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ABSTRACT
We use the TNG50 simulation of the IllustrisTNG project to study cold, dense clouds of gas in the circumgalactic media
(CGM) of Milky Way-like galaxies. We find that their CGM is typically filled with of order one hundred (thousand) reasonably
(marginally) resolved clouds, possible analogs of high-velocity clouds (HVCs). There is a large variation in cloud abundance
from galaxy to galaxy, and the physical properties of clouds that we explore – mass, size, metallicity, pressure, and kinematics
– are also diverse. We quantify the distributions of cloud properties and cloud-background contrasts, providing cosmological
inputs for idealized simulations. Clouds characteristically have sub-solar metallicities, diverse shapes, small overdensities (χ =

ncold/nhot . 10), are mostly inflowing, and have sub-virial rotation. At TNG50 resolution, resolved clouds have median masses
of ∼ 106 M� and sizes of ∼ 10 kpc. Larger clouds are well converged numerically, while the abundance of the smallest clouds
increases with resolution, as expected. In TNG50 MW-like haloes, clouds are slightly (severely) under-pressurised relative to
their surroundings with respect to total (thermal) pressure, implying that magnetic fields may be important. Clouds are not
distributed uniformly throughout the CGM, but are clustered around other clouds, often near baryon-rich satellite galaxies. This
suggests that at least some clouds originate from satellites, via direct ram-pressure stripping or otherwise. Finally, we compare
with observations of intermediate and high velocity clouds from the real Milky Way halo. TNG50 shows a similar cloud velocity
distribution as observations, and predicts a significant population of currently difficult-to-detect low velocity clouds.
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1 INTRODUCTION

The circumgalactic medium (CGM), the halo of gas surrounding
galaxies, is believed to be critically linked to their formation and
evolution. While the bulk of the CGM is home to a volume-filling
diffuse warm-hot gas phase, the CGM is also commonly multi-
phase. It can host small clouds of cold, dense gas (see Donahue &
Voit 2022 for a recent review of the CGM).

Historically observed through their HI emission, compact gas
clouds (. 1 − 10 kpc) are observed in the Milky Way halo at
large velocities with respect to the local standard of rest (LSR), and
have hence been named high-velocity clouds (HVCs; e.g. Muller
et al. 1963; Wakker 1991; Wakker & van Woerden 1997). More re-
cently, such clouds have been further differentiated based on their
velocities, into so called low-velocity clouds (LVCs), intermediate-
velocity clouds (IVCs) and very high-velocity clouds (VHVCs; e.g.
Haffner et al. 2001; Peek et al. 2009; Lehner & Howk 2011). While
early studies mainly targeted the Milky Way halo, which is believed
to contain many thousands of such clouds (e.g Putman et al. 2002;
Moss et al. 2013), more recent explorations have begun identifying
clouds around external galaxies as well (e.g Gim et al. 2021).

Although these clouds have been observed for many decades now,
there remain multiple open questions. For example, their origin is
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highly debated: while a fraction of these clouds may be related to the
stripping of gas as satellites infall into the potential minimum of their
host halo (e.g. Olano 2008), theory also suggests that clouds can
form via condensation of hot halo gas (e.g. Binney et al. 2009; Joung
et al. 2012; Fraternali et al. 2015) and ‘fountain’ flows of gas in and
around galaxies (e.g. Fraternali & Binney 2006). Recently, Lehner
et al. (2022) and Marasco et al. (2022), using a sample of (observed)
IVCs and HVCs, showed that both diffuse ‘rain-like’ inflows and
collimated outflows are present in their sample, adding weight to the
galactic fountain scenario. They, however, do note that only ∼ 30
per cent of their clouds are outflowing, which is slightly lower than
expected with the galactic fountain scenario, although such a bias
may just stem from the collimated geometry of outflows.

Since HVCs were first observed through their 21cm line emission,
it was assumed that these clouds are typically dominated by cold gas,
and are pristine with respect to their metallicity content. However,
recent observations of metal line absorption along the line of sight
to quasars and stars have shown that these clouds may indeed con-
tain non-negligible amounts of metals. For instance, using data col-
lected by the Far Ultraviolet Spectroscopic Explorer (FUSE), Sem-
bach et al. (2000) observed OVI absorption in HVCs, while Savage
et al. (2000) reported the correlation between MgII absorption and
known locations of HVCs using the Hubble Space Telescope (HST).
Lehner et al. (2001) showed the presence of CII, OI, SII, SIII, and
SIV along a sightline that intercepts a known HVC. Using obser-
vations with the Cosmic Origin Spectrograph (COS), Richter et al.
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(2017) noted the presence of SiIII in HVCs. Further, the metallic-
ity distributions across a sample of HVCs can be large, with values
ranging from highly sub-solar to super-solar (e.g. Wakker 2001; Fox
et al. 2016); on the other hand, the range of metallicities for IVCs
is relatively narrower (Lehner et al. 1999; Wakker 2001), possibly
indicating varied and different origins. Finally, observations of Hα
emission from these clouds suggest the presence of slightly warmer
gas, potentially in interface layers between the cold clouds and the
background hot halo (Tufte et al. 1998; Haffner et al. 2001).

While distances to HVCs are generally unconstrained, given that
they are predominantly observed through HI emission, more recent
studies have begun providing (upper limit) distance estimates for
a large number of clouds. For instance, absorption features along
the line of sight of stars have been used to estimate a distance of
6 10 kpc to Complex C (Wakker et al. 2007), 6 15 kpc to Complex
GCP (Wakker et al. 2008) and ∼4.4 kpc to Complex WD (Peek et al.
2016). In addition to absorption studies, measurements of magnetic
field strengths around clouds may be useful in estimating their dis-
tances (Grønnow et al. 2017). A consequence of the (earlier) lack
of distance estimates was that basic properties of clouds like their
masses and sizes were poorly understood. Current work now sug-
gests that the aforementioned properties of clouds show large diver-
sity, varying from large HI masses of ∼ 107 M� (Complex C, Thom
et al. 2008) down to . 105 M� (Wakker 2001; Adams et al. 2013).
Despite employing these novel techniques to estimate distances to
clouds, an unbiased view of HVCs in the Milky Way is currently not
available, such that the typical distance to HVCs is not known, and
neither are the mean mass or size or e.g. the mass/size distributions.

Another mystery surrounding these cold CGM clouds is their ex-
pected lifetime, i.e. long-term survival in the face of fluid instabili-
ties and mixing processes. A large variety of numerical ‘cloud crush-
ing’ simulations have studied these questions. Early works typically
suggested that these clouds are short-lived, either because they are
destroyed (Klein et al. 1994; Schneider & Robertson 2017) or bro-
ken into smaller fragments (Mellema et al. 2002) by shocks and/or
hot winds driven by supernovae. That is, the cloud-shredding time
scale is of order the time required to accelerate to their relatively
large velocities (Zhang et al. 2017). However, more recent studies
propose that they may actually not be as unstable as previously
thought. For instance, the Kelvin-Helmholtz (KH) instability can
create a turbulent mixing layer between the cloud and the surround-
ing halo gas, giving rise to a warm gas interface layer that cools
rapidly (Nelson et al. 2020), thereby contributing a sizeable amount
of cold gas to the cloud (Gronke & Oh 2018; Fielding et al. 2020). In
particular, Gronke & Oh (2020) suggest that radiative cooling may
be more important than, and win against, the KH instability.

In addition, magnetic fields may play an important role in stabi-
lizing these clouds: either through the associated magnetic pressure
that counterbalances the thermal pressure of the ambient hot medium
(Nelson et al. 2020), through magnetic tension that suppresses buoy-
ant oscillations of the condensing gas (Ji et al. 2018), or possibly by
enhancing the Rayleigh-Taylor instability that leads to larger rates of
condensation (Grønnow et al. 2022). Similar to magnetic fields, cos-
mic rays may also contribute pressure support, thereby providing ad-
ditional stability to these cold gas clouds (for e.g., Butsky & Quinn
2018). Furthermore, under the right conditions, cold clouds of gas
may coagulate, i.e., small fragments may coalesce into a larger mass
(Gronke & Oh 2022). However, it is to be noted that the outcomes of
these simulations generally depend upon the specifics of the clouds
vs background properties and setup, the physical processes included,
and numerical resolution (e.g. Jennings et al. 2022). As of today,
cloud survival remains an open topic.

Idealized numerical studies of cloud survival have a fundamen-
tal limitation: they are all non-cosmological, ‘wind tunnel’ simu-
lations, i.e they assume the existence of a pre-formed cloud of a
given composition, and evolve this cloud in the presence of a hot-
ambient medium. As a result, these simulations do not account for
the complexity and structure of a realistic CGM, its diversity across
the galaxy population, nor its evolution across cosmic time. In addi-
tion, such numerical experiments cannot answer questions that are
input assumptions: namely, the origin and properties of clouds, in-
cluding their mass and size distributions, as well as their composi-
tion, and relative dynamics with respect to the background CGM.

In this paper, we use the TNG50 simulation of the IllustrisTNG
project to investigate the existence and properties of cold clouds
around Milky Way (MW)-like galaxies. TNG50 is a cosmological
uniform-volume simulation that has been shown to be able to realize
small-scale, cold gas structures in the CGM of high-mass ellipti-
cal galaxies, as traced by neutral HI and MgII (Nelson et al. 2020).
As a magneto-hydrodynamical simulation over a large cosmological
volume, TNG50 is able to account for the physically plausible, com-
plex, and diverse CGM of MW-like galaxies, together with their em-
bedded cloud populations. Here in particular we focus on the z = 0
CGM of 132 MW-like galaxies whose global gaseous-halo proper-
ties have already been extensively characterized by Ramesh et al.
2023, focusing on the physical properties of their cold clouds.

This paper is organised as follows: in Section 2, we provide a brief
description of the IllustrisTNG simulations and TNG50, the sample
selection process, and the algorithm we employ to identify clouds.
In Section 3, we present the results of this work: the abundance and
global statistics of cold clouds in the CGM, including their intrinsic
physical properties and distribution through the halo. We demon-
strate a suggestive correlation between the location of clouds and
satellite galaxies with relatively large baryon fractions. Finally, in
Section 4, we summarise our main results and conclude.

2 METHODS

2.1 The TNG50 simulation

In this paper, we use the TNG50-1 (hereafter, TNG50) simulation
(Pillepich et al. 2019; Nelson et al. 2019b) of the IllustrisTNG
project (Springel et al. 2018; Naiman et al. 2018; Pillepich et al.
2018b; Marinacci et al. 2018; Nelson et al. 2018). These are a set
of cosmological magneto-hydrodynamical simulations run with the
code AREPO (Springel 2010). IllustrisTNG builds on its predeces-
sor, the original Illustris simulation (Genel et al. 2014; Vogelsberger
et al. 2014b,a; Sijacki et al. 2015), employing a modified model for
galaxy physics (Weinberger et al. 2017; Pillepich et al. 2018a), along
with the addition of magnetic fields (Pakmor et al. 2014), an impor-
tant physical quantity that was previously absent in Illustris.

