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ABSTRACT

Using high-resolution Romulus simulations, we explore the origin and evolution of the circumgalactic medium (CGM) in
the region 0.1 ⩽ R/R500 ⩽ 1 around massive central galaxies in group-scale halos. We find that the CGM is multiphase and
highly dynamic. Investigating the dynamics, we identify seven patterns of evolution. We show that these are robust and detected
consistently across various conditions. The gas cools via two pathways: (1) filamentary cooling inflows and (2) condensations
forming from rapidly cooling density perturbations. In our cosmological simulations, the perturbations are mainly seeded by
orbiting substructures. The condensations can form even when the median 𝑡cool/𝑡ff of the X-ray emitting gas is above 10 or
20. Strong amplitude perturbations can provoke runaway cooling regardless of the state of the background gas. We also find
perturbations whose local 𝑡cool/𝑡ff ratios drop below the threshold but which do not condense. Rather, the ratios fall to some
minimum value and then bounce. These are weak perturbations that are temporarily swept up in satellite wakes and carried
to larger radii. Their 𝑡cool/𝑡ff ratios decrease because 𝑡ff is increasing, not because 𝑡cool is decreasing. For structures forming
hierarchically, our study highlights the challenge of using a simple threshold argument to infer the CGM’s evolution. It also
highlights that the median hot gas properties are suboptimal determinants of the CGM’s state and dynamics. Realistic CGM
models must incorporate the impact of mergers and orbiting satellites, along with the CGM’s heating and cooling cycles.

Key words: instabilities - galaxies: clusters: intracluster medium - galaxies: groups: general - galaxies: haloes - hydrodynamics
- methods: numerical

1 INTRODUCTION

It is largely accepted that conditions and processes arising in galaxy
group environments must play a crucial role in galaxy evolution.
Owing to higher galaxy density and relatively low galaxy velocity
dispersion (cf. O’Sullivan et al. 2017; Werner & Mernier 2020; Lo-
visari & Ettori 2021 and references therein), group galaxies, both
central and satellites, have a higher vulnerability to mergers and tidal
interactions. These galaxies are also subjected to ram pressure strip-
ping (McCarthy et al. 2008) and cooling flows due to their being
immersed in an ocean of hot X-ray emitting plasma. After all, not
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only do a substantial fraction of galaxies in the Universe (>50%; Eke
et al. 2006) reside in groups, some of the most massive galaxies in the
cosmos are also forged in group environments (cf. Rennehan et al.
2020; Jung et al. 2022 and references therein).

In spite of this, groups have received far less attention than individ-
ual galaxies or the more massive galaxy clusters. One reason for this
is that they are difficult to detect in X-ray observations due to their
low surface brightness; they are also difficult to identify reliably in
optical catalogs due to their relatively small galaxy number density
contrast (Pearson et al. 2017; O’Sullivan et al. 2017). There is change
afoot, however. In part, this is due to recent and upcoming compi-
lations that promise high fidelity group catalogs. These include the
multiwavelength Complete Local-Volume Groups Sample (CLoGS;
e.g. O’Sullivan et al. 2017, 2018; Kolokythas et al. 2019, 2022) and
galaxy group catalogs from the 2MASS Redshift Survey (Lambert
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2 Saeedzadeh et al.

et al. 2020), the REFINE survey (Sarron & Conselice 2021), the
eROSITA Final Equatorial-Depth Survey (Liu et al. 2022), etc. The
heightened attention is also in part due to improving group detection
algorithms (e.g. Ibrahem et al. 2015; Duarte & Mamon 2015; Yang
et al. 2021; Xu et al. 2022) and the increasingly sophisticated cosmo-
logical galaxy formation simulations that are now able to reproduce
the observed stellar properties of group galaxies as well as facilitate
new insights into group-scale processes and their impact on galaxies
(see the recent review by Oppenheimer et al. 2021 as well as the
recent study by Jung et al. 2022 for a summary discussion of the
relevant simulations.)

One such set is the Romulus suite of cosmological hydrodynamic
simulations (Tremmel et al. 2017, 2019; Butsky et al. 2019; Cha-
dayammuri et al. 2020; Jung et al. 2022) comprising one uniform
cosmological volume (25 Mpc per side) and three group-scale zoom
simulations. Recently, Jung et al. (2022) examined the kinematic and
photometric properties of the brightest group galaxies (hereafter,
BGGs) in Romulus groups. They found that the distribution of their
properties, the trends exhibited by and the correlations among them,
are in very good agreement with the observations. Like the observed
BGGs, the Romulus BGGs include both quenched and star forming
galaxies; early-type elliptical galaxies and late-type disk galaxies;
fast-rotators and slow-rotators; etc. Jung et al. (2022) also follow
the evolution of BGGs transforming from late- to early-type in the
aftermath of mergers. More interestingly, they also find “galaxy reju-
venation” where quenched early-type BGGs transition into late-type
star-forming galaxy (see also Jackson et al. 2022.)

The latter is, at first glance, surprising and tempting to dismiss
as an artefact, but recent results from the Multi Unit Spectroscopic
Explorer (MUSE; Olivares et al. 2022) suggest that the re-emergence
of gaseous disks and star forming disks/rings around BGGs, at least
on a small scale, is not uncommon (see also Loubser et al. 2022;
Lagos et al. 2022). Moreover, Weinmann et al. (2006) find that (∼40−
50%) of the central galaxies in galaxy groups are star-forming late-
type galaxies. In fact, a significant minority of galaxies has been
shown to have disky morphology even at the highest stellar mass
(M∗ > 1011.4 M⊙) (e.g. Conselice 2006; Ogle et al. 2016, 2019) and
even early-type BGGs have been shown to contain non-trivial amount
of cold gas (Werner et al. 2014; O’Sullivan et al. 2018). The presence
of cold gas and gaseous disks, rejuvenations, and the ongoing star
formation all indicate that BGGs must be receiving influx of gas from
their surroundings every so often. In the present paper, we focus on
the reservoir of gas cocooning the Romulus BGGs (hereafter, the
circumgalactic medium or the CGM) and seek to identify the different
modes of gas influx. In the process, we also investigate the nature of
the CGM and the origin of structure therein. As it turns out, all of
these are inter-linked.

The nature and the dynamics of the CGM and the impact of these
on galaxy formation is a highly topical subject. Observations of
CGM surrounding BGGs and giant elliptical galaxies find that this
reservoir comprises gas with a broad range of kinematics, ionization
states, temperatures, densities, and phases (e.g. Werner et al. 2014;
Werk et al. 2016; Lakhchaura et al. 2018; O’Sullivan et al. 2018;
Zahedy et al. 2019; Olivares et al. 2022). Among the many riddles
linked to this rich diversity, the origin of cold (∼ 104 K) gas co-
existing alongside warm-hot (∼ 106 − 107 K) gas in the CGM of
quiescent galaxies is particularly puzzling. Possible explanations of
the phenomenon run the gamut from (i) debris from ram pressure
stripping and tidal disruption of satellite galaxies (e.g. Murakami &
Babul 1999; McCarthy et al. 2008; Sun et al. 2009; Franchetto et al.
2021; Jung et al. 2022); (ii) byproducts of cooling due to mixing
between the diffuse CGM and the multiphase stellar and/or AGN-

driven galactic outflows (Huang et al. 2020a,b; Schneider et al. 2020;
Rennehan 2021), as well as mixing between the diffuse CGM and
the interstellar gas dredged (uplifted) out of the galaxy by active
galactic nucleus (AGN) jets (e.g. Revaz et al. 2008; Pope et al. 2010;
Scannapieco & Brüggen 2015; Schneider & Robertson 2017; Qiu
et al. 2020); to (iii) the byproducts of induced positive density per-
turbations within the CGM that result in localized regions of rapidly
cooling gas which condense out of the general medium and form
in-situ cool clouds (e.g. Maller & Bullock 2004; Sharma et al. 2010,
2012; Choudhury & Sharma 2016; Prasad et al. 2015, 2017; Voit
et al. 2015; Li et al. 2015).1 The key to sorting through these various
mechanisms, and the way in which they impact the evolution of the
galaxies is to undertake a detailed study of the baryon cycles and
the physics underlying these cycles in these systems (cf. Donahue &
Voit 2022; Faucher-Giguere & Oh 2023, and references therein).

For systems that assemble hierarchically over the cosmic
timescales, one way of quantifying the importance of the different ori-
gin mechanisms and more generally, of acquiring better insight into
the dynamics of the CGM, is to track its evolution in self-consistent,
cosmological hydrodynamic simulations of galaxy evolution. How-
ever, investigating the CGM using cosmological simulations is very
challenging because most current cosmological simulations typically
under-resolve lower density structures, like the CGM (Hummels et al.
2019). This is due to two main constraints: (i) an effective ceiling
on the maximum resolution due to practical considerations (e.g., the
computational costs in terms of time and resources), and (ii) the in-
tentional design of the codes to prioritize and direct computational
resources towards high density structures.

There are, however, concerted ongoing efforts to improve the treat-
ment of the CGM. One promising approach involves code redesign
(cf. Hummels et al. 2019; Suresh et al. 2019; van de Voort et al.
2019; Peeples et al. 2019) that allows the mass resolution in a halo’s
circumgalactic environment to be boosted above the halo’s base res-
olution. The other approach leverages more efficient codes, faster
computers and greater computing resources to push to higher reso-
lutions overall (cf. Tremmel et al. 2019; Fiacconi et al. 2017; Hafen
et al. 2019; Nelson et al. 2019; Fielding et al. 2020; Tamfal et al.
2022). Our Romulus suite of simulations fall in the latter category.
In fact, most of the studies cited above that follow the evolution of
cosmologically realistic halos rely on higher resolution globally, the
only exceptions being Suresh et al. (2019), van de Voort et al. (2019)
and Peeples et al. (2019).

To be sure, both approaches have limitations. For one, neither
class of simulations have achieved convergence. Nonetheless, the ef-
fort represents significant improvement. Also, we note that at present
the computational expenses involved typically limit the size of the
halos that can be investigated, or restrict the runs from being contin-
ued past some time point, or require some other compromises. For
example, all except Nelson et al. (2020) and the Romulus analyses
limit themselves to halos of mass Mvir ∼ 1012 M⊙ or lower.

Here, we expand on prior Romulus studies (Tremmel et al. 2017,
2019; Butsky et al. 2019; Chadayammuri et al. 2020; Jung et al.
2022) to investigate the origin and the dynamics of the CGM in
the radial range 0.1 ⩽ R/R500 ⩽ 1 around the central galaxies
in group-scale halos with present-day (𝑧 = 0) masses in the range

1 In literature, the phenomenology is often associated with labels “condensa-
tions” and “precipitation”. In this paper, “condensations” refers to cool-cold
clouds forming in-situ out of localized regions of rapidly cooling density
perturbations. Precipitation refers to cold clouds that fall or rain down onto
the central galaxy.
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2.3 × 1012 M⊙ <∼ 𝑀200 <∼ 1 × 1014 M⊙ . When we speak of the
CGM, this is the gas that we are referring to — unless we explicitly
say otherwise. We exclude the gas inside 0.1R500 from current study
because gas dynamics in this “inner CGM” is considerably more
complex. For one, it undergoes repeated heating and cooling episodes
which give rise to variations in the central temperature, cooling times,
gas velocities, etc. We will explore the evolution of the “inner CGM”
in a follow-up paper. This paper is organized as follows: In Section 2,
we explain our analysis methodology and present some preliminary
results. In Section 3, we discuss the nature of the CGM and investigate
its origin. We then explore the dynamics of the multiphase CGM in
Section 4. We summarize and discuss our results in Section 5 and
give final concluding remarks in Section 6.

2 ANALYSIS METHODS AND INITIAL FINDINGS

We use three of the Romulus simulations: Romulus25, which is
a (25 Mpc)3 cosmological volume simulation, as well as Romu-
lusC and RomulusG1, which are two zoom simulations of indi-
vidual group-scale systems. All three simulations share the same
background cosmology2, sub-grid physics and Romulus galaxy for-
mation model (Tremmel et al. 2017, 2019; Butsky et al. 2019; Cha-
dayammuri et al. 2020; Jung et al. 2022). Also, all three simulations
are run using Tree+Smoothed Particle Hydrodynamics (Tree+SPH)
code CHaNGa (Menon et al. 2015; Wadsley et al. 2017).

The details about the Romulus simulations, including a thorough
discussion of the hydrodynamics code and the galaxy formation
model used, the sub-grid physics incorporated therein, the various
modeling choices adopted, as well as the simulations’ unique fea-
tures, have been described extensively in a number of published
papers. In the interest of brevity, we do not repeat this account here
and instead, refer interested readers to Tremmel et al. (2015, 2017,
2019, 2020); Sanchez et al. (2019); Butsky et al. (2019); Chadayam-
muri et al. (2020); and Jung et al. (2022). The latter especially offers
a concise yet complete summary. Here, instead, we concentrate on
providing a clear description of the approach we take in analyzing
the simulations.

There is, however, one aspect that is important to highlight: The
resolution of all the groups extracted from Romulus simulations
is the same regardless of whether they are drawn from zoom or
cosmological simulations. They are all characterized by a Plummer
equivalent gravitational force softening of 250 pc (or 350 pc spline
kernel), a maximum SPH resolution of 70 pc, and gas and dark matter
particle masses of 2.12 × 105 M⊙ and 3.39 × 105 M⊙ , respectively.

Together, the Romulus simulations yield a sample numbering in
a few tens of halos in the mass range of interest. These are among the
highest resolution group-scale halos simulated using cosmologically
realistic initial conditions.

2.1 Halo catalogue and substructure definition

The output files for all the Romulus simulations discussed in this
study were processed in an identical manner: The halos and subhalos
were extracted and processed using the Amiga Halo Finder (Knebe
et al. 2008; Knollmann & Knebe 2009, AHF), and tracked across
time with TANGOS (Pontzen & Tremmel 2018).

2 The background cosmology corresponds to a ΛCDM universe with cos-
mological parameters consistent with Ade et al. (2016) results: Ωm = 0.309,
ΩΛ = 0.691, Ωb = 0.0486, H0 = 67.8 km s−1Mpc−1, and 𝜎8 = 0.82.

The halos and subhalos exist in a nested hierarchy, with the
halos being the top-level structures and the subhalos embedded
therein. AHF finds these structures by locating peaks in an adap-
tively smoothed density field, identifying all particles (dark matter,
gas, stars, and black holes) that are gravitationally bound to each
peak, and then proceeding up the hierarchy to find successively larger
structures. Once the halos are identified, their centers are found by
applying the shrinking sphere approach (Power et al. 2003) to the
distribution of bound particles associated with each of the halos.

The halo masses (MΔ) are determined by constructing a sphere
of radius RΔ about each of the halo centers such that the mean inte-
rior density is

〈
𝜌m,Δ (𝑧)

〉
= Δ · 𝜌crit (𝑧) where 𝜌crit = 3H2 (z)/8𝜋G

is the critical cosmological density and Δ is a constant. (see, for
example, Babul et al. 2002). Throughout this study, we refer to
(M200,R200) and (M500,R500) which correspond to Δ = 200 and
Δ = 500 respectively. For the assumed cosmology in Romulus sim-
ulations M500/M200 ∼ 0.7 and R500/R200 ∼ 0.68.

