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LHAASO J2108+5157 is a recently discovered source, detected in the Ultra-High-Energy band
by the LHAASO collaboration. Two molecular clouds were identified in the direction coincident
with LHAASO J2108+5157 and, from the spectra reported by LHAASO, there is no sign of an
energy cutoff up to 200 TeV. This source makes a promising galactic PeVatron candidate.

In 2021, the Large-Sized Telescope prototype (LST-1) of the Cherenkov Telescope Array (CTA)
Observatory, collected about 50 hours of quality-selected dataon LHAASO J2108+5157. Through
these observations, we managed to compute stringent upper limits on the source emission in the
multi-TeV band. Together with the analysis of XMM-Newton data and 12 years of Fermi-LAT data,
we performed a multi-wavelength study of the source, investigating different possible scenarios of
particle acceleration.

In this contribution, we will present the results of the analysis, as well as the multi-wavelength

modeling, and consequent interpretation of different possible scenarios of emission.
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1. Introduction

Galactic PeVatrons are one of the still unresolved puzzles of high-energy astrophysics. We
expect Cosmic Rays (CRs) in our Galaxy to be accelerated up to PeV energies, but although
Supernova Remnants (SNRs) have always been considered the best candidates for Galactic CR
acceleration, so far there is no evidence that they can accelerate particles up to few PeV, and the
question on how particles are accelerated up to the knee of the CR spectrum is still far from being
answered (see [1]).

In order to study Galactic hadrons acceleration at PeV energies, it is necessary to look at
Very-High-Energy (VHE, between 100 GeV and 100 TeV) and Ultra-High-Energy (UHE, between
100 TeV and 100 PeV) gamma rays: PeV CR protons colliding with the ambient gas produce 7°
that decay into the gamma-ray photons with about 1/10 of the energy of the progenitor relativistic
proton. Studying sources of gamma rays above 100 TeV is then necessary to unveil the mystery of
the UHE Galactic CRs. However, the presence of UHE gamma-ray emission does not represent a
direct evidence of hadron acceleration: gamma rays can also be produced by electrons and positrons
via inverse Compton (IC) scattering on low-energy photons, via bremsstrahlung on atomic nuclei in
the surrounding matter, or also by emitting synchrotron radiation when traveling across a magnetic
field. In the case of leptonic acceleration, in the VHE range, the dominant contribution comes
from IC, which at energies greater than ~ 100 TeV is suppressed due to the Klein-Nishina effect.
Nevertheless, IC can still dominate UHE emission in radiation-dominated environments [2, 3].

In 2021, the LHAASO collaboration detected significant gamma-ray emissions at energies up
to 1.4 PeV from 12 UHE y-ray sources [4]. Among them, LHAASO J2108+5157 is the first one
in the UHE band without any known VHE or X-ray counterpart [5]. In the High-Energy (HE)
range, between 1 GeV and 500 GeV, 4FGL J2108.0+5155 is a soft point-like source found at an
angular distance of 0.13° [5]. Furthermore, a 0.26° upper limit on the source extension with 95%
confidence level was found [5]. Although the leptonic hypothesis could not be ruled out, two
molecular clouds were identified in the direction coincident with LHAASO J2108+5157, making
it a promising candidate for the hadron acceleration scenario [5].

In this contribution, we will present how LST-1 data managed to put stringent upper limits on the
source emission in the multi-TeV band. We will also show the results of a multi-instrument analysis
including XMM-Newton data and 12 years of Fermi-LAT data, as well as the multi-wavelength
modeling and consequent interpretation of different possible scenarios of emission. The results
discussed in this contribution have been recently published [6].

2. Observation and data analysis

2.1 LST-1data

Inaugurated on October 10?"* 2018, the prototype for CTA of the Large-Sized Telescope LST-1,
located at the Observatorio del Roque de Los Muchachos (ORM) in La Palma, is currently going
through its commissioning phase.

