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A B S T R A C T 

The star formation and metal enrichment histories of galaxies – at any epoch – constitute one of the key properties of galaxies, 
and their measurement is a core aim of observational extragalactic astronomy. The lack of deep rest-frame optical co v erage at 
high redshift has made robust constraints elusive, but this is now changing thanks to JWST . In preparation for the constraints 
provided by JWST , we explore the star formation and metal enrichment histories of galaxies at z = 5–13 using the First Light 
And Reionization Epoch Simulations ( FLARES ) suite. Built on the EAGLE model, the unique strategy of FLARES allows us to 

simulate galaxies with a wide range of stellar masses (and luminosities) and environments. While we predict significant redshift 
evolution of average ages and specific star formation rates, our core result is mostly a flat relationship of age and specific star 
formation rate with stellar mass. We also find that galaxies in this epoch predominantly have strongly rising star formation 

histories, albeit with the normalization dropping with redshift and stellar mass. In terms of chemical enrichment, we predict a 
strong stellar mass–metallicity relation present at z = 10 and beyond alongside significant α-enhancement. Finally, we find no 

large-scale environmental dependence of the relationship between age, specific star formation rate, or metallicity with stellar mass. 

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

 key goal of observational extragalactic astrophysics is the mea- 
urement of star formation and metal enrichment histories of rep- 
esentative samples of galaxies stretching o v er a wide range of
edshifts and stellar masses. Doing so provides critical insights into 
he physical processes responsible for galaxy formation and evolution 
e.g. Schaye et al. 2010 ). These histories can also be used to measure
he cosmic history star formation and metal enrichment history, and 
he build up of stellar mass throughout cosmic history. This includes 
robing star formation which is observationally inaccessible in situ , 
uch as in small galaxies at very high redshift. 

While much progress has been achieved at low and intermediate 
edshift, particularly thanks to surv e ys like SDSS, GAMA, COS-

OS, UltraVISTA, VIDEO, and CANDELS (e.g. Adams et al. 2021 ; 
cLeod et al. 2021 ; Driver et al. 2022 ), constraints at the highest red-
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hifts ( z > 5) remain highly uncertain for several reasons. First, most
igh-redshift galaxies, at least those identified so far, have intense re-
ent star formation. Young stellar populations in these systems dom- 
nate the energy output, ‘outshining’ older stellar populations, even 
n the rest-frame optical. Secondly, prior to James Webb Space Tele-
cope ( JWST ), our only access to the rest-frame optical at sensitivities
nattainable by ground based telescopes was from Spitzer , and then
nly typically in two broad photometric bands at 3.6 and 4.5 μm. The
se of Spitzer not only limits us to the brightest sources but also limits
lean access to essential diagnostics, including the Balmer break and 
he strong optical emission lines. This is further complicated by the
ncreasing pre v alence of strong nebular line emission (e.g. Stark et al.
013 ; Wilkins et al. 2013 ; de Barros, Schaerer & Stark 2014 ; Smit
t al. 2015 ; Wilkins et al. 2020 ) at high redshift, which can be easily
onfused for age sensitive features like the Balmer break, especially 
here only photometric redshifts are available. Despite these chal- 

enges, ho we ver, there has been some progress in constraining the
tellar masses and star formation histories of galaxies at z > 5 prior
o JWST , (e.g. Eyles et al. 2007 ; Salmon et al. 2015 ; Song et al. 2016 ;
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avidzon et al. 2017 ), with some constraints no w av ailable e ven at
 ∼ 10 (Laporte et al. 2021 ; Tacchella et al. 2022 ). These have, so
ar, revealed a consistent picture of falling stellar mass densities and
ncreasing specific star formation rates to higher redshift. Ho we ver,
ner details, such as the slope of the specific star formation rate–
tellar mass relation, remain highly uncertain. 

With the successful commissioning of the highly sensitive JWST ,
e can now address many open questions beyond Spitzer ’s capabili-

ies. JWST not only provides sensitive near and mid-infrared imaging
n several bands, extending to 5 μm and beyond with MIRI, but also
ear-infrared spectroscop y. Spectroscop y will provide unambiguous
edshifts, allow us to constrain the contribution of nebular line
mission, and enable the use of powerful rest-frame optical emission
ine diagnostics. At the time of writing, the first constraints on the star
ormation and metal enrichment histories of high-redshift galaxies
rom JWST are emerging (e.g. Adams et al. 2022 ; Carnall et al. 2022 ;
hen et al. 2022 ; Finkelstein et al. 2022a ; Leethochawalit et al. 2022 ;
aidu et al. 2022 ; Trump et al. 2022 ). 
Anticipating the power of these observations in this work, we

resent comprehensive predictions for the star formation and metal
nrichment histories of galaxies simulated by FLARES : First Light
nd Reionization Epoch Simulations project (Lo v ell et al. 2021 ;
ijayan et al. 2021 ). FLARES combines the calibrated EAGLE
hysics model (Crain et al. 2015 ; Schaye et al. 2015 ) with a unique
imulation strategy designed to efficiently simulate galaxies over a
ide range of masses and environments at high redshift. This wider
ynamic range is key to capturing the range of galaxy populations
ccessible to JWST . 

This paper is structured as follows in Section 2 , we introduce the
LARES suite of simulations. In Section 3 , we then explore FLARES
redictions for the star formation histories of galaxies. Here, we make
redictions using several different metrics (Section 3.2 ), fit individual
tar formation histories by a range of simple parametrizations
Section 3.3 ), compare with existing observations (Section 3.5 ), and
xplore the environmental dependence (Section 3.4 ). In Section 4 ,
e then focus on the metal enrichment of galaxies. We first present

he evolution mass–metallicity relation (Section 4.2 ), including its
nvironmental dependence (Section 4.2.3 ). We then explore how
tellar metallicity is correlated with age (Section 4.3 ) and the
istribution of metallicities within individual galaxies (Section 4.4 ).
inally in Section 5, we present our conclusions. In this work,
istance measures preceded by ‘c’ are in comoving units while
he ones with ‘p’ are in physical units. We assume a Planck year
 cosmology ( �m 

= 0.307, �� 

= 0.693, h = 0.6777, Planck
ollaboration et al. 2014 ). 

