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ABSTRACT

Hot ionized gas is important in the baryon cycle of galaxies and contributes the
majority of their “missing baryons”. Until now, most semi-analytic models of galaxy
formation have paid little attention to hot gaseous haloes and their X-ray emission.
In this paper, we adopt the one-dimensional model from Sharma et al. instead of
the isothermal sphere to describe the radial distribution of hot gas in the L-Galaxies
semi-analytic model. The hot gas halo can be divided into two parts according to
the ratio of the local thermal instability time-scale and the free-fall time-scale: a cool
core with tTI/tff = 10 and a stable outer halo with tTI/tff > 10. We update the
prescriptions of cooling, feedback and stripping based on the new hot gas profiles,
and then reproduce several X-ray observational results, like the radial profiles of hot
gas density, and the scaling relations of X-ray luminosity and temperature. We find:
(1) Consistent with observations, flatter density profiles in halo centers produce lower
X-ray emission than an isothermal sphere; (2) Cool core regions prone to precipitation
have higher gas temperature than the virial temperature, and a larger TX/T200 ratio
in smaller haloes leads to a steeper slope in the LX − TX relation; (3) The ionized gas
in the unbounded reservoir and low temperature intergalactic gas in low mass haloes
could be the main components of the halo “missing baryons”. Our model outputs can
predict the observations of hot gas in the nearby universe and produce mock surveys
of baryons probed by future X-ray telescopes.
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1 INTRODUCTION

According to the current picture of cosmology, the hot ion-
ized gas contributes most of the baryon budget in the uni-
verse. The reservoir of hot gas in the circumgalactic and intr-
acluster medium (ICM and CGM) plays an important role
in galaxy baryon cycles like gas accretion, star formation,
and feedback (see review paper by Tumlinson et al. 2017).
Based on ΛCDM cosmology, the universal baryon density
fraction is around 4.8% (Planck collaboration et al. 2016),

? E-mail: fujian@shao.ac.cn

while the observed baryons in galaxies (stars, interstellar
medium (ISM)), cluster environments (CGM, ICM), and
Lyman-α absorbers only contribute about 60% of the total
baryon budget, and around 30-40% of the baryons are “miss-
ing”. This is the “missing baryon problem” (Shull, Smith &
Danforth 2012). Some works (e. g., Martizzi et al. 2019, Ko-
vacs et al. 2019) suggest that the missing baryons are mainly
located as diffuse ionized gas in the warm-hot intergalactic
medium (WHIM) with temperature 105 − 107K, which is
very difficult to observe. In addition to this global missing
baryon problem, individual haloes like the Milky Way also
seem to be missing their baryons in diffuse phases that are
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2 Zhong et al.

hard to detect. This is the “local missing baryon problem”
(Bregman 2007).

To trace ionized gas components around galaxies and
clusters, the observations of X-ray emission/absorption or
UV absorption are usually adopted. For ICM gas in large
haloes (M200 > 1012M�), the hot gas with T > 106K tends
to emit radiation in the soft X-ray band (Gursky 1971), and
the temperature, luminosity, and mass of hot gas can be
estimated through X-ray emission. In recent years, X-ray
telescopes with high sensitivity and resolution like XMM-
Newton and Chandra have obtained CGM and ICM emis-
sion for a large sample of galaxies (Bogdán et al. 2015; Li
& Wang 2013; Li et al. 2017; Babyk et al. 2018). However,
the gas between 104K and 106K, which is usually called the
cool or warm phase, does not emit X-rays. This cool/warm
gas is typically probed through UV absorption-lines with
background quasars. Powerful UV spectrographs like COS
on the Hubble Space Telescope (e.g. Tumlinson et al. 2013;
Fang et al. 2014; Richter et al. 2017; Zahedy et al. 2019) pro-
vide a lot of information on various properties of the gaseous
absorbers, including the column density, metal abundance,
spatial distribution, etc.

Numerical simulations and semi-analytical models offer
alternative methods to study the evolution of galaxies. In
recent years, large-scale cosmological hydrodynamical simu-
lations in Mpc-scale boxes offer a way to study the physics of
galaxy formation. Cosmological galaxy formation simulation
projects like EAGLE (Crain et al. 2015; Schaye et al. 2015)
and Illustris-TNG (Nelson et al. 2018a; Springel et al. 2018)
offer precise simulated statistical samples to study the phys-
ical process in the ICM and CGM (e. g., Stevens et al. 2017,
Kelly et al. 2021, Nelson et al. 2018b; Truong, Pillepich &
Werner 2021). Because of the high resolution and detailed
subgrid physics of gas processes, very high computational
resources are needed to run hydrodynamical simulations in
a cosmological volume. It is difficult to analyse the effect of
physical processes and model parameters on specific proper-
ties of the galaxies in these simulations (see review paper by
Somerville et al. 2015). Over the past decades, semi-analytic
models (hereafter SAMs) have been used as flexible and
low-cost tools to study galaxy formation processes, which
are usually described by equations from empirical fitting
or “phenomenological” models. By considering and linking
physical processes such as mergers, gas cooling, accretion,
star formation, feedback, stripping, and others, SAMs have
achieved great success in recent years [e.g. L-Galaxies 2015
(Henriques et al. 2015); L-Galaxies 2020 (Henriques et al.
2020); Shark (Lagos et al. 2018); SAGE (Stevens, Croton
& Mutch 2016)]. However, most of these models pay little
attention to the distribution and observational properties of
the ionized gas phase and therefore give poor predictions for
the X-ray emission from the CGM surrounding galaxies.

In SAMs, the ionized gas is usually regarded simply as
“hot gas” within the dark matter haloes around galaxies.
Most SAMs assume that hot gas is distributed in a singu-
lar isothermal sphere, e.g. L-Galaxies (De Lucia & Blaizot
2007, Guo et al. 2011, Henriques et al. 2015, Henriques et
al. 2020), GAEA (Hirschmann et al. 2016), the Santa Cruz
model (Somerville et al. 2008), Shark (Lagos et al. 2018),
and SAGE (Croton et al. 2016). For the isothermal sphere,

the density profile is written as

ρhot (r) =
mhot

4πr200
r−2, (1)

where mhot and r200 are the mass of hot gas and virial radius
of the galaxy halo. In such an oversimplified model, the tem-
perature of the hot gas is assumed to be equal to the virial
temperature of the halo (White & Frenk 1991). Based on
more detailed theoretical modelling and observations of the
hot gas surrounding galaxy groups and clusters (Mulchaey
2000), a more realistic β profile is often used to model the
hot gas profile, e.g. in the GALFORM model (Font et al.
2008) and GALACTICUS (Benson 2012), which is given by

ρhot (r) =
ρ0[

1 + (r/rcore)2]3β/2 , (2)

where ρ0 is the central density and rcore is the core radius.
The β-profile models are based on the assumption that the
hot gas is isothermal and in hydrostatic equilibrium (Cava-
liere & Fusco-Femiano 1976). The MORGANA model by
Monaco, Fontanot & Taffoni (2007) adopts a polytropic
equation of state in an NFW halo, and predicts the radial
distribution of hot gas, pressure and temperature. However,
they did not perform a detailed analysis and comparison
of the results of this complex hot gas distribution model
with X-ray observations. Such a β-profile model was also
adopted by Yates et al. (2017) in their study of galaxy groups
and clusters using the L-Galaxies SAM, but only as a post-
processing step to calculate mean ICM temperatures and
iron abundances.

In this paper, we develop a new extension of SAMs to
study the hot ionized gas in haloes. Our model is based on
the Munich L-Galaxies framework described in Henriques
et al. (2015, hereafter H15), which runs on the halo merger
trees of the Millennium (Springel et al. 2005) and Millen-
nium II (Boylan-Kolchin et al. 2009) simulations. Our main
update is on the radial distribution of the hot gas compo-
nent in each dark matter halo. We adopt a realistic recipe by
Sharma et al. (2012b, hereafter Sharma12), which considers
hydrostatic equilibrium and rough global thermal balance in
cool cores, and predicts the existence of a low density core
in the central region, especially for low-mass haloes. The
Sharma12 prescription for the state of hot gas in halos is
based on simulations of atmospheres in global thermal bal-
ance (motivated by a lack of cooling flows in galaxy clusters
and the presence of X-ray cavities that can roughly compen-
sate for radiative losses), which show that cold gas condenses
out of hot hydrostatic atmospheres if the ratio of the ther-
mal instability time (similar to the cooling time for free-free
emission) and the free-fall time (tTI/tff) is smaller than a
threshold close to 10 (Sharma et al. 2012a). The cold gas
produced in the core can be accreted by the central super-
massive black hole and can act as a valve that maintains the
cool core in a (tTI/tff ≈ 10) state. More realistic AGN jet
feedback simulations (e.g. Prasad et al. 2015, Li et al. 2015,
Ehlert et al. 2022) are roughly consistent with the Sharma12
models in that the tTI/tff ratio stays within a factor of a few
from the fiducial value of 10. These models are also known
as precipitation models and have been applied to the CGM
of Milky Way mass halos (Voit et al. 2019).

