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ABSTRACT

In this work, we have implemented a detailed physical model of galaxy chemical enrichment into the ASTRAEUS (semi-numerical
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 over 2.5 orders of magnitude in halo
mass with Mj, ~ 10397115Mg (M), ~ 10397128M ) 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 (ISM) metallicity which is effectively restored
due to self-enrichment from star formation; (ii) a redshift averaged gas-mass loading factor that depends on the stellar mass as
ng =~ 1.38(M./ 10'9M)~043; (iii) the mass-metallicity relation is already in place at z ~ 10 and shows effectively 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 effectively independent of the reionization radiative feedback model for M, Z 10°°M, galaxies; (vii) while low-
mass galaxies (M}, £ 10°My) are the key contributors to the metal budget of the IGM at early times, higher mass halos provide
about 50% of the metal budget at lower-redshifts.
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1 INTRODUCTION is typically expressed through the gas-phase oxygen abundance (the
most abundant heavy element) as 12+log(O/H). The relation between
the gas-phase oxygen abundance and the stellar mass is referred
to as the Mass-Metallicity relation (MZR). Extensive observations
have been undertaken to establish this relation in the local Universe
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The chemical evolution of the interstellar medium (ISM) is a funda-
mental indicator of the key baryonic processes that govern galaxy for-
mation and evolution. In addition to the entire star formation history
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metallicity measurements are almost exclusively based on the rest-
frame optical (strong) emission lines which are redshifted out of
the spectral range of current spectrographs for z > 5. Over the next
years, forthcoming facilties such as the James Webb Space Telescope
(JWST) will be crucial in extending such observed relations well
into the epoch of reionization (EoR). Additionally, over the past
decade, it has also been shown that the MZR is actually the two-
dimensional projection of an underlying three-dimensional relation
linking the stellar mass, gas-phase metallicity and the instantaneous
SFR. This “fundamental metallicity relation" (FMR) has now been
widely explored, both from the observational (e.g. Ellison et al. 2008;
Lara-Lépez et al. 2010; Mannucci et al. 2010; Hunt et al. 2012; Salim
et al. 2014; Hunt et al. 2016a; Cresci et al. 2019; Curti et al. 2020)
and theoretical perspectives (e.g. Yates et al. 2012; Dayal et al. 2013;
Lilly et al. 2013; Yates & Kauffmann 2014; Davé et al. 2012; Hunt
et al. 2016b).

As noted, chemical evolution in galaxies is affected by a great
number of processes including accretion of gas from the IGM, star
formation inside galaxies fuelled by the their gas reservoir and their
associated yields, feedback from internal (e.g. SN feedback) and ex-
ternal sources (reionization), gas, stars and metals merging via major
and minor mergers from previous galaxy generations, and ejection
of metal-rich gas into the CGM/IGM that could later be re-accreted
onto the galaxy, the metal-dust cycle and the presence of accreting
black holes. A number of theoretical models have been developed to
study different aspects of these effects as well as their impact on the
metal enrichment. These range from semi-analytical models (SAMs;
e.g. De Lucia et al. 2004; Somerville et al. 2008; Croton et al. 2016;
Mutch et al. 2016) to hydrodynamic simulations (e.g. Kobayashi
et al. 2007; Tornatore et al. 2007; Maio & Tescari 2015; Taylor &
Kobayashi 2016; Okamoto et al. 2017; Torrey et al. 2019; Ma et al.
2016; De Rossi et al. 2017; Langan et al. 2020) to zoom-in simula-
tions (Katz et al. 2019b; Pallottini et al. 2019). As might be expected,
these different approaches have very different strengths: while SAMs
can be used to explore a wide range of physical processes for the
entire galaxy population, they can not model the ISM in the exquisite
detail that is being achieved by zoom-in simulations. The latter, how-
ever, can, at most, model a few galaxies given their computational
requirements. Finally, while hydrodynamic simulations can be used
to model representative galaxy populations through time, most of
these do not fully couple galaxy formation with reionization. This
could be particularly relevant for the metallicity of low-mass galaxies
at high-z since a growing body of work shows that the ultra-violet
background (UVB) created during reionization can (through photo-
evaporation) suppress the gas mass and hence the star formation rates
in low-mass galaxies with halo mass M}, < 10° Mg (Gnedin 2000;
Hasegawa & Semelin 2013; Gnedin & Kaurov 2014; Pawlik et al.
2015; Ocvirk et al. 2016, 2018; Dawoodbhoy et al. 2018; Katz et al.
2019a; Wu et al. 2019; Hutter et al. 2021a). As a result, the slope and
normalization of the MZR as well as its redshift evolution remain a
matter of debate at high-z.

The aim of this work is to study the key physics determining the
emergence and redshift evolution of the MZR in the EoR. We use
the aAsTrAEUSs framework (Hutter et al. 2021a) that self-consistently
couples a state-of-the-art N-body simulation (very small multi-dark;
vsMmD) with a semi-analytic model of galaxy formation (pELPHI; Dayal
etal. 2013) and a semi-numerical reionization scheme (ciroc; Hutter
2018). This work focuses on a major update of this code through the
detailed implementation of the chemical enrichment of galaxies. The
key strengths of this work lie in: (i) an exploration of the entire
plausible range of radiative feedback models (ranging from a weak,
time-delayed to a strong instantaneous reduction of gas in the galaxy)
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that are fully coupled to the underlying galaxy population; and (ii) the
inclusion of the realistic stellar yields. Indeed, ASTRAEUS is currently
the only semi-analytic model that includes the latest state-of-the-
art yields from Kobayashi et al. (2020b) so far. This yield set can
reproduce the observations not only for oxygen but also for most of
all stable elements (up to uranium) self-consistently for the Milky
Way.

The paper is structured as follows. In Section 2 we describe the
ASTRAEUS framework including a full description of the underlying
N-body simulation, the galaxy formation model with complete details
of chemical enrichment and the coupling to the different radiative
feedback models explored. In Sec. 3.1, we study the assembly of the
gas and metal content of early galaxies before discussing the mass
loading of gas and metals in Sec. 3.2. We then explore the relation
between the stellar mass, metallicity and the specific star formation
rate in Sec. 4.1 before discussing the emergence of the MZR in
Sec. 4.2 and its redshift evolution in Sec. 4.3. We then discuss the
resulting metal enrichment of the IGM in the first billion years in
Sec. 4.4 before ending with our conclusions in Sec. 5.

2 THEORETICAL MODEL

As in the preceding papers of this series, in this work we use the
ASTRAEUS (semi-numerical rAdiative tranSfer coupling of galaxy
formaTion and Reionization in N-body dArk mattEr simUlationS)
framework that couples a state-of-the-art N-body simulation run as
part of the Multi-dark project! (Very small multi-dark Planck; vs-
MppL) with a slightly modified version of the DELPHI semi-analytic
model of galaxy formation (Dayal et al. 2014) and the ciroc (Code
to compute ionization field from density fields and source catalogue)
semi-numerical reionization scheme (Hutter 2018). We briefly de-
scribe the model here and interested readers are referred to Hutter
et al. (2021a) for complete details. The major update of ASTRAEUS
in this work is the implementation of a complete physical model to
track the chemical evolution of galaxies at z 2 4.5.

The underlying dark matter-only N-body simulation has been run
using the GADGET-2 Tree+PM (particle mesh) N-body code (Springel
2005; Klypin et al. 2016). It has a box side length of 160A~! cMpc and
follows the trajectories of 38403 particles, with each particle having
a dark matter mass of 6.2 x10047! Mg. In total, 150 simulation
snapshots have been stored from z = 25 to z = 0, with 74 being saved
between z = 25 and z = 4.5. For all snapshots, halos and subhalos
down to 20 particles have been identified using the ROCkSTAR phase-
space halo finder (Behroozi et al. 2013a). We limit ourselves to
using halos with at least 100 particles? in this work resulting in a
minimum halo mass of M;, = 108-%% M. Merger trees have been
generated from the ROCKSTAR catalogues by using CONSISTENT TREES
(Behroozi et al. 2013b) which have been resorted to local horizontal
(sorted on a redshift-by-redshift-basis within a tree) merger trees
using the cUTNRESORT module within the AsTrRAEUS pipeline (Hutter
et al. 2021a). In addition, for all snapshots, the dark matter density
fields have been re-sampled to a 5123 grid which are used as input
files for the AsTRAEUS code.

ASTRAEUS includes all the key baryonic processes of gas accretion,
gas and stellar mass being brought in by mergers, star formation

1" See www.cosmosim.org for further information about the Multi-dark 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 halos with
at least 50 particles.



and Type II supernova (SNII) feedback and the impact of radiative
feedback from the patchy UVB generated during reionization. The
UVB can (i) photo-evaporate gas from small gravitational potentials
and (ii) increase the Jeans mass for galaxy formation (which reduces
the amount of gas accreted from the IGM). A combination of these
two effects leads to a reduction in the gas content of low-mass halos
in ionized regions. At each redshift step, these baryonic processes
are coupled to the merger- and accretion-driven growth of the dark
matter halos obtained from the N-body simulation as detailed in what
follows.

