Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Neutral hydrogen gas in supernova-driven galactic
outflows

Chong-Chong He

chongchong  hefanu, edu, au

Australian National University https://orcid.org/0000-0002-2332-8178

Mark Krumholz
Australian National University https://orcid.org/0000-0003-3893-854X

Benjamin Wibking
Michigan State University
Aditi Vijayan
Australian National University
Article
Keywords: galaxies: evolution, galaxies: ISM, galaxies: starburst, hydrodynamics, supernovae: general
Posted Date: September 29th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11070170/v1

License: €© @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: There is NO Competing Interest.


https://doi.org/10.21203/rs.3.rs-11070170/v1
https://doi.org/10.21203/rs.3.rs-11070170/v1
https://orcid.org/0000-0002-2332-8178
https://orcid.org/0000-0003-3893-854X
https://doi.org/10.21203/rs.3.rs-11070170/v1
https://creativecommons.org/licenses/by/4.0/

Neutral hydrogen gas in supernova-driven galactic outflows

Chong-Chong He®'", Mark R. Krumholz()', Benjamin D. Wibking(®?,
Aditi Vijayan(®?

"Research School of Astronomy and Astrophysics, Australian National University,
Canberra, 2601, ACT, Australia.
2Department of Physics and Astronomy, Michigan State University, East Lansing, 48824,
MI, USA.
3School of Earth and Space Exploration, Arizona State University, Tempe, 85281, AZ, USA.

*Corresponding author(s). E-mail(s): chongchong.he@anu.edu.au;

Abstract

Winds that eject mass from galactic discs regulate the growth of galaxies, and observations show that,
at least within a few kpc of the disc, most of the mass flux is carried by neutral rather than ionized
material. However, it has proven difficult for simulations of supernova-driven winds to reproduce this
observation, leading to speculations that the bulk of the mass must be driven by radiation pressure or
cosmic rays rather than supernovae. Here we report simulations of supernova-driven winds using the
GPU-accelerated code QUOKKA that reach significantly higher resolution and simulation volume than
previous work, and that produce winds dominated by neutral mass, in good agreement with observations.
The neutral material is not ballistic, but is instead driven by momentum transfer associated with drag
and condensation of hot gas onto the neutral phase. By contrast, when we reduce our resolution to a
value comparable to that used in earlier work, we also find a lack of neutral material. We show that
the change in qualitative outcome with resolution is the result of lower-resolution simulations failing to
capture the mixing layers within which condensation occurs, and suggest a new resolution requirement
for simulations to capture the phase structure of galactic winds.

Keywords: galaxies: evolution, galaxies: ISM, galaxies: starburst, hydrodynamics, supernovae: general

Galactic winds that remove mass and metals from star-forming discs play a decisive role in galaxy evolution,
and in gas-rich regions much of the mass flux appears be carried by the neutral and molecular phases
(Leroy et al. 2015; Martini et al. 2018; Krieger et al. 2019; Veilleux et al. 2020; Yuan et al. 2023). The
neutral material in these outflows extends to distances of at least several kpc above the disc. Observations
of the Milky Way’s own nuclear wind, where they can achieve the highest resolution, reveal that the neutral
material consists of a mist of clouds with typical radii of ~ 10 — 30 pc and masses from 10 to 105 M (Di
Teodoro et al. 2018; Lockman et al. 2020; Noon et al. 2023). Such clouds have been detected up to 2.5—
3.5 kpc off the plane, with velocities of ~ 150 — 300kms~! that suggest lifetimes of > 5 — 10 Myr, and in
chemical states that suggest the material must have been entrained from the Galactic plane rather than
condensing in situ (Noon et al. 2026).

The survival of neutral clouds to such distances and times has proven difficult to explain theoretically:
an adiabatic, non-magnetised cold cloud embedded in a hot wind will be disrupted on a cloud-crushing
timescale that is far shorter than the inferred cloud lifetimes, and is never accelerated to velocities as high
as those seen (Klein et al. 1994). Radiative cooling (Gronke and Oh 2018), thermal conduction (Briiggen
and Scannapieco 2016) and magnetic fields (McCourt et al. 2015; Cottle et al. 2020) may mitigate these
effects, but have thus far only been demonstrated in idealised “wind-tunnel” simulations that follow a single
cloud, not for a full galactic wind. By contrast, stratified-box simulations, which follow a vertically extended
patch of a star-forming disc and are the standard tool for studying how galactic winds are launched, have
had great difficulty reproducing the observed abundance of neutral gas in winds in simulations where the
winds are driven by supernovae (Walch et al. 2015; Girichidis et al. 2016; Kim et al. 2026, 2020; Peschken
et al. 2026). In such simulations, while neutral material dominates very close to the disc, almost all the gas
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is ionized by the time it reaches distances = 1 kpc from the galactic plane. Their typical neutral gas mass
loading factors — defined as the ratio of the wind mass flux to the star formation rate — at distances of 1 —2
kpc are ng; < 107* (e.g., Kim et al. 2020; Peschken et al. 2026). Significant amounts of neutral material
are found only in simulations where the outflow is assumed to be driven primarily by non-thermal pressure
sources such as cosmic rays (e.g., Armillotta et al. 2024; Thomas et al. 2025; Sike et al. 2025).

However, typical resolutions in the stratified-box simulations carried out to date are coarse compared
with the observed ~ 10 — 30 pc sizes of neutral clouds. For example the SILCC simulation suite reaches only
~ 4 pc resolution (Girichidis et al. 2016), while the TIGRESS suite reaches 2 pc (Kim and Ostriker 2017),
but only within |z| = 2 kpc from the disc (Peschken et al. 2026), and only for small disc patches of well
under 1 kpc in size. Moreover, due to the numerical difficulty of simulating flows with such extreme density
contrasts, many of these simulations resort to relatively diffusive numerical methods, for example piecewise-
linear rather than piecewise-parabolic interpolation, further lowering the effective resolution. The highest-
resolution simulations of this type carried out to date that include neutral gas are the QED simulation
suite (Vijayan et al. 2024, 2025; Vijayan et al. 2026), and there is preliminary evidence from both the QED
simulations and other studies (Kim and Ostriker 2017; Peschken et al. 2026) that the properties of cool
material in outflows are sensitive to resolution. However, no study has yet demonstrated convergence in the
neutral content of a supernova-driven outflow.