TNG50 simulates a volume of ∼(50 cMpc)3 at an average bary-
onic mass resolution of ∼ 8 × 104 M�. It remains the highest res-
olution cosmological simulation that exists at this volume, and the
largest volume cosmological simulation that exists at this resolution.
As explained in detail in Pillepich et al. (2018a), the TNG simula-
tions include recipes for a variety of physical processes that are be-
lieved to play a critical role in galaxy formation and evolution. We
refer the reader to that paper for all details of the TNG model.

We briefly mention that the TNG simulations employ the Springel
& Hernquist (2003) two-phase subgrid model to stochastically con-
vert star-forming gas (nH > 0.1 cm−3) to stars. As a result, the tem-
perature of star-forming gas is ‘effective’, i.e. not physical. For our
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Cold Clouds in the CGM of TNG50 MW-like galaxies 3

analysis, we always set the temperature of star forming gas to its
cold phase value, 103 K1, which dominates by mass (> 90) per cent.

While the amount of neutral hydrogen content of gas is directly
tracked and output by the simulation, the fraction of this component
in atomic hydrogen is not. We use the Gnedin & Kravtsov (2011)
H2 model to estimate the fraction of neutral hydrogen in H2, thereby
arriving at an estimate of neutral atomic hydrogen by subtracting the
two values, following Popping et al. (2019).

The TNG simulations adopt a cosmology consistent with the
Planck 2015 analysis (Planck Collaboration et al. 2016), with: ΩΛ =

0.6911, Ωm = 0.3089, Ωb = 0.0486 and h = 0.6774.

2.2 The Milky Way-like galaxy sample

In this work, we use the same sample of MW-like galaxies as
Ramesh et al. (2023)2: these are a set of 132 galaxies that are (i)
centrals, i.e. they lie at the potential minimum of their host friends-
of-friends (Davis et al. 1985) haloes, (ii) reside in haloes that are
not overly massive (virial mass, M200,c < 1013 M�), (iii) have a
stellar mass, measured within a 3D aperture of 30kpc, in the range
1010.5 M� to 1010.9 M�, (iv) are reasonably well isolated (no other
galaxy having M? > 1010.5 M� within a distance of 500 kpc), and
(v) are disky, either through visual inspection of stellar light maps or
based on a constraint on the minor-to-major axis ratio of the stellar
mass distribution (s < 0.45). We refer the reader to Pillepich et al. in
prep for the motivation behind the choice of these criteria, and the
extent to which such a sample captures our real Milky Way.

Following Ramesh et al. (2023), we (i) define the circumgalac-
tic medium (CGM) as the region bounded by [0.15, 1.0] × R200c of
the corresponding halo, (ii) exclude gas that is gravitationally bound
to satellite galaxies (i.e. all galaxies in a halo that aren’t centrals),
as identified by the substructure identification algorithm SUBFIND

(Springel et al. 2001), and (iii) consider all gas in the simulation
volume, i.e. we do not restrict our selection of gas cells based on
their friends-of-friends halo membership. Unless otherwise stated,
the stellar mass of a galaxy is defined as the sum of the mass of all
stars within an aperture of 30 pkpc. Star formation rates are defined
by the stellar mass formed within an aperture of 30 pkpc, over the
last billion years (Pillepich et al. 2019; Donnari et al. 2019).

2.3 Cold gas cloud identification algorithm

A consistent way to identify clouds in simulations run with AREPO

is via spatially contiguous sets of Voronoi cells (following Nelson
et al. 2020). In particular, ‘natural neighbors’ of a Voronoi cell are
those that share a face, i.e. they directly touch. An ensemble of nat-
urally connected Voronoi cells is a union of convex polyhedra, and
this geometrical structure is well suited to represent clouds of arbi-
trary size and shape. Our algorithm consists of two steps:

(i) We first identify ‘cold’ gas as those cells whose temperature
T < 104.5K. We note that our algorithm is not overly sensitive to
this chosen threshold value. For instance, varying the threshold by
∼ 0.2 dex only changes the average number, and size, of clouds by

1 This is the temperature invoked in the TNG model for the cold phase of the
subgrid ISM model (Springel & Hernquist 2003), and does not necessarily
reflect the true gas temperature in star-forming gas complexes, clouds, or
cores. For our purposes, any value below T < 104K will not significantly
impact the present results.
2 This is a subset of the TNG50 ‘Milky Way/M31 sample’ of galaxies pre-
sented in Pillepich et al. (in prep), where these galaxies are discussed.

∼ 10 per cent. This suggests that the different temperature cutoffs
identify the same clouds, but include different amounts of interface
gas around their cores (see Nelson et al. 2020).

(ii) Once cold gas cells are identified, we group them into clouds
by looking for contiguous sets of Voronoi cells. For the main re-
sults of this work, we consider only those clouds that contain at least
ten Voronoi member cells. Various numerical experiments have con-
cluded that clouds need to be resolved by at least few tens to hun-
dreds of resolution elements to adequately capture their growth and
evolution (e.g. Klein et al. 1994; Nakamura et al. 2006; Yirak et al.
2010; Goldsmith & Pittard 2016; Pittard & Goldsmith 2016). We
therefore consider a lower limit of ten member cells per cloud. This
avoids issues with low number statistics, while restricting our anal-
yses to marginally well-resolved clouds. We note that most of our
results are qualitatively similar even if a slightly lower threshold of
member cells per cloud is adopted. Cases that differ qualitatively are
shown explicitly in the corresponding panels.

We run the algorithm for all gas within R200c, with satellite gas ex-
cluded. For each halo, the algorithm typically returns one ‘massive’
cloud of mass & 108.5M� that lies close to the centre of the halo, i.e.
the galaxy itself. We exclude this object from our analysis. In addi-
tion, unless otherwise stated, we exclusively consider clouds that lie
outside 0.15 × R200c, which is our inner boundary for the CGM.

3 RESULTS

3.1 AREPO, TNG50 and CGM cold clouds

To provide an idea of the cold clouds that are present in the TNG50
simulation in the CGM of MW-like galaxies, Figure 1 shows a vi-
sualisation of an individual cloud identified by our algorithm (Sec-
tion 2.3). This cloud has a mass of Mcloud ∼ 106.4 M�, and is com-
posed of 33 Voronoi cells. Each panel shows a slice of the Voronoi
mesh in a small region centred on the chosen single small cloud. The
Voronoi cells that belong to this cloud are outlined with white/black
lines. Note that only a subset of the 33 Voronoi cells are visible in
these panels, since cells displaced along the direction perpendicular
to the screen are not visible in the slice.

In the top left panel, we color by (three-dimensional) gas density:
at the centre of the cloud, gas is more dense compared to its outskirts,
and the density drops with increasing distance from the cloud cen-
ter, into the background region surrounding this cloud. Since AREPO

dynamically (de-)refines the mesh to ensure that the mass of all gas
cells is roughly equal, the Voronoi cells at the centre of the cloud are
naturally smaller, resulting in higher spatial resolution.

The top-right panel shows the temperature of gas: the centre of
this cloud is dominated by cold gas (T . 104.5K), and is embedded
in a predominantly hot medium (T & 105.5K). Although the numeri-
cal resolution in TNG50 at these small scales is limited, we see that
the cloud and background regions are separated by an intermediate
warm-phase (105.5K & T & 104.5K), which may play a role in increas-
ing the longevity of such clouds (e.g. Gronke & Oh 2018; Fielding
et al. 2020; Nelson et al. 2020; Abruzzo et al. 2022).

In the bottom left panel, we color by the thermal pressure of gas.
Gas in this cloud is thermally under-pressurized with respect to the
background. The distribution of thermal pressure is asymmetric, due
to the asymmetric distribution of temperature and density.

Lastly, in the bottom-right panel, we show the ratio of magnetic
to thermal pressures, β−1. The majority of the cloud has β ∼ 1, indi-
cating that magnetic and thermal pressure are in rough equipartition.
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Mcloud ∼ 106.42 M�

3.0 3.5 4.0 4.5

log10[Gas Density (M� kpc−3)]
4.5 5.0 5.5 6.0

log10[Gas Thermal Pressure (K cm−3)]

TNG50, z = 0, MW-like

1.4 1.6 1.8

log10[Gas Thermal Pressure (K cm−3)]

3kpc

−2 −1 0 1 2

log10[Pressure Ratio, β−1]

Figure 1. A visualisation of the physical properties of a single cloud (Mcloud ∼ 106.4 M�) from the CGM of a Milky Way-like galaxy in the TNG50 simulation.
Each panel shows a slice of the Voronoi mesh centred on the same cloud. Voronoi cells that are members of the cloud are outlined by either black or white lines.
In cyclic order, from the top left to bottom left, cells are colored by their density, temperature, ratio of magnetic to thermal pressure, and thermal pressure. The
central region of this cloud is dense and cold, and relative to the local environment, this region is: overdense, cooler, thermally under-pressurized, and has β ∼ 1
with magnetic and thermal pressures in rough balance.

While certain regions of this cloud are dominated by magnetic pres-
sure, the thermal component dominates in others. This is in contrast
to clouds in much larger group-mass haloes in TNG50, where mag-
netic pressure strongly dominates within cold clouds, likely due to
the higher ambient densities (Nelson et al. 2020).

The properties of the TNG50 cloud showcased in Figure 1 are
typical, as we expand upon in the following sections.

3.2 Location and number of cold clouds around MW analogs

Zooming out from a single cloud, we visualise the entire distribution
of clouds in one halo from our sample of TNG50 MW-like galaxies.
Figure 2 shows the gas column density in the background, integrated

over an extent of ±R200c along the line of sight direction. The two
concentric white circles are drawn at radii [0.15, 1.0] × R200c, the
chosen inner and outer boundaries of the CGM. In the foreground,
the distribution of clouds is shown: clouds composed of less than
ten Voronoi member cells (which we do not generally include in our
analyses) are drawn as unfilled white circles, with their radii scaled
by the size of the cloud; more massive clouds, i.e. the clouds we
consider in this work, are shown instead directly by their (projected)
convex hulls, as translucent filled shapes, to provide a better sense
of their complex structure. Note that regions where shapes appear
‘brighter’ correspond to overlapping clouds along the line of sight.
It is clear that (i) an enormous number of cold clouds are present in

MNRAS 000, 000–000 (2022)
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50kpc

TNG50, z = 0, MW-like

487742
M?/M� = 1010.53

5.0 5.5 6.0 6.5 7.0 7.5

log10[Gas Column Density (M� kpc−2)]
19.0 19.5 20.0 20.5 21.0 21.5

log10[Gas Column Density (cm−2)]

Figure 2. A visualisation of the distribution of clouds around one of the TNG50 MW-like galaxies from our sample (subhalo 487742). Background color
shows gas column density, while the two concentric white circles are drawn at radii [0.15, 1.0] × R200c. Unfilled white circles in the foreground correspond to
unresolved clouds, i.e. those composed of less than 10 gas cells and thus not included in our main analyses. Translucent shapes correspond to more massive
clouds, which comprises our ‘fiducial’ sample. The yellow circles show the location of satellite galaxies with large baryon ratios (> 10 per cent), while the
connected curves show the past trajectory of these satellites. Clouds are preferentially seen to lie close to satellites, or close to the their past trajectories. We
interpret the former as gas that has been ‘freshly’ stripped, and the latter as gas that was stripped in the past.

the CGM of MW-like galaxies, and (ii) CGM cold gas clouds come
in a variety of shapes and sizes.

