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ABSTRACT

The accretion and processing of neutral and ionized gas play substantial roles in the evolution of the Milky Way. From the position of the
Sun, circumgalactic gas flows in the Milky Way halo are known to span a large range of radial velocities, but the complex kinematics of
the circumgalactic medium (CGM) cannot be fully reconstructed from observations because of the blending with foreground interstellar
gas in the Milky Way disk. For this paper we used three zoom-in magnetohydrodynamic simulations of the Milky Way and the Local
Group from the HESTIA project to systematically investigate the radial velocity distribution of neutral hydrogen (H1) clouds in the
CGM in the (simulated) Local Standard of Rest (LSR) velocity frame. Our three simulations, which exhibit substantial differences in
their global CGM properties, reveal that 48—65 percent of the extraplanar HT at z > 2 kpc above the plane is confined to a velocity
range |vsr| < 100 kms™!, implying that the gas is (at least partly) corotating with the underlying disk. In the two most realistic Milky
Way realizations, the CGM velocity distribution is skewed toward negative velocities (in particular for H1 clouds at vertical distances
z > 10 kpc), indicating a net accretion of neutral gas. These results are in line with the statistics from UV absorption-line measurements
of the Milky Way CGM, and we also find broad agreement with the Illustris TNG50 simulation. Our study supports a scenario in which
a substantial fraction of the Milky Way’s CGM resides close to the disk at |vsg| < 100 kms™!, where it is hiding from observations as
its spectral signatures are covered by foreground interstellar gas features. We furthermore find that 97 percent of the clumps live in the
Milky Way halo and are not associated with satellite galaxies. The clumps are magnetized with a magnetic pressure often dominating

over the thermal pressure.
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1. Introduction

The circumgalactic medium (CGM) plays an important role in
the recycling and accretion of gas in the large-scale environment
of galaxies at any given redshift (Suresh et al. 2015; Tumlinson
et al. 2017; Anglés-Alcazar et al. 2017). The idea of substantial
inflows of gas coming from cosmological surroundings of galax-
ies is present in our galaxy formation paradigm (Kere$ et al.
2005; Nelson et al. 2013); it plays the crucial role of sustain-
ing active star formation in the disk over cosmic timescales (e.g.,
in the analytical galaxy formation models of Davé et al. 2012
and Mitra et al. 2015). Furthermore, the gas of satellite galax-
ies is actively stripped, for example in the Milky Way (MW)
halo (Putman et al. 2021), and in many cases this gas is then
transferred to the CGM.

The accretion of gas is counteracted by the gas losses driven
by active galactic nucleus (AGN) and stellar feedback as well

* Corresponding author:
fruenger@astro.physik.uni-potsdam.de

as the gas consumption from star formation. It has been shown,
both observationally (e.g., Bland & Tully 1988; Predehl et al.
2020; Guo et al. 2023) and through simulations (e.g., Grand et al.
2019; Nelson et al. 2019), that gaseous outflows, perpendicular to
the galactic disk, are able to carry away significant amounts of
gas from the inner regions of galaxies.

This work focuses on the clouds populating the galactic halo.
The evolution of these clouds in a multi-phase environment is
studied intensively in numerical simulations. In idealized setups,
radiative cooling is found to play a crucial role. Sufficiently large
clouds grow, whereas smaller clouds are destroyed (Armillotta
et al. 2017; Gronke & Oh 2018, 2020; Li et al. 2020; Sparre et al.
2020; Kanjilal et al. 2021; Abruzzo et al. 2022). A key channel
for growth is the mixing of gas at the interface between cloud
and halo gas (e.g., Fielding et al. 2020). Cooling also shapes
the interior structure of clouds since clouds larger than the
cooling length are fragmented into smaller cloudlets (McCourt
et al. 2018; Sparre et al. 2019). Cosmological simulations of
cold gas with enhanced resolution in the CGM indeed show
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a rich structure on small scales (Hummels et al. 2019; Suresh
et al. 2019; Peeples et al. 2019; Ramesh & Nelson 2024), and
models are developed to account for the complex processes in
multi-phase gas (Fielding & Bryan 2022; Butsky et al. 2024;
Faucher-Giguere & Oh 2023; Weinberger & Hernquist 2023;
Smith et al. 2024a,b).

The Galactic halo provides a unique observational insight
into the processes in the CGM of the Milky Way. We have known
about the existence of neutral gas clumps in the Galactic halo for
more than 60 years when optical absorption-line observations
(Miinch 1952, 1953) and 21 cm radio observations (Muller et al.
1963) suggested the presence of extraplanar gaseous material in
absorption and emission. Proposed by Spitzer (1956), those gas
clumps could be embedded in a hot pervasive medium in the
Galactic corona. Understanding the gas distribution and kine-
matics around local galaxies by observations is, nevertheless,
also challenging. This is because of the intricate and complex
spatial structure of gas in the halo that ranges from hundreds of
kiloparsecs down to subparsec scales, and the overlap of micro-
scopic and macroscopic motions of the gas in a highly dynamic
environment. When studying gas along individual lines of sight
(LoSs), such as in quasar (QSO) absorption-line measurements
or HI 21cm emission-line observations, large gas complexes in
the CGM can form rather complex radial velocity profiles due to,
for example, gas mixing and turbulence.

Recent all-sky surveys in the 21 cm line of neutral hydro-
gen (Moss et al. 2013; HI4PI Collaboration 2016; Westmeier
2018) or in the ultraviolet (French et al. 2021; Richter et al.
2017) refined our view on the Galactic halo and the circumgalac-
tic gas components therein, revealing a large variety of physical
and chemical properties of CGM structures (e.g., metallicity, dis-
tances, kinematics, masses, ionization conditions, dust content;
see review by Richter 2017). The observed radial velocity distri-
bution of CGM features motivated researchers to define several
classes of Galactic CGM clouds: high-velocity clouds (HVCs)
with [vLsg| > 100 kms™!, intermediate-velocity clouds (IVCs),
and low-velocity clouds (LVCs), both with |v;sg| < 100 kms™!.
Furthermore, the HVC number distribution is skewed toward
negative LSR velocities, which shows a net inflow of HVC gas.