Here we report a series of simulations of a supernova-driven outflow from a GPU-accelerated code
QUOKKA (Wibking and Krumholz 2022; He et al. 2024a,b; He et al. 2026) in which we reach resolutions of
1 pc at distances of +4 kpc from a galactic plane. Our scheme employs piecewise-parabolic reconstruction,
which provides a more accurate representation of smooth flows than the piecewise-linear methods commonly
used in earlier stratified-box studies, and thus yields sharper shocks and higher effective resolution for
advection at fixed grid spacing (e.g. Leidi et al. 2024). These simulations therefore, for the first time, achieve
spatial resolutions sufficient to resolve the observed sizes of neutral clouds at their detected distances. We
carry out a resolution study in which we hold the physics fixed and vary only the grid spacing. We show that
at our highest resolution our simulations produce a neutral mass-dominated wind whose properties are in
good agreement with observations, while our lower resolution cases, similar to earlier work, fail to produce
a neutral-dominated wind. We analyse the simulations to understand what drives neutral winds and why
they have been missed in earlier works.

Results

All our simulations take place in a computational domain ~ 1 x 1 x 8 kpc in size with periodic boundary
conditions in the x and y directions and diode boundaries on the two faces in the z direction. Our highest
resolution simulations use a uniform resolution of 10242 x 8192 cells throughout the domain, giving a cell
spacing Az = 1 pc, and for comparison we also carry out simulations at resolutions with half and one
quarter as many cells per linear dimension, with cell sizes Az ~ 2 and 4 pc. All simulations begin with
a gas surface density Xgas = 50 Mg pc™2 and a stellar surface density ¥, = 208 Mg pc™2, comparable
to moderately starbursting regions such as the Milky Way centre. Our simulations include hydrodynamics,
cooling, self-gravity, and self-consistent star formation and feedback in the form of both FUV radiation and
supernovae. See Methods for full details on our numerical method and initial conditions, and Extended
Data Table 1 for key summary statistics of the simulations.

Full resolution results

Figure 1 shows the flagship 1 pc simulation at ¢t = 60 Myr, close to the time of maximum mass outflow rate.
It is clear from the figure that neutral gas reaches the top of the domain 4 kpc above the disc, and that
it is structured as clouds and filaments tens of parsecs in size, embedded in a volume-filling wind moving
faster than 500 kms~!. Neutral gas is the dominant component of the outflow at every height we measure,
carrying 69% of the mass and &~ 40% of the mass flux above |z| = 1 kpc, compared to =~ 20 — 25% by
mass or mass flux for the warm ionised medium and 10% by mass and = 35% by flux for the hot phase;
see Methods for how we define each phase, and Extended Data Table 2 for exact numerical values.
Crucially, neither the neutral mass loading nor the fraction of outflowing mass carried in the neutral phase
decay with height: ny, &~ 0.3 and 711, /Mtotal = 0.4 independent of height from 1 — 4 kpe.

Segmenting the neutral gas into connected three-dimensional structures (see Methods and Extended
Data Table 3) reveals that the neutral material is arranged into a population of discrete structures with
a broad spectrum of sizes, effective radii Rog ~ 10 — 70 pc, and masses, M ~ 102 — 10° M; typical column
densities are N ~ 10%° —10%! cm~2. These figures are in broad agreement with the properties observed for
clouds in the Milky Way’s nuclear wind (Di Teodoro et al. 2018; Lockman et al. 2020; Noon et al. 2023).
Cloud densities, and temperatures are typical of warm neutral ISM, ng ~ few cm =3 and T' ~ 5000 — 10, 000
K. The mass distribution includes many small clouds, which tend to be somewhat less dense and hotter,



but much of the mass is in large clouds, and the dominance of larger clouds grows as the clouds move away
from the plane. We quantify this trend by measuring the fraction of the mass in structures with effective
radii > 30 pc, which grows from ~ 50% at |z| &~ 1.5 kpc to = 70% at |z| = 3.5 kpc; the largest clouds have
filamentary morphologies, with the cloud shown in the inset of Figure 1 being a typical example.

Effects of resolution

Coarsening the grid destroys the neutral outflow rather than scaling it down. Figure 2 shows the same
environment and evolutionary stage at Ax =4, 2 and 1 pc. We see that at 4 pc neutral gas in the wind is
absent or barely resolved, while at 2 pc it is present but is significantly less prominent, and has a qualitatively
different spatial distribution that at our maximum resolution. The neutral mass loading factors confirm this
visual impression: at the box edge we find ng; and Ny /Mtotar are both < 1073 with Az =4 pc, Ny ~ 0.17
and Ny 1/ Motal = 0.3 with Az = 2 pc, compared to ng; = 0.3 and 1y 1/Motal & 0.4 and the full 1 pc resolution;
see Extended Data Table 2 for precise figures. Thus a factor of two reduction in resolution decreases the
neutral mass loading by a factor of ~ 2 while a factor of four reduction makes it disappear almost entirely.
Examining how 7y, changes with height makes it clear that this effect is less a matter of launching than of
survival: neutral gas is launched at Az = 4 pc, with 7y, = 0.008 at 0.98 kpc, but decays by a factor of 20
with height and reaches zero above 3 kpc, whereas at Az = 2 and 1 pc the same quantity is flat to within
11 and 7 per cent over the identical range. By contrast, the total mass loading declines by only 20-25 per
cent over the same heights at every resolution. Coarsening the grid therefore does not suppress the outflow
overall, it simply guarantees that the neutral phase no longer survives the climb.

We can also confirm that the difference in the behaviour of the neutral outflow is not due to a difference
in feedback. We illustrate this in Fig 3, which shows the star formation rate (top panel) and both the total
and neutral mass loading as a function of time. The figure shows that the total star formation rate in our
simulations only varies by ~ 30% between the different resolutions, and the total mass loading factor notal
only differs by tens of percent between 1 and 2 pc resolution, and by a factor of a few from 2 pc to 4 pc,
compared to the many order of magnitude difference we find in neutral mass loading.

