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ABSTRACT

The question how much star formation is occurring at low metallicity throughout the cosmic history appears crucial for the
discussion of the origin of various energetic transients, and possibly double black hole mergers. We revisit the observation-based
distribution of birth metallicities of stars (fspr(Z,2)), focusing on several factors that strongly affect its low metallicity part: (i) the
method used to describe the metallicity distribution of galaxies (redshift-dependent mass metallicity relation — MZR, or redshift-
invariant fundamental metallicity relation — FMR), (ii) the contribution of starburst galaxies and (iii) the slope of the MZR. We
empirically construct the FMR based on the low-redshift scaling relations, which allows us to capture the systematic differences
in the relation caused by the choice of metallicity and star formation rate (SFR) determination techniques and discuss the related
fsrr(Z.z) uncertainty. We indicate factors that dominate the fspr(Z,z) uncertainty in different metallicity and redshift regimes. The
low metallicity part of the distribution is poorly constrained even at low redshifts (even a factor of ~200 difference between the
model variations) The non-evolving FMR implies a much shallower metallicity evolution than the extrapolated MZR, however,
its effect on the low metallicity part of the fspr(Z,2) is counterbalanced by the contribution of starbursts (assuming that they
follow the FMR). A non-negligible fraction of starbursts in our model may be necessary to satisfy the recent high-redshift SFR

density constraints.
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1 INTRODUCTION

The observed populations of stars, their remnants and related tran-
sients consist of objects formed at different times and with different
metallicities. To model those populations and to correctly interpret
observations, it is necessary to know the metallicity dependent star
formation history (SFH) of the observed galaxy, galaxies in the
probed volume, or even of the entire Universe. Knowledge of the
latter — which is the subject of interest of this study — becomes increas-
ingly important in the era of gravitational wave (GW) astrophysics.
That is because the time between the formation of the progenitor stars
and merger of stellar black holes or neutron stars observed in GW
can be comparable to the age of the Universe (e.g. Belczynski et al.
2016). Moreover, the efficiency of formation of merging binaries
may show a strong metallicity dependence. In particular, it has been
suggested that double black hole mergers may form much more
efficiently in low metallicity environments (<0.1 solar metallicity;
e.g. Giacobbo, Mapelli & Spera 2018; Klencki et al. 2018). This
makes the modelled properties of the population of such systems
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particularly sensitive to the assumed distribution of the cosmic star
formation rate density (SFRD) at different metallicities and redshifts,
fsrr(Z,2) (e.g. Chruslinska, Nelemans & Belczynski 2019; Neijssel
et al. 2019; Broekgaarden et al. 2021) and requires knowledge of
fsrr(Z,z) even beyond the peak of the cosmic SFH. To confront the
model predictions with observations and draw correct conclusions
from such a comparison, it is necessary to take into account the
fsrr(Z,z) uncertainty, which may be substantial — especially at high
redshifts (Chruslinska & Nelemans 2019; Chrusliniska et al. 2020;
Boco et al. 2021). Given the many uncertain pieces of information
that need to be combined to estimate fspr (Z,2), an (observation-based)
determination of this distribution presents a challenge in itself. In
this study, we take a closer look at two of those pieces: the empirical
correlation between the star formation rate and metallicity of star-
forming galaxies (the so-called fundamental metallicity relation, e.g.
Ellison et al. 2008; Mannucci et al. 2010) and the contribution
of starburst galaxies. We build on the observation-based fspr(Z.2)
model from Chruslinska & Nelemans (2019) (briefly introduced in
Section 2) and expand the discussion presented in Boco et al. (2021),
aiming to evaluate the uncertainty (or — find realistic, observationally
allowed extremes) of the metallicity dependent cosmic SFH in
view of those factors. Where appropriate we adopt a standard flat
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cosmology with Qy = 0.3, 24 = 0.7, and Hy = 70 km s~! Mpc~!,
assume a (universal) Kroupa (2001) initial mass function (IMF) and
solar metallicity of 12 + log;o(O/H)g = Zome = 8.83 and Z, =
0.017 (Grevesse & Sauval 1998).

2 AN OBSERVATION BASED fsrr(Z, 2)
DETERMINATION

We construct fspr(Z,z) building on the framework detailed in
Chruslinska & Nelemans (2019). In essence, their method is based
on a combination of three key ingredients: the distribution of galaxy
stellar masses (galaxy stellar mass function — GSMF), and the dis-
tributions describing the star formation rates (SFR) and metallicities
of galaxies at fixed stellar mass M,. All distributions are redshift
dependent. The GSMF is used to obtain the number density of
galaxies of different masses. The contribution of galaxies of different
masses to the total SFRD can then be obtained by weighing the
number density of galaxies in a given mass range by their SFR.
Finally, fsrr(Z,2) is obtained by assigning a metallicity to each M.,.

The SFR and metallicity distributions are modelled as lognormal
distributions centred on the empirical star formation—mass relation
(SFMR) and the mass — (gas-phase) metallicity relation (MZR),
respectively, with dispersions osgqr and onzr (representing the
intrinsic scatter around the two relations). Note that the observa-
tional gas-phase metallicity estimates probe the oxygen abundance
(Zom = 12 +logo(O/H)"), and that is the metallicity measure used in
our study. Additional scatter in Zoy is introduced to model the spread
in the metallicity at which the stars are forming within the galaxies.
To determine all the necessary ingredients, the authors assemble a
compilation of observational results describing the MZR, SFMR and
GSMF, combined over a wide range of redshifts (z) and M. Several
variations of the base relations (SFMR, MZR, GSMF) are explored
in order to discuss the impact of the uncertain absolute metallicity
scale (steming from the differences between the estimates obtained
with different metallicity determination methods), the shape of the
high-mass end of the SFMR and the redshift evolution of the low-
mass end of the GSMF (see Section 2 in Chruslinska & Nelemans
2019 and references therein).

In this study, we explore an alternative method to obtain the
redshift-dependent metallicity distribution of star-forming galaxies,
based on the fundamental metallicity relation. We then modify the
SER distribution to better account for the contribution of star-forming
galaxies that are strong outliers to the general SFMR (starbursts). Our
motivation for those modifications and the details of our approach
are laid out in Sections 3 and 4, respectively.

3 THE FUNDAMENTAL METALLICITY
RELATION

The fundamental metallicity relation (FMR) is a three parameter
dependence linking M,, SFR, and gas-phase metallicity of star-
forming galaxies (Ellison et al. 2008; Mannucci et al. 2010). The
relation implies the mass—metallicity correlation, as observed in the
MZR, but it also introduces an anticorrelation between metallicty
and SFR, such that galaxies of the same stellar mass showing higher
than average SFR also have lower metallicities (i.e. the galaxy’s offset

'In contrast to the total metal mass fraction Z or iron abundance commonly
used in the simulations/theoretical studies. Zosy is often used as a proxy
for the total Z, but note that this requires assuming a particular (typically
solar-like) abundance pattern.
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from the average mass—metallicity relation — MZR —is anticorrelated
with its offset from the average SFR—mass relation).

The existence of such SFR—metallicity anticorrelation has been
reported in numerous observational studies (e.g. Lara-Lopez et al.
2010; Mannucci, Salvaterra & Campisi 2011; Yates, Kauffmann &
Guo 2012; Andrews & Martini 2013; Bothwell et al. 2013; Salim
et al. 2014; Zahid et al. 2014b; Yabe et al. 2015; Hunt et al. 2016;
Sanders et al. 2018; Cresci, Mannucci & Curti 2019; Curti et al.
2020; Sanders et al. 2021) and established up to redshift z ~ 3.5.

Such correlation is also expected from theoretical models of galaxy
evolution and is thought to reflect the changes in the SFR-fuelling
gas fraction present within the galaxy (e.g. Ellison et al. 2008; Davé,
Finlator & Oppenheimer 2011; Yates et al. 2012; De Lucia et al.
2020). Lower SFR for a given M, then implies that the galaxy has
already used up most of its cold gas reservoir (fuelling its SFR in the
past), and therefore (in the absence of strong outflows) its interstellar
medium is more metal rich than that of the galaxy of the same mass
that is still highly star forming. At low SFR there are also fewer
supernovae that can remove (especially at low M, ) metal-rich gas
from the galaxy. In turn, inflowing metal-poor material lowers the
metallicity and provides additional fuel for the SFR, increasing the
latter. As long as the time-scales on which the SFR and metallicity
evolve are of the same order, the anticorrelation between the galaxy
offsets from the MZR and SFMR is expected to hold (e.g. Torrey
et al. 2018). Those time-scales are similar for the feedback/SFH
implementations used in the large-scale cosmological simulations
such as EAGLE and Illustris-TNG, which warrants the existence of
the FMR up to high redshifts in the simulations (Lagos et al. 2016; De
Rossi et al. 2017; Torrey et al. 2018). However, Torrey et al. (2018)
point out that the strength of the correlation — especially for low-mass
galaxies at high redshift — may be reduced if models with particularly
strong and/or bursty feedback are used. Lagos et al. (2016) find
that the shape of the FMR in the EAGLE simulations depends
on the adopted model of star formation. Therefore, observational
confirmation of the existence or breakdown of the FMR at high
redshifts will help to discriminate between the different feedback
and star formation prescriptions.

Observationally, the FMR is found to show little to no evolution
with redshift up to z ~ 3 within the uncertainty of the current data
and range of galaxy properties probed (see Cresci et al. 2019 and
Sanders et al. 2021 for recent discussion). Since both the mass and
SFR distributions of star-forming galaxies change over time, the
apparent lack of FMR evolution implies that galaxies at different
redshifts probe different parts of the locally established relation. At
fixed M,, a decrease in the average galaxy metallicity as a function
of redshift is still expected, as the typical SFR is higher at earlier
cosmic times.

At z 2 2, the rate of decrease in metallicity implied by a non-
evolving FMR is much weaker than that reported by various studies
discussing the redshift evolution of the MZR (e.g. Maiolino et al.
2008; Mannucci et al. 2009). Similarly to the FMR, the MZR (and
its evolution with redshift) is virtually unconstrained at redshifts
z 2 3.5 (Maiolino & Mannucci 2019). This uncertainty in the
rate of metallicity evolution is one of the key factors affecting
the fspr(Z,z). In particular, different high redshift extrapolations of
empirical relations used in the literature lead to drastically different
conclusions about the birth metallicities of stars forming beyond the
peak of the cosmic SFH (e.g. Chruslinska et al. 2019; Chruslinska &
Nelemans 2019; Boco et al. 2021).

Recent observational studies find support for rapid early metal
enrichment in high-redshift galaxies, pointing towards a weak MZR
evolution that is more in line with the apparently invariant FMR (see
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section 3 in Boco et al. 2021 and references therein for a recent
discussion). Such weaker metallicity evolution is also in agreement
with the results of cosmological simulations and semi analytical
models of galaxy evolution (e.g. Yates et al. 2012; Torrey et al. 2019).
Furthermore, Sanders et al. (2021) show that when the differences in
the properties of the ionized gas within H1I regions (responsible for
the emission lines used to estimate the metallicity; in particular lower
iron to oxygen ratio for the same O/H found in high-redshift galaxies)
of galaxies at different redshifts are taken into account, the inferred
MZR evolution is milder (i.e. metallicities of high-redshift galaxies
are biased low if those differences are neglected). In fact, the MZR
evolution found by Sanders et al. (2021) is consistent with the non-
or weakly evolving FMR within the redshift and mass range probed
in their study. The existence of an FMR also means that if the galaxy
sample is biased towards high SFRs, the inferred average metallicity
is underestimated. Such biases can be expected in high redshift and
low stellar mass galaxy samples, affecting the MZR shape (the low
mass end slope) and the rate of evolution with redshift (a decrease in
the normalization).

In light of the above discussion, we conclude that the assumptions
about the metallicity evolution made in Chruslinska & Nelemans
(2019), which rely on the MZR obtained by Mannucci et al. (2009)
and extrapolate its redshift evolution based on their two highest
redshift bins, are likely to overestimate the rate of metallicity decrease
at z = 2 and require revision: either assuming a weaker MZR
evolution, or using the FMR to assign metallicity to galaxies. The use
of the FMR instead of an MZR in fspr(Z,z) determination appears
advantageous for two reasons: (i) the redshift invariance of the FMR
allows to circumvent the problem of the uncertain MZR evolution
with redshift - the metallicity distribution at each z is then defined
by the local FMR and the SFMR and GSMF (whose z dependence
is generally better constrained than that of the MZR). We stress that
with the current data there is no guarantee that at z 2> 3 the FRM
remains (close to) redshift invariant. By assuming a non-evolving
FMR throughout the entire cosmic history we explore another
extreme assumption (with respect to Chruslinska & Nelemans 2019)
about the rate of metallicity evolution at high redshift. (ii) if all
star-forming galaxies follow the FMR (at present, there is no clear
evidence to the contrary), it can be used to describe metallicity of
galaxies belonging to populations for which there are little examples
of metallicity determinations (e.g. strong outliers of the star-forming
main-sequence that are not described by the MZR, such as starburst
galaxies, see Section 4).

However, the major problem with this approach is that there is
no agreement on the exact form of this three parameter mass—SFR-
metallicity dependence. The fspr(Z,z) derived with the FMR will
necessarily strongly depend on the choice of this relation, just as
it strongly depends on the choice of MZR and its extrapolated
evolution. While the discussion of the systematic effects on the
fsrr(Z,z) introduced by the choice of a particular form of the MZR is
relatively straightforward (Chruslinska & Nelemans 2019) and to a
large extent boils down to the discussion of differences caused by the
use of different metallicity determination methods (which are well
documented in the literature, e.g. Kewley & Ellison 2008, Maiolino &
Mannucci 2019), an analogous discussion for the FMR is not. The
observationally inferred FMR is known to non-trivially depend on
the metallicity determination method, the SFR determination method
and the galaxy sample selection criteria (e.g. Yates et al. 2012;
Hunt et al. 2016; Kashino et al. 2016; Telford et al. 2016; Cresci
et al. 2019). We note that it is not clear how the FMR depends on
each of those factors. Therefore, one needs to be cautious when
using different literature results concerning the properties of galaxy
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populations (e.g. the SEFMR) in combination with a particular FMR
estimate — if those results are based on different techniques, this
would represent an internally inconsistent approach.

Instead of using a particular example from the literature, in our
analysis we resort to a phenomenological description of the FMR.
We aim to capture the robust observational/theoretical features of
the mass—SFR-metallicity dependence and describe the variations
in the shape of this dependence caused by different choices of the
local MZR and SFMR (that reflect the differences in the metallicity
and SFR determination methods used in the literature). This allows
us to ensure the consistency of the method and discuss the realistic
extremes of the fspr(Z,2).

3.1 Constructing the FMR from z ~ 0 scaling relations

To construct our model FMR, we describe its 2D projection on the
Zom—logio(M.,) plane. This projection is the most commonly shown
in observational studies. We refer to it as Zou(SFR, M,) (see Fig. 1
for the illustration).

At fixed SFR, the shape of Zou(SFR,M,) is found to show the
same characteristic features as the MZR: the low mass part of the
relation is almost linear (Zopy o logio(M,), it bends around a certain
turnover mass and flattens at high masses, approaching a constant
metallicity value (see e.g. Mannucci et al. 2010, 2011; Yates et al.
2012; Andrews & Martini 2013; Hunt et al. 2016; Telford et al. 2016;
Cresci et al. 2019; Curti et al. 2020; Sanders et al. 2021). To describe
this dependence, we use the parametrization from Curti et al. (2020):

Zon(SFR. Mo = o~ Gl (157
om(SFR, M.) = Zomo — Zlog [ 1 +(—)7" |, ()
B Mosrr

where Zoyy. o is the asymptotic metallicity of the high-mass end of
the relation, M spr is the turnover mass, y is the slope of Zoi(SFR,
M,) at M, << Mysrr and B regulates the width of the knee of
the relation. The Zou(SFR, M,) dependence on SFR is expected
primarily in the turnover mass My.sgr, as illustrated in the right-hand
panel of Fig. 1. The left-hand panel of Fig. 1 illustrates the average
z ~ 0 MZR and SFMR. We relate the Zo(SFR, M,.) parameters to
those of the average z ~ 0 scaling relations — each of the parameters of
equation (1) is discussed in the relevant subsection below. Discussion
of the observational properties of the Zoy(SFR, M) in the reminder
of this section and our choices are motivated by the results shown
in the references given at the beginning of this section - we do not
list them again in each of the subsections, unless we refer to a result
from a specific paper(s).

