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Abstract

The use of long γ-ray burst as star formation tracers is suspected to be affected by a possible dependence of the pro-
duction or luminosity of these sources on the metallicity of their stellar progenitors. Selection effects are an alternative
explanation. Our aim is to explore the nature of metallicity effects in long γ-ray burst populations using hydrodynamical
cosmological simulations that include chemical evolution. We construct long γ-ray burst and host galaxy model popula-
tions using galaxy catalogues built from cosmological hydrodynamical simulations, making different assumptions on the
nature of metallicity effects. We explore the ability of these models to reproduce an observational dataset that combines
redshifts, prompt γ-ray emission observables from Swift and Fermi satellites, and HG properties from the largely unbi-
ased BAT6 sample. Our results suggest that metallicity effects are more prompted to enhance the production rate of
these sources at low metallicities, than to increase the burst luminosities. This is a statistically robust result based on
the deviance information criterion. The metallicity threshold of these effects lies in the range [0.3− 0.6]Z�, but can not
be constrained more precisely with present data and models. In the self-consistent star formation and metal enrichment
scenario presented by our simulation, only models with a metallicity-dependent long γ-ray bust rate are successful at
reproducing the γ-ray properties of these sources, their redshift distribution, and the masses and metallicities of their
host galaxies, simultaneously. Models with a metallicity-dependent luminosity can reproduce observations, but are not
statistically favoured in comparison to a metallicity-dependent production rate. Our simulations also predict that high
metallicity hosts are possible even in the presence of a metallicity threshold for long γ-ray burst production. Our results
support the view of long γ-ray bursts being produced by the collapse of low-metallicity, massive stars. This strongly
suggests that they are biased tracers of the cosmic star formation at lower redshifts.
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1. Introduction

Long γ-ray bursts (LGRBs) are transient, very lumi-
nous (L ∼ 1051 erg s−1) high energy sources. Their prompt
emission lasts typically some tens of seconds, and is de-
tected at photon energies from keVs to GeVs. It is fol-
lowed by an afterglow at lower frequencies, from X rays
to radio waves, which lasts up to several months. Due
to their large luminosities LGRBs can be observed at very
high redshifts, and in many cases their host galaxies (HGs)
have been identified. Vedrenne & Atteia (2009) present a
thorough review on these sources.

Current theoretical models propose that LGRBs occur
during the collapse of massive, short-lived stars, due to
the accretion of part of the stellar envelope onto the col-
lapsed core (Woosley, 1993; Woosley & Heger, 2006; Yoon
et al., 2006). This idea is supported by observations of on-
going star formation (SF) in most HGs (Le Floc’h et al.,
2003; Savaglio et al., 2009), and by the association of most
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LGRBs with core-collapse hypernovae (Hjorth et al., 2003;
Della Valle et al., 2006). LGRBs would then be valuable
tools for the investigation of the cosmic SF rate (SFR),
because they would trace the whole star-forming galaxy
population down to low-mass and high-redshift systems,
that can not be currently detected with other methods
(Wijers et al., 1998).

However, two kinds of results suggest the possible ex-
istence of biases in these tracers. The first one is the in-
crease of the ratio between the observed LGRB rate and
the SFR with redshift (e.g. Firmani et al., 2004; Daigne
et al., 2006; Salvaterra & Chincarini, 2007; Campisi et al.,
2010; Wanderman & Piran, 2010). This might be due to
selection effects affecting the determination of LGRB red-
shifts. Salvaterra et al. (2012) claim that they have found
the same behaviour in a complete sample of LGRB red-
shifts. This would indicate an evolution of the number of
LGRBs produced per unit of newborn stellar mass (den-
sity evolution, DE), increasing towards high redshift. On
the other hand, as the LGRB samples are flux-limited, an
evolution of the luminosity function (LF) of LGRBs (lu-
minosity evolution, LE), with the LGRB luminosity being
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higher in the past, would also be possible. As stated by
Salvaterra et al. (2012), the evidence is yet inconclusive re-
garding which effect is responsible for the behaviour of the
observed LGRB rate. Disentangling the contributions of
DE and LE to the observed evolution is important, because
they would introduce different biases in the LGRB–SFR
relation.

The second result is the distribution of the colours and
luminosities of HGs, which are bluer and less luminous
than those galaxies that provide most of the cosmic SF at
low redshift (Le Floc’h et al., 2003). They are also metal-
poor compared to equally-luminous star-forming counter-
parts in the local Universe (Stanek et al., 2006; Savaglio
et al., 2009; Graham & Fruchter, 2013; Jimenez & Piran,
2013). This could be the result of selection effects, as most
HGs are detected by the precise positioning of LGRBs
given by optical afterglows (Hjorth et al., 2012; Perley
et al., 2013; Perley et al., 2016). High-metallicity HGs
containing large amounts of dust that obscure afterglows
would then be missed by HG searches. Indeed, many dark
LGRBs (those with a small ratio of optical to X-ray after-
glow luminosities, Jakobsson et al., 2004) have been found,
some of them in dusty HGs (e.g., Perley et al., 2009).

