 times the critical density at z

= 0. The profile is truncated at r200.
We define the characteristic ‘virial’ temperature (which we use

below) associated with this dark subhalo as

kBT200

μmH
= GM200

2r200
, (2)

where kB is Boltzmann’s constant, G is Newton’s constant, μ is the
mean molecular weight, and mH is the mass of a hydrogen atom.

Locally, within the gravitational sphere of influence of the subhalo,
the CGM will strive to obtain a condition of hydrostatic equilibrium,
such that

dPcgm(r)

dr
= −GMgrav(< r)ρcgm(r)

r2
, (3)

where r is the distance from the subhalo centre and Mgrav is the
subhalo’s total enclosed mass profile, for which we ignore the
generally negligible additive contribution of the CGM.

One may question the validity of the hydrostatic approximation,
as typically the velocity of the subhalo is of order the circular
velocity of the host, which is generally larger than the escape
speed of the satellite. Consequently, the CGM near the subhalo
will generally not be bounded to the subhalo. However, as long as
motion of the satellite remains relatively slow (transonic or subsonic),
the hydrostatic approximation will not be greatly in error, as we
confirm with the idealized simulations presented below. Note that
equation (3) is derived from the fluid momentum equation (i.e.

conservation of momentum) in the limit where the acceleration of
the fluid in the presence of the subhalo is small compared to the
sum of the gravitational acceleration and the gas pressure gradient.
As demonstrated by Andrade-Santos et al. (2013), this will be case
for subsonic and mildly transonic motion (see the appendix of that
study), which is typically the case for satellites orbiting through
the CGM. Specifically, the orbital velocity is typically the circular
velocity of the host,

√
GM200/r200, while the CGM sound speed is

typically
√

kBT200/(μmH), as defined in equation (2). The typical
Mach number then is ≈√

2, which is transonic. Consequently, the
acceleration of the fluid will generally be small and a condition of
approximate hydrostatic equilibrium will result.

If we assume that the process of gravitationally squeezing of the
CGM near the subhalo is an adiabatic one, such that K(r) = K0, one
arrives at

K0

dρ5/3
cgm

ρcgm
= −GMgrav

r2
dr, (4)

where we have replaced the pressure using the adiabatic equation of
state and extracted the constant entropy from the differential on the
left-hand side. We have also removed the explicit radial dependence
from ρcgm and Mgrav for clarity, but note that these quantities are
radially dependent.

Replacing Mgrav in equation (4) using equation (1) and integrating
with respect to radius, we obtain

K0

∫ R

r

ρ−1/3
cgm dρcgm = −3

5

GM200

r200

∫ R

r

dr

r
, (5)

where R is the radius at which the thermodynamic quantities return to
their ambient (unperturbed) values (e.g. ρcgm(R) = ρ0). Note that if
one neglects the gravitational influence of the host halo in which the
subhalo orbits (as we do in this simple calculation), then R ∼ r200. In
fact, our derivation above assumes that R ≤ r200. Embedded within a
more massive host halo, we expect that R should be of order the tidal
radius of the subhalo (typically �r200), which is approximately the
radius where the mean enclosed density of the subhalo is of order
that of the local (total) density of the host halo (King 1966).

Evaluating the integrals and after some algebra, we obtain

ρcgm(r)2/3 − ρ
2/3
0 = 2

5

GM200

r200

1

K0
ln

(
R

r

)
. (6)

Finally, dividing through by ρ
2/3
0 and using equation (2) and the

ideal gas law, we derive the radial density profile of the CGM centred
on the subhalo:

ρcgm(r)

ρ0
=

[
1 + 4

5

T200

T0
ln

(
R

r

)]3/2

(for r ≤ R). (7)

Generally speaking, we expect T200, the subhalo’s characteristic
virial temperature, to be less than the CGM temperature of the host
halo. Thus, the additive term due to the compression will generally
only result in a small enhancement in the density. Note that the
ambient (unperturbed) value of ρcgm = ρ0 is correctly recovered in
the limit of a massless subhalo, such that M200 ∝ T

3/2
200 → 0 and the

additive term vanishes.
Adopting a more realistic Navarro–Frenk–White (NFW) form

would give rise to a more complex radial dependence, such that

ln

(
R

r

)
→

R
r

ln

(
1 + r

rs

)
− B

1+B

ln (1 + B) − B
1+B

(for r ≤ R), (8)

where B ≡ R/rs and rs is the NFW scale radius (i.e. the radius where
the logarithmic slope of the density is −2).
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As the compression of the gas is adiabatic, the pressure and
temperature profiles are related to equation (7) simply by

Pcgm(r)

P0
=

(
ρcgm(r)

ρ0

)5/3

=
(

Tcgm(r)

T0

)5/2

. (9)

These relations hold independent of the assumption of hydrostatic
equilibrium or the form of the gravitational potential and assume
only that the gas is ideal and that the compression of the CGM is an
adiabatic process.

From equation (9) it is apparent that the pressure is the most
strongly affected thermodynamic quantity, followed by the density,
and then the temperature. As a consequence, observables that
probe the gas pressure, such as the thermal Sunyaev–Zel’dovich
(tSZ) effect, are expected to show a larger change (in relative
terms) than observables that sample the density, such as quasar
absorption line studies or radio dispersion measurements. Perhaps
most promising, however, is the X-ray surface brightness, which
scales with the density squared and also has a weak temperature
dependence (depending on the X-ray instrument energy range and
the temperature of the CGM).

We note that the derived profiles imply that the fractional change
in the thermodynamic quantities depends only on distance from the
subhalo and the ratio of the virial temperature of the subhalo to that
of the CGM. So, for example, the local temperature enhancement of
the CGM near the dark subhalo is independent of the density of the
CGM.

The above results were derived for the case of a subhalo that is at
rest with respect to the CGM. We have confirmed their accuracy by
comparison with an idealized hydrodynamical simulation in which
the subhalo is at rest with respect to the CGM (this simulation is
discussed below, in Section 4). Introducing a velocity with respect
to the CGM will affect the details of the compression and alter the
spatial morphology of the gas near the subhalo and requires detailed
hydrodynamical simulations to accurately calculate the effect, as we
do below. We also expect that introducing the gravitational influence
of the host halo (which we neglected above) will impact the resulting
morphology of the CGM near the subhalo, as gas that is relatively
far from the subhalo will be more strongly influenced by the main
halo (or even by other subhaloes). In Section 5, we will examine the
compression of the CGM near subhaloes in the ARTEMIS suite of full
cosmological hydrodynamical simulations.

