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Abstract: We present a comprehensive analysis of the recently discovered TeV. gamma-ray source LHAASO
J2238+5900. Based on data collected by LHAASO, our fitting results indicate that the source is significantly exten-
ded, with an angular extension of 0.54° +0.01°, and is spatially coincident with the pulsar PSR J2238+5903. Its spec-

trum is characterized by a power law with an index of I' = 1.97 £ 0.06 and an exponential cutoff at 41.0+3.5 TeV. In

addition, the source exhibits a significant signal of 7.9¢ above 100 TeV, implying that it is a PeVatron candidate. Al-

though the gamma-ray emission is consistent with a pulsar wind nebula (PWN) scenario, the relatively large exten-

sion also permits a halo interpretation, potentially caused by electron-positron pairs escaping from the PWN.

Keywords: XXX
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I. INTRODUCTION

As observational sensitivity improves, an increasing
number of extended gamma-ray sources have been detec-
ted across the sky [1-5]. These large sources exhibit sig-
nificant interactions with their surrounding environments.
At present, most large extended ultrahigh-energy (UHE,
photon energy E > 100TeV) Galactic sources are associ-
ated with pulsar wind nebulae (PWNe) and TeV halos
[6-9]. Young PWNe in their early expansion phase ex-
hibit strong broadband emission across multiple
wavelengths, although this emission is confined to relat-
ively compact physical regions. As these nebulae evolve,
the reverse shock from the supernova remnant (SNR)
moves inward toward the pulsar. Owing to the asymmet-
ric nature of the initial explosion and inhomogeneities in
the surrounding medium, this process often distorts the
morphology of the PWN, resulting in irregular and asym-
metric structures, such as those observed in Vela-X [10,
11]. These young PWNe typically display energy-de-
pendent morphological features. For example, in sources
such as HESS J1825-137 and HESS J1303-631 [12-14],
the emission region appears to shift toward the pulsar
with increasing photon energy, reflecting the historical
imprint of lower-energy electron-positron pairs left be-
hind by earlier outflows. In addition, the spatial extent of
the emission region tends to decrease significantly at
higher energies. This behavior is reminiscent of X-ray ob-
servations and suggests that advection dominates particle
transport in such systems. In contrast, TeV halos such as
Geminga, Monogem, and LHAASO J0622+3754 [15, 16]
also exhibit large angular extensions. However, the dif-

fuse morphology of these halos, together with the exten-
ded particle distributions in the surrounding interstellar
medium (ISM), implies that they are powered by middle-
aged rather than young pulsars. Despite these observa-
tions, the number of well-studied examples of such large,
extended gamma-ray sources remains limited. This
scarcity hinders a comprehensive understanding of the
mechanisms governing particle acceleration, transport dy-
namics, and evolutionary pathways in PWNe and related
systems.

Since becoming operational in 2021, the Large High
Altitude Air Shower Observatory (LHAASO), one of the
most sensitive TeV instruments, has uncovered numer-
ous new faint extended sources. The newly discovered
extended gamma-ray source LHAASO J2238+5900, re-
ported in the First LHAASO Catalog [5], has been sug-
gested to be linked to PSR J2238+5903, with a low
chance probability of about 0.03%. PSR J2238+5903 is
considered the most likely counterpart, given its high
spin-down luminosity of approximately 8.9 x 10* erg s~
and characteristic age of 26.6 kyr [17]. In the X-ray band,
the pulsar was observed with XMM-Newton
(Obs.ID=13286), but no extended nebula was detected
because of the short exposure time of only 9.84 ks [17].
In the GeV regime, the pulsar exhibits clear pulsed emis-
sion detected by Fermi-LAT and is cataloged as 4FGL
J2238.5+5903 [18, 19]. In the TeV regime, several obser-
vatories have conducted follow-up observations based on
the Fermi results. VERITAS accumulated 32.5 hours of
exposure while searching for pulsations from PSR
J2238+5903 and reported a 1.9¢ hint [20]. The MAGIC
collaboration conducted a 44-hour observation targeting
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PSR J2238+5903 to search for a potential PWN, but no
significant excess was observed. An upper limit on the
differential flux was obtained at the 95% confidence
level, approximately 1073 TeV-'cm™2s™! at a few TeV
[21]. The Tibet ASy experiment reported faint indica-
tions of possible TeV emission, with a 2.5¢ hint near the
position of the pulsar [22]. The MILAGRO collaboration
observed a higher significance of 4.7¢ [23], which never-
theless remains insufficient to support a detailed analysis.
Additionally, the extended gamma-ray region contains
another pulsar, PSR J2240+5832, which has a high spin-
down luminosity of 2.2x 10* erg s™! and a characteristic
age of 144 kyr. However, given its relatively large offset
of approximately 0.6° from the emission center, it is not
considered a prime candidate.