Throughout this work we use a Salpeter initial mass function (IMF,
Salpeter 1955) between 0.1 and 100 M. This yields only slightly
lower metallicities as compared to a Kroupa IMF over 0.01-100 Me;
e.g. see Kobayashi (2010) for the IMF dependence on the MZR and
Vincenzo et al. (2016) for metal yields as a function of the IMF.
Finally, the cosmological model used in this work corresponds to the
ACDM Universe with dark matter, dark energy and baryonic density
parameter values of (Q,, Qa,Q2p) = (0.31,0.69,0.048), a Hubble
constant Hy = 100k = 68 km s~ 'Mpc~!, a primordial spectral index
ng = 0.96 and a spectral normalisation og = 0.83, consistent with
the latest results from the pLANK collaboration (Planck Collaboration
et al. 2016).

e Dark matter accretion and mergers: in the ASTRAEUS framework,
a galaxy with a halo mass M}, (z) that is a starting leaf (i.e. has no
progenitors), can smoothly accrete a gas mass of M3°(z) from the
surrounding IGM, corresponding to the cosmological baryon-to-dark
matter ratio. On the other hand, halos that have progenitors gain gas
both through mergers and accretion. For halos in ionized regions, this
gas mass can be reduced due to reionization feedback. The initial gas
mass, M, é (z), that can be retained inside a halo of mass M}, can then
be expressed as:

- , Q
M} (2) = min | MP(2) + MI(2), fgéMh(z) : (1)

where Mg'®(z) is the gas mass brought in by mergers (this has a
value O for starting leaves) and fg is the gas fraction that remains
available for star formation in the presence of an UVB. The value
of fg crucially depends on a number of parameters including the
characteristic mass for radiative feedback (M. ; halo mass at which
half of the baryonic mass is retained), the host halo mass and its
redshift, and the redshift at which the halo was first irradiated by the
UVB (see Sec. 2.3 of Hutter et al. 2021a).

o Star formation and SN feedback: at a given snapshot, the initial
gas mass can form stars with an effective efficiency, f€7, such that the
newly formed stellar mass is MPV(z) = M é(z) ff The explosion
of high-mass stars, in addition to chemically enriching the ISM,
inject thermal and kinetic energy into it. This energy can heat and
expel gas from the galaxy. In our model we assume that each SNII
produces an energy equal to E5; = 1051erg of which a fraction (f,)
couples to the gas and drives outflows. In this work we implement the
“delayed SN scheme that accounts for the mass-dependent lifetimes
of stars (Padovani & Matteucci 1993). The value of ffff is then the
minimum between the star formation efficiency that produces enough
SNII energy to unbind the rest of the gas from the halo potential ( f;”)
and an upper threshold (fi ~ 1 — 3%) such that 7o = min[ f,, £7].
This star formation is assumed to be uniformly distributed over the
entire redshift step resulting in a SFR:

M (1)
A7 2

where At is the time interval between two consecutive snapshots at

SFR(?) =
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redshifts (i.e. z + Az and z).

e Patchy UVB and reionization feedback: in order to simulate
(patchy) reionization, we use the ciroG code (Hutter 2018). This is a
MPI-parallelised, semi-numerical reionization code that uses the ion-
izing emissivities and positions of the underlying galaxy population
and the local gas density (on a 5123 grid) to yield the photoioniza-
tion rate, residual neutral hydrogen fraction and recombination rate
of each cell. For galaxies lying in reionized regions, we calculate the
fraction of gas mass they can retain after radiative feedback; galaxies
in neutral regions are naturally unaffected by reionization feedback.
In this work we consider 2 out of the 3 cases studied in Ucci et al.
(2020): the Photoionization and Jeans mass models as shown in Ta-
ble 1. These are our “extreme” cases in terms of the characteristic
mass; both assume a constant value of the escape fraction of ionizing
photons (fesc). The value of M. is minimum for the Photoionization
model where we account for gas reacting to an increase in the IGM
temperature (to Tjgym = 10* K) on a dynamical timescale. M, has its
maximum value in the Jeans mass model where the IGM is assumed
to be heated to 4 x 10* K via photo-heating upon ionization and
the rise in temperature is assumed to translate instantaneously into a
higher Jeans mass.

Our model has a total of three free parameters: the threshold star
formation efficiency (f.), the fraction of SNII energy that couples to
gas (fy) and the escape fraction of ionizing photons from the galac-
tic environment into the IGM (fesc). These are tuned to reproduce
the key observables for: (i) galaxies - including the evolving ultra-
violet luminosity function (UVLF) and stellar mass function (SMF),
and the redshift evolution of the star formation rate density (SFRD)
and the stellar mass density (SMD) at z 2 5; and (ii) reionization -
including the electron scattering optical depth and the ionizing his-
tory constraints from quasars, Lyman Alpha Emitters (LAEs) and
Gamma Ray Bursts (GRBs). The values of the model free parame-
ters, the IGM temperature in ionized regions and the characteristic
halo mass for each of the UV feedback models used in this work are
reported in Table 1. Interested readers are refereed to (Figs. 2 and
C1) in Hutter et al. (2021a) to see a comparison of our model results
with the observed evolving UVLF and the SMF, respectively.

We now detail the implementation of chemical feedback in Secs.
2.1-2.5 that follow.

2.1 Metal accretion and mergers

The metal mass obtained by a galaxy through accretion (M3€) can
be expressed as

Q
M3<(2) = Zigm (MG (2) = Zigm () g M3y < (2). 3

where Zjgwm is the IGM metallicity and we have reasonably assumed
that the accreted gas mass is related to the accreted dark matter mass
through the cosmological baryon-to-dark matter ratio. Further, the
metal mass gained through mergers (M,°") can be calculated as

N
Mp(2) = ) M, j (2 + A7), @)
=1

where M, ; is the final metal mass brought in by each of the N
progenitors from the previous redshift step (z + Az). This term is
naturally zero for starting leaves that have no progenitors.

With this setup, at the beginning of a given snapshot, the initial

MNRAS 000, 1-18 (2021)
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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) at z = 7 for which halos can retain half of their gas mass after UV feedback assuming a reionization redshift z;ejon = 8 (12) (column 6).

Model fi fw

Photoionization  0.01 0.2
Jeans mass 0.01 0.2

1 TiGgM is actually given by the H I photoionization rate I'yyp which is about ~

2 Sobacchi & Mesinger (2013)

metal mass and gas-phase metallicity are:
My (2) = Mis©(2) + My (2),
M (2) 5)

Zi(z) = ==
(2) V(o)

2.2 Galactic chemical evolution

The total mass rate of enriched and un-enriched material that dying
stars return into the ISM at time ¢ is (e.g. Matteucci 2016):

50 Mo
G(1) = / [m — Mg(m, Z)|SFR(t — 1) p(m) dm, (6)
m(r)

where 1, is the stellar lifetime of a star of mass m (Padovani &
Matteucci 1993), Mg is the remnant mass depending on the mass m
and metallicity Z (Sec. 2.3), and ¢(m) represents the IMF?. Here,
SFR(t — Tn)¢(m) is the birthrate of stars with mass m at time
t — Ty multiplying this birthrate with the mass ejected by one star,
m — Mg (m, Z), yields the total mass rate ejected by stars of mass m
at time 7. Analogously, the time-dependent rate of the ejected metals
can be expressed as (e.g., Yates et al. 2013):

50 Mo

ez(t) = / my (m, Z)SFR(t — 1) p(m) dm, @)
m(r)

where my (m, Z) = y(m, Z)+(m—Mpg(m, Z))Z is the mass of metals

returned to the ISM by a star of mass m and metallicity Z.

This term is composed of the mass and metallicity dependent yield,
y(m, Z), which is the metal mass newly formed and ejected into the
ISM by stars with initial mass m and metallicity Z (Sec. 2.3). The
second term, (m — MR)Z, accounts for the mass of metals present
at the formation of the star restored back into the ISM without any
nuclear processing (Tinsley 1980).

We can then split the term ez (¢) above into two parts:

50 Mo
ez (1) :/ my (m, Z)SFR(t — 1) p(m) dm,
0.85 Mg @®

7(8 Mg)
+T / m3yNASFR(t - 7)DTD(7) d.
7(0.85 M)

The first term accounts for the contribution from stellar winds and
ejection from single massive stars exploding as SNII. The second
term represents the contribution from SNIa, where the stellar yield,
mgNIa, is assumed to be independent of mass and metallicity as
detailed in Sec. 2.3 (see also Cappellaro et al. 2007; Kobayashi et al.
2020a). Further, I is defined as " = A"k, where k = _/r::" ¢(m)dm

is the number of stars in a 1 Mg simple stellar population. Finally

3 The IMF is normalized such that f,::;” me¢p(m)dm = 1, with lower and
upper mass limits of m; = 0.1Mg and m,, = 100Mg, respectively.
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Tiom log (M /Mp)
0215 ~4x10*K! 9.092 (7.86)
0.285 4x10*K 9.52(9.52)
10—12.35—]

the A’ term accounts for the fraction of stars from the whole IMF
that are SNIa progenitors such that (Arrigoni et al. 2010; Yates et al.
2013):

A'=A- fr_i6. )

Here, A represents the fraction of objects in the mass range 3-16 Mg
that are SNIa progenitors and f3_;¢ is the fraction of all objects in
the IMF that have masses between 3 and 16 Mg. For the IMF used
in this work, k = 2.8461 and f3_;4 = 0.0258. The assumed value for
A in this work is A = 0.03, i.e. 3 per cent of stars in the 3-16 Mg
mass range are SNIa progenitors (Yates et al. 2013). The function
DTD(7) in the second term of Eqn. 8 is an analytic power-law SNIa
delay-time distribution (DTD) parametrized as (Maoz et al. 2012;
Yates et al. 2013):

-1.12
DTD(7) = a (L) , (10)
Gyr

where a is assumed to be 0.15242 Gyr~!. This DTD formalism allows
us to not have to make additional assumptions about the progenitor
type of SNIa, the binary mass function, secondary mass fraction
distribution or binary lifetimes (Yates et al. 2013). Note that in this
formalism the minimum delay-time of SNIa is determined from the
lifetime of 8 M stars, which is about 30 Myrs. The adopted DTD
is very similar to that in Kobayashi & Nomoto (2009) around solar
metallicity.