3 ID EALIZED SIMULATIONS

In this section, we describe the set-up of the idealized simulations
of subhaloes moving through the CGM. We use idealized (i.e. non-
cosmological) simulations as it allows us to carefully control different
aspects of the set-up, allowing us to isolate the physics at play in a
straightforward way. It also means we can push to significantly higher
resolution than is typical in most cosmological simulations.

3.1 The SWIFT code

To carry out the hydrodynamical simulations, we use the SWIFT

code1 (Schaller 2018). SWIFT is a massively parallel hydrodynamics
and gravity code for astrophysics and cosmology, which employs a
hybrid MPI + threads parallelization scheme. SWIFT uses the fast
multipole method to evaluate gravitational forces between nearby
particles and uses a standard particle-mesh algorithm to compute

1http://www.swiftsim.com

long-range forces. For our default set-up (described below), however,
we represent the dark subhaloes with static gravitational potentials,
for which a variety of forms are already available as options within
the code. For these idealized simulations we neglect the self-gravity
of the gas by default. However, we have verified that there are no
significant differences (other than a much longer run time) when
self-gravity is included.

To compute hydrodynamic (pressure) forces, SWIFT uses smoothed
particle hydrodynamics (SPH), which is implemented in a variety of
ways, including the scheme used in the GADGET-2 code (Springel &
Hernquist 2002, so-called ‘density–entropy’ SPH, where the density
is the SPH-smoothed quantity and entropy is the independent ther-
modynamic quantity), a ‘pressure–entropy’ formulation proposed
by Hopkins (2013), the ‘GIZMO’ meshless finite volume (MVF) and
meshless finite mass (MFM) solvers introduced by Hopkins (2015),
and a new ‘density–energy’ formulation developed for the EAGLE-XL

project called ‘SPHENIX’ (Borrow et al., in preparation). By default,
we adopt the SPHENIX flavour of SPH solver, but we have verified
for our simple physical set-up that the choice of hydro solver is
unimportant (see Appendix A). For specificity, the SPHENIX scheme
includes the time step limiter of Durier & Dalla Vecchia (2012),
an implementation of thermal diffusion following Price (2012), and
‘inviscid’ artificial viscosity with a Balsara switch following Cullen
& Dehnen (2010). Finally, for the smoothing kernel we use a higher
order quintic spline whose width is equivalent 48 neighbours in the
standard SPH cubic spline.

Finally, a wide range of subgrid models for galaxy formation [e.g.
radiative cooling, star formation, stellar and active galactic nuclei
(AGN) feedback, etc.] are also available within SWIFT, including
the full EAGLE model (Schaye et al. 2015). However, for simplicity
and to isolate the effects we wish to study, we run non-radiative
idealized simulations only. We do not expect the exclusion of galaxy
formation physics to impact our results or conclusions in any case,
since we focus only on the gravitational effects of dark subhaloes
(i.e. that lack galaxies) on neighbouring hot gas that constitutes the
CGM. In Section 5, we use the ARTEMIS simulations to verify that our
conclusions are robust to the inclusion of galaxy formation physics
within a full cosmological context.

3.2 Fiducial set-up

The default set-up we employ is as follows. The simulation volume is
chosen to be a static Newtonian (i.e. non-expanding) periodic cuboid
with dimensions (Lx, Ly, Lz) = (1500, 300, 300 kpc). We have selected
this dimensionality to mimic a ‘wind tunnel’, in which the hot gas
will flow along the x-axis over top of the dark subhalo. This set-up
means we avoid wasting computational effort simulating the medium
at large distances perpendicular to the direction of motion, allowing
us to adopt very high mass resolution even on modest computational
resources.

The box is initially filled with a uniform density and temperature
medium of gas particles, populated using a 3D regular grid. By
default, the medium has a temperature of T = 106 K and an atom
number density of n = 10−4 cm−3, values typical for the CGM of
Milky Way-mass (Mhalo ∼ 1012 M�) host haloes (e.g. Gupta et al.
2012). However, we vary both the temperature and density below. By
default, we adopt an SPH particle mass of 1000 M� that, given the
atom number density, yields just over 200 million SPH particles
in the simulation volume. The typical SPH smoothing length is
≈1 kpc. Note that this resolution is considerably higher than can be
achieved in most cosmological simulations of the CGM (a notable
exception is the recent study of van de Voort et al. 2019, which also
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achieved 1 kpc resolution). When varying the density of the medium
(e.g. lowering it to n = 10−5 cm−3), we keep the number of SPH
particles fixed and simply vary the SPH particle mass. In practice,
though, we find the results do not depend on the adopted density
of the CGM (see Appendix B), as anticipated from the analysis in
Section 2).

To mimic the motion of a dark subhalo through the CGM, the
dark subhalo static potential is placed at the centre of the cuboid
and the gas particles are given a uniform velocity along the x-axis.
By default, the velocity is chosen to be 200 km s−1 (i.e. of order
the circular velocity of the Milky Way), but we vary this quantity as
well. Note that, while we choose default values for the CGM physical
parameters that may be typical for a Milky Way-mass host, our set-
up applies generally to all galaxies that have a CGM component. By
varying the parameter values as we do, we are effectively surveying
the CGM over a wide range of host halo masses.

Dark subhaloes are represented by default as static NFW po-
tentials, which are characterized by their total mass, M200, and
concentration, c200. (Note that the static potentials are truncated
beyond r200.) We convert this into an effectively single parameter
potential by using the mass–concentration relation of Dutton &
Macciò (2014).

We note that we have also explored using fully live potentials,
where the dark matter subhalo is represented with a large number
of collisionless dark matter particles in Jeans equilibrium. For this,
we set up equilibrium haloes following the methods described in
McCarthy et al. (2007) and we used identical masses for the gas and
dark matter particles in order to minimize two-body heating effects.
We found fully consistent results with our default static potential
runs (which are considerably cheaper). Naively, one might have
expected some energy transfer from the dark subhalo into the CGM
via dynamical friction for the live halo runs. However, we found
such dynamical heating to be minimal, which we surmise is due to
the low subhalo masses we are considering, that are embedded within
a hot medium. It is plausible that dynamical heating would become
more relevant for higher mass subhaloes and/or a significantly cooler
gaseous medium.