Alternatively, LGRB progenitors might indeed be metal-
poor stars, as some theoretical models propose (Woosley &
Heger, 2006; Yoon et al., 2006). This hypothesis is appeal-
ing, because coupled to the cosmic chemical enrichment
it would imply a DE. Moreover, if the progenitor metal-
licity influences also the luminosity of LGRBs, it would
imply a LE. In this case, observed HGs would be biased
to metal-poor objects because they would produce more
luminous LGRBs. The few super-solar-metallicity hosts
found recently (Levesque et al., 2010; Savaglio et al., 2012;
Perley et al., 2013) are the main challenge to the exis-
tence of metallicity effects in LGRBs. They might be the
result of an inhomogeneous galaxy composition with low-
metallicity regions in an otherwise high-mean-metallicity
galaxy. Or, they might be a piece of evidence indicat-
ing that former HG samples were heavily biased towards
low-metallicity, low-dust-content objects. In any case, the
question of the influence of the metallicity of the progeni-
tors on LGRB production or luminosity, if any, is far from
being settled.

Some of the previous works devoted to this problem are
based on the investigation of the observed LGRB redshift
distribution only (Daigne et al., 2006; Salvaterra et al.,
2012). Other works explore the observed properties of HGs
(Nuza et al., 2007; Chisari et al., 2010; Campisi et al., 2011;
Artale et al., 2011; Bignone et al., 2017). usually assum-
ing a fixed LF and taking into account only DE. As both
observables probe different aspects of the putative metal-
licity effects on LGRBs, a step forward could be taken by
a simultaneous, self-consistent analysis of both of them.
It is the aim of this work to perform such analysis. For
this task, we resort to cosmological hydrodynamical simu-
lations of galaxy formation, that provide a self-consistent
description of the cosmic SF history and chemical evolu-

tion, and therefore constitute a powerful tool to study the
relationship between SF and LGRBs. Cosmological hy-
drodynamical simulations have succeeded in matching the
latest data on the SFR (Behroozi et al., 2013), and also
in describing the chemical properties of galaxies. Indeed,
they have already been used to investigate the properties
of LGRB HGs (e.g. Nuza et al., 2007; Artale et al., 2011).

We use galaxy catalogues constructed from the simu-
lations (Pedrosa & Tissera, 2015; Tissera et al., 2016) to
model the properties of LGRB populations through Monte
Carlo techniques, under different assumptions for the na-
ture of metallicity effects. We compare the predictions
of these models with the latest observations obtained by
Swift and Fermi (von Kienlin et al., 2014; Gruber et al.,
2014), and with the latest data from the BAT6 HG sample
(Salvaterra et al., 2012; Vergani et al., 2015; Japelj et al.,
2016). The fact that cosmological hydrodynamical simu-
lations provide the metallicity of the stellar populations
in a given galaxy, allows us to explore also the nature of
high-metallicity HGs.

This paper is organised as follows. Section 2 provides
an overview of the numerical methods used to construct
LGRB model populations, and Section 3 presents the re-
sults obtained by comparing our model predictions to ob-
servations. In section 4 we discuss our findings and presents
our conclusions.

2. Numerical model

2.1. Cosmological simulations

We use the cosmic SF and chemical history of a nu-
merical simulation performed with the TreePM/SPH code
P-GADGET3 (Springel, 2005), which includes star for-
mation, chemical enrichment, metal-dependent cooling, a
multiphase treatment of gas, and supernova (SN) feed-
back, as described by Scannapieco et al. (2005, 2006). The
simulation represents a periodic box of 10h−1 Mpc comov-
ing side, that evolves up to redshift z = 0 according to a
Λ-CMD cosmology with parameters ΩΛ = 0.7, Ωm = 0.3,

Ωb = 0.04, σ8 = 0.9, and H0 = 100h km s−1 Mpc
−1

,
with h = 0.7. It computes the evolution of 2303 dark
matter particles of mass 5.9 × 106h−1M�, and initially
2303 gas particles of mass 9.1× 105h−1M�. The adopted
gravitational softening length is 0.5h−1 kpc. A more thor-
ough description of this simulation (hereafter referred to
as S230D) can be found in Pedrosa & Tissera (2015) and
Tissera et al. (2016).

The SN feedback model adopted for this work includes
Type II (SNII) and Type Ia (SNIa) supernova events, that
distribute energy and metals within the cold and hot phases
of the interstellar medium. A detailed description of the
SN feedback can be found in Pedrosa & Tissera (2015).
This model is successful at driving mass-loaded winds dur-
ing starbursts, and at regulating the star formation activ-
ity during quiescent star formation regimes (Scannapieco
et al., 2006).
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Figure 1: The cosmic star formation rate density for simulations
S230D (solid line) and the MS (dotted line). The observations com-
piled by Behroozi et al. (2013) (circles) are included for comparison.

Initially, the chemical composition of the gas is as-
sumed to be primordial, with XH = 0.76 and XHe = 0.24.
The SN events distribute 80 percent of the new elements
into the cold phase. The chemical model follows the en-
richment of 12 isotopes (1H, 2He, 12C, 16O, 24Mg, 28Si,
56Fe, 14N, 20Ne, 32S, 40Ca and 62Zn). The nucleosynthe-
sis models used are those of Iwamoto et al. (1999) and
Woosley & Weaver (1995) for SNIa and SNII, respectively.
The number of SNII is computed adopting the initial mass
function (IMF) of Salpeter, and considering all stars with
mass above 8 M� as SNII progenitors. The SNIa rate is
estimated using the simple model proposed by Mosconi
et al. (2001) (see also Jiménez et al., 2015).

