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ABSTRACT

The Milky Way is a complex ecosystem. We can obtain detailed observations of it by probing the physical mechanisms that determine
its interstellar medium. For a detailed comparison with observations and to provide theories for missing observables, the Milky Way
must be modelled as accurately as possible. However, details of the Galactic structure are not fully defined by observations, which
raises the need for more generalised models. With the Rhea simulations, we present a set of Milky Way-like simulations containing
detailed physics of the interstellar medium as well as star formation and stellar feedback. We conducted two simulations that differ in
the gravitational potential: one fitted to several structural details derived from observations and another that only reproduces the most
basic quantities. We find little difference in the overall morphology except for the bar region, which funnels gas towards the Galactic
inner region and therefore prevents quenching in the centre. Despite differences with galacto-centric radius, the global star formation
rate is almost identical in both setups. A spiral arm potential does not influence properties of groups of formed stars. A bar potential,
however, reduces the size and formation time of those associations. We conclude that a spiral arm potential has little influence on star
formation in the Galaxy, except for producing long-lived spiral structures instead of transient ones, and that a galactic bar potential has
a noticeable influence on star formation, mainly within the innermost 2.5 kpc.

Key words. methods: numerical – galaxy: evolution – galaxy: structure

1. Introduction

The Milky Way, as a typical spiral galaxy of the type that
dominates the star formation in our present-day Universe
(Kennicutt & Evans 2012; Bland-Hawthorn & Gerhard 2016),
is a unique laboratory for investigating the physical processes
of galaxy evolution. It provides the opportunity for direct obser-
vation of processes such as the formation of molecular clouds,
stars, and stellar feedback. In no other galaxy can these processes
be studied in as much detail.

However, the galactic context of star formation and the corre-
sponding stellar feedback is still poorly understood, even within
⋆ Corresponding authors: junia.goeller@uni-heidelberg.de;
philipp@girichidis.com; noe.brucy@ens-lyon.fr

the Milky Way, and the influence of the galactic potential and
galactic dynamics on local star formation is an open debate.
Star formation is known to be a very inefficient process (for
a review, see e.g. Girichidis et al. 2020). A key question is
whether this inefficiency is entirely due to the influence of stel-
lar feedback, magnetic fields, and gas turbulence, as discussed
in Girichidis et al. 2020, or whether galactic dynamics and the
galactic potential also play an important role in regulating star
formation efficiency (SFE).

The central molecular zone (CMZ) in the centre of the Milky
Way is a compact region of about 3–7 × 107 M⊙ (Molinari et al.
2011; Tokuyama et al. 2019) of cold, dense clouds that are fueled
by the dust lanes caused by the Galactic bar potential. The SFR
of the CMZ, however, is observed to be just 0.06–0.14 M⊙ yr−1
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(Yusef-Zadeh et al. 2009; Immer et al. 2012; Longmore et al.
2013), which is more than a factor of ten smaller than what
would be predicted from its gas mass and density (Longmore
et al. 2013; Kruijssen et al. 2014). Simulations (e.g. Seo & Kim
2013; Seo et al. 2019; Sormani et al. 2020; Moon et al. 2021)
suggest that this is because the star formation rate (SFR) is more
closely correlated to the gas inflow rate than to the mass of the
region (even though Seo & Kim (2013) find it unlikely for
the bar potential alone to be responsible for the suppression of
the SFR). The galactic potential therefore seems to play a crucial
role in the regulation of star formation in this region, as the bar
potential controls the gas inflow rate. Also, the presence of a bar
itself has been shown to alter the SFR of a galaxy (e.g. Vera et al.
2016; Scaloni et al. 2024).

Another example are spiral arms, whose role in star forma-
tion is still heavily debated. It is unclear if they mainly serve as
triggers of star formation by increasing the density of incoming
gas and the SFE or if they simply organise star-forming gas with
no impact on the star formation process itself. As an example,
Foyle et al. (2010) found very similar SFEs in arm and interarm
regions of NGC 5194 and NGC 628, whereas Seigar & James
(2002) found significant enhancement of SFR in the vicinity of
spiral arms, arguing for triggered star formation. Numerical sim-
ulations tend to find no triggering of star formation in spiral
arms. However, Dobbs et al. (2011) find that a spiral potential
can increase the SFR indirectly by enabling the formation of
long-lived and strongly bound clouds. Kim et al. (2020) find
that the global SFR is only moderately enhanced by a spiral
arm potential, but that the star formation is reorganised such
that the majority of star formation happens in the spiral arms.
The question is even harder to answer without the knowledge
of whether the spiral structures are long-lived (as suggested by
the density wave theory, Lin & Shu 1964; Shu 2016) or whether
they are transient features (as suggested by the self-propagating
star formation model, Mueller & Arnett 1976; Gerola & Seiden
1978).

Such reorganisations of star formation throughout the galac-
tic disc can have substantial consequences for the appearance
of a galaxy. Star formation itself shapes the surrounding gas.
However, subsequent stellar feedback such as stellar winds and
supernovae affect the galactic disc up to several hundreds of
parsecs. Clustered star formation, which results in subsequent
clustered winds and supernovae, can form superbubbles that tear
enormous holes in the gaseous structure of the galaxy (see e.g.
Ferrière 2001). Strong star formation activity might even be the
reason for the formation of the Fermi bubbles (Su et al. 2010;
Dobler et al. 2010) in the Galactic centre (Crocker & Aharonian
2011; Crocker 2012). Local variations of the SFR are therefore
of utter importance for the general appearance of a galaxy and
are a driver for galactic evolution.

For the Milky Way itself, it is hard to estimate the true
Galactic potential and the star formation properties anywhere
outside the greater solar neighbourhood because of our particular
observational placement in it. Nevertheless, the Galaxy has been
sampled across a wide range of wavelengths, revealing many
facets of its complex system (e.g. Hi-GAL, Molinari et al. 2010;
SEDIGISM, Schuller et al. 2017; CHIMPS, Rigby et al. 2016;
FQS, Benedettini et al. 2020; THOR, Beuther et al. 2016; and
eROSITA, Predehl et al. 2021; for stars see Gaia Collaboration
(2023) or Benjamin et al. 2005; Carey et al. 2009 for infrared
surveys; and for nearby star-forming regions, see e.g. Brunthaler
et al. (2021)). However, basic Galactic properties are still under
debate, such as how many spiral arms are present (Hou & Han
2014; Drimmel 2000; Reid et al. 2019) and the exact structure

and relative position of the Galactic bar (see e.g. Nishiyama
et al. 2005; Cabrera-Lavers et al. 2008; Vanhollebeke et al. 2009;
Majaess 2010). One therefore might wish for a more general
approach in terms of potential and structure when modelling a
Milky Way-like galaxy.

There are numerous simulations aimed at explaining and
supplementing observations. Many studies have examined the
formation of the Milky Way in a cosmological context (Elias
et al. 2018; Pillepich et al. 2021; Ortega-Martinez et al. 2022;
Gensior et al. 2023; Li et al. 2021; Grand et al. 2017; Agertz
et al. 2021; Fattahi et al. 2016; Buck et al. 2020; Wetzel et al.
2016), but these studies typically have too coarse of a resolution
to properly represent the small-scale physics of the interstellar
medium (ISM; e.g. the formation of molecular clouds).

A much higher resolution can be reached in simulations of
the Milky Way as an isolated galaxy. This approach was used,
for example, by Pettitt et al. (2014), who used the SPH code
PHANTOM to simulate a Milky Way-like galaxy with a modu-
lar potential of bulge, halos, disc, and spiral arms in a 13 kpc
disc. With the AMR code RAMSES, Renaud et al. (2013) sim-
ulated a 28 kpc gaseous disc of a Milky Way analogue with
star formation and stellar feedback for a few cloud lifetimes.
They adopted a dynamic potential including the dark matter
(DM) halo, the spheroid and bulge, and the thin and thick discs.
Non-axisymmetric features such as the bar and spiral arms were
formed during the run from instabilities in the velocity profiles.
The simulations of Jeffreson et al. (2020) used the moving-mesh
code AREPO to study giant molecular clouds in the disc of a
Milky Way-like galaxy. They tested the impact of several poten-
tials (consisting of different compositions of the stellar bulge,
stellar disc, and DM halo) on a gaseous disc with an exponential
density profile (scale radius 7.4–7.7 kpc). However, they ignored
the Galactic bar in their potential. Wibking & Krumholz (2023)
simulated a Milky Way-like galaxy with GIZMO to study the
Galactic magnetic field. However, their simulation as well lacks
a galactic bar. The same applies for Konstantinou et al. (2024),
who studied the B − ρ relation in a Milky Way-like galaxy. They
included a DM halo, a thin stellar disc (truncated at 12 kpc), a
gaseous disc (truncated at 15 kpc), and a gaseous halo.

However, a simulation of the whole Milky Way galaxy that
allows for a study of the influence of the Galactic potential on
star formation is still missing, as either essential parts of the
potential are not included or the simulation time is too short
to produce meaningful statistics. The Rhea simulation suite is
targeted to fill this gap. Here, we present its first set of simula-
tions. Our simulations include an elaborate external Milky Way
potential (with non-axisymmetric features of a bar and spiral
arms) that allows for a close match to observations of dynam-
ical properties as well as star formation and supernova feedback.
To investigate the influence of the potential, we modelled the
same set of initial conditions also with a potential that only
reproduces the most basic features of the velocity curve. This
paper, which introduces the main setup and discusses the numer-
ical techniques, is the first in a series targeting different features
and results of the simulations. Here, we focus on hydrodynami-
cal simulations, whereas follow-up studies will include magnetic
fields and cosmic rays. As a first application, we studied the influ-
ence of the potential on the properties of star formation, as well
as its general morphology.

The paper is organised into the following sections: in
Section 2, we begin with the general simulation methods and set
up, the adopted star formation and stellar feedback routines, the
different potentials, and further simulation details. We describe
the morphological and structural properties in Section 3. In
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Table 1. Specifications of the simulations presented in this work.