To better understand the kinematics of the Milky Way’s
CGM from an inside-out perspective, simulations and semi-
analytic models have become increasingly important (e.g., Peek
et al. 2009; Zheng et al. 2015; Armillotta et al. 2017). Obviously,
the 3D distribution of the CGM gas structures and their kinemat-
ics are strongly coupled to their origin and fate in the context of
galaxy evolution. A particularly interesting question is the life-
time of the CGM structures and how exactly those structures
funnel gas to the Galactic disk. Hydrodynamical simulations of
idealized halos (Afruni et al. 2023), for instance, suggest that gas
clumps with initial masses on the order of m = 10° ~ 1065 Mo,
which are being accreted from the IGM, generally do not reach
the disk for galaxies with halo masses M > 10! M, but rather
fragment and dissolve on their approach to the galaxy and enrich
the CGM. This scenario also applies to the Milky Way.

In addition to the observational challenge caused by the
complex astrophysical nature of absorbing gas, the foreground
interstellar medium (ISM) in the Milky Way disk represents
a major obstacle in directly characterizing the Galactic CGM.
The local ISM dominates the emission and absorption signal
in hydrogen and metal ions at low radial velocities (Josr| <
50 kms™"), effectively obscuring any spectral signature from
more distant CGM gas that happens to fall in this very radial
velocity range, either by chance or because it is corotating with

A131, page 2 of 13

L A&A, 700, A131 (2025)

the underlying disk, as is expected for gas in the disk-halo inter-
face at low vertical heights, z < 5 kpc (see, e.g., Richter 2017).
For this reason, Peek et al. (2009) and Zheng et al. (2015) have
systematically studied the expected contribution of such “hid-
den” LVCs to the mass budget of the Milky Way halo gas using
analytic models and hydrodynamic simulations. They conclude
that the hidden LVCs contain about half of the CGM mass in the
Milky Way halo. This is in line with recent constraints from UV
absorption line data of CGM features in the lower Galactic halo
(Bish et al. 2021; Zheng et al. 2019).

The aim of this paper is to use galaxy simulations to study
the distribution of HVCs around the Milky Way, and investigate
their asymmetric distribution of LSR velocities as a probe of gas
inflows. Furthermore, we study the abundance of hidden gas in
LVC regime. We used the HESTIA (Libeskind et al. 2020) suite
of Local Group simulations, which are state-of-the-art magneto-
hydrodynamic (MHD) simulations of Milky Way-like galaxies.
Our simulations are constrained and have a realistic cosmo-
logical environment around the Milky Way, which includes a
companion M31-like galaxy, for example.

This paper is structured as follows. In Sect. 2, we briefly
explain the simulation whose data output we base our analysis
on. Furthermore, we elaborate on the on-sightline cloud identi-
fication algorithm we used in our work. In Sect. 2.4, we define
the LSR frame, and afterward discuss the models used for com-
parison with our findings from the simulations. In addition, we
present the scheme with which we deduced the cloud properties
from the cells that comprise them.

2. Methods

2.1. Simulations

This work is based on the High-resolution Environmental Sim-
ulations of The Immediate Area (HESTIA) project (Libeskind
et al. 2020), which provides a set of simulated Local Group-
like environments. The environments are realized and modeled
with cosmological zoom-in simulations. The moving-mesh code
AREPO (Springel 2010; Pakmor et al. 2011; Weinberger et al.
2020) is used to solve the hydrodynamical equations in a quasi-
Lagrangian manner.

Using HESTIA in this context implies including representa-
tive models of the Milky Way since constrained initial conditions
(see, e.g., Klypin et al. 2003; Hoffman 2009; Sorce et al. 2014;
Sorce 2015; Carlesi et al. 2016; Sorce et al. 2016) were created
to match an environment as observed by the COSMICFLOWS-2
catalog (Tully et al. 2013) and a Milky Way-M31 galaxy pair.
For further details about the generation of zoom-in constrained
initial conditions, we refer to Libeskind et al. (2020).

The simulation was realized in a Planck 2013 cosmology
(Planck Collaboration XVI 2014). We used a dark matter reso-
lution of 1.5 x 10° M, and a baryonic resolution of 2.2 X 10* M.
The galaxy physics model for the MHD simulation is based
on the AURIGA project (Grand et al. 2017), which takes into
account all relevant processes that determine the physics of
galaxy formation.

The ISM is treated with an approach (Springel & Hernquist
2003), where gas cells above the star formation threshold
(0.13 cm™3) are multi-phase with a contribution from a cold
star-forming phase and a hot phase. From the cold phase, stel-
lar population particles are spawned on a timescale proportional
to the free-fall timescale (e ~!/%). The stellar population par-
ticles are evolved according to stellar evolution models (see
Vogelsberger et al. 2013).
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Table 1. Physical key parameters of the Milky Way and Andromeda
Galaxy (M31) at z = 0 in the HESTIA simulations.

Simulation 09-18 17-11 37-11
MW-M3l1 distance (kpc) 866 667 852
log Moo mz1 (M) 12.33  12.36  12.013
Raoomw (kpc) 263 264 211
Raoom31 (Kpe) 270 277 213
b (deg) 358 493 35.8
Vrag, mw (kms™") -74  -102 9
vrsr (kms™h) 248 242 250

Notes. The distance, galaxy masses, and radii are taken from Damle
et al. (2022). The galactic latitudes and radial velocities, namely v;,q Mw
and v gR, are calculated in this work.

The physics model also includes primordial and metal line
cooling along with a redshift-dependent and spatially uniform
UV background (Faucher-Giguere et al. 2009). Furthermore, we
set a metal cooling floor of 10* K below which metal line cooling
is disabled.

