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A B S T R A C T 

Multiphase galactic outflows, generated by supernova (SN) feedback, are likely to be more metal rich than the interstellar media 
from which they are driven due to incomplete mixing between SN ejecta and the ambient interstellar medium. This enrichment 
is important for shaping galactic metallicities and metallicity gradients, but measuring it quantitatively from simulations requires 
resolution high enough to resolve mass, momentum and energy exchanges between the different phases of the outflows. In this 
context, we present QED, which are simulations of outflo ws, dri ven by SN feedback, conducted using QUOKKA , a new GPU- 
optimized adaptive mesh refinement radiation-hydrodynamics code. This code allows us to reach combinations of resolution, 
simulation volume, and simulation duration larger than those that have previously been possible, and to resolve all gas phases 
from cold neutral medium, T ∼ 100 K, to hot ionized gas, T � 10 

7 K. In this, a first of a series of papers exploring generation and 

evolution of multiphase outflows from a wide range of galactic environments and star formation rates, we quantify the extent of 
selective metal loading in solar neighbourhood-like environments. We explain the selective metal loading, we find as a result of 
the transport of metals within and between phases, a phenomenon we can study owing to the parsec-scale resolution that our 
simulations achieve. We also quantify the sensitivity of metal loading studies to numerical resolution, and present convergence 
criteria for future studies. 
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 I N T RO D U C T I O N  

lmost all elements heavier than helium, i.e. metals, are manu- 
actured in stars. From their point of origin, metals travel far and
ide to populate not only the interstellar medium (ISM) within 

nd the circumgalatic medium (CGM) around galaxies, but also 
he intergalactic medium (IGM) pervading the cosmos. Because the 
istribution of metals is driven by several physical processes, such 
s outflows from stellar feedback, inflows of metal-poor gas from 

he IGM, and mixing of different gas phases, metals act as tracers
f these phenomenon. By following the life-cycle of metals as they 
raverse a galaxy, we can hope to understand the complex process of
alaxy evolution. 

An important observational result that links metal abundances to 
arge-scale galaxy evolution is the mass–metallicity relation (MZR; 
remonti et al. 2004 ), a relatively tight correlation between gas-
hase metallicities and galaxy stellar masses that e xtends o v er sev eral
rders of magnitude in stellar mass. The metallicity, expressed in 
erms of the oxygen abundance of the gas phase, increases sharply 
ith stellar mass at low galactic masses (albeit with a great deal
f scatter) and flattens out at larger masses. In dwarf galaxies, one
ossible explanation for this correlation is the preferential removal of 
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etals in supernova (SN-) driven outflows (e.g. Peeples & Shankar 
011 ; Zahid et al. 2014 ; Christensen et al. 2018 ; Forbes, Krumholz &
peagle 2019 ). Peeples & Shankar ( 2011 ) quantify the selective
nrichment of galactic outflows relative to the mean metallicity of the
SM in terms of the ‘metal e xpulsion efficienc y’ or ‘metal-loading
actor’, ζ , which mathematically is ratio of the metallicity of the
utflowing gas to that of the gas present in the ISM. Models with
� 1 have the advantage that they do not require the extreme
ass loading factors (often � 100) that are required to explain the
ZR in dwarfs in more conventional models where ζ = 1, i.e.
here outflow and ISM metallicities are assumed to be the same

e.g. Finlator & Dav ́e 2008 ; Dav ́e, Finlator & Oppenheimer 2012 ;
illy et al. 2013 ). Moreo v er, radially resolv ed models with ζ =
 tend to produce relatively steep metallicity gradients in dwarf 
alaxies, in contradiction to the observed flatness of dwarf gradients 
the mass–metallicity gradient relation, MZGR; e.g. Belfiore et al. 
017 ; Mingozzi et al. 2020 ; Poetrodjojo et al. 2021 ); by contrast,
odels including selective metal loading naturally reproduce the 
ZGR in dwarfs (Sharda et al. 2021a , b , 2023 ). 
While these analyses hint at the importance of selective metal load- 

ng for galactic properties, both direct observational and numerical 
 xplorations hav e been limited. With re gard to the former, though
bserv ations of outflo ws in star-forming galaxies are ubiquitous 
e.g. Veilleux et al. 2020 , and references therein), to date, there are
nly limited observational constraints on the metal-loading (or mass- 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-7714-2379
http://orcid.org/0000-0003-3893-854X
http://orcid.org/0000-0003-3175-2291
mailto:aditi.vijayan@anu.edu.au
https://creativecommons.org/licenses/by/4.0/


10096 A. Vijayan, M. R. Krumholz, and B. D. Wibking 

M

l  

p  

(  

m  

m  

s  

i  

H  

f  

i  

r  

f  

w  

a  

t  

C  

c  

e  

i
 

i  

K  

(  

N  

t  

o  

e  

t  

o  

a  

t  

i  

w  

s  

p  

f  

t
 

i  

l  

a  

r  

t  

t  

t  

g  

a  

a  

H  

I  

D  

i  

o  

t  

h  

e  

n  

a  

p  

(  

r  

b  

l  

w  

f  

g  

t  

D  

G  

e  

e
 

o  

l  

o  

p  

2  

j  

a  

o  

I  

g  

G  

o  

L
 

m  

o  

e  

s  

a  

w  

a  

a  

±  

s  

L  

t  

l  

r  

a  

a  

t  

s
 

c  

o  

c  

r  

c  

±  

1  

t  

t  

c  

m  

i  

p  

5  

a

1 Specifically, their ‘R8’ model which has a resolution of 4 pc as noted in their 
table 1. 
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oading) factor, and then only for a limited range of outflowing gas
hase. For the warm-ionized phase, Chisholm, Tremonti & Leitherer
 2018 ) find for a sample of seven galaxies over a wide range in stellar
ass that the outflow metallicity can exceed the ISM metallicity by as
uch as a factor of 50 in dwarf galaxies, though this number might be

maller for larger galaxies. They also find that the bulk of the metals
n the outflows arise from entrained ISM, rather than direct SN ejecta.
o we ver, metal-loading factors deri ved from absorption studies are

raught with uncertainties related to parameters such as geometry and
onization correction. Cameron et al. ( 2021 ) circumvent uncertainties
elated to ionization by directly estimating the electron temperature
rom auroral lines in the winds of Mrk 1486, an edge-on disc galaxy
ith biconical outflows (Duval et al. 2016 ). They find that outflows

long the minor axis of the galaxy are enriched with metals compared
o the ISM of the disc. It is worthwhile to note that though both
ameron et al. ( 2021 ) and Chisholm, Tremonti & Leitherer ( 2018 )
onclude that the outflows in Mrk 1486 are metal enriched, their
stimates of the degree of enrichment differ by a factor of 2, likely
ndicative of the level of observational uncertainty. 

There is also significant evidence for selective metal enrichment
n studies of the faster, hotter components of outflowing gas. Martin,
obulnicky & Heckman ( 2002 ) and Stevens, Read & Bra v o-Guerrero
 2003 ) find that X-ray emitting gas in the winds of the dwarf starbursts
GC 1569 and M82, respectively, has a higher α to iron ratio than

hose galaxies’ interstellar media, strongly suggesting the presence
f incompletely mixed type II SN ejecta in the wind. Recently, Lopez
t al. ( 2020 ) analysed detailed Chandra spectra of M82 to estimate
he metal content of the different temperature phases of its multiphase
utflowing gas. Consistent with the conclusions drawn from the
forementioned UV studies of the warm-ionized phase, and with
he earlier X-ray work, they find that the outflo ws sho w gradients
n metallicity, which differ by temperature. The relatively cooler
arm–hot ( � 10 6 K) phase, traced by O and Ne lines, retains near-

olar abundance similar to that in the disc, while the hot ( > 10 7 K)
hase, traced by Si and S, is enriched relative to the disc by up to a
actor of ∼3.5, although these results are at least somewhat sensitive
o the fitting procedure (Ranalli et al. 2008 ; Konami et al. 2011 ). 

Differential metal loading of the phases of the outflowing gas
s an idea supported by theoretical works as well. This work has
argely taken place in two contexts: simulations of dwarf galaxies,
nd simulations of ‘tall boxes’ within larger galaxies. The former
ely on the small mass and volume of dwarfs, which make it possible
o reach higher resolutions than are possible for larger galaxies, and
hereby to study outflow driving with less reliance on subgrid models
o account for unresolved feedback processes. Simulations of dwarf
alaxies have used this advantage to study ho w outflo w properties
nd chemistry depend on galaxy properties and on both the physics
nd numerical implementation of various feedback processes (e.g.
u et al. 2016 , 2017 ; Smith et al. 2021 ; Steinwandel et al. 2022 ).

n the context of metal loading of outflows, Melioli, de Gouveia
al Pino & Geraissate ( 2013 ) study 3D simulation of galactic winds

n a starburst system. They follow the chemical evolution of the
utflows and find that the metallicity of the lower density (higher
emperature) phase may be nearly 4.5 times larger than that of the
igher density (lower temperature) phase. A recent study by Emerick
t al. ( 2018 ) that tracks detailed chemical evolution of ejecta from
ot only type II SN but also AGB stars in an isolated dwarf galaxy
lso conclusi vely sho ws that metal enrichment preferentially takes
lace in the hotter gas phase. Andersson et al. ( 2023 ) and Rey et al.
 2023 ) reach similar conclusions in simulations reaching higher
esolutions – the former reaches a maximum resolution of 1.5 pc,
ut only in the densest regions of the galactic mid-plane, while the
NRAS 527, 10095–10110 (2024) 
atter has a peak resolution of 18 pc but maintains this resolution
ell into the outflow. These findings are in line with the prediction

rom the seminal paper by Mac Low & Ferrara ( 1999 ) that smaller
alaxies lose nearly all, if not all, the metals from SN ejection. Long-
erm simulation of such outflows, explored by Melioli, Brighenti &
’Ercole ( 2015 ) (see also Fragile, Murray & Lin 2004 ; Rodr ́ıguez-
onz ́alez et al. 2011 ), further underscore that the metal-enriched SN

jecta escapes into IGM and may lead to its enrichment (Aguirre
t al. 2001 ). 