 T H E  FIRST  L I G H T  A N D  REIONIZATION  

P O C H  SIMULATIONS  

n this study, we make use of the FLARES simulation suite. FLARES
s introduced in Lo v ell et al. ( 2021 ) and Vijayan et al. ( 2021 ), and
e direct the reader to those papers for a detailed introduction. In
rief, FLARES is a suite of 40 spherical 14 h 

−1 cMpc radius re-
imulations. Regions re-simulated by FLARES are selected from
 large (3.2 cGpc) 3 parent dark matter only simulation, and span a
ange of environments: (at z ≈ 4.7) log 10 (1 + δ14 ) = [ −0.3, 0.3] 1 ,
ith o v er-representation of the e xtremes. With the knowledge of

ach region’s density contrast, combined distribution functions can
NRAS 518, 3935–3948 (2023) 

 Where δ14 is the density contrast measured within the re-simulation volume 
ize. 
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e constructed, which approximate a much larger volume than that
imulated, allowing FLARES to predict distribution functions o v er a
uch larger dynamic range than that achie v able with hydrodynamic

eriodic volumes. 

.1 Physics model 

LARES adopts the AGNdT9 variant of the EAGLE simulation
roject (Crain et al. 2015 ; Schaye et al. 2015 ), and utilizes identical
esolution and cosmological parameters to the fiducial EAGLE
eference simulation. The AGNdT9 variant produces similar mass
unctions to the reference model, but better reproduces the hot gas
roperties in groups and clusters leading to its utilization by the
- EAGLE project (Barnes et al. 2017 ). The key physics of the
AGLE model rele v ant to this work concerns star formation and
hemical enrichment, and here we briefly summarize these deferring
 thorough introduction to Schaye et al. ( 2015 ), Crain et al. ( 2015 ),
nd references therein. 

.1.1 Star formation 

urrent large cosmological simulations, including EAGLE, do not
ave the resolution to simulate star formation from first principles.
n EAGLE, the star formation recipe uses the observed Kennicutt–
chmidt star formation law (Kennicutt 1998 ), now rewritten as a
etallicity dependent pressure law (equation 1 in Schaye et al.

015 ). This is implemented as described in Schaye & Dalla Vecchia
 2008 ), where gas particles which are cold enough (with temperatures
 10 4 K) abo v e the metallicity-dependent star formation threshold of
chaye ( 2004 ) are stochastically converted to star particles, using

he pressure-dependent version of the observed Kennicutt–Schmidt
aw. The star particles formed are assumed to represent a simple
tellar population (SSP) formed with a Chabrier ( 2003 ) initial mass
unction. 

.1.2 Chemical enrichment 

hese SSPs lose mass through stellar winds arising from asymptotic
iant branch (AGB) stars and massive stars as well as type Ia (SNIa)
nd type II (SNII) supernov ae, follo wing the prescription of Wiersma
t al. ( 2009 ). Stellar particles lose mass dependent on their age and
etallicity due to the main sequence lifetimes of the constituent

tars (Portinari, Chiosi & Bressan 1998 ; Marigo 2001 ). This mass is
istributed to neighbouring gas particles based on the SPH kernel.
he elements H, He, C, N, O, Ne, Mg, Si, and Fe are tracked

ndividually. At early times ( � 100 Myr), the mass-loss is mainly
rom SNII, leading to significant α-enhancement (i.e. [ α/Fe] > 0) in
ounger galaxies. Later, the mass-loss comes from AGB and SNIa. 
Most massive galaxies ( M � /M � > 10 9 ) at z > 5 are compact with

he majority of star formation taking place in dense cores (Roper
t al. 2022 ). The low metallicity present at high redshift in tandem
ith the core density yield strong enrichment in these cores, while

nrichment is inhibited by low densities elsewhere. None the less,
t should be noted that despite the enhancement, stellar feedback is
till inefficient at high redshift. 

EAGLE tracks both the particle abundance (directly enriched
y star particles) and the smoothed abundance (smoothed value
btained using the SPH kernel, see Wiersma et al. 2009 ). Since
he simulation does not implement diffusion of metals between gas
articles, it can lead to certain individual particles exhibiting extreme
etallicities. All the quoted metallicity values in this work are
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Figure 1. The weighted average (stacked) star formation histories of galaxies 
at z = 5 in various stellar mass bins. 
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moothed metallicities to mitigate some effects of this. The smoothed 
bundances were also used in computing the cooling rates of the gas,
hile the probability of star formation used the particle metallicities. 

.1.3 Variations on the resolution and physics model 

he properties of galaxies predicted by hydrodynamical simulations 
ike FLARES depend on modelling choices including the cosmology, 
he physics model, and resolution, expressed in-terms of the dark 

atter and gas particle masses. Varying these pro vides ke y insights
nto how properties such as distribution functions and scaling 
elations emerge, see e.g. Crain et al. ( 2015 ). 

While in this work, we do not attempt a thorough exploration of
ow changes to the model and/or parameters impact our results, 
n a work in preparation we do explore how changes to the
tar formation, feedback, and reionization prescriptions using re- 
imulations of FLARES regions. Ho we ver, we do briefly explore 
he impact of increasing the resolution using the higher-resolution 
 M g = 2.26 × 10 5 M �) EAGLE recal (ReCal) model presented in
chaye et al. ( 2015 ). It is ho we ver important to note that in addition to
dopting different resolutions the ReCal and AGNdT9 models adopt 
if ferent v alues for se v eral ke y model parameters to ensure the y are
onverged. It is also important to note that the volume simulated with
he ReCal model is very small and thus lacks the dynamic range of
LARES limiting comparisons to the low-mass end and only at z = 5.

