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define a set of similar events, which statistically could produce similar UHECRs. From statistical
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to account for the observed detection rate of UHECRs on Earth. This leads us to hypothesize that
GRB jets are not accelerating the progenitor remnant but rather its surrounding medium.
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1. Introduction

Ultra-High Energy Cosmic Rays (UHECRs) are the most extreme particles in the Universe
whose kinetic energies exceed 10'8 eV. To date, their origins remain a mystery despite a range of
sources being suitable candidates due to their proximity, energy budget, and number density (see
[1] for a review). Among these candidates are Gamma-Ray Bursts (GRBs) - the most powerful and
luminous extra-galactic transients in the Universe with energies ranging from 10 — 10°3 erg [2, 3].
The fireball model [4-6] is the leading model to describe GRB emission, in which a central engine
injects relativistic shells of plasma within a jet that collide, producing the gamma-rays observed in
the prompt emission. It is these shell collisions that provide an ideal site for particle acceleration
via the Fermi mechanism [7, 8].

There has been a recent tentative association between a high energy photon due to UHECR
interactions and GRB980425 [9, 10], which has reinvigorated interest regarding the possibility that
some UHECRs are produced by GRBs. GRB980425 is the closest GRB to date [11], and resides
within the the Greisen-Zatsepin-Kuzmin (GZK) horizon [12, 13]. These two facts prove that such
bursts are promising UHECR source candidates. GRB980425 is a member of the low-luminosity
GRB (LLGRB) class population, and the suitability as UHECR sources of this population has been
theoretically explored by, e.g. [14-20]. It is thus logical to use a statistically significant sample to
compute their occurrence rate in the Universe, and compare it with the observed rate of UHECRs.
This has been done in [21] (submitted), and this proceeding summarises and expands on the results.

2. Data

For our calculations, we consider a sample of GRBs that are similar to GRB980425 taken
from [22], which is the most recent complete sample of LLGRBs. These bursts were selected by
their X-ray properties which act as a proxy for the total fireball energy measurement. We list the
sample of 41 GRBs in Table 1 along with some of their properties. This sample consists of events
detected between 1998 and 2016 mostly from the Neil Gehrels Swift Observatory (38 bursts out of
41). Since even three bursts detected by other instruments (BeppoSAX, 2 bursts, and INTEGRAL,
1 burst) could introduce a bias due to their different sizes of their field of view, we deconvolve this
bias by correcting each computed rate for the size of the field of view, assuming that GRBs are
isotropically distributed [23]. We list in Table 2 the effective time span for each instrument and the
field of view of its detector.

Additionally, for the particle component of our analysis, in this work we use the flux of UHECR
baryons above 10'° eV detected by Pierre Auger [24] of 1 particle km™2 yr~!, which we do not
correct for any effects.

3. Results

Our method of calculating the expected rate of LLGRBs in the local Universe is explained in
[21] (submitted), and can be summarised as follows:
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GRB Eiso [10°? erg] z Rate [Mpc ™3 yr~!]
GRB980425 (1.3+£0.2) x 107 0.0085 6.418 x 1077
GRBO11121 797 +2.2 0.36 1.104 x 10~
GRB031203 (82+3.5)x1073 0.105 1.147x 1077
GRB050126 [0.4 —3.5] 1.29 2.664 x 10712
GRB050223 (8.8+4.4)x 1072 05915 1.575x 107!
GRB050525A 23+0.5 0.606  1.482x 107!
GRB050801 [0.27 — 0.74] 1.38 2.330 x 10712
GRB050826 [0.023 -0.249]  0.297  9.790 x 10~ !!
GRB051006 [0.9 — 4.3] 1.059  4.018 x 10712
GRB051109B - 0.08 4243 x 107°

GRBO051117B [0.034 —0.044] 0481 2.674x 1071
GRB060218  (5.4+0.54) x 1073 0.0331 5.790 x 1078
GRB060505 (3.9+09)x 1073 0.089 3.102x107°

