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A B S T R A C T 

In this work, we have implemented a detailed physical model of galaxy chemical enrichment into the ASTRAEUS (seminumerical 
rAdiative tranSfer coupling of galaxy formaTion and Reionization in N -body dark matter simUlationS) framework which couples 
galaxy formation and reionization in the first billion years. Simulating galaxies spanning o v er 2.5 orders of magnitude in halo 

mass with M h ∼ 10 

8 . 9 −10 

11 . 5 M � ( M h ∼ 10 

8 . 9 −10 

12 . 8 M �) at z ∼ 10 (5), we find: (i) smooth accretion of metal-poor gas from 

the intergalactic medium (IGM) plays a key role in diluting the interstellar medium interstellar medium metallicity which is 
ef fecti vely restored due to self-enrichment from star formation; (ii) a redshift averaged gas-mass loading factor that depends 
on the stellar mass as ηg ≈ 1 . 38( M ∗/ 10 

10 M �) −0 . 43 ; (iii) the mass–metallicity relation is already in place at z ∼ 10 and shows 
ef fecti vely no redshift evolution down to z ∼ 5; (iv) for a given stellar mass, the metallicity decreases with an increase in the 
star formation rate (SFR); (v) the key properties of the gas-phase metallicity (in units of 12 + log(O/H), stellar mass, SFR and 

redshift are linked through a high-redshift fundamental plane of metallicity (HFPZ) for which we provide a functional form; (vi) 
the mass–metallicity–SFR relations are ef fecti vely independent of the reionization radiative feedback model for M ∗ > ∼ 10 

6 . 5 M �
galaxies; (vii) while low-mass galaxies ( M h 

< ∼ 10 

9 M �) are the key contributors to the metal budget of the IGM at early times, 
higher mass haloes provide about 50 per cent of the metal budget at lower redshifts. 

Key words: methods: numerical – galaxies: abundances – galaxies: evolution – galaxies: formation – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

he chemical evolution of the interstellar medium (ISM) is a fun-
amental indicator of the key baryonic processes that go v ern galaxy
ormation and evolution. In addition to the entire star formation 
istory (SFH), the metal content of a galaxy crucially depends 
n a number of (environmental-dependent) quantities including the 
etals and g as g ained by mergers and through inflows from the

ircumg alactic (CGM) and interg alactic medium (IGM) and the 
etals and gas lost via supernova (SN) winds that depend on the

nstantaneous star formation rate (SFR), through black hole-powered 
utflows as well as being swept up into the next generation of star
ormation (astration). Therefore, connecting the metallicity (ratio of 
etal mass-to-gas mass) with the underlying galaxy properties (such 

s stellar mass and SFR) can provide useful insights into galaxy 
rowth throughout cosmic history (Maiolino & Mannucci 2019 ). 
 E-mail: p.dayal@rug.nl 
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The metallicity usually denotes the ISM gas-phase metallicity 
nd is typically expressed through the gas-phase oxygen abundance 
the most abundant heavy element) as 12 + log(O/H). The relation
etween the gas-phase oxygen abundance and the stellar mass 
s referred to as the mass–metallicity relation (MZR). Extensive 
bservations have been undertaken to establish this relation in the 
ocal Universe (Tremonti et al. 2004 ; Savaglio et al. 2005 ; Lee et al.
006 ; K e wley & Ellison 2008 ; Zahid, K e wley & Bresolin 2011 ; Berg
t al. 2012 ; Andrews & Martini 2013 ; Ly et al. 2015 , 2016 ; Blanc
t al. 2019 ; Curti et al. 2020 ), for intermediate redshifts (i.e. 1 �
 � 3; Wuyts et al. 2012 ; Henry et al. 2013 ; Kulas et al. 2013 ;
ullen et al. 2014 ; Maier et al. 2014 ; Steidel et al. 2014 ; Zahid
t al. 2014a , b ; Kacprzak et al. 2015 ; Sanders et al. 2015 ; Kacprzak
t al. 2016 ; Wuyts et al. 2016 ; Sanders et al. 2018 ), and even for
edshifts up to z ∼ 3.5 (Maiolino et al. 2008 ; Mannucci et al. 2009 ,
010 ; Hunt et al. 2012, 2016a ; Belli et al. 2013 ; Troncoso et al.
014 ; Onodera et al. 2016 ; Sanders et al. 2020 ). This has led to an
merging consensus that the MZR evolves up to z ∼ 3.5 such that at
 fixed stellar mass, the metallicity declines with increasing redshift. 
espite this progress, the existence and evolution of the MZR at
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1 See www.cosmosim.org for further information about the multidark suite of 
simulations and access to the simulations database. 
2 The resolution study in appendix C of Hutter et al. ( 2021a ) shows that the 
physical properties of the galaxies in our simulations converge for haloes with 
at least 50 particles. 
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igher redshifts remain open questions. This is because metallicity
easurements are almost e xclusiv ely based on the rest-frame optical

strong) emission lines which are redshifted out of the spectral range
f current spectrographs for z � 5. Over the next years, forthcoming
acilities such as the James Webb Space Telescope ( JWST ) will be
rucial in extending such observed relations well into the epoch of
eionization (EoR). Additionally, o v er the past decade, it has also
een shown that the MZR is actually the two-dimensional projection
f an underlying three-dimensional relation linking the stellar mass,
as-phase metallicity, and the instantaneous SFR. This ‘fundamental
etallicity relation’ (FMR) has now been widely explored, both from

he observational (e.g. Ellison et al. 2008 ; Lara-L ́opez et al. 2010 ;
annucci et al. 2010 ; Hunt et al. 2012 ; Salim et al. 2014 ; Hunt

t al. 2016a ; Cresci, Mannucci & Curti 2019 ; Curti et al. 2020 ) and
heoretical perspectives (e.g. Dav ́e, Finlator & Oppenheimer 2012 ;
ates, Kauffmann & Guo 2012 ; Dayal, Ferrara & Dunlop 2013 ; Lilly
t al. 2013 ; Yates & Kauffmann 2014 ; Hunt et al. 2016b ). 

As noted, chemical evolution in galaxies is affected by a great
umber of processes including accretion of gas from the IGM, star
ormation inside galaxies fuelled by the their gas reservoir and their
ssociated yields, feedback from internal (e.g. SN feedback) and
xternal sources (reionization), gas, stars and metals merging via
ajor and minor mergers from previous galaxy generations, and

jection of metal-rich gas into the CGM/IGM that could later be
e-accreted on to the galaxy, the metal-dust cycle and the presence
f accreting black holes. A number of theoretical models have been
eveloped to study different aspects of these effects as well as their
mpact on the metal enrichment. These range from semi-analytical

odels (SAMs; e.g. De Lucia, Kauffmann & White 2004 ; Somerville
t al. 2008 ; Croton et al. 2016 ; Mutch et al. 2016 ) to hydrodynamic
imulations (e.g. Kobayashi, Springel & White 2007 ; Tornatore et al.
007 ; Maio & Tescari 2015 ; Ma et al. 2016 ; Taylor & Kobayashi
016 ; De Rossi et al. 2017 ; Okamoto et al. 2017 ; Torrey et al. 2019 ;
angan, Ceverino & Finlator 2020 ) to zoom-in simulations (Pallottini
t al. 2019 ; Katz et al. 2019b ). As might be expected, these different
pproaches have very different strengths: while SAMs can be used
o explore a wide range of physical processes for the entire galaxy
opulation, they can not model the ISM in the exquisite detail that is
eing achieved by zoom-in simulations. The latter , however , can, at
ost, model a few galaxies given their computational requirements.
inally, while hydrodynamic simulations can be used to model
epresentative galaxy populations through time, most of these do
ot fully couple galaxy formation with reionization. This could be
articularly rele v ant for the metallicity of low-mass galaxies at high z
ince a growing body of work shows that the ultraviolet background
UVB) created during reionization can (through photoe v aporation)
uppress the gas mass and hence the SFRs in low-mass galaxies with
alo mass M h � 10 9 M � (Gnedin 2000 ; Hase ga wa & Semelin 2013 ;
nedin & Kaurov 2014 ; Pawlik, Schaye & Dalla Vecchia 2015 ;
cvirk et al. 2016 , 2018 ; Daw oodbho y et al. 2018 ; Wu et al. 2019 ;
atz et al. 2019a ; Hutter et al. 2021a ). As a result, the slope and
ormalization of the MZR as well as its redshift evolution remain a
atter of debate at high z. 
The aim of this work is to study the key physics determining the

mergence and redshift evolution of the MZR in the EoR. We use
he ASTRAEUS framework (Hutter et al. 2021a ) that self-consistently
ouples a state-of-the-art N -body simulation (very small multidark;
SMD ) with a SAM of galaxy formation ( DELPHI ; Dayal et al. 2013 )
nd a seminumerical reionization scheme ( CIFOG ; Hutter 2018 ). This
ork focuses on a major update of this code through the detailed

mplementation of the chemical enrichment of galaxies. The key
trengths of this work lie in (i) an exploration of the entire plausible
NRAS 518, 3557–3575 (2023) 
ange of radiative feedback models (ranging from a weak, time
elayed to a strong instantaneous reduction of gas in the galaxy)
hat are fully coupled to the underlying galaxy population; and (ii)
he inclusion of the realistic stellar yields. Indeed, ASTRAEUS is
urrently the only SAM that includes the latest state-of-the-art yields
rom Kobayashi, Karakas & Lugaro ( 2020b ) so far. This yield set
an reproduce the observations not only for oxygen but also for most
f all stable elements (up to uranium) self-consistently for the Milky
ay. 
The paper is structured as follows. In Section 2 , we describe the

STRAEUS framework including a full description of the underlying
 -body simulation, the galaxy formation model with complete details
f chemical enrichment, and the coupling to the different radiative
eedback models explored. In Section 3.1 , we study the assembly
f the gas and metal content of early galaxies before discussing the
ass loading of gas and metals in Section 3.2 . We then explore the

elation between the stellar mass, metallicity and the specific SFR
sSFR) in Section 4.1 before discussing the emergence of the MZR in
ection 4.2 and its redshift evolution in Section 4.3 . We then discuss

he resulting metal enrichment of the IGM in the first billion years
n Section 4.4 before ending with our conclusions in Section 5 . 

 T H E O R E T I C A L  M O D E L  

s in the preceding papers of this series, in this work, we use the
STRAEUS (seminumerical rAdiative tranSfer coupling of galaxy

ormaTion and Reionization in N -body dArk mattEr simUlationS)
ramework that couples a state-of-the-art N -body simulation run
s part of the Multidark project 1 (Very small multidark Planck;
SMDPL ) with a slightly modified version of the DELPHI SAM
f galaxy formation (Dayal et al. 2014 ) and the CIFOG (Code to
ompute ionization field from density fields and source catalogue)
eminumerical reionization scheme (Hutter 2018 ). We briefly de-
cribe the model here and interested readers are referred to Hutter
t al. ( 2021a ) for complete details. The major update of ASTRAEUS

n this work is the implementation of a complete physical model to
rack the chemical evolution of galaxies at z > ∼ 4 . 5. 

