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We report the discovery of an extended very-high-energy (VHE) gamma-ray source around
the location of the middle-aged (207.8 kyr) pulsar PSR J0622þ 3749 with the Large High-Altitude Air
Shower Observatory (LHAASO). The source is detected with a significance of 8.2σ for E > 25 TeV
assuming a Gaussian template. The best-fit location is (right ascension, declination) ¼ ð95.47°� 0.11°;
37.92°� 0.09°Þ, and the extension is 0.40°� 0.07°. The energy spectrum can be described by a power-law
spectrumwith an index of−2.92� 0.17stat � 0.02sys. No clear extended multiwavelength counterpart of the
LHAASOsource has been found from the radio to sub-TeVbands. TheLHAASOobservations are consistent
with the scenario that VHE electrons escaped from the pulsar, diffused in the interstellar medium, and
scattered the interstellar radiation field. If interpreted as the pulsar halo scenario, the diffusion coefficient,
inferred for electronswithmedian energies of∼160 TeV, is consistent with those obtained from the extended
halos around Geminga andMonogem and much smaller than that derived from cosmic ray secondaries. The
LHAASO discovery of this source thus likely enriches the class of so-called pulsar halos and confirms that
high-energy particles generally diffuse very slowly in the disturbed medium around pulsars.

DOI: 10.1103/PhysRevLett.126.241103

Introduction.—Charged cosmic rays (CRs) are known to
propagate diffusively in the random magnetic field of the
Milky Way. The diffusion coefficient, which relies on the
properties of the turbulent interstellar medium (ISM), is a
key parameter governing the propagation of CRs. Through
measuring the secondary-to-primary ratios of CR nuclei,
the average diffusion coefficient of the Milky Way can be
inferred [1,2]. While the propagation of CRs is naturally
expected to be inhomogeneous, the simple uniform and
isotropic diffusion model can account for most of the
measurements of CRs and diffuse γ rays [3].
Recently, the HAWC collaboration reported the

observations of extended very-high-energy (VHE) γ-ray
emission from two middle-aged, isolated pulsars, Geminga
and Monogem [4]. The spatial morphologies of the γ-ray
emission indicate that the diffusion of particles in the
regions around those pulsars is much slower than the
average value to give enough secondary particle yields

[2,5]. These results suggest that the diffusion of particles in
the Milky Way is very likely inhomogeneous [6–9]. Such
extended halos around middle-aged pulsars may be
common at VHE energies [10–12], which was actually
predicted a long time ago [13]. (Note that different
definitions of pulsar halos exist in the literature [14,15].
For example, some young pulsars that exhibit particle
escape are also called pulsar halos [16,17].) Pulsar halos
may even contribute to the diffuse emission at TeVenergies
[13,18,19]. The cause of the slow diffusion is yet to be
elucidated but might be due to specific properties of the
magnetic turbulence around the pulsar [20–22].
Here we report the detection of Large High-Altitude

Air Shower Observatory (LHAASO) J0621þ 3755, an
extended γ-ray source with energies above 10 TeV, with
half array of the LHAASO experiment. In the third HAWC
source catalog, a source with similar coordinates, 3HWC
J0621þ 382, was reported recently [23]. No source with
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similar coordinates was shown in the second HAWC
source catalog [24]. However, the nearest Fermi source
of 3HWC J0621þ 382 was found to be the blazar
4FGL J0620.3þ 3804. LHAASO J0621þ 3755 is posi-
tionally coincident with the γ-ray pulsar J0622þ 3749
discovered by Fermi-LAT [25]. The period of PSR J0622þ
3749 is about 0.333 s, the spin-down luminosity is
2.7 × 1034 erg s−1, and the characteristic age is about
207.8 kyr. No precise distance measurement of the pulsar
is available now. A “pseudo distance” of 1.6 kpc was given
via the correlation between the γ-ray luminosity and the
spin-down power for γ-ray pulsars [26]. The VHE γ-ray and
multiwavelength properties of LHAASO J0621þ 3755
have been studied, suggesting that this source is very
likely a pulsar halo similar to Geminga and Monogem
observed by HAWC [4].
LHAASO-KM2A observations.—The LHAASO experi-