By default we select a mass of M200 = 1010 M� for the subhalo,
which is the highest mass we explore and for which the effects will be
most obvious. Note that haloes of this mass are not strictly speaking
‘dark’ and are thought to host low-mass galaxies with typical stellar
masses of Mstar ∼ 105–7 M� (e.g. Sawala et al. 2015; Hopkins et al.
2018). Such systems are nevertheless an interesting test case, though,
as they are unlikely to retain their own hot gas if embedded within
the CGM of a much more massive host. This is a consequence of
efficient ram pressure stripping that results from the motion of the
subhalo with respect to the CGM of the host (e.g. McCarthy et al.
2008; Phillips et al. 2015). Indeed, satellite dwarf galaxies of this
stellar mass within the Milky Way are essentially devoid of even
denser, cooler atomic gas (e.g. Grcevich & Putman 2009; Spekkens
et al. 2014) that would be considerably more difficult to strip than
diffuse, hot gas.

Finally, all simulations are run for a duration of 2 Gyr. We find,
however, that a steady-state configuration is rapidly obtained and
for the plots presented below, we show the results after 0.5 Gyr of
evolution.

4 R ESULTS

In this section, we present the main results of our study. We first
examine the fiducial set-up, before systematically varying the main
physical parameters of the idealized simulations.

Figure 1. Projected x velocity (top left), surface mass density (top right), X-
ray surface brightness (bottom left), and thermal Sunyaev–Zel’dovich (tSZ)
Compton y parameter maps for the fiducial set-up for a side-on view (bottom
right; such that the suhbhalo is moving from right to left). For all panels
aside from the velocity, the quantities have been normalized by the ambient
background quantities, therefore, showing the relative enhancement. Where
the vertical and horizontal dotted lines cross represents the centre of the
subhalo.

4.1 Fiducial simulation

In Fig. 1, we show a variety of projected maps of the CGM, including
the density-weighted x component of the velocity (top left), surface
mass density (top right), X-ray surface brightness (bottom left),
and tSZ effect (bottom right). In all cases we show an edge-on
configuration, such that the subhalo is moving from right to left. To
create projected maps we integrate along the z-axis over a depth of
100 kpc (i.e. |z − zsubhalo| < 50 kpc). We normalize the surface mass
density, X-ray surface brightness, and tSZ maps by the background
value, which we calculate using the unperturbed medium from the
initial conditions (alternatively, the background could be estimated
far from the subhalo).

To compute the X-ray surface brightness and tSZ effects maps,
we follow the methods described in McCarthy et al. (2017) except
that here we use the ‘bolometric’ X-ray surface brightness (0.02–
50 keV band), as opposed to a soft 0.5–2.0 keV estimate. As our
idealized simulations have no star formation or stellar evolution,
we simply assume the metallicity of the gas to be 0.3 Z� when
computing the X-ray surface brightness. Note that, as we are mainly
interested in the local enhancement of the X-ray and tSZ effect
relative to the unperturbed background, as opposed to absolute
surface brightnesses, the exact details of the passband and metallicity
are generally unimportant.

Examining the surface mass density, X-ray surface brightness,
and tSZ maps, we find they are just scaled versions of each
other (i.e. have identical morphologies), as expected for adiabatic
compression and from the analysis in Section 2. Also consistent
with the analytic expectations is that the X-ray surface brightness
is the most strongly affected quantity, followed by the tSZ effect,
and then the surface mass density. For this particular set-up and
projected through a column of 100 kpc, the local enhancement
in the X-ray surface brightness and tSZ effect can be up to
≈20 per cent, whereas the surface mass density is enhanced by up
to ≈10 per cent.
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Figure 2. 1D profiles of the temperature (blue), density (cyan), pressure
(orange), and entropy (red) along the x-axis within a narrow cylinder of
width 2.5 kpc (i.e. ryz < 2.5 kpc) for the fiducial simulation. The dot–dashed
black curve (on top of the orange curve) shows the density to the 5/3 power,
confirming the adiabatic nature of the interaction.

When viewed from this orientation (i.e. perpendicular to the direc-
tion of the subhalo’s motion), the CGM density/temperature/pressure
is mostly strongly perturbed slightly downstream from the centre of
the subhalo and displays a cone-like (or, in 2D, a ‘guitar pick’)
morphology.

The velocity map shows understandable features as well. Gas
ahead of the oncoming subhalo (left-hand side) accelerates towards
the subhalo (positive x velocity, displayed in blue) and has a smooth,
almost circular geometry. Gas that has passed through the subhalo
and is now trailing behind it (right-hand side) is dragged along by the
subhalo with a (projected) velocity in this case of up to ≈−7 km s−1

(negative x velocity, displayed in red). Note that the subhalo is moving
with a velocity of −200 km s−1, so the gas is clearly unbound from
the subhalo and will come to rest further downstream. Note also that,
as we are examining here the x-component of the velocity, we are
examining the (projected) transverse velocity in this case and not the
line-of-sight velocity.

In Fig. 2, we show 1D profiles along the x-axis of the four
thermodynamic variables (noting only two are independent). The
profiles were constructed by selecting only particles that lie within a
cylinder of width 2.5 kpc down the x-axis through the middle of the
box. We then take the median value of particles in bins of width �x
= 5 kpc.

As expected for this regime of subsonic/transonic motions, the
assumption of adiabatic compression is well justified. Little to no
entropy is generated through shocking or mixing. As an important
caveat, however, we note that our simulations do not include radiative
cooling. The compression of the CGM as it passes near the subhalo
will temporarily lead to enhanced cooling rates (thus reducing the
entropy), scaling as approximately the square of the density. If the
CGM is particularly close to being thermally unstable, i.e. if the ratio
of the local cooling time to the free-fall time is �10 (e.g. McCourt
et al. 2012), the perturbations introduced by the subhaloes could
induce run-away cooling, leading to the formation of cold gas (such
as ‘high-velocity clouds’) and potentially even star formation. We

Figure 3. Projected velocity (left) and surface mass density (right) maps for
the fiducial set-up for a face-on view (such that the suhbhalo is moving into
the page).

neglect this potentiality here, noting that the majority of the CGM
is not expected to be finely perched on this threshold. If anything,
however, such cooling would only emphasize the observability of
these fluctuations (as the density increases as a result of the cooling)
and is therefore worth future study.

