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A B S T R A C T 

The circumgalactic medium (CGM) contains information on the cumulative effect of galactic outflows o v er time, generally 

thought to be caused by feedback from star formation and active galactic nuclei. Observations of such outflows via absorption 

in CGM gas of quasar sightlines show a significant amount of cold ( � 10 

4 K ) gas, which cosmological simulations struggle to 

reproduce. Here, we use the adaptive mesh refinement hydrodynamical code RAMSES to investigate the effect of cosmic rays (CR) 
on the cold gas content of the CGM using three zoom realizations of a z = 1 star-forming galaxy with supernova mechanical 
feedback: one with no CR feedback (referred to as no-CR), one with a medium CR diffusion coefficient κ = 10 

28 cm 

2 s −1 

(CR −κmed ), and one with a high rate of diffusion of κ = 3 × 10 

29 cm 

2 s −1 (CR −κhigh ). We find that, for CR −κmed , the effects 
of CRs are largely confined to the galaxy itself as CRs do not extend far into the CGM. Ho we ver, for CR −κhigh , the CGM 

temperature is lowered and the amount of outflowing gas is boosted. Our CR simulations fall short of the observed Mg II covering 

fraction, a tracer of gas at temperatures � 10 

4 K, but the CR −κhigh simulation is more in agreement with co v ering fractions of 
C IV and O VI , which trace higher temperature gas. 

Key words: methods: numerical – cosmic rays – galaxies: evolution – galaxies: haloes. 
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 I N T RO D U C T I O N  

he diffuse gas surrounding galaxies (often referred to as the
ircumgalactic medium [CGM]) is made of several dynamical
tates (inflowing and outflow) and multiple phases (e.g. Tumlinson,
eeples & Werk 2017 ; Faucher-Gigu ̀ere & Oh 2023 ). At any given

ime, gas inflowing (such as gas accretion from the cosmic web)
nd outflowing (such as galactic winds from supernovae and active
alactic nuclei) occur in the CGM environment. Therefore, by
tudying the properties of a galaxy’s CGM, it is possible to gain
nsights into these important processes of galaxy formation and
volution. 

Observationally, the CGM is best studied using absorption line
pectroscopy of quasar sightlines passing near foreground galaxies.
rom these quasar spectra, it is possible to infer column densities
nd the kinematics of gas along the line of sight. This technique has
een developed and utilized o v er man y decades to produce a rich
ollection of CGM observations from dedicated surv e ys like COS-
alos (e.g. Burchett et al. 2019 ), KBSS (e.g. Turner et al. 2014 ),

nd MEGAFLOW (e.g. Schroetter et al. 2016 ). Results from these
bserv ational ef forts have concluded that the CGM is composed of
any different gas phases that fall into one of two broad categories.
 E-mail: d.defelippis@columbia.edu 
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irst, a cold dense phase traced by ions such as Mg II and Si III that
as multiple kinematic components along most sightlines, suggesting
 clumpy distribution within the CGM 

1 , and second, a hot diffuse
hase traced by ions such as O VI and with broader absorption lines
ndicating a higher velocity dispersion and fewer spatially distinct
louds (e.g. Rudie et al. 2019 ). In order to understand the origins of
nd interplay between these different gas phases, it is necessary to
odel the CGM environment of galaxies with numerical simulations.
In recent years, much progress has been made in simulating the

GM at many different scales, ranging from idealized simulations
e.g. Kopenhafer, O’Shea & Voit 2023 ) to large cosmological
imulations (e.g. Nelson et al. 2020 ). In all cases, it is necessary
o model the effects of feedback from galaxies to produce a realistic
GM environment. Generally, modern simulations (e.g. Pillepich
t al. 2018a ) accomplish this with feedback from two main sources:
tars and active galactic nuclei (AGN). Stellar feedback usually
onsists of energy from supernovae explosions, as well as radiation
ressure from massive stars, and is capable of launching gas out
f the galaxy, where it can either exit the halo completely or
eaccrete onto the galaxy at a later time, producing ‘fountain flows’
 This general characterization of the cold phase is somewhat redshift 
ependent: at low redshifts ( z � 0.2) not considered in this paper, the inferred 
ensities of the cold phase are significantly lower (see e.g. Werk et al. 2014 ; 
cCourt et al. 2018 ). 
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e.g. Übler et al. 2014 ; DeFelippis et al. 2017 ). AGN feedback is
sually more dominant in massive galaxies, where supermassive 
lack holes launch fast intermittent jets from the centres of galaxies 
apable of drastically affecting the composition and kinematics 
f CGM gas o v er time (e.g. Obreja et al. 2024 ). With these two
ources of feedback, modern cosmological simulations such as the 
llutrisTNG suite (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson
t al. 2018 ; Springel et al. 2018 ; Pillepich et al. 2018b ; Nelson
t al. 2019 ; Pillepich et al. 2019 ), EAGLE (Schaye et al. 2015 ),
nd Horizon-AGN (Dubois et al. 2016 ) are capable of producing 
ealistic populations of galaxies in terms of quantities like stellar 
ass, angular momentum, and o v erall shape. The y are also capable

f generating predictions for the mass content of the CGM and 
utflows (e.g. Davies et al. 2020 ; Mitchell et al. 2020 ), but these
ary significantly depending on the galaxy formation model used, 
nd are not necessarily in agreement with CGM observations. 

One of the major difficulties cosmological simulations have with 
espect to CGM observations is related to the content of galactic 
utflo ws. Indeed, observ ations sho w that galactic outflows are 
ultiphase, consisting of gas at high temperatures of T > 10 6 K

e.g. Chisholm et al. 2018 ; Veilleux et al. 2022 ) as well as low
emperatures of T � 10 4 K (e.g. Schroetter et al. 2019 ; Zabl et al.
020 ; Avery et al. 2022 ). Ho we ver, simulations have historically
truggled to produce lower temperature ‘cold’ outflows and often 
equire outflows to be very fast and very hot in order to produce
ealistic galaxy populations, thus sacrificing the realism of the CGM 

nd potentially altering the way in which the CGM and galaxy 
nteract o v er longer Gyr time-scales. Impro v ements in resolution
nd feedback models have reduced the gap between observed and 
imulated outflows (e.g. Nelson et al. 2019 ; Peeples et al. 2019 ), but
t still remains very difficult for stellar and AGN feedback alone to
enerate substantial and consistent cold outflowing gas. 
A possible solution to this problem is to include in simulations

ther physically-moti v ated mechanisms by which gas can be expelled 
rom the galaxy that might have been overlooked. A well-studied 
echanism that has received much attention in recent years is cosmic 

ays (CRs) from supernovae explosions. From observations of the 
ilky Way, energy from CRs is expected to be in equipartition with

nergy from other sources like gravity and turbulence (Boulares & 

ox 1990 ) and to represent ∼10 per cent of all the energy released
y supernovae (e.g. Morlino & Caprioli 2012 ), thus meaning it could
ignificantly impact the dynamics of galaxies and the CGM. This 
s found to be the case: many recent studies have shown that the
GM in simulations of galaxies better reproduce absorption sightline 
bservations from surv e ys like COS-Halos (e.g. Werk et al. 2016 )
hen CR feedback is implemented (Salem, Bryan & Corlies 2016 ; 
utsky & Quinn 2018 ; Ji et al. 2020 ; Butsky et al. 2022 ). In these
orks, the CGM tends to ha ve lower a verage temperatures when CR

eedback is included. 
In these recent studies, CRs have been implemented in a variety 

f different ways. Nearly all of them centre on how to treat the CR
if fusion coef ficient κ , which helps set the time-scale needed for the
nergy from CRs to escape the location they are injected in (i.e. a
upernov a). This dif fusion can occur isotropically or anisotropically 
rom its source at a constant or variable rate (e.g. Butsky et al.
023 ), and at a single energy bin or along a spectrum of possible
nergies (e.g. Hopkins et al. 2021 ; Girichidis et al. 2022 ). CRs can
lso be transported by streaming along magnetic field lines rather than 
iffusion through the ambient medium (e.g. W iener , Pfrommer & 

h 2017 ), or even a combination of both methods (e.g. Jiang & Oh
018 ; Thomas & Pfrommer 2019 ; Hopkins, Squire & Butsky 2022 ).
hese choices result in differing galaxy properties, particularly on 
he cold gas content and velocity of emerging outflows, the amount
f regulation of star formation, and the gas temperature and density
tructure of the interstellar medium (ISM) and CGM, so constraining 
he possible implementations of CRs in simulations is crucial. 

The numerical value of the diffusion coefficient κ has been shown 
o make a huge difference in the temperature distribution and outflow
ates of gas, sometimes by orders of magnitude, by setting the rate of
R transport, which itself determines the shape of the CR pressure
radient. While it is possible to loosely constrain the possible values
f κ using gamma-ray luminosities from the Milky Way and local 
tarburst galaxies (e.g. Chan et al. 2019 ; Nu ̃ nez-Casti ̃ neyra et al.
022 ), the resulting properties of the CGM are different enough that
hey can be used to set boundaries on κ . Follo wing se veral recent
nalyses (e.g. Girichidis et al. 2018 ; Jacob et al. 2018 ; Dashyan &
ubois 2020 ; F arc y et al. 2022 ; Girichidis et al. 2024 ), we seek to

tudy the effect of varying the diffusion coefficient κ on the CGM by
uantifying how the observable properties of the CGM, such as the
o v ering fractions, change with κ . This will shed light on whether
R diffusion may be a key missing ingredient in galaxy formation
odels. 
In this paper, we study the effect CRs have on the CGM using

osmological ‘zoom-in’ simulations. In particular, we study how 

Rs affect the CGM by comparing the co v ering fraction of metal
ines to CGM absorption surv e ys such as the MEGAFLOW surv e y
Zabl et al. 2019 ; Schroetter et al. 2021 ). The structure of this paper
s as follows: in Section 2 , we detail the galaxy formation model
nd simulation set up of our analysis. In Section 3 , we then present
he results of our simulations showing the effect of CRs on the
 v erall gas distribution in the halo (Section 3.1 ), properties of the
alaxy (Section 3.2 ), properties of the CGM (Sections 3.3 and 3.4 ),
nd CGM observables (Section 3.5 ). In Section 4, we discuss the
onstraining power of CGM observations on our results and put our
esults in context of other recent work on CR feedback. Finally, we
ummarize our results and conclude in Section 5 . 

