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A B S T R A C T 

Dwarf galaxies provide powerful laboratories for studying galaxy formation physics. Their early assembly, shallow gravitational 
potentials, and bursty, clustered star formation histories make them especially sensitive to the processes that regulate baryons 
through multiphase outflows. Using high-resolution, cosmological zoom-in simulations of a dwarf galaxy from the Pandora 

suite , we explore the impact of stellar radiation, magnetic fields, and cosmic ray feedback on star formation, outflows, and metal 
retention. We find that our purely hydrodynamical model without non-thermal physics – in which supernova feedback is boosted 

to reproduce realistic stellar mass assembly – drives violent, overly enriched outflows that suppress the metal content of the host 
galaxy. Including radiation reduces the clustering of star formation and weakens feedback. However, the additional incorporation 

of cosmic rays produces fast, mass-loaded, multiphase outflows consisting of both ionized and neutral gas components, in better 
agreement with observations. These outflows, which entrain a denser, more temperate interstellar medium, exhibit broad 

metallicity distributions while preserving metals within the galaxy. Furthermore, the star formation history becomes more bursty, 
in agreement with recent James Webb Space Telescope findings. These results highlight the essential role of non-thermal physics 
in galaxy evolution and the need to incorporate it in future galaxy formation models. 
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 I N T RO D U C T I O N  

warf galaxies are the primary dwellers of small dark matter haloes, 
haracterized by their pervasive abundance and shallow gravitational 
otential wells. An in-depth understanding of dwarf galaxies remains 
 pressing concern, as they provide a unique probe of our � cold dark
atter ( � CDM) model via their abundance, distribution topology on 

arge scales as well as internal structural properties (e.g. S. Garrison-
immel et al. 2014 ; J. O˜ norbe et al. 2015 ; T. Sawala et al. 2016 ;

. S. Bullock & M. Boylan-Kolchin 2017 ; M. Geha et al. 2017 ;
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. Jethwa, D. Erkal & V. Belokurov 2018 ). In a paradigm where
alaxy formation proceeds hierarchically, dwarf galaxies constitute 
he fundamental building blocks of their more massive counterparts. 
onsequently, dwarf systems not only serve as simple laboratories 

o investigate the processes of star formation and baryonic feedback, 
ut also allow exploring the physics at play during the formation
f the first galaxies in our Universe (M. Geha et al. 2012 ; V. Gelli
t al. 2020 ; M. P. Rey et al. 2020 ; M. Sanati et al. 2020 , 2024 ; I.
. Santistevan et al. 2020 ; T. A. Gutcke et al. 2022 ; S. Koudmani,
. Sijacki & M. C. Smith 2022 ; S. Martin-Alvarez et al. 2023 ; S.
. Kim et al. 2024 ). Their often initially rapid stellar mass growth,
hallow gravitational potential wells, simplified environments, and 
ristine gas reservoirs particularly devoid of metals make them 
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nique candidates to investigate the cycle of baryons in galaxies and
he intricate interrelation between star formation, galactic winds, and
alaxy metallicities. 

Star formation is one of the fundamental processes regulating
alaxy formation and evolution, not only by converting gas into stars,
ut also by enriching the ISM with metals. Runaway star formation is
elieved to be largely thwarted by internal galaxy feedback processes,
llowing its self-regulation. In dwarf galaxies, the primary drivers of
his feedback include stellar radiation (S. Geen et al. 2015 ; J. Rosdahl
t al. 2015 ; S. Geen, J. D. Soler & P. Hennebelle 2017 ; M. Y. Grudić
t al. 2021 ; S. Martin-Alvarez et al. 2023 ), stellar winds (O. Agertz
t al. 2013 ; Y. A. Fichtner et al. 2024 ), and supernova (SN) explosions
e.g. S. D. M. White & M. J. Rees 1978 ; V. Springel & L. Hernquist
003 ; Y. Dubois & R. Teyssier 2008 ; P. F. Hopkins, E. Quataert &
. Murray 2012 ; R. Teyssier et al. 2013 ; J. Rosdahl et al. 2017 ;
. C. Smith, D. Sijacki & S. Shen 2019 ; S. Martin-Alvarez et al.

023 ). 
In addition to the local suppression of star formation, these

eedback processes are the engines of the baryon cycle, expelling gas
nto the circumgalactic medium (CGM) and even the intergalactic
edium (IGM; A. M. Brooks et al. 2007 ; J. Chisholm et al. 2015 ;
. M. Heckman et al. 2015 ; C. C. Hayward & P. F. Hopkins 2017 ;
. Zheng et al. 2024 ). Crucially, these galactic outflows will shape

he properties of the CGM gas as their mass-loading, energetics,
nd metal enrichment influence the hydrodynamical evolution of
GM gas. This, in turn, will determine whether heating or cooling
rocesses dominate, and the time-scales for the eventual gas re-
ccretion that further fuels the baryonic and star formation cycle
D. Kereš et al. 2005 ; P. Ocvirk, C. Pichon & R. Teyssier 2008 ; J.
umlinson et al. 2011 ; A. B. Ford et al. 2014 ; J. Tumlinson, M. S.
eeples & J. K. Werk 2017 ; Z. Kocjan et al. 2024 ). 
While observational measurements of galactic outflows are a

hallenging endeavour (e.g. see a review by S. Veilleux, G. Cecil & J.
land-Hawthorn 2005 for a discussion on UV absorption lines, low
/N, kinematic complexity and line saturation; and more recently S.
eilleux et al. 2020 for cool outflows), they reveal the ejection of gas

rom the ISM through winds featuring warm and cold thermodynami-
al components, for which it is possible to characterize key properties
uch as the column density and velocity (C. C. Steidel et al. 2010 ;
. M. Heckman et al. 2015 ; A. Concas et al. 2019 ; N. M. F. Forster
chreiber et al. 2019 ; I. Schroetter et al. 2019 , 2021 ; M. Cherrey et al.
025 ). These observations further estimate the dimensionless mass-
oading ratio, defined as the rate of outflowing mass per rate of star
ormation. Higher temperature outflow gas phases inherently entrain
igher specific thermal energies, dominating the outflows’ energy
ensity (C.-G. Kim & E. C. Ostriker 2018 ). These hot outflows are
ften probed through X-ray observations, and their detections are
ften limited to starburst galaxies (D. K. Strickland & I. R. Stevens
000 ; D. K. Strickland et al. 2004 ; N. Y. Yamasaki et al. 2009 ; A.
ogdan et al. 2013 ). Importantly, in these systems, significant cold
 T < 103 K) outflows are also present (A. K. Leroy et al. 2015 ; J.
hisholm & S. Matsushita 2016 ; A. Fluetsch et al. 2019 , 2021 ; E.
opez-Rodriguez et al. 2021 ; E. Lopez-Rodriguez 2023 ). In smaller
ass galaxies, hot outflows are mostly absent. When present, they are

rimarily attributed to active galactic nuclei (M. Mezcua et al. 2016 ).
nstead, these galaxies frequently feature more moderate temperature
inds, typically seen through an ionized component with low to
oderate velocity, (possibly) non-escaping outflows (J. Chisholm

t al. 2017 ; K. B. McQuinn, L. Zee & E. D. Skillman 2019 ; A.
oncas et al. 2022 ; A. Marasco et al. 2023 ). These multiphase,
etal-enriched galactic outflows also act as sources for the complex

hermodynamical and chemical state of the CGM (e.g. J. Stern et al.
NRAS 545, 1–22 (2026)
016 ; J. K. Werk et al. 2016 ; A. Concas et al. 2022 ; B.-E. Choi et al.
024 ; Y. Zheng et al. 2024 ). 
Together, these processes result in a complex and evolving picture

here galaxy formation simulations need to reproduce not just the
bserved galaxy properties but the thermal and chemical state of the
aryon cycle that sets the properties of the CGM. The complexity
nd computational cost of large-scale cosmological simulations lead
o shortcomings such as limited resolution, ineffective feedback, and
nadequate modelling of some of the relevant physical processes (e.g.
. Katz 1992 ; Y. Dubois et al. 2014 ; M. Vogelsberger et al. 2014 ;

. Schaye et al. 2015 ; A. Pillepich et al. 2018 ; R. Davé et al. 2019 ).
hese are often alleviated through parametric calibration and/or sub-
rid prescriptions for galactic winds, such as hydrodynamically
ecoupled wind particles (see M. Vogelsberger et al. 2020 , for
 review). Various galaxy outflow properties – the proportion of
etained gas, entrained metals, distance of ejection – are either set
r significantly affected by these modelling choices, with the mass–
etallicity relation being a notable example (C. A. Tremonti et al.

004 ; Y. M. Bahé et al. 2017 ; R. Davé et al. 2017 ; M. E. De Rossi
t al. 2017 ; P. Torrey et al. 2019 ; Y. Dubois et al. 2021 ). Even in
odels featuring considerably higher resolution, some degree of

rtificial feedback enhancement is frequently required to reproduce
he scaling relation between dark matter halo mass and stellar mass
J. Rosdahl et al. 2018 ; M. C. Smith et al. 2019 ; Y. Dubois et al. 2021 ;
. Shen et al. 2025 ). This often leads to single-phase, exclusively hot
utflows from galaxy formation simulations that may be at odds with
he observed multiphase winds (A. Concas et al. 2019 ; J. S. Bennett
t al. 2025 ). Here, we investigate accounting for well-known non-
hermal physics as a promising solution, focusing on three main
omponents and their associated processes: magnetic fields, cosmic
ays, and stellar ionizing radiation followed with full, on-the-fly
adiative transfer. 

Magnetic fields play a role in the baryon cycle even prior to the pro-
ess of star formation, modifying the gas distribution across phases
C. C. Evirgen et al. 2019 ; B. Körtgen et al. 2019 ) and supporting
olecular clouds against collapse, which drives higher star formation

lustering (S. Martin-Alvarez et al. 2020 ; H. Robinson & J. Wadsley
024 ). Magnetic fields also influence the star formation efficiency
C. Federrath & R. S. Klessen 2012 ; M. Zamora-Avilés et al. 2018 ),
odify outflow gas dynamics, by, for example, affecting the mixing

ayer (A. Grønnow, T. Tepper-Garcı́a & J. Bland-Hawthorn 2018 ; A.
hukurov et al. 2018 ; F. Van De Voort et al. 2021 ; J. Lee et al. 2025 ),
nd influence the CGM thermal instability (S. Ji, O. P. Oh & M.
cCourt 2018 ). Magnetized outflows have been detected down to

warf galaxy masses (S. Taziaux et al. 2025 ). This makes polarimetric
bservations of galaxy outflows a unique dynamical tracer, where the
ombination of radio and far-infrared observations enable studying
arge-scale and diffuse gas (radio) as well as small-scale and dense
as (far-infrared; A. S. Borlaff et al. 2023 ; E. Lopez-Rodriguez et al.
023 ; S. Martin-Alvarez et al. 2024 ; D. Maglione et al. 2025 ). These
bservations allow probing the galaxy–halo interface in detail (M.
rause et al. 2020 ; E. Lopez-Rodriguez 2023 ), and reveal important
inematic information of outflows along the plane of the sky (Y.
tein et al. 2020 ; G. H. Heald et al. 2021 ; M. Stein et al. 2025 ). 
Through its complex interactions with the surrounding medium,

adiation is a pervasive contributor to the overall feedback landscape
n galaxies: young, massive stars ionize their surroundings and pre-
rocess gas through photoevaporation. This can lead to more efficient
N explosions (S. Geen et al. 2015 ; N. S. Sartorio et al. 2020 ).
hese effects also make radiation an important source of early stellar

eedback, halting, and even suppressing ongoing star formation in
olecular clouds depending on their mass (J. E. Dale, B. Ercolano &
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. A. Bonnell 2012 ; M. R. Krumholz et al. 2014 ; O. Agertz et al.
020 ; S. H. Menon, C. Federrath & M. R. Krumholz 2023 ), and
ay even lead to the suppression of inflows on to the galaxy, leading

o starvation of the smallest galaxies (H. Katz et al. 2020 ). Some
tudies show radiation is capable of directly driving winds from 

olecular clouds (S. H. Menon et al. 2023 ). Growing evidence, 
owever, suggests that these small-scale effects may not lead to a 
tellar mass reduction in cosmological galaxy formation simulations. 
nstead, stellar radiation may lead to a minor star formation rate 
ncrease (S. Martin-Alvarez et al. 2023 ), as reduced star formation 
lustering decreases the mass-loading of galaxy outflows (J. Rosdahl 
t al. 2015 ; M. C. Smith et al. 2021 ). 1 