While isolated galaxy simulations offer deep insights into the
 v erall budget of metals between a galaxy and its surroundings, they
ack the spatial resolution required to accurately follow the exchange
f metals amongst the phases of the outflowing gas – a physical
rocess that occurs at pc or even smaller scales (e.g. Gentry et al.
019 ). Capturing this exchange requires resolutions at this level not
ust in the Galactic plane, but far into the outflow (Vijayan et al. 2020 ),
nd is required for reliable simulation-observation comparison, since
bservations are generally sensitive only to particular gas phases.
n this respect, tall-box simulations emulating a smaller patch of a
alactic disc, but offering ∼pc scale resolution (e.g. Walch et al. 2015 ;
irichidis et al. 2016a , 2018 ), are better poised to study many aspects
f outflow generation, including metal fluxes (Kim & Ostriker 2017 ;
i, Bryan & Ostriker 2017 ). 
Even the best-resolved of the tall-box simulations of outflow
etal loading carried out to date, ho we v er, hav e limited resolution

r limited volume. Creasey, Theuns & Bower ( 2015 ) study metal
nrichment of galactic winds in an aggregate sense through a suite of
imulations that explore the parameter space of gas surface density
nd gas fraction. Their results indicate that the metal loading of
inds emanating from a larger galaxy is weaker even though the

bsolute metallicity of the winds is higher. Ho we v er, while the y
chieve 2 pc resolution, their simulation volume extends to only
500 pc around the galactic mid-plane, meaning that they cannot

tudy the phase structure of the outflow except very near the plane.
i, Bryan & Ostriker ( 2017 ) use a suite of tall-box simulations

o understand the relationships between mass, energy, and metal-
oading factors and the underlying gas properties. For their fiducial
un, which replicates solar neighbourhood conditions, they achieve
 maximum resolution of 2 pc only within 500 pc of the mid-plane,
nd the resolution worsens to 8 pc beyond | z| > 1 kpc. In order
o successfully capture these between different temperature phases,
imulations with uniformly high resolution are an imperative. 

The simulations of metal loading of outflo ws of fering the highest
ombination of volume and resolution published to date are those
f Kim et al. ( 2020 ) 1 and Schneider et al. ( 2020 ). The former
arry out simulations of metals in galactic winds with a uniform
esolution of 256 2 × 1792 with spatial scales of 2 or 4 pc per cell,
orresponding to simulation regions that extend to either ±1.8 or
3.6 kpc around the mid-plane. The latter use 2048 2 × 4096 cells in a

0 × 10 × 20 kpc domain, achieving 5 pc resolution, but with a 10 4 K
emperature floor so the simulations omit neutral material. Ho we ver,
he literature to date lacks a rigorous convergence study identifying
onvergence criteria and demonstrating converged measurements of
etal loading of galactic outflows; the most thorough study to date

s that of Schneider et al. ( 2020 ), who find that quantities such the
hase structure remain unconverged at their highest resolution of
 pc. Thus, it is unclear if the results from any published simulations
re converged. 
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In this paper, we o v ercome the challenge of high computation costs 
f high-resolution simulations by using the state-of-the-art GPU- 
ased adaptive mesh refinement (AMR) code, QUOKKA , which is 
ignificantly faster than CPU-based codes (Wibking & Krumholz 
022 ). We use this code to examine metal loading of winds in a star-
orming galaxy using uniformly high-resolution tall-box simulations, 
eaching combinations of numbers of cells and resolution comparable 
o or better than the best published to date. We distill the simulation
esults to express the metal-loading of galactic outflows using two 
etal-loading factors that track different routes of metal enrichment 

f outflows, and we demonstrate that our estimates for these quanti- 
ies are converged in resolution. This paper is the first in a series using

UOKKA to study the transport of metals in outflows, the QUOKKA -
ased Understanding of Outflows Derived from Extensive, Repeated, 
ccurate, Thorough, Demanding, Expensive, Memory-consuming, 
ngoing Numerical Simulations of Transport, Removal, Accretion, 
ucleosynthesis, Deposition, and Uplifting of Metals (QUOD ERAT 

EMONSTRANDUM, or QED for short). This first paper focuses on 
uantifying metal loading and phase structure in uniformly resolved 
i.e. non-AMR) simulations of solar neighbourhood conditions, and 
n testing for convergence in these simulations. Subsequent papers 
ill explore the use of adaptivity in wind simulations, and will extend

he study to other galactic environments. 
The remainder of this paper is organized as follows. In Section 2 ,

e describe our numerical methods. In Section 3 , we present our
rimary results regarding both the physics of metal loading and the 
umerics of achieving converged measurements of it. 

 M E T H O D S  

.1 Simulation setup and initial conditions 

e conduct 3D HD simulations using QUOKKA (Wibking & 

rumholz 2022 ), an adaptive mesh refinement (AMR) radiation- 
ydrodynamic code optimized for GPUs. For the purposes of this 
aper, we do not include radiative transfer, only radiative cooling. 
or its hydrodynamic step, QUOKKA solves the Euler equations of 
ompressible gas dynamics using a method of lines formulation with 
n RK2 update that is second-order accurate in time and space. 
e also include gravitational forces provided by a static potential 

epresenting the stars and dark matter in a galactic disc; in the present
ork, we do not include gas self-gravity. 
All our simulations take place in a 1 × 1 × 8 kpc 3 domain, with the

ongest dimension along the z-axis and the Galactic plane centred 
t z = 0. We use periodic boundary conditions in the x- and y-
irections, and first-order extrapolation boundary conditions in the 
-direction. For this first study, we do not use the AMR capability of
UOKKA in order to ensure that our simulations have uniformly high 

esolution throughout the wind and to make testing for convergence 
traightforward; we will extend this study to AMR simulations in a 
uture work. For this paper, our resolution is uniform throughout 
he volume, and our cell sizes range from � x from 32 to 2 pc,
orresponding to resolutions from 32 2 × 256 to 512 2 × 4096 cells. 
e summarize the properties of the simulations in Table 1 , and for

onvenience from this point on we refer to the simulations as FG N ,
here N is the resolution in pc and FG indicates that we are using
x ed (i.e. non-adaptiv e) grids. F or comparison, our highest resolution
ase, FG2, contains ≈10 × as many cells as the simulations of Kim
t al. ( 2020 ). It contains a factor of 4 fewer than the simulations of
chneider et al. ( 2020 ), but has 2.5 × higher resolution and runs
or a substantially longer time ( ≈120 Myr as opposed to 70 Myr),
llowing it to reach statistical steady-state. 
The initial density and pressure profiles are adapted from the solar
eighbourhood model of TIGRESS simulations (Kim & Ostriker 
017 ). In this model, the initial density profile follows a double
xponential representing a two-phase medium, 

( z) = ρ1 , 0 exp 

(
−� ext ( z) 

σ 2 
1 

)
+ ρ2 , 0 exp 

(
−� ext ( z) 

σ 2 
2 

)
, (1) 

here σ 1, 2 are the sound speed of the two phases, here set to 7 and
0 km s −1 , respectively. The mid-plane densities are ρ1, 0 = 2.85 m H 

m 

−3 and ρ2, 0 = 10 −5 ρ0, 1 . The external gravitational potential, � ext ,
s set by the dark matter halo potential and a stellar disc. The dark
atter potential is adapted from Kuijken & Gilmore ( 1989 ), and

he total potential from the dark matter halo and the stellar disc
reproduced from Kim & Ostriker 2017 ) is, 

 ext = 2 πG	 ∗z ∗

[ (
1 + 

z 2 

z 2 ∗

)1 / 2 

− 1 

] 

+ 2 πGρdm 

R 

2 
0 ln 

(
1 + 

z 2 

R 

2 
0 

)
. (2) 

ere, 	 ∗ = 42 M � pc −2 , z ∗ = 245 pc, ρdm 

= 6.4 × 10 −3 M � pc −3 

nd R 0 is the Galactocentric radius of our simulation box, which we
et to be 8 kpc. With these choices of ρ1, 0 , ρ2, 0 , σ 1, 2 , and � ext , the
nitial gas surface density, 	 gas , is 13 M � pc −2 . 

As noted abo v e, while we do not include radiative transfer, we
o include radiative heating and cooling. We implement these using 
 custom cooling source term that is similar, but not identical, to
hat used by the GRACKLE library (Smith et al. 2017 ). We cannot
se the GRACKLE code itself because GRACKLE does not run on
PUs. Instead, we adopt the tabulated primordial and metal-line 
eating and cooling tables that are included with GRACKLE , and
e re-implement the tabular interpolation routines, as well as the 

erms for photoelectric heating and Compton cooling (which are not 
ncluded in the tables themselves) with a temperature floor of 100 K.

e note that the GRACKLE heating and cooling tables assume that
he radiation field consists of a uniform UV background, and we
se the Grackle tables that adopt the metagalactic UV background 
f Haardt & Madau ( 2012 ). Unlike GRACKLE , ho we ver, we do not
nclude a Compton heating term due to hard X-rays, since this is only
 significant heating source for the high-redshift IGM (Madau & 

fstathiou 1999 ). We then integrate the cooling function in each cell
n an operator-split manner using QUOKKA ’s adaptive RK integrator 
hat runs on GPUs. The model used in QUOKKA and GRACKLE

ncludes photoelectric heating at a rate that matches that in the solar
eighbourhood, and produces an atomic medium with well-defined 
arm and cold phases whose properties are in reasonable agreement 
ith observations; see appendix A of Wibking & Krumholz ( 2023 )

or a detailed discussion of the cooling model and a comparison
etween it and other commonly used approaches. We reiterate that 
hile we introduce metals in the simulations by way of passive

calars, the gas cooling rates do not self-consistently adjust, and are
xed to values for solar metallicity. We discuss this point in greater
etail in Section 4 . 