Throughout this work, we assume a � CDM universe with dark
nergy fraction �� 

= 0.6825, matter fraction �m 

= 0 . 3175, baryonic
raction �b = 0 . 049, Hubble constant H 0 = 67 . 11 km s −1 Mpc −1 ,
nd amplitude of density fluctuations σ 8 = 0.83. These parameters 
re consistent with results from Planck Collaboration XVI ( 2014 ). 

 M E T H O D S  

o study the effects of CRs on the CGM, we use cosmological zoom
imulations, targeting a halo of interest and its environment with high
esolution. For the simulations, we use the adaptive mesh refinement 
AMR) code RAMSES (Teyssier 2002 ). The positions of collisionless 
ark matter (DM) and stellar particles are evolved with a particle-
esh solver, and cloud-in-cell interpolation is used to calculate their 

ra vitational potential. Gas ev olution is computed with either an
LLC Riemann solver (Toro, Spruce & Speares 1994 ) for runs
ithout CRs, or an HLLD Riemann solver (Miyoshi & Kusano 2005 )

or runs with CRs. The anisotropic diffusion of the CR fluid along the
agnetic field is performed with the methods described by Dubois &
ommer c ¸on ( 2016 ). To close the relationship between gas internal
nergy and pressure, we assume an adiabatic index of γ = 5/3.
e initialize magnetic fields by defining a uniform grid with 1024 3 

ells and assigning random magnetic potentials to each cell interface, 
uch that the magnetic field that arises from the curl of the potential
s divergence-free. The six magnetic field components of each cell 
re normalized such that the initial magnetic field magnitude at a
cale of 1 cMpc is ≈10 −17 G. We choose a relatively weak initial
agnetic field to better focus on the role of CR feedback alone on
MNRAS 530, 52–65 (2024) 
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he CGM. The magnetic fields are then evolved using the MUSCL
cheme (Teyssier, Fromang & Dormy 2006 ). To identify DM haloes,
e use the ADAPTAHOP halo finder in the most massive submaxima
ode (Aubert, Pichon & Colombi 2004 ; Tweed et al. 2009 ). A halo

s defined as a region satisfying the virial theorem that contains at
east 20 DM particles and has a density 200 times the critical value. 

nitial conditions and refinement scheme 

e use the MUSIC package (Hahn & Abel 2011 ) to generate
osmological initial conditions. MUSIC allows refining of the DM
ass resolution in a zoomed-in region of the simulation volume. We

nitially run a DM-only simulation with homogeneous resolution in
 30 cMpc h 

−1 wide box to z = 0. Then we select a target halo to
e re-simulated up to z = 1 with baryons and at a higher resolution.
he criteria for our halo selection are as follows. (i) The target halo
ust have a z = 0 halo mass close to M target = 5 × 10 11 M �. The

arget mass is chosen to simulate a halo that would likely host a
alaxy with a stellar mass of ∼10 10 M � at z = 1, so as to be similar
o galaxies from the MEGAFLOW surv e y (e.g. Zabl et al. 2019 ;
chroetter et al. 2021 ). 2 (ii) The target halo must not contain any
assive substructures, and (iii) it must also not contain a neighboring

alo more massive than 0.2 × M target within three virial radii of the
arget halo’s centre. These last two criteria are to a v oid re-simulating
 v ery comple x large-scale environment at a high resolution (and
igh computational cost). 
MUSIC is then used to progressively define a zoom region in

he initial conditions with a DM particle mass of 3.5 × 10 5 M �,
orresponding to an ef fecti ve fine resolution of 2048 3 DM particles.
his is nested inside larger regions with progressively larger DM
article masses by a factor of 8 each time, up to a coarsest particle
ass of 1.4 × 10 9 M �, corresponding to an ef fecti ve coarse resolution

f 128 3 particles. The process of mapping out the zoomed region
n the initial conditions is iterated until we confirm that the high-
esolution zoom-in region has no contamination from low-resolution
M particles out to 3 R vir from the centre of the targeted halo. All
ur production simulations use these same initial conditions and
herefore model the evolution of the same galactic halo, albeit with
ifferent physics. 
The resolution of the gas and gravitational potential tracks that

f the DM in the zoom-in scheme, with an ef fecti ve resolution
hat goes from 128 3 cells at the coarsest level, corresponding to
 physical width of 350 ckpc, and progressively increasing to an
f fecti ve base resolution of 2048 3 cells in the innermost zoomed-
n region, corresponding to a physical width of 22 ckpc. Within
his innermost region, we also allow for adaptive refinement to a
inimum cell width of 40 pc (physical, not co-moving). A cell is

plit into eight equal-size children cells if M DM, cell + M b, cell / f b >
 m dm 

, where M DM, cell and M b, cell are the total DM and baryonic
gas plus stars) masses in the cell and f b = 0.154 is the baryon mass
raction, or if the cell width is larger than a quarter of the local Jeans
ength. In order to keep a roughly constant physical minimum cell
idth, within a factor of two, increasing maximum refinement levels

re triggered with decreasing redshift. In our simulations, cell widths
n the CGM generally range from ≈1 kpc in the inner region of the
alo to ≈3 kpc in the outer region at the halo’s virial radius. This is
NRAS 530, 52–65 (2024) 

 In MEGAFLOW, the host galaxies associated with metal absorption lines 
ave SFRs of 3–30 M � yr −1 and M � of 10 9 –10 10.5 M �. We refer the reader 
o Bouch ́e et al., in prep. for a more detailed presentation of the surv e y and 
bservational strategy. 

S  

f  

(  

g  

f  

i  
omparable to CGM resolutions achieved in simulations like TNG50
see fig. 1 of Nelson et al. 2020 ), although existing simulations that
ocus computational efforts on the CGM itself impro v e resolution
n the inner and outer halo by factors of 2–10 from our values (e.g.
ummels et al. 2019 ; Peeples et al. 2019 ; Suresh et al. 2019 ; van de
oort et al. 2019 ; Ramesh & Nelson 2024 ). 

hermochemistry 

e use the standard equilibrium thermochemistry of RAMSES .
quilibrium hydrogen and helium cooling rates, via collisional

onization, collisional excitation, recombination, dielectric recom-
ination, bremsstrahlung, and Compton cooling off the Cosmic
icrowave Background, are applied using the rates listed in Rosdahl

t al. ( 2013 ). For photo-ionization heating, we assume a Haardt &
adau ( 1996 ) UV background with an exponential cut off for gas

ensities abo v e 10 −2 cm 

−3 due to self-shielding. F or T > 10 4 K,
he cooling contribution from metals is computed using tables
enerated with CLOUDY (Ferland et al. 1998 , version 6.02), assuming
hoto-ionization equilibrium with a Haardt & Madau ( 1996 ) UV
ackground. For T ≤ 10 4 K, we use the fine structure cooling rates
rom Rosen & Bregman ( 1995 ), allowing the gas to cool radiatively
o a density-independent temperature floor of 15 K. We start all our
imulations with an artificially non-zero gas metallicity of Z init =
.4 × 10 −6 = 3.2 × 10 −4 Z � (we assume a Solar metal mass
raction of Z � = 0.02). This artificially non-pristine initial metallicity
ompensates for our lack of molecular hydrogen cooling channels in
etal-free gas, allowing the gas to cool below 10 4 K, and is calibrated

o that the first stars form at redshift z ≈ 15. 

tar formation 

tar formation is considered in cells where all the following cri-
eria are met: the hydrogen gas density is > 10 cm 

−3 , the local
 v erdensity is > 200 times the cosmic mean, the local Jeans length
s smaller than one cell width, and the gas is locally convergent,
nd at a local maximum density. Gas is converted into stars at a
ate 

˙∗ = ε∗ρ/t ff , (1) 

here t ff is the free-fall time and ε∗ is the efficiency of star formation,
hich depends on local estimates of the gas turbulence and virial
arameter (for details see e.g. Trebitsch et al. 2017 ). To follow on
verage the rate of star formation given by ( 1 ), the stellar particles,
ach representing a stellar population, are created stochastically
ollowing a Poissonian distribution that provides the mass of the
ew stellar particle as an integer multiple of m ∗ = 400 M � (see
asera & Teyssier 2006 ), and hence the minimum mass of a stellar
article is m ∗. Our simulations also include runaway stars with a kick
elocity of 50 km s −1 , but we expect these to have little to no impact
n the properties of the CGM that we study in later sections (see Rey
022 ). 

upernova feedback 

upernova (SN) feedback is implemented with the mechanical
eedback model described in Kimm & Cen ( 2014 ) and Kimm et al.
 2015 ), where the SN energy is directly injected as momentum in the
as according to how well the Sedov phase is resolved. We assume
our type II SN explosions per 100 M � of stellar mass formed. This
s about four times larger than predicted by the Kroupa ( 2001 ) initial
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Table 1. Key differences between the three simulations analysed in 
this paper. The columns are, from left to right, (1) the name of the 
run, (2) whether MHD (and therefore CRs) is used in the run, and (3) 
the numerical value of the CR diffusion coefficient, when relevant. 

