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ABSTRACT

This study explores the dynamical impact of cosmic rays (CRs) in Milky Way-like galaxies using the Rhea simulation suite. Cosmic
rays, with their substantial energy density, influence the interstellar medium (ISM) by supporting galactic winds, modulating star
formation, and shaping ISM energetics. The simulations incorporate a multiphase ISM, self-consistent CR transport in the advection-
diffusion approximation, and interactions with magnetic fields to study their effects on galaxy evolution. Key findings reveal that CRs
reduce star formation rates (SFRs) and drive weak, but sustained outflows with mass-loading factors of ∼0.2, transporting a substantial
fraction (20%−60%) of the injected CR energy. These CR-driven outflows are launched not just from the galactic center, but across
the entire disk, illustrating their pervasive dynamical influence. Galactic disks supported by CRs exhibit broader vertical structures
compared to magnetic-field-dominated setups, although the scale heights are similar. CR feedback enhances magnetic flux transport
to the circumgalactic medium (CGM), leading to a magnetically enriched CGM with field strengths of ∼0.5µG, while reducing gas
temperatures to .105 K. The CR energy is relatively smoothly distributed in the disk, with gradient lengths exceeding the typical size
of molecular clouds, indicating that the CR behavior is not adiabatic.
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1. Introduction

Cosmic rays (CRs) are charged particles, which are pre-
dominantly accelerated via diffusive shock acceleration
(DSA; Krymskii 1977; Axford et al. 1978; Bell 1978a,b;
Blandford & Ostriker 1978). In the interstellar medium (ISM),
the main accelerators are supernova remnants (SNRs), in
which CRs reach relativistic speeds. CRs are an integral
component of the ISM and might hold the key for some of
the unanswered questions in galaxy formation and evolution.
The energy density of CRs is roughly in equipartition with
the thermal, magnetic, and kinetic components (Ferrière 2001;
Cox 2005; Naab & Ostriker 2017), meaning they can have a
significant dynamical impact on the ISM (Strong et al. 2007;
Grenier et al. 2015; Klessen & Glover 2016). They heat and
? Corresponding author.

ionize gas, thereby regulating star formation (e.g., Uhlig et al.
2012; Butsky & Quinn 2018; Dashyan & Dubois 2020), play-
ing a central role in astrochemistry (Albertsson et al. 2018;
Padovani et al. 2018, 2020; Phan et al. 2018). They have also
been suggested to be able to launch and support galactic
outflows (Breitschwerdt et al. 1991; Dorfi & Breitschwerdt
2012; Booth et al. 2013; Salem et al. 2014; Girichidis et al.
2016, 2018; Ruszkowski et al. 2017), which are ubiquitous in
galaxies both in our nearby Universe and at higher redshift as
well (Veilleux et al. 2005; Steidel et al. 2010).

Feedback processes in galaxies heat and eject gas, thereby
lowering the amount of available cold gas to form stars. Effective
stellar feedback is needed to explain the low star formation effi-
ciencies that we observe in typical spiral galaxies (Moster et al.
2013; Krumholz 2014; Utomo et al. 2018). Thermally driven
feedback, such as energy input from stellar winds or supernovae
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(SNe), has the problem of efficient cooling, which lessens its
impact, particularly in environments with high gas densities.
CRs on the other hand have much longer cooling times com-
pared to radiative cooling of thermal plasma, and are dynami-
cally coupled to the gas through their scattering off of gyroreso-
nant electromagnetic waves, allowing them to impart energy and
momentum to the ISM (see, e.g., Ruszkowski & Pfrommer 2023
for a review). This, together with the rapid diffusion of CRs out
of the disk, allows them to successfully transport SN energy to
regions of low-density gas above the disk, where they can estab-
lish pressure gradients that can accelerate and sustain galactic
winds.

The dynamical impact of CRs and, in particular, their
ability to launch outflows has been demonstrated in numerical
simulations using a variety of setups. Simulations on inter-
stellar scales that have the ability to resolve the multiphase
ISM (Girichidis et al. 2016, 2018; Simpson et al. 2016, 2023;
Rathjen et al. 2021; Thomas et al. 2025; Sike et al. 2024),
models of isolated galaxies (Uhlig et al. 2012; Hanasz et al.
2013; Pakmor et al. 2016a; Jacob et al. 2018; Butsky & Quinn
2018; Dashyan & Dubois 2020; Girichidis et al. 2022, 2024;
Peschken et al. 2021; Thomas et al. 2023), and cosmologi-
cal zoom-in simulations (Salem et al. 2014; Hopkins et al.
2020; Buck et al. 2020; Rodríguez Montero et al. 2024;
DeFelippis et al. 2024) have all reported that CRs thicken the
galactic disk, reduce star formation, and support galactic winds.

As CRs gyrate and move along magnetic field lines, they
transport the CRs relative to the thermal gas, allowing them to
launch outflows. The specifics of the transport of CRs have a
big impact on the efficacy of CR feedback (Wiener et al. 2017;
Butsky & Quinn 2018; Dashyan & Dubois 2020; Semenov et al.
2021). However, the physical details of this process are not yet
fully understood. A gray or “one-moment” approach is often
adopted, where only the total integrated CR energy is evolved
and the CR population is fully described by only the CR energy
(Hanasz et al. 2021; Ruszkowski & Pfrommer 2023). The CRs
are then transported via diffusion or streaming, where a con-
stant diffusion coefficient is assumed in the case of the former.
However, this scenario fails to account for all the complexi-
ties of CR transport, which might be important. For example,
the diffusion coefficient, which determines the rate of CR trans-
port, could vary in different phases of the ISM (Armillotta et al.
2021, 2024). For these reasons, there have been efforts to imple-
ment a more realistic two-moment approach, where the diffu-
sion coefficient is self-consistently calculated and CR transport
allows for a combination of streaming and diffusion (Jiang & Oh
2018; Thomas & Pfrommer 2019; Thomas et al. 2023). There
are now also numerical simulations that move away from the
gray approach by evolving the full CR spectra to account for
the energy-dependence of CR transport (Girichidis et al. 2020,
2022, 2024; Hopkins et al. 2022).

Observational constraints provide important insights into
CR transport and feedback processes, which informs and com-
plements numerical simulations. Galactic CRs can be directly
detected at Earth, which allows for their transport processes to
be probed (Strong et al. 2007; Evoli et al. 2008; Kissmann 2014;
Werhahn et al. 2021a; Hopkins et al. 2022). In addition, they can
be indirectly detected through their interaction with the ambient
gas. Neutral pions are created in collisions between CR protons
and gas particles, which quickly decay into gamma rays. In par-
ticular, the far-infrared (which probes the star formation) and
gamma-emission relation allows for a probing of the dynami-
cal impact of CRs through the calorimetric fraction, which is the
fraction of CR energy that is lost to emission before the CRs have

time to escape their host galaxies. This relation has also been
successfully modeled in simulations (Pfrommer et al. 2017a;
Chan et al. 2019; Buck et al. 2020; Werhahn et al. 2021b, 2023),
demonstrating how numerical approaches can help us interpret
gamma ray observations to understand CR physics (however, see
Kempski & Quataert 2022, for challenges in interpreting local
CR data). Thanks to instruments such as Fermi LAT, we have
access to numerous observations of the diffuse gamma emis-
sion in our own Galaxy and from nearby galaxies. In contrast
to the gamma-ray observations, radio telescopes are much more
sensitive and enable observations at greater angular resolution.
This makes it a prime observational tool for inferring CR trans-
port properties via scaling relations and the individual spec-
tra of radio intensity (Thompson et al. 2006; Lacki et al. 2010;
Werhahn et al. 2021c; Pfrommer et al. 2022) as well as polariza-
tion (Chiu et al. 2024). However, the radio synchrotron emission
is degenerate with the magnetic field strength. It remains chal-
lenging to separate the thermal free-free emission and absorption
from the intrinsic non-thermal radio emission, which probes CR
physics.

The wealth of observations available for comparison to
makes the Milky Way an especially interesting object of study.
This was the motivation behind the Rhea simulations, a simula-
tion suite of isolated, Milky Way-like galaxies that has been care-
fully designed to reproduce key qualities of the Milky Way. The
galaxies are all main sequence spiral galaxies of similar mass
and size to the Milky Way, with star formation rates (SFRs) that
match what is observed in the Milky Way (Göller et al. 2025).
The simulations include a multiphase ISM that allows us to study
how the dynamics are affected at different locations in the disk
(e.g., as introduced by Tress et al. 2020 or Sormani et al. 2020).
In this paper, the first in a series, we analyze four simulations
from this suite to specifically investigate the dynamical impact
of CRs on Milky-Way-like galaxies.