Equation (1) describes the shape of the relation, but the main
observable property that characterizes the FMR is the quantity
that relates the galaxy’s offset from the average MZR and SFMR
(i.e. quantifies the strength of the SFR—metallicity correlation). To
describe the strength of the SFR—metallicity correlation we introduce
the coefficient Vpyg,> defined as follows:

dMzrR = — VEMR * SSFMR 2

where Smzr = Zom, gal. — Zom, aomzr and Sspmr = 10g10(SFRgy1 ) —
logio(SFRy spmr) are the galaxy’s offsets from the average MZR and
SFMR. Higher values of Vgygr imply a stronger correlation.

2This is similar to e.g. Salimetal. (2014) and Sanders et al. (2018, 2021). Note
that many observational studies use the term ’strength of the SFR—metallicity
correlation” when referring to the spread between the Zo/u(M,,SFR) curves
at different fixed SFR (which is effectively done by comparing the fitted
values of the ’« parameter’ introduced by Mannucci et al. 2010). See also
footnote 4.
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Figure 1. Sketch illustrating the local MZR (top left), SEMR (bottom left), and the three parameter mass—metallicity-SFR dependence Zo/1(SFR, M,) (right),
indicating the key parameters of those relations and the observed anticorrelation between the galaxy’s offsets from the MZR (dyzr) and SEMR (8spmr). We
consider different assumptions about the MZR and SFMR relations (i.e. normalization Zo,u;mzro and slope amzr of the MZR, high-mass end of the SFMR
aspMRr2) to cover the range of possibilities present in the literature, as indicated with the thick grey lines in the left-hand panels. In Section 3.1, we relate the

parameters of the Zo/u(SFR, M,) to the parameters of the local 2D relations.

3.1.1 The asymptotic metallicity

A clear feature present among the observational Zou(SFR, M,)
determinations is the high mass flattening. We note that some authors
report a reversal of the (anticorrelation at high M, rather than a
simple flattening, e.g. Yates et al. 2012; Kashino et al. 2016). Telford
et al. (2016) point out that certain sample selection criteria (e.g.
applying signal-to-noise ratio cuts on oxygen lines used to estimate
the metallicity) may lead to biases against the massive, low SFR
galaxies and therefore affect the inferred low SFR and high mass
part of the FMR. They argue for such biases as the cause of the
reversal of the correlation at high masses as seen in Kashino et al.
(2016). The effects of dust (and the applied dust SFR corrections)
may also induce biases against massive, metal-rich galaxies (Telford
et al. 2016).

Change in the relation at high masses is also supported theoreti-
cally, and could be attributed to the increased importance of AGN
feedback that can rapidly influence the SFR while the metallicity
continues to evolve much more gradually (e.g. De Rossi et al. 2017;
Torrey et al. 2018). We therefore assume that the high mass flattening
is a robust feature of the Zou(SFR, M,) and include it within our
model. Observationally, the value of the asymptotic metallicity Zo/p: o
at which the relation flattens appears to be roughly independent of
the SFR and coincide with that of asymptotic metallicity of the
average z ~ 0 MZR (Zom. mzro)- As such, it is affected by the choice
of the metallicity determination method, which leads to systematic
offsets in the normalization of the MZR (compare examples shown
in Telford et al. 2016 and in fig. 2 in Cresci et al. 2019). We fix
ZO/H; 0= ZO/H; MZR0, Where ZO/H; Mzro 1s defined by the choice of the
z~0MZR.

3.1.2 The slope at low masses and high SFR

At the low-mass end, the Zoy(SFR, M,) for fixed log;o(SFR) seems
to be well approximated with a linear dependence. Accordingly, in
this regime (M, < <My, spr), equation (1) reduces to:

Zom(SFR, M) = Zomo + ylogio (M.) — ylogio (Mosrr) - 3)

The slope of this dependence is generally steeper than that of the
average z ~ 0 MZR. y seems to be affected by the choice of the
metallicity determination technique (see e.g. shown in Yates et al.
2012; Hunt et al. 2016; Telford et al. 2016; Cresci et al. 2019), but
it is difficult to read off any systematic trend based on the examples
shown in the literature (especially keeping in mind the presence
of other differences in the methods that also affect the relation).
Zom(SFR, M,) obtained for different log,o(SFR), show no clear SFR
dependence and appear nearly parallel to each other. For simplicity,
here we assume that y is independent of SFR. However, we note
that in their recent study, Curti et al. (2020) find that y decreases
with decreasing SFR to values similar to that of their average z ~
0 MZR slope (see Fig. 9 therein). This can lead to significantly
different metallicities of low M., low SFR galaxies when the FMR
is extrapolated down to low masses (<108 M,). In Appendix C, we
introduce a additional variation of our model that accounts for such a
dependence and discuss its influence on our results. We can recover
the characteristics summarized above by applying equation (2) in
the low-mass regime and assuming that Vemr = Vewmgo 18 fixed in
this regime. The slope y then follows directly from the slopes of the
MZR and SFMR and the correlation coefficient Veyro. For Zo/m =
amzrlogio(M,) + byzr and logo(SFR) = aspmrlogio(M.) + bspmr
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(appropriate at M, << M.srr), we thus obtain:

Zom(SFR, M) = —Vgmro logio(SFR)
+ (VeEmro X asemr + amzr) 10g10(M,) 4)
~+ VEmro X Dspmr + Duvizg.

The slope of the Zoy(SFR, M,,) relation at fixed SFR is then related
to the slopes of the low mass parts of the MZR (ayzgr) and SEFMR
(aspvr) and the parameter describing the strength of the SFR—
metallicity correlation Vpyro:

¥ = VEMR0 dSFMR + AMZR- ©)

The values avzr and aspmr are set by the choice of the local scaling
relations. The choice of Vgyro 1s discussed in Section 3.1.5. The
dependence of y on those parameters in the relevant range of values
is shown in the right top panel of Fig. 2. byizr can be expressed with
the parameters of the z ~ 0 average MZR as: byizr = Zom: Mzro —
amzrlog(Mo; mzro).>

3.1.3 Turnover mass as a function of SFR

Observational studies suggest that M.spr increases with SFR [i.e. for
higher SFR, Zo/y(SFR, M,) flattens at higher masses]. The steepness
of this dependence governs the spacing between the Zou(M,,SFR)
curves obtained for different SFR (see Fig. 1). Examples shown
in Telford et al. (2016) and in fig. 2 of Cresci et al. (2019)
suggest that both the metallicity and SFR determination methods
have impact on the distance between the different SFR lines (and
so on Mygrr). Curti et al. (2020) find that a linear dependence
(log1o(Mp.srr) o logio(SFR)) can well describe the trend seen for
their z ~ 0 galaxy sample.

We note that the linear dependence between log(Mo.spr) and
logo(SFR) is a natural consequence of the assumptions listed earlier
in this section, that y and Zo. ¢ are independent of SFR. In the M,
< <M. spr regime equation (1) reduces to equation (3), which in
our description is equal to equation (4). From this equality*:

vFMRO

loglo (MO;SFR) = 10g10 (SFR) +

amzrlog, (MO;MZRO) — Vimrobspvr (6)
14
= « log,, (SFR) + my.

The dependence of « on amzr, dspmr, and Veyvro is shown in Fig. 2.

3.1.4 The value of B

B describes the bending of the Zoy(SFR, M.,) relation. The higher
the value of B, the sharper the transition from the linear to flat regime
and the smaller the range of log;o(M,) over which the transition

3See equation (3) — the functional form of the MZR is commonly described
by equation (1), although = y is often used. That is also the parametrization
used in Chruslinska & Nelemans (2019).

4Within our framework the value of the slope of this dependence is also the
value of the o parameter that minimizes the scatter in the 2D projection of the
FMR that is conventionally used to discuss the strength of the three parameter
dependence: Zon — (e Where i, = log(M,) — o log(SFR), as originally
proposed by Mannucci et al. (2010). Although, as can be seen in equation (6),
« is not a good measure of the strength of the correlation between the SFR
and metallicity, as it depends strongly on the shape of the two relations, in
particular on the slope of the low-mass end of the MZR. What really describes
the strength of the correlation is Vrvr.
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happens (see Fig. A1 for illustration). 8 could in principle depend on
the SFR. Curti et al. (2020) let B as a free parameter when fitting their
Zom(SFR, M,,) relation for different SFR bins. While their best-fitting
relations give different B values in different SFR bins, the authors
note that there is no clear dependence on SFR. Ultimately, they quote
a single value of g ~ 2 to describe the FMR.

In principle, we can numerically solve for 8 using the condition
that galaxies with zero offset from the z ~ 0 SFMR lie on the z
~ (0 MZR. This condition allows us to properly recover the z ~ 0
MZR when sampling the galaxy properties from the z ~ 0 GSMF
and SFMR and assigning their metallicities with Zou(SFR, M,).
This condition is only applicable in the SFR range that is covered by
the z ~ 0 SFMR (>107% Mg yr~! and $10?> Mg yr~!"). Numerous
solutions are allowed — especially at low SFR < 107! Mg yr!,
where the intersection with the z ~ 0 MZR is reached at log(M.,.)
<log(My.spr) i.e. where Zo(SFR, M,) is virtually insensitive to the
choice of B. We use the numerical solutions as a guide and adopt
a simplified B dependence on log;o(SFR), verifying that Zou(SFR,
M,) for galaxies at z ~ 0 SFMR leads to Zoy that agree with the
corresponding values from the z ~ 0 MZR to within 0.01 dex (note
that this is smaller than the typically found residual scatter about the
Zom(SFR, M,) of ~0.05 dex). Where necessary, we extrapolate the
obtained dependence to lower and higher SFR values than probed
by z ~ 0 SEMR. The resulting dependence is shown in Fig. A2 in
Appendix A.

3.1.5 The strength of the SFR-metallicity correlation

Observationally, Vgyr appears to be a function of M, and SFR. Such
dependence is evident in the analysis presented by Salim et al. (2014)
(see Table 1 therein, where k corresponds to our Vgyr), where the
authors compare the strength of the correlation for galaxies split
in different mass and SFR bins. This is one of the key observed
characteristics of the FMR that we aim to reproduce within our
description.

The fact that Zoy. o appears to be roughly independent of the SFR
means that the observed Zou(SFR, M., ) flattening does not simply
reflect the presence of the high mass flattening of the MZR (and
potentially SFMR), but also indicates a weakening/disappearance
of the SFR—Z correlation in the high M, regime (i.e. small/zero
Vemr). Note that, by construction (fixing the value of Zosu. (), we
recover such high M, weakening of the correlation in our method.
A similar behaviour is also seen in the Zou — log1o(SFR) projection
of the FMR, where at fixed log;o(M,) the flattening appears at
relatively low SFR values (compared to the SFMR). In other
words, the correlation between the SFR and metallicity is found to
weaken/disappear at low SFR/low specific SFRs (sSFR = SFR/M,, <
10719-1071%3 yr=!). When projected on to the Zo,y—log;o(M,) plane,
this means that the correlation is weaker ‘above’ than below’ the
average z ~ 0 MZR. That is also the case within our description: for
the same absolute value of Sspvr, Viumr 1s smaller above than below
the z ~ 0 MZR due to the SFR-dependent location of the flattening
and — in certain model variations — the 8 dependence on SFR.

While observational studies seem to agree on the existence of those
high M, and low SFR/low sSFR weaker correlation regimes, there
is no agreement on the precise region of the FMR [in terms of the
Zom, logio(M.,), and log;o(SFR) values] in which they appear. Within
our description we can qualitatively reproduce those trends. The
transition between the strong correlation regime and the part of the
FMR where the correlation weakens happens at different log;o(M..)
and sSFR depending on the parameters of the z ~ 0 MZR and SFMR.
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Figure 2. Dependence of the parameters y [Zom(SFR, M,) slope at M, << My, srr, see equation (1)] and « [slope of the logio(Mo. srr) dependence on
logi0(SFR), see equation (6)] on the slopes of the z ~ 0 MZR and SFMR and the parameter Vrmro. Hatched areas in the top panels span between the values
obtained for apzr ~ 0.3 (orange lines/areas) and 0.6 (blue lines/ares) and indicate the variation caused by the different MZR slopes considered in this study.
Grey areas in the top panels and in the bottom right panel span between aspmr = 0.7—1 to illustrate the variation caused by the change in the SFMR slope.
The hatched green area in the bottom left panel shows the variation caused by varying Vgpmgo in the range 0.17-0.3, assuming aspvr = 0.83 (our default
low/intermediate mass slope of the SFMR). The dashed green line falling within that range indicates our fiducial choice of Vryvro = 0.27. Orange (blue) ranges
in the bottom right panel show the range of « obtained with apzr ~ 0.3 (amzr ~ 0.6) and Vemgro in the range 0.17-0.3 for each aspvr. The orange square
shows « and amzr as found by Curti et al. (2020). The brown diamond shows «/y calculated with amzr, aspmr, and Vevro from Sanders et al. (2021) (note

that it overlaps with the estimate from Curti et al. 2020 in the bottom left panel).

Table 1. Parameters of the different versions of the z ~ 0 MZR and SFMR
used in this study. The first column gives the name used to reference the
variation throughout this study.

We stress that we only assume that Vg is fixed (i.e. Vevr = VEmro,
independent of M, and SFR) in the low mass and high SFR part of
the FMR - as guided by the observed characteristics of Zou(SFR,
M.,) (but see Appendix C, where we further relax this assumption

MZR z ~ 0
amzr logio (Momzro) Zom: Mzro Buzr and introduce an SFR-dependent Vgyr in this region of the FMR).
PPO4 06 9.19 881 06 We do not explicitly assume any value or dependence for Veyg in
520 0.28 10.16 8.82 343 the remaining part of the relation.
Egii 00-537 99-093 Z'B 831 Vemro is the only parameter used in our description of the
’ ’ ’ ’ Zom(SFR, M,) that is not defined by the choice of the local MZR
SFRM z ~ 0 . .
z and SFMR, as a potential dependence of this parameter on the
ASFMR logio (MO;SFMRO) ASFMR2 bsrMr L. ; . .
No flattening 0.83 - 0.83 —8241 metalicity/SFR derivation method is unclear and only few deter-
Sharp flattening* 0.83 9.89 sp = —0.033 minations of Vgygr are given in the literature. Using the H o based
Moderate/S20 0.83 9.73 0.72 —8.241 . - :
SFR and metallicity derivation method of Mannucci et al. (2010)
Moderate/S14 0.83 9.73 0.49 —8.241

“Different SFMR parametrization (see footnote 9).

and Salim et al. (2014) find Vgyr ~0.3 in the strong correlation
regime. Applying a infrared based SFR derivation method, they find
somewhat lower values of Vpyr ~0.2. In their study focusing on z ~
2.3, Sanders et al. (2018) use several example metallicity calibrations
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(both strong line-based/theoretical and ’direct’/empirical) and find
Vemr ~0.11-0.27, hinting at potential dependence on the choice of
metallicity indicator and calibration. However, as argued by Sanders
et al. (2021), different metallicity calibrations (or redshift-dependent
adjustments to z ~ 0 based calibrations) may be needed to correctly
derive metallicities of star-forming galaxies at different redshifts.
This is taken into account in Sanders et al. (2021), where different
empirical metallicity calibrations are used at z ~ 0 and at higher
redshifts. They find best-fitting Veyr = 0.27 at z ~ 0 and somewhat
shallower dependence at z ~ 2.3 (Vpyr ~ 0.19), although consistent
within the uncertainty with z ~ 0 determination (see their Fig. 10).

Torrey et al. (2018) show the strength of the SFR-metallicity
correlation split in several log|o(M.,.) and redshift bins as found in the
[ustrisTNG simulations (see Table 1 therein). They report values in
the range Veyr ~0.25 — 0.34 (except for the lowest logo(M,) ~9
and highest mass bin log;o(M,) >10.5 at z ~ 0, where noticeably
weaker Vpvgr is found: 0.19 and 0.1, respectively), with no clear
mass or redshift dependence.