Our galaxy formation model has proven to reproduce entire
populations of galaxies in various observational aspects. In
addition to producing representative Milky Way-like models
concerning the stellar components (Grand et al. 2017, 2018), it
also generates a gaseous environment that compares well with
observations (Marinacci et al. 2017). Detailed information about
their computational implementations is given in Grand et al.
(2017). In Table 1 we show the Milky Way-M31 distance, the
total cumulative mass (M,go) at a radius (R,go) inside which the
mean density is 200 times the critical density, and the galactic
latitude (b) at which M31 is seen from an observer’s perspec-
tive in the LSR. Furthermore, we list the galactocentric radial
velocity (Urag, mw) at which M31 is receding from the Milky Way
along with the value taking into account the LSR’s space motion
vector, i.e. the observed radial velocity of M31 as seen from an
observer in the LSR.

2.2. Post-processing modeling of ionization

The ionization modeling was performed in post-processing on
a cell-by-cell basis. Pre-computed lookup tables developed by
Hani et al. (2018) were used to interpolate the ionization condi-
tions. Those were generated utilizing a modified version of the
photo-ionization code CLOUDY V.17 (Ferland et al. 2017). We
applied a metallicity floor of log Z/Z, = —4.5, which was chosen
such that it marks the lower end of the ionization table grid (Hani
et al. 2018). Furthermore, the self-shielding of high-density
hydrogen clouds follows the scheme described by Rahmati et al.
(2013). In this paper we do not consider any metal ions for
the characterization of the CGM kinematics but instead concen-
trate on hydrogen as a tracer ion for coherent Milky Way halo
structures.

2.3. Generation of mock sightlines

To generate mock absorption-observables of halo clouds (e.g.,
mimicking the QSO absorption spectroscopy used to study the
Milky Way CGM in Richter et al. 2017; Bish et al. 2021), we cre-
ated sightlines centered on locations on the solar circle (located
at a galactocentric distance of 8 kpc in the simulated Milky Way

disk; in Sect. 2.4 we describe the details of constructing the
solar circle and the LSR). We created a set of full-sky cover-
ing sightlines in 10* different locations on the solar circle. The
direction of each sightline in a full-sky map is determined with
the HEALPix scheme (Godrski et al. 2005; Zonca et al. 2019) with
a finesse of Ngjqe = 10 corresponding to a uniform tessellation of
the unit sphere into 1200 pixels. With this analysis, the kinematic
and physical properties of the HT gas can be characterized.

Each sightline consists of 10° individual segments with an
equal length of 70 pc. Each sightline is 700 kpc in length, which
is well beyond the Milky Way’s R»(. For each segment, we deter-
mined the H1 gas density, temperature, and velocity as the value
of the nearest cell in the simulation domain using a KDTree.
For each sightline, we could subsequently calculate the total H1
column density.

The sightline lengths and segmentation finesse were chosen
so that we spatially oversampled the Voronoi grid, ensuring that
the integrated column densities converge. Especially in regions
with a high gas density, this is crucial since a particularly fine
sampling is required due to our simulations using an adap-
tive mesh refinement, and thus providing a non-uniform spatial
resolution.

2.3.1. Identifying cloud-comprising gas cells

We are interested in identifying sightline absorption systems.
For their detection, we group gas cells that exceed a certain H1
threshold density. The threshold is determined by sorting all H1
gas number densities along each individual sightline in descend-
ing order and finding the clouds that contribute to 98 percent
of the HI column density. With this approach, we have con-
trol over the gas fraction we consider in our analysis as we
knowingly discard 2% of the total gas. This is low-density, dif-
fuse material that we regard as “fuzz”, meaning gas that does
not significantly contribute to the absorption features. This frac-
tion was chosen because we find it to yield well-clustered cloud
structures without disregarding too much gas mass in total.
Throughout our analysis, we encounter typical density thresh-
olds of logn/cm™ ~ —3. These individual sightline segments
are then joined into coherent clumps for which we can compute
their respective bulk motion (and consequently also their relative
motion to a mock observer) and column densities.

2.3.2. Construction of the halo cloud catalog

This is being done by using a friends of friends-based cloud
finder with a linking length of 1 kpc. With the cutoff densi-
ties typically found at >logn/cm™ ~ -3 in our analysis and
the given baryonic mass resolution of 2.2 x 10* M, we find the
cloud-constituting cells to typically exhibit subkiloparsec sizes.
Altering the linking length does not seem to affect the main
results from this study noticeably. We chose 1 kpc for the link-
ing length as this length is bigger than the typical cell size at the
typical cutoff densities. This way we ensure to link all the spa-
tially connected cells. Each of the individual clumps is regarded
as an absorption system with a given temperature, column den-
sity, and density-weighted radial velocity as measured from the
LSR reference frame. From its relative position as seen in the
LSR frame, the apparent location in the sky is characterized by
its galactic longitude, /, and latitude, b. We determine the cloud’s
bulk motion by evaluating its H 1 density-weighted velocity aver-
age. The idea and geometry of extended gas clumps which we
regard as halo clouds are displayed in Fig. 1 and the results are
presented in Sect. 3.2.
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Fig. 1. Geometry of the Milky Way along with the illustration of some
physical quantities. In this sketch we include two idealized distinct
populations of halo clouds: extraplanar halo-associated clouds and disk-
associated clouds, which are found in the disk’s vicinity (Peek et al.
2009).

ny, [log Cm_3]

=75 =50

-10.0

Sightline coordinate [kpc]

Fig. 2. Immediate vicinity of an arbitrary sightline. At a sightline
coordinate of ~60kpc we can see how the sightline traverses a halo
cloud identified as the overdensity that surpasses the threshold density
(logn/cm™ ~ =3 in this case) of HI gas. The overall logarithmic gas
density is drawn as the transparent white and solid red-filled curve along
the sightline. Wherever the gas density exceeds the threshold density it
is shown as a red region above the sightline arrow, thus constituting a
halo cloud. The Galactic disk as well as the LSR locus can be seen on
the left and are indicated as such. The subhalo number of the galaxy is
displayed. The diagonal grid illustrates the vertical Galactic disk offsets
in steps of 5 kpc, pinpointing the cloud’s position in this example to an
altitude of roughly 30 kpc.