In our new model, we also adjust the prescriptions of the
baryonic processes related to the hot gas like feedback, gas
cooling and stripping based on the new radial profiles, and
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Figure 1. Baryonic processes in L-Galaxies models. The yellow

area represents the hot gas in the halo and the blue area represents

the cold gas in ISM of a galaxy disk. The red texts show the
baryon components of a galaxy or cluster, and the arrows show

the exchange and transition processes among these components.

output the radial distributions of the hot gas density, tem-
perature and X-ray luminosity in each halo so that detailed
comparisons can be made with the latest observations.

The main motivation of the paper is to include more
realistic models of hot gas components in SAMs, and offer
detailed predictions for the properties of halo hot gas in the
X-ray band. This paper should help us compare the hot gas
properties, like the gas radial profiles and scaling relations
between gas temperature and X-ray luminosity. In addition,
we will also study the missing baryon problem.

This paper is organized as follows. In Section 2, we
briefly describe the L-Galaxies model, how we handle the
radial distribution of halo hot gas, and the corresponding
changes to the physical recipes. In Section 3, we show the
model results of the radial density profiles, X-ray luminosity
and temperature of the hot gas compared with observations,
and analyse the physical mechanisms related to the hot gas.
In Section 4, we analyse the baryon budget in different halo
components, which can help us study the missing baryon
problem in the model. In Section 5, we summarize our re-
sults and look forward to future work.

2 THE GALAXY FORMATION MODELS

This study is based on the H15 version of the L-Galaxies
SAM of galaxy formation. The reader can find the full de-
scriptions of the astrophysics processes in H15. The model
codes, written in C-language, are publicly available on the
L-Galaxies webpage1. In Fig. 1, we show a brief illustration
of the baryonic processes in L-Galaxies, especially the pro-
cesses related to the hot gas components. In each galaxy, the
baryons are distributed into the following components: disc
stars, bulge stars, a central supermassive black hole, cold gas
in ISM, ionized gas in a hot gaseous halo, and an external

1 https://lgalaxiespublicrelease.github.io

reservoir (ejecta) beyond the halo potential. The arrows in
Fig. 1 show the exchange of mass and energy among these
components.

When a dark matter halo is first identified in the under-
lying Millennium or Millennium II simulation, it is seeded
with hot gas of primordial metallicity. Due to radiative cool-
ing, part of the hot gas loses pressure support and falls to
the centre of the halo. The infalling gas cools and can form
stars. We also assume the “instantaneous recycling approx-
imation”, whereby 43% of the mass formed into stars is im-
mediately returned to the gas phase as a mix of unprocessed
material (95.4%) and newly-synthesised metals (4.6%). Su-
pernova can reheat part of the cold gas to the temperature
of the hot gaseous halo, and also eject part of the hot gas
out of the halo if the supernova energy is large enough. The
ejected mass forms an external reservoir and may fall back
into the halo again at a later time. The black hole is embed-
ded in the centre of a galaxy, and the hot gas accreted by
the central black hole can power the active galactic nucleus
(AGN), which also regulates the cooling onto the galaxy.
Satellite galaxies can be influenced by various environmen-
tal effects in the halo (ram pressure stripping by ICM and
tidal disruption by the gravity of the central galaxy), and
may merge with the central galaxy through dynamical fric-
tion. When two galaxies merge, a merger-induced starburst
will happen and consume a large proportion of the ISM. A
major merger in L-Galaxies will also destroy the disk struc-
ture of the central galaxy and form a bulge dominant galaxy.
These physical processes are implemented as a set of differ-
ential equations, and we calculate these physical processes
and update the results of the baryonic components in each
time step (the time step is around 10-20 Myr, which is about
the life time of high mass stars). In Sec. 2.1 to 2.6, we de-
scribe the prescriptions of the processes related to the hot
gas component, and the details of other processes can be
found in the H15 paper or the L-Galaxies webpage.

The model is based on the dark matter haloes from
N-body simulations. Similar to previous L-Galaxies model
papers (e.g. Guo et al. 2013; Fu et al. 2013; Henriques et
al. 15; Henriques et al. 2020), we adopt the dark mat-
ter haloes from the Millennium Simulation (hereafter MS,
Springel et al. 2005) and Millennium II Simulation (here-
after MS-II, Boylan-Kolchin et al. 2009). The original MS
and MS-II adopt the cosmology parameters from WMAP1
(Spergel et al. 2003) and we rescale to the ΛCDM cos-
mology with parameters from Planck (ΩΛ = 0.685, Ωm =
0.315, Ωbaryon = 0.0487, σ8 = 0.829 and h = 0.673, Planck
Collaboration 2016) following the techniques developed by
Angulo & Hilbert (2015). The box size in MS is about 480
Mpc/h (when rescaled) on a side and the minimum halo
mass is about 2.9 × 1010M� (the mass of 20 particles) and
MS-II has a smaller (∼ 96 Mpc/h) simulated box and 125
times higher resolution compared to MS (2.3 × 108M� for
minimum halo mass). In our work, we adopt MS for galaxies
with stellar mass M∗ > 109M� and MS-II for smaller halos.

In our new model, we incorporate the radial distribu-
tion of hot gas in halos by Sharma et al. (2012b) into L-
Galaxies. Since the model only contains a cold gas compo-
nent in galaxies and a hot gas component in the halo, we
will not distinguish between the ionized hot gas components
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in the ICM of the main halo and the CGM of the satellites,
but treat both as “halo hot gas” in the model. 2

Our main changes are: (1) We abandon the isothermal
distribution approximation for the hot gaseous halo, and
adopt the one-dimensional model of Sharma12, considering
hydrostatic equilibrium and self-regulation by thermal in-
stability in the cool core; (2) We modify the gas cooling and
infall prescription based on the new model of the hot gas
halo, which is related to the existence of a “cool core” in
inner halo; (3) We update the prescriptions of gas disrup-
tion and feedback based on the new radial profiles of hot
gas; (4) We include a simple model of atomic-to-molecular
gas transition in the ISM and relate the star formation to
the mass of molecular gas. We will describe these changes
in detail below.

2.1 Modelling the radial distribution of hot gas in
the haloes

In the previous version of the L-Galaxies SAMs (e.g. De Lu-
cia & Blaizot. 2007, Guo et al. 2011, Henriques et al. 2015;
Henriques et al. 2020), the ionized hot gas component is dis-
tributed as an isothermal sphere in each dark matter halo
with ρhot ∝ r−2, and the gas temperature equals the virial
temperature of the halo Thot = T200.3 In the new model, we
apply the one-dimensional models of Sharma12 to describe
the radial profiles of the halo hot gas.

In Sharma12, they assume the hot gas distributes spher-
ically and construct one-dimensional hot gas profiles for the
ICM in dark matter haloes. The model assumes that heat-
ing and cooling roughly balance globally in the cool core and
regulate the core to thermal equilibrium without investigat-
ing the physics of how the hot gas is heated. Considering
the local thermal instability time-scale tTI and free-fall time
tff , the physics of local thermal instability in stratified at-
mospheres gives a rough upper limit on the density of hot
gas which satisfies tTI/tff & 10 everywhere.

In their model, they first assume an “unmodified” gas
profile of a generalized NFW form

ρ =
Nc

r/rs(1 + r/rs)
−s−1 , (3)

where Nc is a normalization constant and s is the asymp-
totic gas density slope s = d ln ρ/d ln r. According to the
ratio tTI/tff at each radius, the hot gas halo can be divided
into two parts: the cool core and the stable region. In the cool
core region, the ratio tTI/tff is smaller than 10 and the local
thermal instability becomes nonlinear and produces multi-
phase gas. Cold filaments condense out of the hot phase and
an overdense blob cools and falls to the halo centre. This

2 SAMs do not consider the details of structures like filaments,

knots and WHIM. These structures in the model are thought to
reside in hot gas halo or the ejecta reservoir depending on whether

or not they are bounded within the halo potential.
3 The subscript “200” here and the following paper represents the

values for the halo. r200 is the radius within which the average
density of a halo is 200 times the cosmic critical density, and m200

is the mass within r200. In L-Galaxies models, we assume a flat
rotation curve for each halo, and the circular velocity is defined
as v200. T200 = 35.9

(
v200/km s−1

)2
K is the virial temperature

inside r200.

cooling picture is similar to the two-phase models by Maller
& Bullock (2004). In the stable region where the ratio tTI/tff
is larger than 10, no multiphase gas is expected and the gas
is stable without condensation and infall.