The yellow filled circles correspond to the positions of satellite
galaxies with large baryon ratios (> 10 per cent; at z = 0), and the
curves connected to each trace their past orbital trajectories. A large
number of clouds lie close to these satellites, or close to their past

orbits.3 However, there are some clouds that are close to neither, and
such clouds could be linked to satellites that are no longer baryon
rich (but were at some point in the past), or could just have drifted
away after having been stripped. This figure conveys the concept that

3 We encourage the reader to explore the significant diversity of cloud pop-
ulations across the sample in our online infinite gallery.
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Figure 3. Number of clouds in the CGM around each TNG50 MW-like
galaxy as a function of its stellar mass, with scatter points colored by the
sSFR of the galaxy. On average, the number of clouds show a flat trend with
stellar mass of the galaxy, albeit with a large scatter at fixed galaxy stellar
mass. A trend in the colors of the points is, however, seen: galaxies with
higher sSFR’s have a larger number of clouds in their CGMs. The black
(gray) solid curve depicts median results for our fiducial (alternative) defini-
tion of clouds, i.e. with a minimum number of 10 (1) cells each.

we expand upon in the next sections (originally discussed in Nelson
et al. 2020): clouds cluster around satellites. Satellite galaxies clearly
make an important contribution to the cold gas contents of the CGM
(Rohr et al. in prep). In addition, many clouds also exist close to
other clouds, as opposed to being uniformly distributed through the
halo: clouds cluster around themselves. Both these correlations are
key results of this work, which we later quantify in Section 3.6.

As discussed in Ramesh et al. (2023), the properties of halo gas
across our sample of MW-like galaxies exhibit a large diversity. To
explore the effect of this galaxy-to-galaxy diversity on the properties
of clouds, Figure 3 plots the number of CGM clouds as a function
of stellar mass of the galaxy. The circles, colored by the specific star
formation rate (sSFR) of the galaxy, denote individual haloes, while
the median across galaxies is shown in the black solid curve.

The CGM of TNG50 MW-like galaxies typically contain of order
one hundred reasonably resolved clouds, and of order one thousand
marginally resolved clouds. The median shows no significant trend
as a function of stellar mass, although a large scatter is evident, with
numbers varying between a few clouds per halo to a few hundred.
However, a strong trend is apparent in the vertical direction across
the scatter: galaxies with higher values of sSFR preferentially host
a greater number of clouds in their haloes. As discussed extensively
in Ramesh et al. (2023), such a trend with properties related to cold
gas may arise due to two factors: either (i) because outflows gener-
ated by the central super-massive black hole (SMBH) both suppress
star formation in the galaxy and heat up CGM gas (e.g. Weinberger
et al. 2017; Zinger et al. 2020), or (ii) because of a physical connec-
tion between the flow of gas through the CGM and the SF activity
of the galaxy. The latter case suggests that these clouds may play a
role in sustaining star formation in the galaxy by replenishing the re-
quired ‘fuel’, as is commonly proposed for HVCs in the Milky Way

halo (e.g. Lepine & Duvert 1994). In the former case, it is possible
that high-velocity outflows generated by the kinetic mode of SMBH
feedback in TNG50 destroy clouds that are already present (analo-
gous to clouds being shredded by supernova feedback, e.g. Schnei-
der & Robertson 2017); but it may also be the case that clouds are
prevented from forming in the first place.

A robust comparison with observations of the real Milky Way halo
is not possible. However, we take a first step with the gray square,
which shows a lower limit for the number of observed HVCs. To
arrive at this estimate, we stack the catalogs presented in Putman
et al. (2002) and Moss et al. (2013). These contain a total of 1956
and 1693 clouds respectively, with an overlap of 1021 clouds: the
stacked sample therefore contains a total of 2628 unique clouds.
Since both these surveys observe only the southern sky, we assume
that the northern sky contains an equal number of clouds, and mul-
tiply the sample size by two, yielding a lower limit of 5256 clouds.
For the stellar mass, we assume a value of M?,MW ∼ (5±1)×1010 M�

(Bland-Hawthorn & Gerhard 2016).
This observed value is more than an order of magnitude above

our most populous halo. However, several caveats exist in this com-
parison: the observations only report high-velocity clouds, i.e. only
those clouds which satisfy a given velocity threshold, while we do
not here apply any such cut in TNG50. Most clearly, the number of
clouds in simulations depends on numerical resolution, and we ex-
pect more clouds at better resolution (Nelson et al. 2020, Figure 4,
and Ramesh & Nelson in prep). The number of identified clouds is
greater if we relax the minimum number of cells threshold. In this
case, the gray curve shows the median relation for the case where all
clouds with at least one member Voronoi cell are considered, i.e. if
poorly resolved clouds are also included. As seen, the sample size
increases by a factor of ∼ 10, with a largely similar trend with re-
spect to stellar mass. We undertake a more realistic comparison with
observations in Section 3.7.

3.3 Physical properties of clouds in TNG50 MW-like galaxies

Figure 4 quantifies the physical properties of our TNG50 cold
clouds. In the top left panel, we show the probability distribution
function (PDF) of cold cloud masses. The distributions for individ-
ual MW-like galaxies are shown with thin curves, colored by the
mass of the central SMBH. The thick black curve shows the median
of the entire galaxy sample, while the purple and yellow curves show
the median of the lowest and highest octiles, dividing the sample into
eight percentiles based on SMBH mass.

The cloud mass distribution peaks around 106.1 M�, which is
slightly more than ten times the average mass of baryon resolution
elements (gas cells) in TNG50. The PDF drops sharply towards the
left of this peak, as a result of our cloud definition and the resolu-
tion limit of the simulation. More massive cold clouds are rarer. No
strong trend with respect to SMBH mass is seen in case of distri-
butions of cloud masses. For reference, in gray, we also show the
median distribution for the case where clouds down to one member
cell are considered, offseting this distribution vertically downwards
better visibility. The shape of the gray curve largely resembles the
one in black, however with the peak shifted towards lower masses.

While masses of HVCs in the Milky Way halo are poorly con-
strained owing to a lack of distance estimates, recent studies suggest
that the typical HI mass of clouds varies from . 105M� (Wakker
2001; Adams et al. 2013) to ∼ 107M� (Thom et al. 2008). With
TNG50, we can thus start to study clouds for a similar mass regime
as in the real Milky Way, with the caution of limited resolution to-
wards the low mass end.
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Figure 4. Properties of the clouds in the CGM of TNG50 MW-like galaxies: the top-left and top-right panels show the cloud mass and cloud size distributions,
respectively. In each panel, the thin curves correspond to individual haloes, color coded by central SMBH mass. Solid black curves show the median PDF
across the sample, and purple and yellow curves correspond to median distributions of the two extreme octile regions, splitting by SMBH mass. The top-left
panel includes an inset where the mass function of clouds is compared to lower resolution versions (TNG50-2 and TNG50-3) of TNG50 (i.e. TNG50-1),
demonstrating good resolution convergence above the resolution limit threshold of each simulation. The top-right panel shows an inset corresponding to the
relation between the major-to-minor axis ratio (q) and cloud size. In the bottom-left panel, we show the cloud mass-size relation, with the background colored
by the average number of gas cells per gas cloud, and the bottom right panel shows the cloud distance-size relation, with the colored instead showing the total
number of clouds in each given pixel. The most abundant clouds have masses of ∼ 106 M� and sizes of ∼ 10 kpc. Lower mass clouds, with smaller sizes, tend
to reside at smaller galactocentric distances.

In the inset, we assess numerical resolution convergence. To do so,
we compare the cloud mass distribution from TNG50-1 (i.e. TNG50,
black) with its lower resolution counterparts, TNG50-2 (red; 8 times
lower mass resolution) and TNG50-3 (orange; 64 times lower mass
resolution). The curves correspond to the median across the sam-
ple of MW-like galaxies, matched between pairs of runs. Impor-
tantly, we see good convergence between the different runs above

the resolution limit: namely, the number density of ‘massive’ clouds
is roughly independent of resolution. In each case, the mass func-
tion peaks, turns over, and then drops rapidly at roughly ten times
the resolution limit of the simulation, corresponding to a minimum
of ten member gas cells per cloud. As expected, this peak shifts to-
wards higher masses for the lower resolution runs. This is directly
analogous to the halo mass function in any cosmological simula-
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tion, where resolution convergence demands that the space number
density (and properties) of haloes above the resolution limit are in
good agreement (e.g Boylan-Kolchin et al. 2009; Prada et al. 2012;
Springel et al. 2021). Clouds (or haloes) can only exist above a given
mass resolution threshold, and smaller structures are simply absent
at lower resolution.

The top-right panel of Figure 4 shows the cloud size distribution.
To estimate sizes, we fit the vertices of Voronoi cells of clouds to
an ellipsoid, and consider the size to be the geometric mean of the
the lengths of the three axes. As before, we construct PDFs for each
galaxy, all of which are shown with thin curves, colored by SMBH
mass. The thick black curve corresponds to the median across the
sample, while the purple and yellow curves are the median of the
two extreme octiles in SMBH mass.

The cloud size distributions peak around ∼ 10kpc, and the me-
dian PDF drops monotonically on either side. A weak trend of cloud
sizes is visible as a function of SMBH mass: galaxies with less mas-
sive SMBHs have a slightly greater fraction of clouds in the low-
size regime, and a slightly lower fraction of clouds in the high-
size regime, as compared to galaxies with more massive SMBHs
at their centres. We believe that this is linked to the radial distance-
distributions of clouds in these haloes, which we return to in Sec-
tion 3.5. When the sample is split based on other quantities such as
stellar mass or halo mass, a much weaker trend is observed. In gray,
we also show the median distribution for the case where clouds with
less than 10 member Voronoi cells are included, with the distribu-
tion vertically offset for better visibility. The shape of the gray curve
largely resembles the one in black, however with the peak shifted
towards smaller sizes.

In the inset, we show the relation between the major-to-minor axis
ratio (q) and cloud size (x-axis), for the entire sample of clouds
across all galaxies. Each point corresponds to an individual cloud,
with color scaled in accordance to the mass of the cloud: the darkest
points show clouds of mass ∼ 106M�, while the lightest correspond
to ∼ 107M�. The gray curve shows the median. A clear trend is ap-
parent, wherein small cold clouds are more ‘spherical’, having lower
values of q, in comparison to their more massive counterparts. The
spherical nature of small clouds could be a result of poor resolu-
tion and/or be linked to the fact that AREPO forces gas cells to be
‘round’ (Springel 2010). A comparison with higher resolution simu-
lations is required to truly assess the shapes of small clouds. Obser-
vationally, data suggests that HVCs typically have sizes of . 10kpc
(e.g. Thom et al. 2008), although the lack of distance measurements
makes physical size inference challenging.