For the gas mass returned to the ISM and described by G() in
Eqn. 6, we can use the same formalism in order to split the various
contributions such that:

50 Mo
G(1) :/ [m — Mg(m,Z)]SFR(t — ) ¢p(m) dm,
0.85 Mo
7(8 Mo)
+I' /

7(0.85 Mo)
where we take into account the various mass- and metallicity-
dependent remnant masses Mg (m, Z). Further, mSNIa represents the
amount of mass returned to the ISM by SNIa (Sec. 2.3, Snaith et al.
2015).

Note that in Eqns. 7, 8 and 11, Z depends both on time and
the stellar lifetime i.e. Z = Z(t — 1,,), in order to account for the
metallicity of stars at the time of their formation. In this work, we
set the upper mass for chemical enrichment to 50 Mg because more
massive stars do not explode as core-collapse supernovae and instead

collapse to black holes without producing any heavy elements except
for C and N (Kobayashi et al. 2020b).

(1n)
m*NESFR (1 - 1)DTD(7) d,

2.3 Stellar yields

The stellar metal yields, y(m, Z), can be obtained from stellar evo-
lution and nucleosynthesis calculations for different ranges of stellar



masses and initial metallicities. In this work, we adopt the latest
yield tables from Kobayashi et al. (2020b), which include all mass
ranges of stars. These include low/intermediate-mass (~ 1 — 8Mg)
stars producing and losing metals through asymptotic giant branch
(AGB)-phase stellar winds and core-collapse supernova explosions
(10 — 50M) that produce the majority of metals. Among core-
collapse supernovae, we assume half of 20 — 50Mg stars to form
hypernovae (observed as Type Ibc supernovae) and the rest as SNII,
which gives the best match to the observed elemental abundances
in the solar neighbourhood. Among SNII, stars of 30 — 50M¢ do
not produce iron-peak elements, called failed supernovae. As refer-
ence, the return fraction and net yields are R(Z = 0) = 0.36, R(Z =
0.02) = 0.41,y(Z = 0) = 0.018, and y(Z = 0.02) = 0.017, de-
pending on the metallicity (see Table 3 of Kobayashi et al. 2020b
for the values with Kroupa IMF). The adopted solar metallicity is
Zo =0.0144 (Asplund et al. 2009), and the solar oxygen abundance
is Ap(O) = 8.76 (for details see Kobayashi et al. 2020b).

For SNIa, we use a value of mSN2 = 1.37Mg independent of
metallicity, and adopt miNIa from the spherical symmetric calcula-
tion named “W7” of Thielemann et al. (2003) for non-radioactive
species. At the solar metallicity, these yields are similar to those
from more recent 2D calculations by Kobayashi et al. (2020a) for
near-Chandrasekhar mass progenitors, except for Ni.

Oxygen yields are larger for more massive SN (see Fig. 4 of
Nomoto et al. 2013), while the mass dependence of iron yields is
much smaller. Because of this difference there is a small decrease
of [O/Fe] toward higher metallicities. In the galactic chemical evo-
Iution model for the solar neighbourhood, around [Fe/H] ~ 1, the
[O/Fe] ratio sharply decreases due to the delayed enrichment from
SNIa. This evolutionary trend is in an excellent agreement with the
observed [O/Fe] ratios of nearby stars in the solar neighbourhood,
if the Kobayashi & Nomoto (2009) DTD model is used. While the
DTD adopted in this paper gives an inferior fit to the observational
data (see Fig.15 of Kobayashi et al. 2020a), this does not cause any
significant difference for the high-redshift galaxies studied in this

paper.

2.4 Gas and metal mass ejection

At each redshift-step, the gas and metal masses after accretion, merg-
ing, star formation and gas restoration/metal production are:

M} (2) = My(2) - MI*¥ (2) + G(2)Ar, .
M}, (2) = M}, (2) = Z ()M (2) + ez (2) At

Consequently, the metallicity at this stage can be expressed as:

o My (2)
Z'(z) = Mé(z) .

13)

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

. ) eff
Mg(x) = [My(2) - M () +G()A] =+, (14)
M) = Z'(MP(2) (15)

As seen from the the terms G (z)Ar and ez (z) At, we assume that
newly formed metals and the returned gas are instantaneously mixed
into the ISM before being ejected.

The average IGM metallicity, Zjgm., is assumed to be zero at the
beginning of our simulation. For subsequent snapshots, the ejected
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metal mass reported in Eqn. 15 is used to compute its value as

z N

1 & s
Zigm(z) = —— M: (), (16)
IGM Mg,tot(z) ;; m,i

where the RHS is the sum of the metal mass ejected over all galaxies
(N) and simulation snapshots (z” > z) divided by the total gas mass in
the simulation box at redshift z. Given the complexity of calculating
ZigMm on the full grid used for reionization, we defer this calculation
to a future work.

2.5 Evaluating gas and metal mass for each simulation snapshot
The basic equation for the chemical evolution of the gas mass can be
written as (e.g., Matteucci 2016):

¢j

My SFR(7) + G(1) 8 (17)
—° - _ + - 2
dt dt ’

that in our formalism translates into:
ME(2) = Ml (2) - M2 (2) + G (2) A — MY (2), (18)

where the superscript “f” stands for “final” and indicates that the
quantity is evaluated at the end of the redshift-step. Hence, Eqn. 18
leads to:

eff
1- ];ej ) (19)

The equivalent equation for the metal mass evolution is:

My (2) = [My (2) = MIV(2) + G(2)Ai] (

dMp, dMs
—— =-Z SFR(t 1) - , 20
. (1) +ez (1) - = 0)
that again, in our formalism, leads to:
M}, (2) = My (2) = ZHRMEY + e7(2)At = My (2), 1)
and, consequently:
My (2) = My (2) = ZH(QMI™ (2) + ez () At
’ i new fﬁ (22)
= Z'(2)[My(2) = M7 (2) + G(2)Ar] .
This yields a final metallicity of
Mt
7/(z) = M (23)
Mg (2)

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

Mg my
12+log(O/H) = 12 + log | —2 —H

(24)
M£ moX

where Mg is the Oxygen mass, my and mg are the atomic masses of
Hydrogen and Oxygen, respectively, and X represents the Hydrogen
abundance. We have assumed my = 1.0079, mg = 15.999 and
X =0.75.

3 THE GAS AND METAL CONTENT OF EARLY
GALAXIES

We now discuss the key processes that drive the assembly of the
gas and metal contents of early galaxies in Sec. 3.1 and describe the
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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 visualisation, we only present results for the Photoionization model, given that the Jeans mass model leads to very similar values (see

text in Sec. 3.1 for details).

mass loading of gas and metals in Sec. 3.2. We primarily focus on the
results for the Photoionization model (with minimal UV feedback)
and highlight the impact of (maximal) UV feedback through the
Jeans mass model where appropriate. Finally, for simplicity, the (dark
matter, gas, stellar and metal) masses gained from all progenitors at
the previous redshift-step are termed as merged mass in what follows.

3.1 Assembling the gas and metal content of early galaxies

In this section, we study the impact of the different physical processes
discussed above in assembling the gas, stellar and metal contents of
high-z galaxies. As noted above, the gas and metal masses accreted
or returned/produced in one redshift-step are counted as the merged
gas and metal mass in the next step.

We start by looking at the average mass assembly of low-mass
galaxies (M, ~ 107> Mg at z ~ 4.5) as shown in the left panel
of Fig. 1. On average, these galaxies are hosted by halos of mass
My, ~ 1098 (1010)Mg at z ~ 10 (4.5) and start assembling their
mass at z ~ 13.5. The flatness of their assembly stems from the
fact that the majority of the newly-forming progenitors of such sys-
tems have low-masses at any redshift and therefore form stars in the
“feedback-limited” regime where (& = £ It is only at z < 6 that
their progenitors start growing significantly in terms of their stellar
and gas content.

The gas mass assembly of such galaxies is dominated by mergers
bringing in ~ 90% of the final gas mass at all redshifts; most of this
gas mass is contributed by the major progenitor. Smooth-accretion of
IGM gas is the second most dominant process, contributing ~ 60%
of the merged mass. Given the low-halo masses associated with
the progenitors of such objects, ejection is about 40% as important
as mergers in determining the gas mass. The returned fraction (~
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0.02 of the stellar mass) plays a negligible role, being about 2.5
orders of magnitude lower than the merged gas mass. In terms of
metals, mergers are again responsible for assembling the bulk (~
90%) of the total metal content at any redshift. This is followed by
the metal enrichment from star formation contributing ~ 70% and
ejection removing ~ 40% of the merged metal mass. Finally, given
the relatively low value of the IGM metallicity (Zigm ~ 1073 Zg only
by z ~ 4.5; see Sec. 4.4), smooth-accretion from the IGM contributes
only about 5% to the total metal mass, even by z ~ 4.5.

We then show the assembly of intermediate mass galaxies
(M. ~ 10°Mg at z ~ 4.5) in the middle panel of Fig. 1. At
z = 10 (z = 4.5) these galaxies are hosted in halos with masses
My ~ 10!! (1011'2) Mg. As aresult of their larger host halo masses,
the progenitors of such galaxies are effectively unaffected by SNII
feedback, allowing them to retain most, if not all, of their gas mass.
This results in the gas (and stellar) mass growing monotonically with
decreasing redshift between z ~ 15 — 4.5. Mergers still dominate
the gas mass assembly, contributing ~ 90% to the total gas mass
at any redshift. The contribution from accretion decreases slightly
with decreasing redshift from about 30% of the merged gas mass at
z ~ 15 to about 20% by z ~ 4.5. The importance of ejection also
decreases with decreasing redshift as the halo potential increases:
while the ejected mass is about 15% of the merged mass at z ~ 15,
this decreases to ~ 5% by z ~ 4.5. Finally, the returned gas fraction is
still ~ 2.5 orders of magnitude less than the merged mass. The metal-
mass assembly is again dominated by mergers which bring in about
90% of the metal mass at all redshifts, as might be expected from
the gas-mass assembly. Self enrichment from star formation is about
50% as important as mergers, with ejection removing ~ 20% of the
merged metal mass at all redshifts; accreted metals again contribute
a negligible 0.7% to the total metal mass even by z ~ 4.5.
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The situation for the most massive galaxies (M, ~ 1019 Mg at
z ~ 4.5), reported in the right panel of Fig. 1, is qualitatively the same
as the intermediate mass bin. Hosted in halos of Mj, ~ 10124M, at
z ~ 4.5, the progenitors of such halos are mostly unaffected by SNII
feedback. Indeed, these galaxies show the fastest buildup of both the
gas and stellar mass, especially at earlier times. While mergers still
dominate in assembling the bulk (~ 90%) of both the gas and metal
mass, the key differences with respect to intermediate mass-halos
is that, as a result of their faster growing halo masses, the impact
of both accretion and ejection decreases faster for both the gas and
metal masses with decreasing redshift. Quantitatively, accretion and
ejection are ~ 40% and ~ 10% as important as mergers at z ~ 15
which decreases to ~ 15% and ~ 2% by z ~ 4.5, for both the gas and
metal mass®.