.2 Galaxy identification 

alaxies in FLARES are first identified as groups via the Friends-
f-Friends (FOF, Davis et al. 1985 ) algorithm, and subsequently 

ubdivided into bound objects with the SUBFIND (Springel et al. 2001 ;
olag et al. 2009 ) algorithm. For a full description of the method and
andling of pathological objects see McAlpine et al. ( 2016 ), whose
ethodology we follow. 
In this work, we restrict ourselves to galaxies with M � > 10 8.5 M �

orresponding to a minimum of a few hundred star particles. By
efault when measuring properties, we use 30 pkpc radius apertures 
entred on the most bound particle of each subgroup (the particle 
ith the highest gravitational potential). Ho we ver, in Section A1 , we

xplore the consequences of this assumption: while the choice of, 
perture can have a significant impact on the total stellar mass and
tar formation, the impacts on the specific star formation rate (and 
ther metrics of the star formation history) mostly cancel out. 

 STAR  F O R M AT I O N  HISTORIES  

he star formation history (SFH) describes the evolution of a galaxy’s 
tar formation activity. In the case of hydrodynamical simulations like 
LARES , the SFH is defined by the age (and initial mass) distribution
f the star particles making up the galaxy. To describe the SFH of
 galaxy, we can employ several different metrics, including: the 
pecific star formation rate, age, and moments, amongst others. In 
his section, we begin by presenting stacked star formation histories 
efore presenting predictions for these metrics, then go on to explore 
heir environmental dependence, and compare with observations. 

.1 Stacked star formation histories 

e begin, in Fig. 1 , by presenting the average (stacked) star formation
istories of galaxies at z = 5 in bins of stellar mass. With the possible
xception of the highest mass-bin, where we see tentative evidence 
or a plateau, the average star formation history is rapidly increasing.
n the subsequent section, we quantify the shapes of individual star
ormation histories using a set of metrics. 

.2 Metrics 

e now turn our attention to quantifying the star formation histories
f individual galaxies using a variety of metrics. In most cases,
e present the median of the population alongside both the central
8.4 per cent ( P 84.2 − P 15.8 ) and 95.6 per cent ranges ( P 97.8 − P 2.2 ).
he median and these ranges are calculated by applying a weight

o each galaxy dependent on its parent re-simulation to ensure the
elected regions are representative of the full parent volume. 

.2.1 Specific star formation rates 

he most commonly utilized and observationally accessible metric 
f the SFH is the specific star formation rate (sSFR), the ratio of
ecent to integrated star formation activity normally expressed as 
he current star formation rate divided by the stellar mass. In this
 ork, we emplo y the star formation rate av eraged o v er 50 Myr. In
ection A2 (and specifically Fig. A2 ), we explore the impact of this
ssumption finding a relatively small impact ( < 0.1 dex). 

The resulting relationship between sSFR and stellar mass – also 
nown as the star forming main-sequence – is shown for z = 5–13 in
ig. 2 . This reveals a clear redshift evolution: from z = 13 → 5 the
verage sSFR drops by ∼0.7 dex. The evolution of both the specific
tar formation rate and age (see Section 3.2.2 ) is also presented in
ig. 3 , but in terms of the age of the Universe. When expressed in this
ay, the redshift evolution is reduced though some still does remain,

t least for the age. 
While Fig. 2 reveals significant redshift evolution, there is no 

trong trend with stellar mass, at least at M � = 10 8 . 5 –10 . 5 M �. At
 = 5, from a peak at M � ≈ 10 9 . 5 M �, the average specific star
ormation drops by only ≈0.2 dex by M � ≈ 10 10 . 5 M �. There is
entati ve e vidence of a sharper drop by M � = 10 11 M �, but FLARES
ontains only a handful galaxies at this mass. Ho we ver, while there
s no precipitous drop in the average sSFR, there is a sharply
MNRAS 518, 3935–3948 (2023) 
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M

Figure 2. The predicted relationship between the specific star formation rate (sSFR) and stellar mass for integer redshifts z ∈ { 5, 13 } . The black solid line 
denotes the weighted binned median. The two shaded regions show the central 68 and 95 per cent ranges. Where the number of galaxies in each bin falls below 

10, the solid line is replaced by a dashed line, and we no longer present the range. The thick grey line in each panel denotes the median relation at z = 5. Also 
sho wn are v arious observ ational constraints including constraints on indi vidual galaxies from Tacchella et al. ( 2022 ), Whitler et al. ( 2022 ) (based on the sample 
identified by Endsley et al. 2021 ), Carnall et al. ( 2022 ), Naidu et al. ( 2022 ), Leethochawalit et al. ( 2022 ), Finkelstein et al. ( 2022a ), and Chen et al. ( 2022 ), 
and stacked results from Salmon et al. ( 2015 ) and Topping et al. ( 2022 ). Uncertainties on the stacked measurements of Salmon et al. ( 2015 ) and Topping et al. 
( 2022 ) are the error on the median, not the distribution width. For the JWST based results, we included the published uncertainties, ho we ver for the Spitzer -based 
results, we omit uncertainties for readability. 
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ncreasing fraction of galaxies that have much lower specific star
ormation rates. In Fig. 4, we plot the weighted fraction of massive
 � > 10 10 M � galaxies with specific star formation rates falling

elow three thresholds: the inverse age of the Universe, 1 Gyr −1 ,
nd 10 per cent of the median sSFR. Irrespective of the choice of
hreshold, we see that the fraction rapidly increases from ≈0 at z ≥ 8
o ∼0.05 at z = 5. The origin of this rapid evolution will be discussed
n a companion paper (Lo v ell et al.), though it appears that a reduction
n the sSFR is strongly correlated with significant AGN activity. 

Finally, to test the sensitivity of our predictions to the resolution,
e also include predictions from the higher-resolution EAGLE
NRAS 518, 3935–3948 (2023) 
eCal model to the z = 5 panel. While the o v erlap re gion is very
mall (due to the small volume simulated with the ReCal model),
he resulting median specific star formation rates is very similar to
hat predicted by FLARES giving some confidence that we are not
trongly sensitive to resolution effects at low masses. 

