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ABSTRACT

Context. The Large High Altitude Air Shower Observatory (LHAASO) has detected multiple ultra-high-energy (UHE; E, > 100 TeV)
gamma-ray sources in the Milky Way Galaxy, which are associated with Galactic “PeVatrons” that accelerate particles up to PeV
(=10% eV) energies. Although supernova remnants (SNRs) and pulsar wind nebulae (PWNe), as source classes, are considered the
leading candidates, further theoretical and observational efforts are needed to find conclusive proof that can confirm the nature of
these PeVatrons.

Aims. The aim of this work is to provide a phenomenological model to account for the emission observed from the direction of
LHAASO J0341+5258, an unidentified UHE gamma-ray source observed by LHAASO. Further, we also aim to provide the implica-
tions of our model in order to support future observations at multiple wavelengths.

Methods. We analyzed 15 yr of Fermi-LAT data to find the high-energy (HE; 100 MeV < E, < 100 GeV) GeV gamma-ray counterpart
of LHAASO J0341+5258 in the 4FGL-DR3 catalog. We explain the spectrum of the closest 4FGL source, 4FGL J0340.4+5302, by
a synchro-curvature emission formalism. We explored the escape-limited hadronic interaction between protons accelerated in an old,
now invisible SNR and cold protons inside associated molecular clouds (MCs) and leptonic emission from a putative TeV halo in an
effort to explain the multiwavelength (MWL) spectral energy distribution (SED) observed from the LHAASO source region.
Results. The spectrum of 4FGL J0340.4+5302 is explained well by the synchro-curvature emission, which, along with its point-like
nature, indicates that this object is likely a GeV pulsar. A combined lepto-hadronic emission from SNR+MC and TeV halo scenarios
explains the MWL SED of the LHAASO source. In addition, we find that leptonic emission from an individual TeV halo is also
consistent with the observed MWL emission. We discuss possible observational avenues that can be explored in the near future and

predict the outcome of those observational efforts from the model explored in this paper.
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1. Introduction

The nature and emission mechanism of Galactic PeVatrons have
become a matter of intense debate after the detection of more
than a dozen ultra-high-energy (UHE) gamma-ray sources in
the Milky Way Galaxy by LHAASO (Cao et al. 2021a) since it
became operational in 2020 April (Cao 2010). In addition, suc-
cessful operations by Tibet-ASy and the High-Altitude Water
Cherenkov (HAWC) have ushered in the era of UHE gamma-
ray astronomy (Abeysekara et al. 2020; Amenomori et al. 2019).
Although most of these sources are unidentified, it has been
proposed that both supernova remnants (SNRs) associated with
dense molecular clouds (MCs), that is SNR+MC systems, and
pulsar wind nebulae (PWNe)/TeV halo systems have the nec-
essary energetics to be the PeVatrons associated with UHE
gamma-ray sources. After Crab PWN was confirmed to be a
PeVatron (Cao et al. 2021b), the PWN interpretation of PeVa-
trons began to be heavily favored. However, recent efforts
have suggested that even if a powerful pulsar is present in
the vicinity of a UHE gamma-ray source, it is not guaran-
teed that the corresponding PWN is a PeVatron (De Sarkar et al.
2022b). Furthermore, detailed studies also dictated that SNRs
associated with dense MCs are viable candidates for being

PeVatrons (De Sarkar & Gupta 2022; De Sarkar 2023; Abe et al.
2023). Future observational studies by the Cherenkov Telescope
Array (CTA; Cherenkov Telescope Array Consortium 2019) and
the Southern Wide-field Gamma-ray Observatory (SWGO;
Albert et al. 2019) will be crucial in confirming the nature and
emission of PeVatrons.

In this paper, we provide a phenomenological model to
explain the MWL emission from the direction of an unidenti-
fied UHE gamma-ray source, LHAASO J0341+5258, reported
by Cao et al. (2021c). This source was detected at the best-fit
position of right ascension (RA)=55.34° + 0.11°, and declina-
tion (Dec)=52.97° + 0.07°, with a significance of 8.20- above
25 TeV. Cao et al. (2021c¢) reported that the LHAASO source is
spatially extended, where the extension of the source was esti-
mated to be oy = 0.29° £0.06°, with a TSy (=2 10g(Lexi/Lps))
of ~13. No apparent energetic pulsar or SNR was found near
the LHAASO source. However, using multiline CO observa-
tions (>CO and '*CO) of the region performed as part of the
Milky Way Imaging Scroll Painting (MWISP) project (Su et al.
2019), dense MCs were found to partially overlap with the
LHAASO source. Previously, scenarios including leptonic emis-
sion from pulsar halo (Cao et al. 2021c), hadronic interaction
between SNR and MCs (Caoetal. 2021c), and injection of
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particles from past explosions (Kar & Gupta 2022) were
explored, but none of these models explained the MWL SED
entirely. Our simple model is designed to provide a feasible
MWL emission mechanism to explain the observed MWL SED
associated with LHAASO J0341+5258, while accounting for
the disappearance of a possible SNR at the present day. We
also aim to explain the presence of a TeV halo associated with
a putative, energetic GeV pulsar within the LHAASO source
extent.

In Sect. 2, we discuss the results obtained from this work.
In Sect. 2.1, we present the results of a Fermi-LAT data anal-
ysis of the probable GeV counterpart of the LHAASO source,
4FGL J0340.4+5302. In Sect. 2.2, we then provide the basic for-
malism of the synchro-curvature radiation that has been used
to explain the spectrum of the 4FGL source. In Sects. 2.3
and 2.4, the models considering the hadronic interaction in the
SNR+MC system and the leptonic interaction in the putative
TeV halo are discussed, respectively. Finally, we discuss over-
all results of our study in Sect. 3, and provide conclusions in
Sect. 4.