Mass resolution Potential
[M⊙]

F3000HD 3000 flat
MW3000HD 3000 MW
F1000HD 1000 flat
MW1000HD 1000 MW

Section 4, we analyse the differences in star formation aris-
ing between the two studied potentials. We briefly discuss the
caveats of our study in Section 5.1 and in Section 5.3 we
summarise our findings.

2. Methods

We modelled an isolated Milky Way-like galaxy with a fixed
external potential. In the following, we present our numerical
setup as well as the parameters that we used.

2.1. Numerical framework

In this work, we present a set of two simulations of a Milky
Way-like galaxy (+2 simulations for a resolution study, specified
in Table 1). We used the moving-mesh code AREPO (Springel
2010; Weinberger et al. 2020), which solves the equations of
hydrodynamics while also accounting for the gravitational accel-
erations produced by the gas and by collisionless components
such as stars and dark matter. The fundamental equations of
hydrodynamics in a non-cosmological environment (a = 1) can
be written as (Weinberger et al. 2020; Pakmor & Springel 2013)

∂ρ

∂t
+ ∇ · (ρu) = 0, (1)

∂ρu

∂t
+ ∇ ·

(
ρuuT + Iptot

)
= −ρ∇Φ, (2)

∂E
∂t
+ ∇ · (u (E + ptot)) = −ρ (u · ∇Φ) +H − Λ, (3)

with the total energy (per unit volume) and pressure being

E = ρeth +
1
2
ρu2, (4)

ptot = (γ − 1) ρeth. (5)

Here, ρ is the mass density, u is the flow velocity vector,H andΛ
are respectively the radiative heating and cooling terms, and eth
is the thermal energy per unit mass. The gravitational potential,
Φ, is the sum of the external potential, Φext, described below; the
gas self-gravity, Φgas; and the potential due to the star particles,
Φstars. We set the adiabatic index to γ = 5/3 for all gas, even
if it is molecular. This is justified because the vast majority of
the molecular gas in our simulations has a temperature of T <
200 K, which is too low to excite the internal degrees of freedom
of the H2 molecule.

The hydrodynamical equations are solved on a 3D time
dependent Voronoi mesh. The mesh generating points defining
the Voronoi tessellation move at the local fluid velocity, such that
the grid can follow the fluid. The cell mass is held approximately
constant, and therefore the cell volume continuously adapts to
regions of differing density, making AREPO a quasi-Lagrangian
scheme.

2.2. Resolution

In its standard setting, AREPO uses a mass resolution, not a
volume resolution, for the gas cells. Cells with masses that sur-
pass a user-set target mass by more than a factor of two get
split into smaller cells, while those that have a mass lower than
the target mass by a factor of 0.5 get removed. We ran our
simulations with a fiducial target mass of 3000 M⊙, but also per-
form two comparison runs with a lower target mass of 1000 M⊙
(see Table 1).

In addition, we also limited the maximum and minimum vol-
umes that our cells are allowed to have, refining or de-refining
as appropriate to enforce these limits. Within the whole box,
the minimum cell volume was set to 1 pc3 and the maximum
to 2 kpc3. It is refined if a cell exceeds this volume by a factor
of two. Moreover, in the area of the Galactic disc, i.e. in a cylin-
der with 30 kpc in radius and 2 kpc in thickness, located at the
centre of the box, we set an upper volume limit of 106 pc3. This
ensures a sufficient volume resolution within the Galactic disc.
In Fig. B.1, we show the density-volume distribution of gas cells
at about 2500 Myr for F3000HD, as a representative example.
The mass refinement and the total box volume refinement are
strictly adhered to; however, one can see some disc cells that are
larger than allowed by their refinement criterion. We explain this
by cells existing near the boundary of refinement, moving into
the refinement region. Those cells may need multiple refinement
cycles to meet the refinement criterion, depending on their size,
as during each refinement cycle they can only refine once.

The gravity solver of AREPO treats each gas cell as a point
mass with an adaptive softening length, chosen from tabulated
softening lengths depending on the cell size. In our simulations,
the tabulation starts at 0.01 pc and has a logarithmic spacing
with a multiplicative factor of 1.15. The softening length is then
chosen as the closest value from this tabulation to 2× rcell, where
rcell is the radius of a sphere equivalent in volume to the gas
cell. Star particles are also treated as point masses, with a fixed
softening length of 6.47 pc.

2.3. Initial conditions

We started our simulations with a smooth gaseous disc with a
density distribution given by

ρgal

(
Rgal, z

)
=
Σ0

4zd
exp

(
−

Rm

Rgal
−

Rgal

Rd

)
sech2

(
z

2zd

)
(6)

in cylindrical coordinates (Sormani et al. 2019), with zd = 85 pc,
Rd = 7 kpc, Rm = 1.5 kpc and Σ0 = 50 M⊙ pc−2. The total mass
of the gas disc is ∼1010 M⊙. We truncate this distribution at a
radius of 30 kpc, as expected from the maximum radial extent
of HI in the Milky Way (see, for example, Kalberla & Dedes
2008; McClure-Griffiths et al. 2023). Further out, the density
is set to a minimum density ρmin = 10−31 g cm−3. We do not
impose a cut in the z-direction, but set a minimum density of
10−31 g cm−3 here as well. The gas is set to solar metallicity and
a gas-to-dust ratio similar to the local ISM. We use an initial
abundance (A (X) = log (X/H) + 12) of 8.15 for carbon and 8.5
for oxygen (Sembach et al. 2000). The disc is embedded in a box
of 150 kpc side length with periodic boundary conditions. The
large box size prevents outflows from reaching the box bound-
aries, and thus it also stops boundary effects from happening.
The gas initially has a temperature of 1.3× 104 K throughout the
whole box. After generating the simulation box with this density
distribution, we impose the velocity corresponding to the used
potential on the gas, while accounting for the pressure gradient.
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2.4. Simulation phases

Without turbulence, our initial disc with its smooth density dis-
tribution would collapse immediately, forming a huge number
of stars, which, with their feedback, would destroy the Galactic
disc. To prevent that, we initially set a temperature floor of 100 K
to prevent the gas from cooling too much and induce turbulence
in an initial phase I via modulated supernova feedback.

The procedure is as follows: we start the simulation with star
formation enabled, but set the lifetime of stars to a tenth of their
normal value. We show the gaseous disc on initial conditions
in Fig. A.1, left column. Additionally, we enable mass return
with the supernova, i.e. the supernova do not just return energy
or momentum to the surrounding gas, but with each exploding
supernova, the mass of the star particle MstarP is reduced by
MstarP/NSN,tot, where NSN,tot is the total number of supernovae
going off in the star particle, i.e. the number of stars with a mass
>8 M⊙ at the formation time of the star particle. The mass each
supernova returns is distributed evenly to the cells within the
injection radius.

In this phase, the stars in the star particles explode as super-
novae relatively rapidly after their formation, and the mass
return ensures that the star particles are gone when all stars are
exploded, i.e. that no mass is locked up in the star particles.
The energy and momentum injection by the supernova induce
turbulence in the disc.

Over the course of 1 Gyr we increase the lifetime of the stars
in newly formed star particles back to their normal, tabulated
lifetime. After reaching the normal lifetime, we run phase I for
another Gyr, resulting in a total time in phase I of 2 Gyr. We
show the result of this phase I in the Appendix, Fig. A.1.

After this initial phase I, we continue with phase II with reg-
ular stellar lifetimes and without mass return during supernova
events. In this paper, we only analyse phase II.

2.5. Chemistry and thermodynamics

We use a chemical network to model the non-equilibrium chem-
ical composition of the gas. At our fiducial resolution (see
Section 2.2 below), we do not expect to be able to accurately
model the atomic-to-molecular transition (see e.g. Seifried et al.
2017 or Joshi et al. 2019 for a discussion of the required reso-
lution) and hence any results regarding the H2 or CO content of
the gas must be treated with great caution. Our decision to follow
the chemical evolution of the gas despite this fact is motivated by
two main considerations. First, and most importantly, modelling
the chemistry allows us to track the fractional ionisation of the
gas. This plays an important role in determining the efficiency
of both photoelectric heating and C+ cooling (Wolfire et al.
1995), and tracking its value on the fly in the simulation there-
fore allowed us to model the thermal evolution of the gas much
more accurately than if we were using a simple tabulated cooling
function. Second, we plan to perform a follow-up on our current
calculations in a future work in which we will perform much
higher resolution ‘zoom-ins’ of selected regions such as super-
nova bubbles or the emerging eRosita bubble analogues. Having
chemical information already available in the output from our
current simulations will therefore greatly facilitate their use as
initial conditions for these upcoming calculations.

In our simulations, we use the NL97 chemical network of
Glover & Clark (2012). This combines the hydrogen chemistry
network from Glover & Mac Low (2007a,b) and a highly sim-
plified CO chemistry network introduced by Nelson & Langer
(1997). To model the H2 and CO self-shielding and the dust

shielding from the UV interstellar radiation field, we use the
TREECOL algorithm developed by Clark et al. (2012). We con-
sider a spatially and temporally constant background radiation
field, using solar neighbourhood values for the strength and spec-
tral shape from Draine (1978) in the UV and Mathis et al. (1983)
in the optical and infrared. We also take into account cosmic
ray ionisation, with a rate ζH = 3 × 10−17 s−1 for atomic H, and
suitably scaled values for other chemical species.

Apart from adiabatic expansion and contraction, which are
treated in the standard hydrodynamics of AREPO (Springel
2010), we take into account several additional radiative and
chemical heating and cooling processes (Clark et al. 2019). The
main heating processes include the photoelectric effect, H2 pho-
todissociation, chemical heating due to UV pumping of H2 and
H2 formation on dust grains, and heating associated with cosmic
ray ionisation. The main cooling processes include fine structure
line emission from C+ and O, rovibrational line emission from
H2 and CO, collisional ionisation of atomic H and dissociation of
hydrogen, gas-grain energy transfer, ion recombination on grain
surfaces, and Compton cooling. A full list of all included pro-
cesses is given in Glover et al. (2010), with later additions and
modifications described in Glover & Clark (2012) and Mackey
et al. (2019).

