
UHECR science with ground-based 
imaging atmospheric Cherenkov 
telescopes
• Direct measurements with IACTs: 

• VERITAS CR electron spectrum. 
• VERITAS CR iron spectrum. 

• Indirect measurements: 
• Low-luminosity GRBs as potential sources of UHECRs.
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• Detecting the 
Cherenkov light of air 
showers with ground-
based IACTs.
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VERITAS The upcoming CTA



Direct measurements of VHE 
CRs with IACTs



VERITAS electron spectrum
• Backgrounds to IACT analyses: 

• γ-rays and e± showers can not be distinguished on an event-by-event basis: 

• Known γ-ray sources - masked. 

• Extra-galactic diffuse γ-ray background (Γ~2.3 PL; 250 GeV exponential cutoff) ➜ 
excluded. 

• Hadronic CRs: 

• Some hadron showers mimic EM showers (classification uncertainties) ➜ BDT 
response. 

• 2018 VERITAS analysis: 

• 296 hours (post-T1 move, pre-camera upgrade) of data at 0.3-5 TeV. 

• Proton simulations ➜ low BDT score excess due to Helium and higher-Z elements. • High 
BDT score excess due to electrons. 

• Results: Binned likelihood fit for [BDT > 0.7]: Broken PL with a break at 710 ± 40(stat) ± 
140(sys) GeV. • Index transition at the break, Γ = (3.2 ➜ 4.1) ± 0.1. • Best fit for two PLs 
with a break, but a single-PL + exponential cutoff is still allowed. 

• Interpretation: TeV break connected to the distribution of sources (possibly Geminga, 
Monogem etc.). • Lack of features (TeV bumps) excludes some nearby sources. • Cutoff hints 
at diffuse propagation. • More data needed (e.g., CTA) to effectively constrain the sources.
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VERITAS iron spectrum
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• Backgrounds to IACT analyses: 

• Known γ-ray sources. 

• Hadronic CRs from other elements. 

• 2018 VERITAS analysis: 

• Direct Cherenkov (DC) light emitted by cosmic ray primaries 
in the atmosphere before the first interaction ➜ DC Intensity 
proportional to Z2. 

• Image template fitting to select & reconstruct (energy; 
direction) DC images. • Strict quality cuts for a pure sample. 

• Random forests to estimate background from non-iron CRs. 

• Results: 71 hours (post-T1 move, pre-camera upgrade) of 
data at 20-500 TeV ➜ 
PL with index, Γ = 2.82 ± 0.3(stat) [+0.24 -0.27](sys).

DC pixel

https://arxiv.org/abs/1807.08010


Indirect measurements - 
Low-luminosity GRBs as potential sources 
of UHECRs



What are long low-luminosity GRBs?
• LL-GRBs are typically defined by isotropic-equivalent luminosities, 

1046 < Lγ,iso < 1048-50 erg s-1 (several dex lower than “regular” HL-
GRBs). 

• LL-GRBs have energies, 1048 < Eiso < 1051 erg s-1, some are SN of 
high energies, ESN ~ 1052 erg (hypernovae/broad-line SN Ic). 

• Only a few (≲ 20) LL-GRBs detected so far, due to experimental 
limitations (e.g., peak energies, Ep, nominally too low for Swift/
GBM). • Discoveries keep coming in, see today’s arXiv, D’Elia et 
al (2018) arxiv:1810.03339 . 

• A small number (~3) are famously ultra-long, but usually they have 
durations akin to long HL-GRBs (T90 < 100 s).  

• LL-GRBs are generally assumed to be similar to HL-GRBs, but 
could have unusual properties, e.g., different combinations of: 

• Lower Lorentz factors (5-100). • Lower Ep values. • Choked jets. 
• High baryon fractions. • Wide opening angles. • Low radiation-
conversion efficiencies. • …
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FIG. 7. Constraints on the isotropic equivalent radiation lu-
minosity L�iso and Lorentz factor � for nuclei with various
chemical species with energy EA = 1020 eV to survive in the
internal shock region. The upper panel corresponds to the en-
ergy loss time scales and the lower panel corresponds to the
interaction time scales. We assume the radius where internal
shock taking place is R ' 1.2⇥1015 cm and the break energy
of prompt emission is "b = 500 eV in the jet comving frame.

of UHECR nuclei ejected from GRBs does not need to
be equal to the acceleration spectrum (see, e.g., [30] for
the case of tidal disruption events). In fact, a harder
injection spectrum is achieved if we take into account es-
cape processes, such as the simple direct escape model
from the emission region (that is mainly the down-
stream) [22, 30, 90, 91] and the neutron escape model
(e.g., [92, 93]). Here we consider the di↵usive shock
acceleration, in which particle escape from the escape
boundary in the upstream has been theoretically calcu-
lated and it has been applied to supernova remnants and
radio galaxies [85, 94–97]. In the escape-limited model,
only cosmic rays whose energy is close to the maximum
acceleration energy can escape from the sources, and the
spectrum of escaping particles at given time is essentially
approximated by a delta function. In this work, for sim-

FIG. 8. The GRB luminosity function used in this work. The
parameters for LL GRBs are LLL

min = 1046 erg s�1, LLL

max =
1049 erg s�1, LLL

b = 1047 erg s�1, ↵LL

1 = 0.0, ↵HL

2 = 3.5, and
the parameters for HL GRBs are LHL

min = 1049 erg s�1, LHL

max =
1054 erg s�1, LHL

b = 1052.35 erg s�1, ↵HL

1 = 0.65, ↵HL

2 = 2.3
[39]. Schematically we indicate that the UHECRs in LL GRBs
have a composition dominated by nuclei, while HL GRBs are
likely to have a proton-rich or mixed composition.

plicity, we extrapolate the results of the non-relativistic
di↵usive shock acceleration theory, where we use the fol-
lowing expression for the spectrum of escaping cosmic
rays with sacc = 2 as the injection spectrum of UHECRs,

dNA0

dE0 = fA0N0exp


�ln2

✓
E

0

ZE0
p,max

◆�
, (7)

where fA0 is the number fraction of nuclei with mass
number A0, N0 is the normalization parameter which de-
pends on the radiation luminosity and ZE

0
p,max is the

CR maximum acceleration energy. Note that the instan-
taneous spectrum of CRs escaping from the sources does
not have to be a power-law function that is used in most
of the previous works. However, for the completeness,
we also considered cases with power-law spectra, and we
find that the Auger data can also be well fitted by a
hard power-law spectral index. See the next section for
details. Note that in this work we do not specify the
UHECR acceleration site, which can be internal shocks
or an external (reverse) shock. The external shock model
naturally provides an interesting possibility to explain
the PeV neutrino flux simultaneously.

IV. PROPAGATION AND RESULTS

A. Propagation

We numerically propagate UHECR nuclei using the
publicly available Monte Carlo code CRPropa 3 [57]. CR-
Propa is one of the state-of-the-art numerical simulation

Zhang et al (2017) arxiv:1712.09984 

• LL-GRBs could advance SN science; help 
explain UHECRs & the diffuse IceCube 
astrophysical HE neutrinos flux. 

• Anecdotally, off-axis/structured jets (short/
long) GRBs & kilonovae may be observed 
as LL, e.g., GW170817 (40 Mpc; Liso ~ 1047 
erg s-1) ➜ same search methodologies…

https://arxiv.org/abs/1810.03339
https://arxiv.org/abs/1712.09984
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• Their density in the local universe (z < 1) is expected to be 
much higher (x100) than for HL-GRBs. 

• Usually (Liang et al (2007)) a double broken PL luminosity 
function (LF) describes the local event rate density, ρ0,L, 
using a “break luminosity” (Lb ~ 5×1049 erg s-1): 

• A triple LF by Sun connects LL- & HL-GRBs smoothly from 
Liso ~ 1051 erg s-1.

The luminosity function of LL-GRBs

ρ0,L ≡
dρ0

dL
∝ ρ0 ( L

Lb )
ωα1

+ ( L
Lb )

ωα2
−1/ω
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Liang et al (2007) arxiv:0605200 
S

un et al (2015) arxiv:1509.01592

https://arxiv.org/abs/astro-ph/0605200
https://arxiv.org/abs/1509.01592


• Likely… type Ic core-collapse supernovae; massive; low metallicity; 
WR stars (compact envelopes impede jets less). 

• These are “hypernovae”, ~1% of SN Ic, broad-line relativistic SN, that 
lack H, He in their spectra ➜ two component types: 

• Relativistic comp. (Γ ≲ 100, v ~ 104 km s-1) for the GRB. 

• Slow ejecta for the SN. 

• The prompt spectrum may be compatible with: 

• A standard non-thermal synchrotron emission (collision of fast-
moving shells within the jet) 

• (Sometimes) a thermal component - shock breakout (SBO)?. 