The bottom-left panel of Figure 4 shows the relation between
cloud mass and cloud size. We again stack all CGM clouds across the
full sample of TNG50 MW-like galaxies. The median trend is shown
with the solid gray curve, and the 16th and 84th percentile regions
with dashed lines. Background color encodes the average number of
member Voronoi cells per cloud, and these pixels are clipped outside
the 16th and 84th percentile regions for visual clarity. On average,
CGM cold clouds with larger sizes are also more massive, and are
comprised of more gas cells, i.e. they are better resolved.

The bottom-right panel of Figure 4 shows the relation between the
galactocentric distance of clouds (normalised by the virial radius)
and their physical size. As before, we stack all clouds across the sam-
ple. The solid curve shows the median relation, and dashed curves
correspond to the 16th and 84th percentile regions. Background color
shows the number of clouds in each corresponding bin, and pix-
els are clipped outside the percentile regions. On average, clouds
get larger in size (and hence in mass, on average) with increasing
distance. Most clouds are present in the inner half of the halo, and

have sizes of ∼ 10 kpc, consistent with the top-right panel. We sus-
pect that this could be a result of increased ram-pressure stripping
at smaller galactocentric distances, as a result of which ‘big’ clouds
are fragmented into smaller objects, thereby giving rise to a larger
number of clouds in the inner halo, each of which are less massive
in comparison to more distant counterparts.

In Figure 5, we consider several additional thermodynamical and
physical properties of cold clouds in the CGM of TNG50 MW
analogs: temperature, density, metallicity, pressure and radial and
rotational velocities. As before, we construct individual PDFs for
each galaxy, but show here only the median of these PDFs, for clar-
ity. We further split each PDF into three components based on the
galactocentric distance of the clouds: the inner halo (solid curves;
0.15 < r/R200,c 6 0.4), central halo (dashed curves; 0.4 < r/R200,c 6
0.7) and outer halo (dotted curves; 0.7 < r/R200,c 6 1.0). In the up-
per two rows, we consider two values for each cloud: the mean, and
the 90th percentile of the property, computed from all gas that com-
prises the cloud. The distributions of the former are shown in black
curves, while the latter are shown in red. For these upper four pan-
els, in insets, we also show the relation between the mean and 90th

percentile values for the stacked set of cold clouds across the entire
sample. Each point corresponds to an individual cloud, with color
scaled in accordance to the mass of the cloud: the darkest points cor-
respond to clouds of mass ∼ 106M�, while the lightest correspond
to ∼ 107M�.

In the top left panel of Figure 5, we show distributions of CGM
cloud temperatures. As by construction we aim to identify cold gas
structures (T < 104.5K; see Section 2.3), we expect the cloud-wide
average temperatures to be below this threshold value. Clouds in the
inner halo have the ‘coldest’ mean temperatures, with the distribu-
tion peaking at ∼ 104.15 K. Clouds farther away from the centre are
progressively more warm, with distributions shifting horizontally by
∼ 0.1 and 0.2 dex for the central- and outer-halo, respectively. For
each of the three regions of the halo, the distributions correspond-
ing to the 90th percentile values are skewed towards warmer tem-
peratures, suggesting that clouds likely posses significant inhomo-
geneities in their inner temperature structure, consistent with Nelson
et al. (2020). This behaviour is also well captured in the inset, which
shows a large spread in the mean-90th percentile plane.

In the top-right panel, we show distributions of the mass densities
of the cold clouds. Clouds in the inner regions of the halo are most
dense, with a peak in the density distribution at ∼ 104.75 M� kpc−3.
Clouds farther away from the centre are progressively more rari-
fied, with peaks shifted by roughly −0.4 and −0.8 dex for the central
and outer halo distributions, respectively. In all three regions of the
halo, distributions of mean and 90th percentiles are largely similar in
shape, albeit the latter is skewed towards higher density values. Sim-
ilar to the previous panel, the inset points towards an inhomogeneity
in the inner density structure of clouds, albeit not as pronounced as
their temperature structures.

In the centre left panel, we show distributions of cloud metallic-
ity. The dashed vertical line placed at a x-axis value of 0 demar-
cates super-solar clouds from their sub-solar counterparts. Through-
out the MW-like haloes, clouds with (mean) super-solar metallicity
(i.e. clouds with Z > Z�) are sub-dominant, and only account for
∼ 10.5 per cent of the population of all clouds. In the inner halo,
the median cloud metallicity is ∼ 10−0.3 Z�. In the central and outer
regions of the halo, metallicity PDFs peak at marginally higher val-
ues, but are equally broad as the inner halo, stretching & 1 dex be-
tween the two extremes. The median PDFs show little difference be-
tween the mean and 90th percentiles for cloud metallicities, although
a deviation between the two values is seen in the inset for massive
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Figure 5. Distributions of physical properties of clouds in the CGM of TNG50 MW-like galaxies. In each panel, we show the median behaviour across the full
sample of galaxies, split into three regions of the halo: inner halo (solid curves; 0.15 < r/R200,c 6 0.4), central halo (dashed curves; 0.4 < r/R200,c 6 0.7)
and outer halo (dotted curves; 0.7 < r/R200,c 6 1.0). The two upper panels show the distributions of temperature (left) and density (right): clouds closer to
the centre of the halo are cooler and denser than those farther away. The centre-left and right-panels show the distribution of cloud metallicity and magnetic
to thermal pressure ratio (β−1), respectively: while clouds throughout the halo mainly possess sub-solar metallicity and pressure ratios close to unity, clouds in
the inner halo are the most likely to be highly enriched and dominated by magentic pressure. The bottom-left and -right panels show distributions of the radial
velocity (in km/s) and rotational velocity (normalised by the virial velocity), respectively: a smaller fraction of clouds in the inner halo have dominant rotational
motion and a greater fraction are either strongly inflowing or outflowing. Finally, the upper two rows also compare values derived in two ways: the mean value
across the gas within each cloud (black; as in the lower panels), and the 90th percentile value of the gas properties within each cloud (red). The insets show
the relation between these two values, demonstrating that TNG50 clouds exhibit inner inhomogeneities in their metal content and temperature-, density- and
pressure-structures.
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Figure 6. Relation between kinematics of clouds and metallicity in the CGM of TNG50 MW-like galaxies. In the left (right) panel, we show the radial
(rotational) velocity of clouds as a function of their metallicity. In both panels, the solid curves represent median values for three different mass bins, while the
shaded regions correspond to percentile regions of the entire sample. On average, clouds with sub-solar metallicity are seen to be inflowing, with more pristine
clouds inflowing at larger velocities, while clouds with super-clouds metallicity are preferentially outflowing.

clouds, i.e. well resolved clouds are typically not homogeneous with
respect to their metallicity content.

On the observational end, a large range of cloud metallicities have
been inferred. For instance, Richter et al. (2001) estimate the metal-
licities of Complex C and IV Arch to be ∼ 0.1 Z� and ∼ 1 Z� re-
spectively, while Collins et al. (2003) and Tripp et al. (2003) pro-
pose a slightly higher upper limit of ∼ 0.3 − 0.6 Z� for Complex
C. Zech et al. (2008) and Yao et al. (2011) report the possible ex-
istence of highly super-solar clouds with metallicities of ∼ 1.65 Z�
and ∼ 2.08 Z� respectively, although the uncertainties on these mea-
surements are quite large. On the other end of the metallicity spec-
trum, Tripp & Song (2012) report that the metallicity of HVC gas in
the direction of the gaseous ‘outer arm’ is typically sub-solar, possi-
bly around ∼ 0.2 − 0.5 Z�. The metal content predicted by TNG50
for the cold clouds around MW-like galaxies encompasses all these
observationally-inferred metallicity values.

The centre right panel of Figure 5 shows distributions of the
magnetic to thermal pressure ratio, β−1, of clouds. Overall, ∼ 65.7
per cent of cold clouds in TNG50 MW-like haloes are dominated
by magnetic rather than thermal pressure (i.e. β−1 > 1). This is
in marked contrast to the case of more massive haloes (M200,c &
1013M�) in the same TNG50 simulation, where magnetic pressure
is clearly more dominant with respect to its thermal component for
almost the entire population of clouds (Nelson et al. 2020). We sus-
pect that this is a direct effect of the reduced magnetic field strengths
in the haloes of MW-like galaxies (see also Faerman & Werk 2023),
as compared to their more massive counterparts (Marinacci et al.
2018). The PDF for the inner halo around TNG50 MW-like galaxies
has a maxima at β−1 ∼ 2.8, and is skewed towards positive val-
ues of log10(β−1). However, magnetic pressure does not dominate to
this extent for clouds in the central and outer regions of the halo.
This is likely a consequence of the radial dependence of magnetic
field strengths in MW-like haloes (Ramesh et al. 2023). Finally, un-
like the case of metallicity, a difference between the distributions of
the mean and 90th percentile values is visible: a horizontal offset by

∼ 0.3 dex is present in all three regions of the halo. The inset shows
that a larger spread in the mean-90th percentile plane is present, sug-
gesting that some regions of clouds are somewhat dominated more
by magnetic pressure than others, similar to what was seen in Fig-
ure 1.

Finally, in the lower panels of Figure 5, we quantify how the cold
clouds move through the CGM of MW-like galaxies, in terms of
their radial velocity, i.e. the component of the velocity vector that
is oriented parallel to the position vector, is shown on the left, and
rotational velocity, i.e. the component of the velocity vector along
the plane orthogonal to the position vector, on the right.

Across the whole cold cloud sample, TNG50 predicts a relatively
robust mix of outflowing versus inflowing cold clouds. Overall, out-
flowing clouds are sub-dominant, accounting for ∼ 27.5 per cent
of the population. A dependence of radial velocity distributions on
distance is present: although all three PDFs peak around the same
value, the tails portray different behaviours at the high-velocity end.
The inner halo has a slightly larger fraction of clouds moving radi-
ally at larger velocities, both in the inflowing and outflowing direc-
tions. The central and outer haloes have similar fractions of clouds
at the high inflow velocity end. However, the central halo hosts a rel-
atively larger fraction of cold clouds outflowing at large velocities,
in comparison to the outer halo.

Direct comparison with kinematic results from observations is dif-
ficult, since only the velocity component along the line of sight to
the observer is accessible, and not the radial velocity with respect
to the centre of the Milky Way. However, Moss et al. (2013) do pro-
vide velocities transformed into the frame of reference of the galactic
center, and we note that ∼ 41 per cent of clouds in their catalog are
outflowing with respect to the center of the Milky Way.

The rotational velocities of the clouds in the lower right panel of
Figure 5 are normalised by the virial velocity of the corresponding
halo. In the inner halo, according to TNG50, a smaller fraction of
cold clouds are rotating at velocities in excess of the virial veloc-
ity, as compared to the other two regions of the halo. This is con-
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sistent with the previous panel that shows that a larger fraction of
clouds in the inner halo have higher radial velocities: their motion is
likely dominated by feedback mechanisms, and less by gravity. Cold
clouds at larger distances are more likely to be rotating at super-virial
velocities, as compared to the inner halo. In all regions of the halo,
clouds with sub-virial rotational velocities are dominant. However,
no clear monotonic trend with respect to distance is present at small
values of rotational velocities.