Throughout the simulation, we impose a temperature floor.
During phase I (see Sect. 2.4), we set this temperature floor to
100 K, to prevent the gas from cooling and forming a large num-
ber of star particles in the same simulation region. In phase II,
we drop it to 20 K. This is lower than the characteristic tempera-
ture of the gas at the highest densities reached in our simulations
(see Fig. 3), and so we do not expect this temperature floor to
significantly affect the dynamical behaviour of the gas.

2.6. Star formation

To represent clusters of stars, we use star particles, i.e. point-like
structures in the code, that form out of gas and thereafter interact
only via gravitational forces. At the resolution used in our simu-
lations, each star particle has a mass much greater than a typical
star and, therefore, represents multiple stars. With the informa-
tion about the star particle, we also store a list of the masses
and lifetimes of the massive (M > 8 M⊙) stars that each parti-
cle represents (see Section 2.7). This is used to determine the
stellar feedback produced by each star particle, as explained in
Section 2.7. In contrast to the sink particles used in some simu-
lations of galactic-scale star formation (e.g. Tress et al. 2020a),
which represent a mix of dense gas and stars, the star particles
used here represent only stars, i.e. the full mass of a gas cell gets
converted into stellar mass, no hidden gas remains in the star
particle.

To decide whether gas within an active grid cell forms a star
particle during a given time step, we investigated the gas in terms
of its Jeans instability. This approach differs from a density-
threshold approach (adopted in e.g. Renaud et al. 2013; Jeffreson
et al. 2020) and therefore prevents artificial star formation in hot
compressed gas as it might occur in feedback regions. We first
calculated the Jeans mass, MJ , of the cell via

w =
5eth(γ − 1)

G
, (7)

v =
3

4πρ
, (8)

MJ = w
3/2v1/2, (9)

where eth is the specific internal energy of the cell and G is the
gravitational constant. If the cell’s mass exceeds 12.5% of its
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local Jeans mass, we flag the cell as possibly star forming. This
number is chosen such that star formation starts when the Jeans
mass is resolved by less than eight cells. If the mass exceeds the
Jeans mass, we immediately force it to form a star particle. By
doing so, we prevent dense gas from accumulating on the grid
and forcing small time steps. This procedure was first introduced
in Smith et al. (2021).

If the cell was flagged as possibly star forming, we calculated
its freefall time, tff , and SFR:

tff =

√
3π

32Gρ
, (10)

SFR = ϵ
Mcell

tff
, (11)

where Mcell is the mass of gas in the cell. We set the SFE per
freefall time, ϵ, to a value of 1%, which was motivated by recent
observational determinations (see e.g. Sun et al. 2023). However,
we varied this parameter between 0.1% and 10% and found it to
have no strong influence on the overall SFR in the simulation,
owing to efficient self-regulation of star formation.

Given the SFR of the cell, we then determined its probability,
p, of forming a star during the current time step using the same
expression as in Springel & Hernquist (2003):

λ = SFR
∆t

Mcell
, (12)

p =
Mcell

MstarP
(1 − exp(−λ)), (13)

where ∆t is the time step of the cell. MstarP is the desired mass
of the star particle, which equals Mcell in most cases. That means
that usually a full gas cell is converted into a star particle. How-
ever, if the mass of the cell exceeds the target mass (see Sect. 2.2)
by more than a factor of 2, i.e. if the cell would have been split
into two in the next time step, only half of the cell’s mass gets
converted into a star particle, and the other half remains as gas.

The time step of star-forming cells is limited to

∆t < 0.1
Mcell

SFR
. (14)

With that, p ≲ 0.1 Mcell M−1
starP, and therefore the probability for

a star particle to form cannot exceed one until the target mass
chosen for the star particle is ten times smaller than the mass of
the gas cell. Since we set the target mass for the star particles to
equal the target mass for the gas cells, and the code prevents gas
cells from exceeding their target mass by more than a factor of 2,
that does not happen.

After the star formation probability was calculated, we drew
a random number, xSF, from a uniform distribution between 0
and 1, and in case xSF < p, the full gas cell converts into a
star particle, i.e. all the gas in the cell is converted into stars.
Otherwise, it remains as gas.

2.7. Stellar feedback

In these simulations, we used the supernova feedback rou-
tine described in Tress et al. (2020a), with some adjustments
towards the used star particles. In the first step, the star parti-
cles are populated with individual stars by sampling from the
initial mass function (IMF) following the algorithm described in
Sormani et al. (2017). For the IMF-sampling we use the high-
mass end of the Kroupa IMF (Kroupa 2001), the whole mass

of the star particle is in stars with no locked-up gas. Stars with a
mass between 8 M⊙ and 120 M⊙, which are thought to explode as
supernovae, get assigned a lifetime in accordance with Table 25.6
in Maeder (2008); we linearly interpolate between the different
mass bins in the table. After this lifetime the star explodes as a
supernova at the location of its star particle.

The supernovae explode in one of two modes: energy or
momentum injection. The decisive factor here is the radius of
the supernova remnant at the end of the Sedov-Taylor phase. At
solar metallicity, this is (Blondin et al. 1998; Tress et al. 2020a)

RST = 19.1
( n̄
1 cm−3

)−7/17
pc, (15)

where n̄ is the local mean number density. If RST > Rinject, an
energy of 1051 erg is injected isotropically in the injection region
(cells within Rinject) as thermal energy and the contained gas is
fully ionized. Otherwise the terminal momentum (derived e.g. in
Gatto et al. 2015; Kim & Ostriker 2015; Martizzi et al. 2015),

pfin = 2.6 × 105n−2/17 M⊙ km s−1, (16)

is injected directly into the cells within the injection region. In
this case, the temperature or ionisation state of the gas is not
changed. We use an injection radius of Rinject = 100 pc. This
radius ensures a sufficient number of cells within the injection
radius.

For supernovae in very low density environments, RST is
large, and consequently, the injected thermal energy can lead
to unphysically high temperatures. In such cases, we limited the
energy injection as follows: if the temperature of a supernova-
heated cell, Tcurrent = eth(γ − 1)µmp/kB, is larger than 107 K, we
did not inject any more energy. If the estimated temperature after
energy injection,

Testimated =
(eth + einjected)(γ − 1)µmp

kB
, (17)

is larger than the threshold value, we reduced the injected energy,
einjected, by a factor of

fl =
(Tcut − Testimated)kB

(γ − 1)µmpeinjected
+ 1. (18)

2.8. Gravitational potentials

For our setups, the gravitational potential is the sum of an exter-
nal potential, Φext, and the contribution due to self-gravity of the
gas and stars, Φsg:

Φtot = Φext + Φsg, (19)

where the latter is found by solving the Poisson equation

∆Φsg = 4πG(ρgas + ρstars) (20)

using the standard gravitational tree in AREPO (Weinberger et al.
2020). We used parameterised external potentials for the compo-
nents that we do not include such as dark matter and the low-
mass stars as well as old populations of stars because this allows
for a better tuning towards Milky Way features. This is different
from a live potential, as used by Durán-Camacho et al. (2024),
for example. We compared two different setups concerning the
external potentials: a logarithmic potential, resulting in a flat
velocity curve (Binney & Tremaine 2008), and a realistic poten-
tial fine-tuned to match the known properties of the distribution
of dark matter, gas, and stars in the Milky Way (Hunter et al.
2024). We refer to the potentials as the ‘flat potential’ and the
‘Milky Way potential’ from here onwards.

A331, page 5 of 22



Göller, J., et al.: A&A, 704, A331 (2025)

2.8.1. Flat external potential

The flat external potential is a logarithmic potential from Binney
& Tremaine (2008) (Eq. (2.71a)) and is written as

ΦL =
1
2
v20 ln

R2
c + R2

gal +
z2

q2
Φ

 + const., (21)

where Rc = 100 pc and v0 = 220 km/s are constants and qΦ =
0.8 is the axis ratio of the equipotential surfaces. This results
in a circular velocity at the Galactocentric radius, Rgal, in the
equatorial plane (Eq. (2.71b) of Binney & Tremaine 2008) of

vc =
v0Rgal√
R2

c + R2
gal

. (22)

2.8.2. Milky Way external potential

The Milky Way external potential of Hunter et al. (2024) was
generated from analytic density profiles including the central
black hole (SgrA*), the nuclear stellar cluster, the nuclear stel-
lar disc, the Galactic bar, axisymmetric and non-axisymmetric
(spirals) disc components, and the DM halo using the AGAMA
code (Vasiliev 2019). The chosen model enforces four spiral arms
with a pattern speed of Ωspa = −22.5 km s−1 kpc−1 and a galac-
tic bar with a pattern speed of Ωbar = −37.5 km s−1 kpc−1 and is
fully described in Hunter et al. (2024). Figure 1 depicts the non-
axisymmetric components of the external potential, the spiral
arm (left) and the bar (right) at 2500 Myr. We introduced these
non-axisymmetric components linearly within the first 150 Myr
of the simulation to avoid transients. The model presented in
Hunter et al. (2024) includes the influence of the gas disc. How-
ever, in our simulations, we excluded this component of the
potential and replaced it with the self-consistently computed one
of the gaseous disc in our simulation box.

3. Morphology

A galaxy is a non-linear and highly complex system with many
processes at play. The gravitational potential of old stars and
DM, which we refer to as the external potential, is one of them. In
this section, we study the details of the used gravitational poten-
tials and their influence on the morphology of the gas and the
newly created stars. We are interested in the large-scale struc-
tures, such as the bar and the spiral arm, as well as the influence
of the vertical scale height of the disc.

3.1. Global dynamical effects of the Galactic potential

In order to better understand how the adopted external poten-
tial described in Section 2.8 impacts the morphology of the
galaxy, we start this analysis with a study of the differences of
the adopted potentials. We show how they directly impact the
dynamics by looking at the gravitational acceleration.

In the left panel of Fig. 1, we show the non-axisymmetric
components of the Milky Way potential for a better understand-
ing of the used potential. We note that the strength of the spiral
pattern is much weaker than the contribution of the bar.

