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Abstract: y-ray pulsar halos are produced by electron-positron pairs that diffuse’away from the pulsar and scatter
off background photons. Their morphology serves as an ideal probe for studying cosmic-ray propagation on scales of
several tens of parsecs. However, the number of firmly identified pulsar halos remains limited, primarily because
current y-ray experiments, constrained by angular resolution, struggle to resolve the, diffusion signatures of distant
candidates (> 1 kpc). In this work, we investigate the prospects for identifying pulsar halo candidates through mor-
phological discrimination using simulations of two advanced y-ray experiments: the Kilometer Square Array of the
Large High Altitude Air Shower Observatory (LHAASO-KM2A) and the Cherenkov Telescope Array (CTA, under
construction). Using mock observations with realistic instrumental responses, we quantitatively assess the ability of
each experiment to distinguish diffusion-based halo morphologies from alternative spatial models. Our analysis in-
dicates that if the angular resolution of LHAASO-KM2A could be improved by 40%, it would be capable of resolv-
ing several prominent pulsar halo candidates, namely the halos around pulsars J1831-0952, J0248+6021, and
J0359+5414. CTA holds an advantage in resolving the morphology of sources beyond =~ 1.5 kpc owing to its superb
angular resolution. By extending exposure times to hundreds of hours, CTA is expected to achieve morphological

identification for all known pulsar halo candidates.
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I. INTRODUCTION

In 2007, the water Cherenkov experiment Milagro
discovered y-ray emission extending =~ 3° around the
bright y-ray pulsar Geminga [1]. This large extended halo
was difficult to attribute to the pulsar itself or its associ-
ated bow-shock pulsar wind nebula [2, 3]. A decade later,
the High-Altitude Water Cherenkov Observatory
(HAWC) observed this halo with improved angular resol-
ution and sensitivity, revealing that an electron diffusion
model could well explain its spatial distribution [4]. This
finding pointed to the most likely origin of the Geminga
halo: electron-positron pairs (e*) produced by the pulsar
escape into the interstellar medium (ISM) and, as they
diffuse through the turbulent magnetic field, produce ex-
tended y-ray emission through inverse Compton scatter-
ing with background photons. Consequently, a new class
of astrophysical sources emerged, known as pulsar halos
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or TeV halos. The morphology of a pulsar halo provides a
clear projection of the spatial distribution of its parent e*,
making it a unique probe for studying cosmic-ray
propagation in a specific ISM region [5—8].

Based on surveys of TeV y-ray sources conducted by
the wide-field experiments HAWC and the Large High
Altitude Air Shower Observatory (LHAASO), the num-
ber of confirmed or candidate pulsar halos has reached
approximately ten [9, 10]. However, apart from the Gem-
inga halo and the Monogem halo [4], the pulsars associ-
ated with other potential halos are all located at distances
exceeding 1 kpc, resulting in significantly smaller angu-
lar extensions of these halos. In the case of LHAASO
J0621+3755, morphological measurements limited by in-
strumental angular resolution cannot distinguish between
a diffusion model and mathematical templates such as
disk or Gaussian profiles [11]. The lack of clear diffusion
signatures in the observed morphology complicates the
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confirmation of these sources as pulsar halos.

Enhanced instrumental angular resolution plays a cru-
cial role in reliably expanding the sample size of pulsar
halos. The Cherenkov Telescope Array (CTA, [12]), cur-
rently under construction, will achieve unprecedented an-
gular resolution (< 0.05° above 10 TeV [13]) in y-ray as-
tronomy, along with significantly improved sensitivity
compared to current atmospheric Cherenkov experiments.
This capability will serve as the primary means of identi-
fying diffusion signatures in distant pulsar halos. Mean-
while, LHAASO, with its wide field of view and long ex-
posure time, remains indispensable for precise observa-
tions of relatively nearby pulsar halos. In the future,
LHAASO plans to integrate deep learning techniques to
improve directional reconstruction, thereby achieving the
enhanced angular resolution necessary to resolve the mor-
phologies of more distant pulsar halos. In light of these
prospects, this study examines the potential of experi-
ments to decipher diffusion signatures in candidate pulsar
halos and evaluates how enhancements in angular resolu-
tion or exposure time can improve their identification.