.2 Implementing SN feedback 

e implement SN feedback by injecting thermal energy equi v alent
o a single SN event, 10 51 erg, into a single cell in the simulation
omain. We also add a fixed density of passive scalar � Z SN / V cell 

o the same cell, where V cell is the cell volume, representing metal
njection due to SNe; note that the value of � Z SN is arbitrary, as we
ill discuss in Section 2.3 . 
MNRAS 527, 10095–10110 (2024) 
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M

Table 1. Summary of runs. (1) Name of the run; (2) base resolution of the grid in pc; (3) number of cells in each direction on the base grid; (4) mass loading 
factor, η = Ṁ / Ṁ ∗; (5) steady state value of the metal-loading factor φ (equation 10 ); (6) and (7) steady state value of the metal-loading factor ζ for Z bg = 0 or 
Z O, � (equation 9 ). For columns (4) −(6), the central value we report is median over times from 100 to 116 Myr (after steady state has been established), and the 
superscript and subscript indicate the temporal 84th and 16th percentile, respectively. The quantities tabulated in columns 4–7 are evaluated at | z| = 1 kpc. 

Name � x (pc) N x N y N z η = Ṁ / Ṁ ∗ φ ζ ( Z bg = 0) ζ ( Z bg = Z O, �) 
(1) (2) (3) (4) (5) (6) (7) 

FG32 32 32 2 × 256 0.71 0 . 54 0 . 54 
0 . 53 14 15 

13 1 . 4 1 . 4 1 . 3 

FG16 16 64 2 × 512 1.4 0 . 74 0 . 78 
0 . 70 12 14 

10 1 . 2 1 . 3 1 . 2 

FG8 8 128 2 × 1024 1.7 0 . 95 1 . 0 0 . 90 16 18 
14 1 . 3 1 . 3 1 . 2 

FG4 4 256 2 × 2048 0.90 0 . 96 1 . 0 0 . 86 41 46 
37 1 . 6 1 . 6 1 . 5 

FG2 2 512 2 × 4096 1.2 0 . 83 0 . 93 
0 . 75 26 28 

24 1 . 3 1 . 4 1 . 3 
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The total number of feedback events is determined by the star
ormation rate corresponding to the initial gas surface density. We
se a star formation rate density of 6 × 10 −3 M � kpc −2 yr −1 which is
he SFR used by Li, Bryan & Ostriker ( 2017 ) for solar neighbourhood
onditions. For a Chabrier ( 2001 ) IMF, the corresponding surface rate
ensity of SN events is 	 SN = 6 × 10 −5 kpc −2 yr −1 , and the total SN
ate in our simulation box is therefore � SN = 6 × 10 −5 yr −1 . 

SNe are distributed randomly in the x −y plane and in the z-
irection their distribution follows a Gaussian with a width of 150 pc.
hus, the SN probability per unit volume per unit time is 

( z) = 

d 2 P 

d td V 

= N e −
z 2 

h 2 , (3) 

here h = 150 pc and N = 	 SN h 

−1 π−1 / 2 , so that 
∫ 
P d z = 	 SN .

or this probability density, the expected number of SNe per time
tep d t in a volume V cell is 

 N〉 = 	 SN h 

−1 π−1 / 2 V cell d t . (4) 

n practice, we implement SN as follows: for each time step of size d t
n the coarsest AMR level, we compute the number of SNe that will
ccur during that time step by drawing from a Poisson distribution
ith expectation value � SN d t . For each SN that is to go off during

his time-step, we determine the position by drawing from a uniform
istribution in the x- and y- directions and from Gaussian distribution
ith width h in the z-direction. We then add thermal energy and
assive scalar to the cell enclosing the coordinates for that SN. In
eal galaxies, of course, SNe are not randomly distributed, and the
ay that the spatial distribution of SNe af fects outflo w properties
as been examined by a number of authors (e.g. Walch et al. 2015 ).
e defer further discussion of this topic to Section 4.5 , where we

iscuss the limitations of our simulations. 
The SN events occurring in the initial few Myr of the simulation

un create a hot phase. Because this is a volume-filling phase,
ubsequent SN events are more likely to occur in a low-density
egion of the disc, ensuring that the sno wplo w radius of the SN
emnant is larger than the resolution of the simulation (Forbes et al.
016 ). We demonstrate this explicitly in Appendix A . We emphasize
hat we do not provide any subgrid treatment of SN feedback, for
xample, injecting radial momentum or kinetic instead of thermal
nergy. Such models are unnecessary at the resolutions we reach, and
re undesirable because they are necessarily resolution dependent,
hich can make it impossible to test for or achieve convergence. 

.3 Quantifying metal loading 

n this section, our goal is to explain how we quantify the degree of
etal loading in our simulations. 
NRAS 527, 10095–10110 (2024) 
.3.1 Computing the metal abundance 

efore we can compute metal loading, we must first calculate the
etallicity in each cell of the simulation. This will be determined

y two factors: the initial metal abundance present at the start of the
imulation, to which we refer as Z bg , and the metal mass added per
N, to which we refer as � M Z , SN . Note that, thanks to the setup
f our simulation, we are free to choose these factors ex post facto
that is, since SNe inject only passive scalar and not mass, and

ince we know both the total mass density and the passive scalar
ensity in each cell, we are free to compute the metallicity in the
ell as an arbitrary linear combination of these two densities after the
imulation has already run. Specifically, we write the metal density
n every cell as 

Z = Z bg ρ + 

�M Z, SN 

�Z SN 
ρs , (5) 

here ρ is the total mass density and ρs is the passive scalar density.
ote when an SN goes off in a cell the scalar density ρs in that

ell increases by � Z SN / V cell , so ρZ increases by � M Z , SN / V cell , as it
hould. 

In practice we choose values of Z bg and � M Z , SN appropriate for
xygen. The oxygen output of a single type II SN is ≈1 M � (Nomoto,
obayashi & Tominaga 2013 ), and we therefore adopt � M Z , SN =
 M �. We consider a range of values of Z bg , which we parameterize
n terms of the solar oxygen abundance: Z bg = ( Z / Z �) Z O, �, where
 O, � = 8.6 × 10 −3 (Asplund et al. 2009 ). Below, we consider values
f Z / Z � from 0 to 2. We reiterate here that these values are used
n the post-processing of the simulation data and do not affect the
volution of the simulations. 

.3.2 Definitions of metal-loading factors 

ow that we have defined the metallicity ρZ in each cell, we are in
 position to define the key quantity that we wish to extract from
ur simulations, the ‘metal-loading f actor’, generally tak en to be
he ratio between the metal flux and the star formation rate in the
alaxy (see for example equation 7 of Li, Bryan & Ostriker 2017
or a definition based on fluxes). Ho we ver, such a definition assumes
hat all the metal outflows are solely sourced from the SN activity.
 galaxy goes through multiple episodes of star formation o v er its

ifetime, each of which adds to the ambient metallicity of the ISM
as in which future SN events will occur. These events, in turn, will
ntrain some of the previously enriched ISM into outflows. Under
uch circumstances, the metal outflows comprise contributions from
ot only direct SN ejecta but also the entrainment of enhanced-
etallicity ISM, and we wish to define metal-loading factors that

an track these two channels independently. 
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Figure 1. A schematic depicting the meaning of our two metal-loading 
factors, φ (equation 10 ) and ζ (equation 9 ), and their relationship to the metal 
injection rate and outflow metal flux. 
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Fig. 1 provides a schematic illustration of the picture that moti v ates 
ur definitions: SNe inject metals at a rate � SN � M Z, SN into the region
lose to the mid-plane of the galaxy which lies at the bottom of the
gure. These metals can end up in either of two boxes labelled ‘ISM’
r ‘Outflow’. Metals that end up in the ISM box are mostly retained by
he galaxy and enhance its o v erall abundance. Ho we ver, as gaseous
utflows are established in the galaxy, some of these retained metals 
ay be entrained with the mass outflows, contributing an amount 

 Z〉 Ṁ to the total metal flux, where 〈 Z 〉 is the mean metallicity
f the ISM gas being entrained, and Ṁ is the mass outflow rate
or entrained ISM gas. By contrast, metals produced by SNe that 
re ejected directly into outflows do not mix with ISM and instead
scape the disc – this process is represented by the ‘Outflows’ box. 
he net metal outflow rate Ṁ Z includes both the entrained ISM 

nd direct outflow components. By contrast, the total mass flux is
 v erwhelmingly dominated by the entrained component, since direct 
N ejecta carry very little mass; i.e. the total mass outflow rate is
imply Ṁ out , the same as the outflow rate for entrained ISM. 

To account for the different contributions to the metal outflows, 
e introduce two different factors to quantify metal loading, viz, ζ

nd φ, which we define as follows. First, we define the net metal
utflow rate through a plane of fixed height z at time t as 

˙
 Z ( z, t) = 

“
ρZ v z d x d y, (6) 

here v z is the z-velocity of the gas and ρZ is the metal density.
e note here that the net outflow rate as given here includes both

nflo wing and outflo wing gas. Ho we ver, once steady-state has been
chieved most of the gas is outflowing. As a result, the results do
ot change substantially if we instead consider only outgoing gas. 
imilarly, the mass outflow rate through the surface at height z is 

˙
 ( z, t) = 

“
ρv z d x d y , (7) 

here ρ is the total mass density. 
Since our system is symmetric about z = 0, at least statistically,

n practice, we will al w ays use [ Ṁ Z ( z, t) + Ṁ Z ( −z, t)] in place
f simply Ṁ Z ( z, t), and similarly for Ṁ , i.e. we should al w ays
nderstand that when we write Ṁ Z or Ṁ at a given z and t , the
uantity we intend is actually the sum of the fluxes through the + z

nd −z surfaces. 
We then separately estimate the contribution to the metal flux 

rom entrained ISM as 〈 Z〉 Ṁ , where 〈 Z 〉 is the average metallicity
f material bounded between −z and + z, i.e. 