The outline of the paper is as follows. In Section 2, we
describe the setup of our simulations of Milky Way-like galaxies
and the implementation of CRs. In Section 3, we start present-
ing our results by investigating the impact of CRs on global disk
properties such as morphology, ISM structure, and star forma-
tion. We discuss the different energy components in the ISM and
circumgalactic medium (CGM) in Section 4. The outflows in our
galaxies and their impact on vertical structure are analyzed in
Section 5, where we also investigate important properties such
as the mass and energy loading factors of the winds. We present
a discussion in Section 6 and our conclusions in Section 7.

2. Simulation setup

2.1. The Rhea simulations

The simulations analyzed in this work are a part of the Rhea
suite of simulations of Milky Way-like galaxies. Full details of
the Rhea simulations are provided by Göller et al. (2025). Here,
we only summarize the most important points of the setup, the
chemistry, and the implementation of star formation and stellar
feedback in the form of SNe.

All Rhea simulations were performed using Arepo
(Springel 2010; Pakmor et al. 2016b; Weinberger et al. 2020), a
magnetohydrodynamical (MHD) code implemented on a mov-
ing mesh. Arepo assumes ideal MHD in a non-cosmological
environment, which has been found to result in magnetic
fields in Milky Way-sized galaxies comparable to observational
inferences (e.g., Pakmor et al. 2017, 2020). To ensure stabil-
ity in more dynamic environments, the code employs a Powell
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eight-wave scheme for divergence cleaning (Powell et al. 1999;
Pakmor et al. 2011; Pakmor & Springel 2013). Together with a
two-fluid approximation composed of thermal gas and CRs, the
fundamental conservation laws that Arepo solves can be written
in Gaussian cgs units as (Pfrommer et al. 2017b):

∂ρ

∂t
+ ∇ · (ρu) = 0, (1)

∂(ρu)
∂t

+ ∇ ·

(
ρuuT + PI −

BBT

4π

)
= −ρ∇Φ, (2)

∂e
∂t

+ ∇ ·

[
(e + P)u −

B(u · B)
4π

]
= −ρ(u · ∇Φ) + Pcr∇ · u − ust · ∇Pcr + Λth + Γth, (3)

∂ecr

∂t
+ ∇ · [ecru + (ecr + Pcr)ust − κb(b · ∇ecr)]

= −Pcr∇ · u + ust · ∇Pcr + Λcr + Γcr, (4)
∂B
∂t

+ ∇ · (BuT − uBT) = 0, (5)

where ρ is the gas density, u is the gas velocity, and B is the mag-
netic field vector. The unit field vector along the magnetic field
is defined as b = B/|B|. The gravitational potential Φ consists
of three components summed together: an external flat potential,
the self-gravity of the gas, and the potential generated by the star
particles, which are described in detail below. The CR pressure
and energy density are denoted as Pcr and ecr, respectively, and
κ signifies the CR diffusion coefficient along the magnetic field.
The streaming velocity, ust, is defined as

ust = −uA sign(B · ∇Pcr) = −
B√
4πρ

B · ∇Pcr

|B · ∇Pcr|
, (6)

where uA is the Alfvén velocity. Sources and sinks of thermal and
CR energy density are denoted by Γth/cr and Λth/cr, respectively.
The total pressure, P, and the total energy density, e, (excluding
CRs) are defined as:

P = Pth + Pcr +
B2

8π
, (7)

e = eth +
ρu2

2
+

B2

8π
· (8)

The CR energy density, ecr, is evolved separately following
Equation (4), but without explicitly accounting for CR stream-
ing. However, we account for the effective energy losses due to
CR streaming, as explained below. To close the system of equa-
tions we needed an equation of state, where we adopted an adia-
batic index of γth = 5/3 for the thermal component and γcr = 4/3
for the relativistic CR component.

The chemistry was modeled using the NL97 non-equilibrium
chemical network from Glover & Clark (2012), which follows
the hydrogen chemistry of the ISM and includes a highly sim-
plified treatment of CO formation and destruction based on
Nelson & Langer (1997). This network allows us to track the
abundances of ionized, atomic, and molecular hydrogen, as well
as carbon monoxide and singly ionized carbon, which we used
as input for the atomic and molecular cooling function described
in Clark et al. (2019). We adopted a fixed CR ionization rate of
ζCR = 3× 10−17 s−1 for atomic hydrogen; values for other species
(e.g., H2) were derived from this rate by applying appropriate
scaling factors from the UMIST database (Le Teuff et al. 2000).
We note that the variations in the CR energy density could also
alter the CR ionization rate at low CR energies. However, the

spectral connection between the GeV CRs that we follow in the
simulations and the low-energy CRs responsible for the ioniza-
tion rate is non-trivial. A simple rescaling based on the energy
has been tested in Girichidis et al. (2018) without significant
impact on the formation of cold gas. A scaling of the ionization
rate based on the total integrated CR energy density in combina-
tion with a local column density reflecting the scaling in obser-
vations (e.g., Padovani et al. 2022) will be left to a future work.

The star formation recipe used in the Rhea simulations
employs collisionless star particles. At the resolution used in this
study, each of these star particles actually represents a small stel-
lar population. A cell in the simulation is flagged as potentially
star-forming once the mass of the cell exceeds one-eighth of its
Jeans mass. A star particle is created either if the cell’s gas mass
exceeds its Jeans mass, or stochastically, with a probability, P,
derived as in Springel & Hernquist (2003):

λ = SFR
∆t

Mcell
, (9)

P =
Mcell

MstarP

(
1 − exp(−λ)

)
, (10)

where ∆t is the timestep of the cell, Mcell is the mass of gas
in the cell, and MstarP is the desired mass of the star particle,
which equals Mcell in most cases. However, if the mass of the
cell exceeds the imposed mass resolution of 3000 M� by more
than a factor of 2, so that it would have been split into 2 in the
next time step, only half of the cell’s mass is converted into stars
while the other half remains as gas. The time step of star-forming
cells is adjusted so that P < 1 always. If a gas cell is converted
into a star particle, it is populated with individual stars by sam-
pling from the high-mass end of the Kroupa initial mass function
(IMF) using the algorithm described in Sormani et al. (2017).
Stars with masses between 8 M� and 120 M� eventually explode
as SNe, injecting momentum or energy into their surroundings
depending on whether or not the radius of the SNR at the end of
the Sedov-Taylor phase (rST) exceeds the injection radius (rinj).
The injection radius (i.e., the radius of the spherical volume into
which the SN feedback is injected) was set to 100 pc, where we
ensured a sufficient number of cells within that region. If rST >
rinj, an energy of 1051 erg was injected isotropically into this vol-
ume and the chemical composition is immediately changed to
fully ionized. Otherwise, no thermal energy is injected; instead,
a momentum of p = 2.6 × 105

(
n

cm−3

)−2/17
M� km s−1 (derived in

e.g., Gatto et al. 2015) was injected into the cells in the injection
region, where n is the gas number density.

2.2. Cosmic rays

The main difference between the simulations analyzed in this
work and those in Göller et al. (2025) is that our new simulations
include CRs and magnetic fields. In this section, we describe the
implementation of CRs in our simulations, largely following the
procedure proposed by Pfrommer et al. (2017b). As previously
mentioned, CRs are included as a second fluid in addition to the
thermal gas, where the CR fluid is modeled with a constant adia-
batic index of γcr = 4/3. This is a so-called gray approach, where
we only followed the momentum-integrated total CR (proton)
energy density. Due to the computational cost of a CR transport
model that takes the energy-dependence into account, we leave
that to a future work and discuss more sophisticated approaches
in Section 6.3.

The term Γcr in Equation (4) represents sources of CRs,
which we took to be the CR injection in SNe to account for
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unresolved subgrid DSA at SNR shocks. In each SN, we injected
1050 erg as CRs (i.e., 10% of the total explosion energy) into the
same cells into which we inject the thermal energy.

We accounted for both the advection and diffusion of CRs,
where diffusion occurs parallel to the magnetic field using a con-
stant diffusion coefficient of κ = 4 × 1028 cm2 s−1. This value
is consistent with what is found from comparing to observa-
tional data in the Milky Way, which leads to an estimated dif-
fusion coefficient of (3−5) × 1028 cm2 s−1 for CRs at ∼1 GeV
(Strong et al. 2007). We note, however, that this number depends
on several assumptions and might be highly degenerate.