The paper is organized as follows. Section II presents
a simplified template of pulsar halos that effectively cap-
tures their morphological characteristics. Section III in-
troduces the y-ray experiments and the methods for simu-
lating pulsar halo signals based on experimental paramet-
ers. Section IV presents the statistical approach used for
morphological discrimination. Section 5=V demonstrates
the capability of these experiments-to conduct morpholo-
gical tests on pulsar halos. Section VI provides the con-
clusion.

II. DIFFUSION-BASED PULSAR HALO MODEL

Electron-positron pairs produced by pulsars can be
accelerated to energies as high as 100 TeV by relativistic
shocks in PWNe, from which they continuously escape
into the ISM. When a PWN evolves into the bow-shock
stage, its size remains on the order of 1 pc for an exten-
ded period, confined by the ISM ram pressure [14]; this is
much smaller than the characteristic diffusion scale of the
escaped ¢*. Consequently, the propagation of the parent
¢* in pulsar halos can be treated as a diffusion-radiation-
loss problem under the point-source assumption. In this
scenario, the y-ray surface brightness of a pulsar halo can
be approximately described by the following parameteriz-
ation [4]:
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where f, is the normalization at 30 TeV, a is the spectral
index, E. is the cutoff energy, € is the angular distance

from the pulsar, and 6, is the characteristic angular exten-
sion of the halo, which can depend on E, . The y-ray spec-
trum is assumed to be a power-law with an exponential
cutoff (ECPL) form, reflecting the fact that the parent ¢*
originate from a shock-acceleration process.

The spatial distribution term in Eq. (1) exhibits a pro-
nounced centrally peaked profile, which differs signific-
antly from the uniform disk template commonly used to
describe the profiles of supernova remnants. Addition-
ally, a Gaussian template is generally used in y-ray astro-
nomy to characterize the morphology of extended sources
with a centrally peaked profile. However, it also differs
remarkably from Eq. (1): within the range 0.066, < 6 < 6,,
Eq. (1) decreases sharply with increasing 6, exhibiting a
steeper decline than the Gaussian distribution. Neverthe-
less, all these distinctions may become blurred due to in-
sufficient. instrumental angular resolution or limited
photon statistics.

In this work, we aim to investigate the capability of y-
ray experiments to identify pulsar halos through morpho-
logical discrimination. We adopt the diffusion-based
parameterization (hereafter referred to as the diffusion
model) presented in Eq. (1) to describe the morphology
of pulsar halos, and consider the disk and Gaussian mod-
els as representative alternatives for non-halo sources.

The variables that primarily reflect differences among
pulsar halos are the pulsar distance d and its spin-down
luminosity E. Generally, morphological discrimination
becomes more difficult for more distant sources or those
with lower spin-down luminosity. At present, the y-ray
energy spectrum and morphology of the Geminga halo
are the most precisely measured. For simplicity, we as-
sume that all halos share the same spectral shape as the
Geminga halo. The y-ray energy spectrum of the Gem-
inga halo is obtained by fitting the HAWC data [15],
yielding @ = 1.49 and E,. =22.7 TeV, which serves as the
benchmark model to generate mock data for all halo can-
didates.

Additionally, we assume that f, and 6, for a pulsar
halo scale with the ratio of the pulsar's distance to that of
Geminga: fy = foc(d/ds)™ and 6;=6,.(d/d;)"!, where
0,6 1s set to 5.5° as measured by HAWC [4]. This scal-
ing implies the underlying assumption that all pulsar halo
candidates share the same pair-conversion efficiency
from spin-down power as the Geminga pulsar halo. For
simplicity, 6, is assumed to be energy independent.

We acknowledge that adopting a unified spectral
shape and an energy-independent extension for all pulsar
halos is a simplification. However, known pulsar halos
exhibit similar spectral shapes, and existing energy-de-
pendent morphological measurements indicate that the
angular extension of pulsar halos in the TeV regime does
not vary significantly [15, 16]. This suggests that our as-
sumption is consistent with current observations.
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III. INSTRUMENTAL SETUP AND MONTE
CARLO DATA

Ground-based observations of high-energy y rays are
conducted indirectly by measuring secondary particles
generated in extensive air showers initiated by primary y
rays. Two main experimental techniques are employed to
detect this emission. The first is the Imaging Atmospher-
ic Cherenkov Telescope (IACT) technique, which ob-
serves Cherenkov light flashes generated by relativistic
shower particles propagating through the atmosphere dur-
ing clear, moonless nights. The second is the extensive air
shower (EAS) technique, which detects secondary shower
particles directly at ground level. In this work, we focus
on two representative instruments employing these ap-
proaches: CTA and the Kilometer Square Array of
LHAASO (LHAASO-KM2A).