In order to compare our results to previous works, and
since our simulated volume is small, we resort to the galaxy
catalogue of De Lucia & Blaizot (2007), constructed on
the Millennium Simulation (hereafter MS, Springel et al.,
2005). We apply our LGRB model (described in the next
section) to this galaxy catalogue, and test if it behaves
similarly and if it provides results consistent with those de-
rived from the hydrodynamical simulation. It is important
to note that De Rossi et al. (2013) compared the growth
of haloes of different masses as a function of redshift in
S230D and the MS, finding consistent trends.

2.2. The cosmic star formation rate

Matching the cosmic star formation rate (cSFR) of
numerical simulations to observations remains a difficult
task. A growing number of galaxy observations put in-
creasing constraints on galaxy formation models, which
require ever more sophisticated models of stellar feedback
to account for the build-up of stellar mass in galaxies. The
reported cSFR has changed considerably in the last years,
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Figure 2: Mass-metallicity relationship for simulated galaxies in
S230D (solid lines), for redshifts z = 0 (top left), 0.7 (top right),
2.5 (bottom left) and 3.5 (bottom right). Shaded regions represent
the 68 percent confidence region. Dashed lines are fits to the ob-
served data from Maiolino et al. (2008). For simulated galaxies, the
metallicity is that of their stellar population (see text for details).

specially at redshifts z > 3, as new galaxy observations
became available and assumptions about the amount of
dust obscuration were revised (Behroozi et al., 2013).

The choice of the cSFR will ultimately determine the
intrinsic LGRB rate and redshift distribution, therefore
it is important to examine it carefully. In our case, the
cSFR is determined by the star formation and SN feed-
back models of the numerical simulation. Figure 1 shows
a comparison of the simulated cSFR with observational re-
sults compiled by Behroozi et al. (2013). The simulation
closely matches observations up to redshift z ∼ 4, and ex-
hibits a small excess for higher redshifts. We do not expect
this simulation to match closely the observed cSFR but to
follow the global trend since the simulated box is small.
In order to compare our results to a simulation spanning
a larger volume, we applied a similar analysis to the MS
catalogues. Figure 1 shows the corresponding cSFR, which
presents a slight excess at all redshifts.

The mass metallicity relationship (MZR) of S230D presents
the expected slope at all redshifts, but has a lower zero
point at low redshift than that reported by Tremonti et al.
(2004).1 Also, the evolution with redshift is weaker than
that suggested by observations. We can recover the ob-
served behaviour of the MZR by renormalising the metal-
licity of the simulation, using the parametrised analytical
model of Maiolino et al. (2008), which is set to match
Tremonti et al. (2004) data. This procedure assumes that
the mean abundances of the gas phase sample adequately

1Note that there are several papers discussing the calibration of
the metallicity estimations (e.g. Kewley & Dopita, 2002).
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Figure 3: Mass fraction of newborn stars with a metallicity below a
given threshold Zth, for (a) the analytical model used by Langer &
Norman (2006), (b) S230D, and (c) the MS. The lines correspond to
redshift z = 0.1 (dashed), 1 (dash-dotted), 3 (dotted), and 5 (solid).

those of star forming regions. Figure 2 shows the MZR of
S230D after renormalization, for redshifts 0, 0.7, 2.5, and
3.5. A good agreement with observations is achieved. This
renormalized value will only be used to set the abundances
of the LGRB progenitor stars.

Given that we want to construct models in which LGRBs
are produced only in metal-poor environments, it is worth-
while to examine the fraction Σ(z, Zth) of the newborn
stellar mass with metallicities below a certain threshold
Zth, at a given redshift z. An analytical prescription for
Σ has been previously used to study the metallicity de-
pendence of LGRBs progenitors (Langer & Norman, 2006;
Salvaterra et al., 2012). For S230D and the MS, Σ can
be computed directly from the simulation. However, a
key difference between both simulations is that, while for
S230D (a hydrodynamical simulation) we can trace gas
and stellar populations locally, we can only work with
global properties of galaxies in the MS, given that the
galactic catalogue was built from a semianalytical model.
Therefore, when computing Σ(z, Zth) we consider the mass
and metallicity of individual star forming gas particles in
the case of S230D, while only the average metallicity and
star formation of galaxies in the case of the MS.

It is also worthwhile to point out, that given that LGRBs
progenitors are massive, short lived stars, their metallicity
is expected to closely match that of star forming regions.
Therefore, progenitor metallicies are well represented by

gas phase metallicities in this case.
Figure 3 shows that in all cases the chemical enrich-

ment grows with decreasing redshift, describing the cosmic
chemical history. This behaviour determines that of the
LGRB intrinsic rate. If LGRBs were only produced below
a certain metallicity threshold, all models would predict
that the peak of the LGRB rate should shift to higher
redshift when the threshold decreases. The magnitude of
the shift depends on the detailed evolution of Σ(z, Zth)
with Zth and z, and therefore differs from one model to
another.

The large differences between S230D and MS can be
attributed to the fact that the detailed chemical evolution
of galaxies in hydrodynamical simulations depend on inter-
conected factors such as star formation, feedback processes
and inflows and outflows of material between the galaxy
and the intergalactic medium. Some of these processes
cannot be resolved accurately with current resolution and
are therfore included as subgrid models which have large
effects on the detailed local metallicity properties of sim-
ulated galaxies. Also it should be point out the different
technical nature of the MS and S230D, which in practice
means that the metallicities being consided are slighly dif-
ferent in both cases, as mentioned above.