Fig. 1 shows maps when viewing the subhalo from a direction that
is perpendicular to its direction of motion. In Fig. 3, we show the
analogous velocity and surface mass density maps but for a face-on
configuration, where the subhalo is moving directly along the line
of sight (into the page). As the X-ray surface brightness and tSZ
effect maps look identical to the surface mass density map (but with
different amplitudes), we omit them here.

The surface mass density map (right-hand panel) shows a circu-
larly symmetric distribution with a peak amplitude that is similar to
that of the edge-on configuration. The central region is significantly
enhanced compared to the outer regions and demarcates the spatial
extent of the strong conical feature evident in Fig. 1.

The velocity map (left-hand panel) shows strongly reduced ve-
locities overall, a result of the fact that we are now examining
the line-of-sight velocity for which there is some cancellation, i.e.
gas upstream of the subhalo moves with a positive x velocity (out
of the page), while gas downstream of the subhalo moves in the
opposite direction. The strong density enhancement downstream
(the cone) means that that cancellation is not perfect, such that
the central regions show a net negative velocity, while the outer
regions show a net positive velocity. If the subhalo were moving in
the opposite direction (out of the page), the map colours would be
inverted.

Finally, it is interesting to note that density fluctuations of similar
amplitudes (∼5–20 per cent) and on similar spatial scales (∼10 kpc)
have been observed in the central regions of the Perseus cluster using
deep Chandra X-ray data (Zhuravleva et al. 2015, see also Zhang
et al. 2009). In that particular case the fluctuations are likely the result
of turbulence driven by AGN feedback, rather than compression
due to dark subhaloes. Nevertheless, it shows that fluctuations
of this amplitude are already potentially observable with current
instrumentation. Future deep observations with Lynx2 and Athena3

should therefore have tremendous constraining power.

4.2 Varying the relative velocity

As subhaloes orbit within the main host halo, their velocity with
respect to the CGM changes with time. Typically, the velocity will
be of order the circular velocity of the host, but it can vary from being

2https://wwwastro.msfc.nasa.gov/lynx/
3https://www.the-athena-x-ray-observatory.eu/
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Figure 4. The impact of varying the subhalo velocity on the compression
of the CGM. The rows with images (x-component of the velocity in the left-
hand column and surface mass density in the right-hand column) are ordered
according to increasing subhalo (magnitude of) velocity from top to bottom,
with 0, −100, −200, and −300 km s−1. The bottom row shows 1D profiles
of the x component of the velocity and the density along the x-axis within a
narrow cylinder of width 2.5 kpc (i.e. ryz < 2.5 kpc).

nearly at rest (e.g. at apocentre of a nearly radial orbit) to being up
to a few times the circular velocity (at pericentre). It is therefore of
interest to examine how the velocity of the subhalo with respect to
the CGM impacts the results.

In Fig. 4, we show the resulting velocity and surface mass density
maps (edge-on configuration) when increasing the magnitude of
the subhalo velocity from 0 (top) to −300 km s−1 (bottom row
of images) in steps of −100 km s−1. The fiducial case corresponds to
−200 km s−1 (third row down). For all cases the mass of the subhalo
is 1010 M� and the temperature of the CGM is 106 K.

For the at rest case (0 km s−1), as expected a circularly symmetric
distribution results. Increasing the magnitude of the subhalo velocity
steadily shifts the enhanced region downstream and compresses it
into a more conical morphology. The amplitude of the effect on the
density varies with the subhalo velocity but not greatly, changing
only a factor of 2 across the four cases.

To get a more quantitative sense of the variations, in the bottom row
of Fig. 4 we show 1D profiles (along the x-axis) of the x component
of the velocity and the gas density. These profiles were constructed
by selecting particles within a narrow cylinder of width 2.5 kpc along
the x-axis.

The profiles show fairly complex behaviours. For the at rest case,
the gas is nearly hydrostatic within the very inner regions and shows
only a gentle infall velocity on the outskirts. Increasing the magnitude
of the velocity to −100 km s−1 means that the gas is unable to
establish a hydrostatic configuration centred on the subhalo that,
in turn, reduces pressure near the subhalo centre and consequently
upstream gas can infall slightly faster. Increasing to −200 and
−300 km s−1 shifts the enhanced regions further downstream, so
upstream gas is able to infall towards the subhalo up to a maximum
velocity of ≈15 km s−1. (Note that the 1D velocities are higher
than inferred from the 2D maps, which is due to averaging along
the line of sight.) The downstream velocity configuration is quite
different between the −200 and −300 km s−1 cases, though, with
the latter showing only a minimal velocity towards the subhalo.
This is plausibly due to the shorter time the downstream gas in
the −300 km s−1 case is in close proximity to the subhalo, and is
therefore not accelerated to the same degree.

4.3 Varying the CGM temperature

The mean temperature of the CGM is expected to be of order the
virial temperature for massive haloes and therefore varies as Tcgm ∝
M

2/3
host (White & Rees 1978). However, even within a single host halo

the CGM is a multiphase plasma characterized by a wide range of
temperatures (e.g. van de Voort & Schaye 2012), which has been
confirmed observationally (e.g. Tumlinson, Peeples & Werk 2017).
From the analysis in Section 2, we expect the amplitude of the effects
on the CGM thermodynamic quantities to be strongly dependent on
the ratio of the CGM temperature to the virial temperature (mass)
of the subhalo. As we show below, the resulting morphology is also
strongly affected by this ratio.

In Fig. 5, we show the resulting velocity and surface mass density
maps (edge-on configuration) when increasing the CGM temperature
from 105.0 (top) to 106.5 K (bottom row of images) in steps of
half a dex. The fiducial case corresponds to 106.0 K (third row
down). For all cases the mass of the subhalo is 1010 M� and the
velocity is −200 km s−1. For reference, if we convert the CGM
temperatures into isothermal sound speeds, via cs = (kBT/μmH)1/2,
we find cs ≈ 36.8, 65.4, 116.3, and 206.9 km s−1 for the four
cases.