A. CTA

CTA will be the flagship next-generation instrument
in y-ray astronomy, covering photon energies from 20
GeV to 300 TeV. It is designed to achieve an energy res-
olution better than 10% and a substantially improved an-
gular resolution compared to existing y-ray telescopes.
CTA will operate as a global observatory with two sites:
a Northern Hemisphere array (CTA-North) located on La
Palma, Spain, and a Southern Hemisphere array (CTA-
South) located at Paranal, Chile. In the-Alpha Configura-
tion, CTA-North will consist of four Large-Sized Tele-
scopes (LSTs) and nine Medium-Sized Telescopes
(MSTs), while CTA-South will' comprise 14 MSTs and
37 Small-Sized Telescopes (SSTs). The primary mirror
diameters of the LSTs, MSTs, and SSTs are 23 m, 11.5
m, and 4.3 m, respectively. Their corresponding fields of
view are greater than 4.5°, 7°, and 8° [17].

Instrument Response Functions (IRFs) —including
angular and energy resolutions, effective area, and expec-
ted background rates—are commonly used to derive dif-
ferential sensitivities and to enable comparisons between
different y-ray instruments. To facilitate a direct compar-
ison with LHAASO-KM2A under similar sky coverage,
we adopt the CTA-North IRFs for on-axis observations.
These IRFs are publicly available through the Zenodo re-
pository [18]. Following standard event selection proced-
ures, including y—hadron separation cuts, we obtain the
photon effective area and residual background rates, con-
sistent with the methodology described in Ref. [19].

B. LHAASO-KM2A

LHAASO is a new-generation y-ray and cosmic-ray
observatory located at an altitude of 4410 m in Daocheng,
Sichuan Province, China (29°21'31” N, 100°08'15” E)
[20]. It consists of three sub-arrays: the LHAASO-
KM2A, the Water Cherenkov Detector Array (LHAASO-
WCDA), and the Wide Field-of-View Cherenkov Tele-

scope Array (LHAASO-WFCTA). Partial operation of
LHAASO began in 2019, and full construction was com-
pleted in 2021. LHAASO-KM2A is composed of 5216
electromagnetic detectors (EDs) and 1188 muon detect-
ors (MDs), covering an area of 1.3 km?. The EDs (MDs)
are deployed with a spacing of 15 m (30 m). The EDs are
plastic scintillation detectors that measure the electro-
magnetic component of EASs and are designed primarily
for event reconstruction. The MDs detect the muonic
component of EASs and are mainly used for cosmic-ray
background discrimination. High-energy y-ray events
above 10 TeV are predominantly recorded by KM2A.
The array has a wide field of view of approximately 2 sr
and operates with a nearly full duty cycle, providing un-
precedented sensitivity for surveying the y-ray sky at en-
ergies above 20 TeV.

We 'adopt the LHAASO-KM2A instrument response
functions (IRFs) calibrated using observations of the Crab
Nebula [21]. Specifically, we use the IRFs corresponding
to a zenith angle of #=20°, ensuring consistency with
those released by the other experiments considered in this
work. The expected background rate is derived by con-
volving the all-particle cosmic-ray flux [22] with the ef-
fective area. The cosmic-ray (CR) effective area is de-
rived from the reference y-ray effective area by account-
ing for their respective selection efficiencies. Assuming
the initial effective areas for CRs and y-rays are identical
prior to selection, the CR effective area is calculated as
AR = (Aly/€,) - €cr, Where €, and ecr denote the selection
efficiencies for y-rays and CRs after cuts, respectively
[21]. This procedure ensures that the angular resolution,
effective area, and expected background rate remain con-
sistent with the benchmarks established in Ref. [19].

