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ABSTRACT

Outflows are a key part of the galactic gas cycle and crucial in shaping the star formation activity in their host galaxy. In simulations
of galaxy evolution, however, modeling these outflows in their multiphase nature and over the relevant timescales is an unsolved
problem. We present a subgrid model for simulating multiphase galactic outflows in efficient, comparatively low-resolution simu-
lations, designed for application in future cosmological simulations. The cold phase (T = 10* K) is treated as pressureless, and its
interaction with the hot phase is captured through source terms representing drag and mixing. These terms are obtained using analytic
drag and mixing terms for single clouds and convolving them with a cloud mass distribution consistent with high-resolution simu-
lations. Applied to a setup resembling the starburst galaxy M82, the model reproduces the velocity, density, and mass outflow rates
of high-resolution simulations that resolve individual cold clouds. Cold outflows emerge naturally from interactions between the hot
wind and cold interstellar clouds, with drag and mixing both contributing to the acceleration. Variation of the mixing strength strongly
affects outflow properties: stronger mixing enhances mass transfer from hot to cold gas, reduces the hot-phase velocity, and acceler-
ates the cold phase, while also affecting the origin and composition of the cold outflow. Weak mixing produces cold gas mostly from
preexisting interstellar clouds, whereas stronger mixing leads to substantial cold gas formation from the hot phase. This framework
enables efficient simulations of multiphase galactic outflows while retaining key multicomponent features of the outflow dynamics.
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1. Introduction

Galactic winds play a fundamental role in galaxy evolution as
they expel gas from the host galaxy, heat and enrich the circum-
galatic medium with metals, and regulate star formation in the
host galaxy. However, despite their perceived importance, many
of the details related to galactic winds are still unclear unclear,
including the physical processes that drive galactic outflows, the
amount of mass and energy removed from galaxies, which gas
phase dominates the outflow, and how universal these properties
are as a function of galaxy mass, morphology, and redshift. An-
swering these questions is key to a more complete understanding
of galaxy formation (see Thompson & Heckman 2024 for a re-
cent review).

From an observational perspective, galactic outflows are de-
tected in the local universe (e.g., Heckman et al. 1990) and
at high redshift (e.g., Shapley et al. 2003; Genzel et al. 2014;
Forster Schreiber et al. 2019; Guo et al. 2023; Belli et al. 2024),
establishing them as a common feature of star-forming galax-
ies. A key finding is that these winds are multiphase in nature,
spanning an enormous range of gas temperatures from ~ 10 K
to 2 107 K, and they are traced through emission and absorption
features. The cold molecular phase (T ~ 10 K) is revealed by
tracers such as CO (e.g., Bolatto et al. 2013; Leroy et al. 2015;
Veilleux et al. 2020; Fluetsch et al. 2021) and Polycyclic Aro-
matic Hydrocarbon (PAH) emission (e.g., Fisher et al. 2025).
The cool neutral phase (T ~ 10? K) is detected via H1 (e.g.,
Martini et al. 2018; Watts et al. 2024) and low-ionization lines
such as NaD, O1, and Mgt (Rupke et al. 2005; Davies et al.
2024). A warm ionized phase (T ~ 10*7 K) is traced by Ha
(e.g., McKeith et al. 1995; Westmoquette et al. 2009) and metal

lines including Mgm, O, O, and Sitv (e.g., Rubin et al. 2011;
Chisholm et al. 2017; Concas et al. 2019; Ha et al. 2025). The
warm-hot phase (T ~ 10°-¢ K) is detected in higher ionization
tracers such as Ovr (e.g., Ashley et al. 2020; Ha et al. 2025),
while the hottest gas (T 2 10° K) is observed in diffuse X-ray
emission (e.g., Strickland & Heckman 2009; Lopez et al. 2020).
Nearby archetypal starbursts such as M82 and NGC 253 show
evidence that all of these phases coexist in the same outflow (e.g.,
Bolatto et al. 2013; Lopez et al. 2020), while at higher redshift,
typically only a subset of phases is detected, often limited to
ionized or neutral gas (e.g., Davies et al. 2024; Watts et al. 2024;
Belli et al. 2024). Despite these advances, significant uncertain-
ties remain: the relative mass-loading factors of different phases,
their energy and momentum budgets, and the physical mecha-
nisms that generate and maintain multiphase structure are still
poorly constrained observationally. Addressing these open ques-
tions increasingly relies on numerical simulations, which can
disentangle the role of different processes in shaping the mul-
tiphase outflow.

From a theoretical perspective, simulating multiphase out-
flows resolving even the T ~ 10* K phase has proved to be
challenging. Cloud-crushing simulations (e.g., Klein et al. 1994;
Xu & Stone 1995) provide a controlled setup for studying the
interaction between a single cold (T ~ 10* K) cloud and the
hot wind in which it is embedded at high resolution. The gen-
eral picture emerging from cloud-wind interaction simulations is
that the relative motion between clouds and the hot flow excites
hydrodynamical instabilities (primarily Kelvin—-Helmholtz and
Rayleigh-Taylor instabilities) at the phase interface. These in-
stabilities generate turbulence and create a mixing layer between
the two phases that is characterized by intermediate temperatures
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(Gronke & Oh 2018; Fielding et al. 2020). Within this layer, two
competing processes operate: turbulent mixing, which strips ma-
terial from and can ultimately destroy the clouds, and radiative
cooling, which can condense hot material onto the cloud sur-
face and promote cloud mass growth (e.g., Gronke & Oh 2018,
2020; Fielding et al. 2020; Tan et al. 2021; Kanjilal et al. 2021;
Abruzzo et al. 2022). These two processes are accompanied by
associated momentum and energy exchange, while in parallel,
the clouds are accelerated by ram pressure drag. The outcome
of cloud survival or destruction is therefore set by the relative
timescales of these competing effects (Fielding & Bryan 2022).

A large body of work has explored how additional physical
processes alter the cloud—wind interaction, including conduction
(e.g., Briiggen & Scannapieco 2016), magnetic fields (e.g., Mc-
Court et al. 2015; Cottle et al. 2020; Sparre et al. 2020), cosmic
rays (e.g., Wiener et al. 2019; Briiggen & Scannapieco 2016),
viscosity (e.g., Marin-Gilabert et al. 2025), the pressure gradi-
ents of expanding winds (e.g., Dutta et al. 2025), and turbulence
in the hot medium (e.g., Das & Gronke 2024; Marin-Gilabert
et al. 2025). More recent studies have begun to examine cloud
populations embedded in hot flows or turbulent environments.
These works suggested that the collective interaction is not a
simple superposition of individual cloud—wind encounters, but
instead gives rise to more complex emergent behaviors (e.g., Vil-
lares et al. 2024; Tan & Fielding 2024; Seidl et al. 2026).

On larger scales, tall-box simulations have been employed
to bridge galactic and cloud-scale studies (e.g., Girichidis et al.
2016; Martizzi et al. 2016; Simpson et al. 2016; Fielding et al.
2018; Kim & Ostriker 2018; Kim et al. 2020; Girichidis et al.
2021; Ostriker & Kim 2022; Armillotta et al. 2024). These sim-
ulations follow kiloparsec-scale patches of the ISM with suffi-
cient resolution to capture the dynamics of small cold clouds
embedded in a hot wind. They self-consistently model the injec-
tion of energy and momentum from young stellar populations,
including stellar winds, radiation pressure, and core-collapse su-
pernovae, and track the interaction of this feedback with the mul-
tiphase ISM. Because of computational constraints, typical res-
olutions are about Am ~ 107> — 10 M, or Ax ~ pc, limiting the
domain size to a few kiloparsec.

On even larger scales, individual galaxy simulations com-
plement tall-box studies by allowing the wind to expand into its
full biconical structure and by capturing more complex global
phenomena such as galactic fountains. These simulations typi-
cally achieve a coarser resolution, with Am ~ 10-10°M,, and
Ax ~ 1-100 pc (e.g., Tanner et al. 2016; Emerick et al. 2018;
Schneider & Robertson 2018; Smith et al. 2018; Vijayan et al.
2018; Hu 2019; Schneider et al. 2020; Steinwandel et al. 2024;
Thomas et al. 2025). Despite these limitations, they are able to
self-consistently model the launching of galactic winds and their
subsequent multiphase evolution, resolving the development of
complex cold cloud structures and their interaction with the hot
outflow.

Cosmological simulations, owing to the vast spatial and tem-
poral scales involved, necessarily lack the resolution (typically
Am ~ 5 x 10°-10° M, Ax a few hundred parsec for zoom-in
runs) required to capture the detailed small-scale processes in
the ISM that drive galactic winds, as well as the internal struc-
ture of the winds themselves (see Naab & Ostriker 2017). As
a result, feedback processes from stars (and active galactic nu-
clei) must be modeled through subgrid prescriptions that inject
energy and momentum into the surrounding medium. The free
parameters of these models are usually calibrated against key
observables (e.g., Vogelsberger et al. 2013; Crain et al. 2015;
Pillepich et al. 2018) and/or higher-resolution simulations (e.g.,
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Davé et al. 2019). However, even the most advanced cosmolog-
ical simulations generally fail to resolve the multiphase struc-
ture of galactic winds. Only in recent high-resolution runs did
it become possible to marginally resolve the formation of the
most massive clouds entrained in outflows (Nelson et al. 2019;
Mitchell et al. 2020; Pandya et al. 2021), although these runs still
fell short of reproducing the full cold cloud population seen in
observations.

To overcome these limitations, new techniques have been
developed to explicitly track the behavior of unresolved cold
clouds within large-scale simulations. One approach is to gener-
alize the wind particle approach (Springel & Hernquist 2003) to
allow for multiple species (Davé et al. 2016), evolution (Huang
et al. 2020, 2022) into a de facto particle-based pressureless fluid
component including mass exchange and drag terms (Smith et al.
2024). An alternative grid-based approach was presented by But-
sky et al. (2024), who implemented the analytic cloud—wind in-
teraction prescriptions of Fielding & Bryan (2022) in the Enzo
code to model unresolved cloud evolution in the circumgalactic
medium. Following this philosophy, we present a new model that
builds on the multifluid implementation of ArRepo by Weinberger
& Hernquist (2023), extending it with a subgrid treatment of the
interaction between the hot wind and unresolved cold clouds,
and we study its behavior in individual galaxy simulations of a
starburst-driven galactic outflow.

The paper is structured as follows. In Sect. 2 we introduce
our model for the unresolved cloud population. We describe the
simulation setup and the suite of simulations we performed in
Sect. 3. Sections 4 covers the main results, which are discussed
in Sect. 5. We summarize our findings in Sect. 6.

2. Model

In this section, we introduce a new model for unresolved cold
clouds based on the multifluid framework introduced by Wein-
berger & Hernquist (2023), which enables us to track their inter-
action with the surrounding hotter medium. In the multifluid dis-
cretization of AREPO, each resolution element contains the con-
served quantities mass M, momentum P, and energy E of mul-
tiple gas phases; in our case, there were two quantities: a cold
phase at Teo1q = 10* K, and a hot phase with Ty > 10* K. Each
gas phase evolves according to fluxes exchanged with neigh-
boring cells. Notably, for the simulations we present here, we
simplified the multifluid treatment by assuming the cold phase
to be pressureless, meaning its pressure was formally set to
zero in the multifluid hydrodynamic equations!. In this limit,
our framework reduces to the model of Butsky et al. (2024) or
grid-based implementations of dust (e.g., Huang & Bai 2022).
The approximation is adequate as long as the volume filling
fraction of the cold gas is small, and has the practical advan-
tage of being numerically simpler and trivially generalizable to
multispecies flows (Benitez-Llambay et al. 2019). The different
phases within a cell can interact via source terms representing
mass exchange and drag forces. These source terms are inte-
grated in an operator-split fashion using the semi-implicit inte-
grator suggested by Bader & Deuflhard (1983). A forthcoming
paper (Weinberger et al., in prep.) will cover the detailed imple-
mentation in the ARepo code.

! This is possible because the hydrodynamical acceleration of a fluid is
given by the pressure gradient divided by the fluid density. In the mul-
tiphase outflow considered in this paper, the density contrast between
the cold and hot phases is about several hundred to a few thousand. As
a result, the hydrodynamical acceleration acting on the cold phase is
negligible, which justifies the use of the pressureless approximation.
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We focused on the inclusion of subgrid interaction terms
between different gas phases within the same resolution ele-
ment and its consequences for galactic outflows. These inter-
action terms are based on the assumption that the cold phase
consists of small clouds embedded in a hot medium, and that
each cloud interacts with the hot phase as predicted by high-
resolution cloud-crushing simulations (e.g., Gronke & Oh 2018,
2020; Fielding et al. 2020; Tan et al. 2021; Kanjilal et al. 2021;
Abruzzo et al. 2022). A schematic representation of our model
is shown in Fig. 1. Cloud-crushing simulations typically model
a single, spherical, homogeneous cold cloud impacted by a hot
wind, tracking the system evolution over a few cloud-crushing
times—that is, a few multiples of the characteristic timescale for
the cloud to be disrupted and mixed by the surrounding flow.
These simulations show that the interaction between the cloud
and the hot wind is governed primarily by two processes: tur-
bulent mixing at an intermediate-temperature layer that forms
between the two phases, and a drag (ram-pressure) force exerted
by the wind on the cloud. Building on these results, Fielding &
Bryan (2022) derived simple analytical expressions for the ex-
change of mass, momentum, and energy between a cold cloud
and the impinging hot wind. Below, we briefly summarize these
prescriptions and explain how we incorporate them to describe
the interaction between gas phases within an individual multi-
fluid Arepo cell.

