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The Cherenkov Telescope Array (CTA) Observatory will be the next generation ground-based
very-high-energy gamma-ray observatory, sensitive from 20 GeV up to 300 TeV. The Large-Sized
Telescope prototype (LST-1), currently in the commissioning phase, was inaugurated in October
2018 on La Palma (Spain). It is the first of four LST telescopes for CTA, to be built in La
Palma. In 2021, LST-1 performed observations of one of the Galactic PeVatron candidates,
LHAASO J2108+5157, recently discovered by the LHAASO collaboration. We present results
of our analysis of the LST-1 data, putting strong constraints on the emission of the source in the
multi-TeV band. We also present results of multi-wavelength modelling using 12-years Fermi-LAT
data and Target of Opportunity observations with XMM-Newton. We test different scenarios for

the parent particles producing the high energy emission and put constraints on their spectra.
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1. Introduction

Galactic PeVatrons are enigmatic cosmic accelerators, believed to produce cosmic rays (CRs)
with energies up to at least £ = 1 PeV. When accelerated CR protons collide with the surrounding
ambient gas, they subsequently emit gamma rays via 7° decay with the energy of the gamma-
ray photons about 1/10 of the incident relativistic protons. Therefore, careful morphological and
spectral studies of Ultra-High-Energy (UHE) gamma-ray sources emitting radiations with energies
beyond 100 TeV are needed to shed some light on the puzzle of the origin of Very-High-Energy
(VHE) Galactic CRs (for a review, see e.g. [1]). However, the presence of UHE gamma-ray
emission is not evidence of a hadronic accelerator, since gamma rays can also be produced by
electrons and positrons via inverse Compton (IC) scattering on low-energy photon fields, or via
bremsstrahlung on atomic nuclei of surrounding matter. They can also emit synchrotron radiation
when travelling across a magnetic field. Although the IC emission of gamma rays with energies
greater than ~ 100 TeV is suppressed due to the Klein-Nishina effect, IC can still dominate UHE
emission in radiation-dominated environments [e.g. 2, 3]. The nature of PeVatrons thus remains
unknown despite substantial observational efforts in the last decades, when several UHE gamma-ray
sources have been discovered with ground-based gamma-ray observatories, like Tibet ASy [4, 5],
High Altitude Water Cherenkov (HAWC) Observatory [6] and Large High Altitude Air Shower
Observatory (LHAASO) [7].

LHAASO J2108+5157 is the first gamma-ray source discovered in the UHE band, with no VHE
counterpart known beforehand [8]. There is also no X-ray counterpart to the source, but a close
High-Energy (HE) soft point source 4FGL J2108.0+5155 was identified at angular distance of 0.13°
[8]. There are also two molecular clouds in the direction coincident with LHAASO J2108+5157,
which would support the hypothesis of hadronic origin of the emission, if CR protons collide with
the ambient gas and emit gamma rays via 7° decay. Leptonic emission, however, cannot be a priori
excluded. The 95% confidence level upper limit (UL) on the UHE source extension is 0.26° [8] .

In this contribution, we present results of a dedicated observation of the source with the Large-
Sized Telescope prototype (LST-1), results of Target of Opportunity observations with XMM-
Newton, and also results of binned analysis of Fermi-LAT data, which together provide strong
constraints on gamma-ray and X-ray emission of the source. We also present a modeling of multi-
wavelength emission of the source and discuss possible emission scenarios. This contribution is
based on a study of the LST Collaboration [9], where one can find further details on data analysis,
results and modeling of the source emission.

2. Observation and data analysis

2.1 LST-1

LST-1 is the first single mirror dish (23 m in diameter) Imaging Air Cherenkov Telescope
prototype built for the future Cherenkov Telescope Array Observatory (CTAO)! in La Palma island,
Spain [10]. In single-telescope regime it is most sensitive in the energy range between tens of GeV
and = 5 TeV, with the energy and angular resolution of 20 % and 0.15°, respectively [11], [LST
Collaboration, in prep.].
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We observed LHAASO J2108+5157 with LST-1 for 91 hours in 2021. After application of
quality cuts based on trigger rate stability, rate of CR events and atmospheric transmission, we
were left with 49.3 hours of good quality data for the further analysis. For data calibration and
event reconstruction we used a pipeline implemented in 1stchain v0.9.6. [12]. We analyzed
6? distributions using reflected background method in four logarithmically spaced energy bins in
the energy range between 100 GeV and 100 TeV, which resulted in no significant source detection.
At the highest energies £ > 3 TeV, however, we see a point-like excess with a significance of 3.70
[13].