The underlying dark matter-only N -body simulation has been
un using the GADGET-2 Tree + PM (particle mesh) -body code
Springel 2005 ; Klypin et al. 2016 ). It has a box side length of
60 h −1 cMpc and follows the trajectories of 3840 3 particles, with
ach particle having a dark matter mass of 6.2 ×10 6 h 

−1 M �. In
otal, 150 simulation snapshots have been stored from z = 25 to
, with 74 being saved between z = 25 and 4.5. For all snapshots,
aloes and sub-halos down to 20 particles have been identified using
he ROCKSTAR phase-space halo finder (Behroozi, Wechsler & Wu
013a ). We limit ourselves to using haloes with at least 100 particles 2 

n this work resulting in a minimum halo mass of M h = 10 8 . 95 M �.
erger trees have been generated from the ROCKSTAR catalogues by

sing CONSISTENT TREES (Behroozi et al. 2013b ) which have been
esorted to local horizontal (sorted on a redshift-by-redshift-basis
ithin a tree) merger trees using the CUTNRESORT module within

he ASTRAEUS pipeline (Hutter et al. 2021a ). In addition, for all
napshots, the dark matter density fields have been re-sampled to a
12 3 grid which are used as input files for the ASTRAEUS code. 

file:www.cosmosim.org
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Table 1. For the UV feedback model shown in Column 1, we show the value of the 
threshold star formation efficiency (Column 2), the fraction of SNII energy that can 
couple to gas (Column 3), the escape fraction of H I ionizing photons (Column 4), 
the IGM temperature in ionized regions (Column 5) and the characteristic halo mass 
( M c ) at z = 7 for which haloes can retain half of their gas mass after UV feedback 
assuming a reionization redshift z reion = 8 (12) (Column 6). 

Model f ∗ f w f esc T IGM 

log ( M c / M �) 

Photoionization 0.01 0.2 0.215 ∼4 × 10 4 K 

1 9.09 2 (7.86) 
Jeans mass 0.01 0.2 0.285 4 × 10 4 K 9.52 (9.52) 

Notes. a T IGM 

is actually given by the H I photoionization rate � H I which is about 
∼10 −12.3 s −1. 

b Sobacchi & Mesinger ( 2013 ). 
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ASTRAEUS includes all the key baryonic processes of gas accretion, 
as, and stellar mass being brought in by mergers, star formation 
nd Type II supernova (SNII) feedback and the impact of radiative 
eedback from the patchy UVB generated during reionization. The 
VB can (i) photoe v aporate gas from small gravitational potentials 

nd (ii) increase the Jeans mass for galaxy formation (which reduces 
he amount of gas accreted from the IGM). A combination of these
wo effects leads to a reduction in the gas content of low-mass haloes
n ionized regions. At each redshift step, these baryonic processes 
re coupled to the merger- and accretion-driven growth of the dark- 
atter haloes obtained from the N -body simulation as detailed in 
hat follows. 
Throughout this work, we use a Salpeter initial mass function 

IMF, Salpeter 1955 ) between 0.1 and 100 M �. This yields only
lightly lower metallicities as compared to a Kroupa IMF o v er 0.01–
00 M �; e.g. see Kobayashi ( 2010 ) for the IMF dependence on the
ZR and Vincenzo et al. ( 2016 ) for metal yields as a function of the

MF. Finally, the cosmological model used in this work corresponds 
o the lambda cold dark mattter Universe with dark matter, dark 
nergy, and baryonic density parameter values of ( �m 

, �� 

, and 
b ) = (0.31, 0.69, and 0.048), a Hubble constant H 0 = 100 h =

8 km s −1 Mpc −1 , a primordial spectral index n s = 0.96 and a spectral
ormalization σ 8 = 0.83, consistent with the latest results from the 
LANK collaboration (Planck Collaboration I 2016 ). 

(i) Dark matter accretion and mergers: in the ASTRAEUS frame- 
ork, a galaxy with a halo mass M h ( z) that is a starting leaf (i.e. has
o progenitors), can smoothly accrete a gas mass of M 

acc 
g ( z) from

he surrounding IGM, corresponding to the cosmological baryon-to- 
ark matter ratio. On the other hand, haloes that have progenitors 
 ain g as both through mergers and accretion. For haloes in ionized
egions, this gas mass can be reduced due to reionization feedback. 
he initial gas mass, M 

i 
g ( z), that can be retained inside a halo of mass

 h can then be expressed as 

 

i 
g ( z) = min 

[
M 

mer 
g ( z) + M 

acc 
g ( z) , f g 

�b 

�m 

M h ( z) 

]
, (1) 

here M 

mer 
g ( z) is the gas mass brought in by mergers (this has a value

 for starting leaves) and f g is the gas fraction that remains available
or star formation in the presence of an UVB. The value of f g crucially
epends on a number of parameters including the characteristic mass 
or radiative feedback ( M c ; halo mass at which half of the baryonic
ass is retained), the host halo mass and its redshift, and the redshift

t which the halo was first irradiated by the UVB (see section 2.3 of
utter et al. 2021a ). 
(ii) Star formation and SN feedback: at a given snapshot, the initial 

as mass can form stars with an effective efficiency, f eff 
∗ , such that the

ewly formed stellar mass is M 

new 
∗ ( z) = M 

i 
g ( z) f eff 

∗ . The explosion
f high-mass stars, in addition to chemically enriching the ISM, 
nject thermal and kinetic energy into it. This energy can heat and
xpel gas from the galaxy. In our model we assume that each SNII
roduces an energy equal to E 51 = 10 51 erg of which a fraction ( f w )
ouples to the gas and drives outflows. In this work, we implement the
delayed SN’ scheme that accounts for the mass-dependent lifetimes 
f stars (P ado vani & Matteucci 1993 ). The value of f eff 

∗ is then
he minimum between the star formation efficiency that produces 
nough SNII energy to unbind the rest of the gas from the halo
otential ( f ej 

∗ ) and an upper threshold ( f ∗ ∼ 1 −3 per cent ) such that
 

eff 
∗ = min [ f ∗, f 

ej 
∗ ]. This star formation is assumed to be uniformly

istributed o v er the entire redshift step resulting in an SFR: 

FR ( t ) = 

M 

new 
∗ ( t ) 

�t 
, (2) 

here � t is the time-interval between two consecutive snapshots at
edshifts (i.e. z + �z and z). 

(iii) Patchy UVB and reionization feedback: in order to simulate 
patchy) reionization, we use the CIFOG code (Hutter 2018 ). This
s an MPI-parallelized, seminumerical reionization code that uses 
he ionizing emissivities and positions of the underlying galaxy 
opulation and the local gas density (on a 512 3 grid) to yield
he photoionization rate, residual neutral hydrogen fraction and 
ecombination rate of each cell. For galaxies lying in reionized 
egions, we calculate the fraction of gas mass they can retain
fter radiative feedback; galaxies in neutral regions are naturally 
naffected by reionization feedback. In this work, we consider two 
ut of the three cases studied in Ucci et al. ( 2020 ): the Photoionization
nd Jeans mass models as shown in Table 1 . These are our ‘extreme’
ases in terms of the characteristic mass; both assume a constant
alue of the escape fraction of ionizing photons ( f esc ). The value of
 c is minimum for the Photoionization model where we account for

as reacting to an increase in the IGM temperature (to T IGM 

= 10 4 K)
n a dynamical time-scale. M c has its maximum value in the Jeans
ass model where the IGM is assumed to be heated to 4 × 10 4 K via
hotoheating upon ionization and the rise in temperature is assumed 
o translate instantaneously into a higher Jeans mass. 

Our model has a total of three free parameters: the threshold star
ormation efficiency ( f ∗), the fraction of SNII energy that couples to
as ( f w ) and the escape fraction of ionizing photons from the galactic
nvironment into the IGM ( f esc ). These are tuned to reproduce the
ey observables for (i) galaxies – including the evolving ultraviolet 
uminosity function (UVLF) and stellar mass function (SMF), and 
he redshift evolution of the star formation rate density (SFRD) 
nd the stellar mass density (SMD) at z > ∼ 5; and (ii) reionization
including the electron-scattering optical depth and the ionizing 

istory constraints from quasars, Lyman Alpha Emitters and gamma- 
MNRAS 518, 3557–3575 (2023) 
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ay bursts. The values of the model-free parameters, the IGM
emperature in ionized regions and the characteristic halo mass for
ach of the UV feedback models used in this work are reported in
able 1 . Interested readers are referred to (Figs 2 and C1) in Hutter
t al. ( 2021a ) to see a comparison of our model results with the
bserved evolving UVLF and the SMF, respectively. 
We now detail the implementation of chemical feedback in

ections 2.1 –2.5 that follow. 

.1 Metal accretion and mergers 

he metal mass obtained by a galaxy through accretion ( M 

acc 
m 

) can
e expressed as 

 

acc 
m 

( z) = Z IGM 

( z) M 

acc 
g ( z) = Z IGM 

( z) 
�b 

�m 

M 

acc 
h ( z) , (3) 

here Z IGM 

is the IGM metallicity and we have reasonably assumed
hat the accreted gas mass is related to the accreted dark matter mass
hrough the cosmological baryon-to-dark matter ratio. Further, the
etal mass gained through mergers ( M 

mer 
m 

) can be calculated as 

 

mer 
m 

( z) = 

N ∑ 

j= 1 

M m , j ( z + �z) , (4) 

here M m, j is the final metal mass brought in by each of the N
rogenitors from the previous redshift step ( z + �z). This term is
aturally zero for starting leaves that have no progenitors. 
With this setup, at the beginning of a given snapshot, the initial
etal mass and gas-phase metallicity are 

 

i 
m 

( z) = M 

acc 
m 

( z) + M 

mer 
m 

( z) , 

Z 

i ( z) = 

M 

i 
m 

( z) 

M 

i 
g ( z) 

. (5) 

.2 Galactic chemical evolution 

he total-mass rate of enriched and unenriched material that dying
tars return into the ISM at time t is (e.g. Matteucci 2016 ): 

 ( t) = 

∫ 50 M �

m ( t) 
[ m − M R ( m, Z)] SFR ( t − τm 

) φ( m ) d m, (6) 

here τm 

is the stellar lifetime of a star of mass m (P ado vani &
atteucci 1993 ), M R is the remnant mass depending on the mass m

nd metallicity Z (Section 2.3 ), and φ( m ) represents the IMF. 3 Here,
FR ( t − τm 

) φ( m ) is the birthrate of stars with mass m at time t −
m 

; multiplying this birthrate with the mass ejected by one star, m
M R ( m , Z ), yields the total-mass rate ejected by stars of mass m at

ime t . Analogously, the time-dependent rate of the ejected metals
an be expressed as (e.g. Yates et al. 2013 ) 

 Z ( t) = 

∫ 50 M �

m ( t) 
m y ( m, Z) SFR ( t − τm 

) φ( m ) d m, (7) 

here m y ( m , Z ) = y ( m , Z ) + ( m − M R ( m , Z )) Z is the mass of metals
eturned to the ISM by a star of mass m and metallicity Z . 

This term is composed of the mass and metallicity dependent yield,
 ( m , Z ), which is the metal mass newly formed and ejected into the
SM by stars with initial mass m and metallicity Z (Section 2.3 ). The
econd term, ( m − M R ) Z , accounts for the mass of metals present
NRAS 518, 3557–3575 (2023) 

 The IMF is normalized such that 
∫ m u 

m l 
mφ( m )d m = 1, with lower and upper 

ass limits of m l = 0 . 1 and m u = 100M �, respectively. 

s  

m  

c  

f

t the formation of the star restored back into the ISM without any
uclear processing (Tinsley 1980 ). 