 Z〉 ≡
∫ z 

−z 

“
ρZ d x d y d z 

∫ z 
−z 

“
ρ d x d y d z 

. (8) 

e consider alternative possible definitions of 〈 Z 〉 and their effects in
ppendix B . Using these equations, we can define our metal-loading

actor ζ as the ratio of the metal outflow rate to the outflow rate that
ould be expected if the outflows consisted purely of entrained ISM,

.e. 

= 

Ṁ Z 

〈 Z〉 Ṁ 

. (9) 

 or e xample, ζ = 2 corresponds to a situation where the metal flux in
he outflow is twice what would be expected if the outflow consisted
urely of entrained ISM. This quantity is analogous to the ζ factor
efined by Peeples & Shankar ( 2011 ). By contrast, the factor φ
uantifies the fraction of SN metal output that is directly added to
utflow without ever mixing with the ISM. We define this quantity
s 

= 

Ṁ Z − 〈 Z〉 Ṁ 

� SN �M Z , SN 
= 

(
ζ − 1 

ζ

)
Ṁ Z 

� SN �M Z , SN 
. (10) 

ere, the numerator can be interpreted as the metal outflow rate
ubtracting off the contribution from entrained ISM, while the 
enominator is the total metal injection rate by SNe. Thus, for
xample, a factor φ = 0.3 corresponds to a case where 30 per cent
f the metals injected by SNe are never mixed into the ISM, and
re instead lost promptly; this quantity is analogous to the SN yield
eduction factor introduced by Sharda et al. ( 2021a ). 

 RESULTS  

.1 Qualitati v e simulation outcomes 

e begin by describing the qualitative outcome of our simulations 
n order to orient the reader for the quantitative analysis that follows.
or this purpose we make use of run FG2 e v aluated with Z bg = 0,

hough we note that the qualitative behaviour is the same in all runs,
nd that for phenomena where the value of Z bg matters we will show
ultiple sample values. As SN feedback begins in the system, hot

ubbles develop around the injection sites. Within a few Myr, the
ndividual bubbles expand and break out of the disc. SN feedback
roduces a volume-filling hot gas and subsequent SN explode into 
his medium. Disc-wide outflows are set up in the galaxy and the
nitially stratified medium turns multiphase. 

Fig. 2 shows slices of gas density ( ρ), metal density ( ρZ ),
etallicity ( ρZ / ρ), temperature, the column density along the y -

xis, and velocity magnitude in the slice plane, 
√ 

v 2 x + v 2 z , at a
ime when steady outflows have been set up in the galaxy. In the
utflowing gas, we identify the warm, dense gas likely lifted from the
isc. The hotter parts of the outflows, arising from direct injection
f SN, are metal-enriched and fast-moving while the cooler parts 
re comparatively metal poor and slower. As these different phases 
ropagate out of the disc, they mix and produce regions of metal-
oor warm gas surrounded by hot metal-enriched gas; these features 
re seen particularly clearly in the inset panels, which zoom in on
MNRAS 527, 10095–10110 (2024) 
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Figure 2. Gas density, metal density, metal abundance, temperature, column density, and the velocity 
√ 

v 2 x + v 2 z in run FG2 at time t = 115 Myr from left to 

right, respecti vely. All quantities sho wn are slices except the column density, which is a projection along the y -axis. The horizontal line indicates the initial scale 
height of the disc. The arrows in the rightmost panel show the local velocity field, and in general longer arrows indicate higher total velocities, but the scaling 
between arrow length and velocity magnitude is non-linear for better visualization. For reasons of space, we show only the top half of the simulation domain, 
but remind readers that the domain extends to −4 kpc below the plane as well. Inset panels zoom in on example regions at high resolution. 
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Figure 3. Mass (top panel) and metal (bottom panel) outflow rates through 
surfaces at z = 1, 3 kpc, computed from equations ( 6 ) and ( 7 ) for FG2. The 
figure shows that, after an initial transient, the outflow rates settle down to 
near-steady-state values at times � 100 Myr. 
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ome of the cool clouds. From the column density, we can make out
he disc comprising cool, dense gas. 

We plot the mass and metal outflow rates, as computed from
quations ( 6 ) and ( 7 ), through the | z| = 1, 3 kpc surfaces as a function
f time in Fig. 3 . To reduce noise, the outflow rates are averaged
 v er a thickness of 5 cells both abo v e and below the surfaces. Both
ass and metal fluxes rise initially as individual superbubbles break

ut and outflows escape from the disc, with the rise occurring first
t | z| = 1 kpc and then later at | z| = 3 kpc. After ∼100 Myr of
 volution, sustained outflo ws of mass and metals are set up in the
ntirety of the simulation domain. The system achieves a near steady-
tate around this time as subsequent outflow rates fluctuate only at a
actor of � 2 level, although there is a slow secular decrease in the
ass outflow rate due to the loss of gas mass from the simulation

omain through the boundaries at z = ±4 kpc. The mass and metal
uxes through the 1 and 3 kpc surfaces are very similar, as expected
iven that we are plotting net mass fluxes. Ho we ver, e ven if we
lot outward-going only mass fluxes, the results are not substantially
ifferent, indicating that most of the material that reaches a height
f 1 kpc also reaches 3 kpc. The total steady-state mass outflow rate,
˙
 ≈ 0 . 5 − 1 × 10 −2 M � yr −1 , is comparable to the star formation
NRAS 527, 10095–10110 (2024) 
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Figure 4. Metal-loading factors ζ (equation 9 ) and φ (equation 10 ) for a 
pristine background, Z bg = 0. ζ � 1 indicates that metals outflows are 
dominated by fresh SN ejecta rather than entrained ISM gas, while φ values 
close to unity indicate that most of the metals added to the galaxy by feedback 
are lost to outflows. 
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Figure 5. Same as Fig. 4 , except now showing ζ and φ at fixed heights 
of 1 and 3 kpc but for varying Z bg . The horizontal dotted line is at ζ = 2 
indicates where direct SN ejecta and entrained ISM contribute equally to 
metal outflows; this occurs at Z bg / Z O, � ≈ 0.5. 
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2 We remind the readers this applies only because we post-process our 
simulations for different Z bg , and thus the value of Z bg affects neither gas 
cooling nor star formation. 
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ate that corresponds to our chosen SN rate, Ṁ ∗ = 6 × 10 −3 M �
r −1 . Thus, the o v erall mass loading factor in our simulation is ≈1
see column 4 in Table 1 ). 

.2 Bulk-loading factors 

nce a steady-state has been established, we use the time-averaged 
utflow properties to estimate the bulk metal-loading factors – ζ and 

– using equations ( 9 ) and ( 10 ), respectively. We compute both
uantities as a function of height, and all the values we discuss are
v eraged o v er the time interval 100 −116 Myr, after the outflow mass
nd metal fluxes have settled to steady-state. We report these values 
or every run in Table 1 . We note here that we use ‘net’ outflow
uxes, that include both outflowing and inflowing material, but that 

he results do not change substantially if we use outflowing material 
nly. 

.2.1 Metal loading as a function of height and background 
etallicity 

measures the relative enrichment between the outflowing gas and 
he gas which has been entrained from the ISM in the outflows. In
ig. 4 , we show ζ and φ as functions of height from the mid-plane for
G2. We use net outflow rates av eraged o v er 20 pc slabs around each
alue of z. For the case Z bg = 0, we find ζ � 1 indicating that metal
utflows are dominated by the highly metal-enriched SN ejecta. We 
ote that, while this is not surprising, it is not entirely trivial either,
ince by the time in the simulations when we start measuring ζ , the
N injection has had a fair amount of time to pollute the ISM of the
isc. We none the less find that the outflow metal flux is dominated by
aterial entering the outflows immediately, and not mixing with the 

SM and subsequently being entrained. ζ decreases at large distances 
rom the mid-plane mostly because of increasing metallicity of the 
ntrained gas, since outflow rates do not change significantly with 
eight (see Fig. 3 ). 
In contrast to the metal-loading factor ζ , the yield reduction factor, 

, quantifies the proportion of metals added by the SN feedback that
re immediately lost to outflows. That φ, which can be at most unity,
emains high even at large heights (barring the decrease towards 
he edge of the box which we believe is a result of stochasticity in
he simulations) suggests that most of the SN-ejected metals might 
scape the disc and eventually contaminate the CGM. 

Because the metal outflow rate and the average metallicity also 
epend on the level of background enrichment, we expect ζ to 
hange with Z bg . In Fig. 5 , we show the variation of both ζ and
with Z bg at two different heights. As expected, ζ decreases with 

ncreasing background metallicity because as Z bg increases entrained 
SM contributes an increasingly large fraction of the outflowing metal 
ux. At Z bg = Z O, �, we find ζ ≈ 1.3, which corresponds to the
etal outflows containing a slightly sub-dominant contribution from 

irect, unmixed SN ejecta and a stronger contribution from metals 
ntrained from the background ISM. Examining the dependence 
f ζ on Z bg more broadly, we find that, for outflows typical of
olar neighbourhood conditions, entrained ISM and direct SN ejecta 
ontribute approximately equally for a background metallicity Z bg 

0.5 Z O, � with direct ejecta dominating at lower metallicity and 
ntrained metals at higher metallicity. 

We expect that the yield factor should not depend on the ISM
etallicity Z bg , 2 and Fig. 5 confirms this expectation: φ is nearly

ndependent of Z bg , and, as Fig. 4 , is nearly constant with height as
ell. A critical conclusion to draw from Fig. 5 is that φ is quite close

o unity, meaning that a significant majority of SN-injected metals 
re lost to outflows rather than mixing with the ISM. 

