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ABSTRACT

We study the prompt phase of low-luminosity Gamma-Ray Bursts (ll-GRBs) as potential source of very-high-energy (VHE)
gamma rays and Ultra-High-Energy Cosmic Rays (UHECRs). Within the internal shock model we choose parameters for the
relativistic outflow such that our representative events have observed properties similar to GRBs 980425, 100316D and 120714B
and self-consistently calculate the full spectral and temporal properties in a leptonic synchrotron self-Compton scenario. To
investigate the conditions under which inverse Compton radiation may lead to a peak in the GeV–TeV range, we vary the fraction
of internal energy supplying the magnetic field. Further, we determine the maximal energies achievable for UHECR nuclei and
derive constraints on the baryonic loading/typical duration by comparing to the extragalactic gamma-ray background. We find
that ll-GRBs are potential targets for multiwavelength studies and in reach for Imaging Atmospheric Cherenkov Telescopes
(IACTs) and optical/UV instruments. For comparable sub-MeV emission and similar dynamical evolution of the outflow, weak
(strong) magnetic fields induce high (low) fluxes in the VHE regime and low (high) fluxes in the optical. VHE emission may be
suppressed by 𝛾𝛾-absorption close to the engine or interactions with the extragalactic background light for redshifts 𝑧 > 0.1. For
UHECRs, the maximal energies of iron nuclei (protons) can be as high as ' 1011 GeV (1010 GeV) if the magnetic energy density
is large (and the VHE component is correspondingly weak). These high energies are possible by decoupling the production
regions of UHECR and gamma-rays in our multizone model. Finally, we find basic consistency with the energy budget needed
to accommodate the UHECR origin from ll-GRBs.

Key words: gamma-ray burst: general – gamma-rays: general – cosmic rays – methods: numerical

1 INTRODUCTION

During the past two decades the interest in low-luminosity gamma-
ray bursts (ll-GRBs) has been rising due to the new observations
indicating that these events constitute a sub-population having signif-
icantly different characteristics with respect to commonly observed
long gamma-ray bursts. In addition, their high local rate (Liang et al.
2007) makes them the key targets for the multimessenger astronomy
(e.g. Murase et al. 2006; Boncioli et al. 2019; Liu et al. 2012; Siellez
& LIGO Team 2018).

Long GRBs, most probably associated with core-collapse super-
novae, typically last 10s of seconds, and are characterized by high
isotropic equivalent luminosities, 1050 ∼ 1052erg s−1 (for a recent
review see e.g. Kumar & Zhang 2014). ll-GRBs exhibit substan-
tially lower luminosities 𝐿iso . 1049erg s−1, and in some cases
substantially longer durations, of up to several 103 seconds Liang
et al. (2007); Virgili et al. (2009); Sun et al. (2015). Addition-
ally, these events are characterized by relatively low Lorentz factors

★ E-mail: annika.rudolph@desy.de
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during the prompt phase (Γ . 50) and lower peak energies (Ep .
100 keV) (Ghirlanda et al. (2018); Cano et al. (2017b)).

Due to their low luminosity, ll-GRBs are mostly detected at low
redshifts, 𝑧 . 0.1. Only a small number of ll-GRBs have been ob-
served to date, due to the limited sensitivity of currently running
X-ray instruments to low-Ep events (Liang et al. (2007); Sun et al.
(2015)). Observations by instruments with the ability to detect very
faint GRBs (Foley et al. (2008); Virgili et al. (2009)) showed that the
population of ll-GRBs is distinct from high-luminosity events, and
dominates the local GRB population. It is estimated that the local
rate of occurrence of these events is 𝜌0 ∼ 200 Gpc−3yr−1, roughly
two orders of magnitude higher than that of high-luminosity GRBs
(GRB-HL).

Several interpretations of ll-GRBs have been proposed. One possi-
bility is that they could be accommodated within the same framework
as commonly observed long GRBs (having high luminosities), if they
were observed off-axis (Pescalli et al. 2015; Aloy et al. 2018). This
however implies the existence of a very bright afterglow, which is
inconsistent with observations (Daigne & Mochkovitch (2007)). Ad-
ditionally, an off-axis interpretation is not straightforward in various
particular cases, given e.g. the chromatic afterglow characteristics
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2 A. Rudolph et al

(Mandal & Eichler (2010)). It has been alternatively proposed that
some ll-GRBs are indeed intrinsically less energetic than commonly
observed GRBs (Amati et al. (2007)). In this case, various scenarios
may be invoked to explain the observed emission: one possibility is
that of relativistic shock breakouts (Waxman et al. (2007); Nakar &
Sari (2012); Bromberg et al. (2011); Nakar (2015)). In such cases, jets
are choked; they do not penetrate the environment of their progeni-
tors entirely, and instead dissipate their energy into the surrounding
medium. Nakar (2015) proposed a unified view, where the differ-
ences between common and the low-luminosity events arise from the
existence of an extended low-mass envelope in the case of ll-GRBs,
in which the jet deposits all of its energy. The observed thermal X-ray
emission accompanying the prompt non-thermal emission in several
cases can then be interpreted as the breakout of a supernova shock
from the effective photosphere of the progenitor star, e.g. Waxman
et al. (2007); Sparre & Starling (2012).

Alternatively, collimated emission has also been observed in some
ll-GRBs, indicating event topologies similar to those of HL-GRBs,
albeit having mildly-relativistic jets (Daigne & Mochkovitch (2007);
Ghisellini et al. (2007); Zhang et al. (2012); Irwin & Chevalier
(2016)). An interesting example is that of GRB 190829A, which
was observed at late times during the afterglow phase by H.E.S.S.
at very-high (> 100 GeV) energies. For this event, a combination
of a shock breakout and a collimated emission episode have been
proposed for the prompt phase (Chand et al. (2020)). Collimated
emission for the prompt phase has also been explored in Fraĳa et al.
(2021); Zhang et al. (2021). This indicates that both the jetted and
the breakout physical pictures may be realized in nature, depending
on the properties of a particular progenitor.

In this work we explore the possibility that the emission in low-
luminosity events can be attributed to intrinsically weak GRB jets
seen on-axis. The feasibility of a similar scenario has been discussed
for GRB 980425 in Daigne & Mochkovitch (2007) and for GRB
060218 in Irwin & Chevalier (2016), where the prompt X-rays are
attributed to a long-lived jet. Unlike these studies, which do not per-
form time-dependent multiwavelength modelling, we make specific
predictions of light curves and spectra.

We model three examples for ll-GRBs with characteristic light
curves and emission time-scales, and describe them within the in-
ternal shock framework (Daigne & Mochkovitch (1998); Rees &
Meszaros (1994); Kobayashi et al. (1997)), a multizone model which
accounts for different emission sites along the jet. By varying the
fraction of energy supplying the magnetic field (thus effectively im-
posing different magnetic field strengths) and accounting for the
corresponding impact on the shape of the predicted spectrum, we
study the efficiency of the inverse Compton scatterings at GeV–TeV
energies. Our predictions indicate that ll-GRBs are potential targets
for the Cherenkov Telescope Array (CTA). We also model the time-
dependent evolution of the light curves in different energy bands.
We pay special attention to the fluxes in the optical and high-energy
regime, which complement the X-ray signatures more commonly
observed.

ll-GRBs have also been discussed as a possible population which
may power the Ultra-High Energy Cosmic Ray (UHECR) and neu-
trino fluxes (Murase et al. (2006, 2008); Liu et al. (2011); Murase &
Ioka (2013); Fraĳa (2014); Senno et al. (2016); Zhang et al. (2018);
Boncioli et al. (2019)). However, Samuelsson et al. (2019); Samuels-
son et al. (2020) have argued that cosmic-ray nuclei might not be
able to reach utra-high energies required for UHECR fits. These
findings were based on the comparison of predicted synchrotron to
the observed optical and X-ray flux of a specific GRB. For the theo-
retical predictions, equipartition parameters (as the fraction of energy

transferred to non-thermal electrons) usually found in the literature
at face value and an energy budget high enough to power the UHECR
flux were assumed (Samuelsson et al. (2020)). Additionally, in this
(simplified) one-zone model it is assumed that all messengers come
from the same region. Investigating the limitations of this approach,
we use the multizone results of our radiation modelling to calculate
the maximally achievable energies for UHECR nuclei, as well as
the implications from the contribution to the Extragalactic diffuse
Gamma-ray Background (EGB), such as constraints on the duration
versus baryonic loading.

The paper is organized as follows: In Section 2, we introduce our
reference events that we select from the list of observed ll-GRBs with
confirmed supernova association. Section 3 describes our modelling
scheme, and the internal shock model for prompt GRB emission. In
Section 3.4 we summarize our (input) assumptions for the modelling
used to reproduce the reference events, in Section 4 we derive ana-
lytical estimates on the expected luminosity of a high-energy com-
ponent. The results of our simulations are introduced in Section 5,
while we derive the maximal energies attainable for UHECR nuclei
in Section 6. The concluding summary can be found in Section 7.

2 REFERENCE GRBS

The classification of a specific event as a ll-GRB is not always
straightforward, primarily due to the difficulty in performing effective
followup observations. We list the entire sample of events that, to our
knowledge, have been confidently identified as ll-GRBs in Table 1.
The sample is restricted to those bursts which have strongly been as-
sociated with a known supernova, which supports their interpretation
as core-collapse events. We select three events as benchmark scenar-
ios for study, GRB 980425; GRB 100316D; and GRB 120714B.
These cases reflect different properties of the known sample of ll-
GRBs, such as duration, luminosity, and redshift. The properties of
these three events are additionally summarized in Table 2. Our in-
tent is not to reproduce the light curves and spectra of these specific
bursts exactly; rather, we use them as characteristic examples of the
observed properties of ll-GRBs. The following paragraphs summa-
rize the observations of the selected GRBs. Note that the papers that
we will cite in the following do not report the same level of accuracy
e.g., for the fitted spectral parameters.

For our first prototype, single-peaked GRB (sp-GRB) we use the
observed properties (spectral peak energy, luminosity, redshift, du-
ration, and light curve) of GRB 980425, which has been studied
within the internal shock scenario in past studies (see for exam-
ple Daigne & Mochkovitch (2007) who propose its origin to be a
mildly-relativistic low-energy jet instead of a normal GRB being
observed off-axis). Given its relatively high peak energy and low
isotropic energy, it is an outlier to known GRB correlations (Am-
ati (2006)). Its smooth single-peaked light curve makes it a good
prototype for studying single light-curve peaks. The time-integrated
spectrum has a peak energy of 122 ± 17 keV Kaneko et al. (2006).
The spectral index below the peak is found to be 𝛼 = −0.78 ± 0.27
(Frontera et al. (2000)) with a peak energy of 𝐸peak = 68 ± 40 keV
for GRBM (onboard BeppoSAX) observation during the maximum
of the pulse, if the spectrum is fit by a Band-function (Band et al.
(1993)). For an exponential cutoff power-law fit it is determined as
𝛼 ≈ −1.16± 0.09 with 𝐸peak = 133± 8 keV, during the maximum of
the pulse as observed by BATSE LAD oboard the Compton Gamma-
Ray Observatory (CGRO, Kaneko et al. (2006)). We additionally
summarize the fluences for the various instruments: BeppoSAX re-
ports a fluence of (2.8 ± 0.5) · 10−6erg/cm2 in the 40-700 keV band
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ll-GRBs as VHE gamma-ray and UHECR sources 3

GRB 𝐸𝛾,iso [erg] 𝐿𝛾,iso [erg/s] 𝐸peak [keV] 𝑇90 [s] 𝑧 SN Prototype

980425 1.6 · 1048 4.6 · 1046 122 34.9 0.0085 1998bw sp-GRB
031203 1.2 · 1049 3.6 · 1047 291 37 0.105 2003lw
060218 4.3 · 1049 2.1 · 1046 4.7 2100 0.0335 2006aj