Name MHD κ

( cm 

2 s −1 ) 

no-CR No –
CR −κmed Yes 10 28 

CR −κhigh Yes 3 × 10 29 
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Figure 1. Face-on projections of density-weighted temperature (top row), 
density (middle row), and metallicity (bottom row) for the central galaxy at 
z = 1. From left to right, we show the no-CR run, the CR −κmed run, and the 
CR −κhigh run. 
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ass function and therefore likely unrealistic, but we do this, as in the
PHINX simulations (Rosdahl et al. 2022 ) to prevent overcooling 
nd unnaturally rapid star formation. SN explosions, each releasing 
0 51 ergs, are sampled in each stellar particle between 3 and 50 Myrs
f its lifetime (Kimm et al. 2015 ). Each particle returns on average
0 per cent of its initial mass back to the gas, with a metal yield of
.5 per cent, roughly consistent with a Kroupa ( 2001 ) initial mass
unction. 

osmic ray feedback 

Rs are modelled as a relativistic fluid that propagates anisotrop- 
cally along magnetic field lines following the advection-diffusion 
pproximation developed by Dubois & Commer c ¸on ( 2016 ); Dubois 
t al. ( 2019 ), and loses energy via cooling by hadronic and coulombic
nteractions (Guo & Oh 2008 ; Dashyan & Dubois 2020 ). This
odel has already been used in several works with RAMSES (e.g. 
ashyan & Dubois 2020 ; F arc y et al. 2022 ; Nu ̃ nez-Casti ̃ neyra et al.
022 ; Martin-Alvarez et al. 2023 ). The CRs are tracked as a non-
hermal pressure term P CR = e CR ( γ CR − 1), where e CR is the CR
nergy density and γ CR = 4/3 is the associated adiabatic index. 
he CRs are injected via each SN explosion into the gas cell
osting the exploding stellar particle, reserving 10 per cent of the 
N energy in each explosion to CRs. 3 We run simulations with two
istinct values of the CR diffusion coefficient κ = 10 28 cm 

2 s −1 and
 × 10 29 cm 

2 s −1 in the simulations labelled CR–κmed and CR–κhigh , 
espectively. These two values are both within reasonable constraints 
rom observations, particularly those from the Milky Way (Strong, 

oskalenko & Ptuskin 2007 ; Trotta et al. 2011 ), which generally
a v our a diffusion coefficient ∼3 × 10 28 cm 

2 s −1 , and are considered
o bracket regimes of slowly- and rapidly-diffusing CRs and how each 
f them affects the CGM (see e.g. Chan et al. 2019 ; Nu ̃ nez-Casti ̃ neyra
t al. 2022 ). We also run a simulation without CR feedback (called no-
R), for a comparative study of their effects. The three simulations,

dentical except for the inclusion of MHD and CR feedback, are 
isted in Table 1 . 

 RESULTS  

e begin with a general description of the properties of the galaxy
nd CGM for the three runs (Section 3.1 ). We then show more
etailed results demonstrating the differences in baryonic content 
etween the three runs, first for the stars and gas within the galaxy
Section 3.2 ), then for gas outflowing from the galaxy (Section 3.3 ),
 We do not lower the CR energy injection fraction to compensate for the 
boosted’ SN feedback as this w ould lik ely render any resulting CR feedback 
ompletely inefficient. A non-boosted SN rate would result in a higher star- 
ormation rate and potentially more cumulative CR energy injection, but 
easuring the size of this effect is outside the scope of this study. 

C  

i
 

m  

i  

a  

t  
nd finally for gas in the CGM (Section 3.4 ). In Section 3.5 , we
ompare these simulations to CGM observations. 

.1 General properties 

e start by showing face-on projections of the gas in the central
alaxy in each run in Fig. 1 . Qualitatively, the addition of CRs
hanges the appearance and extent of the central galaxy and inner
GM. With CRs, the cold ( � 10 4 K) gas is both more extended

adially and distributed more smoothly within the disc, especially 
or CR −κmed , which also has a higher o v erall gas density, while the
R −κhigh gas density within the central galaxy is largely unchanged. 

n CR −κhigh , the central galaxy is also embedded in a somewhat
igher metallicity environment compared to both other runs. Based 
n the morphology in Fig. 1 for this paper, we define the ‘galaxy’
s a c ylindrical re gion surrounding the stellar disc with a radius
.1 R vir and a height 0.05 R vir abo v e and below the mid-plane of
he disc. At z = 1, the galaxy is a rotating gas disc ∼10–20 kpc
cross whose ISM is metal-rich and shows a substantial amount of
tructure. 

In Fig. 2 , we show the star formation rate (SFR) versus stellar
ass of the central galaxy in each run at a few selected redshifts

nd compare it to the observed star-formation Main Sequence of 
alaxies. We find that the galaxy is either slightly below (no-CR and
R −κmed ) or significantly below (CR −κhigh ) the observed z = 1

tar-formation Main Sequence at the end of the simulations. At these
ater times, the no-CR and CR −κmed runs have very similar stellar

asses in their central galaxies, though the central galaxy in the
R −κhigh run is slightly less massiv e. We e xamine these differences

n more detail in Section 3.2 . 
In Fig. 3 , we show density-weighted edge-on projections of the
ain halo in each of the three runs out to its virial radius, which

s ≈100 kpc. In all three runs, we see the cold ( T ≤ 10 4 K), dense,
nd metal-rich galaxy in the centre, which is clearly distinct from
he warmer, more dif fuse, and lo wer metallicity CGM. Ho we ver,
MNRAS 530, 52–65 (2024) 
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Figure 2. Positions of the simulated galaxy in relation to the z = 1 star- 
formation Main Sequence described in Boogaard et al. ( 2018 ), at specific 
times for the three different runs. The symbols show locations of the runs at 
redshifts z = 4 (triangles), 3 (diamonds), 2 (circles), and 1 (squares) at the 
endpoint of the simulation. The SFR has been averaged for ±200 Myr around 
each redshift to account for its high variability. According to their mass and 
SFR evolution, the simulated galaxies were exactly on the Main Sequence 
between 1.3 and 1.7 Gyr before their final ( z = 1) position. 
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loser inspection reveals differences between the three runs. In both
he no-CR and CR −κmed runs, the CGM is dominated by relatively
iffuse gas with a mean temperature of around 10 6 K apart from
old gas-dominated satellites. The typical temperature in the halo
f the CR −κhigh run, though, is nearly 1 dex lower. This indicates
hat the mere addition of CRs in CR −κmed is not enough to alter the
hase of the CGM: a minimum level of diffusivity must be necessary
or the CRs to be able to escape from the galaxy and influence
he temperature of the surrounding medium. The gas density largely
ollows the temperature projections: the densest gas within the galaxy
nd bound to satellites is also the coldest. Unlike the temperature,
he gas density shows little variation between the three runs at any
ocation in the halo, although the density distribution in the outer
alo of the CR −κhigh run appears slightly less smooth than it does in
he other two runs. Finally, we examine the metallicity of CGM gas
n the bottom panels. Here, as in the temperature projections, we find
hat the metallicity distributions of the no-CR and CR −κmed runs
re very similar, but the CR −κhigh run shows a dramatically higher
etallicity throughout the entire CGM. 

.2 Star formation 

e start our more detailed investigation of the effects of CRs on the
alaxy by examining their effect on the SFR o v er the entire length
f each run, which we show in the top panel of Fig. 4 . The no-CR
un is characterized by a SFR that varies between ∼2 –8 M � yr −1 

or most of its history, except for a ≈1 Gyr time period around
 ≈ 3, where the SFR jumps abo v e 10 M � yr −1 . The galaxy in
his run is therefore unambiguously star-forming with a very bursty
tar-formation history. In the CR −κmed run, the addition of CRs
owers the SFR at early times in the simulation, especially during
he ‘starburst’ period around z ≈ 3, but otherwise maintains the
ypical value and burstiness at later times. The CR −κhigh run behaves
lmost the same as the CR −κmed run, though the typical SFR after
he starburst period is lower and drops do wn belo w 2 M � yr −1 at the
NRAS 530, 52–65 (2024) 
nd of the simulation. This behaviour is generally consistent with
he effect of CRs found in previous works such as Hopkins et al.
 2020 ), who find that higher values of CR diffusion more ef fecti vely
uppress the SFR of MW-mass galaxies. 

In the lower panel of Fig. 4 , we plot the stellar and gas masses of
he central galaxy in each run o v er time, which shows the cumulative
ffect of the star formation and accretion histories. As reflected in the
FRs, the no-CR run has the strongest period of growth from z ≈ 4–3
efore settling down slightly, while the two CR runs’ stellar masses
row more steadily throughout the simulation and are consistently
elo w the le vel of the no-CR run. By the end of the simulations, no-
R has a factor of ∼2 higher stellar mass than CR −κhigh , whereas
R −κmed is only slightly less massive than no-CR. This factor
f 2 difference appears to develop during the period of high star
ormation, and then it remains relatively constant afterwards. The
as mass in all three runs reaches a peak after ≈3 Gyr and then either
uctuates around that value as in the no-CR and CR −κmed runs or
lowly decreases with time as the CR −κhigh run does. 