ment: LHAASO is a hybrid, large area, wide field-of-view
observatory for CRs and γ rays in a wide energy range.
LHAASO serves as the most sensitive γ-ray detector for
energies above a few tens of TeV and is expected to give
revolutionary insights in the VHE domain of astroparticle
physics, such as the origin and propagation of CRs, as well
as the nature of VHE γ-ray sources. KM2A is the main
array of LHAASO, with an area of ∼1.3 km2, consisting of
5195 electromagnetic detectors (EDs) and 1188 muon
detectors (MDs). See the Supplemental Material [27] for
the detector configuration.
LHAASO’s first observation on the Crab Nebula is

presented in [39]. By the measurements of this standard
candle, detailed studies of the detector performance have
been carried out, including angular resolution, pointing
accuracy, and cosmic ray background rejection power. The
pipeline of data analysis and Monte Carlo (MC) simula-
tions was then constructed. In this Letter, we adopt the
same simulation procedure and get the MC data sample of
2.2 × 108 γ-ray events as described in Ref. [39].
Analysis method: Data used in this analysis were

collected by the half-array of KM2A, from December
27, 2019 to November 9, 2020, with a live time of
281.9 days. The directions of γ rays are reconstructed
using the arrival time and deposited energy recorded by
each ED. The angular resolution (68% containment) is
0.5°–0.8° at 20 TeVand 0.24°–0.30° at 100 TeV, depending
on the declination of incident photons. The maximum
zenith angle of events was chosen as 50°. Event selection
conditions are consistent with those in the Crab Nebula
analysis [39], and more details can be found in the
Supplemental Material [27].
KM2A uses ρ50, defined as the particle density in the

best-fit Nishimura-Kamata-Greissen (NKG; [40]) function
at a perpendicular distance of 50 m from the shower axis, to
estimate the primary energy of a γ-ray event. This para-
meter is a robust energy estimator because it utilizes the
whole knowledge of the lateral distribution function of a

shower [39,41,42]. For showers with zenith angles less than
20°, the energy resolution is about 24% at 20 TeVand 13%
at 100 TeV [39].
Because a high-energy γ ray–induced shower has fewer

muons than a CR-induced shower, we use the ratio Nμ=Ne

to discriminate γ rays from the CR background, where Nμ

is the total number of muons collected by MDs and Ne is
the total number of particles counted by EDs. The criteria
of this ratio were optimized using the MC events of γ-ray
photons and the real CR data. KM2A is capable of reject-
ing the CR background by 99% at 20 TeV and 99.99%
above 100 TeV, while maintaining a 90% efficiency for γ
rays [39].
The sky around the target source is binned into cells with

a size of 0.1° in both the right ascension (R. A.) and
declination (Dec.) directions. The background map is
estimated by the equizenith angle method [43,44]. In brief,
for a candidate source, the background is estimated by
collecting events in the same zenith angle belt, after
excluding events from the source region. The radius of
the source region is defined as three times the width of a
Gaussian function, which is the convolution of the point-
spread function (PSF) and the source extension. This
method can eliminate various detection effects caused by
the instrumental and environmental variations. Another
widely used method is the so-called direct integration
method [39], which estimates the background using the
events in the same directions in horizontal coordinate but
different arrival times. A cross check of the two methods
showed no noticeable difference.
The significance of the source was estimated using a test

statistic variable as two times of the logarithmic likelihood
ratio, i.e., TS ¼ 2 lnðLsþb=LbÞ, where Lsþb is the maxi-
mum likelihood for the signal plus background hypothesis
and Lb is the likelihood for the background-only hypoth-
esis. According to the Wilks theorem [45], in the back-
ground-only case, the TS value follows a χ2 distribution
with n degrees of freedom, where n is the number of free
parameters in the signal model. In the case of a point source
with fixed position, which has only one free parameter (the
normalization when ignoring the spectral distribution), the
pretrial significance is

ffiffiffiffiffiffi
TS

p
.