The above prescription is only appropriate for the halos. In the
case of subhaloes, AHF tracks the local density profile as a function
of distance from the peak center. At some point, the external gravi-
tational field becomes dominant and correspondingly, the behaviour
of the density profile changes. The distance from the peak where
this happens marks the size of the subhalo, and the mass enclosed is
recorded as the subhalo’s mass.

As noted in §1, in this study we are interested in the CGM surround-
ing the massive central galaxies in group-scale halos. Consequently,
we restrict ourselves to halos in our simulations with 𝑧 = 0 masses
M200 ⩾ 2 × 1012 M⊙ (cf Jung et al. 2022).

2.2 Central galaxy selection criterion

Next, we are specifically interested in the evolution of the quiescent
CGM, that is the dynamics of the CGM in the absence of shocks and
other disturbances due to major mergers and massive interlopers (see,
for example, Poole et al. 2006). We therefore examine each of the
halos of interest and locate a 5 Gyrs window over the redshift range
0 ⩽ 𝑧 ⩽ 1.5 during which the volume inside R500 is undisturbed
by a major (1:10 or larger) merger. We set our epoch of analysis
(hereafter, 𝑧a) at two Gyrs after the start of the window. Our analysis
of the gas dynamics in group-scale halos that undergo major mergers
shows that it rarely takes longer than two Gyrs for the gas inside R500
to relax. In order to identify the origins and the fate of the CGM
gas at the time of analysis, 𝑧a, we consider the evolution of the gas
starting from 5 Gyrs prior (we explain the choice of 5 Gyrs in §4.2)
to 𝑧a to 3 Gyrs after.

Since the halos are generally dynamically relaxed during the period
of study, the massive galaxies in the halos are always located at
the halo center. We determine the galaxies’ baryonic properties by
looking at the gas, stellar and black hole particles within spheres
of different sizes centered on the halo centers. To further restrict
ourselves to massive central galaxies (hereafter, BGGs), we only
investigate systems that host central galaxies with M∗ (< Rgal) ⩾

1011 M⊙ , where Rgal is the galaxy’s radius. We follow Hafen et al.
(2019) and define a central galaxy’s radius as Rgal = 4R∗,0.5, where
R∗,0.5 is the half mass radius for all star particles within 0.15R200.

There are 19 such systems across all of the Romulus simulations
and although we have analyzed all 19, we have selected eight for
detailed investigation and as foil for our discussion. The basic char-
acteristics of these eight halos are listed in Table1. We emphasize that
these should be regarded as illustrative. They were chosen because
their halo and BGG masses, as well as the number and properties

MNRAS 000, 1–25 (2023)
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Halo M200 |𝑧=0 𝑧a M200 M500 M∗,Rgal M∗,50 kpc R200 R500 Rgal
ID [M⊙] [M⊙] [M⊙] [M⊙] [M⊙] [kpc] [kpc] [kpc]

C 1.1e+14 0.70 5.9e+13 4.6e+13 8.0e+11 9.2e+11 629.8 428.5 23.0
52024 1.8e+13 0.29 1.3e+13 1.0e+13 2.0e+11 2.5e+11 451.7 304.6 15.2
G1 1.4e+13 0.25 1.6e+13 1.1e+13 2.6e+11 3.3e+11 488.9 317.7 15.9
49510 1.2e+13 0.36 1.1e+13 8.2e+12 1.7e+11 2.2e+11 417.5 276.6 12.1
99966 6.3e+12 0.31 5.9e+12 3.9e+12 1.1e+11 1.3e+11 342.2 219.8 12.1
38182 4.4e+12 0.44 4.0e+12 2.8e+12 1.0e+11 1.1e+11 286.3 187.2 11.0
91655 2.3e+12 0.26 2.1e+12 1.7e+12 1.1e+11 1.4e+11 247.9 171.3 13.3
77876 2.3e+12 0.25 2.1e+12 1.8e+12 1.0e+11 1.3e+11 251.2 174.2 11.0

Table 1. Properties of the eight Romulus halos that we use as foil for the discussion in this study. Halos are ordered by halo mass M200 at z = 0. 𝑧a is the redshift
at which the halos were analyzed. M200 (M500 ) is the the total mass at 𝑧a within R200 (R500 ) . M∗(< Rgal ) is the total stellar mass contained within the central
galaxy’s radius Rgal (see text for definition of Rgal) and M∗(< 50 kpc) is stellar mass within 50 kpc of the halo center at 𝑧a.

of the subhalos orbiting inside R500 (za) sample the range spanned
by the full sample, and because their CGM properties reflect the
diversity present in our sample. For example, we wanted to ensure
that the sample included both cool core and non-cool core groups.
We emphasize that the findings and behaviours that we highlight are
general and observed in all the halos.

For completeness, we point out that the cool core/non-cool core
classification criterion for observed groups is not the same as that
for clusters. For the latter, it is based on entropy or the cooling
time of the intracluster medium in the cluster core. Groups, however,
are classified on the basis of their observed temperature profiles:
Those that exhibit central temperature drop are designated “cool core
(CC)” while those with flat or centrally peaked temperature profiles
are labelled “non-cool core (NCC)”. We refer interested readers to
O’Sullivan et al. (2017) for further details. The classification of Ro-
mulus groups is discussed in Jung et al. (2022) and their temperature
profiles are shown in Fig. 12 of that paper.

2.3 The circumgalactic gas surrounding the BGGs

The main focus of this study is to determine where the gas in the CGM
around massive galaxies at the time of analysis, 𝑧a, has come from,
to identify the different types of structures present, and ascertain
the fate of these CGM subcomponents. We will do this via particle
tracking analysis applied to the individual gas resolution elements
of the CGM. Particle tracking leverages the fact that Lagrangian
hydrodynamic codes, like CHaNGa, provide access to the full time
history of these resolution elements and the fact that mass exchange
between gas elements is not permitted. It has previously been used
to study gas inflow onto galaxies and their halos, as well as the
impact of galactic winds; it has also been used to study the gas and
metal content of the intragroup medium and most recently, the CGM
around Milky Way-like and lower mass halos (cf. Kereš et al. 2005;
Oppenheimer et al. 2010; Liang et al. 2016; Anglés-Alcázar et al.
2017; Hafen et al. 2019; Esmerian et al. 2021, and references therein).

An assessment of the gas properties (e.g., temperature, entropy,
cooling time, etc.) surrounding the BGGs in the Romulus groups
shows that at any given radius, these typically span a broad distribu-
tion. This is illustrated in Fig. 1, where we show the distribution of
the local gas cooling time at 𝑧a, as a function of halocentric distance,

in our eight illustrative halos. Here, 𝑡cool ≡ 𝐸thermal/[𝑛2
𝑒Λ], where Λ

is the radiative cooling function and 𝑛𝑒 is electron number density.
The grey shading in each of the panels illustrates the distribution

of all the gas inside R500 of the identified halos, including the cool,
potentially star-forming gas (hereafter, the interstellar medium or the
ISM) within the BGG. Operationally, we divided the panels into
equal-sized pixels, binned the gas particles in these pixels, and con-
verted the resulting count into a fraction relative to the total number
of gas particles within R500. The contrast of the shading is deter-
mined by the logarithm of the fraction: larger the fraction, darker
the shading. Additionally, the horizontal dashed lines in each of the
panels correspond to cooling timescales of 10 Gyrs (red), 5 Gyrs
(blue), 3 Gyrs (cyan), and 1 Gyr (black). The purple curve is the me-
dian 𝑡cool for the hot (T > 106 K) gas; the vertical black dashed line
corresponds to 0.1R500; and the two magenta dot-dashed lines show
the upper and lower values of 𝑡cool bounding 90% of the non-ISM
gas.3 As for the orange and green diagonal lines, we will discuss
these in §2.3.1.

2.3.1 The CGM

The panels in Fig. 1 show several features worth noting. We first start
by considering all the gas in the radial range 0.1 ⩽ R/R500 ⩽ 1.
We find that no more than 10% (20%) of the gas has cooling time
of less than 1 Gyr (3 Gyrs). Generally, the non-ISM CGM gas in
all halos is distributed in a band about the median hot gas 𝑡cool
curve. Still, even if we set aside the cool dense ISM-like gas in
the satellite and the central galaxies and further exclude the gas
in the two tails of the distribution, the remaining 90% (bracketed
by the two magenta dot-dashed lines) includes gas whose cooling
times range from ∼ 0.3−0.4 to ∼ 2−3 times the median at the same
radius. Moreover, we also find occasional deep downward extensions
plunging cooling times as much as 10−3×, or even 10−4× lower, as
well as upward extensions from the median band reaching ∼100×
larger, than the hot gas median. Such large dynamic ranges in 𝑡cool
has also been reported by Esmerian et al. (2021) and Nelson et al.

3 Specifically, we exclude any gas that is bound to central and satellite galax-
ies and whose temperature is less than 5×104𝐾 and hydrogen number density
greater than 0.1 cm−3.

MNRAS 000, 1–25 (2023)



Dynamics of Multiphase CGM around BGGs 5

Figure 1. The distribution of 𝑡cool for gas within R500 in eight Romulus halos used in this study at 𝑧a. The grey pixels show 𝑡cool versus the radius of all gas.
The pixels’ contrast is determined by the logarithm of the ratio of gas particles in each pixel to the total gas particles within R500 of each halo. The purple line in
each panel is the median 𝑡cool for the hot (T > 106 K) gas. The dashed horizontal lines corresponds to 𝑡cool = 10 (red), = 5 (blue), = 3 (cyan) and = 1 (black).The
magenta dotted-dashed lines show the upper and lower values of 𝑡cool bounding 90% of non-ISM gas. Black vertical line shows r = 0.1 R500 for each halo.
As discussed in the text, we designate the gas at 0.1 ⩽ R/R500 ⩽ 1 as the CGM. The orange line shows 𝑡cool/tff = 20 and green line shows 𝑡cool/tff = 1. The
significance of these thresholds is discussed in the text.

MNRAS 000, 1–25 (2023)



6 Saeedzadeh et al.

(2020) in simulations of Milky Way-mass (FIRE-2) as well as group-
scale (𝑀200 ∼ 1013.5 𝑀⊙) halos (TNG50), respectively. As for the
origin of the dips and peaks, we will discuss these further in greater
detail in §3 & §4. Here we simply note that the former are due to
gas recently stripped from the satellites while the latter are due to
shock-heated gas.

Secondly, although we have explicitly indicated that we will focus
on gas in the radial range 0.1 ⩽ R/R500 ⩽ 1 around BGGs, we
cannot ignore the fact that in many of the halos, bulk of the gas —
and this includes the non-ISM gas — inside 0.1R500 has short (< 1
Gyr) cooling time. Consequently during periods of low AGN activity,
one expects the emergence of a global cooling flow. Chadayammuri
et al. (2020) noted this trend in Romulus C system (see their Fig. 7
and 8), and we see it in all other Romulus groups as well (see §4.3.1).
Inevitably, these flows are disrupted by AGN outburts (e.g. see panel
for halo 91655 in Fig. 1) but when present, they extend beyond
0.1R500 and impact the dynamics of the gas of interest (cf. §4.3.1).

Next, we turn to the solid orange diagonal lines. This line corre-
sponds to 𝑡cool/𝑡ff = 20, where 𝑡ff ≡

√︁
2𝑟/𝑔(𝑟) is the free-fall time at

radius 𝑟 and 𝑔(𝑟) = 𝐺𝑀 (< 𝑟)/𝑟2. We consider this quantity because
linear stability analyses and experiments with idealized simulations
find that small-amplitude density perturbations in stratified diffuse
CGM in global thermal balance are thermally unstable and suscepti-
ble to condensation whenever the median 𝑡cool/𝑡ff drops below 10. 4

Condensing perturbations will form cool-cold clouds, giving rise to
multiphase structure in the CGM (cf.Sharma et al. 2010, 2012; Mc-
Court et al. 2012; Meece et al. 2015; Choudhury & Sharma 2016).
And, while there is observational support for this thermal instability
picture from, for example, studies of the galaxy cluster cores, some
of these same observational studies suggest a higher 𝑡cool/𝑡ff value
for the onset of the instability (e.g., ∼ 20; Hogan et al. 2017; Pulido
et al. 2018; Babyk et al. 2018). Recently, a theoretical reanalysis by
Choudhury & Sharma (2016) suggests that this value depends on
the detailed shape of the gravitational potential well (due, for exam-
ple, to the central galaxy within the halo; see also Voit & Donahue
2015; Prasad et al. 2018) and can be as much as a factor of 2 higher
in realistic group/cluster cores. Guided by these findings, we adopt
𝑡cool/𝑡ff = 20 (solid orange line) as our threshold (in §5.3.1, we
discuss how our findings change if our threshold is raised to 30 or
lowered to 10.) An examination of the panels in Fig. 1 shows that
in all except halo 91655 (which is undergoing active AGN heating),
the purple curve lies below the solid orange curve (or equivalently,
(𝑡cool/𝑡ff)med ⩽ 20) out to ∼ 60 kpc. In other words, gas density
perturbations within the central ∼ 60 kpc of these group-scale halos
ought to be prone to condensation.

The green solid line corresponds to 𝑡cool/𝑡ff = 1. Voit (2021) sug-
gests that once the perturbations’ local 𝑡cool/𝑡ff drops below 𝑡cool/𝑡ff
= 1, they will condense and form cool-cold clouds. We will discuss
the distinction between local and global values of 𝑡cool/𝑡ff in §2.3.2.

In Fig. 2, we show the distribution of the local 𝑡cool/𝑡ff at 𝑧a for
all the gas inside R500, including the cool, potentially star-forming
ISM gas, in halos under consideration. The grey shading has the
same meaning as in Fig. 1; the purple curve is the median 𝑡cool/𝑡ff
profile for the hot (T > 106 K) gas; and the dashed and dash-dotted
horizontal lines corresponds to the 𝑡cool/𝑡ff = 20 and 𝑡cool/𝑡ff = 1,
respectively. Additionally, we have shaded some of the gas in the

4 While the gas is formally linearly thermally unstable for all 𝑡cool/𝑡ff (Choud-
hury & Sharma 2016), nonlinearly, it becomes multiphase when the median
ratio is lower than 10. In this work, we refer to the gas prone to condensation
as “condensation-susceptible” gas.

panels translucent orange. We discuss this component in detail in
§2.3.2 below but first we examine the properties of the CGM gas
(i.e. the gas in the radial range 0.1 ⩽ R/R500 ⩽ 1).

Examining the distribution of 𝑡cool/𝑡ff , we frequently find a large
spread in the same radial shell. Specifically, 𝑡cool/𝑡ff extends to values
as low as ∼ 0.1, and in some instances down to 10−3 or even 10−5,
and as high as ∼ 300. This again highlights the multiphase nature of
the CGM. Esmerian et al. (2021) and Nelson et al. (2020) also find
similarly large dynamic range in 𝑡cool/𝑡ff in their simulations.