We use Vemro = 0.27 as recently found by Sanders et al. (2021)
as our fiducial choice. Given the uncertainty of this parameter, we
consider values between 0.17 and 0.3 dex to discuss the sensitivity
of our results to this choice.’

3.1.6 Calculating metallicities of galaxies at different z
with ZO/H(SFR, M*)

Zom(SFR, M,) constructed as described in this section is fully
determined by the choice of Vgygro and the parameters of the z ~ 0
MZR and SEMR. We introduce the variations of those local relations
that we explore in this study in Section 3.4. We further assume that
Zom(SFR, M,) does not evolve with redshift-metallicity evolution
with redshift is then a result of an evolving GSMF and SFMR. We
sample galaxy masses from the redshift-dependent GSMF and their
SFR from the distribution centred around the redshift-dependent
SEMR, as discussed in Section 2. We then use Zou(SFR, M,) to
assign the metallicity. Furthermore, observational studies indicate
the residual scatter around the FMR opvr ~ 0.05 dex. To account
for that, we add a normally distributed scatter opyr = 0.05 dex to
metallicities assigned with our Zou(SFR, M,,).

3.2 Differences with respect to Chruslinska & Nelemans (2019)

Even though the metallicity distribution of galaxies used in Chruslin-
ska & Nelemans (2019) relies on the redshift-dependent MZR, the
authors include the simplified form of the mass—metallicity-SFR
dependence within their framework, assuming that the galaxy offsets
from the average MZR and SFMR are fully anticorrelated, i.e. setting
the coefficient from equation (2) to Veyr = C{T).S]\:f/li ~ (.33, where
omzr = 0.1 and ospyr = 0.3 dex describe the scatter around the
average MZR and SFMR, respectively. The same Vgyr is used
independent of M., SFR, or redshift. In the strong correlation regime
discussed in Section 3.1.5 (at low/intermediate M, and high SFR) and
at z ~ 0 their description of the mass—metallicity-SFR dependence
is effectively the same as implemented in this study (except for the

SLower values of Veyr were also reported, but we find that Vevre < 0.17
underpredict the redshift evolution of the MZR at z < 1.5 (where the impact of
biases discussed in Section 3 is not so severe, and so its evolution is reasonably
constrained). Much lower Vgyro also makes it difficult to reproduce the width
of the z ~ 0 MZR of opzr ~ 0.1 dex (unless the scatter around the FMR is
in reality higher than the typically reported o pvr ~ 0.05 dex).
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lower value of Vgpg used in this work). However, the strength of the
observed SFR—metallicity correlation appears to weaken at high M,
and low SFR/sSFR. This behaviour is not captured with the simple
description given by equation (2) with fixed Vgygr. Another important
difference is that, in this study the Zou(M,,SFR) (once defined with
z ~ 0 relations) is assumed to be redshift invariant. Chruslinska &
Nelemans (2019) use equation (2) to calculate offsets relative to
SFMR and MZR as found at any given redshift. This means that,
due to strong MZR evolution at z 2 2, their Zou(M..,SFR) is redshift
dependent.

3.3 FMR example: comparison with Sanders et al. (2021)

In this section, we present an example Zou(SFR, M,) obtained
with our phenomenological model, where we keep all the input
assumptions as similar as possible to Sanders et al. (2021). We choose
this study, as the authors provide estimates of all the ingredients
that are necessary to construct our Zou(SFR, M,) (the z ~ 0 MZR,
SFMR, and Vguro),® which allows for a direct comparison with their
results. The resulting Zo(SFR, M,,) is shown in Fig. 3. In the bottom
panels we include two other common 2D projection of the FMR: the
Zom-log10(SFR) plane (bottom left panel) and the Zo/—logio(SSFR)
plane (bottom middle panel). The thick grey line in the main panel
of Fig. 3 shows the z ~ 0 MZR as given in Sanders et al. (2021). The
coloured points around that line represent the z ~ 0 population of
star-forming galaxies from our model.” The black line indicates a fit
to the maximum density region occupied by the z ~ 0 galaxy sample
described above, to ensue that the z ~ 0 MZR is reproduced. The right
bottom panel shows the Zyy residuals around the MZR obtained that
way for several example log;o(M.), which shows that the typically
indicated intrinsic width of the relation oyzg ~ 0.1 dex is reasonably
reproduced (note that this quantity is not an input in our model). The
thick solid coloured lines in the main panel show Zou(SFR, M,)
for various fixed log;o(SFR) values. The faint coloured solid lines
in the background were obtained with the best-fitting FMR given by
Sanders et al. (2021) (see equation 10 therein), plotted roughly in
the range of M, and SFR probed by their galaxy sample. We also
plot their z ~ 2.3 (squares) and z ~3.3 (circles) data points (obtained
for stacked spectra of the observed galaxies, see Table 1 therein).
The inner (outer) colours in all symbols correspond to upper (lower)
bound on the log;o(SFR) within the uncertainties provided by the
authors for each of the stacks. The long dashed and dotted grey lines
indicate the projected z ~ 2.3 and z ~ 3.3 MZR, calculated in the
same way as the black line, but using the z ~ 2.3 and z ~ 3.3 SFMR
from Sanders et al. (2021), respectively, and our GSMF estimated at
the corresponding redshifts. The overall agreement is remarkable.
We also show Zou(SFR, M,) for various fixed log;o(SFR) values
as would have been obtained with the approach used in Chruslinska &
Nelemans (2019) i.e. using equation (2) with Vpyr = Vemro = 0.27
fixed (i.e. the same at all SFRs and masses, see coloured dashed lines
in the main panel of Fig. 3). It can be seen that the Zou(SFR, M..)
constructed that way is identical with our model at low/intermediate
M, and high SFRs (the strong correlation regime), and starts to

®Note that while the MZR is often shown in observational studies discussing
the FMR, the SFMR that describes the galaxy sample used in that study is
typically not and Vgyr is rarely estimated. This makes it difficult to directly
compare our results with other FMR estimates given in the literature.

M, are sampled from our z ~ 0 GSMF, SFR are sampled from SFMR
from Sanders et al. (2021) with Gaussian scatter o sppmr and the metallicity
is assigned using our Zo/u(SFR, M,.) with scatter o pvr.
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Figure 3. Example Zo/u(SFR, M,) obtained with our method (coloured lines — different logo(SFR) values) and using the z ~ 0 MZR, SFMR, and VEgyro from
Sanders et al. (2021) (S20). Coloured points are sampled from the GSMF and SFMR at z ~ 0. Black line is plotted to show that z ~ 0 MZR (shown as thick
solid grey line and shaded area — 3 o\zr region) is well reproduced with our Zo/(SFR, M) and z ~ 0 GSMF and SEMR. The grey dashed lines show fits to
the maximum density of galaxies sampled from GSMF and SFMR at z = 2.3 and 3.3 to indicate the projected MZR evolution. Data points are z ~ 2.3 and 3.3
stacks from S20. Faint lines show FMR fitted by S20. Coloured dashed lines show Zom(SFR, M,.) as would be obtained with equation (2) and Vgvro = 0.27
used at all masses and SFRs. Projections on to Zo/u—logo(SFR) and Zo/p—logio(sSFR) planes are shown in the bottom panels for several log;o(M,) values
(black lines — logjo(M,) from 6 to 12). In the bottom left panel, we indicate the SFR corresponding to SFMR value for a given M, at z = 0 (cross), 2.3 (square),
and 3.3 (triangle). Red dots indicate the SFR of a galaxy +30 spmr away from the SEMR at z ~ 0. The rightmost bottom panel shows the offsets of z ~ 0 model

galaxies from the z ~ 0 MZR, plotted for several mass bins.

deviate at high M, and low SFR (above the z ~ 0 MZR), where Vgyr
< VeMmro- This demonstrates that the mass and SFR dependence of
the SFR—metallicity correlation discussed in Section 3.1.5 is present
in our description.

3.4 Model variations

In this study we consider several variations of the base z ~ 0 MZR
and SFMR relations, representing extreme choices of the shapes of
the two relations and the MZR normalization Zoy. mzro reported in
the literature. We also consider two variations of the GSMF: either
with fixed low mass end slope (¢gsmrp = —1.45), or with agsmr
steepening with redshift (see Section 3.1 in Chruslinska & Nelemans
2019 for the details). This allows us to explore the extremes of the
fser(Z,z) distribution. We briefly introduce each of the MZR and
SFMR variations used to construct our Zoy(SFR,M,,) below.

3.4.1 MZR variations

The MZR is parametrized in the same way as Zou(M,,SFR), i.e.:

anzR M, —PmzR
Zom(M,) = Zommzro — log(1+(—— @)
Bmzr Momzro

MZR parameters for the variations considered in this study are
given in the top rows of Table 1. Variations PP0O4 and KKO04a are
identical as in Chruslinska & Nelemans (2019) (where KK04a was
labelled KK04) and represent MZR estimates based on the Pettini &
Pagel (2004) O3N2 and Kobulnicky & Kewley (2004) metallicity
calibrations, respectively. Both MZRs have similar slopes anzr
~ 0.6, but differ in normalization by ~0.3 dex. This difference
represents a well-known systematic offset between the metallicities
derived with the theoretical calibrations (e.g. Kobulnicky & Kewley
2004) and the so-called direct method or empirical calibrations (e.g.
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Pettini & Pagel 2004; Sanders et al. 2021), where the latter yield
estimates that are ~2 times lower than the former. The choice of
KKO04 and PP04 calibrations maximizes the difference in Zo/u. mzro
[and in the low/high metallicity tails of the fsrr(Z,2), see Chruslin-
ska & Nelemans 2019], i.e. metallicity estimates obtained with other
methods fall in between (see e.g. fig 15 in Maiolino & Mannucci
2019).% Furthermore, we consider two additional variations: S20 and
KKO04b, that have Zomu. mzro as in the PPO4 and KKO04a variations,
respectively, but a shallower low mass slope ayzr ~ 0.3. The S20
variation is based on the recent direct-method based determination
from Sanders et al. (2021). The parameters of the KK04b variation
were chosen in such a way that the MZR is identical with the one
in KKO4a variation at log;o(M,/ M) = 8.7 and differs at lower
masses (where the original determination was not constrained by the
data). Our motivation for including those variations is the following:
the shape of the z ~ 0 MZR, in particular its low mass end slope
and logio(Mo; mzro) is what sets y and logio (Mosrr) within our
framework, as the dependence on the SFMR parameters is reduced
by multiplication by Veyr < 0.3. However, the MZR slope and
turnover mass are not well constrained with the current data (the
purely linear regime is often not probed) and depend on the adopted
parametrization, for the same galaxy sample one can fit different ayjzr
and turnover masses (e.g. Curti et al. 2020, for the parametrization
used in equation (1), B is also somewhat degenerate with the MZR
turnover mass and slope). Recent MZR determinations by Curti et al.
(2020) and Sanders et al. (2021) both indicate shallower ayzgr ~ 0.3
than typically found in earlier studies (amzr ~ 0.6, e.g. Andrews &
Martini 2013; Zahid et al. 2014b). Curti et al. (2020) and Sanders
etal. (2021) discuss several potential biases in earlier studies that may
be causing this difference (e.g. relatively bright, high SFR galaxies
may dominate the low-mass end of the sample and therefore induce
a bias towards lower metallicity). Alternatively, massive star-based
metallicity determination methods (yielding Zosy, mzro consistent
with empirical/direct methods) lead to ayzg ~ 0.6, similar to earlier
studies (see discussion in Sanders et al. 2021). Given those differing
results and until better observational constraints on the low-mass end
of the MZR are available, we consider 0.3 < ayzr < 0.6 as realistic.
Note that this uncertainty in the MZR slope at M, < 108> M, leads to
significant differences in metallicity when the relation is extrapolated
down to low stellar masses (e.g. at logo(M./Mg) = 6 there is ~0.56
dex difference between the metallicity estimated with KK0O4a and
KKO04b z ~ 0 MZR variations and ~0.76 dex difference if S20 and
PP04 z ~ 0 MZR variations are compared). By considering a range
of slopes we explore the uncertainty associated with the low-mass
MZR extrapolation on the (low metallicity part of) fsgr (Z,z) estimate.
In this study, the MZR is only used to construct Zou(SFR, M, ) and
we do not need to describe its evolution with redshift.

3.4.2 SFMR variations

To describe the z ~ 0 SFMR we follow Chruslinska & Nelemans
(2019) and assume the low/intermediate mass slope aspyr and
normalization bspyr based on Boogaard et al. (2018). As discussed
in Chruslinska & Nelemans (2019), the shape of the high-mass end
is debated: while many authors report a varying degree of flattening
above a certain mass (e.g. Schreiber et al. 2015; Tomczak et al. 2016;
Bisigello et al. 2018), others see no evidence for the change of slope

8Note that the Zahid et al. (2014a) estimate shown in fig. 15 in Maiolino &
Mannucci (2019) is based on theoretical metallicity calibration from Kobul-
nicky & Kewley (2004).
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(e.g. Renzini & Peng 2015; Pearson et al. 2018). We consider the
same extreme variations as described in Chruslinska & Nelemans
(2019): ’no flattening’” — a linear relation between log,o(SFR) and
logio(M,) with a single slope at all masses and ‘sharp flattening’
— with aspmr ~ 0 at high masses [using the parametrization from
Tomczak et al. (2016)]°. We focus on those two extremes to discuss
our results, but use additional ‘moderate’ variations in some of
the figures introducing our FMR model. Those assume that the
slope of the SFMR changes from aspmr tO dspmrz < dspmr at
logio(M,) = logjo (MO;SFMRO), Variation moderate/S20 assumes a
high-mass slope as in the z ~ 0 SFMR shown in Sanders et al.
(2021), while moderate/S 14 follows the prescription of Speagle et al.
(2014). The relevant parameters for all the SFMR variations are given
in the bottom rows of Table 1. The SFMR evolution with redshift is
described as in Chruslinska & Nelemans (2019).

3.4.3 The FMR for the considered model variations

In this section, we summarize the key differences between Zo(SFR,
M,) obtained for the different variations of the z ~ 0 MZR,
SEMR, and Vgyro considered in this study. It can be seen from
equation (6) that the impact of the SEFMR parameters on the SFR-
dependent turnover mass log;o(Mo.srr) (and on «) is reduced by
the multiplication by Vgyr < 0.3. Considering a range of aspmr
~ (0.7-1 spanned by different determinations of the low-mass slope
of the SFMR present in the literature (see e.g. fig. 10 in Boogaard
et al. 2018) instead of using a fixed value aspyr = 0.83 would
only affect o by <0.08. This is illustrated by the grey bands
in the top panels in Fig. 2. At the same time, for the range of
ayzr considered in this study o varies between ~0.2 and 0.55
(compare the orange and blue lines in Fig. 2, where smaller values
correspond to steeper MZR slopes). Variation in Vgyr between 0.17
and 0.3 affects a by ~0.15 (see green lines and bottom left panel
in Fig. 2). The choice of MZR has a decisive role in setting the
Zom(SFR, M,). Vimro also visibly affects the relation, while SFMR
has a relatively mild impact on its shape within our framework.
Zom(SFR, M,) obtained for the different variations of the z ~ 0
MZR considered in this study and for our fiducial Vpyro = 0.27 is
shown in Fig. 4. The shift in normalization between the PP04/S20
and KK04a/b variations (compare top and bottom panels) as well as
the difference in the spacing between the different log;o(SFR) lines
depending on ayzr (compare right-hand and left-hand panels) are
evident. The analogous figures showing the impact of different SFMR
(Fig. A3) and Vgmgo (Fig. A4) choices are shown in Appendix A.
The additional Zou(SFR, M,) variation with an SFR-dependent
Vemr is discussed in Appendix C and illustrated in Fig. C1. The
choice of the SFMR variation (its high-mass end) has the strongest
effect on the B parameter (see Fig. A2 in the Appendix A, which
shows the B — log;o(SFR) relation for different choices of the
local scaling relations). In practice, cases with an SFMR with no
flattening/only mild change of slope are well described with a single
value of 8. The dependence on SFR becomes apparent in cases with
SFMR showing a significant deviation from a single power law.
The obtained values of B are generally smaller for steeper MZR. B
is only weakly affected by the choice of Vpygo (shifting towards
smaller values with decreasing Vemro). We note that using the z ~
0 MZR from Curti et al. (2020), we can recover their best fit § ~
2 (when we assume single power-law SFMR). Before showing the

9Parametrized as follows:
( M, ) —AaSFMR )
Mo;SEMRO .

log1o(SFR) = sp — 10g10(1 +
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Figure 4. Zo/u(SFR, M,.) obtained as described in Section 3.1 — different colours show Zo/(SFR, M,) at fixed logio(SFR) (increasing from left to right, see
legend). Different panels correspond to different choices of the z ~ 0 MZR (indicated by the thick grey line). All panels assume SFMR with a moderate flattening
(z ~ 0 SEMR with aspmr = 0.72 at high masses and aspvr = 0.83 at low masses) and Vievro = 0.27. Grey dashed lines indicate the projected MZR evolution
as obtained by performing fits to maximum density of galaxies in 12 4 log;o(O/H)-log;o(M.) plane, where the galaxies were sampled from GSMF (assuming
agsmr = @fix) and SFMR at several higher redshifts and their Zoy was assigned using the Zo/p(SFR, M) shown in each of the panels. Horizontal orange lines
indicate solar and 10 per cent solar metallicity, assuming Zo/ne = 8.83 (Grevesse & Sauval 1998).

results, we first discuss the treatment of starburst galaxies in our
models.