We use a binned-likelihood, forward-folding procedure
to measure the spectral energy distribution (SED) of this
source. The number of γ-ray events is counted in three bins
with a width of Δ log10 E ¼ 0.4 (instead of 0.2 as in
Ref. [39] to give a higher significance in each bin) ranging
from 10 TeV to 160 TeV. The SED of the source is assumed
to follow a power-law spectrum dN=dE ¼ ϕ0 × ðE=E0Þ−γ ,
where E0 ¼ 40 TeV is a reference energy. The best-fit
values of ϕ0 and γ are obtained via the maximum likelihood
algorithm.
Results: Figure 1 shows the 3° × 3° significance map

around PSR J0622þ 3749 with energies above 25 TeV in
the equatorial coordinates. This map is smoothed with the
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PSF, the 68% containment radius of which is 0.45° in this
energy range, as indicated by the white circle in Fig. 1.
We use four spatial templates, convolved with the PSF, to

study the morphology of the source: point source, two-
dimensional Gaussian model, uniform disk, and the dif-
fusion model from a point source with constant injection
rate [4]. Table I lists the best-fit source positions, exten-
sions, and the TS values for these templates. For the point
source assumption, the fit to the > 25 TeV skymap gives a
TS value of 63.0.
In the case of the two-dimensional Gaussian model, the

fit yields R:A: ¼ 95.47°� 0.11°, Dec: ¼ 37.92°� 0.09°,
and extension σ ¼ 0.40°� 0.07°. The centroid of
LHAASO J0621þ 3755 is consistent with the location
of Fermi-LAT pulsar J0622þ 3749, with in an angular
distance of 0.11°� 0.12°. It is also consistent with the

expectation of the pulsar halo model that the γ-ray emission
above 10 TeV is close to the pulsar due to the fast cooling of
such VHE e�, even if there is a moderate proper motion of
the pulsar [46]. The TS value of the source is 79.5,
corresponding to a significance of 8.2σ for four free
parameters. Assuming a uniform disk model, we obtain
a similar significance with a disk radius of 0.70°� 0.10°.
To study the significance of the extension of the source,

we define TSext ¼ 2 lnðLext=LpsÞ, i.e., twice the logarithm
of the likelihood ratio of an extended source assumption to
a point source assumption [47]. The TSext for the Gaussian
template is about 16.5, which corresponds to a significance
of ∼4.1σ for an additional free parameter.
To further study the spatial distribution of the source, we

use a fitting form of the morphological distribution from a
diffusion model under the approximation of continuous
injection from a point source,

fðθÞ ∝ 1

θdðθ þ 0.085θdÞ
exp½−1.54ðθ=θdÞ1.52�; ð1Þ

to fit the KM2A observed morphology. (A more detailed
modeling of the emission considering, e.g., the injection
history and potential pulsar proper motion [9,48], might
lead to small differences of the spatial distribution, and
hence the estimate of the extension parameter.) In Eq. (1), θ
is the angular distance from the source position, and θd ¼
180°=π · 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DðEeÞtE

p
=d is the typical diffusion extension

with DðEeÞ as the diffusion coefficient and tE ∼ 5.5 kyr as
the cooling time of electrons and positrons with ∼160 TeV
energies (see Sec. F of Supplemental Material [27] for the
magnetic field and photon fields used in this work). This
formula is a slightly improved version of that introduced in
Ref. [4], and can match the numerical calculation, which
includes the diffusion of e�, the inverse Compton scattering
(ICS) off the background radiation field, and the line-of-
sight integral of the γ-ray emission, within a few percent up
to a distance as far as 3θd from the central source (see
Sec. G of Supplemental Material [27]. We get the fitted
θd ¼ 0°.91� 0°.20 for E > 25 TeV, and the TS value of
78.1 for the diffusion model, as given in Table I. We have
tested via MC simulations that the differences among the
three extended templates are not significant (with a largest
difference of ∼1.8σ). The one-dimensional distribution of
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FIG. 1. Significance map of the 3° × 3° region around
LHAASO J0621þ 3755 with energy above 25 TeV. The cyan
square and circle denote the best-fit and 1σ range of the location
of the LHAASO source. The triangle marks the location of
3HWC J0621þ 382, the black circles show the locations of the
two 4FGL sources, and the pink cross marks the location of
PSR J0622þ 3749. The angular distance between the centroid
of LHAASO J0621þ 3755 and PSR J0622þ 3749 is
0.11°� 0.12°. The white circle at the bottom-right corner shows
the size of the LHAASO PSF (68% containment).