2. Results
2.1. Fermi-LAT data analysis

We analyzed 15yr (2008 August 4-2023 May 1) of PASS 8
Fermi-LAT data in the energy range of 0.1-500 GeV using Fer-
mipy! version 1.2.0 (Wood et al. 2017). To avoid contamination
from the Earth’s albedo gamma rays, the events with a zenith
angle of greater than 90° were excluded from the analysis. The
instrument response function, Galactic diffuse emission template
(galdiff), and isotropic diffuse emission template (isodiff) used
in this analysis are “P8R3_SOURCE_V3”, “gll_iem_v07.fits”,
and “iso_P8R3_SOURCE_V3_vl.txt”, respectively. We used
the latest 4FGL catalog, 4FGL-DR3, to study the GeV coun-
terpart of LHAASO J0341+5258 (Abdollahi et al. 2022).

We considered a circular region of interest (ROI) with a
radius of 20°, of which the center coincides with the centroid of
the LHAASO source, in order to extract the data from the Fermi-
LAT website2. Within that ROI, we considered a rectangular
region of 15° X 15° positioned at the centroid of the LHAASO
source. Galdiff, isodiff, and all of the 4FGL sources within that
rectangular region were included in the data analysis. The nor-
malization parameters of the 4FGL sources, within 5° angular
extent of the LHAASO source centroid, including all of the
parameters of galdiff and isodiff, were kept free during the data
analysis. Previously undetected point sources in the vicinity of
the LHAASO source, with a minimum TS value of 25 and a min-
imum separation of 0.3° between any two point sources, were
explored using the source-finding algorithm of Fermipy. How-
ever, no plausible point sources relevant to this case were found
in the spatial proximity of the LHAASO source. A maximum-
likelihood analysis was performed to ascertain the best-fit val-
ues of the spatial and spectral parameters of the relevant 4FGL
sources, as well as those of galdiff and isodiff. With the exception
of 4FGL J0340.4+5302, which is the probable GeV counterpart
of the LHAASO source, the other 4FGL sources, as well as gald-
iff and isodiff, were considered as background and were there-
fore subtracted during the analysis. The data analysis procedure
discussed above is similar to that followed in De Sarkar et al.
(2022a).

! https://fermipy.readthedocs.io/en/latest/
2 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
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Caoetal. (2021c) analyzed 4FGL-DR2 data and found
the same GeV counterpart 4FGL J0340.4+5302 within the
extension of LHAASOJ0341+5258. We rechecked the prop-
erties of the 4FGL source with updated 4FGL-DR3 data
to ascertain the localization, extension, and spectrum of the
source. The 4FGL source was located at RA =55.135° £0.013°
and Dec=53.083°+0.011° with a significance of 64.61c,
0.154° away from the centoid of the LHAASO source.
Similarly to Caoetal. (2021c), we found the spectrum
of the 4FGL source to be significantly curved (TScywe=
2 log(Lyp/LpL) ~ 325.74) and well-fitted by a log-Parabola spec-
trum, that is, dN/dE o (E/E,,) @ Pie 102(E/Ey) | with best-fit spec-
tral parameters of a p = 3.106 + 0.047, Brp = 0.483 + 0.033,
and E, = 0.541GeV, and a corresponding energy flux of
~5.447x 107" ergcm=2 57! in the energy range of 0.1-500 GeV.
The source extension was checked with a RadialDisk model.
The 95% confidence level upper limit of the extension of the
4FGL source was found to be ogg < 0.29°, with TSey of
~15.08 (3.880), indicating that the 4FGL source is a point-like
source. Due to the point-like extension and the curved spec-
tral signature associated with the 4FGL source, we propose
that 4FGL J0340.4+5302 is possibly a pulsar emitting in the
GeV gamma-ray range, which agrees with the conclusions of
Cao et al. (2021c).

2.2. Synchro-curvature emission from a putative pulsar

To test the GeV pulsar interpretation of the 4FGL source,
we explored the synchro-curvature emission formalism, which
was previously used to explain GeV gamma-ray emission from
pulsars (Cheng & Zhang 1996; Kelner et al. 2015). The GeV
gamma-ray emission from energetic pulsars has been con-
ventionally explained by two general mechanisms: (a) curva-
ture emission, where the radiation is produced by relativistic
electron—positron pairs streaming along the curved magnetic
field lines with a radius of curvature, and (b) synchrotron emis-
sion, where the radiation is produced by the same pairs gyrat-
ing around a straight magnetic field line. Although both of
these emission mechanisms explain the GeV gamma-ray emis-
sion from pulsars well, in a realistic scenario, it can be clearly
understood that the relativistic charged particles streaming along
the curved magnetic field lines must also spiral around them.
Consequently, rather than proceeding in either the curvature or
the synchrotron radiation modes, an intermediate emission sce-
nario termed the synchro-curvature radiation, should be con-
sidered the general radiation mechanism responsible for the
gamma rays observed from GeV pulsars (for further details, see
Cheng & Zhang 1996; Vigano et al. 2015a). Hence, in this work,
we try to explain the spectrum of the 4FGL source with the
synchro-curvature process, which is assumed to take place in the
outer gap of the pulsar magnetosphere. In this section, we out-
line the governing equations relevant to the synchro-curvature
radiation formalism. For a detailed discussion on the topic,
we refer readers to Cheng & Zhang (1996), Vigano & Torres
(2015), Vigano et al. (2015a,b).