.2.2 Ages 

nother common metric is the age, though this varies in definition.
n this work, we define the age as the initial-mass weighted median

art/stac3281_f2.eps
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Figure 3. The redshift evolution of specific star formation rate (top) and age 
(bottom) expressed in terms of the age of the Universe. 
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Figure 4. The weighted fraction of massive ( M � > 10 10 M odot ) galaxies 
falling below a specific star formation rate threshold as a function of redshift 
z = 10 → 5. The thresholds are the inverse age of the Universe (solid) line, 
1 Gyr −1 (dashed line), and 10 per cent of the median sSFR (dash–dotted line). 

3

A  

s  

d
n  

f  

m  

m  

m  

o
w  

h
g
b
z  

d  

t  

f  

m  

m
o
p

3

W
i  

f
a  

g  

h
d
t
g  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/3/3935/6832297 by U
ppsala U

niversity user on 10 February 2023
f the stellar particle ages. Essentially, this is the time since the first
0 per cent of stars were formed. It is important to note, ho we ver,
hat the term age could also be used to describe the mean age; in
he context of FLARES , the mean and median ages are similar –
nd exhibit similar trends – but are not identical (see Section 3.2.4 ).
t is also worth noting that an additional literature definition of age
s the duration since star formation began (e.g. Laporte et al. 2021 ),
ometimes described as maximum age. In the context of simulations, 
o we v er, this is e xpected to be resolution dependent and subject to
arge uncertainties, and for this reason we do not utilize it in this
nalysis. 

The relationship between the predicted age and stellar mass is 
hown in Fig. 5 . This relationship largely mirrors the trends seen for
he sSFR – stellar mass – redshift plane: average ages decrease with 
ncreasing redshift while remaining largely flat with stellar mass. 

.2.3 Shape 

hile the specific star formation rate gives some indication of the 
hape of the recent star formation history a clearer picture is revealed
y simply comparing the star formation activity averaged over two 
ime-scales. We do exactly this in Fig. 6 , where we show the star
ormation activity measured o v er the last 50 Myr compared to that
easured o v er 200 Myr. The majority of galaxies at all redshifts have
FR 50 /SFR 200 > 1, meaning they have star formation histories that 
re rising o v er these time-scales. Ho we ver, the fraction of galaxies
ith rising star formation histories declines from approximately unity 

t z = 10 to ≈70 per cent at z = 5. Again, there is little trend with
tellar mass though the most massive galaxies tend to have a lower
raction of galaxies with still increasing star formation histories. 
.2.4 Moments 

n alternative set of metrics are the moments of the (mass-weighted)
tellar age distribution. These are useful as they can be compared
irectly to various distributions e.g. normal, exponential, and half- 
ormal for which some of the moments have fixed values. The first
our moments are presented in Fig. 7 . Since the first moment is the
ean this is similar, but not identical, to our definition of the age (the
edian). To a v oid confusion with the age we present the inverse of the
ean and label it λ. The second moment is the variance; but instead

f presenting this directly we present the quantity mean / 
√ 

var , 
hich has fixed values of unity and ≈1.32 for an exponential and
alf-normal distribution, respectively. This immediately reveals that 
alaxy star formation histories are not statistically well described 
y an exponential distribution, particularly at the high-mass end for 
 < 9. This is also reflected in the third and fourth moments of the
istribution, the skew and e xcess kurtosis, respectiv ely; in both cases,
he measured values lie below those expected (2 and 6 respectively)
or a pure exponential distribution. On the other hand, the predicted
edian value of the mean / 

√ 

var , skew, and excess kurtosis all closely
atch that expected for a half-normal distribution peaking at the 

bservation epoch suggesting that this provides a useful single- 
arameter description of galaxy star formation histories in FLARES . 

.3 Star formation history parametrization 

hile a half-normal distribution reproduces the skew and variance, 
t assumes we are al w ays observing galaxies at the peak of their star
ormation histories, something which is clearly not possible. Such 
 description also fails to account for the increasing numbers of
alaxies, revealed in Fig. 6 , which have declining star formation
istories. As an alternative to the single parameter half-normal 
istribution, we also consider the two parameter truncated normal and 
runcated lognormal distributions, which have been shown to achieve 
ood fits to simulated and observed SFHs at low redshift (Diemer
t al. 2017 ). We fit the star formation histories of every galaxy by these
MNRAS 518, 3935–3948 (2023) 
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Figure 5. The same as Fig. 2 but for the mass-weighted median age. 

Figure 6. The ratio of the SFR av eraged o v er 50 and 200 Myr. The solid horizontal line denotes SFR 50 /SFR 200 = 1 – galaxies on this line have constant star 
formation histories. The label denotes the fraction of galaxies that have rising star formation histories measured over this time-scale. 
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Figure 7. The first four moments of the mass-weighted stellar age distribution for galaxies in FLARES with log 10 ( M ∗/M �) > 8.5 at z = 10 → 5. To a v oid 
confusion with the median age, we present the inverse of the first moment. For an exponential distribution, this is equi v alent to the parameter λ. For the second 
moment, we instead present the quantity mean / 

√ 

var , which for an exponential distribution is simply unity and for a half-normal is ≈1.32. We also add lines for 
the expected skew and excess kurtosis of an exponential (solid line) and half-normal distribution (dashed line). 

Figure 8. The median value of the Kolmogoro v–Smirno v test statistic D for half-normal, truncated normal, and truncated lognormal star formation history. 
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istributions, and computed the Kolmogoro v–Smirno v test statistic 
 with the results presented in Fig. 8 . This analysis reveals that both

runcated normal and lognormal distributions yield similar level of 
mpro v ement o v er a half-normal distribution. F or parametric spectral
nergy distribution fitting, we then advocate one of these distributions 
s the most suitable parametrization. 