In Fig. 1 (right), we then illustrate the corresponding accel-
erations for the two potentials at a time of ∼2500 Myr in a cut
through the midplane. From left to right we show the accel-
erations in F3000HD and MW3000HD, as well as the relative

difference between the two. In the top row, we present the con-
tribution due to the external potential; the bottom row shows the
contribution from self-gravity. Both for the flat and the Milky
Way simulation the external potential largely dominates and is
the main contribution to the full potential. The contribution of
the bar is clearly visible in the visualisation of the Milky Way
potential. The spiral arm features, whose contribution to the
potential is two orders of magnitude weaker, are vaguely visible
(and therefore shown separately in the left panel). In particular,
in the simulation MW3000HD the contribution from the four
spiral arms is outlined by a slightly higher acceleration than the
background.

When we subtract the external potential from the total poten-
tial, we obtain the contribution from self-gravity of the newly
formed stars and the gas (bottom row). Without self-gravity, the
simulated galaxies would retain their smooth appearance and
no star formation would take place. Therefore, even though it
is largely subdominant compared to the external potential, self-
gravity is of high importance for the evolution of the galaxies.
In the external potential of F3000HD a spiral structure is not
present, but the self-gravity acceleration map clearly reflects the
filamentary distribution of the gas and stars. Interestingly, for
MW3000HD, the acceleration arising from the self-gravity of
the gas and newly formed stars is similar in shape to that of the
external potential, with the self-gravitating acceleration being
two order of magnitude lower. This is due to the stellar distri-
bution closely following the potential wells generated by the bar
and spiral arms, as discussed in Section 3.6.

In the right-hand column of the right panel of Fig. 1 we
present the relative difference between the two potentials, i.e.
it depicts the difference of the acceleration in MW3000HD and
F3000HD, divided by that of MW3000HD. The accelerations
from the external potential differ by up to 60% in the Galactic
centre; where the spiral arm potential is located, the gravitational
acceleration from the external potential is about 10% larger
in MW3000HD than in F3000HD. Differences are particularly
large in the inner 10 kpc of the galaxy, especially at the tips of
the Galactic bar, where the accelerations differ strongly between
the potentials, with a higher acceleration in Milky Way than in F.
From the right column it is also apparent that the flat potential is
more centralised than the Milky Way potential. From the bottom
right column, it is evident that acceleration from self-gravity is
much more important in MW3000HD than in F3000HD, by a
factor of up to two, implying that with this potential, the gas has
more freedom to reorganise itself independent from the exter-
nal potential. Because of these strong local differences between
the gravitational potential, as well as the larger importance of
self-gravity in the Milky Way potential compared to the flat
potential, one expects noticeable differences in the gas dynamics
and organisation and therefore in the star formation behaviour
in the simulations, at least locally. In the following we quantify
these differences.

3.2. Overall morphology

The overall morphology of the galaxies differs early on, as shown
by the column density at the end of phase I in the appendix,
Fig. A.1. Here, we focus on the morphology at our fiducial anal-
ysis time of t = 2500 Myr, which is depicted in Fig. 2. From left
to right we illustrate the surface densities of the total gas, the
ionised gas, the stars formed during the simulation as well as
the temperature in a cut through the midplane. In each panel,
we show the face-on view of the disc as well as the edge-on
view below for MW300HD (top) and F3000HD (bottom) (see

A331, page 6 of 22



Göller, J., et al.: A&A, 704, A331 (2025)

0.5 0.0 0.5 1.0

Spiral potential [108 m2/s2]

6 4 2

Bar potential [1010 m2/s2]

20 10 0 10
x [kpc]

20

20

10

0

10

20

y
 [

kp
c]

20

10

0

10

y
 [

kp
c]

20

10

0

10

20

y
 [

kp
c]

F3000HD MW3000HD (MW - F) / MW

20 10 0 10
x [kpc]

20

10

0

10

y
 [

kp
c]

20 10 0 10
x [kpc]

20 10 0 10 20
x [kpc]

10.0 9.5 9.0

log10  ext. acceleration  [m/s2]

12 11 10

log10  SG acceleration [m/s2]

10.0 9.5 9.0

log10  ext. acceleration [m/s2]

12 11 10

log10  SG acceleration  [m/s2]

0.4 0.2 0.0 0.2
relative difference

2 1 0 1 2
relative difference

MW non-axisymmetric components

Fig. 1. Gravitational potential and acceleration. Left: non-axisymmetric component of the Milky Way external potential. Right: slices through the
centre of the galaxy of the acceleration parallel to the Galactic plane in simulations F3000HD (left column) and MW3000HD (middle column)
and their relative difference (right column) at t ≈ 2500 Myr. The first row corresponds to the contribution to the acceleration from the external
potential, and the second is the contribution from the self-gravity of the gas and the newly created stars.

Table 1). The presence of the bar results in a different mor-
phology in the innermost region of the galaxy. Visually, the bar
influences a region out to approximately 5 kpc. We find that the
gas in this region is redistributed due to the asymmetric compo-
nent of the potential, see also Fig. 9. This is visible in a bar-like
structure of about 5 kpc length in the Galactic centre in both Σ∗
as well as Σgas. This results in a stronger concentration of mass
in the centre and a higher central SFR leading to a bulge-like
structure visible in the edge-on Σ∗ projection. The regions out-
side the central zone are only marginally affected. The gas-free
region around the Galactic centre is a ‘depleted’ area due to the
bar. The bar has channeled all of the gas in this region towards
the centre. In our interpretation, it is part of the gap that forms
around the Lindblad resonance (Sormani et al. 2024, see also
Querejeta et al. 2021).

We observed the emergence of spiral arms in both the gas and
the stellar components for both potentials, which visually appear
to be very similar. Morphologically, it is difficult to distinguish
between spiral arms induced by a specific spiral component of
the potential and those that spontaneously arise in simulations
due to the disc self-gravity and feedback from star formation.

The temperature slices show hot regions of recent supernova
activity distributed in spiral patterns following the stellar spiral
arms in both simulations. The simulation MW3000HD shows
those hot bubbles also in the centre (Rgal ≤ 2.5 kpc), whereas
the central region of F3000HD is more quiescent. In the edge-on
slice, hot outflows from the Galactic centre are visible for both
galaxies.

In summary, the inclusion of a barred external potential dra-
matically change the central region, with the formation of an
otherwise absent bar shaped structure of gas and stars and an
increased effect of the supernova feedback. In the rest of the
disc, spiral structures form through self-gravity even if it is not
imposed by the gravitational potential. However, we shall see in

the following that these structures are transient, unlike the one
created via an external potential.

3.3. Thermodynamic properties

We have seen that the addition of a barred external potential
changes the density structure of the gas in the centre and the
amount of supernovae exploding there. In this section we look at
how this affects the phase of the gas in different regions of the
Galaxy.

In Fig. 3, we show the temperature-density distribution of the
conducted simulations for the whole simulation box (left-hand
column), the Galactic disc (|z| < 1 kpc and Rgal < 25 kpc, middle
column) and the Galactic centre (|z| < 1 kpc and Rgal < 2.5 kpc,
right-hand column). Colour coded is the mass fraction of the
respective part of the simulation.

The phase plots of the full simulation box show remark-
ably similar features between simulations: the main bulk of
the gas resides in the area of the warm neutral and ionised
medium at around T ∼ 104 K, and, at densities larger than
10−24 g cm−3, extends into the cold neutral medium. At densi-
ties ≲10−28 g cm−3, gas can only be found in the hot phase, at
about 105.5 − 107 K. However, all simulations show hot gas also
at densities of 10−28 − 10−23 g cm−3. This is gas recently heated
by supernova feedback at its density during the energy injection,
which has not yet expanded. When zooming in onto the Galactic
disc, the two simulations barely differ. Most of the mass in the
hot gas is located in the circumgalactic medium, which explains
the small amount of hot low-density gas. Conversely, the amount
of gas in the warm and cold phase is hardly reduced compared
to the full simulation box, meaning that this gas is mainly found
within the Galactic disc. When looking only at the Galactic cen-
tre, for both simulations most gas is found in the warm phase.
For F3000HD, more gas can be found in the cold phase than for
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Fig. 2. Surface density of total gas (first column), ionised hydrogen (second column), stars (third column), and the temperature in a slice through
the midplane (fourth column) for simulations MW3000HD (first row) and F3000HD (second row) for the inner 15 kpc.

MW3000HD, where instead some hot low-density gas is present.
This is a result of higher star formation and supernova rates and
denser clustering of star formation and supernova in the Galactic
centre, as we show in Sections 4.2, 4.4 and 4.5.

3.4. Radial structure

Given the different overall morphology of our simulated galax-
ies, one may think that the radially averaged distribution of the
gas depends on the proper inclusion of all the components of
the Galactic potential. We see here that this is not the case, and
that, except in the central region, the flat external potential repro-
duces fairly well the radial structure of the galaxy modelled with
a more complete potential.

In Fig. 4, we present the radial (top row) volume-weighted
distribution of gas (left) and newly formed stars (right), averaged
over 100 Myr around our fiducial analysis time of 2500 Myr.
First, we point out that the density distribution only changes
minimally during phase II as we reach a steady state. Sec-
ond, the radial distribution of the gas is very similar in all of
the simulations: a relatively flat distribution, decreasing from
∼10−24 g cm−3 close to the centre to ∼10−25 g cm−3 at the
edge of the disc. Gas at these densities is predominantly warm
(T ∼ 104 K; see Figure 3), so in all simulations, the volume of
the disc is filled primarily with warm neutral and warm ionised

gas. The radial distribution of stars is significantly steeper than
the gas distribution but is independent of the choice of potential.
Within the disc, the density of stars steadily declines towards
the Galactic outskirts, with a knee short of 25 kpc and a fol-
lowing, steeper decline (not shown here). We note that there is a
noticeable difference between the flat and Milky Way model at
a galactocentric distance of 1–3 kpc, both in the gas as well in
the stars. This is due to the stronger star formation in the Milky
Way model, which manifests in a dip in gas and stellar density at
∼2 kpc, because the centre depletes star-forming material from
that zone, and a central peak (<1 kpc) in the distribution of stars.