100316D 3.9 · 1049 3.2 · 1046 30 1300 0.0591 2010bh ul-GRB
120121B 1.4 · 1048 7.7 · 1046 92 18.4 0.017 2012ba
120422A 4.5 · 1049 1.1 · 1049 53 5.4 0.283 2012bz
120714B 5.9 · 1050 5.2 · 1048 101 159 0.3984 2012eb hl-GRB
130702A 6.6 · 1050 1.3 · 1049 15 59 0.145 2013dx
161219B 8.5 · 1049 1.4 · 1049 106 7 0.1475 2016jca
171205A 2.2 · 1049 1.2 · 1047 125 190 0.0368 2017iuk
190829A 1.9 · 1050 1.7 · 1049 11 11 0.0785 2019oyw
201015A 1.1 · 1050 1.6 · 4950 10 10 0.426 AT2020wyy

Table 1. List of ll-GRBs with associated supernovae. 𝐸𝛾,iso is the isotropic equivalent emitted energy, 𝑇90 the observed duration, 𝑧 the redshift, 𝐸peak denotes
the observed peak energy and we derive 𝐿𝛾,iso ≡ 𝐸𝛾,iso (1 + 𝑧)/𝑇90. The GRBs which will serve as references for our models are marked bold, and the prototype
names are listed in the last column. References: 980425 (Ghisellini et al. 2006; Kaneko et al. 2006); 031203 (Ghisellini et al. 2006; Kaneko et al. 2006);
060218 (Campana et al. 2006; Kaneko et al. 2006); 100316D (Starling et al. 2011; Cano et al. 2017b); 120121B (Kovacevic et al. 2014); 120422A (Schulze
et al. 2014); 120714B (Klose et al. 2019); 130702A (Volnova et al. 2017; Singer et al. 2013); 161219B (Cano et al. 2017a); 171205A (D’Elia et al. 2018);
190829A (Chand et al. 2020; Abdalla et al. 2021); 201015A (Suda et al. 2021).

and (1.8 ± 0.3) · 10−6 erg/cm2 in the 2-26 keV range (Pian et al.
(2000)). Kaneko et al. (2006) performed an analysis of the BATSE
LAD observations and fluences of 1.99 · 10−6 erg/cm2 in the X-ray
regime (2-30 keV) and a fluence of 3.40 · 10−6 erg/cm2 in the 𝛾-ray
regime (30-400 keV).

Our second prototype, ultra-long GRB (ul-GRB) will have ob-
served properties similar to GRB 100316D, an ultra-long ll-GRB.
In contrast to the well-studied ultra-long GRB 060218 (where the
black-body component compromises 13 per cent of the prompt spec-
trum) it has a sub-dominant black-body component contributing only
3 per cent to the the X-Ray flux (0.3 - 10 keV) (Starling et al. 2011).
This makes it a suitable candidate for the internal shock model. Also,
while GRB 060218 has a very low peak energy of only ≈ 5 keV,
the peak energy of GRB 100316D is ≈ 30 keV. The light curve
comprises multiple peaks with maximal photon fluxes decreasing
with time. The spectral index below the peak (for a cutoff power-
law fit) is found to be 𝛼 ≈ −1.4 (Starling et al. (2011)), which is
comparable to the one for GRB 060218 (Kaneko et al. (2006) find
𝛼 = −1.44 ± 0.006). The reported fluence in the Swift BAT range
(15-350 keV) is (5.1 ± 0.39) · 10−6erg/cm2 (Starling et al. (2011)).
The UltraViolet Optical Telescope (UVOT) onboard the Swift satel-
lite reported non-detection in the 𝑢-band for three different time-
intervals (of exposure times 35 s, 194 s and 36 s with mid-times
324 s, 440 s and 634 s after the BAT trigger) Starling et al. (2011). In
Fan et al. (2011), these are translated into time-averaged limits be-
tween 1.9 · 10−13 erg/cm2 and 6.3 · 10−13 erg/cm2, where absorption
in our own and the host galaxy are accounted for.

Finally, for our third prototype high-luminosity GRB (hl-GRB)
we use the observed properties of GRB 120714B. This GRB has a
higher luminosity when comparing it to GRBs 980425 and 100316D,
making it a very plausible candidate for an engine-driven scenario
(Zhang et al. (2012)). The BAT analysis (Cummings et al. (2012))
reports a relatively high peak energy of 101 keV and a best fit with
a power-law of index 𝛼 = −1.52 ± 0.17. The light curve is simple,
single-peaked with 𝑇90=159 s. Being the most distant ll-GRB in our
table (𝑧 = 0.3964), we expect a larger impact of absorption by the
Extragalactic Background Light (EBL) on the observed very-high-
energy (VHE) spectrum. This burst was observed by Swift BAT, who

report a fluence of (1.2±0.1) · 10−6erg/cm2 in the 15-150 keV band
Cummings et al. (2012).

3 MULTIWAVELENGTH TIME-DEPENDENT RADIATION
MODEL

In this section we describe the modelling process, which is divided
in several steps illustrated in Fig. 1: We model the evolution of the
jet following the internal shock scenario (Daigne & Mochkovitch
(1998); Kobayashi et al. (1997)). In a similar way as in Daigne &
Mochkovitch (2007), we adopted the scenario in which the outflows
of LL GRBs are mildly relativistic (having lower bulk Lorentz fac-
tors) and have lower wind luminosities. The simulation of the shock
dynamics is used to derive the energy dissipated at a certain time and
distance from the source, as well as the bulk Lorentz factor of the
region. We describe the physical conditions in the shocked medium
by three microphysics parameters: the fraction of energy received
by non-thermal electrons (𝜖e) and the magnetic field (𝜖B), and the
fraction of accelerated electrons (𝜁). With these assumptions we cal-
culate the corresponding spectra in the comoving frame, and convert
them into observed quantities. These different steps are described in
Sections 3.1–3.3.

In Section 3.4 we list the input parameters for the benchmarks
introduced in Section 2.

3.1 Internal shock model

Here we limit ourselves to a short description of the most relevant
formulas while referring to Daigne & Mochkovitch (1998); Bosnjak
et al. (2009) for a more detailed view.

A relativistic outflow of a given mass density and velocity profile
is approximated by a series of discrete layers with Lorentz factors Γ𝑖
and masses 𝑚𝑖 , separated by a (constant) ejection time Δ𝑡ej, corre-
sponding to our discretization width. From here on we will assume
an initially constant wind luminosity of the outflow, given by 𝐿wind.
This simplified model was validated by the hydrodynamical calcu-
lation in Daigne & Mochkovitch (2000); Rudolph et al. (2020). As
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4 A. Rudolph et al

Figure 1. Flowchart of the full modelling process. Grey boxes represent physical quantities (input/output), purple ones modelling steps, which are described
in Sections 3.1-3.3. The outflow properties and physical conditions [A], which are wind luminosity, Γ and mass distribution, number of plasma layers, engine
activity time and microphysics parameters �B, �e are input for the fireball modelling. This in turn yields a distribution of collisions of plasma layers [B] which
describes the energy dissipated at a certain time and distance from the source and the corresponding bulk Lorentz factor of the region. Those properties, as well
as assumptions on the injected particle spectra [C] are used for the radiation modelling. This returns the in-source photon densities [D]. With a given redshift
[E] and assumptions on EBL absorption we can calculate the observed spectra and light curves [F].

a fast part of the outflow catches up with a slower one, energy is re-
leased in collisions between the layers. The collision between a fast
(subscript � ) and a slow (subscript �) layer creates a new, merged
shell of mass �� = � � + �� of Lorentz factor

Γm �

√
�fΓf + �sΓs
�f/Γf + �s/Γs

, (1)

which continues propagating in the outflow and may undergo subse-
quent collisions.

We assume that during the collision process most of the energy is
released as the lighter of the two shells sweeps up a mass comparable
to its own; in this case of equal masses of the colliding shells Eq. (1)
simplifies to

Γr =
√
ΓfΓs . (2)

From energy conservation, the internal energy released during the
collision can be calculated as

�diss = ��2 (Γf + Γs − 2Γr) , (3)

where� is the smaller of the two masses (� = min (�f , �s)). Within
this model, Γr is the Lorentz factor of the radiation-emitting plasma.

If we define the contrast of Lorentz factors as � = Γf/Γs, we may
calculate the comoving mass density �′ and dissipated energy per
unit mass � ′diss during the collision as

�′ � �wind
4��2

collΓ
2
� �

3
(4)

� ′diss �
(√

� − 1
)2

2
√
�

�2 , (5)

where �coll is the distance from the source at which the two shells
collide. Primed quantities refer to the comoving frame of the plasma.
During the dynamical evolution of the outflow, the distribution of
collisions results in a distribution of �′, � ′diss and Γr as a function of
radius �coll which is fully determined by the initial Lorentz factor
distribution and the wind luminosity.

We identify the expansion time (due to adiabatic cooling) as dy-
namical time-scale of the system for each collision:

� ′ex =
�coll
�Γr

. (6)

Finally, the collision in a GRB of redshift � and ocurring at a time �

(in the source frame) starts to be observed at

�obs = (1 + �) (� − �coll
c

) (7)

3.1.1 Particle acceleration in the shocked medium

In each layer, non-thermal electrons receive the energy �� = �e�diss,
whereas the magnetic field is supplied by a fraction �B of the internal
energy. For the radiation modelling we assume that no baryons are
accelerated.

As a pre-set assumption we impose �e = 1/3 in all collisions and
GRBs (as suggested for relativistic shocks).

The relativistic electrons are assumed to follow a power-law of
index −� between a minimum and maximum Lorentz factor (�e,min,
�e,max):

(��) � (� − 1)
acc

e
�e,min

(
��

�e,min

)−�
, (8)

where �� is the electron Lorentz factor. In the following, we as-
sume only a fraction of the electrons in the outflow to be accel-
erated to relativistic velocities and calculate the number of accel-
erated electrons as acc

e = �
�′

��
. As in Bošnjak & Daigne (2014),

we set the fraction of accelerated electrons � to be proportional
to the dissipated energy per unit mass � ′diss (via the parameter �0,

� = �0 · � ′diss
100MeV/proton � �0

� ′diss
9.58·1019�2 ).

Under this assumption, the minimum Lorentz factor of electrons
remains constant throughout the evolution and is given by:

�e,min =
� − 2
� − 1

�e
�

��

��

� ′diss
�2 ∝ � − 2

� − 1
�e
�0

��

��
. (9)

This formula demonstrates that the electron spectrum can equiva-
lently described by either �e,min or �0; we use the latter in this work.

The maximum Lorentz factor is determined balancing radiative
losses and acceleration. For this we assume the acceleration time-
scale to be defined as

� ′acc =
1
�

� ′

�
′	
, (10)

(where � ′ is the energy of the particle in the shell frame and 
′ the
comoving magnetic field strength) as suggested by diffusive shock
acceleration and set � = 1 for electrons.
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ll-GRBs as VHE gamma-ray and UHECR sources 5

Synchrotron peak energy and microphysics parameters

The observed synchrotron peak in a single layer is (in the fast-cooling
approximation) given by

𝐸peak ' 17 eV
(
Γ𝑟

10

) (
𝐵′

100 G

) ( 𝛾e,min
1000

)2
. (11)

Given that the magnetic field in the comoving frame can be calculated
as 𝐵′ =

√︃
8𝜋𝜖B𝜌′𝜖 ′diss, it is straightforward to see that the observed

peak depends on both 𝜁0 and 𝜖B (under condition that it is not affected
by inverse Compton scatterings).

For the reproduction of a given GRB we choose those microphysics
parameters such that the synchrotron peak at the maximum of the
pulse (the region where most of the energy is dissipated) matches the
observed one. For a fixed dynamical jet evolution (setting 𝜌′, 𝜖 ′diss,
Γ𝑟 , etc.) this creates a relation between 𝜁0 and 𝜖B, leaving only one
of them as a free parameter.

