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The recent observation of GRB 221009A by LHAASO at TeV energies has challenged the accepted
emission mechanisms that describe the late emission of GRBs. Given the estimated distance of
the event, z=0.151, TeV emission was not expected to be detected due to attenuation with the
EBL. For this reason, light dark matter candidates such as ALPs have been proposed to explain
the arrival of these TeV photons by assuming either an initial population of TeV photons or ALPs
during the evolution of the GRB. In this sense, the detection from LHAASO might be useful to
study the parameter space and production of ALPs. In this study we present the constrains on the
ALPs parameter space by exploring different temporal profiles for the TeV emission from possible
ALP production in the GRB 221009A.
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1. GRB 221009A

On October 9th, 2022, the most luminous long Gamma-Ray Burst (GRB) ever was detected by
Swift and Fermi-GBM, known as GRB 221009A [1, 2]. With an estimated redshift of 𝑧 = 0.151
[3, 4], it was observed in multiple wavelengths across the electromagnetic spectrum from radio to
gamma-rays. [5–8]. The more recent study from Fermi reports a total fluence of 𝑆 = (9.47±0.07) ×
10−2 erg cm−2 and a total isotropic energy 𝐸iso = (1.01± 0.01) × 1055 erg from 1− 10, 000 keV [9].
The host galaxy appears to be typical among long GRBs, with the GRB situated close to the center
of its host galaxy. Nevertheless, its properties are unlikely to be linked to an unusual environment
or conditions [10]. Despite extensive imaging and spectroscopy studies, no definitive supernova
signatures have been detected, although there remains a possibility of a faint supernova connection
[11].

At Very-High Energies (VHE), the High Altitude Water Cherenkov (HAWC) observatory
and the High Energy Stereoscopic System (H.E.S.S.) conducted searches for VHE photons but
no significant emission was detected in either case, providing upper limits for their observations.
Their observations provided upper limits [12, 13]. Notably, the H.E.S.S. upper limit for energies
above 650 GeV rules out the inverse Compton scenario, at least during the observed times, as a
counterpart to the X-ray emission associated with synchrotron radiation. An astonishing feature
from GRB 221009A was the detection of VHE gamma-ray emission detected by the Large High
Altitude Air Shower Observatory (LHAASO), reporting more than 5000 photons above 500 GeV
where the highest energy photon reaches 18 TeV, making it the first GRB detected above 10 TeV
[14]. LHAASO’s detection set a new paradigm for the acceleration processes that could explain
such VHE emission, since it is expected an attenuation with the Extragalactic Background Light
(EBL).

There have been many proposals for the possible explanation for an 18 TeV photon to be
emitted by a GRB at such a high redshift. Among the different scenarios explored, those with a
leptonic origin, the Synchrotron Self-Compton (SSC) scenario, seems implausible even when a
more structure jet is assumed [15–18]. If an hadronic origin is assumed, the GRB needs to be
localized in the outer region of the host galaxy and the required extragalactic magnetic field must be
of O(10−14) [19, 20]. Other hadronic scenarios capable to explain LHAASO’s detection consider
ultra-high energy protons emitting photons via SSC, but those models requires very optimistic
values for the proton acceleration timescale [21]. Furthermore, searches for neutrinos correlated
with GRBs by IceCube, Amanda, and Antares have not yielded any detections, imposing constraints
on neutrino production models and Ultra-High Energy Cosmic Rays (UHECRs) generation [22].
Despite GRB’s anticipated role as UHECRs sources, the absence of correlated neutrino events has
redirected attention to alternative sources like Active Galactic Nuclei (AGN).

Explanation involving models beyond the Standard Model (SM) also have been explored
assuming Axion-like Particles (ALPs), sterile neutrinos appeared and Lorentz invariance violation.
In this work, we continue with the analysis and interpretation of the 18 TeV photon by assuming
an initial burst of ALPs generated at the GRB presented in [23]. We study the ALPs parameter
space and its behavior by assuming different temporal and spectral profiles and different energy
budgets for the initial ALPs burst. We also analyze the expected photon flux reaching to Earth and
its contribution to the number of photons that LHAASO would detect above 500 GeV.
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2. Axion-like Particles