For the haloes with cool cores, they tried two prescrip-
tions to “modify” the gas profiles. One is an isentropic core
with an entropy floor (T/ρ2/3 =constant); the other is a
core with fixed tTI/tff = 10, which agrees with the observa-
tions of cluster cool cores. The outer boundary condition in
each halo is determined by the pressure at r200. For haloes
with tTI/tff > 10 at r200, the boundary temperature is T200

and the outer pressure is specified as p200 = ks〈n〉kBT200,
where 〈n〉 is the average gas density within r200, and ks is
a constant. In low mass haloes (Mhalo . 1013M�), the ratio
tTI/tff is smaller than 10 for the whole halo if we still adopt
T200 at the halo boundary. In Sharma et al. (2012a), they ar-
gue that the multiphase gas will lead to very high accretion
rates if tTI/tff < 10, and the cool core should self-regulate
to the critical value of tTI/tff ∼ 10 by cooling and feedback.
In this case, the models adjust the density and temperature
(holding a constant pressure) to modify the profiles such
that tTI/tff equals 10 at the outer boundary (virial radius).

In Fig. 2, we compare the radial profiles of the electron
density from Sharma12 models with the isothermal profiles.
The left and right panels show the model profiles with isen-
tropic core and “tTI/tff = 10” core, respectively. We can
see that the radial profiles from Sharma12 model in inner
haloes are much flatter than the isothermal profile, and are
consistent with the profiles in haloes over 1013M� from X-
ray observations (see Figure 2 in Sharma12 and our model
results in Fig. 9 in Sec. 3.1). In haloes with Mhalo ∼ 1012M�
or lower, the radial profiles of the two cool-core models show
large differences, and the isentropic core model predicts very
flat cool-core profiles. In Sharma12, they mainly focus on the
results in massive haloes, while our SAMs are applied to a
very wide mass range. We will show some comparisons be-
tween two cool core models for the scaling relation of the
X-ray luminosity in Sec. 3.2, and find better results with a
tTI/tff = 10 core than an isentropic core in low mass haloes
(see the discussion in Fig. 12). In the following, we will adopt
the prescription of cool core with tTI/tff = 10 as our “fidu-
cial” model.

In Sharma12 models, the asymptotic gas density slope
s in Eq. 3 is a free parameter, and they choose s =
−1.75,−2.25,−3. In our current work, we choose s = −3,
and find that this choice together with a tTI/tff = 10 core
can give good fits for the X-ray scaling relations (see Fig.
12 in Sec. 3.2). On the other hand, the “unmodified” gas
profile with s = −3 is the standard NFW profiles in Eq.
3, and the hot gas profile at large radii is of the form
ρ ∝ (r/rs)

−1 (1 + r/rs)
−2.

Sharma12 models only consider the processes of ther-
modynamic and hydrostatic physics in hot gas, but do not
consider baryon cycles related to the galaxy evolution like
gas accretion, star formation supernova feedback and AGN
feedback. The models adopt some input parameters esti-
mated from observational results, which are the halo mass
M200, the baryon fraction fb, and the concentration param-
eter c = r200/rs (rs is the scale radius). The model outputs
are the radial profiles of electron density ne(r) and temper-
ature T (r) of hot gas at different redshift.

Sharma12 models are written in Matlab or Python

© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Radial profiles of the electron density from Sharma12 models (solid curves) and the isothermal spheres (dotted curves). The
left and right panels show the model profiles with isentropic core (left) and “tTI/tff = 10” core (right), respectively. In each panel, the

curves in different colors represent the results from different halo masses. For model haloes with Mhalo = 1011, 1012, 1013, 1014, 1015M�,
we adopt c200 = 39, 36, 33, 30, 27, and we assume fb = 0.17 and fd = 0 as the model parameters in the figures.

codes4, which can be easily incorporated in the L-Galaxies
model codes. To incorporate Sharma12 model into the L-
Galaxies recipes, first we need to “construct” the radial dis-
tribution of the hot gas components around each galaxies.
Following the methods in the previous work in L-Galaxies
(e. g., Fu et al. 2009, 2010, 2013, Henriques et al. 2020), we
divide each hot gaseous halo into a set of radial concentric
shells around the center, and the outer radius ri of each shell
is given by the geometric series

ri = [1.438i−1 × 10−3]r200 (i = 1, 2...20), (4)

The innermost shell in Eq. 4 has a radius around 10−3r200,
while the radius of outermost shell is r200. We have tested
other form of the shell division and find the results are quite
insensitive to the sub-division of the halo if the shell number
is large enough (i & 10).

Then, we combine the codes of Sharma12 into L-
Galaxies codes. To get the input values M200, fb, c, fd

in Sharma12 model, we adopt the physical quantities from
SAMs in each time step:

M200 = m200

fb = mbaryon/m200

c = r200/rs =
√

2λ−1

fd = 1−mhot/mbaryon,

(5)

where m200 is the virial mass of the central halo, mhot is
the hot gas mass around each galaxy, and the total baryon
mass mbaryon is the sum of stellar mass, cold gas mass in
ISM, black hole mass, and hot gas mass in the halo. In Eq.
5, rs = λr200/

√
2 is the scale length of a galaxy according

to Mo, Mao & White (1998), where the spin parameter λ is
defined as (Bullock et al. 2001)

λ =
J√

2m200r200v200

. (6)

4 https://bitbucket.org/prats7up/hot halos 2012/src/master/

The angular momentum J , m200, r200 and v200 are directly
from dark matter haloes of the N-body simulations.

With the model parameters in Eq. 5 and radial profiles
of hot gas in each halo, we can get the radial profiles of the
electron density ne(r) and gas temperature T (r). The radial
profiles of hot gas is then

ρhot(r) = µ̄mHne(r), (7)

where µ̄mH is the mean particle mass.
We save the results ρhot(ri), ne(ri), T (ri) in each shell

of radius ri given by Eq. (4) at all times. In this paper, we
do not consider the radial distribution of metallicity in the
hot gaseous phase for gas cooling and chemical enrichment
by supernova. We simply assume homogeneous value for the
hot gas metallicity Zhot in each halo.

2.2 Gas cooling and infall

According to White & Rees (1978), White & Frenk (1991)
and Springel et al. (2001), the hot gas is spherically dis-
tributed in each dark matter halo. The local cooling time
at a given radius r is the ratio between the thermal energy
density of the hot gas and the cooling rate in a unit volume

tcool (r) =
3µ̄mHkBT

2ρhot (r) Λ (T,Z)
, (8)

where µ̄mH is the mean particle mass, kB is the Boltzmann
constant, ρhot(r) is the radial density profile of the hot gas, T
and Z are the temperature and metallicity of hot gas, and
Λ (T,Z) is the cooling function for collisional cooling pro-
cesses. According to Sutherland & Dopita (1993), when the
hot gas is in collisional ionization equilibrium, the cooling
function depends only on the metallicity and temperature,
but not on its density.

The cooling recipes compare tcool with the dynamic
time scale of the halo tdyn = r200/v200 = 0.1H(z)−1 (De
Lucia et al. 2004), and we define the cooling radius where
the cooling time equals to the dynamic time scale of the

© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The comparison of the cooling recipes between the old
and new models. The blue regions represent the cooling regions

or cool cores, and the yellow regions represent the hot gaseous

halo in stable state without condensation and infall.

halo. If rcool > r200, the cooling is in “fast mode”, and the
hot gas inside the whole halo will be accreted to the cen-
tral galaxy in one dynamical time scale tdyn. This process is
called a “cold flow”, and the cooling rate for rapid cooling
is

ṁcool = mhot/tdyn. (9)

For haloes with rcool < r200, cooling is in the “slow mode”,
and only the hot gas inside the cooling radius is accreted
onto the central galaxy in one tdyn. The cooling rate of this
quasi-static cooling can be written as

ṁcool =
mhot (< rcool)

tdyn
, (10)

where mhot (< rcool) represents the mass of hot gas within
radius rcool. For hot gas in an isothermal distribution, Eq.
10 can be written as

ṁcool = mhot
rcool

r200

1

tdyn
(11)

In the new model, the gas cooling and infall recipes
should be changed a bit according to the new profile of the
hot gas. In Fig. 3, we show an illustration of the cooling
recipes in the old and new models. The main difference is
the radius of the cooling region, and we adopt the cool core
instead of a cooling region in the new model. The cool core
radius rcore in the new model is analogous to the cooling
radius in the previous model, and the gas inside the cool
core radius is assumed to form cold filaments because of the
local thermal instability. These filaments fall to the central
galaxy in the halo. The infall time-scale of a cool core is
defined as the free-fall time scale at the core radius,

tinfall = rcore/v200. (12)