We considered a cold cloud of mass mg and radius r., mov-
ing with velocity v relative to a hot ambient phase. At the in-
terface between the two phases, hydrodynamical instabilities de-
velop, giving rise to turbulence within the intermediate mixing
layer. This turbulence entrains material from both phases, pro-
gressively shredding the cold cloud and causing it to lose mass
at a rate

Hoss = 3fmix md{;l;rbvrd P (1)
X Tl

where fi,hvrel denotes the turbulent velocity within the layer, y =
Pel/Pnot 18 the density contrast between the cloud and the hot
medium, and fi,ix iS a numerical factor representing the effective
cloud area over which mixing occurs (Abruzzo et al. 2022). This
area increases beyond the initial spherical surface of the cloud
as it becomes elongated during the interaction. As pointed out
by Gronke & Oh (2018), a cold cloud can also gain mass, since
the turbulent mixing layer contains material at an intermediate
temperature between the cold and hot phases, where radiative
cooling is particularly efficient. As a result, some of the gas in
this layer can cool down to the cold-phase temperature 7,q and
accrete onto the cloud at a rate

mgrowth = Hoss * ‘fw, (2)
where

r
f= —— 3)

- ]
I coolﬁurb Vrel

and the exponent @ depends on the value of &: specifically,
a =1/4if & > 1 and @ = 1/2 otherwise (see, e.g., Fielding
et al. 2020). The cooling timescale #.,, refers to the gas in the
mixing layer, which is assumed to have a characteristic temper-
ature Tayer = VThot7 cloud (€.g., Gronke & Oh 2018; Fielding &
Bryan 2022). Combining Eqgs. (1) and (2), the net rate of change
in the cloud mass is given by

el mix = mgrowlh — Mloss = m]oss(fa - 1) “

From Egs. (3) and (4), it follows that a critical cloud radius exists
for which & = 1, namely

Terit = teool frurbVrels )

such that clouds with 7, > ryy experience net growth (with
larger clouds growing more rapidly), whereas those with ry <
rerie Undergo net mass loss. As discussed by Fielding & Bryan
(2022), this simple criterion captures the main features of cloud
survival identified by Gronke & Oh (2018), with only minor de-
viations arising for y > 100 (see Sect. 3.2.3 of Fielding & Bryan
2022 for details). The mass exchange described above is inher-
ently accompanied by momentum and energy transfer between
the two phases, since the exchanged mass carries its own mo-
mentum and energy. As a result, the evolution of the cloud mo-
mentum and of the internal energy of the hot environment can be
expressed as

pcl,mix = mgrowth * Vhot — Mlioss * Veolds (6)

. Tioss 1 2

Uenv,mix = M_ (Ucold — Unot) + Evrcl s @)
hot

where v and u denote the velocity and specific internal energy
of the phase indicated by the subscript. We stress that since the
cold phase was treated as pressureless, the thermalization of the
relative kinetic energy associated with mass exchange is entirely
attributed to the hot phase.

In addition to mass exchange, the cloud is also subject to a
ram pressure force exerted by the hot wind, given by

T
- 2 —
Pcldrag = Z 1 PhotVrel * Vrel = Kl - Veels ()

where K represents the drag coefficient. This momentum trans-
fer is associated with a corresponding increase in the internal
energy of the hot phase, given by

Kq

. _ 2

Uenv,drag = Mh tvrel- (9)
of

Equations (4), (6), (7), (8), and (9) define the source terms
governing the mutual interaction between the cold cloud and the
hot wind?. In the following, we incorporate these terms as sub-
grid source terms describing the exchange of mass, momentum,
and energy between the hot and cold phases within an ARepo
cell. To enable this treatment, we adopt a subgrid model in which
the cold phase is composed of a population of small cold clouds
that interact with the surrounding hot medium (i.e., the hot com-
ponent of the cell), consistent with the behavior observed in
cloud-crushing simulations. In practice, this approach requires
an assumption about how the total cold-phase mass in the cell is
distributed among individual cold clouds. Below, we present two
alternative prescriptions for this decomposition.

2.1. Cloud model 1: Delta distribution

The simplest modeling approach assumes that the cold phase in
each simulation cell consists of clouds of uniform size, denoted

2 We note that, among single-cloud source terms, the mass transfer
from the hot to the cold phase due to thermally unstable hot gas is not
included. In our outflow setup, the timescale of this mass transfer, which
is proportional to the cooling timescale of the hot phase, would corre-
spond to several hundred Myr, much longer than any other dynamical
or source-term timescale relevant in the setup described in the following
section.
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Fig. 1. On the left, a single Arepo cell contains conserved quantities for
a hot phase and a cold pressureless phase. The interaction between the
two phases within the cell was modeled assuming that the cold phase
consists of a cloud population with a mass function ¢, embedded in
the hot medium. Each cloud interacts individually with the surrounding
hot environment, following the dynamics predicted by cloud-crushing
simulations. In particular, mixing and drag processes result in the ex-
change of mass, momentum, and energy between the two phases. The
total source terms for the two phases were obtained by summing the
contributions from all individual clouds. All the source terms appearing
in the cloud-crushing box on the right are the single-cloud source terms
defined in Eqgs. (4) and (6)-(9).

by the free parameter r;. The mass of each cloud is a local quan-
tity (i.e., varying from one cell to the next), and is given by

Mg = =Ar0d, (10)

3

where the cloud density p. is determined by the pressure equa-
tion,

My
kpTeola”

Pel = €pPhot (11)
Here, Py is the pressure of the hot phase, my, is the proton mass,
u the mean molecular weight, kg the Boltzmann constant, and
&p a constant (spatially and temporally) coefficient representing
the ratio of cold- to hot-phase pressure, introduced to account for
deviations from pressure equilibrium. Under this assumption, the
cloud mass function within a single cell is a delta distribution,

dN
¢(m) = T = Na 6(m —me), (12)
m
where the number of cold clouds in a cell is given by
M,
Ny = —. (13)
me)

All clouds within a cell are assumed to share the same veloc-
ity, determined by the macroscopic (of the cell) properties of the
cold phase: Veoiq = Peola/Mcoia- With this formulation, the source
terms for the hot phase in a given cell are

(14)
5)
(16)

Here, the superscript d stands for delta distribution. The rates of
change for the cold-phase mass and momentum are simply the
negatives of those in Egs. (14) and (15). In this model, the source
terms for the phases in a given cell are just those of a single cloud
times the number of clouds per cell. Equation (16) also includes

ord .
Mhot = =N - Higl, mix»
pd _ . .
Phol =N - (pcl,mix + pcl,drag) >

4 . . .
Upor = Vel * (uenv,mix + Ueny, drag) + Ucool-
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the term .01, Which represents the contribution from radiative
cooling processes occurring within the hot phase and is unrelated
to interactions with the cold phase.

We can now easily derive the scaling relations of the cell
source terms with cloud mass m,. In the regime where ¢ < 1,
cloud mass exchange is dominated by mass loss. From Eq. (1)

and using the scaling r,j o mil/ 3 , wWe obtain ritg) mix o mil/ 3 In the
opposite regime, £ > 1, mixing is dominated by mass growth,
and from Eq. (2), #itc) mix & mgl/ 4, Combining these scalings with
Egs. (13) and (14), we find that the total mass exchange rate with

the hot phase scales as My, mc_ll/ Jforé < 1, and My o mc_ll/ 4
for & > 1. Similarly, from Eqgs. (8) and (13), the total drag force
scales as N¢iPdrag m;ll/ 3. In other words, the overall mass ex-
change, and the associated momentum and energy transfer, as
well as the drag-induced momentum exchange, and its corre-
sponding energy exchange, all decrease when the cold phase is
composed of a few massive clouds, and increase when it con-
sists of many small clouds. This behavior will be important when
comparing this single-cloud-mass model to the one presented in
the next subsection. Note that throughout this paper, we use this
delta distribution model only as a comparison in the appendix.
The fiducial cloud model is the piecewise power-law model.

2.2. Cloud model 2: Piecewise power-law mass distribution

The second model relaxes the assumption of single-mass clouds
within a cell and instead adopts a piecewise power-law mass
function for the clouds. This approach is motivated by high-
resolution simulations of multiphase outflows (Tan & Fielding
2024; Warren et al. 2025), which are capable of resolving cold
clouds and directly measuring their mass distribution. We as-
sumed that the cloud mass function within a resolution element
is given by

-2 Y .
_ mcrit(m/mcrlt) it m < me,
oim) =N {m_2 if  m > mei, 17

where m;; is the mass of a cloud with critical size r.;;, and the
function is defined over the range3 m € (Mmin, Mmax)- The pa-
rameters y, Mmin, and mp,, are free parameters of the model .
The normalization constant N, set by f]:;m m@(m)dm = Mo,

reads
-1
+ ln( Mmax )} .
Mecrit

We remark that the two slopes of the mass distribution, —y and
—2, were assumed to be constant. However, Egs. (1) and (2) indi-
cate that the mass exchange rate of a single cloud depends on the
cloud mass: larger clouds tend to gain mass more rapidly, while
smaller clouds lose mass more slowly. This differential interac-
tion across the cloud population would, in principle, cause the
distribution to evolve away from its initial shape over time. Nev-
ertheless, high-resolution simulations of multiphase outflows,
such as those by Tan & Fielding (2024) and Warren et al. (2025),

1 — (Mmin /mcn't)z_y

N = Moa 2_7

(13)

3 Reasonable values for these extrema can be inferred from outflow
simulations that resolve individual clouds (e.g., Warren et al. 2025),
which suggest a range of myy, ~ 107> My to mye ~ 10° My. The
specific values adopted in our simulations are listed in the caption of
Table 2. As discussed in Appendices A.1 and A.2, the source terms are
largely insensitive to these choices provided that the critical mass m;,
on which the source terms primarily depend, does not approach the im-
posed extrema.
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show that the overall shape of the cloud mass distribution re-
mains stable throughout the simulation. This suggests that ad-
ditional physical processes are at play, beyond individual cloud—
hot-phase interactions, such as cloud mergers and fragmentation.
These processes, while not directly contributing to the mass ex-
change with the hot phase, play a key role in preserving the
slopes of the mass distribution. In our model, such effects are not
explicitly included. Instead, we effectively account for them by
assuming that the cloud mass function retains a fixed shape over
time. Similarly, through processes such as growth and mass loss,
clouds in the population could, in principle, move beyond the de-
fined mass boundaries, my,i, and my,,. However, the discussion
above implies that fragmentation and mergers tend to keep cloud
masses within this prescribed range, although this may be some-
what debatable. Nevertheless, as detailed in Appendix A.2, for
slope parameters y < 1.5, the specific choice of myi, and mmax
has a negligible impact on the computation of source terms.

After we defined the cloud mass distribution (Eq. 17) and
determined the source terms for individual clouds (Egs. 4 and 8),
we obtained the total source terms for the cold phase, represented
by the entire cloud population, by integrating the single-cloud
source terms over the cloud mass function. For instance, the total
mass-loss source term for the cold phase is given by

Wi = f Bm) - ions dm = 19)

N url
= 3 g Vel 0)

X ' Noss

where the effective cloud radius rj. is defined as

-2
ol =i 2-y _ 3 Mcrit i _ @1
loss Ferit 5- 37 rmin(s - 37) Mmin Fmax

Similarly, the growth rate of the total cold phase in the cell is
found to be

. N b Vrel

Mgrowth = 3fmix$, (22)
X' “Tgrowth

where

1/2 -2

o6 (1 Efmea ), FAS| -

Teowth = T 60\ rem 7o \mon ) )~ o~ 7o) )
Y \erit  Tmin \ Mlmin Tmax  Terit

Then, analogously to Egs. (6) and (7) for a single cloud, the total
rate of change of momentum in the cold phase and the rate of
change of internal energy in the hot phase due to mixing are
given by

Phix = growth * Yhot — Mioss -+ Veold, 24
M loss 1
. 2
Umix = M (tcold — Unot) + Evrel . (25)
hot

With the same procedure, the total drag force acting on the cold
phase is given by

. N &
Pdrag = —— = Vel * Viel = Ky * Vel (26)
Tdrag 4
where
3 2 2 72 2 2
-1 _ crit min [ Merit 3 "max crit
rdrag_l)hot 5 3 D - T |
= Y \ Mecrit Mmin \ Mmin Mmax Merit
(27)

Table 1. Summary of the cloud model parameters.