2.3. Models for LGRB populations

Because of the relationship between LGRBs and mas-
sive stars, we first consider a scenario in which LGRBs
are produced only by stars above a certain minimum mass
Mmin, and with a negligible lifetime compared to the evo-
lution time-scale of a galaxy. In this case, LGRBs are un-
biased tracers of star formation (there are no metallicity
effects and therefore no evolution of LGRB populations)
and consequently, the LGRB rate density is related to the
cSFR density according to

ΨLGRB(z) =

∫ 100M�
Mmin

ψ(m)dm∫ 100M�
0.1M�

mψ(m)dm
ρ̇SFR(z), (1)

where ψ is the Salpeter (1955) initial mass function with
lower and upper stellar mass limits of 0.1M� and 100M�,
respectively. This is our base scenario, to which those
including metallicity effects will be compared.

A preference of LGRBs for low-metallicity environments
can be included in the model by convolving the cosmic
chemical enrichment Σ with Eq. 1, to yield the evolution
of the cosmic LGRB rate density. This results in an LGRB
redshift distribution skewed from the unbiased rate,

ΨLGRB(z, Zth) = Σ(z, Zth)ΨLGRB(z). (2)

This approach adopts a simple threshold in the production
of LGRBs at a given metallicity Zth. We construct four
different DE scenarios, adopting Zth = 0.1, 0.3, 0.6 Z�.

In order to compare the predictions of each scenario
with observations, we generate a population of LGRBs ac-
cording to the model described above. For each LGRB, its
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redshift is drawn from the distribution ΨLGRB(z, Zth), and
its fundamental intrinsic properties, the isotropic peak lu-
minosity L and the spectral peak energy Ep, are assigned
as follows. The former is sampled from a predefined LF
(fL), for which we have adopted a lognormal distribution
with mean µL = 〈log(L/1 erg s−1)〉 and standard devia-
tion σlog L taken as free parameters.

Many forms for the LGRB luminosity function have
been considereded, for example Schechter functions, trun-
cated power laws, broken power-laws and lognormal func-
tions. In this case we have chosen a lognormal distribution
because our main objetive in this work is not to provide
a detailed description of the luminosity function, but in-
stead to compare the merits of the DE and LE scenarios in
explaining the metallicity dependence of LGRBs. A log-
normal distribution has the smallest number of free para-
menters possible and can therefore provide a more mean-
ingful statiscal comparison between scenarios. Lognormal
luminosity functions for LGRBs have been considered in
previous works such as Elliott et al. (2012); Belczynski
et al. (2010).

The adopted model for the spectrum is a Band function
B(E) (Band et al., 1993), with fixed typical values for the
low- and high-energy indices (α = −1, β = −2.25 Kaneko
et al., 2006; Nava et al., 2008). We assume the existence
of a correlation between Ep and L (Yonetoku et al., 2004),
given by

Ep = 380 keV

(
L

1.6× 1052 erg s−1

)0.43

. (3)

We further account for the observed scatter in this corre-
lation by drawing the actual Ep value for each LGRB from
a lognormal distribution with mean given by equation 3,
and dispersion σEp taken as a free parameter of our model
(cf. Daigne et al., 2006).

Once the redshift, luminosity and spectrum of each
LGRB are known, the peak photon flux observed by a
satellite with an observational window in the energy range
[Emin, Emax] can be computed as

P =
(1 + z)

4πd2
L(z)

∫ (1+z)Emax

(1+z)Emin

B(E)dE, (4)

where dL(z) is the luminosity distance and B(E) is the
burst spectrum in the rest frame of the source normalized
to the isotropic peak luminosity by imposing the condition

L =
∫ 104keV

1keV
EB(E)dE. The observed LGRB rate can

then be calculated as

RLGRB = fjet

∫ zmax

0

∫ ∞
Lmin

ΨLGRB(z, Zth)

1 + z

dV

dz
ε(P )fL(L) dL dz,

(5)
where 2πfjet is the solid angle subtended by the LGRB jet,
dV/dz is the redshift-dependent volume element, and the
factor (1 + z) accounts for time dilation. The factor ε(P )
accounts for the sky coverage and efficiency of the detector

and Lmin is the minimum luminosity required by a burst
at redshift z to produce a peak flux of Pmin, the peak flux
limit of the survey being considered.

Following previous works (e.g. Chisari et al., 2010)) we
assume throughout this work a value fjet = 10−3, which is
close to the observed average estimations (Ghirlanda et al.,
2007).

The differential peak flux distribution can be deter-
mined by the observed rate of bursts with peak flux be-
tween P1 and P2 (i.e. Salvaterra & Chincarini, 2007; Sal-
vaterra et al., 2009; Howell et al., 2014, and references
therein) as

dN

dt
(P1 < P < P2) = fjet

∫ zmax

0

dz
ΨLGRB(z, Zth)

1 + z

dV

dz

×
∫ L(P2,z)

L(P1,z)

ε(P )fL(L) dL,

(6)

Apart from the scenarios that describe the metallicity-
driven LGRB DE, we explore others in which a metallicity-
dependent LGRB LF produces a LE. In these scenarios,
the LGRB rate follows the SFR in an unbiased way ac-
cording to equation 1, but LGRBs with Z > Zth have a
different LF than the rest. For the sake of simplicity, we
adopt the same lognormal shape for both LFs, but with
independent parameters which will be fixed by confronting
model predictions with observations. Eq. 5 is modified in
this case to take into account both LFs, and the whole cos-
mic SFR density. We adopt three different LE scenarios
with Zth = 0.1, 0.3, 0.6 Z�.