4 STARBURST GALAXIES

A common approach to describe the SFR distribution of galaxies is
to use a Gaussian distribution centred around the redshift-dependent
SFMR." In reality, the SFR of star-forming galaxies at fixed
stellar mass seems to follow a bimodal, double-Gaussian shape.
The secondary peak of this distribution is attributed to starburst
(SB) galaxies — strong SFMR outliers that feature SFR a few times
higher!! than those of the regular star-forming galaxies of the same

10But see Boco et al. (2019, 2021) for alternative method based on the galaxy
SFR functions (number density of galaxies per logarithmic bin of SFR).
"Note that various criteria are used in the literature to distinguish starbursts
and regular star-forming galaxies. Most commonly the criteria are based on
the SFR and require that the starburst SFR is at least a factor of a few (factors
between 3 and 10 are used in the literature) higher than that of an average
galaxy of the same mass and at the same redshift (e.g. Orlitova 2020).

mass and redshift. Several authors estimate the fraction of starburst
galaxies (fsp; the ratio between the number of galaxies associated
with the starburst component of the SFR distribution and the total
number of star-forming galaxies in the considered mass and redshift
range) and report values fsg ~ 2-3 percent (e.g. Rodighiero et al.
2011; Béthermin et al. 2012; Sargent et al. 2012; Ilbert et al. 2015;
Schreiber et al. 2015). Despite the relatively low fsg values, the
starburst’s contribution to the total cosmic SFRD could still amount
to ~ 10 per cent at z ~ 2 due to their high SFR. Boco et al. (2021)
use the double Gaussian distribution of galaxy SFRs from Sargent
et al. (2012) and suggest that accounting for the starburst component
can improve the consistency between the cosmic SFRD at z 2> 2
determined with the use of galaxy stellar mass functions paired with
SFMR (as used in Chruslinska & Nelemans 2019) and that estimated
with the use of SFR functions (which better account for the SFR of
dusty galaxies at high redshifts; as used in Boco et al. 2019).
Crucially, the above mentioned fsg determinations are based on
galaxy samples limited to relatively massive objects (log;o(M./Mg)
> 10) and z < 2. Studies of Caputi et al. (2017) and Bisigello
et al. (2018) extend the analysis of the distribution of star-forming
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galaxies in the log;o(SFR)-log;o(M,) plane to much lower masses
and higher redshifts. While their results are consistent with the
previous determinations at high log;o(M,), they show that fsg is a
strong function of stellar mass (increasing towards lower log;o(M,.))
and z (increasing with redshift). Moreover, they indicate that starburst
galaxies follow a distinct sequence in the log;o(SFR)-log;o(M,)
plane that is located ~1 dex above the SFMR. This offset of the
starburst sequence relative to SFMR is considerably higher than
previously reported (e.g. Béthermin et al. 2012; Sargent et al. 2012).
This suggests that the contribution of starburst galaxies to the total
SFRD budget can be much higher than previously estimated. If
starburst galaxies follow the general FMR (as suggested by the results
of Hunt et al. 2012; to our knowledge, there is no evidence to the
contrary), they would contribute to the star formation at relatively
low metallicities compared to galaxies on the SFMR. Therefore,
they affect the low metallicity tail of the fspr(Z,z) — crucial for the
discussion of the origin of transients as long gamma-ray bursts and
double black hole mergers. We aim to discuss the possible impact of
starbursts on the fspr(Z,z) in view of the results reported in Caputi
etal. (2017) and Bisigello et al. (2018). In the following Section 4.1,
we describe the method used to include the contribution of starburst
galaxies within our framework.

4.1 Method and considered variations

To account for the contribution of starburst galaxies in our calcula-
tions, we follow the procedure outlined below:

(i) Ateach redshift, we sample log;o(M,) of star-forming galaxies
from the galaxy stellar mass function as described in Chruslinska &
Nelemans (2019).

(i) We use fsp to describe the fractions of starburst galaxies and
regular star-forming galaxies at each log;o(M.) and z. Our choice is
outlined further in this section.

(iii) The SFR of regular galaxies is given by the SFMR from
Chruslinska & Nelemans (2019). The SFR of starburst galaxies at
each log;o(M,) follows a normal distribution with scatter ogg. The
peak of the distribution can be related to the galaxy’s log;o(M,) with
a linear relation: log (S F Rsp) = asglogi0o(M,) + bsp, to which we
refer as the starburst sequence We set the value of bgg by defining the
offset of the starburst sequence from the SEFMR, i.e. bsg = bspmr +
Asp — spMr- The assumed parameters are given further in this section.

(iv) To describe the metallicity at which the starburst galaxies
produce stars, we assume that they follow the same FMR as regular
star-forming galaxies (described in Section 3.1).

We consider two sets of parameters describing the properties
of starbursts. First, we follow the same implementation as used
in the recent study by Boco et al. (2021), which is based on the
works of Sargent et al. (2012) and Béthermin et al. (2012). This
implementation assumes a constant fsg = 0.03 (independent of
mass and redshift), a starburst sequence with scatter ogg = 0.24,
located Agp_spmr = 0.59 dex above the SFMR and parallel to
the SFMR (specifically, we assume the starburst sequence slope of
asg = 0.83, corresponding to the low-mass slope of the SFMR from
Chruslinska & Nelemans 2019'2). In light of the results of Caputi
et al. (2017) and Bisigello et al. (2018) this implementation severely

I2Note that this is different than in Boco et al. (2021), who assume that
the slope of the starburst sequence is parallel to that of the SFMR, where
the SFMR is described as a single power law with the parameters given by
Speagle et al. (2014).
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Figure 5. Fraction of starbursts as a function of galaxy stellar mass. Thick
lines show the assumed dependence at z ~ 0.75, 1.5, and 2.5 based on the
data from Bisigello et al. (2018) and at z ~ 4.4 based on Caputi et al. (2017).
Thin lines show the interpolation between those redshifts and extrapolation
to z = 0 (thin horizontal dashed line), plotted with 0.25 step in redshift at z <
1.5 and with 0.5 step in redshift above. Vertical dashed lines mark logo (M)
(see Table 2) for different redshift bins. Open symbols mark estimates where
the galaxy sample from Bisigello et al. (2018) is below 90 percent mass
completeness.

Table 2. Coefficients used in equation (8), describing fsg as a function of

log10(M,) at redshift zp;,. The remaining coefficient a; = —0.3 at all zp;p.
Zbin by a by log(My; sg/ Mo) log(M§x/Mo)
0.75 2.52 —0.0067 0.1 8.25 7.6

1.5 2.73 —0.05 0.555 8.7 7.99

2.5 2.82 —0.075 0.817 8.9 8.24

4.4 3.045 —0.131 1.408 9.7 9.25

underestimates both fsg and the SFR of galaxies on the starburst
sequence. Therefore, it likely provides the absolute lower limit on the
contribution of starbursts. Secondly, we follow the results of Caputi
etal. (2017) and Bisigello et al. (2018) to model the mass and redshift
dependence of fsg and the properties of the starburst sequence. We
provide the details of this implementation in Sections 4.1.1 and 4.1.2
and refer to it as the B18/C17 implementation in the reminder of this

paper.

4.1.1 The fraction of starbursts

To describe the mass and redshift dependence of fsg, we use the
observational estimates obtained by Bisigello et al. (2018) (provied
for three redshift bins: 0.5 <z < 1,1 <z < 2,2 < z < 3; see fig.
9 therein) and Caputi et al. (2017) (3.9 < z < 4.9, see their fig. 7).
The assumed fraction of starbursts versus stellar mass and redshift is
shown in Fig. 5. At each redshift bin covered by the data, we assume
the following relation between fsg and logo(M..):

ay logio(M,) + by iflogio(Mo;s) < logio(M.) < 10.5 (8)

ajlogio(M,) + by if logio(Msx) < logio(M,) < logio(Mo;sB)
fsp =
0.03 if logio(M./ M) > 10.5

All stellar masses in equation (8) are in solar units M. The adopted
coefficients are given in Table 2. We assume that the above relation
holds strictly in the middle of each redshift bin and interpolate
between them to describe fsg at 0.5 < z < 4.4. At 7 > 4.4 we use the
relation from z = 4.4. That way we obtain a conservative estimate
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Figure 6. Starburst sequence (SB — dashed lines) compared with the SFMR
for extreme assumptions about the high-mass slope of the SFMR: no flattening
(thick solid lines) and sharp flattening (thin solid lines). Colours correspond to
different redshifts. Points sampled from the GSMF and assigned to the SFMR
or starburst sequence using starburst fraction shown in Fig. 5 are plotted for z
= 0and z =5 to illustrate the increasing fraction of star-forming galaxies that
populate the starburst sequence at higher redshifts and lower stellar masses.
The properties of starbursts are based on the results from Caputi et al. (2017)
and Bisigello et al. (2018).

of the starburst contribution at higher redshifts. We extrapolate
the constructed dependence to lower redshifts, setting a constant
starburst fraction of 3 per cent at all masses at z = 0. Atz =0.75, 1.5,
and 2.5, log 0(Mjy) is the lower edge of the lowest mass bin where
the galaxy sample from Bisigello et al. (2018) is within 90 per cent
stellar-mass completeness. We make a conservative assumption and
use a fixed fsp value below that mass (i.e. fsg = ajlogio(Miy) + by).
At z = 4.4, logo(Msx) = 9.25 corresponds to the lowest mass for
which the fraction of starbursts has been estimated in Caputi et al.
(2017). At this redshift, fsp is fixed at the same mass as at z = 2.5 (i.e.
log19o(M,) = 8.24) and we assume a linear relation to describe the
dependence between logo(M,) = 8.24 and logo(M,) = 9.25. This
exception is necessary to avoid a decrease in the fraction of starbursts
at log;o(M,) < 9.25 at z > 2.5, which would break the trend seen
in the data (see Fig. 5). At log;o(M,) > 10.5 there is a lot of scatter
in the data and the trend is inconclusive. In this mass range we use
a fixed value fsg = 0.03 at all redshifts, as found in earlier studies
that focused on the most massive galaxies (e.g. Rodighiero et al.
2011; Schreiber et al. 2015). The steeper, lower mass part of fsg—
log9(M,) dependence is well described with the same slope across
all four redshift bins. Therefore, for simplicity we assume a; = —0.3.
The slope of the relation in the higher mass part (a,) and the mass
logo(My. sg) separating the high and low mass parts of the relation
increase with redshift.

4.1.2 The starburst sequence

We guide our description of the SFR distribution of starburst galaxies
with the results shown in figs 3 and 7 from Caputi et al. (2017) and figs
6 and 7 from Bisigello et al. (2018). The resulting starburst sequence
is shown in Fig. 6. The width of the starburst sequence in Caputi et al.

5005

(2017) and in Bisigello et al. (2018) is smaller that that of the SFMR,
although the values are not given. Guided by the results shown in
the figures, we assume osg = 0.2 dex. Both Caputi et al. (2017)
and Bisigello et al. (2018) find a starburst sequence that is steeper
than the SFMR. There is no clear evidence for asg evolution with
redshift. For simplicity, we assume asg = 0.94 (average between the
best-fitting values in three redshift bins from Bisigello et al. and high
redshift estimate from Caputi et al.). To set the offset of the starburst
sequence from the SFMR Agg _ spmqr We focus on the results for
the intermediate masses logo(M0/Mg) ~ 9-9.5 (where the sample
is complete and the SFMR is not affected strongly by the potential
flattening at the high-mass end). We find that Agg _ spmr in both
Bisigello et al. (2018) and Caputi et al. (2017) is about 1 dex and we
assume this value in our calculations. Note that the SFMR shown in
Caputi et al. (2017) is likely an upper limit on the SFMR location at
z ~ 4.4, which suggests that at those high redshifts the offset might
be even larger.

5 RESULTS: THE DISTRIBUTION OF THE
COSMIC SFRD OVER METALLICITIES AND
REDSHIFT

In this section, we discuss the distributions of the cosmic SFRD over
metallicities and redshift (fspr (Z,z)) obtained for different variations
of our observation-based model (including different choices of the
local MZR, SFMR, GSMF, Vgmgo, and prescriptions to account
for starburst galaxies). Ultimately, we aim to explore the extreme
fsrr(Z,z) cases in terms of the amount of SFRD occurring at
low (below 10 percent solar metallicity; Zom < Zome—1) and
high (above solar Zoy > Zome) metallicity. In the remainder
of this paper we distinguish between two sets of models based
on the choice of the local scaling relations (MZR and SFMR):
the ‘low metallicity’ fsgr(Z,z) cases — obtained with z ~ 0 MZR
with low normalization (PPO4 or S20) and SFMR with sharp
flattening at high masses, and the ‘high metallicity’ fspr(Z,2) cases
— obtained with z ~ 0 MZR with high normalization (KKO04a
or KKO4b) and SFMR with no flattening. Other combinations
of the local MZR and SFMR lead to more moderate metallicity
distributions.

We note that in order to describe the fspr(Z,z) at high redshifts
and low metallicities (as shown in this Section and needed, for
instance, in applications to gravitational wave astrophysics) one
needs to extrapolate the FMR well beyond the regions where
it is constrained by current observations (in particular to z 2
3 and M, < 10® Mg). The importance of the assumed z > 3
extrapolation is discussed in Section 5.1, where we compare the
fser(Z,z) obtained with the non-evolving FMR and with the redshift-
dependent MZR based approach used in Chruslinska & Nelemans
(2019). Metallicity of M, < 10® Mg galaxies assigned with our
FMR is primarily sensitive to the MZR slope and normalization
and the strength of the SFR-metallicity anticorrelation at low
masses/SFRs. Those factors are discussed in Section 5.1.1 and
further in Appendix C. In Section 5.2, we discuss the fspr(Z.2)
under different assumptions about the contribution of starburst
galaxies.