We now briefly note the differences in the gas and metal assembly
between the Photoionization and Jeans mass models. As might be
expected, the stronger instantaneous radiative feedback in the Jeans
mass model leads to a larger reduction in the gas mass (and hence the
star formation in low-mass galaxies) at early times as compared to the
Photoionization model (Hutter et al. 2021a). While the assemblies
converge at lower-redshifts, the major differences arise at z Z 10
where the (accreted and merged) gas masses are lower by about 0.1
dex in the Jeans mass model; the corresponding difference in the
metal mass is of the order of 0.3 dex given the strong dependence of
metal production on the star formation rate.

In Fig. 2, we show the average history of the gas-phase metal-

4 Based on analytic merger tree arguments, the host halos of the low, inter-
mediate and high mass galaxies studied here would evolve to to have masses
~1010-25 10'2 and 10" Mg by z ~ 0

licity both for the Photoionization and Jeans mass models for the
different physical processes considered in ASTRAEUS: merging, ac-
cretion, metal enrichment and gas return due to star formation and
ejection of gas and metals due to SN feedback. At each redshift step
shown, each of the processes is added one by one in order to show
its impact. We start our discussion with the Photoionization model.
Here, for low-mass halos (with M, ~ 1075 Mg at z ~ 4.5), we find
that only considering the metals and gas brought in by mergers from
the previous redshift-step results in the metallicity increasing by a
factor of 2 from about 2% Zg at z ~ 13 to ~ 4% by z ~ 4.5. The
metallicity build-up shows a steep increase below z ~ 8, mirroring
the increase in both the gas and metal masses. This is driven by the
progenitors of such low-mass systems building up their potentials,
allowing them to hold on to a larger fraction of their baryonic mass.
Adding accretion has the immediate effect of a dilution of metals
inside galaxies, since the smoothly-accreted gas mass is at least 4.5
orders of magnitude larger than the accreted metal mass as shown in
Fig. 1. Indeed, as seen from Fig. 1, the accreted gas mass increases at
z < 8 which naturally leads to a larger drop in the metallicity due to
dilution by about 0.2 dex. Given the metal-produced to gas-returned
ratio of 10% (see Fig. 1), including self-enrichment of metals from
star formation compensates for the effect of dilution at z Z 8 where
the metallicity goes back to (or even slightly above) the values con-
sidering mergers only. However, at lower redshifts, enrichment is
unable to fully compensate for the influx of metal-poor accreted gas
resulting in a metallicity value that is about 0.15 dex below that from
mergers only. Finally, given that we assume perfect mixing of gas
and metals, outflows have no impact on the gas-phase metallicity.

We then study the effect of strong and instantaneous reionization
feedback on the metallicity of these low-mass galaxies through the
Jeans mass model. In this model, the gas (and hence star formation

MNRAS 000, 1-18 (2021)



8 G. Uccietal

2,000+

L —_—z=5 i

1.75~ — z=° 3
[ z=7 ]

LN — 7 = 8 4

150 z=9 ]
= AN — z=10 1
o 1.25¢ —— Photoionization -]
wn + == Jeans mass 4
—_1.00¢ ]
[ORe)] L 4
Z o750 ]
(@))] [ ]
(@] L ]
— 0.50- -
0.25F .
0.00F .

Ca P | 1 L P | L L P | L L 1 1 L il

7 8 9 10
log(My / M)

log(M¢ / SFR)

~1.6F i
L —_—z=6
: z=17
-1.8- — z=8
[ 2=9
b — z=10
-2.0 —— Photoionization
== Jeans mass
—-2.2—=

| |
N N
) >

|
N
Jes)

-3.0

log(My / Mo)
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and Jeans mass models, respectively.

rates and the corresponding metal enrichment) of the progenitors
of such low-mass halos are severely suppressed as compared to the
Photoionization model, especially at high-redshifts (z Z 8); the ef-
fects of feedback become less prominent as these galaxies build-up
their potentials steeply at lower-redshifts. While the metallicity from
mergers is ~ 0.2 dex lower in the Jeans mass model at z ~ 8, it con-
verges towards the results from the Photoionization model at lower-z.
When accretion is added, the metallicity decreases by ~ 0.3 dex. As
expected, including self-enrichment increases the metallicity value
to the merger-only scenario with ejection again leaving the metal-
licity unaffected. Including all these processes, the final metallicity
is about 0.18 dex lower in the Jeans mass model as compared to
the Photoionization model at z Z 8, with the results converging by
z~5.5.

Qualitatively, the results are very similar for the more massive
galaxies shown in the middle and right-most panels of Fig. 2. Galaxies
with M, ~ 10° Mg by z ~ 4.5 show a smoother metallicity build-up
given the larger progenitors of such systems. In the Photoionization
model, considering gas and metals from mergers only, the metallicity
value increases from ~ 2 —-8% Z¢ between z ~ 15 and 4.5. Including
smooth-accretion leads to a drop of about 0.15 dex at z ~ 15. As
the progenitors build their mass, the impact of accretion decreases
such that dilution only decreases the metallicity by about 0.1 dex by
z ~ 4.5. Self-enrichment increases the metallicity values, essentially
bringing them back to the “mergers-only" scenario. In terms of strong
reionization feedback, as expected, the Jeans mass model shows the
largest decrease in the final metallicity (~ 0.2 dex) at z 2 12. As
the progenitors of such systems exceed the halo mass (~ 109 Mg)
impacted by even this strong feedback, these metallicity values come
into accord with the Photoionization model by z ~ 8.

Finally, galaxies with M, ~ 1010Mg at z ~ 4.5 show the
smoothest metallicity evolution (from 2 — 14% Z¢ between z ~ 15
and 4.5). While the impact of accretion and production are the same
as in the intermediate mass case discussed above, the key difference
seen in this model is that the results from the Photoionization and
Jeans mass models start converging at redshifts as high as z ~ 10.

To summarise, while merging dominates the mass assembly of
both the gas and metal contents of all the stellar masses studied here
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at z Z 4.5, the importance of accretion, ejection and self-enrichment
decrease with an increase in the halo mass. For metallicity, merging
again plays the predominant role. While gas accretion from the IGM
dilutes the metallicity, this is effectively restored by self-enrichment;
in the perfect mixing scenario (between gas and metals) considered
here, ejection has no impact on the metallicity.

Finally, since we assume metals to be homogeneously distributed
throughout the simulation box to determine the IGM metallicity (dis-
cussed further in Sec. 4.4), the metal-mass accreted from the IGM
must be treated as a lower limit. Indeed, metals ejected by galaxies at
a given time can be re-accreted at later times resulting in the accretion
of gas that can be significantly metal-rich compared to the average
IGM metallicity (e.g. Davé et al. 2011; Muratov et al. 2017; Oppen-
heimer et al. 2018). This could be highly relevant for the metallicity
of clustered lowest-mass systems that build up a significant part of
their gas mass through IGM accretion. However, the importance of
IGM-accreted gas derceases with an increase in the stellar (or halo)
mass. This implies that IGM accretion of metal enriched gas would
have only a limited impact on the metallicity of the intermediate to
high-mass systems discussed above.

3.2 Mass-loading factors for gas and metals

We then study the mass-loading factors for gas (17¢) and metals (17,,,)
that are defined as the outflow rates of gas and metals per unit SFR,
respectively, such that

mS mY
= = =-_£ (25)
& T SER T MV’
My M
Tm = SER T MV (26)

In order to gain an intuitive understanding of the behaviour of these
mass loading factors as a function of stellar mass and redshift, we
assume instantaneous SN feedback and the minimal Photoionization
feedback. This is a reasonable assumption at z < 6.5 where the time
difference between consecutive redshift steps is larger than the 28



Myrs required for all SNII from a given stellar population to explode
within a given redshift-step. This results in

My (2) = M2V (2) + G () At feff
Ng = MV (2) fej ’

*

@n

As seen from Fig. 1, G(z2)At < Mé. Disregarding this term and
recalling that M™% (z) = feT Mk (2) yields
1 et

7

where ffj < 1 (see Fig. 1; Dayal et al. 2014). Low-mass halos with
My, £10%1 (10°9) Mg at z ~ 10 (5) form stars in the feedback-

limited regime such that ffﬁ‘ = ffj; larger halos form stars at a

ng (28)

constant efficiency of f&f ~ 1% which is much lower than £. In
this case, one naturally expects 17 to decrease with an increase in the
halo (or stellar) mass irrespective of redshift; this is exactly the trend
seen in the left panel of Fig. 3. For example, at z ~ 5, 175 decreases
from about 48.6 to 4.8 as M, increases from 107 to 10° Mg for the
Photoionization model.