Next, we consider the median Romulus 𝑡cool/𝑡ff profiles (purple
curve in each panel) for the hot (T > 106 K) gas — see also, the left
panel of Fig. 3, where all eight are juxtaposed for easy comparison.
These profiles can be directly compared to the 𝑡cool/𝑡ff profiles in
Fig. 11 of Nelson et al. (2020), which are for the hot gas in TNG50
groups of comparable masses to our Romulus groups. In terms of
resolution, the TNG50 simulation is similar to Romulus: As de-
scribed by Pillepich et al. (2019), TNG50 has gas and dark matter
element mass of 8.5×104 M⊙ and 4.5×105 M⊙ , respectively [versus
gas and dark matter particle masses in Romulus of 2.12 × 105 M⊙
and 3.39 × 105 M⊙ , respectively]; a Plummer equivalent gravita-
tional force softening of 288 pc [versus 250 pc in Romulus]; and
a minimum adaptive gas gravitational softening of 72 pc [versus a
minimum SPH resolution of 70 pc].

Nevertheless, the results are strikingly different: All except two
of our median profiles increase monotonically with radius, power-
law-like, for 𝑟 >∼ 10 kpc (𝑟 >∼ 0.05R500). Even the median profiles
for halos 91655 and 77876, which feature a “bump”5 within the
central ∼ 0.1− 0.2 R/R500, fall in with the rest and then rise towards
larger radii. In contrast, the TNG50 profiles rise, have a maximum at
15 − 40 kpc, and then decrease towards larger radii.

The shape of the Romulus profiles are in agreement with the
observed 𝑡cool/𝑡ff profiles in galaxy groups (cf. O’Sullivan et al.
2017), which also increase with radius for r > 0.1R500. This is
illustrated in Fig. 3 by the solid black line, which corresponds to the
observationally determined median 𝑡cool/𝑡ff profile for the subset of
the CLoGS galaxy groups (O’Sullivan et al. 2017) with available
X-ray data, and the grey band, which illustrates the spread about the
observed median. In the left panel, it is clear that the CLoGS profiles,
like the Romulus profiles, increase with distance from the group
center. However, the plot also gives the impression that the observed
profiles have a slightly higher normalization. This offset is due to the
fact that the Romulus halos span a larger range in 𝑧a and halo mass
than the CLoGS sample. In particular, the Romulus sample has more
lower mass systems than CLoGS. We follow the scaling procedure
described by Prasad et al. (2020) to account for these variations and
the results are shown in the right panel of Fig. 3. The use of scaled
𝑡cool/𝑡ff leads to the narrowing of the scatter between the Romulus
profiles, especially for R > 0.1R500, and an improved agreement
with the normalization of the CLoGS curve. Rescaling the CLoGS
median/band does not have much impact because the groups are all
nearby (𝑧 < 0.02) and span a narrow range in mass and redshift.

Returning to the Nelson et al. (2020) results, we cannot discern
whether the differences in the shape of their and our profiles are due to
the baryon mass resolution of TNG50 being slightly better than that
of Romulus; due to the differences in the hydrodynamic solvers used
to run the two simulations; due to differences in the modeling and

5 The “bump” is due to ongoing AGN outbursts (see discussion and figure
in §3 for further details). Similar central bump-like features are present in the
observationally determined 𝑡cool profiles of the CLoGS galaxy groups with
jets (cf. Fig. 5 of O’Sullivan et al. 2017.)
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implementation of CGM heating and cooling (cf. §2.1 of Jung et al.
2022, for additional details); or some combination thereof. Whatever
the reason, it also results in Romulus and TNG CGM group-scale
gas entropy profiles having very different shapes (see Oppenheimer
et al. 2021 for a detailed discussion); the shapes of the Romulus
entropy profiles are in good agreement with the observations (Jung
et al. 2022).

We also compare our results to Esmerian et al. (2021). The profiles
in their Fig. 3 are not directly comparable to those in our Fig. 3 (left
panel) because their halos are lower mass, Milky Way-like systems
and their definition of the hot intragroup gas is based on an entropy
cut ( K > 5 keVcm2) as opposed to our temperature cut ( T > 106K).
However, when we apply the Esmerian et al. entropy threshold and
repeat the analysis, the resulting 𝑡cool/𝑡ff profiles, especially those
of our lower mass systems, are in good agreement. Our collective
results sit on the same continuum.

2.3.2 The condensation-susceptible CGM

Even a quick perusal of Fig. 2 shows that gas that is susceptible to
condensation is not restricted only to regions where the median curve
falls below 𝑡cool/𝑡ff = 20. This is readily apparent in, for example, the
Romulus C panel. Additionally, there are also radial zones, in halos
99966 and 38182 for example, where the median curve is below our
threshold and yet, there is very little gas condensing out. Features
like this in the observations have been use to argue that the 𝑡cool
may be a better indicator of thermal instability than 𝑡cool/𝑡ff (Hogan
et al. 2017). Specifically, Hogan et al. (2017) argue that the nebular
emission, a tracer of cold gas and star formation, mainly occurs in
systems with median 𝑡cool < 1 Gyr at 10 kpc. We find that nearly
all Romulus groups, both CCs and NCCs, have 𝑡cool < 1 Gyr at
10 kpc. However, not all halos’ BGGs have ongoing star formation
within the central 50 kpc sphere (see Table 2). Moreover, the recently
published observed profiles of Martz et al. (2020) are consistent with
the Romulus results. They find a number of groups and clusters that
have 𝑡cool < 1 Gyr in the central region but do not evidence star
formation or molecular gas in and about their central galaxy. In light
of this, we choose to stick with 𝑡cool/𝑡ff .

Nonetheless, the existence of gas that is susceptible to condensa-
tion in radial zones where the median curve is above our threshold
begs an explanation. We interpret such features as supporting the
results of Choudhury et al. (2019), who investigated conditions un-
der which both large and small density perturbations can become
thermally unstable. They found that the crucial parameter signal-
ing the medium’s susceptibility to multiphase condensations is not
whether the median 𝑡cool/𝑡ff is below some value but whether the
perturbations’ local 𝑡cool/𝑡ff falls below threshold, particularly if the
perturbations are strong. And, as we will show in §3 and 4, gas
in groups embedded in cosmologically realistic environments are
regularly subject to strong perturbations.

As for the lack of condensing gas when the median curve is below
our threshold, this can be due to lack of perturbations. However, a
more likely explanation is that the picture sketched out here needs
to be updated to account for transient heating episodes. During such
episodes, even if a perturbation has short cooling time, it will not
condense out if its radiative losses are offset by heating. A snapshot
of 𝑡cool or 𝑡cool/𝑡ff at a single moment will not reveal whether this is
happening. However, as shown in Figs. 13 – 18 of Jung et al. (2022),
all Romulus groups experience repeated episodic AGN outbursts.

Guided by these findings, we focus our analysis on local 𝑡cool/𝑡ff
in CGM. In Fig. 2, we have shaded the CGM gas with local 𝑡cool/𝑡ff
below 20 at the redshift of analysis, 𝑧a, translucent orange and will

Halo ID CC/NCC
status

𝑧a SFR
[M⊙ /yr]

M500
[M⊙]

MCGM
[M⊙]

𝑓condensation
susceptible

CGM

C CC 0.7 142.8 4.6e+13 5.3e+12 13.2%
52024 CC 0.29 73.9 1.0e+13 1.1e+12 32.0%
G1 CC 0.25 21.3 1.1e+13 1.2e+12 37.8%
49510 NCC 0.36 0.0 8.2e+12 8.7e+11 27.9%
99966 CC 0.31 22.3 3.9e+12 4.1e+11 66.7%
38182 NCC 0.44 0.0 2.8e+12 2.6e+11 74.0%
91655 NCC 0.26 0.64 1.7e+12 1.1e+11 66.9%
77876 NCC 0.25 8.6 1.8e+12 1.5e+11 88.0%

Table 2. Properties of the eight Romulus halos used in this study at 𝑧a.
CC/NCC status identifies the system as a cool core or non-cool group based
on the classification criterion described in §2.2. SFR is the BGG’s star for-
mation rate at 𝑧a measured within a 50 kpc sphere around the halo center.
M500 is the total mass at 𝑧a within R500. MCGM is total gas mass of CGM.
𝑓condensation−susceptible CGM = Mcondensation−susceptible CGM/MCGM is the frac-
tion of CGM gas mass that meets the “condensation-susceptible” CGM cri-
teria.

hereafter refer to this gas as “condensation-susceptible” CGM. The
expectation is that the gas elements in this regime are susceptible to
rapid cooling, or are actually in the process of doing so.

Note that although we are mainly interested in gas within the
radial range 0.1 ⩽ R/R500 ⩽ 1, the translucent orange component
in the panels extends inward to 0.02R500. This is because we also
want to capture cooling CGM gas that has fallen or flowed in past
inner boundary but has not yet been incorporated into the BGG’s
ISM at 𝑧a. Specifically, we designate gas in the radial range 0.02 ⩽
R/R500 < 0.1 as “condensation-susceptible” CGM if it satisfies three
conditions: (i) its 𝑡cool/𝑡ff ⩽ 20 at 𝑧a; (ii) its temperature is greater
than 5×104 K and its hydrogen number density is less than 0.1 cm−3

(i.e. it is not part of the BGG’s ISM); and (iii) it was part of the CGM
(i.e., in the region 0.1 ⩽ R/R500 ⩽ 1 at some point in the 5 Gyrs
prior to the time of analysis).

Next, we mentioned above that some of the Romulus BGGs are
star forming while others are not. We list the BGGs’ star formation
rates in Table 2, along with some of the other group/BGG properties
including the groups’ CC/NCC status. Of the eight halos we are
studying in detail, four are CC and four are NCC groups. We note a
strong correlation between the central group galaxy’s star formation
rate (SFR) and its CC/NCC status.

To understand this correlation, we focus first on R > 0.1R500
gas in the groups. We find that the thermodynamic properties of
the gas in both CC and NCC groups in this region are similar. This
is demonstrated by the similarity of the median profiles for various
quantities, such as 𝑡cool/𝑡ff (right panel of Fig. 3) as well as the scaled
entropy (left panel of Fig 12 of Jung et al. 2022), in this region.
These median profiles increase power-law-like towards larger radii,
with nearly similar slopes in all halos, regardless of their CC/NCC
status. We also looked at the fraction of the CGM that is identified
as “condensation-susceptible” (last column in Table 2) and find that
it too is not correlated with the CC/NCC status of the groups.

The main differences between CC and NCC groups are in the
region R < 0.1R500: CC groups have a greater amount of gas with
𝑡cool/𝑡ff < 20 that has flowed into this region compared to NCC
groups. This can be seen in the high contrast and the spread of
the grey shading as well as the amount of orange-shaded gas in
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Figure 2. The distribution of 𝑡cool/𝑡ff for gas within R500 in Romulus groups under consideration at 𝑧a. The grey pixels show 𝑡cool/𝑡ff versus the radius of all
gas. The radius is scaled by characteristic radius (R500). The grey shading has the same meaning as Fig.1. The purple line is the median 𝑡cool/tff for the hot (T
> 106 K) gas. The dashed black vertical line shows r = 0.1 R500. As discussed in the text, we designate the gas at 0.1 ⩽ R/R500 ⩽ 1 as the CGM. The dashed,
black, horizontal line shows 𝑡cool/tff = 20 and dash-dotted horizontal line shows 𝑡cool/tff = 1. The significance of these thresholds is discussed in the text. The
orange shading shows the distribution of “condensation-susceptible” CGM. We define this as gas between 0.1 ⩽ R/R500 ⩽ 1 with 𝑡cool/𝑡ff < 20 as well as gas
between 0.02 < R/R500 < 0.1 that has 𝑡cool/𝑡ff < 20 at 𝑧a and which entered this domain from beyond 0.1R500 in the 5 Gyrs prior to the time of analysis. We
explicitly exclude ISM gas.
MNRAS 000, 1–25 (2023)
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Figure 3. Median 𝑡cool/tff of hot (T > 106 K) gas for the eight Romulus halos vs radius. The left panel juxtaposes all median lines from Fig. 2. We show the
median line for CC groups as solid lines, and NCC as dashed lines. The right panel shows the same 𝑡cool/tff profiles, scaled by tcool,500/tff,500 following Prasad
et al. (2020). Black solid line is the median 𝑡cool/tff for observed CLoGS groups (O’Sullivan et al. 2017) and the grey band shows the observed spread around
the CLoGS median.

CC and NCC groups at R < 0.1R500 in Fig.2. This deficit shows
that the CGM gas in NCC groups is not cooling onto the BGGs,
which would explain the BGGs’ low/negligible star formation rates.
In detail, the cooling and/or inflowing gas in NCC groups is heated
by AGN feedback as it gets closer to the BGG. The impact of this
heating is reflected, as already noted, in the groups’ temperature
profiles: CC groups’ temperature profiles manifest a drop towards
the centre while the NCC groups’ temperature profiles are either flat
or centrally peaked. Also, the median 𝑡cool/𝑡ff profiles of the CC
groups are slightly steeper in the central region than those of NCC
groups. For further discussion of CC and NCC groups see §4.4.

3 THE NATURE AND THE ORIGINS OF THE CGM

To gain further insights about the CGM in our group halos, we
highlight in Figs. 4 & 5 the spatial structure in the CGM of the
systems shown in Fig. 2. From left to right, the columns show the
distribution of mass-weighted average (along the line of sight) gas
density, temperature, and 𝑡cool/𝑡ff ratio in slices with cross-sectional
area, 2R500 × 2R500, and 30 kpc thick, centered on the BGG. The
black circle in each panel marks the central region of radius 0.1R500,
the region we exclude when defining the CGM.

The inhomogeneous nature of the CGM in these halos is not ob-
vious in the density panels due to projection effects. Mostly, the
trends seen in the density panels are fairly typical of the structure
present in all Romulus groups: gas density is the highest at center
and drops off with distance from the center. In all but the last row,
the gas distribution is generally circularly symmetric. Nonetheless,
there are indications of churning due to mergers and AGN outflows.
For example, the ellipsoidal distribution in halos 91655 and 77876 in
Fig. 5 is the result of ongoing AGN jets and Romulus C slice (first
row of Fig. 4) contains numerous hot, low-density bubbles that are
remnants of recent episodes of AGN feedback.

The inhomogeneities due to filamentary extensions as well as those
due to AGN jets and jet-heated cavities show up prominently in the
temperature (middle column) and 𝑡cool/𝑡ff (last column) panels. This
includes the filament of cool gas extending to R500 in the first two
rows of Fig. 5; the numerous hot, low-density AGN-inflated bubbles

in the first row of Fig. 4; and the wide bipolar AGN outflow cones in
the last two rows of Fig. 56. We note that although half of the systems
are labeled as cool core in Table 1, the declining gas temperature
towards the group center is not evident in the panels because of the
superposition of hotter gas along the line of sight.