The particles spiraling around a curved magnetic field with a
radius of curvature r. and magnetic field B emit photons with a
characteristic energy of
E(T, re, rayr, @) = %th2r3, (1)
where I is the relativistic Lorentz factor, « is the pitch angle
(angle between B and v), and 7 (=1.0546 X 10727 cm? g s2K™h
is the reduced Planck’s constant. The gyro-radius (or Larmor
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radius) 74y, and the factor Q- are given by
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where m, is the electron rest mass, and c is the velocity of light.
The synchro-curvature parameter £ is given by

£ = Te sin® @ @)

—
Tgyr COS? @

The power radiated by a single particle per unit energy at a
given position is given by

d(fESC - ﬁ:;:;y [(1+2F) -1 -2Ky3(0)], 5)
where

WE,T, re, raye, @) = EEC ©)

2= (Qorem) ™, 7

FoY = fy K0y @®)

where E is the photon energy, K, are the modified Bessel func-
tions of the second kind of index n, and the effective radius is
given by

€))

Teff =

-1
fe (1+§+@) :

cos? a Te

By integrating Eq. (5) in energy, we get the total synchro-
curvature power radiated by a single particle:

Py = 10)

3r¢
where the synchro-curvature correction factor g; is given by
2 |1+ 70027
C 8(Qarem)!

Vet
We further obtained the details of the trajectories of the
charged particles by numerically solving their equations of
motion:

an

P 12)

In this equation, the relativistic momentum (with the veloc-
ity assumed to be constant at v = ¢) of the charged particles,

p (=VI2 — 1mcp = Tmop), is directed toward p, and the con-
stant accelerating electric field, Ej, is directed toward b, that is,
tangential to the curved magnetic field lines. Breaking down the
equations of motion into parallel (p; = p cos @) and perpendicu-
lar (p, = psin@) components, we get

d(p sin @) _ _PSC sin a/’ (13)
dt v

d(p cos @) - e - Py cos a (14)
dr v

Equations (13) and (14) are numerically solved to deter-
mine the evolution of the Lorentz factor I', sin @, and synchro-
curvature parameter ¢ along the trajectory of motion.

Similar to Vigano et al. (2015a), we calculate the average
synchro-curvature radiation spectrum throughout the trajectory
using the equation

AP f dP,. dN
0

15)

dE iE dx o

where the integration limits have been chosen to be the distance
depicting the injection point of the particles (x = 0), and the
maximum distance up to which the spectrum can be emitted (x =
Xmax)- Furthermore, the effective weighted particle distribution
function, which takes into account the depletion of the number
of emitting particles directed toward the observer at a distance
x from their injection point, is given by the following equation
(Vigano et al. 2015a):

Ny e
X()(l - e_xmax/x()) ’

dN
e (16)
where Ny, the normalization of the effective particle distribution,
is such that fox"m (dN/dx)dx = Ny, and x is the length scale of
the same.

The model discussed above is based on the dynamics of rel-
ativistic lepton pairs that move along curved magnetic field lines
in an acceleration region of the pulsar magnetosphere. We per-
formed this calculation whilst considering three free parameters:

1. The electric field parallel to the magnetic field, £} (V m™),
which is assumed to be constant throughout the acceleration
region. We varied this parameter within the range log(E)
(Vm™1))=6.5-9.5 (Vigand & Torres 2015). The accelerat-
ing electric field explains the energy peak of the synchro-
curvature spectrum.

2. The length scale, xo/r., which depicts the spatial extent
of the emitting region for injected particles. We var-
ied this parameter within the range xo/r. = 0.001-1
(Vigano & Torres 2015). The variation of this parameter
determines the low-energy slope of the spectrum.

3. The overall normalization parameter, Ny, which depicts the
total number of charged particles in the acceleration region,
whose radiation is directed toward the observer. The overall
normalization Ny has been varied to explain the spectrum of
the 4FGL source. We varied this parameter within the range
of Ny = 10%°-10** particles (Vigano & Torres 2015).

The remaining parameters are considered to be fixed follow-
ing Vigano et al. (2015a), that is, magnetic field B = 10% G, radius
of curvature r, = 10® cm, and maximum distance of the emitting
region Xpa = 7. = 108 cm. Two coupled ordinary differential
equations, Egs. (13) and (14), are numerically solved simultane-
ously to evaluate the evolution of the Lorentz factor I, the pitch
angle in terms of sin @, and the synchro-curvature parameter &.
To solve these equations, we typically set the initial values for the
Lorentz factor and the pitch angle to I, = 103 and a;, = 45°
(Vigano et al. 2015a). We note that although the magnetic field
can be ideally parameterized as a function of the timing properties
and the magnetic gradient (Vigano & Torres 2015; Vigano et al.
2015b), because of our lack of knowledge regarding those param-
eters in this case, we consider the magnetic field to be constant at
a value consistent with that explored by Vigano et al. (2015a).