2.4. Determination of the free parameters

In order to contrast the predictions of our model with
observations, we use five observables from the LGRB sam-
ples detected by Swift and Fermi:

1. The observed differential peak-flux number counts
of bright (P ≥ 1.0 ph cm−2 s−1 at the 15–150 keV
band) LGRBs, constructed from the Swift online cat-
alogue2 (as of July 2014).

2. The observed spectral peak energy distribution of
218 Swift LGRBs (Butler et al., 2007).

3. The observed redshift distribution of the 95-percent
complete sample of LGRBs with P ≥ 2.6 ph cm−2 s−1,
compiled by Salvaterra et al. (2012, BAT6).

4. The observed differential peak-flux number counts of
764 Fermi LGRBs with P ≥ 1.0 ph cm−2 s−1 in the
50–300 keV band, constructed from the GBM online
Burst Catalogue (von Kienlin et al., 2014).

5. The observed spectral peak energy distribution of
522 Fermi bursts from the catalogue of Gruber et al.
(2014).

2http://swift.gsfc.nasa.gov/archive/grb_table/
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Two important selection effects are considered in this
work when comparing to observations. First, is the de-
tector triggering efficiency. We assume for Swift a trig-
gering efficiency given by a Heaviside step function with
threshold at 1.0 ph cm−2 s−1, which is consitent with the
value determined by Band (2003). For Fermi we assume a
triggering efficiency equal to that of BATSE (Stern et al.,
2001), however, we point out that the peak flux limit of
our sample is greater than the value for which threshold
effects become dominant (Paciesas et al., 2012).

Secondly, we have specially chosen to contrast our re-
sults regarding the redshift distribution of LGRBs with the
95-percent complete sample of Salvaterra et al. (2012). It
has been shown that bright LGRB samples, such as the
one used here, are largely unaffected by redshift selection
effects (Tan & Wang, 2015). This high level of redshift
completeness allows us to constrain our model parameters
in an unbiased way.
We optimise the values of the free parameters (LGRB LF
parameters, minimum progenitor mass, and dispersion of
the Yonetoku et al. 2004 correlation) by jointly fitting the
five aforementioned observables. Care is taken to apply to
the model LGRB population, the same constrains on peak
flux that define the observed samples. Given the large di-
mensionality of the parameter space, the data fitting is
performed via a Markov-Chain Monte Carlo (MCMC) al-
gorithm, because it provides a quick exploration of the
important parameter-space regions.

2.5. Host galaxies

With the free parameters already fixed to fit the high-
energy observables, we compute the properties of the HG
population predicted by each scenario. Following Chisari
et al. (2010), we assume that the probability pHG of ob-
serving a particular galaxy as a HG is proportional to its
contribution to the observed LGRB rate. For DE scenar-
ios,

pHG =
fjetṀ∗(Zth)

1 + z

∫ ∞
0

ε(P )fL(L) dL, (7)

where Ṁ∗(Zth), the fraction of the SFR of the galaxy that
occurs below Zth, is computed from the simulations. For
LE scenarios, Eq. 7 must be modified to account for the
whole SFR and both LFs. To compute the distributions of
the HG properties predicted by our scenarios, we weight
the properties of the galaxies in the galaxy catalogue of
the S230D simulation by pHG. These predictions are com-
pared to the HGs of the BAT6 sample (Vergani et al., 2015;
Japelj et al., 2016) which was constructed on the basis of
the brightness of the bursts, on favourable observing con-
ditions (Salvaterra et al., 2012) and independent of the
detection of the optical afterglow. Compared to previous
studies, these criteria results in a largely unbiased sam-
ple. The BAT6 sample is 95 per cent complete in redshift
and offers a uniform selection of HGs regardless of galaxies
fluxes and colors. We focus our comparison on the z < 1

Table 1: Best-fit parameter values for base (first line) and DE
scenarios (lines 2–4).

Zth Mmin [M�] µL σlog L σEp

— 95 51.1± 0.4 0.86± 0.07 0.34± 0.2
0.6Z� 81 49.8± 0.5 1.26± 0.08 0.32± 0.2
0.3Z� 39 48.2± 0.3 1.58± 0.08 0.30± 0.2
0.1Z� 35 48.5± 0.4 1.47± 0.08 0.33± 0.2

subsample for which Vergani et al. (2015) obtained stel-
lar masses and Japelj et al. (2016) derived star formation
rates and metallicities.

3. Results

3.1. Density-evolution scenarios

We compare here the results for DE scenarios with
those for the base scenario with no metallicity effects. In
all cases we find a good agreement between both Swift and
Fermi data, and model predictions for the observed differ-
ential peak-flux number counts and spectral peak energy
distributions. This is true for both S230D and the MS.
We find no statistically significant difference between the
predictions of the base scenario and those with different
metallicity thresholds. Figure 4 shows the extreme cases
of best and worst-fitting models. Other models give very
similar results; we do not show them for clarity.