In Fig. 2, an example of such a clump is given. With our
clump finder, the disk ISM itself is also identified as a clump
(this can also be seen in Fig. 9, which we introduce below). As
this feature appears in all sightlines, we filter out those clouds
that have their center disk offsets at |z| < 2 kpc to disregard them
from the further steps in the halo cloud analysis. It is important
to note that with the analysis shown here, we do not pick up
on the three-dimensional nature of the halo clumps. An identi-
fied cloud that may look rather isolated along the sightline might
actually be part of a bigger structure that is not probed by the
sightline itself, but is missed by chance. From the image alone it
is hard to tell whether a halo cloud is in fact a secluded clump
or, for instance, the cross section of a larger filament. We tackle
this issue by generating a big sample of those mock sightlines to
achieve a dense spatial sampling in all directions. With its help,
we effectively probe the entire halo and generate a mock cata-
log of halo clouds that are characterized by their key physical
parameters.
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2.4. Definition of the Local Standard of Rest

We performed our study from the perspective of a mock observer
in the Milky Way disk. For this, a proper and reproducible
definition of the reference frame is necessary.

Similarly to its real counterpart, the modeled LSR is planted
inside the Galactic disk (see Fig. 1) at a galactocentric distance
of 8 kpc for all simulation runs (Bland-Hawthorn et al. 2019).
The Galactic plane normal vector is determined by evaluating
the moment of inertia tensor using the stellar population particles
within a radius of 30 kpc. The youngest of these, in particular, are
expected to be located in the thin disk of the Galaxy, better con-
straining the Milky Way’s orientation. For this reason, we only
considered stars that formed later than a > 0.95 (corresponding
to an age of roughly 700 Myr), with a being the cosmological
scale factor.

We also tried to use the gas to construct the inertia ten-
sor; however, the stellar particles turned out to be superior in
constraining the Galactic orientation. The Galactic plane nor-
mal vector is determined by diagonalizing the moment of inertia
tensor of the star particles and associating the eigenvector corre-
sponding to the greatest eigenvalue with the Galaxy’s spin axis.
The direction of the z-axis then can be chosen based on the
direction of angular momentum in the Galactic disk (Sparre &
Springel 2017; Whittingham et al. 2021).

For the correct LSR tangential motion around the Galactic
center, we used the gas density-weighted average of the local gas
velocity in a sphere with a radius of 300 pc around the deter-
mined position of the LSR. This was to make sure that the frame
was comoving with the local gas, as would be the case in the
real-world scenario.

Owing to the large cosmological volume being simulated,
the simulations are not able to reproduce the exact counterparts
of observed structures on the scale of tens of kiloparsec. The
exact locus of the LSR is therefore generally unconstrained and
the solar neighborhood cannot be uniquely identified. As a con-
sequence, when constructing the LSR reference, we have a free
parameter, 6, which is the angle on the Galactic plane between
the LSR and M31, and indicated in Fig. 1. In our analysis, we
therefore estimate most of the statistical variations by evenly
sampling the full solar circle to identify the level of uncertainty
caused by the local Milky Way disk structure. When using M31
as a reference object, the LSR can be placed in a way that
180deg — 8 = I3 = 121.2deg is the observed value of M31°s
galactic longitude, assuming that the solar radius (8 kpc) is neg-
ligible compared to the distance between the Milky Way and
M31. A similar definition is also used in Biaus et al. (2022),
for instance. However, other approaches, assuming a circular
orbit with a fixed orbital speed exist in the literature (see, e.g.,
Ramesh et al. 2023). Upon employing other LSR definitions,
we did not find any major differences in our results. Tracing
the azimuthal gas motion along the solar circle led to a stan-
dard deviation of <25kms~! with respect to the null hypothesis
of the gas moving at constant speed. In our analysis, we did not
find any significant systematic asymmetries in the gaseous Milky
Way disk caused by the presence of M31. This seems to support a
homogeneous sampling approach along the solar circle as the gas
distribution in the Milky Way disk is not affected by the large-
scale structure. Instead, it is the satellite galaxies that have an
impact on our statistics as they can be misinterpreted as isolated
halo clouds. A more detailed discussion on the structure varia-
tions along the solar circle can be found in the Appendix (see
Fig. A.1).
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3. Results
3.1. Radial velocity distribution

There are different processes thought to be responsible for the
occurrence of neutral or partly ionized CGM clouds around
Milky Way-type galaxies. On the one hand, such clouds may
condense out of the ambient hot, coronal gas by cooling, or they
might be a result of stripping processes from satellite galaxies,
or they represent gas structures that are being accreted from the
intergalactic medium. On the other hand, such clouds may rep-
resent gaseous material ejected from the underlying (rotating)
stellar disk as a result of SN explosions and stellar winds (often
referred to as the Galactic fountain: Fraternali & Binney 2008;
Marinacci et al. 2011; Werk et al. 2019; Rubin et al. 2022).

From a kinematic standpoint, these scenarios would result
in somewhat different 3D velocity distributions of the respec-
tive cloud populations. However, because all of the processes are
likely to be important to the mass budget of the neutral or partly
ionized CGM, the observed radial velocity information alone
has very limited diagnostic power to discriminate between the
various origins. However, there is possibly a distinct difference
between CGM gas close to the disk and gas that is farther away,
which is related to the angular momentum of the gas. If part
of the CGM cloud population is corotating with the underlying
disk, one expects to see different velocity signatures as compared
to a population of clouds that is infalling from a static (non-
rotating) hot halo. For this reason, Peek et al. (2009) consider
two distinct idealized CGM cloud populations (corotating disk-
associated clouds and non-corotating halo-associated clouds) to
reconstruct the kinematics of the CGM halo cloud population in
the Milky Way. In Fig. 1, we indicate these two distinct CGM
populations from the Peek et al. (2009) toy model accordingly.