GRB060614 0.22 +0.09 0.125 1.150 x 10~°
GRBO060912A [0.80 — 1.42] 0.937 5.259x 10712
GRB061021 - 0.3463 6.424 x 10~1

GRB061110A [0.35-0.97] 0.758  8.583x 10712
GRB070419A [0.20 — 0.87] 097  4.868x 1072
GRB071112C - 0.823  7.073x 10712
GRB081007 0.18 +0.02 0.5295 2.086 x 107!
GRB090417B [0.17 — 0.35] 0.345  6.490 x 107!
GRB090814A [0.21 — 0.58] 0.696  1.054 x 10~
GRB100316D (6.9+1.7)x 107> 0.059 1.042x1078

GRB100418A [0.06 — 0.15] 0.6235 1.380x 107!!

GRB101225A [0.68 —1.2] 0.847 6.617x 10712
GRB110106B 0.73 £ 0.07 0.618 1.411x10°!
GRB120422A  [0.016 -0.032]  0.283  1.119x 10710
GRB120714B 0.08 +0.02 0.3984 4.400 x 10~

GRB120722A [0.51 — 1.22] 0.9586 4.998 x 10712
GRB120729A [0.80 — 2.0] 0.8 7.557 x 10712

GRBI130511A - 1.3033 2.609 x 10~'2
GRB130831A 1.16 +0.12 04791 2.702x 107!
GRB140318A - 1.02 4.358 x 10712
GRB140710A - 0.558 1.825x 107!
GRBI150727A - 0.313  8.471x 107!
GRBI150821A 15.37 +3.86 0.755  8.664 x 10712
GRB151029A 0.44 +0.08 1423 2.195x 10712
GRB151031A - 1.167 3.270 x 10712
GRB160117B - 0.87 6.222 x 10712
GRB160425A - 0.555 1.850x 10~
GRB161129A 1.3+0.2 0.645 1.269x 107!

Table 1: Sample of 41 long GRBs from [22]. For each of them, we indicate their basic properties, and the
rate we calculated following the method outlined in Section 3.
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Instrument FOV [sr] Operation period [yr] Considered years of operation

BeppoSAX 4n 7 1996—-2002
Integral 0.02 14 2002-2016
Swift 1.4 12 2004-2016

Table 2: Summary of instruments used to detect GRBs in our sample.

In this equation, Ry is the sum of the individual rates of each LLGRBs listed in Table 1.
We restrict ourselves to events occurring within the GZK sphere (dgzx = 50 Mpc), under the
assumption that they each produce N particles and are beamed by an unknown beaming angle,
which induces a beaming factor correction f. The true value of this beaming factor lies between
the two extremes fp € [1, Sgzk/SEarth]-

Therefore, the UHECR flux from LLGRBs lies between N x 8.8 x 107! particles km =2 yr~!
and N x 5.2 x 10'* particles km~2 yr~! if N is expressed in mols, which needs to be compared to
the observed value of 1. This leads to the final result that, in order to reconcile both numbers, N
has to be located between 10747 and 1013 Mg, assuming 1 Mg ~ 10°* mol of baryons.

4. Discussion

Albeit not being “normal” long GRBs, low-luminosity GRBs are still long events with the
progenitor expected to be a collapsar, i.e. a massive star [25]. In this model, part of the stellar
progenitor forms a stellar-mass black hole, with some unknown fraction of the star accreted onto the
compact object, and the remaining being expelled from the system. One could then think that the
jet producing the GRB could be contaminated by some of the stellar material. We can incidentally
note that this contamination (increasing the baryon load of the jet) was one possible explanation of
the nature of low-luminosity GRBs (e.g. [26]).

Intuitively, the number 10~'3 My (which is an upper limit here) is not well-aligned with
a massive stellar progenitor. When considering the energy budget of GRBs, we typically see
E ~ 10°* erg, which corresponds to about 1 Mg, of accreted material. Even if one assumes half of
the progenitor mass is transferred into the newly formed black hole, this leaves several solar masses
available for acceleration, and thus for being turned into UHECRs. If one wishes to reconcile these
numbers, then a suppression mechanism has to play a major role into the acceleration of UHECRs
by GRBs.