.2.2 Testing convergence 

hus far we have focused on results from run FG2, our highest
esolution run. Ho we v er, we hav e not yet established that our results
re converged at this resolution, and we have yet to establish
onvergence criteria. We do so by using the metal-loading factor 
; since this, in turn, depends on the total mass outflow rate, the
etal outflow rate, and the mean metallicity, this implies that we

im for convergence in all these quantities. We conduct a series of
uns by progressively increasing the base resolution of the grid and
stablishing steady state in the outflow rates. We expect to reach
onv ergence ev entually because we implement feedback as pure 
hermal energy without a subgrid recipe. Because the quantities 
MNRAS 527, 10095–10110 (2024) 
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Figure 6. Time-averaged values of metal-loading factors ζ and φ, mass 
outflow rate Ṁ , metal outflow rate Ṁ Z , and mean metallicity 〈 Z 〉 , all computed 
for a 20 pc slab around | z| = 1 kpc and for Z bg = 0 (left panel) and Z bg = 

Z � (right panel), as a function of simulation resolution. The values of all 
quantities are normalized to the results of run FG2, the highest resolution 
run. Note that ζ is converged even at 32 pc resolution in the case of an 
enriched background, but does not converge until much higher resolution for 
the case Z bg = 0. 
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elated to metal distribution, i.e. 〈 Z 〉 and Ṁ Z , depend on mixing
etween hot and warm phases, once the interfaces between two
hases are resolved, we should achieve convergence. 
Fig. 6 shows the variation of the metal-loading factor and the

ield reduction factor with resolution; we also report the numerical
 alues sho wn in the figure in Table 1 . Apart from these factors,
e also show how the mass and metal outflow rates and the average
etallicity change with resolution. All quantities shown are temporal

verages of the spatial averages described in Section 2.3 across
 20 pc slab around the height of 1 kpc, though other heights
ield qualitatively similar results. Because Ṁ Z and 〈 Z 〉 depend on
ackground metallicity, we show the variation of these quantities
or both pristine (left) and solar-enriched (right) backgrounds. For
 bg = 0, between the lowest and highest resolutions, the mass (metal)
utflow rates increase (decrease) by a factor of � 2 as we go from
2 to 2 pc resolution ( N z = 256–4096 cells in the z-direction). In
he same interval, the average metallicity suffers a steeper decline,
esulting in a factor of ∼5 increase in ζ . This points to the importance
f resolving the interfaces between the temperature phases where
etal exchange primarily occurs – the mean ISM metallicity 〈 Z 〉 is

ower in the Z bg = 0 runs at higher resolution because increasing
esolution leads to less numerical mixing between the hot and cold
hases, and thus to less metal contamination of the cold gas. The left
anel of Fig. 6 shows that though convergence may been achieved
n the mass outflow rate at relatively modest resolution, the metal-
oading factor may not necessarily be converged as a result of this
ffect. Consequently, ζ does not appear to converge until ≈4 pc
esolution. By contrast the yield reduction factor, φ, depends only on
he metal outflow rate for Z bg = 0 for which ζ � 1. Therefore, its
onv ergence curv e follo ws that of the metal outflo w rate. 

A high background metallicity erases almost all variation in ζ ,
˙
 Z , and 〈 Z 〉 with resolution, such that it appears that these quantities

re converged even at 32 pc resolution. There is but slight variation
n Ṁ Z of factor � 0.5 which translates into similar variation in
. We stress here that for an enriched background, it is easier to
chiev e conv ergence in metal outflow rates and consequently the
etal loading and the yield reduction factors, simply because at

igher background metallicity numerical diffusion from the hot phase
nto the cool ISM represents a smaller perturbation. 
NRAS 527, 10095–10110 (2024) 
.3 Phase distribution of gas and metals 

y partitioning the gas into different temperature bins, we assess
he contribution of the different phases towards mass and metal
utflow fluxes. Fig. 7 shows the distribution of gas in the density–
emperature plane, weighted by both total mass (top panel) and metal

ass (bottom panel) and both close to the disc ( | z| < 1 kpc, left) and
ar from it ( | z| > 1 kpc, right); as usual, we show the case Z bg = 0. Gas
nd metal mass both clearly populate at least six different phases with
ifferent temperatures T , which are imposed by our cooling curve.
s discussed in Wibking & Krumholz ( 2023 ), these phases are as

ollows: 

(i) Cold neutral medium (CNM) – T /K < 980. 
(ii) Unstable neutral medium (UNM) – 980 < T /K ≤ 4126. 
(iii) Warm neutral medium (WNM) – 4126 < T /K ≤ 7105. 
(iv) Warm-ionized medium (WIM) – 7105 < T /K ≤ 2 × 10 4 . 
(v) Warm–hot-ionized medium (WHIM) – 2 × 10 4 < T /K ≤

 × 10 5 . 
(vi) Hot-ionized medium (HIM) – T /K > 5 × 10 5 . 

Examining Fig. 7 , we see that all these phases are populated both
lose to the disc and far from it, but that the relative contributions vary
ith height. Both gas and metal masses in the region closer to the disc

re dominated by CNM and WNM, while the CNM is much sparser
n the extraplanar regions. In the | z| > 1 kpc region, the bulk of the

ass lies in the WNM and WIM, though this region also hosts more
HIM and HIM than the region closer to the disc. We note here that
ithin z < | 1 | kpc HIM and WHIM host more metals relative to the
as mass they carry. In the extraplanar regions, HIM and WHIM host
ost of the metals. For HIM, this shows that most of the metals do not
ix with the ISM and quickly escape into e xtraplanar re gion. WHIM

cquires metals by cooling of HIM and heating of cooler phases
y means of mixing. In the remainder of this section, we examine
he properties of the outflow as a function of phase; because CNM
nd UNM are a subdominant (but, we emphasize, not completely
egligible) component in the outflow region, for simplicity in the
emainder of this section we will group these phases together with

NM as a single neutral phase. 

.3.1 Phase distribution by mass and flux 

hile Fig. 7 shows the distribution by mass , it is interesting to
ontrast this with the distribution by flux . To explore this, we show
he distribution of mass (top panel) and metal (middle panel) fluxes
assing through 2 pc thick slabs at different heights in Fig. 8 . For
omparison, in the bottom panel of Fig. 8 , we show the partial density
n each phase, defined as the total mass of material in that phase
ivided by the volume containing all material (as opposed to the
ass of each phase divided only by the volume it occupies). 
The phase structures of mass and metal fluxes are quite different.

ocusing first on the former, the neutral, WIM and WHIM phases
arry ∼ 10 per cent of mass flux at 1 kpc but this increases to
0 per cent at 4 kpc; by contrast, that the neutral phase dominates
he mass budget at all heights. Given that the cooler phases are
esponsible for most of the mass at all heights, and that the increase
n their partial densities with height is much smaller than the increase
n their contribution to the flux, we can conclude that these phases are
eing accelerated, rather than forming via condensation of hot gas.
e note here under ballistic conditions we should expect a decrease

n momentum of the cooler phases, neutral in particular, simply due
o the inertia it carries. In fact, we find the opposite, a point whose
ignificance we discuss in Section 4 . 
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Figure 7. Mass-weighted, time-averaged temperature–density histograms for gas (left) and metals (right), av eraged o v er the re gions | z| < 1 kpc (top panel) and 
| z| > 1 kpc (bottom panel); metal masses are computed for the case Z bg = 0. The horizontal lines indicate the temperature thresholds for separating the neutral 
phase (which combines the CNM, UNM, and WNM), the WIM, WHIM, and the hot phase. In regions closer to the mid-plane, cold and dense phase dominates 
the mass content, while for the outflowing gas mass shifts to higher temperatures. 
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With regard to metals, the key conclusion to be drawn from Fig. 8
s that most of the metal flux is carried in the hot phase of the outflows,
hough the proportion changes with height. Closer to the mid-plane, 
t 1 kpc, hot outflows carry nearly 90 per cent of the metal flux, while
t the larger height, this decreases but remains > 50 per cent of the
otal. This is in marked contrast to the distribution of metals by

ass shown in Fig. 7 , where even at | z| > 1 kpc most of the metal
ass lies in gas with T � 10 4 K. This difference can be attributed

o the velocity structure of the gas: while the hot phase contains less
etal mass, its outward velocity is much larger, and thus it carries
 majority of the metal flux. The situation is quite different for the
ass flux, which is predominantly hot at | z| = 1 kpc, but where the

alance shifts in fa v our of warm (T � 10 4 K) as gas mo v es from 1 to
 kpc. 

.3.2 Phase-wise metallicity 

hus far we have examined the distribution of mass and flux 
ith respect to phase; ho we ver, these quantities are not easily

ccessible via observations. Instead, what observations can probe 
s differences in the abundance of one phase of the outflowing 
as versus another, and differences with respect to height within 
 single phase. We investigate these differences by computing 
ime-a veraged ab undances (equation 8 ) o v er 1 kpc-wide re gions
f the simulation domain at times after 100 Myr, once steady-
tate has been established. We compute these averages sepa- 
ately for each of the phases listed abo v e, though for conv e-
ience and to a v oid cluttering our plots, we again group all
he neutral phases (CNM, UNM, and WNM) together for this 
urpose. 
We plot the average metallicities as a function of distance from the
id-plane for each phase in the top row of Fig. 9 ; the three columns

ho w three dif ferent background metallicities, Z bg / Z O, � = 0, 0.2
comparable to the metallicity of the Small Magellanic Cloud and of
warf starbursts whose outflows have been studied in observations), 
nd 1. We see that the hot phase, carrying the fresh SN ejecta, is
he most metal rich at all heights, but that the difference between its

etallicity and the mean metallicity of the cooler phases is a function
f both height and background metallicity; close to the mid-plane and
or Z bg = 0, the hot phase is as much as ≈5 × more metal rich than
ny of the cooler phases, while for Z bg = Z O, �, the difference drops
o at most tens of per cent. At an intermediate metallicity of Z bg =
.2 Z O, �, the difference is a factor of ∼2 at low heights, dropping to
ens of per cent by ≈3.5 kpc. In general, the fact that we see both
IM metallicity decreasing and cool phase metallicity increasing 
ith height indicates that there must be material exchanged between 

he phases in both directions. That is, some metal-poor cool gas
MNRAS 527, 10095–10110 (2024) 
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M

Figure 8. The phase-separated fluxes of mass (top panel) and metal (middle 
panel) and the average mass density (bottom panel). Though HIM is 
responsible for most of the mass flux close to the disc, the balance shifts 
towards the WIM and WNM phases at larger z-values. In case of the metal 
flux, the hot material dominates all the way till the edge of the simulation 
domain. 
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ust be e v aporating into the hot phase in order to explain why the
ean HIM metallicity decreases, while some hot material must be

ondensing into the cooler phases to explain why the WIM, WHIM,
nd neutral metallicity increases. In the case Z bg = Z O, � where the
eutral and hot phases are at similar mean metallicity even at z =
, this exchange has little effect on either phase, while its effects
re much more dramatic for the case Z bg = 0, where the hot and
eutral phases have very different metallicities near the mid-plane.
o we ver, recalling the discussion of mass and metal fluxes in the
revious section, we remind readers that, while this exchange occurs,
t is not enough to significantly alter which phases carry the bulk of
he metal flux. 