Interaction model parameters

Teold Cold phase temperature

ep Cold to hot pressure ratio
Jmix Mixing strength
Sturb Turbulent to relative velocity ratio

Cloud model parameters

Tel Cloud size (delta model)
Mmin Minimum cloud mass (power law model)
Mmax Maximum cloud mass (power law model)

0% Low-mass power law slope (power law model)

Notes. In the delta model, the cloud mass (1), in the power-law model,
the critical cloud mass and size (mg; and r;), and in both models,
the cloud density (o), are quantities derived from the macroscopic gas
state.

Analogously to Eq. (9) for a single cloud, the total change in
internal energy of the hot phase due to the drag force acting on
the cloud population is given by

Kq

, 28
M, hot Vel ( )

udrag =

We can now express the total source terms for the hot phase as

M}F:Stl = Mioss — Mgrowin, (29)
PEE: = _Pmix - Pdrags (30)
uﬁgi = (’;tmix + udrag) + ool - 31)

Here, the superscript ppl denotes the piecewise power-law distri-
bution. As in the case of the delta distribution (see Sec. 2.1), the
rates of change for the cold-phase mass and momentum are sim-
ply the negatives of those given in Egs. (29) and (30). In practice,
when employing this model, we encounter the issue that m
varies dynamically from cell to cell according to Egs. (5), (10),
and (11), and may exceed the prescribed boundaries m;, and

: : 1 -1
Mmax. When this occurs, the functions r (., 7y o,» and ry, . be-

come ill-defined and can drop rapidly to negative values. To sta-
bilize this behavior, we set these functions to zero whenever they
become negative. The dependence of the r;slou e+ COefficients on
the model parameters is discussed in Appendix A.1.

In the delta and power-law models, the source terms are pro-
portional to the cold-phase mass within the cell, Mqq. As a con-
sequence, if Mgowth > Mioss, the cold phase will tend to grow
increasingly rapidly, eventually draining the hot phase. This be-
havior reflects an inherent limitation of source terms derived
from cloud-crushing simulations, which typically cover only a
few cloud-crossing times and do not capture the long-term evo-
lution of clouds embedded in a hot medium (see Das et al. 2025,
for a discussion how to mitigate this problem in the compressible
2-fluid framework). To mitigate this issue in the case of a pres-
sureless fluid, we rescale the source terms by a sigmoid function
that vanishes as Mcoid/Miot = 10°. Similarly, we apply the same
suppression when My /Mcoiq = 107 to prevent the cold phase
from becoming vanishingly small. For clarity, we summarize the
parameters of our cloud models in Table 1.

To trace the fate of initially hot, cold and feedback gas, we
employ passive scalars. These are kept track of in the hot and
cold phases separately and follow the mass fluxes across in-
terfaces. For the mass exchange between fluids, any given i-th
scalar, with values Ppo; and Peolq; in the hot and cold phases
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respectively, the scalar equations take the form

d .
E(Mhotphot,i) = Mlosspcold,i - Mgrowthphot,i» (32)

d . .
E(Mcoldpcold,i) = _Mlosspcold,i + Mgrowlhphol,iv (33)

and are evolved in the source term integrator along with the other
exchange terms.

More details about the cloud model are provided in Ap-
pendix A. A comparison between delta and power-law distribu-
tion is presented in Appendix A.3, and comparisons to similar
models in literature are made in the next section.

2.3. A comparison with other models in the literature

To help situate our new model within the existing literature, we
highlight its key similarities and differences compared to two
other approaches that also aim to track the evolution of cold gas
in a live subgrid fashion. The first and most similar model was in-
troduced by Butsky et al. (2024), implemented in the grid-based
code Enzo. In their implementation, a two-fluid hydrodynamics
framework is employed, where the second (cold) component is
treated as a pressureless fluid—that is, pressure forces from the
cold gas are neglected in the hydro-solver. This is the same ap-
proach adopted in our work. However, it is worth noting that
the method presented in Weinberger & Hernquist (2023) more
generally allows the cold phase to be modeled as a fully com-
pressible fluid (see, e.g., Das et al. 2025). Regarding the subgrid
composition of the cold phase, in the Butsky et al. (2024) model
and our delta model, each resolution element contains equal-size
clouds. In our case, the cloud size is set by a free parameter,
re1, while in their case, it is determined by the local thermal and
cooling properties of the hot gas within each cell. As in our delta
model, the number of clouds per cell is given by Ny = Mcoia/me-
Moreover, similar to our approach, the hot and cold phases co-
evolve in each cell based on the source terms reported by Field-
ing & Bryan (2022), which we also employ. Additionally, since
the main focus of Butsky et al. (2024) is to study cold gas in the
circumgalactic medium, they include extra source terms asso-
ciated with thermal instability, which allow clouds to condense
out of the hot phase in the absence of relative velocities. The
second model with which we compare our model is the ARKEN-
sToNE model, implemented in Arepo by Smith et al. (2024). In
this approach, the cold phase is represented by cold particles that
are spawned according to the star formation rate predicted by an
ISM model, and are launched out of the ISM with an empirically
chosen velocity. These cold particles evolve purely under gravity
and interact with the background hot gas through the Fielding &
Bryan (2022) source terms, until they are recoupled to the hot
phase when their cold mass or the density contrast with the am-
bient hot gas drop below a specified threshold. Thus, cold-hot
source terms are active only as long as these particles remain
decoupled from the hot medium. Their cloud model lies some-
where between our delta and power-law approaches. As in our
delta model, each cold particle is assumed to consist of equal-
mass clouds, with their mass set by the total cold mass of the
particle, M4 (determined by the spawning prescription), and by
the number of clouds per particle, Ncoig. Neolg is drawn stochas-
tically at the time of spawning, such that the ensemble of clouds
across cold particles follows a mass distribution dN/dm o m=2.
In general, this method results in different cold particles being
characterized by clouds with different masses and sizes, as in
Butsky et al. (2024), while in our delta model all cells have the
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same cloud size, but not necessarily the same cloud mass. After
spawning, the value of Ny is then held fixed for the rest of the
particle evolution. In contrast, in our power-law model, the cloud
mass distribution is assumed to follow this specific shape within
each resolution element at all times. Each method has its advan-
tages and limitations. On the one hand, the ARKENSTONE model
enforces a power-law cloud mass function at spawning, consis-
tent with the distribution observed by Tan & Fielding (2024),
but this distribution can evolve and deviate from the theoreti-
cal expectation as cold particles move through and interact with
the hot outflow, due to the differential cloud growth for different
cloud masses. On the other hand, their choice of a single-cloud
mass per cold particle avoids the problem of diverging veloc-
ities among clouds within the same particle. In our power-law
model, by contrast, the stationarity of the power-law distribu-
tion is built into the subgrid model at all times and locations. As
discussed in Sect. 2.2, this implicitly assumes the existence of
ongoing fragmentation and merger processes and it is consistent
with the stationarity of the distribution observed in Tan & Field-
ing (2024) and Warren et al. (2025). However, because clouds
of different masses coexist within each resolution element, the
mass dependence of the single-cloud source terms would cause
them to experience different forces and thus diverge in velocity.
In practice, we compute the net force on the cold phase in each
cell by summing the contributions from all single-cloud terms,
which determines the evolution of the bulk cold-phase velocity
Veold = Peotd/Meoia- We then assume that all clouds move with
this bulk cold-phase velocity. This limitation can be addressed
in future developments by representing clouds of different sizes
by different pressureless fluids, allowing for relative velocities
and solving the cloud shattering and coagulation dynamics via
mass exchange terms between the pressureless fluids.

3. M82 simulations: Setup and suite

To study the behavior of the model described in Sect. 2, we car-
ried out a suite of simulations aimed at reproducing the mul-
tiphase galactic outflow of the starburst galaxy MS82. Our pri-
mary goal is to demonstrate that low-resolution simulations em-
ploying two-fluid hydrodynamics and subgrid modeling of cold
cloud interactions with the hot phase can effectively reproduce
the results of high-resolution simulations that explicitly resolve
cold clouds and their coupling with the ambient hot gas. Specif-
ically, we align our setup with the high—resolution simulation of
Schneider et al. (2020, hereafter S20), adopting a similar initial
conditions and energy injection prescriptions (Sect. 3.1) to en-
sure a meaningful comparison.

3.1. Setup

All simulations were performed with the moving-mesh code
Arepo (Springel 2010; Pakmor et al. 2016; Weinberger et al.
2020), with refinement, derefinement, and mesh-motion criteria
modified to meet the specific requirements of our setup, as de-
tailed in Appendix C. The simulation box has dimensions of 20
kpc x 20 kpe X 20 kpc, with the galactic disk lying in the plane
z = 10 kpc, and centered in (x = 10kpc,y = 10kpc). We initial-
ized a gaseous disk in vertical hydrostatic equilibrium and in dy-
namical equilibrium with static stellar and dark matter potentials
by means of the code Gp_pasic by Lupi et al. (2015), following
the methodology of S20. The properties and parameters of the
three components are as follows:
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— Gas: Initially sampled with Ny = 2 - 10* particles, dis-
tributed according to an exponential radial profile with scale
radius Ry,s = 1.6 kpc and total mass Mgy = 2.5+ 10°M,. The
gas is initialized at a temperature 7 = 10* K, with a constant
mean molecular weight 4 = 0.6. For the initial equilibrium
and during the simulation, we neglected the self-gravity of
the gas. After initialization, the mass in each cell is redis-
tributed so that a fraction f.,q of the total cell mass is as-
signed to the cold phase, and the cold gas rotational veloc-
ity is determined solely by the gravitational potential, hence
slightly higher than that of the hot phase, which also expe-
riences pressure support. The cold phase is initialized at a
constant temperature Tcoq = 10* K and remains constant
throughout each simulation. To fill the simulation volume, a
background low-density medium composed of both phases is
placed above and below the disk. This component becomes
dynamically irrelevant once the outflow reaches those re-
gions, and any information about the initial conditions there
is quickly erased.

— Stars: Included as a static Miyamoto—Nagai potential
(Miyamoto & Nagai 1975),

GM
q)*(ryz) = - > s

\/r2 +(Ry + |2+ 22)

(34)

where G is the gravitational constant, r and z are the radial
and vertical cylindrical coordinates, the total mass is M, =
10'°M,, and the characteristic radius and scale height are
R, = 0.8 kpc and z, = 0.15 kpc, respectively.

— Dark matter: Modeled via a static Navarro—Frenk—White
potential (Navarro et al. 1996),

o 7
- 1+ -,
r[In(1 +C) - C/(1 + C)] Rpm

Dpy = (35)

where r is the radius in spherical coordinates, the total mass
is Mpym = 5 - 10'°M,, the scale radius is Rpy = 5.3 kpc, and
the concentration parameter C = 10.

The starburst is driven by the injection of mass and energy
into the hot phase*. To mimic clustered supernova (SN) feed-
back, we follow the procedure similar to S20, injecting mass and
energy into eight spherical regions of radius 30 pc, randomly po-
sitioned within 1 kpc from the galactic center. Injection occurs
in all resolution elements that lie within these spheres, at a mass
rate Minj = ny M, and energy rate Eyyj = ng - (10! erg/100 Mg) -
M,, where M, = 20Mgyr~!, ny = 0.1 and 5 = 0.325. While
the value of 1), is the same as that adopted by S20, they as-
sume a higher energy-loading factor of 1. Once initialized, the
injection spheres rotate in the disk according to the local circu-
lar velocity set by the total gravitational potential. Each sphere
remains active for 10 Myr, after which it is replaced by a newly
generated one at a different random location. Mass and energy
injection begins at # = 0 and continues for the entire duration of
the simulation, which spans 30 Myr. To ensure that the feedback
regions are resolved despite the low overall resolution, we im-
plemented a refinement and derefinement criterion that enforced
a target cell volume of Vi, = 1073 kpc3 for gas cells in the disk

4 Coupling of supernova energy to the cold phase is also expected to
occur, leading to cloud evaporation and the driving of turbulence. For
simplicity, we do not include these effects here. A future more compre-
hensive subgrid ISM model, will include these effects (Stachlys et al.,
in prep.).

inner region, such that each injection sphere was resolved by
approximately > 6 cells. Outside the disk, the resolution gradu-
ally decreases, with typical cell volumes in the outflow reaching
Vet = 0.1kpc®. Further details on the refinement strategy are
provided in Appendix C.

We included radiative cooling in the hot phase as a source
term, integrated together with the cold- hot-phase interaction
terms. The cooling function is the same piecewise parabolic fit
to a solar metallicity cooling curve presented in Schneider &
Robertson (2018).

As the outflow reaches the edge of the simulation box,
specifically, a radial distance R = 9 kpc from the center of the
box, we apply a boundary sink term. Cells are coarsened to a vol-
ume Vo = 1kpc?, their velocities (in both phases) are damped,
the hot-phase temperature is reset to 10* K, the hot-phase density
is set to 5.5 x 10736 gcm™3, and the cold-phase density is set to
a value 100 times lower. In this way, the supersonic outflow in
the cells that cross the 9 kpc distance from the center of the box
is converted into a subsonic, quasi-static, low-density gas. As a
result, the outflow effectively disappears beyond this region, al-
lowing us to employ periodic boundary conditions.