During the Summer of 2021, LST-1 observed LHAASO J2108+5157 for 91 hours of obser-
vations in wobble mode. We selected 49.3 hours of good-quality data, by applying a series of
cuts based on trigger rate stability, rate of CR events, and atmospheric transmission. The event
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Figure 1: Left: LST-1 measured spectral energy distribution (SED) of LHAASO J2108+5157. The green
line and band represent the best-fit PL spectral model of LST-1 data and its statistical uncertainties, whereas
the blue line corresponds to the joint likelihood fit of the LST-1 data and LHAASO flux points with an
ECPL spectral model. Together with the ECPL model, the plot also shows the 95% confidence level ULs
on differential flux [6]. In the table are reported the best-fit parameters for the two aforementioned spectral
analyses [6]. Right: statistical significance map in a region of 2° X 2° around LHAASO J2108+5157, in the
energy range between 3 TeV and 100 TeV. The map was produced using ring-background model assuming a
fixed index PL spectrum (I" = 2) [6].

reconstruction process was performed using the Python-based pipeline implemented in 1stchain
v0.9 [7]. We extracted the signal from the #? distributions using the reflected region method, and
although the source was not significantly detected, we found a 3.670 point-like excess in the highest
energy bin (3-100 TeV). With the gammapy package [8], we performed the 1D spectral analysis.
We assumed a power law (PL) dN/dE = No(E/Eo)~" spectral model: the results of the fit are
reported in the table shown in fig 1. We then performed a joint likelihood fit of the LST-1 data
and LHAASO flux points, by fitting the data with a power-law with exponential cutoff (ECPL)
dN/dE = No(E/Ey) Vexp(-E/E.). Secondly, we performed a maximum-likelihood estimation
of the source flux in six energy bins between 100 GeV and 100 TeV, using the ECPL spectral
parameters fitted in the previous step. Even if we did not reach a significant source detection, LST-1
data provide strong ULs on the source emission in the TeV band (see fig. 1). Fig. 1 also shows a
first attempt of building a significance map using a tool! for the creation of an acceptance model
from real data, that can be used for radial corrections in Gammapy background models (see [6]).

thttps://github.com/mdebony/acceptance_modelisation/tree/main/acceptance_modelisation
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2.2 Fermi-LAT data

We performed a dedicated binned analysis of the region around LHAASO J2108+5157, but
differently from the LHAASO Collaboration, which used the 10-year 4FGL-DR2 catalog 4FGL-
DR?2 catalog, we adopted the more recent 12-year 4FGL-DR3 catalog [9] for the modeling of the
sources in the field of view. In addition to the catalog counterpart of LHAASO J2108+5157, 4FGL
J2108.0+5155, we also found that the emission above ~ 4 GeV is dominated by a new source,
identified with a 40 significance and whose spectrum we fitted with a hard PL (I' = 1.9). Given
its location (coordinates / = 92.35°, b = 2.56°), this new hard source is not spatially correlated
with LHAASO J2108+5157; nevertheless, by including it in the background model, we could better
describe the spectrum of 4FGL J2108.0+5155 [6].

2.3 XMM-Newton data

XMM-Newton observed the field surrounding LHAASO J2108+5157, on June 11, 2021, for a
total of 13.6 ks [6]. After reducing the data from the European Photon Imaging Camera (EPIC), we
extracted images in the soft (0.5-2 keV) and hard (2-7 keV) bands [6]. We found that the eclipsing
binary V1061 Cyg (RX J2107.3+5202) is way brighter than all the other X-ray sources in the field
of view, but because of its very soft thermal spectrum, it can’t be considered as a counterpart
of LHAASO J2108+5157. In case the UHE emission is originated by accelerated leptons, we
would expect the source to be surrounded by a synchrotron nebula with an angular size of a few
arcminutes. By using the public code pyproffit [10], we derived the upper limits on the X-ray
emission from a putative extended source centered on the coordinates of LHAASO J2108+5157.
We assumed a PL spectrum with a photon index of 2 and we computed the ULs for two opposite
hypotheses on the (unknown) source distance: nearby and hence completely unabsorbed, or a
maximally absorbed emission from a source situated on the other side of the Galaxy. The ULs were
computed for different possible extension values of the region, including 6’ which corresponds with
the maximum possible radius precisely derivable from the available data, due to the source position
within the relatively small XMM-Newton field of view. In order to estimate a flux upper limit for the
region corresponding to the 95% extension upper limits of LHAASO J2108+5157 (UHE), which
has a radius of 16’, we scaled the 6” upper limits by the ratio of the two radii [6]. Fig. 2 and 3 show
the 95% confidence level ULs on the X-ray emission for the absorbed scenario.