Increasing the CGM temperature has two key effects: (i) the
magnitude of the effect of the subhalo (i.e. the compression of the
CGM) is reduced; and (ii) the morphology changes such that shape
becomes more symmetrical and is more centred on the subhalo.
While the first effect can be readily understood from the analytic
arguments presented in Section 2, the second effect cannot. That
is because the analytic calculation considered a CGM that was at
rest with respect to the subhalo. Here the subhalo is moving at
−200 km s−1 with respect to the CGM for all cases and yet the
morphology differs strongly between them.
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Figure 5. The impact of varying the temperature of the CGM. The rows
with images (x component of the velocity in the left-hand column and surface
mass density in the right-hand column) are ordered according to increasing
CGM temperature from top to bottom, with 105.0, 105.5, 106.0, and 106.5 K.
The bottom row shows 1D profiles of the x component of the velocity and the
3D density along the x-axis within a narrow cylinder of width 2.5 kpc (i.e. ryz

< 2.5 kpc).

The origin of this behaviour is the due to the variation in the sound
speed of the CGM. Specifically, as we increase the temperature of the
CGM we are increasing its sound speed and therefore decreasing the
time over which a pressure wave can traverse the CGM. At higher
sound speeds, the gas can more rapidly adjust its configuration in
response to the presence of a subhalo perturber, which is why the gas
is more symmetric and centred on the subhalo in the case where Tcgm

= 106.5 K. At low temperatures, the opposite is true and it is only
after the subhalo has passed by that the gas is able to react, resulting
in a downstream arrowhead-like configuration.

Figure 6. The impact of varying the subhalo mass on the surface mass
density maps for an edge-on view. The top row compares the results for a
1010 M� subhalo (left) with that of a 109 M� subhalo (right), both for the
fiducial CGM temperature of 106 K and a subhalo velocity of −200 km s−1.
The bottom row compares these two subhalo masses but for a lower CGM
temperature of 105 K.

In the bottom row of Fig. 5, we again show 1D profiles (along
the x-axis) of the x component of the velocity and the gas density.
These confirm the very strong dependence of the compression of the
CGM on its temperature at fixed subhalo mass. The velocity profiles
show interesting behaviour. Specifically, for the highest temperature
case the gas is able to react so quickly that there is effectively a bow
wave that prevents upstream gas from falling towards the oncoming
subhalo and actually drives it away at a mild velocity.

4.4 Varying the subhalo mass

The final variation we consider is the mass of the subhalo. If the
local gravitational compression of the CGM due to the presence of
subhaloes is to be a competitive probe of dark matter physics, it will
need to be sensitive to subhaloes of 108–9 M�. For example, under
the assumption that the dark matter particle is a thermal relic, current
Lyman α forest and strong lensing data constrain its mass to be at
least a few keV (e.g. Viel et al. 2013; Iršič et al. 2017; Garzilli et al.
2019; Hsueh et al. 2020). Simulations of warm dark matter with a
particle mass at this level show that the subhalo mass function is
significantly affected only below 1010 M� (see e.g. fig. 2 of Stafford
et al. 2020). This suggests that these methods are probing the mass
function down to this regime but not significantly further (otherwise
the constraints on the particle mass would be stronger). It is therefore
of interest to see whether detailed observations of the CGM could
allow us to access lower subhalo masses. The further we can probe
down the subhalo mass function, the stronger the constraints that can
be placed on the nature of dark matter.

In Fig. 6, we show the resulting surface mass density maps for the
default subhalo mass of 1010 M� (left-hand column) and for a subhalo
of mass 109 M� (right-hand column). The top row corresponds
to the fiducial CGM temperature of 106 K, while the bottom row
corresponds to a cooler temperature of 105 K.

Examining first the top row of Fig. 6, we find that the resulting
morphologies for the compressed region are very similar for the two
subhalo masses. However, there is a large difference in the amplitude,
such that the more massive subhalo more strongly compresses the
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Figure 7. 1D profiles of the x component of the velocity (left-hand column)
and the 3D density (right-hand column) along the x-axis within a narrow
cylinder of width 2.5 kpc (i.e. ryz < 2.5 kpc). Different coloured curves
correspond to different subhalo masses. The top row corresponds to the
fiducial CGM temperature of 106 K, while the bottom row corresponds to a
lower CGM temperature of 105 K.

CGM, as expected. When projected through a column of 100 kpc, the
lower subhalo mass case produces only a few per cent enhancements
in the surface mass density relative to the background. Projected
through a shorter column, the enhancement would obviously be
somewhat larger.

From Section 4.3, we have seen that the temperature of the CGM
is hugely important. Examining a cooler phase of the CGM, 105 K
as in the bottom row of Fig. 6, we see a stronger sensitivity to both
subhalo masses. The reduced sound speed of the CGM also affects
the morphology, as previously discussed.

Thus, to probe the lower mass end of the halo mass function, CGM
observations that target the cooler phase are most efficient. For ex-
ample, O VI absorption line observations are particularly effective at
picking out 105 K gas in Milky Way-mass haloes (e.g. Oppenheimer
et al. 2016). A potential caveat is that metal-enriched gas cools
quite quickly through this temperature regime. On the other hand,
the ubiquitous detection of relatively large quantities of O VI around
normal star-forming galaxies with the Cosmic Origins Spectrograph
(COS) on-board Hubble Space Telescope (HST; Tumlinson et al.
2011) suggests that there must be a fairly continual supply of enriched
gas at this temperature, either through accretion from the intergalactic
medium, cooling of higher temperature gas, or heating of cooler gas
due to feedback.

In Fig. 7, we show 1D profiles (along the x-axis) of the x component
of the velocity (left-hand column) and the gas density (right-hand
column) for subhaloes of varying mass (different line colours) for a
CGM temperature of 106 (top row) and 105 K (bottom row). Here
we consider the impact of subhaloes down to 107 M�.

Whilst examining the cooler phases of the CGM significantly
boosts the signal, probing down to halo masses of 108 M� (and
lower) will clearly be a challenge. However, even if the signal cannot
be detected on an individual subhalo basis, it may still be detectable in
a statistical sense. For example, cosmic shear studies do not examine
individual peaks and troughs in the lensing field, but instead compute
the alignment of galaxy shapes as a function of scale averaged over
a large fraction of the sky. Analogously, one can envisage measuring
the pressure, density, or temperature fluctuation power spectra of the

CGM and using this as essentially a tracer for the subhalo power
spectrum. Aside from measuring these quantities, identifying the
fluctuations that are driven by subhalo compression, as opposed to,
for example, feedback-driven turbulence, will be a challenge that
requires detailed simulations to address.