The 𝑡cool/𝑡ff ratio in Figs. 4 & 5 ranges from a few to 200, with
the blue colour corresponding to “condensation-susceptible” gas.
This “condensation-susceptible” gas is ubiquitous within R500 of all
halos in Romulus simulations and its distribution is amorphous and
filamentary. Some of these filaments are due to cool inflowing gas in
the plane perpendicular to the AGN outflows cones. See, for example,
panels for halos 91655 and 77876, in Fig. 5. Such features highlight
that hot outflows and cool inflows can co-exist in the same region.7
As noted previously, we also see streams of unstable gas extending
to R500 (see, for example, the first and second row of Fig. 5). These
are either inflowing filaments of cold gas penetrating deep into the
halos — such features are also present in the CGM of lower mass,
Milky Way-like sytems as well (cf Figs. 11 and 13 of Sokołowska
et al. 2018) — or tails of cool gas stripped from infalling or orbiting
satellites. The latter are similar to features in Figs. 2-9 of Poole
et al. (2006), who show that the tail of stripped gas initially has very
different thermodynamic properties than the background medium.

We will discuss these various structures of “condensation-
susceptible” gas in the group-scale halos in greater detail in section
§4. We expect that some of this gas is condensing and contributing
to the multiphase structure of the CGM. Additionally, orbiting and
infalling substructures within halos engender wakes (see Kim 2007;
Ghazvini Zadeh 2008; Ruszkowski & Oh 2011; Tamfal et al. 2021,
and references therein) and again, it would not be a surprise if these

6 See also Figs. 10 and 11 of Tremmel et al. 2017 and Figs. 2 and 3 of Cha-
dayammuri et al. 2020 for different views highlighting the various accretion-
and AGN-induced structures in Romulus C.
7 These features also highlight the difficulty of heating the CGM isotropically
via narrow bipolar outflows, leading to suggestions that a more effective
implementation for AGN jets is to ensure that they change direction every so
often (Babul et al. 2013; Cielo et al. 2018). This is in fact how the jets behave
in the Romulus simulations (cf. Fig. 11 of Tremmel et al. 2019).
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Figure 4. Each row shows maps of projected density, temperature and 𝑡cool/𝑡ff of the CGM in a 30 kpc slice through the halo center for the four halos in Fig.2,
Romulus C (CC), 52024 (CC), G1 (CC), and 49510 (NCC) from top to bottom, at 𝑧a.Panels are 2R500 on each side. The dashed black circle shows r = 0.1R500.
We only consider the gas beyond this distance as CGM. The other four halos are shown in Fig. 5.
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Figure 5. Same as Fig. 4 for halos 99966 (CC),38182 (NCC), 91655 (NCC), and 77876 (NCC) from top to bottom, at 𝑧a.
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Figure 6. Flow chart summarising how we classify the CGM and the
“condensation-susceptible” CGM (orange gas in Fig. 2). These are classified
into 4 categories: Central galaxy wind, subhalo internal, subhalo stripped,
and pre-existing CGM, based on its past history. See the text for a more de-
tailed definition of each category.

induce strong perturbations in the background CGM, driving some
of that gas to condense as well.

3.1 CGM tracking and classification

In the previous section, we inferred that the CGM gas has likely come
from multiple sources. In this section, we investigate the origin of
the CGM as well as the “condensation-susceptible” CGM at 𝑧a by
tracking the associated gas elements back in time. We consider four
potential sources, which are as follows:

• Central Galaxy Wind: Gas in the region of interest that was part
of the BGG’s ISM (i.e. its halocentric distance was < Rgal, its
temperature was T < 5 × 104 K and its hydrogen number density
was 𝑛𝐻 > 0.1 cm−3) at any point during the 5 Gyrs immediately
preceding 𝑧a. For an explanation for why we have adopted a 5 Gyrs
timescale, we refer the reader to §4.2.
• Subhalo Internal: Gas in the region of interest that has been
brought there by infalling subhalos and is identified by AHF as
still bound to a subhalo at 𝑧a.
• Subhalo Stripped: Gas in the region of interest that was bound to
a subhalo at some point during the 5 Gyrs preceding 𝑧a but is no
longer bound to the subhalo at 𝑧a. In this study, we do not concern
ourselves with how the gas was removed from the subhalo. Pos-
sible mechanisms include expulsion from the subhalo via galactic
winds, ram pressure stripping, and tails formed from debris of tidal
interactions.
• Pre-existing CGM: Gas that was neither in the central galaxy nor

Figure 7. The CGM and the “condensation-susceptible” CGM at 𝑧a are
grouped into 4 categories based on their history over the preceding 5 Gyrs,
as described in the text. This plot shows the fraction of CGM (solid bars)
and the “condensation-susceptible” CGM (hatched bars) corresponding to
the four categories.

bound to any subhalos in the 5 Gyrs preceding 𝑧a. Gas in this
category includes that which was always inside the sphere of radius
R500(𝑧a) over the 5 Gyrs window under consideration, as well as
that which has accreted onto the region of interest from larger radii.

The flowchart in Fig. 6 summarizes our procedure for classifying the
CGM and the “condensation-susceptible” CGM.

In Fig. 7 we use bar charts to show the fractions of the CGM and the
“condensation-susceptible” CGM contributed by the four sources, for
our eight Romulus groups. Each individual bar chart has a hatched
and an unhatched side showing the results for the CGM and the
“condensation-susceptible” CGM, respectively. The fractions vary
from halo to halo but broadly, the halos can be grouped into two
categories: those with quiescent merger histories over the 5 Gyrs
period preceding the time of analysis, and those with active merger
histories, including possibly major mergers prior to the start of the
window. Romulus C and G1 halos belong to the latter category.

For both sets of halos, the dominant component of the CGM is
pre-existing CGM. In the quiescent halos, it makes up > 80% of the
CGM while in the active halos, the fraction is lower to ∼ 60% while
the subhalo stripped has grown to 30 − 40% vs. <∼ 10%. Neither the
subhalo internal nor the central galaxy wind fractions make up more
than 4% generally. The low fraction of the latter component may
seem surprising but we note that as per our definition of the CGM,
we do not consider gas at R < 0.1R500.

The low fraction of the central galaxy wind material in the CGM
may seem at odds with the results of Hafen et al. (2019). They
investigated the origins of the CGM in halos with smaller galaxies
(M∗ ≃ 106−1011 M⊙) than ours and found that typically, the central
galaxy wind is the second most important component. However, they
also note that in their low redshift sample, the central galaxy wind
fraction decreases with increasing system mass, touching 10% in
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their highest mass systems. At the same time, their equivalent of our
subhalo stripped grows to ∼ 30%. Our results are consistent with the
extension of these trends to larger mass galaxies that we study.

Next, we consider the “condensation-susceptible” CGM. In the
active halos, the two dominant fractions are still those associated
with the pre-existing CGM and subhalo stripped components but
which of the two dominates varies. In Romulus C, subhalo stripped
makes up the largest fraction while in Romulus G1, pre-existing
CGM dominates. In the quiescent systems, pre-existing CGM is still
the dominant component and the corresponding fraction is similar
to that in the CGM. The fraction of the second largest category,
subhalo stripped, varies from being almost the same as in the CGM
to slightly larger. In both sets of halos, the combined fraction of
subhalo internal and central galaxy wind is generally larger for the
“condensation-susceptible” CGM than the CGM, growing to as much
15%; however, as to which of the two is larger, there is no clear trend.
In some halos, central galaxy wind is larger and in other halos,
subhalo internal is larger.

4 EVOLUTION OF THE CONDENSATION-SUSCEPTIBLE
CGM

To better understand the origin and the fate of the “condensation-
susceptible” CGM at the time of analysis, we carry out a detailed
particle tracking analysis. Specifically, we tracked the gas two Gyrs
back and two Gyrs forward in time from 𝑧𝑎 , allowing us to analyze
its behavior over a four-Gyr period. Based on analyses in this time
span, we find that the gas can be grouped into seven sub-components
whose evolution is discernibly different.

In Figs. 8 and 9, we use Romulus G1 halo as an example to high-
light these seven sub-components and illustrate how they each evolve
in the period leading up to and following the time of analysis. Firstly,
we direct attention to the last row in Fig. 8. This row corresponds
to the time of analysis. This is the epoch around which our analysis
pivots. In the left panel, we use the seven different colors to highlight
a small subset of the gas belonging to each of the sub-components
in the 𝑡cool/𝑡ff vs. radius plane. The main purpose of Figs. 8 and 9
is to clearly show the evolutionary trends. It is for this reason that
we do not color all the gas because that results in a confusing plot
with a hodgepodge of overlapping multi-coloured points. To further
minimize the overlapping and enhance clarity, each subsamples were
also extracted from targeted radial ranges. To that end, the distribu-
tions of the different colored points in the last row of Fig. 8 do not
reflect either the mass fractions or the actual radial distributions of
the corresponding sub-components.

• The cyan points sample the sub-component of the pre-existing
CGM that have a cooling flow-like behaviour.
• The yellow and red points sample sub-components of the pre-
existing CGM that have been perturbed. We identify this gas by
a sharp decrease in its 𝑡cool/𝑡ff within 0.5 Gyrs prior to 𝑧𝑎 . We
observe two distinct evolutionary patterns in this gas that correlate
with the magnitude of the change in density. The yellow points
correspond to gas with a significant increase in density, while the
red points correspond to gas with a mild density change.
• The lime-green points sample gas that is moving outward at the
time of analysis and has been doing so coherently for at least 0.5
Gyrs. Since this gas has never been part of the central galaxy, we
treat it separately from the central galaxy wind.
• The lavender and blue points are a subset of subhalo stripped
and subhalo internal gas, respectively.

• The orange points show a subset of the gas from the central
galaxy wind category.

For completeness, we note that the grey shading and the purple curve
shows, as before, all the gas in the halos and the median 𝑡cool/𝑡ff
profile for the hot gas.

Although we do not show all the gas belonging to these categories,
we have assessed all of the “condensation-susceptible” CGM gas in
all eight halos listed in Table 1 and found the same evolutionary
patterns across all the halos.

In the subsections below, we discuss the evolution of each of
the sub-components in more detail but first, we briefly explain the
organization of the rest of panels in Figs. 8 and 9. As noted, the bottom
row in Fig. 8 corresponds to redshift of analysis, 𝑧a. The preceding
three rows show the distribution of the sampled gas at three epochs
prior to 𝑧a while the four rows in Fig. 9 show the results at four
epochs post-𝑧a. The left panels show the changing gas distribution
in the 𝑡cool/𝑡ff vs. radius plane and the right panels show the spatial
distribution of the coloured points.

4.1 Orange: Central galaxy wind

We first consider the central galaxy wind sub-component of the
“condensation-susceptible” CGM at 𝑧a. A sample of gas from this
sub-category is colored orange in Figs. 8 & 9. This is gas that was
part of the BGG’s ISM and then expelled from the BGG after being
heated by the AGN at some point during the preceding five Gyrs.
The first row in Fig. 8 shows the state of this component roughly a
gigayear before 𝑧a. The gas is concentrated within the central core.
This is apparent in the left panel. In the right panel, the central
concentration of orange points is obscured by the overlapping points
associated with the other components. As the subsequent panels
show, this component expands outward. The right panels show this
gas breaking out of the central region. As it does so, it shocks, mixes,
and about a gigayear after 𝑧a, essentially becomes part of the CGM.
Thereafter, it evolves like the CGM. It is susceptible to perturbations
and cooling but mostly it remains distributed about the median curve
for hot CGM.

4.2 Blue: Subhalo internal and Lavender: Subhalo stripped

Next, we consider the sub-components identified as subhalo internal
and subhalo stripped. The former is gas with 𝑡cool/𝑡ff < 20 that, at
𝑧a, is bound to subhalos while the latter is gas that was removed from
the subhalos in the 5 Gyrs preceeding 𝑧a. The blue and lavender
points correspond to a subset of gas elements comprising these two
categories.

Typically, subhalos and their gaseous tails (blue and lavender
points) collectively enter the region of interest from the right in the
left panels and move towards the center. However, the process is
not unidirectional. Over the time period shown in Figs. 8 and 9,
many subhalos reach their pericenters and travel outward in radius.
A small number of satellites, typically the more massive ones, merge
with central galaxy and contribute their cold gas to the BGGs. This
is one way the BGGs acquire fresh cold gas and rejuvenate (e.g.,
Olivares et al. 2022; Lagos et al. 2022; Jung et al. 2022).

All orbiting subhalos eventually lose most of their gas. Visualizing
this evolution in the left panels is not straightforward, which is why
we also plot the 3D spatial distribution of the gas in the right panels.
Consider, for example, the first three rows of Fig. 8. One can see a
number of satellites (blue knots), make out their orbital paths, and
observe gas loss in the form of blue elongations transitioning to
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Figure 8. The “condensation-susceptible” at 𝑧a (last row) comprises seven sub-components whose evolution is discernibly different (see text for details). Here,
we use Romulus G1 group to illustrate how these sub-components evolve. At 𝑧a, we sub-sample gas associated with each sub-component; plot them in different
colors (see legend) and follow this gas backward and forward in time. The first three rows show the state of the sub-components at three earlier epochs. The left
column show the gas in the 𝑡cool/𝑡ff vs. radius plane; the right columns show its 3D spatial distribution.
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Figure 9. This figure is the same as Fig. 9 except that the plots correspond to four epochs following 𝑧a. See caption for Figure 8 and the text for details.
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Figure 10. The amount of time that it takes for “stripped” gas from a sub-
structure to mix with CGM. The y-axis shows mixing time over free-fall time
at R500. The x-axis shows the substructure mass relative to its host halo’s
mass, M500. The scatter aside, the mixing time of the removed gas increases
with mass fraction.

lavender tails. The gas removed from the subhalos does not im-
mediately detach from its source substructure nor does it immediate
stop following the orbital trajectory it was on when stripped. It takes
time for the gas to slow down and detach; in the meantime, the gas
manifests as streams trailing the satellites.

After detaching, some of the gas cools, loses angular momentum
due to drag and eventually falls to the center. This is more likely to
happen when the satellite’s initial pericenter is close to the BGG.
And, this gas too contributes to the the re-emergence of gaseous
and star forming disks/rings in the BGGs (e.g., Olivares et al. 2022;
Lagos et al. 2022; Jung et al. 2022). A larger fraction of the removed
gas, however, shocks, heats up, mixes, and becomes part of the CGM.

We have determined the “mixing time” of gas from individual
subhalos. The mixing time is defined as the time it takes for the
entropy of 90% of the gas removed from subhalos, and which is at R
> 0.1R500, to reach an entropy level of more than 80% of the median
entropy at all radii. This time is measured from the moment when
the subhalo crosses R500. In Fig. 10 we show this mixing time as a
function of the free-fall time at R500 (i.e., tmix / tff,500) against the
ratio of the subhalo mass to its host halo mass M500. Both subhalo
and halo mass are computed at the time subhalo is at R500. To make
this plot, we selected at least two subhalos in each halo (three, in the
case of more massive halos) in a manner that reflects the range of
subhalo-to-halo mass ratios in our simulations. We find that on the
whole tmix/ tff,500 increases with Msubhalo/M500, albeit with large
scatter. Nevertheless, most of the subhalo gas tends to mix within 5
Gyr. For this reason, when categorising the CGM we consider gas
removed from a subhalo > 5 Gyr prior to 𝑧a as pre-existing CGM.
For consistency we use the 5 Gyr look back window for all other
categories as well.