We emphasise that the depicted curves do not represent the
full stellar population present in the simulation boxes, but the one
formed after the simulation started (in phase II). The external
potential applied to the simulated galaxies provide an additional
mass distribution, mainly from (low-mass) stars and DM. For the
Milky Way potential (grey dash-dotted curve), the DM compo-
nent is excluded for comparability (if DM was included, it would
dominate the potential at galactocentric radii Rgal > 8.7 kpc). For
the flat potential (grey dotted curve), it is not possible to dis-
tinguish between gaseous, stellar, and DM components, since it
is an analytical potential which describes an overall density dis-
tribution. We therefore plotted the distribution of all underlying
mass, including possible DM, as determined by the gravitational
potential.
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Fig. 3. Temperature-density plot for the conducted simulations at the fiducial time of 2500 Myr. All phase plots show a three-phase structure of the
ISM, with a hot low-density phase and a colder phase extending to higher densities, and the beginning of a cold phase at densities ρ > 10−24 g cm−3.
Some mass is also stored in hot higher density gas, probably because of heating by stellar feedback.

3.5. Vertical structure

Different vertical accelerations can also result in changes in the
vertical mass distributions in the disc. We look at it in the bot-
tom panel of Fig. 4. Again, we find that the vertical distribution
of gas density is nearly identical between the two simulations.
The stars, however, are not sensitive to pressure gradients. The
vertical stellar distribution for MW3000HD is narrower than for
F3000HD, i.e. stars are more concentrated towards the Galactic
midplane.

We completed this analysis by considering the scale height
of the gas and stars, which we define as the height containing
75% of the mass at a given radius. We call this height the ‘75%
height’. Again, we average over a timespan of 100 Myr, from
2450 to 2550 Myr. On the left in Fig. 5 we show the 75% height
for all mass in the simulation, i.e. gas, newly formed stars and
mass in the external potential. There, in grey we also present the
height of the stars in the Milky Way potential, i.e. the underly-
ing, not explicitly simulated mass distribution. On the right we
show the 75% height for the gas and newly formed stars in the
simulation.

The mass distribution of the external potential completely
dominates the 75% height for F3000HD (see left panel). The
underlying mass distribution of the flat potential is not shown,
but identical with the blue solid curve. This is, because the flat
potential, as mentioned before, is an analytical potential, and
we cannot distinguish between the DM and other components.
Therefore, we use the full mass distribution forming the external
potential in this figure. As DM is a fuzzy component, it drives
the 75% height to higher values. For the Milky Way potential, we
remove the DM component for this comparison. MW3000HD is
dominated in its 75% height by the underlying potential mass as
well (compare grey dash-dot-dotted curve versus solid red curve)
up to about 5 kpc. At higher galactocentric radii, however, the
simulated mass components lower the 75% height, i.e. they are
more closely concentrated to the Galactic disc plane than the
mass causing the potential.

In stars and gas, a general trend is present in both simula-
tions of increasing 75% height with increasing Rgal up to a radius
of about 10–15 kpc, with a saturation at higher galactocentric
radii. For gas, the saturation is about 1 kpc; for stars it is slightly
lower, at about 0.5 kpc for both potentials. Stars at Rgal ≳ 10 kpc
have a generally lower 75% height than the gaseous component,
meaning they are confined closer to the disc than gas. Within
the innermost ∼2 kpc, the 75% height of stars shows a bump,
caused by local turbulence from close interaction in this region.
This, however, is more pronounced in the Milky Way potential,
reaching about ∼0.5 dex in height, and is most probably caused
by turbulence induced by the bar and the lower potential strength
compared to the flat potential (see Fig. 1).

From Eq. (6), it is easy to show that the 75% height
x75% is about twice the scale height zd by

∫ x75%

−x75%
ρ(Σ, z)dz =

0.75
∫ ∞
−∞
ρ(Σ, z)dz which results in x75% ≈ 1.94 zd. Therefore, in

MW3000HD in gas we find a scale height at the solar radius of
∼200 pc, and in stars of ∼120 pc. Observed scale heights of the
thin and thick stellar disc of the Milky Way are about 140 pc
and 400 pc, respectively (see Bland-Hawthorn & Gerhard 2016;
Vieira et al. 2023, after transfer into our measure of zd). The
scale heights of the stellar disc in our simulation falls close to
that of the thin stellar disc, as expected as it consists solely of
stars formed during the simulation time. It is even slightly lower;
however, our simulated galaxy is dynamically young and lacks
interaction with satellite galaxies; the stellar disc would prob-
ably increase in scale height if run for a longer time. Ferrière
(2001) quotes (exponential) scale heights up to 1000 pc (WIM)
for Galactic gas (which corresponds to about 900 pc in sech2).
Our found scale height falls well within this limit for the solar
circle as well as at the saturation further out in the galaxy.

3.6. Azimuthal structure

The Milky Way external potential is characterised by the pres-
ence of two non-axisymmetrical components, the bar and the
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Fig. 4. Volume-weighted density distri-
bution of gas (left) and stars (right) in
the radial (upper row) and vertical (lower
row, averaged from 8 to 9 kpc) directions
for F3000HD (blue) and MW3000HD
(red) averaged from 2450 to 2550 Myr.
Shaded regions indicate the 16th to 84th
percentile. The density distributions gen-
erating our adopted external potentials
are indicated in grey, dotted for the flat
potential and dash-dotted for the Milky
Way model. In the radial direction, we
took into account mass up to z = ±50 pc.
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Fig. 5. Height of the plane containing
75% of the mass at a given radius for all
the simulated mass (left) and the simu-
lated gas and newly formed stars (right)
in MW3000HD (red) and F3000HD
(blue). In grey, we present height for
stars in the Milky Way potential, i.e.
the underlying, not explicitly simulated
mass distribution. Shaded regions indi-
cate 16th to 84th percentile. In all sim-
ulations, stars are more concentrated to
the disc plane than gas.

spiral arm. To have a better idea of how they shape the galaxy,
we look at the repartition of the gas and stars in the azimuthal
direction at different radii.

Figure 6 shows the azimuthal profile of gas (top panel) and
stars (middle panel) at 3–4 kpc, 6–7 kpc and 9–10 kpc. We com-
pare the profile for the simulations F3000HD and MW3000HD.
We also plot the contribution of the dominant external non-
axisymmetric components of the MW3000HD potential for ref-
erence in green and pink. In this plot we focus on the azimuthal
fluctuations of each quantities. Each quantity, y, was averaged in
azimuthal bins and normalised as follows:

ynorm =
y − (ymax + ymin)/2
ymax − ymin

.

As a result, the plotted value, ynorm, is dimensionless and varies
between −0.5 and 0.5.

At all radii, the simulation F3000HD shows no clear large-
scale structure, with many peaks in the surface density profiles.
On the contrary, the simulation with the Milky Way potential
shows fewer peaks that are well correlated with the bar and the
spiral arms. The best correlation found are for the stars, where
they follow the potential minima of the bar (middle left panel) or
the spiral arms (middle right panel). What happens around 6 kpc
(middle centre panel) is less clear, as the influence of the bar and
the spiral arm are combined.

Overall, our analysis shows that choosing an accurate pre-
scription of the Milky Way potential does not have a big
influence on the radial distribution of the gas and young stars,
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Fig. 6. Azimuthal profile of the normalised fluctuations of the gas (top), stars (middle), and SFR (bottom) surface densities at t = 2500 Myr. These
are compared with the normalised fluctuations of the contributions of the external non-axisymmetric components of the potential, with the bar
(green) and the spirals (pink), associated with the right vertical axis of each panel, which is reversed so that lower values are on top. The data have
been averaged over a radius range of 1 kpc, and the shaded area represents the radial variations.

except in the central regions where the bar is prominent. How-
ever, the analysis reveal that the bar and the spiral arms have
a significant influence on the organisation of the gas and stars
in the inner and outer galaxy when looking in the azimuthal
direction.

4. Star formation and stellar feedback

In the previous section, we analysed the effect of an accurate
prescription of the Milky Way potential on the morphology of
the galaxies, focusing on the gas and star structures. Quite nat-
urally, we expect that a change of the morphology of the gas
reflects into a change in where the stars form and the overall star

formation properties. In this section, we inspect what is the effect
of changing the external potential on the star formation activity,
starting from a global point of view and then again refining in
the radial and azimuthal directions.

4.1. Global star formation rate is agnostic of potential

We start by looking at the total SFR in our simulations over time
in Fig. 7 (left) as well as the gas depletion time (right). We define
the SFR as

SFRn =
M∗(tn+1) − M∗(tn)

tn+1 − tn
, (23)
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Fig. 7. Star formation rate history (left)
and depletion time τ (right) for F3000HD
(blue) and MW3000HD (red). We lim-
ited the measurement to ±1 kpc around
the Galactic plane. Changing the poten-
tial does not result in a change of the
overall SFR at the fiducial analysis time.

with tn and tn+1 being the times of two consecutive snapshots,
and tn+1 − tn ≈ 5 Myr in our case. The gas depletion time,
consequently, is defined by

τ =
Mgas

SFR
, (24)

where Mgas is the arithmetic mean of the gas mass of two
consecutive snapshots.

An initial peak is present in both simulations, which results
from an initial collapse of the disc when turning off the mass
return from supernovae at the end of phase I and the correspond-
ing additional pressure.

Both simulations show very similar global SFRs, declining
constantly over the simulation time, which is consistent with the
increasing depletion of the gaseous disc by star formation in an
isolated galaxy. At our fiducial analysis time, we found SFRs of
2.9 M⊙ yr−1 (F3000HD) and 2.6 M⊙ yr−1 (MW3000HD). These
values are at the upper end of estimated SFRs from observa-
tions, which mostly suggest a global SFR for the Milky Way of
about 1–3 M⊙ yr−1 (see e.g. Chomiuk & Povich 2011; Licquia
& Newman 2015; Bland-Hawthorn & Gerhard 2016; Elia et al.
2022, and references therein). At a simulation time of 3000 Myr,
the SFR decreased to about 1.5 M⊙ yr−1 (F3000HD), 1.3 M⊙ yr−1

(MW3000HD), which fits observational constraints rather well.
From about 3500 Myr of simulation time onward, the SFR is
below 1 M⊙ yr−1and therefore too low for a Milky Way analogue.