The “fast mode” in the new model corresponds to haloes
with tTI/tff = 10 at the virial radius, and the whole halo
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Figure 4. The comparison of the cooling rate (top panel, with-

out the suppression by radio-mode AGN) and the cooling radius
(bottom panel) in haloes with different mass from the old (H15)

and our new models at z = 0. The solid curves are the mean
values for the haloes with central galaxies (Type 0 & 1 in the

models), and the shaded areas represent ±1σ deviations for the

model samples.

should be regarded as a cool core. The “slow mode” in the
new model corresponds to the “cool-core cluster”, i.e. the
halo with rcore < r200, and the hot gas inside cool core will
infall in one tinfall. Similar to Eq. 10, the infall rate can be
written as

ṁcool =
mhot (< rcore)

tinfall
, (13)

where mhot (< rcore) is the total hot gas mass in a cool core.
In Fig. 4, we show the comparison of the cooling rate

and cooling radius in haloes with different masses from the
old and new models. The results from both models are very
similar, and the proportion of the small haloes in fast mode
cooling is only a bit higher in the new model. The main
reason for the similar cooling rates from the two models is
that we have readjusted the model parameters in the new
model so that both the new and old models fit the same ob-
servational results like the redshift evolution of cosmic star
formation density and the mass functions at z = 0 (see Fig. 6
& 7 in Sec. 2.6). Therefore, we expect that the galaxy prop-
erties from the new cooling model should not differ much
from the old model.

2.3 Reheating and ejection by supernova feedback

In H15 model, the instantaneous recycling approximation is
assumed, i.e. low mass stars keep the stellar mass eternally
and high mass stars explode as supernovae at the time step
of their formation. If the energy released by supernovae ex-
ceeds the thermal energy of the reheated hot gas, part of
the hot gas can be ejected from the halo. The energy from
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supernovae can be written as

∆ESN = 0.5εhalo∆m∗v
2
SN (14)

where ∆m∗ is the mass of newly formed star and 0.5v2
SN

is the energy of supernova ejecta per unit mass of newly
formed stars, and vSN is a model parameter representing
the velocity of SN ejecta. The supernova energy can reheat
part of the cold gas in the ISM disk to the hot gas in halo,
and εhalo in Eq. 14 is a halo-dependent parameter represent-
ing the efficiency of the supernovae converting the ISM cold
gas to the halo hot gas. The mass of cold gas reheated by
supernovae in a given time step is

∆mreheat = εdisk∆m∗, (15)

where εdisk is a disk-dependent parameter representing the
supernova reheating efficiency. According to Guo et al.
(2011) and H15, both εdisk and εhalo are related to the prop-
erties of dark matter halo

εdisk = ε

[
0.5 +

(
vmax
vreheat

)−β1]
εhalo = η

[
0.5 +

(
vmax
veject

)−β2] (16)

and ε, η, vreheat, veject, and β1 = β2 are model parameters
related to the galaxy disk and halo. In previous models, the
reheated cold gas becomes the halo hot gas in isothermal
profiles with Thot = T200, and the energy of the cold gas
reheated by supernovae is

∆Ereheat =
1

2
∆mreheatv

2
200. (17)

If the energy released by supernovae (Eq. 15) exceeds the
energy stored in the halo hot gas (Eq. 17), gas can be ejected
from the halo (c.f. Eq. 20).

In the new model, the halo hot gas is no longer isother-
mal, and the temperature of the hot gaseous halo should
change because of the mass and energy injection by super-
nova reheating. We assume T−hot and T+

hot as the hot gas
temperature before and after supernova reheating, and we
can get the radial distribution of T−hot and T+

hot from the
Sharma12 model combined with the mass of reheated gas
in Eq. 15. Then, the energy injected into the hot gas halo
during the supernova reheating can be written as

∆Ereheat =

3kB

2µ̄mH

[
∆mreheatT̄

+
hot +

(
T̄+

hot − T̄
−
hot

)
m−hot

]
, (18)

where ∆mreheat/µ̄mH and T̄hot are the particle numbers and
mean temperature of the hot gas in the whole halo. The su-
perscript “-” and “+” refer to the quantities before and after
mass/energy injection. The first term ∆mreheatT̄

+
hot repre-

sents the thermal energy of the reheated cold gas, and the
second term

(
T̄+

hot − T̄
−
hot

)
m−hot represents the energy change

of the whole gas halo. We assume the temperature of the re-
heated gas equals to the mean temperature of the halo after
reheating T+

hot, or the reheated gas has the same specific
thermal energy as the halo hot gas.

In Eq. 18, the mass-weighted mean temperature of the
hot gas T−hot and T+

hot can be calculated by

T̄hot = m−1
hot

∫ r200

0

T (r) ρhot (r)4πr2dr (19)
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Figure 5. Radial profiles of the hot gas temperature from

Sharma12 models (solid curves) and the isothermal spheres (dot-

ted curves). Similar to Fig.2, the curves in different colors repre-
sent the results from different halo masses, and the model input

parameters are the same as in Fig.2.

Combining Eq. 18 & 19, we can get ∆Ereheat.
Following the prescription in H15 model, if ∆ESN >

∆Ereheat, the excess energy from supernovae ∆ESN −
∆Ereheat can eject part of the hot gas out of the halo poten-
tial well, and the total mass of ejected hot gas is

∆meject =
∆ESN −∆Ereheat

1
2
v2

200

. (20)

In the current model, we do not consider which part of the
hot gas is ejected, and simply assume same proportion is
ejected at all the radius of the hot gas halo.

In Fig. 5, we compare the radial profiles of gas tempera-
ture Thot(r) from our new model with the virial temperature
T200 adopted in isothermal model. We can see that Thot(r)
in the new models is higher than T200 in most regions of
haloes with different mass. Thus, the reheated temperature
Treheat and energy ∆Ereheat in Eq. 18 & 19 in the new model
tend to be higher than isothermal models, and less hot gas
in the halo is ejected by the excess energy from supernovae.

The hot gas ejected by supernovae becomes external
baryonic reservoir around dark matter haloes, and will be
reincorporated to the halo again at later time with the
growth of the halo. Following H15 paper, the reincorpora-
tion rate is inversely proportional to the mass of the host
halo,

ṁrein = −
[
γrein

1010M�
m200

]−1

mejected, (21)

where
(
γrein1010M�/m200

)
is the reincorporation time scale

and γrein is an adjusted efficiency; note that the reincopo-
ration time is shorter for a more massive halo. In the rein-
corporation process, we do not trace the exact location of
the hot gas reincorporated into the halo, and we simply add
the mass of reincorporated gas to total hot gas mass and re-
calculate the radial profiles of the hot gas before we process
the cooling and infall recipes.

2.4 AGN feedback

A black hole can be embedded in the centre of a galaxy,
which grows by accreting cold gas from the ISM or hot gas
from the halo. In the H15 model, cold gas can be accreted
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by the black hole during mergers via the “quasar mode”
and hot gas quiescently from the hot gaseous halo via the
“radio mode”. Radio-mode accretion pumps energy into the
hot gas and suppresses gas cooling in massive galaxies with
large black holes. This AGN feedback further reduces the
net cooling rate, preventing rapid cooling in the centres of
massive haloes.

In the model, the radio-mode accretion rate from hot
gas (taken to be proportional to the black hole and halo
masses) is

ṁBH = κAGN

(
mBH

108M�

)(
fhot

0.1

)( v200

200 km s−1

)3

, (22)

where mBH is the black hole mass, fhot is the hot gas mass
fraction, and κAGN is the characteristic accretion efficiency.
The energy pumped back into the hot gas by radio mode
feedback is

LBH = 0.1ṁBHc
2, (23)

where c is the speed of light and the feedback efficiency is
set to 0.1. The energy produced by accretion offsets cooling,
returning a net mass cooling rate of

ṁ′cool = ṁcool −
LBH

1
2
v2

200

, (24)

where we only keep the non-negative value of ṁ′cool.
In the H15 model, 1

2
v2

200 in Eq. 24 is the thermal energy
per unit mass of isothermal hot gas with Thot = T200. In the
new model, we adopt T̄hot in Eq. 19 as the mean temperature
of the halo hot gas, and thus the net cooling rate can be
written as

ṁ′cool = ṁcool −
LBH

3kBT̄hot/2µ̄mH
, (25)

where µ̄mH is the mean particle mass and kB is the Boltz-
mann constant. In practice, this radio-mode feedback model
completely shuts down cooling flows onto massive early-type
galaxies, even those which are the brightest central galaxy
(BCG) of a “cool core cluster” as defined in Sec. 2.2.