In the HESTIA simulations used here, both infalling and out-
flowing gas features are expected to contribute to CGM cloud
populations. With the identification of gas clumps along the
sightlines using the approach described in Sect. 2.3, we can
directly generate the radial velocity distribution for the halo
clouds in our three high-resolution HESTIA simulations. In addi-
tion, we can study the vertical motions of the gas to constrain the
mass ratio of the infalling to outflowing CGM features.

In Fig. 3, we show column density-weighted radial velocity
distribution of the neutral hydrogen gas in the CGM, color-coded
according to the vertical distance, z, hereafter referred to as disk
offset. In all three simulation runs the distributions are centered
at zero velocity, which is in accordance with how we defined
the LSR (Sect. 2.4). The bulk of the gas is located at low ver-
tical disk offsets (in blue), illustrating that the neutral gas is
predominantly concentrated close to the Galactic disk and coro-
tating. The prominence of this feature declines, however, when
considering the more distant gas. Beyond [z] = 15kpc, a sig-
nificant percentage of the gas column density is contained in
the high-velocity regime (jv;sg| > 100kms™"). Another com-
mon feature is that the global distribution of gas appears slightly
skewed toward negative radial velocities. This indicates a net
inflow of those clouds. These results are in very good agreement
with H1 cloud catalogs (Wakker & van Woerden 1991) and UV
absorption surveys (Richter et al. 2017; Fox et al. 2019).

In 09-18, at vertical disk offsets beyond 40 kpc, a large
blueshifted column of gas becomes visible (yellow region in the
figure). In comparison to 09-18, we see a smaller contribution of
such distant clouds in the 17-11 and 37-11 runs. We investigate
the appearance of gas clumps further in Fig. 4, where we show
projections of the stellar and gas distributions. For the case of
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Fig. 3. Column density-weighted radial velocity distribution of the neu-
tral hydrogen gas. Each of the plots refers to one of the high-resolution
simulation runs from the HESTIA project. Only gas located outside the
zone of avoidance, |b| > 30 deg, is considered here. The column densi-
ties displayed here represent those that are averaged over the entire unit
sphere excluding the zone of avoidance. Each velocity bin has a width
of 25kms~!. The vertical disk position, z, of the gas is color-coded (see
color bars at the right). The shaded central region indicates the low-
velocity regime with v gg < 100 km s~'. The red dashed line indicated
the radial velocity of M31 in the local standard of rest reference frame.
It is important to note that these velocities refer to the recession veloci-
ties encountered in the respective simulation and why they are found at
different values in each simulation.

09-18, we see the same clump at x ~ —20kpc, z ~ 50 kpc, which
we identified in Fig. 3. Furthermore, the projection plots reveal a
rich distribution of clumpy gas around 09-18 and 17-11. In con-
trast, 37-11 has a smoother halo, which can be seen in Fig. 4 and
in Fig. 1 of Damle et al. (2022).

In Fig. 5, we provide HT column density statistics for the
extraplanar (z > 2 kpc) HVC gas and LVC gas for the three
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Fig. 4. Gas and stars in our simulations in face-on and edge-on projections (at z = 0). The red stars indicate the LSR’s location if the M31 is at the
same galactic longitude, /, as in reality. The white x flags the locus of the Galactic center. The white dotted circle (a line in edge-on projection)
indicates the solar circle. All views are oriented such that M31 lies toward the right. Because of this, the LSR in all projections appears to be placed
to the right with respect to the Galactic center. The gray areas shade the zone that is not considered in our cloud statistics (zone of avoidance). The
Galactic disk in the 17-11 simulation run is noticeably more extended than in the other realizations. This is compatible with the results in Libeskind

et al. (2020).

simulation runs. The contribution of the LVC gas to the total
H1 column density budget in the CGM varies between 48 and
65 percent, suggesting that LVCs contain roughly half of the neu-
tral gas mass in the halos, in line with the values reported in
earlier LVC studies (Peek et al. 2009; Zheng et al. 2015). In the
09-18 and 37-11 runs, ~60 percent of the HVC gas is infalling,
while ~40 percent is outflowing. This indicates a net accretion
of gas for these simulated galaxies, such as is observed in the
Milky Way halo from UV absorption-line statistics (Fox et al.
2019), while the infall-to-outflow ratio in the 17-11 run is 50/50.

3.2. Characterization of the halo clouds

In the previous subsection we describe how we obtained infor-
mation on the HI column density distribution by integrating
over the H1 density along entire halo sightlines. We now turn
to the analysis of individual HI clouds, for which we calculated
neutral hydrogen column densities, Ny, and the bulk motions
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Fig. 5. Total H 1 budgets for gas in the high- and low-velocity regimes.
Each bar represents one simulation for which we show the percentages
of the respective gas reservoirs. In addition, we list the average column
densities per sightline in parentheses expressed in log-units of cm™.
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Fig. 6. Distribution of halo clouds found using the sightline analysis described in Sect. 2.3. We distinguish the clouds in three distinct vertical
disk offset bins: Disk-associated gas (2 kpc < z < 20kpc); the inner halo and CGM (10kpc < z < 100kpc); and a bin that accounts for the rather
remote halo regions of the Galaxy (50kpc < z < 500kpc), reaching into the Local Group’s intragroup medium. In the left column the absolute
cloud counts for the respective velocity bins are drawn. In the right column each detection is weighted with its respective column density. The
comparison of the two columns allows an estimate of the average column density per cloud for the individual distance and velocity bins. The
shaded regions display the 16th—84th percentile (as compared to the 1o interval for a Gaussian distribution). The uncertainties stem from repeating
the experiment 100 times sampled at different LSR references along the solar circle. The red dashed lines indicate the radial velocity of M31 in
each simulation. The light gray hatched region indicates the low-velocity regime where |v sg| < 100km s™!. If compared to Fig. 3 it is noteworthy

that the red lines for the M31 recession velocities are given here in the Galactic standard of rest. Hence, on average, they are shifted by ~150km s~

toward higher values.

of the clouds, characterized by their radial velocity compo-
nent v sr. This way, we obtained quantities that mimic those
obtained by 21cm emission observations or UV absorption-line
measurements.