The depletion time τ increases during the simulation from
less than 103 to more than 104 Myr. The molecular gas deple-
tion time of low redshift main sequence galaxies is found to
be between 900 and 2000 Myr (Wang et al. 2022). Our simula-
tions exceed this range after about 2500 Myr. At later simulation
times, it therefore seems that the SFE is too low compared to
the real Milky Way, possibly because of lack of disturbance of
the galaxy by satellites that trigger additional star formation, and
because of the fact that we do not model circumgalactic gas that
could replenish the Galaxy.

4.2. Radial distribution of star formation

Since the global SFR is nearly identical for both potentials, in
Fig. 8 we present the SFR surface density ΣSFR in radial bins
for the Galactic centre (top row) and the whole disc (bottom
row). Again, a constant decline in ΣSFR is present at all radii,
except the outermost bin of 20–30 kpc. The Galactic outskirts
remain at a constant, but low ΣSFR. Comparing values for the
whole disc in F3000HD and MW3000HD, the ΣSFR at differ-
ent radial bins largely agrees apart from the innermost 6 kpc.

For F3000HD, star formation in this region declines steeply with
time, with the SFR of the centre falling below the average SFR of
the rest of the disc about halfway through phase II. Conversely,
in run MW3000HD, ΣSFR does not decline below the levels of
regions further out. This most probably is because of the con-
stant channeling of gas into the Galactic centre by the bar, which
prevents quenching. Soon after the beginning of phase II, ΣSFR is
rather constant from 6 up to 20 kpc, i.e. the corresponding curves
overlap to a large degree.

Zooming in onto the Galactic centre (two left panels), dif-
ferences in the distribution of star formation become more
apparent. Whereas for F3000HD, star formation is mostly evenly
distributed throughout the innermost 6 kpc (ΣSFR agrees for dif-
ferent radial bins) and is lowest for the innermost 1.5 kpc, a clear
trend in ΣSFR is visible for MW3000HD. We find the highest
ΣSFR within the innermost 1.5 kpc. Between 3–4.5 and 4.5–6 kpc,
ΣSFR is roughly the same, with a value ∼0.5 dex below the value
in the innermost bin. Between 1.5 and 3 kpc, far fewer stars
are formed than at smaller radii. After about 2500 Myr, ΣSFR
in this region is comparable to or lower than the SFR density
at R > 20 kpc, i.e. this zone is quenched. However, from 0 to
1.5 kpc star formation does not quench during the duration of
the simulation. This is most probably prevented by constant gas
inflow into the centre due to gas dynamics in the bar. Fig. 10a
shows this in more detail, as we explain in Section 4.3.

On the other hand, F3000HD shows a severe drop off and
even a complete stop of star formation after about 3000 Myr.
Whereas ΣSFR is lowest within 1.5 kpc galactocentric radius for
most of the simulation time, star formation does not fully stop
there at any time. Instead, it continues on a low and constant
level from 2500 Myr onward.

We therefore conclude that gas streaming due to bar dynam-
ics has a large influence on star formation in the centre of the
galaxy. For a better understanding of this channeling of mass to
the galactic centre by the bar, we present the enclosed mass over
time within different radii (normalised to the enclosed mass at
the beginning of phase II) in Fig. 9. The enclosed mass in the
inner 1.5 kpc of MW3000HD increases by about 50% during the
simulation time, whereas in F3000HD it varies very little. Most
of the channeled mass comes from within the bar-dominated
region, as the enclosed mass within 6 kpc varies by less than
10%. This clearly shows the redistribution of mass conducted by
the bar potential.

4.3. Azimuthal distribution of star formation

While both simulations have spiral arms and show a similar
SFR radial profile outside the central region, we have seen in
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Section 3.6 that the Milky Way external potential has a strong
influence on the azimuthal distribution of the gas and stars. It is
thus interesting to look at the azimuthal distribution of the SFR,
which we do in the bottom row of Fig. 6. Again, we look at radial
bins from 3–4 kpc (left), 6–7 kpc (middle) and 9–10 kpc (right),
for F3000HD (blue) and MW3000HD (red), together with the
Milky Way potential for the bar (green) and the spiral arms
(pink). The value of the SFR is also normalised as described
in Section 3.6. As we can expect, the SFR in F3000HD shows
no periodicity in the azimuthal direction at any given radius. On
the other hand, the SFR in MW3000HD correlates well with low
points in the dominating potential pattern, be it the bar (see left
panel) or the spiral arms (see right panel). Within those potential
wells, SFR is increased. In regions with no strong dominance of
one potential pattern over the other (central panel), SFR presents
no clear correlation with one or the other of the given potential
patterns.

To expand this analysis and see if it is robust at different time
step, we need to look at where star formation occurs over time.
To that purpose, we use rotation corrected R–Φ-projection indi-
cating the total stellar mass formed in different regions of the
galaxy (Fig. 10). The figure spans the whole time of our simula-
tion (phase II) and is corrected for rotation with the pattern speed

of the Galactic bar (top-left panel) and spiral arms (top-middle
panel). In the top-left panel we do not see a clear pattern in where
stars are forming for Rgal ≳ 4.5 kpc, as bar and spiral potentials
with different pattern speeds overlap in this region (as already
seen in Fig. 6). However, between 1 and 3 kpc star formation is
located within streams of gas to the Galactic centre and circular
active star formation zones at their tips (see contour lines). In
the top-middle panels we show the disc region of MW3000HD,
with non-spiral arm regions crossed out. For this purpose, we
define spiral arms as regions where the non-axisymmetric spi-
ral arm potential perturbation is lower than 0 m2 s−2. As in
Fig. 6, we find that star formation occurs preferentially within
the spiral arms. At radii > 14 kpc, however, these star forma-
tion regions get out of sync with the inter-arm regions, because
the rotational speed of the gas drops below the pattern speed.
This is also evidence that the Milky Way external potential yield
long-lived spiral structure where star formation occurs preferen-
tially. To quantify this, in Fig. 10 (upper right) we present the
mass fraction of stars formed within spiral arms versus galac-
tocentric distance. For 6 kpc ≤ Rgal ≤ 16 kpc, more than half
of all stellar mass is built within spiral arms, with a peak of
70–75% between 9 and 14 kpc. Outside of 14 kpc, the fraction
of stellar mass formed within spiral arms drops off steeply and
reaches an equal distribution between arm and interarm regions
at about 16 kpc. This, as mentioned before, is most likely caused
by the discrepancy between the rotation speed of the gas, which
slowly declines with radius and the pattern speed of the spiral
arm potential, which behaves similar to a solid body. In total, of
all stars formed beyond 6 kpc, about 62% are formed in spiral
arms.

Contrary to the Milky Way Model, for F3000HD (lower
row of Fig. 10) we do not find similar noticeable features.
Spiral structures do emerge in this simulation as well (see
Fig. 2) but they do not persist over time. Indeed, we produced
a series of rotation-corrected R–Φ-projection with angular fre-
quency ranging from 15 to 35.0 km s−1 kpc−1 in steps of
0.5 km s−1 kpc−1, of which three examples are shown (Ω =
15, 26 and 35 km s−1 kpc−1). We did not see any coherent spiral
pattern in any of the tested angular frequency Ω.

We have seen in Section 4.1 that the global SFR is simi-
lar in both sets of runs. That suggests that although differences
in the potential clearly influence where stars form, they make
little difference to the galaxy-averaged SFE. This is consistent
with prior theoretical and observational work. For example, Kim
et al. (2020) simulated a local patch of the ISM with an imposed
spiral potential and found that while star formation occurs pref-
erentially in the spirals, where the gas is denser, the SFE is not
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Fig. 10. Stellar mass fraction formed in spirals in MW3000HD (top-right panel) and formed stellar mass in the Rgal − Φ-projection for the
MW3000HD disc region (6 kpc ≤ Rgal < 20 kpc, top-middle panel) and bar region (Rgal < 6 kpc, top-left panel), corrected for the correspond-
ing pattern rotation, as well as for the disc region of F3000HD, corrected for a pattern speed of Ω = 15.0, 26.0 and 35.0 km s−1 kpc−1 (bottom
row). Contour lines indicate 10%, 30%, and 50% of the maximum stellar mass formed (excluding the region of extremely high formed stellar mass
at < 0.1 kpc for MW3000HD bar region, upper left). For the MW3000HD disc region, the upper-middle interarm regions are shaded out.

enhanced by the spiral perturbation. On the observational side,
comparisons of the SFE in spiral arms with the efficiency in
inter-arm regions in our Milky Way (Ragan et al. 2018) and other
nearby spiral galaxies (Sun et al. 2023; Querejeta et al. 2024) find
little or no systematic difference.

4.4. Clustering of star formation

In Sections 4.2 and 4.3, we found an increased concentration of
star formation activity towards the Galactic centre and a more
coherent azimuthal distribution of star formation over time in
MW3000HD compared to F3000HD. This raises the question
of whether in those regions of increased star formation the star
particles also form in a more clustered manner. From observa-
tions and theoretical predictions, we know that clustered star
formation and the resulting clustered feedback have the potential
to strongly influence the appearance of galaxies (e.g. by cre-
ating bubbles and outflows; see e.g. Ferrière 2001; Crocker &
Aharonian 2011; Crocker 2012). As we observed such changes
in our simulations (see Girichidis et al., in prep.), we are inter-
ested in any changes induced to clustering of star formation and
stellar feedback (which we study in Section 4.5) by differences
in the potentials. In this section, we therefore study the abun-
dance of clustered star formation as well as the properties of such
clusters.