In this study, we present a detailed analysis of
LHAASO J2238+5900 using LHAASO data. The paper
is structured as follows: Section 2 describes the instru-
ment and data analysis methods used in this study. Sec-
tion 3 presents the analysis results for LHAASO
J2238+5900. In Section 4, we discuss the origin of the
emission and the broadband spectral properties of the
source. Finally, Section 5 summarizes the conclusions of
this study.

II. INSTRUMENT AND DATA ANALYSIS METH-
oD

As a ground-based cosmic-ray observatory, LHAASO
is located on Mount Haizi in Daocheng, Sichuan
Province, China, at an altitude of 4,410 m. It is a hybrid
observatory consisting of a 1.3 km? array (KM2A), a Wa-
ter Cherenkov Detector Array (WCDA), and wide-field-
of-view air Cherenkov telescopes (WFCTA). Each sub-
array and telescope can operate independently or in com-
bination to observe air showers, such as PeV events from
the Crab Nebula [24]. The sub-arrays are designed to
cover distinct energy bands, enabling gamma-ray detec-
tion from hundreds of GeV to beyond 1 PeV. More in-
formation on the detectors can be found in [25]. After the
secondary particles trigger the detectors, we reconstruct
the arrival direction, core position, and energy of the
showers. Using the parameter compactness, the rejection
power of WCDA can reach up to 99.8% for large showers
with 700 hits. With the aid of the muon detectors (MDs),
KM2A achieves effective gamma-hadron discrimination,
suppressing the hadron survival rate to 0.025% at 100
TeV. The celestial region from 0° to 360° in right ascen-
sion and —20° to 80° in declination is divided into spatial
bins of size 0.1°x0.1°, which are filled with the numbers
of detected events. The cosmic-ray background events in
each bin are estimated using the direct integration meth-
od. More details on the reconstruction and performance
of WCDA and KM2A can be found in [26, 27].

Our analysis uses WCDA data from March 2021 to

July 2025 across five bins of the number of triggered
units  (Np:  100-200,200-300,300-500,500-800, and
>800), together with KM2A data from December 2019 to
July 2025, covering 25 TeV to 1 PeV and logarithmically
binned at five bins per decade. A three-dimensional like-
lihood analysis is performed to model the spatial morpho-
logy and the spectral energy distribution (SED) simultan-
eously. The statistical significance of the source is as-

sessed using the test statistic (TS), defined as:

L .
TS =2In (f), where L., and £, denote the maxim-
b

um likelihood values under the signal-plus-background
and background-only (null) hypotheses, respectively. The
distribution of TS is asymptotically y?, with the number
of degrees of freedom given by the difference in the num-
ber of free parameters between the two hypotheses. In the
case of 'a point source with a fixed position and spectral
shape, for which the normalization is the sole free para-
meter, the pretrial significance is approximately VTS. To
eliminate the influence of nearby sources, a large region
of vinterest (ROI) is selected as a 20°x10° rectangle
centered on the SNR G106.3+2.7 to simultaneously cov-
er both sources. We iteratively add sources with a power-
law spectral shape and a 2D Gaussian spatial model to the
region until the log-likelihood value shows no significant
improvement, corresponding to a significance threshold
of ATS > 25. A subsequent test of the log-parabola mod-
el was also performed to examine spectral curvature. Four
extended ILHAASO sources (J2200+5643u,
J2228+6100u, J2229+5927u, and J2238+5900), along
with a new source spatially associated with SNR G108.2-
0.6, are potential contributors to the gamma-ray emission
in the ROI. A detailed analysis of the sources other than
LHAASO J2238+5900 is beyond the scope of this work
and will be presented in a forthcoming paper.