We can then split the term e Z ( t ) abo v e into two parts: 

 Z ( t) = 

∫ 50 M �

0 . 85 M �
m y ( m, Z) SFR ( t − τm 

) φ( m ) d m, 

+ � 

∫ τ (8 M �) 

τ (0 . 85 M �) 
m 

SNIa 
y SFR ( t − τ ) DTD ( τ ) d τ. (8) 

he first-term accounts for the contribution from stellar winds and
jection from single massive stars exploding as SNII. The second
erm represents the contribution from SNIa, where the stellar yield,
 

SNIa 
y , is assumed to be independent of mass and metallicity as

etailed in Section 2.3 (see also Cappellaro, Botticella & Greggio
007 ; Kobayashi, Leung & Nomoto 2020a ). Further, � is defined
s � = A 

′ 
k , where k = 

∫ m u 

m l 
φ( m )d m is the number of stars in a 1

 � simple stellar population. Finally, the A 

′ 
term accounts for the

raction of stars from the whole IMF that are SNIa progenitors such
hat (Arrigoni et al. 2010 ; Yates et al. 2013 ): 

 

′ = A × f 3 −16 . (9) 

ere, A represents the fraction of objects in the mass range 3–16 M �
hat are SNIa progenitors and f 3 −16 is the fraction of all objects in the
MF that have masses between 3 and 16 M �. For the IMF used in
his work, k = 2.8461 and f 3 −16 = 0.0258. The assumed value for A
n this work is A = 0.03, i.e. 3 per cent of stars in the 3–16-M � mass
ange are SNIa progenitors (Yates et al. 2013 ). The function DTD( τ )
n the second term of equation ( 8 ) is an analytic power-law SNIa
elay-time distribution (DTD) parametrized as (Maoz, Mannucci &
randt 2012 ; Yates et al. 2013 ): 

TD ( τ ) = a 

(
τ

Gyr 

)−1 . 12 

, (10) 

here a is assumed to be 0.152 42 Gyr −1 . This DTD formalism
llows us to not have to make additional assumptions about the
rogenitor type of SNIa, the binary mass function, secondary mass
raction distribution or binary lifetimes (Yates et al. 2013 ). Note that
n this formalism the minimum delay-time of SNIa is determined
rom the lifetime of 8-M � stars, which is about 30 Myr. The adopted
TD is very similar to that in Kobayashi & Nomoto ( 2009 ) around

olar metallicity. 
For the gas mass returned to the ISM and described by G ( t ) in

quation ( 6 ), we can use the same formalism in order to split the
arious contributions such that 

 ( t) = 

∫ 50 M �

0 . 85 M �
[ m − M R ( m, Z)] SFR ( t − τm 

) φ( m ) d m, 

+ � 

∫ τ (8 M �) 

τ (0 . 85 M �) 
m 

SNIa SFR ( t − τ ) DTD ( τ ) d τ, (11) 

here we take into account the various mass- and metallicity-
ependent remnant masses M R ( m , Z ). Further, m 

SNIa represents the
mount of mass returned to the ISM by SNIa (Section 2.3 , Snaith
t al. 2015 ). 

Note that in equations ( 7 ), ( 8 ), and ( 11 ), Z depends both on time
nd the stellar lifetime i.e. Z = Z ( t − τm 

), in order to account for the
etallicity of stars at the time of their formation. In this work, we

et the upper mass for chemical enrichment to 50 M � because more
assive stars do not explode as core-collapse supernovae and instead

ollapse to black holes without producing any heavy elements except
or C and N (Kobayashi et al. 2020b ). 
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.3 Stellar yields 

he stellar metal yields, y ( m , Z ), can be obtained from stellar
volution and nucleosynthesis calculations for different ranges of 
tellar masses and initial metallicities. In this work, we adopt the 
atest yield tables from Kobayashi et al. ( 2020b ), which include
ll mass ranges of stars. These include low/intermediate mass 
 ∼ 1 −8M �) stars producing and losing metals through asymptotic 
iant branch (AGB)-phase stellar winds and core-collapse supernova 
xplosions (10 −50 M �) that produce the majority of metals. Among 
ore-collapse supernovae, we assume half of 20 −50 M � stars to form
yperno vae (observ ed as Type Ibc supernovae) and the rest as SNII,
hich gives the best match to the observed elemental abundances in 

he solar neighbourhood. Among SNII, stars of 30 −50 M � do not 
roduce iron-peak elements, called failed supernovae. As reference, 
he return fraction and net yields are R ( Z = 0) = 0.36, R ( Z = 0.02) =
.41, y ( Z = 0) = 0.018, and y ( Z = 0.02) = 0.017, depending on
he metallicity (see table 3 of Kobayashi et al. 2020b for the values
ith Kroupa IMF). The adopted solar metallicity is Z � = 0.0144 

Asplund et al. 2009 ), and the solar oxygen abundance is A �(O) =
.76 (for details see Kobayashi et al. 2020b ). 
For SNIa, we use a value of m 

SNIa = 1 . 37M � independent of
etallicity, and adopt m 

SNIa 
y from the spherical symmetric calculation 

amed ‘W7’ of Thielemann et al. ( 2003 ) for non-radioactive species.
t the solar metallicity, these yields are similar to those from
ore recent 2D calculations by Kobayashi et al. ( 2020a ) for near-
handrasekhar mass progenitors, except for Ni. 
Oxygen yields are larger for more massive SN (see fig. 4 of

omoto, Kobayashi & Tominaga 2013 ), while the mass dependence 
f iron yields is much smaller. Because of this difference, there 
s a small decrease of [O/Fe] toward higher metallicities. In the 
alactic chemical evolution model for the solar neighbourhood, 
round [Fe/H] ∼1, the [O/Fe] ratio sharply decreases due to the 
elayed enrichment from SNIa. This evolutionary trend is in an 
xcellent agreement with the observed [O/Fe] ratios of nearby stars 
n the solar neighbourhood, if the Kobayashi & Nomoto ( 2009 ) DTD
odel is used. While the DTD adopted in this paper gives an inferior
t to the observational data (see fig. 15 of Kobayashi et al. 2020a ),

his does not cause any significant difference for the high-redshift 
alaxies studied in this paper. 

.4 Gas and metal mass ejection 

t each redshift-step, the gas and metal masses after accretion, 
erging, star formation, and gas restoration/metal production are 

M 

′ 
g ( z) = M 

i 
g ( z) − M 

new 
∗ ( z) + G ( z) �t, 

 

′ 
m 

( z) = M 

i 
m 

( z) − Z 

i ( z) M 

new 
∗ ( z) + e Z ( z) �t. (12) 

Consequently, the metallicity at this stage can be expressed as 

 

′ ( z ) = 

M 

′ 
m 

( z ) 

M 

′ 
g ( z ) 

. (13) 

Assuming perfect mixing between gas and metals, the gas and 
etal mass ejected from the ISM (into the IGM) can be written as 

 

ej 
g ( z) = [ M 

i 
g ( z) − M 

new 
∗ ( z) + G ( z) �t] 

f eff 
∗

f 
ej 
∗

, (14) 

 

ej 
m 

( z) = Z 

′ ( z ) M 

ej 
g ( z ) . (15) 

As seen from the the terms G ( z) � t and e Z ( z) � t , we assume that
ewly formed metals and the returned gas are instantaneously mixed 
nto the ISM before being ejected. 
The avera g e IGM metallicity, Z IGM 

, is assumed to be zero at the
eginning of our simulation. For subsequent snapshots, the ejected 
etal mass reported in equation ( 15 ) is used to compute its value as 

 IGM 

( z ) = 

1 

M g , tot(z) 

z ∑ 

z ′ 

N ∑ 

i= 1 

M 

ej 
m , i ( z 

′ ) , (16) 

here the right-hand side is the sum of the metal mass ejected o v er
ll galaxies ( N ) and simulation snapshots ( z 

′ ≥ z) divided by the total
as mass in the simulation box at redshift z. Given the complexity of
alculating Z IGM 

on the full grid used for reionization, we defer this
alculation to a future work. 

.5 Evaluating gas and metal mass for each simulation snapshot 

he basic equation for the chemical evolution of the gas mass can be
ritten as (e.g. Matteucci 2016 ): 

d M g 

dt 
= −SFR ( t) + G ( t) − d M 

ej 
g 

d t 
, (17) 

hat in our formalism translates into: 

 

f 
g ( z) = M 

i 
g ( z) − M 

new 
∗ ( z) + G ( z) �t − M 

ej 
g ( z) , (18) 

here the superscript ‘f’ stands for ‘final’ and indicates that the quan-
ity is e v aluated at the end of the redshift-step. Hence, equation ( 18 )
eads to 

 

f 
g ( z) = [ M 

i 
g ( z) − M 

new 
∗ ( z) + G ( z) �t] 

(
1 − f eff 

∗
f 

ej 
∗

)
(19) 

The equi v alent equation for the metal-mass e volution is 

d M m 

d t 
= −Z SFR ( t) + e Z ( t) − d M 

ej 
m 

d t 
, (20) 

hat again, in our formalism, leads to 

 

f 
m 

( z) = M 

i 
m 

( z) − Z 

i ( z) M 

new 
∗ + e Z ( z) �t − M 

ej 
m 

( z) , (21) 

nd, consequently: 

 

f 
m 

( z) = M 

i 
m 

( z) − Z 

i ( z) M 

new 
∗ ( z) + e Z ( z) �t 

−Z 

′ ( z )[ M 

i 
g ( z ) − M 

new 
∗ ( z) + G ( z) �t] 

f eff 
∗

f 
ej 
∗

. (22) 

his yields a final metallicity of 

 

f ( z ) = 

M 

f 
m 

( z ) 

M 

f 
g ( z ) 

. (23) 

Given that in our simulation we are able to track the evolution of the
xygen mass, we can express galaxy metallicities as 12 + log(O/H)
sing the following relation: 

2+log(O/H) = 12 + log 

( 

M 

f 
O 

M 

f 
g 

m H 

m O X 

) 

, (24) 

here M 

f 
O is the Oxygen mass, m H , and m O are the atomic masses of

ydrogen and Oxygen, respectively, and X represents the Hydrogen 
b undance. We ha ve assumed m H = 1.0079, m O = 15.999, and X =
.75. 

 T H E  G A S  A N D  META L  C O N T E N T  O F  E A R LY  

A L A X I E S  

e now discuss the key processes that drive the assembly of
he gas and metal contents of early galaxies in Section 3.1 and
MNRAS 518, 3557–3575 (2023) 
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M

Figure 1. The average mass assembly history as a function of redshift for galaxies of three different mass ranges at z ∼ 4.5, as marked in each panel. In each 
panel, solid and dashed lines show the results for the metal and gas masses, respectively. As also marked below the figure, the different lines show the final mass 
( blue ), merged mass ( cyan ), newly formed mass ( green ), ejected mass ( red ), and accreted mass ( orange ); the solid black line shows the average stellar mass 
assembled. For clarity of visualization, we only present results for the Photoionization model, given that the Jeans mass model leads to very similar values (see 
the text in Section 3.1 for details). 
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escribe the mass loading of gas and metals in Section 3.2 . We
rimarily focus on the results for the Photoionization model (with
inimal UV feedback) and highlight the impact of (maximal) UV

eedback through the Jeans mass model where appropriate. Finally,
or simplicity, the (dark matter , gas, stellar , and metal) masses gained
rom all progenitors at the previous redshift-step are termed as
erged mass in what follows. 

.1 Assembling the gas and metal content of early galaxies 

n this section, we study the impact of the different physical processes
iscussed abo v e in assembling the gas, stellar, and metal contents of
igh- z galaxies. As noted abo v e, the gas and metal masses accreted
r returned/produced in one redshift-step are counted as the merged
as and metal mass in the next step. 

We start by looking at the average mass assembly of low-mass
alaxies ( M ∗ ∼ 10 7 . 5 M � at z ∼ 4.5) as shown in the left - hand panel
f Fig. 1 . On average, these galaxies are hosted by haloes of mass
 h ∼ 10 9 . 8 (10 10 ) M � at z ∼ 10 (4.5) and start assembling their
ass at z ∼ 13.5. The flatness of their assembly stems from the fact

hat the majority of the newly forming progenitors of such systems
ave low masses at any redshift and therefore form stars in the
feedback-limited’ regime where f eff 

∗ = f 
ej 
∗ . It is only at z < ∼ 6 that

heir progenitors start growing significantly in terms of their stellar
nd gas content. 