As mentioned in Sect. 2.3, we define a chord on the sightline
as belonging to a cloud when the threshold gas number den-
Sity, ngpmres, Of neutral hydrogen is exceeded. In the scope of
creating a histogram that illustrates the distribution of halo H1
clouds, we are interested in weighing their contributions by their
individual absorption strength. In general, the absorption and

1

emission are directly proportional to the column density for opti-
cally thin systems. Given the radial distance increment, dr, which
we know by the construction of the sightlines, and the gas num-
ber density of neutral hydrogen, ny,, we obtained the cloud’s
total column density by simply integrating over the gas densities
in each cloud. Additionally, we derived the cloud’s bulk motion
and radial velocity from the density-weighted average of the
cells’ radial velocities that constitute the cloud structure. Based
on this approach, we computed the radial velocity distribution of
the halo H 1 clouds for different distance bins.
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In Fig. 6, we plot the velocity distribution of the halo clouds
for three different distance bins:

— the disk-halo interface at vertical coordinates 2kpc < |z] <
20kpc;

— the inner Galactic corona at 10kpc < |z] < 100 kpc;

— the general Local Group medium at distances 50 kpc < |z] <

500 kpc.

Intuitively, the bulk of the halo clouds is located in the inner
halo relatively close to the disk at 2kpc < |z] < 20 kpc, where
their velocity distribution exhibits a central maximum located
around vy gg ~ Okms™!, slightly skewed toward negative veloci-
ties indicating a net flow of clouds toward the disk. The clouds
co-rotate with the disk and show a velocity distribution expected
for disk-associated clouds following the definition mentioned
earlier (Peek et al. 2009). Clouds in the 10kpc < |z] < 100kpc
bin are less numerous and more clearly shifted toward negative
velocities, indicating that these clouds are more decoupled from
the disk rotation and predominantly infalling. Clouds at large dis-
tances (50 kpc < [z] < 500kpc) are generally very rare and highly
blueshifted, indicating that they represent gaseous material being
accreted from the IGM and the outer halo. It is worth noting that,
in line with what we show in Fig. 6 and discuss in Sect. 3.1, the
radial velocity distribution widens for clouds at higher z posi-
tions. While the population of clouds that are found closer within
the Galactic corona forms a prominent central-peaked velocity
distribution, we can see how the radial velocities of clouds in
the halo outskirts distribute more evenly and span across a wider
velocity range.

There are also notable differences among the three simula-
tion runs. Both the 37-11 and 09-18 simulations exhibit a broad
radial velocity distribution for the closest radial velocity bin
along with a global blue shift of the entire distribution. Refer-
ring to Fig. 4, in the edge-on projection plots we can see how
these two galaxies have comparably thick and puffy gaseous
disks. They both experience a significant gas accretion event
at z = 0, and hence exhibit a larger population of halo clouds
(in comparison to 17-11), approaching the Galaxy. For 17-11 the
disk-associated clouds seem to entirely fit in the radial velocity
range of v sr| < 100 km s~!. This can be understood by consid-
ering a thinner and better-defined gaseous disk in this Milky Way
realization, which one can see in Fig. 4. As the authors point out
in Biaus et al. (2022), the Milky Way counterpart in the 17-11
simulation run exhibits stronger outflows compared to the other
two simulation runs. This could explain the rather low halo cloud
abundance that we find in Fig. 6 as the deposition of energy into
the Galactic corona can hinder clouds from forming.

3.3. The HI budget of high-velocity clouds

In Fig. 7, we display the column density distribution of clouds
in the three distance bins where we expect it to be dominated
by disk-associated gas (2 kpc < |z| < 20 kpc), gas in the inner
halo and CGM (10 kpc < |z| < 100 kpc), and a bin that also
covers rather remote halo regions of the Galaxy (50 kpc < |z| <
500 kpc). It should be noted that here we refrain from compar-
ing the sky covering fraction of the HI clouds in the simulations
with Milky Way 21 cm or UV observations. This is because of
the limited resolution in the simulations and because the H1 sky
covering fraction in the (real) Milky Way halos is dominated
by the Magellanic Stream and its debris, features that are not
covered in our simulations.

We can see that the peak of the simulated cloud distribution
broadly agrees with the observational results; the halo clouds
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Fig. 7. Distribution of high-velocity halo clouds for the three high-
resolution simulation runs. The different colors refer to the individual
simulation runs and the line style encodes the considered distance
bin. The cloud statistics have been sampled in 180 individual refer-
ence points along an artificial solar circle in the respective simulation.
Each line represents the cloud column density distribution, represent-
ing the average of the all-sky mock surveys as seen from the various
references along the solar circle. Alongside the simulation data, obser-
vational results Moss et al. (2013) are shown. In this representation, we
compare the observational findings of Moss et al. (2013). A zoomed-in
version of the plot emphasizes the lower abundance regime of the plot,
which is particularly populated by the data from the outermost distance
bins.

that populate the intermediate CGM regions (covered by the dis-
tance bin between 10 kpc < |z] < 100 kpc) exhibit typical values
of ~10' cm™2. This value scatters on a range of ~0.5 dex when
considering all three simulation runs. Furthermore, we find that
the overall cloud abundance is significantly lower in the case of
the 17-11 run compared to the 09-18 and 37-11 runs. This can be
explained with the global halo morphology. While in the case of
the HESTIA 17-11 run the outer halo regions contain thinner gas,
the halos of 09-18 and 37-11 are host to more substructures that
are, eventually, detected by our sightline clump finder. Compar-
ing the different distance bins to each other, we can find that the
larger the distance to the Galaxy, the more sparsely populated
the halo is. This is expected as the CGM gas eventually needs
to blend into the mostly ionized (z = 0) IGM regions. Hence,
the farther one moves away from the Milky Way disk, the higher
the ionization fraction and the more unlikely it becomes for gas
clouds to form and survive.