2.4 Molecular clouds

In [5] they searched the database of molecular clouds in the Galactic plane [11] and found two
molecular clouds, whose direction is in proximity of LHAASO J2108+5157: [MML2017]2870 and
[MML2017]4607 with distances 1.43 kpc and 3.28 kpc, and masses 3.5 X 10* Mg and 8.5x 10> M,
respectively. We used 12CO(1-0) line emission observations (see [12]) to estimate distance and
density of the molecular clouds. Consistently with [5], we identified three peaks in the Tg(n,,v)
spectrum at vi ~ —11.8kms™!, v  —2.7kms~! and v3 ~ 8.4kms~!'. The two negative ones
correspond to the centroid velocities of the molecular clouds identified by M.A. Miville-Deschénes
et al.([11]), but the origin of the last peak remains unknown and it was not considered for the rest of
the analysis. From the Gaussian fit over the velocity distributions, we evaluated the column density
values for the two molecular clouds [13]. Assuming a spherically symmetrical source emission
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Figure 2: The plot shows the SEDs of LHAASO J2108+5157 together with the leptonic modeling. The
solid line represents the best fitting IC-dominated emission of LST-1 and LHAASO data, whereas the dashed
and dash-dotted represent the synchrotron radiation of the same electron population for B = 1.2 uG and
B = 1.9 uG, respectively [6]. The dotted line represents a subexponential cutoff PL phenomenological
model of a tentative pulsar, fitted on the Fermi-LAT data. The table contains the best-fit parameters of the
ECPL electron distribution, where « is the spectral index, Ej is the energy scale, E.. is the cutoff energy and
Ny the normalization factor [6].

region, we then estimated the number density of molecular (H,) and neutral hydrogen (HI) for both
clouds (see [6]): n; = n1(HI) + n1(Hy) = 115cm™3 and ny = 240cm 3.

3. Discussion of possible emission scenarios

3.1 Leptonic emission scenario

We used the naima? package [14] to test the hypothesis of the leptonic origin of the multi-TeV
emission. We assumed an ECPL electron distribution producing gamma rays via IC interaction
with Cosmic Microwave Background (CMB) and Far Infrared Radiation (FIR) of the dust. The
best-fitting model and parameters are shown in fig. 2. The very constraining ULs on X-ray emission
from the synchrotron nebula impose a very strong limit on the source magnetic field (B < 1.2 uG
for a 6’-radius extended region and B < 1.9 uG for the 16" case). Such values are not easily
reconcilable with the Pulsar Wind Nebula (PWN) scenario, which, as we know, describes most
of the currently known VHE sources [15]. Nevertheless, the constraints on the Magnetic field are
consistent with the TeV halo class of objects [16], where values even below Galactic background
level can be expected [17]. Furthermore, assuming a Geminga-like diffusion coefficient and source
distance d > 2 kpc, the possible extension seen at the ultra-high energies is compatible with the size
of a typical TeV halo object. Looking at the GeV range, IC-dominated radiation of a single electron
population cannot explain the soft emission of 4FGL J2108.0+5155. We therefore advanced the

2https://naima.readthedocs.io/en/latest/
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Figure 3: The plot shows the SEDs of LHAASO J2108+5157 together with the hadronic modeling. The
solid line represents the best-fit 7 decay emission model. The Grey dashed line represents 7 decay emission
model with proton spectral index @ = 2 shown for reference [5]. The table contains the best-fit parameters of
a n¥-decay-dominated VHE-UHE scenario of emission for the two molecular clouds. The injected protons
are assumed to be distributed according to an ECPL with a y-factor in the range (Vimin, Ymax)> @ Ycur cutoff,
an « spectral index, and an N total numeric density (S. Abe et al. (2023) [6]).