The gas mass assembly of such galaxies is dominated by mergers
ringing in ∼ 90 per cent of the final gas mass at all redshifts;
ost of this gas mass is contributed by the major progenitor.
mooth-accretion of IGM gas is the second most dominant process,
ontributing ∼ 60 per cent of the merged mass. Given the low-halo
asses associated with the progenitors of such objects, ejection is

bout 40 per cent as important as mergers in determining the gas
ass. The returned fraction ( ∼0.02 of the stellar mass) plays a
NRAS 518, 3557–3575 (2023) 
egligible role, being about 2.5 orders of magnitude lower than the
erged gas mass. In terms of metals, mergers are again responsible

or assembling the bulk ( ∼ 90 per cent ) of the total metal content
t any redshift. This is followed by the metal enrichment from
tar formation contributing ∼ 70 per cent and ejection removing

40 per cent of the merged metal mass. Finally, given the rel-
ti vely lo w v alue of the IGM metallicity ( Z IGM 

∼ 10 −3 Z � only
y z ∼ 4.5; see Section 4.4 ), smooth accretion from the IGM
ontributes only about 5 per cent to the total metal mass, even
y z ∼ 4.5. 
We then show the assembly of intermediate-mass galaxies ( M ∗ ∼

0 9 M � at z ∼ 4.5) in the middle-hand panel of Fig. 1 . At z =
0 ( z = 4.5), these galaxies are hosted in haloes with masses
 h ∼ 10 11 (10 11 . 2 ) M �. As a result of their larger host halo masses,

he progenitors of such galaxies are ef fecti vely unaf fected by SNII
eedback, allowing them to retain most, if not all, of their gas mass.
his results in the gas (and stellar) mass growing monotonically with
ecreasing redshift between z ∼ 15 and 4.5. Mergers still dominate
he gas-mass assembly, contributing ∼ 90 per cent to the total gas

ass at any redshift. The contribution from accretion decreases
lightly with decreasing redshift from about 30 per cent of the merged
as mass at z ∼ 15 to about 20 per cent by z ∼ 4.5. The importance of
jection also decreases with decreasing redshift as the halo potential
ncreases: while the ejected mass is about 15 per cent of the merged

ass at z ∼ 15, this decreases to ∼ 5 per cent by z ∼ 4.5. Finally,
he returned gas fraction is still ∼2.5 orders of magnitude less than
he merged mass. The metal-mass assembly is again dominated by
ergers which bring in about 90 per cent of the metal mass at all

edshifts, as might be expected from the gas-mass assembly. Self-
nrichment from star formation is about 50 per cent as important as
ergers, with ejection removing ∼ 20 per cent of the merged metal
ass at all redshifts; accreted metals again contribute a negligible
 . 7 per cent to the total metal mass even by z ∼ 4.5. 

art/stac2654_f1.eps
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Figure 2. The average metallicity assembly history as a function of redshift for galaxies of three different mass ranges at z ∼ 4.5, as marked in each panel. In 
each panel, solid and dashed lines show the results for the Photionization and Jeans mass models, respectively. As also marked below the figure, the different 
lines show the metallicity when including one process at a time at the previous redshift-step: merging only ( blue ), merging + accretion ( green ), merging + 

accretion + metal production ( red ), and merging + accretion + metal production + ejection ( orange ). 
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The situation for the most massive galaxies ( M ∗ ∼ 10 10 . 5 M �
t z ∼ 4.5), reported in the right - hand panel of Fig. 1 , is quali-
atively the same as the intermediate mass bin. Hosted in haloes 
f M h ∼ 10 12 . 4 M � at z ∼ 4.5, the progenitors of such haloes are
ostly unaffected by SNII feedback. Indeed, these galaxies show 

he fastest build-up of both the gas and stellar mass, especially at
arlier times. While mergers still dominate in assembling the bulk 
 ∼ 90 per cent ) of both the gas and metal mass, the key differences
ith respect to intermediate mass-haloes is that, as a result of

heir faster growing halo masses, the impact of both accretion and 
jection decreases faster for both the gas and metal masses with 
ecreasing redshift. Quantitatively, accretion and ejection are ∼ 40 
nd ∼ 10 per cent as important as mergers at z ∼ 15 which decreases 
o ∼ 15 and ∼ 2 per cent by z ∼ 4.5, for both the gas and metal

ass. 4 

We now briefly note the differences in the gas and metal assembly
etween the Photoionization and Jeans mass models. As might be 
xpected, the stronger instantaneous radiative feedback in the Jeans 
ass model leads to a larger reduction in the gas mass (and hence the

tar formation in low-mass galaxies) at early times as compared to the
hotoionization model (Hutter et al. 2021a ). While the assemblies 
onverge at lower redshifts, the major differences arise at z > ∼ 10 
here the (accreted and merged) gas masses are lower by about 
.1 dex in the Jeans mass model; the corresponding difference in the
etal mass is of the order of 0.3 de x giv en the strong dependence of
etal production on the SFR. 
 Based on analytic merger tree arguments, the host haloes of the low-, 
ntermediate- and high-mass galaxies studied here would evolve to to have 
asses ∼10 10.25 , 10 12 , and 10 14 . 6 M � by z ∼ 0 

a  

b  

m  

m

f

In Fig. 2 , we show the average history of the gas-phase metallicity
oth for the Photoionization and Jeans mass models for the different
hysical processes considered in ASTRAEUS : merging, accretion, 
etal enrichment, and gas return due to star formation and ejection

f gas and metals due to SN feedback. At each redshift step shown,
ach of the processes is added one by one in order to show its impact.
e start our discussion with the Photoionization model. Here, for 

ow-mass haloes (with M ∗ ∼ 10 7 . 5 M � at z ∼ 4.5), we find that
nly considering the metals and gas brought in by mergers from the
revious redshift-step results in the metallicity increasing by a factor 
f 2 from about 2 per cent Z � at z ∼ 13 to ∼ 4 per cent by z ∼ 4.5.
he metallicity buildup shows a steep increase below z ∼ 8, mirroring

he increase in both the gas and metal masses. This is driven by the
rogenitors of such low-mass systems building up their potentials, 
llowing them to hold on to a larger fraction of their baryonic mass.
dding accretion has the immediate effect of a dilution of metals

nside galaxies, since the smoothly accreted gas mass is at least 4.5
rders of magnitude larger than the accreted metal mass as shown in
ig. 1 . Indeed, as seen from Fig. 1 , the accreted gas mass increases
t z < ∼ 8 which naturally leads to a larger drop in the metallicity
ue to dilution by about 0.2 de x. Giv en the metal-produced to gas-
eturned ratio of 10 per cent (see Fig. 1 ), including self-enrichment
f metals from star formation compensates for the effect of dilution
t z > ∼ 8 where the metallicity goes back to (or even slightly abo v e)
he values considering mergers only. However, at lower redshifts, 
nrichment is unable to fully compensate for the influx of metal-poor
ccreted gas resulting in a metallicity value that is about 0.15 dex
elow that from mergers only . Finally , given that we assume perfect
ixing of gas and metals, outflows have no impact on the gas-phase
etallicity. 
We then study the effect of strong and instantaneous reionization 

eedback on the metallicity of these low-mass galaxies through the 
MNRAS 518, 3557–3575 (2023) 
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eans mass model. In this model, the gas (and hence SFRs and the
orresponding metal enrichment) of the progenitors of such low-mass
aloes are severely suppressed as compared to the Photoionization
odel, especially at high redshifts ( z > ∼ 8); the effects of feedback

ecome less prominent as these galaxies build-up their potentials
teeply at lower redshifts. While the metallicity from mergers is
0.2 dex lower in the Jeans mass model at z ∼ 8, it converges

owards the results from the Photoionization model at lower z.
hen accretion is added, the metallicity decreases by ∼0.3 dex. As

xpected, including self-enrichment increases the metallicity value to
he merger-only scenario with ejection again leaving the metallicity
naffected. Including all these processes, the final metallicity is
bout 0.18 dex lower in the Jeans mass model as compared to the
hotoionization model at z > ∼ 8, with the results converging by z ∼
.5. 
Qualitatively, the results are very similar for the more massive

alaxies shown in the middle and right-most panels of Fig. 2 .
alaxies with M ∗ ∼ 10 9 M � by z ∼ 4.5 show a smoother metallicity
uildup given the larger progenitors of such systems. In the Pho-
oionization model, considering gas and metals from mergers only,
he metallicity value increases from ∼ 2 to 8 per cent Z � between z

15 and 4.5. Including smooth-accretion leads to a drop of about
.15 dex at z ∼ 15. As the progenitors build their mass, the impact of
ccretion decreases such that dilution only decreases the metallicity
y about 0.1 dex by z ∼ 4.5. Self-enrichment increases the metallicity
alues, essentially bringing them back to the ‘mergers-only’ scenario.
n terms of strong reionization feedback, as expected, the Jeans mass
odel shows the largest decrease in the final metallicity ( ∼0.2 dex)

t z > ∼ 12. As the progenitors of such systems exceed the halo
ass ( ∼ 10 9 . 5 M �) impacted by even this strong feedback, these
etallicity values come into accord with the Photoionization model

y z ∼ 8. 
Finally, galaxies with M ∗ ∼ 10 10 M � at z ∼ 4.5 show the

moothest metallicity evolution (from 2 to 14 per cent Z � between
 ∼ 15 and 4.5). While the impact of accretion and production
re the same as in the intermediate mass case discussed abo v e,
he key difference seen in this model is that the results from the
hotoionization and Jeans mass models start converging at redshifts
s high as z ∼ 10. 

To summarize, while merging dominates the mass assembly
f both the gas and metal contents of all the stellar masses
tudied here at z > ∼ 4 . 5, the importance of accretion, ejection and
elf-enrichment decrease with an increase in the halo mass. For
etallicity, merging again plays the predominant role. While gas

ccretion from the IGM dilutes the metallicity, this is effectively
 estor ed by self-enrichment; in the perfect mixing scenario (between
as and metals) considered here, ejection has no impact on the
etallicity. 
Finally, since we assume metals to be homogeneously distributed

hroughout the simulation box to determine the IGM metallicity
discussed further in Section 4.4 ), the metal-mass accreted from the
GM must be treated as a lower limit. Indeed, metals ejected by
alaxies at a given time can be re-accreted at later times resulting
n the accretion of gas that can be significantly metal-rich compared
o the average IGM metallicity (e.g. Dav ́e, Finlator & Oppenheimer
011 ; Muratov et al. 2017 ; Oppenheimer et al. 2018 ). This could be
ighly rele v ant for the metallicity of clustered lowest mass systems
hat build up a significant part of their gas mass through IGM
ccretion. Ho we ver, the importance of IGM-accreted gas decreases
ith an increase in the stellar (or halo) mass. This implies that IGM

ccretion of metal-enriched gas would have only a limited impact on
NRAS 518, 3557–3575 (2023) 

t  
he metallicity of the intermediate to high-mass systems discussed
bo v e. 