Acceleration of the neutral gas

In order to better understand why the neutral gas survives and how it is accelerated into the wind in our
high-resolution simulation, and why this does not occur at lower resolution, we must investigate its structure
and momentum budget. In Fig. 4 we show the vertical profile of gas density, mass-weighted mean vertical
velocity, and mass loading for the Az = 1 pc simulation at t = 60 Myr. We see that neutral gas dominates
the mass and mass loading at every height above the disc, tracking the total to within a factor of two, with
the hot phase about an order of magnitude less dense and the warm ionised medium between them. The
hot gas velocity rises steeply near the disc, reaching ~ 400 km s~! within a few hundred pc of the midplane
and 600 — 700 km s~! by the time it reaches the edge of the simulation domain, while the neutral velocity
rises more slowly, not passing 100 kms~! until heights of ~ 1 kpc, and reaching ~ 200kms~—! only at the
top of the box.

A velocity that rises with height does not by itself mean the gas is accelerating, since the same sort
of pattern could be produced by a Hubble-type flow where the highest velocity material is at the largest
distances simply because it was launched fastest. To establish that the neutral gas is in fact accelerating,
we estimate the Lagrangian derivative of the neutral velocity as described in Methods, and plot the result
in Fig. 5a. We see that the neutral gas is in fact accelerating upwards at ~ 5kms~! Myr~! out to distances
of ~ 2.5 kpc from the disc, after which point it coasts at near constant velocity. By contrast, gas travelling
ballistically under the influence of gravity would be expected to decelerate at g ~ 5 — 10kms~* Myr—! over
the same range of heights (dashed green line in Fig. 5a); indeed, a parcel launched ballistically anywhere
below 1.0 kpc at the mean neutral gas speed we measure there would stall and turn around before reaching
the top of the simulation domain.

The reservoir of pressure, and thus of momentum flux, that can counteract gravity is the hot phase,
which carries =~ 99% of the volume-filling pressure fy (P) (Fig. 5b); here we define fy (P) as the product of
a phase’s volume filling fraction and its mean pressure, so that the phases sum exactly to the total. The hot
phase pressure falls monotonically from fy (P)/kp =~ 2 x 10° to 5.0 x 10* Kcm ™2 between 0.5 and 3 kpc,
sustaining an outward gradient across the whole box.

This gradient is much larger than would be needed to support the hot gas against gravity, or even to
accelerate it, implying that the decrease in pressure of the hot phase is caused by a transfer of momentum
to other phases. To demonstrate this, note that the rate of change of momentum per unit volume, or
equivalently the force density, applied to the gas in phase p is p,(Dv,/Dt + g); when summed over all three
phases, thus must equal the decrease in the available momentum flux in the hot gas pressure, —d Pyt /dz.
We evaluate these various terms as described in Methods, and show the result in Fig. 5c. The figure shows



that, integrated over 0.5-3 kpc, the neutral phase takes up 2.5 times as much momentum as the hot phase
does, and the two together fully account for the decrease in hot gas pressure to within ~ 30% — very good
agreement given the approximations that are necessary to compute the various terms. The neutral phase
dominates the uptake of momentum because, while it moves at a third of the hot velocity, it carries seven
times the mass.

The remaining question then becomes how the hot gas transfers momentum to the neutral phase, for
which there are two plausible channels. One is ram pressure combined with drag: as the hot gas flows past
the cold phase, hot material impacting the surface of cold clouds and the boundary layers around them
exerts a force that transmits momentum. The other is condensation: if hot gas cools into the neutral phase,
it will carry its higher momentum with it, thereby increasing the mean momentum of the cool gas. Including
both sources of acceleration, and the effects of gravity, we can express the total acceleration experienced by
a neutral cloud of mass M and cross-sectional area A as

% = —|g\ + % (;ODAphAUQ + F}1_>HIA’U) , (1)
where ¢ is the gravitational acceleration, Cp is a coefficient of drag of order unity, py is the density of the
hot gas impacting the cloud, Av is the velocity difference between the hot wind and the neutral cloud, and
', is the net rate at which hot gas condenses onto the cloud; the first term in parentheses represents ram
pressure and drag, and the second represents condensation. The main challenge in evaluating these two terms
is the choice of p, and Aw, since these vary between the mean properties of the hot gas and the properties in
a boundary layer around each neutral cloud. We consider both possibilities, and thereby estimate the mean
value of both terms on the right hand side over all neutral clouds, as described in Methods. We show the
range of estimates at which we arrive as the orange and purple bands in Fig. 5a.

The Figure shows that the two contribute comparably at 1.5 kpc, with condensation increasingly domi-
nant higher up, and that neither suffices alone: even at Cp = 2 ram pressure reaches only 6.5 kms~! Myr—!
against |g| = 8.6 kms~! Myr—! at 1.5 kpc, so drag can never lift the gas by itself at any height. By contrast,
the sum of condensation and ram pressure is stronger than gravity; we show this sum as the black bars in
Fig. ba, demonstrating that the forces we have computed fully explain the acceleration of H 1 clouds that
we observe in our high-resolution simulation.

On the survival of neutral gas, and the importance of resolution

Condensation also explains why H I structures exist at all. Comparing the mean cloud density to the mean
hot gas density the gas in the shell immediately upstream of it (see Methods) we find a typical density
contrast X = pe/pn &~ 400 and a typical relative velocity is Av ~ 150-180kms~!. The cloud-crushing time
for a cloud of radius Reg is tee = x/?Rest /Aw, and for the median cloud radius identified by our structural
analysis we find .. = 0.7 Myr at every height, compared to a flow time z/v, ~ 15 Myr. Thus the neutral
clouds have been in the wind for roughly 20 cloud-crushing times.

An adiabatic cloud would certainly have been destroyed by this time, but condensation can compensate
for the mass loss caused by stripping and allow clouds to survive; Gronke and Oh (2018) find that cold
clouds survive if their boundary layers cool fast enough, with a quantitative requirement that the cooling
time in the mixing layer satisfy fcoolmix < tcc, Where the cooling time .01 is defined as the ratio of the
gas internal energy to the radiative cooling rate, and tcool,mix is evaluated at temperature Tiix = V11 Tcl
and density pmix = v/Pnpel, i.e., at the geometric mean temperature and density between conditions in the
cloud and in the surrounding hot gas.