Best-fit parameters are shown in Table 1. As expected,
the minimum progenitor mass decreases when Zth decreases.
The values of Mmin are just indicative, as they depend on
the adopted value of fjet. Also, the dispersion of the LF be-
comes larger and its mean decreases with decreasing metal-
licity threshold. Given that low-luminosity bursts are ob-
servable only at short distances (hence in a small cosmic
volume), this behaviour effectively implies that the observ-
able part of the LF becomes more skewed, increasing the
fraction of high-luminosity bursts among those detected.
As we will show later in this section, this is consistent
with the fact that a larger fraction of LGRBs is produced
at higher redshift when Zth decreases. The dispersion of
the Yonetoku et al. (2004) correlation is the same in all
scenarios, and agrees with that found by previous works.

Nevertheless, clear differences are detected between the
predictions of models with different metallicity thresholds
for the observed redshift distribution. Figure 5 shows that
the peak of this distribution lies at higher redshift when
Zth decreases, which is consistent with the cosmic chem-
ical evolution. This result also implies that the LF must
contain a larger fraction of high-luminosity bursts. For
S230D, the best fit value of Zth is 0.3Z�, while for the MS
it increases to 0.6M�. This shows that Zth is strongly de-
pendent on the details of the cosmic chemical enrichment.
Despite this fact, the existence of a metallicity threshold
is a robust result, as the base scenario with no metallic-
ity effects is strongly disfavoured by observations, both in
S230D and the MS.
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Figure 4: DE scenarios: observed differential peak-flux number counts (left) and spectral peak energy distributions (right). The top row
shows Fermi data, whereas the bottom row presents Swift observations. The predictions of the best S230D DE scenario (Zth = 0.3Z�, solid
line) and the worst one (the base scenario, dotted line), are also shown. Vertical error bars represent Poisson uncertainties, whereas horizontal
error bars represent the bin sizes. All other values of Zth give similar results, and are not included for clarity. Insets show the corresponding
results for the MS; in this case the best fit corresponds to Zth = 0.6Z�.
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vaterra et al., 2012), together with the predictions of the base sce-
nario (solid line), and DE scenarios with 0.6Z� (dotted line), 0.3Z�
(dashed line) and 0.1Z� (dash-dotted line). The inset shows the
corresponding plot for the MS.

3.2. Luminosity-evolution scenarios

In order to test the existence of metallicity effects in
the LGRB LF, we use the LE scenarios to fit the observa-
tional data. The results are very similar to those obtained
in the previous section. In all cases we find a good agree-
ment between data and model predictions for the observed
differential peak-flux number counts and spectral peak en-
ergy distributions. We find no statistically significant dif-
ference between the predictions of scenarios with different
metallicity thresholds, neither for S230D nor for the MS
(Fig. 6).

Interestingly, we find that the greatest difference be-
tween the predictions of scenarios with different Zth oc-
curs again for the observed redshift distribution (Fig. 7).
Best-fit parameters are shown in Table 2. In order to fit
the data, LE scenarios produce a larger fraction of high-
luminosity, low-metallicity bursts, observable up to high
redshifts. Simultaneously, the mean luminosity of high-
metallicity LGRBs is significantly reduced, which causes
them only to be observable up to short distances. The best
fist model corresponds to Zth = 0.3Z� for S230D, and to
Zth = 0.6Z� for the MS.

This result shows that LGRBs originating from low
metallicity progenitors are on average significantly more
luminous than those from high metallicity progenitors,
which is in general agreement with results postulating that
LGRBs were more luminous in the past (i.e. Salvaterra
et al., 2009), since higher redshift progenitors are expected
to have lower metallicities.

3.3. Metallicity of host galaxies

Fig. 8 shows the distribution of the observed HGs in
the mass-metallicity (MZ) plane, together with the joint
MZ distribution of the HGs in the S230D simulation, for
the base and DE scenarios. Observed HGs follow the gen-
eral MZR of galaxies, which is also the high-probability
region in all scenarios. The main differences between the
scenarios are seen, as expected, at high metallicities (Z &
Z�). On the one hand, the base scenario predicts a size-
able probability of finding supersolar HGs with low masses
(log(M∗/M�) . 9), whereas in DE scenarios this proba-
bility is almost negligible. The latter case is consistent
with observations. On the other hand, in all scenarios,
HGs with log(M∗/M�) > 9.5 cumulate a large fraction
(over 50% in some cases) of the probability, whereas most
observed HGs have log(M∗/M�) < 9.5.

To further investigate this issue, in Fig. 9 we show the
cumulative metallicity distribution of simulated HGs at
different redshifts. Two trends are clearly visible: the
fraction of high-metallicity HGs decreases with increas-
ing redshift and with decreasing Zth. The first one is a
consequence of the cosmic chemical evolution; the second
one can be used to explore metallicity effects, as soon as
large HG samples at different redshifts are available. The
BAT6 sample of (Japelj et al., 2016) has a mean redshift
〈z〉 ' 0.7, therefore we compare them to HGs computed
for the closest snapshot of S230D, which corresponds to
z = 0.65 (dashed line in Fig. 9). The fraction of observed
supersolar HGs in the (Japelj et al., 2016) sample is 16(-8
+16)%, accounting for errors, lower than those predicted
by the base scenario by a factor of three. DE scenarios pro-
vide a closer prediction, but still a factor of two higher than
the observed value. These results still favour the existence
of metallicity effects over a scenario with no evolution. The
failure of our scenarios to reproduce the observed data may
indicate the need for a more complex model for metallicity
effects, or that some bias still remains in the HG sample.
Regarding the last point, we notice that our supersolar
metallicity hosts follow the MZ relationship regardless of
metallicity threshold, resulting in more massive galaxies at
higher metallicity. Dai (2009) found a clear deficit of dark
LGRBs, which tend to have more massive HGs, at high
peak flux levels. Also Buchner et al. (2016) analysed the
X-ray afterglow of Swift LGRBs and found a correlation
between HG stellar mass and X-ray obscuration. This im-
plies that the 2.6 ph cm−2 s−1 flux threshold of the BAT6
sample might be missing some of the more massive hosts.
Finally, Graham et al. (2015) studied in detail the HGs
with high metallicity in the Graham & Fruchter (2013)
sample, which we also show in Fig. 9. These hosts are
located in the redshift range covered by the BAT6 sample
but are significantly more massive and occupy the same
region of the MZ plane predicted to be populated by high
metallicity hosts in our simulation.