.3 Outflows 

n this section, we examine the properties of outflowing gas and
ttempt to connect galactic outflows to star formation in the galaxy.
e calculate the median outflow rate o v er the final five snapshots

f the runs, representing a narrow redshift range of 1 < z < 1.1.
his is a large enough number of snapshots such that transitory

eatures of the gas distribution (e.g. a short-lived tidal tail) will be
emo v ed, and a small enough number to also ensure that we do not
nclude cosmological evolution in the median. In Fig. 5 , we show
hese median outflow rates (i.e. gas with a positive radial velocity) in
adial bins around the central galaxy for the three runs, separated by
emperature ranges that roughly correspond to commonly observed
ons (Mg II , C IV , and O VI ). For the coldest gas, the three runs behave
ery similarly overall, with high outflow rates of ∼10 M � yr −1 very
lose to the centre of the galaxy, which quickly drop to below
 . 1 M � yr −1 by 20 kpc. Ho we ver, the slope of this outflow rate is
oticeably shallower for the CR −κhigh run, resulting in values smaller
han the other two runs within ≈10 kpc and larger than the other two
uns at the very inner edge of the CGM. Above this radius, there is
o appreciable outward-moving cold gas in any of the runs, except
or that in a satellite galaxy with an o v erall positiv e radial v elocity
n the no-CR run. In the lower two panels, however, we see much

ore significant differences in the CR −κhigh run compared to the
ther two runs. For ‘warm’ gas, which has no substantial outflowing
ass anywhere in the CGM for the no-CR and CR −κmed runs, the
R −κhigh run shows an outflow rate of 0 . 2 –0 . 9 M � yr −1 increasing
ith radius in the CGM. This is also seen in hotter gas, where

he outflow rate in CR −κhigh reaches and maintains order unity by
30 kpc, whereas both of the other runs remain below CR −κhigh and

nly approach it near the virial radius. 
We find (but do not show) that the gas velocities contributing

o these outflow rates are typically small with median values up
o 20 km s −1 . In the CR −κhigh run, the amount of mass moving
t all positive radial velocities is larger, including some material
o ving abo v e 100 km s −1 , at all radii in the halo, meaning that the

arger outflow rates come from both more outflowing mass and faster
utflowing mass. These strong CR-driven outflows in the CR −κhigh 

un also highlight the fact that its central galaxy’s steadily declining
as mass in Fig. 4 is due to gas expulsion via CR feedback rather
han consumption by star formation. We note ho we ver that all radial
elocity distributions have a negative median value, indicating that
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Figure 3. Density-weighted temperature, density, and metallicity projections for the three runs at z = 1, viewed edge-on. 
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low, steady accretion remains the dominant process occurring in the 
alo, even when CR feedback is operating. 

.4 CGM properties 

e now turn to the CGM itself and highlight similarities and 
ifferences between the three runs. In Fig. 6 , we show stacked mass-
eighted temperature-number density phase diagrams for the CGM 

f the central galaxy in the three runs for the same narrow redshift
ange as Fig. 5 . In these phase diagrams, we hav e remo v ed gas that is
n the central galaxy as defined in Section 3.1 so as to only consider
GM gas. First, we see that the no-CR run contains a substantial
mount of gas with T < 10 4 K in the CGM, whereas the two CR
uns contain much less gas below this temperature. We see from the
aps in Fig. 3 that this is due to a combination of the dense tidal

ails surrounding and directly connected to the galaxy and the more 
assive and numerous satellites found in the no-CR run. The same
tructures are significantly reduced in number and density for both of
he CR runs. Thus, the CRs are likely able to help dissipate the very
ense and cold gas found primarily in satellites and some tidal tails.
ost of the CGM gas in all of the runs, ho we v er, is > 10 4 K. F or the

o-CR and CR −κmed runs, the phase structure of this hotter diffuse
as is nearly identical. The peak of these temperature distributions is
10 6 K, and the diffuse CGM component spans roughly 1.5 orders

f magnitude in density. In the CR −κhigh run, ho we ver, the dif fuse
GM has a noticeably cooler average temperature: it is peaked at
 lower temperature of ≈10 5 . 5 K and the temperature distribution is
oticeably wider, resulting in a more substantial amount of gas at
emperatures between 10 4 and 10 5 K than the other two runs have.
his behaviour is qualitatively similar to other recent studies of CRs,
hich generally find that the CGM is cooler when CR feedback is

ncluded (e.g. Ji et al. 2020 ; F arc y et al. 2022 ). 
MNRAS 530, 52–65 (2024) 
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Figure 4. Top: SFRs of the central galaxy (defined as a cylindrical region 
surrounding the stellar disc with a radius 0.1 R vir and a height 0.05 R vir abo v e 
and below the midplane of the disc) as a function of time for the no-CR (blue), 
CR −κmed (orange), and CR −κhigh (green) runs. CRs reduce the SFR most 
significantly in the first 2.5 Gyr of the runs. Bottom: stellar and gas mass in 
the central galaxy as a function of time for the same three runs. 
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Figure 5. Median outflow rates of five snapshots between redshifts 1 < z < 

1.1 of gas in spherical shells surrounding the central galaxy for the no-CR 

(thin lines), CR–κmed (medium lines) and CR–κhigh (thick lines) runs. The 
gas is separated by temperature ranges roughly corresponding to gas observed 
in Mg II (top panel), C IV (middle panel), and O VI (bottom panel). 
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We can understand the v arying ef fects of the CR diffusion by
xamining the mean pressure profiles of CGM gas. As the initial
agnetic fields in these simulations are very weak, the total pressure

rofiles should all be roughly equal due to hydrostatic pressure
quilibrium. We indeed find this to be true outside of the galaxy
or r > 10 kpc, but at smaller radii, the CR −κmed run has a higher
otal pressure by nearly an order of magnitude. To see why this
s, we plot mean pressure profiles (the median profiles are almost
dentical) separated into thermal and non-thermal components in
ig. 7 . Compared to the no-CR run, the CR −κmed run has a thermal
ressure profile that is almost identical, likely because the similar
umulative star formation between the two runs released a similar
mount of energy from supernov ae. Ho we ver, the CR −κmed run’s
on-thermal pressure exceeds the thermal pressure within the galaxy
y an order of magnitude, and is the source of the discrepancy in
he total pressure profiles. While it is unrealistic for such a high non-
hermal pressure to persist in the galaxy without first losing energy, it
oes not affect the CGM at all: beyond ≈15 kpc, the thermal pressure
s completely dominant, as would be expected for CRs that remain
argely trapped within the galaxy due to lower diffusivity. In the
R −κhigh run, ho we ver, the non-thermal pressure is the dominant

ource of pressure in the galaxy and the inner ≈40 kpc of the CGM.
t larger radii, the thermal and CR pressures are comparable, thus

llowing slightly colder gas not heated up from the surrounding
hermal pressure to exist in the entire CGM and boosting the amount
f outflowing gas seen in ions like C IV and O VI as shown in Fig.
NRAS 530, 52–65 (2024) 
 . This also explains why the CR −κmed run’s CGM has the same
emperature as the no-CR run’s CGM: trapped CRs only affect the
roperties of the ISM and largely leave the CGM unaffected. 

.5 Comparison to obser v ations 

aving provided a description of the effects CRs have on our
imulated galaxy and its CGM, we now seek to compare the CGM
o v ering fractions to those observed in quasar absorption line studies,
uch as the MUSE GAs FLOw and Wind (MEGAFLOW) surv e y 4 

or Mg II (Bouch ́e et al., in prep.). In particular, Schroetter et al.
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Figure 6. Median temperature-number density phase diagrams of the central galaxies’ CGM for the no-CR, CR −κmed , and CR −κhigh runs for the five snapshots 
between redshifts 1 < z < 1.1, where the ISM (i.e. all gas within the cylindrical region of the galaxy) has been removed. The colour shows the gas mass 
distribution. The red and blue curves on each panel are normalized probability density functions of the temperature (red) and density (blue) of the CGM gas. 
CRs almost completely remo v e gas below 10 4 K from the CGM, but only κhigh noticeably changes the phase structure of the diffuse CGM. 

Figure 7. Mean gas pressure versus radius for the three runs at z = 1. The 
no-CR run only has thermal pressure (solid lines) but the two runs with CRs 
additionally have non-thermal pressure (dashed lines). 
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 2021 ) investigated the Mg II (and C IV ) co v ering fraction of star-

orming galaxies at 1 < z < 1.4 using ∼100 Mg II absorption lines
rest equi v alent width W 

λ2796 
r > 0 . 5 –0 . 8 Å) and ∼200 star-forming

alaxies within 250 kpc of the quasar sight-lines. In addition, we 
lso use co v ering fractions for the higher ions O VI from Kacprzak
t al. ( 2015 ) and Tchern yshyo v et al. ( 2023 ), whose host galaxies
ave a similar M � of 10 10 –10 11 M � and 0.1 � z � 0.7, and C IV from
ordoloi et al. ( 2014 ), whose host galaxies have M � of 10 8.5 –10 10 M �
nd z < 0.1. 

In order to compare our simulations to these quasar sightline 
bservations, we use TRIDENT (Hummels, Smith & Silvia 2017 ) to 
opulate our simulations with specific ions using parameters derived 
rom CLOUDY (Ferland et al. 2013 ) ionization tables. For this paper,
e focus on three ions commonly observed in absorption – Mg II ,
 IV , and O VI – because they each trace a different temperature
hase of the gas ( � 10 4 , ≈10 4 –10 5 , and ≈10 5 . 5 K respectively, from
umlinson et al. 2017 ). In Fig. 8 , we show column density maps of
hese three ions for the three runs at z = 1. We show the observational
olumn density cut-offs for the three ions (Schroetter et al. 2021
or Mg II and C IV and Kacprzak et al. 2015 for O VI ) as coloured
ontours. First, we see that at distances > 25 kpc from the galaxy, all
hree runs exhibit a CGM similarly devoid of Mg II except for the
resence of satellites. This indicates that, in addition to not changing
he phase structure, neither run with CRs is any more ef fecti ve than
he default feedback model at pushing Mg II gas out of the galaxy to
arge distances in the CGM. Within < 25 kpc from the galaxy though,
ll three runs have different Mg II properties. In no-CR, Mg II traces
he clear tidal tails seen in Fig. 3 , whereas in CR −κmed those tidal tails
re not cold or dense enough to absorb Mg II , and there is a sudden
olumn density drop off at the edge of the disc. In CR −κhigh , small
g II column densities extend slightly beyond the disc, but they
erely approach and do not exceed current observational column 

ensity limits from MEGAFLOW. 
Ne xt, we e xamine the C IV distributions around the galaxy (middle

ow of Fig. 8 ). For the no-CR run, most of the highest C IV column
ensities o v erlap with where the Mg II is (i.e. in satellites and tidal
ails), but it extends beyond where the Mg II stops, indicating the cold
tructures are immediately surrounded by a warmer interface. This 
armer and more diffuse gas is also being stripped from satellites

urther out in the CGM. In the CR −κmed run, we again see an abrupt
rop off at the edge of the disc similar to what is seen in no-CR and
ll of the Mg II maps, as well as a diffuse envelope being stripped
rom satellites in the same way. Ho we ver, the CR −κhigh run sho ws a
rastically different distribution of C IV with higher column densities 
 � 10 13 cm 