5 C O S M O L O G I C A L H Y D RO SI M U L AT I O N S :
ARTEMIS

In this section, we analyse a suite of cosmological hydrodynamical
simulations that includes a realistic treatment of galaxy formation
physics. The aim is to verify whether or not the signal present in the
idealized simulations is also present in a more realistic environment
(albeit one that is simulated at lower resolution than can be achieved
in the idealized simulations). We first introduce the simulations and
then present a stacked profile analysis.

5.1 Simulation description

We use the ARTEMIS suite of high-resolution cosmological hydrody-
namical simulations of Milky Way-mass haloes (Font et al. 2020,
hereafter F20). Full details of the simulations are provided in F20;
we provide only a brief overview here.

The ARTEMIS simulations employ the ‘zoom-in’ technique
(e.g. Bertschinger 2001) to simulate Milky Way-analogue haloes
at high resolution and with hydrodynamics, within a larger box that
is simulated at comparatively lower resolution and with collisionless
dynamics only. The initial conditions were generated using the
MUSIC code4 (Hahn & Abel 2011). Haloes were selected from a
base periodic box is 25 Mpc h−1 on a side with 2563 particles.
The initial conditions were generated at a starting redshift of z =
127 using a transfer function computed using the CAMB5 Boltzmann
code (Lewis, Challinor & Lasenby 2000) for a flat �CDM 9-year
Wilkinson Microwave Anisotropy Probe (WMAP9; Hinshaw et al.
2013) cosmology (�m = 0.2793, �b = 0.0463, h = 0.70, σ 8 =
0.8211, and ns = 0.972). The initial conditions include second-order
Lagrangian perturbation theory (2LPT) corrections.

The base periodic volume was run down to z = 0 using the
GADGET-3 code (last described in Springel 2005) with collisionless
dynamics. Milky Way analogues were selected based on total halo
mass. Specifically, F20 selected a volume-limited sample of haloes
(i.e. all haloes) whose total mass fell in the range 8 × 1011 < M200/M�
< 2 × 1012 at z = 0. Here, we use a subset of 42 high-resolution
presented in F20.

The zoomed ICs were generated by first selecting all particles
within 2r200 of the selected haloes and tracing them back to the
initial conditions of the periodic box, at z = 127, to define the region
that would be resimulated at higher resolution and with baryons.

The base periodic run has a MUSIC refinement level of 8,
whereas the zoom region has a maximum refinement level of
11. With this level of refinement, the dark matter particle mass
is 1.17 × 105 M� h−1 and the initial baryon particle mass is
2.23 × 104 M� h−1. A force resolution (Plummer-equivalent soft-
ening) of 125 pc h−1 (which is in physical coordinates below z = 3
and comoving coordinates at earlier times) was adopted, following
Power et al. (2003). Note that the resolution of ARTEMIS is similar to
that of the highest resolution simulations from other groups for this
mass scale, including the APOSTLE, AURIGA, and FIRE-2 simulations

4https://www-n.oca.eu/ohahn/MUSIC/
5https://camb.info/
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Figure 8. Stacked CGM pressure (left) and density (right) profiles centred on satellite subhaloes within Milky Way-mass host haloes in the ARTEMIS simulations.
Different coloured curves correspond to subhalo mass bins. Only subhaloes that have no gravitationally bound gas are included in the stacking analysis. The
vertical dashed lines correspond to the mean tidal radius for each subhalo mass bin, computed as the mean radius enclosing 90 per cent of the bound dark matter
mass belonging to the dark subhaloes.

(Sawala et al. 2016; Grand et al. 2017; Garrison-Kimmel et al. 2018,
respectively). The ARTEMIS sample is larger in terms of the number of
Milky Way analogues simulated at this very high resolution, however,
allowing us to draw more robust statistical conclusions.

To carry out the hydrodynamical zoomed simulations, ARTEMIS

uses the GADGET-3 code with an updated hydro solver and galaxy
formation modelling (subgrid physics) developed for the EAGLE

project (Schaye et al. 2015). The EAGLE model includes subgrid
prescriptions for important processes that cannot be resolved directly
in the simulations, including metal-dependent radiative cooling,
star formation, stellar evolution and chemodynamics, black hole
formation and growth through mergers and gas accretion, along
with stellar feedback and feedback from AGN (see Schaye et al.
2015 and references therein). An important consideration for galaxy
formation modelling is the calibration of the feedback efficiencies. At
the scale of Milky Way-mass galaxies, stellar feedback is expected
to dominate over that of AGN. F20 adjusted the parameter values
of the stellar feedback model in the EAGLE code to reproduce the
amplitude of the observed galaxy stellar mass–halo mass relation
at the Milky Way halo-mass scale. While the simulations were not
calibrated on other aspects of the observed galaxy population, they
nevertheless reproduce a number of key observables, including the
disc size–stellar mass and star formation rate–stellar mass relations.

5.2 Stacked CGM profiles centred on subhaloes

We use the SUBFIND algorithm (Springel et al. 2001; Dolag et al.
2009) to identify subhaloes in the ARTEMIS simulations. For each
zoom simulation, we select all satellite subhaloes within the Milky
Way-analogue friends-of-friends group for analysis. To avoid any
ambiguity as to the origin of the gas within and near the subhaloes,
we select only subhaloes that, according to SUBFIND, have no gravi-
tationally bound gaseous component whatsoever. The vast majority
of the low-mass subhaloes meet this selection criterion, as they have
been efficiently ram pressure stripped due to their relative motion

with respect to the CGM (as well processes such as feedback and
reioinization).

In Fig. 8, we present stacked pressure and density profiles of
CGM centred on subhaloes in various total mass bins. We use the
most bound particle as the subhalo centre. We normalize the profiles
by the median pressure/density value in a spherical shell between
20 and 30 kpc (which we define as P0 and n0, respectively), where
the profiles show significant flattening and a convergence to the
background (unperturbed) CGM. When stacking the profiles, we
weight the profile of each subhalo by the total subhalo mass. For
reference, in Fig. 9, we show the probability distribution functions
(PDFs) of the background CGM density and temperature near the
dark subhaloes in all ARTEMIS systems, along with the PDF of the
subhalo velocities (specifically its magnitude) with respect to their
hosts. Note that the variations in CGM temperature and density and
subhalo velocity explored in the idealized simulations in Section 4
cover the vast majority of conditions sampled in ARTEMIS.