C. Monte Carlo data

A direct comparison between the performances of
LHAASO-KM2A and CTA is now possible, as the same
energy binning—namely 0.2 per decade on a logarithmic
scale—is adopted for both instruments. Based on their re-
spective performance characteristics and the energy
ranges relevant for halo spectral measurements, we con-
sider energies from 10 TeV to 100 TeV for LHAASO-
KM2A and from 1 TeV to 100 TeV for CTA.

Owing to its pointing observation mode and imaging
camera, CTA achieves excellent angular resolution. At 30
TeV, the 1o~ width of the point spread function (PSF) is
opsg ~0.03° for CTA, compared to opsg~0.3° for
LHAASO-KM2A. However, because CTA detects Cher-
enkov light produced by air showers, it can operate only
under clear, dark-sky conditions. In contrast, LHAASO-
KM2A has a nearly full duty cycle and can operate con-
tinuously, both day and night.

For a given extended halo, the differential flux at any
spatial position and energy is determined by the assumed
spectral and morphological models. The expected num-
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ber of signal events, N;, per energy bin and per spatial
pixel within the region of interest (ROI) is calculated by
folding the model flux with the instrument response func-
tions, including the PSF, and multiplying by the effective
area, observation time, and solid angle. In this work, the
model flux is defined by the diffusion morphology and
the ECPL spectrum introduced in Section 2.1. The num-
ber of background events, N,, is computed from the back-
ground rate, which is assumed to be constant over time.
Using a toy Monte Carlo (toyMC) approach, the mock
observed event counts, N,,, are generated by drawing
Poisson realizations of N, +N,,.

IV. MORPHOLOGICAL DISCRIMINATION
METHOD

For a given d and E, mock data can be generated
based on the diffusion model using the toy MC technique
outlined in Section III C. Next, the simulated data are fit-
ted with the model to be tested using the maximum-likeli-
hood method to determine the best-fit parameters. Sub-
sequently, we evaluate the best-fit model using a specific
statistical test to reach a decision for this single trial.

We repeat this procedure multiple times and compile
the decisions from each trial. The proportion of trials in
which the diffusion model is correctly chosen (or the in-
correct model is rejected) relative to the total number of
trials is defined as the power of the test. The power re-
flects the capability of the considered experiment to dis-
tinguish the diffusion model.

A. Likelihood function

In the ROI, a joint maximum-likelihood fit is per-
formed over energy and spatial bins. Assuming Poisson
statistics, the likelihood function is written as

InL=335 In[P(N[N;+N;)]

=1 j=1

2

where P denotes the Poisson probability distribution, i la-
bels the i-th energy bin, and j labels the j-th spatial pixel.
Here, N7 is the number of observed events, while Nl-bj
and N;; are the expected background and signal counts,
respectively.

The signal expectation N;; is determined by the spa-
tial model under test (Gaussian, disk, or diffusion) and
the ECPL spectral model outlined in Section 2, folded
with the instrument response functions. To simulate a
realistic data analysis pipeline, we treat fy, a, E., and the
angular width of the spatial model as unconstrained free
parameters during the fitting process, identical to the pro-
cedure applied to experimental data. The likelihood is

1) https: //root.cern.ch/doc/master/group__MinuitOld.html

maximized using the MIGRAD algorithm implemented in
the Minuit Minimization package". Higher In£ values
indicate a stronger preference for the presence of an ex-
tended source with the assumed morphology.

B. Single trial

We adopt two distinct statistical metrics at the single-
trial level to discriminate among different spatial models:
the Akaike Information Criterion (AIC) and the y* good-
ness-of-fit test. When data are sufficient, discriminating
in favor of the diffusion model over an incorrect model is
generally easier than outright rejecting that incorrect
model. Therefore, the AIC typically yields higher statist-
ical power than the )y? test. However, compared to the
AIC, the decision criterion of the y? test can be explicitly
linked to aprobability, providing a valuable reference for
our study.