While all panels except the bottom-right remain qualitatively un-
affected if the threshold on minimum number of cells per cloud is re-
duced (not shown explicitly), considering clouds with less than ten
member cells tilts the balance between sub-virial and super-virial
rotation: to demonstrate this, in the solid gray curve, we show the
median relation for clouds in the inner halo, had all clouds down to
one Voronoi cell per cloud been considered. Clearly, the (relative)
fraction of clouds with sub-virial rotation is lower in comparison
to super-virial counterparts. Similar trends exist for the central and
outer regions of the halo as well (not shown). Higher resolution sim-
ulations are required to determine if this behaviour is a consequence
of limited resolution, or if clouds of lower masses (i.e . 106 M�)
have physically different kinematics and rotation.

3.4 Relationship between kinematics and physical properties

Kinematics and physical cloud properties are likely related. Ob-
servational studies have noted a correlation between metallicity of
clouds and their radial velocities (e.g. Richter et al. 2001), such that
metal-rich clouds are preferentially outflowing, and thus likely orig-
inate from the galaxy. On the other hand, metal-poor clouds are in-
stead preferentially associated with inflows, and so are likely of non-
galactic origin and possibly tracing relatively less enriched cosmo-
logical gas accretion (Nelson et al. 2013).

In Figure 6, we explore these correlations for TNG50 clouds.
In both panels, we stack all clouds across our sample of MW-like
galaxies, and split them into three bins based on distance: inner halo
(0.15 < r/R200,c 6 0.4), central halo (0.4 < r/R200,c 6 0.7) and outer
halo (0.7 < r/R200,c 6 1.0). Median values for each of these bins
are shown through solid curves, and colored by the mean distance
corresponding to each bin, while shaded regions show the 16th-84th

and 5th-95th percentile regions for the entire sample.
The left panel shows the radial velocities of clouds as a function of

their (mean) metallicities. A monotonic trend is seen, wherein radial
velocities increase with increasing metallicity. Interestingly, all three
medians cross a value of 0 km s−1 as they reach super-solar metallic-
ity. Medians corresponding to larger distances are more steep in the
positive radial velocity regime, and are less steep in the negative ra-
dial velocity regime. In the right panel, we show the rotational veloc-
ity of clouds (normalised by the virial velocity) as a function of cloud
metallicity. All three median curves monotonically shift to higher
metallicites at lower rotational velocities. That is, cold clouds with
more radial and less rotational motions are more metal enriched.
TNG50 therefore suggests that highly-enriched cold clouds are dom-
inated by outflows and feedback-driven motions, rather than having
gravitationally-induced dynamics only, while the opposite holds for
their more pristine counterparts.

3.5 Spatial distribution of clouds throughout MW-like haloes

Having quantified the basic properties of CGM cold clouds in
TNG50 MW-like galaxies, we now turn to the distribution of clouds
throughout the haloes, and how their properties with respect to their
local surroundings depend on galactocentric distance.

In Figure 7, we show the distributions of the positions of cold
clouds: the main panel focuses on the three-dimensional radial dis-
tance, while the two insets show distributions of longitude (l) and
latitude (b). PDFs of individual MW-like haloes are shown as thin
curves, colored by the mass of the SMBH at the centre of each
galaxy. The median of all these PDFs is shown with the thick black
curve. In the main panel, we also show medians or MW-like galax-
ies with over- and under-massive SMBHs (two extreme octiles, thick
yellow and purple curves).

Cold clouds within the inner boundary of the CGM, i.e. < 0.15 ×
R200c, are rare – most cold gas mass in those regions makes up the
galactic disk itself which is excluded by construction by our cold
cloud finding algorithm (Section 2.3). On average across the galaxy
sample, TNG50 clouds are most commonly found around 0.25 −
0.4 × R200c, and become progressively more rare at larger distances,
as already noted for the galaxy of Figure 2.

Individual-galaxy curves are clearly ‘noisy’, not as a result of low-
number statistics, but rather because clouds cluster in specific loca-
tions. In addition, a strong trend is present with respect to SMBH
mass: galaxies with less massive SMBHs at their centres have a
larger fraction of their clouds at smaller distances, while the inverse
is true for galaxies with more massive SMBHs. Similar to the trend
with respect to sSFR in Figure 3, we speculate this could be a result
of kinetic winds of more massive SMBHs, which (i) drive (cold) gas
away from the centre (e.g. Zinger et al. 2020; Ayromlou et al. 2022),
and/or (ii) destroy clouds or inhibut their formation at small galacto-
centric distances, either directly via hydrodynamical interactions, or
indirectly by heating. HVCs within the real Milky Way are thought
to have a similar distance trend, with clouds reducing in number to-
wards outer regions of the halo (Olano 2008, although this inference
requires theoretical distance modeling).

The left inset of Figure 7 shows the distribution of cold clouds as a
function of galactic longitude. As before, individual curves depicting
individual galaxies show a large degree of diversity, primarily due to
cold clouds being grouped around each other at specific longitudes.
Such a feature is also seen in observations of the Milky Way halo: for
instance, in the all-sky NHI map of Westmeier (2018), clouds are not
uniformly distributed in longitude, but rather are more concentrated
at a subset of longitude ranges.

The inset on the right similarly shows the distribution of clouds
as a function of galactic latitude. We see a preference for a greater
abundance of clouds at low latitudes, indicating alignment with the
plane of the gaseous galactic disk. Specifically, [50, 75, 90] per cent
of all cold clouds are within latitudes of [30, 49, 66] degrees. A simi-
lar trend has also been observed in the Milky Way halo, with a strong
concentration of HVCs close to the galactic plane (Moss et al. 2013).

3.5.1 TNG50 cold clouds in relation to their ambient CGM

In Figure 8, we show how cold cloud properties compare to their lo-
cal background environment, and how they vary with distance. Since
properties of gas, in general, vary with distance throughout the halo
of TNG50 MW-like galaxies (Ramesh et al. 2023), we focus on dif-
ferences of properties of clouds with respect to the properties of the
local surrounding: these are labelled as ∆cl,bk, i.e. they are the (mean)
value of a given property of a cloud minus the (mean) property of the
surrounding. For the background, we consider two different defini-
tions of layers of gas around each cloud4: (i) the layer immediately

4 Each is identified geometrically using the connectivity of the Voronoi gas
tessellation and the naturally connected Voronoi neighbors of cloud cells.
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Figure 7. The spatial distributions of clouds in the CGM of TNG50 MW-like galaxies. The main panel shows distributions of the galactocentric distance of
clouds (normalised by the virial radius of the halo, R200,c). Cold clouds are found throughout the CGM, particularly at intermediate radii. Individual galaxies
are shown with thin curves, colored by the mass of the central SMBH, while the median of the sample is shown in the thicker black curve. In the main panel, we
also show medians of the two extreme octile regions. A trend with SMBH mass is present, wherein galaxies with less massive SMBHs have a greater number
of clouds at smaller galactocentric distances. The left (right) inset shows the distribution of longitude (latitude) of the cloud population. While the medians in
each case are more or less smooth, the individual curves are noisy, suggesting that clouds are clustered in specific locations.

surrounding the cloud, i.e. the ‘intermediate layer’, shown through-
out in black, and (ii) the next more outwards layer, which surrounds
the intermediate layer, i.e. the true ‘background layer’, shown in red.
As in previous figures, in each panel, we construct PDFs for indi-
vidual galaxies and show their median, but split into three different
distance regimes: inner halo (solid curves; 0.15 < r/R200,c 6 0.4),
central halo (dashed curves; 0.4 < r/R200,c 6 0.7) and outer halo
(dotted curves; 0.7 < r/R200,c 6 1.0).

In the upper-left panel of Figure 8, we show distributions of
temperature contrasts between clouds and their surroundings. At
all distances, clouds are cooler than both their intermediate and
background layers, which is expected since our cloud-finding al-
gorithm specifically selects cold gas to be part of clouds. A dis-
tance trend in values of temperature-contrasts is present: in the inner
halo, on average, clouds are cooler than their intermediate layer by
∼ 1.4 dex, which reduces to ∼ 1.1 dex in the central halo, and further
to ∼ 0.8 dex in the outer halo. Contrasts with respect to the back-
ground layer are more pronounced: in all three regions of the halo,
these distributions are offset by roughly −0.3 dex with respect to the
distributions corresponding to the intermediate layer. This is consis-
tent with earlier studies of TNG50 cold clouds (Nelson et al. 2020),
and with Figure 1, wherein an intermediate mixing layer of warm
gas is believed to be sandwiched between cold clouds and their hot
backgrounds.

The upper-right panel shows a fundamental quantity of cold
clouds in hot media: the density contrast, often written as χ =

ncold/nhot (e.g. Scannapieco & Brüggen 2015). At all distances,
TNG50 cold clouds are denser than both their surrounding interme-

Our background layers therefore have a one-cell thickness roughly equivalent
to the numerical resolution, and reflect the irregular shapes of clouds.

diate and background layers. A halocentric distance trend is present,
wherein the over-density of clouds with respect to their surroundings
is greater at smaller galactocentric distances: with respect to their in-
termediate layers, cold clouds are denser than the surroundings by
∼ 0.65 dex in the inner halo and by ∼ 0.55 and 0.45 dex in the central
and outer regions of the halo, respectively. Density contrasts with re-
spect to the background layers are larger: ∼ 0.95, 0.9 and 0.85 dex
in the inner, central and outer halo, respectively. However, at all dis-
tances, distributions corresponding to contrasts with respect to the
background are again broader, versus the intermediate layer. These
findings are relevant in the context of previous, idealized numeri-
cal experiments. In fact, wind tunnel simulations generally assume
high values of density contrasts, typically from ∼ 10 to ∼ 1000 (e.g.
Schneider & Robertson 2017). Within the CGM of TNG50 MW-like
galaxies, we find such large density contrasts rarely: they make up
the tail of the distribution only. Our result suggests that typical cold
clouds in MW-like haloes may have much weaker overdensities with
respect to the background CGM, which would impact mixing effi-
ciencies and overall survivability.