3.2 Radiation Modeling

With these assumptions on the accelerated electrons, we calculate the
spectrum produced in each layer as a result of the collision occurring
between layers of different velocities. These layers correspond to our
radiation zone. The overall final spectrum and light curve are given
by the superposition of all spectra produced in individual layers,
taking into account the time at which collisions occur. Note that the
layers are determined by our discretization scheme, and the result
does not depend on that as long as enough layers are used and the
properties between adjacent layers change slowly enough (compared
to the expansion time-scale).

The evolution of the particle spectra and photon fields in each
layer are modeled with the time-dependent radiative Code AM3 (Gao
et al. (2017)) which includes synchrotron radiation, synchrotron self-
absorption, inverse Compton scattering in both Thomson and Klein-
Nishina regimes, and 𝛾𝛾-absorption. The (low-energy) thermal com-
ponent is not modeled or taken into account in the current work.
As detailed above, the thermal emission (if observed) represents
only a small fraction of the energy budget; also its signature might
be in any way distinguished from the jetted emission. While some
studies (Bosnjak et al. (2009); Bošnjak & Daigne (2014); Globus
et al. (2015)) neglect the effect of secondary lepton pairs created by
𝛾𝛾-absorption, they are explicitly included in our approach. Being
treated the same way as primary leptons, those pairs contribute by
synchrotron and inverse Compton radiation (see Appendix C for a
detailed discussion). In addition to the effects described above we
account for adiabatic cooling due to the expansion of the shell with
the cooling time given by 𝑡 ′ex. We note that adiabatic cooling is ex-
pected to impact the electron spectra mostly in the low-energy ranges
(where the contribution to the observed photon spectra is small), rep-
resenting the longest cooling time-scale of electrons (see Fig. 14).

The initial distribution at 𝑡 ′ = 0 of accelerated electrons in the
comoving volume is in our model given by Eq. (8) and no further
injection of electrons beyond this point is assumed. This means that
we do not make any assumptions on how or on what time-scale the
radiation zone is filled with electrons, which depends on the details
of the acceleration process.

We follow the particle spectra and radiative processes over the
dynamical time-scale 𝑡 ′ex and take the spectrum at 𝑡 ′ = 𝑡 ′ex as final,
emitted spectrum. Since this represents the slowest cooling time-
scale of electrons, at 𝑡 ′ = 𝑡 ′ex all electrons are expected to have
cooled. As an result, they will not contribute anymore to the photon
spectrum. This approach also (roughly) corresponds to the assump-

tion of photons escaping over the dynamical/expansion time-scale.
However, this treatment is only approximate - with a full treatment
of the escape in the radiative calculations (incorporating an escape
term of 𝑡 ′escape = 𝑡 ′ex in the partial differential equations and integrat-
ing over the escaped spectra), the temporal evolution of the spectra
within single layers would also leave an imprint on the observed
spectra.

3.3 Conversion to observed spectra and light curves

Given an total energy density of photons (𝑢′
𝜈′ = 𝜈′𝑑𝑁

𝑑𝜈′𝑑𝑉 ′ , where
𝑉 ′ = 4𝜋𝑅2Δ𝑡ej𝑐Γ𝑟 is the comoving volume of the emitting layer
and 𝜈′ = 𝜈′ · Γ𝑟 /(1 + 𝑧) is the comoving photon energy), one may
compute the differential observed fluence for a single collision as

𝜈𝐹𝜈 = 𝑢′𝜈′𝑉
′ Γ𝑟 𝜈

′

4𝜋(1 + 𝑧)𝐷2 , (12)

with the comoving distance 𝐷.
For the calculation of time-dependent quantities such as the light

curves and the time evolution of spectra, we follow Granot et al.
(1999) and take into account the curvature of the emitting surface for
each collision.

Given our focus on the (expected) high-energy component, we
explicitly incorporate absorption due to interactions with the EBL
in our simulations which are expected to impact the spectra in the
TeV-range for redshifts 𝑧 > 0.1 Abdalla et al. (2017). EBL absorption
is calculated using the open-source gammapy package (Deil et al.
(2018); Nigro et al. (2019)), using the model of Dominguez et al.
(2011).

3.4 Parameter space for reference GRBs

We summarize our assumptions on the initial jet configuration (ejec-
tion time and luminosity, Lorentz factor profile) in Table 2, the (ini-
tial) Lorentz factor distributions are displayed in Fig. 2. The Lorentz
factor distribution, engine active time and wind luminosity are closely
related to observations such as the light curve and emitted isotropic
energy and thus relatively well constrained. For example, to repro-
duce a multi-peaked light curve (as the one of GRB 100316D/ul-
GRB), also a multi-peaked Lorentz factor distribution is necessary.
In accordance with Lorentz factor measurements of ll-GRBs, we
choose relatively low Lorentz factors of the outflow. Note that due to
their relatively low luminosities, we expect sp-GRB and ul-GRB not
to have Thomson optical depths above unity, despite their low Lorentz
factors. As hl-GRB has a higher luminosity, we impose higher initial
Lorentz factors in this case (see Ghirlanda et al. (2018) for a correla-
tion of GRB Lorentz factors and luminosities). The higher Lorentz
factors for this prototype will also ensure the outflow to be optically
thin, despite the higher luminosity.

We adjust the fraction of accelerated electrons with 𝜁0 such that we
can fit the observed peak of the reference event as a synchrotron peak
(see Section 3.1.1 for a more detailed description) and leave 𝜖B as a
free parameter to study the impact of the magnetic field strength. The
values of 𝜁0 and 𝜁max (the maximum value of 𝜁 during the fireball
evolution) and the maximum magnetic field 𝐵′

max for all models and
our choices of 𝜖B are summarized in Table 3.

To illustrate the dynamical evolution of the outflow, we show 𝜌′,
𝜖 ′diss and Γr as a function of collision radius for sp-GRB in Fig. 3.
The evolution of those parameters depends only on the initial Lorentz
factor distribution of the outflow and the jet luminosity 𝐿wind; for 𝐵′

it is assumed that 𝜖𝐵 = 10−1.
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Table 2. Observed properties for the reference GRBs (isotropic equivalent emitted �-ray Energy ��,iso, duration �90, observed peak energy �peak and redshift
�), as well as input parameters to our model used to reproduce alike events sp-GRB, ul-GRB and hl-GRB (maximum and minimum of the initial Lorentz factor
distribution (Γinitial,max, Γinitial,min), the source luminosity �wind , engine activity time �eng and the number of initial layers �shells).

GRB 980425 GRB 100316D GRB 120714B

O
bs

er
ve

d ��,iso [erg] 1.6 · 1048 3.9 · 1049 5.9 · 1050

�90 [s] 35 1300 159
�peak [keV] 122 30 101

� 0.0085 0.059 0.3984
sp-GRB ul-GRB hl-GRB

In
pu

t
Γinitial,max, Γinitial,min 40, 10 40, 10 80, 20

�wind [erg/s] 2.5 · 1048 5.8 · 1048 3 · 1050

�shells 1000 1000 1000
�eng [s] 40 1000 130

sp-GRB ul-GRB hl-GRB

Figure 2. Initial jet Lorentz factor distributions for the three models.

Table 3. Microphysics parameters and maximum values retrieved from the fireball evolution: 0, he minimimum electron Lorentz factor �e,min, the fraction of
accelerated electrons at the maximum of the pulse (where most of the energy is dissipated) max and the maximum magnetic field �′

max for different choices of

�B for our models. We define  = min
{
0 ·

� ′diss
100MeV/proton , 1

}

sp-GRB ul-GRB hl-GRB
�B 0/10−4 �e,min/104 max/10−4 �′

max [G] 0/10−4 �e,min/104 max/10−4 �′
max [G] 0/10−4 �e,min/104 max/10−4 �′

max [G]
10−1 7.3 3.0 5.8 820 9.2 2.8 7.6 234 5.7 3.6 6.0 346
10−2 4.1 5.3 3.2 257 5.2 5.0 4.3 74 3.2 6.4 3.4 110
10−3 2.3 9.4 1.8 82 2.9 8.9 2.4 23 1.8 11.3 1.9 35
10−4 1.3 16.8 1.0 26 1.6 15.9 1.4 7 1.0 20.1 1.0 11

Figure 3: Dynamical evolution of the outflow for sp-GRB: �′, � ′diss and
Γr which are fully determined by the initial Lorentz factor distribution
of sp-GRB (left plot of Fig. 2) and the wind luminosity (�wind =
2.5 · 1048 erg/s), and �′ for �� = 10−1.

4 THEORETICAL PREDICTIONS FOR THE
HIGH-ENERGY EMISSION

A significant emission at very high energies from low-luminosity
events would make them interesting targets for Imaging Air
Cherenkov Telescopes (IACTs). So far, the observational strategy of
ground-based gamma-ray experiments has nominally been to follow
up detection by X-ray instruments, which have not been very sensi-
tive to ll-GRBs. The upcoming Cherenkov Telescope Array (CTA)
will improve on the sensitivity of existing IACTs on short time scales
(Fioretti et al. (2021)). Correspondingly, it will significantly improve
the prospects for serendipitous detection of ll-GRBs. As these events
are found at lower redshift, the effect of EBL absorption is less signif-
icant. The prospects of detecting GeV–TeV emission from ll-GRBs
are therefore relatively high, compared to HL-GRBs.

While we describe the general, theoretical predictions on the shape
of the photon spectrum in Appendix A, we here provide estimates
for the expected luminosity attributed to the inverse Compton com-
ponent which will give rise to a HE component by calculating the
Compton Y-parameter for characteristic spectral properties of ll-
GRBs. For simplicity, we consider the scatterings of electrons hav-
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ing Lorentz factors 𝛾e,min interacting with photons around the peak
of the synchrotron emission. We define the dimensionless quantity
𝜂m = 𝛾e,minℎ𝜈peak,obs (1 + 𝑧)/(𝑚𝑒𝑐

2Γ) to measure if the scatterings
occur in Klein-Nishina regime (𝜂𝑚 & 1) or in Thomson regime (
𝜂𝑚 < 1) (𝜈peak,obs denotes the observed peak of the spectrum). The
peak energy of synchrotron emission is dominated by electrons at
the minimum of the distribution 𝛾e,min in the cases we presented,
and we assume that the average value Y(𝛾𝑒) can be approximated as
Ȳ ≈ Y(𝛾e,min) (Nakar et al. (2009)).

(a) Klein-Nishina regime
For the case where electrons with Lorentz factors below 𝛾e,min cool
via inverse Compton process in the Klein-Nishina regime we adopt
the following approximate expression for Y(𝛾e,min) (Duran et al.
(2012)):

Y(𝛾e,min) = 𝑡 ′syn/𝑡 ′IC. (13)

We use the following expressions for synchrotron cooling time and
for the cooling time due to IC scattering in the comoving frame:

𝑡 ′syn =
6𝜋𝑚𝑒𝑐

𝜎𝑇 𝐵′2𝛾e,min
, (14)

𝑡 ′IC,KN ≈ 4𝜋𝑅2Γℎ𝜈peak,obs (1 + 𝑧)/(Δ𝐿𝜎𝑇 /𝜂m). (15)

Here the cross-section for inverse Compton scatterings of photons
around peak energy is smaller than the Thomson cross section by
a factor ≈ 𝜂m (Duran et al. (2012)). Note that the luminosity 𝐿

(which is derived from the observations) in the expression for 𝑡 ′IC,KN
is considered as the luminosity of the synchrotron component only.
Δ is a numerical factor accounting for the scattering angles (Δ ≈ 0.5,
Kumar & Zhang 2014). This leads to the expression:

Y(𝛾e,min)KN ≈ 3
2

[
𝑚𝑒𝑐

2

ℎ𝜈peak,obs (1 + 𝑧)

]2
𝐿Δ

𝑐𝛾2
e,min𝐵

′2𝑅2
. (16)

For the values typical of low-luminosity events (L ≈ 1047 erg s−1,
Epeak,obs ≈ 50 keV and 𝑧 �1), we find

Y(𝛾e,min)KN ≈ 0.03𝐵′−2
2 𝛾−2

e,min,4𝑅
−2
14 . (17)

We used the notation 𝑄 = 10𝑛𝑄𝑛.
(b) Thomson regime

For Compton scatterings occurring in the Thomson regime, we follow
again the simplified procedure as in Duran et al. (2012):

Y(𝛾e,min)TH ≈ 3
2

𝐿

𝑐𝐵′2𝑅2Γ2
' 50𝐵′−2

2 Γ−2
1 𝑅−2

14 . (18)

The ratio of luminosities is given by 𝐿IC/𝐿syn ≈ 𝑌 . Note that 𝛾𝛾-pair
annihilation may produce a high-energy cutoff in the spectrum, sup-
pressing the inverse Compton component, which is not accounted for
in the analytical estimate. When Klein-Nishina effects become im-
portant, the cross section for scattering photons gets smaller than the
Thomson cross-section, and the scattered photon energy is reduced,
which results in Y(𝛾e,min)KN � Y(𝛾e,min)TH.