.4 Environmental dependence 

 unique feature in FLARES is the re-simulation of a wide range of
nvironments from log 10 ( δ14 ) = −0.3 → 0.3. This allows us to study
he relatively large-scale environmental dependence of the shape of 
he SFH. In Fig. 9 , we present the relationship between stellar mass
nd sSFR and age as a function of galaxy environment. Matching that
ound in Lo v ell et al. ( 2021 ), we see no environmental dependence of
hese properties on the scale of our individual simulations. However, 
t is important to note that this is not to say that environment doesn’t
lay a strong role in galaxy formation at high-redshift: there is a
trong environmental bias, such that underdense regions contain 
roportionally many fewer galaxies, and vice versa. In addition, there 
s an implicit dependence of galaxy mass on environment: only the

ost o v erdense re gions produce massiv e galaxies at high-redshift. 

.5 Comparison with obser v ational constraints 

t the time of writing, we are now seeing the first constraints on the
tar formation histories of galaxies from JWST (Carnall et al. 2022 ;
hen et al. 2022 ; Finkelstein et al. 2022a ; Leethochawalit et al.
022 ; Naidu et al. 2022 ). Prior to JWST ho we ver, it was possible, by
ombining ground based or Hubble optical and near-IR observations 
MNRAS 518, 3935–3948 (2023) 
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Figure 9. The relationship between the specific star formation rate (top) and age (bottom) as a function of stellar mass as split by the density contrast of the 
simulation. 
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ith Spitzer , to constrain the rest-frame UV – optical emission of z
 5 galaxies. Alongside the FLARES predictions in Figs 2 and 5 , we

ho w current observ ational constraints on the specific star formation
ate and age, including early results from JWST and previous results
rom Hubble + Spitzer . Ho we ver, it is important to note that these
bserved samples are unlikely to be complete in M � , and in many
ases will be biased to high-specific star formation rates and low ages
ince these lead to higher luminosities. Since all of these samples are
est-frame UV selected, it is also possible they are missing heavily
ust obscured systems and/or systems with strongly quenched star
ormation histories. 

Salmon et al. ( 2015 ) studied the evolution and slope of the
elationship between star formation activity and stellar mass in a
ample of galaxies 3.5 ≤ z ≤ 6.5 using multi-wavelength photometry
n GOODS-S from the Cosmic Assembly Near-infrared Deep Extra-
 alactic Leg acy Survey (CANDELS; Grogin et al. 2011 ; Koekemoer
t al. 2011 ) and Spitzer Extended Deep Surv e y (Ashby et al. 2013 ).
s shown in Fig. 2 , the individual binned median values in most cases
atch our predictions within the uncertainties. Ho we ver, while our

esults show little variation with stellar mass these tend to decrease
s a function of stellar mass. 

Endsley et al. ( 2021 ) utilized a selection combining narrow-
and and o v erlapping broad-band filters yielding precise photometric
edshifts, essential for constraining the contribution of strong [O III ]
nd H β line emission. Using this sample, Whitler et al. ( 2022 )
easured ages and specific star formation rates utilizing both

he Prospector (Leja et al. 2017 ; Johnson et al. 2021 ) and
EAGLE (Che v allard & Charlot 2016 ) spectral energy distribution

SED) fitting codes. For the BEAGLE analysis, a constant SFH
odel while the Prospector analysis explored both constant

nd non-parametric star formation histories. As seen in Fig. 2 , both
onstant SFH implementations yielded specific star formation rates
t M � ∼ 10 9.5 M � similar to the FLARES predictions. Ho we ver,
oth produced steeply declining specific star formation rates as a
unction of stellar mass, contrary to the mostly flat relationship
redicted by FLARES . Specific star formation rates measured using
rospector assuming non-parametric SFHs yielded a flatter,
ut still declining, relationship and lower o v erall normalization,
alling below the FLARES predictions. The observed trends in the
ge stellar mass relation (Fig. 5 ) mirror the trends in specific star
NRAS 518, 3935–3948 (2023) 
ormation rate: the average ages at M � ≈ 10 9.5 M � are similar to the
LARES predictions but diverge at lower and higher masses. The
on-parametric analysis resulted in larger ages and a much shallower
rend with stellar mass, albeit with ages offset to larger values than
redicted by FLARES . Beyond a model issue, one possibility for
he difference in the slope of observations relative to the FLARES
redictions is the impact of dust. While the SED modelling takes
ccount of dust, it is possiblethat the obscured star formation in
he most massive galaxies has been underestimated resulting in
ystematically low-stellar masses. 

Tacchella et al. ( 2022 ) studied the stellar populations of a sample
f 11 bright galaxies at z = 9–11 selected from the CANDELS
elds (Finkelstein et al. 2022b ). These galaxies were analysed using

he Prospector , using a range of non-parametric and parametric
tar formation history priors. Our predictions are bracketed by
he Tacchella et al. ( 2022 ) measurements with those assuming a
ontinuity or parametric prior falling below our predictions and those
ith a bursty prior abo v e. In addition to specific star formation

ates, Tacchella et al. ( 2022 ) also measured the ages of their
ample of galaxies. Unsurprisingly, these yield a similar trend to
hat was found for the specific star formation rates: FLARES
redictions are bracketed by measurements made assuming various
riors. 
Topping et al. ( 2022 ) measured the specific star formation rates

f specific of 40 UV-bright galaxies at z ∼ 7–8 combining far-
R continuum and [C II ] constraints from ALMA with observations
rom Hubble and Spitzer . Topping et al. ( 2022 ) also utilized both
rospector and BEAGLE , though reco v ered similar average
pecific star formation rates. Both measurements are consistent with
LARES within their uncertainties. 
Carnall et al. ( 2022 ) studied five spectroscopically confirmed ( z =

–9) lensed (lensing factor = 1.5–10) in the SMACS0723 Early
elease Observation (ERO) NIRCam imaging. Carnall et al. ( 2022 )
t the observed NIRCam F 090 W , F 150 W , F 200 W , F 277 W , F 356 W ,
nd F 444 W fluxes using the Bagpipes SED fitting code (Carnall
t al. 2018 ) obtaining very young ages: four objects have mean
tellar ages ≤2 Myr and one has ≈20 Myr. Because these objects
re both relatively faint and lensed, 3/5 have stellar masses fall
utside our predictions. Ho we ver, the two that do fall within our
ange are, unlike most other observational measurements, discrepant
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Figure 10. Comparison between the stellar mass–metallicity relation pre- 
dicted by FLARES and the EAGLE-ReCal model at z = 5. 
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ith our predictions. This may suggest FLARES fails to fully capture 
he full range of possible star formation histories or reflects an 
bservational/modelling issue. 
Naidu et al. ( 2022 ) identified two bright z > 10 candidates in the

rism Lens-Amplified Surv e y from Space (GLASS) Early Release 
cience (ERS) imaging data based on a search of both GLASS 

nd CEERS NIRCam observations. The SEDs of these objects 
ere then fit with Prospector code assuming a continuity prior. 
he resulting specific star formation rates fall slightly below our 
redictions at their respective redshifts, though are consistent within 
he observational uncertainties and predicted scatter. 