2.5 Gas stripping by tidal force and ram pressure

Satellite galaxies move within the gravitational potential of
their central halo. This motion within the gaseous ICM of
galaxy clusters can affect the evolution of satellites. In L-
Galaxies, this environmental effect includes gas stripping by
ram pressure from the ICM and the tidal force of the central
galaxy. In this section, we will describe how we change the
prescriptions of ram pressure and tidal stripping based on
the new hot gas profiles.

Following the paper by Guo et al. (2011), when a smaller
halo falls into a larger halo, the tidal force will gradually re-
move its dark matter. The smaller halo becomes a satellite
and it stops accreting baryonic matter from the environ-
ment. The hot gas around the satellite galaxy is stripped
together with the dark matter halo. In previous models, hot
gas is assumed to follow the density profile of the dark mat-
ter halo, and the hot gas fraction of the satellite experiencing
tidal stripping remained constant,

mhot,infall

mDM,infall
=
mhot (rtidal)

mDM,tidal
, (26)

where mhot,infall and mDM,infall are the hot gas and dark
matter masses of the halo just before the infall. Here,
mhot (rtidal) and mDM,tidal are the hot gas and dark mat-
ter masses of the current satellite halo, and the hot gas at
a radius larger than rtidal is stripped by the tidal force. For
the isothermal sphere, rtidal = rDM,infall (mDM/mDM,infall).

In the new model, the dark matter halo and hot gas
follow different profiles, and we define a new tidal stripping
radius rtidal for the satellite galaxy. We assume that the cur-
rent dark matter mass of a satellite equals the dark matter
mass inside rtidal just before the infall,

mDM,tidal = mDM,infall(r < rtidal). (27)

Based on the NFW profile (Eq. 3), we sum the dark matter
halo mass in each shell from inside to outside. The radius
where the dark matter mass inside the shell equals mDM,tidal

in Eq. 27 is taken as the tidal radius rtidal.
The other environmental effect is ram pressure. When a

satellite galaxy is moving through the gravitational potential
of a galaxy cluster, the hot gas in the ICM exerts a pressure
on the satellite. If the gravity of the satellite galaxy is smaller
than the ram pressure exerted by the host halo, the hot gas
of the satellite begins to be stripped. We assume rrp as the
radius from the centre of the satellite where the self-gravity
is approximately balanced by the ram pressure:

ρhot,sat(rrp)v2
sat = ρhot,cen(r)v2

orbit, (28)

where ρhot,sat(rrp) is the hot gas density of satellite at radius
rrp, vsat is the virial velocity of the subhalo, ρhot,cen(r) is the
hot gas density profile of the host halo and r is the distance
from the host halo centre to the satellite, and vorbit is the
orbital velocity of the satellite relative to the host centre
(which we assume to be equal to v200 of the host halo).
Here, ρhot,sat(r) and ρhot,cen(r) are the radial profiles of the
hot gas in the haloes of satellite and host, and the new radial
gas density model affects the calculation of rrp in Eq. 28.

In real galaxies, ram pressure can also strip the cold
gas in the ISM. For example, recent observational results
from Wang et al. (2021) show the ram pressure stripping
of HI gas in a galaxy cluster. The SAM work by Luo et al.
(2016) models the ram pressure stripping of the ISM and
the effect on star formation due to the stripping. They find
that the ram pressure stripping of the cold gas mainly affects
the star formation in low-mass satellites located in massive
galaxy clusters. None the less, in this paper we only consider
the ram pressure effect on the hot gas.

Once rtidal and rrp are calculated from Eq. 27 & 28,
the minimum of the two values is set as the stripping radius
rstrip,

rstrip = min(rtidal, rrp), (29)

and the hot gas of the subhalo beyond rstrip is stripped and
added to the host halo.

2.6 Modelling cold gas and star formation in ISM

In this paper, we also consider the results of atomic and
molecular gas components of the ISM to constrain the mod-
els with observations in the nearby Universe. In some ver-
sions of L-Galaxies (e.g. Fu et al. 2013; Luo et al. 2016;
Henriques et al. 2020; Yates et al. 2021a), various physical
prescriptions trace the radial distribution of stars and cold
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gas in each galaxy disc. In this paper, the main purpose is to
study the hot gaseous halo, so we follow the model version
from H15, which does not include radially-resolved discs.
We adopt a simplified scheme to include the molecular and
atomic phases in the ISM, i.e. we only calculate the total
mass of HI and H2 gas in each galaxy.

In each galaxy disk, we simply assume both stellar and
cold gas components to be distributed in an exponential
profile

Σ∗,gas(r) = Σ0
∗,gas exp (−r/r∗,gas) , (30)

where the subscripts “∗” and “gas” represent star and
cold gas components respectively. In each exponential disk,
Σ0
∗,gas = m∗,gas/2πr

2
∗,gas represents the central surface den-

sity and r∗,gas represents the scale length of the gas or stel-
lar disk, which is calculated from the ratio of the specific
angular momentum of the disk and the maximum circular
velocity of the dark matter halo, i.e. r∗,gas = j∗,gas/2vmax.

We calculate the partition between atomic and molecu-
lar gas in the ISM with a prescription similar to the models
of BR06 (Blitz & Rosolowsky 2006) adopted in Fu et al.
(2010, 2013), with the molecular-to-atomic fraction RH2 re-
lated to the interstellar pressure as follows

RH2 (r) =
mH2 (r)

mHI (r)
=

[
P (r)

P0

]αP

, (31)

where P0 and αP are free parameters (see Table 1). In the
midplane of a galaxy disk, the ISM pressure P (r) in Eq. 31
is given by

P (r) =
π

2
GΣgas (r)

[
Σgas (r) + 0.1

√
Σ∗ (r) Σ0

∗

]
, (32)

where Σgas(r), Σ∗(r) and Σ0
∗ are from the exponential radial

profiles in Eq. 30.
In Eq. 31 & 32, we assume the H2 and HI gas to include

the mass of elements heavier than hydrogen, i. e., mcold =
mHI +mH2 .

In the H15 model, the star formation law follows the
models in De Lucia & Blaizot (2007) and Guo et al. (2011)

ṁ∗ =
αSF

tdyn
(mgas −mcrit) (33)

and the star formation rate is related to total mass of the
cold gas mgas, critical mass of a gas disk mcrit, and the
dynamic time scale of the disk tdyn. According to recent ob-
servational results, e.g. from SCUBA (Bourne et al. 2017;
Schruba et al. 2011), the star formation rate should be re-
lated to the mass of molecular gas (CO or H2) rather than
the total cold gas. Therefore, following the model work in
Fu et al. (2013) and some recent works like Xie et al. (2017),
we adopt a star formation law proportional to the mass of
H2 gas in the ISM for our new model, i.e.

ṁ∗ = αH2mH2 , (34)

where mH2 is the mass of gas in the molecular phase, and the
parameter αH2 is the molecular gas star formation efficiency
which represents the depletion time scale of the molecular
gas by star formation.

2.7 The parameters and calibrations of the model

As we have changed the physical prescriptions mentioned
above, it is necessary to recalibrate the model parameters

to fit the data from various observations. In Tab. 1, we list
the parameters used in our models. The top section of Tab.
1 includes the parameters we tune to fit the observations,
and the bottom section includes the parameters retaining
the same values as in previous models.

We tune the parameters to fit: (1) The stellar mass func-
tion and HI mass function at z = 0; (2) The redshift evolu-
tion of cosmic star formation density; (3) The scaling rela-
tions of X-ray luminosity at z = 0 (e. g., LX−Mhalo, LX−TX

relations). In Fig. 6, we show the model results for the stellar
mass function and HI mass function at z = 0, and compare
with the old models and observations. We combine both the
MS and MS-II to extend the mass functions to the low mass
range. Since the H15 model does not contain the partition
between HI and H2 gas, we assume mHI = 0.54mcold gas for
simplicity.

Fig. 6 shows the close similarity between the stellar
mass functions from the H15 and new models, at least above
log(M∗/M�) ∼ 10.0, and the new model’s improved agree-
ment with observations of the HI mass function. Fig. 7
shows the redshift evolution of the cosmic star formation
rate density, compared to observations from Bouwens et al.
(2012a,b), Madau & Dickinson (2014), and Driver et al.
(2018). We can see that the new model is a better match
to observations than the H15 model.

The main reason for the difference is not the change of
cooling prescription but the change of star formation pre-
scription in Eq. 34. The molecular star formation efficiency
αH2 in Eq. 34 is a constant independent of redshift, while
the previous star formation prescription Eq. 33 is propor-
tional to t−1

dyn. According to the discussion in Fu et al. (2012),

the dynamic time scale t−1
dyn in the star formation law can

increase the star formation rate at high redshifts because
t−1
dyn ∼ (1 + z)3/2.