1.-AIC: Since the diffusion model and the alternative
models are non-nested, the likelihood ratio test and
Wilks' theorem cannot be directly applied to assess the
statistical significance of the differences between them.
Therefore, we employ the AIC as a model selection cri-
terion, which is widely used in data analysis for compar-
ing non-nested models. The AIC is defined as

AIC =2k -21In Ly, (3)

where £ is the number of free parameters in the model
and L. 1s the maximum likelihood. To compare differ-
ent spatial hypotheses, we define

AAIC = AIC — AICgirusions “4)

where AlCggusion corresponds to the diffusion model.
Smaller values of AAIC indicate support for the alternat-
ive model. We adopt AAIC > 6 as the criterion for model
discrimination, as this threshold represents strong evid-
ence [23, 24] in favor of the diffusion model.

2. x? test: The y? statistic provides a straightforward
and intuitive way to assess the compatibility between dif-
ferent spatial hypotheses and the mock data. Specifically,
the x? test is performed on one-dimensional (1D) radial
brightness profiles, with bin widths chosen to ensure at
least 10 counts per bin. This threshold allows Poisson
fluctuations to be reliably approximated by a Gaussian
distribution. For a given spatial template, the y? value is
calculated as:

» = (0-T))
A
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where O; represents the observed excess in the i-th bin, 7;
is the corresponding model prediction, and o; denotes the
statistical uncertainty. When alternative spatial models,
such as Gaussian or disk profiles, are fitted to the 1D ra-
dial brightness profiles generated by the diffusion model,
they generally yield higher y* values than the diffusion
model itself, as shown in Fig. 1. As the statistical quality
of the data improves, these discrepancies become more
pronounced, allowing incorrect models to be excluded
based on their reduced goodness of fit. We adopt a 20
exclusion criterion, corresponding to a p-value of approx-
imately 0.05 for the y* distribution with n—k degrees of
freedom, where n is the number of spatial bins and £ is
the number of free parameters in the fitted model. Mod-
els resulting in a y? value exceeding the critical threshold
at this significance level are considered statistically dis-
tinguishable from the diffusion scenario.

C. Statistical power threshold

To mitigate the impact of statistical fluctuations
arising from a single Monte Carlo realization, we per-
form 1,000 independent toyMC simulations for. each
parameter configuration and evaluate the corresponding
statistical power.

We establish a statistical power threshold of 0.8,
which requires that at least 800 out of 1,000 realizations
satisfy the discrimination criterion (either the AAIC > 6
condition or the 20~ x* exclusion). When a specific com-
bination of d and E yields a statistical power of 0.8, this
indicates that the diffusion signature of the pulsar halo for
these parameters can be resolved by the experiment un-
der consideration. Consequently, we define a critical
curve in the d— E plane, above which lies the parameter
space where the diffusion signature can be distinguished.
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Fig. 1.  (color online) Radial y-ray brightness profile of a

pulsar halo using the Geminga parameters. The black points
represent mock profile data for CTA-North (50 h) generated
using the diffusion model. The red, blue, and green curves
show the best-fit diffusion, Gaussian, and disk models, re-
spectively.

V. RESULTS

The results of the morphological discrimination ana-
lysis are summarized in Fig. 2, showing the critical
curves in the d - E plane introduced in Section IV C. The
four subfigures correspond to different combinations of
statistical criteria and competing spatial templates: the
AIC and the y? test, each applied to compare the diffu-
sion-based halo model with Gaussian or disk spatial tem-
plates. Each subfigure displays four discrimination curves
representing  different experimental configurations:
LHAASO-KM2A (blue solid line), LHAASO-KM2A
with a PSF improved by 40% (blue dashed line), CTA-
North with a 50 h exposure (red solid line), and CTA-
North with a200-h exposure (red dashed line). Notably,
for LHAASO-KM2A, the 1-year exposure time adopted
in this study refers to the cumulative effective exposure
time rather than the calendar duration. Given that a
source at ¢ =30° has an effective daily observation win-
dow of 7.8h (8., <50°), this 1-year effective exposure
corresponds to a total observational period of approxim-
ately 3 calendar years.