The potential of cosmic rays (CRs) as an effective pressure source 
urther supporting galactic outflows has been long recognized (e.g. 
. Pfrommer et al. 2007 ; M. Jubelgas et al. 2008 ; C. M. Booth et al.
013 ; M. Salem & G. L. Bryan 2014 ; P. Girichidis et al. 2018 ; T.
uck et al. 2020 ; G. Dashyan & Y. Dubois 2020 ; P. F. Hopkins et al.
021 ; M. Farcy et al. 2022 ; F. Rodrı́guez Montero et al. 2024 ; M.
arcy et al. 2025 ). This is due to their softer adiabatic index, lower
nergy losses away from dense ISM regions, and their ability to 
nhance SN momentum deposition even at small scales deep within 
he ISM (R. Diesing & D. Caprioli 2018 ; F. Rodrı́guez Montero
t al. 2022 ). Numerical simulations have also found CRs capable 
f suppressing star formation in galaxies (M. Jubelgas et al. 2008 ;
. Pakmor et al. 2016 ; B. Commerc ¸on, A. Marcowith & Y. Dubois
019 ; P. F. Hopkins et al. 2020 ; A. Nu˜ nez-Casti˜ neyra et al. 2022 ; C.
. Simpson et al. 2023 ; F. Rodrı́guez Montero et al. 2024 ). While
R propagation in galaxies is still not fully understood, and often 

implifying assumptions are adopted to model their diffusion and 
treaming, and further improvements of their numerical modelling 
re required (L. Armillotta, E. C. Ostriker & Y.-F. Jiang 2021 ; P.
irichidis et al. 2022 ; P. F. Hopkins et al. 2022a , b ; I. S. Butsky et al.
023 ; T. Thomas, C. Pfrommer & R. Pakmor 2023 ; L. Armillotta
t al. 2024 ; S. B. Ponnada et al. 2024 ), their distinct effects have
stablished CRs as another fundamental player in the understanding 
f galaxy outflows and warrant further study. 
The Pandora suite of high-resolution cosmological zoom-in sim- 

lations was introduced in Pandora I(S. Martin-Alvarez et al. 2023 ). 
hat work employed the 17 zoom-in simulations in the suite to 
how that, in addition to the independent effects described above, the 
ombination of stellar radiation, CRs, and magnetic fields leads to 
 complex interplay with pervasive effects across multiple galaxy 
roperties (such as the stellar mass–halo mass relation, mass–
ize relation, kinematics, cusp–core halo profiles), and observables 
such as optical appearance, resolved kinematics, galaxies colour–
agnitude diagram, radio synchrotron emission). Pandora has also 

een employed to investigate how different combinations of non- 
hermal physics influence Ly α and Ly C escape and observables (Y. 
uan et al. 2024 ). Pandora serves as a pathfinder for our upcoming
zahar simulations (S. Martin-Alvarez et al. 2025 ; Martin-Alvarez 

t al., in preparation) featuring a larger cosmological volume of 
pprox. (10 cMpc )3 , and which have been already employed to study 
arious high-redshift galaxy formation puzzles (e.g. C. Witten et al. 
024 ; T. Dome et al. 2025 ; Y. Yuan et al. 2025 ). In this work, we
mploy a subset of models from the Pandora suite, focusing on 
adiation and CRs to understand how the interplay of different non- 
hermal physics shapes star formation, galaxy outflow properties, 
nd the resulting metal enrichment of the galaxy. The manuscript is
 See A. Emerick, G. L. Bryan & M.-M. Mac Low ( 2018 ) for the opposite 
ffect, in low mass galaxies. 

fi  

F  

e
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tructured as follows: Section 2 provides a brief introduction to the
andora suite, with Section 2.2 summarizing the subset of models 
tudied here. We report our main results in Section 3 , investigating
tar formation and SN feedback (Section 3.2 ), outflow properties 
Section 3.3 ), briefly comparing outflows with observations (Sec- 
ion 3.4 ), and concluding with an analysis of metal enrichment of the
alaxy and enriched gas flows (Section 3.4.4 ). Our main conclusions
re outlined in Section 4 . 

 M E T H O D S  

.1 The Pandora simulation suite 

he galaxy formation simulations analysed in this work are a subset
f the cosmological zoom-in Pandora suite (S. Martin-Alvarez et al. 
023 ). In this section, we summarize the basic characteristics of the
AMSES (R. Teyssier 2002 ) code used to generate the simulations,
nd the Pandora models studied. 

The Pandora dwarf galaxy (halo virial mass Mvir ( z = 0) ∼
010 M�; with initial conditions introduced by M. C. Smith et al.
 2019 ) under the label ‘ Dwarf1 ’ and re-generated for RAMSES ) forms
n a zoom-in sub-volume of 2.5 cMpc in width. In this region, the
ark matter and stars collisionless particles have mass resolutions of 
DM 

= 1 . 5 × 103 M� and m* = 400 M�, respectively. 
The adaptive grid is allowed to refine the zoom sub-volume 

own to a full-cell size of �x ∼ 7 physical pc. Cell refinement
s triggered when the total mass of a resolution element, measured
s ( �m 

/�b ) mbaryons + mDM 

, exceeds 8 × mDM 

. Here, �m 

= 0 . 3065
nd �b = 0 . 0483 are the cosmological matter and cosmological
aryonic matter densities, respectively. Refinement is also triggered 
hen a resolution element fulfills the Jeans criterion �x > λJ / 4. The

eans criterion is disabled for cells with a comoving size �x > 1 . 8
kpc, to avoid excessive refinement in the low-density regions of the
imulation. In this expression, λJ is the local Jeans length. 

Our magneto-hydrodynamics (MHD) models employ the RAMSES 

onstrained transport (CT) solver by R. Teyssier, S. Fromang & 

. Dormy ( 2006 ) and S. Fromang, P. Hennebelle & R. Teyssier
 2006 ), and super-comoving coordinate implemented in S. Martin- 
lvarez et al. ( 2018 ). This CT method numerically guarantees down

o double precision the solenoidal constraint for the magnetic field 
� ∇ · � B = 0). Our radiative transfer (RT) models employ the RAMSES- 
T implementation by J. Rosdahl et al. ( 2013 ) and J. Rosdahl & R.
eyssier ( 2015 ). The radiative flux budgets for each stellar particle are
etermined according to the age and metallicity-dependent spectral 
nergy distributions of the BPASS v2.0 models (J. J. Eldridge, R. G.
zzard & C. A. Tout 2008 ; E. R. Stanway, J. J. Eldridge & G. D.
ecker 2016 ). The overall RT configuration is similar to that of the

PHINX simulations (J. Rosdahl et al. 2018 , 2022 ) that match well the
eionization history of the Universe. The models with CRs employ 
he CR solver described by Y. Dubois & B. Commerc ¸on ( 2016 )
nd Y. Dubois et al. ( 2019 ), modelling CRs as an energy density
epresenting ∼GeV protons. It accounts both for CR streaming (with 
treaming velocity equal to the Alfvén speed), anisotropic diffusion 
ith a diffusion coefficient κ‖ = 3 × 1028 cm 

2 s −1 (M. Ackermann 
t al. 2012 ; A. C. Cummings et al. 2016 ; M. Salem, G. L. Bryan & L.
orlies 2016 ; C. Pfrommer et al. 2017b ), and Coulomb and hadronic

osses (F. Guo & S. P. Oh 2008 ). In the models studied here, magnetic
elds and CRs are seeded by SN explosions, as described below.
urther details of the RT, CR, and MHD implementations, and their
mployed configurations are provided in S. Martin-Alvarez et al. 
 2023 ). 
MNRAS 545, 1–22 (2026)
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M

Table 1. Subset of simulations studied in this work. From left to right, we indicate model symbol and label, whether the model includes magnetic fields (MHD), 
RT) and CRs, the stellar feedback configuration, and further details regarding the configuration of the simulation. From top to bottom, simulations account for 
additional baryonic physics. The full sample of Pandora models is provided in S. Martin-Alvarez et al. ( 2023 ). 

Simulation MHD RT CR Stellar feedback Further details 

HD � � � Mech Standard hydrodynamical simulation 
HD + Boost � � � Boosted Mech Calibrated feedback through boosted SN: 2 ESN , 0 . 5 MSN . 

RTiMHD � � � Radiation + Mag Mech Including radiation and magnetic fields. SN inject Emag,SN . 
RTCRiMHD � � � Radiation + CR Mag Mech Pandora ‘full physics’ model; SN inject Emag,SN + ECR,SN . 
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All Pandora models studied here employ our MTT (magneto-
hermo-turbulent) star formation prescription (presented by T. Kimm
t al. 2017 ; extended to MHD in S. Martin-Alvarez et al. 2020 ).
n short, cells at the highest level of refinement (Y. Rasera & R.
eyssier 2006 ) are allowed to spawn new stellar particles when their
ravitational pull is larger than the local MTT pressure support.
hey form stars according to the local MTT properties (P. Padoan &
. Nordlund 2011 ; C. Federrath & R. S. Klessen 2012 ) of the gas

mploying a Schmidt law (M. Schmidt 1959 ). 
The models we study all include mechanical SN feedback (T.

imm & R. Cen 2014 ; T. Kimm et al. 2015 ), which is injected
nto its hosting cell, and 48 (active) cell neighbours, according to an
qual-solid-angle weighting. Each event injects (mass, momentum
nd energy) by selecting for each neighbour cell one out of two
ossible feedback modes: a momentum-conserving mode, injecting
he SN terminal momentum, or an energy-conserving mode (Sedov),
njecting the SN energy. Which solution is employed is determined
y whether the ratio of swept-up versus ejected mass is above a
iven threshold (equation 7, T. Kimm et al. 2015 ). The SN-specific
nergy is εSN = ESN /MSN , with ESN = 1051 erg and MSN = 10 M�
except for HD + Boost, which features εSN, Boost = 4 εSN . In the

tudied models including MHD, these explosions inject 1 per cent of
heir energy into the magnetic component ( � 10−5 G when injected
t scales of ∼10 pc; reproducing the magnetization observed at
he scale of SN remnants; E. Parizot et al. 2006 ) through two
mall-scale toroids with arbitrary orientations. This implementation
eproduces magnetic fields in observed galaxies (S. Martin-Alvarez
t al. 2021 , 2024 ; T. Dacunha et al. 2025 ). Additional details of
his implementation are provided in appendix A of S. Martin-
lvarez et al. ( 2021 ). Similarly, in the studied model including CRs,
0 per cent of the SN energy (extracted from its mechanical energy
udget) is injected into the CR energy, motivated by observations
G. Morlino & D. Caprioli 2012 ; E. A. Helder et al. 2013 ), and is a
tandard value employed by similar studies (e.g. C. Pfrommer et al.
017a ; I. S. Butsky & T. R. Quinn 2018 ; F. Rodrı́guez Montero et al.
024 ). 

.2 A representative subset of models 

n this work, we restrict our analysis to a subset of the Pandora
imulations. The subset has been selected to provide a representative
iew of the main physical effects at play in the interplay between
tar formation and galaxy outflows. The four selected models are
ummarized in Table 1 , and correspond to: (i) the standard hydrody-
amics model characteristic of traditional simulations (HD), (ii) an
enhanced’ SN feedback representative of calibrated hydrodynamical
odels (HD + Boost; with SN specific energy increased by 4 ×),

iii) a model including the important ISM non-thermal physics of
adiation and magnetic fields (RTiMHD), and (iv) the Pandora full-
hysics simulation incorporating CRs as well (RTCRiMHD). These
NRAS 545, 1–22 (2026)
re the models highlighted as models of interest by S. Martin-Alvarez
t al. ( 2023 ). 

To identify the galaxy of interest in the simulation, we select
ts host halo at z = 8, and determine its exact position through a
hrinking spheres algorithm (C. Power et al. 2003 ). We determine
ts position in subsequent snapshots (both forward and backward
n time) by selecting the innermost 500 particles and finding their
pdated centre-of-mass, followed by the recursive application of
ur shrinking spheres method. For each snapshot, each galaxy is
ssociated with its hosting halo, extracted from a halo catalogue
enerated using HALOMAKER (D. Tweed et al. 2009 ). When multiple
rogenitors are identified, we only employ the most massive one
or our analysis here. This method, and its on-the-fly application to
AMSES cosmological simulations will be further detailed in Martin-
lvarez et al. (in preparation + ). The main galaxy measurements

re performed in the central region of the halo ( r < 0 . 2 rhalo , with
halo the virial radius of the halo), as described in the corresponding
easurement descriptions provided in Section 3 . 

 RESULTS  

.1 A qualitative picture of SN-driven outflows accounting for 
ifferent physical processes 

ig. 1 provides a qualitative comparison of the four different
andora dwarf galaxy simulation models, illustrating the impact
f varying physical processes on SN-driven outflows. Each panel
s 5 kpc across, approximately encompassing the central galactic
egion (0 . 2 rhalo , with rhalo the virial radius of the dark matter
alo). The columns, from left to right, correspond to the main
odels we study here: standard hydrodynamics (HD), calibrated SN

eedback hydrodynamics (HD + Boost), RT and MHD (RTiMHD),
nd our ‘full-physics’ simulation incorporating radiation, CRs, and
HD (RTCRiMHD). In the top row, we show the gas (blue) and

tellar (gold) mass-weighted mean densities. The second row of the
gure displays the gas temperature. The third row shows gas density
ows, separated according to the radial velocity of each cell ( vr ) into

nflows (blue) and outflows (gold and red), with the full gas density
eld displayed in greyscale for context. Gas is selected as inflowing
 vr < −vvir ) or outflowing ( vr > vvir as gold tones; vr > 40 km s−1 

urther coloured in red), where vvir ∼ 12 . 5 km s−1 is the virial
elocity of the halo. Panels in the bottom row display the mass-
eighted metallicity in solar units ( Z� = 0 . 012; R. Schneider et al.
012 ). We include isocontour lines to guide the eye to the location
f the main galaxy and satellites. To avoid spurious variations of
etallicity measurements in regions of undersampled (or extremely

ow) stellar mass, we set the map to null values outside the outermost
ontour (i.e. for stellar surface densities lower than 105 M� kpc −2 ). 