Figure 1 shows the evolution of the Lorentz factor I
(panel a), the pitch angle @ (panel b), and the synchro-curvature
parameter & (panel c), as well as the model spectrum plotted
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Fig. 1. Outputs of the synchro-curvature model. Here, we show the evolution of (a) Lorentz factor I', (b) pitch angle «, and (c) synchro-curvature
parameter & . In panel d, the model spectrum is plotted against the SED data points obtained from Fermi-LAT analysis of 4FGL J0340.4+5302.

against the SED data points of the 4FGL source (panel d). The
values of the free parameters considered in this model to explain
the SED of 4FGL J0340.4+5302 are log(E (Vm™)=7.113,
Xo/re = 0.15, and Ny = 1.3 x 103! particles, where the distance
to the pulsar was assumed to be 1 kpc (Cao et al. 2021c). From
panel d of Fig. 1, it can be seen that the synchro-curvature emis-
sion model explains the SED of the 4FGL source quite well,
which in turn indicates that 4FGL J0340.4+5302 indeed shows
spectral features typical of a GeV pulsar. Detection of pulsed
emission from this source in radio and gamma rays would con-
firm its nature in the future.

2.3. Emission from the SNR+MC association

In this section, we discuss the full model and the relevant param-
eters of the hadronic interaction model, in which gamma rays
are produced from the inelastic p—p interaction between protons
accelerated in the shock front of an old, now invisible shell-type
SNR and the cold protons residing in the MCs surrounding the
SNR. We used the open-source code GAMERA® (Hahn 2016) to
calculate the gamma-ray SED from the hadronic p—p interac-
tion. For a detailed discussion on the formalism, we refer read-
ers to De Sarkar & Gupta (2022), De Sarkar (2023), Fujita et al.
(2009), Ohira et al. (2010), and Makino et al. (2019).

3 http://libgamera.github.io/GAMERA/docs/main_page.
html
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The model assumes that a supernova (SN) explosion
occurred inside a tenuous, spherical cavity surrounded by dense
MCs. After the explosion, following the initial free-expansion
phase, the SNR enters the adiabatic Sedov-Taylor phase, dur-
ing which the time evolution of the shock velocity and shock
radius is given by the following relations (De Sarkar & Gupta
2022; Fujita et al. 2009):

— Ui (t < tSedov)
n(t) = {Ui(t/tSedov)_S/S (tsedov < 1), a7
and
(t/tSedov) (t < tSedov)
Ry 1
h(t) * {(t/tSedov)z/5 (tSedov < t), ( 8)

where we assume an initial shock velocity of v; = 10° cms™,

and an SNR age and radius at the onset of the Sedov phase of
fsedov = 210yr and Rsegov = 2.1 pc, respectively. The cosmic
ray (CR) protons are accelerated through diffusive shock accel-
eration (DSA) at the shock front. We adopt an escape-limited
scenario of proton acceleration (Ohira et al. 2010), where these
accelerated protons need to escape a geometrical confinement
region around the shock front — produced by strong magnetic tur-
bulence — in order to participate in gamma-ray production after
the shock front collides with the surrounding MCs. The distance
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of the outer boundary of this confinement region (escape bound-
ary) from the center of the cavity, that is, the escape radius, is
given by

Rese () = (1 + )R (D),

where « (=0.04) is defined by the relation I = Ry, where leg.
is the radial distance of the escape boundary from the shock front
(Ohira et al. 2010; Makino et al. 2019).

It has previously been assumed that the acceleration of pro-
tons stops at the time of collision ¢ = .o, which is when the
escape radius is equal to the distance of the MC surface from
the cavity center (i.e., Resc(fcol1) ® Rsh(feonn) = Rmc) (Fujita et al.
2009). Therefore, only the protons that have been accelerated
before the collision and possess sufficient energy to escape the
escape boundary will take part in producing UHE gamma rays.
This threshold energy of proton escape can be given by the phe-
nomenological relation (Makino et al. 2019; Ohira et al. 2012)

19)

R —Q@SNR
E _ Emax sh
esc — L“SNR R B
Sedov

where agng signifies the evolution of the escape energy during
the Sedov phase (Makino et al. 2019). We note that in this case,
it has been assumed that the protons get accelerated up to a max-
imum energy of Egix = 10" eV (knee energy) at the onset of
the Sedov phase (Gabici et al. 2009). We consider asnr as a free
parameter, and Eg, = Eesc, where Eg(y, is the minimum energy
of the escaped proton population. The spectrum of the escaped
proton population is given by the following equation (Ohira et al.
2010):

(20)

Nesc(Ep) o E;[H(ﬁ/dsw)] o E;[’SNR’ Q21

where 8= 3(3—s)/2 (Makino et al. 2019), assuming the thermal
leakage model of CR injection (Ohira et al. 2010). For s = 2,
as is expected from DSA, we find 8 = 1.5. We note that the
minimum energy (Eq. (20)) and the spectral shape (Eq. (21))
of the escaped proton population, as well as the gamma-ray
production from the hadronic p—p interaction (Kafexhiu et al.
2014), are all estimated at the collision time ¢ = f.y. In the
present work, we phenomenologically varied the value of the
free parameter agng and chose this to be asng = 1.5. Con-
sidering the chosen value of asnr, our model indicates that
the expanding SNR shock collided with the surrounding dense
MCs at an age of foon ~ 6.1 x 103 yr. At time ¢ = f., the
radius and the velocity of the SNR shock front were found to
be Rgn(teon) ~ 20.27 pc (which is also equal to Ryc at the time
of collision), and vg(feon) ~ 1.3 X 108 cms~!, respectively. Fol-
lowing the collision, the escaped proton population — acceler-
ated until the collision epoch — enters the MC medium to pro-
duce gamma rays through hadronic p—p interactions. The min-
imum energy of this escaped proton population is found to be
E‘S“I{}}2 ~ 100TeV, calculated using Eq. (20) for the choice of
the parameter asnr, Whereas, as discussed above, the maximum
energy is given by Egix ~ 3.1x 103 TeV. Furthermore, using val-
ues of s, 8, and agngr, we calculate a spectral index of psng = 3.0
for the escaped proton population, and the corresponding spec-
tral shape was given by Eq. (21). We find the total energy budget
of the escaped proton population required to explain the gamma-
ray SED to be Wsnr ~ 1.7 x 10% erg, where the number density
inside the MC medium and the SNR+MC source distance are
assumed to be nyc ~ 50cm™ and d = 1kpc, respectively, fol-
lowing Cao et al. (2021c).