−2 ) out to 50 kpc and lower values ( � 10 12 cm 

−2 ) that reach
he virial radius and are close to volume-filling. Satellite galaxies do
ot stand out in this C IV map in the same way they do in no-CR
nd CR −κmed , indicating that this phase of gas is found more in
he diffuse ‘smooth’ component of the CGM (as suggested by Fig.
 ), and is not merely a warm ‘interface’ between cold T � 10 4 K
tructures and hot T > 10 6 K gas. Furthermore, the highest C IV

olumn densities in this panel also trace regions of high metallicity
een in Fig. 3 . 
MNRAS 530, 52–65 (2024) 
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Figure 8. Column density maps of the central haloes in the no-CR (left), CR −κmed (middle), and CR −κhigh (right) runs at z = 1, vie wed edge-on. Ro ws sho w 

Mg II (top), C IV (middle), and O VI (bottom). Blue, green, and red contours highlight the minimum absorber column densities observ ed in recent surv e ys from 

MEGAFLOW (Schroetter et al. 2021 ) and Kacprzak et al. ( 2015 ). In all runs, nearly all Mg II is concentrated within the galaxy, satellites, or in tidal tails, and is 
rare in the CGM. C IV is slightly more extended in the CGM, especially in the CR −κhigh run, and O VI is more volume-filling in all runs, but most significantly 
in CR −κhigh . 
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Finally in the bottom row of Fig. 8 , we show O VI column densities.
n all three runs, this phase of gas is volume-filling, although we again
ee a strong dichotomy between the CR −κhigh run and the other two
uns. In the former, O VI picks up high-metallicity gas at temperatures
 10 6 K, which is distributed throughout the halo as seen in Fig. 3 ,
hile in both of the latter, the highest O VI column densities primarily
 v erlap with satellites and tidal tails as is the case with both Mg II
nd C IV , and at all other locations in the halo O VI has at least 1 dex
maller column densities. 

Now, we make an explicit comparison to observations by plotting
he co v ering fraction of the different ions in the CGM of our runs.
n Fig. 9 , we show Mg II , C IV , and O VI co v ering fractions as a
unction of impact parameter for each run calculated using all 12–
NRAS 530, 52–65 (2024) 
4 snapshots between z = 1 and 1.3. This large sample size serves
wo purposes: first, to increase the number of sightlines used in the
alculation and reduce the effect of transient features in the CGM
as in previous figures), and second, to better represent the spread
n absorber redshifts in z ∼ 1 surv e ys like MEGAFLOW. F or each
napshot, we choose a random orientation of the halo and measure
he column density of sightlines along that orientation with impact
arameters as large as the virial radius. We define a sightline to
e ‘co v ered’ if it exceeds the ion column density corresponding to
n equi v alent width threshold used by Schroetter et al. ( 2021 ) for
g II and C IV and Kacprzak et al. ( 2015 ) for O VI . This conversion

rom equi v alent width to column density depends on the wavelength
onsidered and assumes an optically thin regime (see Rey et al.,
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Figure 9. Mg II (top), C IV (middle), and O VI (bottom) co v ering fractions as 
a function of impact parameter for the three runs, stacked for snapshots with 1 
< z < 1.3. The solid black line and shaded region show fits and the 95 per cent 
confidence region from MEGAFLOW (Schroetter et al. 2021 ) observations of 
Mg II and C IV (the 95 per cent confidence region for C IV is comparable to that 
of Mg II ), while the coloured markers and regions show Mg II observations 
from Dutta et al. ( 2020 ) and Huang et al. ( 2021 ), C IV observations from 

Bordoloi et al. ( 2014 ), and O VI observations from Kacprzak et al. ( 2015 ) 
and Tchern yshyo v et al. ( 2023 ). The horizontal grey dotted line in all panels 
shows a co v ering fraction of 50 per cent. All runs, with or without CRs, fail to 
produce enough Mg II or O VI in their CGM to match observ ations. Ho we ver, 
CR −κhigh is ef fecti v e at boosting the C IV closer to observ ed lev els in the 
CGM. 
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n prep. for details) and results in minimum column densities of
0 12 . 4 cm 

−2 for Mg II , 10 13 . 4 cm 

−2 for C IV , and 10 13 . 9 cm 

−2 for O VI ,
ll roughly corresponding to equi v alent widths of 0.1 Å. 

From the upper panel of Fig. 9 , it is clear that none of the
uns produce nearly enough Mg II absorption in the CGM to be
onsistent with observations from MEGAFLOW, as well as with 
imilar observations from other recent Mg II surv e ys from Dutta
t al. ( 2020 ) at 0.8 < z < 1.5 and Huang et al. ( 2021 ) at 0.1 <
 < 0.5. Within the galaxy ( < 10 kpc), the CR −κmed run produces
he highest Mg II co v ering fractions, boosting a bit the typical values
een in the no-CR run. The CR −κhigh run lowers the co v ering fraction
t these impact parameters. All of the runs drop below a co v ering
raction of 50 per cent by 10 kpc rather than at ≈50 kpc as in the
bservations. Outside of the galaxy, it is actually the no-CR run
hat has the highest o v erall co v ering fractions, largely coming from
he high-column density tidal tails connected to the galaxy that are
trongest in that run. Ho we ver, all of the runs are very Mg II -deficient
t these impact parameters. 

The middle panel shows co v ering fractions for C IV as well as com-
arable observations from Bordoloi et al. ( 2014 ) and MEGAFLOW
Schroetter et al. 2021 ). All three runs are better at matching observed
 IV co v ering fractions from MEGAFLOW than the y are at matching
g II as a function of impact parameter. Within the galaxy, both runs
ith CRs show an enhancement of the co v ering fraction. Both no-CR

nd CR −κmed drop below 50 per cent at impact parameters < 15 kpc,
oticeably closer to the galaxy than both MEGAFLOW and Bordoloi 
t al. ( 2014 ), and in the CGM, both of these runs are significantly
elow the observed covering fractions. The CR −κhigh run is different: 
t stays much closer to the observed values from MEGAFLOW until

40 kpc, where it starts to fall short. Ho we ver, it is still significantly
elow the lower-redshift observations from Bordoloi et al. ( 2014 ). 
Finally, we show the three runs’ co v ering fractions for O VI , as

ell as comparisons to recent observations from Kacprzak et al. 
 2015 ) and Tchern yshyo v et al. ( 2023 ). As for Mg II , the no-CR
nd CR −κmed runs fail to reproduce observable O VI in the CGM.
he CR −κhigh run is significantly closer to observations, though at 
early all impact parameters in the CGM that run still falls very short.
nterestingly , within the galaxy , only the CR −κhigh run has enough
 VI to approach observed values of the covering fraction, likely

ndicative of the higher metallicity environment of the CR −κhigh run 
een in Fig. 1 . As with Bordoloi et al. ( 2014 ), these two O VI surv e ys
re at lower redshifts than our fiducial simulation outputs. Running 
he simulations to a matching lower redshift could allow the CRs

ore time to diffuse out of the galaxy and affect the CGM, resulting
n a better agreement between the co v ering fractions of C IV or O VI .
o we ver, this is unlikely to occur as from redshifts z = 1.3 to 1,
one of our simulated co v ering fractions consistently increase or
ecrease. 

 DI SCUSSI ON  

n this section, we first consider the effect of varying the column
ensity thresholds used in deriving co v ering fractions from our
imulations to determine how sensitive our observational comparison 
s to small (and large) adjustments to these values. Then, we discuss
ur results in the context of other recent studies on the effects CRs
ave on the CGM. 

.1 Column density cutoffs 

he main results of our comparison to observations in the previous
ection come from assuming particular column density thresholds 
or the different ions derived from recent observational studies 
nd applying those to our simulations. These precise thresholds 
epend on specific properties of the surv e ys, such as the length of
bservations, as well as the sensitivity of the actual instruments. 
e may therefore reach different conclusions if a deeper set of

bservations of any of these ions are used. To measure this possible
f fect, we v ary the column density threshold used to deriv e co v ering
ractions, thus mimicking the effect of observing the same object 
MNRAS 530, 52–65 (2024) 
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M

Figure 10. Radius at which Mg II (left), C IV (middle), and O VI (right) reach a 50 per cent co v ering fraction, depending on the column density threshold chosen. 
Conversions between equi v alent width and column density are shown on the top and bottom axes. The two solid black markers represent the observations from 

MEGAFLOW (Schroetter et al. 2021 ) also shown in Fig. 9 , while the grey points with error bars in the left-hand panel are from the most recent MEGAFLOW 

analysis by Cherrey et al., in prep.. The pink marker represents the covering radius for O VI from Kacprzak et al. ( 2015 ). 
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ith dif ferent sensiti vities or resolutions. We quantify this in Fig.
0 , by plotting the radius at which 50 per cent of sightlines are
igher than a series of thresholds for Mg II , C IV , and O VI as a
unction of that column density threshold. We see that for Mg II , this
adius shows little evolution o v er 4 dex in column density for all
hree runs and reaches a maximum of only ≈15 kpc for a minimum
olumn density of 10 10 cm 

−2 . This is substantially smaller than the
orresponding radius of 52 kpc from the fit to the data from Schroetter
t al. ( 2021 ), as well as the radii calculated by Cherrey et al., in prep.
sing multiple Mg II equi v alent width cut-of fs ≤1 Å, indicating that
he simulated co v ering fractions are consistently below observations
nd not sensitive at all to the precise choice of column density (or
qui v alent width) used to define observable Mg II in our simulations.