We evaluate pmix; Tmix, and feoolmix from our simulations as described in Methods, and report the
median values we obtain for our H I clouds in Extended Data Table 3. In each of our three sample slabs
we find cooling times tcoo1,mix < 0.08 Myr, roughly an order of magnitude smaller than the cloud crushing
time. Equivalently, the critical radius for cloud survival rey = A teool mix/ Xl/ 2 is ~ 0.5 pc, an order of
magnitude below the median cloud effective radius R.g (Extended Data Table 3). This explains why we
observe that our H 1 clouds grow rather than being destroyed as the wind moves upward.

This analysis also explains why our lower-resolution simulations, like earlier simulations with similar
resolutions, failed to find H I clouds in supernova-driven winds. The characteristic size of the cooling layer
i Leool = Csteool,mix, Where ¢ is the sound speed in the mixing layer (i.e., the sound speed evaluated at a
temperature T,ix; Gronke and Oh 2018). Evaluating this for our values of T}« for our sample slabs gives
Leool &= 3 — 6 pc at heights of 1.5 to 3.5 kpc (Extended Data Table 3). In our Az = 1 pc resolution
simulation, these layers are at least marginally resolved by ~ 3 — 6 cells, but at a resolution Az = 2 pc
this becomes even more marginal, ~ 1.5 — 3 cells, and at Az = 4 pc the mixing layer is reduced to a single



cell, and even the typical neutral cloud (Reg ~ 6 pc) is at most two cells in size. Consequently, our lower-
resolution simulations fail to capture the mixing layers that are responsible for both half the momentum
transfer from the hot phase to the H 1, and for all of the condensation that re-supplies the H 1.

Discussion and conclusions

One strong implication of our work is that the steep vertical decline of the neutral phase reported by every
previous stratified-box and Galactic-centre calculation of supernova-driven outflows is, at least in part,
numerical. Our own 4 pc run reproduces that decline; the same physics at 1 pc does not. Our analysis of the
boundary layers around the H 1 clouds produced in our 1 pc resolution simulation provides a quantitative
explanation for this phenomenon: in order to produce H 1 accelerated into winds, simulations must resolve
the boundary layers responsible for both re-supplying their mass and transferring hot gas momentum to
them. The characteristic sizes of these structures are a few pc, so resolution Ax = 1 pc is sufficient and
Ax = 4 pc is clearly not; Az = 2 pc is marginal, and the outcome likely depends on details of the adopted
cooling curve and on the level of numerical dissipation in the simulation method.

We also caution that are results for H 1 survival are conservative in the sense that our calculations are
unmagnetised and include no explicit thermal conduction, meaning that of the three mechanisms that have
been proposed to explain the survival of cool, neutral material in winds — radiative cooling, conduction, and
magnetic fields — our simulations contain only one. This demonstrates that radiative cooling of the mixing
layer is sufficient on its own, but it is possible that adding conduction and magnetic fields might increase
the dominance of neutral gas in the mass and mass flux budget even further. It is unclear how including
these processes would modify the resolution requirement we have found, since both magnetic fields and
conduction conceivably alter the thickness of the mixing layer.

In addition, although we have demonstrated a qualitative change in behaviour with resolution — from
a1 ~ 0 to nur ~ 0.5 as we go from Az = 4 pc to Az = 1 pc, we have not yet established full numerical
convergence: Ny is noticeably larger for Az = 1 pc than for Az = 2 pc, and it is entirely possible that it
would become larger still if we could simulate at Az = 1/2 pc. Our reported neutral mass loading should
therefore be treated as a lower bound. Moreover, while we are able to analyse the statistical properties of
the H 1 clouds that form in our simulations, we are limited in our ability to follow the detailed evolution of
individual objects by the cadence of our outputs, which is a factor of a few longer than the cloud-crushing
time and an order of magnitude longer than the cooling time.

Despite these limitations, our simulations’ demonstration that supernova-driven winds can be dominated
by neutral material even at distances many kpc above the galactic plane has important consequences that
reach beyond stratified box simulations. Subgrid wind prescriptions in cosmological simulations are cali-
brated on resolved calculations of exactly this kind (e.g., Smith et al. 2024), so if those calculations lose
their neutral phase numerically due to inadequate resolution, the prescriptions derived from them inherit
the loss. The error is not a uniform normalisation but grows with height, since at 4 pc resolution the neutral
loading falls by a factor of 20 between 1 kpc and the box edge while at 1 pc resolution it is flat. A second
consequence is that, because the neutral phase is fed by condensation as it travels, the phase composition
of a wind at the halo boundary is not the composition at launch. Winds cannot be treated as a fixed mix-
ture advected outward. Instead, the neutral fraction delivered to the circumgalactic medium is set en route
rather than at the disc.

Our finding that neutral gas can be carried to several kiloparsecs by supernova feedback alone also means
that some of the motivation for simulations emphasising cosmic rays or radiation pressure as wind drivers
is reduced. Of course this does not mean that these processes do not occur, simply that there is no need to
tune uncertain parameters in models of these processes (e.g., cosmic ray diffusion coefficients) in an attempt
to reproduce observations of neutral material entrained high into winds. Our findings may therefore lead to
a revision of models for cosmic ray- and radiation pressure-driven winds as well.



Methods

Simulations: initial conditions

We evolve a stratified patch of a galactic disc, using periodic boundary conditions in the horizontal (x and
y) directions, and “diode” boundary conditions that permit outflow but suppress inflow in the z direction
— see Vijayan et al. (2024) for details. The domain is 0.98 x 0.98 kpc horizontally and spans |z| < 3.92 kpc,
or 0.98 x 0.98 x +3.92 kpc, and we use three cell counts: 10242 x 8192, 5122 x 4096, and 2562 x 2048, giving
spacing of Az = 0.96 pc, 1.91 pc, and 3.83 pc, respectively; for brevity we will refer to these cases as Az =1,
2, and 4 pc. For comparison with previous work, the TIGRESS-NCR LGR4 model reaches Ax = 2 pc in a
5122 x 3072 pc domain (Kim et al. 2023), so our 1 pc run resolves roughly nine times the volume at half
the cell size.