Motivated by Equations 17 and 18, in the following, for the same
assumptions on the properties of the outflow, we keep the peak energy
of the spectrum approximately constant and study the effect of the
magnetic field on the spectral shape. In our model, the magnetic
field changes throughout the dynamical evolution of the jet and is
not set directly, but through the magnetic energy density via 𝜖𝐵 . For
Thomson scattering in fast cooling regime, we can easily relate Y

to 𝜖𝐵 , Y=(𝜖𝑒/𝜖𝐵)1/2 , and a more general expression for Y can be
found in e.g. Kumar & Panaitescu (2003).

5 RESULTS: SIMULATED SPECTRA AND LIGHT CURVES

In this section we present the results of our simulations: the pre-
dicted observed time integrated spectra, light curves and time re-
solved fluxes/fluences for different energy bands. The parameter sets
used for sp-GRB, ul-GRB and hl-GRB are motivated by the three
real GRBs which guide our simulations. For all GRBs, we explore
the impact of the magnetic field strength by varying 𝜖B.

Our models reproduce various observed features of the reference
GRBs, such as the light curve structure and the spectral shape. The
predictions on the multiwavelength features of the presented models
will be possible to test by future facilities. This includes the fluence
and flux in different energy bands (including optical and very high
energy emission) and a possible delayed onset of the HE component.

5.1 Time integrated spectra

In Fig. 4 we show the time integrated spectra 𝜈𝐹𝜈 for the benchmark
scenarios. The grey bands indicate the energy range of the X-ray
instruments used for the initial detection of the reference events. For
all GRBs we explore realisations for 𝜖B ∈ {10−4, 10−3, 10−2, 10−1}.
The observed sub-MeV peak is generated by synchrotron radiation
and fluxes in the regime of the observing instrument are (by con-
struction) comparable. The exception are the simulations obtained
for 𝜖B = 10−4, where the fluxes around the synchrotron peak are
much lower than for the other choices of 𝜖B and may be in disagree-
ment with the observed fluxes of the reference events. In principle
the fluxes in this case could be enhanced by imposing a higher jet lu-
minosity, however at the cost of a reduced comparability to the other
results due to changed dynamical properties of the outflow. We show
in Appendix B that for 𝜖B = 10−4 for large parts of the dynamical
evolution of the jet, the physical conditions in the shocked plasma
correspond to the slow-cooling regime. As this further aggravates
the efficiency problem of the internal shock model, we suggest that
𝜖B = 10−4 is not a realistic parameter assumption, and will show the
corresponding results in the following only for completeness.

The shape of the spectrum is dominated by three features: At the
lowest energies, synchrotron self-absorption results in a depletion of
the flux and a spectral break. In the intermediate keV-regime, the
observed peak energy is produced by synchrotron radiation. At the
highest energies above ∼ 108 keV, inverse Compton radiation results
in a second spectral peak. The change of magnetic field, determined
by 𝜖B, shows up mainly in two points: low values of 𝜖B lead to higher
fluxes in the regime above ∼ 108 keV and lower fluxes below the
synchrotron peak, especially in the optical regime.

The systematic dependence of the high-energy component on 𝜖B
matches expectations, as the Compton-Y parameter is inversely pro-
portional to 𝐵′ (and thus 𝜖𝐵) in both Klein-Nishina and Thomson
regime (see the approximate formulas Eq. (17) and Eq. (18)). We
quantify this behaviour by calculating the ratio of the luminosity in
inverse Compton to synchrotron component for sp-GRB: numerical
values range between LIC/Lsyn = 0.02 for 𝜖B=10−1 to LIC/Lsyn =
0.08 for 𝜖B=10−4.

The time integration was performed on the duration of energy
dissipation process. Thus, the depletion of the flux below the spectral
peak in the observed spectrum is attributed to two effects: one is the
contribution of the low peak energy spectra generated in the late
shocks, and the other one is the effect of IC scatterings occuring in
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sp-GRB ul-GRB hl-GRB

Figure 4. Time integrated spectra �
� ∝ �2	� /	� for sp-GRB, ul-GRB and hl-GRB for �B ∈ {10−4, 10−3, 10−2, 10−1 }. The grey bands mark the energy
range of the X-ray instruments used to detect the reference events, with the observed peak energy indicated by the vertical line. For hl-GRB we show the spectra
without EBL absorption as dotted curves.
The lower panel shows the spectral index of the photon flux 	� /	� (for a power-law shape), where the dashed lines correspond to the synchrotron predictions
(−2/3, −1.5 and −2.25 ) and the solid line indicates the position of maxima/minima of �
� .

Klein-Nishina regime as shown in Fig. 11 (see also Daigne et al.
2011). As VHE emission might be not be observed due to EBL
absorption, the systematic dependence of the optical flux on �B could
play a significant role in constraining the magnetic field and can
potentially help with the rejection of models and parameter sets (as
recently shown in Samuelsson et al. (2020); Oganesyan et al. (2019)).
This will however require ll-GRBs to be within the sensitivity range
of optical instruments. If we compare the optical flux of ul-GRB to
the most stringent UVOT �-band limits of 1.9 · 10−13 erg/cm2/s for a
duration of 1300 s (see Section 2), we find tension with this limit for
all results except �� = 10−4. For the least stringent UVOT limit both
�� = 10−3 and �� = 10−4 are not ruled out. We point out that the
UVOT limits were obtained for exposure times much shorter than
the burst duration and should be taken cautiously for the scenario of
a temporally variable source (as ul-GRB). Additionally, these upper
limits depend on the level of absorption in the host galaxy, which
is often not well determined. Nevertheless, the results illustrate how
optical measurements could potentially constrain parameters of the
model.

sp-GRB and ul-GRB are not significantly affected by EBL absorp-
tion, due to their low redshifts. This is different for hl-GRB, where
we additionally show the un-absorbed spectra as dotted lines (right
plot of Fig. 4). In this case, emission above ∼ 0.1 TeV is strongly
suppressed. We conclude that events at these redshifts are likely not
to be observed in the HE regime.

The lower panels of Fig. 4 show the spectral index of the photon
flux. The dashed lines show the synchrotron predictions for the fast-
cooling (−2/3) and slow-cooling low-energy slope (−3/2) below the
spectral peak, in addition to the high-energy spectral index (−2.25)
corresponding to � = 2.5. We find that inverse Compton scatterings
in the Klein-Nishina regime affect the low-energy slope �: in that
case values of � up to –1 can be achieved (Daigne et al. 2011); for a
detailed discussion of the theoretical predictions of the photon spec-
tral shape see Appendix A. This systematic effect on � is common
to all benchmark scenarios. As a consequence, � may be used to
draw (more robust) conclusions on the magnetic field strength/ the
equipartition parameter �� in this framework. As the spectral slope

changes as a function of energy, the fit energy range will have a large
impact on the fit result – an effect which should be taken into account
when comparing these predictions to observed data.

5.2 Time-dependent observational signatures

Multiwavelength observations of GRBs are critical, both for their
detection and their subsequent interpretation. In particular, obser-
vation of temporal correlations of the emission in different bands
mitigates the challenge of detecting the short prompt stage of these
events. In order to illustrate the potential for discovery, we present
the predictions for the fluxes and fluences in different energy regimes
-corresponding to existing and upcoming instruments- as a function
of observation time.

As the observed fluences are roughly of the same order of mag-
nitude for the three prototypes (see Section 2), we investigate the
discovery potential in different energy bands by calculating the cor-
responding predicted signals for sp-GRB (Fig. 5).

The top panels indicate optical and UV emission, corresponding
to the energy bands observable by survey telescopes, such as ZTF
(Bellm et al. (2018)) and LSST (Ivezić et al. (2019)) (energy band
e.g., of the ZTF �-band 560 - 730 nm) , or a satellite such as the
planned ULTRASAT mission (220 - 280 nm) (Sagiv et al. (2014)).
The middle panels correspond to energy bands of X-ray and gamma-
ray instruments, such as Swift XRT (0.1 - 10 keV) (Burrows et al.
(2005)), and Fermi GBM(8 keV - 30 MeV) (Meegan et al. (2009)) .
The ranges presented correspond also roughly to the energy ranges of
the upcoming SVOM-mission, which consists of the �-ray monitor
GRM (30 keV to 5000 keV, Dong et al. (2010)), the X-ray to �-ray
telescope ECLAIR (4 keV to 250 keV, Godet et al. (2014)), the soft X-
ray telescope MXT (0.2 keV to 10 keV, Perinati et al. (2012)) and the
optical telescope VT (Wu et al. (2011)). The bottom panels represent
the sensitivity range of ground-based Cherenkov telescopes.

We show predictions for the observable flux and fluence. The real-
istic sensitivity of the different experiments is not trivial to estimate,
as it depends on multiple factors, such as the period of day over which
the event occurs; the pointing of a particular telescope upon receiving
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(a) Energy ranges (b) Flux (c) Fluence

Figure 5. (a) Observed spectrum of sp-GRB, showing different energy regimes; (b) flux and (c) fluence as a function of observation duration, for different choices
of �B (see Fig. 4). In (c) Δ�obs denotes the time which has passed since the start of the observation �0 and the fluence is obtained by integrating the flux between
the �0 and Δ�obs. The energy ranges/ wavelength bands are: Optical (560 - 730 nm, corresponding to the ZTF � -band), UV (220 - 280 nm, corresponding to
ULTRASAT), X-ray (0.1 - 10 keV, corresponding to Swift XRT), �-ray (8 keV - 30 MeV, corresponding to Fermi GBM), HE �-ray (50 - 100 GeV), VHE �-ray
(100 GeV - 10 TeV).

an alert, etc. However, it is possible to relate our predictions to the
nominal capabilities of relevant instruments. While we account for
EBL absorption in the HE regime, the effect of extinction in the host
galaxy and our own Galaxy (which is relevant for the optical and UV
regime) is not taken into account.

Without extinction we predict for sp-GRB a range of flux in the op-
tical band of ∼ 10−9–10−11 erg/cm2/s within 30 s , which roughly
corresponds to an AB magnitude within ∼ 16–21 mag for the �-
band of ZTF. These prompt optical flashes are therefore within
the detection sensitivity of the telescope, which is characterized
by a corresponding 30 s limiting magnitude of ∼ 20.5. Similarly,
our predicted UV fluence without extinction corresponds to AB
magnitudes, ∼ 11–17. Such a signal would be detectable with the
upcoming ULTRASAT, which has an expected limiting magnitude
of ∼ 22 (over 5 minute exposures) in the corresponding band. We
also point out that the ratio of fluences in the optical and UV band
(�optical/�UV) changes for the different magnetic fields and could be
used to discriminate between scenarios: While for �� = 10−1 we find
�optical/�UV = 1.24 it drops to �optical/�UV = 1.04 for �� = 10−3

and �optical/�UV = 0.93 for �� = 10−4.