In the centre-left panel of Figure 8, we show the relationship be-
tween cloud total pressure and background total pressure, i.e. sum-
ming magnetic plus thermal pressure. On average, clouds at all dis-
tances are slightly under-pressurised with respect to their surround-
ings, with a greater contrast with respect to the background layer in
comparison to the intermediate layer. A trend with distance is ap-
parent, whereby distributions corresponding to smaller distances are
skewed towards more negative values. Similar trends are observed in
the contrast distributions with respect to the background layer, albeit
at slightly more enhanced values. In addition to a horizontal off-
set of the peaks, the distributions corresponding to the background
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Figure 8. Distributions of contrast in properties of TNG50 MW-like clouds with respect to their intermediate and background layers, i.e. with respect to the
local, ambient CGM gas. In each panel, distributions of contrasts corresponding to the former are shown in black, while the latter are shown in red. We show
median PDFs for three distance regimes: inner halo (solid curves; 0.15 < r/R200,c 6 0.4), central halo (dashed; 0.4 < r/R200,c 6 0.7) and outer halo (dotted;
0.7 < r/R200,c 6 1.0). Contrasts of temeprature are shown in the top-left panel, density in the top-right, total pressure in the centre-left, thermal pressure in the
centre-right, metallicity in the bottom-left, and radial velocity in the bottom-right. In all cases, contrasts are more enhanced with respect to the background as
compared to the intermediate layer, both in terms of the median, and the width of the distributions.
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layers are broader than their intermediate layer counterparts, at all
distances.

Although clouds, on average, are only weakly under-pressurised
with respect to their surroundings when total pressure is considered,
the pressure contrast is more striking when only the thermal com-
ponent is considered. To illustrate this we show the distributions of
thermal pressure contrasts between clouds and their surroundings in
the centre-right panel of Figure 8. The median contrasts are much
larger, peaking at roughly −0.45 dex and −0.6 dex with respect to
the intermediate and background layers, respectively, in the inner
halo, and with a similar distance trend as the previous panel. It is
clear that magnetic pressure is an important component for these
clouds, modifying cloud-wind interaction, and without which they
would need to contract further to reach pressure equilibrium (Sparre
et al. 2020; Nelson et al. 2020; Li et al. 2020).

In the lower-left panel of Figure 8, we show PDFs of cloud-
background metallicity contrast. On average, clouds are slightly
more enriched than both their intermediate and background layers,
at all distances. This may naturally arise since gas with metals cools
faster (i.e. through metal line cooling), and is hence more likely to be
cold. For both the intermediate and background layers, a very weak
trend of this metallicity contrast with distance is present: in the inner
halo, the median difference of cloud metallicity with respect to both
the surrounding layers is overall negligible (∼ 0.01 dex) whereas it
is somewhat larger in the central and outer halo (by ∼ 0.04 and 0.07
dex). Additionally, at all distances, the distributions of contrasts with
respect to the background are more broad in comparison to contrasts
with respect to the intermediate layer, i.e. clouds are more homoge-
neous with their immediate surroundings than with gas further away,
as one would intuitively expect. All distributions are further skewed
towards positive contrasts, i.e. clouds are much more likely to be
over-metallic with respect to their surroundings than otherwise.

Finally, the lower-right panel of Figure 8 shows the kinematic
connection between cold clouds and the ambient media. In partic-
ular, we show the distribution of cloud-background relative radial
velocity. On average, clouds at all distances are (weakly) inflow-
ing with respect to their surrounding gas layers. Distance trends are
again noticeable, with clouds at smaller galactocentric distances in-
flowing faster than their surroundings as compared to more distant
clouds. Radial velocity contrasts with respect to the intermediate
layer peak at few km s−1 in all three regions of the halo, but the
widths of these distributions are large: tens of km/s, and are greater
at smaller galactocentric distances. With respect to the background
layer, a distance trend is noticeable in both the median and width
of distributions: a median contrast of roughly −25 km s−1 in the in-
ner and central regions of the halo reduces to roughly −5 km s−1 in
the outer halo, in addition to widths of distributions being larger at
smaller galactocentric distances.

Such velocity differences are a combined result of inflow/outflow
motion of the cold cloud and the inflow/outflow of the background.
There are four different possibilities:

• Cloud outflowing and intermediate layer (background layer)
outflowing: This accounts for ∼ 26 per cent of all cases. The me-
dian contrast of radial velocity in this case is roughly −7.2 (−15.4)
km s−1, i.e. when both clouds and the surroundings are outflowing,
clouds are outflowing slower with respect to the surrounding. This
suggests ongoing acceleration.
• Cloud inflowing and intermediate layer (background layer) out-

flowing: This accounts for ∼ 4 per cent (11 per cent) of all cases.
The median contrast of radial velocity here is approximately −24.7
(−60.6) km s−1, i.e when clouds are inflowing amidst outflowing

surrounding gas, there is a large velocity contrast present. These rel-
atively rare cases are likely accreting clouds which are being hit by
outflowing galactic-scale winds.
• Cloud inflowing and intermediate layer (background layer) in-

flowing: This accounts for ∼ 69 per cent (62 per cent) of all cases.
The median value of radial velocity contrast in this case is roughly
−10.9 (−22.9) km s−1, i.e. when both clouds and the surrounding are
inflowing, clouds are inflowing faster than their surroundings. This
suggests ballistic acceleration enabled by cloud overdensities χ > 1.
• Cloud outflowing and intermediate layer (background layer) in-

flowing: This accounts for ∼ 0.5 per cent (1.1 per cent) of all cases.
The median radial velocity contrast here is ∼ 10.8 (21.5) km/s,
and this is the only case in which clouds, on average, are outflow-
ing faster than their surroundings. These rare cases reflect outflow-
driven, or in-situ outflow formed clouds, which are no longer co-
moving with any bulk outflow and so can interact with the ambient
CGM.

The distribution of radial velocity contrasts can thus be sum-
marised as follows: (a) Most clouds (& 90 percent) are flowing in
the same direction as their surroundings and with typically small
velocity contrasts (few km/s). This reflects the peak of the radial ve-
locity contrast distributions. (b) Clouds flowing in the opposite di-
rection with respect to their surroundings typically have much larger
velocity contrasts (few tens of km/s), and populate the tails of the
radial velocity contrast distributions. Although this needs to be in-
vestigated in more detail, we speculate that the latter is less common
because cold clouds are possibly destroyed as a result of enhanced
instabilities when there is a large velocity contrast with respect to the
surrounding, for example, as a result of increased mass loss driven
by the KH instability (e.g. Sander & Hensler 2021). However, if
the cold clouds that we identify are predominantly related to cold
gas stripping of satellites, the former case would naturally be more
common, since cold gas that is stripped falls with roughly the same
velocity as the satellite shortly after being stripped.

3.6 Spatial clustering of CGM cold clouds

As we have seen (Figure 2), cold gas clouds in the CGM of TNG50
MW-like galaxies are not distributed uniformly throughout the halo,
but rather appear to be clustered in certain locations, often near satel-
lite galaxies or tails of their stripped gas.

We quantify this phenomenon in Figure 9, where we study the
minimum distance between a cold cloud and its nearest satellite.5

The left panel shows PDFs of the distance of clouds to their nearest
satellite galaxy. As before, we construct individual PDFs for each
halo, and then the median across haloes.

We consider three types of satellites, based on their (current)
baryon fractions, i.e. ratio of baryon mass to total subhalo mass:
> 10, 1− 10 and 0 per cent in black solid, dashed and dotted curves,
respectively. Since the first category of satellites are typically less
frequent (3 − 4 on average per halo) in comparison to the latter two
categories, we down sample the number of the latter two to avoid
any biases. We do so through the following procedure: if a halo con-
tains N satellites with baryon fraction > 10 per cent, we randomly

5 Note that clouds related to gas that has been stripped in the distant past
would naturally end up with relatively large distance values, despite physi-
cally originating from the corresponding satellite. In the future, we will over-
come this limitation by using the Monte Carlo tracers to first identify the
associated satellite, and then estimate the closest distance to the past trajec-
tory of that satellite.
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Figure 9. The clustering of cold clouds around satellite galaxies in the CGM of TNG50 MW-like galaxies. In the left panel we show the distribution of distances
between clouds and their nearest satellite (black lines). We split each PDF into different categories based on the (current) baryon fractions of those satellites:
> 10 per cent, 1 − 10 per cent and 0 per cent in solid, dashed and dotted curves, respectively. As a comparison point, we show the expected distribution after
randomizing the position of the nearest satellite (red curve, see text). Clouds are more frequently found close to satellites than would be expected in the random
case, this being the case at least for satellites with higher baryon fractions. The right panel shows the relation between the distance to the nearest satellite with
a baryon fraction > 10 per cent (y-axis) and the galactocentric distance of the cloud (x-axis), for both the real and the random case. The solid curves show the
median, while the shaded bands correspond to the 16th and 84th percentile regions, of the stacked sample of clouds across all 132 MW-like galaxies. The inset
shows the difference between the two median curves, i.e. random minus real. At all distances, on average, the correlation between positions of clouds and their
nearest satellites is stronger than what is expected if their relative positions were random.

select N satellites of the latter two categories from the available pool.
To make sure that this random-picking does not bias our results, we
repeat the process 100 times for each galaxy.

Overall, we find that cold clouds tend to be closer to baryon rich
satellites than either dark satellites or (relatively) baryon poor satel-
lites, suggesting a physical i.e. origin link. A vertical offset in the
PDFs is seen at . 100 kpc as one transitions towards lower values
of baryon fractions of satellites. Clouds are thus more likely to lie
close to satellites with larger baryon fractions.

A similar observation of cloud-satellite clustering exists in the
Milky Way halo, where there is a high concentration of HVCs
around the Magellanic Stream, and so also close to the Large and
Small Magellanic Clouds (Moss et al. 2013). Idealized simula-
tions of gas-rich dwarf galaxy stripping also show similar signatures
(Mayer et al. 2006).

To confirm that this correlation between positions of cold clouds
and satellites with large baryon fractions is robust, we carry out a
random shuffling experiment, as follows. Once the nearest satellite
to a particular cloud is identified, we randomize the position of that
satellite, and re-compute the minimum distance between the cloud
and the randomized position of the satellite. To avoid any biases,
we repeat this procedure 100 times. If the position of a cloud with
the associated satellite was truly random, this procedure would have
minimal effect. However, if the connection between a cloud and a
satellite is ‘real’, the randomization would erase any signature. We
show the median PDF corresponding to the random case in red. A
clear offset is once again visible, suggesting that a physical correla-
tion is indeed present.

In the right panel of Figure 9, we show how the distance to the
nearest baryon-rich satellite satellite depends on the galactocentric
distance of the cloud. The solid lines show the median, while the

shaded regions correspond to the 16th and 84th percentile regions.
In black, we show the trend corresponding to the case emerging
from the simulation (‘real’ case). A median distance to the near-
est baryon-rich satellite of ∼ 40 kpc at the inner boundary of the
CGM (i.e. 0.15R200c) increases to ∼ 80 kpc at 0.5R200c, and further
to ∼ 180 kpc at the virial radius. The width of the percentile regions
simultaneously decreases, from ∼ 0.5 dex at 0.15R200c to ∼ 0.3 dex
at the virial radius.

Intuitively, we expect a similar qualitative trend even for
clouds/satellites distributed randomly, since shells (of equal width)
at smaller galactocentric distances have smaller volumes. To normal-
ize out this volume effect, we also include the corresponding rela-
tions for the random case. As expected, a similar trend with distance
is seen, although the red median is clearly offset vertically above the
black median curve. The difference between these two medians is
shown in the inset, which estimates the true strength of the radial de-
pendence of clustering, i.e. with the volume-scaling effects removed.
The offset is rather independent of distance, varying between ∼ 0.12
and 0.15 dex. Thus, at all distances, a weak over-correlation is seen
between the positions of clouds and > 10 per cent baryon fraction
satellites with respect to the random case.