Regarding HGs, LE scenarios reproduce the same trends
found in DE scenarios. Figs. 10 and 11 show the joint MZ
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Table 2: Best-fit parameter values for base (first line) and LE scenarios (lines 2–4).

Zth Mmin [M�] µZ>Zth

L σZ>Zth

log L µZ≤Zth

L σZ≤Zth

log L σEp

— 95 — — 51.1± 0.3 0.9± 0.3 0.34± 0.02
0.6Z� 96 44.3± 0.7 2.32± 0.08 51.4± 0.5 1.2± 0.3 0.33± 0.02
0.3Z� 81 44.5± 0.7 3.44± 0.07 50.2± 0.4 1.2± 0.4 0.32± 0.02
0.1Z� 53 44.4± 0.8 0.64± 0.08 49.3± 0.4 1.4± 0.2 0.35± 0.02
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Figure 6: LE scenarios: observed differential peak-flux number counts (left) and spectral peak energy distributions (right). The top row shows
Fermi data, whereas the bottom row presents Swift observations. The predictions of the best S230D LE scenario (Zth = 0.3Z�, solid line)
and the worst one (the base scenario, dotted line), are also shown. Vertical error bars represent Poisson uncertainties, whereas horizontal
error bars represent the bin sizes. All other values of Zth give similar results, and are not included for clarity. Insets show the corresponding
results for the MS; in this case the best fit corresponds to Zth = 0.6Z�.
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distribution of HGs and their cumulative metallicity dis-
tribution for different redshifts, respectively. These are
similar to their DE counterparts (Figs. 8 and 9, respec-
tively). The major difference is that LE scenarios predict
a significant probability of finding supersolar HGs with
low masses (log(M∗/M�) . 9). This behaviour, which is
at odds with observations, is similar to that of the base
scenario. Therefore, the analysis of HGs provides an ex-
tra argument against metallicity effects in the LGRB LF
being the explanation of the observed evolution of LGRB
populations.

3.4. Comparison of DE and LE scenarios

Comparing DE with LE models, we find that both of
them are able to reproduce the observations. There are no
readily discernible differences which allow us to choose one
over the other. Therefore, we apply a statistical analysis
based on the Deviance Information Criterion (DIC, Lid-
dle, 2007) in order to compare the relative merits of both
models. The DIC statistic D is easily computed for each
scenario from the MCMC runs, and its value decreases for
those that better fit the data, therefore taking into account
the goodness of the fit. At the same time, it penalizes
models with high number of parameters that do not con-
tribute significantly to the goodness of fit, providing an
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Figure 11: LE scenarios: cumulative metallicity distribution of HGs
in the S230D simulation at z = 0.05 (dotted blue line), 0.35 (green
dash-dotted line), 0.65 (red dashed line), and 0.9 (cyan solid line).
The predictions are given for the base scenario (upper left panel), and
LE scenarios with Zth = 0.6Z� (upper right panel), 0.3Z� (lower
left panel) and 0.1Z� (lower right panel). The vertical dotted black
line represents the solar metallicity (dashed line).

effective and quantitative implementation of the Occam’s
razor. As a general rule, scenarios with low values of the
DIC statistic should be preferred. Given a set of compet-
ing scenarios, the probability of each one is proportional
to exp(−D/2).

Table 3 shows the relative probabilities of our sce-
narios, with respect to the most probable one in S230D
and the MS. The base scenario with no metallicity ef-
fects, has a probability six orders of magnitude lower than
the best scenario, strengthening our previous result on the
existence of metallicity effects. In both simulations, the
best DE scenario is preferred over the best LE scenario.
The former is sixteen times more probable than the latter
in S230D, and six times in the MS. We conclude from
our statistical analysis that the model with a metallicity-
dependent LF is not able to provide a significantly better
fit to the data that justifies its increased complexity. The
DE model should then be preferred. This is another ro-
bust result of our analysis, which is held by both S230D (a
hydrodynamical simulation) and the MS (an N-body simu-
lation plus a semianalytical model). We note that for DE
scenarios in the MS, the best-fit Zth value obtained from
the DIC (0.3Z�) differs from that of our previous MCMC
analysis (0.6Z�). This is due to the different statistics used
by both methods, and to the fact that these two models
provide fits of similar quality to the data (their probabili-
ties are indeed of the same order of magnitude). This fact
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Table 3: DIC model probabilities, relative to the most probable
model of each simulation. The results for the base, DE, and LE
scenarios, are tabulated for S230D and the MS.