At t = t.o, the shock can be assumed as a shell with a radius
of Ry (t.on) (=RMmc) centered at the cavity. At ¢ > 7o, the shock

enters the momentum-conserving, snow-plow phase and contin-
ues to expand inside the MC medium. If the radius of the shell
inside the MC medium is Rg,, then its time evolution inside the
MC:s can be estimated by solving the momentum conservation
equation (Fujita et al. 2009; De Sarkar & Gupta 2022):

4
3 [’1Mc(Rshe11(1)3 — Ran(teon)’) + ncavRsh(fcou)3] Ripen (1)

4
= _ncavRsh(l‘coll)3 Ush(tcoll)’ (22)

3
with Rgpent = Rmc at t = teon, and with ng,y (%1 cm™) being the
number density inside the cavity. We note that the velocity of
the shocked shell inside the MC medium continues to decrease
as it continues to expand with time. As a result, if the SNR
shocked shell at the current epoch is sufficiently old, its veloc-
ity inside the MCs will definitely be comparatively smaller than
the internal gas velocity of the MCs. Consequently, the shocked
shell inside the MCs will not be detectable as the remains of
the shell will become invisible. We use this fact to explain the
nondetection of the possible old SNR and to propose a prob-
able current age of the SNR as well. This approach was used
to explain the nondetection of the SNR shell in the case of
LHAASO J2108+5157 (De Sarkar 2023). We calculate the time
evolution of the SNR shocked shell inside the associated MCs
using Eq. (22), and find that the SNR, with a final radius of
R (tage) ~ 32.4 pc, has to be e ~ 6.2 X 10° yr old for the shock
velocity (Usn(faee) ~ 8 X 10° cms™) to be lower than the inter-
nal gas velocity of MCs (~10% cms™'; Cao et al. 2021c) and for
the SNR shell to disappear. The time evolution of the shocked
shell is shown in Fig. 2. Please note that we do not consider the
total gamma-ray flux produced from the escaped protons when
the shock front is within the MC medium, even if the SNR is still
in the Sedov phase. The acceleration and escape of protons will
depend on the evolution of the confinement region inside the tur-
bulent MC medium, which is poorly understood. Consequently,
we have avoided this contribution altogether so as not to compli-
cate our model, as this contribution is expected to be negligible
anyway. Moreover, given the low shock velocity, the full ion-
ization of the pre-shock gas does not occur, making the particle
acceleration ineffective when the SNR enters the radiative phase.
As a result, the corresponding gamma-ray contribution during
the radiative phase of the SNR continues to remain insignifi-
cant (see De Sarkar 2023, and references therein). We further
note that proton diffusion inside the MC medium has been
neglected in this model. The average diffusion coeflicient inside
the dense, strongly turbulent MC medium (x10%-10%¢ cm?s™!;
Gabici et al. 2009) is significantly smaller than that measured
in the interstellar medium (~10?6~10% cm? s™!; De Sarkar et al.
2021). The details regarding the suppressed diffusion inside
the MCs are uncertain (Dogiel et al. 2015; Xuetal. 2016),
and so we exclude this aspect in order to avoid introduc-
ing complications in the simple model discussed in this
paper. A similar assumption was also considered in the case
of LHAASOJ1908+0621 (De Sarkar & Gupta 2022) and for
LHAASOJ2108+5157 (De Sarkar 2023).

We note that neutrino emission is considered to be evidence
of hadronic interaction in any astrophysical source. Therefore, in
order to confirm the presence of a hadronic emission mechanism
in this particular source, we compared the total neutrino flux
expected from hadronic interaction to the sensitivity of the next-
generation IceCube-Gen2 neutrino observatory (Aartsen et al.
2021). We find that the neutrino flux is not significant enough to
be detected by IceCube-Gen2. We plot the scaled neutrino flux
along with IceCube-Gen?2 sensitivity in Fig. 3.
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Fig. 2. Time evolution of the shocked shell associated with the old SNR
inside the surrounding MCs.

2.4. Emission from the TeV halo

As an energetic pulsar spins down, a wind nebula is created due
to the conversion of rotational energy to wind energy, known
as the pulsar wind nebula (PWN; Gaensler & Slane 2000).
Electron—positron pairs accelerated to ultra-relativistic energies
at the termination shock of the wind produce MWL emission
because of their interaction with the ambient magnetic field,
matter, and radiation fields. As a result, over the years, multi-
ple PWNe have been detected, especially in radio, X-ray, and
gamma-ray energy ranges (Gaensler & Slane 2006), and PWNe
are considered to be one of the leading candidates for being
Galactic PeVatrons (de Ona Wilhelmi et al. 2022). The size of
the PWNe can be of the order of 0.1-10pc, and the associ-
ated nebular magnetic field can be estimated to be of the order
of 10-1000 uG. PWN is a dynamic source class, which goes
through multiple stages of evolution (Giacinti et al. 2020). In the
first stage (f < 10kyr), PWNe can be considered as spherically
symmetric systems, in which high-energy leptons are confined
by a large magnetic field, and TeV gamma rays are emitted by
these leptons. The forward shock of the host SNR expands in
the surrounding interstellar medium (ISM), whereas the newly
formed reverse shock starts to contract, but does not yet reach
the PWN. In the second stage (¢t =10-100 kyr), the PWN mor-
phology becomes highly irregular, as at this stage the reverse
shock has hit the PWN, thus disrupting it. At this stage, the
high-energy leptons escape and propagate inside the surround-
ing SNR, but not yet in the ISM . In the final stage (¢ > 100 kyr),
the nebula completely disrupts and the host SNR fades away.
The high-energy leptons therefore escape into the surrounding
ISM, and then slowly diffuse in the strongly turbulent interstel-
lar magnetic field and emit TeV gamma rays in a volume that is
much larger than that of the initial PWN.