.2 Mass-loading factors for gas and metals 

e then study the mass-loading factors for gas ηg ) and metals ( ηm 

)
hat are defined as the outflow rates of gas and metals per unit SFR,
espectively, such that 

g = 

Ṁ 

ej 
g 

SFR 

= 

M 

ej 
g 

M 

new ∗
, (25) 

m 

= 

Ṁ 

ej 
m 

SFR 

= 

M 

ej 
m 

M 

new ∗
. (26) 

In order to gain an intuitive understanding of the behaviour of these
ass loading factors as a function of stellar mass and redshift, we

ssume instantaneous SN feedback and the minimal Photoionization
eedback. This is a reasonable assumption at z < ∼ 6 . 5 where the time
ifference between consecutive redshift steps is larger than the 28
yr required for all SNII from a given stellar population to explode
ithin a given redshift-step. This results in 

g = 

M 

i 
g ( z) − M 

new 
∗ ( z) + G ( z) �t 

M 

new ∗ ( z) 

f eff 
∗

f 
ej 
∗

. (27) 

s seen from Fig. 1 , G ( z) �t � M 

i 
g . Disregarding this term and

ecalling that M 

new 
∗ ( z) = f eff 

∗ M 

i 
g ( z) yields 

g ≈ 1 − f eff 
∗

f 
ej 
∗

, (28) 

here f ej 
∗ � 1 (see fig. 1 ; Dayal et al. 2014 ). Low-mass haloes with

 h 
< ∼ 10 9 . 1 (10 9 . 5 ) M � at z ∼ 10 (5) form stars in the feedback-

imited regime such that f eff 
∗ = f 

ej 
∗ ; larger haloes form stars at a

onstant efficiency of f eff 
∗ ∼ 1 per cent which is much lower than

 

ej 
∗ . In this case, one naturally expects ηg to decrease with an increase

n the halo (or stellar) mass irrespective of redshift; this is exactly
he trend seen in the left-hand panel of Fig. 3 . For example, at z ∼
, ηg decreases from about 48.6 to 4.8 as M ∗ increases from 10 7 to
0 9 M � for the Photoionization model . 
Further, galaxies of a given stellar mass are hosted by haloes of

ery similar mass (to within 0.2 dex) at z ∼ 5 −10 leading to the
g −M ∗ slope being similar at all these redshifts. Ho we ver, haloes of
 given mass correspond to deeper potential wells with increasing
edshift. This leads to an increase in f ej 

∗ that naturally leads to a
orresponding decrease in ηg . Indeed, for a given stellar mass, ηg 

ecreases by about 0.35 dex between z ∼ 5 and 10. For example,
t z ∼ 10, ηg decreases from a value of about 17.8 to 2.1 as M ∗
ncreases from 10 7 to 10 9 M �. For the Photoionization model , we
nd the following average relation between z ∼ 5 −10 for stellar
asses between 10 7 −10 10 . 4 M � (10 7 −10 9 . 5 M �) at z ∼ 5 (10): 

g ≈ 1 . 38 

(
M ∗

10 10 M �

)−0 . 43 

. (29) 

ecause the mass loading (normalized to M ∗) factor ηg is independent
f metallicity, but depends on SFR, we expect a mass dependence
or ηg through the relation of SFR with M ∗. Although the index, we
nd is somewhat steeper than the ηg ∼ M 

−0 . 33 
∗ dependence expected

n case of momentum-driven winds found in previous theoretical
alculations (e.g. Finlator & Dav ́e 2008 ; Dav ́e et al. 2012 ; Dayal
t al. 2013 ; Muratov et al. 2015 ), it is in agreement with the power
aw values of −0.29 to −0.45 expected from fitting analytic models
o observational data at z ∼ 0 −3.5 (see e.g. Hunt et al. 2016b ).



Metallicity scaling relations during the EoR 3565 

Figure 3. As a function of the stellar mass, for redshifts z ∼ 5 −10 as marked, we show the average gas mass-loading factor, log ηg = log ( Ṁ 

ej 
g / SFR ), in 

the left-hand panel, and the average metal mass-loading factor, log ηm 

= log ( Ṁ 

ej 
m 

/ SFR ), in the right - hand panel. Solid and dashed lines show results for the 
Photoionization and Jeans mass models, respectively. 
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he steepness of our relation is almost to be expected given our
mplementation of SNII energy coupling to gas – while low-mass 
aloes can lose all of their gas content, haloes abo v e 10 9 . 5 M � are
ardly affected by such feedback. 
In terms of reionization feedback, both the slope and amplitude 

f the ηg −M ∗ relation for the Jeans mass model converge to the
hotoionization model for M ∗ > ∼ 10 8 M � galaxies (corresponding to 
 h 

> ∼ 10 10 . 2 M �) for all redshifts. This is because their progenitors 
ere large enough to not be affected by reionization feedback. 
o we ver, for lo wer stellar masses, the Jeans mass model shows
 shallower slope. Being severely suppressed in terms of their gas 
ass in this model, galaxies of a given (low) stellar mass are hosted

y more massive haloes (by about 0.4 dex) as compared to the
hotoionization model. These larger potentials naturally result in 
lightly higher f ej 

∗ values, resulting in ηg values that are lower by 
bout 0.25 dex in the Jeans mass model. Averaged over z ∼ 5 −10,
e find the following (slightly shallower) relation for the Jeans mass
odel for the entire galaxy population: 

g ≈ 1 . 39 

(
M ∗

10 10 M �

)−0 . 41 

. (30) 

e then discuss the mass loading for metals that, using equations ( 15 )
nd (28) , can be expressed as 

m 

≈ Z 

′ 
(
1 − f eff 

∗
)

f 
ej 
∗

. (31) 

e remind the reader that Z 

′ 
is the ISM metallicity after mergers,

ilution from inflows and enrichment from star formation but before 
jection. As shown in the right-hand panel of Fig. 3 , the trends
or ηm 

are very analogous to the behaviour shown by ηg . For
he Photoionization model, ηm 

∝ M 

−0 . 27 
∗ for M ∗ > ∼ 10 7 M � at all 

edshifts; ηm 

decreases from a value of 0.01 to 0.004 as M ∗ increases
rom 10 7 to 10 9 M � at z ∼ 5. Below this stellar mass, the slope of the
m 

−M ∗ relation flattens with decreasing redshift as the progenitors 
f such galaxies lose more and more of their metal mass with time.
he amplitude of this relation decreases with increasing redshift due 

o the increasingly deep potentials of the host haloes of galaxies of
 given stellar mass. The stronger feedback in the Jeans mass model
esults in lower SFRs and therefore a lower metal enrichment, that
s most pronounced at z > ∼ 9. By z ∼ 8, the results of the Jeans mass
nd Photoionization models are in accord for M ∗ > ∼ 10 8 M � galaxies. 
o we ver, at M ∗ < ∼ 10 7 M �, galaxies in the Jeans mass model show

n almost flat slope: This is because the larger gas suppression in the
rogenitors of these haloes results in correspondingly lower SFRs 
nd hence a lower self-enrichment. Most of the metals produced 
nd ejected in these haloes are therefore from star formation in the
edshift-step under consideration resulting in a flattening of the slope. 

 T H E  MASS–META LLICITY  R E L AT I O N  A N D  

TS  REDSHIFT  E VO L U T I O N  

e now discuss the dependence of the mass–metallicity relation 
n the sSFR in Section 4.1 before showing the 3D fundamental
etallicity relation at z ∼ 5 −10 in Section 4.2 . We then discuss the

edshift evolution of the FMR in Section 4.3 before ending with the
etal enrichment of the IGM through cosmic time in Section 4.4 . 

.1 The metallicity dependence on the specific SFR 

e start by showing the stellar mass-gas phase metallicity, colour 
oded by the sSFR for z ∼ 5 −10 in Fig. 4 ; the same relation colour
oded by the SFR (i.e. the FMR) is shown in Appendix A . Some
f the key trends emerging from this figure are (i) at all redshifts
he gas-phase metallicity shows a positive correlation with the stellar 

ass (as will be discussed in detail in Section 4.3 that follows); and
ii) independent of redshift, at a given stellar mass, the metallicity
ecreases with increasing sSFR. 
Starting at z ∼ 5, our model tracks galaxies with M ∗ ∼

0 6 . 5 − 10 10 . 8 M �. We see that the lowest mass galaxies (with
 ∗ < ∼ 10 7 . 5 M �) show sSFRs that range o v er three orders of mag-

itude between 10 −11 . 5 and 10 −8 yr −1 . This large range in sSFR is
ndicative of the variety of assembly histories through which such 
ow-mass galaxies build up their gas mass. It is important to note
hat low-mass galaxies ( M ∗ < ∼ 10 7 . 5 M �) showing metallicity values 
f 12 + log(O/H) > ∼ 7 . 6 are outliers. Their metallicity values, that
an be high as 40 per cent Z � (see the left-most panel in also
MNRAS 518, 3557–3575 (2023) 
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M

Figure 4. The mass–metallicity relation linking the (final) gas-phase metallicity, in units of 12 + log (O/H), and the stellar mass for z ∼ 5 −10 as marked. In 
each panel, the results have been colour-coded by the specific an SFR. For clarity, we only show results for the Photoionization model. 
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ig. 1 ), require a combination of (i) dry mergers that do not
ring in any gas or metal mass; and (ii) low-gas accretion rates
hich result in the gas mass being dominated by that returned to

he ISM from star formation while the metal mass is primarily
etermined by self-enrichment from newly produced metals. The
rst effect is a natural result of our ‘maximal supernova feedback’
odel where low-mass galaxies form stars at an efficiency that can

nbind the rest of the gas. Observations of such low-mass galaxies
ith, for example, the JWST will be crucial in confirming such a

cenario. 
For this stellar mass bin, disregarding these outliers, the metallicity

ecreases from 12 + log(O/H) ∼7.8 to 6.8 as the sSFR increases from
0 −10.25 to 10 −8 yr −1 . For a given stellar mass, a higher SFR implies
 larger gas reservoir for star formation which is built up both from
ergers and accretion of metal-poor gas from the IGM. As seen from
ig. 2 , this dilution of metallicity due to IGM accretion of metal-poor
as and the associated higher amount of ejection play a key role in
he metallicity decreasing with increasing sSFR for these low-mass
aloes. 
The range of sSFR narrows with increasing stellar mass. For

xample, galaxies with M ∗ ∼ 10 9 . 5 M � (with M h ∼ 10 11 . 2 M �) show
SFR between 10 −9 . 5 −10 −8 . 5 yr −1 . This is because, due to their larger
otential wells, the progenitors of such systems are much less affected
y SN feedback. As a result, the gas masses of these haloes are quite
imilar, being of the order of 10 per cent of the halo mass (see fig. 8 ;
utter et al. 2021a ). Even for such high-mass galaxies, the metallicity

hows a decrease (although of only 0.7 dex) from 12 + log(O/H) ∼
 to 7.3 as the sSFR increases from 10 −9.5 to 10 −8.5 yr −1 . This
maller decrease can be explained by the fact that the progenitors
f such galaxies were massive enough to retain most of the (star
ormation produced and accreted) metals within their potential for a
NRAS 518, 3557–3575 (2023) 

a  
ubstantial part of their assembly history (see also middle panel of
ig. 2 ). 
These same trends persist at all redshifts. As expected, both the

tellar mass and sSFR ranges shrink with increasing redshift. While
he former is a direct result of hierarchical structure formation, the
atter is driven by the fact that galaxies of a given stellar mass are
osted by slightly more massive haloes with increasing redshifts.
iven that these correspond to higher - σ fluctuations, they ha ve fewer
enerations of low-mass progenitors that are feedback limited. 
Finally, at z ∼ 10, for M ∗ ∼ 10 7 . 5 M � galaxies, the metal-

icity decreases from 7.75 to 6.75 as the sSFR increases from
0 −9 . 5 to 10 −7 . 5 yr −1 . Despite the simulation volume, we only find
 few galaxies with a stellar mass of 10 9 M � at this redshift. These
how both very similar metallicities (12 + log(O/H) ∼7.5 −7.8) and
SFR ( ∼ 10 −8 . 25 yr −1 ) hinting at the similar assembly histories of
uch highly biased objects. 