• The central engine of the GRB may be triggering the SN (Barnes et 
al (2017) arxiv:1708.02630). • Possibly all SN Ic-BL have jets; some 
we don’t detect due to low-energy (De Colle et al (2018) arxiv:
1803.00602), e.g., a possible failed jet/SBO in SN 2008D.

Possible source models - Collapsar model / SN connection
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Margutti et al (2014) arxiv:1402.6344 
Cano et al (2016) arxiv:1604.03549
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(SBO) [30, 56–60] (see aswell Section 9). It was demonstrated
by [61, 62] that a key observable of !!GRBs are their single-
peaked, smooth, nonvariable "-ray LCs compared to the
more erratic "-ray LCs of jetted-GRBs, which become softer
over time. It was shown by [60] that an SBO is likely present
in all LGRB events, but for any realistic configuration the
energy in the SBOpulse is lower bymany orders ofmagnitude
compared to those observed in the GRB prompt emission
(#SBO = 1044–1047 erg, for reasonable estimates of the ejecta
mass and progenitor radii). These low energies (compared
with #!,iso) suggest that relativistic SBOs are not likely to be
detected at redshifts exceeding $ ≈ 0.1. In cases where they
are detectable, the SBO may be in the form of a short pulse
of photons with energies >1MeV. Inspection of the #" values
in Table 2 shows that only a few events have photons with
peak "-ray energies close to this value: GRB 140606Bhas#" ≈800 keV [32]; however suspected !!GRBs 060218 and 100316D
only have #" = 5 keV and 30 keV, respectively. It should be
noted that while the SBO model of [60] successfully explains
the observed properties (namely, the energetics, temperature,
and duration of the prompt emission) of GRBs 980425,
031203, 060218, and 100316D, their SBOorigins are still widely
debated [63, 64], with no firm consensus yet achieved.

Thermal, black body (BB) components in UV and X-
ray spectra have been detected for several events, including
GRB 060218 (X-ray: &' = 0.17 keV, time averaged from
first 10,000 s, [58]); GRB 100316D (X-ray: &' = 0.14 keV,
time averaged from 144–737 s, [65]); GRB 090618 (X-ray:&' = 0.3–1 keV up to first 2500 s, [66]); GRB 101219B (X-ray:&' = 0.2 keV, [67]); and GRB 120422A (UV: &' = 16 eV at
observer-frame ( − (0 = 0.054 d, [41]). A sample of LGRBs
with associated SNe was analysed by [68] who found that
thermal components were present in many events, which
could possibly be attributed to thermal emission arising from
a cocoon that surrounds the jet [69] or perhaps associated
with SBO emission. Reference [67] analysed a larger sample
of LGRBs and found that, for several events, a model that
included a BB contribution provided better fits than absorbed
power laws. Reference [70] found that, in their sample of
28 LGRBs, eight had evidence of thermal emission in their
X-ray spectra, indicating such emission may be somewhat
prevalent. However, the large inferred BB temperatures (&'
ranging from 0.16 keV for 060218 to 3.2 keV for 061007, with
an average of ≈1 keV) indicates that the origin of the thermal
emissionmay not be a SBO.Moreover, the large superluminal
expansions inferred for the thermal components instead
hint at a connection with late photospheric emission. In
comparison, some studies indicate a SBO temperature of ∼
1 keV [71], while [60, 72–74] showed that for a short while the
region behind the shock is out of thermal equilibrium, and
temperatures can reach as high as ∼50 keV.

The radius of the fitted BB component offers additional
clues. References [58, 59] derived a BB radius of 5–8× 1012 cm
for GRB 060218; [65] found ≈8 × 1011 cm for GRB 100316D;
[41] found ≈7 × 1013 cm for GRB 120422A; and [75] derived
a radius of ≈9 × 1013 cm for GRB 140606B.The radii inferred
for GRBs 060218, 120422A, and 140606B are commensurate
with the radii of red supergiants (200–1500R⊙), while that
measured for GRB 100316D is similar to that of the radius of a
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Figure 7: The positions of GRBs, SNe Ibc, and GRB-SNe in the#K-Γ- plane [32, 78–81]. Ordinary SNe Ibc are shown in green,!!GRBs in blue, relativistic SNe IcBL in purple, and jetted-GRBs in
red. Squares are used for the slow-moving SN ejecta, while circles
represent the kinetic energy and velocity of the nonthermal radio-
emitting ejecta associated with these events (e.g., the GRB jet). The
velocities were computed for ( − (0 = 1 day (rest-frame), where
the value Γ- = 1 denotes the division between relativistic and
nonrelativistic ejecta. The solid lines correspond to (green) ejecta
kinetic energy profiles of a purely hydrodynamical explosion #K ∝(Γ-)−5.2 [57, 82, 83]; (blue/purple dashed) explosions powered by
a short-lived central engine (SBO-GRBs and relativistic IcBL SNe
2009bb and 2012ap: #K ∝ (Γ-)−2.4); (red) those arising from a
long-lived central engine (i.e., jetted-GRBs; #K ∝ (Γ-)−0.4 [84]).
Modified, with permission, fromMargutti et al. [78, 81].

blue supergiant (≤25R⊙).These radii, which are much larger
than those expected for Wolf-Rayet (WR) stars (of order a
few solar radius to a few tens of solar radii), were explained
by these authors by the presence of a massive, dense stellar
wind surrounding the progenitor star, where the thermal
radiation is observed once the shock, which is driven into
the wind, reaches a radius where the wind becomes optically
thin. An alternative explanation for the large BB radii was
presented by [76] (see aswell [77]), where the breakout occurs
in an extended (0 = 100R⊙) low-mass (0.01M⊙) envelope
surrounding the preexplosion progenitor star. The origin of
envelope is likely material stripped just prior to explosion,
and such an envelope is missing for high-luminosity GRB-
SNe [77].

For a given GRB-SN event there are both relativistic and
nonrelativistic ejecta, where the former is responsible for
producing the prompt emission, and the latter is associated
with the SN itself. The average mass between the two
components is large: the ejecta mass of a GRB-SN is of order
2–8M⊙, while that in the jet that produces the "-rays is
of order 10−6 M⊙, based on arguments for very low baryon
loading [88]. A GRB jet decelerates very rapidly, within a few
days, because the very low-mass ejecta is rapidly swept up
into the comparatively larger mass of the surrounding CSM.
Conversely, SNe have much heavier ejecta and can be in free-
expansion for many years or even centuries. Measuring the
amount of kinetic energy associated with each ejecta compo-
nent can offer additional clues to the explosion mechanisms
operating in these events. Figure 7 shows the position of SNe

Purely hydrodynamical Long-lived engine

https://arxiv.org/abs/1708.02630
https://arxiv.org/abs/1803.00602
https://arxiv.org/abs/1803.00602
https://arxiv.org/abs/1402.6344
https://arxiv.org/abs/1604.03549
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thermal components were present in many events, which
could possibly be attributed to thermal emission arising from
a cocoon that surrounds the jet [69] or perhaps associated
with SBO emission. Reference [67] analysed a larger sample
of LGRBs and found that, for several events, a model that
included a BB contribution provided better fits than absorbed
power laws. Reference [70] found that, in their sample of
28 LGRBs, eight had evidence of thermal emission in their
X-ray spectra, indicating such emission may be somewhat
prevalent. However, the large inferred BB temperatures (&'
ranging from 0.16 keV for 060218 to 3.2 keV for 061007, with
an average of ≈1 keV) indicates that the origin of the thermal
emissionmay not be a SBO.Moreover, the large superluminal
expansions inferred for the thermal components instead
hint at a connection with late photospheric emission. In
comparison, some studies indicate a SBO temperature of ∼
1 keV [71], while [60, 72–74] showed that for a short while the
region behind the shock is out of thermal equilibrium, and
temperatures can reach as high as ∼50 keV.

The radius of the fitted BB component offers additional
clues. References [58, 59] derived a BB radius of 5–8× 1012 cm
for GRB 060218; [65] found ≈8 × 1011 cm for GRB 100316D;
[41] found ≈7 × 1013 cm for GRB 120422A; and [75] derived
a radius of ≈9 × 1013 cm for GRB 140606B.The radii inferred
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Figure 7: The positions of GRBs, SNe Ibc, and GRB-SNe in the#K-Γ- plane [32, 78–81]. Ordinary SNe Ibc are shown in green,!!GRBs in blue, relativistic SNe IcBL in purple, and jetted-GRBs in
red. Squares are used for the slow-moving SN ejecta, while circles
represent the kinetic energy and velocity of the nonthermal radio-
emitting ejecta associated with these events (e.g., the GRB jet). The
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the value Γ- = 1 denotes the division between relativistic and
nonrelativistic ejecta. The solid lines correspond to (green) ejecta
kinetic energy profiles of a purely hydrodynamical explosion #K ∝(Γ-)−5.2 [57, 82, 83]; (blue/purple dashed) explosions powered by
a short-lived central engine (SBO-GRBs and relativistic IcBL SNe
2009bb and 2012ap: #K ∝ (Γ-)−2.4); (red) those arising from a
long-lived central engine (i.e., jetted-GRBs; #K ∝ (Γ-)−0.4 [84]).
Modified, with permission, fromMargutti et al. [78, 81].

blue supergiant (≤25R⊙).These radii, which are much larger
than those expected for Wolf-Rayet (WR) stars (of order a
few solar radius to a few tens of solar radii), were explained
by these authors by the presence of a massive, dense stellar
wind surrounding the progenitor star, where the thermal
radiation is observed once the shock, which is driven into
the wind, reaches a radius where the wind becomes optically
thin. An alternative explanation for the large BB radii was
presented by [76] (see aswell [77]), where the breakout occurs
in an extended (0 = 100R⊙) low-mass (0.01M⊙) envelope
surrounding the preexplosion progenitor star. The origin of
envelope is likely material stripped just prior to explosion,
and such an envelope is missing for high-luminosity GRB-
SNe [77].