After fixing the number of sources, we compare the
2D Gaussian and diffusion models to determine the op-
timal spatial model for the target source. The diffusion
template is taken from [16] and is represented by the
equation:

1) exp[—1.54(6/6,)"*1, (1)

1
* 9,0+0.0856,)

where 6, =(180°/n)-2VD(Etg/d represents the diffu-
sion size, D(E,) is the diffusion coefficient at energy E.,
1 takes the value of min(feeor, Zaee), and d is the distance to
the pulsar. In addition, a forward-folding method is used,
in which simulated excess events are compared with the
observed results to derive the differential energy spec-
trum[28].

III. RESULTS

Between the two tested models, the 2D Gaussian tem-
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plate is favored, yielding a TS value for the full ROI that
is approximately 42 higher than that of the diffusion mod-
el, with 6, = 1.49° +0.06°. Under the Gaussian model, the
best-fit extension is o =0.54°+0.01°, and the position is
(RA=339.48°+0.04°, Decl=58.97°+0.02°). Evidently,
LHAASO J2238+5900 is in close proximity to PSR
J2238+5903, with an angular separation of approxim-
ately 0.14°, which is considerably smaller than the radius
of our instrument's PSF. We rebinned the original data in-
to three energy intervals: 3-30 TeV, 25-100 TeV, and
>100 TeV. Figure 1 shows the significance maps of
LHAASO J2238+5900 in the three energy intervals, with
diffuse backgrounds and other sources subtracted.
LHAASO J2238+5900 is detected with a significance of
7.90 above 100 TeV, suggesting that it is a PeVatron
candidate.

To investigate the position and morphology in great-
er detail, we performed a 3D likelihood analysis in each
of the three energy intervals. The morphological and
spectral parameters of the other sources were held fixed,
while the extensions of LHAASO J2238+5900 and the
normalizations of all sources in the ROI were allowed to

3-30 TeV

)

342° 340° 338° 336° 342°

57°
340°

RA RA
(color online) Significance maps of the LHAASO J2238+5900 region, divided into three energy bins. The lime-colored plus,

Fig. 1.

25-100 TeVv

vary. The surface-brightness distributions were profiled
as a function of angular distance from the best-fit gamma-
ray emission centroid, as shown in Figure 2. Within about
1° of the centroid, the excess events are primarily attrib-
uted to LHAASO J2238+5900. In our study, the gamma-
ray emission centroid in the three energy intervals is
measured to be offset from PSR J2238+5903 by
0.14°+0.03°, 0.11°+0.02°, and 0.17°+0.06°, respect-
ively. Considering the statistical uncertainties, the posi-
tion of the gamma-ray emission does not show a signific-
ant variation with energy. In addition, the source size (the
Gaussian width o) is measured to be 0.58°+0.02°,
0.50°£0.02°, and 0.43° +£0.04°, respectively. The energy-
dependent extent, shown in Figure 3, is well described by
a power law of the form o = (0.71 +0.06) x E(-009£003
(x*/ndf =0.2/1). However, this represents only a 2.70
improvement over a constant fit (y?/ndf =7.4/2), sug-
gesting that the data do not strongly favor an energy-de-
pendent model.

Using the Gaussian template, the energy spectrum in
the source region is derived, as shown in Figure 4. The

>100 TeV

>
Significance (o)

O |N

340° 338° 336°
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338° 336° 342°
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of LHAASO J2238+5900 and the corresponding fit results.