The term Λcr represents the energy sinks of CRs, where we
account for hadronic and Coulomb losses. The most important
hadronic interaction is a CR proton interacting with a thermal
proton (either single or bound in a heavier nucleon) and generat-
ing pions, which decay and produce various secondaries as well
as gamma rays. The hadronic loss rate assumes a uniform CR
spectrum where injection balances the various losses, yielding:

Λhadr = −7.44 · 10−16
( ne

cm−3

) ( ecr

erg cm−3

)
erg s−1 cm−3, (11)

where ne is the number density of free electrons. Unlike
Coulomb losses, most of the energy lost to hadronic interac-
tions escapes as gamma rays and neutrinos instead of heating
the gas. Specifically, 5/6 of the energy is radiated, while the rest
goes into heating. A CR ion that is deflected by the Coulomb
field of an electron in the background plasma will be acceler-
ated, resulting in bremsstrahlung emission, which cools the ion.
In Arepo, the Coulomb loss rate of a CR population is defined
as (Pfrommer et al. 2017b)

ΛCoul = −2.78 · 10−16
( ne

cm−3

) ( ecr

erg cm−3

)
erg s−1 cm−3. (12)

All of the energy lost in Coulomb interactions goes into heating
the surrounding ISM.

In addition, we also accounted for Alfvén cooling, which is
a way of emulating the losses due to streaming, which are not
explicitly included (Wiener et al. 2017). Diffusion is an energy-
conserving process, while streaming is not. The CR stream-
ing instability resonantly excites Alfvén and whistler waves
(Kulsrud & Pearce 1969; Shalaby et al. 2021, 2023), which scat-
ter the CRs in pitch angle. In a steady state, these waves are
damped by some process (such as ion-neutral damping or non-
linear Landau damping), which will transfer energy to the gas
(see Ruszkowski & Pfrommer 2023, for an extended review
of the underlying physics). Therefore, the streaming instabil-
ity is an indirect way for CRs to transfer their energy to the
gas. Streaming effectively reduces the mean CR transport speed
ust to the Alfvén speed uA. The cooling rate is expressed as
(Wiener et al. 2013)

ΛA = ust · ∇Pcr. (13)

2.3. Simulation details

For each simulated galaxy, we start with a smooth gaseous disk
and no stars, with a density distribution given by

ρgal

(
Rgal, z

)
=

Σ0

4zd
exp

(
−

Rm

Rgal
−

Rgal

Rd

)
sech2

(
z

2zd

)
, (14)

in cylindrical coordinates (McMillan 2017; Sormani et al. 2019),
with zd = 85 pc, Rd = 7 kpc, Rm = 1.5 kpc, and Σ0 = 50 M�/pc2.

The total gas mass is 1.2 × 1010 M�, making all our galaxies
Milky Way-like (e.g., Bland-Hawthorn & Gerhard 2016). The
velocity of the cells is imposed by an external flat gravitational
potential that does not include spiral arm or bar features and
which results in a flat velocity curve (Binney & Tremaine 2008).
Our simulation box has a volume of 1503 kpc3 and periodic
boundary conditions. Initially, all the gas in the box has a tem-
perature of 104 K, with 99.9% of the gas mass being located in
the disk (r ≤ 30 kpc, h ≤ 1 kpc). The mass resolution of our sim-
ulations is 3000 M� and the minimum and maximum allowed
cell volume is 1 pc3 and 2 kpc3, respectively; except in the disk
(r ≤ 30 kpc, h ≤ 1 kpc), where the maximum cell volume is lim-
ited to (100 pc)3. Additional volume refinement must be applied
if the maximum cell volume is exceeded, as described in more
detail in Appendix A.

All of our simulations include magnetic fields. The mag-
netic field was initialized as a purely toroidal field, with an ini-
tial field strength, B0, of either 3 µG or 3 nG at a density of
ρ0 = 10−24 g cm−3 (i.e., at the mean ISM density). We want
to investigate the impact that the magnetic field has on the CR
transport and, for that reason, we considered two different val-
ues. In our naming convention, we added “-low” to the names
of the simulations that use the weaker (3 nG) magnetic field.
The field is scaled with the gas density as B = B0(ρ/ρ0)α.
For super-Alfvénic turbulence, a scaling with α = 2/3 (Mestel
1966) is expected. Sub-Alfvénic motions result in a scaling
with α = 1/2 (Chandrasekhar & Fermi 1953) or α ≤ 1/2
(Mouschovias & Ciolek 1999). Our setup is missing the mag-
netic field amplification via a turbulent magnetic dynamo driven
by the interaction of gas accretion and galactic outflows in
the CGM over cosmological times. To avoid finding artificially
strong outflows as a result of the missing magnetic energy in
the CGM, we applied a scaling of α = 1/3. For the strong field
with B0 = 3 µG, this results in magnetic field strengths of the
order of 1 µG at a height of 10 kpc above the midplane, which is
comparable to cosmological simulations of Milky-Way systems
(e.g., Pakmor et al. 2020, 2024). We note that the field in this
case is not self-consistently amplified via the hydrodynamical
evolution. On the contrary, the model with B0 = 3 nG has a sig-
nificantly weaker field in the CGM. The resulting outflows can
therefore penetrate easier to large heights above the disk. How-
ever, the evolution of the simulations, the resulting field strengths
and configuration will evolve self-consistently. We further dis-
cuss the field strength in Appendix B.

The simulations run for 2 Gyr. During the first gigayear of
evolution, the lifetime of stars is increased from a tenth of their
normal value to their normal value, after which the simula-
tions run for another gigayear. This is so that more turbulence
is induced in the disk early on via SN explosions, which pre-
vents the initially smooth gas disk from immediately collapsing
and forming an unphysically large number of stars that end up
completely rupturing the galaxy by feedback. Additionally, dur-
ing the entire evolution, mass return from the SNe is activated.
This means that, for each SN explosion, a mass of MstarP/NSN is
distributed evenly to the cells within the injection radius, where
MstarP is the mass of the star particle and NSN is the total number
of SNe going off in that star particle. This has the consequence
that no mass is locked up in the star particles; namely, we do
not have gas depletion, nor do we have an old population of star
particles. However, we do account for the gravitational effect of
an old population of stars via the external potential. This phase
is denoted as “phase I” in Göller et al. (2025). Due to the sig-
nificantly higher computational cost of simulations that include
CRs, we ran them for a shorter duration than the simulations
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Table 1. Properties of simulations analyzed in this work.

Name CRs B0
[µG]

MHD No 3
MHD-low No 3 × 10−3

CRMHD Yes 3
CRMHD-low Yes 3 × 10−3

analyzed in Göller et al. (2025), focusing only on the first two
gigayears of evolution.

This work considers four different simulations. We distin-
guish between simulations that include CRs (CRMHD) and con-
trol runs that do not (MHD). We further differentiate between
simulations initialized with a strong and weak magnetic field,
where those with a weak field get “-low” added to their names.
Details of the simulations treated in this work can be found in
Table 1.

3. Galactic disk properties

3.1. Morphological evolution

In this section, we offer an overview of the morphological evo-
lution of our model galaxies. In Figure 1, we show projections
of the gas density for all our simulations at different points in
the evolution. The first three rows depict edge-on projections of
the galactic disk at t = 0.5, 1.0, and 1.5 Gyr, respectively. Addi-
tionally, in the last row we visualize face-on density projections
of the galaxies at t = 1.5 Gyr. We used t = 1.5 Gyr as our fidu-
cial time for many of the figures presented in this work, as we
found that beyond this point there is very little evolution in disk
properties.

In the face-on view of the galaxies, we observe overdense
regions as well as low-density bubbles where SNe have recently
exploded. The strength of the magnetic field has a clear impact
on the size of the star-forming disk. The CRMHD and MHD
galaxies develop star-forming disks of around 15 kpc in radius,
whereas the CRMHD-low and MHD-low galaxies develop larger
disks with radii closer to 20 kpc. The initially weaker magnetic
field in the “-low” simulations results in less magnetic support,
which allows for star formation further out from the center.
The face-on evolution of the galaxies is marginally affected by
the presence of CRs, though there are minor differences. The
CRMHD and CRMHD-low galaxies appear somewhat smoother
than their MHD-counterparts, with fewer low density regions
and overall smaller bubbles. This can be attributed to the CRs
smoothing out overdensities in the gas as they diffuse through
the disk. However, since our diffusion coefficient is relatively
large and the CRs diffuse rapidly this effect is not prominent.
Also, the linear diffusion model does not account for ion-neutral
damping, which reduces the effect of smoothing (Thomas et al.
2025; Sike et al. 2024).