For a given GRB-SN event there are both relativistic and
nonrelativistic ejecta, where the former is responsible for
producing the prompt emission, and the latter is associated
with the SN itself. The average mass between the two
components is large: the ejecta mass of a GRB-SN is of order
2–8M⊙, while that in the jet that produces the "-rays is
of order 10−6 M⊙, based on arguments for very low baryon
loading [88]. A GRB jet decelerates very rapidly, within a few
days, because the very low-mass ejecta is rapidly swept up
into the comparatively larger mass of the surrounding CSM.
Conversely, SNe have much heavier ejecta and can be in free-
expansion for many years or even centuries. Measuring the
amount of kinetic energy associated with each ejecta compo-
nent can offer additional clues to the explosion mechanisms
operating in these events. Figure 7 shows the position of SNe

Purely hydrodynamical Long-lived engine• “Rel. IcBL”: events with the 
features of a GRB (in radio and 
optical), but no prompt stage. 

• LL to HL-GRBs have 
increasingly more relativistic 
ejecta ➜ Indicates a continuum 
of SN Ic where the jet fails or 
succeeds in breaking out. 

• May be due to engine duration/
strength or to progenitor prop. 
(high metallicity; Helium-rich).

Margutti et al (2014) arxiv:1402.6344 ; Cano et al (2016) arxiv:1604.03549

https://arxiv.org/abs/1402.6344
https://arxiv.org/abs/1604.03549
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Figure 3. Cosmic-ray and neutrino observables corresponding to a parameter space point describing both UHECR and neutrino
data at the highest energies (denoted by the stars in Fig. 2, L = 1046.8erg s�1, R = 109 km, with ⇠A ⇡ 10). Upper right panel:
Predicted muon neutrino spectrum from LL-GRBs and cosmogenic neutrinos, compared respectively to the data from the
High Energy Starting Events (HESE) and the Through Going Muons (TGM) at IceCube (Kopper, C. et al. 2017) and to the
cosmogenic limits from IceCube (Aartsen et al. 2016) and GRAND (Fang et al. 2017). Upper left panel: Simulated energy
spectrum of UHECRs, multiplied by E3; and its (extragalactic) components from (groups of) di↵erent nuclear species (thin,
groups defined as in Fig. 1). The orange dashed curve represents the sub-ankle component (which may be of Galactic origin),
while the solid orange curve represents the extragalactic one. For comparison, the Auger data points from Valiño, I. et al. (2015)
are shown. Lower panels: Predictions (sub-ankle and extragalactic, thick black curve, and extragalactic-only, thin orange curve)
and data (Porcelli, A. et al. 2015) on the average (left) and standard deviation (right) of the Xmax distributions as a function of
the energy. For predictions, EPOS-LHC (Pierog et al. 2015) is assumed as the interaction model for UHECR-air interactions.

nuclei (populated cascade). For extremely high radiation densities the source becomes opaque to photo-hadronic
interactions of nucleons (optically thick case), such that most of the baryonic energy is stored in protons and neutrons.
We also show the point Z corresponding to R = 1010 km and LX = 1047 erg s�1, as the representative point in the
parameter space used in Zhang et al. (2018). In the right panel of Fig. 2 we show the result of the fit of the cosmic-ray
spectrum and composition. The region of the parameter space, where the cosmic-ray data are best reproduced, clearly
follows the contour of the maximum energy Emax ⇡ 109.7 GeV in the source, depicted in the right panel of Fig. 2.
In the left panel of Fig. 2 we superimpose the region where the source neutrino flux is within 1� from the IceCube
PeV data points (Kopper, C. et al. 2017). This region clearly shows that, in order to account for the IceCube flux, a
moderate level of disintegration in the source is implied.
The cosmic-ray and neutrino observables corresponding to the parameter space point describing both data sets are

shown in Fig. 3. With the same parameters describing the CR data, the neutrino flux is found to be within the
expectation for the through going muons at IceCube (Kopper, C. et al. 2017). Note that the shape of the neutrino
spectrum does not perfectly describe the neutrino data points, which may be an e↵ect of the limited statistics in
neutrinos, or additional contributions to the neutrino flux, such as a Galactic component (Palladino & Winter 2018).
The required emissivity to fit the UHECR data is Lej = 5.1⇥ 1045 ergMpc�3 yr�1, that corresponds to the injected

Linj = 3.7⇥ 1046 ergMpc�3 yr�1 (both quantities have been calculated above 1016 eV). The baryonic loading required
at the best fit is ⇠A ⇠ 10, if we take into account the local rate of LL-GRBs obtained in Liang et al. (2007). Interestingly,
this is consistent with pioneering predictions (Waxman & Bahcall 1997), and it is substantially smaller than what found
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Figure 2. Parameter space study as a function of X-ray luminosity LX and collision radius R. Left panel: Di↵erent regimes in
the parameter space for the nuclear cascade to develop in the source (shaded regions), as discussed in the main text. The curves
show log10(Emax/GeV), with Emax being the obtained maximal energy for the injected isotope A = 28 in the shock rest frame.
Right panel: Results of the fit to UHECR data (colored contours) and PeV neutrino data (gray-shaded band) as a function
of LX and R (color scale: �2 of the fit, gray-shaded band: neutrino PeV data including uncertainties). The blue curves show
isocontours of log10 ⇠A obtained from the cosmic-ray fit (and corresponding to the rate, ṅLL�GRB(z = 0) = 300Gpc�3 yr�1, and
to the duration, 2 · 105 s, adopted in this study). For each point (LX, R), the values of the other parameters that minimize
the �2 are used. In both panels, the stars indicate the parameters describing both UHECR and neutrino data (point A) and
the diamond represents the parameters of the benchmark in Zhang et al. (2018) (point Z). Points B and C, on the same Emax

contour as the best fit, are used as additional points for discussing the radiation density in the source (see text and Fig. 4).

corresponding to Biehl et al. (2018a), for the same injection composition and parameters. In the propagation-only
model, the interactions in the source are not taken into account, and the ejected CR spectra into the extragalactic
space are defined by ad hoc functions; they directly represent the injection composition. We also show for comparison
the CR spectra (solid curves) obtained by using a / E

�2 exp(�E/Emax) spectrum at injection (shown as black
curve), including the disintegration in the source, and applying the hard escape mechanism. In the case of the source-
propagation model, only one representative isotope for each isotope group is propagated. In order to compare the
models, we first normalize the propagated CR fluxes to the measured spectrum and then derive the normalization of
the spectra at the source. The most relevant di↵erence is an escaping flux of nucleons, which are generated during
the development of the nuclear cascade within the source. By comparing the models after propagation (Fig. 1, right
panel), a clear deficit of the light component at the lowest energies is visible in the propagation-only model compared
to the source-propagation model, which could eventually require a stronger source evolution in the propagation-only
case in order to describe the data. Note that that the light component of the escaping flux has a softer spectrum
compared to the other ones, because neutrons are not magnetically confined (Baerwald et al. 2013). This factor turns
out also to be fundamental in order to describe the CR data in the whole energy range, as already noticed in Globus
et al. (2015b); Unger et al. (2015). In addition, in a propagation-only model, the neutrino production in the source
cannot be computed directly.

3. RESULTS AND DISCUSSION

Depending on the radiation density in the source, photo-nuclear interactions can trigger the subsequent disruption
of higher mass nuclei into lower mass fragments. As a consequence, the so-called nuclear cascade can develop, leading
to the population of many di↵erent isotope species in the source. We show in Fig. 2 (left panel) di↵erent regimes in
the parameter space for the nuclear cascade (shaded regions) as a function of X-ray luminosity LX and collision radius
R for the heaviest injected mass, A = 28. If the photon density in the source is not high enough to cause e�cient
disintegration, only a few species with masses close to the injected composition are populated (empty cascade). With
increasing energy density, nuclei interact more e�ciently with these photons such that the source becomes optically
thick to photo-hadronic interactions of heavy nuclei and the nuclear cascade e�ciently feeds energy into lower mass
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• If UHECRs are produced in GRBs, these are likely LL-GRBs! 
• Source material can be rich in heavy nuclei. 
• LL-GRBs are energetic enough to accelerate nuclei to UHE (1020 eV). 
• Source env. is optimal for nuclei to survive (not too dense). 
• Just enough LL-GRBs expected within ~100 Mpc to satisfy the obs. 