All runs begin with a gas surface density ¥z.s = 50 Mg pc™=, with the gas initially uniform in = and
y and stratified in z with a vertical profile chosen to be in hydrostatic equilibrium. The gas initially has
a uniform temperature 7' = 10* K, and a metallicity Z = 1 Z5. In addition to the gravitational potential
generated by solving the Poisson equation for the gas and stellar particles (see next section), our simulations
also include an “external” potential that combines a stellar disc and a dark-matter halo,

Z2 1/2
(”zz) !

where we adopt ¥, = 208 Mg pc™2, pam = 2.4 x 1072 Mg pc™2, 2, = 245 pc, and Ry = 4 kpc; these
parameters are identical to those in the R4 model of (Kim et al. 2020). See Vijayan et al. (2024) for further
details on the model setup.

We run each simulation for the times indicated in Extended Data Table 1, writing the full 3D structure
at a cadence of 2 Myr, and reduced 2D projections of select quantities at a cadence of 0.5 Myr.

2
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Simulations: numerical method

We carry out all simulations with QUOKKA, a GPU-native, block-structured adaptive-mesh radiation-
hydrodynamics code built on AMReX (Wibking and Krumholz 2022; He et al. 2024a,b; He et al. 2026). We
use a limited subset of its capabilities: the radiation-transport module is switched off, and mesh refinement
is not used, so each run is a single uniform Cartesian grid. The code solves the Euler equations of hydro-
dynamics coupled to the Poisson equation for self-gravity (along with an external gravitational potential),
optically thin radiative cooling, photoelectric heating and star-particle feedback. The hydrodynamics uses a
piecewise-parabolic reconstruction of the primitive variables (Colella and Woodward 1984) with the HLLC
Riemann solver, a method-of-lines formulation and second-order strong-stability-preserving Runge-Kutta
time-stepping.

Star formation and supernova injection are self-consistent rather than prescribed, and use the “particle—
mesh—particle” scheme of He et al. (2026). In cells that satisfy a local Jeans-instability criterion, the code
stochastically forms a collisionless star particle at a rate set by the local free-fall efficiency, drawing stellar
masses from a Chabrier initial mass function (Chabrier 2003); stars massive enough to explode as supernovae
(> 9 Mg following the models of Sukhbold et al. 2016) are following individually, while lower-mass stars
are lumped together into a composite particle. The resulting star particles are given an initial velocity
distribution that includes a tail to high velocities corresponding to runaway stars (see He et al. 2026), and
move freely through the domain under the effects of gravity. Once a particle in the range of initial masses
predicted by Sukhbold et al. to explode as supernovae reaches an age exceeds its progenitor’s main-sequence
lifetime (as determined from the MIST stellar evolution tracks — Choi et al. 2016) it injects AEgy = 10°! erg,
AMgn = 10Mg and AMzgn = 1 Mg of energy, mass, and metals into its host cell; we treat metals as a
passive scalar. Supernova feedback uses a momentum-energy switch, as discussed in He et al. (2026), but
due to the very high resolution of our simulations the momentum branch is almost never used, and so in
most cases supernova feedback is handled as pure energy deposition.

While we do not include radiative transport, we do include radiative heating and cooling using the
GRACKLE library (Smith et al. 2017). Specifically, we use the GRACKLE tables computed for a uniform far-
ultraviolet (FUV) background of Haardt and Madau (2012) with self-shielding; we recompute these tables as
functions of (p, Eint) rather than the default (p,T') for computational efficiency, but the underlying physics
is identical. The tables include primordial (H and He) cooling and heating, metal-line cooling and heating,
and inverse Compton heating by cosmic microwave background photons; as in Vijayan et al. (2026), we
hold the metal line cooling table at a fixed metallicity Z = Zg rather than evolving it in response to metal
deposition by supernovae.



In addition, we include a photoelectric heating rate that tracks the instantaneous, spatially uniform
FUYV field produced by the simulated stellar population. The instantaneous photoelectric heating rate per
H nucleon depends on star formation history in the simulation box as

! / /!
Ipe(t) = I'pr,o {OGyrt 1)) di (3)
fO w(t - ) *,0 dt’
where T'pg g = 4.0 x 10726 erg s7! H™! is the Solar neighborhood photoelectric heating rate (Draine 2011),
¥, (t) is the star formation rate per unit area in the simulation box as a function of time, ¥ (t) is the FUV
luminosity per unit mass produced by a stellar population of age ¢, and 2*70 =25x1073 Mg yr~! kpc=? is
the star formation rate in the Solar neighbourhood (Fuchs et al. 2009). We compute (t) by using the SLUG
stellar population synthesis code (da Silva et al. 2012; Krumbholz et al. 2015) to compute the total luminosity
in photons with energies E, = 8 — 13.6 eV (the approximate energy range reponsible for photoelectric
heating) for a continuously-sampled stellar population as a function of age ¢, using MIST stellar tracks (Choi
et al. 2016), the same Chabrier IMF used in the simulations, and SLUG’s “starburst99” spectral synthesis
mode (Leitherer et al. 1999; Vazquez and Leitherer 2005). Note that the exact choice of 1 Gyr as the upper
limit in the integral in the denominator has almost no effect on the value of the integral, since 1 (t) goes to
near-zero values for ¢ = 200 Myr; thus any value greater than a few hundred Myr yields the same result to
within a few percent.

Phase-decomposition

In our analysis of the simulation outcomes we split the gas into three phases that partition it exactly: neutral,
meaning gas with electron abundance x. < 0.05; hot, meaning T > 10° K; and the warm ionised medium
(WIM), the remainder. Our simulations do not follow a non-equilibrium chemical network, so we reconstruct
z. from the tabulated equation of state from GRACKLE, which provides the mean molecular weight p as
well as the cooling rate as a function of gas density and internal energy. For GRACKLE’s adopted hydrogen
mass fraction X = 10/14 and helium mass fraction Y = 4/14, the electron abundance per H nucleon
Te = ne/ny is then related to the mean molecular weight as z. = (u=! — Y/4)/X — 1. We deliberately
define the neutral phase in terms of the electron abundance rather than simply using a temperature cut
because the temperature at which the gas transitions from predominantly ionized to predominantly neutral
is density-dependent, ranging from 10%#-10*2 K, so using a simple temperature cut would not differentiate
cleanly between ionized and neutral material at similar temperatures. For the purposes of comparing to
observations in the 21 cm line, our primary source of information on the detailed structure of the neutral
material entrained into outflows, the ionization fraction is the important quantity.