spectrum exhibits a rapid cutoff at high energies and is
parameterized as No(E/Ey) T exp(-E/E.). E, is the refer-
ence energy and is set to 30 TeV. A comparison of the fit-
ting results shows a clear preference for the exponential
cutoff spectral model (y*/ndf =10.7/8) over the simple
power-law model (y?/ndf =343.4/9). The best-fit para-
meters are  Ny=(3.21+0.28)x10"TeV~-'ecm™2s7!,
'=197+0.06, and E.=41.0+3.5TeV. The integrated
flux above 1 TeV is 2.4x1072cm™2s7!, corresponding to
approximately 12% of the Crab flux. With the gamma-ray
spectrum extending up to ~220 TeV, the inferred parent
particle energies are approximately 560 TeV for elec-
trons (via IC scattering [15]) and 2 PeV for protons (via
7 decay [29]). As noted in [5], the primary systematic
uncertainty in the spectrum arises from the atmospheric
model used in the Monte Carlo simulations, leading to an

effect of about 7% on the flux and 0.02 on the spectral in-
dex for the KM2A data. For the WCDA data, the flux un-
certainty is 8%, while the uncertainty in the spectral in-
dex depends on the shape of the energy spectrum.

IV. DISCUSSION

The most likely counterpart of the gamma-ray emis-
sion from LHAASO J2238+5900 is PSR J2238+5903.
Distance estimates for this pulsar vary depending on the
method used. The Third Fermi-LAT Catalog of Gamma-
ray Pulsars (3PC) places an upper limit of 11.3 kpc using
the ""'DMM" method, which estimates the distance to a
pulsar based on its dispersion measure [30]. In contrast,
an alternative approach based on a phenomenological
gamma-ray luminosity law suggests a much smaller dis-
tance of 2.11 kpc [31]. Recently, FAST detected radio
pulsations from PSR J2238+5903, with a distance of ap-
proximately 7 kpc estimated using the YMW16 Galactic
electron density model [32], and we adopt this distance in
this-work. Currently, the pulsar lacks deep X-ray observa-
tions. In addition, Fermi-LAT observations indicate weak
off-pulse emission in this region. We derived the upper
limits using the same spatial template as LHAASO
J2238+5900 (see Appendix A for details). To investigate
the gas distribution in the region, we used CO data from
the Milky Way Imaging Scroll Painting (MWISP) survey,
a large-scale CO survey led by the Purple Mountain Ob-
servatory in China [33]. Several small clouds are ob-
served around the source; however, they are offset from
the brightest region of LHAASO J2238+5900 and do not
cover the extended emission area (see Appendix B). In
addition, the precise distances to these clouds remain un-
known, making it unclear whether they are physically as-
sociated with the LHAASO source. We also searched the
catalog of [34] for cloud information along the line of
sight to LHAASO J2238+5900 within an angular extent
of 0.5°. Four clouds were identified at distances of 1.87,
4.97, 6.21, and 6.97 kpc, with relatively low densities
peaking at only around 12 c¢cm™3. The fourth cloud,
[MML2017]4246, has a distance consistent with that of
PSR J2238+5903 and an average angular radius of 0.36°.
However, it is offset by ~0.5° from the center of the
gamma-ray emission (Figure B2).

We consider both leptonic and hadronic origins and
fit the Fermi-LAT and LHAASO data using the PY-
THON package Naima [35-37]. Given the presence of a
cutoff in the gamma-ray spectrum, the electron and pro-
ton spectra are modeled as power laws with exponential
cutoffs. In the leptonic model, the gamma-ray photons are
produced through inverse Compton (IC) scattering by
electrons. We consider three seed photon fields: the Cos-
mic Microwave Background (CMB), far-infrared dust
emission (FIR), and near-infrared stellar emission (NIR).
The energy densities of these fields are
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U =0.26,0.32,0.31eVem™3, respectively. The correspond-
ing temperatures are 7 =2.7,29.0,5360K, as derived from
the Interstellar Radiation Field (ISRF) model proposed by
[38]. As shown in Figure Al, electrons with a spectral in-
dex of 1.55 and an exponential cutoff at 45 TeV can ac-
count for the data well. The total energy required for this
population is 2.6x10%" erg. In the hadronic model, we
calculate the proton-proton process assuming a maxim-
um density of 12 cm™. Although a proton spectrum with
an index of 1.2 and a cutoff energy of 115 TeV can repro-
duce the Fermi-LAT and LHAASO data, it is substan-
tially harder than the typical spectra of protons acceler-
ated in SNRs. This suggests that other proton spectral
shapes or multi-zone models may be required. Given the
unresolved nature of proton acceleration efficiency in
pulsars, our study focuses primarily on the leptonic ori-
gin.