UHECR spectrum (much higher or much lower rates disfavoured).

LL-GRBs as sources of UHECRs & neutrinos

Boncioli et al (2018) arxiv:1808.07481

Darker shade ➜ more photo-disintegration; 
fewer UHECRs; more neutrinos.
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FIG. 6. Constraints on the initial radiation luminosity Lrad,0

and the location of jet base r0 for the survival of nuclei with
various chemical species: He, O, Si, and Fe during the initial
loading at jet base. The blank (shaded) region beyond (below)
the iron curve has an optical depth ⌧A� < 1 (⌧A� > 1) in the
lower panel and e↵ective optical depth fA� > 1 (fA� > 1)
in the upper panel. The optical depth ⌧A� represents the
interaction rate, while the e↵ective optical depth fA� indicates
the energy loss e�ciency of nuclei.
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Now, following Ref. [17], let us assess the survivability
of the UHECR nuclei in the internal shock region. We
model the GRBs prompt emission as a broken power-law
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where ⇡ L�iso/5 is the photon luminosity at the break
energy "b and "min = 1 eV, "max = 10 MeV [17, 19].
Similar to the discussion in Sec. II C, we consider two
kinds of time scales: the interaction time scale which is
related to the optical depth ⌧A� ⌘ t
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dyn and the

energy loss time scale which corresponds to the e↵ective

optical depth fA� ⌘ t
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dyn; see the details in Refs. [17,

30]. We estimate the value of fA� (upper panel) and
⌧A� (lower panel) as functions of the kinetic energy and
Lorentz factor of the relativistic outflow. In Fig. 7, we
can see that nuclei are easier to survive for dimmer GRBs.
The luminosity function of both LL GRBs and HL

GRBs can be described using the following formula [39],
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where A0 is the normalization parameter, as have been
shown in Fig. 8. The LL GRBs are defined to have
isotropic radiation luminosity L�iso  1049 erg s�1, where
nuclei can survive. With this luminosity function, the
contribution from LL GRBs is more important in the lo-
cal universe. Note that the durations of GRB 060218
and GRB 100316D were ⇠ 103 � 104 s, which is about
100 times longer than the typical duration of HL GRBs,
⇠ 10 � 100 s. Although the LL GRB rate is highly un-
certain, such a setup may be justified if the LL GRB
outflows are more contaminated by baryons (i.e. if they
originate from a so-called dirty fireball). In this work, we
mainly focus on the connection between LL GRBs and
UHECR nuclei.
Although the LL GRB contribution is more important

in our setup, it is possible to discuss the HL GRB contri-
bution. The HL GRBs have higher luminosities, shorter
variability times, and higher Lorentz factors. In the con-
text of the Auger data, the survivability of heavy nu-
clei was first studied by Refs. [17, 18]. For the fiducial
Lorentz factor, � ⇠ 300, the nuclei are completely de-
stroyed for internal shock radii of . 1014 cm. For the
fiducial luminosity of L�iso ⇠ 1052 erg s�1, the nucleus-
survival is shown to be possible only at su�ciently large
radii of ⇠ 1015 cm, and the photodisintegration occurs
in the partial survival regime, i.e. ⌧A� & 1 & fA� . Such
special cases are studied in Refs. [21, 22], but parameters
need to be tuned to fit the UHECR spectrum and com-
position. This is especially case if the luminosity func-
tion and/or multizone e↵ect are considered. At large
emission radii allowing the nucleus survival, the inter-
nal shock model su↵ers from an issue in explaining the
peak energy by synchrotron emission. Magnetic fields
may be too weak to be consistent with the synchrotron
peak energy, so that the number of accelerated electrons
needs to be small enough to boost the electron injection
Lorentz factor (e.g., [86]). Later, we discuss the e↵ect of
the HL contribution assuming the proton composition.
This corresponds to the assumption that the nuclei are
completely destroyed somewhere.

B. Escape and injection spectrum

The accelerated nuclei usually follow a power-law dis-
tribution with a spectral index, sacc ⇠ 2.0 � 2.2, as
a prediction of the di↵usive shock acceleration mecha-
nism (e.g., [87–89]). However, in general, the spectrum
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where A0 is the normalization parameter, as have been
shown in Fig. 8. The LL GRBs are defined to have
isotropic radiation luminosity L�iso  1049 erg s�1, where
nuclei can survive. With this luminosity function, the
contribution from LL GRBs is more important in the lo-
cal universe. Note that the durations of GRB 060218
and GRB 100316D were ⇠ 103 � 104 s, which is about
100 times longer than the typical duration of HL GRBs,
⇠ 10 � 100 s. Although the LL GRB rate is highly un-
certain, such a setup may be justified if the LL GRB
outflows are more contaminated by baryons (i.e. if they
originate from a so-called dirty fireball). In this work, we
mainly focus on the connection between LL GRBs and
UHECR nuclei.
Although the LL GRB contribution is more important

in our setup, it is possible to discuss the HL GRB contri-
bution. The HL GRBs have higher luminosities, shorter
variability times, and higher Lorentz factors. In the con-
text of the Auger data, the survivability of heavy nu-
clei was first studied by Refs. [17, 18]. For the fiducial
Lorentz factor, � ⇠ 300, the nuclei are completely de-
stroyed for internal shock radii of . 1014 cm. For the
fiducial luminosity of L�iso ⇠ 1052 erg s�1, the nucleus-
survival is shown to be possible only at su�ciently large
radii of ⇠ 1015 cm, and the photodisintegration occurs
in the partial survival regime, i.e. ⌧A� & 1 & fA� . Such
special cases are studied in Refs. [21, 22], but parameters
need to be tuned to fit the UHECR spectrum and com-
position. This is especially case if the luminosity func-
tion and/or multizone e↵ect are considered. At large
emission radii allowing the nucleus survival, the inter-
nal shock model su↵ers from an issue in explaining the
peak energy by synchrotron emission. Magnetic fields
may be too weak to be consistent with the synchrotron
peak energy, so that the number of accelerated electrons
needs to be small enough to boost the electron injection
Lorentz factor (e.g., [86]). Later, we discuss the e↵ect of
the HL contribution assuming the proton composition.
This corresponds to the assumption that the nuclei are
completely destroyed somewhere.

B. Escape and injection spectrum

The accelerated nuclei usually follow a power-law dis-
tribution with a spectral index, sacc ⇠ 2.0 � 2.2, as
a prediction of the di↵usive shock acceleration mecha-
nism (e.g., [87–89]). However, in general, the spectrum
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• fAγ: Lower optical depth for γ-rays ➜ higher chance of γs escaping the source for 
larger radii / lower luminosities. • For large fAγ, we can also expect proton-
induced cascaded γ-ray signals. 

• γ-ray production mechanisms: 
• Leptonic: synchrotron, & synchrotron Self-Compton (SSC) of e± • SSC 

enhanced for low Ep ➜ detectable >GeV energies. 
• Hadronic: UHECRs ➜ Proton Synchrotron; γs from neutral/charged pions, 

muons and e± pairs generated via photomeson production, Eγ > 10 PeV, 
cascaded down by the EBL to detectable GeV-TeV energies.

Expected VHE γ-ray signal from LL-GRBs
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γ-rays from a single H/LL-GRB
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FIG. 9: Energy fluences of gamma rays from one nearby
GRB event. Dashed and dotted lines show HL GRB with
Eiso

γ = 1053 ergs at z = 0.1 and LL GRB with Eiso
γ = 1050

ergs at z = 0.005, respectively. A thick dashed line shows the
HL-GRB gamma-ray spectrum for r = 1015 cm and Γ = 103

where heavy nuclei can survive (see Fig. 2). A thin dashed
line shows the only cosmic-ray synchrotron component from
one HL GRB without attenuation by the CMB and CIB. A
thick dotted line shows the LL-GRB gamma-ray spectrum for
r = 6 × 1015 cm and Γ = 10 where heavy nuclei can survive
(see Fig. 3). A thin dotted line shows the only cosmic-ray
synchrotron component from one LL GRB without attenua-
tion by the CMB and CIB. Note that synchrotron self-inverse
Compton components by accelerated electrons are not shown.
We assume the comsic-ray composition with proton 75 % and
iron 25 %. ξacc ≡ UCR/Uγ and ξB ≡ UB/Uγ are set to 20
and 10 for the HL GRB case, while 10 and 1 for the LL GRB
case (see Appendix B). We use the low-IR model for the CIB,
which is presented by Kneiske et al. [81]. Fluence sensitivity
curves of GLAST and MAGIC are also shown [82, 83].

such a synchrotron self-inverse Compton component ex-
ists or not, we can expect to detect high-energy gamma-
rays by GLAST and/or MAGIC in the future, as long as
accelerated UHE heavy nuclei survive and GRBs occur
at z ! 1 for HL GRBs and z ! 0.05 for LL GRBs, from
Fig. 9.