The distribution of gas around the galaxy varies notably across
ur models. In the HD model, we observe relatively large and
ot outflow bubbles ( ∼1–2 kpc ) confined by dense gas shells with
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Figure 1. Projected views centred on the Pandora dwarf illustrating outflow events across our four studied models. The area displayed in each panel approximately 
encompasses the central galactic region (0 . 2 rhalo ), 5 kpc across. Each of the columns, from left to right, corresponds to the following models: standard HD, 
HD + Boost, RTiMHD, and our ‘full-physics’ simulation with radiation, CRs and MHD (RTCRiMHD). Top row panels: Mass-weighted densities for the gas 
(blue) and stellar (gold) components. Second row panels: Gas temperature maps. Third row panels: Gas density flows separated according to radial velocity ( vr ) 
into inflows (blue; vr < −vvir = 12 . 5 km s−1 ) and outflows (golden; vr > vvir , and red for faster outflows vr > 40 km s−1 ). For further visual guidance, in this 
row we display the full gas density field using a grey scale. Bottom row panels: Mass-weighted stellar metallicity. To guide the eye, the overlaid contours display 
the [105 , 106 , 107 , 108 ] M� kpc −2 stellar surface density isocontours. Galactic outflows in HD and HD + Boost appear hotter and with rugged and defined 
shock structures. Including radiation reduces the outflows, whereas CRs lead to temperate and more homogeneous outflows, as well as complex metallicity 
topology. 
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rregular and turbulent surfaces. These bubbles contain the bulk of 
he outflowing gas mass. The properties of outflow bubbles are even 

ore pronounced in the HD + Boost case, with bubbles that reach
igher temperatures and larger sizes, despite a lower star formation 
ate (SFR). The bubbles exhibit a complex substructure, resembling 
ultiple bursts of SN-driven winds that are carving multiple holes in 

he CGM. Conversely, the high temperature bubbles in the RTiMHD 
odel do not extend significantly beyond the galaxy (e.g. third panel
f the RTiMHD column, seen as outflowing, high-density regions), 
nd due to the presence of the radiation field the gas surrounding
he galaxy has a smooth appearance. The significantly more diffuse 
tellar component in this model (top panel; see also fig. 4 in S.
artin-Alvarez et al. 2023 ) leads to a lower clustering of stellar

eedback, discussed further in Section 3.2 . The RTCRiMHD model 
MNRAS 545, 1–22 (2026)
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Figure 2. Top row: SFR for our hydrodynamical models HD and HD + Boost (panel a1), and for our more complex models including stellar radiation and 
magnetic fields RTiMHD, as well as CRs, RTCRiMHD (panel a2). Central row: Outflowing gas mass-loading factor ( η = Ṁgas / SFR; see text for further details) 
radially ejected through a spherical shell positioned at 0 . 5 rhalo . Including radiation leads to a more continuous SFR, whereas its combination with CRs leads to 
a more bursty star formation history. The calibrated feedback HD + Boost and full physics RTCRiMHD simulations attain the highest outflow mass-loading 
factors. The RTiMHD has the lowest η values, albeit those remain comparable to the HD scenario. Bottom row: Fourier transform of the star formation history 
for the same models, normalized to the zero-frequency mode (left panel). The average power is separated into the three frequency regimes corresponding to 
long, intermediate, and short time-scales (right panel). 
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hows outflowing bubbles comparable in size to those in the HD
odel, but with smoother surfaces due to the presence of the non-

hermal components. This RTCRiMHD model also has a temperate
nd outflowing diffuse envelope surrounding the galaxy, suggesting a
cenario where outflows are initially driven by SNe and subsequently
xpelled further by cosmic ray pressure in a more isotropic fashion.
nterestingly, stellar metallicity distribution is very sensitive to the
ifferent physics models, with the dwarf galaxy in the HD + Boost
imulation being extremely metal poor (see further Section 3.4 ),
hile in the RTCRiMHD simulation dwarf and its surroundings are

nriched to Z∗ ∼ 0 . 1 Z�, and exhibit complex metal distribution and
radients. 
NRAS 545, 1–22 (2026)
.2 Bursty and concentrated star formation drives mass-loaded 

utflows 

efore we proceed to qualitatively characterize the properties of
alaxy outflows across our different models, we investigate the inter-
elation between the star formation histories (SFHs) and the galactic
utflows in the Pandora simulation suite. To this effect, we show
n Fig. 2 the SFR and outflowing gas mass-loading factors ( η =
˙ gas /SFR ) across different simulation models. The top row shows
he SFR for our hydrodynamical models (panel a1), and for the

ore complex models including stellar radiation and magnetic fields
panel a2), both with and without CRs. The bottom row presents the
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utflowing gas mass-loading factor η through a spherical shell with 
 thickness of 200 pc positioned at 0 . 5 rhalo . 2 

The onset of significant star formation is comparable across all 
odels, and occurs at ∼ 0 . 4 Gyr. The models with stellar radiation

ave a somewhat lower initial SFR (up to 0 . 03 M� yr −1 instead 
f 0 . 1 M� yr −1 ), as the stellar radiation acts as a source of early
tellar feedback. This initial star formation event continues for 
100 Myr in the HD model, whereas it is rapidly halted by the 

boosted’ SN feedback in the HD + Boost model, and by stellar
adiation and SNe in the RTiMHD and RTCRiMHD models. After 
 second star formation event at t ∼ 0 . 7 Gyr , the evolution of
he models starts to differ more significantly. We focus on our 
ydrodynamical models first (panel a1). Despite its rapid variation 
n time-scales of � 50 Myr (frequencies of fSFR ∼ (50 Myr )−1 ), 
he HD model maintains an approximately continuous SFR. The 
D + Boost model exhibits a notably different SFH, characterized 
y an ‘on’ and ‘off’ SFR. Its star formation proceeds through three
ain extended bursts of star formation, with a typical duration of
 200–300 Myr. The RTiMHD model (panel a2) shows a ‘flatter’ and 

ninterrupted star formation during the z = 7 to z = 6 and z = 5 to
 = 4 periods. Its star formation resembles that of the HD model, but
ith much weaker short-time-scale fluctuations. The RTCRiMHD 

odel has a particularly episodic SFH, with sharp bursts of star
ormation separated by extended quiescent periods. Its episodes of 
tar formation differ from the HD + Boost case by being more
yclic and concentrated in time. To quantify these variations in 
urther detail, the bottom left panel of Fig. 2 shows the Fourier
ransform of each SFH, normalized by their corresponding 0th mode 
proportional to the total stellar mass) to account for the differing 
tellar masses at the end of the studied period. We identify three
ain regimes of interest in the frequencies of SFR fluctuations: long 

ime-scales of ∼300 Myr , intermediate time-scales of ∼70 Myr , and 
hort time-scales of approximately � 20 Myr . The average power in 
ach regime is shown in the bottom right panel of the same figure.
he Fourier transform of the star formation history confirms a more 
pisodic SFH for the RTCRiMHD model that rapidly transitions 
rom quiescent to star forming, and the role of radiative transfer
especially notable in RTiMHD) in smoothing out the star formation 
ariability on short time-scales. The observed behaviour of the 
TCRiMHD model is attributed primarily to the combined effect 
f the non-thermal pressures from CRs and magnetic fields. Their 
ressure support allows gas clouds to grow in mass until they become
upercritical, leading to their rapid collapse and concentrated star 
ormation. We note that this effect is likely sensitive to the value of
‖ employed – e.g. B. Commerc ¸on et al. ( 2019 ) and G. Dashyan &
. Dubois ( 2020 ) attain higher ISM gas densities for higher κ‖ ,
otentially leading to increased burstiness. 
As expected, these variations in the overall shape and properties 

f the SFHs across our models have important effects on the mass-
oading factors measured for our dwarf galaxy. The HD simulation 
 Due to the rapid variability of star formation in dwarf galaxies, to compute the 
values we smooth the star formation rate. Here, we assume a σ ∼ 0 . 042 Gyr 

corresponding to FWHM of ∼100 Myr), further including a 10−4 M� yr −1 

oor to avoid artificially large η during periods of negligible SFR. To 
onsider gas outflowing, we require a cell to have a positive radial velocity 

r > vvir , which reduces spurious contributions to galaxy outflows. We also 
nclude a uniform �t = 0 . 2 Gyr delay for the η (0 . 5 rhalo ) calculations, which 
orresponds to a local maximum in the cross-correlation of SFR and outflows, 
nd is equal to the approximate time for a gas outflow to travel from the galaxy 
entre to 0 . 5 rhalo at ∼2 vvir – approximately our measured mass-weighted 
verage velocity of outflows. 
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as approximately sustained outflows, with low mass-loading factors 
anging around ∼ 1–5. The HD + Boost model reaches the highest
ass-loading factors we measure despite its low SFR (and its lack of

oncentrated SN events), due to the enhanced energy deposition per 
N in this model. The RTiMHD model has the lowest mass-loading
actors, and during its multiple periods of low or no star formation,
he mass-loading tends to η → 0. The RTCRiMHD simulation has 
lso high mass-loading factors, of the order of ∼10, and comparable
o the HD + Boost model. Notably, these values are reached with
ignificantly lower energy injection, underscoring the efficiency of 
ts episodic star formation and CR-driven outflows. The different 
roperties associated with the outflows emerging from each model 
re discussed in Section 3.3 . 

The correlation between star formation and subsequent outflows 
s driven by SN events, with their effectiveness influenced by 
heir small-scale ISM environments, which will also affect the gas 
hases entrained in galaxy outflows. We show the thermodynamical 
roperties of the gas cells where SN events take place in Fig. 3 .
anels display the probability density functions (PDFs) for all the 
Ne events in each simulation (from z = 8 to z = 3 . 3), both for the
osting cells gas density (top panel) and temperature (bottom panel). 
Overall, the gas density distribution of cells hosting SN events is

imodal, with a dominant peak at low densities of ∼ 10−27 g cm 

−3 –
0−26 g cm 

−3 , and a secondary peak at high densities of ∼
0−21 g cm 

−3 . This bimodal distribution is physically driven: stars 
re formed in dense regions where, in the absence of any feedback
rocess, they explode as SNe with some delay after their forma-
ion. This occurs inside or in the vicinity of dense clouds with
gas � 10−22 g cm 

−3 . Subsequent SN events originating from the 
ame localized star formation event will typically occur within and 
round the sites of prior SNe events, which are very hot ( T ≈ 107 –
08 K), leading to a tail towards lower densities as supernova 
emnants expand, and ultimately leading to a peak at densities 
f ∼ 10−27 g cm 

−3 . Notably, it is precisely within these lower 
ensity, higher temperature gas where SNe feedback becomes most 
ffective (T. Naab & J. P. Ostriker 2017 ; F. Rodrı́guez Montero
t al. 2022 ). While T. Kimm & R. Cen ( 2014 ) have demonstrated
hat our mechanical prescription alleviates overcooling and recovers 
he expected momentum injection (K. Thornton et al. 1998 ), there
re additional numerical considerations to note in a realistically 
imulated ISM. For example, D. Martizzi et al. ( 2015 ) and C.
. Kim & E. C. Ostriker ( 2015 ) have shown that the presence
f ISM inhomogeneities does not significantly affect the terminal 
omentum injected by SNe, hence supporting the use of momentum- 

njecting solutions in galaxy formation modelling (P. F. Hopkins 
t al. 2018 ; M. C. Smith et al. 2018 ; I. Shimizu et al. 2019 ). C. G.
im & E. C. Ostriker ( 2015 ) have also studied shocks propagation,

howing that they reach further distances along low density channels. 
he vast majority of SN events in our simulations take place at
x < 10 pc ( ∼90 per cent; and 80 per cent for HD + Boost), with

irtually all the remaining events taking place at �x < 15 pc and
ow gas densities ρgas < 10−24 g cm 

−3 . We estimate � 80 per cent 
f events use our adiabatic mode. Note that these ratios, derived
rom central host cells, may slightly underestimate the proportion 
f snowplow events; although this is alleviated by the simulation 
ode requirement for contiguous cells not being more than one level
ower resolution, and our refinement strategy of resolving the local 
eans length with at least 4 cells. For SNe in dense media, a higher
reservation of terminal momentum at the end of the snowplow phase
s expected for higher resolutions, with E. S. Gentry, P. Madau & M.
. Krumholz ( 2020 ) estimating an increase of 1 . 4 × if our models

eatured resolutions of 1 pc . 
MNRAS 545, 1–22 (2026)
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Figure 3. PDF of the small-scale environmental thermodynamical properties 
where SN events take place in each of the models: gas density (top panel) and 
gas temperature (bottom panel). Across all simulations, most SNe take place 
at densities ρ ∼ 10−26 g cm 

−3 . Different galaxy formation physics leads to 
notably different fractions of SN events taking place at high densities ( ρ > 