.2 The emergence of the mass–metallicity relation and a 
undamental Plane of metallicity at high redshifts 

e now study the two-dimensional relation between the stellar mass
nd gas-phase metallicity in Fig. 5 . The two key trends seen from
his figure are that, firstly, the median metallicity scales with the
tellar mass at all redshifts i.e. the MZR is already in place at z ∼ 10
nd persists at all the redshifts ( z ∼ 5 −10) studied . This is driven
y the fact that, as a result of their low SFRs low-mass galaxies
roduce fewer metals at any time which are more diluted due to
mooth accretion, a large fraction of which are progressively lost
n outflows given their small potential wells. On the other hand,
igh-mass galaxies (and their progenitors) can produce more metals,
 larger fraction of which are retained in the ISM and accreted

art/stac2654_f4.eps
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Figure 5. The panels show the mass–metallicity relation at z ∼ 5 −10, as marked in each panel. In each panel, the filled red and blue circles show the median 
metallicity in a given stellar mass bin for the Photoionization and Jeans mass models, respectively; the error bars show the corresponding 1 σ dispersion. The 
cyan line shows the fundamental plane of metallicity (FPZ; see Section 4.2 ) as obtained from this work for the Photoionization model. The solid blue (green) 
line shows the observationally inferred parametrization of the redshift independent (redshift-dependent) FPZ from Tortora et al. ( 2022 ), while the solid orange 
line shows the best-fitting results from Sanders et al. ( 2020 ). Finally, green stars show results using the with direct-method constraints of Jones et al. ( 2020 ). All 
of these observational relations have been recalibrated to a 0 . 1 −100 M � Salpeter IMF (Tortora and Sanders, private communication). 
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nto their successors, with dilution playing a decreasing role as 
he stellar mass increases. Secondly, at almost all redshifts, we see 
n upper envelope composed of a few heavily enriched outlying 
ystems. Indeed, at z ∼ 5 −8, there are a handful of low-mass
 M ∗ < ∼ 10 7 . 5 M �) galaxies that show metallicity values as high as
0 per cent Z �. As also noted in Section 4.1 , given their low masses,
uch galaxies mostly assemble from dry mergers and have low- 
as accretion rates. This results in the gas mass being dominated 
y that returned to the ISM from exploding stars and the metal
ass being primarily determined by self-enrichment from newly 

roduced metals. Forthcoming, observations of the metallicities of 
uch systems with the JWST will be crucial in validating such a
cenario. Thirdly, we do not see any evidence of metallicity saturation 
or high-mass galaxies. Low redshift ( z ∼ 0 −3.5) observational 
ata sets show that while the MZR is approximately linear up to
 ∗ ∼ 10 10 . 5 M �, it flattens for higher mass galaxies (Tremonti et al.

004 ; Wyder et al. 2007 ; K e wley & Ellison 2008 ; Hunt et al. 2016a )
hich could be driven by a balance between self-enrichment and 
ilution due to inflows of metal-poor IGM gas (Dayal et al. 2013 ).
o we ver, within error bars, we do not see any clear indication of such
 flattening at high-stellar masses. Indeed, as seen from Section 3.1 ,
hile accretion is certainly important in determining the gas content 
f such early galaxies, the decrease in metallicity due to such dilution
s superseded by that from self-enrichment for the entire mass range 
odelled here (also see Fig. 2 ). 
In terms of median metallicities, at z ∼ 5 these increase from
2 + log(O/H) ∼ 7 . 3 (3 . 5 per cent Z �) for M ∗ = 10 7 . 5 M � to
2 + log(O/H) ∼ 8 . 0 (18 per cent Z �) for the most massive systems
ith M ∗ ∼ 10 11 M �. As expected, the stellar mass range probed
ecreases with redshift such that by z ∼ 10, the most massive
alaxies with M ∗ ∼ 10 9 . 4 M � have a metallicity of 12 + log(O/H)

7 . 7 (9 per cent Z �); the metallicity increases slightly (by about
 per cent) at the low-mass end compared to that at z ∼ 5. Further, at
ll redshifts, the metallicities show a 1 − σ spread of about 0.15 dex
round the median. All things considered, there is very little redshift
volution in the o v erall normalization of the MZR as shown in Fig. 5 .

Ho we ver, as also noted in Section 4.1 the underlying distribution
ho ws metallicity v alues that span o v er 1.5 de x at the low-mass end.
 or e xample, M ∗ ∼ 10 7 . 5 M � galaxies sho w 12 + log(O/H) v alues
etween 6.75 and 8.4 at z ∼ 5 as a result of the cumulative effects
f both SN and reionization feedback on their assembly histories. 
his range narrows to 12 + log(O/H) ∼6.5 −7.9 at z ∼ 10 given

he fewer progenitor generations and the impact of reionization 
eedback on fewer galaxies. This metallicity range also narrows 
ith an increase in stellar mass as their progenitors hold on to, and
ropagate, a larger fraction of their gas and metal mass to successive
enerations. 
We also study the effects of maximal reionization feedback on the
ZR in Fig. 5 : As seen, the median metallicity values (and their

catter) at a given stellar mass do not show any sensible difference
MNRAS 518, 3557–3575 (2023) 
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etween the Photoionization and Jeans mass models at any redshift.
his is due to the fact that the impact of the Jeans mass model is the
ost pronounced on the lowest mass ( M ∗ < ∼ 10 6 . 5 M �) galaxies that

re hosted in M h 
< ∼ 10 9 . 2 M � haloes. 

As has been noted in previous works (e.g. Lara-L ́opez et al. 2010 ;
annucci et al. 2010 ), the MZR is a two-dimensional projection of

he 3D fundamental metallicity relation (FMR) that links the stellar
ass, instantaneous SFR and the gas-phase metallicity. Furthermore,

epending on the degree of curvature or saturation at the metal-rich
nd, this can be reduced to a fundamental plane of metallicity as
hown by multiple works (e.g. Hunt et al. 2012 , 2016a ; Tortora et al.
022 ). We have performed a multiple linear regression, finding that
ur data lie on a four-dimensional parameter space – composed of
he gas-phase metallicity, SFR, stellar mass, and redshift – that can
e expressed by a high- zfundamental plane of metallicity (HFPZ).
e compute this FPZ by taking the central value for the stellar mass

alue in a bin and the median SFR in that particular bin. For the
hotoionization model, the HFPZ is given by 

2 + log(O / H) = − 0 . 294 log 

(
SFR 

M �yr −1 

)
+ 0 . 581 log 

(
M ∗
M �

)
+ 2 . 272 + 0 . 061 z, (32) 

hile for the Jeans Mass model the relation changes slightly to 

2 + log(O / H) = − 0 . 342 log 

(
SFR 

M �yr −1 

)
+ 0 . 586 log 

(
M ∗
M �

)
+ 2 . 216 + 0 . 061 z. (33) 

s seen from the abo v e equations, the normalization of the HFPZ
hows an extremely weak redshift evolution – this is discussed in
ore detail in Section 4.3 that follows. 

.2.1 Comparison against observational data 

e now compare our theoretical FPZ to those inferred from observa-
ions. The first data set considered is the MEGA 

2 sample that is intro-
uced in Tortora et al. ( 2022 ). This consists of ∼2100 star-forming
alaxies with stellar masses in the range ∼ 10 6 − 10 11 M �, SFRs
etween and10 −4 − 10 3 M � yr −1 and nebular oxygen abundance
easurements ranging between 12 + log(O/H) ∼7 −9 up to redshifts
 ∼ 3.7. Collected from 26 subsamples in the literature, this sample
upersedes the previous MEGA sample (Hunt et al. 2016a ). When
ecessary, stellar masses and SFRs are converted into a common
habrier ( 2003 ) IMF according to Speagle et al. ( 2014 ); for most of

he samples, SFRs are determined by using H α, suitably corrected
or e xtinction. F or metallicities, when direct method estimates are
ot available, strong-line metallicity linear calibration for N II from
ettini & Pagel ( 2004 ) have been used, converted from the original
alibration if necessary following Kewley & Ellison ( 2008 ). 

The shape, or degree of curvature, of the MZR depends on many
actors, including the metallicity calibration, the selection function,
nd the stellar mass distribution. Strictly speaking, a principal
omponent analysis (PCA), is only applicable to samples without
ignificant curvature, or saturation, at the high-mass end. This is
he case for typical high-redshift galaxy samples including MEGA 

2 

Tortora et al. 2022 ). Thus, similarly to Hunt et al. ( 2012 , 2016a ),
ortora et al. ( 2022 ) have performed a PCA on the MEGA 

2 sample
nd confirmed that, independently of the O/H calibration and the
edshift range, most of the variance is contained in the first two
igenvectors ( M ∗ and SFR) which comprise 98 per cent of the
otal variance. Therefore, the metallicity can be predicted for any
ombination of these two parameters (i.e. M ∗ and SFR). The best
NRAS 518, 3557–3575 (2023) 
stimate for O/H as a function of M ∗ and SFR from the MEGA 

2 

CA, with an accuracy of ±0.18 dex, recalibrated to a Salpeter
 . 1 −100 M � IMF, is given by 

2 + log(O / H) = − 0 . 10 log 

(
SFR 

M �yr −1 

)
+ 0 . 32 log 

(
M ∗
M �

)
+ 5 . 35 . (34) 

Although the MEGA 

2 O/H redshift dependence of the FPZ
s not formally significant, there are indications that metallicity
oes decrease with redshift beyond what is predicted by the FPZ.
nalyzing the residuals of the FPZ as a function of redshift and

ecalibrating to a Salpeter 0 . 1 −100 M � IMF, they obtain: 

2 + log(O / H) = − 0 . 10 log 

(
SFR 

M �yr −1 

)
+ 0 . 32 log 

(
M ∗
M �

)
+ 5 . 45 − 0 . 039 z. (35) 

The second data set considered is that from Sanders et al. ( 2020 ),
ho fit the FMR using a set of high- z O/H measurements between z ∼
.5 and 3.5. Ho we ver, unlike Tortora et al. ( 2022 ), they have imposed
 different metallicity calibration for z ∼ 0 and > ∼ 1. Thus, in general,
hey find a shallo wer e volution of the FPZ with redshift. The best-
tting FMR found by Sanders et al. ( 2020 ) for M ∗ ∼ 10 9 −10 10 . 5 M �
alaxies, recalibrated to a 0 . 1 −100 M � Salpeter IMF (Sanders,
ri v ate communication) has the following functional form 

5 : 

2 + log(O / H) = 8 . 80 + 0 . 188 y − 0 . 220 y 2 − 0 . 0531 y 3 , 

where y = log 

(
M ∗
M �

)
− 0 . 60 log 

(
SFR 

M �yr −1 

)
− 10 . 1 . (36) 

In addition, to these extrapolated fits, we also compare to the
ass −metallicity relations observed for specific galaxies at z ∼ 7 −9

y Jones et al. ( 2020 ). 
We now compare our FPZ with these observational relations in

ig. 5 ; these are 2D projection of a 4D relation composed of M ∗,
FR, 12 + log(O/H), and z. We caution that these comparisons are
ostly intended as a sanity check of the o v erall normalization, giv en

hat they are extrapolated to such high z whilst being constrained
nly at z < ∼ 3 . 5. At all redshifts, the extrapolated z -dependent FPZ
rom Tortora et al. ( 2022 ) has a shallower slope and larger amplitudes
ompared to the theoretical model. In addition, as redshift decreases,
he discrepancy between the observational and theoretical FPZ
rows: At z ∼ 10, the amplitude of the theoretical FPZ is lower than
he observed z-dependent FPZ by only 0.15 dex, but this increases
o 0.5 dex by z ∼ 0.5 (at M ∗ ∼ 10 7 M �). 