As a next step, we performed 1D spectral analysis with the use of the gammapy package [14]
in full LST-1 energy range. We assumed a power law (PL) dN/dE = No(E/Ey)~" for the source
spectrum. The reference energy was fixed as Ey = 1 TeV. The best fit spectral parameters are
No=(8.0+54)x10""*cm™2s"!TeV~! and " = 1.6 + 0.2, suggesting hard emission of the source
in the TeV band. To estimate source flux in individual energy bins, we run a joint likelihood fit of
the LST-1 data and LHAASO flux-points, considering spectral shape in a form of power-law with
exponential cutoff. Even though significance of a point-like source in the full LST-1 energy range
is not high enough to claim a detection (2.20 for the PL spectral model), LST-1 data provide strong
ULs on the source emission in the TeV band (see Figure 1).

2.2 Fermi-LAT

We performed a dedicated binned analysis of the 12-year Fermi-LAT data for the region. In
contrast with the Cao et al. [8], that used 4FGL-DR2 catalogue, we used more recent 12-years
4FGL-DR3 catalogue [15] to create the source model. The spectrum of LHAASO J2108+5157
counterpart, 4FGL J2108.0+5155, presents steep decrease above few GeVs and its link to the VHE-
UHE emission is therefore not straightforward (see Figure 1). We also found that the emission above
~ 4 GeV is dominated by a new hard source (I' = 1.9 + 0.2), located at coordinates [ = 92.35°,
b = 2.56°, detected with a significance of 40-. This new source is not spatially correlated with
LHAASO J2108+5157, but including it in the background model we were able to improve spectral
representation of the HE counterpart 4FGL J2108.0+5155.

2.3 XMM-Newton

Target of Opportunity XMM-Newton observation, centered at R.A. = 317.0170°, Dec =
+51.9275°, was carried out on June 11, 2021, collecting 13.6 ks of data. We reduced the data from
all three (MOS1, MOS2, PN) EPIC cameras using XMMSAS v19.1 and the X-COP data analysis
pipeline [16, 17]. We extracted images in the soft (0.5-2 keV) and hard (2-7 keV) bands. The
brightest X-ray source in the field is the eclipsing binary V1061 Cyg (RX J2107.3+5202), which
exhibits very soft thermal spectrum and thus cannot be a counterpart of LHAASO J2108+5157.
The other sources in the field are substantialy fainter.

In the case of a leptonic origin of the source emission, we would expect a synchrotron nebula
with an angular size of a few arcminutes, spatially correlated with the extended UHE emission.
We used the public code pyproffit [18] to derive ULs on the X-ray flux of an extended source
centered on the position of LHAASO J2108+5157 assuming PL source spectrum with a photon
index of 2. Provided the unknown distance to the source, we derived ULs for two extreme cases -
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Figure 1: Left: Spectral Energy Distribution (SED) of LHAASO J2108+5157 showing leptonic emission
scenario. Data from different instruments are shown - XMM-Newton (green), Fermi-LAT (red), LST-1
(purple), LHAASO-KM2A (yellow). The solid line represents the best fitting IC emission of LST-1 and
LHAASO data and dashed line represents the synchrotron radiation of the same electrons in magnetic field
of B = 1.2 uG. Dotted line represents a phenomenological model of the tentative pulsar. Right: SED with
hadronic models of emission. The solid line represents the best fitting 7° decay emission model. Grey dashed
line represents 71° decay emission model with proton spectral index a = 2 shown for reference [8].

completely unabsorbed and maximally absorbed source, for the source being located nearby, or on
the other side of the Galaxy, respectively. Figure 1 shows 95% confidence level absorbed ULs on the
X-ray emission in a region with radius of 6’, which was the maximum possible radius that could be
precisely derived from the data available due to the source position within the XMM-Newton FoV.
It is however, comparable with maximum X-ray angular extension of a sample of known Galactic
Pulsar Wind Nebule (PWNe) [19].