Among the different candidates proposed to describe the nature of the Dark Matter (DM) is
the ALP, a pseudo-scalar boson that generalize the concept of an axion in models beyond the SM
[24, 25]. A main feature of ALPs is their coupling to photons of the SM, leading to oscillations
between each other under the effect of magnetic fields. From the Lagrangian, the coupling between
ALPs and photons is described by

L𝑎𝛾 =
1

4 𝑓𝑎
𝑎𝐹𝜇𝜈 �̃�

𝜇𝜈 = 𝑎𝑔𝑎𝛾 ®𝐸 · ®𝐵, (1)

where 𝑎 is the ALP field, 𝐹𝜇𝜈 the Faraday Tensor and �̃�𝜇𝜈 its dual, 𝑔𝑎𝛾 is the coupling constant
and ®𝐸 , ®𝐵 are the electric and magnetic fields respectively [26].

Given this electromagnetic coupling, it is affordable to explore the scenario where an ALPs
burst is generated at an astrophysical source. Assuming that ALPs kinetic energy is such that,
along its way from the source, they could reach Earth as VHE photons, we call this the survival
probability. This VHE photons could be able to avoid EBL attenuation, resulting in an excess at
TeV energies.

For the calculation of the ALPs’ survival probabilities we used the open source code gammaALP
[27], considering values for the host galaxy, intergalactic and Milky Way magnetic fields [28], as
for the EBL model [29]. The parameter space considered for our analysis is 10−5 ≥ 𝑚𝑎 ≤ 10−8 eV
and 3.16 × 10−12 ≥ 𝑔a𝛾 ≤ 10−10 GeV−1.

3. ALPs Parameter Space

We assumed a temporal profile, denoted as 𝜏(𝑡), to describe the injection of ALPs while
maintaining their energy dependence. For the ALPs spectral profile we assumed a simple power
law of the form

Φa(𝐸a, 𝑡) = 𝑁𝑜𝜏(𝑡)𝐸−𝛼a
a , (2)

with 𝐸a in TeV. Different values of the spectral index 𝛼a ranging from 2.0 to 3.0 were explored,
while for the temporal profiles we took the prompt phase from [30] and for the afterglow emission
we assume a power-law temporal profile given by 𝜏(𝑡) ∼ 𝑡−𝛽 with 𝛽 = 1/2, 1, 2. Then, the
normalization factor 𝑁𝑜 can be calculated from the fraction of the total isotropic energy of the GRB
taken by the ALPs, given by

%𝐸iso =
4𝜋𝑑𝑧
1 + 𝑧

𝑁𝑜

∫ 𝐸a,max

𝐸a,min

∫ 𝑡max

𝑡min

𝜏(𝑡)
(

𝐸a
1,TeV

)−𝛼a+1
𝑑𝑡𝑑𝐸a, (3)

with 𝑑𝑧 the luminosity distance to the source, 𝑧 the redshift, 𝑡min and 𝑡max define the time
interval of the ALPs injection, and 𝐸a,min and 𝐸a,max the minimum and maximum energies of the
ALPs. We assumed different values for the energy fraction carried by the ALPs raging from 0.1%
to 30% of the isotropic energy. Then, we calculated the number of observed photons, 𝑁𝛾 using
the effective area 𝐴(𝐸𝛾) of the LHAASO-KM2A experiment, the normalization factor (𝑁𝑜) of the
ALPs spectrum, and the survival probability 𝑃𝑎𝛾 (𝐸𝛾) obtained from gammaALP, computed by:
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𝑁𝛾 = 𝑁𝑜

∫ 𝐸𝛾,max

𝐸𝛾,min

∫ 𝑡2000

𝑡0

𝜏(𝑡)
(

𝐸a
1 TeV

)−𝛼a

𝑃a𝛾 (𝐸𝛾)𝐴(𝐸𝛾)𝑑𝑡𝑑𝐸𝛾 . (4)

We consider that the injection of ALPs lasts as long as the photon observation time reported
by LHAASO (2000 s) and that 𝐸a ∼ 𝐸𝛾 since the mass of the ALP is much smaller than its kinetic
energy. From this assumptions it is forward that the total number of detected photons does not
depend on the time profile of the ALPs injection. We calculated 𝑁𝛾 for different ALPs candidates in
the selected parameter space. To constrain further our analysis we set two conditions on 𝑁𝛾 based
on the detection reported by LHAASO and that at 18 TeV the energy uncertainty is ±6.48 TeV. The
conditions are as follow:

1. 𝑁𝛾 ≥ 0.5 for 𝐸𝛾 between 10 − 25 TeV.