We predict a fluence of ∼ 10−7–10−6 erg/cm2 over 40 s in the
X-ray regime (Swift XRT; 0.1–10 keV) for the different choices of
�B. For context, Burrows et al. (2005) derive an XRT sensitivity limit
of ∼ 3 · 10−11 erg/cm2/s given an exposure of 10 s, well below the
required detection threshold of an event such as sp-GRB.

Considering the HE and VHE emission, the upcoming CTA has
an expected sensitivity of ∼ 10−8–10−10 erg/cm2/s over ∼ 10 s
intervals (Fioretti et al. (2021)) in the energy ranges we consider.
Our predicted fluence for most choices of �B will therefore be within
the detection capabilities of this observatory. For this particular ex-
ample, resolving the light curve with a ground-based IACT, while

Figure 6: Predicted observed spectra for the same source prototype
(hl-GRB with �B = 10−3) placed at different redshifts. Dotted (solid)
lines reperesent the spectra without (with) EBL absorption. The red
markers represent the minimal fluence nominally detectable by CTA
for an observation duration of 150s.

challenging, might be possible. However, the nature of the emission
at these energies depends strongly on the redshift of the source, given
the potential high impact of EBL absorption.

To illustrate this point, we show the predicted spectra as a function
of energy for hl-GRB in Fig. 6, assuming the same ll-GRB source to
be placed at different redshifts. The Figure shows the observed spectra
for each redshift, with and without accounting for EBL absorption.
The observed duration scales with (1 + �) (see Eq. (7)), where for
� = 0.01 we calculate a duration of ∼ 150 s. The figure also presents
the corresponding differential sensitivity of CTA for 150s intervals. It
is defined here as the minimal fluence of a source, in order for it to be
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detectable with at least 5𝜎 significance within a given energy range.
The sensitivity is derived for the Northern site of the observatory
using the ctools simulation package (Knödlseder et al. (2016)). We
use instrument response functions optimized for short (30 minutes)
observations at zenith angles of 20◦. The position of the putative
source is displaced by 0.5◦ from the centre of the field of view of the
instrument.

As one may infer, for redshifts of 𝑧 = 0.5 and 𝑧 = 1.0, the observ-
able emission above 1 TeV is strongly attenuated. We conclude that
for a HE component to be detected, these events should be within
redshift, 𝑧 < 0.5. Fortunately, the expected rate of occurrence of
ll-GRBs is relatively higher in the local Universe (Liang et al. 2007).

Even more intriguing is the possibility of exploring the time de-
pendence of the photon rates in the HE and VHE bands. We therefore
compare the simulated light curves for sp-GRB, ul-GRB and hl-GRB
in Fig. 7 for different HE and VHE 𝛾-ray bands.

For all models, the general features of the temporal structure
of the reference GRB sub-MeV light curve is very well repro-
duced. A smooth single-peaked temporal profile is predicted for
sp-GRB (GRB 980425) and hl-GRB (GRB 120714B), and a multi-
peaked light curve with decreasing pulse maximum for ul-GRB
(GRB 100316D). While EBL absorption plays no significant role
for sp-GRB and ul-GRB, we again see that it suppresses the photon
fluxes above 1 TeV by at least two orders of magnitude in the case of
hl-GRB. In accordance with Fig. 4 we observe a strong dependence
of the HE flux has on the magnetic field strength, where choices of
low 𝜖B lead to higher fluxes for all models. This difference becomes
especially noticeable above 100 GeV. For all models we notice an
early, weak peak in the HE/VHE regime (see also the flux below 7 s
in Fig. 5). We attribute this to the reverse shock (in contrast to the
forward shock, which produces the main emission in single peaks)
passing through the ejecta, but point out that due to its relatively low
flux this early peak might not be observed.

It is noteworthy that the HE emission shows a delayed onset with
increasing 𝜖B in all scenarios. This is an example of how the different
observed light curves may be used to constrain the physical processes
at play. The early signal in a single-peaked light curve is related to
collisions close to the source. These are subject to strong 𝛾𝛾 - absorp-
tion, which potentially suppress the HE component (Hascoet et al.
(2012); Bustamante et al. (2017)). This suppression could potentially
be slowed by continuous up-scatterings of photons which contribute
to a high energy component. For this, however, relativistic electrons
need to be present in the region. As we don’t consider a steady injec-
tion term but instead follow a cooling electron distribution, this may
be realized if electron cooling time-scales are large. This is the case
for low-𝜖B, where the synchrotron cooling time-scale is long; it is
in fact the dominating cooling time-scale for high-energy electrons
for low-𝜖B (see Appendix E.1.) Another way of preventing an early
suppression of the HE flux due to 𝛾𝛾 absorption may be a continuous
injection of accelerated particles (ensuring the continuous presence
of relativistic electrons in emission region). The latter could be fu-
eled by either a slow enough acceleration process or by the injection
of relativistic electrons from (neighbouring) collisions and plasma
layers. While thus for low magnetic fields an early and strong HE-
peak (> 10 GeV) is predicted, it will become wider and peak later in
time with increasing 𝜖𝐵 . The wide peak might be connected to the
high(er) efficiency in late collisions further away from the source for
high 𝜖𝐵 .

Overall, the signals observable in different energy bands can in-
fluence the observational strategies for future experiments. For in-
stance, while it may be challenging to detect these events at > TeV
energies, the emission between 50 GeV and 1 TeV is within the sensi-

tivity window of CTA. Furthermore, one may consider the different
predictions, related e.g., to different choices of 𝜖B in different en-
ergy bands; these illustrate how observations of the time-structure
of ll-GRBs may be used to constrain their physical modelling. Con-
sidering our three reference models, it is also interesting to note that
our models accommodate a rich phenomenology, which may largely
be attributed to the properties of the engine (e.g., the Lorentz factor
distribution, engine active time and wind luminosity). Time-resolved
observations may therefore serve as a direct probe for properties of
the central engine.

6 IMPLICATIONS FOR THE CONNECTION TO UHECRS
AND NEUTRINOS

ll-GRBs have been recently studied as the sources of the UHECR
nuclei in Zhang et al. (2018), and may even describe the PeV neutrino
flux and UHECRs across the ankle simultaneously (Boncioli et al.
(2019)).

We point out that current IceCube neutrino limits suggest that
standard high-luminosity GRBs cannot be sources of UHECR and
high-energy neutrinos (Abbasi et al. (2012); Aartsen et al. (2015,
2016, 2017)). However, note that an actual fit of UHECRs Biehl
et al. (2018) (in combination with these limits) within a more ex-
tensive parameter space study points towards regions indicative for
ll-GRBs (at lower luminosities) or magnetic reconnection models (at
larger production radii). Furthermore, the limits apply to one zone
collision models (where all properties of the emission regions are
alike), whereas multi-collision models point towards different pro-
duction regions for the different messengers Bustamante et al. (2015).
As a consequence, Heinze et al. (2020) have demonstrated that a fit
to the UHECR spectrum is still viable in multizone internal shock
models with neutrino predictions in reach of upcoming instruments
such as IceCube-Gen2 (Aartsen et al. (2014)), where typical baryonic
loadings (𝜉 = 𝜖CR/𝜖𝑒) between about 50 and 100 have been found.
Choosing instead the bightests GRBs 130427A and 160625B, (Fraĳa
et al. (2017); Gao et al. (2013)) have limited the baryonic loading to
𝜉 . 0.5; it is therefore likely that not all GRBs carry the same bary-
onic loading. Finally note that for exposures substantially longer than
100sec (i.e., for long GRBs), atmospheric neutrino backgrounds can
no longer be neglected (Aartsen et al. (2019a)). Dedicated analyses
for ll-GRBs lasting longer than 100s are therefore required, which
are beyond the scope of the current limits.

Further, doubts about the maximal UHECR energy being reach-
able in models with the photon peak energy produced from syn-
chrotron emission of accelerated electrons have been raized in
Samuelsson et al. (2019); Samuelsson et al. (2020). The model in our
study is such a model, however we applied a multizone model which
includes the dynamical evolution of the outflow as well : In contrast
to one-zone models, which allow for one energy dissipation zone rep-
resentative for the complete burst, we account for different emission
regions along the jet that may be production regions for different par-
ticle species. We therefore demonstrate that high UHECR energies
can be, in principle, obtained in our approach, and we qualitatively
discuss the requirements for the UHECR description in comparison
to Boncioli et al. (2019). Note that the approach in this section is not
strictly consistent in the sense that we do not include the radiation
feedback from the nuclei on the Spectral Energy Distribution (SED);
it can be considered a perturbative/test-particle approach, see second
subsection for a more detailed discussion on its applicability.
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sp-GRB ul-GRB hl-GRB

Figure 7. Light curves for the �-ray and different HE/VHE �-ray regimes for sp-GRB, ul-GRB and hl-GRB. We show the results for different choices of �B
(see top plots for the different color labels). We shift the origin of the x-axis such that the observation starts at ��0 s and for better comparison re-normalize the
fluxes by multiplying with the factors A indicated on each plot. As fluctuations on small time-scales are caused by the finite number of shells in our simulations,
we smooth the light curves by applying a moving average filter. For hl-GRB the results without EBL absorption are shown as dotted curves.

6.1 Maximal energies of UHECR nuclei

In order to estimate the maximal energy of UHECRs, we apply
the radiative NeuCosmA-Code (Biehl et al. (2018)) and follow a
procedure similar to Zhang et al. (2018); Samuelsson et al. (2019);
Boncioli et al. (2019); Samuelsson et al. (2020): We balance the
acceleration rate � ′−1

acc = � �/�′
L (see Eq. (10), with the Larmor

radius �′
L) with the energy losses (photo-hadronic cooling, photo-

disintegration cooling, synchrotron cooling and adiabatic cooling),
assuming efficient acceleration (� = 1); see last paragraph of this
section for a critical discussion of the acceleration efficiency. We
point out that, since �� reactions are negligible in this case, these
maximal energies are independent of energy density of accelerated
baryons as long as the photon fields are not perturbed by hadronic
contributions.

As the acceleration efficiency (and accordingly the maximal
cosmic-ray energy) depends on the magnetic field, we proceed sim-
ilarly to Section 5 and impose different magnetic field strengths (set
by �B). We choose �B = 10−3 and �B = 10−1 as feasible examples
sufficiently distinct to clearly show the impact of �B. For the sake
of simplicity, we limit ourselves to sp-GRB (as an example for a

single-peaked, regularly long ll-GRB) and ul-GRB (as an example
for an ultra-long ll-GRB, recently discussed as UHECR sources).
Note that compared to earlier studies, we a) simulate the different
collisions explicitly (instead of using an effective one zone model)
and b) compute the spectral energy distribution from first principles.
As discussed earlier, deviations from the pure synchrotron assump-
tion are expected from additional radiation processes, such as inverse
Compton scattering.

Our results are shown in Fig. 8 and Fig. 9, where the maximally
achievable UHECR energy is shown for each collision as “dot”.

We find that iron nuclei (protons) may be accelerated to ener-
gies of up to � 1011 GeV (1010 GeV), where acceleration for both
GRBs is significantly stronger in the case of strong magnetic fields
(�B = 10−1). All nuclear species except for protons show a strong de-
pendence of the maximal energy on the collision radius. This can be
understood by comparing the time-scales for different energy losses
which show that nuclei heavier than protons experience strong dis-
integration close to the source (see Appendix E.2). Therefore their
maximal energies are significantly lower at small radii – for protons,
which only experience pion-geneneration losses, the radial depen-
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Figure 8. Left and middle: Maximal UHECR energies in the source frame as a function of collision radius for sp-GRB for �B = 10−1 and �B = 10−3. Each
dot corresponds to one collision, for which the maximal UHECR energy for the indicated isotope is computed. Right: Dissipated energy �diss (Eq. (3)) as a
function of collision radius. Vertical lines mark the radius where the synchrotron peak is predominantly produced and the radii corresponding to the maximum
of �max,Fe for both choices of �B.