C IV column densities span fewer orders of magnitude throughout
he halo, so its 50 per cent co v ering fraction radius shows a stronger
rend with the column density threshold. Reducing the column
ensity (or equi v alent width) cut-of f o v er a common observational
ange from ≈1 to ≈0.1 Å significantly increases the 50 per cent
o v ering fraction radius by at least half a dex. The CR −κhigh run
n particular matches the the 50 per cent co v ering fraction radius of

EGAFLOW very near the survey’s minimum C IV column density
f ∼10 13 . 4 cm 

−2 , and these simulations suggest that more sensitive
 IV observations would reveal higher covering fractions for that ion

hat extend to larger and larger radii. Finally, we see that like C IV , the
xtent of O VI coverage is also very sensitive to the column density
hreshold. All three of our runs’ 50 per cent co v ering fraction radii
ary in a similar way with column density, and slightly more strongly
han in the corresponding C IV panel. The CR −κhigh run in particular
as a consistently larger 50 per cent co v ering fraction radius at all
onsidered column densities. 

The enhancement of C IV and O VI in the CR −κhigh run at multiple
olumn density thresholds compared to the other two runs shows that
Rs can significantly contribute to the metal enrichment of the CGM
nd provide an environment fa v ourable to certain ions, but only if
hey are able to escape the ISM so their pressure support becomes
ubstantial at large distances. The reason Mg II behaves differently
n Fig. 10 is due to the lack of cold ( ≤10 4 K) gas in the CGM rather
han a lack of metals, which itself comes from the loss of resolution
f the coldest gas structures from the ISM to the CGM, resulting
NRAS 530, 52–65 (2024) 
n very low Mg II column densities in the CGM. Simulations with
ncreased CGM resolution such as Hummels et al. ( 2019 ) and van de
oort et al. ( 2019 ) suggest that the typical temperature of the CGM
hould be lower, and heavily favour the formation of low ions like

g II . Thus, with significantly increased resolution in the CGM, we
peculate that ef fecti ve CR dif fusion out of the ISM would produce
 similar enhancement in the Mg II co v ering fraction as it currently
oes for C IV and O VI . 

.2 Comparisons to recent work 

here have been many recent efforts in adding CRs to galaxy forma-
ion simulations, and we highlight some with direct connections to
ur analysis of galaxy and especially CGM gas properties here. F arc y
t al. ( 2022 ) modelled a set of idealized galaxies using a similar CR
eedback implementation, and we compare our results to the most
assive galaxy from that study as it is most similar to our simulations.

n the ISM, they also find that the gas density distribution is smoother
nd the SFR is reduced when CRs are included. Ho we ver, the
f fect of dif ferent dif fusion coef ficients changes when the galaxies
re modelled from cosmological initial conditions. In F arc y et al.
 2022 )’s idealized galaxies, the largest reduction in the SFR occurs
or lower stellar masses with κ = 10 27 cm 

2 s −1 , and as κ increases
Rs are less ef fecti ve at reducing the SFR. At higher stellar masses,

he SFR is essentially unaffected by CRs regardless of the choice of
. In our simulations, the trend with κ is different: we find that the
igher diffusion in CR −κhigh results in a lower SFR o v er time than
R −κmed . This is likely because our simulations have cosmological

nflows that are slowed by CRs that diffuse out of the galaxy more
f fecti vely, thus reducing fuel for star formation. We also see a
ualitatively similar result in the CGM: gas surrounding the idealized
alaxies is cooler when CRs are included. This is driven entirely
y the changing nature of the outflowing gas, which is dominated
y both warm (10 4 K < T < 10 5 K) and hot ( T > 10 5 K) gas with
Rs, and only hot gas without CRs, when measured 10 kpc abo v e

he galaxy disc plane. Ho we ver, in our cosmological simulations,
e see that unless the CR dif fusi vity is high, gas at temperatures
elow 10 5 K do not extend very far into the CGM at all (see Fig. 3 ).
urthermore from Fig. 5 , we see that the highest outflow rates very
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lose to the galaxy are in all cases dominated by cold ( T < 10 4 . 5 K)
as, but further out beyond 10 kpc only hot gas is outflowing. Unlike
n F arc y et al. ( 2022 ), κ = 10 28 cm 

2 s −1 as used in CR −κmed results
n very little outflow enhancement at any temperature, meaning that 
n a cosmological environment (i.e. with longer physical time-scales 
nd large-scale inflows), a higher level of CR diffusivity is necessary 
o enhance the outflow rate to distances beyond 10 kpc. 

Rodr ́ıguez Montero et al. ( 2023 ) also study the effect of CR
eedback on properties of the ISM and outflows using a RAMSES

imulation set up much more similar to ours: namely, a cosmological 
oom-in simulation of a Milky Way-analogue evolved to z = 1.5. 
hey use a CR diffusion coefficient of 3 × 10 28 cm 

2 s −1 , which lies
etween our CR −κmed and CR −κhigh , although they also include 
R streaming. Though we focus our attention on circumgalactic gas, 
e still find man y ke y consistencies in the effects CRs have on our

imulated galaxies. For example, their CR simulation has an early 
eduction in the stellar mass that levels off to a factor of a few by the
nd of their simulation, much like what we see in Fig. 4 , although
heir inclusion of CR streaming has an impact on their star formation
istory that is not modelled in our analysis. CRs also smooth out the
as distribution in the disc. Furthermore, they find that CR-launched 
utflows are more dominated by ‘warm’ (10 4 K < T < 10 5 K) gas
han outflows without CRs. Particularly relevant to our work, they 
nd that a non-thermal pressure gradient similar to what we find 

n Fig. 7 further accelerates outflowing gas in the CGM of their
imulation, demonstrating how CRs can redistribute gas on galactic 
nd circumgalactic scales concurrently. 

There have also been many direct comparisons to CGM obser- 
 ations using v arious simulation codes such as Enzo, Gizmo and
haNGa, which have found differing specific effects. While the 
 v erall temperatures of the CGM are cooler with CRs, the column
ensity profiles of key ions do not al w ays change in the same
ay. F or e xample, in simulations from Salem et al. ( 2016 ), O VI

olumn densities are enhanced by nearly a factor of 100 when CRs
re included in the physics model. Other studies have less drastic 
hanges: in the inner regions of the CGM, Ji et al. ( 2020 ) finds
n enhancement of the O VI column density by a factor of ≈3 for
alo masses comparable to ours. Ho we ver, the simulations from
utsky et al. ( 2022 ) actually have lower O VI column densities in the
GM with CRs than without. We speculate that this opposite effect 
bserved in Butsky et al. ( 2022 ) originates from their ‘blastwave’
upernova feedback model, in which cooling is temporarily disabled 
 v er some time-scale. Rosdahl et al. ( 2017 ) showed that turning
ff cooling in supernova remnants tends to produce much cooler 
i.e. O VI -poorer) outflows than other supernova feedback models, so
dding CRs may not boost O VI column densities in the CGM. 

More intermediate ions like Si III and Si IV are consistently 
nhanced in these simulations at levels currently probed by observa- 
ions, but Mg II as measured by Ji et al. ( 2020 ) is only enhanced
t column densities that are below current observational limits 
or radii outside the inner ≈30 kpc. Importantly, this indicates 
hat high-equi v alent width Mg II observ ations such as those from

EGAFLOW are difficult to reproduce with CRs across multiple 
imulation codes. The simulations in these two studies use CR 

if fusion coef ficients of 1 to a few × 10 29 cm 

2 s −1 , suggesting
hat higher values of diffusion are fa v oured for matching CGM
bservations, especially at larger radii. The comparably high CR 

iffusion that we use in our simulations is not enough to increase
g II to the levels seen in large CGM absorption surv e ys, although

s CR transport is fairly unconstrained the possibility of CR diffusion
lone affecting the CGM at those levels cannot be ruled out. It is also
m  
ikely that with higher resolution of the cold phase, CRs effect on
g II in the CGM could be larger and bring the simulations closer to

bserv ations, e ven with the same CR dif fusion coef ficient. 

 C O N C L U S I O N S  

n this paper, we ran three RAMSES simulations in order to understand
he possible range of effects that CR feedback has on the CGM
f galaxies. We evolved three realizations of the same galaxy 
rom cosmological initial conditions to z = 1 with no additional
R feedback (no-CR), CR feedback with a moderate value of 
0 28 cm 

2 s −1 for the CR diffusion coefficient (CR −κmed ), and CR 

eedback with a high value of 3 × 10 29 cm 

2 s −1 for the CR diffusion
oefficient (CR −κhigh ). Our conclusions are as follows: 

(i) Over cosmological time, cosmic rays can smooth out the 
ensity distribution within the galaxy’s ISM and expand the gas 
isc, though if the cosmic ray diffusion coefficient κ is large, this
ffect is minimal (Fig. 1 ). 

(ii) As is the case for galaxies of a similar mass from other
dealized and zoom-in simulations, cosmic rays lower the star 
ormation rate, resulting in a slightly lower stellar mass by z = 1
Fig. 4 ). 

(iii) The CR −κhigh run with a higher cosmic ray diffusion coeffi- 
ient has a CGM that is cooler and, crucially, much richer in metals
han either the no-CR run or the CR −κmed run, indicating that the
sweet spot’ of CR dif fusi vity (see e.g. Hopkins et al. 2020 ) necessary
or CRs to affect the phase of the gas and the observability of metal
ons beyond the immediate vicinity of the galaxy without completely 
ecoupling the from the gas is at least 10 29 cm 

2 s −1 (Figs 3 and 6 ). 
(iv) Cosmic rays with a high dif fusion coef ficient accelerate 

utflowing gas substantially further out into the CGM by enhancing 
uch gas with temperatures T ≥ 10 5 K at distances abo v e ≈20 kpc
rom the galaxy (Fig. 5 ). 