The z-independent ( z = 0) FPZ from the same authors essentially
hows the same trends albeit the normalization of the theoretical
PZ is underestimated by much larger values of 0.5 and 0.7 dex at
 ∼ 10 and 5, respectively. The slope of the Sanders et al. (2020 )
elation is in quite good agreement with the results from Tortora et al.
 2022 ), although they find an even higher amplitude (by about 0.6
ex) compared to the z-independent relation shown in equation ( 35 ).
inally, within error bars, the results obtained for (the four) individual
alaxies from Jones et al. ( 2020 ) are in agreement with ours at z ∼ 7
nd 8; their z ∼ 9, galaxy has a higher metallicity than our predicted
pper limit by about 0.3 dex. 
Reconciling the theoretical FPZ with these extrapolated obser-

ations would require theoretically modelled galaxies to become
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Figure 6. A comparison of the mass–metallicity relation at z = 6 from 

different theoretical models. The grey points show results for all z = 6 galaxies 
from ASTRAEUS with the red points showing the median values. The blue line 
shows the fit predicted by the FIRE simulation (Ma et al. 2016 ) for galaxies with 
M ∗ ∼ 10 3 −10 9 . 1 M �, the green line shows the linear fit from the FIRSTLIGHT 

simulation Langan et al. ( 2020 ) for galaxies with M ∗ ∼ 10 6 . 25 −10 9 . 25 M � and 
the black line shows the results from the ILLUSTRIS TNG simulation (Torrey 
et al. 2019 ), along with the 1 σ error bar. We have rescaled the metallicites 
from all these works to our solar value of 8.76. 
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rogressively metal enriched with decreasing redshift (whilst main- 
aining given gas and stellar mass). This would require (i) fewer 

etals being ejected per unit SFR, i.e. a lower mass loading for
etals at all masses. In order to maintain the gas mass, this might

equire ejected gas to be pr efer entially metal-poor as compared to
he ISM metallicity; (ii) a larger mass of metals to be gained through
GM accretion. This is along the lines of the ‘galactic fountain’ 
odel where metal-enriched gas ejected in previous time-steps in 

e-accreted on to the galaxy at a later stage (e.g. Dav ́e et al. 2011 ;
uratov et al. 2017 ; Oppenheimer et al. 2018 ); or (iii) a combination

f these two effects. 

.2.2 Comparison against theoretical models 

e now briefly compare our mass–metallicity relation at z ∼ 6 
o those found by a number of other theoretical models including 
IRE (Ma et al. 2016 ), ILLUSTRIS TNG (Torrey et al. 2019 ) and
IRSTLIGHT (Langan et al. 2020 ), the results of which are shown

n Fig. 6 . FIRE and FIRSTLIGHT are both zoom-in simulations that
rack the mass–metallicity relation for M ∗ ∼ 10 3 −10 9 . 1 M � and 
 ∗ ∼ 10 6 . 25 −10 9 . 25 M � galaxies at z ∼ 6, respectiv ely. The y both
odel SN yields (from Woosley & Weaver 1995 ) alone 6 and employ
 solar metallicity normalization (in units of 12 + log O/H) of 8.9.
o we v er, the y differ in a number of key quantities such as the

hreshold gas density for star formation ( > 1 and 10 −100 cm 

−3 

or FIRE and FIRSTLIGHT , respectively), their implementation of 
eedback that severely impacts the gas and metal contents of galaxies 
nd the IMF; this is a Kroupa IMF (Kroupa, Tout & Gilmore 1993 )
n FIRE and Salpeter for FIRSTLIGHT . Despite differences in both 
 Note these are a factor of 0.4 dex lower than the more recent yields from, 
or example, Nomoto et al. ( 2013 ). 

t
m  

w  

c

he physics implemented and the numerical methodology used, it is 
eartening to note that the results from these two simulations bracket
urs: the results from FIRE and FIRSTLIGHT are in good agreement
ith ours for M ∗ > ∼ 10 8 −10 9 M � and M ∗ < ∼ 10 8 M � galaxies at z ∼
, respectively . Finally , ILLUSTRIS TNG has simulated a cosmological
00 h −1 Mpc box including the key processes of gas cooling, star
ormation (at gas densities > 0.13 cm 

−3 ), gas heating and feedback.
his simulation uses the Chabrier ( 2003 ) IMF and includes metal
roduction from SN as well as AGBs; although we caution that
hey use a solar normalization (in units of 12 + log O/H) of 8.6.
hese last set of simulations are closest to ours in spirit in terms
f the range of galaxy masses modelled and the metal-enrichment 
mplemented. At z ∼ 6, in the range of o v erlap with our results
 M ∗ ∼ 10 8 −10 9 M �), these simulations predict metallicity values 
hat are consistently higher than ours by about 0.5 dex. This indicates
hat (i) we are either ejecting too many metals from the galaxy, which
s reasonable given our ‘maximally SN feedback limited’ model; or 
ii) that we gain too few metals through smooth accretion; this again
s a plausible solution since we assume all gas accreted from the
GM to be metal free. Indeed, as pointed out by Ma et al. ( 2016 ), the
IRE simulations clearly show that outflowing metals can easily be 
etained between 0.25 and 1 virial radii. 

.3 The redshift evolution of the mass–metallicity relation 

e now discuss the redshift evolution of the mass metallicity relation
sing Fig. 7 that shows the median metallicity in each stellar mass bin
i.e. the median points as reported in Fig. 5 ) between z ∼ 5 −10. As
een from this figure, a mass–metallicity relation is already in place
t z = 10 and persists, albeit with a weak e volution, do wn to redshift
 = 5. At a given stellar mass, the median metallicity decreases by
bout 0.15 dex for M ∗ < ∼ 10 7 M � galaxies. This difference decreases 
ith increasing stellar mass such that the metallicity values converge 
y M ∗ ∼ 10 9 M � at z ∼ 5 −10. This behaviour holds true for both
he Photoionization and Jeans mass models. 

The decrease in median metallicity with decreasing redshift for 
ow-mass galaxies can be explained as follows: In our model, the
tellar masses are directly linked to the underlying potential. At 
 given halo mass, galaxies can form stars with a slightly higher
fficiency with increasing redshift as a result of their deeper potentials 
see fig. 1 Dayal et al. 2013 ). This results in galaxies of a given stellar
ass being hosted in haloes that are 1.5 times more massive at z ∼ 5

s compared to z ∼ 10. Galaxies of similar masses at lower redshifts
ssemble from larger generations of feedback-limited progenitors 
hat bring in little/no gas and metal content whose loss can not be fully
ompensated by accretion/mergers/self-enrichment; this decreases 
he metallicity with decreasing redshift. The decreasing impact 
f feedback with increasing halo mass results in the metallicity 
onver ging for lar ger mass galaxies with M ∗ ∼ 10 9 M � (hosted in
aloes of mass ∼ 10 11 M �). The Jeans mass model shows a smaller
ifference in metallicity at z ∼ 5 −10. This is probably driven by the
act that galaxies are more UV feedback suppressed in terms of their
as mass (and hence SFR and metal enrichment) in this model. This
esults in galaxies of a given stellar mass being hosted in haloes that
re 2.5 times more massive at z ∼ 5 as compared to z ∼ 10. This
eads to slightly higher SFRs at z ∼ 5 which are accompanied by

ore metal production, a larger fraction of which can be retained in
he halo. This naturally decreases the difference between the median 

etallicity for a given stellar mass as a function of redshift. However,
e caution the reader that considering the 1 − σ errors, our model is

onsistent with no redshift evolution of the mass–metallicity relation . 
MNRAS 518, 3557–3575 (2023) 
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M

Figure 7. The redshift evolution of the mass–metallicity relation at z ∼ 5 −10. We show the median gas-phase metallicity as a function of the stellar mass for 
the redshifts marked, with the error bars showing the 1 σ dispersion. The left- and right - hand panels show results for the Photoionization and Jeans mass models, 
respectively. 
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A number of other works (Ma et al. 2016 ; Torrey et al. 2019 ;
angan et al. 2020 ) have used the gas fraction f gas = M gas /( M gas 

 M ∗) to explain the redshift evolution of the mass −metallicity
elation. Driven by the evolution of the gas fraction, the average
elation predicted by FIRE (Ma et al. 2016 ) predicts the mass–
etallicity relation to decrease by ∼0.1 dex between z ∼ 5 −10
hile FIRSTLIGHT (Langan et al. 2020 ) predict the relation to be

edshift-independent; these are in accord with our results that also
how no redshift evolution of the mass–metallicity relation within
 − σ errors. On the other hand, ILLUSTRIS TNG (Torrey et al.
019 ) find that this relation decreases by about 0.3 dex between the
ame redshifts, although their results are limited to M ∗ < ∼ 10 9 . 5 M �
alaxies. 

For a comparison, we calculate the gas fraction and metallicity
s a function of redshift for different stellar mass bins, as shown
n Fig. 8 . As seen from this plot, and discussed abo v e, the av erage
etallicity decreases by about 0.1 dex between z ∼ 15 and 5 for low-
ass galaxies with M ∗ ∼ 10 7 M �. Ho we ver, for larger masses (i.e.
 ∗ > ∼ 10 8 M �), the metallicity evolution is ef fecti vely independent

f redshift. This behaviour is also reflected in the gas fraction plot
lower panel of the same figure) where, for a given stellar mass, the
as fraction decreases with decreasing redshift: for M ∗ ∼ 10 7 M �
alaxies, f gas decreases by about 0.1 dex between z ∼ 10 and 5.
his essentially reflects the impact of the merger of successively

eedback-limited systems on the final host haloes. As might be
xpected, the gas fractions flatten out as a function of redshift for
ore massive systems, with M ∗ > ∼ 10 8 M � which is reflected in the

edshift independence of their metallicity. 

.4 The metal enrichment of the IGM in the first billion years 

inally, we discuss the metal enrichment of the IGM at z > ∼ 4 . 5 for
oth the Photoionization and Jeans mass as shown in Fig. 9 . This is
he avera g e IGM metallicity obtained by diving the total metal mass
n the IGM (i.e. outside the virial radii of all haloes) by the total
NRAS 518, 3557–3575 (2023) 
as mass (see equation 16 ). We caution that the IGM metallicity
alues used here must be treated as a lower limit since the ejected
etals are assumed to be homogeneously dispersed into the entire

imulation box when calculating Z IGM 

. In principle, metals might be

art/stac2654_f7.eps
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Figure 9. Redshift evolution of the average IGM metallicity (in solar 
units) in the entire simulation box. The solid blue and red lines show 

results for all galaxies in the Photoionization and Jeans mass models, 
respectively. As marked, these have been deconstructed into the contri- 
bution from low-mass haloes ( M h 

< ∼ 10 9 M �; dotted lines), intermediate- 
mass haloes ( M h ∼ 10 9 −10 M �; dot–dashed lines), and high-mass haloes 
( M h 

> ∼ 10 10 M �; dashed lines). 
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xpected to be preferentially clustered around the galaxies that eject 
hem. These metals can then be accreted on to their host galaxies
n a future time-step (the ‘galactic fountain’ model) resulting in the 
ccretion of metal-enriched gas (Dav ́e et al. 2011 ; Muratov et al.
017 ; Oppenheimer et al. 2018 ). 
Starting with the Photoionization model, the IGM metallicity 

as a value of about 10 −6 . 2 Z � at z ∼ 15. The formation of an
ncreasing number of low- to intermediate-mass galaxies, that form 

nd eject metals into the IGM, with cosmic time naturally results
n a corresponding increase in the metallicity. Indeed, by z ∼ 4.5, 
 IGM 

increases by about three orders of magnitude to ∼ 10 −3 Z �.
e then deconstruct this into the contribution from low mass 

 M h < 10 9 M �), intermediate (10 9 < M h / M � < 10 10 ) and high-
ass ( M h > 10 10 M �) haloes as shown in the same figure. The IGM

nrichment is dominated by low-mass haloes at z � 8 both because
f their higher number densities and the fact that these objects are
N feedback dominated and hence able to expel essentially all of

heir metal content into the IGM. Indeed, their contribution to the 
GM metallicity is of the order of ∼ 90 per cent at z ∼ 12. Once 
eionization in underway, their contribution starts decreasing as the 
as content of a larger fraction of such sources is suppressed due
o radiative feedback, leading to a corresponding decrease in the 
FR and metal production. Indeed, their contribution to the total 
GM metal budget is of the order of 50 per cent at z ∼ 7 – this
lso corresponds to the redshift at which roughly half of the IGM is
onized (see fig. 9 ; Hutter et al. 2021b ); thereafter their contribution
rops even faster due to radiative feedback such that these galaxies 
ontribute ∼ 15 per cent to the IGM metal budget by z ∼ 4.5. 
ntermediate-mass haloes are still able to expel metal-enriched winds, 
lthough they can retain more of their metal mass which results in a
10 per cent contribution at z ∼ 12. Since these numerous systems

re less affected by radiative feedback, their contribution to the IGM
etallicity starts being significant at z � 7 - by z ∼ 4.5, such systems

ontribute ∼ 56 per cent to the IGM metallicity . Finally , as a result of
heir low number densities and larger potentials, high-mass galaxies 
ave essentially no contribution at z ∼ 12. As an increasing number of
uch systems assemble with decreasing redshift, their contribution to 
he metal budget shows a steep increase such that they are responsible
or ∼ 28 per cent of the metal budget by z ∼ 4.5. 