While the difference in metallicity between phases is of obvious
nterest from the standpoint of physical interpretation, it is also
ifficult to probe with observations due to the challenge of cross-
alibrating absolute metallicities between, for example, X-ray and
ptical data. For this reason, an alternative quantity that is often
eported instead is the metallicity of the outflow relative to the
SM, or the variation of metallicity with distance from the Galactic
lane, within a single phase. The bottom panel of Fig. 9 is identical
o the top but instead of showing the absolute metallicity, we
how metallicity normalized to the mid-plane value. Predictably,
or pristine backgrounds, the neutral phase experiences the highest
nrichment with respect to its mid-plane metallicity, while the hot
hase becomes more metal poor, albeit by a smaller amount. The
elative change in the metallicity of the cool phases is ≈ 50 per cent
or Z bg = 0.2 Z O, �, and this drops to � 10 per cent for Z bg =
 O, �. The latter is likely unmeasurable at the accuracy of current
etallicity diagnostics, but the former may well be observable, and

ndeed may already have been observed, a point to which we return
elow. 
NRAS 527, 10095–10110 (2024) 
 DI SCUSSI ON  

.1 Implications for the origin of the MZR and MZGR 

he strongest result from our work is Fig. 5 showing that the yield
eduction factor φ ≈ 0.8 for star formation in solar neighborhood-
ike conditions, i.e. ≈ 80 per cent of the metals in SN ejecta are
ev er mix ed with the surrounding ISM and instead escape with the
utflowing gas. An important subsidiary point is that this is true
espite the fact that the metal-loading factor ζ that characterizes the
atio of outflow metallicity to ISM metallicity is relatively modest
or solar metallicity backgrounds. That is, the fact that ζ � 2 for
 metal-rich galaxy does not mean that metal loading is modest, as
ome authors have argued (Kim et al. 2020 ). Instead, high φ coexists
ith moderate ζ simply because for a very metal-rich background

nd moderately mass-loaded winds, even very high SN metal loss
nly enhances wind metallicity mildly compared to ISM metallicity.
Quick expulsion of SN-produced metals is a key piece of physics

or understanding the MZR and the MZGR, particularly in dwarf
alaxies (Sharda et al. 2021a , b ). Analytical models for these relations
nd that the observ ed relativ ely flat MZGR at low galaxy masses can
e understood only if φ is near unity, as we find. Other semi-analytical
odels and analysis of cosmological simulations hav e dra wn similar

onclusions about metal retention in the ISM of dwarfs (Ma et al.
016 ; Christensen et al. 2018 ; Pandya et al. 2021 ). Our work strongly
upports the view that the paucity of metals in the ISM of dwarf
alaxies is a direct result of heavy metal loading of outflows coupled
ith moderate mass loading (e.g. Forbes, Krumholz & Speagle
019 ), rather than extreme mass loading as has been suggested
lsewhere (Dav ́e, Finlator & Oppenheimer 2011 ). 

Preferential ejection of SN-produced metals has also been invoked
o explain how the CGM of star-forming galaxies came to hold nearly
s much oxygen as the disc (Tumlinson et al. 2011 ; Peeples et al.
014 ). Tumlinson et al. ( 2011 ) posit that in order to enrich the CGM
o the observed levels over a reasonable time-scale, most, if not all,
f the oxygen produced in SN should be carried out by the outflows,
hough much of this material is re-accreted o v er ∼Gyr time-scales
nd participates in future star formation episodes. This picture is
onsistent with the narrative set by Fig. 8 that metal flux balance
ontinuously shifts towards warmer phases which may not possess
he momentum required to eventually escape the galaxy’s potential. 

.2 Implications for the phase structure of outflows 

 second important conclusion to draw from our work is with regard
o the phase structure of outflo ws. The outflo w we produce in our
imulations has a structure similar to that proposed by Thompson &
rumholz ( 2016 ) and Krumholz et al. ( 2017 ), whereby the cooler
hases exist throughout the outflow and are primarily the result of
cceleration of pre-existing cool gas out of the plane, rather than
e-condensation of hot gas off the plane (e.g. Thompson et al. 2016 ;
chneider, Robertson & Thompson 2018 ). The survi v al of these
ool clouds in the outflow in our simulations appears to be a result
f efficient radiative cooling, similar to the effect seen in other
imulations with similarly high spatial resolution (e.g. Kim et al.
020 ; Schneider et al. 2020 ). Such a picture is consistent with recent
igh spatial resolution observations of outflows, which show that the
eutral and molecular phases are present even at the outflow base
e.g. Leroy et al. 2015 ; Martini et al. 2018 ; Noon et al. 2023 ), and
inematics suggesting that neutral material accelerates with distance
rom the galaxy (Yuan, Krumholz & Martin 2023 ). As a result of
his structure, neutral or cool-ionized material dominates the outflow
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Figure 9. Mass-weighted metallicities (equation 8 ) in 1 kpc-wide sections of the simulation domain, separated by temperature phases. The top row shows 
metallicity on an absolute scale, while the bottom shows metallicity normalized to the mean metallicity of each phase at z = 0. 
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ass at all heights, but because it accelerates slowly it only becomes
 major constituent of the mass flux at heights � 2 kpc. 

Metals add an important dimension to this picture because, 
specially in the case Z bg = 0 where the metals are initially present
nly in the hottest phase, they ef fecti vely act as Lagrangian tracers of
xchange between phases. The story told by these Lagrangian tracers 
s that exchange between the HIM phase and the cooler phases is not
ero, but is surprisingly small. In particular, recall from Fig. 8 that
t no height does the HIM contribute more than ∼ 10 per cent of
he mass. Thus, even if only ∼ 10 per cent of the essentially metal- 
ree cooler gas were to e v aporate into the hot phase, this would be
ufficient to dilute its metallicity down by a factor of 2. In fact,
ig. 9 shows that the decrease in mean metallicity of the hot phase

s considerably smaller than this, meaning that only a few per cent
f the initially cooler material can be added to the hot phase o v er
he 4 kpc distance that we track the outflow . Conversely , the fact that
he metal flux in the hot phase decreases by a factor of � 2 between
.5 and 4 kpc (cf. Fig. 8 ) implies relatively small loss of hot, metal-
ich gas into the cooler phases. Thus, the basic picture toward which
e are driven is one where, at least out to 4 kpc, the different gas
hases for the most part maintain their identities. There is substantial 
xchange of momentum, as is required to accelerate the cool gas, but
ot a great deal of exchange of material. 
Of course, we emphasize that these conclusions apply only up to 

 kpc. A number of simulations with lower resolution but larger 
olume (e.g. Schneider et al. 2020 ), as well as analytic models
e.g. Fielding & Bryan 2022 ), suggest that there should be more
xchange between phases at larger heights. We cannot rule out this
ossibility. Ho we ver, we also caution that these conclusions are based
n simulations and models that do not allow cooling past 10 4 K, and
hus the cool material that becomes hot in these models is assumed
o all be in the form of WIM. In fact, we find that even at a height of
 kpc neutral material represents an equal contribution to the mass
ux, and a dominant contribution to the total mass; as noted abo v e,
bservations of M82 support this conclusion. It is therefore unclear 
o what extent these models are applicable. 

.3 Comparison with other theoretical works 

ualitatively our results reinforce some of the general conclusions 
f earlier theoretical works, although the physics implemented in 
ach of these is somewhat different, and though our exploration of
he effects of varying the background metallicity allows us to draw
ome what dif ferent conclusions. Our simulation setup most closely 
esembles those of Li, Bryan & Ostriker ( 2017 ) and others that exist
n the literature, and our SN injection recipe, of adding SN feedback
s thermal energy deposited at randomly located points without the 
recursor of stellar winds, is similar to Li, Bryan & Ostriker’s as
ell, albeit without the contribution of SN Type Ia. Li, Bryan &
strik er’s metal-loading f actor reduces to our definition of φ in the

ase of metal-poor backgrounds (see equation 10 in case of ζ �
) and we find that both quantities are similar in value – although it
hould be noted that the box size used in Li, Bryan & Ostriker ( 2017 )
s smaller than ours in volume. 

Compared to Kim et al. ( 2020 ), we reach higher resolution o v er
 larger v olume, b ut we lack their self-consistent treatment of
tar formation and pre-SN feedback, a point we discuss further in
ection 4.5 . Kim et al. report the instantaneous metal-loading factor,
SN 
Z , which is analogous but not completely identical to our φ (cf.
MNRAS 527, 10095–10110 (2024) 
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heir equations 25 and 27 versus our equation 10 ). For their R8
odel, ηSN 

Z ∼ 6 − 8 × 10 −2 , which substantially smaller than the φ
e obtain (see Fig. 5 ). Part of this discrepancy likely arises from
ifferences in how we estimate the reference ISM metallicity used to
ack out the SN-only contribution, something that we explore further
n the context of our own methods in Appendix B . However, as we
how in the appendix, no plausible change in our procedure would
e sufficient to reach the values of φ � 0.1 that they find. Instead, the
rimary source of the discrepancy between the two numbers is likely
he difference in the physical nature of the outflows: we find that SN-
eated gas contributes ≈ 50 per cent of the total metal flux (Fig. 8 ),
hile for Kim et al. this figure is closer to 10 per cent, explaining
hy direct ejection of SN-produced metals is much smaller in their

imulations than ours. Presumably, the divergence in the nature of
utflows can be traced back to some combination of SN injection
ecipe and numerical parameters such as resolution and simulation
olume. We discuss the former factor in more detail in Section 4.5 . 