(v) Cosmic ray pressure dominates but remains confined to the 
alaxy for smaller κ , but it dominates or is comparable to thermal
ressure in the entire halo for larger κ , thus allowing more low-
emperature gas to exist throughout the halo (Fig. 7 ). 

(vi) Cosmic rays do not significantly increase Mg II column 
ensities anywhere in the halo, although they do restructure Mg II
ound near the galaxy-halo interface. The CR −κhigh run noticeably 
nhances ions found at higher temperatures (C IV and O VI ) through-
ut the halo (Fig. 8 ). 
(vii) All three of our runs fail to match observed Mg II covering

ractions in the CGM from multiple surv e ys at z ≈ 1. The CR −κhigh 

un in particular actually lowers the Mg II co v ering fraction at all
mpact parameters. Ho we ver, the same run increases the co v ering
raction of C IV and brings it more in line with MEGAFLOW
bservations (Fig. 9 ). 
(viii) By reducing the column density threshold used to define 

he co v ering fraction, the ‘observ ed’ e xtent of C IV and O VI mo v es
utwards into the CGM, especially for the CR −κhigh run. This does
ot occur for Mg II because its spread in column densities between
mall and large radii is much bigger than the same spread for the
ther measured ions (Fig. 10 ). 

With this work, we have studied how CR feedback can propagate
ut from the galaxy and affect the CGM differently depending on the
R dif fusion coef ficient. While the Mg II content of the CGM appears

argely unaffected by the addition of CRs, the CGM as a whole and
utflowing gas in particular have a lower temperature when CRs
re able to ef fecti vely dif fuse out from the galaxy. This diffusion is
ore rele v ant when modelling outflo ws with a cosmological zoom-in
MNRAS 530, 52–65 (2024) 
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imulation rather than from an idealized galaxy without any inflows.
e expect CR diffusion to be even more effective in future high-

esolution studies of the CGM, where there will likely be a more
rominent cold phase for CRs to influence. 
We note that the CRs in this study all propagate with a constant rate

f diffusion. Recent work has focused on a more realistic treatment
f CR transport by allowing κ to vary with gas properties (Farber
t al. 2018 ; Semeno v, Kravtso v & Caprioli 2021 ), or by modelling
he CR spectrum which allo ws κ to v ary with CR energy (Girichidis
t al. 2022 ). Butsky et al. ( 2023 ) confirms that a constant κ cannot
eproduce the observed complexity of the CGM of COS-Halos galax-
es, showing that these more detailed models are indeed necessary
or future work. Additionally, other CR transport methods we have
ot modelled such as streaming could significantly change how the
nergy from CRs affects the temperature and density structures found
n the CGM (Butsky & Quinn 2018 ), and the evolution of the galaxy
n general (Wiener et al. 2017 ). The importance of CR streaming
elative to diffusion is an active area of study as well (e.g. Thomas,
frommer & Pakmor 2023 ). 
As work on this topic continues, we intend to further examine the

ossible constructive impact on CRs of other physical effects (e.g.
adiative transfer) and sources of feedback (e.g. AGN) that are not
ncluded in our simulations, as this may help provide the physical
oupling necessary to produce cold Mg II -bearing outflows that are
ound in observations. 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for helpful comments that improved
he paper. This work has been carried out thanks to the support
f the ANR 3DGasFlows (ANR-17-CE31-0017). Simulations were
un using the GENCI allocations A0070410560 from 2019 and
0070410560 from 2020, and they were stored and analysed on
SMN (P ̂ ole Scientifique de Mod ́elisation Num ́erique) of the ENS
e Lyon. MR was supported by the National Research Foundation
f Korea (NRF) grant funded by the Korea go v ernment (No.
022R1A6A1A03053472 and 2020R1C1C1007079). 

ATA  AVAILABILITY  

he data generated and used in this article will be shared on
easonable request to the corresponding author. 

E FERENCES  

ubert D. , Pichon C., Colombi S., 2004, MNRAS , 352, 376 
very C. R. et al., 2022, MNRAS , 511, 4223 
acon R. et al., 2010, in McLean I. S., Ramsay S. K., Takami H., eds, Proc.

SPIE Conf. Ser. Vol. 7735, Ground-based and Airborne Instrumentation
for Astronomy III. SPIE, San Diego, California, p. 773508 

oogaard L. A. et al., 2018, A&A , 619, A27 
ordoloi R. et al., 2014, ApJ , 796, 136 
oulares A. , Cox D. P., 1990, ApJ , 365, 544 
urchett J. N. et al., 2019, ApJ , 877, L20 
utsky I. S. , Quinn T. R., 2018, ApJ , 868, 108 
utsky I. S. et al., 2022, ApJ , 935, 69 
utsky I. S. , Nakum S., Ponnada S. B., Hummels C. B., Ji S., Hopkins P. F.,

2023, MNRAS , 521, 2477 
han T. K. , Kere ̌s D., Hopkins P. F., Quataert E., Su K. Y., Hayward C. C.,

Faucher-Gigu ̀ere C. A., 2019, MNRAS , 488, 3716 
hisholm J. , Bordoloi R., Rigby J. R., Bayliss M., 2018, MNRAS , 474, 1688
ashyan G. , Dubois Y., 2020, A&A , 638, A123 
NRAS 530, 52–65 (2024) 
avies J. J. , Crain R. A., Oppenheimer B. D., Schaye J., 2020, MNRAS , 491,
4462 

eFelippis D. , Genel S., Bryan G. L., Fall S. M., 2017, ApJ , 841, 16 
ubois Y. , Commer c ¸on B., 2016, A&A , 585, A138 
ubois Y. , Peirani S., Pichon C., Devriendt J., Gavazzi R., Welker C.,

Volonteri M., 2016, MNRAS , 463, 3948 
ubois Y. , Commer c ¸on B., Marcowith A., Brahimi L., 2019, A&A , 631,

A121 
utta R. et al., 2020, MNRAS , 499, 5022 
arber R. , Ruszkowski M., Yang H. Y. K., Zweibel E. G., 2018, ApJ , 856,

112 
 arc y M. , Rosdahl J., Dubois Y., Blaizot J., Martin-Alvarez S., 2022,

MNRAS , 513, 5000 
aucher-Gigu ̀ere C.-A. , Oh S. P., 2023, ARA&A , 61, 131 
erland G. J. , Korista K. T., Verner D. A., Ferguson J. W., Kingdon J. B.,

Verner E. M., 1998, PASP , 110, 761 
erland G. J. et al., 2013, RMxAA, 49, 137 
irichidis P. , Naab T., Hanasz M., Walch S., 2018, MNRAS , 479, 3042 
irichidis P. , Pfrommer C., Pakmor R., Springel V., 2022, MNRAS , 510,

3917 
irichidis P. , Werhahn M., Pfrommer C., Pakmor R., Springel V., 2024,

MNRAS , 527, 10897 
uo F. , Oh S. P., 2008, MNRAS , 384, 251 
aardt F. , Madau P., 1996, ApJ , 461, 20 
ahn O. , Abel T., 2011, MNRAS , 415, 2101 
opkins P. F. et al., 2020, MNRAS , 492, 3465 
opkins P. F. , Chan T. K., Squire J., Quataert E., Ji S., Kere ̌s D., Faucher-

Gigu ̀ere C.-A., 2021, MNRAS , 501, 3663 
opkins P. F. , Squire J., Butsky I. S., 2022, MNRAS , 509, 3779 
uang Y.-H. , Chen H.-W., Shectman S. A., Johnson S. D., Zahedy F. S.,

Helsby J. E., Gauthier J.-R., Thompson I. B., 2021, MNRAS , 502, 4743 
ummels C. B. , Smith B. D., Silvia D. W., 2017, ApJ , 847, 59 
ummels C. B. et al., 2019, ApJ , 882, 156 

acob S. , Pakmor R., Simpson C. M., Springel V., Pfrommer C., 2018,
MNRAS , 475, 570 

i S. et al., 2020, MNRAS , 496, 4221 
iang Y.-F. , Oh S. P., 2018, ApJ , 854, 5 
acprzak G. G. , Muzahid S., Churchill C. W., Nielsen N. M., Charlton J. C.,

2015, ApJ , 815, 22 
imm T. , Cen R., 2014, ApJ , 788, 121 
imm T. , Cen R., Devriendt J., Dubois Y., Slyz A., 2015, MNRAS , 451, 2900
openhafer C. , O’Shea B. W., Voit G. M., 2023, ApJ , 951, 107 
roupa P. , 2001, MNRAS , 322, 231 
arinacci F. et al., 2018, MNRAS , 480, 5113 
artin-Alvarez S. , Sijacki D., Haehnelt M. G., F arc y M., Dubois Y.,

Belokurov V., Rosdahl J., Lopez-Rodriguez E., 2023, MNRAS , 525, 3806
cCourt M. , Oh S. P., O’Leary R., Madigan A.-M., 2018, MNRAS , 473,

5407 
itchell P. D. , Schaye J., Bower R. G., Crain R. A., 2020, MNRAS , 494,

3971 
iyoshi T. , Kusano K., 2005, J. Comput. Phys. , 208, 315 
orlino G. , Caprioli D., 2012, A&A , 538, A81 
aiman J. P. et al., 2018, MNRAS , 477, 1206 
elson D. et al., 2018, MNRAS , 475, 624 
elson D. et al., 2019, MNRAS , 490, 3234 
elson D. et al., 2020, MNRAS , 498, 2391 
u ̃ nez-Casti ̃ neyra A. , Grenier I. A., Bournaud F., Dubois Y., Kamal Youssef