Outflow rates

For each phase p the mass outflow rate at height h is the net flux through the pair of planes at z = +h.
Formally, we evaluate this as

M, (h,t) = / ppv, dA — / ppv- dA, (4)
z=+h z=—h

where p, is the gas density for cells classified as belonging to phase p and 0 otherwise, and v, is the vertical
velocity. We evaluate this quantity at the quarter, half, three-quarter and full box half-height, h = 0.98, 1.96,
2.93 and 3.91 kpc, which in the text we round to 1, 2, 3 and 4 kpc for brevity. We define the corresponding
mass loading factor of each phase as 1, = M,/ (SFR} where (SFR) is the time-averaged star formation rate.
Note that our outflow rates are net mass fluxes rather than the outflow-only values reported in some works
(e.g., Rathjen et al. 2023, who replace v, with max(v,,0) in the first integral and min(v,, 0) in the second),
so comparison must be made with care.

We measure the outflow rates summed over all phases and for the hot phase at 0.5 Myr intervals, and
the outflow rate in the neutral phase at at a coarser cadence of 2 Myr, since it is more expensive to compute
because . must be obtained in post-process rather than on-the-fly as the simulation runs. The WIM rate
is the remainder, MWIM = Mtotal MHI Mhot7 so wherever the three are compared they carry the neutral
measurement’s cadence.

Throughout this work, all time-averaged quantities — including the star formation rate used to normalise
7p — are computed over a common interval of 29-92 Myr. The starting time is chosen to exclude an initial
transient phase, which lasts for roughly one free-fall time at the box half-height. We find that star formation
in the simulation is bursty and episodic once it has begun, with period of &~ 120 Myr, and so we choose the
final time of our averaging interval to roughly span one of these cycles.



Neutral cloud structural analysis

To quantify the structure of the neutral clouds that form in the full resolution simulation, we select five
snapshots that are roughly uniformly-spaced in time from 49 — 70.6 Myr, tracking the period of maximum
neutral outflow rate. In each snapshot, we select for analysis three slabs of thickness 600 pc, chosen to provide
sufficient statistical sampling, covering heights 1.2 — 1.8 kpc, 2.2 — 2.8 kpc, and 3.2 — 3.8 kpc. Within each
slab, we define a neutral cloud as a connected set of cells satisfying x. < 0.05, where connection is evaluated
keeping in mind that the domain is periodic in the horizontal direction. We discard objects containing fewer
than 500 cells (an effective radius of 4.7 pc) as unresolved, and use the remainder for our analysis.

For each identified cloud, we compute the following statistics: total neutral mass M, effective radius Reg
(defined as the radius of a sphere whose volume is equal to the cloud volume), atomic hydrogen number
density ny (defined as a neutral mass-weighted mean), temperature 7' (also a neutral mass-weighted mean),
and equivalent column density Ny (defined as the line of sight hydrogen column density through the centre
of a spherical cloud of equal mass and volume). Quantitatively, for a set of N, cells belonging to a given
cloud, we define

Nc
M = A.’L‘3 Z(l — xeﬂ)ﬂi (5)
=1
3 1/3
= [ —N.Az?
Reff (47T cAT ) (6)
1 e
= LA S (1 g
nH M i €z ;( xe,z) Pi (7)
1 e
_ 3
T = MASL’ ;(1 - xeyi)piTi (8)
3M
Ny = 2 e
H Reff <47TR§HMH) 5 (9)

where p;, T}, and z.; are the total density, temperature, and electron fraction in cell 7 and py = 2.3 x 10724
g is the mean mass per H nucleon for our adopted chemical composition.

Finally, we compute the following statistics for the cloud population as a whole in each slab: the number
density of clouds n (averaged over the five time samples), fraction of cloud mass fas 30 held in clouds with
R > 30 pe (again averaged over the five samples), and the median and inter-quartile range of each of the
per-cloud statistics, computed both by number and by mass.

Lagrangian acceleration and the momentum budget
We estimate the Lagrangian vertical acceleration of the neutral gas as a function of height off the plane z,

Dv,  Ov,
Dt ot

v, 20
* 0z

; (10)

t

z

as follows. The advective term v, (v, /Jz); is a spatial derivative at one instant, which we evaluate from the
single snapshot at ¢ = 60 Myr. For this snapshot, we first compute the mass-weighted mean velocity of the
neutral gas at height z by averaging the neutral material in slabs Az = 0.6 kpc thick, and averaging over
the two sides of the midplane; we apply this slab-averaging procedure to reduce small-scale noise, which
would otherwise dominate our estimate of the derivative. We then compute the derivative of the vertical
velocity with respect to z using centred differences on these slab averages. To estimate the Eulerian term
(0v,/0t),, we compute the same Az = 0.6 kpc-slab averages on the ¢t = 55.4 and 64 Myr snapshots, and
estimate (Ov,/0t), at t = 60 Myr from a centred difference between these two times.

We obtain estimates of the uncertainty the spatial derivative at fixed time by varying the slab width from
0.5 to 1.5 times our fiducial value, and on the time derivative by computing two one-sided differences from
the same three time slices (i.e., from 55.4 to 60 Myr and from 60 to 64 Myr) and taking half the difference
between the two one-sided differences as our uncertainty estimate. We obtain a total uncertainty on the final
Lagrangian derivative Dv,/Dt by adding the spatial and temporal uncertainties in quadrature. We show
the measurements of Dv, /Dt produced by this procedure as the blue line and band in Fig. 5a. We also use
the same method to compute the Dv, /Dt term for the hot gas that is required for the red line in Fig. 55c.



Gas acceleration by ram pressure and condensation

Evaluating the terms describing gas acceleration by ram pressure / drag and condensation in Equation 1
requires that we compute or adopt estimates for the cloud mass M, cross-sectional area A, the density of
the hot gas incident on the cloud py, the hot gas-H 1 velocity difference Av, the condensation rate I'y_,y,
and coefficient of drag Cp. We estimate these terms using the sample population of neutral clouds produced
by our segmentation procedure, as described above, which provides a catalogue of H I clouds at fives times
from 49 — 70.6 Myr and at three heights, centred on 1.5, 2.5, and 3.5 kpc.