10−24 g cm 

−3 ). Early feedback in the form of stellar radiation significantly 
increases the number of SNe at high densities by reducing star formation 
(and consequently SN) clustering, whereas ‘boosted’ SN feedback leads to 
their drastic reduction, due to effectiveness of few events in dispersing dense 
gas. The RTCRiMHD simulation shows the strongest temporal SN clustering, 
while maintaining the proportion of events taking place in dense, photoheated 
regions. 
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In the HD model, most SN events occur at the low gas density
eak, with a relatively flat distribution from intermediate densities
f ρgas ∼ 10−24 g cm 

−3 to 10−21 g cm 

−3 , and virtually no events
aking place at higher densities. The HD + Boost model significantly
uppresses the number of SN events at densities � 10−25 g cm 

−3 

approximately 5 × less frequent than in the HD simulation). Such
uppression of low-effectiveness and rapidly cooling environments,
ombined with a higher energy deposition per SN (4 × higher than
he canonical value), leads to much more effective feedback in the
D + Boost simulation. Additionally, the tail of SNe taking place

t the lowest densities is much flatter, with HD + Boost being
he only model featuring a significant number of SN events in
he ρgas � 10−28 g cm 

−3 regime, resulting from the higher energy
eposition effectively inflating larger bubbles and clearing the gas to
ower densities. The above described density PDFs translate almost
irectly to the temperature PDFs of the HD and HD + Boost
NRAS 545, 1–22 (2026)
odels, where the low gas density peak directly corresponds to
igh temperature environments pre-processed by previous SNe
 T ∼ 107 −108 K) and the high density events take place in the
hermally stable warm ionized medium with T ∼ 104 K, or inside
older star-forming regions with T � 103 K. Incorporating stellar
adiation in the RTiMHD model results in the lower concentration
f star formation, and a subsequent reduction of both temporal and
patial SN clustering. Although radiation locally reduces the gas
ensity prior to the occurrence of the first SN events (S. Walch &
. Naab 2015 ), the reduced clustering we measure is consistent
ith the observed increase of SNe events at high gas densities.
adiation provides an effective early feedback that halts ongoing

tar formation in large gas clouds, photo-heating them to 3 × 104 K.
n the RTiMHD simulation, the increased proportion of SN events
t high densities predominantly take place at this photoheating
emperature of T ∼ 3 × 104 K (M. Y. Grudić et al. 2022 ), which
ill have implications for the properties of the gas entrained in
utflows. Finally, the combination of stellar radiation with CRs in
he RTCRiMHD model leads to a gas density PDF of SNe host
ell which is comparable to that in the HD simulation. Once again, a
igher temporal clustering of star formation, and the subsequent SNe
rive an increase of the proportion of explosions taking place at lower
ensities and high temperatures, while maintaining a large proportion
f events taking place in dense, photoheated regions. Furthermore,
he inclusion of CRs leads to a slight increase of (diffuse) ISM
ensities in the presence of additional non-thermal pressure terms (G.
ashyan & Y. Dubois 2020 ), and the low density peak of SN events is
isplaced to slightly higher densities of 10−26 −10−25 g cm 

−3 instead
f slightly below. 
The reduction of SN feedback efficiency through the inclusion of

adiation in our simulations is well-explained by the distribution
f SN events across the different ISM phases and environments
ombined with a steady star formation. We also find large variations
f the SNe host cell PDFs for our ‘boosted’ SN feedback model,
ut its increased efficiency is most likely the result of a considerably
igher energy deposition per SN event, with the lower number of
vents at higher densities being secondary. While our ‘full-physics’
odel has some observable variations in the SNe host cell PDFs,

he episodic star formation and the properties of the outflowing
as are the main culprits for its higher outflow efficiency. We will
nvestigate the physical properties of such outflowing gas in the next
ection. 

.3 Dense and temperate CR-driven galactic outflows 

o review how outflow-related quantities and their pressure contri-
utions are distributed around the Pandora dwarf galaxy, we show
adial profiles representative of star formation episodes at z = 3 . 5 in
ig. 4 . The top row of panels show the pressure profiles for different
hysical components: thermal (solid), magnetic (dotted), radiative
dotted–dashed), and cosmic ray (dashed), whenever included. We
rovide further details on their computation in Appendix A . To
llustrate how representative these pressure profiles are, and study
heir variability in high-versus-low SFR regimes, we discuss time-
ggregated radial pressure profiles in Appendix B . The central row
hows the fractional contribution to the total pressures for each of
he pressure components shown in the top panels. The bottom row of
anels display the density profiles, with solid lines representing the
otal density and dotted lines indicating the outflowing gas. The radial
rofile of the net outflowing momentum is overlaid with golden solid
ines, and shown as dashed curve at radii where the net momentum is
nflowing. Vertical lines in all panels mark radii of interest: a proxy for
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Figure 4. Radial profiles for various outflow-related quantities, centred on the Pandora dwarf. Profiles correspond to star formation episodes at z = 3 . 5, and are 
representative of times with non-negligible star formation (Appendix B ). The RTCRiMHD model in particular exhibits larger variations due to its burstier star 
formation. Top row: Pressure profiles for the thermal (solid), magnetic (dotted), radiative (dotted–dashed), and cosmic ray (dashed) components. Central row : 
Fractional pressures for the same components as shown in the top row. Bottom row: Density profiles, separated into total (solid line) and outflowing components 
(dotted line). We overlay the radial profile of the net outflowing momentum using golden solid lines, displayed as dashed for radii when the net momentum is 
inflowing. We include additional vertical lines in each panel corresponding to twice the half-mass radii of the stellar component (thick black dashed line, 2 r∗), 
and the 0.2, 0.5, and 1.0 rhalo (grey dashed lines). In the models without CRs, outflowing gas (e.g. ∼ 1 kpc in panel b2) is thermally supported (panels a1 and 
a2). Conversely, outflows in the RTCRiMHD model ( ∼ 3 kpc in panel b3) are dominated by CR pressure (panel a3). Overall, in the RTCRiMHD simulation, 
thermal pressure dominates across most radii – although with important contributions from the other pressure components. CRs dominate in the outflow bubbles 
and provide significant support at r � 3 r∗. Magnetic pressure is only globally important inside the galaxy, whereas the radiative photoheating pressure becomes 
more important at large radii, driving the thermal pressure through photoheating. 
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3 Note that at pressure equality, relativistic fluid energies such as the radiative 
one have a higher energy budget ( urad = 3 Prad = 3 PCR ), whereas the thermal 
( uth = 3 

2 Pth ) and magnetic ( umag = Pmag ) components have a P /u ratio 
closer to unity. 
he size of the galaxy at twice the stellar half-mass radius (thick black
ashed line) and the 0.2, 0.5, and 1.0 fractions of rhalo (grey dashed
ines). 

The pressure profiles in the top row provide useful insights into 
he mechanisms supporting gas at different galactocentric distances, 
nd serve as proxies for the pressure gradients that drive outflows 
see e.g. F. Rodrı́guez Montero et al. 2024 ). The thermal pres-
ure profiles approximately follow power laws (roughly following 
 r−2 ) up to ∼ 0 . 5 rhalo , with distinct, sharp peaks attributable to

ubstructures. Overall, thermal pressures are comparable between 
he HD and RTiMHD models, while the RTCRiMHD simulation has 
 higher thermal pressure especially in the central region. Across 
ll models, the thermal component dominates the pressure budget 
t all radii r > 0 . 1 kpc , except some narrow spatial regions where
CR dominates. When reviewing other pressure components through 

heir fractional contribution (middle row), magnetic pressure only 
ominates locally in high density regions of the ISM. This suggests
hat magnetic fields do not directly affect outflowing gas support, 
nd intervene primarily through their contribution to star formation 
egulation. The photoheating pressure dominates the contribution 
rom stellar radiation. We find this pressure only dominates the local 
ressure in the regions where massive stars from recent star formation 
vents are located. However, at larger radii outside the galaxy it is
omparable to the thermal pressure, and is responsible for increasing 
he thermal pressure through its heating effects, featuring a higher 
nergy budget. 3 Interestingly, in our RTCRiMHD simulation, the 
hotoheating and CR pressures are comparable up to ∼ 0 . 2 rhalo ,
nd moderately dominated by the CRs. The CR pressure is in fact
he second most significant pressure source within r < 0 . 2 rhalo .
he CR pressure also dominates in gas outflow fronts, particularly 
vident at r ∼ 3−4 kpc which correlates with the edge of the 
outflow and outflowing gas density (panel c3). Beyond this radius, 

he CR pressure drops back to the underlying pressure profile. 
hen the pressure profile is computed without the contribution 

rom the outflowing gas the higher pressure of CRs at r ∼ 3 kpc
s not present, and the non-outflowing CR pressure profile scales 
s an approximate power-law out to the edge of the dark matter
alo ( r ∈ [1 , 15] kpc ). The bottom panels of Fig. 4 provide further
nformation about the relationship between the pressure profiles and 
as outflows. The galactic outflows in the HD simulation, reflected 
y peaks in both density and momentum, show relatively unchanged 
ressures. The only exception is the SN-triggered pressure peak at 
 ∼ 0 . 6 kpc accelerating a new outflow. In contrast, the RTCRiMHD
utflows are characterized by concentrations of CR pressure, which 
MNRAS 545, 1–22 (2026)
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Figure 5. Gas mass fraction distribution functions as a function of gas density (left column) and gas temperature (right column) for the central galactic region 
( r < 0 . 2 rhalo ). Distributions are shown for snapshots of non-negligible star formation activity in the galaxy, at z = 3 . 5 (except for HD + Boost, see main text). 
Total gas fraction (grey histograms), inflowing gas fraction (blue histograms, vgas,radial < vvir ∼ 12 . 5 km s−1 ), outflowing gas fraction (orange histograms, 
vgas,radial > vvir ) and escaping gas fraction (red histogram, vgas,radial > vesc ( r = 0 . 2 rhalo )) are shown for our four simulation models (top to bottom rows). Each 
temperature panel lists the SFR of each galaxy during the past 100 Myr, and the total mass fraction of the inflowing, outflowing and escaping gas component. 
The RTCRiMHD simulation has lower inflow rates as well as higher outflow and escaping rates per given SFR. The outflowing gas is also colder and denser, 
particularly notable in the escaping gas regime. 
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4 Due to lack of significant star formation past z ∼ 5 in HD + Boost, at 
z = 3 . 5 the model does not have any prominent outflows. This is primarily 
due to the absence of any significant SN feedback for a prolonged time (O. 
Agertz, R. Teyssier & B. Moore 2009 ). Therefore, we opt to present its PDF 
during the star formation event at z = 5, when it features an SFR comparable 
ecreases sharply beyond the outflowing momentum shells (e.g.
 ∼ 2 kpc ), in agreement with outflow-injected CRs in the halo and
GM. By providing additional support against the pull from the
ravitational potential, both the photoheating and CRs pressures will
romote denser outflows that will reach larger distances from the
alaxy. This is reflected in higher net outflowing momenta at r �
kpc in these two models ( poutflow ∼ 107 M� km s−1 for RTiMHD;

outflow ∼ 108 M� km s−1 for RTCRiMHD) when compared with
D ( poutflow ∼ 106 − 107 M� km s−1 ). These pressure distributions

nd their properties are broadly preserved during episodes of non-
egligible star formation, but vary at times of quiescence (sSFR
 1 Gyr −1 ), especially for models with burstier star formation

Appendix B ). 
To review the physical properties of galaxy outflows in the context

f the multiphase ISM, we show in Fig. 5 the distribution of mass
ithin the central galactic region ( r < 0 . 2 rhalo ) at times of non-
egligible star formation. Gas mass is separated according to the
ow properties. The panels show the gas mass fraction distribution
s a function of gas density (left column) and gas temperature
right column). The grey histograms depict the overall gas mass
raction distribution for each simulation, and additional coloured
istograms show the mass fractions of inflowing (blue histograms,
gas,radial < −vvir ∼ −12 . 5 km s−1 to exclude gas with relatively
ow velocities), outflowing (orange histograms, vgas,radial > vvir ),
nd escaping (red histograms). Escaping gas is selected accord-
NRAS 545, 1–22 (2026)

t

ng to vgas,radial > vesc ( r = 0 . 2 rhalo ), with escape velocities vesc ∼
3−37 km s−1 . Note that the mass of outflowing gas is a fraction of
he total mass, and the mass of escaping gas is a fraction of the mass
f outflowing gas. From top to bottom, panels correspond to the HD,
D + Boost, RTiMHD, and RTCRiMHD simulations at z ∼ 3 . 5

except for HD + Boost 4 , shown during its star formation event at
 = 5), but selected to be representative of the dwarf galaxy across
imes when its SFR �= 0. Additional integrated information about the
urrent state of the galaxy is provided in the top right corner of the
emperature panels: the SFR of each galaxy over the past 100 Myr,
nd the integrated fraction of gas mass in different outflowing phases.