Further, galaxies of a given stellar mass are hosted by halos of
very similar mass (to within 0.2 dex) at z ~ 5 — 10 leading to the
ng — M. slope being similar at all these redshifts. However, halos of
a given mass correspond to deeper potential wells with increasing
redshift. This leads to an increase in ffJ that naturally leads to a
corresponding decrease in 7g. Indeed, for a given stellar mass, g
decreases by about 0.35 dex between z ~ 5 and 10. For example,
at z ~ 10, ng decreases from a value of about 17.8 to 2.1 as M.
increases from 107 to 10° Mg. For the Photoionization model, we
find the following average relation between z ~ 5 — 10 for stellar
masses between 107710-4 Mo (107_9'5 Mg) at z ~ 5 (10):

-0.43
M, ) (29)

1010 Mg
Because the mass loading (normalized to M) factor n¢ is indepen-
dent of metallicity, but depends on SFR, we expect a mass depen-
dence for ng through the relation of SFR with M.. Although the
index we find is somewhat steeper than the ng ~ M 033 dependence
expected in case of momentum-driven winds found in previous the-
oretical calculations (e.g. Finlator & Davé 2008; Davé et al. 2012;
Dayal et al. 2013; Muratov et al. 2015), it is in agreement with the
power law values of —0.29 to —0.45 expected from fitting analytic
models to observational data at z ~ 0 — 3.5 (see e.g. Hunt et al.
2016b). The steepness of our relation is almost to be expected given
our implementation of SNII energy coupling to gas - while low-mass
halos can lose all of their gas content, halos above 10%°Mg are
hardly affected by such feedback.

In terms of reionization feedback, both the slope and amplitude
of the ng — M. relation for the Jeans mass model converge to the
Photoionization model for M, 2 108 M, galaxies (corresponding to
My, = 10'0-2 M) for all redshifts. This is because their progenitors
were large enough to not be affected by reionization feedback. How-
ever for lower stellar masses, the Jeans mass model shows a shallower
slope. Being severely suppressed in terms of their gas mass in this
model, galaxies of a given (low) stellar mass are hosted by more
massive halos (by about 0.4 dex) as compared to the Photoionization

Ng = ].38(

model. These larger potentials naturally result in slightly higher ffj
values, resulting in 17 values that are lower by about 0.25 dex in the
Jeans mass model. Averaged over z ~ 5 — 10, we find the following
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(slightly shallower) relation for the Jeans mass model for the entire
galaxy population:

M, )—0.41

—_— 30
1010 Mg 0

Ng = 1.39(
We then discuss the mass loading for metals that, using Eqns. 15
and 28, can be expressed as

= Z 'w.

1
We remind the reader that Z” is the ISM metallicity after mergers,
dilution from inflows and enrichment from star formation but before
ejection. As shown in the right panel of Fig. 3, the trends for 7,,, are
very analogous to the behaviour shown by 1 . For the Photoionization
model, 7, o« M 027 for M, 2 107 Mg at all redshifts; 1,,, decreases
from a value of 0.01 to 0.004 as M, increases from 107 to 10° Mg
at z ~ 5. Below this stellar mass, the slope of the 1,, — M, relation
flattens with decreasing redshift as the progenitors of such galaxies
lose more and more of their metal mass with time. The amplitude of
this relation decreases with increasing redshift due to the increasingly
deep potentials of the host halos of galaxies of a given stellar mass.
The stronger feedback in the Jeans mass model results in lower star
formation rates and therefore a lower metal enrichment, that is most
pronounced at z Z 9. By z ~ 8, the results of the Jeans mass and
Photoionization models are in accord for M, 2 108 Mg galaxies.
However, at M, = 107 Mg, galaxies in the Jeans mass model show
an almost flat slope: this is because the larger gas suppression in
the progenitors of these halos results in correspondingly lower star
formation rates and hence a lower self enrichment. Most of the metals
produced and ejected in these halos are therefore from star formation
in the redshift-step under consideration resulting in a flattening of
the slope.

€29

m

4 THE MASS-METALLICITY RELATION AND ITS
REDSHIFT EVOLUTION

We now discuss the dependence of the mass-metallicity relation on
the specific SFR (sSFR) in Sec. 4.1 before showing the 3D funda-
mental metallicity relation at z ~ 5 — 10 in Sec. 4.2. We then discuss
the redshift evolution of the FMR in Sec. 4.3 before ending with the
metal enrichment of the IGM through cosmic time in Sec. 4.4.

4.1 The metallicity dependence on the specific SFR

We start by showing the stellar mass-gas phase metallicity, color-
coded by the specific star formation rate (sSFR) for z ~ 5 — 10 in
Fig. 4; the same relation color-coded by the star formation rate (i.e.
the FMR) is shown in Appendix A. Some of the key trends emerging
from this figure are: (i) at all redshifts the gas-phase metallicity shows
a positive correlation with the stellar mass (as will be discussed in
detail in Sec. 4.3 that follows) and; (ii) independent of redshift, at a
given stellar mass, the metallicity decreases with increasing sSFR.
Starting at z ~ 5, our model tracks galaxies with M, ~
1095 — 10108 M. We see that the lowest mass galaxies (with
M, <107 Mg) show sSFRs that range over three orders of mag-
nitude between 10~11-5 — 1078 yr~!. This large range in sSFR is
indicative of the variety of assembly histories through which such
low-mass galaxies build up their gas mass. It is important to note
that low-mass galaxies (M. < 107~ M) showing metallicity values
of 12+log(O/H) Z 7.6 are outliers. Their metallicity values, that can
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each panel, the results have been color-coded by the specific star formation rate. For clarity, we only show results for the Photoionization model.

be high as 40% Zg (see the left-most panel in also Fig. 1), require a
combination of: (i) dry mergers that do not bring in any gas or metal
mass; and (ii) low gas accretion rates which result in the gas mass
being dominated by that returned to the ISM from star formation
while the metal mass is primarily determined by self-enrichment
from newly produced metals. The first effect is a natural result of
our “maximal supernova feedback" model where low-mass galaxies
form stars at an efficiency that can unbind the rest of the gas. Obser-
vations of such low-mass galaxies with e.g. the JWST will be crucial
in confirming such a scenario.

For this stellar mass bin, disregarding these outliers, the metallicity
decreases from 12+log(O/H)~ 7.8 to 6.8 as the sSFR increases from
1071925 t6 1078 yr~!. For a given stellar mass, a higher SFR implies
a larger gas reservoir for star formation which is built-up both from
mergers and accretion of metal-poor gas from the IGM. As seen from
Fig. 2, this dilution of metallicity due to IGM accretion of metal poor
gas and the associated higher amount of ejection play a key role in
the metallicity decreasing with increasing sSFR for these low-mass
halos.

The range of sSFR narrows with increasing stellar mass. For ex-
ample, galaxies with M, ~ 109> Mg (with M}, ~ 10'1-2Mg) show
sSFR between 10723 — 10783 yr~!. This is because, due to their
larger potential wells, the progenitors of such systems are much less
affected by SN feedback. As aresult, the gas masses of these halos are
quite similar, being of the order of 10% of the halo mass (see Fig. 8;
Hutter et al. 2021a). Even for such high-mass galaxies, the metallicity
shows a decrease (although of only 0.7 dex) from 12+log(O/H) ~ 8
to 7.3 as the sSFR increases from 1072+ to 1078 yr~!. This smaller
decrease can be explained by the fact that the progenitors of such
galaxies were massive enough to retain most of the (star-formation

MNRAS 000, 1-18 (2021)

produced and accreted) metals within their potential for a substantial
part of their assembly history (see also middle panel of Fig. 2).

These same trends persist at all redshifts. As expected, both the
stellar mass and sSFR ranges shrink with increasing redshift. While
the former is a direct result of hierarchical structure formation, the lat-
ter is driven by the fact that galaxies of a given stellar mass are hosted
by slightly more massive halos with increasing redshifts. Given that
these correspond to higher-o- fluctuations, they have fewer genera-
tions of low-mass progenitors that are feedback-limited.

Finally, at z ~ 10, for M, ~ 107> Mg galaxies, the metal-
licity decreases from 7.75 to 6.75 as the sSFR increases from
1079 — 1077 yr~!. Despite the simulation volume, we only find
a few galaxies with a stellar mass of 10° Mg at this redshift. These
show both very similar metallicities (12+log(O/H)~ 7.5 — 7.8) and
sSFR (~ 1078-23 yr~1) hinting at the similar assembly histories of
such highly-biased objects.

4.2 The emergence of the mass-metallicity relation and a
fundamental plane of metallicity at high-redshifts

We now study the two-dimensional relation between the stellar mass
and gas-phase metallicity in Fig. 5. The two key trends seen from this
figure are that, firstly, the median metallicity scales with the stellar
mass at all redshifts i.e. the mass-metallicity relation (MZR) is al-
ready in place at 7 ~ 10 and persists at all the redshifts (z ~ 5 —10)
studied. This is driven by the fact that, as a result of their low SFRs
low-mass galaxies produce fewer metals at any time which are more
diluted due to smooth-accretion, a large fraction of which are pro-
gressively lost in outflows given their small potential wells. On the
other hand, high-mass galaxies (and their progenitors) can produce
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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 — o dispersion. The
cyan line shows the fundamental plane of metallicity (FPZ; see Sec. 4.2) as obtained from this work for the Photoionization model. The solid blue (green) line
show the observationally inferred parametrization of the redshift-independent (redshift-dependent) FPZ from Tortora et al. (2022) while the solid orange line
shows the best-fit 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 Mg Salpeter IMF (Tortora and Sanders, private comm.).

more metals, a larger fraction of which are retained in the ISM and
accreted into their successors, with dilution playing a decreasing
role as the stellar mass increases. Secondly, at almost all redshifts,
we see an upper envelope composed of a few heavily enriched out-
lying systems. Indeed, at z ~ 5 — 8, there are a handful of low-mass
(M, £ 1079 Mg) galaxies that show metallicity values as high as
40% Ze. As also noted in Sec. 4.1, given their low-masses, such
galaxies mostly assemble from dry mergers and have low gas ac-
cretion rates. This results in the gas mass being dominated by that
returned to the ISM from exploding stars and the metal mass being
primarily determined by self-enrichment from newly produced met-
als. Forthcoming observations of the metallicities of such systems
with the JWST will be crucial in validating such a scenario. Thirdly,
we do not see any evidence of metallicity saturation for high-mass
galaxies. Low-redshift (z ~ 0 — 3.5) observational data-sets show
that while the MZR is approximately linear up to M, ~ 10105 Mg,
it flattens for higher-mass galaxies (Tremonti et al. 2004; Kewley &
Ellison 2008; Hunt et al. 2016a; Wyder et al. 2007) which could
be driven by a balance between self-enrichment and dilution due to
inflows of metal-poor IGM gas (Dayal et al. 2013). However, within
error bars, we do not see any clear indication of such a flattening at
high stellar masses. Indeed, as seen from Sec. 3.1, while accretion
is certainly important in determining the gas content of such early

galaxies, the decrease in metallicity due to such dilution is superseded
by that from self-enrichment for the entire mass range modelled here
(also see Fig. 2).