We have already defined the mass M for each of these clouds, as describe above. To compute the cross-
sectional area A, we flatten the set of cells defining the cloud onto the xy plane and computing the area of
the resulting set of pixels; mathematically, our definition is

A= Az? Z m]?X(Icloud,ijk) (11)

ij

where Icioud,ijr is an indicator function on cell ijk which is unity of a cell is identified as belonging to a
cloud and 0 otherwise. We take the ratio M /A that appears in the drag term in Equation 1 to be simply
the mean cloud mass divided by the mean cloud area in each slab.

As noted in the main text, we consider two possible estimates for the hot gas density p,, and hot-neutral
velocity difference Av, one based on mean properties and one based on properties in cloud boundary layers.
For our mean property-based estimate, we simply evaluate py, and Av = vy, , — v, . using the slab-averaged
means shown in Fig. 4 at t = 60 Myr, and from the analogous quantities computed at our other sample
times. For our boundary-layer estimate, we use the same value of vy, for the mean H 1 velocity, and we
estimate mean values of the hot gas density and velocity as follows:

1. Define an initial boundary shell around each H 1 cloud by starting with the cells of the cloud itself and
applying Ny = max[3, round(Reg/Ax)] iterations of binary dilation with a structuring element with a
connectivity of 1. This defines a shell around each cloud with a characteristic radius comparable to the
cloud size, but with a minimum size of three cells, and whose shape is contoured to the cloud shape.

2. Next, remove any neutral or non-hot cells, those with z. < 0.05 or T' < 10° K, leaving only cells classified
as hot in our phase decomposition.

3. Finally, discard any cells for which the distance from the midplane to their centre, |z|, is larger than the
cloud’s distance to the midplane, defined as the median |z| of cells that belong to the cloud. This step
means that we keep only the parts of the shell that are closer to the midplane than cloud centre, and are
therefore upstream of it.

One we have defined the cells belonging to the boundary layer around each cloud, we compute the mean
density pn, and mass-weighted mean z velocity vy, ., over all the cells tagged as belonging to a boundary layer
in each slab, and use these for our boundary-layer estimate of the drag / ram pressure force.

To estimate the condensation rate I'y_,py; in each of our sample slabs, we note that, for any phase p, the
rate of change in the total mass M,, of that phase within a slab from z, to z; obeys

dM, . .
dtp = Mp(ZOat) - Mp(zht) + Fpa (12)

where M,,(h,t) is the outward mass fluxes through the surface at height h (Eq. 4) and T, is the net rate
at which phase p gains mass from the other two. We estimate dM,,/dt for each phase over our five sample
snapshots by computing the mass M,, of each phase inside each slab at each time, and then carrying out
a simple least-squares fit to find the slope. We directly measure the fluxes from the simulation at each
time; using these fluxes together with our estimate of dM,/dt yields an estimate for I', at each time, which
is the quantity of interest. Rather than use I'y; estimated in this way directly, we instead evaluate it as
Ty = —(Thot + D'wim); we do so because the time series of H I mass and instantaneous mass fluxes are
rather noisy due to the clumpy H 1 structure. The WIM and hot gas masses very much more smoothly in
time, allowing significantly better estimates.

Finally, for Cp plausible values are in the range Cp ~ 1 — 2, with values smaller values typically
characterising smoothly tapered structures such as spheres and larger values for smooth or blunt bodies.
We compute estimates for both Cp = 1 and 2 to give a plausible uncertainty range.

Cloud crushing times and mixing layer cooling times

Evaluating the Gronke and Oh (2018) criterion for cloud survival requires that we compute the cloud
crushing time t.. and the mixing-layer cooling time tcoo1,mix; these in turn depend on the density contrast



x between the H 1 clouds and the hot material around them, the temperatures T}, and 7T in the hot gas
and the cloud, and the densities p. and py, of the hot gas and cloud.

We compute y in each of our sample slabs by dividing the number-weighted median densities of H 1
clouds found by our structural analysis by the number-weighted median densities of their boundary layers,
with the boundary layers defined in the same way as above. We use the number-weighted medians rather
than the mass-weighted medians because the former emphasise values typical of the small clouds that are
most vulnerable to disruption by the wind. We report the values of x and the corresponding cloud crushing
times that we obtain via this procedure in Extended Data Table 3.

We similarly evaluate Ty, T¢1, pn, and p using the number-weighted medians in the hot regions around
the clouds and in the clouds themselves. Once these values are determined, we compute cooling times at
Pmix = v/Pupcl and T = /Ti/Te by reading the cooling rate at that combination of density and temper-
ature from our GRACKLE cooling tables, and dividing this into the internal energy at the corresponding
density and temperature. We report the values of t¢o01 mix that we obtain by this procedure for each of our
sample slab regions in Extended Data Table 3.
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Fig. 1 Edge-on view of the 1 pc resolution simulation at ¢ = 60 Myr. Columns show, from left to right, the projected
neutral gas column Ny, total density p in a slice, gas temperature T in a slice, and gas vertical velocity v, in a slice, coloured
so that velocities away from the midplane are red. Insets zoom in on one example neutral cloud = 3.5 kpc above the plane,
with dashed black contours marking the locus . = 0.05 that we use to define the transition from ionized to neutral.
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Fig. 2 Neutral gas column density projections at different simulation resolutions. The three panels show the
projected neutral column at ¢ = 88 Myr at our three resolutions of Az = 1 pc (left column), 2 pc (middle column), and 4 pc

(right column). The insets show the same region as the insets in Fig. 1. For clarity we show only a portion of the full simulation
domain in these figures.
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Fig. 3 Star formation rate (top) and mass loading factor (bottom) versus time in the three simulations. The
mass-loading factor is measured at the top of the simulation domain, z = 4 kpc, and we show both the total mass-loading
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including all phases (solid) and the component carried by the neutral phase alone (dashed).

13



L L D L

10° Ax=1pc,t=60Myr —— Total E

— Hli ]

— . — WIM
[sp]

I 10~ 'k  — .