The difference between the simulations, as well as the impact
of CRs, is evident as we look at the edge-on evolution of the
galaxies. Without the inclusion of CR effects, we would develop
quite compact disks, with the lower magnetic field in MHD-low
allowing for a slightly fluffier disk at t = 1.5 Gyr. In the simu-
lations with CRs, however, gas is more effectively pushed into
the CGM as the CRs diffuse outward and establish gas-lifting
pressure gradients above the disk. In the strong B-field case,
this process is gradual, as seen in the evolution of the edge-

on view from t = 0.5−1.5 Gyr, where gas is slowly lifted to
greater heights. In contrast, with the weaker magnetic support
in CRMHD-low, the CRs are able to diffuse out the galaxy much
earlier. By t = 0.5 Gyr, gas has already been lifted further than
20 kpc from the midplane.

We attempted to quantify this effect by looking at the time
evolution of the gas scale height, which we define as the height
in a given radial bin that contains 75% of the total gas mass
in that bin. This quantity is illustrated for various times in the
top panels of Figure 2 for all simulations. The CRMHD-low
and MHD-low galaxies experience some initial fluctuations, but
converge after around 1 Gyr of evolution. These fluctuations are
due to the pressure waves previously mentioned, these are also
responsible for the peak at around r = 19 kpc in the CRMHD
and MHD simulations. In all four galaxies, most of the gas is
well contained within 1 kpc of the midplane, with no substantial
differences between simulations with and without CRs, despite
the noticeable effects seen in Figure 1. This is because the gas
pushed into the CGM is of very low density, therefore, it does
not significantly affect the scale height.

In particular, the MHD and CRMHD galaxies display quite
prominent ring-like structures surrounding the star-forming disk,
which are magnetosonic waves driven by pressure perturbations
in the inner disk as a result of star formation. We consider these
features in our analysis and note that their presence does not
influence our main conclusions.

Based on the sizes of the star-forming disks and the scale
heights of our galaxies discussed in this section, we define the
region of the disk that we discuss later in this work as a cylinder
with a radius of 20 kpc and a height of 1 kpc centered on the
galactic center; thus, when we refer to, for instance, averages
in the galactic disk, we are referring to averages taken in this
region.

3.2. ISM composition

To illustrate the gas phase distribution of the ISM in our simu-
lations we show the density-temperature histograms in the bot-
tom row of Figure 2, taken at t = 1.5 Gyr. The histograms are
weighted by the gas mass and we have only considered gas in
the disk. We note that the phase plots are visually remarkably
similar between the simulations and show the different phases of
the ISM we would expect to see. Between 70% and 80% of the
mass is contained in the warm neutral medium in the tempera-
ture range 5050 K < T < 2×104 K (Kim & Ostriker 2018), with
20%−30% of the mass contained in the cold neutral medium
at lower temperatures (consistent with observational data, see,
e.g., Ferrière 2001 or Klessen & Glover 2016). The regions in
the galaxies with very hot, low-density gas are recently formed
SN bubbles. The CR-simulations are truncated at slightly larger
gas densities than their MHD counterparts. For example, there is
barely any gas with ρ < 10−28 g cm−3 in CRMHD-low, unlike
in MHD-low. This is consistent with the somewhat smoother
appearance of the CRMHD-galaxies we noted in the previous
section. The CRs tend to wash out thermal pressure gradients as
they diffuse out from their injection sites, resulting in fewer SNe
exploding in low-density environments that create large, low-
density bubbles.

3.3. CR energy distribution

In Figure 3, we illustrate how the CR energy density is dis-
tributed in our simulations CRMHD and CRMHD-low. In the
left column we plot the CR energy density against gas density,
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Fig. 1. Evolution of our simulations. In each column we show edge-on maps of the column density for one simulation at three different times:
t = 0.5, 1.0, and 1.5 Gyr. In the last row, we also show the face-on view of the column density at t = 1.5 Gyr. The simulations with an initially
smaller magnetic field develop much larger star-forming disks due to the weaker magnetic support. The inclusion of CRs leads to a more fluffed
up disk as the CRs diffuse out and drives a galactic outflow that is stronger in the initially weak-field model CRMHD-low.

while the right column shows the CR energy density distribution
plotted against the gas temperature. All histograms are weighted
by the gas mass and, once again, only gas in the disk is con-
sidered here. We also indicate the median CR energy density
as dashed black lines. In the CRMHD simulation we have more

low-energy CRs than in the CRMHD-low case, leading to a min-
imum in the median CR energy density at around T = 104 K.
This is because the star-forming disk is smaller in the CRMHD-
simulation, meaning we are including some regions in the out-
skirts of the galaxy, where no star formation is taking place.
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Fig. 2. Top: Evolution of the scale height (height above the disk that encloses 75% of the total gas mass at a given radius) for our four simulations. In
all cases the scale height eventually converges, at which point the gas mass is well contained within 1 kpc of the midplane. Bottom: Temperature-
density histograms for our simulations at t = 1.5 Gyr, weighted by the gas mass and limited to a disk of radius of r = 20 kpc and height of
h = 1 kpc.

For adiabatic changes to the CR energy, due to either com-
pression or expansion of the gas, we expect the CR energy
density to scale with the gas density as ecr ∝ ρ4/3 (e.g.,
Girichidis et al. 2024), where γ = 4/3 is the adiabatic index
of the CR fluid. We visualize this scaling in Figure 3 using
solid gray lines. In our CRMHD galaxy we see a positive cor-
relation between the CR energy density and the gas density,
which is somewhat similar to the analytical relation at lower
densities; however, the distributions flattens at higher densities
(ρ & 10−24 g cm−3), completely deviating from the ρ4/3 scaling.
In both simulations there is a large spread around the median
value. In the CRMHD-low galaxy there is a weak positive cor-
relation, but the average CR energy density is overall remark-
ably flat with gas density and unlike the adiabatic scaling. This
tells us that the CRs in our galaxies do not behave adiabatically
and, instead, their collective thermodynamic properties are dom-
inated by non-adiabatic interactions between the CRs and the
thermal gas, such as hadronic losses. CR diffusion also has the
effect of flattening the CR energy density distribution, particu-
larly at higher densities.

We investigate this point further by calculating the CR diffu-
sion length, defined as Lcr = ecr/|∇ecr|, as well as the CR diffu-
sion timescale, defined as

tdiff =
Lcr

vdiff
· (15)

The diffusion length can be thought of as the typical distance
CRs have spread to. The CR diffusion speed vdiff is defined as in
Girichidis et al. (2024) as

vdiff = −κ
b · ∇Pcr

Pcr
, (16)

where κ is the CR diffusion coefficient that we have set to
4 × 1028 cm2 s−1 in all our simulations with CRs. In the sec-
ond and third rows of Figure 4, we show face-on and edge-on
slices through the midplane of Lcr and tdiff/tff at t = 1.5 Gyr,
where tff =

√
3π/32Gρ is the free-fall time. The ratio tdiff/tff

therefore assesses how the timescale that CRs act on compares
to the timescale on which dense structures collapse. We see from
the figure that in most of the disk the diffusion length is around
1 kpc, which is much larger than the typical scale of molecu-
lar clouds, for example. The diffusion of CRs through the disk
weakens the CR pressure gradients in the galaxy, resulting in
large diffusion lengths after 1.5 Gyr of evolution. One exception
is SN-driven bubbles, where CRs have recently been injected and
the gradients are still strong. The interpretation of the timescales
requires a more careful explanation. A long diffusion timescale
corresponds to small normalized CR gradients and, thus, small
diffusive speeds. This suggests that CRs will behave adiabati-
cally since local gas motions can exceed the diffusive speeds and
create local CR enhancements or voids. However, the large diffu-
sion coefficients quickly remove local CR overdensities as soon
as they appear due to adiabatic contraction or expansion. As a
result, we do not see an adiabatic behaviour of the CR fluid,
which would scale with ρ4/3, as seen in Figure 3 here as well
as Figure 1 in Girichidis et al. (2024). Effectively, the small CR
gradients result in weaker CR forces compared to local thermal
gradients, meaning that dense structures collapse faster than the
timescales at which CRs act.

In the top row of Figure 4, we also show face-on and edge-on
cuts of the CR energy density at t = 1.5 Gyr. In the cavities left
by SNRs the CR energy density is low, which is an artifact of the
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Fig. 3. Distribution of the CR energy density as a function of density (left column) and temperature (right column) at t = 1.5 Gyr, weighted by the
gas mass. Overlaid is the median CR energy density in each gas density bin (dashed line). Additionally, in the two leftmost panels, we show the
analytical scaling that assumes adiabatic CRs (solid gray line).