Fig. 8 confirms that the signal we predicted based on analytic
arguments and in idealized simulations is also present in self-
consistent cosmological hydrodynamical simulations. Furthermore,
the level of the effect (tens of per cent for subhaloes of 1010 M� down
to a few per cent for haloes with 108–9 M�) is consistent with our
previously derived results. The only significant difference, which we
had anticipated, is that the spatial scale over which CGM is perturbed
is significantly reduced in the cosmological simulations relative to
the idealized simulations, reflecting the importance of the host halo’s
gravitational field in the full cosmological simulations. Nevertheless,
the signal is strongest in the central regions of the subhaloes.

The vertical dashed lines correspond to the mass-weighted mean
tidal radius in each subhalo mass bin. Specifically, for each dark
subhalo we compute the radius enclosing 90 per cent of the bound
dark matter mass. We then compute the mean of this value in a
subhalo mass bin. In general, the extent of the CGM fluctuation
(which is unbound to the dark subhalo) roughly corresponds to the
tidal radius scale. This is most evident for the pressure profiles, as

MNRAS 499, 3255–3266 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/499/3/3255/5918386 by guest on 16 June 2021



3264 I. G. McCarthy and A. S. Font

Figure 9. Probability distribution functions (PDFs) of the CGM temperature (left), CGM density (middle), and the satellite subhalo velocity with respect to the
host halo (right). The CGM temperature and density is estimated as the median value estimated in a spherical shell (with r = 25 kpc and �r = 10 kpc) centred
on each dark subhalo.

pressure generally tends to be a smoother (less noisy) quantity than
the density. The fluctuation size is similar in scale to the tidal radius
strongly suggests that it is the potential of the host halo that limits
the extent of the fluctuations in these simulations.

According to ARTEMIS, even haloes with masses as low as 108 M�
produce a discernible enhancement in the pressure and density of
the CGM. If fluctuations of this amplitude could be probed with
observations, it could open the door to CGM studies placing some
of the strongest constraints on the nature of dark matter.

6 D I S C U S S I O N A N D C O N C L U S I O N S

We have proposed a new method to search for the presence of
dark subhaloes, by looking for the perturbations they source in
the CGM around normal galaxies. We have used a combination
of simple analytic arguments (Section 2), high-resolution carefully
controlled idealized hydrodynamical simulations (Sections 3 and
4), and full cosmological hydrodynamical simulations (Section 5)
to calculate the expected signal and how it depends on important
physical properties, including subhalo mass, CGM temperature, and
relative velocity.

The main findings of this study can summarized as follows.

(i) The compression of the CGM by dark subhaloes is a gentle,
adiabatic process that, in relative terms, enhances the local CGM
pressure, density, and temperature, in order of decreasing magnitude
(see Fig. 2). When the subhalo is at rest with respect to the CGM,
the magnitude of the effect depends only on the ratio of the CGM
temperature to the characteristic virial temperature of the subhalo
(see Section 2). It does not depend on, for example, the absolute
density of the CGM .

(ii) In a more a realistic scenario, where the subhalo is moving
with respect to the CGM, the relative velocity affects the overall
morphology of the compressed region, but it does not significantly
alter the magnitude of the effect (see Fig. 4).

(iii) Varying the temperature of the CGM (at fixed subhalo mass
and relative velocity) not only impacts the magnitude of the effect,
but also the morphology of the compressed region (see Fig. 5).
Specifically, higher CGM temperatures imply higher sound speeds
so that the CGM is able to adjust its distribution more quickly in
response to the presence of subhaloes, leading to a more spherical
and centred (on the subhalo) compressed region. Lower CGM
temperatures lead to a slower response time that in turn leads to

the enhanced region being displaced downstream from the subhalo
and a more conical morphology results.

(iv) Decreasing the subhalo mass/virial temperature (at fixed
CGM temperature and velocity) results in a strongly reduced com-
pression of the CGM. Typically, a low-mass 108 M� subhalo can
enhance the CGM pressure by up to a few per cent, while a high-
mass 1010 M� subhalo can enhance it by tens of per cent (see Figs 7
and 8). As already mentioned, this depends on the CGM temperature
and low-mass subhaloes would be most easily observed if embedded
with a cooler phase of the CGM. Absorption lines that pick out 105 K
gas (e.g. O VI) may, therefore, have the best chance for observing such
systems.

(v) Not only does the presence of subhaloes compress the CGM,
but it also induces local fluctuations in the velocity field, ranging
from a few km s−1 up to ≈25 km s−1 for the range of subhalo masses
and CGM temperature we have considered here.

While observations of fluctuations in the CGM of this level will
be challenging, there are a number of independent methods that can
be employed and cross-checked. As the gas pressure is the most
strongly affected (3D) quantity, high-resolution and high-sensitivity
tSZ effect observations, which probe the CGM pressure integrated
along the line of sight, are a promising prospect. X-ray observations,
which probe the square of the gas density, should also be a promising
probe. In fact, perturbations of similar amplitude and scale to
those discussed above have already been measured in deep X-ray
observations of the core of the Perseus cluster (e.g. Zhuravleva et al.
2015). While these perturbations are likely of a different physical
origin (feedback-driven turbulence), it nevertheless underscores the
possibility of detecting subhalo-induced perturbations in the CGM.
The upcoming Lynx and Athena X-ray telescopes, with their exquisite
angular resolution and sensitivity, should be ideal for this purpose.

Quasar absorption line studies and radio dispersion measurements
linearly sample the density of the CGM and so will be less sensitive
to the fluctuations in a relative sense. A nice feature of absorption
line studies, though, is that they can focus on particular phases of the
CGM depending on the energy of the line. The ability to focus on
the cooler phases of the CGM in particular means gaining sensitivity
to lower mass dark subhaloes that in principle should allow for
stronger constraints on the nature of dark matter. A potential caveat
is that lower temperature gas is generally thermally unstable and
cools quite quickly. On the other hand, the ubiquitous detection of,
for example, O VI around normal galaxies (e.g. Tumlinson et al. 2011)
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suggests a steady supply of cool, enriched gas (e.g. accretion from
the intergalactic medium, or feedback-driven outflows) that can be
used to probe low-mass subhaloes, as advocated above.