While the main results of this panel are largely unaffected by the
lower-limit threshold for the minimum number of cells per cloud,
we mention a subtle difference that is present for the case where
clouds with less than ten member cells are included: the correspond-
ing distributions are shown in gray curves. While the gray and black
distributions merge for Distsat,min values larger than ∼ 10 kpc, a verti-
cal offset is present in the solid and dashed curves with respect to the
dotted one at smaller distances. Although the difference is small, we
suspect that it could correspond to gas that has been freshly stripped,
and is hence present in the distributions corresponding to baryonic
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satellites, but absent in the dark case. While this could simply be a
result of poor resolution, it may also be the case that these tiny (un-
resolved) clouds act as seeds of dense, cold gas that trigger thermal
instability, eventually giving rise to larger clouds as gas condenses
around them (Nelson et al. 2020; Dutta et al. 2022).

We next turn to the possibility that cold clouds may be clustered
around other cold clouds, rather than being distributed uniformly
throughout the halo. It is believed that such clustering can increase
the longevity of clouds through the process of drafting (Williams &
Shelton 2022). We quantify this clustering through the ∆10 parame-
ter, which we define as follows: for every identified cloud, ∆10 is the
number of clouds that lie within a sphere of radius 10kpc, includ-
ing itself. A value of one thus implies that there are no neighbouring
clouds within this sphere, a value of two corresponds to one neigh-
bour, and so on. As extended clouds are much less frequent than
smaller ones, in this statistical approach we neglect the issue that
arises because clouds are in fact extended objects.

The left panel of Figure 10 shows the trend of ∆10 with galacto-
centric distance. Solid curves correspond to median values, dashed
curves to mean values, and shaded regions to 16th and 84th per-
centiles. We begin by discussing the black curves, which represent
the actual outcome from the simulation. A median value of 2 neigh-
bours (i.e. log10(∆10) = log10(3)) in the innermost regions of the halo
(. 0.3R200c) reduces to 1 neighbour (i.e. log10(∆10) = log10(2)) be-
tween 0.25R200c and 0.5R200c, and to zero neighbours at farther dis-
tances. The mean, however, does not portray such a ‘step-like’ be-
haviour, and shows a steady monotonic decrease of log10(∆10) with
distance, reducing from ∼ 0.5 at 0.15R200c to ∼ 0.1 at the virial ra-
dius, i.e. at all distances, the mean number of neighbours is more
than zero, and is greater at smaller galactocentric distances.

As before, such a qualitative trend with distance is expected even
for a random distribution of clouds, due to available volume decreas-
ing towards the halo center. To remove this effect, we randomize the
positions of clouds while keeping their radial number density profile
fixed, and re-calculate ∆10 for the randomized positions. The corre-
sponding trend is shown in red. If the positions of clouds with re-
spect to other clouds was already random, this procedure would not
have a significant impact. However, in case clouds are truly clustered
around their neighbours, a difference would emerge. Indeed, in both
the mean and the median, the randomized scenario shows a smaller
value of ∆10 than the true case, at all distances. The inset shows the
difference between the two mean values (δmean), characterizing the
strength of the true radial dependence of clustering. Over-clustering
with respect to the random case is strongest at smaller galactocen-
tric distances: a δmean of ∼ 0.19 at 0.15R200c reduces to ∼ 0.15 at
0.5R200c, before dropping steeply to ∼ 0.08 at the virial radius.

While we use the ∆10 metric to study clustering, other statistics are
equally well suited. For example, the two-point correlation function,
or e.g. the distance to the tenth nearest cloud, as a measure of over-
clustering. We have considered both and they provide qualitatively
similar results, demonstrating an over-clustering of cold clouds with
respect to the random scenario.

In the right panel of Figure 10, we show that ∆10 is linked to the
minimum distance to the nearest satellite with a baryon fraction of
> 10 per cent. Median values are shown with solid curves, and 16th

and 84th percentiles with shaded regions. The black curve shows the
true signal, while the red shows a test where the position of satellites
are randomized, as discussed above. The black median curve shows
a sharp monotonic drop with increasing ∆10: when a cloud has only
one neighbour within 10 kpc, the average distance to the nearest
baryon-rich satellite is ∼ 100kpc. When a cloud instead has & 10

neighbours in close proximity, the median distance to the nearest
baryon-rich satellite drops to . 20kpc.

The random case portrays a qualitatively similar trend, albeit with
an offset of ∼ 0.2 dex at low values of ∆10, and a shallower drop
towards higher values of ∆10. Most importantly, the ∆10-trend of
the offset between the two median curves is shown in the inset.
An offset of 0.2dex at log10(∆10) ∼ 0.3 rises sharply to 0.75dex
at log10(∆10) ∼ 1.4. Thus, when clouds are strongly clustered with
neighbouring clouds, they are more likely to lie close to a > 10 per
cent baryon fraction satellite, as opposed to being randomly posi-
tioned with respect to such satellites.

3.7 Comparison with observations of the Milky Way

We conclude our investigation with a number of direct comparisons
with observed data of IVCs and HVCs in the Milky Way halo. This
important connection is enabled by the cosmological context of the
TNG50 MW-like galaxies, and is unavailable in single cloud and
other idealized numerical simulations.

In what follows, we place a hypothetical observer at a random
point in the galactic plane, at a distance of 8.34 kpc away from the
galactic centre. This observer is considered to be in perfect circular
motion around the galactic centre, at a velocity of 240 km s−1. This
observer is consistent with the known solar location and motion in
the real Milky Way (Reid et al. 2014). Since observations do not
enforce a minimum radial distance when identifying clouds, we here
relax our lower limit for the inner boundary of the CGM, i.e. we
include all clouds present within the virial radius of the halo, barring
the one massive cloud that is the galaxy itself.

In the top left panel of Figure 11, we show PDFs of the line of
sight velocity of cold clouds. The different colored regions signify
common definitions used to classify clouds: IVCs are those with (ab-
solute) line of sight velocities in the range 40−90 km s−1, HVCs with
90 − 170 km s−1, and VHVCs with > 170 km s−1 (e.g. Lehner et al.
2022), although some authors refer to all clouds with (absolute) line
of sight velocities > 90 km s−1 as HVCs (e.g. Wakker 2001). The
red curves show the PDF of a sample of HVCs of the Milky Way
presented in Moss et al. (2013). The solid black curve shows the
median PDF of HVCs across the whole TNG50 MW-like sample of
simulated galaxies. Overall, the agreement is striking. Both curves
indicate that the abundance of clouds is smaller for higher velocity
clouds. Note that the TNG50 result is the stacked outcome, averag-
ing across all galaxies of our sample, and these have a diversity of
properties including stellar disk lengths (see Pillepich et al. in prep).
In the black dashed line, we show the median PDF of all clouds in
TNG50, irrespective of velocity. We predict that the abundance of
‘low velocity’ clouds with (absolute) line of sight velocities < 40
km s−1 – not generally accessible in observations – is roughly inde-
pendent of velocity, and that these clouds are more abundant than
higher velocity clouds.

To check if the motion of these clouds is dominated by gravity, or
not, we compare the velocity distribution of clouds to that of hypo-
thetical test particles whose motion is purely determined by gravity.
To do so, for each cloud, we compute the (circular) velocity that is
required at that distance for the centrifugal force to perfectly bal-
ance the force of gravity. The PDFs of these test particles are shown
in gray: those consistent with HVC velocities as solid curves, and for
all velocities in dashed curves. While the shape of the gray dashed
curve is similar to that of the black dashed curve in the velocity range
∼ [−90, 90] km s−1, i.e. clouds that are not HVCs (or VHVCs), the
two curves diverge at higher velocities. That is, gravity alone cannot
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Figure 10. The spatial clustering of cold clouds around other cold clouds in the CGM of TNG50 MW-like galaxies. The left panel shows the trend between
∆10, the number of clouds within spheres of radius 10 kpc centered on each identified cloud, and galactocentric distance. Solid curves correspond to median
values, dashed curves to mean values, and shaded regions to 16th and 84th percentiles. Black curves show the actual outcome of the simulation, whereas the red
curves show what a random (shuffled) spatial distribution would look like. The inset shows the difference between the two mean values. In the right panel, we
show the trend between ∆10 and the minimum distance of clouds to the nearest satellite with baryon fraction > 10 per cent, for both the real case (black), and
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seen when clouds lie closer to satellite galaxies with “high” baryon fractions.

account for the high velocity tails, suggesting that further astrophys-
ical processes are relevant for the kinematics of HVCs.

In the top right panel of Figure 11, we show the relation between
cloud mass and the (three-dimensional) distance to the observer. The
different scatter points show estimates of IVCs (red) and HVCs (or-
ange) from Wakker (2001) for the Milky Way. Note that most of
these points are either lower or upper limits, which we denote with
arrows in the relevant direction. Since all these clouds were observed
through their HI emission, Wakker (2001) use factors of 1.2 and 1.39
to account for the masses of ionized hydrogen and helium respec-
tively, to arrive at a better estimate of total mass, from their initially
inferred HI mass. However, more recent studies suggest that the ion-
ized component of clouds may account for a larger mass fraction
(e.g. Lehner & Howk 2011), and thus the masses quoted by Wakker
(2001) are likely underestimated. As is, most clouds in the sample
have a mass . 105M�, i.e. below the resolution limit of TNG50.

Although these data points follow the expected M ∝ d2 depen-
dence (e.g. Wakker & van Woerden 1997), we suspect this to be
largely due to the prevalence of lower limits for the distance esti-
mates of a large fraction of clouds, especially for less massive clouds
(. 105M�). This artificially results in too small cloud mass esti-
mates. If one were to instead assume a uniform distribution of dis-
tances in the range ∼ [5, 12]kpc, as motivated by absorption line
measurements which are insensitive to mass of clouds (e.g. Lehner
et al. 2012, 2022), a different mass distribution would arise. Indeed,
for those clouds more massive than 105M� in Wakker (2001)’s sam-
ple, where distance estimates are a mix of lower-limits, upper-limits
and tighter constraints, there seems to be no strong dependence of
mass with distance, at least within the distance brackets available.

For comparison, we show TNG50 IVCs (HVCs) with gray (black)
points, and their median with the gray (black) curve. Consistent with
the few observational constraints available, TNG50 predicts a weak

dependence on distance for clouds above ∼ 106M�, and a very sim-
ilar relation for both IVCs and HVCs, out to distances within which
clouds in the Milky Way are typically observed. A noteworthy point
from this plot is the dearth of TNG50 clouds at small distances.
While this is likely because all cold gas in this region is contigu-
ous with the galactic disk, it is possible that the lack of these ‘small-
scale fountain flows’ is a limitation of the simplified stellar feedback
driven galactic-wind model of TNG (Section 2; Springel & Hern-
quist 2003). Further exploration with alternate, more explicit stellar
feedback models (e.g. Smith et al. 2018; Hopkins et al. 2020; Hu
et al. 2022) would be be essential to comment on small distance
clouds. We demarcate the large region inaccessible to TNG50 with
the gray region in the lower right corner. Moving to small cloud
masses simply requires higher numerical resolution, while moving
closer to the disk-halo interface requires more sophisticated models
for ISM and stellar feedback physics.