In addition, to trace the origin of cold gas in the outflow, we
introduce three passive scalar fields for each phase, that we indi-
cate with Pppase,i» Where the subscript “phase” indicates the phase
it belongs to and i the scalar type. These three types of scalars
track the fractional mass contributions to the given phase from:
the initial hot phase (i = ih), the initial cold phase (i = ic), and
the SN-injected material (i = isn). At initialization, hot and cold
gas phases are assigned scalar values of (1,0, 0) and (0, 1, 0), re-
spectively. SN-injected material carries (0, 0, 1). Whenever mass
is exchanged, either between phases within a cell (due to mixing,
Egs. 32 and 33), or between cells (due to advection; see Wein-
berger & Hernquist 2023), the passive scalars are exchanged pro-
portionally along with the corresponding mass fluxes, which al-
lowed us to study the origin of the cold gas in the outflow.

3.2. Simulation suite

We performed a suite of simulations, summarized in Table 2,
with the following characteristics:

— The fiducial run (£id) was tuned by adjusting the model
and setup parameters U = {fcold> 7B, Smixs Pmin»> Mmax- ¥s Ep}
so that the resulting outflow properties reproduce those of
the simulation by S20, as discussed in Sect. 4.1. The run
NoSources is identical to £id except that all source terms
are disabled, while NoDrag_fmix0.03 switches off the
drag force and employs a mixing coefficient ten times higher
than the fiducial value.

— The runs fmix* are identical to £id except for an increased
mixing coefficient. These are presented in Sect. 4.2 to ex-
plore how enhanced phase mixing affects the properties of
the multiphase outflow.

— All simulations discussed in the main text are performed at
the same resolution. In Appendix D, we show that the results
are robust even under extreme resolution changes. The Ve*
runs differ from £id only in the value of the characteristic
cell volume V., which controls mesh refinement and dere-
finement in the outflow region, that is, the numerical resolu-
tion.

— The £cld* runs investigate the dependence of the model
on the initial cold gas mass fraction in the disk, using higher
and lower f.,1q values relative to £id. Finally, the rel* runs
compare the power-law cloud model with the delta-function
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Table 2. Summary of the parameters used in our simulation suite.

clouds drag

name distribution  source term  fiix Vit [kpc3] feold  Tal [pc]
fid power law v 0.003 0.1 0.65 X
NoSources power law X 0 0.1 0.65 X
NoDrag_ fmix0.03 | power law X 0.03 0.1 0.65 X
fmix0.03 power law v 0.03 0.1 0.65 X
fmix0.1 power law v 0.1 0.1 0.65 X
fmix0.3 power law v 0.3 0.1 0.65 X
fmix1 power law v 1 0.1 0.65 X
Ve0.001 power law v 0.003 0.001 0.65 X
Vec0.01 power law v 0.003 0.01 0.65 X
ve0.03 power law v 0.003 0.03 0.65 X
Ve0.3 power law v 0.003 0.3 0.65 X
Vel power law v 0.003 1 0.65 X
fcldo.1 power law v 0.003 0.1 0.1 X
£cld0.9 power law v 0.003 0.1 0.9 X
rcl0.01 delta v 0.003 0.1 0.65 10
rcl0.6 delta v 0.003 0.1 0.65 600

Notes. The following values were kept constant in all runs: Tyq = 10* K, £p = 0.143, fiuw = 0.1, myin = 1072 Mg, mipax = 10° Mo, and y = 0.

cloud model for a couple representative cloud sizes. Both
sets of runs are discussed in Appendix F.

4. M82 simulations: Results

To illustrate the overall behavior of the simulation, Fig. 2 shows
density slices for the NoSources run (left panel) and the £id
run (right panel). In both panels, the left side of the box displays
the density of the hot phase, while the right side shows that of
the cold phase. Each panel presents a time average over snap-
shots taken in the interval T = (27,30) Myr after the onset of
SNe injection. In both cases, the injection of mass and energy
into the hot phase drives an hot outflow that fills the entire simu-
lation volume. However, when the source terms are switched off
(left panel), no cold outflow develops and all cold gas remains
confined to the disk. In contrast, when the source terms are ac-
tive (right panel), mass, momentum, and energy are exchanged
between phases, leading to the emergence of a cold outflow from
the cold gas disk.

4.1. Comparison with a high-resolution M82 simulation

In this section, we compare three of the simulations listed in
Sect. 3.2 with the high-resolution simulation of S20. In our fidu-
cial simulation, the parameters U were chosen such that the
macroscopic properties of the resulting outflow, namely the den-
sity, velocity, and mass outflow rate of each phase, match those
measured in the high-resolution simulation of S20. The fiducial
parameter values are listed in Table 2. Figures 3, 4, and 5 com-
pare the macroscopic outflow properties in our £id simulation
(solid lines with shaded regions) to those from S20 (dashed lines,
extracted from their Figs. 6-8). For reference, we also show the
NoDrag_fmix0. 03 simulation (dotted lines), which is iden-
tical to £id except that the drag force is disabled and the mix-
ing strength is increased to fmix = 0.03, one order of magni-
tude higher than the fiducial value. In all figures, we addition-
ally show the curves (black and gray solid lines) corresponding
to our NoSources run, highlighting the importance of source
terms in driving a cold outflow. In all figures, red and gray lines
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correspond to the hot phase and blue and black lines to the cold
phase.

For the velocities and densities, the profiles are computed as
follows. First, we calculate the time-averaged density and ve-
locity structures over the interval 7. Then, for each quantity,
its value at radius r is given by the median within the shell
(r, r + 0.3 kpc) inside a cone with semi-opening angle 8 = 30°,
considering upward and downward outflows. In our fiducial run,
the boundaries of the shaded regions correspond to the 16th and
84th percentiles, which reflect the angular variability within each
radial bin. The same procedure is used by S20, except they omit
the initial time-averaging step, which we employ to reduce shot
noise arising from our significantly lower resolution, and instead
use a single snapshot taken at ¢t = 30 Myr after the onset of SNe
injection.

For the mass outflow rates, we proceeded as follows. For
each snapshot in the interval 7, we compute the mass outflow
rate in the radial bin (r, r + 0.3 kpc) as >}; m; v;/Ar considering
all cells within the cone of semi-aperture 8 = 30°, as above.
The mass outflow rate at r is then taken as the mean across the
considered snapshots, and the boundaries of the shaded regions
correspond to the standard deviation. Again, S20 adopt the same
method, but only for the snapshot at + = 30 Myr, and therefore
without time-averaging.

Overall, we find that the macroscopic properties of the out-
flow in our £id simulation are in very good agreement with
those from the high-resolution simulation of S20. Even for the
mass outflow rates, where the mismatch appears larger, the dif-
ferences remain within a factor of < 2. Regarding the discrep-
ancy in the cloud densities, S20 note that their profile may be
affected by resolution effects, which cause the pressure equilib-
rium between phases to vary with radius. In our model the pres-
sure ratio between phases is assumed to be constant everywhere.
What makes the overall agreement noteworthy is that, thanks to
our different discretization of the problem, that is, two-fluid hy-
drodynamics coupled with subgrid models for the interaction be-
tween the resolved hot phase and unresolved cold clouds, we are
able to obtain quantitatively similar results to S20 for the proper-
ties of the multiphase outflow, despite employing a significantly
lower resolution. More specifically, within the outflow, the typi-
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Fig. 2. Density slices of the NoSources run (left panel) and the £id run (right panel). The density in each cell is defined as the mass in the
respective phase divided by the volume of the cell. The slices show time averages over snapshots taken in the interval 7 = (27,30) Myr. In
each panel, the left side corresponds to the hot phase, and the right side corresponds to the cold phase. The comparison between the two panels
underscores the pivotal role that mixing and drag play in driving a cold outflow.

cal cell volume in our simulations is V4 = 0.1 kpc3, correspond-
ing to a mean linear cell size of /.. ~ 460 pc, whereas in S20
the cell size is 5 pc. This represents a factor of ~ 100 in linear
resolution, corresponding to a factor of ~ 10% in the number of
resolution elements.

In Figs. 3, 4, and 5, the purpose of showing the
NoDrag_f£fmix0 .03 simulation is to highlight that there is a
degeneracy between drag and mixing in launching the cold out-
flow. In our subgrid treatment of the drag force, we assume that
the total drag force on the cold phase in a cell is given by the sum
of the drag forces acting on all individual clouds comprising the
cold phase. This approach may overestimate the total drag force,
as it neglects physical shielding effects within the cloud popu-
lation (e.g., Villares et al. 2024). To explore the extreme of this
regime, we consider the case of a vanishing drag force and in-
vestigate whether mixing alone can accelerate the cold outflow
to reproduce the velocity curves of S20. Figure 3 shows that,
by increasing fmix by an order of magnitude above the fiducial
value, and in the absence of drag, we can still recover the same
velocity structure of the multiphase outflow. This demonstrates
that the set of parameter values of £id used to match S20 is
not unique, and that different combinations of drag and mix-
ing strengths can reproduce the same velocity structure reported
in S20°. The match between NoDrag_f£fmix0.03 and S20 in
densities and mass outflow rates is poorer than in £id. We sus-
pect that this is a consequence of only modifying the parameter
Jmix to match velocities, without a full recalibration of all the pa-
rameters U to reproduce all observables. Nevertheless, even in
densities and mass outflow rates, the NoDrag_ fmix0. 03 pre-
dictions remain within an order of magnitude of S20. The most
notable discrepancy is in the cold cloud density. This is a con-
sequence, as shown in Appendix E, of most of the heating of
the hot wind originating from dissipation of drag forces. With-

5 This is in agreement with S20 (their Sect. 4.6), as they demonstrate
that ram pressure cannot have a dominant effect on the acceleration of
the cold gas and some degree of mixing acceleration is required to ex-
plain the observed cold velocity profile.

out drag, the hot phase is cooler and less pressurized, leading to
a lower cloud densities (Eq. 11).

In Figs. 3, 4, and 5, the purpose of showing the NoSources
results is to highlight the role of source terms in driving the
outflow, as also captured in the density map in Fig. 2. Due to
mass and energy injection in the hot phase, the hot outflow is
driven outward, displaying velocity, density and mass outflow
rate profiles similar to those found in the other runs. However,
in NoSources, owing to the absence of coupling terms be-
tween the hot and cold phases, whether through drag, mixing, or
both, no cold gas is ejected from the galaxy. In addition, the low-
density cold gas that fills the box, as specified in the initial condi-
tions, falls in toward the center due to gravity, thereby exhibiting
a negative radial velocity (Fig. 3) and vanishing ~ —10~*Mg/yr
inflow rate (Fig. 5). These NoSources curves therefore empha-
sizes the importance of source terms in launching cold outflows.

In the next section, we systematically explore the effects of
progressively increasing the mixing efficiency fyix on the out-
flow.

4.2. Variation of the mixing efficiency

In this section, we explore the effects of enhancing mass ex-
change between the cold and hot phases by increasing the pa-
rameter fiix above its fiducial value of 0.003. The fmix_ * sim-
ulations, which differ from the fiducial run £id only in having
higher values of fnix (see Table 2), provide a basis for assess-
ing these changes. Figure 6 shows the velocities (top row) and
mass outflow rates (bottom row) of the hot and cold phases (left
and right columns, respectively) for the £id and fmix* sim-
ulations. The fiducial run is highlighted with thicker lines for
reference. Velocity and mass outflow rate profiles are computed
as outlined in the previous section.

Figure 6 reveals a couple of interesting trends: (i) AS fuix
increases, the velocity of the hot phase decreases, while the cold-
phase velocity shows a more complex behavior. Specifically, the
cold velocity increases with fi,ix up to 0.1, but begins to decrease
as fmix 18 increased further beyond 0.1. However, despite this
global trend, in the inner region (R < 1 kpc) the cold velocity
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Fig. 3. Radial velocity profiles of the hot (red) and cold (blue) phases
from our £id (solid lines), NoDrag_£fmix0 .03 (dotted lines) simu-
lations, compared with the results of S20 (dashed lines). NoSources
results are shown as solid gray and black lines. All profiles show me-
dians computed within a cone with a semi-opening angle of 30°. The
shaded regions indicate the 16th and 84th percentiles for the £id run.
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Fig. 4. Radial density profiles of the hot (red) and cold (blue) phases
from our £id (solid lines) and NoDrag_fmix0.03 (dotted lines)
simulations, compared with the results of S20 (dashed lines). The hot-
phase density from the NoSources run is shown as a solid gray line,
while the corresponding subgrid clouds density is not shown because
sources are tuned off. All profiles show medians computed within a cone
with a semi-opening angle of 30°. The shaded regions indicate the 16th
and 84th percentiles for the £id run.

for fiix = 0.1 remains higher than in runs with lower fx, and
exhibits an inner steeper radial rise compared to those cases.

(i) At higher fi,ix values, the hot-phase mass outflow rate
decreases, whereas the cold-phase outflow rate increases.