TABLE I. Results of the morphological analyses of LHAASO J0621þ 3755.

Template Extension a (°) R. A. (°) Dec. (°) TS Np
b

Point source � � � 95.56� 0.10 37.85� 0.07 63.0 3
2D Gaussian 0.40� 0.07 95.47� 0.11 37.92� 0.09 79.5 4
Uniform disk 0.70� 0.10 95.44� 0.11 37.94� 0.09 80.2 4
Diffusion 0.91� 0.20 95.48� 0.10 37.90� 0.09 78.1 4
aRadius for the uniform disk; σ for the Gaussian model; θd for the diffusion model.
bNp is the number of parameters in the model.
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the number of events after subtracting the estimated back-
ground, together with the fitting 1σ band of the diffusion
model, are shown in Fig. 2.
Using the Gaussian extension of 0.40°, the resulting

differential flux (TeV−1 cm−2 s−1), assuming a single
power-law form, is

dN
dE

¼ ð3.11� 0.38stat � 0.22sysÞ × 10−16

ðE=40 TeVÞ−2.92�0.17stat�0.02sys ð2Þ

We derive the fluxes of LHAASO J0621þ 3755 in four
energy bins, [10, 25], [25–63], [63–158], and [158–
398] TeV, respectively. Above 100 TeV, we observed four
photonlike events against 0.5 background events, which
corresponds to a 3.1σ statistical significance. Because the
significance in the last energy bin is smaller than 2σ, a 95%
upper limit is derived. The SED is given in Fig. 3, where the
geometric mean energy is used to represent the energy of
corresponding bin. Assuming a power law with an expo-
nential cutoff improves the fitting quality very little, which
gives a TS value higher by 1.6 but with one more free
parameter.
Multiwavelength studies.—LHAASO J0621þ 3755 is a

new source in the VHE domain, without a counterpart in
the TeVCat [49,50]. It is potentially associated with 3HWC
J0621þ 382 in the third HAWC catalog [23], since the
angular distance between two sources is 0.31°� 0.32°. In
the GeV energy band, we find two 4FGL sources [51],
4FGL J0622.2þ 3749 and 4FGL J0620.3þ 3804, in the
vicinity of LHAASO J0621þ 3755 (see Fig. 1). 4FGL
J0620.3þ 3804 is associated with the radio source GB6
J0620þ 3806 [52] and is classified as a “bcu” (blazar
candidate of uncertain type) in the 4FGL catalog [51].
Since LHAASO J0621þ 3755 shows emission up to
100 TeVenergies, we expect that it should not be associated

with 4FGL J0620.3þ 3804. The other source, 4FGL
J0622.2þ 3749, is a γ-ray pulsar discovered using the
Fermi-LAT data [25]. Multiwavelength counterparts of the
pulsar have been searched for in Ref. [25]. No x-ray or
pulsed radio emission has been found. Faint sources and
extended diffuse emission might exist in the MPIfR surveys
of radio continuum emission at 408 MHz and 1420 MHz
[53,54]. However, after checking the 820-MHz and 4850-
MHz images [55,56], we find no clear diffuse emission
around the pulsar (see Fig. S1 in the Supplemental Material
[27]). The search in the infrared and optical bands does not
reveal counterparts of the pulsar or the extended halo.
The potential extended GeV γ-ray emission can give very