A. New PWN?

Based on a distance of 7 kpc, the corresponding 1-30
TeV gamma-ray luminosity is estimated to be
7.2x10*ergs™, implying a gamma-ray conversion effi-
ciency of 8%. This value is slightly higher than the typic-
al range for very-high-energy (VHE) PWNe, for which
efficiencies are generally between 0% and 7% [39]. It is
plausible that the pulsar powers a PWN responsible for
the photon production. In general, PWNe exhibit notable
energy-dependent evolution, as demonstrated by sources
such as HESS J1825-137 and HESS'J1303-631 [12-14],
in which both the spatial extent of the emission decreases
significantly and the emission centroid moves progress-
ively closer to the pulsar with increasing energy. The
pulsars PSR J2238+5903 and PSR B1823-13 have com-
parable ages. However, the centroid of LHAASO
J2238+5900 does not vary significantly with energy, and
its extension shows only a marginally significant decreas-
ing trend.

The extension evolution indicates that particle trans-
port around LHAASO J2238+5900 may be attributable to
a diffusive transport mechanism. In a diffusion-domin-
ated scenario, the diffusion coefficient is energy-depend-
ent and is given by D(E) = Do(E,/Eo)°, leading to the ex-
pression for the extent size, R = V2Dr, where 7 is taken
to be the minimum of the accelerator age and the cooling
timescale of the radiating particles. For synchrotron and
IC scattering, the cooling time is assumed to scale as
7o 1/E,. In the Thomson regime, where E, o« E2, we
have Ro EY"V (in the Klein—Nishina regime, E, « E,
and R o EY"V/?). Typically, the parameter 6 ranges from 0
to 1, corresponding to energy-independent diffusion and
Bohm diffusion, respectively. From the fit to the energy-
dependent extent, we derive § ~ 0.6 for the Thomson re-
gime (and ¢ ~ 0.8 for the KN regime). In our scenario, as-
suming a well-determined pulsar age and a magnetic field
of 3 uG, electrons with energies of roughly 30 TeV would

have a cooling time comparable to the pulsar age. This
implies that at lower energies, T remains constant, corres-
ponding to R ES/*. Since our first energy interval lies
below 30 TeV, the maximum extension could be larger
around this energy, resulting in a steeper fitted line and a
slightly smaller value of ¢.

B. Young Halo?

Adopting a distance of 7 kpc for PSR J2238+5903,
the physical extent enclosing 90% of the source emission
is about 140 pc. Given this large physical scale,
LHAASO J2238+5900 may be classified as a halo. Non-
etheless, no significant deviations from the 2D Gaussian
model are observed when the morphology is fitted with a
diffusion template. This does not necessarily argue
against the halo interpretation, as the morphology of
pulsar halos can be affected by various factors, such as
the particle transport mechanism (e.g., isotropic diffusion,
ballistic transport, and anisotropic diffusion), non-steady
injection, projection effects, and contamination from un-
resolved sources [40—42]. According to the relation
between electrons and inverse Compton scattering
photons [15], 20 TeV photons correspond to electrons
with an energy of approximately 100 TeV. The derived
diffusion coefficient for 100 TeV electrons, estimated at
9.4x 10%(d/7 kpc)? cm? s7!, is approximately one order of
magnitude higher than those inferred for other well-
known TeV halos, including Geminga, PSR B0656+14
[15], and LHAASO J0621+3755 [16]. Since the inferred
diffusion coefficient scales quadratically with distance,
this discrepancy may be attributed to uncertainty in the
distance measurement. Alternatively, it could be ex-
plained by the young nature of this halo, in which the dif-
fusion-suppression mechanism has not yet fully de-
veloped.