F. R., Hennebelle P., 2022, preprint ( arXiv:2205.08163 ) 
breja A. , Battaia F. A., Macci ̀o A. V., Buck T., 2024, MNRAS , 527, 8078 
eeples M. S. et al., 2019, ApJ , 873, 129 
illepich A. et al., 2018a, MNRAS , 473, 4077 
illepich A. et al., 2018b, MNRAS , 475, 648 
illepich A. et al., 2019, MNRAS , 490, 3196 
lanck Collaboration XVI , 2014, A&A , 571, A16 
amesh R. , Nelson D., 2024, MNRAS , 528, 3320 
asera Y. , Teyssier R., 2006, A&A , 445, 1 
ey M. , 2022, PhD thesis, Ecole Normale Superieure de Lyon, France 

http://dx.doi.org/10.1111/j.1365-2966.2004.07883.x
http://dx.doi.org/10.1093/mnras/stac190
http://dx.doi.org/10.1051/0004-6361/201833136
http://dx.doi.org/10.1088/0004-637X/796/2/136
http://dx.doi.org/10.1086/169509
http://dx.doi.org/10.3847/2041-8213/ab1f7f
http://dx.doi.org/10.3847/1538-4357/aaeac2
http://dx.doi.org/10.3847/1538-4357/ac7ebd
http://dx.doi.org/10.1093/mnras/stad671
http://dx.doi.org/10.1093/mnras/stz1895
http://dx.doi.org/10.1093/mnras/stx2848
http://dx.doi.org/10.1051/0004-6361/201936339
http://dx.doi.org/10.1093/mnras/stz3201
http://dx.doi.org/10.3847/1538-4357/aa6dfc
http://dx.doi.org/10.1051/0004-6361/201527126
http://dx.doi.org/10.1093/mnras/stw2265
http://dx.doi.org/10.1051/0004-6361/201936275
http://dx.doi.org/10.1093/mnras/staa3147
http://dx.doi.org/10.3847/1538-4357/aab26d
http://dx.doi.org/10.1093/mnras/stac1196
http://dx.doi.org/10.1146/annurev-astro-052920-125203
http://dx.doi.org/10.1086/316190
http://dx.doi.org/10.1093/mnras/sty1653
http://dx.doi.org/10.1093/mnras/stab3462
http://dx.doi.org/10.1093/mnras/stad3628
http://dx.doi.org/10.1111/j.1365-2966.2007.12692.x
http://dx.doi.org/10.1086/177035
http://dx.doi.org/10.1111/j.1365-2966.2011.18820.x
http://dx.doi.org/10.1093/mnras/stz3321
http://dx.doi.org/10.1093/mnras/staa3692
http://dx.doi.org/10.1093/mnras/stab2635
http://dx.doi.org/10.1093/mnras/stab360
http://dx.doi.org/10.3847/1538-4357/aa7e2d
http://dx.doi.org/10.3847/1538-4357/ab378f
http://dx.doi.org/10.1093/mnras/stx3221
http://dx.doi.org/10.1093/mnras/staa1849
http://dx.doi.org/10.3847/1538-4357/aaa6ce
http://dx.doi.org/10.1088/0004-637X/815/1/22
http://dx.doi.org/10.1088/0004-637X/788/2/121
http://dx.doi.org/10.1093/mnras/stv1211
http://dx.doi.org/10.3847/1538-4357/accbb7
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
http://dx.doi.org/10.1093/mnras/sty2206
http://dx.doi.org/10.1093/mnras/stad2559
http://dx.doi.org/10.1093/mnras/stx2687
http://dx.doi.org/10.1093/mnras/staa938
http://dx.doi.org/10.1016/j.jcp.2005.02.017
http://dx.doi.org/10.1051/0004-6361/201117855
http://dx.doi.org/10.1093/mnras/sty618
http://dx.doi.org/10.1093/mnras/stx3040
http://dx.doi.org/10.1093/mnras/stz2306
http://dx.doi.org/10.1093/mnras/staa2419
http://arxiv.org/abs/2205.08163
http://dx.doi.org/10.1093/mnras/stad3410
http://dx.doi.org/10.3847/1538-4357/ab0654
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1093/mnras/stx3112
http://dx.doi.org/10.1093/mnras/stz2338
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1093/mnras/stae237
http://dx.doi.org/10.1051/0004-6361:20053116


The effect of cosmic rays on the CGM 65 

R  

R  

R  

R
R
R  

S
S
S
S
S
S
S
S  

S  

T
T
T
T

T
T
T  

T  

T
T  

T  

U  

v  

V
W
W
W
Z
Z

T

©
P
(

D
ow

nloaded from
 https://acad
odr ́ıguez Montero F. , Martin-Alvarez S., Slyz A., Devriendt J., Dubois Y.,
Sijacki D., 2023, MNRAS , preprint ( arXiv:2307.13733 ) 

osdahl J. , Blaizot J., Aubert D., Stranex T., Teyssier R., 2013, MNRAS ,
436, 2188 

osdahl J. , Schaye J., Dubois Y., Kimm T., Teyssier R., 2017, MNRAS , 466,
11 

osdahl J. et al., 2022, MNRAS , 515, 2386 
osen A. , Bregman J. N., 1995, ApJ , 440, 634 
udie G. C. , Steidel C. C., Pettini M., Trainor R. F., Strom A. L., Hummels

C. B., Reddy N. A., Shapley A. E., 2019, ApJ , 885, 61 
alem M. , Bryan G. L., Corlies L., 2016, MNRAS , 456, 582 
chaye J. et al., 2015, MNRAS , 446, 521 
chroetter I. et al., 2016, ApJ , 833, 39 
chroetter I. et al., 2019, MNRAS , 490, 4368 
chroetter I. et al., 2021, MNRAS , 506, 1355 
emenov V. A. , Kravtsov A. V., Caprioli D., 2021, ApJ , 910, 126 
pringel V. et al., 2018, MNRAS , 475, 676 
trong A. W. , Moskalenko I. V ., Ptuskin V . S., 2007, Annu. Rev. Nucl. Part.

Sci. , 57, 285 
uresh J. , Nelson D., Genel S., Rubin K. H. R., Hernquist L., 2019, MNRAS ,

483, 4040 
chern yshyo v K. et al., 2023, ApJ , 949, 41 
eyssier R. , 2002, A&A , 385, 337 
eyssier R. , Fromang S., Dormy E., 2006, J. Comput. Phys. , 218, 44 
homas T. , Pfrommer C., 2019, MNRAS , 485, 2977 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
homas T. , Pfrommer C., Pakmor R., 2023, MNRAS , 521, 3023 
oro E. F. , Spruce M., Speares W., 1994, Shock Waves , 4, 25 
rebitsch M. , Blaizot J., Rosdahl J., Devriendt J., Slyz A., 2017, MNRAS ,

470, 224 
rotta R. , J ́ohannesson G., Moskalenko I. V., Porter T. A., Ruiz de Austri R.,

Strong A. W., 2011, ApJ , 729, 106 
umlinson J. , Peeples M. S., Werk J. K., 2017, ARA&A , 55, 389 
urner M. L. , Schaye J., Steidel C. C., Rudie G. C., Strom A. L., 2014,

MNRAS , 445, 794 
weed D. , Devriendt J., Blaizot J., Colombi S., Slyz A., 2009, A&A , 506,

647 
¨ bler H. , Naab T., Oser L., Aumer M., Sales L. V., White S. D. M., 2014,

MNRAS , 443, 2092 
an de Voort F. , Springel V., Mandelker N., van den Bosch F. C., Pakmor R.,

2019, MNRAS , 482, L85 
eilleux S. et al., 2022, ApJ , 926, 60 
erk J. K. et al., 2014, ApJ , 792, 8 
erk J. K. et al., 2016, ApJ , 833, 54 
iener J. , Pfrommer C., Oh S. P., 2017, MNRAS , 467, 906 

abl J. et al., 2019, MNRAS , 485, 1961 
abl J. et al., 2020, MNRAS , 492, 4576 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 530, 52–65 (2024) 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 

em
ic.oup.com

/m
nras/article/530/1/52/7638212 by guest on 05 M

ay 2024

http://dx.doi.org/10.48550/arXiv.2307.13733
http://arxiv.org/abs/2307.13733
http://dx.doi.org/10.1093/mnras/stt1722
http://dx.doi.org/10.1093/mnras/stw3034
http://dx.doi.org/10.1093/mnras/stac1942
http://dx.doi.org/10.1086/175303
http://dx.doi.org/10.3847/1538-4357/ab4255
http://dx.doi.org/10.1093/mnras/stv2641
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.3847/1538-4357/833/1/39
http://dx.doi.org/10.1093/mnras/stz2822
http://dx.doi.org/10.1093/mnras/stab1447
http://dx.doi.org/10.3847/1538-4357/abe2a6
http://dx.doi.org/10.1093/mnras/stx3304
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123011
http://dx.doi.org/10.1093/mnras/sty3402
http://dx.doi.org/10.3847/1538-4357/acc86a
http://dx.doi.org/10.1051/0004-6361:20011817
http://dx.doi.org/10.1016/j.jcp.2006.01.042
http://dx.doi.org/10.1093/mnras/stz263
http://dx.doi.org/10.1093/mnras/stad472
http://dx.doi.org/10.1007/BF01414629
http://dx.doi.org/10.1093/mnras/stx1060
http://dx.doi.org/10.1088/0004-637X/729/2/106
http://dx.doi.org/10.1146/annurev-astro-091916-055240
http://dx.doi.org/10.1093/mnras/stu1801
http://dx.doi.org/10.1051/0004-6361/200911787
http://dx.doi.org/10.1093/mnras/stu1275
http://dx.doi.org/10.1093/mnrasl/sly190
http://dx.doi.org/10.3847/1538-4357/ac3cbb
http://dx.doi.org/10.1088/0004-637X/792/1/8
http://dx.doi.org/10.3847/1538-4357/833/1/54
http://dx.doi.org/10.1093/mnras/stx127
http://dx.doi.org/10.1093/mnras/stz392
http://dx.doi.org/10.1093/mnras/stz3607
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODS
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