We focus first on the left-hand panels, where gas densities
ypically range from ρgas ∼ 10−28 to ∼ 10−20 g cm 

−3 . In HD and
D + Boost the mass fraction PDF is approximately uniform
ver all gas densities, with a moderate peak around ρgas ∼ 10−27 −
0−26 g cm 

−3 . Including radiative transfer in our RTiMHD model
eads to further gas accumulation in the diffuse gas phase with
gas ∼ 10−26 − 10−24 g cm 

−3 , and a reduced proportion of gas at
o the other models at z = 3 . 5. 
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Figure 6. Intrinsic (simulated) properties of the warm ionized outflows for 
the Pandora dwarf galaxy. From top to bottom, panels display the following 
quantities as a function of the WIM mass-loading factor: the mass-weighted 
WIM gas outflow velocity, voutflow, WIM 

, the sSFR over the last 100 Myr; and a 
dimensionless velocity ratio ˜ voutflow, WIM 

= voutflow, WIM 

/vcirc . Different data- 
points from our simulations correspond to different snapshots in the interval 
of 3 . 5 < z < 5. Snapshots featuring considerably lower star formation rates 
are displayed with lower opacity symbols. The gold coloured line in the 
central panel indicates increasing SFR for a fixed outflow and stellar mass. 
We overlay as coloured circles the redshift of the models, ranging from high 
redshift (blue) to low redshift (red). We find no clear systematic trends across 
the studied period. The inclusion of radiation which acts as an early stellar 
feedback process results in slower and weaker outflows. However, when CR 

feedback is incorporated as well, WIM has much larger outflow velocities and 
mass-loading factors. Fig. 7 shows comparable quantities, measured instead 
following an observation-like procedure for H α emission. 

i  

t
f
g  

q
t

igher densities. The PDF in the ‘full-physics’ RTCRiMHD model 
xhibits the same behaviour as in the model including radiation 
ut has a cut-off at low densities instead of the long tail seen for
D, HD + Boost and RTiMHD. As shown by the red histograms,

his tail towards lower densities is dominated by escaping gas, 
hich typically exhibits an approximately log-normal shape peaking 

t ρgas ∼ 10−26 g cm 

−3 . However, in the RTCRiMHD model, the 
scaping gas features higher densities that reach the intermediate 
ange ( ρgas ∼ 10−26 − 10−24 g cm 

−3 ), with comparable fall-offs 
owards both higher and lower densities. This is due to the denser
nd smoother outflows produced by CRs (P. Girichidis et al. 2018 ;
ee also the projection in Fig. 1 ). The RTCRiMHD simulations
as gas densities ρgas < 10−28 g cm 

−3 only at very specific times, 
uch as shortly after its SF burst at z ∼ 5. Additionally, our ‘full-
hysics’ simulation is the only model that features escaping gas at 
gas > 10−24 g cm 

−3 . At even higher densities, gas with positive 
adial velocities becomes only outflowing (rather than escaping; 
range histograms). 
The right column in Fig. 5 shows the distribution of gas mass

raction as a function of temperature, where most of the mass
its between 102 K � T � 107 K. The PDFs indicate a significant
raction of cold, dense gas in star forming regions ( T ∼ 102 K;
.g. HD, RTCRiMHD), a concentration of gas around the thermally 
table T ∼ 104 K, and a long tail towards high temperatures above 
 � 105 K. Including stellar radiation leads to a smoother distri-
ution between ( T ∼ 104 − 3 × 104 K), accentuated by hydrogen 
hotoionization and photoheating. Stellar radiation also reduces the 
roportion of gas at T < 100 K which is present at almost all times
ith non-zero SFR, due to rapid evaporation of giant gas clouds from

arly stellar feedback. Including CRs increases the proportion of gas 
t T � 500 K, with a much lower fraction of low temperature gas
eing inflowing at T � 104 K. 
Across all our models, we find most gas at temperatures above 

06 K to be escaping (i.e. vr > vesc ) as this gas is heated by SN
xplosions. Including radiation reduces the proportion of escaping 
as, and entrains a higher relative proportion of gas at lower 
emperatures ( T ∼ 105 K). Combining stellar radiation with CRs 
ields a large proportion of outflowing and escaping gas. Notably, 
he escaping gas also has significantly lower temperatures, with some 
f the gas heated by stellar radiation now entrained in escaping 
utflows ( T ∼ 3 × 104 K), leading to a more multiphase nature 
f the outflows. We find for the RTCRiMHD model an average 

15 per cent (and a median of ∼ 5 per cent ) of the outflow mass to 
e neutral gas, although there are large variation across cosmic time 
with some snapshots having neutral-mass dominated outflows). This 
s in better agreement with multiphase and neutral gas observations 
e.g. Y. M. Chen et al. 2010 ; A. Fluetsch et al. 2019 ; I. Schroetter
t al. 2019 ; S. Veilleux et al. 2020 ; F. D’Eugenio et al. 2023 ; M.
omano et al. 2023 , albeit mostly of more massive galaxies). This

esult is particularly notable when comparing with the HD + Boost
ase, for which the outflows feature exceptionally high temperatures, 
nd are virtually dominated by the hot and ionized gas phase. The
ass-loading in different phases is further discussed and compared 
ith observations in the next section. 

.4 Comparing the properties of the Pandora suite with 

bservations 

.4.1 Warm and ionized outflow mass-loadings and velocities 

e now turn to investigate how the different outflow properties we 
easure in the simulations compare with the observed properties of 
onized gas. The separation into ionized and neutral gas is computed
hrough a simple separation according to the hydrogen ionization 
raction xHII : neutral gas density, ρHI = ρgas (1 − xHII ), and ionized 
as density, ρHII = ρgas xHII . In Fig. 6 , where we focus on intrinsic
uantities as directly calculated from the simulations, we show how 

he mass-loading factor of warm ionized medium (WIM) varies 
MNRAS 545, 1–22 (2026)
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cross our models during the z ∈ [ 5 , 3 . 5] interval. 5 We classify
ells to be within the WIM and WNM temperature range when
hey fulfill 200 K < T ≤ 106 K, with their gas mass contributing
roportionally to their ionization fraction. From top to bottom, panels
how the mass-weighted WIM gas outflow velocity voutflow, WIM 

, the
pecific SFR (sSFR) measured in a time window of 100 Myr, and
 dimensionless velocity ratio ˜ voutflow, WIM 

. This quantity measures
he relevance of outflow velocities versus the characteristic circular
elocity, vcirc , of the system as ˜ voutflow, WIM 

= voutflow, WIM 

/vcirc . We
easure voutflow, WIM 

and the ηWIM 

factor at 0 . 2 rhalo . Each data point
orresponds to a different snapshot, displayed with higher opacities
hen the SFR is higher. We also indicate the redshift evolution
y including coloured circles in each of our data points, ranging
rom high redshift (blue; z ∼ 5) to low redshift (red; z ∼ 3 . 5). These
rovide some guidance on whether any systematic trends emerge
cross the studied period. We find that there are no apparent trends
eyond those driven by the temporal variations of the SFR. 
The panels show outflows to have the highest mass-loading factors

n the HD + Boost and RTCRiMHD models, typically with ηWIM 

∼
–10 for moderate star formation events. The RTiMHD model has the
owest mass-loading factors overall, with ηWIM 

∼ 0 . 1–1. These mass-
oading factors reflect our previous results, where radiation dampens
he mass-loading of the outflows while CRs increase it. The mass-
eighted warm ionized gas outflow velocities, voutflow, WIM 

, shown in
he first panel, vary significantly across our different models. The HD
nd HD + Boost simulations have outflows with relatively narrow
elocity ranges, voutflow, WIM 

∼ 15–30 km s−1 . The velocities in the
TiMHD model with radiation are reduced to ∼15 km s−1 . The
TCRiMHD model has the highest mass-weighted outflow veloci-

ies, at times reaching ∼ 70 km s−1 . Perhaps with the exception of
he RTiMHD model, all the models show reasonable agreement with
he outflow velocities inferred by the local observations by T. M.
eckman et al. ( 2015 ) and those assumed by K. B. McQuinn et al.

 2019 ), included in the figure for reference. 6 

The second panel of Fig. 6 shows the relation between ηWIM 

and
he sSFR, where all our models feature some degree of the expected
ositive correlation between increasing sSFR and ηWIM 

– a larger
raction of mass is ejected as the relative importance of the ongoing
FR with respect to the galaxy mass increases. To aid interpretation
e include a dashed golden line of constant stellar and outflow mass,
ith the arrow indicating increasing SFR. Overall, all our models
isplay this positive correlation of higher outflow rates for higher
SFR. The HD and HD + Boost models have comparable sSFR
alues, typically of the order of 1 Gyr −1 whenever WIM outflows
re present, and lower otherwise. The RTiMHD has somewhat lower
SFR values � 0 . 5 Gyr −1 and outflow rates. RTCRiMHD displays
igher WIM outflow mass-loading factors, as well as higher sSFR,
panning a larger dynamical range, attributed to its higher star
ormation burstiness. This supports the connection between high star
ormation burstiness, feedback, and galactic outflows (S. Carniani
t al. 2024 ), and poses non-thermal physics as an important regulator
f their interplay. Notably, the bulk of our galaxy measurements
s in very good agreement with the inferred mass-loading factors
y T. M. Heckman et al. ( 2015 ) as well as E. Kado-Fong et al.
NRAS 545, 1–22 (2026)

 For observation-like analysis of the WIM and WNM outflows see Sec- 
ions 3.4.2 and 3.4.3 . 
 We note here that our simulations are of a dwarf galaxy at high redshift, 
hile these observations are of local dwarfs. This qualitative comparison is 

ntended for systems of similar mass and SFR, and does not inform us about 
he cosmological evolution of dwarf galaxies. 

w
i  

v  

d  

c  

p  

o  
 2024 ) which employ background galaxies (SAGAbg) observed by
he SAGA Survey (M. Geha et al. 2017 ). 

As shown in S. Martin-Alvarez et al. ( 2023 ), our different galaxy
ormation models lead to distinct predictions for the dynamical
asses and sizes of the resulting galaxy. Mass and size of the galaxy

re thereby related to the circular velocity as vcirc =
√ 

GM/r . To
stimate the relevance of outflow velocity per system, we propose the
ollowing diagnostic: a dimensionless ˜ voutflow, WIM 

( r = 0 . 2 rhalo ) =
outflow, WIM 

/vcirc ( r) against the dimensionless mass-loading factor,
hown in the bottom panel of Fig. 6 . We include a dashed horizontal
lack line at ˜ voutflow, WIM 

= 1 to separate the low and high ˜ voutflow, WIM 

egimes. This plot highlights how the models studied here separate in
he ˜ voutflow, WIM 

− ηWIM 

parameter space: at low mass-loading factors
 ηWIM 

< 1), all models are comparable, with outflowing gas moving
t relatively low characteristic speeds ( ˜ voutflow, WIM 

∼ 0 . 8). However,
s ηWIM 

increases, we find outflows with comparatively different
haracteristic velocity ratio ˜ voutflow, WIM 

. The RTiMHD simulation
ot only typically has the lowest mass-loading, but also the slowest

˜ outflow, WIM 

. In agreement with our previous findings, HD reaches
ntermediate values for both the high end of ˜ voutflow, WIM 

and ηWIM 

.
otably, while both HD + Boost and RTCRiMHD reach the highest

WIM 

values, RTCRiMHD has the highest ˜ voutflow, WIM 

overall. Hence,
he ˜ voutflow, WIM 

( ηWIM 

) parameter space predicts different outflow
roperties for thermal versus non-thermal galaxy formation models
llowing to observationally differentiate models. 

.4.2 Observation-like measurement of ionized outflows 

arious observational studies extract the properties of galaxy out-
ows from the analysis of emission line profiles (e.g. A. Fluetsch
t al. 2021 ; A. Marasco et al. 2023 ; S. Carniani et al. 2024 ). By
odelling these as a combination of Gaussian components, the broad

omponent can be identified as associated with the gas outflowing
rom galaxies. The integral of its emission (or in some models, only a
raction of its phase space, e.g. A. Marasco et al. 2023 ) is then related
o the outflowing mass Moutflow , and its full-width-at-half-maximum
FWHM) to the outflow velocity, which we label vbroad . These two
uantities and the estimate for the size of the galaxy rgalaxy , allow
easuring the outflow rate as 

˙ outflow = Moutflow vbroad 

rgalaxy 
. (1) 

n this section, we follow a simple procedure aimed to follow such
tudies to estimate observation-like outflow properties. We outline
he key steps, and highlight the most important caveats. A more
etailed discussion about these is provided in Appendix C . 
For each galaxy, we compute the H α emission (estimated

ollowing H. Katz et al. 2022 ) line profile accordingly to the line-of-
ight velocity for 12 uniformly distributed directions. We fit a double
aussian to the line profiles, and associate the broad component
ith the outflowing gas. Following D. S. Rupke, S. Veilleux & D. B.
anders ( 2005 ), the outflow velocity vbroad is frequently defined as 

broad = FWHM broad 

2 
+ �v, (2) 

here FWHM broad is the FWHM of the broad component, and �v 

s the difference between the two components mean velocity. This
elocity is often associated to the 95th percentile of the velocity
istribution (which we confirm in Fig. C2 ), but does not necessarily
orrespond to the outflowing gas mass-weighted velocity (see Ap-
endix C ). The outflow mass is extracted from the total luminosity
f the broad component, LH α, broad , following the relation employed
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Figure 7. Observation-like properties of the ionized outflows for our sim- 
ulated galaxy, as measured from synthetic H α line profiles. The top panel 
displays the outflow velocity vH α, broad measured from the broad component 
of the line, a proxy for the 95th percentile of the WIM velocity; whereas 
the bottom panel shows the sSFR over the last 100 Myr. Both are shown 
as a function of the observationally inferred mass-loading factor, ηH α (see 
Appendix C for estimation of vH α, broad and ηH α). Our measurements are 
compared with observational results inferring outflow properties through the 
methodology we emulate, spanning from low ( z = 0, A. Marasco et al. 2023 ; 
z ∼ 1 . 5, upper limit/non-detection for the low-stellar mass bin by A. Concas 
et al. 2022 ), to high ( z ∼ 3, M. Llerena et al. 2023 ; z ∼ 5, S. Carniani et al. 
2024 ) redshift. Overall, we find most of our simulated models to be in broad 
agreement with observations for the overlapping range of stellar masses. 
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y A. Concas et al. ( 2022 ) and A. Marasco et al. ( 2023 ) 

outflow = 3 . 2 × 105 LH α, broad 

1040 erg s −1 

(
100 cm 

−3 

ne 

)
M �, (3) 

here ne is the electron number density. Here, we follow observations 
nd assume ne ∼ 300 cm 