In summary, we incorporate the codes from the Sharma12
model into the L-Galaxies code, providing a new prescrip-
tion for the radial distribution of hot halo gas in SAMs. In
Fig. 8, we show a flowchart to briefly summarize the steps
involved in the models described in this section. Here we
briefly describe the steps that we follow:
(i) In each time step during the model calculation, we obtain
the values of halo mass M200, baryon fraction fb, concentra-
tion parameter c200, dropout rate fd and redshift z, and
adopt them as inputs into the Sharma12 model.
(ii) We construct a set of concentric shells around each
halo and calculate the radial profiles of hot gas density ρhot

and gas temperature Thot, following the prescription from
Sharma12.
(iii) Based on the new profiles of ρhot and Thot, we calculate
the gas cooling, feedback, gas stripping and other baryonic
processes of galaxy formation.
(iv) We save the model outputs, and calculate the X-ray lu-
minosity and temperature based on the outputs of the hot
gas profiles with Eq. 36 & 37.
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Table 1. The model parameters. The top section shows the parameters introduced or changed in this paper, and the bottom section

shows the parameters remaining the same values as in previous papers.

Parameter Value Description

αH2 5.7 × 10−10yr−1 molecular gas star formation efficiency
αP 0.8 index in the relation between molecular fraction and ISM pressure

P0 5.93 × 1013 Pa constant in the relation between molecular fraction and ISM pressure

κAGN 1.2 × 10−2M�yr−1 quiescent black hole accretion rate
fBH 0.135 cold gas BH accretion fraction in quasar mode

εreheat 1.5 amplitude of SN reheating efficiency

βreheat 1.2 SN reheating efficiency slope
ηeject 0.65 amplitude of SN ejection efficiency

βeject 0.8 SN ejection efficiency slope

γreinc 0.85 × 1010yr−1 reincorporation efficiency
Rmerger 0.2 satellite ratio threshold between major and minor merger

s 3.0 asymptotic gas density slope in Eq. 3

αSF,burst 1.9 index in merger induced starburst

βSF,burst 0.6 constant in merger induced starburst
vBH 750 km s−1 normalization of BH accretion in quasar mode

vreheat 480 km s−1 normalization of SN reheating efficiency

veject 100 km s−1 normalization of SN ejection efficiency
mr.p. 1.2 × 1014M�h−1 threshold halo mass for ram pressure stripping

Y 0.046 fraction of metals instantaneously returned after star formation

R 0.43 fraction of star formation mass instantaneously recycled back to cold gas
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Figure 6. Left panel: the stellar mass function at z = 0. The red and black curve are from H15 model and our new model respectively.

The data points are from SDSS DR7 (Li & White 2009) and SDSS-GALEX (Moustakas et al. 2013). Right panel: the HI mass function

at z = 0. We show the model results and compare with the observations from HIPASS (Zwaan et al. 2005) and ALFALFA (Jones et al.
2018). The black curve is from the new model and the red curve is from H15 model by assuming mHI = 0.54mcold gas.

3 MODEL RESULTS

3.1 The radial profiles of hot gas

In Sharma12, the radial profiles in the model show consis-
tency with observations of haloes with a given mass and
concentration parameter. In this section, we compare the
radial profiles of the hot gas from a large sample of galax-
ies and clusters in the L-Galaxies SAM to data from X-ray
observations. This is a test on the validity of the new radial
distribution model of the halo hot gas.

In the left panel of Fig. 9, we compare the radial pro-
files of the hot gas electron density with the observational
data from REXCESS (Croston et al. 2008), which observed
31 nearby clusters with the XMM-Newton telescope. For
comparison, we choose corresponding samples from massive

clusters in our model at z = 0. The density profiles become
flat in the inner region (r < 0.1r200), which is approximately
consistent with the trend from the observational data. Ac-
cording to Fig. 2, this is expected since we adopt a core
in the inner halo, i.e. a “cool-core cluster” (Hudson et al.
2010), which depresses the density in the centre.

In the right panel of Fig. 9, we compare the electron
density profiles of the model at different halo masses with the
β profiles. We adopt Eq. 2 to get the best-fitting parameters.
The model curves here are the same as in the right panel of
Fig. 2. We can see that the β model roughly fits the model
profiles for haloes in quite a wide mass range. Since the β
profile is a widely used model that can fit many observations
(e. g., Mirakhor et al. 2021, Bregman et al. 2018), the hot
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Figure 7. The redshift evolution of cosmic star formation den-
sity: the red and black curves represent the results based on the

new model and previous H15 model respectively (solid lines based

on MS and dashed lines based on MS-II). The cyan curve is from
the fitting results in Madau & Dickinson (2014) by assuming a

Chabrier IMF. The data points are from Bouwens et al. (2012a,b)

and Driver et al. (2018).

gas density profiles in our model can be easily compared
with observations.

In Fig. 10, we show the hot gas temperature profiles
from the new model compared with the observation from
XMM-Newton and Chandra by Bartalucci et al. (2017). We
can see that the gas temperature profiles from both the
model and observations are flat or have a downturn in the
innermost region of the halo (r < 0.1r200). This corresponds
to the “cool core” in Fig. 3. Similar results are also found by
other works (e.g. Vikhlinin et al. 2006). For the outer haloes
at r > 0.5r200, the new model shows an upturn in temper-
ature profiles in massive haloes (M200 & 1013M�) (see Fig.
5), where the X-ray telescopes can hardly detect the emis-
sion from hot gas because of the low density. This is partly
due to the imposed pressure boundary condition at r200.

When we compare Thot with the viral temperature T200

(see Fig. 5), both the results from our new model and the
observations show that Thot is significantly higher than T200

in inner haloes. Since T200 is used as hot gas temperature
in the isothermal model, we expect that higher Thot will
affect the processes of gas cooling and feedback in the new
model. In the next part, we will discuss the effect of the new
gas density and temperature profiles on the global X-ray
properties in the model.

3.2 The X-ray luminosity and temperature of hot
gas

The main purpose of this paper is to construct reasonable
physical prescriptions of the hot gaseous haloes in SAMs. In
this part, we will first describe how we calculate the X-ray
emission from the halo hot gas, and then show some model
results compared with the observations.

In previous L-Galaxies models, the bolometric X-ray
luminosity is determined by a galactic cooling flow within
the cooling radius (White & Frenk 1991)

LX = 2.5ṁcoolv
2
200, (35)

in which the factor 2.5 represents a steady isobaric cooling
flow. When the gross cooling rate is used in this equation,
all the thermal energy of the cooling gas within the isother-
mal distribution is assumed to contribute to the X-ray emis-
sion. However, in the H15 model (and some other SAMs,
e.g. SAGE, Croton et al. 2016), because of the separation in
the calculation of cooling and reheating, the X-ray luminos-
ity calculated by Eq. 35 in this way can only be regarded as
a strong upper limit.

We should also note that no X-ray luminosities are cal-
culated for systems with strong AGN in Eq. 35 because cool-
ing is shut down by the AGN feedback (Eq. 25 in Sec. 2.4).
This makes like-for-like comparisons with observational data
very difficult for the cooling flow described by Eq. 35.

In this paper, we calculate the X-ray luminosity based
on the local gas density of the hot gas based on the results
of the density profiles, and the X-ray luminosity of the hot
halo is

LX = 4π

∫
ne(r)ni(r)Λ (T (r), Z) r2dr, (36)

where the cooling function Λ(T (r), Z) is from Sutherland
& Dopita (1993), and the local electron density ne(r), ion
density ni(r), and gas temperature T (r) can be obtained at
different radius in each halo.

In Fig. 11, we show comparison of the X-ray luminosity
between the isothermal sphere in H15 and the new model
for the results at z = 0. As desired, LX from our new model
is lower than the cooling luminosity from isothermal sphere,
especially for low mass haloes (M200 . 1012.5M�), which
is one of the motivations to update the model in this pa-
per. The main cause of the decrease of LX is the reduction
of hot gas density, especially in the inner haloes. In Fig 2,
we can see that the gas density in inner haloes show a flat-
ter “core” in Sharma12 model rather than a “cusp” in the
isothermal profile. Since LX ∼ n2

e is mainly contributed by
hot gas emission from the inner halo, the flatter gas profile
in inner core gives much lower LX for the whole halo. The
new model can give accurate X-ray luminosity compared to
the isothermal sphere (see Fig. 12), and we will then only
consider LX from the new model in the following paper.