The positions of confirmed or potential pulsar halos
are overlaid for reference, including the Geminga and
Monogem halos [4, 15], LHAASO J0621+3755 [25],
LHAASO J0249+6022 [16], HESS J1831-098 [26, 27],
and the source around PSR J0359+5414 [28]. The charac-
teristic parameters of the pulsars associated with these
candidates are summarized in Table 1. In addition, we
consider pulsar-associated sources from the LHAASO
catalog with characteristic ages greater than 20 kyr, ex-
cluding younger systems that may still be dominated by
emission from their initial pulsar wind nebulae. Halo can-
didates located outside the LHAASO field of view are not
shown [29, 30]. Note that the performance metrics for
LHAASO-KM2A presented here are derived under op-
timal observation conditions, effectively representing the
sensitivity for sources at § ~ 30°. For sources at other de-
clinations, the detection performance decreases, requir-
ing longer exposure times to achieve comparable statistic-
al significance. For instance, a source such as HESS
J1831-098, located at a less favorable declination, would
require at least twice the effective observation time to
reach the same level of sensitivity.

A general trend is that the AIC-based method yields
less restrictive discrimination conditions than the y? test.
For the same spatial template and instrumental configura-
tion, the AIC identifies a larger region of the d—E para-
meter space as distinguishable, allowing more halo can-
didates to be resolved by both CTA and LHAASO-
KM2A. This behavior is expected, because the AIC is de-
signed for relative model comparison between non-nes-
ted hypotheses by explicitly accounting for differences in
model complexity, whereas the y? test primarily evalu-
ates the absolute goodness of fit of a given model based
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(color online) Discrimination curves for pulsar halos achievable with CTA-North and LHAASO-KM2A. We use E/Eg in-

stead of £ on the vertical axis, where Eg denotes the luminosity of the reference source, Geminga. Sources located above the curves
can be morphologically distinguished as diffusion halos. Filled circles denote confirmed pulsar halos or previously reported candidates,
while open circles denote other pulsar-associated sources in the LHAASO catalog. The competing spatial models and statistical de-
cision methods used in the four panels, from the top left to the bottom right, are as follows: a Gaussian model with the AIC, a disk

model with the AIC, a Gaussian model with the x? test, and a disk model with the y? test.

Table 1.

Characteristic parameters of the pulsars associated with the halo candidates: RA and Dec represent Right Ascension and

Declination in the equatorial coordinate system, P is the spin period, P is the period derivative, E is the spin-down luminosity, Age rep-

resents the characteristic age, and Dist represents the distance from Earth.

Pulsar Name (RA, DEC) (°,°) P(s) P10~ ss7h E(10%* ergs™h) Age (kyr) Dist(kpc) Association
J0633+1746 (98.48,17.77) 0.237 1.098 33 342.0 0.25 Geminga [4, 15]
B0656+14 (104.95, 14.24) 0.385 5.499 3.8 110.0 0.29 Monogem [4, 15]
J0622+3749 (95.54,37.82) 0.333 2.542 2.7 207.8 1.6 LHAASO J0621+3755 [25]
J0248+6021 (42.08, 60.36) 0.217 5.509 21.3 62.4 2.0 LHAASO J0248+6021 [16]
J0359+5414 (59.86, 54.25) 0.079 1.673 130 75 345 HAWC J0359 [28]
J1831-0952 (277.89, -9.87) 0.067 0.832 108 128 3.68 HESS J1831-098 [26, 27]

on 1D profiles and is therefore more conservative.
Comparing the results obtained with different com-
peting spatial templates, it is apparent that distinguishing
diffusion templates from disk templates is easier than dif-
ferentiating them from Gaussian ones. This reflects the
fact that disk models, characterized by flat central areas
and sharp boundaries, differ more significantly from the
smooth radial profiles produced by diffusion. On the oth-
er hand, a Gaussian template may partially mimic the

central-peaked signature of diffusion halos, especially un-
der conditions of restricted angular resolution or photon
statistics.