CR energy injection scheme. As was clear in the column density
maps of Figure 1, the CRMHD-low simulation results in a larger
star-forming disk. In the edge-on maps in the right panels, we
can clearly see the effect of the lower initial magnetic field in the
CRMHD-low galaxy. Due to the weaker magnetic field, the CRs
have diffused far into the CGM. As we can see in Figure 1, this
occurs early on in the simulation (t . 0.5 Gyr). We also note the
existence of two cones of very low CR energy emerging from the
center of the galaxy, where the CRs have been transported away.
The outflows in our simulations are discussed in more detail in
Section 5.

3.4. Star formation rate

We compare the SFRs from our four simulations in Figure 5. In
the left panel, we show the time evolution of the total SFR for
all of our simulations, while in the right panel, we show the SFR
surface density (SFRD) as a function of galactocentric radius,
averaged over t = 0.5−2.0 Gyr. In the evolution of the SFR of
the MHD and CRMHD runs, we can see the effect of the com-
plete mass return in SNe (recall Section 2.3 for further details),
as the SFRs do not exhibit the decrease over time as would oth-
erwise be expected if gas were to be continually depleted. An
example of this can b seen in Fig. 8 in Göller et al. (2025). The
MHD-low and CRMHD-low galaxies start off with a strong ini-
tial burst of star formation and then a weakly decreasing SFR
over the 2 Gyr, likely because over the evolution the magnetic
field builds up to similar values as in the CRMHD and MHD
cases. The stronger magnetic field in the CRMHD and MHD

galaxies leads to a later onset of star formation, as the gravita-
tional collapse of gas must fight the pressure provided by the
magnetic fields. At all times the SFR of the simulations with
CRs lies below that of the corresponding MHD simulations with
the same initial magnetic field strength, showing that the addi-
tional pressure from CRs makes it more difficult to form stars.
The global SFR in the MHD and MHD-low simulations aver-
aged over t = 0.5−2.0 Gyr is 1.2 and 2.1 M� yr−1, respectively.
For CRMHD and CRMHD-low the average SFR in this time
frame is 0.62 and 0.96 M� yr−1, respectively. These values are
consistent with observations that suggest the SFR of the Milky
Way lies between 1−2 M� yr−1 (e.g., Licquia & Newman 2015;
Elia et al. 2022), although the SFR in the CR-simulations fall on
the lower end.

A similar behavior can be observed in the SFR density,
shown in the right panel of Figure 5. The inclusion of CRs gives
a lower SFRD at all radii, with the median SFRD decreasing
by 64% and 14% in MHD and CRMHD and MHD-low and
CRMHD-low, respectively. In the MHD and CRMHD galaxies,
the SFRD drops off rapidly at a radius of about 15 kpc; whereas
in the MHD-low and CRMHD-low galaxies we have star for-
mation out to around 23 kpc, consistent with what we see in
Figure 1.

4. Energy distribution in the disk

To examine the dominant energy components in our galaxies,
we used face-on cuts through the midplane of various energy
ratios at t = 1.5 Gyr in Figure 6. From left to right, we show our
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Fig. 4. From top to bottom: Face-on and edge-on slices through the midplane of the CR energy density, ecr, the CR diffusion length, Lcr, and the
ratio of the CR diffusion timescale, tdiff , to the free-fall timescale, tff , for the CRMHD and CRMHD-low galaxies.

different simulations, and from top to bottom, we list the ratio
of thermal to magnetic energy βpl, the ratio of CR to thermal
pressure Xcr, the ratio of thermal to turbulent kinetic energy, and
the ratio of thermal to gravitational potential energy. By conven-
tion, Xcr is defined as a pressure ratio so we keep it that way
for easier comparison with other works, but we note that this is
a factor of 2 smaller than the ratio Ecr/Eth due to the different
adiabatic indices. The kinetic energy in the x−y plane is dom-
inated by galactic dynamics such as rotation, so we used only
the z-component to probe the turbulent kinetic energy. Under
the assumption of isotropic turbulence, the energy in the differ-
ent components should be the same, so that Ekin,turb = 3Ekin,z.
The gravitational potential energy is calculated by Arepo and
includes contribution from self-gravity and the external poten-
tial. Redder areas in the figure denote regions where the ther-
mal energy dominates over the other component and whiter areas
denote regions where there is equipartition between the two ener-
gies. Additionally, in Figure 7, we plot the radial evolution of
these ratios for all our galaxies at t = 1.5 Gyr. For these radial
profiles, we considered cells with h ≤ 1 kpc, plotting only the
median value in each radial bin. The dashed horizontal lines
denote equipartition and the shaded regions denote the 25th and
75th percentile.

The CR energy density is clearly an important energy com-
ponent in the disk, as most of the disk appears blue or blueish in
the face-on maps of Xcr. Regions of presumably relatively recent
SN explosions are thermally dominated, where the CR energy

is 10% of the thermal energy, as per our injection scheme. If
we could resolve the expanding SNR shocks where the CRs
are accelerated, we would likely find that CR pressure domi-
nated over thermal pressure also inside the bubbles, as adiabatic
expansion favors the CR pressure that has a softer equation of
state (Pfrommer et al. 2017b). Nonetheless, in most of the disk
is CR energy dominates over the thermal, turbulent, and mag-
netic components.

We note that in most of the disk the thermal and mag-
netic energy components are comparable, except in the hot,
low-density bubbles created by SNe where the thermal energy
naturally dominates. Surprisingly, it seems as if in the two
galaxies with an initially lower magnetic field, MHD-low and
CRMHD-low, by 1.50 Gyr of evolution the magnetic energy is
stronger in the center compared to the thermal component than
in the MHD and CRMHD runs. This could be due to more effi-
cient magnetic field amplification in the centers of the CRMHD-
low and MHD-low galaxies as a result of the initial phase with
stronger star formation activity (see Figure 5). Looking at the
radial evolution, we see that the thermal component increases
in dominance as we move further out in the disk, but we have
equipartition within one order of magnitude.

The thermal and turbulent kinetic energy are generally com-
patible with no distinctive regions where one or the other domi-
nates. The gravitational potential energy clearly dominates over
the thermal component, as we would expect for disk galaxies
where the gravitational energy is largely balanced by kinetic

A124, page 9 of 22



Kjellgren, K., et al.: A&A, 700, A124 (2025)

0.0 0.5 1.0 1.5 2.0
Time (Gyr)

10−1

100

101

SF
R

(M
�

yr
−

1 )

MHD
MHD-low
CRMHD
CRMHD-low

0 5 10 15 20 25
r (kpc)

10−6

10−5

10−4

10−3

10−2

10−1

SF
R

D
(M
�

yr
−

1
kp

c−
2 )

MHD
MHD-low
CRMHD
CRMHD-low

Fig. 5. Left: SFR of our simulations as a function of time. Right: SFRD as a function of galactocentric radius, averaged over t = 0.5−2.0 Gyr.

energy from the rotation of the galaxy. In the recently exploded
SN bubbles, however, the thermal energy weakly dominates.
This indicates that SN bubbles are able to expand against gravity
and eventually break out of the midplane, generating fountain
flows. There is no major difference between the simulations for
these particular energy ratios. The properties of outflows gener-
ated in our simulations is discussed in the next section.

5. Vertical structure and outflows

In this section, we investigate the vertical structure of our galax-
ies in detail. In particular, we explore the outflow region.

5.1. Vertical gas structure

In Figure 8, we show edge-on cuts through the midplane of
various physical quantities at t = 1.5 Gyr. Each column repre-
sents a different simulation. From top to bottom, we show cuts
through the center of the vertical component of the velocity, vz,
gas temperature, T , gas density, ρgas, ratio of thermal to mag-
netic energy, βpl, and the ratio of CR to thermal pressure, Xcr.
In the MHD and MHD-low galaxies there is a mix of inflowing
and outflowing gas, but no visible coherent outflows. In MHD-
low especially, we clearly see kpc-sized bubbles of fast outflow-
ing material from the entire disk, which result from expanding
SN-driven bubbles that have broken out of the midplane. These
outflows soon fall back onto the galaxy as small fountain flows.
The lack of proper outflows results in a hot, thermally domi-
nated CGM, with a thin disk. In Figure 9, we portray the same
energy ratios as in Figure 7, but now averaged in vertical bins
(r ≤ 20 kpc) to quantify how energy is distributed in the CGM.
In the MHD-galaxies the thermal energy dominates over all
other energy components in the CGM, in particular, the magnetic
energy.