Gamma rays can be produced by not only cosmic-ray
synchrotron radiation but also neutral pions, charged
pions, muons and electron-positron pairs generated via
photomeson production. Gamma rays originating from
photomeson production have very high energies (e.g.,
" 10 PeV for gamma rays coming from neutral pion de-
cay). Such gamma rays cannot avoid attenuation by the
CIB, CMB and cosmic radio background. In fact, the
mean free path of 10 PeV photons against pair-creation
by the CMB photons is ∼ 10 kpc, so that we cannot
expect to detect such gamma rays directly [22]. Sec-
ondary electron-positron pairs generated by pair-creation
are still energetic and up-scatter cosmic background pho-
tons. These boosted photons can create pairs if they are
still energetic, and the process repeats itself until the
energy of degraded photons is in the 1 − 10 TeV range

[84, 85]. The mean free path of these regenerated 1− 10
TeV photons is longer than 100 Mpc, and they can reach
the Earth. Whether the detection of these secondary
gamma rays is possible or not depends strongly on the
intergalactic magnetic field strength [86]. As it is large,
the expected secondary flux becomes highly suppressed
(see, e.g., [38] and references there in). It is because
the duration of secondary emission becomes long and the
emission becomes isotropic (for " 10−16 G). Only when
the intergalactic magnetic field is very weak, which can
be expected in the void region rather than the structured
region, the secondary emission can be detected. Even
in such cases, we expect that the secondary flux is sub-
dominant compared to the primary flux for parameter
sets in Fig. 9. In fact, the expected fluence originat-
ing from gamma rays from photomeson production can
be estimated as E2

γφγ ∼ 10−7 ergcm−2 for HL GRB and
E2

γφγ ∼ 10−8 ergcm−2, respectively [84, 85]. In addition,
the secondary fluence from cosmic-ray synchrotron emis-
sion (estimated by using the same method presented in
Ref. [38]) is smaller than the primary one. Therefore, we
omit spectra of secondary delayed emission in this pa-
per [87]. Note that the diffuse gamma-ray background
from GRBs will be much smaller than the EGRET limit,
which is expected to be E2

γΦγ ! 10−8 GeV cm−2s−1sr−1

[38, 89]. So far we have considered the internal shock
model. For other models, see Appendixes D and E.

V. SUMMARY AND DISCUSSION

In this paper, we have shown that not only protons
but also heavy nuclei can be accelerated up to ultra-high
energies in both of HL GRBs and LL GRBs. We exploit
the internal shock model, (external) reverse shock model
and forward shock model. We have also discussed var-
ious implications for neutrino, gamma-ray and UHECR
astronomy. Especially, we have studied cosmic-ray accel-
eration in LL GRBs which may play an important role
as high-energy cosmic-ray sources.
Let us summarize this paper below. First, we have

shown that UHECR nuclei can be produced in both of
HL GRBs and LL GRBs.
(A1) In the internal shock model, UHE protons and

heavier nuclei can be produced in both of HL GRBs
and LL GRBs. However, the allowed parameter range
is limited. At smaller radii, most of the UHE nuclei
are depleted, and a significant fraction of the nonther-
mal cosmic-ray energy is transferred into neutrinos. On
the other hand, survival of UHE nuclei is possible only
at large radii and/or for large Lorentz factors. Typically,
relatively large radii r " 1015 cm will be required. For
HL GRBs with Lb ∼ 1051−52 ergs−1, both of protons and
heavier nuclei can be accelerated up to ultra-high energies
above 1020 eV. For LL GRBs with Lb ∼ 1046−47 ergs−1,
heavy nuclei can be accelerated above 1020 eV, while pro-
ton acceleration above such high energies may be diffi-
cult. In addition, we have shown that the effect of syn-

CTA sensitivity ➜  
better than 10-9 erg cm-2

CR synchrotron 
only (thin)

CR synchrotron + 
photomeson (thick)

(Preliminary attempt at…) Diffuse γ-rays from all LL-GRBs

Simplified prediction: 
• Only π0 decays, down-
scattered by the EBL. 
• Normalisation TBD. 
• Identical LL-GRBs, 
distributed as SFR (no LF).

Page 20

Biehl, Boncioli, Lunardini, 
Winter, Sci. Reports 2018

• Gamma-rays from MeV to PeV are trapped (see also Murase, Guetta, Ahlers PRL 2016)

• Gamma-ray cascade from escaping EeV photons interacting with EBL can be computed 

The gamma-ray counterpart 

Estimate by Andrea Palladino

| UHECRs and neutrinos from LL-GRBs | Denise Boncioli | August 22nd 2018

(Preliminary attempt at…) 
Prompt γ-rays from a single LL-GRB

Murase et al (2008) arxiv:0801.2861: Eiso = 1050 erg 
(e.g., Liso ~ 2×1048 erg s-1 for z = 0.05; T90 = 50 s). Estimate by A. Palladino, based on the results of Boncioli et al (2018) arxiv:1808.07481 
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High-energy gamma rays: a simple estimate
Prompt emission from a single source

z = 0.1

z = 0.01

Propagation by Andrea Palladino, based on the model in 
[D. Boncioli, DB, W. Winter – arXiv:1808.07481]

1
 T

e
V

1
 T

e
V

W
O
R
K

I
N

P
R
O
G
R
E
S
S

Time delay?

z = 0.1

z = 0.01

https://arxiv.org/abs/0801.2861
https://arxiv.org/abs/1808.07481


D [Mpc]
0 50 100 150 200 250 300 350 400

 [e
rg

/s
])

m
in

 is
o

(L
10

lo
g

40

42

44

46

48

50

52
0.01 0.03 0.05 0.07

z

CTA
CTA
CTA
CTA

Fermi-LAT
Fermi-LAT
Fermi-LAT
Fermi-LAT

10 s :
100 s :

1000 s :
10000 s :

The nominal CTA detection strategy for GRBs

• Sensitivity as a function of exposure time for different 
energies.

• Detectable-source luminosity vs. distance for different 
exposures (5σ for 40 GeV γ-rays).

1. Slew as quickly as possible following an external trigger. 
2. Serendipitously detect extreme upward fluctuation in the FoV (only HL-GRB considered in the past).
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The objective: given LL-GRBs exist, would we see them?  (no assumption on rates) 
• Detection strategy: 

• Blind search - not dependent on external triggers (LL-GRBs are unlikely to have an external trigger). 
• Continuous searches within the current FoV. 
• Short integration windows (promising results for 0.5-1 sec time spans). 
• Optimise the search algorithm for the highest (post-trails) test-statistic, TSpt (currently for 100 hours of 

observing, and a benchmark of TSpt > 25).

LL-GRB detection prospects with CTA

• Initial feasibility study: 
• Scan the phase space ➜ which kinds of LL-GRBs can we 

detect (high confidence & low fake-rate)? 
• Defining a ”detectability” metric: 

• The plot shows pdet, averaged over many GRB sims; a proxy 
for the detection probability per {Liso , z} bin.

pdet = {
0 , TSpt < 25
1 , TSpt ≥ 25
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LL-GRB detection prospects with CTA
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Figure 3. Cosmic-ray and neutrino observables corresponding to a parameter space point describing both UHECR and neutrino
data at the highest energies (denoted by the stars in Fig. 2, L = 1046.8erg s�1, R = 109 km, with ⇠A ⇡ 10). Upper right panel:
Predicted muon neutrino spectrum from LL-GRBs and cosmogenic neutrinos, compared respectively to the data from the
High Energy Starting Events (HESE) and the Through Going Muons (TGM) at IceCube (Kopper, C. et al. 2017) and to the
cosmogenic limits from IceCube (Aartsen et al. 2016) and GRAND (Fang et al. 2017). Upper left panel: Simulated energy
spectrum of UHECRs, multiplied by E3; and its (extragalactic) components from (groups of) di↵erent nuclear species (thin,
groups defined as in Fig. 1). The orange dashed curve represents the sub-ankle component (which may be of Galactic origin),
while the solid orange curve represents the extragalactic one. For comparison, the Auger data points from Valiño, I. et al. (2015)
are shown. Lower panels: Predictions (sub-ankle and extragalactic, thick black curve, and extragalactic-only, thin orange curve)
and data (Porcelli, A. et al. 2015) on the average (left) and standard deviation (right) of the Xmax distributions as a function of
the energy. For predictions, EPOS-LHC (Pierog et al. 2015) is assumed as the interaction model for UHECR-air interactions.