This extended source class — associated with ener-
getic  pulsars —  emitting  very-high-energy  (VHE;
100GeV <E,<100TeV) gamma rays, collectively known
as the TeV halo, was recently established. These sources shine
bright in TeV energies and have a hard spectrum (having
an electron injection spectral index of between ~1.5 and
2.2; Sudohetal. 2019). TeV halos were first detected by
the MILAGRO and HAWC observations of Geminga and
PSR B0656+14, where extended TeV gamma-ray emission
was discovered surrounding these pulsars from the surface
brightness distributions (Abdo et al. 2009; Abeysekara et al.
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Fig. 3. Expected neutrino flux (scaled) against the IceCube-Gen2 sensi-
tivity for two declinations.

2017a,b). TeV halos are characterized by a slow diffusion region
(e.g., D(E.) = 4.5 x 10?7 (E./100TeV)3ecm?s7!, ie., 2-3
orders of magnitude smaller than the typical diffusion coeffi-
cient of the ISM), with a large spatial extent (14, = 20—-50pc)
(Abeysekara et al. 2017a; Liu 2022). Self-generated CR turbu-
lence or Alfvén waves are popularly considered to be the origin
of the slow isotropic diffusion, where a large density gradient
of escaped electron—positron pairs near the source induces the
growth of small-scale magnetohydrodynamic (MHD) turbulence
of the background plasma, otherwise known as the resonant
streaming instability. Escaped pairs get trapped by the increased
MHD turbulence, which translates into the suppression of the
diffusion coefficient. For a comprehensive review, we refer
readers to Fang (2022), Liu (2022), and references therein.
Separately, multiple models have been proposed to explain the
possible origin of TeV halos; namely isotropic, unsuppressed
diffusion with the transition from quasi-ballistic propagation
(Prosekin et al. 2015), anisotropic diffusion (Liu et al. 2019b),
and so on. Further details regarding the origin of the TeV halo
are beyond the scope of this paper. Additionally, the magnetic
field associated with the TeV halo was also estimated to be at the
same level as the average Galactic magnetic field (Sudoh et al.
2019), which is relatively low compared to that observed in
PWNe. From X-ray observations, the magnetic field inside the
TeV halo of Geminga was constrained to be <1 pG (Liu et al.
2019a). Therefore, a low estimated magnetic field can also be
an important differentiator between the TeV halo and PWN
scenarios.

The presence of a putative GeV pulsar 4FGL J0340.4+5302
co-spatial with the LHAASO source region, and the spatially
extended gamma-ray emission observed by LHAASO, together
suggest the existence of an extended TeV halo emission in the
source region. Although it is difficult to ascertain because of the
lack of proper distance estimation, in this work, we assume that
the putative pulsar 4FGL J0340.4+5302 is associated with the
old, invisible SNR, which means that the age of the pulsar is
~6.2 % 10° yr. From the nondetection of the old SNR and the off-
set between the LHAASO source centroid and the 4FGL source,
it can be posited that the system is old enough to be in the final
stage of evolution, where the host SNR has faded away and the
corresponding pulsar has been displaced from its original posi-
tion because of its natal kick velocity (Gaensler & Slane 2006),
which makes the TeV halo scenario more plausible.
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Consequently, we considered a steady-state relativistic elec-
tron population from a putative TeV halo associated with
the GeV pulsar and calculated the total leptonic contribu-
tion from this source to help explain the MWL SED of
the LHAASO source. As a result of slow diffusion inside
the TeV halo region, radiative cooling timescales of E. >
10TeV leptons that produce TeV gamma rays — that is,
~10%(B/10 MG)’2 (E./10TeV)~' yr (Giacinti et al. 2020) — are
comparatively lower than the escape timescale, which is ~4.4 x

2 -1 -1

10* (322 ) (o) (7oisy)  yr (Liu 2022). We there-
fore neglect the effect of lepton escape from the TeV halo source.
In a radiation-dominated environment, the inverse-Compton (IC)
emission from the accelerated leptons — with a hard spec-
trum — that escape from the disrupted PWN into the TeV
halo can provide a significant contribution to the VHE-UHE
gamma-ray regime (Breuhaus et al. 2021). We considered dif-
ferent leptonic cooling mechanisms, such as IC and synchrotron
(Baring et al. 1999; Ghisellini et al. 1988; Blumenthal & Gould
1970), to obtain the MWL emission from the parent electron
population associated with the TeV halo using GAMERA (Hahn
2016). The synchrotron emission, which is constrained by the
X-ray upper limit, should also provide a constraint on the value
of the associated magnetic field, which would in turn confirm the
TeV halo interpretation of the observed VHE-UHE gamma-ray
emission.