4.3 Pre-existing CGM

The final category is pre-existing CGM. The gas in this category
exhibits four broad evolutionary patterns. A subset of the gas from
each of these four patterns are shown in Figs. 8 and 9 as cyan, red,
yellow, and lime-green points. In describing their behaviour, we
will refer to Figs. 8 and 9 as well as Fig. 11. Fig. 11 shows the radius,

entropy, density, and temperature of the sampled gas belonging to the
four sub-components as a function of Δt ≡ [t−t(𝑧a)]. The coloured
lines show the median time evolution of the quantities, and that of
the individual tracer trajectories are shown as thin grey lines in the
background. Each sub-component is represented by the same colour
in Fig. 11 as in Figs. 8 and 9. And, while these plots are specific to
Romulus G1, we observe similar trends in all the halos. The fraction
of the pre-existing CGM in each of the four components, on a halo
by halo basis, is given in Table 3.

4.3.1 Cyan: Cooling flow

Firstly, we describe the evolution of the gas characterized by the
cyan points. The first row of Fig. 8 shows the state of the sampled
gas ∼1 Gyr before 𝑧a. The cyan points are distributed around the
median 𝑡cool/𝑡ff of hot CGM (purple line). Over time, this gas remains
clustered about this median line as it flows inward.8 This is clearly
demonstrated by the cyan curve in the top left panel of Fig. 11. This
is an example of an isothermal cooling flow (cf Nulsen 1998) in that
the temperature of this subcomponent does not change much leading
up to 𝑧a and even shortly thereafter (see bottom left panel in Fig.
11). The entropy of the gas is, however, dropping (see the second
panel in the first column of Fig. 11) and the flow is radiatively losing
energy. With respect to the temperature, compressional heating is
largely balancing radiative losses.

During the above phase, the inward flow is subsonic, similar to
that seen in the simulation discussed in Lewis et al. (2000). Also,
as described in studies like those of Sokołowska et al. (2018); Stern
et al. (2019, and references therein), it is mainly localized to fila-
mentary structures threading the inner halo (as apparent in the third
row of Fig. 4) and therefore, does not involve all of the gas at any
radius. The fraction of gas in the cooling flow component in each of
the eight halos is listed in Table 3. The most apt description of the
flow is a revised version of that by Theuns (2003): a slowly-moving
filamentary emulsion of gaseous blobs with slightly different densi-
ties and temperatures [than the median] that is cooling isothermally
and slipping past the other components comprising the CGM.

Only after the gas enters the galaxy (i.e., R < Rgal) does its time
evolution bifurcate. Most of the gas starts to cool rapidly — its density
increases rapidly and both its entropy and temperature drop steeply
— and it becomes part of the BGG’s ISM. A small fraction, however,
is halted and turned around by the outflowing galactic wind before
rapid cooling happens (cf §4.3.3). The latter returns to the CGM.

The gas that settles in the central galaxy has non-zero angular
momentum and is the dominant source of the gas leading to the re-
emergence of the gaseous disks seen in Jung et al. (2022). A fraction
of this gas accretes onto the SMBH or fuels star formation, and a
fraction is expelled as wind back into the CGM and eventually mixes
with the ambient CGM. The cyan points in the last three panels of
Fig. 9 correspond to both the pushed-back and the expelled gas; we
preserve their colors to show that they were part of the cooling flow
sub-component at 𝑧a. And in Fig. 11, the median properties of this
gas is shown by dashed lines. The dispersal of this gas to large radii
is clearly shown in the top left panel.

In Table 4, we show the fraction of the cooling flow that contributes
to the star formation or accretes onto the SMBH. Not surprisingly,
the fraction is correlated with the halo’s CC/NCC status; also, a

8 The behaviour in the entropy-radius plot (not shown) is similar. As the gas
moves inwards, it remains clustered about the median entropy profile of the
hot gas, which decreases towards the centre.
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Figure 11. “condensation-susceptible” gas in pre-existing CGM category exhibits four different types of evolutionary behavior. This plot shows the thermodynamic
history of the associated gas. Each column shows results for each evolutionary behavior. First column: gas that demarcates the isothermal cooling flow. Second
column: gas that has been subjected to strong perturbations. Thirds column: gas that has been subjected to weak perturbations. Fourth column: initially
inward flowing CGM that got turned around and at the time of analysis is moving outward. The rows show radius, entropy, density, and temperature, from top
to bottom. We follow the gas for two Gyrs before and after the analysis time t(𝑧a), shown by a black dashed line. Solid coloured lines show the median, and
individual tracers are shown in the faint grey line. The dashed coloured line shows the median of the gas that is returned to the CGM via galactic outflow.

Halo ID CC/NCC status 𝑧a Cooling flow Strongly perturbed Weakly perturbed Outward flow Other

C CC 0.7 70.55% 1.3% 5.60% 14.6% 8.70%
52024 CC 0.29 67.46% 1.4% 9.06% 14.2% 7.80%
G1 CC 0.25 29.78% 0.25% 30.26% 29.9% 9.97%
49510 NCC 0.36 33.80% 0.27% 25.88% 32.32% 8.70%
99966 CC 0.31 56.10% 0.89% 12.03% 23.08% 7.9%
38182 NCC 0.44 40.71% 0.11% 11.77% 36.77% 10.7%
91655 NCC 0.26 32.32% 0.1% 18.10% 35.02% 14.5%
77876 NCC 0.25 48.62% 0.02% 13.20% 31.30% 7.1%

Table 3. The table shows the fraction of pre-existing CGM that follows the four different evolutionary behaviours. In previous figures, the isothermal cooling
flow, strongly and weakly perturbed gas, and outward flow are shown in cyan, yellow and red, and lime-green. Fractions of pre-existing CGM that are not
following any of these behaviours are shown in the last column.

larger fraction at 𝑧a corresponds to a larger SFR. We discuss these
relationships further in Section 4.4.

4.3.2 Yellow and Red: Externally perturbed gas

Next, we examine the sub-components of the pre-existing CGM rep-
resented by the yellow and red points in Figs. 8 & 9. Both are ex-
amples of CGM gas that has been subjected to density perturbations.

Various physical processes, including shocks, gravitational focusing
and turbulence due to orbiting substructures, as well as shocks and
turbulence caused by AGN- and SNe-powered galactic outflows, can
(and do) induce density perturbations in the CGM. The forward evo-
lution of these perturbations depend on whether locally they can cool
efficiently, which in turn depends on their amplitudes (Choudhury
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et al. 2019; Das et al. 2021).9 The yellow points sample the gas that
experiences strong perturbations while the red points sample the gas
that is only mildly perturbed. We characterize the perturbations as
weak or strong on the basis of the increase in density (yellow and
red curves in the third row of the second and third columns of Fig.
11) leading up to the time of analysis. The median of the yellow gas
increases in density by a factor of ∼30 while the median of the red
gas registers only a slight increase, and only for a very short time.

Before discussing the behaviour of the density perturbations in
more detail, it is important to address a potential concern that the
yellow and red particles are not the products of physical processes
but of numerical noise, especially given the small fraction of mass
involved (cf. columns 5 and 6 of Table 3). We check this in two
ways: (i) Strictly speaking, a single tracer SPH particle is a non-
independent resolution element in that although the particles carry
physical properties, such as mass, density, volume, velocity, temper-
ature, etc., the physical information about the fluid and the flow is
actually carried by a cloud of particles comprising the particle and
its nearest neighbours (Agertz et al. 2007; Sigalotti et al. 2021). We
therefore compare the cooling time of individual tracer particles to
the average 𝑡cool of a fluid element comprising all the particles within
the tracer particle’s SPH kernel. We find that for 70% of the tracer
particles, their neighborhood’s average 𝑡cool is either statistically the
same as the particle’s cooling time or smaller (i.e. the neighbourhood
is collectively cooling similarly or faster). This strongly suggests that
majority of our yellow and red particles are not random, isolated
points. They are part of a region that itself is prone to condensation.
(ii) Additionally, we examine the spatial positions of the red and
yellow particles in our halos. Fig. 12 shows that these tracers of
perturbed pre-existing CGM are mainly found in and around streams
of gas from the subhalos (shown as lavendar points), lending sup-
port to the idea that the main sources of the perturbations are the
wakes and tails of orbiting subhalos. This was already suggested by
the distributions of the yellow and red points in the right column
of Figs. 8 and 9.

Focusing first on the strong perturbations, we note that in Figs. 8 &
9, the yellow points are sampling gas that starts at the median line.
At Δ𝑡 ≈ −0.3 Gyr, the gas is perturbed mainly by the satellites and
experiences a strong density enhancement with respect to its local
background. In the second row of Fig. 8 a cluster of yellow points
forms close to a satellite (blue points). This clustering can also be
seen in the right panel (3D plots) overlapping the satellite and its
gaseous tail. These perturbations cool rapidly; the temperature of the
gas drops — from ∼ 107 to ∼ 104 K — and so does its entropy as
well as its 𝑡cool/𝑡ff (see the panels in the second column of Fig. 11).
By 𝑧a, 𝑡cool/𝑡ff of all the perturbations is below 20 (dashed line), and
some are even below 1 (dash-dotted line). Eventually, all of these
perturbations end up below 𝑡cool/𝑡ff = 1.

Thereafter, some of the condensations fall in, some ride the satel-
lites’ wake for ∼ 1−2 Gyrs before detaching and falling to the center,
and some appear to be in stable orbits (see the first three 3D panels in
Fig. 9 as well as the individual tracks in the first panel of the second
column of Fig. 11).

Most of the infalling gas joins the BGG’s ISM. We will refer to
this cold infalling gas as “precipitation”. Once in the BGG, some of
precipitation contributes to star formation and fueling the SMBHs,
like the cooling flow gas, and some is expelled back to the CGM, as
illustrated by the yellow points in the last two panel of Fig. 9.

9 And in the case of simulations, also on whether their cooling lengthscale
(𝑙cool = 𝐶𝑠𝑡cool) is resolved (Mandelker et al. 2021).

Figure 12. This 2D plot shows the position of the perturbed gas, shown as
yellow and red points, and the subhalo stripped gas, shown in lavender.
The black circles denote the location of the neighbouring particles within
the SPH kernel of each yellow point. The plot demonstrates that strongly
perturbed gas is consistently surrounded by gas that has been removed from
subhalos and weakly perturbed CGM.

A more detailed analysis shows that while the substructures are
the main source of large-amplitude density perturbations in the CGM
of galaxies in cosmological simulations, the presence of the yellow
points in the same region as the orange wind points in the left panel
of third and fourth rows of Fig. 8 also suggests that outflows can per-
turb the gas, as seen previously in idealized simulations (cf. Prasad
et al. 2015).

Next, we consider the red points. Like the strongly perturbed
gas, this gas component is also initially distributed about the median
purple line and it too is perturbed by the satellites. This can be seen
in the last 3D plot in Fig. 8 and the first and second 3D plots of Fig.
9, where red points are in the tail of blue substructures. However,
unlike the strongly perturbed gas, most of this gas is swept up and
carried along in the satellite wakes. Additionally, while the 𝑡cool/𝑡ff
of these perturbations initially drop and even fall below our threshold
of 20 by 𝑧a, unlike the strongly perturbed gas, they do not enter a
runaway cooling state. Instead, their ratios eventually bounce and
return to the median value for the hot gas. This bounce is visible in
going from the last row of Fig. 8 to the first row of Fig. 9.

Given the findings of Mandelker et al. (2021), one cannot help but
wonder whether these perturbations are physically stable or whether
they are stable due to numerical reasons? Mandelker et al. (2021)
argue that under certain conditions, small-amplitude perturbations
will not be able to cool and condense if their cooling lengths (𝑙cool =
cstcool) are not resolved. We tested whether this was the case and
found that most of the weak perturbations’ cooling lengths are in fact
resolved.

Another possibility is that only perturbations whose local 𝑡cool/𝑡ff
ratios drop below unity truly cool and condense (Voit 2021). We have
tracked the evolution of the weak perturbations and find that this does
indeed appear to be the case. In fact, >∼ 95% of the perturbations
bounce before reaching 𝑡cool/𝑡ff = 2. And, while we find that ∼1% of
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perturbations drop below unity before bouncing, the 𝑙cool of nearly
all of these is not resolved.

To understand the “bouncing” perturbations better, we examine
their properties more closely. The first panel of the third column of
Fig. 11 shows that the gas is first swept up in satellite wakes roughly
a Gyr prior to t(𝑧a). From this point on, the overall density of the
gas (third row, third column of Fig. 11) decreases steadily but gently,
except for a brief period of compression at t(𝑧a). In the second panel,
we note that the gas entropy leading up to t(𝑧a) increases, albeit
slightly. At t(𝑧a), we witness a slight dip, and then it continues to
rise. Cooling time (𝑡cool) too behaves similarly. Simply put, we do
not see the perturbations’ cooling times shortening. Then why does
𝑡cool/𝑡ff drop?

Most of the studies investigating 𝑡cool/𝑡ff of gas perturbations as-
sume that the ratio varies due to decreasing 𝑡cool, but in our case, this
is not what is happening. When weak perturbations are swept up in
the wakes and carried to larger radii, their free fall times (tff) increase.
The downward trajectory of 𝑡cool/𝑡ff is due to the denominators be-
coming larger. The perturbations are not cooling and therefore, they
do not condense. When the gas detaches from the wake, it mixes
with the ambient medium and reverts to the median line. We observe
this as 𝑡cool/𝑡ff bouncing. This demonstrates that even looking only
at the local 𝑡cool/𝑡ff of gas perturbations without tracking its history
can result in an erroneous conclusion.

Finally, we note that while the high resolution of the Romulus
simulations makes it possible to begin to see the effects of the per-
turbations in the CGM, what we observe is very likely only the tip
of the iceberg. Much more improvement in resolution is needed to
fully study the phenomena and the impact of complex interplay be-
tween processes like turbulence compression and turbulent diffusion
(see, for example, Rennehan et al. 2019; Rennehan 2021, and ref-
erences therein); depositional growth via mass flow onto the cloud
due to radiative cooling and mixing-induced cooling; and growth via
coalescence (see Faucher-Giguere & Oh 2023).

4.3.3 Outward flow

Lastly, we consider the fourth sub-component of the pre-existing
CGM, shown in lime-green in Figs. 8 & 9. This is gas that has not
been part of the BGG’s ISM in the past 5 Gyrs and at 𝑧a it is mov-
ing radially outward. This outward flowing gas is treated separately
from the central galaxy wind because by our definition, the latter is
essentially outflowing ISM.

As seen in the last column of Fig. 11, this gas was initially moving
inward via either the cooling flow or the rapidly cooling, infalling pre-
cipitation prior to 𝑧a. However, before it becomes part of the BGG’s
ISM, it is pushed back outward into the CGM by AGN outflows.
This reversal appears as a change of slope at Δ𝑡 = 0 in the top right
panel of Fig. 11. After 𝑧a, this component essentially behaves like
the pre-existing CGM.