A first solution would be to break the isotropic distribution hypothesis. It is well known that
magnetic fields in the Universe (i.e. the Galactic and Intergalactic Magnetic Fields, GMF and IGMF
respectively) impact the trajectory and arrival time of UHECR particles. Our understanding of the
GMF has been refined in recent years (e.g. [27, 28]), and it may appear on the surface that it may
indeed pose a break in the isotropy hypothesis of the A-CDM model. However, as discussed in [29],
magnetic fields cannot introduce anisotropies. As GRBs are indeed isotropically distributed in the
sky [23], the resulting distribution of UHECRSs sources due to GRBs will also be isotropic. This is
also confirmed by the fact that there is no observational signature of the GMF dipole in cosmic ray
arrival directions [30].
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An alternative suppression mechanism is the interaction between UHECRs and the cosmic
microwave background photons when traveling through space - the GZK effect. In our calculations,
we have supposed that there were no interactions occurring within the GZK sphere, and that no
UHECRSs could reach us if the source was located outside the sphere. While the latter hypothesis
is expected to be true [12, 13], the former may not be accurate. It would, in any case, be surprising
that interactions within the GZK sphere are able to remove such a large fraction of baryons. This
would mean that the difference between the inner part and the outer part of the sphere would then
be negligible. However, this is not our preferred solution.

A second solution would be that our rate estimate is not correct, and that local GRBs are
far rarer than what we estimated. In such a case the baryonic load of the jets would increase
drastically, maybe up to the level of being compatible with the acceleration of the stellar content
of the progenitor. However, a low baryonic load of the jet is in accordance with observations
from neutrino detectors. So far, there has been no statistically significant association between both
current and historical neutrino events and GRBs [31-34]. One would expect a neutrino flux from
GRBs due to photohadronic interactions within the jet, given non-negligible baryonic loads are
present (e.g. [35, 36]). The neutrino non-detection from GRBs may indeed be due to limitations in
the sensitivity of current neutrino detectors, but on the other hand, it may also signify that the jet
contents is more leptonic than hadronic in nature.

This leaves us with a last and far more straightforward solution: that the accelerated material
is not provided by the stellar progenitor, but rather by its surrounding environment.

If one assumes the standard fireball model and the canonical values for its main parameters (a
density of about 1 proton per cubic centimeter, a deceleration radius of 10° km, and a beaming angle
of 15°), then the volume of the cone of matter that will be swiped forward by the jet contains about
107'8 My. This number is totally compatible with our calculation without the need of any extra
hypotheses about propagation losses. The amount of matter is also low enough not to significantly
impact the jet, which is a key condition for producing a GRB. Moreover, this acceleration is an
expected effect of the propagation of the GRB jet within the surrounding medium, and the cause of
the presence of an afterglow.

5. Conclusion

In this study we studied how efficient gamma-ray bursts are in producing ultra-high energy
cosmic rays, and we found these events extremely efficient at producing them. In order to reconcile
the expected production rate and the observed emission rate, we had to infer that if the acceleration
site of UHECR for GRB is indeed the jet, the accelerated material should not be the stellar content
but rather the surrounding material. In order to confirm this result, more detailed studies into
the propagation losses of UHECRs within the GZK sphere are required. However, this could
potentially have strong implications as it may impact the interpretation of the mass spectrum of the
most energetic cosmic rays: are these particles representative of the content of an evolved massive
star, or of the content of clouds of matter in distant galaxies?



Constraints on jet contents derived from multimessenger studies of gamma-ray bursts Eloise Moore

References

[1] R. Alves Batista, J. Biteau, M. Bustamante, K. Dolag, R. Engel, K. Fang et al., Open
questions in cosmic-ray research at ultrahigh energies, Frontiers in Astronomy and Space
Sciences 6 (2019) .