Figure 9. Left and middle: Maximal UHECR energies in the source frame as a function of collision radius for ul-GRB for �B = 10−1 and �B = 10−3. Each
dot corresponds to one collision, for which the maximal UHECR energy for the indicated isotope is computed. Right: Dissipated energy �diss (Eq. (3)) as a
function of collision radius. Vertical lines mark the radius where the synchrotron peak is predominantly produced and the radii corresponding to the maximum
of �max,Fe for both choices of �B.

dence is not as strong. Further away from the source, small radiation
densities make adiabatic cooling the dominating energy loss for all
nuclei.

The results are roughly consistent with the mentioned earlier stud-
ies, given that slightly different assumptions and parameters are used.
For example, Samuelsson et al. (2019) conclude that for ll-GRBs the
“highest obtainable energies are < 1019 eV and < 1020 eV for protons
an iron respectively, regardless of the model” and find a maximum
energy of iron of approximately 1021 eV for ll-GRBs with compara-
ble parameters (see their Figure 7, lower right plot)– in consistency
with our Fig. 9.

UHECR data (spectrum and composition measured by the Pierre
Auger observatory) from ll-GRBs are explicitly fitted in Zhang et al.
(2018); Boncioli et al. (2019). For instance, the maximal silicon
energy of our �B = 10−1 (�B = 10−3) examples is (at large enough
distances to the source) about a factor of two higher (lower) than the
maximal energy obtained at the best-fit point of Boncioli et al. (2019)
(see their Fig. 2, left panel), and well within the values obtained in
the fit region . It is therefore expected that the maximal energies
are sufficient to describe UHECRs if the acceleration is efficient
(� → 1 in Eq. (10)). This can be seen more explicitly in Heinze et al.
(2019) who describe spectrum and composition of the UHECRs
using a model where the maximal energy scales with rigidity. It has

been demonstrated that in a 3D fit including the relevant parameters
(spectrum, source evolution, rigidity), a rigidity � = �/�	 � 2 − 3 ·
109 GV is needed to describe UHECRs – almost uncorrelated with
source evolution and spectral index. This translates into a silicon
energy of � 3−4 ·1010 GeV, in consistency with Fig. 9. Note that the
maximally measured UHECR energy only represents the very end
of the UHECR spectrum known with extremely limited statistics,
whereas the fit of UHECR data (shape and composition) is driven
by lower energies (around 1010 − 1011 GeV) where the statistical
uncertainties are small.

We point out that past studies, such as Boncioli et al. (2019);
Samuelsson et al. (2019); Samuelsson et al. (2020) apply simplified
one-zone models, where the observed gamma-ray emission and the
maximal cosmic-ray energy are computed for the same radius. The
right plots of Fig. 8 and Fig. 9 show the dissipated energy per colli-
sion as a function of collision radius. The observed prompt emission
is dominated by the collisions that dissipate large amounts of energy
(in the vicinity of the yellow vertical line, the ‘max photon emis-
sion’). While this corresponds (in both cases) to rather low radii of
≈ 1014 − 1015 cm, cosmic-ray nuclei attain the highest energies only
at larger distances to the source. In the right plots of Fig. 8 and Fig. 9
purple vertical lines indicate the radius of the highest maximal en-
ergies for iron nuclei (max (�Fe,max), for both choices of �B). For
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𝜖B = 10−1 (which yields the higher maximal energies), the maxi-
mal energy is reached at the largest radii possible, roughly an order
of magnitude further out than the production region of the 𝛾-ray
emission. Although these outer collisions contribute only little to the
overall photon emission and more energy is dissipated at lower radii,
this study shows they may be the production regions of UHECR of
the highest energies. The emission radii especially of sp-GRB are
comparable with past multi-collision studies of UHECR production
in GRB-HL of (roughly) similar duration (Bustamante et al. (2017);
Rudolph et al. (2020)). The maximal energies for protons are slightly
lower, which might be explained by the lower internal energies and
corresponding magnetic fields. We conclude that a simple one-zone
model, which does not account for the distribution of dissipated en-
ergy as a function of radius when computing the maximal cosmic-ray
energy, potentially underestimates the achievable maximal cosmic-
ray energy in the GRB.

It remains to be discussed if the assumed acceleration time-scale
𝑡acc ' 𝑅𝐿/𝑐, necessary to describe the connection with UHECRs,
can be supported by theoretical arguments concerning particle accel-
eration. It was suggested that cosmic rays with energies ∼ 1020 eV
cannot originate in the (ultra-)relativistic GRB shocks, where due
to the slow acceleration rate protons cannot exceed PeV-energies
(Lemoine & Pelletier (2010); Plotnikov et al. (2013); Reville & Bell
(2014); for a recent review see e.g. Marcowith et al. (2020)). The
mildly relativistic shocks operating in GRB jets can instead be the
viable candidates, but remain to explored further (e.g. Crumley et al.
(2019); Ligorini et al. (2021); Marcowith et al. (2016)). In case
of magnetized outflows (Sironi & Spitkovsky (2009); Sironi et al.
(2013)) find that Fermi acceleration is suppressed. In this case, al-
ternative acceleration mechanisms such as Giannios (2010) may be
required. Here we point out that 𝜖𝐵 = 10−1 (for which the largest
magnetic fields are achieved in our framework) does not necessarily
correspond to a high magnetisation of the outflow.

6.2 Requirements for the multimessenger description from a
GRB population

Let us now consider a population of ll-GRBs and assume that they
describe UHECR and neutrino data as discussed in Boncioli et al.
(2019). We also compute the contribution to the extragalactic diffuse
gamma-ray background following Berezinsky & Kalashev (2016),
and derive constraints for prompt emission duration and baryonic
loading.

We here define the baryonic loading as 𝜉 = 𝜖CR/𝜖𝑒, where
𝜖CR quantifies the energy going into non-thermal baryons (𝐸CR =

𝜖CR𝐸diss). Using the results of our (leptonic) radiation modelling
in Section 5 naturally implies that the energy dissipated in elec-
trons is held constant. As energy conservation additionally dictates
𝜖𝑒 + 𝜖CR + 𝜖𝐵 . 1, a baryonic loading 𝜉 & 1 thus implies a in-
creased wind luminosity 𝐿∗wind (translating into an increased dissi-
pated energy per collision 𝐸∗

diss); In this case we need to redefine
𝜖∗𝑒 = 𝜖𝑒𝐸diss/𝐸∗

diss and 𝜖∗
𝐵

= 𝜖𝐵𝐸diss/𝐸∗
diss to ensure that the lep-

tonic radiation modelling yields the same results. As can be inferred
from Eq. (9), the fraction of accelerated electrons would have to be
adjusted accordingly. For the sake of simplicity we assume that all
ll-GRBs are similar to one of our prototypes, although the typical
duration may differ. Note, however, that there are already constraints
on minute-scale long transients by IceCube (Aartsen et al. (2019b)),
which means that in this case the typical ll-GRB duration has to be
probably longer than a few hundred seconds. The ll-GRBs with the
prototype luminosities are assumed to be distributed over the Uni-
verse with a local rate 𝜌0 = 440+264

−175 Gpc−3yr−1 (Sun et al. (2015)),

following the star formation rate of Kistler et al. (2009) with an addi-
tional evolution factor (1 + 𝑧) which has been proposed in Boncioli
et al. (2019) to better fit UHECR data, see left panel of Fig. 10.

In order to describe UHECR and neutrino data, we can rescale1

from Boncioli et al. (2019) (almost independent of the collision
radius)
𝜉

103
𝜌0

440 Gpc−3 yr−1
𝑇90

1300 s
' 1 . (19)

The UHECR and neutrino description is degenerate in these parame-
ters, which means that lower baryonic loadings could be compensated
by longer durations.

An independent constraint can be obtained from the contribution
to the extragalactic diffuse gamma-ray background. Due to the source
evolution and the obtained HE gamma-ray emission, this contribution
may be rather significant. We therefore show in Fig. 10, right panel,
the expected contribution from a population of ll-GRBs given by
prototype ul-GRB, and compare it with the EGB (Ackermann et al.
(2015)) measured by Fermi. Note that the EGB is expected to be
driven by Active Galactic Nuclei, and the expected contribution from
other source classes is small. We therefore show (dotted purple curve)
the 14% of the EGB flux, since blazars already provide 86%±14% of
contribution to the EGB, according to Ackermann et al. (2016). We
thus identify this as the possible maximal contribution from ll-GRBs
to the EGB. Comparing the curve GRB 100316D /ul-GRB (using
𝜖∗B = 10−1 which exhibits higher maximal energies, see left panel of
Fig. 9) with the dotted curve, one easily finds the constraint2

𝜌0
440 Gpc−3 yr−1

𝑇90
1300 s

. 100 (20)

as the gamma-ray flux (for fixed luminosity) scales with these two
quantities. We note that Eq. (20) may be used to break the degeneracy
in Eq. (19), which yields the constraints

𝜉 & 10 , 𝑇90 . 105 s (21)

for the typical ll-GRB (and 𝜌0 fixed), which is in fact consistent with
the UHECR fit in Boncioli et al. (2019).

As a duration of 105 s is a strong assumption for the typical ll-
GRB duration, a related question is how large the baryonic loading
can be in order to not to impact the observed SED (a high value of
𝜉 would allow reducing the required 𝑇90 in Eq. (21)). We point out
that the SED may be also produced by hadronic processes (including
the second peak, such as from 𝜋0 photons or large contributions
by cascade emission), therefore this part can only give some rough
estimates for the model discussed in this work. We focus on the pion
production efficiency (the average fraction of energy lost into pion
production), whereas protons in the source may produce other effects
as well (such as proton synchrotron radiation). Additional effects
would be expected from muon and pion synchrotron and radiation
from secondary leptons produced e.g., via Bethe-Heitler.

Similar to Guetta et al. (2004), it can be analytically estimated as

1 The result in Boncioli et al. (2019) is degenerate in the product of these
factors in Eq. (19); in that paper (e. g. Fig. 2) 𝜌0 = 300 Gpc−3yr and 𝑇90 =

2 · 105 s were fixed, and a baryonic loading 𝜉 ' 10 was found at the best-fit,
consequently 𝜉

10
𝜌0

300 Gpc−3 yr−1
𝑇90

2 105 s
' 1, which we have just rescaled here

to the values used in this paper.
2 We show in Fig. 10 the GRB contribution multiplied with the corresponding
factor 100 as dark-green dashed cure, to illustrate that this enhancement factor
saturates the possible non-blazar contribution to the EGB (it touches the dotted
curve).
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Figure 10. Left panel: source evolution of ll-GRBs. The local density is taken from (Sun et al. 2015), while the evolution is equal to the Star Formation Rate
(given in (Kistler et al. 2009)) multiplied by an extra source evolution factor (1 + 𝑧) , as it is proposed in (Boncioli et al. 2019) for a better description of
UHECR data. Right panel: diffuse gamma-ray emission from a population of ll-GRBs assumed to be similar to ul-GRB and comparison with the EGB (as
measured by Fermi). We show two choices of magnetic field (𝜖 ∗

𝐵
is defined such that it yields the same magnetic fields as the 𝜖𝐵 in Section 5, independent of the

wind luminosity/ baryonic loading). Shaded areas illustrate the uncertainties on the local density of ll-GRBs, different color brightnesses refer to our different
assumptions on the magnetic field. The dashed green curves show the corresponding EGB contributions multiplied with an enhancement factor (see legend) to
saturate the non-blazar EGB contribution.