The complementary performance of CTA and
LHAASO-KM2A as a function of pulsar distance is
clearly demonstrated. For relatively nearby objects
(d s 1.5 kpc), where the intrinsic angular extension is
large, both experiments are in principle capable of resolv-
ing the morphology. In this regime, the discrimination
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power is mainly driven by photon statistics rather than
angular resolution. Owing to its nearly continuous opera-
tion, LHAASO-KM2A accumulates substantially higher
event statistics, resulting in a stronger discrimination cap-
ability than CTA for relatively nearby halos. For more
distant pulsar halos, the apparent angular size becomes
smaller, and the discrimination power is increasingly lim-
ited by the PSF. In this regime, CTA outperforms
LHAASO-KM2A despite its shorter exposure time, ow-
ing to its superior angular resolution. Although
LHAASO-KM2A benefits from higher photon statistics,
its broader PSF limits its ability to resolve subtle morpho-
logical differences at large distances. Additionally, CTA's
effectiveness for nearby halos is constrained by its lim-
ited field of view (FoV). For extremely extended sources
like the Geminga halo, off-axis acceptance and the lack
of gamma-ray-free regions for background estimation in-
troduce significant challenges. Thus, our CTA forecasts
are more reliable for compact or distant halos, while
LHAASO-KM2A remains superior for nearby objects
with large angular extensions owing to its wider FoV.

The impact of enhanced instrumental performance is
also clearly demonstrated. Improving the angular resolu-
tion of LHAASO-KM2A yields only marginal gains for
nearby sources, as their morphology is already well re-
solved and the available photon statistics’ remain un-
changed. In contrast, at larger distances, the improved
PSF substantially extends the parameter space within
which halos can be discerned, enabling the detection of
sources that would otherwise remain unresolved. Increas-
ing the CTA exposure time from 50 h to 200 h systemat-
ically enhances discrimination capability across both
nearby and distant sources, because its angular resolution
is already sufficient and the additional exposure primar-
ily boosts the photon statistics.

Consistent with current observational results,
LHAASO-KM2A can presently perform unambiguous
morphological discrimination only for the nearby Gem-
inga and Monogem halos. However, with a 40% im-
provement in angular resolution, LHAASO-KM2A
would be able to identify several major pulsar halo can-
didates, namely the p-ray halos surrounding pulsars
J1831-0952, J0248+6021, and J0359+5414. With its
nominal design performance and a typical exposure of 50
h, CTA is already capable of distinguishing the morpho-
logy of most candidate pulsar halos. The most challen-
ging among the current candidates is the halo associated
with LHAASO J0621+3755, because its pulsar has a
spin-down luminosity comparable to that of Geminga but
lies at a distance approximately six times greater. With an
increased exposure of 200 h, CTA is expected to achieve
morphological discrimination between the diffusion and
disk templates for LHAASO J0621+3755. However, dis-
tinguishing the diffusion template from a Gaussian mod-
el would require even greater photon statistics. Further-

more, a higher pair-conversion efficiency from spin-down
power leads to increased data accumulation, thereby en-
hancing the experimental resolving power.

Additionally, observational evidence for deviations
from spherical symmetry in pulsar halos has been stead-
ily accumulating. Specifically, an asymmetric morpho-
logy for the Geminga halo was reported in the ICRC
2023 proceedings [31], followed by a 2024 HAWC meas-
urement [15] suggesting a marginal asymmetry at approx-
imately the 20 level. Furthermore, a significantly elong-
ated y-ray structure has recently been identified near the
millisecond pulsar MSP J0218+4232 [32]. On the theor-
etical front, such-asymmetries are predicted to arise from
anisotropic diffusion aligned with local magnetic fields
[33, 34] or spatially varying diffusion coefficients in-
duced by the local environment [35]. To assess how these
complex morphologies might influence our results, we
performed a sensitivity test in Appendix A using mock
data generated from an asymmetric template. Our find-
ings indicate that the discrimination power actually in-
creases when the underlying source is asymmetric,
primarily due to the more pronounced structural mis-
match between the asymmetric diffusion morphology and
the symmetric Gaussian assumption used in the fit.
Therefore, the possible asymmetry of pulsar halos does
not necessarily undermine the power of the morphologic-
al discrimination, demonstrating that our method is ro-
bust.

VI. CONCLUSION

We have investigated the capability of CTA and
LHAASO-KM2A to identify pulsar halo candidates
through morphological discrimination. Using realistic
mock observations derived from diffusion-driven halo
templates and instrument response functions, we com-
pared the diffusion morphology against alternative, non-
nested spatial templates, including Gaussian and disk
models, employing both the AIC and the y? test for stat-
istical assessment. The AIC generally provides more op-
timistic results than the y? test, allowing a larger fraction
of halos to be distinguished from simplified morpholo-
gies. Diffusion halos are more easily separated from disk
templates than from Gaussian ones, reflecting a stronger
morphological contrast.