[2] R.W. Klebesadel, I.B. Strong and R.A. Olson, Observations of Gamma-Ray Bursts of Cosmic
Origin, ApJ 182 (1973) L85.

[3] B. Zhang, The Physics of Gamma-Ray Bursts (2018), 10.1017/9781139226530.

[4] M.J. Rees and P. Meszaros, Relativistic fireballs - Energy conversion and time-scales.,
MNRAS 258 (1992) 41.

[5] P. Mészaros and M.J. Rees, Optical and Long-Wavelength Afterglow from Gamma-Ray
Bursts, ApJ 476 (1997) 232 [astro-ph/9606043].

[6] A. Panaitescu, P. Mészaros and M.J. Rees, Multiwavelength Afterglows in Gamma-Ray
Bursts: Refreshed Shock and Jet Effects, ApJ 503 (1998) 314 [astro-ph/9801258].

[7] A.R. Bell, The acceleration of cosmic rays in shock fronts - I., MNRAS 182 (1978) 147.

[8] R.D. Blandford and J.P. Ostriker, Particle acceleration by astrophysical shocks., ApJ 221
(1978) L.29.

[9] N. Mirabal, Delayed teraelectronvolt emission from GRB 980425/SN 1998bw and the origin
of ultra-high-energy cosmic rays, arXiv e-prints (2022) arXiv:2210.11430 [2210.11430].

[10] N. Mirabal, Revealing ultra-high-energy cosmic ray acceleration with multi-messenger
observations of the nearby GRB 980425/SN 1998bw, arXiv e-prints (2022)
arXiv:2210.10822 [2210.10822].

[11] T.J. Galama, P.M. Vreeswijk, J. van Paradijs, C. Kouveliotou, T. Augusteijn, H. Bohnhardt
et al., An unusual supernova in the error box of the y-ray burst of 25 April 1998, Nature 395
(1998) 670 [astro-ph/9806175].

[12] K. Greisen, End to the Cosmic-Ray Spectrum?, Phys. Rev. Lett. 16 (1966) 748.

[13] G.T. Zatsepin and V.A. Kuz’min, Upper Limit of the Spectrum of Cosmic Rays, Soviet
Journal of Experimental and Theoretical Physics Letters 4 (1966) 78.

[14] K. Murase, K. Ioka, S. Nagataki and T. Nakamura, High-Energy Neutrinos and Cosmic Rays
from Low-Luminosity Gamma-Ray Bursts?, ApJ 651 (2006) L5 [astro-ph/0607104].

[15] K. Murase, K. Ioka, S. Nagataki and T. Nakamura, High-energy cosmic-ray nuclei from high-
and low-luminosity gamma-ray bursts and implications for multimessenger astronomy, Phys.
Rev. D 78 (2008) 023005 [0801.2861].

[16] R.-Y. Liu, X.-Y. Wang and Z.-G. Dai, Nearby low-luminosity gamma-ray bursts as the
sources of ultra-high-energy cosmic rays revisited, MNRAS 418 (2011) 1382 [1108.1551].


https://doi.org/10.3389/fspas.2019.00023
https://doi.org/10.3389/fspas.2019.00023
https://doi.org/10.1086/181225
https://doi.org/10.1017/9781139226530
https://doi.org/10.1093/mnras/258.1.41P
https://doi.org/10.1086/303625
https://arxiv.org/abs/astro-ph/9606043
https://doi.org/10.1086/305995
https://arxiv.org/abs/astro-ph/9801258
https://doi.org/10.1093/mnras/182.2.147
https://doi.org/10.1086/182658
https://doi.org/10.1086/182658
https://arxiv.org/abs/2210.11430
https://arxiv.org/abs/2210.10822
https://doi.org/10.1038/27150
https://doi.org/10.1038/27150
https://arxiv.org/abs/astro-ph/9806175
https://doi.org/10.1103/PhysRevLett.16.748
https://doi.org/10.1086/509323
https://arxiv.org/abs/astro-ph/0607104
https://doi.org/10.1103/PhysRevD.78.023005
https://doi.org/10.1103/PhysRevD.78.023005
https://arxiv.org/abs/0801.2861
https://doi.org/10.1111/j.1365-2966.2011.19590.x
https://arxiv.org/abs/1108.1551

Constraints on jet contents derived from multimessenger studies of gamma-ray bursts Eloise Moore

[17] B.T. Zhang, K. Murase, S.S. Kimura, S. Horiuchi and P. Mészaros, Low-luminosity

gamma-ray bursts as the sources of ultrahigh-energy cosmic ray nuclei, Phys. Rev. D 97
(2018) 083010 [1712.09984].