E ; ]

L, : ]

:I -

1072 ¢ 3

I R B S

N E

@ ]

= ]

E. .

= )

10! 4

L L | L L L L | L L L 1
o
L
Q9
~
=
I
I~

|z| [kpc]

Fig. 4 Vertical structure of the outflow at t = 60 Myr. The panels show, from top to bottom, the mean density of the
gas expressed as H nucleons per unit volume nyy, the mass-weighted mean vertical velocity v., and the mass loading factor n
as a function of height z; all quantities are averages over slabs of thickness Az = .... Black shows the sum over all phases,
while blue, green, and red show the neutral, WIM, and hot phases, respectively.
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Fig. 5 Neutral gas acceleration and momentum budget. (a) Measured Lagrangian acceleration of the neutral gas
(blue, with the shaded band its uncertainty), the gravitational acceleration (green dashed), the momentum transferred from
the hot phase to the neutral phase by ram pressure and condensation at z = 1.5,2.5, and 3.5 kpc (orange and purple bars,
respectively), and the sum of ram pressure, condensation, and gravity (black bars) at heights z ~ 1.5, 2.5, and 3.5 kpc. The
ram pressure bar spans Cp = 1 and 2, and the condensation bar spans an arrival velocity from the boundary-layer contrast
to the hot-phase mean. (b) Volume-filling thermal pressure: total (black), hot (red dashed), and the rest of the gas, H 1 plus
WIM (blue). (¢) Force density per phase, H 1 (blue), hot (red) and their sum (green); solid lines give the total force required to
explain the measured acceleration, while dashed lines dashed lines show the force required to counter gravity. The solid black
line is —dPyot/dz, the force provided by the hot phase. Accelerations, pressures, and forces are all measured at ¢ = 60 Myr,
while the ram pressure and condensation points average over five snapshots spanning 49 — 70.6 Myr; see Methods.

15



Acknowledgements. CCH, MRK, and AV acknowledge support from the Australian Research Council
through Laureate Fellowship FL220100020. This work was supported by computing resources provided by
the INCITE program at the Oak Ridge Leadership Computing Facility, which is a DOE Office of Science
User Facility supported under Contract DE-AC05-000R22725, and by the Pawsey Supercomputing Research
Centre’s Setonix Supercomputer (https://doi.org/10.48569/18sb-8s43), with funding from the Australian
Government and the Government of Western Australia.

Declarations

Funding: Australian Research Council Laureate Fellowship FL220100020

Competing interests: the authors declare no competing interests.

Ethics approval and consent to participate: not applicable

Consent for publication: not applicable

Data availability: QUOKKA is publicly available at https://github.com/quokka-astro/quokka. Raw
simulation outputs are not publicly available due to their large size, but will be provided on request to
the corresponding author.

® Materials availability: not applicable

® Author contributions: CCH designed the simulation setup and analysis pipeline, ran the simulations,
carried out the analysis, wrote the majority of the manuscript, and is a core developer of the QUOKKA code.
MRK helped design the simulation setup and analysis pipeline, and assisted in writing he manuscript.
BDW is the lead developer of the QUOKKA code and contributed to the simulation design. AV contributed
to the simulation setup design. All authors edited and approved the manuscript.

16



Extended Data

Table 1 Summary of all simulations. Here we report the
total run duration tenq, time-averaged star formation rate
(SFR), and time-averaged total, H 1, hot, and WIM mass-loading
factors Ntotal, M1, NMhot, and Nwinm, computed at the outer edge
of the simulation box. All time-averaged quantities are averaged
over the interval from 28 Myr, one free-fall time at the box
half-height, to 92 Myr, the end of the first star formation burst.

Az tend (SFR) Ntotal NH 1 Nhot  MWIM
[pc]  Myr] [Mgyr™!]
1 114 0.256 0.661 0.288  0.216 0.157
2 176 0.218 0.560 0.167  0.249 0.145
4 256 0.195 0.135 0.000 0.134 0.000

Table 2 Neutral mass loading as a function height and
resolution. Here A is the height, ni, is the neutral mass loading factor,
and 7m1/Mtotal is the fraction of the total mass flux carried by neutral
material. All quantities are time averages over 29-92 Myr.

h i1 N1/ Meotal
[kpc] Az = 4pc 2 pc lpc Az= 4pc 2 pc 1 pc
0.98 0.008 0.193 0.309 0.044 0.288 0.393
1.96 0.003 0.177  0.287 0.020 0.275 0.385
2.93 0.001  0.177 0.304 0.005 0.288 0.426
3.91 0.000 0.171  0.289 0.001 0.301 0.431

Table 3 Structural properties of neutral clouds. Statistics of neutral gas
clouds — defined as connected sets of cells with electron fraction z. < 0.05, in three
600 pc-thick slabs centred at the z value, from five snapshots spanning

49-70.6 Myr. Population quantities characterise the cloud population as a while,
Count-weighted and Mass-weighted properties give the median 25th to 75th
percentile range (quantities in brackets) by number and mass for each cloud
properties, and Survival criterion lists quantities used to evaluate the Gronke and
Oh (2018) cloud survival criterion, all computed from the number-weighted
medians. See Methods for exact definitions of each quantity.

z [kpc]

1.5 2.5 3.5
Population
ne [kpe™3] 1541 1053 965
far (Rege >30pc) 52% 70% 73%
Count-weighted
Rer [pc] 6.0[5.3-7.4] 6.2[5.3-7.7] 6.2[5.3-7.9]
M [Mg] 96 [54-215] 58 [34-134] 45 [26-104]
ny [cm—3] 2.81[2.24-3.80] 1.71[1.43-2.12] 1.29[1.03-1.65]
T K] 9432 [8257-9910] 10014 [9389-10380] 10250 [9700-10619]
Ny [102° cm—2] 1.09 [0.80-1.66] 0.66 [0.51-0.96] 0.51[0.38-0.73]
Mass-weighted
Regr [pc] 21.6 [8.6-43.4] 42.3[19.8-58.5] 49.5 [24.6-74.0]
M [10* Mg)] 1.99[0.05-8.41] 8.14[0.41-16.55] 9.36 [1.26-18.42]
ny [em™3] 4.10[3.96-5.08] 3.00[3.00-3.00] 1.95[1.95-2.13]
T K] 6290 [5549-6497] 5144 [5096-5192] 5213 [5180-5246]
Ny [10%2° cm—2]  8.64[2.76-14.03] 9.84[4.73-13.13] 7.75[5.12-9.75]
Survival criterion

444 374 344
teool,mix [My1] 0.042 0.062 0.077
tee [Myr] 0.69 0.71 0.73
Terit [DC) 0.37 0.54 0.66
Rett [Terit 16.4 11.5 9.5
Ceool [PC] 3.4 5.6 6.4
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