In the bottom panel of Figure 11, we show an all-sky map of gas
line-of-sight velocity, including only high-velocity (> 90 km s−1)
cold gas (T < 104.5K) in emission. We show a single TNG50 MW-
like galaxy, the same halo from Figure 2, as seen by our hypothet-
ical observer. To be as realistic as possible, we include all halo gas
within the virial radius, including gas that is gravitationally bound to
satellites, since sky maps of the Milky Way halo contain such com-
ponents. Colors indicate the velocity at which gas is moving along
the line of sight to the observer.

A gallery of such projections are shown in Figure 12, where the
top-left panel is observational data of the real Milky Way, from
the HI4PI survey (Westmeier 2018). The other five panels are five
randomly selected galaxies from our TNG50 WW-like sample. The
most interesting is the top-right panel, which shows a halo that con-
tains a SMC/LMC-like pair. This map exhibits a degree of qual-
itative similarity to the true data: along with a noticeably patchy
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Figure 11. Comparison between the clouds in TNG50 MW-like galaxies with observational data of the real Milky Way. In the top-left panel, we show median
PDFs for the line-of-sight (LOS) velocity in the frame of reference of the local standard of rest (LSR). Shaded bands in the background correspond to commonly
used definitions for clouds. Red curves correspond to distributions from a catalog of observed HVCs in the Milky Way halo (Moss et al. 2013), while black
curves show the equivalent distributions from TNG50 across all 132 MW-like galaxies. We also include the distribution for hypothetical test particles (gray)
under purely gravitational motion, demonstrating that the kinematics of HVCs are more complex than gravity alone. In the top-right panel, we show the relation
between cloud mass and observer-centric distance. Orange and red points show observational data (Wakker 2001), while black and gray points and median
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MNRAS 000, 000–000 (2022)



Cold Clouds in the CGM of TNG50 MW-like galaxies 19

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

Galactic Longitude (l)-75°
-60°

-45°

-30°

-15°

0°

15°

30°

45°

60°
75°

G
al
ac
ti
c
La

ti
tu
de

(b
)

(Observed)
Our Milky Way

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

Galactic Longitude (l)-75°
-60°

-45°

-30°

-15°

0°

15°

30°

45°

60°
75°

G
al
ac
ti
c
La

ti
tu
de

(b
)

(Simulated)
TNG50 MW-like
Subhalo 511303

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

Galactic Longitude (l)-75°
-60°

-45°

-30°

-15°

0°

15°

30°

45°

60°
75°

G
al
ac
ti
c
La

ti
tu
de

(b
)

(Simulated)
TNG50 MW-like
Subhalo 474008

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

Galactic Longitude (l)-75°
-60°

-45°

-30°

-15°

0°

15°

30°

45°

60°
75°

G
al
ac
ti
c
La

ti
tu
de

(b
)

(Simulated)
TNG50 MW-like
Subhalo 479938

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

Galactic Longitude (l)-75°
-60°

-45°

-30°

-15°

0°

15°

30°

45°

60°
75°

G
al
ac
ti
c
La

ti
tu
de

(b
)

(Simulated)
TNG50 MW-like
Subhalo 545437

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

Galactic Longitude (l)-75°
-60°

-45°

-30°

-15°

0°

15°

30°

45°

60°
75°

G
al
ac
ti
c
La

ti
tu
de

(b
)

(Simulated)
TNG50 MW-like
Subhalo 554523

−200 0 200

LOS Velocity, LSR [km s−1]

Figure 12. Aitoff projections of cold gas, colored by line of sight velocity, similar to the bottom panel of Figure 11. In the top-left panel, we show the all-sky
projection from the HI4PI survey (Westmeier 2018) for the true Milky Way halo, while all other panels correspond to projections from five randomly selected
MW-like galaxies from our TNG50 sample. The most interesting is the top-right panel (subhalo 511303), which contains a SMC/LMC-like pair. Similar to the
top-left panel, a Magellanic-like stream around [l, b] ∼ [0,−60] deg is present in this case. Overall, the distribution of cold gas through the halo is both spatially
and kinematically complex, as well as diverse.

distribution of gas throughout the halo, a Magellanic-like stream at
[l, b] ∼ [0,−60] deg is present. Although all the other TNG50 all-sky
projection lack a Magellanic-like stream, a trend in colors is appar-
ent across all these maps, with gas at negative longitudes preferen-
tially outflowing, while gas at positive longitudes is preferentially
inflowing. Gas distributions are clearly unique in each TNG50 halo,
highlighting the diversity across the sample.

4 SUMMARY AND CONCLUSIONS

In this paper, we have studied the existence, distribution, and phys-
ical properties of cold, dense clouds of gas in the circumgalactic

medium (CGM) of a sample of 132 Milky Way-like galaxies in the
TNG50 simulation at z = 0. Our motivation to study such objects
stems from the plethora of open questions surrounding high velocity
clouds (HVCs) in the real Milky Way halo. TNG50 offers a com-
bination of resolution and volume to begin exploring such clouds
in a cosmological context, over a wide sample of galaxies, bridging
the gap to small-scale, idealized numerical simulations of cold cloud
evolution and survival. We summarise our main findings as follows:

(i) MW-like galaxies in TNG50 typically contain of order one
hundred (thousand) reasonably (marginally) resolved cold clouds in
their gaseous haloes. While the number of clouds shows no signifi-
cant trend with the stellar mass of the galaxy, the scatter correlates
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with the specific star formation rate (sSFR). This suggests that (a)
AGN feedback quenches star formation and destroys clouds, or pre-
vents clouds from forming, and/or (b) the flow of cool gas through
the circumgalactic medium (CGM) is physically connected to the
fuelling of galactic star formation (Figure 3).

(ii) Clouds show a large variation in their mass, although most
clouds in our sample have a mass close to ∼ 106 M�, corresponding
to the chosen cloud definition. More massive clouds are larger, with
cloud sizes ranging from ∼ a few hundred pc to ∼ a few 10s of kpc.
Smaller clouds tend to be found in the inner halo. Clouds also span
a wide range of shapes, and smaller clouds are more spherical than
their more massive counterparts (Figure 4).

(iii) With respect to cloud properties, most clouds (∼ 90 per cent)
have sub-solar metallicities. However, clouds with metallicity as
high as & 2 Z� exist. Most clouds have β ∼ 1, indicating a balance of
thermal and magnetic pressure. Magnetic pressure is larger in 2/3 of
clouds, although most clouds outside the inner halo (> 0.4 × R200c)
are thermally dominated (in contrast to those in more massive haloes
in TNG50; Nelson et al. 2020). Clouds are typically inhomogeneous
in their metallicity content, and temperature-, density- and pressure-
structures; inner inhomogenities in their temperature structure are
the most significant (Figure 5).

(iv) While most clouds have relatively small radial velocities (of
order ∼ 10 km s−1), clouds tracing fast inflows and fast outflows are
both present, and these are more prevalent at smaller galactocentric
distances. Across the entire halo, inflowing clouds dominate (∼ 73
per cent across all MW-like galaxies). Overall, clouds tend to be
dominated by sub-virial rotation. Metallicity correlates strongly with
radial velocity: rapidly outflowing cold clouds are the most metal
rich, whereas rapidly inflowing clouds are the least enriched, hinting
at different physical origins (Figures 5 and 6).

(v) We compare the physical properties of clouds to their sur-
rounding gas, defining local ‘intermediate’ (i.e. interface) and ‘back-
ground’ layers. On average, cold clouds in the CGM of MW-like
galaxies are more metal rich, denser, cooler, and preferentially in-
flowing with respective to their backgrounds. However, metallicity
and velocity contrasts are small, of order 0.05 dex and 10 km s−1,
respectively, on average. We find a typical overdensity of χ. 10,
which is larger at smaller halocentric distances, but much smaller
than often assumed in idealized cloud simulations. While most
clouds are only slightly under-pressurised with respect to their sur-
roundings when total (magnetic plus thermal) pressure is consid-
ered, they are significantly thermally under-pressurized. This sug-
gests magnetic fields may be an important pressure component in
cold clouds in the CGM of MW-like galaxies (Figure 8).

(vi) Cold clouds are not uniformly distributed throughout the
halo, but are strongly clustered. At all distances, clouds have more
neighboring clouds (within 10 kpc) than would be expected for a
random distribution. This over-clustering is greater towards the halo
center. We also find a clear clustering of cold clouds around satellite
galaxies with large (& 10 per cent) baryon fractions. This suggests
a stripping origin for at least part of the cold cloud population (Fig-
ures 9 and 10).

(vii) Finally, we qualitatively compare results from TNG50 with
observations of HVCs in the Milky Way halo. The observed line-of-
sight (LOS) velocity distribution of clouds is remarkably consistent
with the average MW-like galaxy in TNG50: HVC abundance drops
with increasing velocity. We show that the kinematics of cold clouds
are not consistent with gravitational motion alone, suggesting that
astrophysical feedback processes influence the motion of cold gas in
the CGM. For clouds above ∼ 106 M�, no trend of mass with dis-
tance is seen in TNG50, which is consistent with the limited number

of HVC observations available at this mass range. TNG50 predicts
that (currently poorly constrained) ‘low velocity’ clouds are the most
abundant, and that their abundance is roughly independent of LOS
velocity (Figure 11).

This work is our first attempt to bridge studies of clouds using
idealized, small-scale, controlled numerical experiments including
wind tunnel or ‘cloud crushing’ simulations with those using MW-
like galaxies realised through large-volume, cosmological, galaxy
formation simulations. Building upon the study of Nelson et al.
(2020) that found large abundances of cold clouds in high-mass
TNG50 haloes, we have focused specifically on galaxies that resem-
ble our own Milky Way.

However, even with TNG50 we have here considered physi-
cal phenomena right at the edge of available numerical resolution.
We cannot yet demonstrate that the abundance of small, low-mass
clouds (. 100’s pc, . 105 M�) is realistic, nor converged. Future
work requires simulating the circumgalactic medium of MW-like
galaxies at significantly higher resolution, and with currently miss-
ing physics such as radiation transport and cosmic ray pressure com-
ponents. This will enable the study of even smaller-scale structures,
while also better resolving the physical properties and evolutionary
origins of the HVC-like cloud structures already present in TNG50.

DATA AVAILABILITY

The IllustrisTNG simulations, including TNG50, are publicly avail-
able and accessible at www.tng-project.org/data (Nelson
et al. 2019a). New data products for the Milky Way/M31-like sample
are now on the same website (Pillepich et al. in prep). The ‘cosmo-
logical cloud catalog’ produced and used in this work is publicly
released at www.tng-project.org/ramesh23b. Other data
related to this publication is available upon reasonable request.
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