nuclei (populated cascade). For extremely high radiation densities the source becomes opaque to photo-hadronic
interactions of nucleons (optically thick case), such that most of the baryonic energy is stored in protons and neutrons.
We also show the point Z corresponding to R = 1010 km and LX = 1047 erg s�1, as the representative point in the
parameter space used in Zhang et al. (2018). In the right panel of Fig. 2 we show the result of the fit of the cosmic-ray
spectrum and composition. The region of the parameter space, where the cosmic-ray data are best reproduced, clearly
follows the contour of the maximum energy Emax ⇡ 109.7 GeV in the source, depicted in the right panel of Fig. 2.
In the left panel of Fig. 2 we superimpose the region where the source neutrino flux is within 1� from the IceCube
PeV data points (Kopper, C. et al. 2017). This region clearly shows that, in order to account for the IceCube flux, a
moderate level of disintegration in the source is implied.
The cosmic-ray and neutrino observables corresponding to the parameter space point describing both data sets are

shown in Fig. 3. With the same parameters describing the CR data, the neutrino flux is found to be within the
expectation for the through going muons at IceCube (Kopper, C. et al. 2017). Note that the shape of the neutrino
spectrum does not perfectly describe the neutrino data points, which may be an e↵ect of the limited statistics in
neutrinos, or additional contributions to the neutrino flux, such as a Galactic component (Palladino & Winter 2018).
The required emissivity to fit the UHECR data is Lej = 5.1⇥ 1045 ergMpc�3 yr�1, that corresponds to the injected

Linj = 3.7⇥ 1046 ergMpc�3 yr�1 (both quantities have been calculated above 1016 eV). The baryonic loading required
at the best fit is ⇠A ⇠ 10, if we take into account the local rate of LL-GRBs obtained in Liang et al. (2007). Interestingly,
this is consistent with pioneering predictions (Waxman & Bahcall 1997), and it is substantially smaller than what found
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• HE-CR electrons and nuclei can be observed directly by 
IACTs; much improvement foreseen for the upcoming CTA. 

• LL-GRBs are emerging as promising candidates for being 
sources of UHECRs and neutrinos. • Having potentially 
high rates, CTA could be used to constrain their source 
population.

Closing remarks Sun et al (2015) arxiv:1509.01592
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Are LL-GRBs simply off-axis HL-GRBs?
• Assume a simple model: threshold lumi., Liso,min ~ 1050 erg s-1 

for jet success, and a viewing/jet opening angle, θj:
ρ0,L ∝ {

const , Liso ≪ ϵγLiso,min /(1 − cos θj)

L−k
iso , Liso ≫ ϵγLiso,min /(1 − cos θj)

• Only works for unrealistically-low values of the radiation efficiency; or with “structured jets”. 

• The cost for simplifying the LF is the need for fine-tuning: added complexity of new parameters; the need 
for very steep jet structure… 

• ➜ If we have to accept a complicated scenario, then just as well to assume that LL-GRBs are unique.

Sun et al (2015) arxiv:1509.01592 Pescalli et al (2014) arxiv:1409.1213

GRB jet structure 5

GRB z Refa α β Epeak P ∆E Refb Pbol Liso Instr. Plim,bol

keV ph/cm2/s keV ph/cm2/s erg/s ph/cm2 /s

020903 0.25 1 –1.0 ... 3.37 2.8 [2–400] 7 6.52 4.86× 1048 Hete–II 3.0
031203 0.105 2 –1.63 ... 144 2.2 [15–150] 8,9,10 17.9 1049 Integral 3.0
051109B 0.08 3 –1.90 ... 50† 0.5 [15–150] 11,12,13 9.43 1.64× 1048 Swift 1.3
060505 0.089 4 –1.8 ... 239† 1.9 [15–150] 11 8.0 7.14× 1048 Swift 0.8
120422A 0.283 5 –1.94 ... 53 0.6 [15–150] 14 11.35 2.7× 1049 Swift 2.5
130702A 0.145 6 –1.0 –2.5 20 7.03 [10–1000] 15 7.03 2.87× 1049 Swift 2.5

Table 1. Intermediate Luminosity (IL) GRBs. a References for the redshift: (1) GCN #1554 Soderberg, Price, Fox et al. (2002); (2) GCN #2482 Prochaska,
Bloom, Chen, Hurley, Dressler&Osip (2003); (3) GCN # 5387 Perley, Foley, Bloom&Butler (2005) ; (4) GCN #5161 Thoene, Fynbo, Sollerman et al. (2006);
(5) GCN #13251 Tanvir, Levan, Cucchiara et al. 2012 ; (6) GCN #14983 Leloudas, Fynbo, Schulze et al. (2013); b References for the spectral parameters: (7)
Sakamoto et al. (2004) ; (8) Bosnjak et al. (2013); (9) Sazonov et al. (2004); (10) Ulanov et al. (2005); (11) Troja et al. (2006); (12) Sakamoto et al. (2009);
(13) Butler et al. (2007); (14) Zhang et al. (2012); (15) Kienlin et al. (2014). † Epeak computed through the α−Epeak correlation of Sakamato et al. (2009)
for Swift GRBs (for GRB 051109B consistent also with the estimate of Butler et al. 2007).

Figure 2. Luminosity function fitted with the UJ model (Eq. 6) with fixed opening angle. For the models shown in the main plot (solid cyan and dashed green
curves) L⋆ = 1050 erg s−1 is fixed. The solid cyan line shows the case with η = 0.2 (which gives θj=90◦) and the dashed green line is the case with
θj=5◦ (which gives η ∼ 10−5). Inset: curves showing the degeneracy of the model in the angle and efficiency parameters. Dotted, solid and dashed curves
correspond to different choices of L⋆ = 1049, 1050, 1051 erg s−1, respectively. The green and cyan dots show the choice of η and θj corresponding to the
model curves shown in the main panel, respectively.

Then the luminosity function in the UJ model is:

P (Liso) = P (Lkin)
dLkin

dLiso
= L−k

kin

1− cos θ
η

∝
(1− cos θj)

η

[

Liso(1− cos θj)
η

+ L⋆

]−k

(5)

where L⋆ is the collimation corrected (i.e. “true”) kinetic lu-
minosity necessary to punch the star, while Liso is the observed,

isotropically equivalent radiative luminosity. Eq. 5 is the LF of all
bursts, including the ones not pointing at us. If all bursts have the
same θj, we will see only a fraction (1− cos θj) of them, indepen-
dent of luminosity. Therefore the observed LF is:

P (Liso) ∝
(1− cos θj)

2

η

[

Liso(1− cos θj)
η

+ L⋆

]−k

(6)

Only those engines providing L > L⋆ will produce a success-
ful GRB and build up the P (Liso) distribution: if L ≫ L⋆ then

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 6. Structured Jet model (solid lines) for different values of the power
law energy structure slope k (as labeled) assuming a core angle of 1◦.
The dashed grey line shows the observed luminosity function (arbitrarily
rescaled for clarity) of WP10 extending from LL to HL.

Figure 7. Structured Jet model assuming a jet core energy per unit solid
angle ϵc = 6 × 1052 erg with a dispersion (log–normal) around this value
with σ=0.5, s = 8.1 and θc ∼ 5◦ . For comparison are also shown the LF
obtained with s = 2 and s = 4 (from Fig.6) by the dashed and dot–dahes
lines, respectively.

that the distribution of the energy per unit solid angle ϵ(θ) is con-
stant within a core of small aperture θc and distributed as a power
law at larger angles:

ϵ(θ) =

⎧

⎨

⎩

ϵc if θ ! θc

ϵc
(

θ
θc

)−s
if θ > θc

(14)

where ϵc is the energy per unit solid angle within the core of the jet.
The integral of ϵ(θv) is the total jet energy E which is a free pa-
rameter. Different jet structures have been considered from s = 2
(Rossi et al. 2002) to steeper structures (Zhang & Meszaros 2002
considered also the limit of a gaussian jet). In the following s is
a free parameter. We define the energy observed at a certain θv
as Eiso(θv) = 4πηϵ(θv) and assuming a typical duration we can
define the luminosity as Liso(θv) ∝ ϵ(θv). For θv ! θc, this corre-

sponds to the maximum luminosity Liso,max ∝ ϵc. The minimum
luminosity is for θv = π/2. From Eq. 14 the ratio between the
maximum and minimum luminosity is Lmax/Lmin = (π/2θc)

s:
the extension of the resulting LF is set by the slope s and the jet
core θc. Since the observed LF of GRBs (including HL and LL
bursts) extends over seven orders of magnitudes (from 1047 erg
s−1 to 1054 erg s−1), we derive the limit s " 7/ log[π/(2θc)]. A
typical core angle θc = 1◦ implies s > 3.6, thus excluding the
s = 2 case which is instead what required by the clustering of the
collimation corrected energies of GRBs (Frail et al. 2002).