𝑓𝜋0 ' 5
(

𝐿𝛾

1047 erg/s

) (
𝑡dyn
100 s

) (
𝑅

1010 km

)−2 (
𝜀𝛾,br

100 keV

)−1
, (22)

(for small redshifts), taking the pitch angle-averaged inclusive cross
section for 𝜋0 production from Hummer et al. (2010). Here 𝑡dyn is
a measure for the dynamical time-scale, i.e., the time the protons
have to interact; it may be associated with the shell expansion time
𝑡ex = 𝑡 ′ex/Γ ' 𝑅/(𝑐Γ2) in our model. For ul-GRB, we have 𝑡ex '
83 s (for 𝑅 ' 1010 km, Γ ' 20, 𝜀𝛾,br = 30 keV), which leads to
𝑓𝜋0 ' 0.04. From Boncioli et al. (2019) it is clear that (relatively
high) pion production efficiencies are required if ll-GRBs are to
power the diffuse neutrino flux. However, Hummer et al. (2012) have
demonstrated that the actual value can be about an order of magnitude
lower because this approximation neglects the energy dependence of
the mean free path of the protons and the shape of the target photon
spectrum (which are included in numerical calculations).

If the photons from the 𝜋0 decays are fed into the electromagnetic
cascade in the source, they will affect the SED at the highest ener-
gies. Since the injection luminosity into HE gamma-rays from these
processes is 𝐿HE 𝛾 = 𝐿𝑝 𝑓𝜋0 ' 𝐿𝛾 · 𝜉 · 𝑓𝜋0 and 𝐿HE 𝛾 . 𝐿𝛾/10
from Fig. 4 (the peak for HE gamma-rays is about a factor of ten
lower than the one for gamma-rays), we have

𝑓𝜋0 𝜉 . 0.1 (23)

in order not to affect the SED at all from these processes. For ul-GRB,
we therefore find 𝜉 . 3 − 25 for this process to be on the safe side,
where the lower number uses Eq. (22) at face value, and the upper
value includes the estimate from Hummer et al. (2012).

We have verified with numerical simulations that for ul-GRB
(𝜖∗B = 10−1) the co-acceleration of protons (with the same injec-
tion index as electrons) with a baryonic loading of 𝜉 = 25 does not
lead to additional, observable signatures or significantly change the
observed spectrum. A more complete examination of this (including
also e.g., the impact of a modified injection index of protons and/or
the presence of heavier nuclei and an investigation of the maximal
baryonic loading compatible with observed spectra) is clearly beyond
the scope of this study.

As pointed out earlier, 𝜉 ∼ 25 would require to lower the fraction

of energy transferred to non-thermal electrons (𝜖∗𝑒 ∼ 10−2) and the
fraction of accelerated electrons (𝜁∗0 ∼ 10−5 to 10−6), which is closer
to the non-exlcuded parameter space in Samuelsson et al. (2020). In
this sense, the baryonic loading necessary to power the UHCER
flux may require re-thinking some of the standard paradigms of the
partition parameters within the GRB internal shock model.

7 SUMMARY AND CONCLUSIONS

We have studied ll-GRBs as potential targets for multiwavelength
astronomy and sources of UHECR nuclei. For this purpose we have
selected three representative reference events out of the sample of
detected ll-GRBs. The prototypes based on these reference events
represent different types of ll-GRBs: sp-GRB is a single-peaked GRB
of medium peak energy, low luminosity and low redshift, ul-GRB is
an ultralong, multi-peaked GRB with low peak energy and hl-GRB is
a single-peaked GRB with comparatively high luminosity and high
redshift. Choosing the parameters of the outflow such that we repro-
duce the main features of the reference events, we self-consistently
calculated the full spectral and temporal properties within the internal
shock scenario and a leptonically-dominated radiation model.

We have found that ll-GRBs are indeed potential targets for mul-
timessenger observations and could be detected by current/ future
Imaging Air Cherenkov Telescopes (IACTs). This is mainly due to
their low redshifts (and high local rate), which reduce the effect of
EBL absorption at the highest energies. The intensity of the HE
component is (for comparable intensity of the sub-MeV synchrotron
peak) directly linked to the magnetic field strength 𝐵′. In our dynam-
ical modelling of the outflow, 𝐵′ varies throughout the evolution and
is not set directly; Instead we control the fraction of energy supplying
the magnetic field with the constant microphysics parameter 𝜖𝐵 . If
we require a relatively high radiative efficiency (which implies lower
bounds on 𝜖𝐵), we have found a significant VHE inverse Compton
component if the magnetic field is powered by a fraction of order
𝜖𝐵 = 10−3 − 10−2 of the available internal energy. The intensity
of the VHE emission increases systematically with decreasing 𝜖𝐵 .
While this is expected in Thomson regime (recall that YTh ∝ 𝜖𝑒

𝜖𝐵
), we

observe the same tendency if the scatterings occur in Klein-Nishina
regime. Therefore, a detailed numerical modelling over a broad en-
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ergy range (including a VHE regime) may be used to constrain the
physical conditions in the outflow and microphysics parameters, such
as 𝜖𝐵 .

We have demonstrated that alternative probes of 𝜖𝐵 could be the
(a) the optical flux (which increases with increasing 𝜖𝐵), (b) the
low-energy photon spectral index 𝛼 (the low energy portion of the
spectrum becomes steeper with increasing 𝜖𝐵) and (c) a delayed
onset of the HE component (the early suppression of the VHE flux
due to 𝛾𝛾-absorption becomes larger with increasing 𝜖𝐵). We point
out that those observables might not be reliable: For example, (a)
the optical flux is subject to extinction in our own Galaxy and the
host galaxy, which is in most cases not well constrained. On the other
hand, (b) the photon index 𝛼 is largely impacted by the fit range of the
observing instrument and the location of the spectral peak within the
instrument range. Especially for ll-GRBs, which have generally low
peak frequencies, this introduces uncertainties on 𝛼 measurement.
Overall, it might be the joint analysis of all these observables that
will make it possible to constrain the physical parameters of the
sources and the processes at play, if a full numerical modelling is
performed (including the dynamical evolution of parameters such as
the magnetic field strength, volume and Lorentz factor).

Although using the same internal shock model commonly ap-
plied to GRB-HL, our simulations reside in a specific phase space
of parameters such as dissipation radius, Lorentz factor and dissi-
pated energy, due to the distinct properties of ll-GRBs (Daigne &
Mochkovitch (2007)). It is the combination of these parameters that
result in specific properties of the observed spectra (like the intensity
of the inverse Compton component). Thus, while some of the find-
ings outlined above may also apply to high-luminosity events (see
for example the discussion of 𝛼 in Daigne et al. (2011)), our results
can not easily be generalized to all GRBs.

We have also shown that ll-GRBs are able to accelerate nuclei
to the UHE: Overall, the maximal energies of iron nuclei (protons)
could be as high as ' 1011 GeV (1010 GeV). The highest maximal
energies were achieved for large magnetic fields (set by large 𝜖𝐵),
for which the inverse Compton efficiency was found to be low. This
means that in our model, a ll-GRB can either accelerate UHECR
to the highest energies or have high fluxes in the VHE regime. The
high maximal energies in our model were possible by decoupling
the production regions of the prompt 𝛾-ray emission and the most
energetic UHECR nuclei. The former is produced at intermediate
radii, the latter in outer regions. The difference in radius is roughly
an order of magnitude, questioning the validity of simplified one-
zone models. However, outer collisions contribute less to the overall
gamma-ray emission and more energy is dissipated at lower radii, for
which the maximal cosmic-ray energies are lower. We point out that
in order to calculate the true emitted spectra, additional assumptions
on the injection spectrum and escape functions are required.

If ll-GRBs are to power the UHECR flux, a given local rate results
in requirements for the typical energy emitted in UHECRs per GRB.
This energy output is controlled by the product of burst duration and
baryonic loading, which are thus degenerate. We have shown that
the contribution to the diffuse gamma-ray background breaks this
degeneracy and leads to an upper limit on the typical duration and a
lower limit on the baryonic loading. An additional upper limit may
come from hadronic signatures in the spectral energy distribution
due to photo-pion production. Overall, we have estimated that basic
consistency arises for a baryonic loading around 10-25. However, the
energy partition parameters such as the fraction energy transferred
to non-thermal electrons that correspond to this baryonic loading in
combination with the results of our leptonic radiation modelling dif-
fer from the values discussed in the literature - a problem which is not

specific to ll-GRBs, but applies to long GRBs as well if they are the
dominant sources of UHECRs (see e.g., Heinze et al. (2020)). Ad-
ditionally, these results should be verified by including the hadronic
and nuclear processes fully self-consistent in the spectral modelling.

We conclude that ll-GRBs are potential targets for multiwave-
length and multimessenger astronomy. They are potentially within
the sensitivity range of IACTs, and future instruments such as CTA
and a multiwavelength coverage by optical/ UV surveys may help
to constrain the physical processes at play in the source. ll-GRBs
also fulfill the energetic requirements to accelerate cosmic-rays to
UHE; To constrain the maximal baryonic loading in agreement with
gamma-ray observations further studies with detailed radation mod-
elling are required.
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Appendices
A THEORETICAL PREDICTIONS FOR THE PHOTON

SPECTRUM

We describe the theoretical predictions of a spectrum produced by an
electron distribution following a power law 𝑁𝑒 (𝐸) ∝ 𝐸−𝑝 of index
𝑝 > 2 above a minimum Lorentz factor 𝛾e,min. This is used in the
following, as part of the interpretation of the simulated spectra and
light curves. We pay special attention to the processes that can shape
the spectrum below the synchrotron peak and to the dependence of a
potential HE signal on the GRB parameters.

For the following it is helpful to define

𝛾𝑒,𝑐 =
6𝜋𝑚𝑒𝑐

𝜎𝑡𝐵
′2𝑡 ′ex

(24)

which represents the Lorentz factor of electrons whose synchrotron
cooling time-scale 𝑡 ′syn is equal to the shell expansion time-scale 𝑡 ′ex.

We want to summarize basic theoretical predictions on the shape
of the SED. These are generally applicable to GRBs, and not spe-
cific to ll-GRBs. However, due to the specific properties of ll-GRBs
compared to high-luminosity events (lower wind luminosities, lower
Lorentz factors), different regimes may be realized. In the follow-
ing we will discuss the differential spectrum (usually represented
as 𝜈𝐹𝜈 ∝ 𝐸2𝑑𝑁/𝑑𝐸 , where 𝑁 (𝐸) is the number of photons 𝑁 at
a given energy 𝐸) and the spectral index of the differential photon
flux (𝑑𝑁/𝑑𝐸), assuming a power-law spectral shape. We will denote
the slope below the peak of 𝜈𝐹𝜈 as 𝛼, as described e.g., by the
Band function (Band et al. (1993)). We follow Sari et al. (1998)
and recapitulate the shape of the pure synchrotron spectrum 𝜈𝐹𝜈 , al-
though omitting the effect of synchrotron self-absorption. Generally,
the spectral shape can be divided in two regimes:

(a) Fast-cooling regime : 𝛾e,min � 𝛾𝑒,𝑐 :

𝜈𝐹𝜈

𝐹𝜈,max
=


( 𝜈
𝜈𝑐
)4/3, 𝜈 < 𝜈𝑐

( 𝜈
𝜈𝑐
)1/2, 𝜈𝑐 < 𝜈 < 𝜈𝑚

( 𝜈𝑚𝜈𝑐 )
−1/2 ( 𝜈

𝜈𝑚
)−(𝑝−2)/2, 𝜈𝑚 < 𝜈

. (25)

Here 𝜈𝑚 = 𝜈(𝛾e,min) is the synchrotron frequency of an electron
with Lorentz factor 𝛾e,min, 𝜈𝑐 = 𝜈(𝛾e,c) the synchrotron frequency
of an electron with Lorentz factor 𝛾e,c.
All (initial) electrons cool via synchrotron cooling on the dynamical
time-scale and thus convert their energy relatively efficiently into
radiation. The spectral index of the photon flux below the peak of
𝜈𝐹𝜈 (located at 𝜈𝑚) is given by 𝛼 = −1.5 .