In terms of median metallicities, at z ~ 5 these increase from
12+log(O/H) ~ 7.3 (3.5% Zo) for M. = 1075 Mg to 12+log(O/H)
~ 8.0 (18% Z) for the most massive systems with M, ~ 1011 Mg.
As expected, the stellar mass range probed decreases with redshift
such that by z ~ 10, the most massive galaxies with M, ~ 10%4 Mg
have a metallicity of 12+log(O/H) ~ 7.7 (9% Zo); the metallicity
increases slightly (by about 1%) at the low-mass end compared to
that at z ~ 5. Further, at all redshifts, the metallicities show a 1 — o
spread of about 0.15 dex around the median. All things considered,
there is very little redshift evolution in the overall normalization of
the MZR as shown in Fig. 5.

However, as also noted in Sec. 4.1 the underlying distribution
shows metallicity values that span over 1.5 dex at the low-mass end.
For example, M. ~ 107> Mg galaxies show 12+log(O/H) values
between 6.75-8.4 at z ~ 5 as a result of the cumulative effects of
both SN and reionization feedback on their assembly histories. This
range narrows to 12+log(O/H) ~ 6.5 — 7.9 at z ~ 10 given the fewer
progenitor generations and the impact of reionization feedback on
fewer galaxies. This metallicity range also narrows with an increase
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Figure 6. A comparison of the mass-metallicity relation at z = 6 from
different theoretical models. The gray points show results for all z = 6 galaxies
from asTrRAEUSs 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, ~ 103791 Mo, the green line shows the linear fit from the FirsTL1GHT
simulation Langan et al. (2020) for galaxies with M, ~ 100-279-2Mg and
the black line shows the results from the 1LLUsTRIS TNG simulation (Torrey
et al. 2019), along with the 1 — o~ error bar. We have rescaled the metallicites
from all these works to our solar value of 8.76.

in stellar mass as their progenitors hold on to, and propagate, a larger
fraction of their gas and metal mass to successive generations.

We also study the effects of maximal reionization feedback on
the MZR in Fig. 5: as seen, the median metallicity values (and their
scatter) at a given stellar mass do not show any sensible difference
between the Photoionization and Jeans mass models at any redshift.
This is due to the fact that the impact of the Jeans mass model is the
most pronounced on the lowest mass (M, < 109 M) galaxies that
are hosted in M}, < 10%-2 Mg halos.

As has been noted in previous works (e.g. Mannucci et al. 2010;
Lara-Lépez et al. 2010), the MZR is a two-dimensional projection of
the 3D fundamental metallicity relation (FMR) that links the stellar
mass, instantaneous SFR and the gas-phase metallicity. Furthermore,
depending on the degree of curvature or saturation at the metal-rich
end, this can be reduced to a fundamental plane of metallicity as
shown by multiple works (e.g. Hunt et al. 2012, 2016a; Tortora et al.
2022). We have performed a multiple linear regression, finding that
our data lie on a 4-dimensional parameter space - composed of the
gas-phase metallicity, SFR, stellar mass and redshift - that can be
expressed by a high-z Fundamental Plane of Metallicity (HFPZ). We
compute this FPZ by taking the central value for the stellar mass
value in a bin and the median SFR in that particular bin. For the
Photoionization model the HFPZ is given by:

SFR

12 +log(O/H) = — 0.294 log (—
M@yr‘1

+2.272+0.061 z,

*

Mo ) (32)

) +0.581 log (

while for the Jeans Mass model the relation changes slightly to:

*

Mo ) (33)

SFR
12 +1og(O/H) = - 0.342 log (—) +0.586 log (
M@yr‘1
+2.216 +0.061 z.
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As seen from the above equations, the normalisation of the HFPZ
shows an extremely weak redshift evolution - this is discussed in
more detail in Sec. 4.3 that follows.

4.2.1 Comparison against observational data

We now compare our theoretical FPZ to those inferred from ob-
servations. The first dataset considered is the MEGAZ sample that
is introduced in Tortora et al. (2022). This consists of ~ 2100 star
forming galaxies with stellar masses in the range ~ 10° — 10! M,
SFRs between 107* — 103 Mg yr~! and nebular oxygen abundance
measurements ranging between 12+log(O/H)~ 7 — 9 up to redshifts
z ~ 3.7. Collected from 26 subsamples in the literature, this sample
supersedes the previous MEGA sample (Hunt et al. 2016a). When
necessary, stellar masses and SFRs are converted to a common
Chabrier (2003) IMF according to Speagle et al. (2014); for most
of the samples SFRs are determined by using He, suitably corrected
for extinction. For metallicities, when direct method estimates are
not available, strong-line metallicity linear calibration for NII from
Pettini & Pagel (2004) have been used, converted from the original
calibration if necessary following Kewley & Ellison (2008).

The shape, or degree of curvature, of the MZR depends on many
factors, including the metallicity calibration, the selection function,
and the stellar mass distribution. Strictly speaking, a principal com-
ponent analysis (PCA), is only applicable to samples without signif-
icant curvature, or saturation, at the high mass end. This is the case
for typical high-redshift galaxy samples including MEGAZ? (Tortora
etal. 2022). Thus, similarly to Hunt et al. (2012, 2016a), Tortora et al.
(2022) have performed a PCA on the MEGA?2 sample and confirmed
that, independently of the O/H calibration and the redshift range,
most of the variance is contained in the first two eigenvectors (M.
and SFR) which comprise 98% of the total variance. Therefore, the
metallicity can be predicted for any combination of these two param-
eters (i.e., M, and SFR). The best estimate for O/H as a function of
M, and SFR from the MEGA? PCA, with an accuracy of +0.18 dex,
recalibrated to a Salpeter 0.1 — 100 M IMF, is given by:

*

Mo ) (34)

12 +log(O/H) =-0.10 log( +0.32 log(

Moyr_l)
+5.35.

Although the MEGAZ O/H redshift dependence of the FPZ is not
formally significant, there are indications that metallicity does de-
crease with redshift beyond what is predicted by the FPZ. Analyzing
the residuals of the FPZ as a function of redshift and recalibrating to
a Salpeter 0.1 — 100 M IMF, they obtain:

*

MO) (35)

SFR
12 +log(O/H) = - 0.10 log (—
Mgyr!

+5.45-0.039 z.

) +0.32 log (

The second data set considered is that from Sanders et al. (2020)
who fit the FMR using a set of high-z O/H measurements between z ~
1.5 —3.5. However, unlike Tortora et al. (2022), they have imposed a
different metallicity calibration for z ~ 0 and z Z 1. Thus, in general,
they find a shallower evolution of the FPZ with redshift. The best-fit
FMR found by Sanders et al. (2020) for M, ~ 1097195 M, galaxies,
recalibrated to a0.1-100 M Salpeter IMF (Sanders, private comm.)
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In addition to these extrapolated fits, we also compare to the mass-
metallicity relations observed for specific galaxies at z ~ 7 — 9 by
Jones et al. (2020).

‘We now compare our FPZ with these observational relations in Fig.
5; these are 2D projection of a 4D relation composed of M., SFR,
12+log(O/H) and z. We caution that these comparisons are mostly
intended as a sanity check of the overall normalization, given that
they are extrapolated to such high-z whilst being constrained only
at z < 3.5. At all redshifts, the extrapolated z-dependent FPZ from
Tortora et al. (2022) has a shallower slope and larger amplitudes com-
pared to the theoretical model. In addition, as redshift decreases, the
discrepancy between the observational and theoretical FPZ grows:
at z ~ 10, the amplitude of the theoretical FPZ is lower than the
observed z-dependent FPZ by only 0.15 dex, but this increases to 0.5
dex by z ~ 0.5 (at M, ~ 107 Mg).

The z-independent (z = 0) FPZ from the same authors essentially
shows the same trends albeit the normalisation of the theoretical
FPZ is under-estimated by much larger values of 0.5 and 0.7 dex at
z ~ 10 and 5, respectively. The slope of the (Sanders et al. 2020)
relation is in quite good agreement with the results from Tortora
et al. (2022), although they find an even higher amplitude (by about
0.6 dex) compared to the z-independent relation shown in Eqn. 35.
Finally, within error bars, the results obtained for (the 4) individual
galaxies from Jones et al. (2020) are in agreement with ours at z ~ 7
and 8; their z ~ 9 galaxy has a higher metallicity than our predicted
upper limit by about 0.3 dex.