To interpret the velocity behavior, we analyzed the accelera-
tions acting on the two phases, separating hydrodynamical from
source—term contributions. The hydrodynamical acceleration for
the hot phase, the source—term accelerations for the hot and for

Article number, page 10 of 23

100,

M [Me/yrl

1071,

— fid
------- NoDrag fmix0.03
—=—=- Schneider et al. 2020

NoSources Hot
NoSources Cold

0 1 2 3 4 5
R [kpc]

Fig. 5. Radial mass outflow rate profiles of the hot (red) and cold (blue)
phases from our £id (solid lines) and NoDrag_fmix0.03 (dotted
lines) simulations, compared with the results of S20 (dashed lines).
NoSources results are shown as solid gray and black lines. All pro-
files are computed by summing the mass outflow rate from each cell
at a given radius within a cone with a semi-opening angle of 30°. The
shaded regions indicate the time variability in the interval (27, 30) Myr
for the £id run.

cold phases are
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Acsources = t—>—— + Vrel, (38)

M cold M cold

respectively, where the second terms in the source equations are
obtained by combining Egs. (24) and (29) and v, is the differ-
ence between the hot and cold radial velocities. Figure 7 shows
the source—term accelerations (solid lines) for the hot phase (left
panel) and the cold phase (right panel) for different f,ix values.
In the left panel, the dashed lines indicate the hot—phase pres-
sure—gradient acceleration. The legend in the right panel lists the
values of {ac mix/ac drag)» the radial average of the ratios between
the second and the first term in Eq. (38).

For the hot phase, two effects combine to produce progres-
sively lower accelerations as fyix increases. First, a higher fiix
enhances the source—term deceleration due to mixing by increas-
ing Moss. Second, it reduces the pressure—gradient acceleration
driving the hot wind. The latter effect is subtler and is discussed
quantitatively in Appendix E. In brief, stronger mixing increases
the deceleration of the hot phase and the acceleration of the cold
phase, bringing their velocities progressively closer and thus re-
ducing vy . Since the drag-heating rate itg., (Eq. 28) scales as
vfel, it drops rapidly for higher mixing. As it4r,e dominates the
hot—phase heating (i.e., it is the main term in Eq. 31), its de-
cline leads to a lower hot—phase temperature and, consequently,
a weaker pressure gradient. This process shows that the interac-
tion with the cold phase alters the hot—phase thermodynamics in
a non-trivial way that ultimately affects its kinematics.

For the cold phase, with increasing fiix, the mixing—driven
acceleration eventually dominates over drag (for fix = 0.1; see
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Fig. 6. Velocities and mass outflow rates for the fiducial and £mix* runs. Top row: Radial profiles of the velocity for the hot (left) and cold (right)
phases. The velocity at each radius is computed as the median within a radial bin of 0.3 kpc and inside a cone with a semi-opening angle of 30°.
Bottom row: Radial profiles of the mass outflow rate for the hot (left) and cold (right) phases. The mass outflow rate at each radius is the sum of
the outflow rates of all cells within a 0.3 kpc radial bin and inside the same 30° cone. Overall, this figure shows that increasing mixing promotes a
rise in the cold mass outflow rate at the expense of the hot mass outflow rate, while simultaneously reducing the velocity contrast between the two

phases more rapidly as mixing increases.

legend in the right panel) as the coefficient Mgrowth in Eq. (38)
increases. At high mixing, this additional acceleration is most
effective near the wind base, leading to a rapid initial boost of
the cold phase toward the hot—phase velocity. This faster con-
vergence reduces v more quickly, causing a steeper drop in the
total source—term acceleration, since the two terms in Eq. (38)
scale with v,. For fiix < 0.1, the deceleration of the hot phase
and the acceleration of the cold phase both increase with mix-
ing, but only moderately; the cold phase consistently lags behind
the hot phase throughout the simulated domain. In contrast, for
Jmix > 0.1, the cold phase undergoes a stronger initial accelera-
tion, but this is abruptly halted around R ~ 1-2 kpc due to the
sharp decline in vpo. The sustained high values of mixing then

enforce a tighter coupling between the phases, causing them to
expand at approximately the same velocity.

Regarding the mass outflow rates, the progressive decline of
the hot—phase outflow rate with increasing mixing arises from
two effects: the reduction in the hot—phase velocity (top left
panel in Fig. 6) and the leakage of mass from the hot to the cold
phase. For the latter, Fig. 8 shows the radial profiles of M.,
computed in each radial bin as the sum of Myowih — Mioss OVer
all cells within a cone of semi—opening angle 30°. In all simula-
tions, there is a net mass transfer from the hot to the cold phase,
and this transfer grows with increasing fi,ix, except for the most
extreme case (fumix = 1). In that case, My is initially larger than
in simulations with smaller mixing for R < 1 kpc, but then de-
clines at larger radii. The mass leakage from the hot phase into
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Fig. 7. Source-term accelerations (solid lines) for the hot (left) and cold (right) phases in the fiducial and £mix* runs. The pressure gradient
accelerations of the hot phase are shown as dashed lines in the left panel. All curves represent medians computed in the same way as the velocities
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This figure highlights how the different channels of phases acceleration respond to varying levels of mixing, providing an explanation for the

dependence of phase velocities on mixing strength.
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Fig. 8. Radial profiles of M, representing the total net mass transfer
from the hot phase to the cold phase for the fiducial and £mix* runs.
M, is calculated in each radial bin of Ar = 0.3 kpc as the sum of
Mgrowlh — M over all cells within a cone with a semi-opening angle
of 30°. The legend in the bottom right displays the radial average ratios
of My to Mgmwth. This figure clarifies that increasing mixing enhances
the cold mass outflow rate because of the net mass transfer from the hot

phase to the cold phase in the outflow.

the cold phase, together with the increase in cold—phase velocity
(top-right panel of Fig. 6), both contribute to the systematically
higher cold—phase mass outflow rates observed with increasing
Jmix- However, for fi,ix 2 0.3, the trend appears to break: the cold
mass outflow rate remains high despite the decrease in velocity
and the reduction in M, seen for fy;, = 1. This apparent incon-
sistency arises because Fig. 8 only indicates the local direction
and magnitude of the mass exchange between phases, and cannot
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be directly translated into the instantaneous mass outflow rate at
a given radius. The latter depends not only on the current M, at
that radius, but also on the integrated history of material that has
been transferred and accelerated at smaller radii at earlier times.

4.3. The origin of the cold phase in the outflow

The mass and energy injection to drive an outflow is performed
only in the hot phase, while the cold phase is initially present
solely in the disk. Nevertheless, in all simulations with source
terms enabled, a cold-phase outflow is also present. It is there-
fore natural to ask where the cold phase in the outflow originates
from, that is, if it is dominated by originally cold material, or if
condensation out of the hot phase dominates the mass budget.
To address this, we examine the evolution of the scalar Peoq ic,
which traces the fraction of cold-phase mass that was already
in the cold phase in the initial condition. Before analyzing the
results from our simulations, we first consider a simplified toy
model to gain intuition for how Pqic 1s expected to evolve. We
assume that in a given cell: (i) Mioss = Mgrown = M, as sug-
gested by (Mgrowth — Mioss)/ Mgrown ~ 0.2 (see legend in Fig. 8),
and (ii) the masses of the phases in the cell remain constant in
time. Under these assumptions, Egs. (32) and (33) give

Peotdic(t) = {(1 —e™7) + 77, (39)

where £ = Mcola/(Mcola+Mhor) and 7 = £(1 =) (Moia+ Mo )/ M.
Att = 0, Peoaic = | and over time it tends toward £, doing so
increasingly faster for higher M. Therefore, in the low-mixing
regime, Eq. (39) implies that Pcoqic < 1, whereas when mixing
is stronger, it pushes Pcoaic toward . This also implies a radial
decline of Pcoqic Within the outflow, since cold gas at the base
has had less time to mix compared to material at larger radii. In
practice, ¢ differs from the initial cold-phase mass fraction f.o1q
of our simulations, because the phase masses evolve due to con-
tinuous hot-gas injection by SNe, a net hot-to-cold mass flux of
~ O.2Mgmwth, and hydrodynamic interactions with neighboring



F. Bollati and R. Weinberger: Modeling multiphase galactic outflows: A multifluid moving-mesh approach

1.0
— fmix
S ().003
— 0.03
=== 0.03 (NoDrag)
0.1
0.3
1
\
L2
) ~<
S S——elll
[N
0.4 -
0.2 A
Peold, ih
pcold. ic
7)cold, isn
00 T T T T T T
0 1 2 3 4 5

R [kpc]

0.7 4

AN\/

/\/:

Mic, cold [M o /yr]
o o
w N

©
N
1

(MIC, co/d/Mcold)
0.11 / — (.98 0.55
/ — 085 0.5
0.09 ¢ 0.69
0 1 2 3 4 5

R [kpc]

Fig. 9. Left panel: Radial profiles of the fraction of cold mass originating from cold gas in the initial conditions for the fiducial (thicker line),
NoDrag_fmix0.03 (dashed line) and £mix* simulations. Each curve shows the median within radial bins of Ar = 0.3 kpc and within a cone
with a semi—opening angle of 30°. For the £fmix1 run, the dashed and dotted lines indicate the fractions of cold mass originating from hot gas
in the initial conditions and from SNe, respectively. Right panel: Radial profiles of the mass outflow rate of gas that was initially cold, computed
following Eq. (40). The legend reports the radial averages of the ratio of this quantity and the cold mass outflow rate (see Fig. 6, bottom left panel).
The figure illustrates how the origin of the cold phase in the outflow depends on mixing: higher mixing leads to a larger fraction of the outflowing

cold gas originating from the hot outflow rather than from the cold ISM.

cells. The value of £ in the simulations therefore results from the
combined effect of these processes.

Turning to the simulations, Fig. 9 (left panel) shows ra-
dial profiles of Pcoaic for the fiducial and £fmix* runs. In the
fiducial case, where mixing is minimal, Peoic < 1, indicat-
ing that the cold phase experiences little mixing while outflow-
ing. As fmix increases, Peolaic decreases, reflecting progressively
stronger mixing. In all runs, Pcoiaic declines with radius, show-
ing that mixing increases with outflow travel distance. Most of
this decline takes place within R < 1 kpc, indicating that mixing
is strongest in the inner outflow region. For fiix > 0.1, Peoldic
does not fall below ~ 0.4, suggesting that the asymptotic limit
has been reached. Figure 9 (left panel) also shows Pcoqin and
Peold,isn for the fmix1 run. These indicate that most mixing
of the cold phase occurs with SNe-injected material rather than
with hot-phase gas from the initial conditions. The same trend
holds for other runs, with Pcoqisn decreasing as fmix decreases,
and Peolqin remaining < 0.1 in all cases.

For the hot phase, when mixing is minimal (as in £id), most
of the material originates from SNe ejecta, with Photisn ~ 0.8. As
mixing increases, the hot wind becomes increasingly composed
of gas that was initially cold and subsequently stripped from the
cold phase and incorporated into the hot outflow. By fuix = 1,
this trend leads to Phorisn ~ 0.4 — 0.6 and Phoric ~ 0.3 —0.5. For
all mixing rates, Photin ~ 0.1.

Figure 9 (right panel) shows the radial profiles of the mass
outflow rate of gas that was initially in the cold phase. At each
radius r, this quantity is defined as

. 1
Miccold = E Z (Phot,ic Mot Viotr + Peoldic Meold Vcold,r),' s
i

(40)

where v, and veoq, are the radial velocities of the hot and
cold phases in the i-th cell. The sum is performed over all cells
contained within a radial bin of width Ar = 0.3kpc and re-
stricted to a cone with semi-opening angle 30°. The legend of
Fig. 9 (right panel) shows the radial average of the ratio between
Miccold and the mass outflow rate of the cold phase, Moq. In
the case of minimal mixing, as in the fiducial run, one finds
Miccola = Meow. In other words, the present-day (¢ ~ 30 Myr)
outflow rate of the cold phase coincides with the outflow rate of
gas that was initially cold. This is consistent with the outflowing
cold mass being composed of gas that was initially cold in the
disk and subsequently accelerated into an outflow, while experi-
encing negligible mixing with the hot phase, in agreement with
Peoidic < 1. In contrast, when mixing is enhanced, Mic co1q Shows
little variation compared to M4, which instead increases signif-
icantly with fi,ix. As a result, the average ratio (Mlc,cold [ Meoia)
decreases to ~ 0.5 as fmix — 1. This indicates that although the
total amount of initially cold disk gas accelerated into an outflow
(regardless of whether it later resides in the hot or cold phase)
changes little, the mass outflow rate of the cold phase grows to
be about twice as high as that of the initially cold phase. Such
behavior signals strong mixing between the outward-accelerated
disk cold gas and the hot outflow, with a net mass flux from hot
to cold that amplifies the cold component of the outflow. This
interpretation is consistent with the positive sign of My (Fig. 8)
and with Pcoaic being > £, confirming that the cold phase has
undergone substantial mixing.
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5. M82 simulations: Discussion

5.1. Degeneracy between mixing and drag in launching cold
outflows

In Fig. 3 we showed that the parameters of the fiducial run
are not unique, and that alternative values can also reproduce
the velocity profiles reported in S20. In the fiducial simula-
tion, the contribution of mixing to accelerating the cold out-
flow is negligible (see the legend in Fig. 7, right panel), while
in NoDrag_fmix0.03 there is no drag. These two simula-
tions therefore represent extreme cases in which only one of the
two source-term processes is active and thus entirely responsible
for accelerating the cold phase, demonstrating that either mech-
anism can independently account for the observed behavior.