5.1 fsrr(Z,z) with redshift-invariant FMR

The comparison between the fspr(Z,z) constructed with the use of
redshift-invariant Zou(SFR,M,.) and the corresponding distributions
from Chruslinska & Nelemans (2019) are shown in Fig. 7. We
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Figure 7. Distribution of the star formation rate density (SFRD) at different metallicities and redshift (z) in this paper (background colours, brown contours;
assuming non-evolving FMR and Vgymro = 0.27) compared to Chruslinska & Nelemans (2019) (white contours, assuming redshift-dependent MZR). Colour
indicates the amount of SFRD happening in different redshift and metallicity bins, contours indicate constant SFRD and are plotted for 0.01, 0.05, and 0.1
[Mg/Mpcyr] (with the highest value corresponding to the most inward contour). Left — model variation with KK04a z ~ 0 MZR and SFMR with no flattening at
high masses compared with the high metallicity extreme from Chruslinska & Nelemans (2019). Right — model variation with PP04 z ~ 0 MZR and SFMR with
sharp flattening at high masses compared with the low metallicity extreme from Chruslinska & Nelemans (2019). All models assume GSMF with non-evolving
low-mass end. Orange horizontal dashed lines indicate solar, 10 per cent solar and 1 per cent solar metallicity (assuming Grevesse & Sauval 1998 solar metallicity
scale). The right metallicity axis was obtained from Zoy assuming solar abundance ratios. Note that beyond z 2 3 the distribution relies on extrapolation of the
MZR/FMR evolution with redshift — in this respect, the plotted contours contrast somewhat extreme assumptions.

compare the variations with z ~ 0 MZR and SEMR choices as in the
high (left) and low (right) metallicity extremes from Chruslinska &
Nelemans (2019) (see Section 4.2 and Fig. 8§ therein). In this section,
we do not explicitly include starburst galaxies, so that all assumptions
that are not related to the metallicity distribution of galaxies are the
same as in Chruslinska & Nelemans (2019).

Fig. 7 shows that the metallicity distributions start to deviate
around z 2 1.5 (compare brown and white contours), where the
redshift-dependent MZR predicts a steeper decrease in metallicity
than what results from the non-evolving FMR. The difference
becomes striking at z 2 3, but we stress that neither the MZR
nor the FMR is currently constrained in this redshift regime. In
particular, there is no guarantee that the FMR holds or continues to
show weak/no redshift evolution beyond that redshift. On the other
hand, as discussed in Section 3, the extrapolated MZR evolution as
assumed by Chruslinska & Nelemans (2019) is likely to overestimate
the rate of decrease in metallicity. Therefore, in Fig. 7 we contrast
two seemingly extreme assumptions. Until better observational con-
straints are available, this comparison can serve to illustrate (likely a
conservative) range of uncertainty of the high redshift part of fspr (Z,2)
resulting from the extrapolated evolution of the galaxy metallicity
distribution with redshift. The extrapolated MZR evolution leads
to a z ~ 10 peak metallicity that is almost 2 dex lower than what
results from the non-evolving FMR assumption. The latter leads to
SFRD concentrated at higher metallicities (irrespective of the model
variation), but the extended low metallicity tail is still present at all
redshifts. We note that the difference between the fsgr(Z,z) obtained
with a redshift dependent MZR and with the non-evolving FMR was
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recently discussed in Boco et al. (2021) — qualitatively our results
are the same as discussed therein. However, rather than discussing
a example fspr(Z,z) obtained with a particular FMR or MZR taken
from the literature, here we model the FMR consistently with the
choice of the local SFMR and MZR and can explore the uncertainties
of the final result. All variations shown in Fig. 7 assume a GSMF
with non-evolving low-mass slope. As discussed in Chruslinska &
Nelemans (2019) (see Section 4.1 therein), this assumption has
relatively little effect on fspr(Z,z) at z < 3, but strongly affects the
result at higher redshifts (both its low metallicity tail and the total
SFRD). This is illustrated in Fig. 8 — the effect of the steepening
low-mass end of the GSMF on fspr(Z,z) is analogous for other model
variations.

5.1.1 The effect of the z ~ 0 MZR slope and V pyro

The effect of the choice of the z ~ 0 MZR slope (ayzr) and Vemgro
on fsgr(Z,2) is shown in Fig. 9. Similarly to Fig. 7, the left-hand and
right-hand panels show high and low metallicity model variations,
respectively. Top (bottom) panels show variations with ayzr ~0.3
(amzr ~0.6). Different contours illustrate the impact of Veyro-

As can be expected, fspr(Z,z) for variations with steeper z ~ 0
MZR (higher ayzgr values) have a more extended low metallicity
tail at each redshift. However, variations with lower ayzr values
feature a much steeper metallicity evolution at z < 4. At higher
redshifts the metallicity peak of fspr(Z,z) decreases at a similar
rate for the variations with the same Vgyro and same total SFRD
(i.e. the same SFMR and GSMF assumptions), irrespective of
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Figure 8. Example illustrating the effect of different assumptions about the
low mass end slope of the GSMF (agsmr) on the fspr(Z,z). Top panel:
brown constant SFRD contours and background colours — variation with
agsmr steepening with redshift (i.e. predicting increasing number density of
low-mass galaxies), white contours — fixed agsmp = —1.45. Contours are
plotted for 0.01, 0.05, and 0.1 [M/Mpc?yr]. Both model variations assume
VeMmro = 0.27 and the same SFMR and z ~ 0 MZR (indicated in the figure).
fsrr(Z,z) significantly deviate at z = 3: a redshift-dependent agsmr leads to
most of the SFRD happening at low metallicity and to a higher total SFRD(z).
Bottom panel: ratio of the total SFRD at each redshift as obtained in the two
variations.

ayzr."® This can be understood by looking at the comparison of
Zom(SFR,M,,) obtained for different z ~ 0 MZR, shown in Fig. 4.
In this plane, galaxies with the same log;o(M,) at higher redshifts
shift to higher log;o(SFR) lines. The rate of this shifting is dictated
by the redshift-dependent SFMR. The offset in Zoy between the
different log;o(SFR) curves at fixed log;o(M,.) is bigger for variations
with lower ayzg (compare left-hand and right-hand panels in Fig.
4) and similarly for higher Vgygo (see Fig. A4 in the Appendix A).
This translates into steeper decrease of the fspr(Z,z) metallicity peak
with redshift in the variations with lower ayzg and higher Veygo.
At sufficiently high redshifts (where almost all galaxies occupy the
high SFR, linear regime of Zou(SFR,M,)) the spacing in Zoy for
different log;o(SFR) curves is set by the choice of Vgygre. Lower
Vemro result in weaker metallicity evolution (compare white and
brown contours in Fig. 9). Therefore, for fixed Vemro and the same
assumptions about the SFMR, the rate of metallicity evolution at
z 2 4 and fixed logio(M,) is essentially the same. However, the
full fspr(Z,2) distribution is also affected by the GSMF. If the low-
mass end of the GSMF is allowed to steepen with redshift, the
contribution of the low mass (and so — low metallicity) galaxies

B3For instance, for the Vemro = 0.27 cases shown in Fig. 9, the peak
metallicity decreases by ~0.55 dex (~0.4 dex) between z = 0 and z = 4
in the model with S20 (KK04b) z ~ 0 MZR. This decrease is only ~0.1 dex
(~0.15 dex) for the models with steeper PP04 (KK04a) z ~ 0 MZR. Between
z=4and z = 10, the peak metallicity decreases by ~0.1 dex (~0.18 dex) for
the cases with SFMR with no (sharp) flattening (irrespective of the anzr).
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to the total SFRD at high redshifts is considerably higher than
if the low-mass end of the GSFM is fixed (see example shown
in Fig. 8). The FMR is not constrained for low-mass, low-SFR
galaxies. Results discussed above assume that those galaxies are well
described by the same relation as the galaxies with higher M, and
SFR, and that the strength of the SFR—metallicity correlation does
not change in this part of the parameter space (i.e. Vemr = Vimro)-
In Appendix C, we additionally discuss the variation with an SFR-
dependent Vg in which the SFR—metallicity correlation is assumed
to disappear (i.e. the FMR breaks down) at SFR corresponding
to z ~ 0 SFMR galaxies with M, < 108 Mg. Overall, this
assumption has minor impact on the estimated fspr(Z,z) distribution
(see Fig. C2).

5.2 fsrr(Z,2): the impact of starbursts

The comparison of fspr(Z,z) obtained with and without including
starbursts is shown Fig. 10. Top and middle panels show the same z
~ 0 MZR and SFMR variations as in Fig. 9. Different contours
correspond to different starburst implementations (introduced in
Section 4.1). The effect of including starbursts in our calculations is
two-fold: first, a fraction fsp of star-forming galaxies is now assigned
ahigher SFR than what would result from the SFMR. This means that
the total SFRD at each redshift is higher than in the model that does
not explicitly account for starbursts (see bottom panel in Fig. 10).
Secondly, assuming that starbursts follow the FMR, they contribute
to star formation happening at relatively low (for their mass and
redshift) metallicity. Therefore, including starbursts shift the peak of
the fspr(Z.2) to lower metallicities and broadens the low metallicity
part of the distribution.

Both effects are clearly seen when the variations including the
B18/C17 starburst implementation (white contours in Fig. 10) are
compared with the corresponding variations that do not include
starbursts (brown contours). The lower edges of white contours
extend to lower metallicities with respect to no starburst case at all
redshifts, while the upper, high metallicity edges remain the same.
This difference increases with redshift due to increasing fsg . The total
SFRD is about 2.5 times higher at z > 4 in the case with starbursts
(brown line, bottom panel in Fig. 10). Note that we fix fsg beyond
z = 4.4 — the highest redshift bin covered by the data in Caputi et al.
(2017). If the trend seen at lower redshift continues, the difference
at high redshifts would be even higher. If instead we follow the
starburst implementation as used in the recent study by Boco et al.
(2021) (black dashed contours), the difference with respect to cases
without starbursts is negligible. This is expected, given the low fixed
fsg = 3 percent and the fact that in this prescription the starburst
sequence is within the 2o spumr scatter of the SFMR. The difference
is slightly more pronounced if SFMR with a sharp flattening at high
masses is used (right-hand panels in Fig. 10), as in those cases there
is a larger difference in SFR between massive galaxies on the SFMR
and on the starburst sequence. The inclusion of starbursts as in Boco
etal. (2021) also barely affects the total SFRD (see black dashed line
in the bottom panel in Fig. 10).

6 METALLICITY-DEPENDENT COSMIC SFH

In this section we discuss the cosmic SFH — SFRD integrated
over all metallicities as a function of redshift/cosmic time, as
well as the high and low metallicity cuts of the cosmic SFH (i.e.
SFRD occurring above and below certain metallicity thresholds)
obtained for different model variations. Note that this is essentially
a different way to present our results, which provides less detailed
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Figure 9. Distribution of the star formation rate density (SFRD) at different metallicities and redshift (z) for different assumptions about the z ~ 0 MZR slope
(top panels: variations with apmzr ~ 0.3, bottom panels: ayzr ~ 0.6) and Viyro (compare different contours; background colours are plotted for variations
with Vemro = 0.27). Left-hand (right) panels show model variations with z ~ 0 MZR and SFMR that maximize the SFRD at high (low) metallicity. Constant
SFRD contours are plotted for 0.005, 0.01, 0.05, and 0.1 [Mo/Mpc? yr] (the highest value corresponds to the innermost contour). All model variations assume
a GSMF with non-evolving low-mass end. Variations with flatter z ~ 0 MZR lead to a more compact metallicity distribution, but their peak decreases with

redshift faster than in variations with a steeper z ~ 0 MZR.

information than the full fsgr(Z,z) distributions shown in Section 5.
It allows us to zoom into the interesting parts of the distribution
and demonstrate the uncertainty of its various parts more clearly.
However, we stress that the discussed cuts of the cosmic SFH
are sensitive to the considered low/high metallicity thresholds. In
some cases, factors that have minor impact on the overall fspr(Z,2)
distribution may lead to considerable uncertainty in the SFH cut
for a particular choice of metallicity threshold. The 10 percent
solar/solar Zo,y thresholds used here were chosen to zoom into
the low/high metallicity tails of the distribution. In general, the
relevant thresholds may vary depending on the considered prob-
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lem. When showing the cosmic SFH and its various metallicity
cuts, in each case we indicate the range of possible outcomes
spanned by the model variations with extreme assumptions about
the considered factors. We indicate which of the considered factors
drive the uncertainty of the fsgr(Z,z) in different regimes (i.e.
low/high metallicity, low/high redshift). As discussed in Section 5,
the difference between the fsgr(Z,z) obtained for variations with
starburst implementation as in Boco et al. (2021) (i.e. with fixed,
small fraction of starbursts) and the corresponding variations with
no starbursts are negligible. Therefore, in this section we only discuss
the former.
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Figure 10. Distribution of the SFRD at different metallicities and redshift (z) for different assumptions about starburst galaxies: no starbursts (background
colours, brown contours), starburst sequence, and fsg model based on the results of Bisigello et al. (2018) and Caputi et al. (2017) (B18/C17, white contours)
and as in Boco et al. (2021) (black dashed contours). Top and middle panels correspond to different z ~ 0 MZR and SFMR variations (same as in Fig. 9).
Contours indicate constant SFRD and are plotted for 0.01, 0.05, and 0.1 [Mu/Mpc?yr] (with the highest value corresponding to the innermost contour). Note
that different assumptions about starburst galaxies lead to different total SFRD at each redshift — bottom panels show the ratio of the SFRD integrated over
metallicities at each z in the model with starbursts (brown — B18/C17 implementation, black — Boco et al 2021 implementation) to the corresponding model
without starbursts (the choice of MZR does not affect the total SFRD). All models assume GSMF with non-evolving low-mass end and Vivro = 0.27.

6.1 Cosmic SFH

The cosmic SFH obtained for different model variations considered
in this study is shown in Fig. 11. Coloured ranges distinguish different
assumptions about the starburst galaxies. They span between the
extreme cases resulting from different assumptions about the high-
mass end of the SFMR and the low-mass end of the GSMF. Note
that the assumptions about the metallicity (z ~ 0 MZR, redshift
evolution of MZR/non-evolving FMR, Vgyr) have no impact on
the (total) cosmic SFH, but affect its different metallicity cuts.
For the convenience of use and discussion, we approximate the
results shown in Fig. 11 with a broken power law: SFRD = A
(1 + z)¢, fitting A and « in several redshift ranges for the up-
per and lower edge of each variation. The resulting coefficients
are given in Table 3. Coefficients obtained when only variations
with non-evolving low-mass end of the GSMF are considered are
provided in Table B1 in the Appendix B. Considering variations

with fixed assumptions about the starburst galaxies, we note the
following:

(i) The uncertainty in the cosmic SFH at z < 2 is dominated by the
assumptions about high-mass end of the SFMR: the lower edges of
all ranges correspond to variations with SFMR with sharp flattening
at high masses (as in low metallicity variations), while the upper
edges correspond to variations with SFMR with no flattening (as
in high metallicity variations). Assumptions about the GSMF have
secondary role in this redshift range.

(i) The evolution of the low-mass end of the GSMF dominates the
uncertainty at higher redshifts: the lower (upper) edges of all ranges
correspond to variations with non-evolving (steepening) low-mass
end of the GSMF. At the same time, the importance of the high-mass
end of the SFMR is reduced due to decreasing number density of the
most massive galaxies (see e.g. fig. 3 in Chruslinska & Nelemans
2019).
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Figure 11. Star formation rate density as a function of lookback time/redshift. The plotted ranges span between the estimates obtained for different variations
of model assumptions about the SFMR and GSMF. The ranges in different colours correspond to different assumptions about the starburst galaxies (turquoise:
as in Boco et al. (2021), brown: based on Caputi et al. (2017) — C17 and Bisigello et al. (2018) — B18). The orange region shows the corresponding range from
Chruslinska & Nelemans (2019) (with no starburst contribution). The thick solid orange and brown lines show how the upper edge of the corresponding range
would look like under the assumption of a non-evolving low-mass end of the GSMF (the effect on the turquoise range follows closely the one that can be seen
for Chruslinska & Nelemans 2019, the lower edge is not affected by this assumption). The dashed grey line shows the estimate from Madau & Dickinson (2014)
for reference. We overplot the z < 2 infrared-based estimates complied by Casey et al. (2018) and the recent observational high redshift SFRD estimates by
Loiacono et al. (2021), Khusanova et al. (2021), and Gruppioni et al. (2020) that account for the contribution of heavily dust obscured galaxies. Note that the
latter two provide a lower limit. See text for the discussion of the comparison with observations. Where necessary, we correct for the difference in SFR due to
varying IMF assumptions.