useful constraints on the properties of CR injection from
the pulsar and diffusion in the ISM [48,57,58]. For
Geminga, a possible large extended counterpart of the
TeV halo was reported in [48]. We therefore analyzed
11.5 years of the Fermi-LAT data to search for extended
emission associated with LHAASO J0621þ 3755. Events
of P8R3 version and SOURCE class in a square region of
25° × 25° with energies between 15 and 500 GeV were
used. The diffuse models used are gll_iem_v07.fits and
iso_P8R3_SOURCE_V2_v1.txt [60]. A binned likelihood
method is adopted, with background source model XML
file generated using make4FGLxml.py [61] based on the
4FGL source catalog [51]. No clear extended emission has
been found. The 95% flux upper limits have been derived,
assuming the predicted spatial template from the diffusion
model in the relevant energy band. The results are also
shown in Fig. 3. For more details of the Fermi-LAT data
analysis, please refer to the Supplemental Material [27].
Interpretation as a pulsar halo.—The multiwave-

length search indicates that LHAASO J0621þ 3755 is a
VHE γ ray–only source possibly associated with PSR
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FIG. 2. One-dimensional distribution of the > 25 TeV γ-ray
emission of LHAASO J0621þ 3755. The solid line and shaded
band show the best fit and Δχ2 ¼ 2.3 range of the diffusion
model fit, which is the convolution of Eq. (1) with the PSF.
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the systematic uncertainties. The HAWC measurement of 3HWC
J0621þ 382 [23] and the Fermi-LAT 95% upper limits are also
shown. The line shows the prediction based on the pulsar halo
model (see “Interpretation as a pulsar halo”).
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J0622þ 3749. The pulsar is a middle-aged pulsar, similar
to those of Geminga andMonogem. In Table II we compare
the main properties of PSR J0622þ 3749 with those of
Geminga and Monogem. Note that these three pulsars share
similar properties. No clear pulsar wind nebula (PWN)
emission is visible in the radio, infrared, optical, and x-ray
bands. For Geminga and Monogem, weak PWNe have
been shown in the x-ray images [62,63]. The lack of PWN
emission associated with PSR J0622þ 3749 can be under-
stood in terms of its larger distance. Taking the Monogem
PWN as an example, the total unabsorbed 0.5–8 keV flux
of the extended emission (in a small region with radii from
3.5” to 15”) is 8.3þ5.7

−4.4 × 10−15 erg s−1 cm−2 [63]. Assuming
the same level of PWN emission, the potential x-ray PWN
associated with PSR J0622þ 3749 would be too faint
given a distance of 1.60=0.29 times larger. The multi-
wavelength observational results are thus consistent with
the scenario that the VHE γ-ray emission comes from the
electrons and positrons diffusing out from the pulsar that
then scatter the interstellar radiation field.
With the θd values inferred from the morphological

fitting, we obtain a diffusion coefficient D ≈ ð8.9þ4.5
−3.9Þ ×

1027ðd=1.6 kpcÞ2 cm2 s−1 for Ee ∼ 160 TeV. Here we
adopt the approximate scaling relation between electrons

and ICS photons Ēe ≈ 17Ē
0.54þ0.046 logðĒγ=TeVÞ
γ [4], where

Ēγ ≈ 40 TeV is the median energy of photons. The dif-
fusion coefficient is comparable to the results derived from
observations of Geminga and Monogem [4], which is about
4.5 × 1027 cm2 s−1 for Ee ∼ 100 TeV, and is significantly
smaller than that inferred from the CR secondary-to-
primary ratios (∼1030–1031 cm2 s−1; [1,2]). Given the
current data statistics, the energy dependence of the
diffusion coefficient cannot be robustly determined yet.
We model the wideband γ-ray SED of LHAASO