[18] F. Samuelsson, D. Bégué, F. Ryde and A. Pe’er, The Limited Contribution of Low- and
High-luminosity Gamma-Ray Bursts to Ultra-high-energy Cosmic Rays, ApJ 876 (2019) 93
[1810.06579].

[19] F. Samuelsson, D. Bégué, F. Ryde, A. Pe’er and K. Murase, Constraining Low-luminosity
Gamma-Ray Bursts as Ultra-high-energy Cosmic Ray Sources Using GRB 060218 as a
Proxy, ApJ 902 (2020) 148 [2005.02417].

[20] A. Rudolph, 7. Bosnjak, A. Palladino, I. Sadeh and W. Winter, Multiwavelength radiation
models for low-luminosity GRBs and the implications for UHECRs, MNRAS 511 (2022)
5823 [2107.04612].

[21] E. Moore, B. Gendre, N.B. Orange and F.H. Panther, Constraints on the baryonic load of
gamma-ray bursts using ultra-high energy cosmic rays, arXiv e-prints (2023)
arXiv:2303.13781 [2303.13781].

[22] H. Dereli, M. Boér, B. Gendre, L. Amati, S. Dichiara and N.B. Orange, A study of grbs with
low-luminosity afterglows, The Astrophysical Journal 850 (2017) 117.

[23] C.A. Meegan, G.J. Fishman, R.B. Wilson, W.S. Paciesas, G.N. Pendleton, J.M. Horack et al.,
Spatial distribution of y-ray bursts observed by BATSE, Nature 355 (1992) 143.

[24] A. Aab, P. Abreu, M. Aglietta, J.JM. Albury, I. Allekotte, A. Almela et al., Measurement of
the cosmic-ray energy spectrum above 2.5 x10'8 eV using the Pierre Auger Observatory,
Phys. Rev. D 102 (2020) 062005 [2008.06486].

[25] S.E. Woosley, Gamma-Ray Bursts from Stellar Mass Accretion Disks around Black Holes,
ApJ 405 (1993) 273.

[26] E. Nakar, A Unified Picture for Low-luminosity and Long Gamma-Ray Bursts Based on the
Extended Progenitor of IGRB 060218/SN 2006aj, ApJ 807 (2015) 172 [1503.00441].

[27] G.A. Medina Tanco, E.M. de Gouveia Dal Pino and J.E. Horvath, Deflection of
Ultra—High-Energy Cosmic Rays by the Galactic Magnetic Field: From the Sources to the
Detector, ApJ 492 (1998) 200 [astro-ph/9707041].

[28] R. Jansson and G.R. Farrar, A New Model of the Galactic Magnetic Field, ApJ 757 (2012) 14
[1204.3662].

[29] B. Eichmann and T. Winchen, Galactic magnetic field bias on inferences from UHECR data,
J. Cosmology Astropart. Phys. 2020 (2020) 047 [2001.01530].