The total amount of gas involved and its outward velocity varies
from halo to halo. It is generally more pronounced in lower mass
halos but is also affected by the timing and the strength of the last
AGN outburst.

4.4 Cool core vs. non-cool core groups

At the end of §2.3.2 we discussed the properties of CC and NCC
groups and indicated that the r > 0.1R500 gas properties of these
groups are very similar. This similarity is also evident in the evolu-
tionary behavior of the “condensation-susceptible” CGM analyzed

Halo ID CC/NCC
status

𝑧a Cooling
flow

Precipitation SFR
[M⊙ /yr]

C CC 0.7 73.5% 28.2% 142.8
52024 CC 0.29 61.7% 17.1% 73.9
G1 CC 0.25 30.1% 25.0% 21.3
49510 NCC 0.36 2.1% 3.1% 0.0
99966 CC 0.31 71.5% 57.8% 22.3
38182 NCC 0.44 0.03% 0.0% 0.0
91655 NCC 0.26 1.2% 3.1% 0.64
77876 NCC 0.25 14.1% 4.1% 8.6

Table 4. Cooling flow and precipitation are the two main channels through
which gas in the pre-existing CGM cools. The table shows what fraction of gas
that cools via these processes contributes to the star formation of the central
galaxy or accretes to the SMBHs. The last column is the SFR of the central
galaxy in each halo. The NCC groups generally have much less contribution
to SF from cooling gas and, also have, much smaller SFR compared to the
CC groups.

in this section. The evolution of the seven patterns discussed above is
largely the same regardless of whether the group is CC or NCC. The
main differences are in the mass fraction of pre-existing CGM that is
cooling via cooling flow and precipitation, and directly contributing
to the fueling star formation and the central SMBH when reaching
the halo center. These are listed in Table 3 and 4.

In Romulus groups, 30-50% of the “condensation-susceptible”
pre-existing CGM in NCC groups behaves like cooling flow. In CC
groups, this fraction increases to 60-70%. G1, however, is an excep-
tion to this rule. A more detailed analysis shows that G1 experienced
a merger just before the start of our two Gyr window. It is just settling
into the CC state and this transition is affecting its properties.

The next most important subcomponent of the pre-existing CGM
in the NCC group is the outward flow, comprising ⩾ 35%. This
subcomponent moves outward because of its interaction with winds
and AGN outflow. One of the highest fractions of outward flow
belongs to halo 91655, which is undergoing an AGN outburst at
𝑧a, as seen in last row of Fig. 4. The gas mass fraction for this
subcomponent is lower in CC groups (∼ 20%), likely because CC
groups have lower AGN activity at 𝑧a than NCC groups.

As for the strongly perturbed (condensing) component, CC groups
have ∼ 10 times more (in mass fraction) compare to the NCC groups,
with G1 again being an exception. We note, however, that the frac-
tion of condensing gas is, in general, small compared to all other
components; this is expected since it is a phenomenon that requires
ultra-high resolution to be resolved (Hummels et al. 2019; Das et al.
2021; Mandelker et al. 2021). In these Romulus simulations, we are
only just beginning to see the “tip of the iceberg” of this subcompo-
nent.

All in all, an average of 65% of “condensation-susceptible” gas
is flowing inwards in CC systems (again G1 is an exception), while
in NCC it is ∼ 40%. Cooling flow and precipitation are the two
main channels through which gas in the pre-existing CGM cools.
Table 4 shows what fraction of gas that cools via these two cooling
channels contributes to fueling star formation or SMBH when it
reaches the halo center (we have not distinguished between fueling
star formation or SMBH in this table). A much higher fraction of the
gas that cools via the cooling flow and precipitation in CC groups
(∼65% and ∼30%) contributes to star formation than NCC (∼3-4%

MNRAS 000, 1–25 (2023)



20 Saeedzadeh et al.

and ∼3%). Correspondingly, the SFR in CC systems is much higher.
In two NCC systems, halos 38182 and 49510, there is no detectable
star formation activity.

However, not all of the cooling gas reaches the BGG. In cosmolog-
ical simulations, AGN outflows and stellar winds play an essential
role in preventing the overcooling of the gas and the formation of
higher than observed stellar mass. This is readily apparent in Figure 9
of Tremmel et al. (2019). The star formation history in galaxy groups
closely follow the ups and downs in SMBH activity. Every increase
in the SMBH activity is correlated with a decrease in the SFR, and
conversely, when SMBH activity is quiescence, the SFR increases.

5 SUMMARY AND DISCUSSION

5.1 Summary

We begin our discussion by summarizing our main findings. The
aim of our study is to investigate the origin and the evolution of
the CGM around massive central galaxies in group-scale halos. In
the present study, we define the CGM as all gas in the radial zone
0.1 ⩽ R/R500 ⩽ 1, and focus our attention on a 5 Gyrs time segment
during which the region under consideration is not disturbed by
massive satellites. A summary of our main findings is as follows:

(a) The CGM of massive galaxies in the Romulus simulations is
far from uniform. It is threaded by filaments of inflowing cooling
gas and gaseous tails from satellites. It also has localized patches
of rapidly cooling gas, regions of shocked gas, conical bipolar
outflows linked to active AGN outbursts, and hot, low-density
cavities inflated by recent AGN outflows. Not surprisingly, the
gas at any given radius consists of a spectrum of coexisting gas
phases whose cooling times and 𝑡cool/𝑡ff ratios typically vary by
∼ 2 orders of magnitude.

(b) We investigate the origin of the CGM in the Romulus groups ha-
los and identify four key “sources”: central galaxy wind, subhalo
internal, subhalo stripped, and pre-existing CGM. The fraction of
gas from each of these categories varies from halo to halo. How-
ever, in all the halos, the first two make up only a minor fraction
of the CGM while the largest contribution comes from the last
category. In halos with quiet merger histories over the time period
under consideration, > 80% of the gas is associated with pre-
existing CGM and <∼ 10% is associated with subhalo stripped. In
halos with a high rate of minor mergers or major mergers before
the start of the analysis window, the subhalo stripped fraction
rises to 30 − 40% while the pre-existing CGM drops to ∼ 60%.

(c) We find no significant difference in the CGM properties of the
CC and NCC groups on scales R/R500 > 0.1. For instance, their
scaled gas temperature and entropy profiles are similar. The dif-
ferences between the two are in the central region. CC groups
have temperature profiles that drop towards the center. They also
have a greater amount of gas flowing/falling onto the BGGs and
a higher central star formation rate. We find that all Romulus
groups cycle through the CC and NCC states, with the former
typically occurring between AGN outbursts.

(d) We find that CGM is also very dynamic. Apart from under-
going repeated heating and cooling cycles, it is also subject to
ongoing weak-to-strong density perturbations. However, unlike
idealized simulations where the main sources of the perturbations
are shocks and turbulence caused by AGN outflows, in realistic
cosmological systems, the dominant sources of the perturbations
are wakes, debris of tidal interactions, and stripped gas tails of or-

biting satellites. We observe some of these perturbations forming
cold condensations.

(e) With respect to the condensing gas, one of our key findings is
that the formation of condensations is not restricted to regions
in the halo where the median hot gas 𝑡cool/𝑡ff ratio falls below
10 or 20 or even 30. At the same time, we also observe regions
where the median 𝑡cool/𝑡ff ratio is below a threshold with very
little gas condensing out. This suggests that the median value of
𝑡cool/𝑡ff of the X-ray emitting gas is not the main measure of the
CGM’s susceptibility to condensation. In a realistic cosmological
environment, the amplitude of the density perturbations is just as,
if not more, important.

(f) We focus on local regions within the CGM with 𝑡cool/𝑡ff ⩽ 20
and investigate their evolution. In choosing this criterion, we are
guided by Choudhury et al. (2019) who suggest that local density
perturbations with 𝑡cool/𝑡ff ⩽ 10 in a stratified diffuse CGM are
prone to condense. We have increased our bound to 𝑡cool/𝑡ff = 20
because of factor ∼ 2 uncertainties in theoretical assessments
(Choudhury & Sharma 2016). We find two distinct evolutionary
behaviours:

• Case I: The density perturbations cool rapidly. The tempera-
tures of the associated gas decrease to ∼ 104 K; the densities
increase by a factor of >∼ 30; their 𝑡cool/𝑡ff ratios drop to very
low values; and they condense to form cool clouds. In due
course, most of these cool clouds fall inward towards the cen-
tral galaxy.
• Case II: Neither the density, temperature, entropy nor 𝑡cool
change much. However, their 𝑡cool/𝑡ff ratios drop for a time,
even dropping below our threshold, and then bounce back,
eventually settling around the median value for the hot gas. Ex-
amining these perturbations more closely, we find that these are
weak perturbations that are dragged along in the wakes of orbit-
ing satellites and swept to larger radii. The reason their 𝑡cool/𝑡ff
drops temporarily is not because these perturbations are cool-
ing rapidly but because their free-fall timescale is increasing.
In due course, this gas detaches and mixes with the ambient
CGM. The latter is the reason for the bounce in 𝑡cool/𝑡ff . The
evolution of these weak perturbations show that the local value
𝑡cool/tff falling below threshold does not, by itself, unambigu-
ously signal runaway cooling of a perturbation.

(g) We find that in cosmological simulations, the perturbations in
the CGM beyond the very central region (i.e. R/R500 > 0.1) are
primarily caused by infalling/orbiting substructure.

(h) Finally, we find that the flow of the CGM onto the BGG occurs
via three key channels: Firstly, a fraction of the gas removed from
the satellites cools and settles in the central galaxy. Secondly,
regions subject to strong density perturbations cool and fall in.
And, thirdly, we identify a radiatively cooling component that
flows subsonically into the central galaxy. We find that the latter
is not a spherically symmetric feature. Rather, the cooling gas
flows inward via filaments. Most of these inflows have non-zero
angular momentum and are responsible for the re-emergence of
the gaseous disks in rejuvenating BGGs (cf. Jung et al. 2022;
Lagos et al. 2022).

Lastly, it is important to note that we are able to begin to observe
multiphase structure of CGM and especially, the effects of density
perturbations on this gas reservoir, because the Romulus suite of
simulations are among the highest resolution cosmological simula-
tions available. However, we acknowledge that we are only scratching
the surface. To fully capture these varied phenomena and their im-
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pact on both the group central galaxies and the groups as a whole,
considerable improvement in resolution is still needed.

5.2 Comparison with previous studies

Recently, a number of studies have investigated the CGM around
central galaxies in halos of different masses (van de Voort et al. 2019;
Suresh et al. 2019; Hafen et al. 2019; Peeples et al. 2019; Nelson
et al. 2020; Esmerian et al. 2021; Stern et al. 2021). Most of these
investigations have been carried out using either the FIRE-2 galaxy
formation model (Hopkins et al. 2018) layered onto the GIZMO
hydrodynamics code (Hopkins 2015); FOGGIE galaxy formation
model (Peeples et al. 2019) layered onto Enzo (Bryan et al. 2014);
or TNG50 (Pillepich et al. 2019) and Auriga (Grand et al. 2017)
layered onto the AREPO code (Springel 2010). All except Nelson
et al. (2020) have limited their efforts to the CGM of Milky Way
mass galaxies (Mvir ∼ 1012 M⊙) or lower. Additionally, most of
the studies focus mainly on the origin of CGM. Only Suresh et al.
(2019), Nelson et al. (2020) and Esmerian et al. (2021) investigate
the dynamics of the CGM. In our study, we use Romulus galaxy
formation model, which is different in detail from the FIRE-2 and
the TNG models, to probe the origin and dynamics of the CGM
around BGGs. Romulus simulations are run using Tree+SPH code
CHaNGa (Menon et al. 2015), which itself is different from the
AREPO and GIZMO hydrodynamic codes. Comparing the results
from various simulations is challenging due to the differences in
the galaxy formation models used and the hydrodynamical codes
leveraged to solve fluid equations, not to mention details like the
mass of the halos under study and even the criteria used to tease
out the details. Nonetheless, we attempt a brief comparison to the
relevant results from previous studies.

We find that the CGM of BGGs in Romulus simulations is mul-
tiphase and dynamic, characterized by a large range of densities,
entropies, 𝑡cool and 𝑡cool/𝑡ff . As discussed in §2.3.1, both Esmerian
et al. (2021) and Nelson et al. (2020) find the same. The multiphase
nature of the CGM in the Romulus C halo (the highest mass halo in
our analysis) has been discussed previously by Butsky et al. (2019).
They find gas with a range of temperatures (104 < T < 106 K) at all
radii. Upon examining this gas further, Butsky et al. (2019) find that
some of it is highly enriched gas, which they interpret as evidence
that it is gas from satellite galaxies. We explicitly show that this gas
is an important contributor to the multiphase structure of the CGM
— and can make up as much as 30–40% of the cool gas — in not
only Romulus C but also other group halos.

Examining the origin of the CGM in more detail, we find that the
pre-existing CGM makes up the largest proportion (> 60%) of the
CGM, followed by gas removed from subhalos. The other categories,
gas inside subhalos, and gas from the central galaxy winds, make up
only a small fraction ( <∼ 4%) of the total. Both Hafen et al. (2019)
and Nelson et al. (2020) also explored the origin of the CGM. A
detailed comparison with Nelson et al. (2020) is not straightforward
due to differences in our classification criteria. Hafen et al. (2019) use
similar criteria as us but they study the CGM around galaxies with
masses M∗ ≃ 106−1011 M⊙ and find that the relative contribution of
the different sources varies with galaxy mass. However, their highest
mass systems at low redshift appear to be similar to our groups: the
pre-existing CGM contributes the highest fraction (> 60%) to the

CGM, followed by gas from satellite galaxies and then the central
galaxy wind10. This is consistent with our results.

Our analysis shows that the CGM cools via two main channels:
a filamentary isothermal cooling flow and strong perturbations that
cool, condense and then rain onto the central galaxy. Unlike idealized
simulations, we find that the dominant source of strong perturbations
in cosmological systems are satellite wakes and tails. We were ini-
tially concerned whether this feature in the Romulus simulations
were real, as opposed to numerical artefacts. However, the fact that
Nelson et al. (2020) and Esmerian et al. (2021) find similar behaviour
gives us some confidence. Additionally, we also examined the neigh-
bourhood of the rapidly cooling gas and confirmed that they are
spatially correlated with the satellite tails. We do not have sufficient
resolution to distinguish the extent to which the cooling is radiative,
mixing-induced or both in near-equal measure. Like us, Esmerian
et al. (2021) find that over 70% of the cold phase in the CGM around
their simulated Milky Way-like galaxies are also the products of
non-linear density perturbations caused by cosmological accretion,
feedback-driven winds, and the debris of tidal interactions from the
central and satellite galaxies. Nelson et al. (2020) also conclude the
same, that the cold CGM is formed via large-density perturbations
whose initial seeds are either fragments of tidal debris, ram-pressure
stripped tails of satellites or non-linear perturbations in the CGM
induced by satellite galaxies. We note that in the present study, we
have not considered local perturbations in, for example, gas removed
from the subhalos, only the induced perturbations in the pre-existing
CGM. The former too will be subject to condense to form clouds.