hypothesis that the GeV emission is the signature of a y-ray pulsar: we fitted the Fermi-LAT data
with a phenomenological spectral model, usually adopted for y-ray pulsar emission in the HE range,
and we evaluated its spin-down power to be in the range of E ~ 10** — 10" ergs™! [6]. In the
Geminga-like scenario, we found that for a source extension of about 10 pc, the aforementioned
lower limit on the source distance imposes a pulsar spin-down power E > 10% [6]. Given the
cutoff energy of 100 TeV, for B < 1.9 uG, the corresponding cooling time of relativistic electrons
is feool = 20 kyr. With a spin down power E > 10°6 ergs™!, the putative pulsar could power the IC
PWN emission for any possible distance of the source in the Galaxy [6].

3.2 Hadronic emission scenario

The presence of two dense molecular clouds, together with the absence of an X-ray counterpart,
supports the hadronic scenario hypothesis: UHE gamma rays are the decay product of 7°, resulting
from inelastic collisions of hadronic relativistic CR with the hadrons contained in the clouds. We
investigated the SNR hypothesis, already proposed by [5]. Assuming a 7° decay-dominated origin
of the UHE emission, we used the jetset? package to fit the LST-1 and LHAASO flux points.
Fig. 3 shows the 70 decay emission model with @ = 2. and yp;, = 1 proposed by [5], which we
found to be ruled out by the Fermi-LAT and LST-1 ULs [6]. Therefore we framed our model into
the phenomenological scenario whose base assumption is that of a middle-aged SNR, in which the
hard spectrum is generated by protons escaping the shock and illuminating one of the molecular
clouds [6]. We tested the hypothesis by modeling the proton distribution with a PL with fixed index
(a = 2.75), whereas the value of vy, is set free in the fit [6]. In this scenario, ypi, mimics the

3https://jetset.readthedocs.io/en/latest/
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energy break investigated in [18], and « represents the index of the escaped proton distribution [6].
Fig. 3 shows the best-fit models found for both molecular clouds. Assuming the 7° emitted photons
are not absorbed by the source, the total neutrino flux resulting from 7*/~ decay is comparable with
the gamma-ray flux in the TeV range [6].

It is not possible to explain, with a single-component hadronic model, the HE gamma-ray
emission of the Fermi-LAT counterpart and the UHE one. The I' = —3.2 photon index above 1 GeV
resulting from our analysis of Fermi-LAT data is be too soft compared to the spectra of old SNRs
interacting with dense molecular clouds [19] as it was suggested by [5]. However, if considering
the hypothesis of significant CR sea contribution to the HE emission, the hadronic origin of the HE
emission cannot be excluded [6].

4. Conclusions

We analyzed and combined data from LST-1, XMM-Newton, Fermi-LAT and LHAASO, per-
forming a multi-wavelength study of the unidentified UHE gamma-ray source LHAASO J2108+5157.
Despite being still in its commissioning phase, LST-1 provided data capable of producing constrain-
ing ULs on the source emission in the VHE range. We investigated both leptonic and hadronic
emission scenarios. The former suggests that the UHE source may belong to the class of TeV halo
objects, which are not very common and may provide important insight into CR particle diffusion
within the Galaxy, since they appear to have a diffusion coefficient much lower than that of the
interstellar medium. The PWN hypothesis is also supported by the soft HE emission, which, if
originating from a pulsar, could provide the relativistic electrons with enough energy to power the
UHE emission.

Concerning the hadronic scenario, the ULs placed by LST-1 in the VHE range ruled out
the model proposed by [5]. We therefore proposed a different model, under the more complex
assumption of protons escaping the shock around an old SNR [18]. Although our model reproduces
the observed broad-band SED reasonably, a follow-up analysis is needed to get a better constraint
on the spectrum of the escaped protons illuminating the molecular cloud [6].
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