Leethochawalit et al. ( 2022 ) identified and studied a sample of
4 galaxies at 7 < z < 9 in GLASS Early Release Science (ERS)
IRCam imaging and measured their star formation histories using 
agpipes . Most of the inferred ages and specific star formation 

ates are, generally, in good agreement with our predictions, albeit 
ith a slight (0.2 dex) offset to higher ages and lower specific star

ormation rates. 
Finkelstein et al. ( 2022a ) identified a sole z > 13 candidate,

Maisie’s Galaxy’ at z ≈ 14.3 in CEERS NIRCam imaging. Finkel- 
tein et al. ( 2022a ) measure stellar masses, ages, and specific star
ormation rates using Prospector finding an age of 16 + 45 

−5 Myr , 
onsistent with our predictions. 

Chen et al. ( 2022 ) study a sample of 12 galaxies at 6 < z <

 using CEERS NIRCam imaging. These sources were previously 
dentified from Hubble observations of the EGS field. Chen et al. 
 2022 ) measured the star formation histories of these galaxies using
eagle , where the stellar masses of the Chen et al. ( 2022 ) sample
 v erlap with our predictions. There is good agreement, ho we ver, the
alaxies at lower stellar masses have smaller ages than expected from
n extrapolation of the FLARES trend. Like the Carnall et al. ( 2022 )
tudy, this may mean that FLARES fails to predict the full range of
ossible star formation history scenarios. 
These comparisons reveal a mixed picture with some tentative 

 vidence for dif ferences in the slope and normalization of the specific
tar formation rate – stellar mass relation. Beyond a model issue, 
ne potential observational solution, at least at high-masses, is the 
ffect of dust; all of these observational constraints are based on UV
elected sources and, except for the case of Topping et al. ( 2022 ),
tilize only rest-frame UV and optical observations. This may not 
nly mean that dusty intensely star forming galaxies are missing but 
hat the contribution from dust obscured star formation in the most

assive galaxies is underestimated. Furthermore, it is clear from 

oth the Tacchella et al. ( 2022 ) and Whitler et al. ( 2022 ) analyses, in
ddition to other (e.g. Carnall et al. 2019 ; Leja et al. 2019 ) studies,
hat these constraints are strongly sensitive to modelling assumptions, 
uch as the choice of star formation history parametrization and the 
riors applied. On the modelling side, the relati vely lo w resolution
f FLARES limits the low-mass galaxy populations we can model 
t very high redshifts z > 10. The EAGLE model also ignores the
f fects of radiati v e feedback and reionization, which may hav e a
articularly large effect on low-mass haloes. It is promising, however, 
hat a model calibrated at z = 0 shows such promising agreement
ith a range of observational constraints in this high-redshift 
omain. 

 META L  E N R I C H M E N T  

e now turn out attention to the predictions for the mass-weighted 
tellar metallicity Z � of galaxies. In this work, we focus on stellar
etallicities Z � deferring predictions for gas-phase metallicities, 

ncluding predictions for observable line ratios etc. to a future work. 
.1 Earlier work and limitations 

he stellar mass–metallicity relation predicted by the EAGLE model 
t z = 0 was presented in section 6.3 of Schaye et al. ( 2015 ), with
his analysis, subsequently, extended by De Rossi et al. ( 2017 ) to
 = 3. In particular, Schaye et al. ( 2015 ) explored predictions for
he reference (Ref), AGNdT9, and higher-resolution recal (ReCal) 

odel. While there is a good agreement for high-mass ( M � >

0 10 M �) galaxies, stellar metallicities diverge at lower stellar masses
ith the discrepancy maximized at M � = 10 8–9 M � such that galaxies

n the Ref/AGNdT9 variant simulations have stellar metallicities 
.2–0.3 dex larger than those in the ReCal simulation. To understand
hether this offset still exists at z = 5, in Fig. 10 , we compare the
eCal and FLARES stellar mass–metallicity relations at z = 5. While

he small volume of the ReCal simulation compared to FLARES 

recludes a comparison at M � > 10 9 M �, at M � = 10 8–9 M �, the
ffset is only ≈0.1 dex, giving some confidence that our predictions
t higher masses will be robust. 

.2 Mass–metallicity relation 

e next present the FLARES stellar mass–metallicity relation at z =
–10 in Fig. 11 . Unlike the age, stellar metallicities exhibit a strong
ependence on stellar mass, increasing by a factor of 10 o v er the
ass range 10 9 → 10 11 M �. Fig. 11 also includes the median stellar
etallicity for the youngest (age < 10 Myr) star particles within each

alaxy. The metallicity of young stars follows the same trend with
tellar mass as the general stellar mass–metallicity relation but is 
ffset to higher metallicity by ≈0.1–0.2 dex, reflecting the correlation 
etween metallicity and age explored in more detail in Section 4.3 . 

.2.1 α-enhancement 

n young, star forming galaxies, such as those at high-redshift, the
ominant mode of chemical enrichment will be via type II (core-
ollapse) supernovae (SNII). Consequently, early galaxies should be 
 α-enhanced’ relative to the galaxies present in the later Universe.
n Fig. 12 , we show the α-enhancement, quantified as [O/Fe] =
MNRAS 518, 3935–3948 (2023) 
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Figure 11. The same as Fig. 2 but for the total stellar metallicity. The dotted line shows the median stellar metallicity of only young ( < 10 Myr) star particles. 
In the z = 5 panel, we show observational constraints, at 2.5 < z < 5, from Cullen et al. ( 2019 ) and Calabr ̀o et al. ( 2021 ). 