Qualitatively, the results from the Jeans mass model are very 
imilar. Ho we ver, this model has a much stronger (instantaneous)
eedback effect that suppresses the gas fraction (and hence star 
ormation) in low-intermediate mass galaxies to a larger extent 
Hutter et al. 2021a ). As a consequence, such galaxies are both
ble to produce and eject a smaller amount of gas and metals into
he IGM as compared to the Photoionization model. This leads to
 slightly lower IGM metallicity (by about 0.2 dex) as compared
o the Photoionizaton model at ef fecti vely all redshifts. As might
e expected, low-mass galaxies still dominate the IGM metallicity 
ontribution at early times. Ho we ver, as a result of the stronger
adiative feedback, their contribution drops to the 50 per cent level
s early as z ∼ 10 in this model. Thereafter, the contribution of such
alaxies ef fecti v ely flattens, such that the y contribute ∼ 10 per cent
o the IGM metallicity by z ∼ 4.5. The contribution of intermediate-

ass galaxies (that are much less affected by radiative feedback), is
bout 0.2 dex lower at all redshifts in this model as compared to the
hotoionization model. Such galaxies contribute about 40 per cent 

45 per cent ) to the IGM metallicity at z ∼ 7 (4.5). Finally, high-mass
alaxies, that are essentially unaffected by radiativ e feedback, hav e
he same absolute contribution in both radiative feedback models. 
n the Jeans mass model, such galaxies contribute about 10 per cent
45 per cent ) to the IGM metallicity at z ∼ 7 (4.5). 

 C O N C L U S I O N S  A N D  DI SCUSSI ON  

n this work, we investigate the chemical enrichment of early 
 z > ∼ 5) galaxies and the emergence of metallicity scaling relations
sing the ASTRAEUS framework that self-consistently couples galaxy 
ormation and reionization using an N -body simulation ( VERY SMALL

ULTIDARK PLANCK; VSMDPL ), an SAM for galaxy formation (an 
 xtended v ersion of DELPHI ) and a seminumerical radiative transfer
ode for reionization ( CIFOG ). The key strength of our model lies
n: (i) the radiative feedback models explored that range from a
eak, time-delayed one (the Photoionization model) to a strong 

nstantaneous reduction of gas in the galaxy (the Jeans mass model);
nd (ii) the fact that ASTRAEUS is the only SAM to include the
atest state-of-the-art yields from Kobayashi et al. ( 2020b ) which
eproduce the observations not just for oxygen but also for most of
ll stable elements (up to uranium) self-consistently. Our key findings 
or z > ∼ 4 . 5 galaxies are as follows: 

(i) The mass brought in by merging progenitors dominates the 
ssembly of both the gas and metal contents at all redshifts, followed
y smooth accretion from the IGM and SNII-driven ejection from 

he ISM. The gas returned by exploding stars is negligible, being
bout 2.5 orders of magnitude less than the merged gas mass. 

(ii) Mergers also dominate the metal assembly, followed by self- 
nrichment and ejection. Given that the IGM metallicity only reaches 
 value of about Z IGM 

∼ 10 −3 M � by z ∼ 4.5, smooth accretion does
ot have any sensible contribution to the metal assembly. 
(iii) Irrespective of the stellar mass, the smooth-accretion of metal- 

oor gas from the IGM plays a key role in diluting the ISM
etallicity which is ef fecti vely restored due to self-enrichment from

tar formation. As e xpected, giv en our assumption of gas and metals
eing perfectly mixed, ejection has no impact on the final metallicity.
(iv) For the Photoionization model , the average gas mass loading 

actor scales with the stellar mass, for M ∗ ∼ 10 7 −10 10 . 4 M � ( M ∗ ∼
MNRAS 518, 3557–3575 (2023) 
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0 7 −10 9 . 5 M �) galaxies, at z ∼ 5 (10) such that 

g ≈ 1 . 38 

(
M ∗

10 10 M �

)−0 . 43 

. (37) 

(v) Interestingly, we find that the stellar mass-gas phase metallicity
elation (MZR) was already in place as early as z ∼ 10 and persists,
f fecti vely une volving, do wn to z ∼ 5. 

(vi) We also find a three-dimensional correlation between the
etallicity, stellar mass and SFR (the fundamental metallicity re-

ation; FMR) to persist at all z ∼ 10 −5. Essentially, for a given
tellar mass, the metallicity decreases with an increase in the SFR.
o we ver, gi ven that self-enrichment supersedes dilution at all the
asses studied, we do not see any flattening of the mass–metallicity

elation for high masses, as has been observed at lower redshifts ( z
0). 
(vii) We find our simulated galaxies to lie on a four-dimensional

elation [12 + log(O/H), SFR, z, M ∗] that can be expressed by a
elation we named ‘high- z fundamental plane of metallicity’ (HFPZ).
erforming a multiple linear regression, we find that the HFPZ is
iven by 

2 + log(O / H) = − 0 . 294 log 

(
SFR 

M �yr −1 

)
+ 0 . 581 log 

(
M ∗
M �

)
+ 2 . 272 + 0 . 061 z (38) 

nd 

2 + log(O / H) = − 0 . 342 log 

(
SFR 

M �yr −1 

)
+ 0 . 586 log 

(
M ∗
M �

)
+ 2 . 216 + 0 . 061 z (39) 

or the Photoionization and Jeans mass models, respectively. 
(viii) Interestingly, we find that both the Photoionization and Jeans

ass models lead to very similar qualitative results for both the gas
nd metal mass assembly as well as the mass–metallicity relations
xplored here; the impact of the Jeans mass model is the most
ronounced on the lowest mass ( M ∗ < ∼ 10 6 . 5 M �) galaxies that are
osted in M h 

< ∼ 10 9 . 2 M � haloes. 
(ix) The average IGM metallicity increases from about Z IGM 

∼
0 −6.2 to 10 −3 Z � between z ∼ 15 and 4.5. Most of this enrichment
s driven by low-mass galaxies (with halo mass M h 

< ∼ 10 9 M �) at
 ∼ 8 in the Photoionization model. As such low-mass galaxies
re progressively suppressed by both SNII and radiative feedback,
he contribution of intermediate to high-mass haloes increases at
 

< ∼ 8 such that they contribute ∼ 56 and ∼ 28 per cent to the IGM
etal budget by z ∼ 4.5. Given the much stronger effect of radiative

eedback, the contribution of low-mass galaxies drops off faster in
he Jeans mass model; this is compensated by a higher contribution
rom intermediate high-mass galaxies. 

We end by noting that, encouragingly, our results for the mass–
etallicity relation are within the limits predicted by a number

f theoretical models (including FIRE , FIRSTLIGHT and ILLUSTRIS

NG ). Ho we ver, we increasingly under-predict the metallicity with
ecreasing redshift for a given stellar mass, when compared to obser-
ationallyextrapolated results from z ∼ 0 to 3.5. This could be due to
 number of simplifying assumptions made in our model such as (i)
ll of the gas mass can form stars; (ii) smoothly accreted gas having an
GM metallicity value that is averaged over the entire box rather than
ccounting for the distribution of metals in the IGM; (iii) a perfect
ixture of gas and metals being ejected; (iv) ignoring the presence of

ust in high- z galaxies. The last point is particularly rele v ant in light
f recent Atacama Large Millimetre Array (ALMA) observations
hat show significant dust masses attenuating the UV light from
NRAS 518, 3557–3575 (2023) 
elatively normal high-redshift star-forming galaxies (Bouwens et al.
021 ; Fudamoto et al. 2021 ). Indeed, this might require re-calibrating
ur threshold star formation efficiencies, especially for high-mass
alaxies, impacting their metal masses. Forthcoming observations
ith the JWST will truly be crucial in shedding light on the high-

edshift mass–metallicity relation and its redshift evolution. 
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PPENDI X  A :  T H E  RELATI ON  BETWEE N  T H E  

TELLAR  MASS,  GAS-PHASE  META LLICITY  

N D  SFR  

n this section, we discuss the three-dimensional relation between 
he stellar mass, instantaneous SFR and the gas-phase metallicity 

the three parameters comprising the FMR; qualitatively, these 
esults are similar to those detailed in Section 4.1 . As seen in
ig. A1 , independent of redshift, at a given stellar mass the
etallicity decreases with an increase in the SFR. For example, 
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M

Figure A1. The (final) gas-phase metallicity, in units of 12 + log (O/H), as a function of stellar mass for z ∼ 5 −10 as marked. In each panel, the results have 
been colour coded by the (log) SFR. For clarity, we only show results for the Photoionization model given that the Jeans mass model leads, visually, to very 
similar values. 
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t z ∼ 5, for M ∗ ∼ 10 7 M � galaxies, the metallicity decreases from
2 + log(O/H) ∼7.7 to ∼6.8 as the SFR increases from 10 −2.5 to
0 −0 . 75 M � yr −1 . The same behaviour persists for galaxies as massive
s 10 9 . 5 M � where the metallicity value drops from 8 to 7.5 as
he SFR increases from 10 0.25 to 10M � yr −1 . While this trend is

ostly driven by the ejection of metals at the low-mass end, dilution
required to sustain higher SFR) becomes the primary driver at the
igh-mass end. Interestingly, we do not see any flattening of the
etallicity even for the highest mass galaxies. This is because self-

nrichment still supersedes dilution. Although these same trends
ersist at all z ∼ 5 −10, the stellar mass and SFR ranges natu-
ally decrease with increasing redshift. Finally, low-mass galaxies
 M ∗ < ∼ 10 7 . 6 M �) with extremely high metallicities are again outliers
here the only gas (metal) mass are those returned by exploding
NRAS 518, 3557–3575 (2023) 
tars (self-enrichment in the last redshift step) as also noted in
ection 4.1 . 

PPENDI X  B:  C O M PA R I S O N  O F  T H E  

ETA LLICITY  VA LUES  D E R I V E D  F RO M  T H E  

FPZ  A N D  ASTRAEUS 

n Fig. B1 , we show the histograms of the log of the ratios between
ur inferred HFPZ and the metallicity at different redshifts (a value
f 0 means that the actual value of the metallicity and the one derived
ith our HFPZ are exactly the same) in our simulation: The residuals

re small across the redshift range z = 5 −10 and almost the whole
ample of our simulated galaxies have a metallicity that differs from
he value inferred from the HFPZ less than ∼7 per cent. 
y 2025
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Figure B1. Histograms of ratios between the metallicity derived with the HFPZ described in equation ( 32 ) and the actual value of the metallicity obtained in 
our simulation at different redshift expressed in log (i.e. a value of 0 means that the actual value of the metallicity in our simulation and the one derived with 
the HFPZ are exactly the same). Blue and red shaded histograms show the results for the Photoionization and Jeans mass models, respectively along with their 
mean ( μ) and standard deviation ( σ ). As reference, a value of 0.03 implies a difference between the HFPZ and the 12 + log(O/H) value of ∼7 per cent. In blue 
and red, we also report the mean ( μ) and standard deviation ( σ ) for the distributions obtained for the Photoionization and Jeans mass model, respectively. 
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