−3 , although we note that the typical outflow 

ensities in our simulations are lower and that ne has a clear radial
radient. 7 Finally, we set rgalaxy as twice the half-mass radius r∗. 
Following this procedure, we obtain the mass-loading factors, 

H α , and compare this with the observation-like outflow velocity, 
H α, broad , and the sSFR 

8 in Fig. 7 . Overall, we find vH α, broad to be
imilar across our models, with values in reasonable agreement with 
 These assumptions about ne may bias our Moutflow measurements low, and 
s further discussed in Appendix C . 
 For consistency we maintain the sSFR measured in the same time window 

f 100 Myr, but note that measuring the SFR over shorter time periods 
ay reveal higher peaks of SFR, particularly for higher burstiness models. 
his would shift the simulated data points along the golden dashed line in 

he sSFR − η panels as indicated by the arrow. Detailed comparisons with 
ifferent observations may require adjusting the timescale accordingly to the 
pecific observational SFR tracer. 

c
η

e  

h
p

9

m
G

oth the observations at low-redshift by A. Marasco et al. ( 2023 ) and
t high-redshift ( z ∼ 3) by M. Llerena et al. ( 2023 ). The velocities
nferred by S. Carniani et al. ( 2024 ) at z ∼ 5 are somewhat higher
 � 200 km s−1 ), although their stellar masses and sSFR are also
igher ( M∗ � 5 × 107 M� compared with our M∗ � 107 M�). We, 
owever, stress that our mock outflow velocities vH α, broad and their 
rend with the mass-loading factor are not an accurate reflection 
f mass-weighted WIM outflows as directly calculated from our 
imulations. 9 All of our models compare reasonably well with 
bservations in the sSFR–ηH α relation. By reaching higher sSFR 

alues in some snapshots, the RTCRiMHD model is also comparable 
ith some higher redshift observations, although further sampling 

han provided by our simulations will be required. Building up on
his apparent agreement for most of our models with observations of
onized outflows, we highlight the importance of forward-modelling 
he simulation results to bridge the gap when comparing with 
bservations. This enables to better constrain the models as well 
s to infer the ‘true’ outflow properties from observations. Doing 
his causes non-negligible variations that reduce our mass-loading 
actors and increase the outflow velocities with respect to our results
n Fig. 6 . In future work we plan to employ more sophisticated
orward-modelling techniques, and expand on this analysis with the 
arger sample of galaxies from the Azahar simulations (S. Martin- 
lvarez et al. 2025 ). 

.4.3 Neutral outflow mass-loadings and velocities 

s shown above, galaxy winds in the presence of CRs entrain a
arger proportion of denser and more temperate gas (see also e.g. P.
irichidis et al. 2018 ; G. Dashyan & Y. Dubois 2020 ; P. F. Hopkins

t al. 2021 ; M. Farcy et al. 2022 ; F. Rodrı́guez Montero et al. 2024 ).
e analyse the capability of ejecting warm neutral medium (WNM) 

utflows from the simulated dwarf galaxy in Fig. 8 , which shows
rom top to bottom, the vWNM, broad , the mass-weighted WNM outflow 

elocity, and the sSFR as a function of the WNM mass-loading factor. 
he RTCRiMHD model is particularly effective at driving WNM 

utflows, with ηWNM 

∼ 100 − 101 , significantly higher than for our 
urely hydrodynamical simulations (HD and HD + Boost). Beyond 
he pressure gradients associated with non-thermal processes – which 
rovide a mechanism to drive denser gas outflows without heating 
hem to higher temperatures – the RT-driven local photoheating of 
as (bottom panel of Fig. 3 ) also increases the fraction of partially
onized gas at T � 3 × 104 K which is entrained in outflows. In
he RTCRiMHD model our dwarf galaxy exhibits a higher fraction 
f events with larger vWNM, broad values, which are in reasonable 
greement with the observations by M. Romano et al. ( 2023 ). While
WNM, broad is comparable or somewhat higher for the RTCRiMHD 

odel, the mass-weighted outflow velocity in this model is lower 
han in the thermally-dominated feedback models, reflecting a higher 
roportion of the ejected mass that is moving at lower velocities.
inally, by examining the sSFR–ηWNM 

relation, we find that the 
ombination of burstiness in the RTCRiMHD model with its higher 
WNM 

leads to a good agreement with the observations by M. Romano 
t al. ( 2023 ), highlighting how observations of neutral outflows can
elp discriminate between models featuring different non-thermal 
hysical processes. 
MNRAS 545, 1–22 (2026)

 The HD model appears to have somewhat higher vH α, broad than the other 
odels. We also note that HD also has a higher amount of valid double 
aussian fits. 
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M

Figure 8. From top to bottom, panels display vWNM, broad (a proxy for the 
95th percentile of the WNM velocity distribution), the mass-weighted WNM 

outflow velocity voutflow, WNM 

, and the sSFR. All quantities are shown as a 
function of the WNM mass-loading factor ηWNM 

, directly measured from the 
simulations. The RTCRiMHD model is capable of driving temperate outflows 
with considerably higher neutral gas mass-loading factors than its purely 
hydrodynamical counterparts, and is in good agreement with the observations 
by M. Romano et al. ( 2023 ). 
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Finally, we note that we measure only a very small proportion
f cold neutral outflows (used as a proxy for molecular outflows;
 ≤ 200 K), and mostly only present in the RTCRiMHD model.
hether such outflows in dwarf galaxies, which already feature low

O detections (A. Schruba et al. 2012 ), may only be driven by AGN
M. Mezcua et al. 2016 ), or are even not expected (C. Barfety et al.
025 ) remains to be understood. 

.4.4 Galaxy stellar metal enrichment and gas outflow metallicities

nother important galactic property that is notably affected by
alactic outflows is metal enrichment, as the primary source of
NRAS 545, 1–22 (2026)
nrichment is the SN feedback that is also responsible for accelerating
uch outflows. The left panel of Fig. 9 shows how the stellar
etal enrichment of the simulated galaxies vary across our models,
hereas the right column of panels provides further detail on the
utflowing gas metallicity. Focusing first on the left panel, we show
he average stellar metallicity for the Pandora suite compared with
ocal Group observations (E. N. Kirby et al. 2013 ), higher redshift
WST observations of gas metallicities in large dwarf galaxies by
. Curti et al. ( 2024 ; we restrict the comparison to their data at

 < z < 4) and smaller dwarfs (at 6 < z < 8) by I. Chemerynska
t al. ( 2024 ). We show extrapolated metallicities for low-redshift (C.
. Tremonti et al. 2004 ) and high-redshift (D. K. Erb et al. 2006 )
DSS observations. See also e.g. H. J. Zahid et al. ( 2013 ) and M.
urti et al. ( 2020 ) for additional mass–metallicity relations across

edshifts. We also include predictions at z ∼ 3 . 5 from the high-
esolution cosmological simulation New Horizon (Y. Dubois et al.
021 ), and from IllustrisTNG (P. Torrey et al. 2019 ) to contextualize
ur simulations. Due to the expected lack of growth and enrichment
volution of the galaxy down to z ∼ 0 (S. Martin-Alvarez et al.
023 ; see also low- z measurements in Appendix D ), comparisons
o low redshift data are insightful. Such comparison is particularly
elevant when considering recent findings by M. Curti et al. ( 2024 ),
ndicating low-mass galaxies exhibit metallicities comparable to
ocal analogues such as ‘Blueberry’ and ‘Green Pea’ galaxies (H.
ang et al. 2017a , b ). 
All of our models have stellar metallicities that match observa-

ional data, with the exception of the model with enhanced feedback,
D + Boost, which leads to metallicities significantly lower than
bserved, as most of its metals are ejected from the galaxy. This
mphasizes that stellar metallicity is a powerful diagnostic tool
or distinguishing between different galaxy formation models. We
riefly describe how the larger sample of Pandora models occupies
his enrichment space in Appendix D . The right-hand panels of Fig. 9
howcase the metallicity distribution of the gas in the galaxy (black),
eparated into outflowing (orange) and escaping (red) gas following
he same approach as for Fig. 5 . We include vertical dashed lines
orresponding to the average metallicities of the stellar component
green line), total gas component (black line), the outflowing gas
golden line), and the escaping gas (pink line). Across most models,
he average stellar metallicity is comparable to that of the outflowing
as, with the notable exception of the HD + Boost simulation.
his disparity emerges from the too efficient ejection of metals

rom the galaxy after ‘boosted’ SN feedback events, which in
urn restricts the increase of the stellar metallicity, leading to the
isagreement with observations. This overefficient ejection of metals
s showcased by the PDF of escaping gas, which contains virtually
ll gas with Z > 〈 Z∗〉 in HD + Boost. Instead, the models featuring
∗ comparable to observations are capable of retaining some of

heir enriched gas with Z ∼ 〈 Z∗〉 . The HD and HD + Boost models
ave comparable metallicity distributions shapes for outflowing and
scaping gas at Z > 〈 Z∗〉 . This is due to their explosive, single
cceleration mechanism through SNe. In contrast, the non-thermal
hysics models have more differentiated outflowing and escaping
as PDFs at Z � 〈 Z∗〉 . This is not only due to non-thermal pressures
ontributing to gas acceleration, but also to different local small-scale
nvironmental properties around SN events (Fig. 3 ). In addition to
aving denser and more temperate escaping outflows, RTCRiMHD
scaping outflows also have a heterogeneous mixture of different
etallicities, interestingly also containing a non-negligible fraction

f low-metallicity material. Our findings confirm metal enrichment
bservations of dwarf galaxies as valuable diagnostics to distinguish
ot only outflow driving mechanisms, but also the physics of
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Figure 9. Left panel: Stellar mass–stellar metallicity relation of the Pandora dwarf galaxy at z = 3 . 5 for our different models. We show for comparison local 
dwarf galaxies observations (grey points) by E. N. Kirby et al. ( 2013 ) as well as higher redshift observations employing JWST by M. Curti et al. ( 2024 ) at 
3 < z < 4 (yellow points) and I. Chemerynska et al. ( 2024 ) at 6 < z < 8 (red points). We include SDSS data of galaxies with larger stellar masses at low (C. A. 
Tremonti et al. 2004 ; orange bands) and high ( z ∼ 2, D. K. Erb et al. 2006 ) redshift (cyan points and cyan dashed line). We also show data for the New Horizon 
( z = 3 . 5, violet data points; Y. Dubois et al. 2021 ) and IllustrisTNG ( z = 4, green band; P. Torrey et al. 2019 ) simulations for comparison. Most of our models 
provide a reasonable match to observations, except the ‘boosted’ feedback model HD + Boost. Right column panels: Gas mass metallicity PDFs, with gas 
(black distribution) separated into outflowing (orange) and escaping (red) as done in Fig. 5 . Vertical dashed lines correspond to the average stellar (green), gas 
(black), outflowing (gold) and escaping (pink) metallicities. The RTCRiMHD simulation has a large fraction of escaping gas which is highly metal enriched, as 
well as a significant outflowing component that has a broad range of metallicities. 
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alaxy formation models more generally. In upcoming work (Martin- 
lvarez et al. in preparation) we will address how different galaxy 

ormation models affect the spatial distribution of such metallicities 
Fig. 1 , where observables such as metallicity gradients having the 
otential to further constrain dwarf galaxy formation models (e.g. S. 
. Fu et al. 2024a , b ). Complementarily, galaxy outflows from dwarf

alaxies drive the observational signatures of their CGM enrichment 
J. K. Werk et al. 2014 ; J. X. Prochaska et al. 2017 ; F. Li et al.
020 ; Y. Zheng et al. 2024 ), serving as a further constraint on galaxy
ormation models with different outflow characteristics. 