An interesting aspect of this system is the relative
youth of PSR J2238+5903 compared with other pulsars
that power TeV halos. The TeV halos observed thus far
are typically associated with middle-aged pulsars, which
have likely exited their SNRs and formed distinctive
bow-shock PWNe. Electrons then escape from the neb-
ula and begin diffusing through the surrounding ISM.
Once the pulsar reaches a distance of roughly 0.68 times
the SNR radius, its velocity surpasses the local sound
speed. Pulsars such as W44 and the Vela pulsar, which
are still embedded within their respective SNRs, are be-
lieved to have already developed BSPWN structures, as
proposed by [43]. In these cases, the high pulsar velocity
or distortion caused by the reverse shock can lead to the
dispersal or escape of electrons [44—46]. Search results
from the HAWC Collaboration revealed some extended
TeV sources surrounding young systems [47]. For in-
stance, PSR J0359+5414, a relatively young and radio-
quiet pulsar, is believed to power a large extended TeV
halo [48]. Finally, although no emission from the associ-
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ated SNR has been detected at other wavelengths, the
possibility that SNR contamination affects the LHAASO
gamma-ray source cannot be ruled out.

V. CONCLUSIONS

In this work, we present precise measurements of the
newly discovered UHE gamma-ray source LHAASO
J2238+5900. A Gaussian fit indicates a spatial extension
of 0.54°+0.01°. The source is located at an angular dis-
tance of 0.14° from PSR J2238+5903. Given its high
spin-down luminosity, this pulsar is the most likely coun-
terpart of LHAASO J2238+5900. Multiwavelength ob-
servations reveal no significant counterpart emission, and
there is no compelling evidence for dense molecular or
atomic material surrounding the gamma-ray source. A
leptonic origin can naturally account for the observed
photons. The high-energy electrons responsible for the in-
verse Compton scattering could be supplied by either a
PWN or a TeV halo. To fully elucidate the transport
mechanism, data with improved spatial resolution, such
as those provided by Cherenkov telescopes, will be cru-
cial.
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APPENDIX A: FERMI-LAT ANALYSIS

Photon data files with timing analysis results for PSR
J2238+5903 .are provided in 3PC, covering the period
from August 4, 2008, to December 22, 2019 [30]. The
data cover the energy range from 20 MeV to 1 TeV and
are centered on the pulsar. Events were filtered using a
zenith-angle cut (> 105°) and poor-data-quality flags. In
this analysis, we use the Python package FermiPy to ana-
lyze the same data. The ROI was selected as a 15°x 15°
region centered on the position of 4FGL J2238.5+5903.
The source models were constructed based on the latest
Fermi Large Area Telescope Fourth Source Catalog [1].
Additionally, the Galactic and extragalactic diffuse emis-
sion models were obtained from gll iem vO07.fits and
iso P8R3 SOURCE_ V3 vl.txt, respectively. Since PSR
J2238+5903 is a bright gamma-ray pulsar, we adopt an
off-pulse analysis using the same phase intervals
(0.375-0.5 and 0.625-1.0) defined in [49]. Therefore, we
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J2238+5900, showing the hadronic (dashed line) and leptonic
(solid line) models. The red squares represent the spectral data
points from LHAASO, while the green squares indicate the
upper-limit points derived from Fermi-LAT, as described in
APPENDIX A.
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derived the upper-limit flux using the same spatial tem-
plate as LHAASO J2238+5900 (o = 0.5°). The results are
shown in Figure Al.

APPENDIX B: MWISP ANALYSIS

The MWISP survey covers most of the Galactic plane
at low Galactic latitude (|b] <5°). It includes data from
three CO isotopologue lines: 2COJ =1 - 0),"*CO(J =

1 = 0), and C'*0(J =1 —0). The '>CO line has a noise
level of approximately 0.5 K at a velocity resolution of
0.16kms™!, whereas the '*CO and C'"*0 lines have a
noise level of approximately 0.25 K at 0.17 kms™!. In this
work, we select a region of 4.5°x4.0° centered on PSR
J2238+5903. Along the line of sight, three distinct velo-
city intervals, (-7 ~-1), (-15~-7), and (-58 ~ —48)
kms™!, are above the background level (Figure B1). The
cloud's column densities are shown in Figure B2.
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