When we include CRs we get cones of hot (T > 106 K),
low-density, fast-moving gas launched from the galactic cen-
ter, with velocities exceeding 100 km/s. This is consistent with
results from other hydrodynamical simulations that also find
bipolar outflows driven by CR pressure (e.g., Pakmor et al.
2016a; Girichidis et al. 2024). Although powered by CRs, the
cones are dominated by thermal pressure rather than CR pres-

sure. They are also rich in magnetic energy despite being full
of hot gas and very few CRs. The magnetic field tends to align
with the outflow cones, resulting in the CRs diffusing very
rapidly in that direction. Apart from the outflow cones, the CR-
galaxies also develop fountain flows and even directly beneath
the cones, there is inflowing gas. Overall, the CGM is denser
than in the MHD case, with a smooth density distribution, in
particular for the CRMHD-low galaxy. However, as we see in
Figure 2, the scale heights of the four galaxies are very sim-
ilar, implying that the gas pushed out into the CGM of the
CR-simulations is of low mass, compared to the mass of the
disk.

The inclusion of CRs leads to a strongly magnetized CGM,
as outflows driven by the CRs break out magnetic field lines out
of the disk, lifting magnetic flux to larger vertical heights (e.g.,
Hanasz et al. 2021). Even when the galaxy was initialized with
a very weak magnetic field, as in CRMHD-low, the magnetic
energy density is comparable to the thermal energy density in
practically the entire CGM. The difference in βpl in the gas above
and below the galactic plane between the CR- and MHD-runs is
clearly visible in Figure 9, where we have βpl = 10−1 and βpl =
1 in CRMHD and CRMHD-low, respectively. This is between
three and four orders of magnitude lower than in the galaxies
without CRs.

The CRs help lift the gas in the entire disk, and subse-
quent fountain flows help with mixing of the gas, resulting
in a much colder CGM than in the pure MHD-case. In this
colder, denser gas we are completely dominated by CR pres-
sure, which supports the gas against condensing and falling
back onto the disk. This behavior is consistent with results from
recent studies which also find that CR feedback leads to cooler
CGMs dominated by CR pressure (Buck et al. 2020; Ji et al.
2020; DeFelippis et al. 2024; Girichidis et al. 2024). In the ver-
tical profile of the CR to thermal pressure in Figure 9, we see
that in the CRMHD galaxy the ratio Xcr peaks at around 5 kpc
above the midplane, with CR pressure almost 100 times that
of the thermal pressure. The ratio decreases as we move fur-
ther away from the center, approaching equipartition at around
h = 20 kpc. In CRMHD-low on the other hand the CR to
thermal pressure ratio is approximately constant up to this
height.
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Fig. 6. Slices through the galactic midplane of various energy ratios at t = 1.5 Gyr. From top to bottom: Ratio of thermal to magnetic energy, ratio
of CR to thermal pressure, ratio of thermal to the z-component of the kinetic energy, and the ratio of thermal to gravitational energy. In all maps,
red signifies the dominance of thermal energy over the other component, while white regions denote regions with equipartition.

5.2. Outflow rate and loading factors

In Figure 10, we quantify the outflows in our galaxies with CRs.
In the two MHD-galaxies that do not contain CRs, we do not
see any coherent outflows, as the thermal injection from SNe is
not enough to continually lift gas, so they are not pictured here.
In the two upper panels, we show the mass outflow rate in four
different radial bins as a function of time. The outflow rate is
analyzed in slices parallel to the midplane at |z| = 5 kpc. We
calculate the mass outflow rate as

Ṁ =
∑

cells i

ρivz,idA, (17)

where ρi is the gas density of the cell in the region, vz,i is the
vertical velocity component, and dA is a small area element. As

we see in Figure 2 the galactic disks in all our galaxies are mostly
contained within 1 kpc of the midplane, meaning that gas moving
at a height of 5 kpc can be classified as outflows.

In the CRMHD simulation, which has a stronger initial mag-
netic field, we initially do not see a net outflow. At around
t = 0.25 Gyr, we start to see coherent outflows of 105 M�/Myr
in the center (r ≤ 5 kpc) and in the intermediate radial bin
(r = 5−10 kpc). Around t = 1.0 Gyr the outflow in the center
decreases, but we start to see outflows in the outermost radial
bin (r = 10−20 kpc). In CRMHD-low, we initially get a strong
burst of outflows, which matches the initial burst in star forma-
tion seen in Figure 5. We also see consistent outflows in all radial
bins, with some moments of infall in the r = 10−20 kpc bin.
After t ≈ 1.5 Gyr, the evolution of the mass outflow rate changes,
as the outflows at all radii disappear, except in the very center.
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At this point, the CRMHD-low galaxy has developed kpc-sized
perturbations above and below the disk, resulting in inflow at
this height. However, at larger heights above the midplane the
outflows are still coherent. To illustrate this, we show outflow
rates at |z| = 10 kpc in Appendix C (Figure C.1).

During the evolution of CRMHD and CRMHD-low, we see
coherently sustained outflows both in the center and further out
in the disk, evident from the different radial bins portrayed in
Figure 10. To further visualize this, we show a radial profile of
the mass outflow rate in the CRMHD run in Figure 11, together
with the SFR and the average scale height. The quantities are
averaged over the time interval t = 0.5−2.0, using every tenth
snapshot. The outflow rate peaks at around r = 9 kpc, close to
the solar circle, but is distributed smoothly over the entire disk.

We also investigated the outflows in CRMHD and CRMHD-
low in terms of mass- and energy-loading, which is depicted as
functions of time in the lower panels of Figure 10. The mass-
loading factor, ηM , is a way to quantify the efficiency of stellar
feedback in launching outflows, and is defined as ηM = Ṁ/SFR,
where we average the SFR over 10 Myr periods.

We find average mass-loading factors of ∼0.18 and ∼0.25
in the CRMHD and CRMHD-low simulations, respectively. As
we did not expect to see any strong outflows in Milky Way-
like galaxies, this is not surprising (see Section 6 for further
comparison with numerical and observational work on outflows
in Milky Way-like galaxies). The differences between CRMHD
and CRMHD-low are subtle and depend on the evolutionary
stage of the simulation. In Figure 12, we highlight the time evo-

lution of the mass-loading factor for the two CR models. The
simulation with weak initial magnetic field (CRMHD-low, cir-
cles) does not provide any resistance in the CGM, which leads
to fast and powerful outflows at early times with mass-loading
factors on the order of 10. After a simulation time of ∼1 Gyr,
the field in the CGM has reached comparable strengths for both
models and ηM converges to similar values of order 0.2. At late
times, the outflows stall and locally even start falling back onto
the disk. At this point both simulations have comparable field
strengths of 0.7 (CRMHD-low) and 1 µG (CRMHD) at the mea-
surement height of 5 kpc.

The energy loading factors similarly assess how efficiently
energy is transported in the outflow and are defined as

ηE =
Ė

1051 erg · SNr
, (18)

where SNr is the SN rate in s−1 and Ė is the outward energy flux
of the different energy components: thermal, kinetic, magnetic,
and CR. The energy fluxes are defined as

Ėkinetic =
∑

cells i

1
2
ρiv

2
i vout,idA, (19)

Ėthermal =
∑

cells i

(eth,i + Pth,i)vout,idA, (20)

ĖCR =
∑

cells i

(ecr,i + Pcr,i)vout,idA (21)

− κbz,i(bi · ∇ecr,i)sign(zi)dA,
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Fig. 8. Comparison of the vertical structure and CGM properties of our galaxies at t = 1.5 Gyr. From top to bottom, we show slices through the
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Ėmagnetic =
∑

cells i

B2
i

8π
vout,idA, (22)

where vout,i = vz,i sign(z). The CR energy flux includes an addi-
tional term that accounts for the transport of CRs relative to the
gas, along the magnetic field and down the CR pressure gradi-
ent. We see in Figure 10 that the CRs dominate the energy load-
ing budget of the outflows, with median values of ∼0.018 in the
CRMHD case and ∼0.058 in the CRMHD-low case. Since we
injected CR energy in SNe with an efficiency of 10%, this means

that 18% and 58% of the injected CR energy is transported out
by the outflow in CRMHD and CRMHD-low, respectively. This
indicates that in the strong-B case, most CRs remain within the
galaxy, losing energy through interactions with the gas. In the
low-B model most of the CRs escape galaxy, and the resulting
efficiency is more comparable to the 80% found in the simula-
tions of Thomas et al. (2025).

Aside from the CR energy, the outflows are dominated by
kinetic energy rather than thermal energy. This is reasonable
considering that the CR-driven outflows consist of colder (T ∼
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Fig. 9. Same as Figure 7, but showing the vertical profiles, averaged within a cylinder of r = 20 kpc. Once again, we are plotting the median values
of each height bin, with the shaded areas denoting the 25th and 75th percentile.

104 K, see Figure 8) gas. A non-negligible contribution to the
energy loading budget in the CRMHD galaxy comes from the
magnetic energy, which builds up over the 2 Gyr in the CRMHD-
low case until it reaches similar values to the CRMHD simula-
tion at around t ∼ 1.4 Gyr. The CGM becomes significantly more
magnetized due to the presence of CRs, as we see in Figure 8,
so we would expect the outflows to carry magnetic energy with
them.