 C O N C L U S I O N S  

n this work, we investigate the interplay between star formation, 
tellar feedback, galaxy outflows, and metal enrichment in dwarf 
alaxies. We analyse a representative subset of the Pandora galaxy 
ormation models (S. Martin-Alvarez et al. 2023 ), focusing on a high-
esolution ( �x ∼ 7 , pc ) cosmological zoom-in simulation of a dwarf
alaxy with halo mass Mvir ( z = 0) ≈ 1010 M�. The models studied
nclude: a standard hydrodynamic simulation (HD), a ‘boosted’ SN 

eedback model (HD + Boost), a model with magnetohydrodynamics 
nd stellar radiation via radiative transfer (RTiMHD), and a ‘full- 
hysics’ simulation incorporating stellar radiation, magnetic fields, 
nd cosmic rays (RTCRiMHD). 

We examine how the star formation history – and in particular, its
urstiness – influences the galaxy’s ability to launch outflows, and 
ow this is modulated by the local environments of SN explosions.
e further study how different forms of non-thermal pressure shape 

he properties of outflowing and escaping gas. Finally, we compare 
ur simulation results to observations of galaxy-scale outflows and 
etal enrichment. Our main findings can be summarized as follows: 

(i) The star formation history of the dwarf galaxy is highly 
ensitive to the included physics. In the standard hydrodynamic 
odel (HD), star formation proceeds continuously with mild SN- 

riven variability. Adding radiation smooths these short-time-scale 
uctuations by suppressing small-scale clustering. When cosmic rays 
re included, star formation becomes episodic and strongly bursty 
more so even than in the ‘boosted’ SN feedback model. These

esults align with recent JWST observations that reveal bursty, mini- 
uenched, and rejuvenated star formation in low-mass galaxies (e.g. 
. Endsley et al. 2024 ; T. J. Looser et al. 2024 ; W. M. Baker et al.
025 ; T. Dome et al. 2025 ; C. Witten et al. 2025 ). 
(ii) The distribution of SN explosion environments reveals a den- 

ity and temperature bimodality across models, reflecting explosions 
n both dense star-forming clouds and low-density, pre-processed 
as. In the ‘boosted’ SN model, even a few clustered explosions
fficiently disperse dense gas, reducing the number of SNe in high-
ensity regions. In contrast, the inclusion of radiative transfer reduces 
N clustering, leading to more explosions in dense and photoheated 
nvironments. The ‘full-physics’ model shows a similar distribution 
o the standard case (HD), but with SNe occurring at slightly
MNRAS 545, 1–22 (2026)
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igher densities in the diffuse ISM while retaining the characteristic
hotoheating temperature peak. 
(iii) Thermal pressure dominates the overall gas support across the

alo, but cosmic rays provide significant additional pressure within
he central region ( r < 0 . 2 , rhalo ), especially during strong outflow
vents. Beyond this radius, radiation pressure becomes increasingly
mportant and contributes to thermal heating in the circumgalactic

edium. Magnetic pressure is generally subdominant but can locally
ominate in dense star-forming clouds within the galaxy’s innermost
egions. 

(iv) Cosmic ray feedback drives dense, fast, and mass-loaded
utflows that include a significant neutral gas component and span
 broader range of temperatures and metallicities. Despite injecting
ess total energy than the ‘boosted’ SN model, this ‘full-physics’
un produces more efficient outflows – highlighting the critical role
f cosmic rays in shaping multiphase winds. Future observations
hat can constrain the multiphase nature of outflows both from
ocal and high redshift dwarfs will be instrumental in validating
ur predictions. 
(v) Observable properties of ionized gas outflows – particularly the

elation between mass-loading factor and normalized mass-weighted
utflow velocity (e.g. vout /vcirc ) – provide a powerful diagnostic
or distinguishing between feedback models. Under our simple
bservation-like analysis – employing H α line profiles – all our
odels are in reasonable agreement with observations (A. Concas

t al. 2022 ; M. Llerena et al. 2023 ; A. Marasco et al. 2023 ; S. Carniani
t al. 2024 ). Among our simulations, the ‘full-physics’ model best
atches observed trends in both local and high-redshift galaxies, and

specially for observations of neutral outflows. This suggests that
osmic ray feedback plays a key role in shaping realistic outflows. 

(vi) Except for the ‘boosted’ SN model, all Pandora simulations
ield stellar metallicities consistent with observations of both lo-
al and high-redshift dwarf galaxies (E. N. Kirby et al. 2013 ;
. Chemerynska et al. 2024 ; M. Curti et al. 2024 ). The ‘full-
hysics’ model produces denser, more temperate outflows with a
ide range of metallicities – from ∼ 10−3 Z� to ∼ 0 . 4 Z� – revealing

he chemically complex nature of dwarf galaxy outflows and their
ignificant contribution to CGM enrichment. 

Our findings underscore the fundamental importance of incorpo-
ating non-thermal physics – stellar radiation, magnetic fields, and
osmic rays – into models of galaxy formation. These processes are
ssential for regulating star formation, driving multiphase outflows,
nd shaping the chemical enrichment of galaxies. 

The emerging picture from our simulations is one in which non-
hermal pressures and early stellar feedback critically shape the
mallest galactic systems. This has exciting implications for up-
oming multiwavelength observatories such as JWST , the upcoming
xtremely large telescopes (ELT, GMT, TMT), SKAO, ngVLA, and
oman, which will enable more detailed studies of the kinematics,

hermodynamics, and metal content of galaxy outflows. In particular,
easurements of outflow velocities and metallicities across gas

hases offer a sensitive means to distinguish between competing
odels of galaxy formation and feedback. Our results show that

orward-modelling the observational process leads to better agree-
ent on a face-value comparison with observed trends than using

ntrinsic simulation quantities. This highlights how sophisticated
ynthetic observation analysis will be fundamental to understand
hese upcoming panchromatic observations. To extend this work, our
pcoming high-resolution Azahar cosmological simulation suite (S.
artin-Alvarez et al. 2025 ; Martin-Alvarez et al., in preparation) will

ystematically explore a broad range of galaxy masses, incorporating
NRAS 545, 1–22 (2026)
hese new physical prescriptions. These simulations will provide new
nsight into how radiative transfer, cosmic rays, and magnetic fields
hape galaxy evolution across cosmic time. 
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ahé Y. M. et al., 2017, MNRAS , 470, 4186 
aker W. M. et al., 2025, A&A , 814, 803 
arfety C. et al., 2025, ApJ , 988, 55 
aron D. , Netzer H., Lutz D., Davies R. I., Prochaska J. X., 2024, ApJ , 968,

23 
ennett J. S. et al., 2025, MNRAS , 543, 1456 
ogdan A. et al., 2013, ApJ , 772, 97 
ooth C. M. , Agertz O., Kravtsov A. V., Gnedin N. Y., 2013, ApJ , 777, L16 
orlaff A. S. et al., 2023, ApJ , 952, 4 
roderick A. E. , Tiede P., Chang P., Lamberts A., Pfrommer C., Puchwein

E., Shalaby M., Werhahn M., 2018, ApJ , 868, 87 
rooks A. M. , Governato F., Booth C. M., Willman B., Gardner J. P., Wadsley

J., Stinson G., Quinn T., 2007, ApJ , 655, L17 
uck T. , Pfrommer C., Pakmor R., Grand R. J., Springel V., 2020, MNRAS ,

497, 1712 
ullock J. S. , Boylan-Kolchin M., 2017, ARA&A , 55, 343 
utsky I. S. , Quinn T. R., 2018, ApJ , 868, 108 
utsky I. S. , Nakum S., Ponnada S. B., Hummels C. B., Ji S., Hopkins P. F.,

2023, MNRAS , 521, 2477 
arniani S. et al., 2024, A&A , 685, A99 
hemerynska I. et al., 2024, ApJ , 976, L15 
hen Y. M. , Tremonti C. A., Heckman T. M., Guinevere K., Weiner B. J.,

Jarle B., Jing W., 2010, AJ , 140, 445 
herrey M. et al., 2025, A&A , 694, A117 
hisholm J. , Matsushita S., 2016, ApJ , 830, 72 
hisholm J. , Tremonti C. A., Leitherer C., Chen Y., Wofford A., Lundgren

B., 2015, ApJ , 811, 149 
hisholm J. , Tremonti C. A., Leitherer C., Chen Y., 2017, MNRAS , 469,

4831 
hoi B.-E. , Werk J. K., Tchernyshyov K., Prochaska J. X., Zheng Y., Putman

M. E., Fielding D. B., Strader J., 2024, ApJ , 976, 222 
ommerc ¸on B. , Marcowith A., Dubois Y., 2019, A&A , 622, A143 
oncas A. , Popesso P., Brusa M., Mainieri V., Thomas D., 2019, A&A , 622,

A188 
oncas A. et al., 2022, MNRAS , 513, 2535 
ummings A. C. et al., 2016, ApJ , 831, 18 
urti M. et al., 2020, MNRAS , 492, 821 
urti M. et al., 2024, A&A , 684, A75 
’Eugenio F. et al., 2023, Nat. Astron. , 8, 1443 
acunha T. , Martin-Alvarez S., Clark S. E., Lopez-Rodriguez E., 2025, ApJ ,

980, 197 
ale J. E. , Ercolano B., Bonnell I. A., 2012, MNRAS , 424, 377 
ashyan G. , Dubois Y., 2020, A&A , 638, A123 
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PPEN D IX  A :  O N  T H E  C O M P U TAT I O N  O F  

H E R M A L  A N D  N O N - T H E R M A L  PRESSURE  

O M P O N E N T S  

e compute the standard thermal pressure assuming an ideal gas 
aw: 

th = ( γ − 1) ρgas ε, (A1) 

here ε represents the internal energy per unit mass, and assuming 
 γ = 5 / 3 corresponding to a monoatomic ideal gas. 

For the magnetic pressure, we assume an isotropic force distribu- 
ion, estimated simply as 

B = B2 

8 π
, (A2) 

nd where B is the total strength of the magnetic field. 
The CR pressure is also accessible in our models with CRs the

imulation, computed as 

CR = ( γCR − 1) eCR . (A3) 

ere, eCR is the CR energy density, with γCR = 4 / 3 corresponding
o a relativistic fluid. To explore the importance of radiation, we 
ollow J. Rosdahl et al. ( 2015 ) and estimate the photoheating pressure
photoheat due to the photoionization of the hydrogen gas 

pphotoheat 

ρgas kB 
∼ T ph ∼ 2 × 104 K min ( fvol , 1) , (A4) 

here fvol is the fraction of the cell volume that is covered by the
trömgrem sphere with Strömgrem radius rS 

vol = 1 

( �x)3 

4 πr3 
S 

3 
= 1 

( �x)3 

4 π

3 

3 ˆ LUV 

4 παB n2 
H 

, (A5) 

ith nH 

the hydrogen number density and αB = 2 . 6 ×
0−13 cm 

3 sec −1 the case B recombination of hydrogen for T ∼
 × 104 K (G. J. Ferland et al. 1992 ). To measure fvol for a given cell,
e approximate the UV photon luminosity ˆ LUV by using the ionizing 
hotons density ˆ εUV in flux units. Thus equation ( A5 ) becomes 

vol = 1 

�x 

4 π

3 

3 c ˆ εUV 

4 παB n2 
H 

, (A6) 

here c is the speed of light. We also follow J. Rosdahl et al.
see their section 4.2.2; 2015 ) to estimate the direct pressure from
hotoionization ( pUV ) using again the same approximation for ˆ LUV . 
owever, we do not include it in our profiles as we find it to
e negligible at these radial scales ( pUV � 10−30 erg cm 

−3 ), in 
greement with previous works (J. Rosdahl et al. 2015 ; A. Emerick,
. L. Bryan & M.-M. M. Low 2020 ). Note that this pressure might

till be important in the regulation of star formation at smaller scales
J. H. Wise et al. 2012 ). 

PPENDI X  B:  O N  T H E  VARI ABI LI TY  O F  

ROPERTIES  AC RO SS  TIME  

iven the variability of galaxy internal properties across their 
volution, and specifically with their star formation activity, in 
his appendix we provide additional context for interpreting the 
onditions described in the main text. Specifically, we compare the 
adial profiles at a given time to time-aggregated profiles. While 
hese aggregates do not represent any specific single physical state, 
hey describe the range and variability of conditions over time. This
s particularly insightful when separated on to quiescent and star- 
orming subsets, with the star-forming being of particular interest 
or our study. 