Reconciling the theoretical FPZ with these extrapolated observa-
tions would require theoretically-modelled galaxies to become pro-
gressively metal enriched with decreasing redshift (whilst maintain-
ing given gas and stellar mass). This would require: (i) fewer metals
being ejected per unit SFR i.e. a lower mass loading for metals at all
masses. In order to maintain the gas mass, this might require ejected
gas to be preferentially metal poor as compared to the ISM metallic-
ity; (ii) a larger mass of metals to be gained through IGM accretion.
This is along the lines of the “galactic fountain" model where metal
enriched gas ejected in previous time-steps in re-accreted onto the
galaxy at a later stage (e.g. Davé et al. 2011; Muratov et al. 2017;
Oppenheimer et al. 2018); or (iii) a combination of these two effects.

M,
where y =log (M—) —-0.60 log (
o]

4.2.2 Comparison against theoretical models

We now briefly compare our mass-metallicity relation at z ~ 6 to
those found by a number of other theoretical models including FIRE
(Ma et al. 2016), iLLusTris TNG (Torrey et al. 2019) and FirsTLIGHT
(Langan et al. 2020), the results of which are shown in Fig. 6. FIRE
and FIrsTLIGHT are both zoom-in simulations that track the mass-
metallicity relation for M, ~ 10391 Mg and M, ~ 10%-25-95 M
galaxies at z ~ 6, respectively. They both model SN yields (from
Woosley & Weaver 1995) alone® and employ a solar metallicity

5 Note that in Sanders et al. (2020), the z ~ 2.3 and z ~ 3.3 stacks fall
directly on the z ~ 0 FMR despite the high-redshift stacks not being included
in the fitting.

6 Note these are a factor 0.4 dex lower than the more recent yields from e.g.
Nomoto et al. (2013).
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normalisation (in units of 12+log O/H) of 8.9. However, they dif-
fer in a number of key quantities such as the threshold gas density
for star formation (> lcm™> and 10 — 100cm ™3 for FIRE and FIrsT-
LicHT, respectively), their implementation of feedback that severely
impacts the gas and metal contents of galaxies and the IMF; this is
a Kroupa IMF (Kroupa et al. 1993) in FIRE and Salpeter for FirsT-
LicHt. Despite differences in both the physics implemented and the
numerical methodology used, it is heartening to note that the results
from these two simulations bracket ours: the results from rFIRE and
FirsTLIGHT are in good agreement with ours for M, 2 1089 Mg
and M. < 108 Mg galaxies at z ~ 6, respectively. Finally, iLus-
TRIS TNG has simulated a cosmological 100 2~! Mpc box including
the key processes of gas cooling, star formation (at gas densities
> 0.13cm™3), gas heating and feedback. This simulation uses the
Chabrier (2003) IMF and includes metal production from SN as well
as AGBs; although we caution that they use a solar normalisation (in
units of 12+log O/H) of 8.6. These last set of simulations are closest
to ours in spirit in terms of the range of galaxy masses modelled and
the metal-enrichment implemented. At z ~ 6, in the range of overlap
with our results (M, ~ 1089 Mg), these simulations predict metal-
licity values that are consistently higher than ours by about 0.5 dex.
This indicates that: (i) we are either ejecting too many metals from
the galaxy, which is reasonable given our “maximally SN feedback
limited" model; or (ii) that we gain too few metals through smooth
accretion; this again is a plausible solution since we assume all gas
accreted from the IGM to be metal-free. Indeed, as pointed out by Ma
et al. (2016), the FIRE simulations clearly show that that outflowing
metals can easily be retained between 0.25 — 1 virial radii.

4.3 The redshift evolution of the mass-metallicity relation

We now discuss the redshift evolution of the mass metallicity relation
using 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
seen from this figure, a mass-metallicity relation is already in place
at z = 10 and persists, albeit with a weak evolution, down to redshift
z = 5. At a given stellar mass, the median metallicity decreases by
about 0.15 dex for M, < 107 Mg galaxies. This difference decreases
with increasing stellar mass such that the metallicity values converge
by M. ~ 10° Mg at z ~ 5 — 10. This behaviour holds true for both
the Photoionization and Jeans mass models.

The decrease in median metallicity with decreasing redshift for
low-mass galaxies can be explained as follows: in our model, the
stellar masses are directly linked to the underlying potential. At a
given halo mass, galaxies can form stars with a slightly higher effi-
ciency 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 mass being hosted in halos that are 1.5 times more massive at
z ~ 5 as compared to z ~ 10. Galaxies of similar masses at lower
redshifts assemble from larger generations of feedback-limited pro-
genitors that bring in little/no gas and metal content whose loss can
not be fully compensated by accretion/mergers/self-enrichment; this
decreases the metallicity with decreasing redshift. The decreasing
impact of feedback with increasing halo mass results in the metallic-
ity converging for larger mass galaxies with M, ~ 10° Mg (hosted in
halos of mass ~ 10!! Mg). The Jeans mass model shows a smaller
difference in metallicity at z ~ 5 — 10. This is probably driven by the
fact that galaxies are more UV feedback suppressed in terms of their
gas mass (and hence SFR and metal enrichment) in this model. This
results in galaxies of a given stellar mass being hosted in halos that
are 2.5 times more massive at z ~ 5 as compared to z ~ 10. This
leads to slightly higher SFRs at z ~ 5 which are accompanied by
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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
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Figure 8. Redshift evolution of the average gas-phase metallicity (upper
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the stellar bins marked in the top panel.
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more metal production, a larger fraction of which can be retained in
the halo. This naturally decreases the difference between the median
metallicity for a given stellar mass as a function of redshift. However,
we caution the reader that considering the 1 — o errors, our model is
consistent with no redshift evolution of the mass-metallicity relation.

A number of other works (Ma et al. 2016; Torrey et al. 2019; Lan-
ganetal. 2020) have used the gas fraction fgas = Mgas/(Mgas+Ma) to
explain the redshift-evolution of the mass metallicity relation. Driven
by the evolution of the gas fraction, the average relation predicted
by FIRE (Ma et al. 2016) predicts the mass-metallicity relation to de-
crease by ~ 0.1 dex between z ~ 5 — 10 while FirstLiGHT (Langan
et al. 2020) predict the relation to be redshift-independent; these are
in accord with our results that also show no redshift evolution of
the mass-metallicity relation within 1 — o errors. On the other hand,
1LLUSTRIS TNG (Torrey et al. 2019) find that this relation decreases by
about 0.3 dex between the same redshifts, although their results are
limited to M. < 10% Mg, galaxies.

For a comparison, we calculate the gas fraction and metallicity
as a function of redshift for different stellar mass bins, as shown
in Fig. 8. As seen from this plot, and discussed above, the average
metallicity decreases by about 0.1 dex between z ~ 15 and 5 for low-
mass galaxies with M, ~ 107 M. However, for larger masses (i.e.
M, Z 108 Mo), the metallicity evolution is effectively independent
of redshift. This behaviour is also reflected in the gas fraction plot
(lower panel of the same figure) where, for a given stellar mass, the
gas fraction decreases with decreasing redshift: for M, ~ 10’ Mg
galaxies, fgas decreases by about 0.1 dex between z ~ 10 and 5.
This essentially reflects the impact of the merger of successively
feedback-limited systems on the final host halos. As might be ex-
pected, the gas fractions flatten out as a function of redshift for
more massive systems, with M, 2 108 M, which is reflected in the
redshift-independence of their metallicity.
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Figure 9. Redshift evolution of the average IGM metallicity (in solar
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4.4 The metal enrichment of the IGM in the first billion years

Finally, we discuss the metal enrichment of the IGM at z Z 4.5 for
both the Photoionization and Jeans mass as shown in Fig. 9. This
is the average IGM metallicity obtained by diving the total metal
mass in the IGM (i.e. outside the virial radii of all halos) by the
total gas mass (see Eqn. 16). We caution that the IGM metallicity
values used here must be treated as a lower limit since the ejected
metals are assumed to be homogeneously dispersed into the entire
simulation box when calculating Zjgy. In principle, metals might be
expected to be preferentially clustered around the galaxies that eject
them. These metals can then be accreted onto their host galaxies in
a future time-step (the “galactic fountain” model) resulting in the
accretion of metal-enriched gas (Davé et al. 2011; Muratov et al.
2017; Oppenheimer et al. 2018).

Starting with the Photoionization model, the IGM metallicity has
a value of about 107%-2Z at z ~ 15. The formation of an increasing
number of low to intermediate mass galaxies, that form and eject met-
als into the IGM, with cosmic time naturally results in a correspond-
ing increase in the metallicity. Indeed, by z ~ 4.5, Zjgm increases by
about 3 orders of magnitude to ~ 1073Z. We then deconstruct this
into the contribution from low-mass (M}, < 10° M), intermediate
(10° < My /Mg < 10'9) and high-mass (M}, > 10'9 M) halos as
shown in the same figure. The IGM enrichment is dominated by low
mass halos at z > 8 both because of their higher number densities and
the fact that these objects are SN feedback dominated and hence able
to expel essentially all of their metal content into the IGM. Indeed,
their contribution to the IGM metallicity is of the order of ~ 90%
at z ~ 12. Once reionization in underway, their contribution starts
decreasing as the gas content of a larger fraction of such sources
is suppressed due to radiative feedback, leading to a corresponding
decrease in the star formation rate and metal production. Indeed,
their contribution to the total IGM metal budget is of the order of
50% at z ~ 7 - this also corresponds to the redshift at which roughly
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half of the IGM is ionized (see Fig. 9; Hutter et al. 2021b); there-
after their contribution drops even faster due to radiative feedback
such that these galaxies contribute ~ 15% to the IGM metal budget
by z ~ 4.5. Intermediate-mass halos are still able to expel metal-
enriched winds, although they can retain more of their metal mass
which results in a ~ 10% contribution at z ~ 12. Since these numer-
ous systems are less affected by radiative feedback, their contribution
to the IGM metallicity starts being significant at z < 7 - by z ~ 4.5,
such systems contribute ~ 56% to the IGM metallicity. Finally, as a
result of their low number densities and larger potentials, high-mass
galaxies have essentially no contribution at z ~ 12. As an increas-
ing number of such systems assemble with decreasing redshift, their
contribution to the metal budget shows a steep increase such that they
are responsible for ~ 28% of the metal budget by z ~ 4.5.