However, the dominance of one process over the other in
driving the outflow can affect other properties of the outflow,
such as the degree of mixing experienced by the cold phase, as
traced by the scalar quantity Pco1qic. More specifically, when the
drag force dominates the launching of the cold outflow, the hot
outflow ram pressure strips cold ISM clouds from the disk and
accelerates them outward. These clouds then continue traveling
with little mixing with the hot phase, consistent with the cold
mass outflow rate being nearly equal to the outflow rate of ini-
tially cold gas (Fig. 9, right panel), and with Pcoaic < 1 (Fig. 9,
left panel). When the role of mixing becomes increasingly im-
portant, the mass flux from outflowing hot gas onto ISM cold
clouds transfers momentum that can eventually surpass the con-
tribution of drag in generating the cold outflow. While embedded
in the outflow, these cold clouds continuously exchange material
with the hot phase, so that the cold outflow becomes a mixture of
initially cold gas and accreted hot material that has cooled onto
them. In this case, Pcolaic decreases, approaching ¢ as mixing
strengthens and its contribution in accelerating the cold outflow
grows. In such cases, most of the radial decline of Pqq,ic OCccurs
within R < 1 kpc, indicating that mixing is strongest in the inner
outflow region, where the bulk of cold-phase acceleration also
takes place (Fig. 7, right panel). Furthermore, if the mass fluxes
between the hot and cold phases are not perfectly balanced but
favor a net growth of the cold phase, the cold mass outflow rate
can exceed the mass outflow rate of the initially cold gas (Fig. 9,
right panel).

However, despite these clear trends, a given value of 0 <
Peodic < 1 does not necessarily indicate a dominant process
in accelerating the cold outflow. For example, the fmix0.1
and NoDrag_fmix0. 03 runs have similar P4 profiles and
comparable velocity curves®, yet in the former, drag and mix-
ing contribute almost equally to accelerating the cold outflow,
whereas in the latter only mixing drives the acceleration.

More conclusive statements can be made only in extreme
regimes. If the composition of the outflowing cold clouds (e.g.,
their metallicity) matches that of the ISM cold clouds and differs
from that of the hot outflow, they must have been accelerated
solely by drag, since any contribution from mixing with the hot
outflow would have altered their initial composition; this sce-
nario corresponds to Peoaic = 1. Conversely, if the composition
of the cold phase is nearly identical to that of the hot outflow
and distinct from the cold ISM, it implies that small seed clouds
were accelerated out of the ISM by mixing while acquiring most
of their final mass from the hot phase. This corresponds to an
in situ formation scenario in which Mgowih — Mioss S Merowth,
unlike in our simulations where growth and loss are nearly bal-

® Compare the £id profile with that of £fmix0.1 in Fig. 6, as the
NoDrag_fmixO0 .03 profile is nearly identical to that of £id (Fig. 3).
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anced, yielding a net hot-to-cold mass flux much lower than ei-
ther term (Fig. 8, right legend). Such an in situ regime is consis-
tent with Peoaic = 0. Any intermediate composition of the cold
outflow, lying between that of ISM clouds and the hot phase and
corresponding to a finite Pcojaic, Would then point to a mixed
regime in which drag and mixing might in principle contribute
to launching the cold outflow.

5.2. Thoughts on the value of the mixing strength f,.

The comparison between our £id and NoDrag_ fmix0.03
runs with S20 suggests a mixing-strength coefficient in the range
Jmix ~ 0.003-0.03, that is, 2-3 orders of magnitude smaller than
the value estimated by Fielding & Bryan (2022) and Abruzzo
et al. (2022) from cloud-crushing simulations. In their frame-
work, fimix quantifies the effective interaction area between cloud
and wind, parameterized as Apix = fmix,47rrf 1/2 (Fielding &
Bryan 2022; Abruzzo et al. 2022), with f,ix = 2 reproducing the
simulated mixing rate. The lower value of f,ix required in our
model to reproduce the high-resolution S20 simulations suggests
that additional factors are at play in their setup, causing clouds
to interact with the hot wind differently from the behavior pre-
scribed by our subgrid model, which is based on single-cloud-
crushing simulations. Since S20 neglect processes such as mag-
netic fields, cosmic rays and thermal conduction, and we adopt
the same cooling function, the origin of this discrepancy must lie
elsewhere.

A plausible explanation is that our approach computes
source terms as a simple superposition of single-cloud contri-
butions, while recent studies show that cloud populations ex-
hibit collective behaviors not captured by this additive picture.
In multicloud systems, compact clouds configurations hinder the
formation of extended cloud tails where mixing is most efficient,
thereby suppressing mixing relative to more porous distributions
(Banda-Barragan et al. 2020). In addition, hydrodynamic shield-
ing, where upstream clouds protect downstream ones and the
large number of clouds obstructs the hot flow, damps the insta-
bilities at cloud—intercloud boundaries that normally drive mix-
ing (Banda-Barragan et al. 2020; Villares et al. 2024; Seidl et al.
2026). As aresult, cloud ensembles can survive collectively even
when isolated clouds would be rapidly destroyed, owing to this
quenched mixing. These collective effects are likely operating in
the high-resolution simulations of S20, while in our clouds pop-
ulation subgrid model they are effectively hidden into a lower
value of fiix.

However, we caution that the cold outflow is ultimately
driven by the global (cell) source terms, which depend on the
product of the mixing strength f,ix and the coefficients r;slource*
(Egs. 20, 22, and 26). Simplifications and assumptions embed-
ded in the r;sloume* factors, relative to the cloud populations ac-
tually resolved in the S20 simulations, may therefore influence
the calibrated value of f,ix required to reproduce their outflow
properties. In other words, more generally, there is a degener-
acy between fiix and the cloud masses: similar results can be
obtained by adjusting both parameters, as long as the total mix-
ing rate remains the same. We can illustrate this more clearly by
making a qualitative comparison with Fielding & Bryan (2022).
First of all, we recall that, as discussed in Sect. 2 and Appendix
A.3, acold phase composed of a few massive clouds exhibits less
mixing than a cold phase composed of many low-mass clouds,
regardless of whether the cloud mass distribution is uniform or
follows a population distribution. For instance, as shown in Fig.
A.3 (left panel), a model with equal-mass clouds of m¢ ~ 10°Mg
(indicated by the right cross) would have a mixing rate ~ 10—100
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times lower than our fiducial model. This implies that, in prin-
ciple, one could reproduce results similar (but not identical; see
Appendix A.3) to our fiducial simulation by adopting a delta-
model with mg ~ 106M@ and increasing fnix by a factor of
~ 10 — 100 relative to the fiducial value. This is roughly what
occurs in Fielding & Bryan (2022), where their model is sim-
ilar to our delta-model in that clouds locally all have the same
mass. In their Fig. 5 (top left panel), the velocity curves that
most closely resemble our fiducial (and S20) results correspond
to mg ~ 10°M, (left-central panel). Their fnix = 2, which is
666 times higher than our fiducial value. In other words, they
obtain comparable results to our fiducial run by using an fix
value derived from single-cloud-crushing simulations, which do
not capture the shielding effects that reduce mixing, and com-
pensate for this by adopting a population of fewer, larger clouds
compared to our fiducial run. We note, however, that this com-
parison with Fielding & Bryan (2022) is only qualitative. Even in
their best-matching velocity case, the velocity of the cold phase
is still roughly a factor of two higher compared to our fiducial
run, the mass outflow rate of the hot phase is about a factor of
two lower. In addition, their assumed star formation rate is four
times lower and follows a different injection prescription, they
assume spherical symmetry and their cloud model allows r.; and
me; to vary with galactocentric distance, whereas in our delta-
model 7 is uniform.

5.3. A comparison with Nguyen et al. (2024) and Smith et al.
(2024)

The decrease in hot-phase velocity with increasing cold-phase
mass loading has been previously studied and reported by
Nguyen et al. (2024) and Smith et al. (2024).

Nguyen et al. (2024) systematically investigated the effect of
increasing mass transfer from the cold to the hot phase, corre-
sponding to our M, term, using a simplified form of the source
terms considered here. In their approach, the cold phase is not
explicitly treated, so there is no Mgmwth term from hot to cold.
M is constant in time and prescribed as a function of radius.
Moreover, the accreted material is injected with zero velocity
and negligible thermal energy, and no drag force is included.
These differences lead to non-trivial changes in the outflow evo-
lution, but several points of comparison can still be made. Since
the injected mass in their model carries zero momentum, the as-
sociated source-term deceleration is more efficient than in our
mixing term: in the second term of Eq. (37) they effectively have
vhot instead of vy;. However, they lack the drag—induced decel-
eration term, and their pressure—gradient acceleration increases
with larger M), making it difficult to assess which model pre-
dicts a stronger slowdown of the hot wind. Furthermore, because
the injected gas has zero velocity, the thermalised kinetic energy
from mixing (the second term in Eq. 25) is higher, leading to
a net heating of the hot phase that grows with M,oss. This raises
the temperature and the pressure—gradient acceleration of the hot
wind. By contrast, in our simulations, stronger mixing rapidly
reduces vy, decreasing the drag- and mixing—induced heating,
so the hot phase is heated less at higher mixing. Nguyen et al.
(2024) also found that increasing Mo, can make the hot outflow
locally subsonic (Mach number My, < 1), triggering a cool-
ing instability that produces cold filaments in the hot wind. In
our case, the opposite trend in source-term heating causes My
to increase with stronger mixing. As shown in the left panel of
Fig. E.2, the Mach number never falls below unity in any of our

simulations, and we do not observe the onset of such an instabil-
ity.

Smith et al. (2024) studied the hot- and cold-phase proper-
ties of outflows with varying cold-phase mass loading, that is,
by launching different amounts of cold gas at a fixed velocity at
the base of the outflow, without changing any of the source-term
parameters (for a comparison between our model and theirs, see
Sect. 2.3). An increased amount of cold mass, however, enhances
mixing and drag between the phases (see Egs. 18, 20, 22, and
26). To interpret the differences between our results and theirs,
we consider our Egs. (37) and (38) for the source-term acceler-
ations, which are general and independent of the specific treat-
ment of mass loss, growth, and drag, and can therefore be used
to analyze the outcome of both models. In our model, increas-
ing fmix enhances the source—term mixing deceleration of the
hot phase, and in the model of Smith et al. (2024), a higher
cold—-mass loading boosts the mixing and drag decelerations.
In both cases then, the hot—phase velocity decreases (see their
Fig. 7). The two models, however, diverge in their predictions
for the cold phase. In our simulations, enhanced mixing also in-
creases the acceleration of the cold phase, leading to faster cold
outflows. In contrast, Smith et al. (2024) find that stronger cold
mass loading reduces the cold-phase velocity. This difference
can be explained as follows: when the source-term acceleration
of the cold phase is considered (Eq. 38), increasing mass loading
raises the numerators and denominators by the same factor, in
principle leaving the source-term acceleration nearly unchanged.
However, stronger mass loading lowers the hot-phase velocity,
thereby reducing vy|; since the two acceleration terms scale with
Vrel, the net result is a further suppression of the cold-phase ac-
celeration.

6. Conclusion

We have introduced a new model for simulating multiphase
galactic outflows using efficient, comparably low-resolution sim-
ulations. The framework is built on the two-fluid branch of the
ARrepo code developed by Weinberger & Hernquist (2023). In
our implementation, the cold phase (T = 10* K) was treated as
pressureless, and the interaction between the hot and cold phases
within each cell was modeled (see Sect. 2 and Appendix A) (i)
through source terms that capture the effects of drag and mixing
of cold clouds in a hot wind, calibrated against cloud-crushing
simulations by Fielding & Bryan (2022); and (ii) by assuming
that clouds within each cell follow a power-law mass distribution
oc mc‘liud, consistent with findings from recent high-resolution
galactic wind simulations (Tan & Fielding 2024; Warren et al.
2025). A schematic overview of the model is shown in Fig. 1.

We then applied this model to simulations of the multiphase
galactic outflow in the starburst galaxy M82. First, we calibrated
the model and setup parameters to reproduce the velocity, den-
sity, and mass outflow rates of the hot and cold phases as found
in the high-resolution simulations of S20. Building on this fidu-
cial setup, we carried out a suite of simulations in which we var-
ied key model parameters, as summarized in Table 2. Our main
results are listed below.

— Our model successfully reproduced the multiphase galactic
outflow properties of M82 (see Sect. 4.1 and Figs. 3, 4, and
5). This agreement is particularly significant because unlike
in the S20 simulation, the cold clouds that constitute the cold
phase in our runs were neither spatially resolved nor explic-
itly resolved in their interaction with the hot phase. Instead,
both were captured through subgrid modeling, as described
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in Sect. 2. This enabled us to lower the resolution by orders
of magnitude while still obtaining quantitatively consistent
predictions for the resolved hot phase and the unresolved
cold phase. Furthermore, as demonstrated in our resolution
test (Appendix D; see Fig. D.1), the model remains robust
across a wide range of resolutions, with the subgrid prescrip-
tions retaining their accuracy.