Figure 12. The predicted redshift evolution of α-enhancement of galaxies 
in FLARES . Also included are recent constraints from Cullen et al. ( 2021 ) at 
z ≈ 3.4. 
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og 10 (O/Fe) − log 10 (O/Fe) �, as a function of stellar mass and
edshift. At z = 10, we predict [O/Fe] ≈ 0.75, falling to ≈0.65
t z = 5. The relationship with stellar mass is mostly flat, mirroring
he trends seen in Section 3 for the age and specific star formation
ate. 
NRAS 518, 3935–3948 (2023) 
.2.2 Comparison to observational constraints 

t present, most galaxy metallicity constraints come from observa-
ions of optical emission lines integrated across galaxies. These are
ensitive to the gas-phase oxygen abundance (O/H) g . Prior to JWST ,
easurements were limited to z ≈ 4 (e.g. Sanders et al. 2021 ),

o we ver, thanks to JWST ’s near-infrared spectroscopic capabilities,
he first constraints are emerging to z ∼ 8 (e.g. Trump et al. 2022 ).
t is, ho we ver, possible to constrain stellar metallicities from rest-
rame observations of the UV continuum, where features sensitive
o the stellar photospheric iron abundance (Fe/H) exist (Leitherer
t al. 2010 ). Recent efforts (e.g. Cullen et al. 2019 ; Calabr ̀o et al.
021 ) have pushed these measurements to z > 2 using deep ground-
ased near-infrared spectroscopy. Constraints on the stellar mass–
etallicity relation from Cullen et al. ( 2019 ) and Calabr ̀o et al.

 2021 ) are presented in Fig. 11 alongside our predictions. At M � ∼
0 10 M �, our predictions are up to 5 × higher than both Cullen et al.
 2019 ) and Calabr ̀o et al. ( 2021 ). Ho we ver, both Cullen et al. ( 2019 )
nd Calabr ̀o et al. ( 2021 ) are predominantly sensitive to the iron
bundance (Fe/H), not the total stellar metallicity. In both cases, the
otal stellar metallicity was inferred by extrapolation using a solar
bundance pattern. As noted abo v e, ho we ver, due to the relative
ack of enrichment from Type Ia supernovae, our abundances are
xtremely α-enhanced. If we compare the iron mass fractions directly
using the solar abundances of Asplund et al. ( 2009 ) to convert the
ullen et al. ( 2019 ) and Calabr ̀o et al. ( 2021 ) measurements to an

ron mass fraction – we find greatly impro v ed agreement with the
LARES predictions, at least at the high-mass end (see Fig. 13 ).
n Fig. 12 , we also compare our α-enhancement predictions with
ullen et al. ( 2021 ) who combined stellar and gas-phase metallicity
easurements of the same galaxies at z ≈ 3.4 to constrain [Fe/O].
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Figure 13. The predicted mass fraction of iron in stars ( Z �, Fe ) as a function 
of stellar mass from FLARES and the observations of Cullen et al. ( 2019 ) 
and Calabr ̀o et al. ( 2021 ). The dotted line shows only the mass fraction of 
only young ( < 10 Myr) star particles. 
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Figure 15. The average mass-weighted metallicity of galaxies with M � > 

10 8.5 M � as a function of environment. 
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hese results are ≈0.25 dex below our predictions, though this is
ikely to be at least partially reconcilable with subsequent redshift 
volution. 

With JWST, now, beginning to collect deep near-infrared spec- 
roscopy of high-redshift galaxies observation constraints on both Z � 

nd Z g will soon dramatically impro v e. This in turn will begin to
rovide critical constraints to galaxy formation models. 

.2.3 Environmental dependence 

s demonstrated in Fig. 14 and as seen for the age and specific
tar formation rate (see Section 3.4 , Fig. 9 ), we see no evidence
f a large-scale environmental dependence on the stellar mass–
etallicity relationship. This is not to say ho we ver that higher-

ensity environments are not more metal enriched, as demon- 
trated in Fig. 15 they are. This figure shows a clear trend such
hat the average stellar metallicity is higher in more dense en- 
ironments. This figure also shows clear redshift evolution such 
hat average metallicity increases. The reconciliation of this and 
ig. 14 is that higher-density environments, and lower-redshifts, 
ontain a larger fraction of their mass in more massive, metal-rich 
alaxies. 
Figure 14. The same as Fig. 9
.3 Correlation with age 

s preceding generations stars return enriched material to the 
nterstellar medium, subsequent generations are, in general, expected 
o become increasingly enriched with metals. Consequently, we 
hould expect a negative correlation between the stellar age and 
etallicity. To test this, we calculate the Pearson correlation 

oefficient r , finding (see Fig. 16 ) typical values of ≈−0.5
uggesting a weak ne gativ e correlation. 

.4 Distribution 

s with ages, stellar populations in galaxies will have a range of
etallicities. Fig. 17 shows the initial mass weighted distribution of 

tellar metallicities for galaxies stacked by galactic stellar mass. This 
eveals that galaxies have a broad predicted range of metallicities with
he central 68.4 per cent range of Z � e xtending o v er more than 1 dex.
his is also seen for individual galaxies as shown in Fig. 18, where

he average range is 1–1.5 dex. This figure also reveals a trend with
tellar mass such that the most massive galaxies have, on average,
igher and narrower metallicity distributions. 
Fig. 17 also reveals that the distribution of metallicities is asym-
etric with a long tail to low metallicity. While this distribution

an be fit adequately by a range of standard distributions, none have
een found to give consistently good ( D < 0.1) results across the
MNRAS 518, 3935–3948 (2023) 
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Figure 16. The results of linear fitting to the age and log 10 ( Z � ) of star particles in each galaxy. The top row shows the best-fitting slope, the middle row the age 
= 0 intercept, and the final row the Pearson correlation coefficient r . 