Qualitatively, the results from the Jeans mass model are very
similar. However, this model has a much stronger (instantaneous)
feedback effect that suppresses the gas fraction (and hence star for-
mation) in low-intermediate mass galaxies to a larger extent (Hutter
et al. 2021a). As a consequence, such galaxies are both able to pro-
duce and eject a smaller amount of gas and metals into the IGM
as compared to the Photoionization model. This leads to a slightly
lower IGM metallicity (by about 0.2 dex) as compared to the Pho-
toionizaton model at effectively all redshifts. As might be expected,
low-mass galaxies still dominate the IGM metallicity contribution
at early times. However as a result of the stronger radiative feed-
back, their contribution drops to the 50% level as early as z ~ 10 in
this model. Thereafter, the contribution of such galaxies effectively
flattens, such that they contribute ~ 10% to the IGM metallicity by
z ~ 4.5. The contribution of intermediate-mass galaxies (that are
much less affected by radiative feedback), is about 0.2 dex lower at
all redshifts in this model as compared to the Photoionization model.
Such galaxies contribute about 40% (45%) to the IGM metallicity
at z ~ 7 (4.5). Finally, high-mass galaxies, that are essentially un-
affected by radiative feedback, have the same absolute contribution
in both radiative feedback models. In the Jeans mass model, such
galaxies contribute about 10% (45%) to the IGM metallicity at z ~ 7
4.5).

5 CONCLUSIONS AND DISCUSSION

In this work, we investigate the chemical enrichment of early (z 2 5)
galaxies and the emergence of metallicity scaling relations using the
ASTRAEUS framework that self-consistently couples galaxy formation
and reionization using an N-body simulation (VERY SMALL MULTI-
DARK PLANCK; VSMDPL), a semi-analytic model for galaxy formation
(an extended version of DELPHI) and a semi-numerical radiative trans-
fer code for reionization (ciroG). The key strength of our model lies
in: (i) the radiative feedback models explored that range from a weak,
time-delayed one (the Photoionization model) to a strong instanta-
neous reduction of gas in the galaxy (the Jeans mass model); and
(ii) the fact that ASTRAEUS is the only semi-analytic model to include
the latest state-of-the-art yields from Kobayashi et al. (2020b) which
reproduce the observations not just for oxygen but also for most of all
stable elements (up to uranium) self-consistently. Our key findings
for z Z 4.5 galaxies are:

e The mass brought in by merging progenitors dominates the
assembly of both the gas and metal contents at all redshifts, followed
by smooth accretion from the IGM and SNII-driven ejection from
the ISM. The gas returned by exploding stars is negligible, being
about 2.5 orders of magnitude less than the merged gas mass.
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e Mergers also dominate the metal assembly, followed by self-
enrichment and ejection. Given that the IGM metallicity only reaches
a value of about Zigm ~ 103Mg by z ~ 4.5, smooth accretion does
not have any sensible contribution to the metal assembly.

o Irrespective of the stellar mass, the smooth-accretion of metal-
poor gas from the IGM plays a key role in diluting the ISM metallicity
which is effectively restored due to self-enrichment from star forma-
tion. As expected, given our assumption of gas and metals being
perfectly mixed, ejection has no impact on the final metallicity.

e For the Photoionization model, the average gas mass loading
factor scales with the stellar mass, for M, ~ 107104 Mg (M, ~
10795 Mpg) galaxies, at z ~ 5 (10) such that

M, -0.43
1010 Mg )

e Interestingly, we find that the stellar mass-gas phase metallicity
relation (MZR) was already in place as early as z ~ 10 and persists,
effectively un-evolving, down to z ~ 5.

e We also find a three-dimensional correlation between the metal-
licity, stellar mass and star formation rate (the fundamental metal-
licity relation; FMR) to persist at all z ~ 10 — 5. Essentially, for a
given stellar mass, the metallicity decreases with an increase in the
star formation rate. However, given that self-enrichment supersedes
dilution at all the masses studied, we do not see any flattening of the
mass-metallicity relation for high-masses, as has been observed at
lower-redshifts (z ~ 0).

e We find our simulated galaxies to lie on a 4-dimensional rela-
tion [12+log(O/H), SFR, z, M.] that can be expressed by a relation
we named “high-z Fundamental Plane of Metallicity” (HFPZ). Per-
forming a multiple linear regression, we find that the HFPZ is given
by:

Ng = 1.38( 37

12 +log(O/H) = — 0.294 log ( SER
Mgyr!

+2.272+0.061 z

)+O.581 log(l\ﬁ/f* ) 38)
©

and

%

Mo ) (39

FR
12 +log(O/H) = — 0.342 log (MS I

oyr-
+2.216 +0.061 z

) +0.586 log (

for the Photoionization and Jeans mass models, respectively.

o Interestingly, we find that both the Photoionization and Jeans
mass models lead to very similar qualitative results for both the
gas and metal mass assembly as well as the mass-metallicity rela-
tions explored here; the impact of the Jeans mass model is the most
pronounced on the lowest mass (M, < 1005 Mg) galaxies that are
hosted in M}, < 10%-2 Mg halos.

e The average IGM metallicity increases from about Zigy ~
1072 to 10_3Z® between z ~ 15 to 4.5. Most of this enrichment
is driven by low-mass galaxies (with halo mass Mj < 10°Mg) at
z ~ 8 in the Photoionization model. As such low-mass galaxies are
progressively suppressed by both SNII and radiative feedback, the
contribution of intermediate to high-mass halos increases at z < 8
such that they contribute ~ 56% and ~ 28% to the IGM metal
budget by z ~ 4.5. Given the much stronger effect of radiative feed-
back, the contribution of low-mass galaxies drops off faster in the
Jeans mass model; this is compensated by a higher contribution from
intermediate-high mass galaxies.

We end by noting that, encouragingly, our results for the mass-
metallicity relation are within the limits predicted by a number
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of theoretical models (including FIRE, FIRSTLIGHT and ILLUSTRIS
TNG). However, we increasingly under-predict the metallicity with
decreasing redshift for a given stellar mass, when compared to
observationally-extrapolated results from z ~ 0 — 3.5. This could
be due to a number of simplifying assumptions made in our model
such as: (i) all of the gas mass can form stars; (ii) smoothly ac-
creted gas having an IGM metallicity value that is averaged over
the entire box rather than accounting for the distribution of metals
in the IGM; (iii) a perfect mixture of gas and metals being ejected;
(iv) ignoring the presence of dust in high-z galaxies. The last point
is particularly relevant in light of recent Atacama Large Millime-
tre Array (ALMA) observations that show significant dust masses
attenuating the UV light from relatively normal high-redshift star
forming galaxies (Bouwens et al. 2021; Fudamoto et al. 2021). In-
deed, this might require re-calibrating our threshold star formation
efficiencies, especially for high-mass galaxies, impacting their metal
masses. Forthcoming observations with the JWST will truly be cru-
cial in shedding light on the high-redshift mass-metallicity relation
and its redshift evolution.
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APPENDIX A: THE RELATION BETWEEN THE STELLAR
MASS, GAS-PHASE METALLICITY AND STAR
FORMATION RATE

In this section, we discuss the three-dimensional relation between the stellar
mass, instantaneous star formation rate and the gas-phase metallicity - the
three parameters comprising the FMR; qualitatively, these results are similar
to those detailed in Sec. 4.1. As seen in Fig. Al, independent of redshift,
at a given stellar mass the metallicity decreases with an increase in the
star formation rate. For example, at z ~ 5, for M, ~ 10'Mg galaxies,
the metallicity decreases from 12+log(O/H) ~ 7.7 to ~ 6.8 as the SFR
increases from 1072 to 10707 Mg, yr~!. The same behaviour persists for
galaxies as massive as 10°°Mg where the metallicity value drops from 8
to 7.5 as the SFR increases from 10%2> to 10Mg yr~'. While this trend
is mostly driven by the ejection of metals at the low-mass end, dilution
(required to sustain higher SFR) becomes the primary driver at the high-mass
end. Interestingly, we do not see any flattening of the metallicity even for
the highest mass galaxies. This is because self-enrichment still supersedes
dilution. Although these same trends persist at all z ~ 5 — 10, the stellar mass
and SFR ranges naturally decrease with increasing redshift. Finally, low-
mass galaxies (M, < 107-°Mg) with extremely high metallicities are again
outliers where the only gas (metal) mass are those returned by exploding stars
(self-enrichment in the last redshift step) as also noted in Sec. 4.1.

APPENDIX B: COMPARISON OF THE METALLICITY
VALUES DERIVED FROM THE HFPZ AND ASTRAEUS

In Fig. B1, we show the histograms of the log of the ratios between our
inferred HFPZ and the metallicity at different redshifts (a value of 0 means
that the actual value of the metallicity and the one derived with our HFPZ are
exactly the same) in our simulation: the residuals are small across the redshift
range z = 5 — 10 and almost the whole sample of our simulated galaxies have
a metallicity that differs from the value inferred from the HFPZ less that ~
7%.
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Figure Al. 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 color-coded by the (log) star formation rate. 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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Figure B1. Histograms of ratios between the metallicity derived with the HFPZ described in Eqn. 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 (u) and standard deviation (o). As reference, a value of 0.03 implies a difference between the HFPZ and the 12+log(O/H) value of ~ 7%. In blue and red
we also report the mean (u) and standard deviation (o) for the distributions obtained for the Photoionization and Jeans mass model, respectively.
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