Table 3. Coefficients of the power-law fits to the cosmic SFH (lower and upper edges of the ranges
shown in Fig. 11) obtained for different variations of our observation-based model. Within each redshift
range indicated in the first column total SFRD can be approximated with the dependence: SFRD = A - (1
+ 2)“[Mg yr~'1. Note that the cosmic SFH in ‘no SB’ variation is identical with the cosmic SFH from
Chruslinska & Nelemans (2019).

Cosmic SFH - lower edge

Variation: No SB SB: Boco + 21 SB: B18/C17
z range K A K A K A
0<z<l1 2.6546 0.0076 2.6093 0.0091 2.7828 0.0123
1<z<18 2.4050 0.0091 2.3416 0.0109 2.7119 0.0129
1.8<z<3 —1.0535 0.3195 —1.1284 0.3891 —0.7558 0.4585
3<z<7 —2.2771 1.7427 —2.2909 1.9499 —1.9628 2.4435
7<z<88 —12.5425 3249 x 10° —12.5526  3.607- 10°  —12.4895 7.845 x 10°
8.8 <z <10. 0 0.0012 0 0.0013 0 0.0033
Cosmic SFH - upper edge
Variation no SB SB: Boco + 21 SB: B18/C17
z range K A K A K A
0<z<l 2.2214 0.0194 2.2222 0.0209 2.3850 0.0248
1<z<18 1.8708 0.0247 1.8708 0.0266 2.2515 0.0272
1.8<z<4 —1.2436 0.6097 —1.2445 0.6585 —0.5342 0.4793
4<z<17 0.6591 0.0285 0.6585 0.0307 0.7477 0.0609
7<2z<88 —9.3760 3.29 x 107 —9.3864 3.624 x 107  —9.4740  1.037 x 108
8.8 <z <10. 0 0.0168 0 0.018 0 0.0421

(iii) The upper edges of all ranges feature an upturn in the of the GSMF steepens with redshift. We note that such up-
SFRD evolution at z 2 4, before the sharp decrease at z > turn only appears when the SFMR and GSMF are extrapolated
7. This is due to strongly increasing number density of low- to logio(M,) < 8 (see discussion in Chruslinska & Nelemans
mass galaxies in the variations in which the low-mass end 2019).

MNRAS 508, 4994-5027 (2021)

120Z J8qWIBAON 60 UO J8SN IezueAy IpniS Ip aioiadng sjeuoizeulaiu| BjondS - YSSIS Aq 2781 /€9/v¥661/7/805/2/0ne/seiu/woo dnoolwepese//:sdiy woll pepeojumod



Low-Z cosmic SFH: Impact of FMR and starbursts

(iv) All variations show a sharp decrease in the SFRD at z ~ 7.
This is due to the rapid evolution of the GSMF normalization between
z ~ 7 and 8, seen when observational GSMF estimates from different
redshifts are combined (see fig. 3 in Chruslinska & Nelemans
2019).

The first three effects are best seen by comparing the thick solid
lines in Fig. 11 (corresponding to variations with SFMR with no
flattening and GSMF with non-evolving low-mass end) with the up-
per edges of the relevant ranges. Comparing the variations including
starbursts (turquoise/brown ranges) with those from Chruslinska &
Nelemans (2019) (that do no explicitly account for their contribution;
orange range), one can see that:

(i) The SFRD is increased in the variations including starbursts;
starbursts implementation used in Boco et al. (2021) (turquoise)
leads to negligible difference, while the B18/C17 implementation
(brown) leads to a factor of ~2.5 increase at high redshifts (see
Section 5.2).

(ii) Variations including starbursts span a narrower range in
cosmic SFH (the lower edge is lifted with respect to no starbursts
case). This is due to the fact that assigning high SFR (compared
to SFMR values) to a fraction of galaxies (starbursts) effectively
reduces the difference between the SFRD in model variations with
no/sharp SEMR flattening. The effect is stronger at high redshifts for
the B18/C17 prescription, as fsg increases with redshift.

(iii) the increasing fraction of starbursts in the B18/C17 variations
leads to a broader peak of the cosmic SFH and a shallower SFRD
decrease at high redshifts.

In Fig. 11, we contrast the total SFRD that results from various
realizations of our observation-based model with several observa-
tional determinations of this quantity. At z < 2, there is about a
factor of 2 (2.5) offset between the SFRD obtained with model
variations that assume SFMR with no flattening at high masses
(and C17/B18 starburst implementation) and the commonly used,
best-fitting estimate from Madau & Dickinson (2014) (grey-dashed
line). However, we note that this offset is within the scatter and
uncertainty of the z < 2 observational estimates — in particular,
infrared based SFRD determinations suggest higher SFRD than the
estimate obtained by Madau & Dickinson (2014), more in agreement
with our SFRD determination based on the GSMF, SEMR, and
starburst sequence (see also fig. 1 in Casey et al. 2018 — the infrared-
based data complied by those authors are also included in Fig. 11;
and fig. 2 and discussion in Boco et al. 2021). At higher redshifts (2
< z < 7), our model variations (even those not including starbursts)
in general show shallower SFRD decrease than the estimate provided
by Madau & Dickinson (2014) (SFRD o (1 + z)~2?). This is striking
for the upper edges of our estimates (see also Table 3). Shallower
SFRD evolution than estimated by Madau & Dickinson (2014) is
in line with the most recent high redshift observational estimates
(e.g. Gruppioni et al. 2020; Khusanova et al. 2021; Loiacono
et al. 2021, although the uncertainties in those measurements are
still substantial), indicating that a significant fraction of the SFRD
at z = 2 still occurs in dust obscured galaxies (and hence was
missed by the earlier — mostly UV light-based surveys). Those
estimates'* are also included in Fig. 11. However, the comparison
of our results with those estimates is not straightforward for two

l4we plot the total SFRD estimate from Khusanova et al. (2021) in which the
IR contribution was obtained with GSMF rather than UV luminosity function
used in the calculations, as that is closer to our approach.
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main reasons: (a) observations may be incomplete: the estimate
provided by Khusanova et al. (2021) is based on a UV selected
sample and may not fully account for extremely dusty galaxies,
while the estimate provided by Gruppioni et al. (2020) does not
account for the contribution of UV sources (b) the faint (low mass)
end of the galaxy population is not directly probed by observations.
All estimates shown in Fig. 11 include (different) extrapolations to
account for their contribution to the total SFRD. In our models we
extrapolate all of the empirical relations down to log;o(M,/Mg) =
6 — as discussed above, the result of this extrapolation at high z
is very sensitive to the GSMF slope. Extrapolations used in the
high redshift observational estimates give less weight to low-mass
galaxies than our models with steepening low-mass end of the GSMF.
The estimate by Khusanova et al. (2021) includes extrapolations
down to M,./luminosity limit comparable to the extrapolation limit
used in our study, but is averaged over the results obtained with
different GSMF/UV luminosity functions (with different low mass
end slopes) from the literature. Gruppioni et al. (2020) extrapolate
the infrared luminosity function down to low luminosities. However,
such galaxies are expected to be relatively unobscured and the faint-
end slope of the infrared luminosity function is much flatter than that
of the UV luminosity function (and the GSMF used in our study)
at high redshifts — in that sense, this estimate underestimates the
contribution of low-mass galaxies to the total SFRD. Therefore, the
observational estimates are likely lower limits when compared to our
models. We note that all model variations with fixed low mass end of
the GSMF and no/small fraction of starbursts fall below the recent
z ~ 3 limit from Gruppioni et al. (2020). Given the fact that this
determination underestimates the contribution of low-mass galaxies
to the total SFRD with respect to our models, this offset may hint at
the need for higher contribution of massive galaxies than included
in those model variations (e.g. higher fraction of starburst galaxies
or higher overall normalization of the SFMR at those redshifts). We
also note that the z ~ 4.5 estimate by Khusanova et al. (2021) falls
above our estimates obtained with fixed low mass end of the GSMF
and no/small fraction of starbursts, but it is unclear how to properly
compare this averaged estimate with our results. All model variations
are consistent with the limits obtained by Gruppioni et al. (2020)
and Loiacono et al. (2021) (although the latter is not particularly
constraining due to large uncertainty that overlaps with all of the
considered model variations) at similar redshifts.

6.2 A low metallicity cut of the cosmic SFH

6.2.1 Note on the low metallicity threshold

When referring to low metallicity, throughout this paper we use a
limit of <10 per cent solar oxygen abundance (with Zo/ye following
Grevesse & Sauval 1998) and the numbers quoted later in this section
necessarily depend on this choice. This threshold is chosen arbitrarily
and serves for illustrative purposes. In general, the relevant definition
of low metallicity varies depending on the discussed problem and
application. For instance, the abrupt drop commonly seen in the
metallicity dependence of the formation efficiency of black hole —
black hole mergers formed in the course of isolated binary evolution
appears at metallicities 10-50 percent solar (depending on the
considered model of binary/stellar evolution, e.g. Chruslinska et al.
2019; Broekgaarden et al. 2021). In that sense, depending on the
model, the interesting low metallicity threshold could be as high as
50 per cent solar metallicity. Furthermore, from the point of view
of evolution of massive stars and the related transients, the most
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Figure 12. Star formation rate density at low metallicity [i.e. below 10 percent solar, assuming solar oxygen abundance Zome = 8.83 Grevesse & Sauval
(1998)] as a function of lookback time/redshift. The plotted ranges show estimates obtained for different variations of assumptions about the starburst (SB)
galaxies (blue/turquoise: as in Boco et al. (2021), brown/beige: based on Caputi et al. (2017) — C17 and Bisigello et al. (2018) — B18) and low-mass slope of the
redshift z ~ 0 MZR (amzr). The orange region shows the range of the low metallicity SFHs obtained by Chruslinska & Nelemans (2019). Thick solid lines in
different colours indicate the location of the upper edge of the corresponding ranges obtained with the assumption of non-evolving low-mass end of the GSMF,
demonstrating the importance of this assumption beyond the peak of the cosmic SFH. All variations from this study assume Vgyro = 0.27.

relevant metallicity tracer is iron rather than oxygen (which serves as
a metallicity proxy in this study; the oxygen abundance is the most
easily obtained from emission line measurements and so it is the most
commonly used metallicity proxy in studies of interstellar medium
of galaxies). That is primarily due to high sensitivity of the radiation-
driven mass-loss rates of hot, massive stars to the abundance of this
element (e.g. Vink, de Koter & Lamers 2001; Vink & de Koter
2005; Grifener & Hamann 2008; Sanders et al. 2021). In general,
interstellar medium (ISM) of galaxies is enriched in oxygen and
iron on different time-scales due to the fact that different sources
dominate the production of those elements (core-collapse supernovae
with 10 Myr delay with respect to star formation for oxygen and
SNIa supernovae with ~0.1-1 Gyr delay for iron; e.g. Wheeler,
Sneden & Truran 1989). This means that especially young, highly
star-forming galaxies (i.e. typical at high redshifts) are expected to
show overabundance of oxygen relative to iron with respect to solar
ratios. Recent studies indeed find evidence for supersolar O/Fe=>2
(O/Fe)|g in the ISM of z ~ 2 star-forming galaxies (e.g. Steidel
et al. 2016; Topping et al. 2020; Cullen et al. 2021). Consequently,
oxygen (or, more generally, @-element)-enhanced abundance ratios
are also found in local stars that formed at earlier cosmic epochs (e.g.
Bensby, Feltzing & Lundstrom 2004; Tolstoy, Hill & Tosi 2009).
There is no universal way to translate metallicity measure based
on oxygen abundance to iron abundance, in particular the typical
oxygen to iron ratio in the ISM (and the interesting low metallicity
threshold — if oxygen is used as a proxy) can be expected to vary
with redshift and possibly galaxy characteristics. A more thorough
discussion of this issue is beyond the scope of this work and is left
to future studies.

MNRAS 508, 4994-5027 (2021)

6.2.2 Results

SFRD that occurs at Zo < Zome-1 as a function of redshift/time for
different variations of our model is shown in Fig. 12. Note that the
assumptions about the high-mass end of the SFMR have no impact
on the low metallicity tail of fsgr(Z,z) and the low metallicity SFH.
Similarly as for the cosmic SFH, we provide the power-law fits to the
upper and lower edges of the ranges shown in Fig. 12 fitted in several
z ranges. Those are listed in Tables B3 and B2 in the Appendix B.
The following features are common to all model variations:

(1) Atz <2,the SFRD occurring at low metallicity increases faster
than the total SFRD. The exact slope depends on the variation. In
this redshift range the width of the ranges is set by the assumptions
about the z ~ 0 MZR: lower/upper edges of all ranges correspond
to variations with high/low MZR normalization (as in the high/low
metallicity variations). At those redshifts, assumptions about the low-
mass end of the GSMF have negligible impact on the amount of star
formation happening at low metallicity.

(ii) Beyond the peak of the cosmic SFH assumptions about
the low-mass end of the GSMF set the width of the ranges and
the behaviour of the upper edges. The lower/upper edges corre-
spond to variations with high/low MZR normalization and non-
evolving/steepening GSMF low mass end.

(iii) If agsmr is fixed, the low metallicity cut of the SFH shows
a broad peak between z = 2—4 (depending on the variation) and a
relatively mild evolution up to z ~ 7.

@iv) If agsmr evolves with redshift, the increasing abundance
of low-mass galaxies (forming stars at low metallicity) causes a
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continuous increase in the low metallicity cut of the SFH up to z ~
7.5-8.

(v) All variations show a sharp decrease in the low metallicity
SFRD at 7 2 8, reflecting the sharp drop in the total SFRD at those
redshifts.

The impact of the assumed z ~ 0 MZR slope can be seen by
comparing pale blue and turquoise or beige and brown ranges in
Fig. 12. At low redshifts, variations with steeper MZR slope lead
to ~10 times higher SFRD at low metallicity. This is due to the
presence of a more extended low metallicity tail of the fspr(Z.2)
(see Section 5.1.1). Lower ayzr lead to more compact fspr(Z,z)
— in those cases, for the high metallicity variations even the low-
mass galaxies contribute to SFRD at Zoy above the considered
threshold of 10 per cent solar metallicity. This difference is reduced
at higher redshifts due to steeper metallicity evolution of variations
with lower ayzr values — the slope of the low metallicity SFH
redshift dependence at z < 2 depends on the z ~ Oayzr. The
slope of the dependence is also affected by the contribution of
starbursts (compare pale blue and beige or turquoise and brown
ranges). As expected, if the fraction of starbursts increases with
redshift (B18/C17 implementation), the low metallicity cut of the
SFH increases faster towards high redshifts. At z <0.2 (within the last
~2 Gyr) there is little difference in the amount of SFRD occurring
at low metallicity between the variations with no/low fraction of
starbursts and the B18/C17 implementation. The contribution of
starbursts only becomes evident at higher redshifts. At the peak of the
cosmic SFH variations with the B18/C17 starbursts implementation
lead to >3 times higher SFRD at Zoy < Zomo ! than the corre-
sponding variations with no/low fraction of starbursts As discussed
above, at z 2> 2 the slope of the redshift dependence of the low
metallicity SFRD and the location of the peak of this dependence is
dominated by the assumptions about «gsmr. Observational tracers of
star formation happening at low metallicity available at high redshifts
(e.g. the volumetric rate of long gamma-ray bursts or, potentially, that
of black hole — black hole mergers as a function of redshift) could
help to discriminate between the different variations of our models.
In particular, it could provide information about the contribution
of low-mass galaxies to the total SFRD at high redshifts (thereby
constraining jointly the low mass SFMR and — to constrain with
regular galaxy surveys.