5.3. Vertical acceleration

In this section, we investigate how CRs contribute to the accel-
eration of gas by characterizing our outflows in terms of dif-
ferent force components (thermal, gravitational, magnetic, and
CRs). We additionally analyze how CR acceleration affects
different phases of the ISM by computing CR Eddington
factors.

Figure 13 depicts vertical acceleration profiles for our four
simulations, using the same definition for the thermal, CR, and
magnetic accelerations as in Girichidis et al. (2024). The accel-
erations are computed for every tenth snapshot as the volume
weighted average in a disk of radius r = 20 kpc and thickness
∆z = 0.5 kpc. Since our goal is to investigate the long-term
evolution, our accelerations are averaged over the time interval
t = 1.25−2.00 Gyr. Each panel corresponds to a different simu-
lation. The total outward-pointing acceleration is shown as the
solid gold line. We also show the individual force components;
specifically: the thermal (dot-dashed line), magnetic (triangular
markers), and the CR acceleration (dashed line). We also plot the
negative gravitational acceleration in black.

In the two MHD-galaxies (first two rows), the outward accel-
eration is completely set by the thermal acceleration. At nearly
all heights, the gravitational attraction completely dominates
over the outward forces. In all galaxies, the magnetic acceler-
ation is negligible and is not affected by whether we initialize
the simulation with a stronger or weaker magnetic field. Once
we also include CRs (bottom two rows), this becomes the dom-
inant force. In our CR-galaxy with a strong initial magnetic
field (CRMHD), the CR acceleration closely matches the grav-
itational inward acceleration, but does not manage to overcome
it. At heights greater than 10 kpc, the CR acceleration decreases
rapidly. In CRMHD-low the vertical CR acceleration is stronger
and is able to compensate for the gravitational attraction at all
heights, except in the innermost ∼1 kpc.

Figure 14 shows the volume-weighted CR Eddington fac-
tors for the CRMHD and CRMHD-low runs in different ISM
phases, where the CR Eddington factor is defined as ΓEdd,CR ≡

−acr/agrav. We computed volume-weighted averages in the
region r < 20 kpc and 4 < h < 6 kpc and then averaged over
an early (t = 0.5−1.25 Gyr) and a late (t = 1.25−2.00 Gyr) time
interval. The error bars in the figure correspond to the 25th and
75th percentile of this time-averaging. We show the CR Edding-
ton factors in the cool (T < 5050 K), warm (5050 K < T <
2 × 104 K), ionized (2 × 104 K < T < 5 × 105 K), and hot
(5 × 105 K < T < 1010 K) phase. The definitions of the gas
phases come from Kim & Ostriker (2018), where we combined
the cool and cold phase, since we do not have many cold cells at
these heights due to our resolution.

In the CRMHD-low case, all phases are more efficiently
accelerated than in the CRMHD case and we do not see a
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significant difference in the CR Eddington factor between the
different phases. In the CRMHD case, we do see some variation.
In the earlier time interval the warm and ionized phase are more
efficiently accelerated and the CRs are less suited for acceler-
ating the hot gas, similarly to the results of Sike et al. (2024).
At later times, the acceleration of the warm phase from CRs is
actually negative at this height, since it is in this phase that we
eventually see fountain flows.

6. Discussion

6.1. Comparison to other simulation works and observations

Several previous numerical works have explored the dynamical
impact of CRs in Milky Way-like galaxies with setups resem-
bling ours, albeit with notable differences. Furthermore, obser-
vations of outflows in the Milky Way and similar galaxies pro-
vide further context. In this section, we compare our results to
such previous investigations.

Thomas et al. (2025), used a similar setup of an isolated
Milky Way-like galaxy, but with a two-moment CR transport.
They found that CRs successfully power outflows, but the out-
flows in their MHD setups still reach mass-loading factors of
0.1−0.2. Also Rodríguez Montero et al. (2024), with their cos-
mological simulations of Milky Way galaxies, reported stronger
outflows in the MHD galaxies than those in ours; with the inclu-

sion of CRs, they achieve mass loading exceeding unity. This
is unlike our simulations, were we found weak outflows in the
simulations with CRs and negligible mass-loading in the no-CR
runs.

Our galaxies do not exhibit strong outflows. Even with the
inclusion of CRs, we get global outflow rates of 0.1−1 M� yr−1

and mass-loading factors of around 0.2. Observational studies of
star-forming galaxies have seen that for a fixed SFR, the out-
flow rate decreases with increasing stellar mass, so that higher
mass galaxies are less effective at launching outflows due to their
deeper gravitational potentials (Cicone et al. 2016; Jacob et al.
2018; Girichidis et al. 2024). Indeed, estimations of the outflow
rate in the Milky Way by Fox et al. (2019) using UV absorp-
tion in high-velocity clouds (HVCs) yield an outflow rate of
Ṁout = 0.16 ± 0.1 M� yr−1 and a mass-loading factor of η =
0.10 ± 0.06. HVCs are clouds with velocities (relative to the
local standard of rest) of v > 90 km s−1, meaning that they are
traveling too fast to be corotating with the galactic disk; there-
fore, they must represent inflows or outflows. Identical analy-
ses of inflowing HVCs seem to actually imply that the Milky
Way is in an inflow-dominated phase. Observations of other star-
forming galaxies of comparable SFRs and stellar masses to the
Milky Way have yielded similarly low outflow rates and mass-
loading factors (e.g., Roberts-Borsani et al. 2020). The outflow
rates we find in our CR-simulations are consistent with these
observed values, although a caveat is needed since the way
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outflow rates are calculated in observations versus simulations
differs fundamentally. Observational values provide instanta-
neous measures and may not represent typical outflow rates.
Additionally, the nature of CR-driven outflows makes them
inherently difficult to observe, as we expect a steady, slow lifting
of gas at all radii. Outflowing low-velocity gas is unobservable in
UV absorption due to blending with ISM foreground absorption.
Furthermore, the degree of clumping in the gas has a significant
impact on the derived outflow rate and mass loading (see dis-
cussion in Martin et al. 2013). Consequently, comparisons with
outflow rates derived from HVCs should be approached with
caution.

Detections of both inflowing and outflowing gas in the halo
of the Milky Way have lent support to the existence of a galac-

tic fountain, where gas ejected from the disk by feedback pro-
cesses eventually returns back to the disk together with new
gas accreted from the CGM (Fox et al. 2019; Werk et al. 2019;
Marasco et al. 2022). The outflows seen in our simulated galax-
ies with CRs are also consistent with such a scenario, as we
see both inflowing and outflowing gas that aids in the mixing
of colder gas into the CGM.

6.2. Caveats of the magnetic field structure

We note that the initial conditions of the CGM are not self-
consistently generated from cosmological initial conditions.
Besides the simplified gas structure, the magnetic field strength
and structure were chosen based on simplified assumptions. In
our case, we bracketed the most likely CGM properties by a
strong magnetic field model with a field strength of ≈0.1 µG
at a height of 10 kpc and a weak field with negligible field
strength. In the former case, we found local magnetically domi-
nated regions and, therefore, magnetically dominated dynamics
as well. One artifact is the suppression of star formation at large
galactocentric radii. The models MHD and CRMHD clearly
show ring features that result from the strong initial fields. In
addition, outflows are initially suppressed due to the stronger
magnetic pressure in the CGM. The MHD-low and CRMHD-
low models allow for a more self-consistent field amplification
via the dynamo and, thus, a more naturally emerging dynam-
ics. Whereas this is desirable in general, we also find caveats
in terms of the dynamics. Since the growth of the field – par-
ticularly at large altitudes above the plane – takes much more
time and exceeds the simulation time, the initial CR-driven feed-
back is unnaturally high. The mass-loading factors exceed 10
in the initial phase of the simulation, which allows the halo to
get filled up with dilute gas because of a non-existing resistive
energy component in the CGM.

However, overall the extreme choices of the magnetic field
do not overshadow the CR-driven dynamics. First of all, the main
differences in the dynamics are driven by CRs, rather than the
magnetic field. For the outflows and the resulting loading fac-
tors, we find agreement between both magnetic models. After an
initial phase, both models converge to similar values in terms of
the ability to launch an outflow from the disk. In the pure MHD
case, this effect is absent. Furthermore, the effective magnetic
field strength in the CGM is comparable after the first half of the
simulation by a combination of magnetic dynamo and the trans-
port of magnetized outflows from the disk. We conclude that the
choice of the magnetic field is important for numerous details,
but it is subdominant when comparing pure MHD models with
CR counterparts.