To explain the MWL SED of LHAASOJ0341+5258, in
the present study, we considered two scenarios: (a) a two-zone
Lepto-hadronic scenario, where TeV halo emission is used in
conjunction with the hadronic emission from the SNR+MC
association (see discussion in Sect. 2.3), and (b) a one-zone
Leptonic scenario, in which the entire emission is explained by
an individual TeV halo, without the presence of any SNR+MC
association. We considered the distance of the TeV halo in both
cases to be d = 1kpc. The spectrum of the electron popula-
tion was assumed to be a simple power law with an exponential

cutoff in the form of Ny o« E;”™ exp(—E./E[%) for the Lepto-

hadronic case, and N, o« E.”* exp(—E./ E™) for the Leptonic
case. In this case, EJ{* and E™* depict the maximum energy
beyond which the rollover in the spectrum ensues. These can
also be portrayed as the rollover energy or the cutoff energy of
the spectrum. The minimum energy of the electron population
was given by the rest-mass energy. We also considered inter-
stellar radiation field following Popescu et al. (2017), and the
associated magnetic field in the two cases was fixed by remain-
ing consistent with the X-ray upper limits reported by Cao et al.
(2021¢).

In both cases, the spectral index of the lepton population
was fixed at py = pr = 1.5 (Sudohetal. 2019). For the
Lepto-hadronic case, the maximum energy and the energy bud-
get required to explain the MWL SED are ETj{* ~ 60TeV and

Win ~ 1.5 x 10% erg, whereas for the Leptonic case these were
found to be E™ ~ 120TeV and Wi ~ 1.7 X 10% erg. The
maximum energy estimates in both cases are consistent with
the TeV halo scenario, where electrons — with maximum energy
ranging from tens to hundreds of TeVs — can be present in the
halo region (Liu 2022). The associated magnetic fields, which
are constrained by the X-ray upper limits, were estimated to be
Bry = 4uG for the Lepto-hadronic case, and By, ~ 2.6 uG for
the Leptonic case. In both cases, the values of the estimated mag-
netic fields are well below that typically observed in a standard
PWN and are similar to the average value of the Galactic mag-
netic field in the ISM (2-6 uG), which corroborates the TeV halo
interpretation of gamma-ray emission. The model spectrum for

(a) Lepto-hadronic and (b) Leptonic cases, along with the data
points for the MWL SED of LHAASO 0341+5258 taken from
Cao et al. (2021c), are shown in panels a and b of Fig. 4, respec-
tively. As can be seen from the figures, both cases are consistent
with the MWL SED and the upper limits obtained up until now.

3. Discussion

In this section, we discuss the main implications of the present
work in detail. As both the Lepto-hadronic and Leptonic mod-
els explain the MWL SED of the LHAASO source, it is dif-
ficult to distinguish whether the SNR+MC association or the
TeV halo is responsible for the UHE gamma-ray emission
observed by LHAASO. Because of the poor angular resolu-
tion capability, LHAASO cannot discern the associated PeVa-
tron in the source region. Consequently, VHE gamma-ray obser-
vations are required to properly confirm the source contribu-
tion from the study of spatial morphology. From Fig. 4, it
can be seen that the model spectrum in both cases exceeds
the sensitivities of VHE gamma-ray observatories such as CTA
north (Cherenkov Telescope Array Consortium 2019), SWGO
(Albert et al. 2019), and ASTRI (Vercellone 2023). Therefore,
VHE gamma-ray data obtained by these observatories would be
crucial to unveiling the nature of the PeVatron and confirming
which of these two cases is valid. For example, if the entire
emission is due to the leptonic component from a TeV halo,
then only a singular emission peak should be observed. On the
other hand, if the Lepto-hadronic case is valid, then a double-
peaked significance map should be observed in the source
region, as it was observed in the case of LHAASO J1908+0621
(De Sarkar & Gupta 2022; Li et al. 2021). Hence, from the study
of the spatial morphology using VHE gamma-ray data, it will be
possible to confirm the nature of the associated PeVatron in this
case.

Although the point-like nature and a curved SED -
explained by the synchro-curvature emission — indicate that
4FGL J0340.4+5302 is likely a GeV pulsar, further observa-
tions are needed for its confirmation. A blind search for pul-
sation or periodicity from this source was not possible without
an updated ephemeris. Nevertheless, detection of this putative
pulsar in radio wavelength would provide us with the necessary
information to produce the corresponding ephemeris, which can
be used to discover periodicity in the 4FGL source. This conclu-
sion was echoed in the recently published Third Fermi Large
Area Telescope Catalog of Gamma-ray Pulsars (Smith et al.
2023). Although no significant variability was observed for
4FGL J0340.2+5302 (variability index 10.45, which is lower
than the threshold of 24.7), it is one of four sources with
TS >200, which is undetected beyond 10GeV, has a signifi-
cantly curved spectrum that is well fit with a LogParabola func-
tion, has a semi-major axes of <10’ (95% C.L.) of the local-
ization ellipse, and finally, is situated within Galactic latitude
|b] < 10°, all of which indicates that this source is suitable for
radio searches, and that its origin as a young, energetic pulsar
is favorable. These latter authors mention that radio pulsations
from this source will confirm its pulsar origin, but none have
been reported to date. Moreover, an electron population accel-
erated in the shock front could also produce HE gamma rays,
which might be obscured by the GeV pulsar emission, similar
to that observed in LHAASO J1908+0621 (De Sarkar & Gupta
2022). Such leptonic emission was also observed in the case of
LHAASOJ2108+5157 (De Sarkar 2023). Off-pulse analyses of
the putative GeV pulsar — using the updated ephemeris — can be
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Fig. 4. MWL data points, along with the MWL spectra obtained from the two models discussed in this paper, are provided. The (a) Lepto-hadronic
model spectrum from combined SNR+MC and TeV halo scenarios, and (b) Leptonic model spectrum from a single TeV halo scenario are plotted

against the MWL SED of LHAASO J0341+5258.