Alongside the simulated distributions, we display observa-
tional data by Moss et al. (2013). They compiled a HVC catalog
in which the individual systems are found using the analysis of
the second release of GASS (Kalberla et al. 2010). GASS is
a radio survey covering the southern Galactic hemisphere and
observes the emission of neutral hydrogen HT at a wavelength of
21cm. When comparing our data to these observations, the simu-
lated halo clouds tend to be larger than the observations suggest.
This is mainly due to the limited mass and spatial resolution in
the simulations. Many clouds are expected to show subcompo-
nents, which can be made visible in observations with the help of
high-resolution spectroscopy, but remain unresolved in our simu-
lations. Subsampling the distribution according to observational
findings (Herenz et al. 2013) shifts the distribution by roughly a
factor of 2 (~0.3 dex) toward lower column densities, boosting
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Fig. 8. Sightline probing a cloud at a distance of 60 kpc from the mock observer located in the Milky Way. This cloud is not associated with a
satellite galaxy; it is a Milky Way halo cloud. We show the H1 number density along the sightline (upper panel) and 2D slices of the nearby gas
cells’ H1 number density, temperature, thermal plus magnetic pressure, and . This sightline is generated in the 17-11 simulation. The red horizontal
line presents the gas threshold density, which is used to define which gas cells are deemed cloud-comprising. Individual clumps are depicted as red
areas under the density profile. The vector field in the second panel displays the velocity field of the gas. The colors indicate inflowing high-velocity
gas (vpsg < —100kms™!) in blue and outflowing high-velocity gas (v sg > 100 kms™") in red.

the number of small clouds being detected. This results in an
improved agreement between the theoretical and observational
results.

4. Discussion
4.1. Physical characteristics of halo clouds

Having quantified the kinematic features of halo clouds by cat-
egorizing them as HVCs, LVCs, or IVCs, we turn our focus to
investigating the physics of these clouds. In Fig. 8 we show an
example of a cloud located 60 kpc away from the mock observer
in the Milky Way disk. We show the H1 number density along
the sightline and 2D slices of the nearby cells’ HI number den-
sity, temperature, thermal plus magnetic pressure, and plasma
B = Pt/ Pmag- This is a cold cloud residing in the halo and not
associated with any satellite galaxy or subhalo (as identified by
SUBFIND in our simulations). It is colder than the surrounding
halo gas, and it is magnetized with 8 < 1.

An alternative origin of cold gas in the halo is shown
in Fig. 9, where we show a gas clump at a distance of

50-65 kpc from the Milky Way-based mock observer. This gas
cloud is associated with a satellite galaxy with a stellar mass of
4.3 x 10® M, which is located at a distance of 3 kpc from the
slice plane. Again, we see a gas cloud, which is magnetically
dominated with 8 < 1.

The fraction of our clouds bound to a satellite galaxy is low,
and the cloud population is dominated by cold gas residing in
the Milky Way halo. To quantify this, we computed the fraction
of halo clouds that have at least one gas cell associated with a
Milky Way satellite galaxy (i.e., a subhalo with non-zero stellar
mass other than the Milky Way in the SUBFIND subhalo cata-
log). In all three HESTIA simulations, we find this fraction to be
<3%. This is in line with H1 21cm observations of Local Group
dwarf galaxies (Greevich & Putman 2009; Spekkens et al. 2014),
which indicate that these are extremely gas-poor. It is possible
that part of the current HVC population around the Milky Way
may stem from stripping events from Milky Way satellites that
occurred a long time ago, which is supported by the chemical
composition of these clouds, and in particular their low nitrogen
abundance (Richter et al. 2001). In turn, more than 97 percent
of clouds in our simulation reside outside a satellite subhalo.
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Fig. 9. Similar to Fig. 8, but showing a sightline in the 09-18 simulation. It traverses a satellite galaxy (with subhalo ID 3920) at an LSR distance
of 50-65 kpc, and we find a halo cloud associated with it. The sightline’s impact parameter is 3 kpc with respect to the satellite galaxy.
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Fig. 10. Magnetic vs. thermal pressure for our identified clumps. In all three simulations the clumps are most often magnetized with log 8 < 0. The
peak of the distribution in all cases appears around log 8 < —1 indicating that magnetic pressure dominates over thermal pressure.
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Fig. 11. Halo cloud radial velocity statistics given as a probability
distribution. The colored graphs show the distributions for the three sim-
ulations individually as well as their average in black. The red line shows
the result from Ramesh et al. (2023), who conducted a similar analysis
based on 132 Milky Way-like halos from the TNGS50 simulation. For
a description of their galaxy sample we refer to Sect. 4.3. The hatched
area highlights the low-velocity region with |v sg| < 100kms™!. The
histogram is binned into bins with a width of 50 kms~'.

In addition to previously stripped gas from satellites, fountain
flows, Milky Way outflows, and gas undergoing thermal insta-
bility in the Milky Way halo are expected to contribute to this
population of clouds. In a subsequent HESTIA paper, we are
planning to further explore the stripping history of the Milky
Way satellites and their role for the present-day population of
HVCs in more detail.

4.2. The halo clouds are magnetized

In Figs. 8 and 9, we identify the two studied clumps that are mag-
netized. We further quantify the magnetic properties of all the
clumps from our simulations in Fig. 10, where we compare ther-
mal and magnetic pressure. All three simulations primarily have
magnetized clumps with a peak around 8 < 1. This is consistent
with Ramesh et al. (2023), who identified magnetized clumps in
Mlustris TNGS50; especially in the inner and middle part of the
halo (see their Fig. 5). The magnetized nature of clumps is phys-
ically important because magnetic fields can suppress the mixing
of cold and hot gas phases, and hence can extend cloud survival
times (Berlok & Pfrommer 2019; Sparre et al. 2020).