Fig. B1 shows the median radial pressure profiles averaging over 
ime (solid curves) and their 1 σ (16–84th , shaded bands) envelopes. 
he top panel shows the standard hydrodynamics model (HD) 
cross the redshift interval z ∈ [5 . 0 , 3 . 4]. The panel also shows the
ndividual thermal pressure profiles as thin grey lines. Overall, the 
haded band is relatively narrow, and captures well the variability 
f the profiles over time, with only individual peaks corresponding 
o satellites and companions deviating from this range. This is in
greement with a relatively continued star formation activity over 
ime, approximately self-regulated by SN feedback. Due to the large 
urstiness of the RTCRiMHD model, the model exhibits different 
onditions depending on the star formation rate of the galaxy. 
e show the profiles during either high sSFR (star-forming, sSFR 

 1 Gyr −1 ; central panel) or low sSFR (quiescent; bottom panel) 
eriods. Overall, and focusing on the high sSFR period, we recover
he main trends described in the main text. The non-thermal profiles
xhibit wider envelopes than the thermal pressure, reflecting the 
igher variability of these components. This is especially notable 
or the magnetic energy, which only globally dominates at times 
n the innermost regions of the galaxy. Photoheating and cosmic 
ays remain subdominant in the galaxy, with their upper end of
he 1 σ bands comparable to the thermal pressure distribution. CRs
nd photoheating pressures are comparable to the thermal pressure 
t r > 1 kpc , with photoheating dominating at large radii. The CR
ressure bands reflect the discussed trend for this component to, 
t times, dominate the pressure of outflowing gas. Effectively, the 
R pressure is comparable to (and overtakes at times) the thermal
ressure in the 1 kpc � r � 4 kpc range. The scaling of the median
R pressure in the r ∈ [2 , 15] kpc regime is relatively insensitive

o removing outflowing gas in the computation of this pressure, 
nd remains approximately ∝ r−2 − r−3 Finally, during times of 
elative quiescence (sSFR < 1 Gyr −1 ), all pressures in the galaxy 
all well below the HD profiles. While this drop is partially driven by
MNRAS 545, 1–22 (2026)
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M

Figure B1. Median radial pressure profiles within the interval z ∈ 

[5 . 0 , 3 . 5], shown as thick coloured curves. Shaded regions indicate the 
16–84th percentiles. The panels, from top to bottom, show: (top) the HD 

model, (centre) the full-physics model during high star formation periods, and 
(bottom) the full-physics run during quiescent periods. Pressure components 
are thermal ( Pth , red), cosmic-ray ( Pcrs , green), photoheating ( Pphotoheat , 
orange), and magnetic ( Pmag , purple). We include as thin grey lines in the 
HD panel, Pth profiles for each snapshot. The Fig. 4 snapshots are within the 
1 σ bands of the HD panel, and of the star-forming RTCRiMHD panel. The 
only deviations appear in peaks corresponding to satellite galaxies. 
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ower gas densities, we also find a relative drop in the non-thermal
ressures contribution with respect to the thermal component. During
hese episodes, only the photoheating pressure remains important in
he galaxy. At large radii, photoheating and CRs are comparable,
nd can contribute a non-negligible fraction of the total pressure.
agnetic energies remain subdominant globally, although we note

hat they are still locally important in some dense regions within the
alaxy. Overall, while individual snapshots may feature profiles with
mall variations of the pressure distributions, the profiles studied in
ig. 4 , and their main results are representative of the typical radial
NRAS 545, 1–22 (2026)
istribution of pressures, specifically during times of non-negligible
tar formation. 

PPENDI X  C :  BROA D  V E L O C I T Y  

O M P O N E N T  MEASUREMENTS  A S  A  PROX Y  

O R  G A L A X Y  OUTFLOWS  

n this appendix, we provide additional information regarding our
bservation-like measurements of galaxy outflows. We adopt a
imple approach to illustrate the potential impact of more sophis-
icated forward-modelling. Our method, following the observational
rocedure, is based on extracting information from the velocity
istribution, which can be recovered observationally by studying
mission line velocity profiles. Specifically, a common technique is
o decompose emission line profiles into two Gaussian contributions,
ith the narrow component associated with the galaxy, and the broad

omponent associated the galaxy’s outflow (e.g. D. S. Rupke et al.
005 ; A. Marasco et al. 2023 ; M. Romano et al. 2023 ; S. Carniani
t al. 2024 ). The information about this broad component can be used
o calculate the two main parameters required to estimate an outflow
ate using equation ( 1 ). These are the outflow velocity, vbroad , which
s primarily connected with the FWHM of the Gaussian component,
nd the outflow mass, Moutflow , which is affected by both its FWHM
nd its amplitude. 

To extract the broad component information from our simulations,
e obtain for each snapshot the cumulative mass (or LH α) distribu-

ion function for the line-of-sight velocities across 12 directions.
hese are equidistantly distributed following a HEALPIX sphere
iscretization (K. M. Gorski et al. 2005 ). When computing the mass
istribution function, gas cells contributing to this mass distribution
unction are filtered accordingly to whether the WIM or WNM
omponent is being considered. We include in this calculation only
ells within a distance less than r < 0 . 1 rhalo . We attempt both a
t with a single and a double Gaussian function. For the gas mass
istribution functions, we determine whether the double Gaussian
ecomposition is valid following a simple Akaike Information
riterion (AIC), and discard the double Gaussian fit when it provides: 

IC double < AIC single − 2 . (C1) 

ue to the lower fraction of valid fits in our H α analysis, we relax
his assumption to simply yielding at least a 10 per cent reduction
f sum of squared residuals (SSR). We discard snapshots where the
ouble Gaussian decomposition is invalid. 
In Fig. C1 we show an example of the double Gaussian fit for the
IM velocity distribution of the RTCRiMHD model. It reflects how

he broad component of the double Gaussian fit is able to capture the
utflowing WIM mass (red histogram). This decomposition appears
o be valid for our dwarf galaxies due to the relative isotropy of their
utflows, although we note that inclination with respect to a face-on
iewing line may be important for galaxies with coherent rotation
A. Concas et al. 2022 ) and/or more complex outflow morphologies.

The first quantity we extract from the broad component is the
utflow velocity, vbroad . This is typically interpreted as an observa-
ional proxy for the 95th percentile of the velocity distribution. Still
ollowing the methodology from observational studies, we compute
broad as described by equation ( 2 ). To determine how this velocity
elates to the high-velocity tail of the outflows in our simulations, we
ompare it with v95 per cent . We measure v95 per cent directly, as the
elocity marking the 95th percentile of the mass-weighted velocity
istribution. These two velocities are compared in the top panel of
ig. C2 for the WIM component, although we note that the WNM
isplays a similar relation. Overall, the vbroad traces the v95 per cent 
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Figure C1. Sample LOS velocity distribution of WIM mass for a 
RTCRiMHD model output (also shown in Fig. 1 ) with a valid double 
Gaussian fit. Black and red histograms show all WIM gas and the outflowing 
component, respectively. The dashed blue and green lines show the narrow and 
broad Gaussian fits. The broad component effectively captures the outflowing 
gas, due to its roughly isotropic morphology. 

Figure C2. Top panel: Relation between the broad velocity estimate for 
high-velocity outflows, vbroad , and the mass-weighted velocity of gas with 
speeds above the 95th percentile. Bottom panel: Same as the top panel, now 

employing the H α luminosity distribution of velocities to measure the broad 
velocity estimate. The relatively tight correlation between these two quantities 
suggests that vbroad is a reasonable tracer of the v95 per cent . 

r  

o  

w
l  

p
d
s
U  

s
s  

u
b  

v
d
i
t
a
v

r

a
w
o  

t
f
n

m
o  

s  

g
f
o
c
o

t
s
m
t  

n
d
d
w  

e
o

A
R

I
m  

p
r  

s  

t
s
e
e
H  

v
t
m

easonably well, and does not display any particular bias for any
f our models. As a result, we employ vbroad in our main analysis,
hich enables a more direct comparison across our observation- 

ike results as well as with the observational ones. The bottom
anel of the same figure compares v95 per cent with vH α, broad , which 
isplays a similar correlation, although with a somewhat larger 
catter, and with the highest velocities somewhat underestimated. 
nderstanding why this is the case will require a larger sample of

imulated galaxies. Velocity measurement variations are relatively 
mall across our models, suggesting that for an individual galaxy, the
ncertainty associated with the broad velocity does not significantly 
ias the measurement of the outflow rate, even for potentially large
ariations in physical modelling. Despite this, we note that, as 
iscussed in the main text, vbroad (and v95 PLXDEL %PLXINS per cent ) 
s biased high when compared with the mass-weighted velocity of 
he outflowing gas frequently employed by simulations. Employing 
 luminosity-weighted value for the outflow velocity instead of using 
95 PLXDEL% PLXINS pe r c e nt would likely decrease the estimated outflow 

ate by ∼ 1 dex. 
Estimating the outflowing mass is more challenging observation- 

lly, even when assuming that the broad component amplitude is 
ell-recovered. Specifically, estimating the outflow mass requires 
f approximations such as those adopted in equation ( 3 ), where
he electron number densities frequently cannot be directly inferred 
rom (dwarf) galaxy observations. Instead, this is often set to 
e ∼ 300 cm 

−3 as an extrapolation of the values retrieved from 

ore massive galaxies and/or AGN-outflows. This measurement 
ften relies on the [S II ] λ6717Å/[S II ] λ6731Å intensity ratio narrow
ensitivity range (100 − 2000 cm 

−3 ; D. Baron et al. 2024 ). Dwarf
alaxy formation simulations such as those studied here typically 
eature lower average SN-driven outflow densities, of the order 
f a few H cm 

−3 , and have clear density gradients. Assuming a 
omparable electron number density would lead to an increase of 
utflow mass rates estimates of ∼ 1 − 3 dex. 
From the observational side, a potential avenue to further bridge 

he gap between the methods typically employed by numerical 
imulations and observations would be assuming ne ∼ 1 cm 

−3 , and 
easuring the outflow velocity as the amplitude-weighted norm of 

he velocity relative to the mean of the broad component. From the
umerical side, our findings indicate that additional work addressing 
etailed forward-modelling of the outflow properties of simulated 
warf galaxies – especially leveraging a larger galaxy samples –
ill be fundamental to interpret the importance of these caveats, and

stablish a direct connection between the properties of simulated and 
bserved outflows. 

PPENDI X  D :  T H E  MASS–META LLICITY  

ELATI ON  AC RO SS  A L L  PA N D O R A  M O D E L S  

n this appendix, we provide additional results for the mass–
etallicity relation in the Pandora simulations in Fig. D1 . The top

anel of the figure displays, for completeness, the mass–metallicity 
elation as measured for all the Pandora models. The bottom panel
hows the models that are evolved closer to z = 0 to underscore how
he studied galaxy does not evolve further in the mass–metallicity 
pace. Overall, the mass–metallicity relation for the additional mod- 
ls reinforces the conclusions discussed above. While the simulations 
mploying a density threshold star formation model (NoFb + thSf, 
D + thSf, and HD + thSf Boost) have important effects across
arious other galaxy properties (S. Martin-Alvarez et al. 2023 ), 
heir final metallicities are comparable to their MTT star formation 
odel counterparts (NoFb, HD, and HD + Boost, respectively). The 
MNRAS 545, 1–22 (2026)
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Figure D1. Top panel: Stellar mass–stellar metallicity relation, as shown 
in Fig. 9 , now for all the Pandora dwarf galaxy simulated models. As in 
Fig. 9 , we include for comparison local dwarf galaxies stellar metallicity 
observations (grey points) by E. N. Kirby et al. ( 2013 ) and higher redshift 
observations employing JWST by M. Curti et al. ( 2024 ) at z ∈ [3 , 4] (yellow 

points) and I. Chemerynska et al. ( 2024 ) at z ∈ [6 , 8] (red points). We include 
larger stellar masses SDSS observations at low (C. A. Tremonti et al. 2004 ; 
orange bands) and high ( z ∼ 2; D. K. Erb et al. 2006 ) redshift (cyan points and 
cyan dashed line). We also show data for the high-resolution New Horizon 
( z = 3 . 5, violet data points; Y. Dubois et al. 2021 ) and IllustrisTNG ( z = 4, 
green band; P. Torrey et al. 2019 ) simulations for comparison. Most models 
provide a reasonable match to observations, except the ‘boosted’ feedback 
model HD + Boost. Bottom panel: Same as the top panel, but now for the 
NoFb, HD, and HD + Boost models at both z ∼ 3 . 5 and z ∼ 0 . 5, to showcase 
the lack of evolution after the main studied period. 
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nclusion of magnetic fields (MHD, iMHD) leads only to a minor
ariation in metallicity with respect to the standard hydrodynamical
odels (HD + thSf and HD). Their overall metallicity is slightly

educed as star formation becomes more concentrated (S. Martin-
lvarez et al. 2020 ), and the subsequent galactic outflows have a
igher proportion of entrained metals, in an analogous manner to
he HD + thSf Boost and HD + Boost models. In the model with
tellar radiation in the absence of magnetic fields (RT), a lower
oncentration of star formation only weakens the role of stellar
eedback and leads to both a higher mass and stellar metallicity.
. Martin-Alvarez et al. ( 2023 ) described how various relations
how that extreme primordial magnetizations (comparable or 1 dex
elow non-CMB constraints; H. Katz et al. 2021 ; M. Pavičević et al.
025 – see also A. E. Broderick et al. 2018 ) are disfavoured by the
andora simulations in the presence of stellar radiation. We find this
ame apparent disagreement with both local and high redshift dwarf
alaxies (E. N. Kirby et al. 2013 ; M. Curti et al. 2024 ). Finally, the
full-physics’ model without CR streaming (RTnsCRiMHD) features
 comparable metallicity to the studied RTCRiMHD model, further
upporting our main findings. Finally, focusing on the bottom panel
f Fig. D1 , we confirm that when evolved closer to z = 0, the Pandora
alaxy undergoes very minor evolution in its stellar mass–metallicity
elation. This lack of evolution holds regardless of the strength of
tellar feedback, with the three displayed models spanning from
boosted’ SN feedback to a model with no stellar feedback (only gas
nd metals mass return to the ISM), and matches the expectation for
 very isolated dwarf galaxy with minor evolution and no additional
ergers (see appendix A by S. Martin-Alvarez et al. 2023 ) 
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