Scenario Zth DIC relative probability
S230D MS

Base — 5.9× 10−6 0.019
DE 0.6 Z� 0.047 0.3
DE 0.3 Z� 1.0 1.0
DE 0.1 Z� 0.066 0.055
LE 0.6 Z� 0.0028 0.16
LE 0.3 Z� 0.06 0.13
LE 0.1 Z� 0.011 0.06

does not change our conclusions.
A more sophisticated model to consider could be one

where metallicity affects the luminosity and formation of
LGRBs simultaneously. However, our results cautions us
from using a more complicated model with the methodol-
ogy employed in this work. Rate evolution alone appears
enough to explain observations, luminosity evolution does
not provide a significantly better description of the data
and both effects would be hard to disentangle if included si-
multaneously, which means that extra care should be taken
if free parameters are included in the model that would re-
sult in degenerate results. Similar considerations are valid
if metallicity effects are included on other physical aspects
of LGRBs, for example on the jet opening angles.

Another aspect to consider can be a non universal IMF
that depends on local environmental factors, such as metal-
licity. If the IMF changes with local properties, producing
more massive stars and thus more potential LGRB pro-
genitors under certain conditions, this can in turn affect
the redshift distribution of LGRBs and the properties of
their host galaxies. However, a more thorough analysis of
the IMF is beyond the scope of this work, since the under-
laying simulations were computing using a fixed IMF.

4. Conclusions

We have explored the problem of the metallicity de-
pendence of LGRB populations, using cosmological hy-
drodinamical simulations of galaxy formation and evolu-
tion. We developed different models for LGRB produc-
tion within these simulations, and tested their predictions
against observations of LGRB redshifts, prompt γ-ray emis-
sion properties (peak flux and spectral peak energy, mea-
sured by Swift and Fermi observatories), and HGs. The
main contribution of our work is twofold: the joint anal-
ysis of the LGRBs to hydrodynamical simulations and a
semi-analytic model, to assess the robustness of metallic-
ity effects, and the combination of the latest γ-ray data
with redshift measures and HG properties to contrast our
models.

We found that peak flux and spectral peak energy dis-
tributions do not provide by themselves any useful in-
formation on the metallicity dependence of LGRBs, but

serve instead as constraints for their LF and the intrinsic
spectral properties. The most stringent constraint on pos-
sible metallicity effects comes from the redshift distribu-
tion and the HG MZR relation, from which we discard the
hypothesis that there is no metallicity effect. This result
is statically robust, coming out from our hydrodynamical
simulation, and a semi-analytic model of the MS, which
use different physical models and were run with different
numerical approaches. The result does not depend on the
nature assumed for the metallicity effects (i.e., changes in
the LGRB rate density or in its LF). It also agrees with
previous results that use analytical prescriptions for the
SFR and the evolution of the metallicity of newborn stars
(Daigne et al., 2006; Salvaterra & Chincarini, 2007; Wan-
derman & Piran, 2010; Campisi et al., 2010; Salvaterra
et al., 2012). Therefore, our findings strongly suggest that
LGRBs are biased tracers of the cosmic star formation rate
in agreement with previous claims.

Assuming a sharp metallicity threshold, our results
yields a critical value in the range Z = [0.3−0.6]Z�. How-
ever, a more precise constraint is not possible to be drawn
because of the large errors in the redshift distribution ob-
served by Swift, and of the MZR of HGs, and lack of a
more precise knowledge of the cosmic chemical evolution,
and hence of the distribution of the metallicity of the new-
born stars as a function of redshift, among others.

Obtaining more and better observations, and assessing
their biases, is a crucial step to solve this problem and
to better constrain the evolution of the bias in the deter-
mination of the cosmic star formation rate . A redshift
distribution obtained with Fermi would be also relevant,
because its different energy band provide a different win-
dow at the redshift- luminosity-spectrum space. Although
some redshift measurements are indeed available for Fermi
LGRBs, there is not robust analysis of the completeness
or possible biases of this sample.

Regarding the cosmic chemical evolution, more pre-
cise determination of chemical abundances as a function of
redshift would be very important to constrain galaxy for-
mation models and the LGRB proposed scenarios. More
sophisticated numerical simulations are definitely needed
to improve the modelisation of the star formation activity
and the enrichment of the interstellar medium at differ-
ent stages of evolution. However, it it is relevant to note
that our findings are also in agreement with results by
Bignone et al. (2017) who studied the properties of sim-
ulated LGRB hosts in the context of the Illustris simula-
tion applying the same LGRB progenitor scenario. And
despite the differences between the hydrodinamical simu-
lations used in both works, a consistent metallicity depen-
dence is found.

Finally, our models suggest that chemical effects affect
most probably the LGRB rate density, instead of their LF.
This result is statistically robust, based on the DIC, and
implies a step forward with respect to previous works Wan-
derman & Piran (2010); Salvaterra et al. (2012); Bignone
et al. (2017) Moreover, a clear physical justification exists
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for a dependence of the LGRB rate. The lower opacity of
low-metallicity stars facilitates a reduced mass loss prior to
collapse, and results in the retention of the large amount
of angular momentum required to produce LGRBs (Yoon
et al., 2006; Woosley & Heger, 2006). No such clear justi-
fication exists for a scenario with a metallicity-dependent
LF, except for a possible increase in the masses (and hence
the Eddington luminosities) of stellar black holes at low
metallicities (Crowther et al., 2010).
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