Considering all model variations discussed in this section, the
overall spread between the estimates of the SFRD happening below
Zom < Zomo ™ ranges between ~1.6 dex around the peak of the
cosmic SFH and ~3 dex at z > 8. Atz ~ 0 there is ~2.3 dex variation
between the different estimates. The uncertainty is dominated by
the assumptions about ayzgr. At the peak of the cosmic SFH the
spread is somewhat reduced due to steeper metallicity evolution in
variations with lower ayzg. At z ~ 8 the spread increases to ~2.5
dex if the low-mass end of the GSMF is allowed to steepen with
redshift, and remains close to ~1.6 dex if only variations with fixed
agsmr are considered. Note that the overall spread between the low
metallicity SFH estimates discussed in this study is significantly
larger than ~0.5-1.2 dex found in Chruslinska & Nelemans (2019)
for the same low metallicity threshold. In their study, effectively
only the variations due to the uncertain MZR normalization and the
redshift evolution of the low mass end of the GSMF (which are also
included in our analysis) were explored. This difference highlights
the importance of the additional factors discussed in this study for
the low metallicity cut of the cosmic SFH. Note that the spread in
the low metallicity SFH estimates as discussed above is not only due
to differences in the metallicity distribution of the SFRD at different
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redshifts found for the considered model variations, but also due
to their different total SFRD. The latter differences are effectively
eliminated in Fig. B1 in Appendix B, where we additionally show
the fraction of the total SFRD that happens at Zoy < Zome ' as a
function of redshift for the discussed model variations.

Finally, we note that the low metallicity part of the SFH is very
sensitive to the adopted logio(M,) limit down to which all the
empirical relations are extrapolated. This is especially important
at z < 1, where the low metallicity star formation is limited to
low mass galaxies, and at z = 4, due to the potential steepening
of the low-mass end of the GSMF. With the current data there
is no guarantee that those relations can be safely extrapolated
to galaxy masses below log;o(M,./Mg) <8. However, given their
abundance, completely neglecting the contribution of those galaxies
is not a satisfactory solution either. In variations favoring high
metallicity (i.e. with high MZR normalization, shallow MZR slope,
no/low contribution of starburst galaxies) ignoring the contribution of
galaxies with log;o(M./Mg) < 8 would lead to negligible amount of
SFRD happening below 10 percent solar metallicity even beyond
the peak of the cosmic SFH. If the SFR—metallicity correlation
significantly weakens/disappears at low specific SFR (see additional
model variation discussed in Appendix C and Fig. C4), this may
also significantly reduce the estimated amount of SFRD happening
below 10 per cent solar metallicity in variations with relatively flat
MZR. In those cases, the low/intermediate redshift star formation
can only take place below 10 per cent solar metallicity in low mass
galaxies that are MZR outliers (see e.g. left bottom panel in Fig. 4
and in Fig. C1), and so the result strongly depends on the adopted
FMR extrapolation. Until better constraints on the properties of the
low-mass end the star-forming galaxy population are available, those
extrapolations are important source of uncertainty for both the total
cosmic SFH, as well as for its low metallicity cut.

6.3 A high metallicity cut of the cosmic SFH

The high metallicity cut of the cosmic SFH — i.e. SFRD that occurs
at Zom > Zome as a function of redshift/time for different variations
of our model is shown in Fig. 13. This quantity is relatively well
constrained in our models when compared to the low metallicity
cut of the SFH discussed in the previous section: the overall spread
between the estimates obtained with different model variations from
this study ranges from ~0.8 dex at z ~ 0 to ~1.8 dex at z =7. The
biggest difference appears between the estimate from Chruslinska &
Nelemans (2019) (orange range) and all the variations from this study,
which lead to considerably higher SFRD occurring at high metallicity
beyond the peak of the cosmic SFH. As discussed in Section 5.1, this
is due to the fact that the non-evolving FMR assumption leads to
much slower metallicity evolution when compared to that implied
by the extrapolated redshift dependent MZR. The general features
that can be seen for all ranges shown in Fig. 13 can be summarized
as follows:

(1) The high metallicity cut of the SFH shows a gradual increase
towards the peak of the SFH (z ~ 2) and a sharp decrease at high
redshifts. This reflects the evolution of the total SFRD. However,
the increase towards the peak is shallower and the later decrease is
sharper — both due to the overall shifting of the SFRD towards lower
metallicities at earler epochs.

(i1) The width of the ranges is set by the assumptions about the
SFMR and z ~ 0 MZR: upper edges of all ranges correspond to
high metallicity variations, lower edges of all ranges correspond to
low metallicity variations. Assumptions about the low mass end of
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redshift
0 0.2 0.4 0.6 1.1 1.9 4.1
Chruslinska & Nelemans (2019)
0 SB: Boco+21, ayzr~0.6
[N SB: BOCO+21, al\[ZR%O.3

SB: B18/C17, ayzr~0.6
7271 SB: B18/C17, apzr~0.3

SFRD(Zo/n> Zo/n )

log,o( SFRD ) [M; yr ! Mpc*]

~4
0 2 a

6 8 10 12

lookback time [Gyr]

Figure 13. Star formation rate density at high metallicity [above solar, assuming Zomne = 8.83 Grevesse & Sauval (1998)] as a function of lookback
time/redshift. The plotted ranges show estimates obtained for different variations of assumptions about the starburst galaxies [blue/turquoise: as in Boco et al.
(2021), brown/beige: based on Caputi et al. (2017) — C17 and Bisigello et al. (2018) — B18] and low-mass slope of the redshift z ~ 0 MZR (anmzr). The ranges
span between the low and high metallicity extremes as defined in the text and assume Vgyvro = 0.27. The orange region shows the corresponding range from
Chruslinska & Nelemans (2019). Note that starburst galaxies contribute to SFRD at relatively low metallicity and have little impact on the high metallicity cut

of the SFRD.

the GSMF have negligible effect on the high metallicity cut of the
cosmic SFH.

Comparing the ranges obtained for different assumptions about the
MZR slope (brown and beige or pale blue and turquoise), one can see
that the results start to deviate at z 2> 1, where variations with steeper
MZR lead to higher SFRD at high metallicity. This is due to slower
evolution of the metallicity distribution at z < 4 for those variations,
as discussed in Section 5.1.1. Assumptions about starbursts have
little effect on the Zoy > Zome metallicity cut of the cosmic SFH
(compare light blue/turquoise and beige/brown ranges). This is due
to the fact that (given the FMR), those galaxies only contribute to
star formation at relatively low metallicities. The fraction of the total
SERD that happens at Zoy > Zome as a function of redshift for the
discussed model variations is shown in Fig. B2 in Appendix B.

6.4 The impact of Vpygo on the low/high metallicity cut of the
cosmic SFH

As discussed in Section 3.1.5, the range of extreme reasonable
assumptions about Vpgygre and the potential dependence of this
parameter for instance, on the metallicity derivation technique,
cannot be easily identified with the currently available observational
results. We therefore discuss the sensitivity of our result to the
choice of this factor. The impact of Vpgygo on the high and low
metallicity cut of the cosmic SFH for the example model variations
is shown in Figs 14 and 15, respectively. In essence, higher (lower)
VieMmro increase (decrease) the amount of SFRD that happens at low
metallicity (and vice versa for the SFRD at high metallicity). Lower
VeMmro means that the difference between the metallicities of highly
star-forming galaxies and their quiescent counterparts of the same
mass is reduced. As a consequence, if the anticorrelation between
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the SFR and metallicity is much weaker than with our fiducial
assumptions, the impact of starbursts on the low metallicity cut of the
SFH is substancially reduced. This can be seen in Fig. 15, where the
lower and upper edges of the range obtained with B18/C17 starburst
implementation and Vgyro = 0.17 (dashed lines) roughly match
the range obtained for the corresponding model variations assuming
low fraction of starbursts (turquoise range). This also means that
the impact of the choice of Vpygro on the variations with lower
fraction of starbursts and/or starburst sequence with smaller offset
from the SFMR than in B18/C17 implementation, is smaller than in
the examples shown in Figs 15 and 14. As discussed in Section 5.1.1,
Viemro also affects the rate of the overall decrease in metallicity —
and so the slope of the different metallicity cuts of the cosmic SFH as
a function of redshift. However, while many different factors affect
the slope of the low metallicity cut of the SFH below the peak of the
cosmic SFH (see Section 6.2), at high redshifts assumptions about
the low mass end of the GSMF clearly dominate the uncertainty in
the slope regardless of Veyro-

7 CONCLUSIONS

In this study we expand the framework introduced in Chruslinska &
Nelemans (2019) to construct the observation-based distribution of
the cosmic SFRD at different metallicities and redshifts. We evaluate
its uncertainty in light of additional factors that were not discussed
in the original study: the redshift-invariant mass—metallicity-SFR
relation (FMR), starburst galaxies and the slope of the local mass—
metallicity relation. We show that all of those factors have a strong
impact on the low metallicity cut of the cosmic SFH — crucial in
the discussion of the origin of various energetic transients. Similarly
to Chruslinska & Nelemans (2019), we consider different MZR and
SEMR variations to cover the range of possibilities discussed in the
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redshift
0 0.2 0.4 0.6 1.1 1.9 4.1

71 SB: B18/C17, aMZR%0.3, VeEsmro =0.27
0 — VrMmro =0.3
== Vimro =0.17

SFRD(Zy/5> Zo/n )

log,( SFRD ) [M, yr ! Mpc’]

0 2 4 6 8 10 12
lookback time [Gyr]

Figure 14. Example illustrating the effect of VEygro on the high metallicity cut of the cosmic SFH. The plotted range shows estimate obtained with B18/C17
starbursts implementation and amzr ~ 0.3, assuming Vevro = 0.27 (same as in Fig. 13). Grey solid (black dashed) lines mark the location of the upper and
lower edges of that range obtained with Vevro = 0.3 (Vemro = 0.17).

redshift
0 0.2 0.4 0.6 1.1 1.9 4.1

[ SB: B18/C17, ajzr~0.3, Veyro=0.27
= Vemro=0.3
== Venvro =0.17

I SB: Boco+21, anzr~0.3, Vivro =0.27

SFRD(Z 0 <Zo)1-1)

4 6 8 10 12
lookback time [Gyr]

log,,( SFRD ) [M, yr! Mpc—?]

Figure 15. Example illustrating the effect of VEyro on the low metallicity cut of the cosmic SFH. The brown range shows estimate obtained with B18/C17
starbursts implementation and apzr ~ 0.3, assuming Vevro = 0.27 (same as in Fig. 12). Grey solid (black dashed) lines mark the location of the upper and
lower edges of that range obtained with Veyro = 0.3 (Vemro = 0.17). Faint lines in the corresponding colours show the evolution of the upper edge under the
assumption of non-evolving low-mass end of the GSMF. For comparison, we also show the range obtained with Boco et al. (2021) starbursts implementation,
amzr ~ 0.3 and Vemre = 0.27 (turquoise, same as in Fig. 12). If the SFR—metallicity correlation is much weaker than implied by our fiducial Vpyro = 0.27,
the impact of starbursts on the low metallicity cut of the SFH is substantially reduced.

literature and explore the realistic extremes of the fspr(Z,z). The
diversity of observational derivations of the MZR and SFMR stems
from differences in the applied metallicity and SFR determination
techniques — those differences in the methods also affect the FMR
determinations. To ensue the consistency of our method, we develop

a phenomenological model to construct the FMR based on the local
MZR and SFMR. We introduce a parameter Vgygo to characterize
the strength of the SFR—metallicity correlation in the high SFR part
of the FMR. That is the only parameter which is not constrained by
the choice of z ~ 0 MZR and SFMR within our description and we
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discuss the sensitivity of our results to this factor. Our description
captures all characteristic features of the observationally inferred
relation. It reproduces the known systematic differences between
the FMR derived with various metallicity and SFR determination
techniques and predicts dependence of the properties of the FMR
on the parameters of the z ~ 0 MZR and SFMR that can be
verified with future observational studies. Furthermore, we use the
results of Caputi et al. (2017) and Bisigello et al. (2018) to describe
the properties of starburst galaxies and include their contribution
in our fspr(Z,z) models. We contrast the fspr(Z,z) derived that
way with the fspr(Z,z) obtained with the description of starbursts
as recently used in Boco et al. (2021) (based on Sargent et al.
(2012) and Béthermin et al. (2012), which predict a much smaller
contribution of strabursts to the total cosmic SFRD budget). In
addition to full fsgr(Z,z) distributions obtained for different vari-
ations of our model, we discuss the resulting cosmic SFH and
its low and high metallicity cuts. Our main conclusions are the
following:

(1) Asrecently discussed in Boco et al. (2021), a redshift-invariant
FMR can lead to drastically different conclusions about the metal-
licity at which the star formation occurs at z = 3 than the redshift-
dependent MZR extrapolated to high redshifts (as used in Chruslin-
ska & Nelemans (2019)). However, while the high metallicity cut of
the SFH at z .5 is strongly affected by this assumption (Fig. 13), the
low metallicity SFH estimate from Chruslinska & Nelemans (2019)
falls within the range covered by the variations explored in this study
(Fig. 12). In that case, the much shallower metallicity evolution
implied by the non-evolving FMR is counterbalanced by the low
metallicity contribution of starbursts (assuming that they follow the
same FMR as regular star forming galaxies).

(i1) The low metallicity tail of the fspr(Z.2)fskr(Z,2) is the most
sensitive to variations in the model assumptions. We find a factor
of ~200 (~40) difference in the amount of SFRD occurring below
10 per cent solar metallicity at z ~ 0 (z ~ 2) between the extreme
model variations considered in this study.

(iii) At low redshifts, the uncertainty of the low metallicity SFH
is dominated by the assumptions about the slope and normalization
of the local MZR, while both MZR and starbursts strongly affect this
quantity at z > 1. However, the importance of starbursts for the low
metallicity cut of the SFH is highly sensitive to the assumed strength
of the SFR—metallicity correlation (Vgymgo)-

(iv) Beyond the peak of the cosmic SFH, the shape of the low
metallicity cut of the SFH (peak location, slope) is set by the as-
sumptions about the low-mass end of the GSMF. Those assumptions
also dominate the redshift dependence of the total SFRD at z 2> 3.
Given this sensitivity, we propose that a tracer of the SFR happening
at low metallicity available at high redshifts (e.g. volumetric rate of
long gamma-ray bursts, or potentially — stellar black hole mergers)
could provide constraints on the contribution of low mass galaxies —
difficult to constrain otherwise — to the SFRD at those redshifts.

(v) The uncertainty in the total SFRD in our models at z < 1
is dominated by the uncertain shape of the high mass end of the
SFMR. Assumptions about the contribution of starbursts dominate
the uncertainty of the cosmic SFH at 1 < z < 3. Model variations
with SFMR with sharp flattening at high masses, non-evolving low
mass slope of the GSMF and no/small fraction of starbursts may
underpredict the total SFRD at z ~3. Model variations which account
for the contribution of starbursts with B18/C17 based prescription
lead to ~2.5 times higher SFRD at z =4 and shallower redshift
evolution of the total SFRD at z =2, more in line with the recent
SFRD determinations at high redshifts.
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APPENDIX A: FMR VARIATIONS -
ADDITIONAL FIGURES

In this section, we show additional figures illustrating the sen-
sitivity of Zou(SFR,M,) to the parameter f (Fig. Al) and the
Zom(SFR,M,) dependence on various choices of the parameters
of our observation-based model. Fig. A2 shows the values of B
as a function of log;o(SFR) obtained as described in Section 3.1.4
for different choices of the z ~ 0 MZR, Vgmro, and SFMR used
in this study. Figs A3 and A4 show the comparison between the
Zom(SFR,M,) obtained for different SFMR and Vgwgo choices,
respectively.

12 + log;(O/H)

8.4

9.0 9.5 10.0 10.5 11.0
log;,(M/M,)

Figure A1. Dependence on B parameter in equation (1), illustrated using the
best fit MZR z ~ 0 parameters from Curti et al. (2020) and various choices of
B. If B can be constrained to values B >1, the Zo/y uncertainty induced by
the choice of this parameter is relatively small and affects a relatively small
range of galaxy masses. However, if § <1, small variation in this parameter
can add a appreciable uncertainty to Zo/y.
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Figure A2. Parameter § as a function of log;o(SFR) (see equation 1), depending on the choice of z ~ 0 MZR (different columns), Viemro (different rows), and
the shape of the high-mass end of the z ~ 0 SFMR (different lines). Single value of B provides a good description if the SFMR does not significantly depart

from a single power law. See Section 3.4 for the description of different model variations.
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Figure A3. Same as Fig. 4, but for different choices of the z ~ 0 SFMR and MZR. Left-hand (right-hand) panels assume SFMR with no (sharp) flattening at
the high-mass end. Top (bottom) panels assume S20 (PP04) z ~ 0 MZR. All panels assume Vgvro = 0.27.
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Figure A4. Same as Fig. 4, but for different choices of Vpypro. Top (bottom) panels assume S20 (PP04) z ~ 0 MZR. All panels assume SFMR with a moderate
flattening at high masses (aspmr = 0.72 at the high-mass end).