For this analysis we use the python clustering library HDB-
SCAN (Campello et al. 2013). HDBSCAN, together with other
clustering algorithms, was tested on Gaia data to detect open

clusters in five dimensional space of coordinates, proper motion
and parallax by Hunt & Reffert (2021). It was found to have
highest sensitivity of the tested algorithms and in general to
work best for Gaia data. HDBSCAN is a hierarchical clustering
algorithm and is able to find clusters in regions of vastly dif-
ferent densities, utilising a minimum spanning tree weighted
by nearest-neighbour distances. Via single-linkage, it is then
checked if the termination of a single connection would divide a
cluster into two clusters, each with a number of members greater
than a predefined number (min_cluster_size), or if the point
would be merely falling out of the cluster. In the first case, the
new clusters are kept as individual clusters, and in the latter case,
the cluster keeps its structure. The result is a cluster hierarchy
from which the flat clustering is then derived by checks for stabil-
ity of the clusters, again based on the weighted distances. HDB-
SCAN therefore does not utilise some predefined density thresh-
old or similar, but instead finds stable overdensities compared to
the local background. The algorithm is controlled by the single
parameter min_cluster_sizementioned before, and it sets the
lowest number of members a cluster can have. In our analysis,
we set the parameter min_cluster_size to five (even though
we varied this parameter between three and seven to indicate
variance in the outcome due to the used algorithm), i.e. we did
not take into account any associations with fewer than five star
particles. We are looking for groups in a four dimensional space
of birth coordinates and birth time, so star particles identified to
be in the same group have to be formed in close spatial vicinity
and soon after each other. The found groups have very similar
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Fig. 11. Grouped star formation: mass of group (first row), mass fraction of stars born in groups (second row), activity time (third row), and volume
of groups (fourth row) for F3000HD (blue) and MW3000HD (red) in the Galactic centre (≤2.5 kpc, left column), inner region (≤5 kpc, middle
column), and disc (>5 kpc, right column). Vertical lines indicate median values, which are written out at the upper left or right. Faint lines indicate
distributions and medians for a min_cluster_size of three (dashed) and seven (dotted). The corresponding median values are given in brackets.
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distributions in the number of group members across simula-
tions and galaxy regions, ranging from the defined minimum
number of five to several hundreds of star particles. The median
number of group members is ten and therefore well above the
selected minimum number. If the selected min_cluster_size
is smaller, the found clusters tend to be smaller naturally, if
it is larger the cluster size tends to be larger (see Figs. 11
and 12). This is because a lower min_cluster_size allows
for fragmentation into smaller subgroups, whereas a higher
min_cluster_size prevents such fragmentation. However, we
find the change in min_cluster_size to not change the overall
picture.

We are simply interested in the properties of regions where
stars are not formed in isolation, where those regions are, what
their size is, and for how long they last. Therefore, we do not
name the found structures ‘clusters’ but simply ‘groups’, as ‘clus-
ter’ is a widely used term in the astronomical context. However,
the associations found with HDBSCAN are not meant to resem-
ble stellar clusters, as each star particle itself already represents
several (massive) stars (see Sections 2.6 and 2.7).

We present our findings for different regions of the simulated
galaxies in Fig. 11. From left to right, we selected different radial
ranges: Rgal ≤ 2.5 kpc (left), Rgal ≤ 5 kpc (middle), Rgal > 5 kpc
(right). Because of the aforementioned similar distribution in
the number of group members and because star particles in our
simulations have little spread in mass, the mass distributions of
groups are also very similar (see Fig. 11, first row) across sim-
ulations and Galactic regions. They range from about 104 to
106 M⊙, with a median at about 104.5 Msun and a tail towards
higher masses (when a different min_cluster_size is used
the distributions are changed according to the aforementioned
effects).

We also present the stellar mass fraction born in groups
M∗group/M

∗ (Fig. 11, second row). We find that in general more
than 50% of the stellar mass is formed in groups, for the inner-
most 5 kpc ranging between ∼50% to ∼70%, and being relatively
stable at around 65% in the disc region (with large statistical fluc-
tuations at the Galactic outskirts). In the inner 5 kpc of F3000HD
we can see an increasing grouping with radius, but no clear trend
for MW3000HD, and also no enhanced grouping in star for-
mation is present in Galactic spirals, as one might expect. At
Rgal > 100.5 kpc in all used min_cluster_size more stellar
mass is formed in groups than outside of groups. We therefore
conclude clustering to be a ubiquitous phenomenon present at a
comparable fraction in all regions of the Galaxy.

In the third row of Fig. 11, we present the activity time tgroup
of the group, which is calculated as the difference between the
birth time of the first and last star particle of the group. It there-
fore represents the time over which a star-forming region actively
forms star particles. Star-forming regions with activity times
lower than the global time step we group together in the low-
est bin depicted. In the activity times, differences between the
Galactic regions are present: the median activity time increases
with galactocentric distance, being larger in the Galactic disc
than in the central region. This means that star-forming regions
consisting of multiple star-forming cells persist for longer in the
Galactic disc than in the centre. Finally, we also find a dif-
ference between Galactic models in the Galactic centre, with
groups in the innermost 2.5 kpc (i.e. in the inner bar region) of
MW3000HD having an about 0.2 dex lower activity time than
in F3000HD, whose distribution shows a tail towards long activ-
ity times. This might be caused by stronger turbulent forces and
shear, which we know to influence SFRs (e.g. Colling et al. 2018)
and turbulence because of the bar potential in MW3000HD.

Another possible explanation is that because of the higher SFR
in the centre of MW3000HD, star-forming regions are depleted
of their star-forming gas faster than in F3000HD.

Another consequence of the presence of a galactic bar is the
prevalence of smaller groups in the centre of MW3000HD than
in F3000HD (see Fig. 11, last row). ‘Smaller‘ here means a lower
occupied cuboid volume Vgroup = (max(x) −min(x)) (max(y) −
min(y))(max(z) − min(z)) (compared to the large dynamical
range of 10 orders of magnitude, the actual measure of the
occupied volume, be it cuboid, spherical or a convex hull, is
negligible). The median extent in MW3000HD within the inner-
most 2.5 kpc is about 0.5 dex lower than in F3000HD, with a
noticeable tail towards low volumes. In the Galactic disc, no such
difference between simulations is present, and median group
extends are up to 1 dex more extended than in the Galactic centre.

In summary, the star clustering properties are heavily
affected by the external potential in the central region, where the
groups of stars are more compact and form faster in the Milky
Way than the flat potential. On the other hand, the groups of stars
formed outside the central regions have the same statistical prop-
erties, and thus these properties do not depend on the external
potential.

4.5. Clustering of supernova feedback

As soon as star particles formed from the gas, they are decoupled
from the hydrodynamic flow and are subject just to gravitational
forces. This increases the impact the gravitational potential has
on their motion, making stellar feedback, as it is just tied to the
dynamics of star particles, an interesting probe of the Galactic
potential. Moreover, supernovae exploding in groups have a sub-
stantial impact on their surrounding environment, as they can
form superbubbles and strong galactic outflows, which is not
possible for individual supernovae. The clustering of star for-
mation and stellar feedback of course will be heavily influenced
by the exact implementation of the star formation model and
early feedback (or lack thereof). However, since we are inter-
ested in differences induced by changes in the galactic potential,
and the named implementations are identical for both conducted
simulations, we leave the examination of such effects to future
studies.

Because of the high number of supernova explosions (each
star particle can hold several massive stars that explode as super-
novae), we can only perform the analysis for a limited time,
which we choose to be 2450–2550 Myr. While we find strictly
more than 50% of stellar mass being formed in groups in the
Galactic centre, the number fraction of supernova exploding in
groups in the centre (5 kpc ≈ 100.7 kpc) is very volatile and
ranges from 0 to about 60% (see Fig. 12, second row). Fur-
ther out, the fraction falls below 50% (where it is about 65%
for stars formed). This does not differ between MW3000HD and
F3000HD. This suggests that groups are ripped apart in between
the formation of stars and the explosion times of supernovae. In
the innermost 1 kpc, supernovae are grouped to a lower degree
in space and time in MW3000HD than in F3000HD (for this
small radius we were able to check grouping for a longer times-
pan, giving a more clear result, but we show data of the selected
timespan here for consistency). This shows that a barred poten-
tial is necessary to get the right clustering of stellar feedback in
the Galactic centre.

As for star particles, groups of supernovae in the centre of
MW3000HD experience shorter activity times than in F3000HD
(∼0.54 dex), whereas activity times do not differ in the Galactic
disc > 5 kpc (third row; again we collect all clusters with an
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Fig. 12. Grouped supernovae: number of association members (top row), fraction of supernova exploding within groups (second row), activity
time (third row), and extend of groups (fourth row) for F3000HD and MW3000HD for t = 2450–2550 Myr. Vertical lines indicate median values.
Faint lines indicate distributions and medians for a min_cluster_size of 3 (dashed) and 7 (dotted). Corresponding median values are given in
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activity time below the global time step of the simulation in the
lowest bin). In the disc the median activity time of supernova
regions is also 0.2–0.3 dex lower than for star particle groups.

Supernova groups in the Galactic centre have about 0.7 dex
smaller median extent in MW3000HD than in F3000HD, with
the size distribution of MW3000HD showing a similar, but even
stronger bimodal pattern than observed for the star particles. In
the disc, no such difference is present. Extends of supernova
groups in general are slightly lower than those of star particle
groups.

5. Discussion and conclusions

5.1. Caveats

Some of the presented results reveal shortcomings of our simu-
lations. However, these can never be fully avoided in simplified
models of complex systems.

The global SFR, for example, shows a continuous decline
over the simulated time. In order to study the prevailing pro-
cesses in our simulations precisely, we did not wish to account
for gas accretion onto the Galactic disc, and we therefore mod-
elled our Galaxies without a circumgalactic medium. The only
gas accretion onto the ISM is therefore previously expelled gas
from the Galactic disc. The lack of an additional supply of fresh
gas, however, results in a progressive depletion of gas in the sim-
ulation, as gas gets converted into star particles. This, in part, is
a desired result, but it also leads to a limited time over which the
results are directly comparable to the Milky Way. The lack of gas
at late times also results in an SFR below the typical Milky Way
value of 1 M⊙ yr−1.

The isolated galaxy approach also resulted in a lack of satel-
lites for our Milky Way analogues. The observed Milky Way
has multiple smaller satellite galaxies, with the Large and Small
Magellanic Clouds being the largest, which influence the Galac-
tic dynamics (see e.g. Correa Magnus & Vasiliev 2022) as well
as the evolution history (e.g. Sotillo-Ramos et al. 2022 and
Malhan et al. 2022). In today’s Milky Way observations, past
mergers are still present as stellar streams or globular clusters.
This lack of companions (as well as a low age) might be the
reason for the thinness of the stellar and gaseous disc in our
simulations.

