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Abstract

Ultra-high-energy cosmic rays (UHECR) are extra-galactic particles with energies reaching > 1020 eV.
Although they have been studied extensively, their origin is still subject of much debate. Gamma-ray
bursts (GRBs) are seen as one of the promising acceleration sites of these particles. Characterizing the
synchrotron emission from electrons simultaneously accelerated at the UHECR acceleration site, we show
that GRBs would generally have to be orders of magnitude brighter if they produced substantial amounts
of UHECR. This applies to both high-luminosity and low-luminosity GRBs. These results disfavor GRBs
as UHECR accelerators.
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1. Introduction

Ultra-high-energy cosmic rays (UHECR) are the most
energetic particles ever observed. Their energies extend
from a few 1018 eV to beyond 1020 eV. Due to their enor-
mous energy, the magnetic field of our galaxy cannot con-
tain them. Hence, their sources are likely extragalactic.
Cosmological gamma-ray bursts (GRBs), including low-
luminosity GRBs (LLGRBs), are seen as one of the most
promising source candidates (Waxman 1995; Murase et
al. 2006). Here, we study the connection of UHECR
and GRBs, by examining the emission from the elec-
trons that are inevitably co-accelerated at the UHECR
acceleration site. These high-energy electrons will emit
synchrotron radiation, which can be characterized and
compared to observations. This is a powerful tool that
has so far been largely overlooked in multi-messenger
studies of UHECR.

2. Methodology

2.1. Magnetic field

A necessary requirement to accelerate a particle to an
observed energy E, is that the acceleration time scale
is shorter than relevant energy loss time scales. Rele-
vant cooling processes in GRBs are synchrotron cooling,
adiabatic cooling, and photohadronic cooling. As the
acceleration time scale is function of the comoving mag-
netic field B′, this requirement turns into conditions for

the magnetic field (Waxman 1995). An additional con-
straint can be put on the magnetic field, as the magnetic
luminosity cannot be larger than the total luminosity.
The resulting parameter space for B′ as a function of E
and radial distance from the progenitor r is shown on
the left-hand side of Fig. 1. The figure is shown for a
proton in a high-luminosity GRB (HLGRB) with a bulk
Lorentz factor Γ = 300.

2.2. Electron synchrotron emission

Using parameters typical for GRBs and the require-
ments obtained for B′, one can calculate the observed
synchrotron spectrum from the co-accelerated electrons
(Sari et al. 1998). Specifically, one can calculate the
value of the cooling break εc, defined as the characteris-
tic energy of a photon emitted by an electron that loses
equal amounts of energy due to synchrotron and adia-
batic cooling. The resulting parameter space for εc is
shown on the right-hand side of Fig. 1.

3. Results

3.1. Synchrotron models

In this section, we assume that the observed prompt
emission is due to synchrotron radiation from electrons
at the UHECR site. Observationally, we know that a
GRB νFν-spectrum peaks around 300 keV (Goldstein
et al. 2012). Given that εc � 300 keV as visible in
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Fig. 1. Constraints on the comoving magnetic field (left) and cooling

break εc (right) as a function of E and r. Typical values for the

νFν -peak are indicated by the red-pink gradient. It is clear that εc

is much less than the νFν -peak for most of the parameter space.

The colorbar shows log(E/eV) in base 10, with integer values of

log(E/eV) indicated in the plots.

Fig. 1, the emitting electrons must be extremely fast
cooling. However, this is in contrast to observations,
which show that GRBs are rarely in the very fast-cooling
regime (Preece et al. 1998).

3.2. Photospheric and two-zone models

We now relax the assumption that the observed γ-ray
emission is from electrons at the UHECR acceleration
site (e.g., if the prompt emission is photospheric). In this
case, the synchrotron flux from the co-accelerated elec-
trons F

sync
ν has to be lower than typical prompt GRB

fluxes. If not, the scenario in Section 3.1. applies. We
compare F

sync
ν to observed GRB prompt fluxes in the

optical band and around the νFν-peak, requiring it to be
lower in both bands. The results are shown in Fig. 2 for
both HLGRBs and LLGRBs. In the case of LLGRBs,
we show the constraint for completely stripped iron as
well, as heavy nuclei might not be disintegrated by the
photon field of the jet (Horiuchi et al. 2012; Zhang et al.
2018). From the figure, it is evident that acceleration
of particles to 1020 eV is not possible. It would result
in too bright emission from the co-accelerated electrons,
specifically in the optical band.

3.3. GRB 060218

In the bottom right corner of Fig. 2, we show constraints
obtained for the canonical low-luminosity GRB 060218,
using a similar method as described in Section 3.2.. As
there exists direct measurements of the optical and peak
flux for this GRB, we do not need to rely on assumed
generic fluxes appropriate for the whole population. As
is evident from the figure, the result are much stronger
in this case (Samuelsson et al. 2020, in preparation).

4. Conclusion

We have studied the connection between UHECR and
GRBs. If the prompt γ-ray emission is synchrotron emis-
sion from the UHECR acceleration region, then the ob-

10 12 14 16
-2

0

2

17

18

19

20

21

-5.7 -3.7 -1.7 0.3

10 12 14 16
-2

0

2

17

18

19

20

21

-2.8 -0.8 1.2 3.2

10 12 14 16
-2

0

2

17

18

19

20

21

-2.8 -0.8 1.2 3.2

10 12 14 16
-2

0

2

17

18

19

20

21

-2.8 -0.8 1.2 3.2

Fig. 2. Fluxes from co-accelerated electrons as a function of E and r

for different GRB scenarios as indicated in the bottom-left of each

plot. The plots are normalized to observational values; everything

above the red dashed line would overshoot the observed fluxes.

More details can be found in Samuelsson et al. (2019).

served spectrum would be extremely fast cooling, in ten-
sion with observations. If the prompt emission is pho-
tospheric, or if the UHECR acceleration occurs in a dif-
ferent region than the prompt emission, then the syn-
chrotron flux from the co-accelerated electrons would be
much higher than observed GRB fluxes. Specifically, the
emission in the optical band would be higher. These
results disfavor high- and low-luminosity GRBs as the
main source of UHECRs. For a detailed explanation of
the methodology, additional results, and an in-depth dis-
cussion, we refer the reader to Samuelsson et al. (2019).
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