Figure 17. The distribution of stellar metallicities for stacks of galaxies in 
stellar mass. The horizontal lines denote the central 68.4 per cent ( P 84.2 –
P 15.8 ) range of each distribution. The faint thick lines are parametric fits 
to predicted distribution and assume the (two parameter) exponential power 
distribution. 
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ull range of stellar mass stacks and redshifts. Fig. 17 presents fits
ssuming the two parameter exponential power distribution, 2 while
his yields good results in the larger stellar mass bins, the fit becomes
rogressively worse for the smaller stellar mass bins. 
The fact that individual galaxies have stellar metallicities spanning

 wide range, alongside a correlation with age, will have implications
or the extent to which it is possible to constrain metallicities and
ther physical properties from observations using spectral energy
istribution fitting. While some codes allow the metallicity to evolve,
ither through a parametric form (e.g. Robotham et al. 2020 ), or in
ndependent bins (e.g. Tojeiro et al. 2007 ; Johnson et al. 2021 ), none
hat we are aware of explicitly allows the modelling of metallicity
istributions, which may lead to significant biases. 

 C O N C L U S I O N S  

n this work, we have presented predictions for the star for-
ation and metal enrichment histories of galaxies at z = 5–
NRAS 518, 3935–3948 (2023) 
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0 from the FLARES project. Our main conclusions are as
ollows: 

(i) We find that specific star formation rates strongly evolve with
edshift and exhibit a weak negative trend with stellar mass at
 � > 10 9 M �. These predictions are in broadly good agreement
ith many current observational constraints, including early results

rom JWST . Ho we ver, there is a tentati ve e vidence of a difference
n the slope of the relation and larger scatter present in the 
bservations. 
(ii) As redshift decreases, an increasing fraction of massive ( M � >

0 10 M �) galaxies have relati vely lo w-specific star formation rates.
his is attributed to AGN feedback and is the focus of a companion
ork. 
(iii) The individual star formation histories of galaxies in FLARES

re generally rising. Ho we ver, the fraction with rising SFHs declines
ith redshift and stellar mass. Star formation histories are well
escribed by a (two parameter) truncated normal or truncated
ognormal distribution. 

(iv) There is a well defined stellar mass–metallicity relation in
lace at z = 10 and beyond (for z > 10 see Wilkins et al. 2022 ).
alaxies at these redshifts are also predicted to be very α-enhanced
ith [Fe/H] ≈ 0.65 at z = 5. On the surface, these predictions

re discrepant with recent metallicity measurements based on rest-
rame observations of galaxies at z = 2.5–5 (Cullen et al. 2019 ;
alabr ̀o et al. 2021 ). Ho we ver, the inferred iron mass fraction, which

hese observations are sensitive to, are much similar, particularly at
igh-masses where we have the most confidence in the models and
bservations. 
(v) Within individual galaxies, the metallicities of individual star

articles are both inversely correlated with age and span a wide range,
ypically 1–1.5 dex. 

(vi) We find no evidence of large-scale environmental dependence
f the relationship between stellar mass and metallicity, star forma-
ion, or age. Ho we ver, this is not to say that galaxy formation is
ot sensitive to environment: the densest regions contain a (much)
arger fraction of their stellar mass in massive metal enriched galaxies

aking these environments more metal enriched than lower density
egions. 

At present our predictions are mostly consistent with existing
bservational constraints, including the handful of observations to
merge so far from JWST . Ho we ver, at least in part, this current
ood agreement reflects the large observational uncertainties due
o small samples, limited > 2 μm observations (particularly spec-
roscopy), and observational modelling assumptions (e.g. the choice
f stellar population synthesis model, or star formation history
arametrization). Ne w observ ations from JWST , and in particular
eep rest-frame optical spectroscopy, may soon challenge these
redictions. 
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Figure 18. The same as Fig. 2 but for the central 68.4 per cent range of stellar metallicities. 
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PPENDIX  A :  MEASURING  STELLAR  MASSES  

N D  STAR  F O R M AT I O N  RATES  

1 Apertures 

alaxy formation simulations identify objects as bound structures in-
luding haloes and subhaloes. Ho we ver, to better match observational
ethodologies, it is common to measure galaxy properties in a spher-

cal aperture. In both the core EAGLE and FLARES analyses 30 kpc
iameter apertures were used. In Fig. A1 , we briefly explore the
onsequences of this assumption on the stellar mass, star formation
ate, and specific star formation rate of galaxies at z = 5. While our
hosen aperture captures virtually all stellar mass and star formation,
maller apertures tend to miss both in the lowest and highest mass
alaxies. Ho we ver, despite this sensitivity the measured specific star
ormation rate is mostly insensitive to the choice of aperture. 
NRAS 518, 3935–3948 (2023) 

igure A1. The sensitivity of stellar mass (left), star formation rate (centre), and s
alaxy. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
igure A2. The impact of the star formation averaging time-scale on star
ormation rates. 

2 Star formation measures 

ithin hydrodynamical simulations like FLARES there are two
pproaches for measuring star formation rates (SFRs): 1) from the
roperties of the gas particles themselves – the instantaneous SFR
nd 2) from the star particles by averaging over a particular time-
cale. Short time-scales <10 Myr are limited by sampling effects: in
ow-SFR galaxies there may only be handful, or even no, star particles
ormed. While short time-scales are likely to match SF diagnostics
ased on reprocessed Lyman continuum emission (e.g. H α) the same
s possibly not true for the FUV, and by extension far-IR, which have
 contribution from stars up to several hundred million years old. In
ig. A2 , we explore how the choice of averaging time-scale affects

he SFR. At high-mass ( M 

� > 10 10 M �) the choice of time-scale has
ittle effect, the implication being that star formation histories in these
alaxies are approximately constant. At lower masses however SFRs
erived from longer time-scales are typically smaller suggesting
ising star formation histories. As expected instantaneous SFRs
erived from gas particles closely match short time-scales. Unless
therwise stated in this work, we choose to average on a 50 Myr
ime-scale. 
pecific star formation rate (right) to the choice of aperture used to define the 
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