performed to uncover previously undetected emissions from the
source region in the HE gamma-ray range (see Li et al. 2021).
In Sect. 2.2, we use the synchro-curvature model to explain
the SED of 4FGL J0340.4+5302. Because of a lack of knowl-
edge regarding the timing properties of the 4FGL source, such as
the spin period, some of the model parameters (e.g., 7., B) were
fixed at values consistent with Vigano et al. (2015a). As the pre-
dicted age of the putative GeV pulsar (~6.2 X 103 yr) is close to
that of Geminga (~3 x 10° yr), we tried to test the consistency
of our model by associating the typical parameters of Geminga
to the presumptive pulsar discussed in this work. Geminga is
a relatively old pulsar with a spin period of P = 0.237s, P =
1.0975 x 10~'* (Taylor et al. 1993) and a surface magnetic field
of BGeminga = 3.3 X 102G (Vigano & Torres 2015). For this
choice of the spin period, the radius of the light cylinder can
be calculated to be ric = £ ~ 1 x 10" cm. As is usually sup-
posed, the radius of curvature is half of the radius of the light
cylinder, which in this case is 7. ~ 5 x 10%cm. Accordingly,
in the outer magnetosphere of the pulsar, where ultrarelativis-
tic electrons and positrons emit GeV photons via the synchro-
curvature process, the magnetic field strength will become B ~
103 G. We used these typical values of Geminga in the synchro-
curvature model discussed in Sect. 2.2, and subsequently tried
to explain the SED of 4FGL J0340.4+5302. We find that the
required values of the free parameters in this case are log(E|
(Vm™))=6.740, xo/r. = 0.07, and Ny 2 x 1032 particles.
One can see that these new values of the free parameters —
compatible with the Geminga-like case — are well within the
allowed range of parameter values discussed in Sect. 2.2. We fur-
ther compared the particle number density in this case with the
Goldreich-Julian (GJ) density limit (Goldreich & Julian 1969),
which gives the lower limit of the plasma density in the neu-
tron star magnetosphere. The GJ particle number density, given
by ngy = 7 X 1072 (B,/P) particles cm™, depends on the pulsar
spin period, magnetic field, and the alignment of the pulsar spin
axis with respect to the magnetic field lines (Goldreich & Julian
1969). We use B, = BgGeminga» assuming that near the pulsar
surface, the spin axis is essentially aligned with the magnetic
field lines, which indicates that the corresponding GJ particle
number density is ng;y 1 x 10" particlescm™>, considering
the spin period P of Geminga. The particle number density in
practical cases should be comparable with or can even greatly

=~
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exceed ngy (please see Lyutikov & Gavriil 2006, and references
therein), because ng; essentially indicates the uncompensated
charges in the region. With that in mind, we calculate the par-
ticle number density for the Geminga-like case discussed above
and compare it with the GJ density. The total effective number
of particles has been calculated by integrating Eq. (16), assum-
ing a spherical emission volume with a radius of 10° cm. For
the total number of charged particles in that emission volume,
Ne ~ 5.6 x 10°* particles, we find a corresponding particle num-
ber density of n, ~ 1.3 x 10'? particles cm~3. Therefore, assum-
ing an emission volume similar to that of the pulsar, the particle
number density of the model (7. ) is found to be comparable with
the theoretical expectation provided by the GJ limit (ngy), which
reflects the consistency of the model. We note that the particle
number is dependent on the position (as indicated by Eq. (16)),
and if a larger emission volume is considered, n. will be much
smaller than that estimated above. However, the magnetic field
will also decrease drastically away from the surface of the pul-
sar, which means the condition n. > ngy will continue to hold
even if it is considered far away from the surface. As there are
uncertainties regarding the distance, spin period, and magnetic
field of the putative pulsar, we only aim to provide rough esti-
mates in order to demonstrate the consistency of the synchro-
curvature model when Geminga-like parameters are assumed.
Future observations — especially in the radio wavelengths — con-
firming these unknown variables will help to solidify the pulsar
origin of the 4FGL source.

Finally, radio observations of the source region are necessary
to constrain the synchrotron emission from the TeV halo. The
accelerated electron population that was injected inside the MCs
can also produce synchrotron emission when interacting with the
very strong magnetic field inside the MCs (De Sarkar & Gupta
2022; De Sarkar 2023). Radio upper limits from further observa-
tions would also help to constrain the leptonic contribution from
the SNR+MC association.

4. Conclusion

In this paper, we discuss the nature and emission of UHE
gamma-ray source LHAASO J0341+5258 in a MWL context.
Future studies taking into account the appropriate distance cor-
responding to each source may provide better constraints on
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the considered model parameters. Nevertheless, the MWL SED
observed to date can be satisfactorily explained by both the
Lepto-hadronic and Leptonic models considered in this work.
Moreover, we consistently show that the GeV counterpart of
the LHAASO source, 4FGL J0340.4+5302, is likely a GeV pul-
sar. Furthermore, we discuss the implications of our model and
provide justifications for further observations in multiple wave-
lengths, which are necessary to confirm the source association
and radiation mechanism associated with this enigmatic source.
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gestions and constructive criticism. A.D.S. thanks Shiv Sethi for the useful
discussions.
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