Another important property usually adopted in X-ray
observations is the X-ray luminosity-weighted temperature
of a halo, TX. Similar to Eq. 36, we get TX in the model from
the density and temperature profiles of the hot gas,

TX = L−1
X 4π

∫
T (r)ne(r)ni(r)Λ (T (r) , Z) r2dr, (37)

where LX is the total X-ray luminosity from halo hot gas in
Eq. 36.

In the top three panels of Fig. 12, we show the X-ray
luminosity LX and temperature TX from the halo hot gas as
a function of the halo mass M200, and also show the scal-
ing relation of LX vs TX. The data points are from various
X-ray observations: Goulding et al. (2016) and Babyk et
al. (2018) are from Chandra; Mulchaey et al. (2003) and
Anderson et al. (2015) are from ROSAT ; Li et al. (2016)
is from XMM-Newton. For the model results, we show the
black curves from our new model from the central galaxies
at z = 0. In each panel, we calculate LX and luminosity-
weighted temperature TX by Eq. 36 & 37. To be consistent
with the observations, we integrate the LX and TX from the
model profiles in the region of r < 0.3r200, since most of the
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Parameters from L-Galaxies:
M200, fb, c200, fd, redshift
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outputs

Lx Tx from 
hot gas
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Figure 8. The brief flowchart of the steps involved in the model.
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Figure 9. Left panel: The model results of electron density profiles compared with the data from REXCESS cluster sample (Croston et
al. 2008). The red area shows the profiles from a representative sample of 31 nearby clusters by XMM-Newton in 0.3−2.0 keV band. The

gray area represents the model results from massive clusters with large elliptical galaxies (M200 > 3 × 1014M� and c200 < 7) at z = 0.

In the observational data from Croston et al. (2008), the radii are in the unit of r500, and we convert it to r200 by r200 = r500c200/c500

to compare with the model results. Right panel: The model results of electron density profiles (solid curves) compared with β profiles

(dotted curves). The curves in different colours represent the results from different mass haloes, and the model parameters here are the

same as in Fig. 2.
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Figure 10. The new model results of hot gas temperature profiles
compared with the observations. The gray area is from the same

model sample as the left panel of Fig. 9 (M200 > 3×1014M� and
c200 < 7 at z = 0). The data points in different colours are from 5
clusters observed by XMM-Newton and Chandra (Bartalucci et

al. 2017). Similar to the left panel of Fig. 9, here we also convert
the unit r500 to r200.
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Figure 11. The LX-M200 relation from the model results at z =
0. The solid curves represent mean values of the model results:

red curve is the cooling luminosity from H15 model (Eq. 35);
black curve is from the new model. The shaded area around the

black curve represents ±1σ deviations for the samples of the new
model.
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Figure 12. Top panels: The scaling relations of LX, TX from the halo hot gas and the halo mass M200. Bottom panels: LX from halo hot

gas vs stellar mass and star formation rate. In each panel, the data points are from X-ray observations of galaxy clusters or groups. The

model results are from the outputs at z = 0, and the curves represent mean values of the model results: black solid curves are from the
our new “fiducial” model, i. e., the cool core with tTI/tff = 10; the blue dashed curves are from the model results with an isentropic cool

core. The shaded areas around the black curves represent ±1σ deviations for the model samples. The model results of LX and TX are

from the halo regions within 0.3r200. For the bottom two panels, the model results are from central galaxies with SFR/M∗ > 10−11yr−1

at z=0, and we also include the values from Milky Way for comparison (Snowden et al. 1997).

X-ray data extend only to the inner halo around 0.3r200 or
r500. We also show the relation of LX as a function of stellar
mass M∗ and star formation rate SFR in the bottom two
panels of Fig. 12 compared to the Chandra data points from
Li & Wang (2013). Latter are mainly the results from the
halo hot gas of star-forming disk galaxies, and we choose the
central galaxies with SFR/M∗ > 10−11yr−1 from the model
samples at z = 0.

In Sec. 2.1, we mention that we adopt the gas profiles
with “tTI/tff = 10 core” other than isentropic core in this
paper. For comparison, we also plot the results of the scaling
relations with an isentropic core in Fig. 12. The new model
with “tTI/tff = 10 core” gives better results for the X-ray
luminosity, especially at the low mass end. For the isentropic
model, the slope is too steep for the LX−M200 and LX−TX

relations, which leads to an underestimate of LX for low
mass haloes/galaxies. The main reason is that the model
with isentropic core gives too low and flat gas density profiles
for haloes with M200 . 1012M� (see the left panel of Fig.
2). Thus, we adopt the cool core with “tTI/tff = 10 core” as
the “fiducial” model in this paper.

In Fig. 12, the new model can quite satisfactorily repro-
duce the data from various observations. The slopes of the
scaling relations are LX ∼ M2.5

200, LX ∼ T 4.5
X , and M200 ∼

T 2.0
X , which is very similar to the slopes from Chandra by

Babyk et al. (2018), i.e. LX ∝ M2.8±0.3
200 , LX ∝ T 4.5±0.2

X ,
and M200 ∝ T 2.4±0.2

X . For haloes in self-similar collapse

model with pure bremsstrahlung emission, LX ∝ M
4/3
200 and

LX ∝ T 2
X (Pratt et al. 2009). The Sharma12 model predicts

LX ∼ T 3
X for massive haloes, because of lower gas densities

in smaller haloes (see Section 3.1 in Sharma12). When we
consider a wider halo mass range, the slope of LX − TX re-
lation becomes even steeper because Tgas tends to be a lot
higher than T200 in small haloes.

For the gas temperature in Fig. 12, the TX predicted
by the new model is about 3 to 10 times higher than T200.
We turn to Fig. 5 again and can see that the main cause
for a higher TX than T200 is Tgas > T200 in the inner
halo, which corresponds to the cool core region undergo-
ing thermal instability and gas infall. For small haloes in
fast mode cooling (i.e. haloes with rcool = r200), the ratio of
TX/T200 tends to be larger than haloes in slow mode cooling

(M200 & 1013M�), and TX/T200 ∝ M
1/2
200 /M

2/3
200 ∝ M

−1/6
200

from slope of the TX −M200 relation mentioned above.

4 THE BARYON BUDGET AND THE
MISSING BARYON PROBLEM

In this section, we further study the baryon budget in dif-
ferent components of model galaxies, and then explore how
the missing baryon problem manifests in our new model.

As mentioned in Sec. 2, the baryonic components in
L-Galaxies models can be divided into three sets of com-
ponents: the baryons in galaxies (star, ISM cold gas, black
hole), baryons in haloes (ionized hot gas), and baryons out of
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Figure 13. The baryon fraction of different components from

model results at z = 0. The x axis is the virial velocity of the cen-

tral halo, and the y axis is the baryon fraction normalized to cos-
mic baryon fraction. All the solid curves represent the mean val-

ues from the model results. The blue curve represents the baryon
fraction of disk components, including the baryon mass in stars,

cold gas and black holes. The black curve presents the baryon

fraction of halo hot gas. The yellow curve represents the sum of
the disk and halo components. The purple curve represents the

external reservoir beyond haloes.

haloes (the external reservoir ejected by supernovae, which
corresponds to the “dropout mass” in the Sharma12 model).

In Fig. 13, we show the relation between the baryon
fraction

fb,comp =
mb,comp

mhalo
(38)

and the virial velocity of haloes, where the subscript “comp”
can be “disk” (the sum of star, cold gas and black hole),
“hot” (hot gas in halo) or “eject” (ejected reservoir).

For haloes with v200 & 100 km s−1, a large propor-
tion of baryonic matter exists as hot gas in the halo, and
fb,disk becomes smaller in more massive haloes (blue curve)
mainly due to supernova feedback following merger-induced
starbursts, which ejects a large fraction of baryons out of
discs and suppresses the subsequent gas cooling and infall
(along with any AGN feedback). The blue curve in Fig. 13
is consistent with the observed baryon-to-halo mass relation
(Papastergis et al. 2012; baryon refers to star+atomic gas in
that paper) and the stellar-to-halo mass relation (e.g. Girelli
et al. 2020) in massive haloes.