(b) Slow-cooling regime : 𝛾e,min < 𝛾e,c:

𝜈𝐹𝜈

𝐹𝜈,max
=


( 𝜈
𝜈𝑚

)4/3, 𝜈 < 𝜈𝑚
𝜈
𝜈𝑚

)−(𝑝−3)/2, 𝜈𝑚 < 𝜈 < 𝜈𝑐

( 𝜈𝑐
𝜈𝑚

)−(𝑝−3)/2 ( 𝜈
𝜈𝑐
)−(𝑝−2)/2, 𝜈𝑐 < 𝜈

. (26)

Not all electrons cool via synchrotron cooling on the dynamical time-
scale, some thus don’t convert their energy efficiently into radiation.
The spectral index of the photon flux below the peak of 𝜈𝐹𝜈 is given
by 𝛼 = −2/3.

With pure synchrotron radiation, one achieves spectral indeces 𝛼
below the peak that are either equal to 𝛼 = −1.5 or 𝛼 = −2/3, which

is not in agreement with observations (e.g., Preece et al. (2002);
Ghisellini et al. (2000), see also current GRB catalog spectral analy-
sis as in e.g. Poolakkil et al. (2021); Gruber et al. (2014); Lien et al.
(2016)). For the slow-cooling regime one additionally suffers from
a poor radiative efficiency (defined as 𝑓rad = 𝑢𝛾/𝑢𝑒, the integrated
(final) photon energy divided by the integral injected electron en-
ergy). This further reduces the already small overall efficiency of the
internal shock model, imposing an even higher engine power. Note
that Daigne et al. (2011) also identified the marginally fast cooling
regime, for which 𝛾e,min ' 𝛾e,c and low-energy spectral slopes of
−1 < 𝛼 < −2/3 can be realized while still achieving a relatively high
radiative efficiency. Recently Oganesyan et al. (2017) fitted the sam-
ple of prompt GRB spectra observed down to ∼ 0.5 keV energies by
the two low energy power-laws and a break energy corresponding to
the cooling break frequency; they found a small ratio of the spectral
peak energy and the cooling break frequency, suggesting a regime
of moderately fast cooling. This scenario has also been explored in
Oganesyan et al. (2019), with a focus on optical fluxes.

Additional effects can shape the spectra and impact 𝛼:

(i) Synchrotron self-absorption: At the lowest energies, electrons can
re-absorb photons through synchrotron self-absorption. This gives
rise to an additional break in the photon spectrum.

(ii) Inverse Compton radiation: introduces a second peak at high en-
ergies. The spectral shape below spectral peak may be affected by
inverse Compton scatterings, resulting in harder low energy spectral
slopes (Nakar et al. (2009); Daigne et al. (2011); Duran et al. (2012)).

(iii) 𝛾𝛾-absorption: If the photon densities are high, 𝛾𝛾 pairs annihilate
to lepton pairs at the highest energies. Those pairs are expected to
contribute via synchrotron radiation at low energies (and therefore
may reshape the spectrum below the synchrotron peak) and inverse
Compton radiation (at intermediate energies) (Asano & Inoue (2007);
Asano & Mészáros (2011)). As densities scale inversely with the
comoving volume, this is especially relevant for collisions at low
radii and/or with low Lorentz factors.

If those theoretical predictions are compared to data/ results of
spectral fits, one has to be aware that the reported slopes are usually
determined by fitting either a Band empirical function or a cut-
off power law, and that resulting slopes are very sensitive to the
functional fitting range which is informed by the sensitivity of the
experiments.

B PARAMETER SPACE EXPLORATION FOR DIFFERENT
VALUES OF 𝜖B

In this section we show how during the jet evolution the different
emission regimes are achieved (with different respective properties
of the observed radiation, defined by analytical estimates), depending
largely on 𝜖𝐵 for the three model GRBs. For a detailed discussion
on the theoretical predictions of the corresponding photon spectra
see Section A. For this purpose, we examine different choices of
𝜖B (𝑥-axis of Fig. 11) and different collisions between single layers
in the GRB evolution, assuming the same fireball evolution which
is set by 𝐿wind and Lorentz factor distribution for each GRB. The
individual collisions are numbered chronologically by the time they
occur in the source frame (𝑦-axis of Fig. 11). For each collision and
𝜖𝐵 we evaluate the following two conditions:

1. Fast cooling regime
This regime is realized if 𝛾e,c < 𝛾e,min is satisfied. In this case, all
electrons cool on the dynamical time-scale, which translates into a
relatively high radiative efficiency.
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sp-GRB ul-GRB hl-GRB

Figure 11. Parameter space (see text) for the fast-cooling (blue) and Klein-Nishina inverse Compton (purple) regime as a function of �B for sp-GRB, GRBl-long
and hl-GRB for a fixed fireball evolution (Lorentz factor distribution and injection luminosity). The dark purple region marks the overlap of both regimes.
Vertical lines correspond to the choices for �B considered for the SED modelling.

The region in the parameter space fulfilling this criterium are marked
blue in Fig. 11.

2. Inverse Compton scatterings occuring in the Klein-Nishina regime
Following Daigne et al. 2011 and Nakar et al. 2009, we de-
fine this regime as the region where �

1/3
m ≤ �Th ≤ �3

m. Here
we calculate the Compton parameter directly from the micro-
physics parameters as �Th � [(� − 2)/(� − 1)] [�e/�B], and �m �
100 (�e,min/100)3 (
′/3000G). The region in the parameter space
where this criterium is satisfied are marked purple in Fig. 11.

If both criteria are met, the resulting overlap is a dark purple
region. Due to the low luminosity of the GRBs, relatively high values
of �B are required for the fast cooling regime condition– especially for
ul-GRB, where even for �B = 10−1 this condition is not satisfied in all
collisions. The Klein-Nishina inverse Compton regime is generally
realized for lower values of �B.

C IMPACT OF THE DIFFERENT RADIATIVE PROCESSES

Since the impact of secondary lepton pairs created by �� pair an-
nihilation was not accounted for in past studies, e.g. Bosnjak et al.
(2009), we explicitly study this effect in the following section. Given
that some recent studies (Oganesyan et al. (2019); Samuelsson et al.
(2020)) compare the observed spectra to synchrotron predicitons, we
also show the obtained spectra for a pure synchrotron calculation.

In Fig. 12 we show the time-integrated spectra for sp-GRB, ul-GRB
and hl-GRB for �� = 10−2. Comparing to a full radiative treatment
of all processes, we show the spectra obtained without taking into
account secondary electrons produced by ��-annihilation, as well
as the pure synchrotron prediction. We first examine the impact of
secondaries created by ��-pair production. Due to their synchrotron
radiation, they enhance the flux in the eV-regime by roughly one order
of magnitude – stressing the importance of a full radiative treatment
when comparing predictions to observations in the optical regime.
At intermediate energies around 107-108 keV, the inverse Compton
scatterings of the ��-produced pairs result in a slight enhancement
of the flux. As the intensity �� absorption depends on the level of
VHE emission, these additional effects will be more pronounced for
a strong inverse Compton component (and thus, low ��).

The pure synchrotron case has a cutoff in the observed spectra at
approximately 107 keV. In the optical regime, the prediction is equal
to the case without impact of secondaries from ��-pair production.

Even in the case of moderate magnetic fields (as in this example),
the effects of inverse Compton radiation should thus be taken into
account when modelling the spectra.

D TIME-RESOLVED SPECTRA

We investigate the observed temporal evolution of single pulses by
analyzing GRB SP. The time-resolved spectra for this prototype are
shown in Fig. 13 for �B = 10−2 (upper panel) and �B = 10−4 (lower
panel). The spectra are integrated on time scale of 0.5 s. We again
point out that the overall fireball efficiency for �B = 10−4 is very low
and it thus might not be a realistic choice of parameter. However, it
shows the most pronounced effects of inverse Compton scatterings,
which is why we will study it here. Single pulses in SP-UL and the
the single pulse of hl-GRB in principle show the similar behaviour.

For both cases the evolution of the peak energy �peak shows a trend
generally observed during the prompt GRB emission (e.g. Kaneko
et al. 2006): The spectrum evolves from harder to softer one with
time.

For the spectral index � we also predict an evolution with time.
Observed values of � should be considered cautiously, keeping in
mind the instrumental energy range used for spectral fit, burst bright-
ness, and the time scale used for spectral integration, which affect
the results.

For low values of �B, the synchrotron cooling time is comparable
to the inverse Compton cooling time even at early times. This enables
efficient inverse Compton scatterings at early times, even despite high
��-absorption. As an effect, the HE component is clearly visible at
early times for �B = 10−4, but not for �B = 10−2.

E ENERGY LOSS RATES FOR DIFFERENT PROCESSES

For a better understanding of the physical processes in the source we
studied the energy loss rates for both leptons and hadrons.

E.1 Leptonic loss rates

Fig. 14 contains the energy loss rates for different leptonic processes
at the maximum of the pulse (where most of the energy is disspated)
for �B = 10−1 and �B = 10−3 for sp-GRB. Synchrotron losses domi-
nate over the entire range of injection even for �B = 10−3 (for most
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sp-GRB ul-GRB hl-GRB

Figure 12. Time integrated spectra �
� ∝ �2� (�) for the model GRBs for �� = 10−2. We show the results with/ without taking into account the effect of
secondary �+/�− produced in ��-absorption and for a pure synchrotron model. For each GRB we show the energy range of the observing instrument as a grey
band and the observed peak energy as a vertical line.
The lower panel shows the photon index of � (�) , the dashed lines correspond to the synchrotron predictions (−2/3, −3/2 and −2.25) , the solid line marks the
position of maxima/minima of �
�

collisions the fast cooling regime condition is satisfied). Adiabatic
cooling due to the shell expansion is sub-dominant compared to both
inverse Compton and synchrotron cooling. For lower electron ener-
gies and low magnetic fields (�� = 10−4), inverse Compton coolings
may dominate over both adiabatic and synchrotron cooling.

E.2 Hadronic loss rates

As an addition to Section 6, we show the energy loss rates for iron
and protons for both, an early (close to the source) and a late (far
out) collision for sp-GRB (�B = 10−1). The early collision is chosen
such that �max,Fe is minimal, the late collision corresponds to the
maximum of �max,Fe. Note that while acceleration and synchrotron
losses depend on the magnetic field, we expect the hadronic processes
to be almost independent of the magnetic field (given that the target
photon fields are quite similar, which they are by construction around
the peak). We notice that for collisions which have small maximal
cosmic-ray energies, photo-hadronic losses play an important role,
while the maximal cosmic-ray energy (for iron) is achieved in a case
where the energy is limited by adiabatic cooling. At this relatively late
collision at lage radius the photon densities are low (as the volume
scales with �2).
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Figure 13. Time-resolved spectra (integrated every 0.5 s) for sp-GRB for �B = 10−2 (upper panel) and �B = 10−4 (lower panel). The BATSE LAD energy range
is shown as a grey band, the vertical line corresponds to the observed peak energy of the reference GRB (122 keV). The color scale indicates the observed time
of the spectrum, from early (green) to late (blue-white), see colorbar on the right hand side. We show distinct plots for the rise of the peak (�obs < 10�, left) and
the decay (�obs > 10�, right). The lower panel shows the photon index, the dashed lines correspond to the synchrotron predictions (−2/3, −3/2 and −2.25) , the
solid line marks the position of maxima/minima of �
� .
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�B = 10−3 �B = 10−1

Figure 14. Loss rates in the plasma comoving frame for different processes for electrons at the maximum of the pulse (where most of the energy is dissipated) of
sp-GRB. The grey shaded area marks the energy range of injected electrons. As acceleration, synchrotron and inverse Compton losses depend on the magnetic
field strength, we show the results for �B = 10−3 and �B = 10−1.

Figure 15. Interaction rates in the shell comoving frame for GRB 980425-like burst for protons (upper panel) and iron (lower panel). We choose the 350th
(530th) collision, as for this collision the maximum energy of iron is minimal (maximal).
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