J0621þ 3755 with an ICS model of e� diffusing out from
the pulsar or PWN. A two-zone diffusion model [6] is
assumed, with a slow-diffusion-coefficient the same as that
inferred from the LHAASO observation, a slow-diffusion
region size of 50 pc, and a diffusion coefficient
300 times larger outside. The energy dependence of the
diffusion coefficient is assumed to be proportional to
E1=3. A superexponentially cutoff power-law spectrum,
qðEÞ ∝ E−α exp½−ðE=EcÞβ�, is adopted to describe the
injection spectrum of e�. For more details of the model
setting one can refer to the Supplemental Material [27]. The
calculated result is shown by the solid line in Fig. 3, with

α¼1.5, β ¼ 1.0, Ec ¼ 150 TeV, and an energy conversion
efficiency from the pulsar spin-down energy to the acce-
lerated e� energy of η≡We�=Wsd ¼ 40% · ðd=1.6 kpcÞ2.
Note that the energy budget may also give an independent
support of the slow diffusion scenario of the e�. The one-
dimensional spatial distribution of the model prediction is
almost identical with the solid line in Fig. 2. The one-zone
slow-diffusion model is found to give too high fluxes in
GeV bands and a very hard spectrum of injected e� is
required, which seems to be less favored.
Note that the model flux is slightly higher than the flux

measured by HAWC of 3HWC J0621þ 382 at median
energy of ∼7 TeV [23]. The HAWC flux was derived
assuming a disk extension of 0.5°, which is smaller than the
extension measured by LHAASO (0.70°; see Table I). We
expect that more dedicated analysis of HAWC and
LHAASO-WCDA data will be very helpful in clarifying
the spectral behavior below 10 TeV energies and in better
constraining the model parameters.
Conclusions.—Using about ten months of data recorded

with the half array of the LHAASO-KM2A, we discover an
extended VHE γ-ray source, LHAASO J0621þ 3755,
whose location is consistent with a middle-aged pulsar,
PSR J0622þ 3749. The source is detected with a signifi-
cance of 8.2σ above 25 TeV and 3.1σ above 100 TeV.
LHAASO J0621þ 3755 is extended with a signifi-
cance of ∼4.1σ. A Gaussian fit gives an extension of
∼0.40°� 0.07°. The power-law spectral index of LHAASO
J0621þ 3755 is −2.92� 0.17stat � 0.02sys. Together
with the flux upper limits from the Fermi-LAT observa-
tions, a downward-curved γ-ray spectrum is expected.
Multiwavelength counterparts of the LHAASO source
have been searched for, and no associated sources have
been found.
The LHAASO and multiwavelength observations tend to

suggest that LHAASO J0621þ 3755 is a pulsar halo
associated with PSR J0622þ 3749. If the VHE γ-ray
emission is interpreted as the ICS emission from high-
energy electrons and positrons that escaped from the pulsar,
the source extension indicates a diffusion coefficient of
Dð160 TeVÞ ∼ 8.9þ4.5

−3.9 × 1027ðd=1.6 kpcÞ2 cm2 s−1. This
is consistent with the slow diffusion scenario of particles
in the turbulent medium around pulsars as inferred from the
HAWC observations of Geminga and Monogem [4]. The
required energy to power the VHE γ-ray emission is
estimated to be ∼20%–40 of the pulsar spin-down energy,

TABLE II. Comparison of the properties of pulsars J0622þ 3749, Geminga, and Monogem.

Name P (s) _P (10−14 s s−1) Lsd (1034 erg s−1) τ (kyr) d (kpc) Ref.

J0622þ 3749 0.333 2.542 2.7 207.8 1.60 [25]
Geminga 0.237 1.098 3.3 342.0 0.25 [59]
Monogem 0.385 5.499 3.8 110.0 0.29 [59]
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assuming a distance of 1.6 kpc. LHAASO J0621þ 3755 is
thus possibly another pulsar halo besides Geminga and
Monogem with extensive VHE and multiwavelength stud-
ies and the first one with detected γ-ray emission up to
100 TeV energies. The discovery and measured properties
of LHAASO J0621þ 3755 may help to establish that the
diffusion of CRs in the Milky Way is inhomogeneous.
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