3. Discussion of possible emission scenarios

3.1 Leptonic emission scenario

The fact that most of the currently known VHE sources have been identified as PWN [20] and
most of the potential Galactic PeVatrons can be associated with a nearby pulsar [7] favours a leptonic
emission mechanism. We performed leptonic modelling of the multi-TeV emission in naima
package [21], assuming exponential cutoff power law distribution of electrons interacting via IC with
Cosmic Microwave Background (CMB) and Far Infrared Radiation of the dust (FIR). The electron
distribution best fitting the observations shown in Figure 1 has a cutoff at Eyiof = 100f73% TeV and
spectral index & = 1.5+0.4. The total energy in electrons is E(> 1 GeV) ~ 1 x 10¥(d/1kpc)? erg.
X-ray ULs on synchrotron nebula emission strongly constrain magnetic field in the source (B <
1.2 uG), which is hard to explain in PWN scenario, but consistent with TeV halo object [e.g. 22],
where one can expect magnetic field even below Galactic background level [23].

The soft GeV emission of 4FGL J2108.0+5155 has spectral features compatible with a popu-
lation of gamma-ray pulsars with spin-down power in the range of E ~ 103 — 1037 ergs~! [24].
Cooling time of relativistic electrons of the cutoff energy is #¢.001 = 30 kyr and thus such a pulsar



Observation of LHAASO J2108+5157 with the LST for CTA J. JurySek,

could release enough energy in .o to drive the UHE emission of the TeV halo, provided the
distance to the source d < 10 kpc. The possible extent of the UHE source is also consistent with the
size of a typical TeV halo object, assuming Geminga-like diffusion coefficient and source distance
d > 2 kpc.

3.2 Hadronic emission scenario

We created a model of 7° decay dominated multi-TeV emission in naima package, assuming rel-
ativistic protons following exponential cutoff power law distribution, interacting with one of the two
molecular clouds in the direction coincident with LHAASO J2108+5157. The best fitting proton dis-
tribution shown in Figure 1 has cutoff at Eqyior = 250’:29%0 TeV and spectral index @ = 0.8+0.5. While
the total energy in relativistic protons is low enough (Ew = 9 X 10%(d/1kpc)?(100cm™3/n) erg,
where 7 is molecular density of the molecular cloud with distance d in the direction of the source)
compared to the typical energy of a supernova explosion, required spectral index is too hard com-
pared to the standard diffusive shock acceleration (DSA) [25]. However, it does not necessarily
exclude hadronic emission scenario as hard spectral indices can be expected e.g. in the non-linear
regime of DSA [26].

The HE gamma-ray emission of the Fermi-LAT counterpart cannot be explained in a single
component model together with UHE emission in hadronic scenario. Cao et al. [8] suggested that
4FGL J2108.0+5155 shows spectral features of an old SNR. Our dedicated analysis of Fermi-LAT
data, however, results in the photon index of HE emission I' = —3.2 above 1 GeV, which seems to
be too soft compared to the spectra of old SNRs interacting with molecular clouds [27].

4. Conclusions

We conducted a multi-wavelength study of the unidentified UHE gamma-ray source LHAASO
J210845157 combining data from LST-1, XMM-Newton, Fermi-LAT and LHAASO. Strong ULs
on emission of the source derived from the LST-1 data prove that LST-1 is capable of providing
significant scientific results although still in commissioning phase. We present a leptonic emission
scenario suggesting that the UHE source may be related to a TeV halo object. There is only a handful
of TeV halo objects currently known, and these objects are of a particular interest because they
appear to have particle diffusion coefficients that are much lower than in the interstellar medium,
and thus may provide important insight into CR particle diffusion within the Galaxy. Soft HE
counterpart can be explained as a pulsar, which could provide the relativistic electrons with enough
energy to power the UHE emission. In the hadronic emission scenario, on the other hand, the HE
and UHE emission cannot be explained as interaction of protons accelerated in an old SNR with
dense molecular cloud, and thus more complex model would be needed.
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