2. 𝑁𝛾 < 0.5 for 𝐸𝛾 > 25 TeV.

Those ALPs candidates satisfying the conditions are potential candidates to explain LHAASO’s
detection above 10 TeV and defines a permitted region. It is noteworthy that no ALPs candidates
satisfying both conditions were found when 𝛼a > 2.4 or when the minimum energy of the injected
ALPs is above 1 TeV. Moreover, as the energy carried by the ALPs increases, a softer spectrum and
a lower 𝐸min (≤ O(10) GeV) are required. From these results we can notice that, in order to explain
LHAASO’s 18 TeV photon by an ALPs burst: their spectra must be soft; most of the energy carried
by ALPs is much more lower than the energy of the observed photons; and the total energy carried
by ALPs must be a low percentage of 𝐸iso.

Figure 1: Top: candidates satisfying condition 1 (blue), candidates satisfying condition 2 (salmon), and
candidates satisfying both conditions (burgundy). Bottom left: survival probability as a function of the
energy for the selected candidate (yellow star in top plot). Bottom right: fitted resulting photon spectrum for
the selected candidate (yellow star in top plot).
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We investigated the resulting photon flux reaching Earth for the different ALPs candidates and
fit it to a power law. Figure 1 shows an allowed candidate in the parameter space for %𝐸iso = 0.1,
𝐸min = 0.31 TeV, and 𝛼a = 3.0. The survival probability of the candidate and the fitted photon flux
at Earth are also shown. The survival probability for this candidate stays approximately constant
from 500 GeV up to 20 TeV, increasing at a low rate. This behavior of 𝑃a𝛾 results in a photon
spectra that preserving the same spectral index as the ALPs spectra.

We performed the same analysis and fit a simple power law to the expected photon flux for
every ALP candidate in the permitted regions that we obtained under the different assumptions for
𝛼a, %𝐸iso and 𝐸min. In figure 2 the fitted photon spectral indexes of the candidates for different
permitted regions and different values of 𝛼a are shown. The ranging values for the fitted photon
spectral indexes are between 1.8 and 3.0.

Figure 2: Fitted photon spectral indexes for the ALPs candidates in two different permitted regions obtained
by varying the ALPs spectral index and fixing %𝐸iso = 0.1 and 𝐸min = 0.01 TeV. Top: permitted region for
𝛼a = 2.6. Bottom left: permitted region for 𝛼a = 2.8. Bottom right: permitted region for 𝛼a = 3.0.

Finally, we calculated the number of photons that contributes to LHAASO’s detection above
500 GeV for the obtained permitted regions by taking the effective area of the LHAASO-WCDA
experiment. The number of photons for a fixed value of %𝐸iso = 0.1 are shown in figure 3. For all
the permitted regions analyzed, the maximum number of detected photons by LHAASO-WCDA
ranged from ∼ 50 to ∼ 375 photons. As can be noticed, the number of photons from the ALPs
candidates that may contribute to LHAASO-WCDA’s detection results in less than 10% of the
reported number of > 5000 photons.
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Figure 3: Caption

4. Conclusions

We explored the parameter space of ALPs as a potential explanation for the 18 TeV photon
detected by the LHAASO from GRB 221009A. The permitted regions in the parameter space favor
ALPs carrying less than 3% of the GRB’s energy budget, with a soft spectrum extending from tens
up to hundreds of GeV. The fitted spectral indexes of the candidates were consistent with previous
observations, and the contribution of ALPs to the photon flux above 500 GeV was estimated to be
less than 10%. These makes the ALPs burst hypothesis a plausible explanation to the VHE emission
from GRB 221009A and do not conflicts with the photon flux and observations at lower energies,
nor with the GRB emission mechanisms so far proposed. Nevertheless, further investigation on the
production mechanisms of ALPs in such astrophysical environments is still necessary. LHAASO’s
results on this VHE emission will help to clarify the possible scenarios that explain such observation.
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