Turning to the central galaxy wind component, our analysis shows
that it does not play an important role in contributing to cold gas.
Some of the gas in central galaxy wind cools, but most of it mixes with
the CGM. This finding is different from that of Suresh et al. (2019)
who note that ∼ 70% of the cold CGM in their simulations has been
processed by the central galaxy and forms due to the rapid cooling of
wind material interacting with the hot halo. This difference could be
due to any number of details, including differences in (i) the mass of
the systems: Suresh et al. (2019) study the CGM of a Mhalo ∼ 1012 at z
∼ 2. (ii) hydrodynamics solvers used to run the two simulations; (iii)
the simulations’ resolution: Suresh et al. (2019) run has enhanced
resolution in CGM, achieving gas mass and spatial resolutions of
2200 𝑀⊙ and 95 pc, respectively. (iv) differences in the treatment of
sub-grid physical processes, like mixing: moving mesh schemes have
been shown to be more effective than SPH in capturing small-scale
mixing and in tracking perturbations at mixing interfaces (Rennehan
et al. 2019; Rennehan 2021); (v) how the two galaxy formation
models handle galactic winds or other related physics: Suresh et al.
(2019) specifically discuss that their results are sensitive to details of
galactic winds treatments and changes in this treatment can result in
little to no wind particles cooling and condensing.

5.3 Variations and Caveats

5.3.1 Exploring the impact of varying 𝑡cool/𝑡ff threshold

In §2.3.1, we noted that various theoretical analyses suggest that
when a local perturbation’s 𝑡cool/𝑡ff falls below ∼ 10, there is a high
likelihood that non-linear damping mechanisms will not be able to
prevent the non-linear growth of thermal instability. This value is
not a “threshold” in the strict sense because the competition between

10 Hafen et al. (2019) refer to these categories as smooth IGM accretion,
satellite wind, and wind, respectively.
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damping vs. growth also depends on various environmental proper-
ties, including the shape of the gravitational potential, the entropy
profile, the efficacy of thermal conduction, and whether AGN feed-
back is on or off (Voit 2021; Choudhury & Sharma 2016; Binney
et al. 2009). For example, Choudhury & Sharma (2016) argue that
the value can be a factor of ∼ 2 higher. For these reasons, we adopted
a value of (𝑡cool/𝑡ff)threshold = 20; however, we have also repeated
the analysis for (𝑡cool/𝑡ff)threshold = 10 and 30. Specifically, we have
assessed the impact of varying the threshold on (i) the sources of
the CGM and the “condensation-susceptible” CGM and (ii) the dy-
namics of the “condensation-susceptible” CGM by computing the
corresponding mass fractions.

Simply put, we find that changing the threshold does not alter the
source categories — pre-existing CGM, subhalo stripped, subhalo
internal, and central galaxy wind. However, we find that the mass
fractions associated with these source categories do change. Specif-
ically, the mass fractions of subhalo internal, subhalo stripped, and
central galaxy wind increase. More precisely, the mass in the subhalo
internal category does not change because of its very low 𝑡cool/𝑡ff ; the
fraction increases because of the total mass of the gas with 𝑡cool/𝑡ff
below threshold does decrease as the latter is lowered from 30 to
10. As for subhalo stripped and central galaxy wind, the associated
masses decrease with the threshold but not as quickly as the mass of
the gas below our threshold. Only the mass fraction of pre-existing
CGM decreases. In spite of this, pre-existing CGM and subhalo
stripped remain the top two categories, and the ratio of these two
mass fractions depends on whether the group under consideration is
active or quiescent, as we had found previously.

As for the dynamics, we find that all seven behavioural patterns
— central galaxy wind, subhalo internal, subhalo stripped, cooling
flow, strongly perturbed gas, weakly perturbed gas and outward flow
— are present regardless of the value of (𝑡cool/𝑡ff)threshold but again,
the gas mass fraction associated with each of these varies. We find
that lowering the threshold from 30 to 10, leads to an increase in
the mass fraction of the cooling flow and strongly perturbed CGM,
while the mass fraction of weakly perturbed gas decreases. All of
these variations are straightforward to understand. The 𝑡cool/𝑡ff of
the strongly perturbed gas drops to fairly low values and therefore,
changing the threshold does not significantly alter the total mass in
this component. However, lowering the threshold does, as noted, de-
crease the total mass of the gas below threshold. This drives the mass
fraction up. The mass of cooling flow gas decreases as the thresh-
old is lowered but not as fast as the total and therefore, the mass
fraction also increases. On the other hand, 𝑡cool/𝑡ff of the weakly per-
turbed gas has a lower bound and consequently, associated mass with
(𝑡cool/𝑡ff)bounce < (𝑡cool/𝑡ff)threshold decreases as (𝑡cool/𝑡ff)threshold
is lowered.

In addition to varying the 𝑡cool/𝑡ff , we also examine the impact
of defining “condensation-susceptible” CGM using the criterion
𝑡cool < 1 Gyr. From Figs. 1, it is apparent that condensing gas is
not limited to regions where the median 𝑡cool of hot gas is below this
threshold, and there are also regions where the median 𝑡cool is below
the threshold, yet only a small amount of gas is condensing out. This
once again highlights the critical role of strong local perturbations in
the formation of cold, condensed gas.

A more detailed analysis shows that even with the 𝑡cool < 1 Gyr
criterion, the sources and behavior patterns are the same as before,
only details, like the corresponding mass fractions, change. The pre-
existing CGM and subhalo stripped categories are still the top two
categories and their respective mass fraction depends on whether a
halo is active or quiescent, as discussed before. However, in one
of our larger active halos, the subhalo internal mass fraction is

larger than that of the subhalo-stripped mass fraction at the time
of analysis. This is a transient state. As the orbiting substructures are
stripped, this will change. As for the behavioral patterns, the fraction
of cooling flow and strongly perturbed gas increases, compared to
the (𝑡cool/𝑡ff)threshold = 10 case, because their masses decreases at a
slower rate than the total mass of the CGM with 𝑡cool < 1 Gyr. On the
other hand, the fraction of weakly perturbed gas decreases because
the cooling time of 90% of the perturbations is always longer than 1
Gyr and these are excluded by the 𝑡cool < 1 Gyr criterion.

The most important outcome of these exercises is that our results
regarding the origin of the CGM, the manner in which it evolves,
and even our results concerning the cooling channels, are robust,
independent of the specific choice of the threshold criterion adopted.

5.3.2 Metal line cooling in Romulus simulations

Pushing to high resolution often requires making compromises. In
the case of Romulus, a deliberate choice was made to treat only
low-temperature ( 𝑇 ⩽ 104 K) metal-line cooling. This is explained
in detail in Tremmel et al. (2019); Butsky et al. (2019) and Jung et al.
(2022). Here, we consider the potential implications for our study.

Metal lines collectively comprise the dominant radiative cooling
channel for 𝑇 ∼ 105−7 K gas. All things being equal, had full metal-
line cooling been included in Romulus, one would expect the CGM
cooling time to shorten, which then would lead to (i) more gas with
tcool/tff ratio below the threshold, (ii) more massive cooling flow,
and (iii) more gas condensing out. In other words, the phenomena
we have described in this paper ought be even more prominent.

However, this line of reasoning does not account for the fact that in
real systems, stellar and AGN feedback, act to offset cooling. While
this will undoubtedly alter exactly how much mass is associated with
any one phenomenon, or how much gas is associated with cooling
flows versus condensations, we assert that the general dynamics and
the categories we have identified in this study are robust.

As for the details, although the precise fractions of cool and cold
gas that forms in the CGM of massive galaxies are important for
making observational predictions, these will have to await more real-
istic group simulations that are able to reproduce both the observed
galaxy and the gas properties of groups. As discussed in detail in
§2 of Jung et al. (2022), in current generation of cosmological sim-
ulations, SMBH accretion and feedback sub-grid models are rather
basic: They are tuned to offset cooling mainly to produce reason-
ably realistic distribution of galaxies. In simulations that include full
metal-line cooling, a higher degree of cooling leads to more fre-
quent and/or more energetic SMBH feedback episodes. And while
the CGM in these simulations is thermally balanced in a global,
time-averaged sense, in detail the entropy profiles of the simulated
groups typically have large, flat, high entropy cores (Oppenheimer
et al. 2021). Since observed groups have power-law entropy profiles
(O’Sullivan et al. 2017, and references therein), we do not expect the
detailed cooling/condensing profiles of these simulations to reflect
that of real groups.

5.3.3 Impact of Numerics: Resolution and Hydrodynamic Solvers

We have already noted previously that investigations with enhanced
CGM resolution show that as the resolution becomes increasingly
finer, the CGM’s warm/hot gas content decreases and its cool/cold
gas content grows; this cool/cold gas fragments to progressively
smaller sizes; and these clouds survive for a longer time (Hummels
et al. 2019; Suresh et al. 2019; van de Voort et al. 2019; Peeples
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et al. 2019). At the same time, it is not clear how improving reso-
lution will impact the modeling of, and the interplay between, pro-
cesses like turbulent compression, turbulent mixing, and turbulent
diffusion. Some processes, like turbulent diffusion, can limit frag-
mentation (see, for example, Rennehan et al. 2019; Rennehan 2021,
and references therein) while others will exacerbate it. These details
will undoubtedly affect the precise amount of gas associated with
different categories and dynamical behaviours.

Finally, we also consider the possibility that the mass fractions may
be sensitive to the numerical method used to solve the hydrodynamic
equations, as suggested by the recent study by Braspenning et al.
(2022). This study investigated the unfolding of cloud-wind interac-
tions in simulations employing a variety of hydrodynamics solvers
used in cosmological simulations. To isolate the influence of the hy-
drodynamic solvers, all simulations used the same initial conditions,
were non-radiative, and did not include physical conduction.

In summary, they found a range of outcomes. At one end of the
spectrum, the trail of stripped gas from the primary cloud fragments
into a swarm of dense, long-lived, cloudlets. At the other end of the
spectrum, the gas forms a diffuse, swirling tail that rapidly mixes
with the ambient medium. This mixing, or lack thereof, is entirely
numerical but we would expect that such differences will also impact
the fractions of gas in the different components and states. More-
over, we note that the inclusion of additional physical processes —
turbulent mixing, turbulent diffusion, physical conduction, radiative
cooling, etc. — will all also impact the outcome.

Separately from the above issue, one can even question whether the
condensing gas in our simulations is a numerical artefact. Through-
out this paper, we have been concerned about this. However, we are
assured that it is not, that at least it is not a product of CHaNGa’s
hydrodynamic solver. After all, both Nelson et al. (2020) and Esme-
rian et al. (2021), who use simulations that employ very different
hydrodynamic solvers, also report condensing gas.

6 CONCLUSIONS

Our results highlight the complex and dynamic nature of CGM
around massive galaxies in the Romulus suite of high-resolution
hydrodynamic cosmological simulations. The high resolution of Ro-
mulus allows us to begin to see the evolving multiphase structure
of CGM. The key outcomes of our study are our results about the
origin of the CGM and the manner in which the different components
of the CGM evolve, including the two main cooling channels. With
respect to the latter, the CGMs flows onto the central BGG via a fil-
amentary cooling flow as well as infalling cold gas. We find that the
latter are condensations that form from large density, “condensation-
susceptible” perturbations induced mainly by orbiting satellites. In
general, we find that these satellites trigger both strong and weak
perturbations and the high resolution Romulus simulations allow us
to witness the evolution of both classes of perturbations. The 𝑡cool/𝑡ff
ratios of both initially drop, and may even fall below threshold but in
the case of the strong perturbations, this is due to a drop in 𝑡cool and
the perturbations rapidly cool. In the case of weak perturbations, the
drop is due to increasing 𝑡ff and these perturbations do not condense.
We also see the settling of gas stripped from orbiting satellites; on
the average, however, this is sub-dominant.

The patterns that we have described above are robust. We also
compute the fractions of mass associated with the different compo-
nents. Knowing these fractions are essential for making observational
predictions. However, as discussed, there are too many uncertainties
that have yet to be resolved, not to mention genuine large halo-to-halo

variations that correlate with the merger history of the halos and with
the cycle of AGN outbursts.
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££n peoples on whose

traditional territory the University of Victoria stands, and the
Songhees, Equimalt and W

¯
SÁNEĆ peoples whose historical rela-

tionships with the land continue to this day. Similarly, SLJ acknowl-
edges the Ngunnawal and Ngambri people as the traditional owners
and ongoing custodians of the land on which the Research School of
Astronomy & Astrophysics is sited at Mt Stromlo.

DATA AVAILABILITY

The data directly related to this article will be shared on reasonable
request to the corresponding author. Galaxy database and particle
data for Romulus is available upon request from Michael Tremmel.

MNRAS 000, 1–25 (2023)



24 Saeedzadeh et al.

REFERENCES

Ade P. A., et al., 2016, Astronomy & Astrophysics, 594, A13
Agertz O., et al., 2007, Monthly Notices of the Royal Astronomical Society,

380, 963
Anglés-Alcázar D., Faucher-Giguère C.-A., Kereš D., Hopkins P. F., Quataert

E., Murray N., 2017, Monthly Notices of the Royal Astronomical Society,
470, 4698

Babul A., Balogh M. L., Lewis G. F., Poole G. B., 2002, Monthly Notices of
the Royal Astronomical Society, 330, 329

Babul A., Sharma P., Reynolds C. S., 2013, The Astrophysical Journal, 768,
11

Babyk I. V., McNamara B., Nulsen P., Russell H., Vantyghem A., Hogan M.,
Pulido F., 2018, The Astrophysical Journal, 862, 39

Binney J., Nipoti C., Fraternali F., 2009, Monthly Notices of the Royal As-
tronomical Society, 397, 1804

Braspenning J., Schaye J., Borrow J., Schaller M., 2022, arXiv preprint
arXiv:2203.13915

Bryan G. L., et al., 2014, The Astrophysical Journal Supplement Series, 211,
19

Butsky I. S., Burchett J. N., Nagai D., Tremmel M., Quinn T. R., Werk J. K.,
2019, Monthly Notices of the Royal Astronomical Society, 490, 4292

Chadayammuri U., Tremmel M., Nagai D., Babul A., Quinn T., 2020, arXiv
preprint arXiv:2001.06532

Choudhury P. P., Sharma P., 2016, Monthly Notices of the Royal Astronomical
Society, 457, 2554

Choudhury P., Sharma P., Quataert E., 2019, Monthly Notices of the Royal
Astronomical Society, 488, 3195

Cielo S., Babul A., Antonuccio-Delogu V., Silk J., Volonteri M., 2018, As-
tronomy & Astrophysics, 617, A58

Conselice C. J., 2006, The Astrophysical Journal, 638, 686
Das H. K., Choudhury P. P., Sharma P., 2021, Monthly Notices of the Royal

Astronomical Society, 502, 4935
Donahue M., Voit G. M., 2022, Physics Reports, 973, 1
Duarte M., Mamon G. A., 2015, Monthly Notices of the Royal Astronomical

Society, 453, 3848
Eke V. R., Baugh C. M., Cole S., Frenk C. S., Navarro J. F., 2006, Monthly