Lastly, while detection of individual fluctuations may be difficult in
current observations, we propose that statistical measurements of the
CGM fluctuation power spectra (pressure, density, and temperature)
derived from wide-field observations may be a powerful alternative
metric and one that can be directly compared the subhalo (or matter)
power spectrum for different dark matter models. Note, however,
that fluctuations in the CGM will not only be sourced by the
presence of dark subhaloes but also by a variety of other physical
processes, including feedback-driven outflows.6 Therefore, detailed
hydrodynamical simulations will be required to interpret and isolate
the cosmological signal from the astrophysical signal. We plan to
explore this question in future work.
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Iršič V. et al., 2017, Phys. Rev. D, 96, 023522
King I. R., 1966, AJ, 71, 64
Klypin A., Kravtsov A. V., Valenzuela O., Prada F., 1999, ApJ, 522, 82
Koopmans L. V. E., 2005, MNRAS, 363, 1136
Lewis A., Challinor A., Lasenby A., 2000, ApJ, 538, 473
McCarthy I. G. et al., 2007, MNRAS, 376, 497
McCarthy I. G., Frenk C. S., Font A. S., Lacey C. G., Bower R. G., Mitchell

N. L., Balogh M. L., Theuns T., 2008, MNRAS, 383, 593
McCarthy I. G., Schaye J., Bird S., Le Brun A. M. C., 2017, MNRAS, 465,

2936
McCourt M., Sharma P., Quataert E., Parrish I. J., 2012, MNRAS, 419, 3319
Mao S., Schneider P., 1998, MNRAS, 295, 587
Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel J., Tozzi P.,

1999, ApJ, 524, L19
Oppenheimer B. D. et al., 2016, MNRAS, 460, 2157
Penarrubia J., Koposov S. E., Walker M. G., Gilmore G., Wyn Evans N.,

Mackay C. D., 2010, MNRAS, preprint (arXiv:1005.5388)
Phillips J. I., Wheeler C., Cooper M. C., Boylan-Kolchin M., Bullock J. S.,

Tollerud E., 2015, MNRAS, 447, 698
Power C., Navarro J. F., Jenkins A., Frenk C. S., White S. D. M., Springel V.,

Stadel J., Quinn T., 2003, MNRAS, 338, 14
Price D. J., 2012, J. Comput. Phys., 231, 759
Sawala T. et al., 2015, MNRAS, 448, 2941
Sawala T. et al., 2016, MNRAS, 457, 1931
Schaller M., Gonnet P., Draper P. W., Chalk A. B. G., Bower R. G., Willis

J., Hausammann L., 2018, Astrophysics Source Code Library, record
ascl:1805.020

Schaye J. et al., 2015, MNRAS, 446, 521
Spekkens K., Urbancic N., Mason B. S., Willman B., Aguirre J. E., 2014,

ApJ, 795, L5
Springel V., 2005, MNRAS, 364, 1105
Springel V., Hernquist L., 2002, MNRAS, 333, 649
Springel V., White S. D. M., Tormen G., Kauffmann G., 2001, MNRAS, 328,

726
Springel V. et al., 2008, MNRAS, 391, 1685
Stafford S. G., Brown S. T., McCarthy I. G., Font A. S., Robertson A., Poole-

Mckenzie R., 2020, MNRAS, 497, 3809
Tumlinson J. et al., 2011, Science, 334, 948
Tumlinson J., Peeples M. S., Werk J. K., 2017, ARA&A, 55, 389
van de Voort F., Schaye J., 2012, MNRAS, 423, 2991
van de Voort F., Springel V., Mandelker N., van den Bosch F. C., Pakmor R.,

2019, MNRAS, 482, L85
Viel M., Becker G. D., Bolton J. S., Haehnelt M. G., 2013, Phys. Rev. D, 88,

043502
White S. D. M., Rees M. J., 1978, MNRAS, 183, 341
Zhang Y.-Y., Reiprich T. H., Finoguenov A., Hudson D. S., Sarazin C. L.,

2009, ApJ, 699, 1178
Zhuravleva I. et al., 2015, MNRAS, 450, 4184

A P P E N D I X A : H Y D RO SO LV E R A N D
RESOLUTI ON

Here we demonstrate the robustness of our results and conclusions
to the choice of scheme used to solve the hydrodynamic equations,
as well as to the adopted mass resolution of the simulations.

In Fig. A1, we show 1D profiles of the CGM density along the
x-axis for the fiducial set-up as the hydro solver and resolution of
the idealized simulations are varied. At fixed resolution, the default
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Figure A1. 1D profiles of the CGM density along the x-axis for the fiducial
set-up as the hydro solver and resolution of the idealized simulations are
varied.

density–energy scheme (SPHENIX) yields virtually identical results
to the GADGET-2 density–entropy scheme and the pressure–entropy
scheme of Hopkins (2013). Reducing the mass resolution by a factor
of 10 for the SPHENIX case, such that there are a factor of 10 fewer
particles in the box, we also see largely consistent results with the
fiducial simulation, although the lower resolution simulation yields
a slightly lower peak density due to enhanced smoothing. At this
lower resolution, we also experimented with the GIZMO-like MFV
scheme (Hopkins 2015), which is significantly more computationally
expensive than the other schemes, at least within SWIFT. We find
largely consistent results with the default SPHENIX scheme at the
same resolution.

APPENDIX B: VA RYING THE C GM DENSITY I N
THE ID EALIZED SIMULATIONS

The analytic calculations in Section 2 suggest that there ought to be
no explicit dependence of the (relative) enhancement of the CGM
thermodynamic quantities on the background CGM density. Here we
use the idealized simulations described in Section 4 to explicitly test
this idea.

Figure B1. 1D profiles of the CGM density along the x-axis for the fiducial
set-up as the background density of the CGM is varied.

In Fig. B1, we show 1D profiles of the CGM density along the
x-axis for the fiducial set-up as the background density of the CGM is
varied by an order of magnitude in both directions from the fiducial
value of 10−4 cm−3. All three curves lie precisely on top of each
other, indicating there is a negligible dependence on the background
density in the idealized simulations, in agreement with the analytic
analysis.

An important caveat to bear in mind, though, is that the idealized
simulations and the analytic calculations do not account for the ef-
fects of radiative cooling. As discussed in Section 4, if pre-perturbed
CGM already has a high density and, therefore, a relatively short
cooling time, a further enhancement introduced by an approaching
dark subhalo could potentially result in run-away cooling. It is
interesting to think that such a mechanism could be at least partly
responsible for the origin of ‘high-velocity clouds’ observed around
the Milky Way. Detailed analysis of simulations such as ARTEMIS

would be helpful for exploring such a scenario, but we leave this for
future work.
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