In small haloes (v200 . 100 km s−1), a large propor-
tion of baryonic matter consists of star and cold gas in the
galaxy disk, and the proportion in halo hot gas fb,hot is quite
low (smaller than 20% of the cosmic baryon fraction). The
timescale for gas cooling and infall is very short in these
small haloes. Most are in the “fast-mode cooling” regime
(see rcool vs r200 in Fig. 4) and the hot gas is accreted onto
the disk in a short time. On the other hand, supernova feed-
back can easily eject the baryons out of the halo because of
the shallow potential wells of small haloes. Thus, a large pro-
portion of the baryonic matter tends to be unbounded from
the small haloes (purple curve in Fig. 13). The unbounded
reservoir consists of ionized gas with very low density and a
high temperature, which corresponds to the cosmic web or
filaments in diffuse IGM and WHIM (see the results from
Illustris-TNG by Martizzi et al. 2019). Because of the low

1013 1014 1015

M500/M

0.05

0.1

0.15

f b,
ho

t

Vikhlinin06
Sun09
Gonzalez13

Figure 14. The model results of baryon fraction in hot gas com-

ponents at z = 0 compared with X-ray data. Here, fb,hot is de-
fined as the ratio of hot gas mass to the halo mass inside r500,

and the data points are from X-ray observations of galaxy groups

and clusters. For model results, we convert the halo mass m200

to m500 in the X-scale and only include the mass of hot gas with

Tgas above 0.5 keV to be consistent with the observational sam-

ples. The black curve with shaded area represent the mean values
with ±1σ deviations of the model results.

density, the hard-to-detect ionized gas in fb,eject should be
one of the main components of missing baryons (Shull et al.
2012), which can be observed by stacking of X-ray images
or via the Sunyaev-Zeldovich effect (Wang et al. 2019).

Then we focus on the hot gas components in haloes (the
black curve in Fig. 13). To test the model results, in Fig. 14
we compare the baryon fraction in halo hot gas with X-ray
observations. The data points are from X-ray observations of
hot gas components in galaxy groups and clusters: Gonzalez
et al. (2013) is from XMM-Newton; Vikhlinin et al. (2006)
and Sun et al. (2009) are from Chandra. To be consistent
with the observations, the baryon fraction in hot gas fb,hot

is defined as the ratio of hot gas mass to halo mass inside
r500, and we calculate m500 with m500 = 0.72m200 (Pierpaoli
et al. 2003). For possible detection in the X-ray observations,
we only include the mass of hot gas with Tgas > 0.5 keV. In
Fig. 14, we can see that the model results roughly match the
observations, which shows the validity of our new model and
the validity of baryonic processes in current SAMs. For ex-
ample, similar results were also found by Yates et al. (2017),
when modifying the infall prescription in an earlier version
of L-Galaxies and assuming a mass-dependent hot gas den-
sity profile fit to observations.

Based on the hot gas temperature and density profiles in
our new model, we plot the mass fraction of the halo hot gas
below a given temperatures TS as a function of halo mass,
and we choose some common limits in the X-ray band as
the values of TS. As shown in Fig. 15, a large fraction of the
hot gas in massive haloes (M200 > 1014M�) has a temper-
ature above 2.0 keV, which should be relatively easy to de-
tect by most X-ray telescopes. For smaller haloes, e.g. those
around the Milky Way halo mass (3×1012M�), the temper-
ature of most halo hot gas is below 0.3 keV, which is close
to the detection limit in soft X-ray band (the low energy
band is 0.3-10 keV in eROSITA and 0.3-10 keV in Athena,
Kaastra et al. 2013). For haloes with M200 ∼ 1011M� or
V200 . 100 km s−1, a large fraction of the gas has tempera-
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Figure 15. The mass fraction of the halo hot gas below the given

temperature (TS) vs halo mass from the model results at z = 0.
The four curves represent the fractions of the halo gas lower than

0.1, 0.3, 1.0 and 2.0 keV.

ture around 0.1 keV or even lower, which corresponds to the
low temperature WHIM or CGM. The soft X-ray emission
from these gas components is difficult to detect by current
facilities because of the partial ionization state, moderate
temperature, and low density (Paerels et al. 2008). None
the less, various simulations suggest that this component
should contain a significant amount of the total metals in
the Universe (Yates et al. 2021b). Tracing metal emission or
absorption lines (e. g., OVII and OVIII) in soft X-ray band
(Shull et al. 2012, Nicastro et al. 2018) or the absorption
lines in the UV band (Stern et al. 2016, Zahedy et al. 2019)
should be the main method to detect these gas components.

According to the discussion above, the ionized gas in
the unbounded reservoir out of halo and low temperature
intergalactic gas bound in low mass haloes should be the
main components of the “missing baryons”. Combining Fig.
13 & 15, the fraction of these hard-to-detect baryons tend
to be higher around low-mass haloes, which is consistent
with baryon-to-halo mass relation (Dai et al. 2010, McGaugh
et al. 2010), and the missing baryons mainly exist in and
around small haloes (McGaugh 2008). In our subsequent
work, we will give more detailed predictions for the observa-
tions of these hot gas components and produce mock X-ray
surveys based on the model outputs.

5 SUMMARY AND CONCLUSIONS

In this paper, we extend the L-Galaxies SAM to include a
new model for the radial distribution of hot gas. This model
considers local instabilities and thermal equilibrium in the
halo. This replaces the simple isothermal sphere applied in
previous models. The main motivation of this paper is to
offer the results of X-ray properties and study the physical
mechanisms related to halo hot gas and baryon budgets in
the framework of SAMs.

The main changes made to the L-Galaxies SAM are as
follows:
(i) Each hot gaseous halo is described by a series of con-
centric shells, so that the radial profiles of gas density and
temperature in each halo are obtainable, and the processes
affecting the hot halo gas can be based on the new gas den-
sity profiles.
(ii) We adopt the model from Sharma12 instead of the

isothermal sphere to describe hot gas distribution. In this
model, the local thermal instability time-scale tTI and free-
fall time-scale tff of the gas must satisfy tTI/tff & 10 every-
where. According to the ratio tTI/tff at each radius, the hot
gas halo can be divided into two regimes: a cool core with
a flatter profile in the central part, and the stable region in
the outer halo.
(iii) We update the prescriptions for gas cooling and in-
fall, which are now designed to mimic the cooling of gas
through the formation of filaments and blobs in the cool
core due to thermal instabilities. The “fast-mode cooling”
regime corresponds to a scenario where rcool = r200, and
the “slow-mode cooling” regime corresponds to the scenario
where rcool < r200. In both modes, the hot gas in the cool
core falls into the central galaxy in one free-fall time scale.
(iv) We update the prescriptions for supernova feedback,
radio-mode AGN feedback, and gas stripping in satellites
based on the new gas temperature and density profiles. In
the supernova reheating and radio-mode AGN accretion pro-
cesses, we assume the ejected gas to have the same specific
thermal energy as the halo hot gas instead of the virial tem-
perature used in previous models.
(v) We adopt a simple model to describe the atomic and
molecular gas transition in the ISM, and the star formation
rate is related to the H2 mass, according to recent observa-
tions.
(vi) We also tune the model parameters to fit various obser-
vations.

Based on the new model results and physical prescrip-
tions, the main conclusions of this paper are:
(i) The new model returns a much better match to X-ray
observations compared with the previous model. The main
reason for this is flatter cores in the inner halo, rather than
the “cusps” present in the isothermal sphere approximation.
(ii) The temperature of the hot gas is higher than the virial
temperature in most haloes, which is mainly caused by the
high density gas undergoing thermal instability and infall
in the cool core region. A higher ratio of TX/T200 in smaller
haloes and a lower density in the cool core leads to a steeper
slope in the LX − TX relation.
(iii) Our model suggests that the ionized gas in the un-
bounded reservoir out of halo potential and low tempera-
ture intergalactic gas bounded in low mass haloes should be
the main components of the “missing baryons”. The fraction
of hard-to-detect baryons tend to be higher in lower mass
haloes.

In summary, the models in this paper provide a faithful
description of the ionized halo hot gas in SAMs. Based on
the model outputs, we can make predictions for various ob-
servations of the hot gas surrounding galaxies. In particular,
by taking advantage of the large box size of the L-Galaxies
SAM, we plan to construct mock observations for large scale
surveys of the baryons in soft X-ray band, which is proposed
by some X-ray telescopes in the future, e.g. the study of the
WHIM by Athena X-ray Observatory (Kaastra et al. 2013)
and Hot Universe Baryon Surveyor (HUBS Satellite, Cui et
al. 2020) .

Finally, we should caution that the models to describe
the hot gas in this paper are simple in their construction.
We assume the gas is in a spherical distribution and only
consider one-dimensional profiles of the hot gas halo. We do
not include detailed structures in SAMs, like filaments, knots
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or the cosmic web, even though some hydrodynamic simu-
lations propose that WHIM or missing baryons are mainly
located in these structures (e.g. Illustris-TNG by Martizzi et
al. 2019, BAHAMAS by McCarthy et al. 2017). On the other
hand, some works suggest that AGN feedback affects the X-
ray luminosity of haloes to some extent (e.g. Puchwein et al.
2008, Gaspari et al. 2014, and the cool core cycles explored
by Prasad et al. 2015), while our current model does not
include the direct influence of AGN feedback on the X-ray
emission. It should be interesting to explore the direct effect
of AGN on LX from halo hot gas in the future.
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