The luminosity function of the SJ results:

P (Liso) ∝ sin

{

(

Liso

Liso,max

)− 1
s

θc

}

(

Liso

Liso,max

)−1− 1
s

≈ θc

(

Liso

Liso,max

)−(1+2/s)

(15)

since the argument of the sine is always small for reasonable val-
ues of θc. The of the LF depends on the shape of the jet structure
s which also regulates the extension of the LF (i.e. the ratio of the
minimum and maximum observable luminosity) as shown by the
different curves of Fig. 6. Formally, a slope a = 1.25 of the ob-
served LF of Fig. 1 we get a typical value of s = 8. The upturn
at large luminosities shown in Fig. 6 corresponds to the jets ob-
served within the core which all have the same luminosity. Instead,
the observed LF (Fig. 1) is steeper after a break corresponding to
Liso ∼ 3 × 1052 erg s−1. To reproduce this smooth break we in-
troduce some dispersion of the parameters. Fig. 7 shows that we
can reproduce the LF if we assume a jet core energy per unit solid
angle ϵc = 6×1052 erg with a dispersion (log–normal) around this
value with σ=0.5, s = 8.1 and θc ∼ 5◦. The obtained LF is also
consistent with the lower limits corresponding to the IL bursts.

5 DISCUSSION AND CONCLUSIONS

Due to the increased capability to measure the redshift of long
GBRs, we have now better determination of their luminosity func-
tion, and indeed the results of different groups and of different
methods start to converge. The LF can be modeled as a broken
power law, with slopes ∼1.2–1.5 and b > 2, and a break above
1052 erg s−1. The degree of cosmic evolution is instead still un-
certain (see e.g. S12). Another controversial issue concerns low
luminosity GRBs. We have observed very few of them, but their
vicinity points to a very large rate. From what we find, they lie on
the extrapolation of the luminosity function that describes high lu-
minosity events. This suggests that LL and HL bursts belong to the
same population. LL bursts have luminosities of ∼ 1047 erg s−1

and therefore extend the range of observed GRB luminosities to
seven orders of magnitude. Is this very large range produced by the
different intrinsic GRB power or is it instead the result of viewing
the same intrinsic phenomenon under different lines of sight? We
here discuss our findings, that are summarized in Tab. 2.

• If the jets of GRBs are homogeneous and have a typical open-
ing angle, then the observed luminosity is proportional to the en-
ergetics of the bursts after it has spent part of its initial energy to
punch the progenitor star. This implies that the LF must be flat at
low luminosities, and this contradicts the data. Our conclusion is
that we can exclude this simple case.
• We have then examined the case of a homogeneous jet, but

with a jet angle that is related to the GRB energetics: smaller θj
correspond to larger Eiso and Liso. Since low luminosity bursts

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 4. Snapshots of rest-mass density (left side of each panel)
and pressure (right side of each panel) in the laboratory frame of
models J0 (left panel), J3a (central panel) and J3b (right panel)
at breakout from the stellar surface (times are annotated above
each panel). The rest-mass density (palette on the left side of
the figure) and pressure (palette on the right side of the figure)
are in CGS units. R? and the radius, RFS,SN, reached by the SN
forward shock (FS) are marked with yellow and blue dashed lines,
respectively. (the time since injection is written above each panel)

quasi-spherical, subrelativistic cocoon within the star and it
is much less collimated than the most luminous model of the
J0 series. Moreover, the beam of the jet remains trapped by
the thick cocoon surrounding it. Instead of a jet breakout,
we find a cocoon breakout from the stellar surface, which
happens at a time t ⇠ 57 s > tinj,j and traps the jet itself. We
have checked that for the jet model J0c, with a luminosity
⇠ 4 times below Lthr

j , injection directly fails and the jet does

not even progress inside the computational grid. From the
exploration of the J0 series of models we find that model
J0b is a borderline case between successful jet injection and
jet injection failure.

In addition to the fact that the passage of the SN ejecta
may lower the pressure and the rest-mass density in the
vicinity of the jet injection nozzle, it also drives a radial
outward motion of the stellar matter with a subrelativis-
tic speed vr,a. If vr,a ⇠ vh, the value of Lthr

j may be further

decreased, since the ram pressure on the jet’s head is sig-
nificantly reduced. Thus, we have considered two additional
members of the J3 series with luminosities 4 (J3c) and 10
(J3d) times than the luminosity threshold found for the ref-
erence model J0a (Tab. 1), slightly below the threshold pre-
dicted analytically for the J3 series of models (Fig. 1; ma-
genta line). The model J3c, hosting an equivalent isotropic
energy twice smaller than E thr

iso(J3b) at R9 = 2, breaks of out
the star, but after a time t ⇠ 3tinj,j (Fig. 7; right panel). On

the other hand, in the model J3d, with Eiso = 1053 erg (a
factor of 5 less than E thr

iso(J3)) the SN ejecta breaks out the
star before the jet does it (Fig. 7; left panel). In fact, the
jet of model J3d is trapped within the SN ejecta and fails
to catch up with them because the latter propagates faster
once they enters the EM.

Figure 5. Time evolution, in the laboratory frame, of the open-
ing angle of the jet after breakout of the surface of the star for
models J0a (black solid), J3a (blue dashed) and J3b (red dot-
ted). The practical measurement of ✓BO is rather involved around
the time when the jets breakout and, therefore, the left part of
the plot until t � tBO ⇠ 2 s does not represent the actual jet half-
opening angle, but instead, the jet’s forward shock angular exten-
sion. Models J0b, J0c, J3c and J3d are not show in the figure for
di↵erent reasons. Model J0b displays a cocoon breakout and its
beam does not emerge out of the stellar surface, hence we cannot
reliably measure ✓BO. Model J0c does not even enter successfully
the grid. Model J3c displays a very quick lateral expansion by the
time it arrives to the stellar surface and the values of ✓BO cannot
be measured accurately (but they are much larger than those of
model J0a). Model J3d is chocked in the SN ejecta and it does
not properly breakout.

Figure 6. Snapshots of the evolution of model J0b. The quanti-
ties displayed are the same as in Fig. 4. Note that depicted times
are all longer than tinj, j = 20 s (the time since injection is written
above each panel).

5 DISCUSSION AND CONCLUSIONS

Aiming to explore the dynamics of relativistic jets, which
may result into events compatible with the phenomenology
of llGRBs and GRB-SNe, we have studied both analytically
and numerically the conditions under which low-luminosity
jets may break out of a potential stellar progenitor of the
former type of events. In order for a jet, i.e. a supersonic
flow to form at a pre-stablished injection nozzle, the lumi-
nosity must be above a certain threshold depending on the

MNRAS 000, 1–13 (2018)
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Successful jet 

Failed jet 

• Regardless of the existence of SBOs, low-energy jets may fail… 

• Energetics between the jet/cocoon system and the environment of the 
SN ➜ The observed luminosity may be lower than the intrinsic 
luminosity… 

• The BO timing condition (tE > tSBO) seems to be slightly relaxed. 

• A SN shock wave (“piston” model) may reduce the pressure/density in 
the progenitor ➜ lower Lγ,iso,BO. 

• Threshold for LL-jets: 

• Intrinsic jet angle, θj ~ 2°, where what we observe is the breakout 
angle, θBO ≳ 35° (decreasing with time). 

• Radiation conversion efficiency, εγ ≲ 1 %.

Failed jets

!19Aloy et al (2018) arxiv:1801.06186

Lγ,iso,BO ≥ 1.5 × 1048 ( ϵγ

0.01 ) (
Rj

2 × 109 cm )
2

(
θj

2∘

35∘

θBO )
2

× ( pa

1.8 × 1022 erg cm−3 ) erg s−1

https://arxiv.org/abs/1801.06186
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Figure 4. Cosmic-ray (left panel, multiplied by E3, linear scale) and neutrino (right panel, multiplied by E2) fluxes at Earth
corresponding to a parameter space point describing both UHECR and neutrino data at the highest energies reported in Fig. 2
(point A) and to cases with similar cuto↵ energy at the source, but di↵erent values for the luminosity and the radius (points B
and C), i.e., di↵erent strength of the nuclear cascade (see Fig. 2, left panel). In the left panel, the all-particle flux (orange) is
shown together with the nucleon contribution (red) of the cosmic-ray flux.

with source-propagation models taking into account HL-GRBs as UHECR and neutrino sources (Baerwald et al. 2015;
Biehl et al. 2018a).
In order to discuss what is the e↵ect of the radiation density in the source on the cosmic-ray and neutrino fluxes,

we show in Fig. 4 the same observables as in the upper panel of Fig. 3, for the three parameters sets marked in Fig. 2.
These parameter sets have been chosen to lie in the same maximum energy contour, so that the cosmic-ray spectra
at Earth corresponding to each set exhibit similar cut-o↵s at the highest energies. Moving from point C to B, the
enhanced radiation density in the source increases the e�ciency of the interactions, producing a growing flux of light
elements, which is preserved after propagation through the extragalactic space (see red lines in the left panel of Fig. 4).
The neutrinos produced in the development of the cascade in the source, as shown in the right panel of Fig. 4, are
strictly related to the e�ciency of the disintegration in the source. The use of the source-propagation model breaks
the degeneracy of the interpretation of the CR data: while both model A and B reproduce the CR spectrum above
the ankle, the corresponding neutrino fluxes are clearly separated, being model B in the “empty cascade” region. This
discrimination power is lost in the cosmogenic neutrino fluxes, due to the similar maximum energy of the parameter
sets we used for this discussion.
The description of the cosmic-ray data across the ankle is a very controversial issue. Although the spectrum above