Notices of the Royal Astronomical Society, 370, 1147
Esmerian C. J., Kravtsov A. V., Hafen Z., Faucher-Giguère C.-A., Quataert

E., Stern J., Kereš D., Wetzel A., 2021, Monthly Notices of the Royal
Astronomical Society, 505, 1841

Faucher-Giguere C.-A., Oh S. P., 2023, arXiv preprint arXiv:2301.10253
Fiacconi D., Mayer L., Madau P., Lupi A., Dotti M., Haardt F., 2017, Monthly

Notices of the Royal Astronomical Society, 467, 4080
Fielding D. B., et al., 2020, The Astrophysical Journal, 903, 32
Franchetto A., et al., 2021, The Astrophysical Journal Letters, 922, L6
Ghazvini Zadeh A., 2008, PhD thesis
Grand R. J., et al., 2017, Monthly Notices of the Royal Astronomical Society,

467, 179
Hafen Z., et al., 2019, Monthly Notices of the Royal Astronomical Society,

488, 1248
Harris C. R., et al., 2020, Nature, 585, 357
Hogan M., et al., 2017, The Astrophysical Journal, 851, 66
Hopkins P. F., 2015, Monthly Notices of the Royal Astronomical Society,

450, 53
Hopkins P. F., et al., 2018, Monthly Notices of the Royal Astronomical Society,

480, 800
Huang S., Katz N., Scannapieco E., Cottle J., Davé R., Weinberg D. H.,

Peeples M. S., Brüggen M., 2020a, Monthly Notices of the Royal Astro-
nomical Society, 497, 2586

Huang S., Katz N., Scannapieco E., Cottle J., Davé R., Weinberg D. H.,
Peeples M. S., Brüggen M., 2020b, Monthly Notices of the Royal Astro-
nomical Society, 497, 2586

Hummels C. B., et al., 2019, The Astrophysical Journal, 882, 156
Hunter J. D., 2007, Computing in science & engineering, 9, 90
Ibrahem R. T., Tino P., Pearson R. J., Ponman T. J., Babul A., 2015, in Neural

Information Processing Volume 9491. pp 323–331
Jackson R., Kaviraj S., Martin G., Devriendt J., Noakes-Kettel E., Silk J.,

Ogle P., Dubois Y., 2022, Monthly Notices of the Royal Astronomical
Society, 511, 607

Jung S. L., et al., 2022, Monthly Notices of the Royal Astronomical Society,
515, 22

Kereš D., Katz N., Weinberg D. H., Davé R., 2005, Monthly Notices of the
Royal Astronomical Society, 363, 2

Kim W.-T., 2007, The Astrophysical Journal, 667, L5
Knebe A., Draganova N., Power C., Yepes G., Hoffman Y., Gottlöber S.,

Gibson B. K., 2008, Monthly Notices of the Royal Astronomical Society:
Letters, 386, L52

Knollmann S. R., Knebe A., 2009, The Astrophysical Journal Supplement
Series, 182, 608

Kolokythas K., O’Sullivan E., Intema H., Raychaudhury S., Babul A., Giac-
intucci S., Gitti M., 2019, Monthly Notices of the Royal Astronomical
Society, 489, 2488

Kolokythas K., Vaddi S., O’Sullivan E., Loubser I., Babul A., Raychaud-
hury S., Lagos P., Jarrett T. H., 2022, Monthly Notices of the Royal
Astronomical Society, 510, 4191

Lagos P., et al., 2022, Submitted to Monthly Notices of the Royal Astronom-
ical Society

Lakhchaura K., et al., 2018, Monthly Notices of the Royal Astronomical
Society, 481, 4472

Lambert T. S., Kraan-Korteweg R., Jarrett T., Macri L., 2020, Monthly Notices
of the Royal Astronomical Society, 497, 2954

Lewis G. F., Babul A., Katz N., Quinn T., Hernquist L., Weinberg D. H.,
2000, The Astrophysical Journal, 536, 623

Li Y., Bryan G. L., Ruszkowski M., Voit G. M., O’Shea B. W., Donahue M.,
2015, The Astrophysical Journal, 811, 73

Liang L., Durier F., Babul A., Davé R., Oppenheimer B. D., Katz N., Fardal
M., Quinn T., 2016, Monthly Notices of the Royal Astronomical Society,
456, 4266

Liu A., et al., 2022, Astronomy & Astrophysics, 661, A2
Loubser S., Lagos P., Babul A., O’Sullivan E., Jung S., Olivares V.,

Kolokythas K., 2022, Submitted to Monthly Notices of the Royal As-
tronomical Society

Lovisari L., Ettori S., 2021, The Physical Properties of the Groups of Galaxies
Maller A. H., Bullock J. S., 2004, Monthly Notices of the Royal Astronomical

Society, 355, 694
Mandelker N., van den Bosch F. C., Springel V., van de Voort F., Burchett

J. N., Butsky I. S., Nagai D., Oh S. P., 2021, The Astrophysical Journal,
923, 115

Martz C., et al., 2020, The Astrophysical Journal, 897, 57
McCarthy I. G., Frenk C. S., Font A. S., Lacey C. G., Bower R. G., Mitchell

N. L., Balogh M. L., Theuns T., 2008, Monthly Notices of the Royal
Astronomical Society, 383, 593

McCourt M., Sharma P., Quataert E., Parrish I. J., 2012, Monthly Notices of
the Royal Astronomical Society, 419, 3319

Meece G. R., O’Shea B. W., Voit G. M., 2015, The Astrophysical Journal,
808, 43

Menon H., Wesolowski L., Zheng G., Jetley P., Kale L., Quinn T., Governato
F., 2015, Computational Astrophysics and Cosmology, 2, 1

Murakami I., Babul A., 1999, Monthly Notices of the Royal Astronomical
Society, 309, 161

Nelson D., et al., 2019, in High Performance Computing in Science and En-
gineering’18: Transactions of the High Performance Computing Center,
Stuttgart (HLRS) 2018. pp 5–20

Nelson D., et al., 2020, Monthly Notices of the Royal Astronomical Society,
498, 2391

Nulsen P., 1998, Monthly Notices of the Royal Astronomical Society, 297,
1109

O’Sullivan E., et al., 2017, Monthly Notices of the Royal Astronomical Soci-
ety, 472, 1482

O’Sullivan E., et al., 2018, Astronomy & Astrophysics, 618, A126
Ogle P. M., Lanz L., Nader C., Helou G., 2016, The Astrophysical Journal,

817, 109
Ogle P. M., Jarrett T., Lanz L., Cluver M., Alatalo K., Appleton P. N., Maz-

zarella J. M., 2019, The Astrophysical Journal Letters, 884, L11
Olivares V., et al., 2022, accepted by Astronomy & Astrophysics journal

MNRAS 000, 1–25 (2023)



Dynamics of Multiphase CGM around BGGs 25

Oppenheimer B. D., Davé R., Kereš D., Fardal M., Katz N., Kollmeier J. A.,
Weinberg D. H., 2010, Monthly Notices of the Royal Astronomical So-
ciety, 406, 2325

Oppenheimer B. D., Babul A., Bahé Y., Butsky I. S., McCarthy I. G., 2021,
Universe, 7, 209

Pearson R. J., et al., 2017, Monthly Notices of the Royal Astronomical Society,
469, 3489

Peeples M. S., et al., 2019, The Astrophysical Journal, 873, 129
Pillepich A., et al., 2019, Monthly Notices of the Royal Astronomical Society,

490, 3196
Pontzen A., Tremmel M., 2018, The Astrophysical Journal Supplement Se-

ries, 237, 23
Pontzen A., Roškar R., Stinson G. S., Woods R., Reed D. M., Coles J., Quinn

T. R., 2013, pynbody: Astrophysics Simulation Analysis for Python
Poole G. B., Fardal M. A., Babul A., McCarthy I. G., Quinn T., Wadsley J.,

2006, Monthly Notices of the Royal Astronomical Society, 373, 881
Pope E. C., Babul A., Pavlovski G., Bower R. G., Dotter A., 2010, Monthly

Notices of the Royal Astronomical Society, 406, 2023
Power C., Navarro J., Jenkins A., Frenk C., White S. D., Springel V., Stadel

J., Quinn T., 2003, Monthly Notices of the Royal Astronomical Society,
338, 14

Prasad D., Sharma P., Babul A., 2015, The Astrophysical Journal, 811, 108
Prasad D., Sharma P., Babul A., 2017, Monthly Notices of the Royal Astro-

nomical Society, 471, 1531
Prasad D., Sharma P., Babul A., 2018, The Astrophysical Journal, 863, 62
Prasad D., Sharma P., Babul A., Voit G. M., O’Shea B. W., 2020, Monthly

Notices of the Royal Astronomical Society, 495, 594
Pulido F., et al., 2018, The Astrophysical Journal, 853, 177
Qiu Y., Bogdanović T., Li Y., McDonald M., McNamara B. R., 2020, Nature

Astronomy, 4, 900
Rennehan D., 2021, Monthly Notices of the Royal Astronomical Society, 506,

2836
Rennehan D., Babul A., Hopkins P. F., Davé R., Moa B., 2019, Monthly

Notices of the Royal Astronomical Society, 483, 3810
Rennehan D., Babul A., Hayward C. C., Bottrell C., Hani M. H., Chapman

S. C., 2020, Monthly Notices of the Royal Astronomical Society, 493,
4607

Revaz Y., Combes F., Salomé P., 2008, Astronomy & Astrophysics, 477, L33
Ruszkowski M., Oh S. P., 2011, Monthly Notices of the Royal Astronomical

Society, 414, 1493
Sanchez N. N., Werk J. K., Tremmel M., Pontzen A., Christensen C., Quinn

T., Cruz A., 2019, The Astrophysical Journal, 882, 8
Sarron F., Conselice C. J., 2021, Monthly Notices of the Royal Astronomical

Society, 506, 2136
Scannapieco E., Brüggen M., 2015, The Astrophysical Journal, 805, 158
Schneider E. E., Robertson B. E., 2017, The Astrophysical Journal, 834, 144
Schneider E. E., Ostriker E. C., Robertson B. E., Thompson T. A., 2020, The

Astrophysical Journal, 895, 43
Sharma P., Parrish I. J., Quataert E., 2010, The Astrophysical Journal, 720,

652
Sharma P., McCourt M., Quataert E., Parrish I. J., 2012, Monthly Notices of

the Royal Astronomical Society, 420, 3174
Sigalotti L. D. G., Klapp J., Gesteira M. G., 2021, Frontiers in Applied

Mathematics and Statistics, 7, 797455
Sokołowska A., Babul A., Mayer L., Shen S., Madau P., 2018, The Astro-

physical Journal, 867, 73
Springel V., 2010, Monthly Notices of the Royal Astronomical Society, 401,

791
Stern J., Fielding D., Faucher-Giguère C.-A., Quataert E., 2019, Monthly

Notices of the Royal Astronomical Society, 488, 2549
Stern J., et al., 2021, The Astrophysical Journal, 911, 88
Sun M., Donahue M., Roediger E., Nulsen P., Voit G., Sarazin C., Forman

W., Jones C., 2009, The Astrophysical Journal, 708, 946
Suresh J., Nelson D., Genel S., Rubin K. H., Hernquist L., 2019, Monthly

Notices of the Royal Astronomical Society, 483, 4040
Tamfal T., Mayer L., Quinn T. R., Capelo P. R., Kazantzidis S., Babul A.,

Potter D., 2021, The Astrophysical Journal, 916, 55
Tamfal T., Mayer L., Quinn T. R., Babul A., Madau P., Capelo P. R., Shen S.,

Staub M., 2022, The Astrophysical Journal, 928, 106
Theuns T., 2003, Cooling flows in clusters of galaxies, http:
//www.icc.dur.ac.uk/~tt/Lectures/Galaxies/Clusters/
Xrays/clusters_cflows.html

Tremmel M., Governato F., Volonteri M., Quinn T. R., 2015, Monthly Notices
of the Royal Astronomical Society, 451, 1868

Tremmel M., Karcher M., Governato F., Volonteri M., Quinn T., Pontzen A.,
Anderson L., Bellovary J., 2017, Monthly Notices of the Royal Astro-
nomical Society, 470, 1121

Tremmel M., et al., 2019, Monthly Notices of the Royal Astronomical Society,
483, 3336

Tremmel M., Wright A. C., Brooks A. M., Munshi F., Nagai D., Quinn T. R.,
2020, Monthly Notices of the Royal Astronomical Society, 497, 2786

Virtanen P., et al., 2020, Nature methods, 17, 261
Voit G. M., 2021, The Astrophysical Journal Letters, 908, L16
Voit G. M., Donahue M., 2015, The Astrophysical Journal Letters, 799, L1
Voit G. M., Bryan G. L., O’Shea B. W., Donahue M., 2015, The Astrophysical

Journal Letters, 808, L30
Wadsley J. W., Keller B. W., Quinn T. R., 2017, Monthly Notices of the Royal

Astronomical Society, 471, 2357
Weinmann S. M., Van Den Bosch F. C., Yang X., Mo H., 2006, Monthly

Notices of the Royal Astronomical Society, 366, 2
Werk J. K., et al., 2016, The Astrophysical Journal, 833, 54
Werner N., Mernier F., 2020, Reviews in Frontiers of Modern Astrophysics:

From Space Debris to Cosmology, pp 279–310
Werner N., et al., 2014, Monthly Notices of the Royal Astronomical Society,

439, 2291
Xu W., Ramos-Ceja M. E., Pacaud F., Reiprich T. H., Erben T., 2022, Astron-

omy & Astrophysics, 658, A59
Yang X., et al., 2021, The Astrophysical Journal, 909, 143
Zahedy F. S., Chen H.-W., Johnson S. D., Pierce R. M., Rauch M., Huang

Y.-H., Weiner B. J., Gauthier J.-R., 2019, Monthly Notices of the Royal
Astronomical Society, 484, 2257

van de Voort F., Springel V., Mandelker N., van den Bosch F. C., Pakmor R.,
2019, Monthly Notices of the Royal Astronomical Society: Letters, 482,
L85

MNRAS 000, 1–25 (2023)

http://www.icc.dur.ac.uk/~tt/Lectures/Galaxies/Clusters/Xrays/clusters_cflows.html
http://www.icc.dur.ac.uk/~tt/Lectures/Galaxies/Clusters/Xrays/clusters_cflows.html
http://www.icc.dur.ac.uk/~tt/Lectures/Galaxies/Clusters/Xrays/clusters_cflows.html

	Introduction
	Analysis Methods and Initial Findings
	Halo catalogue and substructure definition
	Central galaxy selection criterion
	The circumgalactic gas surrounding the BGGs

	The nature and the origins of the CGM
	CGM tracking and classification

	Evolution of the condensation-susceptible CGM
	Orange: Central galaxy wind
	Blue: Subhalo internal and Lavender: Subhalo stripped
	Pre-existing CGM
	Cool core vs. non-cool core groups

	Summary and Discussion
	Summary
	Comparison with previous studies
	Variations and Caveats

	Conclusions