[30] A. Aab, P. Abreu, M. Aglietta, E.J. Ahn, [.A. Samarai, .LE.M. Albuquerque et al., Searches
Jor Anisotropies in the Arrival Directions of the Highest Energy Cosmic Rays Detected by the
Pierre Auger Observatory, ApJ 804 (2015) 15[1411.6111].


https://doi.org/10.1103/PhysRevD.97.083010
https://doi.org/10.1103/PhysRevD.97.083010
https://arxiv.org/abs/1712.09984
https://doi.org/10.3847/1538-4357/ab153c
https://arxiv.org/abs/1810.06579
https://doi.org/10.3847/1538-4357/abb60c
https://arxiv.org/abs/2005.02417
https://doi.org/10.1093/mnras/stac433
https://doi.org/10.1093/mnras/stac433
https://arxiv.org/abs/2107.04612
https://doi.org/10.48550/arXiv.2303.13781
https://doi.org/10.48550/arXiv.2303.13781
https://arxiv.org/abs/2303.13781
https://doi.org/10.3847/1538-4357/aa947d
https://doi.org/10.1038/355143a0
https://doi.org/10.1103/PhysRevD.102.062005
https://arxiv.org/abs/2008.06486
https://doi.org/10.1086/172359
https://doi.org/10.1088/0004-637X/807/2/172
https://arxiv.org/abs/1503.00441
https://doi.org/10.1086/305044
https://arxiv.org/abs/astro-ph/9707041
https://doi.org/10.1088/0004-637X/757/1/14
https://arxiv.org/abs/1204.3662
https://doi.org/10.1088/1475-7516/2020/04/047
https://arxiv.org/abs/2001.01530
https://doi.org/10.1088/0004-637X/804/1/15
https://arxiv.org/abs/1411.6111

Constraints on jet contents derived from multimessenger studies of gamma-ray bursts Eloise Moore

[31] Icecube Collaboration, R. Abbasi, Y. Abdou, T. Abu-Zayyad, M. Ackermann, J. Adams et al.,
An absence of neutrinos associated with cosmic-ray acceleration in y-ray bursts, Nature 484
(2012) 351 [1204.4219].

[32] M.G. Aartsen, M. Ackermann, J. Adams, J.A. Aguilar, M. Ahlers, M. Ahrens et al., Search
for Prompt Neutrino Emission from Gamma-Ray Bursts with IceCube, ApJ 805 (2015) L5
[1412.6510].

[33] M.G. Aartsen, K. Abraham, M. Ackermann, J. Adams, J.A. Aguilar, M. Ahlers et al., An
All-sky Search for Three Flavors of Neutrinos from Gamma-ray Bursts with the IceCube
Neutrino Observatory, ApJ 824 (2016) 115 [1601.06484].

[34] R. Abbasi, M. Ackermann, J. Adams, J.A. Aguilar, M. Ahlers, M. Ahrens et al., Searches for
Neutrinos from Gamma-Ray Bursts Using the IceCube Neutrino Observatory, ApJ 939
(2022) 116 [2205.11410].

[35] M. Bustamante, P. Baerwald, K. Murase and W. Winter, Neutrino and cosmic-ray emission
Sfrom multiple internal shocks in gamma-ray bursts, Nature Communications 6 (2015) 6783
[1409.2874].

[36] D. Biehl, D. Boncioli, A. Fedynitch and W. Winter, Cosmic ray and neutrino emission from
gamma-ray bursts with a nuclear cascade, A&A 611 (2018) A101 [1705.08909].


https://doi.org/10.1038/nature1106810.48550/arXiv.1204.4219
https://doi.org/10.1038/nature1106810.48550/arXiv.1204.4219
https://arxiv.org/abs/1204.4219
https://doi.org/10.1088/2041-8205/805/1/L510.48550/arXiv.1412.6510
https://arxiv.org/abs/1412.6510
https://doi.org/10.3847/0004-637X/824/2/11510.48550/arXiv.1601.06484
https://arxiv.org/abs/1601.06484
https://doi.org/10.3847/1538-4357/ac978510.48550/arXiv.2205.11410
https://doi.org/10.3847/1538-4357/ac978510.48550/arXiv.2205.11410
https://arxiv.org/abs/2205.11410
https://doi.org/10.1038/ncomms7783
https://arxiv.org/abs/1409.2874
https://doi.org/10.1051/0004-6361/201731337
https://arxiv.org/abs/1705.08909

	Introduction
	Data
	Results
	Discussion
	Conclusion