In addition, we also ignored pre-supernova feedback such as
photoionisation and stellar winds in our simulations. This might
impact the ISM structure in terms of increasing the amount of
ionised gas. However, we plan to include them in future work.

In this paper, we focused on the hydrodynamic simulations
while omitting magnetic fields and cosmic rays, as both pro-
cesses are known to have an impact on the star formation and the
dynamics of the ISM. Simulations including magnetic fields and
cosmic rays will be discussed in companion papers (Kjellgren
et al. 2025, Girichidis et al., in prep.).

5.2. This work in context

In this work, we have examined the influence of the gravitational
potential of a galaxy on its star formation. We find significant
effects of the bar potential on the amount and distribution of stars
formed in its region of influence. This is in line with findings
from other simulation and observational works. The Galactic
bar channels gas into the galactic centre, aiding star formation
at Rgal < 1 kpc and depleting gas further out. This was found in
several other studies of simulations, such as Seo & Kim (2013);
Armillotta et al. (2019); Tress et al. (2020b), and Sormani et al.

(2020). These, however, only modelled the bar region of the
Galaxy without taking into account the full galactic context.
The importance of the full galactic environment was shown, for
example, in Pettitt et al. (2020), who ran several simulations with
different combinations of bar and spiral arm potentials. They
find a small burst in star formation when the bar overtakes the
spiral arms, showing the interplay between the two components.
Seo et al. (2019) have shown the correlation between the bar and
the rest of the galactic disc by simulating it in discs of different
velocity dispersion and gas fraction. Both simulations also find
an influence of the bar on spurs in the galactic disc. This, again,
emphasises the cross-correlation between different features of
the Galaxy.

Several simulations modelling the full Galactic disc, how-
ever, ignore the bar potential (e.g. Pettitt et al. 2014; Jeffreson
et al. 2020; Wibking & Krumholz 2023; Konstantinou et al.
2024). As spiral features emerge even without an explicit grav-
itational potential dedicated to them via sheering of overdense
regions, they appear in numerous simulations modelling the full
galactic disc. This work, however, shows clear differences in the
lifetime of self-appearing or build-in spirals, which influences
the amount of star formation in spiral arms but not the over-
all SFR in this work (even though a complete suppression of
the formation of spiral arms decreases the SFR in a galaxy; see
Robinson et al. 2025). Star formation in spiral arms is studied in
stratified box simulations (e.g. Kim et al. 2020) or simulations of
incomplete galactic discs (Smith et al. 2020). If the full disc is
simulated, the bar potential is often ignored (Dobbs et al. 2011).
Thus, the dynamical interplay between different regions of the
galaxy is lost. Moreover, a bar potential itself can induce spi-
ral features in a galactic disc (Pettitt et al. 2020). While many
questions of star formation in spiral arms – such as if the SFE is
increased in the arm potential – can be examined in simulations
of the arms alone; interactions of the potentials of the Galactic
bar and spiral arms are not modelled. Moreover, where the dom-
inance of the Galactic bar begins in the inner disc, star formation
in spiral arms are truncates, while without a bar, they reach close
to the centre of the galaxy (see Pettitt et al. 2020).

In this work, we have modelled both non-axisymmetric com-
ponents, the bar, and spiral arms together with axisymmetric
gravitational features in a way that is fitted to many observa-
tional properties of the observed Milky Way (see Hunter et al.
2024). The gravitational dominance in different regions of the
disc was tracked reliably, aiding in representing a realistic dis-
tribution of star formation that is missing in simulations that
include only one or the other component. The comparison with a
simple flat potential enables an estimate of where these potential
features are of importance in the distribution of star formation
and where a more simplified potential is sufficient. Instead of
presenting a general study of different potential features, i.e. two
versus four spiral arms, weak bar versus strong bar, we show a
characterisation of a specified (and not generalised) Milky Way
potential.

5.3. Conclusions

In this work, we have introduced the Rhea simulation suite, a
set of comparable simulations of Milky Way-like galaxies with
varying external potentials. We considered a detailed external
potential tuned to re-create observations of morphology and
dynamics of the Milky Way and compared it to a simple potential
with a flat velocity curve. We focused on the morphological and
dynamical differences induced by the potential and the related
impact on star formation and stellar feedback.
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We find that the details of the potential strongly influence
where stars form within the galaxy. On the other hand, global
SFR properties are only mildly affected. It was therefore suffi-
cient to use a simplified axisymmetric potential to reproduce the
global SFR and galactic gas depletion time.

The Milky Way potential most strongly affects the star for-
mation in the galactic centre. The bar results in continuous
fueling of the central zone, increases the local SFR by up to
an order of magnitude, and favours the formation of compact
star-forming groups. Furthermore, the spiral potential produces
long-lived star-forming spiral arms, contrary to the transient
spirals emerging in the flat potential. Consequently, for an accu-
rate model of the Milky Way, a detailed potential is of crucial
importance.

The Milky Way potential, particularly the bar, prevents the
Galactic centre from quenching over time. Inside a radius of
6 kpc, following an initial transient, the SFR density declines
by around 1.5 orders of magnitude over a timescale of 2 Gyr in
the simulation with the Milky Way potential but by more than
three orders of magnitude in the simulation with the flat poten-
tial. In the Milky Way simulation, the star formation is strongly
centrally concentrated and strongest in the innermost 1.5 kpc.
About 5.3% of all stars in the galaxy are born within this radius.
On the other hand, in the flat potential model, only 3.8% of star
formation occurs within the same radius.

With the Milky Way potential, the density of gas, stars, and
hence star formation tend to increase in the potential wells of
the spiral arms and bar. Approximately 60% of stars outside the
bar region form within spiral arms. Such a pattern is not observ-
able with the flat external potential, as no long-lived star-forming
spiral patterns form. The transient spirals that form with the flat
potential show no consistent pattern speed.

About 60–65% of star particles form close to other star par-
ticles in groups in both simulations. Compared to a non-barred
potential, in the bar potential the lifetime and size of those
associations is lowered by ∼0.2 dex and ∼0.5 dex, respectively.

For all radii the fraction of supernovae that explode in isola-
tion is about 50%. Compared to the flat potential, the activity
times and sizes of associations of supernovae are lowered in
the central region of the Milky Way potential by ∼0.5 dex and
∼0.7 dex, respectively.

In future work, we will extend the Rhea simulations to
include magnetic fields and cosmic rays (CRs), enabling a quan-
titative assessment of their influence on star formation and
feedback in a self-consistent Galactic context. These extensions
will provide an important step toward a fully dynamic model of
the Milky Way (MW) interstellar medium.

Our findings reveal which regions of the galaxy respond most
sensitively to the detailed form of the gravitational potential.
This provides guidance for future models by identifying where a
precise description of the potential is essential for understanding
star-formation processes, and where a simplified approximation
already captures the relevant physics.
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Appendix A: Outcome of phase I
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Fig. A.1. Projected gas surface density at the end of phase I for all simulations, as well as at t = 0 Myr (initial conditions).

Before starting the simulation we aim to analyse, our simulated galaxies undergo an initial development phase that we call phase
I. During this phase, the galaxies develop from a smooth gaseous density distribution to a turbulent and structured distribution which
we start our final simulation from.

We show these start and end points of phase I in Fig. A.1. The left panel depicts the initial smooth density distribution following
Equation 6 in a projection along the y and z axis. The following panels show the developed state at the end of phase I of our
simulation runs. The general behaviour also observed in Fig. 2 is already prevalent at this time.

Due to numerical limitations in the mesh refinement, during that phase we loose some supernova which explode in regions with
strongly diverging gas motion. This applies to 1.8% of all supernova in F3000HD and 6.3% in MW3000HD. During phase II, which
is the phase we analyse, this fraction lowers to about 0.6% for both simulations.

Appendix B: Resolution study

As a test of convergence we conducted simulations of both potentials also with a mass resolution 1000 M⊙. Overall we see very good
agreement with our fiducial runs F3000HD and MW3000HD.

In Fig. B.1 we show the correlation between cell size and cell density, for F1000HD and F3000HD at about 2500 Myr in phase
II. It is apparent that in the higher resolution simulation the cells get to lower sizes and correspondingly higher densities due to the
lower target mass (up to ∼10−21.4 g cm−3 compared to ∼10−22 g cm−3)

In Fig. B.2 we present the SFR and depletion time τ of the fiducial simulations F3000HD and MW3000HD (same as Fig. 7),
overlaid with the curves of F1000HD (orange) and MW1000HD (green). Since running with 1000 M⊙ resolution is more computa-
tionally costly, MW1000HD did just run up to about 3000 Myr, i.e. 1000 Myr into phase II. We see excellent agreement between the
SFRs produced by F3000HD and F1000HD, as well as between MW3000HD and MW1000HD within the first 1000 Myr of phase
II. Correspondingly, the depletion times of the simulations agree as well. At later stages of the simulations, SFR tends to be slightly
higher at higher resolution, because of the increased ability of gas to collapse to high density. However, this effect is mild.

The distribution of gas in temperature and density (Fig. B.3, same as Fig. 3, but for MW1000HD and F1000HD) also shows no
noticeable difference between 3000 M⊙ and 1000 M⊙ target mass in both potentials. Gas reaches slightly higher densities (as already
described) and temperatures with lower target mass, but overall we see good convergence.
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Fig. B.1. Volume-density distribution of cells in F3000HD (left) and F1000HD (right) at about 2500 Myr. Contour levels enclose 10%, 30%, 50%,
70% and 90% of cells.
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Fig. B.2. Star formation rate history (left) and depletion time (right) for F3000HD (blue), MW3000HD (red), F1000HD (orange), and MW1000HD
(green). We limit the measurement to ±1 kpc above and below the Galactic plane. We find good agreement in SFR between simulations with
3000 M⊙ and 1000 M⊙ target mass.
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Fig. B.3. Temperature-density plot for F1000HD and MW1000HD at the fiducial analysis time of 2500 Myr. We find good agreement with Fig. 3.
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