In our simulations, the cold gas was not directly injected
together with the hot gas from SNe feedback. Instead, the
emergent cold outflow arose solely from the interaction be-
tween the hot star-driven wind and the cold phase residing
in the galactic disk. We found that the unresolved source-
term processes, namely mixing between cold clouds and hot
gas, and drag forces (ram pressure exerted by the hot wind
on the cold clouds), contribute comparably to accelerating
the cold gas out of the disk and generating a cold outflow.
In particular, we showed that a run including only mixing
and our fiducial run (in which both processes were present,
but the contribution of mixing to the acceleration of the cold
phase was negligible; Fig. 7) yielded almost identical veloc-
ity profiles for both phases (Fig. 3). This demonstrates that
mixing and drag are degenerate in their ability to drive cold
outflows: different relative contributions from the two pro-
cesses can lead to indistinguishable outcomes when consid-
ering velocity profiles. In addition, attempting to disentangle
their roles purely from the amount of mixing experienced by
the cold phase can be nontrivial and potentially misleading
(see Sect. 5.1).

To reproduce the S20 results, our model required a much
smaller mixing-strength coefficient (fy,ix ~ 0.003-0.03) than
predicted by cloud-crushing simulations (fnix ~ 2; e.g.,
Abruzzo et al. 2022; Fielding & Bryan 2022), likely because
collective effects in multicloud systems (e.g., compactness or
hydrodynamic shielding) suppress mixing compared to the
simple superposition of isolated clouds that individually in-
teract with the hot wind.

Increasing the strength of mixing between phases signifi-
cantly affected the properties of the multiphase outflow (see
Sect. 4.2 and Appendix E). Stronger mixing enhances the net
transfer of mass from the hot to the cold phase, causing the
total mass outflow rate to become progressively dominated
by the cold component (Fig. 6, bottom row).

The hot phase velocity decreases with increasing mixing
(Fig. 6, top row) for two reasons (Fig. 7): (i) as more mass
is transferred from the slower cold phase, the hot phase is
progressively decelerated, and (ii) the reduced velocity dif-
ference between phases lowers the energy dissipated by ram
pressure, which weakens the heating of the hot gas, and thus,
the pressure gradient driving its acceleration.

By increasing mixing, the cold phase experiences progres-
sively stronger acceleration (Fig. 7), to the point where mix-
ing becomes the dominant acceleration channel compared to
drag. As a result, the cold gas velocity approaches that of the
hot phase more quickly, while the latter is simultaneously
damped (Fig. 6, top row). Consequently, the cold phase does
not necessarily reach higher absolute velocities with stronger
mixing, but the velocity contrast between the two phases is
substantially reduced.

Different levels of mixing affect not only the kinematics and
thermodynamics of the multiphase outflow, but also the ori-
gin of the outflowing cold component (see Sects. 4.3 and
5.1). When mixing is weak, the cold outflow is primarily
driven by ram pressure exerted by the hot wind on preexist-
ing ISM clouds. In this regime, the cold outflowing material
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originates almost entirely from gas that was already cold in
the disk (Fig. 9), and it therefore retains the same properties,
such as metallicity. By contrast, stronger mixing increases
the net mass transfer from the hot to the cold phase, so that
a growing fraction of the cold outflowing gas is formed from
hot SNe-driven wind that mixes, cools, and accretes onto the
cold clouds. In this case, the cold phase acquires a different
composition than the disk ISM, enriched by SNe ejecta from
the hot wind.

Our model relies on several assumptions that introduce in-
trinsic limitations and might affect the accuracy of our results.
The main caveats are listed below.

— The single-cloud source term prescriptions, presented in
(Fielding & Bryan 2022) and based on idealized cloud-
crushing simulations (e.g., Gronke & Oh 2018, 2020; Field-
ing et al. 2020; Kanjilal et al. 2021; Abruzzo et al. 2022), as-
sume a spherical cloud impacted by a supersonic hot wind,
without magnetic fields, cosmic rays, turbulence in the hot
medium, cloud—cloud interactions, or collective effects such
as shielding. The predictive power of our model is therefore
inherently limited by these idealizations. Nevertheless, our
subgrid framework is flexible: updated prescriptions from fu-
ture more realistic simulations can be incorporated by modi-
fying the single-cloud source terms.

— In our model, all energy dissipated by the source terms is
assigned to the hot phase. In reality, this energy could plau-
sibly be partitioned between the hot and cold phases in dif-
ferent proportions, with any energy deposited into the cold
phase likely being rapidly radiated away. Such a redistribu-
tion would result in reduced net heating of the hot phase
compared to what is assumed here, leading to lower hot-
phase temperatures and weaker pressure-gradient accelera-
tion. This, in turn, would make it easier for the cold phase
to be accelerated to velocities closer to that of the hot phase.
We defer a quantitative exploration of the impact of this as-
sumption to future work.

— Beyond these intrinsic limitations, our treatment of a pop-
ulation of clouds introduces further simplifications. We as-
sumed a stationary cloud mass function, without explicitly
modeling processes such as mergers or fragmentation. In-
stead, they were implicitly assumed to operate in the back-
ground to maintain the stationarity of the mass function.

— The source terms from all clouds in a cell are integrated into
a single cell-wide source term, which is then applied to the
bulk cell properties. This yields one cold-phase velocity per
cell, assigned to all clouds. In reality, each cloud experiences
a source term depending on its size and mass, so smaller
clouds would accelerate faster than larger ones, leading to
velocity divergence within the cell. Our current approach
does not capture this effect, but multispecies extensions of
the model are possible in principle. However, the current
model still provides a good estimate for the bulk cold-phase
velocity, which is dominated by the larger clouds.

In the context of galaxy formation simulations, our model
represents a subresolution model for unresolved cold clouds that
is inspired in its parameterization by highly idealized cloud-
crushing simulations, verified by comparison to 1D steady-
state solutions (see Appendix B) and calibrated against high-
resolution galactic outflow simulations. While we showed that
the multifluid discretization and inherent lower-resolution re-
quirements allow a computationally inexpensive study of the
large-scale consequences of different microscopic interactions,



F. Bollati and R. Weinberger: Modeling multiphase galactic outflows: A multifluid moving-mesh approach

its applications are more far-reaching: this model also enables
us to embed this type of outflow in larger-scale and cosmological
simulations, an ability that will be crucial for the interpretation
of observed galactic outflows and their role in galaxy evolution.
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Fig. A.1. Profiles of the function r;rilg(mcm) for varying parameter val-
ues: y (second panel), my;, (third panel), and my,,x (fourth panel). In the
second panel, are also shown the profiles of r;! and r;)wm for the fidu-
cial values (y = 0, mpyi, = 1072, Mo, Mimax = 10°,My). The top panel
presents the histogram of m.; in the outflow of the fiducial simulation
over the time interval considered in Sect. 4.

Appendix A: Further details on the cloud models

In this appendix we provide additional details on the subgrid
cloud models introduced in Sect. 2. We begin by examining spe-
cific properties of the power-law model: In Appendix A.1 we
analyze the dependence of the coefficients defined in Eqgs. (21),
(23), and (27) on the model parameters, while in Appendix A.2
we investigate, within the cloud population that constitutes the
cold phase, which subset of clouds provides the dominant con-
tribution to the cell source terms. In Appendix A.3 we present a
quantitative comparison between the power-law and delta mod-
els.

Appendix A.1: The r;!

*source*

coefficients

The dependence of r;rlag on mg;; for different choices of model
parameters (y, Mmin, Mmax) 1S shown in Fig. A.l. Specifically,
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the second, third, and fourth panels show r;élg(mcm) for vary-
ing vy, Mmin, and mpax, respectively, while keeping the other two
parameters fixed at the values used in the fiducial simulation pre-
sented in Sect. 3 (y = 0, mpin = 1072 Mg, mmax = 10° Mg). The
first panel shows a histogram of the m,; values, which indicates
the relevant range of m for the simulations. The third panel

also displays the trends of rl‘ois and r;rlowth with me;. Since their

dependence on the model parameters is very similar to that of
r;rlag, we omit it in the other panels. Overall, from Fig. A.1, we
observe that the r~! coefficients, which the source terms are pro-
portional to, are highly sensitive to m.;.. These coefficients in-
crease as myy; decreases, which, according to Egs. (5) and (11),
corresponds to conditions with short cooling timescales, low rel-
ative velocities between the phases, and low-pressure environ-
ments. The sensitivity to my;, and my,, appears only when m
approaches these bounds. In contrast, the dependence on 7y be-
comes significant only for y > 1.5. As vy approaches 2, the kink
in the mass distribution at m. (see Eq. 17) gradually disappears,
resulting in a flattening of the 7~' dependence on ;.

Appendix A.2: Fractional contributions to the source terms

Here we examine in more detail a specific aspect of the power-
law distribution model for clouds, namely: given a population of
clouds with masses in the range (#min, #max), What is the con-
tribution to the total source terms from clouds within the mass
interval (mg, mc; + dm)? Figure A.2 (left panel) shows, through
the color bar, the fractional contribution of clouds with mass
m to the total drag force, as a function of m (x-axis) and
of the critical mass mg; of the distribution (y-axis). For this
figure, we have adopted fiducial parameters (y = 0, mpin =
107>Mg, Mpmax = 10°My). The figure demonstrates that the to-
tal drag force within a cell is dominated by clouds with mass
Mme ~ Merg, and that the contribution from lower-mass clouds
decreases more rapidly than that from higher-mass clouds. This
same behavior is observed for the other source terms as well.
These findings are consistent with the results discussed in Ap-
pendix A.l, where we noted that m; largely determines the
strength of the source terms (Fig. A.1). In the right panel of
Fig. A.2, we fix mgi = 10*M,, and investigate how the frac-
tional contribution of clouds with mass m varies with the slope
v. The results indicate that the trend observed in the left panel —
that clouds with m¢ ~ mg;i; dominate the source terms — holds
as long as y < 1.5, that is, as long as the distribution retains a
clear kink. Asy — 2, this kink disappears, the dependence of the
source terms on i vanishes (see also Fig. A.1, second panel),
and most of the contribution to the total source terms progres-
sively shifts towards the low-mass end of the distribution.

Appendix A.3: Comparing the delta and power-law cloud
models

We now perform a quantitative comparison between the delta
distribution model and the piecewise power-law distribution
model. Figure A.3 shows the ratios between the source terms
— mass loss rate My, mass growth rate Mgmwth, and drag mo-
mentum Pdmg — for the cloud population within the computa-
tional cells, as computed with the two different models. These
ratios are plotted as a function of the characteristic radii of the
models, namely r.; for the delta model and r; for the power-
law model. For each source term, we observe a consistent trend.
At fixed . in the power-law model, increasing r. in the delta
model results in increasing the ratio SPP'/S¢. This behavior is
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expected, as discussed previously (see Sect. 2.1), since a pop-
ulation of fewer, larger clouds leads to weaker source terms in
the delta model. Similarly, if we fix 7. and increase r.;;, the
power-law model becomes dominated by fewer, larger clouds
(see Appendix A.2), which likewise yields weaker source terms
in the power-law model, and hence, a lower ratio Seel/gd In
each plot, the solid black lines indicate the pairs (7, 7rit) that
produce identical source terms. In the second plot, correspond-
ing to Mgmwth, we also show (with dashed lines) the equality
relation for the other two source terms, which is the same. This
equality line differs from that for Mgrowm, highlighting that the
power-law model cannot be trivially replaced by a delta model
with a suitable r, as the effective r; would vary depending on
which source term is being considered.