In addition to previous tall box simulations, we can also compare
ur results to previous simulations of isolated dwarf galaxies. For
uch a setup, Emerick et al. ( 2018 ) follow detailed chemical evolution
f several different ion species and evolve for long time-scales, albeit
 much lower resolution than we achieve. Their results also point
owards poor metal retention, with nearly ∼ 90 per cent of the metals
enerated by SN feedback being lost, though some of these lost
etals may be re-accreted in future. 
Schneider et al. ( 2020 ) also simulate an isolated dwarf, though

heir simulation follows a starburst galaxy with a much higher star
ormation rate per unit area than our solar neighbourhood conditions.
nterestingly, they appear to find considerably more rapid phase-
ixing than we do. They report that the concentration of the passive

calar that they inject into their hot phase is diluted by more than
 factor of 2 even within 2 kpc of the Galactic plane, whereas
e find lesser dilution even out to 4 kpc (cf. Fig. 9 ). The cause
f the difference is unclear. One obvious candidate is resolution,
ince at their resolution of 5 pc we find that ζ is still not fully
onverged, and lower resolution promotes mixing. Ho we ver, there
re other possible explanations as well, including the differences in
tar formation rate, initial conditions, and problem geometry between
he two simulations, and differences in the hydrodynamic scheme, to
hich mixing can be sensitive – in particular, their scheme uses PLM

econstruction, which is lower order than the PPM method we use in
UOKKA , and thus is likely to produce stronger numerical mixing. 

.4 Comparison with obser v ations 

esults from our work can be directly compared with observations
n both optical/UV and X-ray bands. For the former, Chisholm,
remonti & Leitherer ( 2018 ) measure the metallicity of outflowing
 as in g alaxies co v ering sev eral orders of magnitude in mass. Since
he y use UV absorption, the y are able to trace the phases closest
o the WIM and WHIM phases described in Section 3.3.2 . Their
easurements support the conclusion that the outflowing gas is

eavily metal loaded with respect to the host’s ISM, with the amount
f metal loading being larger for metal-poor dwarf galaxies than
or more metal-rich galaxies. This is at least qualitatively consistent
ith our findings, in particular Fig. 9 , where we find that for WIM

nd WHIM, the metallicity is larger in outflowing gas ( | z| � 1 pc)
han in mid-plane gas, but that the difference decreases as the o v erall
alaxy metallicity increases. Interestingly, their entrainment fraction,
y which they estimate the fraction of metals in the outflows arising
rom entrained ISM gas, is � 0.8. This might at first seem at odds
ith our conclusions that, at least in dwarfs, ζ � 2, i.e. direct SN
NRAS 527, 10095–10110 (2024) 
jecta dominate the outflow; Chisholm, Tremonti & Leitherer’s result
orresponds to ζ < 2. Ho we ver, the contradiction is resolved if we
ecall from Fig. 8 that WIM and WHIM together carry roughly half
he mass flux of the total metal flux, precisely because most of the
irect SN-ejected metals are carried in the hot phase do not mix into
he WHIM or WIM. Consequently, our simulation is consistent with
hisholm, Tremonti & Leitherer’s conclusion that entrained metals
ominate, provided that we recognize that this conclusion is limited
o the phases that are accessible via UV spectroscopy, and is not true
f the outflow as a whole. This finding thus highlights the importance
f combining observations that probe more than one phase. 
With regard to X-rays, Lopez et al. ( 2020 ) analyse Chandra

bservations of the outflowing gas in M82. They follow the warm-hot
nd the hot phases up to a distance of ∼3 kpc from the disc, traced
y O (along with Ne, Mg, Fe) and Si (and also S), respectively. The
bundance of both these phases is nearly flat at 1 −1.5 times the solar
alue outside the central injection radius, identified as 500 pc. Such
 trend is similar to the Z bg = Z O, � panel in Fig. 9 , both qualitatively
nd quantitatively, though we caution about putting too much weight
n this agreement given that our simulation conditions are intended
o represent the solar neighbourhood, not a starburst such as M82.
he X-ray surface brightness maps show a steady decline in X-ray

uminosity towards regions of higher altitude. Though we plan to
ompute the X-ray emission properties of our simulations in detail
n a later paper, we can predict a similar trend on the basis of Fig. 2 ,
oting that gas is hotter closer to the disc. Lopez et al. ( 2020 ) fit
odels to the spectra from different regions of the wind to extract

he temperature of the emitting gas. They find that the spectra in most
egions outside the disc are consistent with the presence of gas at two
istinct temperatures: ∼0.4 −0.6 and ∼0.8 −1.7keV. As can be seen
rom Fig. 7 , we also predict significant amount of extraplanar gas in
he HIM, which can be as hot as ∼10 7 K ( = 1 keV). 

.5 Caveats 

ome pieces of physics that may affect outflow properties and phase
tructures are not yet implemented in QED, and we therefore pause
ere to note these caveats. One to which we have already alluded in
ection 2.2 is that QED currently lacks a self-consistent treatment of
tar formation, stellar clustering, and pre-SN feedback, all of which
re closely linked. These effects potentially matter because it has been
uggested that clustering of SNe, both respect to one another and with
espect to dense structures the ISM, may alter the mass loading of
he outflows (e.g. Walch et al. 2015 ; Girichidis et al. 2016a ; Smith
t al. 2021 ), and thus presumably the amount of metal loading as
ell. This is a likely contributor to the differences between outflows

n our simulations and those of Kim et al. ( 2020 ) as discussed in
ection 4.3 . 
Ho we v er, e xactly to what extent does the clustering matter, and

o w it af fects outflo ws, remain open problems due to limitations of
imulation physics and resolution. For example, clustering is partly
ffset by the existence of a substantial population of runaway OB
tars, which produce SNe far from dense regions by the time they
xplode (e.g. Andersson, Agertz & Renaud 2020 ; Andersson et al.
023 ); since even the best-resolved tall-box simulations are far from
apturing the ∼au-scale N -body dynamical interactions that are likely
esponsible for creating runaways, this effect is captured only in
imulations that include an explicit subgrid model for it, and then
nly up to the accuracy of that model. Similarly, the degree of SN
lustering is strongly affected by pre-SN feedback processes that
isperse molecular clouds, an effect that reduces the clustering of
Ne with respect to both one another and to dense ISM gas. Ho we ver,
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ifferent treatments of star formation and pre-SN feedback reduce 
he extent of clustering by different amounts, leaving the correct 
esult substantially uncertain (e.g. Jeffreson et al. 2021 ; Jeffreson, 
emenov & Krumholz 2023 ). Even seemingly subtle choices in 
ubgrid recipes such as the SN delay time distribution (which is
tself not fully known, since it depends on the disputed question of
hich stars explode as SNe versus collapsing directly to black holes)

an substantially alter the properties of winds (Keller & Kruijssen 
022 ). Given the huge uncertainty in the right amount of clustering,
nd its dependence on fine details of subgrid models, our choice of
imply injecting SNe randomly at least has the virtue of simplicity 
but of course this does not mean that it is correct. For this reason,

he effects of the spatial distribution of SNe, and the concomitant 
ffects of pre-SN feedback and runaway stars, represent a significant 
ncertainty in our results. 
A second caveat has to due with the duration of our simulations,

hich, while they are long enough for outflows to reach steady-state, 
o not capture the potentially longer time-scale cycles that can occur 
n simulations where star formation is treated self-consistently and 
hus the star formation rate can vary on � 100 Myr time-scales as
as is blown away from and falls back towards galactic mid-planes 
e.g. Kim & Ostriker 2017 ; Kim et al. 2020 ). While simulations
ike QED with a constant SFR are suitable for comparing with 
bservations of say starbursts, these longer period oscillations may 
e important for setting the important correlations such as the MZR
hat are established on longer time-scales. Of course, the challenge 
emains of running simulations long enough to see these time-scales 
hile still reaching the ≈2 pc resolution that we find is required to

apture metal loading and phase mixing – at present, no published 
imulation manages to do this. 

A third missing piece of physics is cosmic rays (CRs), which 
ome authors find are capable of driving outflows with factor unity 
f mass loading (Pakmor et al. 2016 ; Simpson et al. 2016 ; Girichidis
t al. 2016b ). CRs drive cooler and denser outflows implying they
ffect mostly the cooler phases of the outflows (Girichidis et al. 
018 ), which will be responsible for metal outflows only in non-zero
ackground metallicity. The true importance of CRs for outflow 

ri ving is, ho we v er, e xtremely uncertain due to its dependence
n poorly constrained parameters of CR transport (e.g. Crocker, 
rumholz & Thompson 2021a , b ). 
Finally, all gas in QED cools at a rate identical to gas at solar
etallicity – that is, our cooling is not computed self-consistently 
ith the spatially varying metallicity. Gas entrained from a sub-solar 
etallicity ISM should cool more slowly, which might affect the 
 v erall phase structure of the outflo ws. Ho we ver, it should be noted
hat in the case of a sub-solar metallicity background, the contribution 
rom this phase to the o v erall metal loading is also reduced. In future
ork, we intend to remo v e the inconsistenc y as we e xplore how ζ

nd φ vary with environment. Upcoming iterations of QED will also 
nclude a chemistry network that to follow the evolution of individual 
pecies rather than lumping all metals together. 