4.3. Comparison to other work

In Fig. 11, we compare our halo cloud distribution, represented
as a probability density, to the results of Ramesh et al. (2023),
who studied the high-velocity halo clouds population in the Illus-
tris TNG50 simulation. In contrast to our study, they identified
the halo clumps using a 3D-based clump finder. Their proba-
bility density is based on 132 individual galaxy halos in which
halo clouds were identified. The sample considers isolated Milky
Way-like halos with a total halo mass < 10'3 M, and host to a
disk-shaped stellar body with a mass in the range of 10'%° M, <
M, < 10'? within a 30 kpc aperture centered on the galaxy.
Comparing their results to the averaged probability density func-
tion (PDF) from our study, we can see a broad agreement. Both
curves are center-peaked distributions that are skewed toward
negative LSR velocities. It is worth mentioning that our line-
of-sight selected clumps show a more pronounced asymmetry in
this context, with a significantly larger HVC budget for clouds

residing on the negative end of the distribution. This being said,
37-11 seems to generally agree best with the results of Ramesh
et al. (2023). However, it is also the simulation run with the low-
est total population count in the respective distance bin among
all three runs. This means that it is not very well sampled over-
all, and explains the rather large scatter. In fact, 99.1% of the
halo clouds are located closer than 0.15R,90 = 31.7 kpc (as com-
pared to 94.2% for 09-18 and 75.2% for 17-11), which is the inner
boundary of the volume that we probe in the context of this com-
parison. Therefore, the remainder constitutes a comparably small
sample, yielding a noisier PDF.

It is important to note the large scatter among the individual
distributions, which demonstrates the level of uncertainty in each
simulation. It illustrates how the respective HVC population is
unique for each galaxy and underpins the importance of a larger
galaxy sample in our study.

5. Conclusions

In this study, we used constrained cosmological MHD simula-
tions to study the population of LVC and HVC gas clouds as
seen by a mock observer in the Milky Way. We analyzed three
high-resolution simulations from the perspective of the solar cir-
cle located at a distance of 8 kpc from the Milky Way center. In
the following, we list the main results:

— When examining the halo cloud radial velocity distribution
(Fig. 3), two out of three simulations reveal halo cloud distri-
butions skewed toward negative LSR velocities, indicating a
net gas inflow in the respective case. This is a feature that has
been observed (e.g., Richter et al. 2017). When only includ-
ing gas at distances greater than 10 kpc, we see that all three
simulations are skewed toward negative values (Fig. 6);

— We compared the halo cloud probability function to the Illus-
tris TNGS50 simulation (Ramesh et al. 2023) and find broad
agreement (Fig. 11). In particular, both our simulations and
TNGS50 reveal negatively skewed distributions indicative of
gas inflows;

— The simulations predict that 48—65 percent of the Galactic
halo H 1 population is in the form of LVC gas (LSR-velocity
range of | sr| < 100km s™1), which would be unobserv-
able by observational surveys due to its co-motion with the
Galactic disk. This is due to the blending of absorption lines
caused by the interstellar medium making the halo cloud’s
absorption features indistinguishable from the spectroscopic
signature of the disk gas;

— In all three simulations, less than 3% of the gas clouds are
currently bound to satellite galaxies that themselves reside in
the Milky Way’s CGM (Sect. 4.1). The clouds are cold halo
clouds;

— The clouds are highly magnetized, and therefore are signif-
icantly supported by magnetic pressure as they on average
exhibit a plasma-g value less than 1. The identification of
magnetized clouds is consistent with other studies of Illustris
TNG50 (Ramesh et al. 2023).

— When considering the halo cloud population at increas-
ing disk offsets (see our Fig. 7), the clouds monotonically
decrease in their measured column density (a proxy for their
physical size) and are populating the halo more sparsely with
the outermost distance bins at z > 50kpc only hosting a
minor fraction of the total halo cloud population;

— With a baryonic mass resolution of 2.2 x 10* My, per cell,
we can marginally resolve clouds with average HI col-
umn densities on the order of 10'” cm™2. In comparison to
observations (i.e., the HT survey of Moss et al. 2013) our
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simulated population is noticeably shifted toward higher H1
column densities. This is because the mass resolution limit
plays an important role in matching the observed halo cloud
distribution with the theoretical one. Especially on small
scales (small sizes and low column densities), the trends still
seem to disagree, which is a result of not resolving indi-
vidual cloud subcomponents in the simulation, and of the
sensitivity limits of the observations. With the assumption
of the simulated halo clouds being comprised of multiple
substructures, we improved on the agreement between our
predictions and observations. By statistically resampling the
halo cloud population as described in Sect. 3.3 and based
on the work of Herenz et al. (2013), we account for the
substructure that is not resolved by the simulation, partially
explaining the discrepancy.
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Appendix A: Variations in the LSR

The LSR is not a uniquely fixed locus in the simulation setting as it can be somewhat arbitrarily placed on the solar circle. To make
sure that our results are independent of a specific location of the LSR, in Fig. A.l we moved the LSR along the solar circle which
we defined to be a circle concentric with the Galaxy and a radius of 8 kpc. This is to show that the claims and results in this work
are not unique to a specific location of the reference frame, due to a local structure peculiarity for instance. In the context of Fig.
6, we have shown the radial velocity distribution for one azimuth angle along the entire circle, assuming that it is a representative
example for all. Figure A.1 supports the assumption that the radial velocity distribution, despite minute variations at zero-velocity,
does not change significantly and the important features we discussed in the text are visible in all individual frames irrespective of
the specific value for 6. In an idealized axis-symmetric setup, we would expect no variation when comparing each column at all,
which is in good agreement with the plots shown in the figure.
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Fig. A.1. Similar to Fig. 3 but with different distinct azimuth angles along the solar circle as indicated at the top of each column. Each row refers
to the respective simulation run as indicated on the right. The color-coding of vertical distances is the same in all panels.
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