6.3. Caveats of CR transport and methods

The mechanisms of CR transport make up a complex,
multiphysics problem to untangle. In our simulations, we
use the simplified setup of one-moment CR transport in
the diffusion-advection approximation, which requires some
caveats. Although we account for the energy losses due to
CR streaming (Wiener et al. 2013), we do not explicitly model
the interplay between the resonant waves driven by CRs and
the scattering of CRs on these self-induced waves. Theoretical
works have investigated the excitation of plasma instabilities and
their impact on CR transport (Lemmerz et al. 2025) and found
that the strength of CR driven winds might be greatly enhanced
due to a stronger CR pressure gradient that results from CRs
scattering off of self-induced instabilities (Kulsrud & Pearce
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1969; Shalaby et al. 2021, 2023). The escape of CRs into the
ISM is also affected, as the CR diffusion speed should be sup-
pressed in the vicinity of the CR source, which would lead
to an increased production of secondaries (Shalaby et al. 2021;
Schroer et al. 2022).

There have already been efforts to implement a more real-
istic two-moment treatment of CR transport (Jiang & Oh 2018;
Thomas & Pfrommer 2019) that accounts for both CR stream-
ing and CR diffusion. A two-moment approach was introduced
to also self-consistently calculates the effective transport speed
of CRs from the scattering of CRs off resonant Alfvén waves
(Thomas & Pfrommer 2019, 2022; Thomas et al. 2021), finding
that CR transport inside the galactic wind follows a distinctly
non-steady state prescription (Thomas et al. 2023).

We also did not account for the energy-dependence of CR
transport, which is being captured in novel approaches that fol-
low the entire CR energy spectrum (Girichidis et al. 2020). CRs
at different energies will have different transport speeds and
cooling rates and Girichidis et al. (2024) found that the effective
diffusive coefficient varies by two orders of magnitude in space
and time, although the SFR and outflow rate are not strongly
impacted.

As mentioned in Section 2.3, we had mass return enabled
in our simulations, implying that we did not allow for the
depletion of the gas reservoirs in the galaxies over time.
Instead, we achieved something more akin to a steady-state
solution where global quantities such as the SFR (Figure 5)
and energy ratios stay relatively constant over the 2 Gyr of
evolution. For the purpose of investigating the impact of
CRs this is an advantageous setup, as CRs act on long
timescales.

7. Conclusions

In this work, we investigate the dynamical impact of CRs on
Milky Way-like galaxies using four simulations from the Rhea-
suite. Two of the simulations (MHD and MHD-low) do not
include the effect of CRs, while the other two (CRMHD and
CRMHD-low) do. In the latter, the “-low” galaxies are initial-
ized with a weaker magnetic field of B0 = 3× 10−9 G, compared
to B0 = 3 × 10−6 G for the remaining two. The simulations are
performed using the moving-mesh code Arepo and include a
non-equilibrium ISM model that accurately accounts for the rel-
evant heating and cooling processes, a gravitational potential that
matches the rotation curve of the Milky Way, and a star forma-
tion recipe designed so that the SFR is comparable to what we
see in the Milky Way. CRs were injected in individual supernova
explosions as 10% of the explosion energy and transported in the
advection-diffusion approximation with an anisotropic diffusion
coefficient along the magnetic field lines. Streaming losses were
emulated based on the gradient of the CR pressure. Our main
conclusions can be summarized as follows:
1. Overall, CRs help convert galactic fountain flows into out-

flows, which are not present in the pure MHD simulations.
We find low-density and high-velocity outflows launched
from the galactic center, which form a low-density cone
into the CGM. In addition, we also observe outflows from
the entire disk rising into the CGM, with outflow rates of
around 105 M�/Myr. The mass-loading factors of the out-
flow converge for the strong and weak magnetic field case
after approximately half of the simulation time with values
around 0.2.

2. CRs lead to strongly magnetized (β = 0.1−1) and colder
(T ∼ 104 K) CGM, compared to low magnetized (β ∼ 103)

and hot (T = 106 K) CGM in their MHD counterparts.
We note second-order differences between the low and high
magnetic field case. In the low-B setup, CRs and magnetized
gas are transported faster into the CGM at early times due to
the lack of resistance in the CGM.

3. The distribution of CRs is dominated by non-adiabatic pro-
cesses. An adiabatic scaling of the CR energy density ecr ∝

ρ4/3 is observed only at the lowest densities. For a significant
density range above ρ & 10−24 g cm−3, we find a flat distri-
bution, suggesting that fast transport dominates the spatial
distribution. This is in line with the analyzed CR gradient
lengths of Lcr = ecr/∇ecr & 100 pc, which show that the CRs
quickly diffuse into a smooth distribution with weak gradi-
ents and, consequently, weak CR pressure forces, which are
unable to stop the gravitational collapse of dense clouds.

4. The energy transported in the outflows of the two CR sim-
ulations predominantly takes the form of CR energy. We
find that 18% and 58% of the injected CR energy escapes in
the outflow in CRMHD and CRMHD-low, respectively. The
stronger magnetic field in the CRMHD simulation results in
more CRs staying inside the galaxy, where they can experi-
ence energy losses through interactions with the ISM.

In summary, our findings highlight the central role of CRs in
shaping the evolution of Milky Way-like galaxies, especially in
driving outflows, which are absent in the MHD counterparts,
and influencing the vertical structure. While magnetic fields also
contribute to these processes, their impact is secondary to that of
CRs.
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Appendix A: Resolution

To confirm the resolution of our simulations, we plot in Figure A.1 the cell size versus the gas density for all our models at a time
of t = 1.5 Gyr. The blue and yellow regions denote cells in the entire box and cells in the disk, respectively. The contours enclose
10%, 30%, 50%, 70%, and 90% of the cells in that region. The additional volume refinement in the disk, which limits the maximum
cell volume to (100 pc)3, is evident, resulting in reduced cell lengths in this area. In the CRMHD-simulation there is a collection of
cells outside the disk with low density and high resolution, which are cells that were dislodged from the galactic disk and have not
had time to de-refine yet.

Fig. A.1. Cell length-density distribution of our simulations at t = 1.5 Gyr. In blue we plot all the gas cells, while in yellow only those belonging
to the disk (r < 20 kpc, h < 1 kpc). The contours enclose 10%, 30%, 50%, 70%, and 90% of the cells in that region.
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Appendix B: Magnetic field scaling

We use two different initial magnetic field strengths in the simulation setup. Here we address the temporal evolution of the magnetic
field in the CGM as well as the resulting outflow properties over time. In Figure B.1 we show the edge-on view of the magnetic
field for all four simulations. The different initially strong field in models MHD and CRMHD are only clearly visible at early times.
After approximately 1 Gyr of evolution, the dynamics in the CGM is dominated by CR-driven outflows from the disk. Therefore,
the magnetic field strength shows main differences between the CR models and the MHD only models, evident from the last row of
Figure B.1 which depicts the galaxies after 1.50 Gyr of evolution. CR-driven outflows result in stronger fields of order µG throughout
the depicted CGM.
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Fig. B.1. Edge-on view of the magnetic field strength for all models (from left to right) for different times (top to bottom). The initially strong
magnetic field in models MHD and CRMHD only leave a weak imprint after 1 Gyr.

A124, page 21 of 22



Kjellgren, K., et al.: A&A, 700, A124 (2025)

Appendix C: Outflows at h = 10 kpc

Figure C.1 shows mass outflow rates (upper panels) and mass-loading factors (lower panels) at a height of 10 kpc above the disk
in different radial bins, for all our four simulations. Outflows are calculated the same way as for Figure 10. The MHD simulations
exhibit no coherent outflows, as was the case at h = 5 kpc, instead having mass flux rates fluctuating between infalling and outflow-
ing. Outflows in the CRMHD-galaxy are generally weaker at this larger height than at h = 5 kpc but still exhibit a net outflow in all
radial bins. Notably, in the CRMHD-low simulation, there are consistent outflows after 1.5 Gyr of evolution in the 5−10 radial bin,
whereas these outflows were seen to disappear at a height of 5 kpc. The CR-driven outflows generate large-scale perturbations up to
heights of around h ≈ 5 kpc, which leads to infalling gas after t = 1.5 Gyr. However, gas that reaches to 10 kpc continues moving
outward, producing weaker but coherent outflows at this height.
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Fig. C.1. Mass outflows at |z| = 10 kpc for our four simulated galaxies. The upper panels show the mass outflow rate as a function of time, with
different colors signifying different radial bins. The lower panels show the mass outflow rate scaled by the SFR, also known as the mass-loading
factor.
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