EeV energies can be in principle reproduced with one-source population (as done for example in Biehl et al. (2018a)),
the measured composition (Aab et al. 2014) cannot be described by models having a prevailing light component at
low energies. On the other hand, the copious production of nucleons in the interactions in the source and in the
extragalactic propagation naturally grants a lighter composition while decreasing the energy. We then argue that the
presence of the cuto↵ of the Galactic cosmic-ray population could account for a certain percentage of the CR flux at ⇠
EeV and reconcile the expected composition with the measurements, as it is shown in the upper left and lower panels
of Fig. 3. With the introduction of this sub-ankle component, the CR spectrum can be reproduced above the EeV
energies and the composition becomes heavier than what could be if only the protons produced in the propagation were
considered below the ankle. Fixing the chemical composition of the sub-ankle contribution to A = 28, the spectral
index of this component is found to be ↵gal = 4.4 and the fraction of the corresponding flux at log10(E/[eV]) = 17.8
is ⇠51%. The slope of the sub-ankle flux and the percentage of that with respect to the extragalactic one at ⇠ EeV
is also influenced by the source evolution, as already pointed out in Globus et al. (2015b). Having investigated the
e↵ect of m in the fit results, we choose here m = 1 (closer to the GRB redshift evolution indicated in Kistler et al.
(2009) than the SFR, corresponding to m = 0 in our parametrization). Although the choice of the SFR evolution with
respect to a stronger one does not qualitatively a↵ect the fit results, the nucleon flux at ⇠ EeV is lower if m = 0,
requiring as a consequence a larger fGal to reproduce the sub-ankle spectrum (corresponding to the parameters of the
best fit obtained with the m = 1 case, fGal ⇡ 77% for the SFR case). Another consequence is that the cosmogenic
neutrino flux is expected to be lower by a factor ⇠ 2 corresponding to the best fit presented here, if SFR is used.
It is also interesting to notice that the cosmogenic neutrino flux is within the reach of the GRAND experiment

(Fang et al. 2017). This is di↵erent from what has been found corresponding to the hypothesis of a common origin
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corresponding to a parameter space point describing both UHECR and neutrino data at the highest energies reported in Fig. 2
(point A) and to cases with similar cuto↵ energy at the source, but di↵erent values for the luminosity and the radius (points B
and C), i.e., di↵erent strength of the nuclear cascade (see Fig. 2, left panel). In the left panel, the all-particle flux (orange) is
shown together with the nucleon contribution (red) of the cosmic-ray flux.
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strictly related to the e�ciency of the disintegration in the source. The use of the source-propagation model breaks
the degeneracy of the interpretation of the CR data: while both model A and B reproduce the CR spectrum above
the ankle, the corresponding neutrino fluxes are clearly separated, being model B in the “empty cascade” region. This
discrimination power is lost in the cosmogenic neutrino fluxes, due to the similar maximum energy of the parameter
sets we used for this discussion.
The description of the cosmic-ray data across the ankle is a very controversial issue. Although the spectrum above
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the measured composition (Aab et al. 2014) cannot be described by models having a prevailing light component at
low energies. On the other hand, the copious production of nucleons in the interactions in the source and in the
extragalactic propagation naturally grants a lighter composition while decreasing the energy. We then argue that the
presence of the cuto↵ of the Galactic cosmic-ray population could account for a certain percentage of the CR flux at ⇠
EeV and reconcile the expected composition with the measurements, as it is shown in the upper left and lower panels
of Fig. 3. With the introduction of this sub-ankle component, the CR spectrum can be reproduced above the EeV
energies and the composition becomes heavier than what could be if only the protons produced in the propagation were
considered below the ankle. Fixing the chemical composition of the sub-ankle contribution to A = 28, the spectral
index of this component is found to be ↵gal = 4.4 and the fraction of the corresponding flux at log10(E/[eV]) = 17.8
is ⇠51%. The slope of the sub-ankle flux and the percentage of that with respect to the extragalactic one at ⇠ EeV
is also influenced by the source evolution, as already pointed out in Globus et al. (2015b). Having investigated the
e↵ect of m in the fit results, we choose here m = 1 (closer to the GRB redshift evolution indicated in Kistler et al.
(2009) than the SFR, corresponding to m = 0 in our parametrization). Although the choice of the SFR evolution with
respect to a stronger one does not qualitatively a↵ect the fit results, the nucleon flux at ⇠ EeV is lower if m = 0,
requiring as a consequence a larger fGal to reproduce the sub-ankle spectrum (corresponding to the parameters of the
best fit obtained with the m = 1 case, fGal ⇡ 77% for the SFR case). Another consequence is that the cosmogenic
neutrino flux is expected to be lower by a factor ⇠ 2 corresponding to the best fit presented here, if SFR is used.
It is also interesting to notice that the cosmogenic neutrino flux is within the reach of the GRAND experiment

(Fang et al. 2017). This is di↵erent from what has been found corresponding to the hypothesis of a common origin

• A, B, C: cases with similar cutoff energy at the source, but different 
values for the luminosity and the radius ➜ different strength of the 
nuclear cascade. 

• Increased photo-disintegration results in more neutrinos and less CRs. 
• A galactic(?) component is always needed below the ankle (1018.6 eV).
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Figure 2. Parameter space study as a function of X-ray luminosity LX and collision radius R. Left panel: Di↵erent regimes in
the parameter space for the nuclear cascade to develop in the source (shaded regions), as discussed in the main text. The curves
show log10(Emax/GeV), with Emax being the obtained maximal energy for the injected isotope A = 28 in the shock rest frame.
Right panel: Results of the fit to UHECR data (colored contours) and PeV neutrino data (gray-shaded band) as a function
of LX and R (color scale: �2 of the fit, gray-shaded band: neutrino PeV data including uncertainties). The blue curves show
isocontours of log10 ⇠A obtained from the cosmic-ray fit (and corresponding to the rate, ṅLL�GRB(z = 0) = 300Gpc�3 yr�1, and
to the duration, 2 · 105 s, adopted in this study). For each point (LX, R), the values of the other parameters that minimize
the �2 are used. In both panels, the stars indicate the parameters describing both UHECR and neutrino data (point A) and
the diamond represents the parameters of the benchmark in Zhang et al. (2018) (point Z). Points B and C, on the same Emax

contour as the best fit, are used as additional points for discussing the radiation density in the source (see text and Fig. 4).

corresponding to Biehl et al. (2018a), for the same injection composition and parameters. In the propagation-only
model, the interactions in the source are not taken into account, and the ejected CR spectra into the extragalactic
space are defined by ad hoc functions; they directly represent the injection composition. We also show for comparison
the CR spectra (solid curves) obtained by using a / E

�2 exp(�E/Emax) spectrum at injection (shown as black
curve), including the disintegration in the source, and applying the hard escape mechanism. In the case of the source-
propagation model, only one representative isotope for each isotope group is propagated. In order to compare the
models, we first normalize the propagated CR fluxes to the measured spectrum and then derive the normalization of
the spectra at the source. The most relevant di↵erence is an escaping flux of nucleons, which are generated during
the development of the nuclear cascade within the source. By comparing the models after propagation (Fig. 1, right
panel), a clear deficit of the light component at the lowest energies is visible in the propagation-only model compared
to the source-propagation model, which could eventually require a stronger source evolution in the propagation-only
case in order to describe the data. Note that that the light component of the escaping flux has a softer spectrum
compared to the other ones, because neutrons are not magnetically confined (Baerwald et al. 2013). This factor turns
out also to be fundamental in order to describe the CR data in the whole energy range, as already noticed in Globus
et al. (2015b); Unger et al. (2015). In addition, in a propagation-only model, the neutrino production in the source
cannot be computed directly.

3. RESULTS AND DISCUSSION

Depending on the radiation density in the source, photo-nuclear interactions can trigger the subsequent disruption
of higher mass nuclei into lower mass fragments. As a consequence, the so-called nuclear cascade can develop, leading
to the population of many di↵erent isotope species in the source. We show in Fig. 2 (left panel) di↵erent regimes in
the parameter space for the nuclear cascade (shaded regions) as a function of X-ray luminosity LX and collision radius
R for the heaviest injected mass, A = 28. If the photon density in the source is not high enough to cause e�cient
disintegration, only a few species with masses close to the injected composition are populated (empty cascade). With
increasing energy density, nuclei interact more e�ciently with these photons such that the source becomes optically
thick to photo-hadronic interactions of heavy nuclei and the nuclear cascade e�ciently feeds energy into lower mass
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