A clear complementarity between CTA and
LHAASO-KM2A is evident. For relatively nearby halos
with large angular extensions, LHAASO-KM2A benefits
from the higher photon statistics enabled by its large ef-
fective area and continuous operation. For more distant
halos with smaller apparent sizes, CTA achieves superior
discrimination owing to its significantly finer angular res-
olution. Furthermore, improving the angular resolution
can significantly enhance LHAASO-KM2A's ability to
identify distant pulsar halos, such as LHAASO
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J0249+6022, HESS J1831-098, and the candidate halo
around PSR J0359+5414. For CTA, adopting longer ob-
servation times could, in principle, resolve the diffusion
signatures of all candidate pulsar halos within 5 kpc, in-
cluding LHAASO J0621+3755.

The discussion in this work is based on the ideal scen-
ario in which the object is an isolated source. If the target
is contaminated by other nearby y-ray sources, morpholo-
gical discrimination would be more challenging. Further-
more, identifying diffusion signatures is a necessary but
insufficient condition for confirming a pulsar halo. Other
criteria for confirming y-ray pulsar halos include the off-
set between the halo and the pulsar, the relationship
between the energy required to produce the halo and the
pulsar spin-down power, the relative sizes of the y-ray
halo and the corresponding X-ray PWN [5], and a com-
parison between the electron energy density required to
explain the halo and the typical energy density of the ISM
[36]. In practice, multi-wavelength observations are also
required to determine whether a pulsar halo is the most
plausible interpretation.

APPENDIX A: ASYMMETRIC HALO MODEL

Observational evidence for deviations from spherical
symmetry in pulsar halos has been steadily accumulating.
Specifically, an asymmetric morphology for the Gem-
inga halo was reported in the ICRC 2023 proceedings
[31], and a subsequent 2024 HAWC measurement [15]
suggested a marginal asymmetry at-approximately the 20
level. Furthermore, a significantly elongated y-ray struc-
ture has recently been identified near the millisecond
pulsar MSP J0218+4232 [32]. Moreover, theoretical stud-
ies have proposed that such asymmetries can naturally
arise from anisotropic diffusion due to the alignment of
local magnetic fields [33, 34] or from spatially varying
diffusion coefficients induced by the local environment
[35]. To assess the impact of such asymmetries on our
findings, we repeated our analysis using mock halo sig-
nals with asymmetric spatial templates to verify the ro-
bustness of our results.

The asymmetric halo morphology we adopted fol-
lows recent observations by HAWC [15, 37]. In this
model, the characteristic diffusion extension 6, varies
with azimuth. Consistent with the HAWC measurement,
the halo is divided into four right-angled spherical sec-
tors centered on the pulsar. In each sector, the y-ray sur-
face brightness is still described by the form of Eq. (1),
with 6, taking different values in the four sectors. To en-

Gaussian + AAIC . o
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Monogent o .
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Fig. Al. (color online) Morphological discrimination curves

for pulsar halos based on both symmetric and asymmetric dif-
fusion models. These curves represent the sensitivities of
CTA-North and LHAASO-KM2A. The analysis employs a
Gaussian spatial template as the competing model, using the
AIC as the statistical decision metric.

sure model consistency at the center and the proper nor-
malization of the morphological component, additional
multiplicative factors A;(i=1,2,3,4) are applied. The
factors 4; are constrained by the following relation:

Ao 1/£(0=0)cc 67,

1 i (A1)
Z Zi i =
We obtain the expression in Eq. 6.
02
/li = 17’ (AZ)
2
Z Z Jj 911, Jj

For consistency, a symmetric diffusion model is still
employed alongside a symmetric Gaussian template to fit
the mock data. AAIC > 6 is adopted as the criterion here.
The new discrimination curves are presented in Fig. Al,
indicating stronger discrimination capabilities for both
LHAASO-KM2A and CTA, owing to the more pro-
nounced deviation of the symmetric Gaussian template
from the mock data, which were generated using an
asymmetric diffusion model. The assumption of an asym-
metric halo does not affect the main conclusions drawn in
the main text, and the complementary performance
between CTA and LHAASO-KM2A remains.
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