APPENDIX B: COSMIC SFH - ADDITIONAL
MATERIALS

Table B1 provides the coefficients of the broken power-law fits
to the total cosmic SFH for the variations with non-evolving low-
mass end of the GSMF. Table B2 (B3) provides the corresponding
coefficients obtained for the low metallicity cut of the cosmic SFH,
fitted for the variations with redshift-dependent (non evolving) low-
mass end of the GSMF. Fig. B1 (B2) shows the fraction of the total
SFRD that happens below 10 per cent solar metallicity, i.e Zou <
Zomo~ ' (above solar metallicity, i.e. Z > Zos) as a function of
redshift/lookback time, obtained for the different variations of our
model discussed in Section 6.2 (6.3). Note that those variations in
general lead to different total SFRD at different redshift, which also
affects the spread between the estimates of the low (high) metallicity
part of the cosmic SFH shown in Fig. 12 (13). Fig. B1 allows to
directly compare the differences in the low (high) metallicity tail of
the fspr(Z,z) distribution.
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Table B1. Same as Table 3, but considering only variations with non-evolving low-mass end of the

GSMF.
Cosmic SFH — lower edge (egsmr fixed)
Variation: No SB SB: Boco + 21 SB: B18/C17
z range K A K A K A
0<z<1.0 2.6307 0.00779 2.5875 0.00924 2.7706 0.0125
10<z<18 2.3888 0.00922 2.3265 0.0111 2.6969 0.0131
1.8<27<3.0 —1.0535 0.319 —1.1284 0.388 —0.7558 0.458
30<z<70 —22771 1.74 —2.2909 1.95 —1.9628 2.44
70<z7<88 —12.5425  3.24-10° —12.5526 3.6-10° —12.4895  7.85-10°
88 <z<10 0 0.0012 0 0.0013 0 0.00327
Cosmic SFH — upper edge (¢gsmr fixed)
Variation: No SB SB: Boco + 21 SB: B18/C17
Z range K A K A K A
0<z<1.0 22211 0.0194 2.2208 0.0209 2.3822 0.0248
10<z<18 1.8466 0.0251 1.8463 0.027 2.2105 0.028
1.8<27<40 —1.7884 1.06 —1.7847 1.14 —1.2278 0.964
40<z<70 —2.6385 4.16 —2.6376 4.49 —2.4769 7.2
70<z7<88 —12.6417 45.10° —12.6485  4.93.10° —12.5280 8.6- 10°
88 <z<10 0 0.00133 0 0.00143 0 0.00328

Table B2. Coefficients of the power-law fits to the low metallicity cut of the cosmic SFH (lower and upper edges of the ranges shown in Fig. 12)
obtained for different variations of our observation-based model. Within each redshift range indicated in the first column total SFRD can be
approximated with the dependence: SFRD = A - (1 + 2)[Mg yr~'].

Low metallicity SFH — lower edge

Variation: SB: Boco + 21, amzr ~ 0.3 SB: Boco + 21, amzr ~ 0.6 SB: B18/C17, amzr ~ 0.3 SB: B18/C17, amzr ~ 0.6
z range K A K A K A K A
0<z<0S5 6.4712 2912 x 107° 3.8153 1 x 1074 8.3323 4519 x 107 4.8660 1 x10°*
05<z<1 6.1722 3.287 x 107° 3.9229 1.036 x 10~* 6.8234 8.331 x 1076 4.7246 1.5941 x
1074
l<z<18 4.7030 9.101 x 107° 2.9237 2.071 x 10~* 4.8817 32 %1073 3.4034 3.9821 x
10~*
1.8<z<7 —0.6499 2253 x 1073 —1.0032 0.01181 —0.6698  9.719 x 1073 —0.9736 0.3608
7<z<88 —11.888 3.172 x 107 —12.176 1.455 x 108 —11.931 1.437 x 108 —12.1147 41571 x 108
88 <z<10 0 5.225 x 1077 0 1.239 x 10~* 0 2.144 x 1074 0 4.0771 x
1074
Low metallicity SFH — upper edge
Variation: SB: Boco + 21, amzr ~ 0.3 SB: Boco + 21, amzr ~ 0.6 SB: B18/C17, amzr ~ 0.3 SB: B18/C17, amzr ~ 0.6
z range K A K A K A K A
0<z<05 4.4163 9.410 x 107 2.9836 6x107* 5.9088 1.149 x 10~ 4.0787 6x 1074
05<z<1 4.2247 1.017 x 10~* 3.0826 5.389 x 10~* 5.3151 1.462 x 1074 4.1063 6.262 x 104
l<z<l15 3.9141 1.261 x 10~* 2.7905 6.599 x 10~* 4.8008 2.088 x 1074 3.7273 8.143 x 1074
15<z<7 2.4934 4.636 x 10~* 2.0535 1.296 x 1073 2.0328 2.638 x 1073 1.8127 4707 x 1073
7<z<88 —8.5779 4.619 x 10° -8.7763 7.816 x 10° —8.896 1.954 x 107 —8.9519 2.478 x 107
88<z<10 0 0.01452 0 0.01562 0 0.02972 0 0.03317
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Figure B1. Fraction of the total SFRD that occurs below Zo/e-1 as a function of redshift/lookback time, plotted for the model variations shown in Fig. 12.
Different colours correspond to different assumptions about ayzr and starburst galaxies (see legend). Thick solid (dashed) lines mark the upper (lower) edges of
the corresponding ranges for each of the model variations. Thin solid lines show the location of the upper edge obtained under the assumption of a non-evolving
low-mass end of the GSMF.
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Figure B2. Fraction of the total SFRD that occurs above Zo/ne as a function of redshift/lookback time, plotted for the model variations shown in Fig. 13.
Different colours correspond to different assumptions about ayzr and starburst galaxies (see legend). Thick solid (dashed) lines mark the upper (lower) edges
of the corresponding ranges for each of the model variations.
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Table B3. Coefficients of the power-law fits to the low metallicity cut of the cosmic SFH (lower and upper edges of the ranges as in Fig. 12) obtained
for different variations of our observation-based model under the assumption of a non-evolving low-mass end of the GSMF. Within each redshift
range indicated in the first column total SFRD can be approximated with the dependence: SFRD = A - (1 + z)[Mg yr—!].

Low metallicity SFH — lower edge

X ariation: SB: Boco + 21, amzr ~ 0.3 SB: Boco + 21, apmzr ~ 0.6 SB: B18/C17, apmzr ~ 0.3 SB: B18/C17, apmzr ~ 0.6
z range K A K A K A K A
0<z<05 6.0172 4.393 x 107° 3.3024 1.667 x 10~ 7.9464 6.561 x 107° 4.3940 2.085 x 10~*
05<z<1 5.5287 5.355 x 107° 3.3306 1.635 x 10~* 6.1805 1.343 x 107> 42022 2.381 x 1074
l<z<17 4.7328 9.297 x 107° 2.8406 2297 x 1074 5.0089 3.024 x 1079 3.4101 4123 x 107
1.7<z<35 0.4510 6.537 x 10~* -0.0495 0.004053 0.4466 0.002809 0.0103 0.01207
35<z<7 —1.8116 0.01965 22411 0.1095 -1.8350 0.08689 -2.2043 0.3376
7<z<88 -11.8876 2471 x 107 -12.177 1.028 x 108 -11.9308 1.139 x 108 -12.115 3.009 x 108
88 <z<10 0 4.069 x 1073 0 8.754 x 107 0 1.699 x 10~* 0 2.951 x 10~*
low metallicity SFH - upper edge
Variation: SB: Boco + 21, apzr ~ 0.3 SB: Boco + 21, apyzr ~0.6 SB: B18/C17, apmzr ~0.3 SB: B18/C17, apzr ~0.6
z range K A K A K A K A
0<z<05 4.4163 9.410 x 107 2.9836 5.772 x 1074 5.9088 1.149 x 10~ 4.0787 6.383 x 1074
05<z<1 4.2247 1.017 x 10~* 3.0826 5.389 x 10~* 5.3151 1462 x 1074 4.1063 6.262 x 104
l<z<17 3.6167 1.55 x 107+ 2.6761 7.143 x 104 4.4986 2.575 x 1074 3.5242 9.374 x 104
1.7<z<35 0.1790 0.004712 -0.1177 0.01146 0.4267 0.0147 0.0785 0.02873
35<z<7 —2.0303 0.1307 -2.3001 0.3052 -1.9322 0.5106 -2.2568 0.9633
7<7<88 -12.0388 1.429 x 108 -12.1984 2.653 x 108 -12.0147 6.509 x 108 -12.1707 8.648 x 108
88 <z<10 0 1.666 x 10~ 0 2.149 x 104 0 8.02 x 10~* 0 7.464 x 1074

APPENDIX C: Zo/u(SFR, M,) IMPLEMENTATION
WITH SFR-DEPENDENT Vyyg (AND p)

As discussed in Section 3.1, Zou(SFR, M,,) at fixed SFR and M,
< M. spr appear as lines roughly parallel to each other (see e.g.
Mannucci et al. 2010; Telford et al. 2016; Cresci et al. 2019) and we
assume that the Zou(SFR, M,) slope y is independent of SFR/M.,.
However, in their recent study Curti et al. (2020) fit the slopes of
Zom(SFR, M.,) in individual log;o(SFR) bins and indicate a possible
dependence of y on SFR. They find that y decreases with decreasing
SFR, reaching the value close to that of ~0 MZR slope at low SFR
(see Fig. 9 therein). When Zoi (SFR, M.,) is extrapolated down to low
(specific) SFR values, such dependence leads to considerably higher
metallicity of galaxies with the lowest masses (M, < 10® M), and
therefore can affect the low metallicity tail of the fspr (Z,2) distribution
obtained with our model. We explore additional variation of our
model to illustrate the effect of such a dependence on our results.
Within our description we can model a similar dependence of y on
SFER to that found by Curti et al. (2020) by implementing a SFR-
dependent Vpyr (and therefore of y, see equation 5) and requiring
that the strength of the correlation weakens towards low SFRs,
eventually disappearing at a certain low SFR (where y approaches the
slope of the z ~ 0 MZR). As discussed in Section 3.1.5, there is some
observational evidence for the weakening of the SFR—metallicity
correlation below a certain specific SFR threshold (< 107!°/yr, but
it should be noted that this behaviour is difficult to constrain at low
M, S 1085 My,). For simplicity, we assume that there is a linear
dependence of Vgyr on log;o(SFR), such that at log;o(SFR)>log;o
(SFRvp) Vemr = Vemro and at logio(SFR) < logio(SFRyocor.)
Vemr = 0. We set1ogo(SFR o corr.) = —2, which roughly corresponds
to the SFR of M, ~ 10® M, galaxies according to our z ~ 0 SFMR.
We note that below that mass and SFR the observational FMR is not
constrained,'® and by assuming that for those galaxies the correlation

I5But note that galaxies with M, < 108 M, and high specific SFR (i.e. SEMR
outliers with high SFR) were found to follow the FMR (e.g. Mannucci et al.
2011; Hunt et al. 2016).

disappears we obtain a conservative estimate of the low metallicity
contribution of low-mass galaxies. Results of our calculations are
also sensitive to the value of the SFR threshold above which y is
fixed: the higher the value of log;o (SFRyy), the lower the amount of
the SFRD happening at low metallicity. The choice of this value is
unclear and for the illustrative purposes we show our results using
two example thresholds: log;y (SFRyo) = 0 and log;o (SFRyp) = 1.
The resulting Zou(SFR, M,) is illustrated in Fig. C1 using the latter
threshold and for the different z ~ 0 MZR choices considered in our
study. The overall fspr (Z,2) distribution is only mildly affected by the
explored variations with SFR-dependent Vyg (see Fig. C2, the effect
is analogous for the variations with the starburst implementation
following Boco et al.). The redshift evolution of the peak metallicity
is indistinguishable from that estimated with a fixed Vevr = Vemro
case and the only visible difference is in the extent of the low
metallicity tail of the distribution (the fixed Vrvgr case leads to more
extended low metallicity tail). With the low metallicity threshold of
10 per cent solar metallicity (oxygen abundance) used in our study,
the difference in the amount of the total SFRD happening at low
metallicity estimated in the model variations with fixed and SFR-
dependent Vppgr is amplified in the cases with flat z ~ 0 MZR
(amzr ~ 0.3) and high MZR normalization (compare lower edge
of the dark brown range and the lower thick dark brown lines in
Fig. C4 — note that the strength of this effect is very sensitive to
the exact choice of the low metallicity threshold). In those cases,
the result is particularly sensitive to the assumed low mass/SFR
FMR extrapolation, as at low redshifts only galaxies that are MZR
outliers have metallicities falling below Zoy < Zome—1 (see top
left panel in Fig. C1). If there is no correlation between the SFR and
metallicity at low SFRs, this leads to a negligible amount of SFRD
happening below 10 per cent solar metallicity at low to intermediate
redshifts.
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Figure C1. Same as Fig. 4, but assuming a SFR-dependent Vryr (leading to SFR-dependent y). Top (bottom) panels assume S20 (PP04) z ~ 0 MZR. All
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panels assume SFMR with a moderate flattening at high masses (aspmr = 0.72 at the high-mass end), logjg (SFRyo) = 1, and Vgymre = 0.27.
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Figure C2. Distribution of the cosmic SFRD at different metallicities and redshift for different Zo/3(SFR, M,.) implementations, shown for B18/C17 starbursts
implementation [effect is analogous for the starburst implementation following Boco et al. (2021)]. Brown contours and background colours correspond to
Zom(SFR, M) with a fixed Vipyro = 0.27. Solid white (dashed black) contours correspond to Zo/(SFR, M) modelled with Veyr varying between logjo
(SFR) = —2 and logjo (SFR) = 1 (logjo (SFR) = 0) as described in Section C. Different panels correspond to different z ~ 0 MZR and SFMR variations (same
as in Fig. 9). Contours indicate constant SFRD and are plotted for 0.01, 0.05, and 0.1 [Mg/Mpc? yr] (with the highest value corresponding to the innermost
contour). The alternative Zo/i(SFR, M,.) implementation has a relatively small effect on the overall distribution, but leads to a less extended low metallicity tail.
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Figure C3. SFRD happening below 10 per cent solar metallicity (Zo/i < Zome—1) as a function of lookback time/redshift estimated with different Zo/(SFR,
M.,,) implementations, shown for B18/C17 starbursts implementation [effect is analogous for the starburst implementation following Boco et al. (2021)]. The
light and dark brown coloured ranges are the same as in Fig. 12 and correspond to a fixed Vrvro = 0.27 and apmzr = 0.3 and amzr = 0.6, respectively.
Dotted grey/brown lines indicate upper and lower edges of the corresponding ranges obtained with Vemro = 0.17. Solid (logjo (SFRyg) = 0) and dashed (logig
(SFRyg) = 1) lines indicate the upper and lower edges of those ranges obtained with an SFR-dependent Viyr (leading to SFR-dependent y, see Section C).
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Figure C4. Fraction of the total SFRD happening below 10 per cent solar metallicity (Zo/n < ZomHe—1) as a function of lookback time/redshift estimated with
different Zo/u(SFR, M,.) implementations, shown for B18/C17 starbursts implementation [effect is analogous for the starburst implementation following Boco
et al. (2021)]. Top panel shows the estimates obtained for the low metallicity variations (i.e. corresponding to upper edges in Fig. C4), bottom panel shows the
estimates obtained for the high metallicity variations. The green (purple) ranges span between the estimates obtained with Zo/u(SFR, M,.) with a fixed Vevro =
0.3 and 0.17 and amzr ~ 0.3 (amzr = 0.6). Different lines indicate the corresponding estimate obtained with Zo/y(SFR, M) with a SFR-dependent Vg,
varying between logjo (SFR) = —2 and log;o(SFR) = 0 or 1 (see legend and Section C).
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