 SUMMARY  A N D  C O N C L U S I O N S  

e present results from 3D high-resolution simulations of a patch 
f a Milky Way–mass galaxy using AMR-based code QUOKKA , 
ptimized for GPUs. Simulations of galactic winds are challenging 
ecause ideally they require a very high resolution ( ∼ pc or
etter) o v er a large volume ( � 10 kpc 3 ) with a long run duration
 � 100 Myr or even more). At present, no published simulation
atisfies all of these conditions. The optimization of QUOKKA brings 
s closer towards achieving this combination of requirements than 
ny previously published work, although there are certainly earlier 
ublications that do better on one or two of them individually
Kim & Ostriker 2017 ; Schneider, Robertson & Thompson 2018 ).
ur initial setup comprises an initially uniform gas disc with 
roperties modelled on the solar neighbourhood. SN feedback is 
njected by adding pure thermal energy to cells at a rate consistent
ith the expect SN rate for the gas surface density, and at random

ocations drawn from a Gaussian height distribution. We tag the SN
jecta with a passive scalar, representing SN-produced metals, which 
s then advected with gas. This enables us to track the eventual fate
f the metals injected into the ISM by SNe. 
We find that the simulation quickly develops large-scale outflows, 

hich settle into approximately steady-state mass and metal outflow 

ates after ≈100 Myr. We quantify the metal loading of the outflow
n this steady state in terms of two dimensionless factors, ζ and
. The former is the classical ‘metal loading’ factor and describes

he enhancement in outflow metal flux compared to what would be
xpected if the outflow consisted purely of entrained ISM (i.e. with
o contribution from unmixed SN ejecta), while the latter quantifies 
he fraction of metals ejected by SN that end up in metal outflows
ithout ever mixing with the ISM. 
Our main findings are as follows: 

(i) The metal-loading factor ζ is greater than unity, meaning that 
he outflowing gas carries more metal flux than would be expected if
t consisted solely of entrained ISM. Ho we ver, the amount by which

exceed unity depends on the background metallicity of the galaxy. 
ntrained metals dominate the metal flux ( ζ < 2) for background
etallicities � 20 per cent of solar, while direct SN ejecta dominate 

n more metal-poor background. Ho we ver, we caution that we include 
he metallicity of the background only in post-processing of the 
imulation data; an important avenue for future work is testing 
hether these conclusions continue to hold if we allow gas cooling

nd star formation to vary self-consistently with metallicity. 
(ii) By contrast the yield reduction factor, φ, which characterizes 

he fraction of SN-injected metals that are lost promptly to the
utflow, does not depend on the background metallicity and is fairly
lose to unity, φ ≈ 0.8 −0.9. Thus, most of the metals produced
y stars leave the disc of the galaxy promptly. Theoretical models
or the origin of the mass–metallicity and mass–metallicity gradient 
elations fa v our such large values of φ, and our simulation results
rovide physical backing to the large values indirectly inferred from 

hese models. 
(iii) The phase distributions of mass, mass flux, and metal flux 

re all very different in metal-poor backgrounds (again keeping in 
ind that our treatment of metallicity is in post-process, not fully

elf-consistent). In such systems, metals are mostly carried in the 
ast-moving hot phase, but this phase supplies only ≈ 50 per cent 
f the mass flux and � 10 per cent of the mass; instead, most mass
esides in neutral gas. These differences are a result of there being
elativ ely little e xchange of mass between the phases. Ho we ver, as
he background metallicity increases, the differences between the 
hase balance of the mass and metal flux diminishes, because as
ntrained ISM becomes more metal rich it constitutes a larger and
arger share of the total metal flux. 

(iv) Variations in the outflow metallicity between different phases 
t fixed height, and within a single gas phase as a function of height,
rovide a direct and powerful diagnostic of outflow physics, one for
hich our simulations make definite predictions. In particular, we 
nd that the hot phase should be more metal rich than warm ionized or
eutral gas at fixed height, and that hot gas metallicity should mildly
ecrease with height, while warm ionized and neutral gas metallicity 
MNRAS 527, 10095–10110 (2024) 
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ncreases. All of these effects are magnified at low background
etallicity and suppressed at high background metallicity. 
(v) Capturing metal loading and the balance of metals between

ifferent ISM phases in numerical simulations requires very high
esolution. We find that these quantities only converge at resolutions
f ≈2 −4 pc, while lower resolution simulations tend to underesti-
ate the extent of metal-loading. 
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PPENDIX  A :  RESOLUTION  O F  SNE  

ere, we examine how well-resolved SN are in our simulations, and 
emonstrate that our resolution is sufficient to preclude the need for
 subgrid model. In order to capture the terminal momentum of SNe
ithout resorting to such a model, we must resolve the radius at
hich the SN shell goes from being in the Sedov–Taylor stage to
eing in the pressure-driven snowplow stage, which is (Forbes et al. 
016 ), 

 pds = 14 
E 

2 / 7 
51 

n 
3 / 7 
H , 0 ( Z/Z �) 1 / 7 

pc , (A1) 

here E 51 is the SN energy in units of 10 51 erg, n H, 0 is the number
ensity of H nuclei in the ambient gas in units of 1 cm 

−3 , and Z
s the metallicity. Our simulation uses E 51 = 1 and Z / Z � = 1 (for
he purposes of the cooling curve, which is what matters here) so
 pds depends only on the local density, and thus we can express

he condition that R PDS for an SN be resolved by at least n res cells as
 H , 0 < n H , 0 , max = (14 pc /�x) 7 / 3 , where � x is the cell spacing. Since
e know P( z), the SN probability density as a function of height z,

his, in turn, allows us to write an explicit expression for the fraction
 ( > n res ) of SNe that will be resolved by at least n res cells for a given
imulation density field: 

 ( > n res ) = 

1 

	 SN L 

2 

∫ 
P( z)  ( n H , 0 , max − n H , 0 ) d V , (A2) 

here  ( x ) is the Heaviside step function, which is unity for x > 0
nd 0 for x < 0. 

We use this expression to e v aluate f ( > n res ) for the final snapshot of
ur � x = 2 pc resolution simulation and plot the result in Fig. A1 . The
igure A1. f ( > n res ), the fraction of SNe for which the radius of transition 
rom the Sedov–Taylor to the pressure-dri ven sno wplo w phase, R pds , is 
esolved by more than n res cells. 

l  

ζ  

t

F
a
o

lifornia
gure shows that SNe are extremely well resolved in our simulation:
lmost none transition to the pressure-driven snowplow phase at 
ewer than 50 cells in radius, and roughly half do so only after
raversing > 100 cells. 

PPENDI X  B:  METAL-LOA DI NG  A N D  YIELD  

E D U C T I O N  FAC TO R S  COMPUTED  F RO M  

LT E R NAT I V E  DEFI NI TI ONS  O F  T H E  MEAN  

ETA LLI CI TY  

he average metallicity of the gas, 〈 Z 〉 (see equation 8 ), is an
mportant element in our definition of the metal-loading factor ζ
equation 9 ) and the yield reduction factor φ (equation 10 ). Our
ducial definition of 〈 Z 〉 includes all the gas at heights z smaller than

he height at which we are computing ζ or φ. Ho we ver, one could
rgue that since much of the outflowing material will be picked up
rom the surface of the disc rather than near the disc mid-plane,
aterial within the disc should be excluded from the calculation 〈 Z 〉

or the purpose of estimating metal-loading factors. 
To explore the implications of doing so, we consider an alternative

efinition of 〈 Z 〉 whereby we exclude disc material by changing
quation ( 8 ) to 

 Z〉 ≡
∫ z 

−z 

“
ρZ  ( | z| − h ) d x d y d z 

∫ z 
−z 

“
ρ ( | z| − h ) d x d y d z 

, (B1) 

here  ( x ) is the Heaviside step function, which is unity for x >
 and zero for x < 0, and h is height we wish to exclude; we will
onsider two choices for h – 150 pc, corresponding to the scale height
f SNe (cf. equation 3 ), and 250 pc, very close to the scale height of
he galactic potential (cf. equation 2 ). 

In Fig. B1 , we show ζ and φ at 1 kpc versus Z bg computed using
his alternative definition of 〈 Z 〉 . This figure is identical to Fig. 5 ,
xcept that instead of showing ζ and φ at two different heights, the
urves correspond to excluding regions different thickness; the line 
abelled ‘0 pc’ is identical to the ‘1 kpc’ line in Fig. 5 . We see that both

and φ decrease when we exclude gas close to the mid-plane from
he average metallicity calculation, with φ decreasing from ≈0.8 to 
MNRAS 527, 10095–10110 (2024) 

igure B1. Identical to the leftmost panel of Fig. 9 except, we show 〈 Z 〉 ph 

nd 〈 Z 〉 ph / Z ISM 

for different disc heights. Fig. 9 was made for a disc height 
f 500 pc. 
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.6, and ζ decreasing by an amount that depends on Z bg – the effect
s starker for poor metallicity backgrounds ( Z bg < 0 . 5 Z O , �) and is
egligible for metal-enriched backgrounds. For both ζ and φ it makes
ittle difference whether we choose h = 150 or 250 pc. 

The reason for these effects is that the disc is dominated by
he cooler , denser , and metal-poor gas. If we exclude it from
onsideration, the average metallicity is dominated by hotter phases
hich are more metal enriched (see Fig. 9 ); if we consider only this
as as ‘eligible’ to be entrained into outflows, then the metal loading
f the outflows correspondingly appears smaller, because the mean
etallicity of the material that could be entrained mo v es towards the

igher outflow metallicity. 
While using h = 150 or 250 pc might be useful from the standpoint

f gaining physical insight into why outflows are so metal rich in our
imulations – because they are picking up material that is already
NRAS 527, 10095–10110 (2024) 
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referentially enriched relative to the mean of the disc – we caution
hat our fiducial definition with h = 0 is the correct choice from
he standpoint of comparing to observations, since the available
bservational tracers of metallicity in galaxy discs, for example H II

egions and planetary nebulae, will record the mean metallicity of
aterial in the disc, not the metallicity of a thin, diffuse layer that

its one or two scale heights abo v e it. Similarly, analytic and semi-
nalytic models that need values of ζ or φ as input are interested in
he metallicity of the outflows compared to the mean of the disc gas,
ot compared to the mean in a near-disc region that lies one or two
cale heights abo v e the disc. F or this reason, we choose to use our
ducial definition with h = 0 in the main text. 
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