Appendix B: 1D tests

In this appendix we present analytical tests to validate our im-
plementation of the models described in Sect. 2. To this end,
we consider a one-dimensional (spherically symmetric) station-
ary problem, for which semi-analytic solutions of the multi-
phase outflow profiles are available. Specifically, we adopt a
setup similar to that discussed in Fielding & Bryan (2022), char-
acterized by an inner injection of mass and energy in the hot
phase within a radius rip; = 300 pe, at rates Mipj noe = 0.1 M,
and Einj, hot = (1051 erg/100 M@) - M,. In addition, we include
a cold-phase injection at 7, coiq = 400 pc, with a mass in-
jection rate Minj, cod = L5 Mmj,hot and an injection velocity
Vinj, cold = 100 km s™!. Here we set M, = 5 Mg yr'. No grav-
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Fig. B.1. Radial profiles of the asymptotic one-dimensional structure of
a multiphase outflow. From top to bottom, the panels show the densi-
ties, velocities, and pressures. Curves represent the semi-analytic solu-
tions: solid lines for the delta model and dotted lines for the power-law
model. Scatter points represent the simulation results: crosses for the
delta model and circles for the power-law model. Blue and turquoise
indicate the cold phase, while red and salmon indicate the hot phase.

itational effects are included, and radiative cooling is modeled
using a truncated power-law cooling function

AT) = AT, (B.1)

applied only for 7 > 10* K, where A, = 1.1 x
1078 erg K3 5! ecm?. For these tests, we employed a static
one-dimensional mesh with a resolution of 310 cells. Each cell
was initialized with a density of 1072% g cm™3 and a pressure of
107"3 bar in the hot phase, and with a density of 1073° g cm™3
in the cold phase, both initially at rest. These initial conditions
become irrelevant once each cell is reached by the outflow. No
refinement or derefinement was enabled. The cold phase was
constrained to be in pressure equilibrium with the hot phase,
that is, ep = 1, throughout the simulations. For the parame-
ters of the power-law models, we adopted those of our fidu-
cial simulation (Table 2), while for the delta model simulation
we used r; = 0.1 kpc. Both simulations were evolved until
the asymptotic regime was reached within the simulation do-
main. To validate the results against semi-analytic predictions,
we employed the publicly available code presented in Fielding &
Bryan (2022), which solves the fluid equations for a stationary,
one-dimensional multiphase outflow, including source terms for
mixing and drag. To enable a direct comparison with our delta
and power-law cloud models, we modified their code to imple-
ment our model prescriptions. More specifically, in their code,
Fielding & Bryan (2022) integrate radially the outflow proper-
ties (Ohot» Vhots Phots Mels Veold), Where single-cloud source terms
are used to evolve myg and v.yq. These source terms are then
incorporated into the hydrodynamic equations of the hot phase
to track its evolution. For example, in the density equation, a
source term of the form —ng riicmix appears. Here, ng is indi-
rectly determined from the stationarity condition, being defined
as ng = Ny /47mr veo, where Ny is the cloud number flux. This
quantity is assumed constant under stationarity and is ultimately
set by the initial (at riyj, cola) cloud velocity, mass, and cold-phase
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mass injection rate. By contrast, in our simulations no stationar-
ity is assumed. Instead, for each cell and at every timestep, the
total masses Mcqq and My, are evolved according to Eq. (14)
or (29). To compare with the Fielding & Bryan (2022) code, we
modified it so that, instead of tracking the evolution of m, we
directly track the evolution of” p.oq, Using the source terms of
Eq. (14) or (29) expressed per unit volume. Figure B.1 compares
our test simulations (scatter points) with the semi-analytic mod-
els (lines) for both the power-law model (dotted lines and cir-
cles) and the delta model (solid lines and crosses). From top to
bottom, the panels show the densities, velocities, and pressure
of the hot phase. The results demonstrate that, in the asymp-
totic regime, our simulations accurately reproduce the predicted
semi-analytic behavior. In addition, since in the power-law simu-
lation the typical r ~ 0.1-1 kpc is smaller than r;, as discussed
in Appendix A.3, the source terms in the power-law model are
expected to be weaker. Consistently, we observe more efficient
cold-phase acceleration in the delta simulation.

Appendix C: Refinement and derefinement criteria
and mesh movement prescription

To maintain high resolution within the disk— particularly in the
inner kiloparsec where supernova mass and energy are injected
— while allowing lower resolution in the outflow, we adopt a re-
finement and derefinement scheme based on the following cri-
terion. Each cell is associated with an elliptical radial coordi-

nate roy = X2 + y% + z2(a/c)? so that all cells within the ellipse

ren < a are assigned a volume of Vs = 1073 kpc3, while cells
outside the elligse ren > d - a are assigned a coarser volume of
Vour = 0.1kpc’. Here we adopt a = 1 kpc, ¢ = 0.5 kpc, and
d = 2. For cells in the intermediate region (a < re < d - a), the
characteristic cell volume Vi, varies smoothly according to the
equation:

ran
a

- 10g10(ch/foiSC ],
(C.1)

1
logo Vine = dTl [ loglo(vcrit/vdisc)

ensuring a gradual transition in resolution from the disk to the
outflow.

We modified the criterion for determining the velocity of the
mesh-generating points to incorporate the properties of the cold
phase. This adjustment significantly reduces spurious advection
errors that arise when most of the cell mass resides in the cold
phase. In such cases, the cold phase dominates the mass bud-
get, but the mesh motion would otherwise be tied only to the
velocity of the hot phase. To avoid this, when the mass in a
cell is dominated by the cold phase, that is, Mcoa/Mhot = ¢,
the mesh velocity is set to match the velocity of the cold phase
Vmesh = Veold- Conversely, when the hot phase dominates, that is,
Meoia/Mnot < q7', We set Viesn = Vnor. For intermediate mass
ratios, ¢! < Meo/Mho < ¢, the mesh velocity is smoothly in-
terpolated between the two phases:

q - (Mcota/Mno) — 1 ) (CI - (Mcold/Mhot) — ¢°
+Vhot

Vmesh = V.
mesh cold( q2 1 1— qz

(C.2)

7 Note that this is different from the subgrid cloud density p. of
Eq. (11); here it is defined as the total cold mass per unit volume, equiv-
alent to M o4/ Veen in the simulations.
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This ensures that vpeq, varies smoothly with the cold-to-hot mass
ratio. Throughout our simulations, we adopt ¢ = 1.2. Note that
the closer ¢ is to unity, the narrower the range of Mco1q/ Mo val-
ues for which the mesh velocity is determined by the interpola-
tion formula given in Eq. (C.2). During the development phase,
we explored other values of g, up to 10, and found no substantial
differences in the simulation outcomes.

Appendix D: Resolution Tests

In this section we examine the impact of varying the resolu-
tion of the outflow above and below the fiducial value. To this
end, we analyse the Ve* simulations, which are identical to the
fiducial run except for the value of the parameter Vi, which
controls the size of the resolution elements in the outflow. The
highest-resolution run (Ve0.001) resolves the outflow with a
factor of 100 more cells than the fiducial simulation, whereas
the lowest-resolution run (Vel) uses a factor of 10 fewer cells
than £id. Overall, the range of resolutions spans three orders
of magnitude. In all cases, the gradual increase of cell volumes
from their values in the disk Vg to their maximum value V
in the outflow (see Appendix C) ensures that the pressure scale
height is always resolved.

Figure D.1 shows the radial velocity profiles of the hot phase
(left) and cold phase (right) for all Ve* simulations and the fidu-
cial run. Despite the large differences in resolution, the profiles
remain in excellent agreement, with relative deviations from the
fiducial case staying within < 15%. This confirms that the nu-
merical method described in Sect. 2, and thus the comparison
presented in Sect. 4.1, is highly robust to changes in resolution.

Appendix E: Impact of mixing on hot-phase
heating and pressure—gradient acceleration

In this appendix we explore why increased mixing reduces the
pressure—gradient acceleration of the hot wind. Figure E.1 com-
pares the radial profiles of i (Eq. 31, solid lines) for the simu-
lations with the lowest and highest f,ix (£1id and £mix1), along
with the individual contributions: drag heating itqg (Eq. 28, dot-
ted), mixing heating/cooling it.ix (Eq. 25, dashed), and radiative
cooling .00 (dash—dotted).

In both low and high mixing cases, it is overwhelmingly
dominated by #grag, With @tk and o1 providing only minor
contributions. For low mixing (fmix = 0.003), iénmix is positive
because the larger v, causes the thermalised relative kinetic en-
ergy in Eq. (25) to exceed the (negative) advected thermal en-
ergy. At high mixing (fnix = 1), stronger momentum exchange
quickly brings the phases to similar velocities, lowering vy and
making i1, negative, so mixing acts purely as a cooling process
for the hot phase.

The right panel of Fig. E.2 shows i, for the fiducial run and
all fmix* simulations. Increasing fi,ix consistently reduces iy,
mainly because itg,g Scales as vrzel (Eq. 28) and stronger mixing
lowers vy through enhanced momentum transfer (Fig. 7). While
imix also declines and eventually becomes negative with higher
mixing, its contribution remains secondary as seen above, except
for the £mix0 . 3 run where cooling due to mixing is as impor-
tant as drag heating (itmix ~ —itdrag). The net effect of increasing
mixing is reduced heating of the hot phase, a lower tempera-
ture (left panel of Fig. E.2), and thus a weaker pressure—gradient
force, which becomes less able to counteract the deceleration
from mixing.

Appendix F: Varying f.,ia and comparing power-law
and delta models

In this section we investigate the impact of varying the initial
cold gas fraction f.,q and of adopting the delta-function cloud
model with different cloud radii r;, in comparison to our fiducial
simulation. For this purpose, we analyze the £cold* and rcl*
runs. Figure F.1 shows, for all these simulations, the cold mass
outflow rates (left panel), the cold-phase velocity (central panel),
and the critical radii r;; (or, for the rel* runs, the cloud size
re1; right panel).

When the cold gas fraction is varied, both the drag force and
the mixing-rate source terms change proportionally, since they
scale with the cold mass M4 in each cell (Egs. 18, 20, 22, and
26). In particular, a higher cold gas fraction results in a larger
cold-phase mass outflow rate, and this larger outflowing mass
in turn strengthens the source terms. In the cold-phase accelera-
tion (Eq. 38), the cold mass appears in both the denominator and
numerator (in the source terms) and thus cancels out. However,
stronger source terms also entail stronger source—term heating®,
which lengthens the cooling timescale of the mixing layers and
ultimately increases the critical cloud size (Eq. 5), which, ac-
cording to A.2 is the typical size of clouds that dominate the
source terms. A population of fewer, larger clouds yields weaker
source terms (Sect. 2.1), which in our power-law model is en-
coded through smaller 7} .. coefficients at higher r.;. Since
larger clouds correspond to lower 7l | .. values, the net effect is
a less efficient acceleration of the cold phase. Conversely, if the
outflowing cold phase is reduced due to a smaller initial amount
of cold gas, the weaker source terms result in less source-term
heating, leading to smaller r; values and consequently larger
1o s coefficients for the source terms. This, in turn, enhances
the acceleration of the cold phase’. Indeed, Fig. F.1 shows that
the £coldO0. 9 simulation is characterized by larger cloud crit-
ical radii compared to the fiducial run (right panel), and, con-
sistently, the cold phase reaches lower velocities (central panel).
Conversely, when the initial cold mass fraction is smaller, the
opposite occurs: in the £cold0. 1 run the critical radii are re-
duced relative to the fiducial case, and the cold phase is acceler-
ated more efficiently.

For the simulations using the delta model (xrel* runs), we
adopted two different cloud radii r chosen to lie well above and
below the typical r; of the fiducial simulation, as marked with
crosses in Fig. A.3. This allows the different outcomes relative to
the fiducial run to be interpreted in terms of the expected ratios of
the source terms shown in that figure. In the rc10.01 run, the
cold phase is populated by many small equal-sized clouds com-
pared to the fiducial case, resulting in stronger source terms. As
a consequence, the cold phase is more efficiently accelerated by

8 In the £mix* simulations, only the mixing was enhanced; this re-
duced v, and therefore suppressed drag heating, which was otherwise
the dominant contribution. In contrast, when f.qq is increased, both the
mixing and drag source terms grow because N o< M,qq. This increase
is not compensated by the accompanying reduction in v, in our sim-
ulations, leading to stronger overall heating as the amount of cold gas
rises.

° In Smith et al. (2024), the increase in cold mass loading—analogous
to increasing f.,q—also leads to a reduction of the cold-phase veloc-
ity. However, while in our case this effect arises from enhanced heating
yielding larger cloud sizes, which weaken the source terms responsi-
ble for accelerating the cold phase, in their case the dominant factor (as
discussed in Sect. 5.3) was the strong reduction of the hot-phase veloc-
ity, not observed in our £cold* runs. This reduction dampens v, and,
consequently, the efficiency of the source terms accelerating the cold
phase.
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Fig. D.1. Radial velocity profiles of the hot (left) and cold (right) phases for the fiducial and Ve* runs. At each radius, the velocity is computed as
the median within radial bins of 0.3 kpc inside a cone with a semi—opening angle of 30°.
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Fig. E.1. Radial profiles of it (solid), itgrag (dotted), itmix (dashed) and
Ieoo (dash—dotted) for the £id and £mix1 simulations.

the source term (Fig. F.1, central panel). By contrast, in rc10. 6
the cloud population consists of fewer, much larger equal-sized
clouds, yielding comparatively weaker source terms, to the ex-
tent that the cold outflow fails to be launched (Fig. F.1, central
and left panels).
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Fig. E.2. Radial profiles of the hot-phase temperature (left) and of the total hot-phase heating/cooling rate, including both source terms and
radiative cooling (right), for the fiducial and £mix* simulations. The legend in the left panel also reports the minimum Mach number along the
radial profiles for each simulation.

o 1 2 3 4

R [kpc]

Veold [km/S]

800

700 +

500 -

400 -

300 -

200 +

100 A

—100

— fid
feota = 0.1
feola = 0.9
rer=0.01 kpe
rer=0.6 kpe

//

0 1 2 3 4 5
R [kpc]

r [kpc]

10°

1071.

1072 4

10-34

/

2 a5

3
R [kpc]

Fig. F.1. Radial profiles of the cold mass outflow rate (left), cold—phase velocity (center), and characteristic cloud radius (right). For the rel*
runs this corresponds to r,, while for all other runs it corresponds to 7. Results are shown for the fiducial, rel*, and £cold* simulations.
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