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Gamma-ray pulsar halos are ideal indicators of cosmic-ray propagation in localized regions
of the Galaxy and electron injection from pulsar wind nebulae. HESS J1831 − 098 is a candidate
pulsar halo observed by both the H.E.S.S. and HAWC experiments. We adopt the flux map of the
H.E.S.S. Galactic plane survey and the spectrum measurements of H.E.S.S. and Fermi-LAT to study
HESS J1831 − 098. We find that HESS J1831 − 098 meets all the criteria for a pulsar halo. The
diffusion coefficient inside the halo and the conversion efficiency from the pulsar spin-down energy
to the electron energy are both similar to the Geminga halo, a canonical pulsar halo. The
injection spectrum can be well described by an exponentially cutoff power law. However, the needed
power-law term is very hard with p≲ 1 if the diffusion coefficient is spatially and temporally
independent. Considering the possible origins of the slow-diffusion environment, we adopt the two-
zone diffusion model and the time-delayed slow-diffusion model. Both the models can interpret
the H.E.S.S. and Fermi-LAT results with a milder p. A modified injection time profile may have a
similar effect.
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I. INTRODUCTION

Pulsar halos are inverse Compton (IC) gamma-ray
sources generated by electrons and positrons1 escaping
from pulsars/pulsar wind nebulae (PWNe) and diffusing
very inefficiently in the interstellar medium (ISM) around
pulsars [1–3]. They are ideal indicators of cosmic-ray
(CR) propagation in localized regions of the Galaxy as the
gamma-ray morphologies of the halos unambiguously
trace the spatial distributions of the parent electrons.
Observed pulsar halos show that the diffusion coefficient
near the sources is more than two orders of magnitude
smaller than the typical value in the Galaxy [4,5], which
has a significant impact on the study of Galactic CR
propagation. Meanwhile, spectral measurements of pulsar
halos may provide a unique estimation for the electron
injection spectrum of PWNe [6].
Pulsar halos observed at present include the Geminga

halo, the Monogem halo, and LHAASO J0622þ 3755
[4,5]. The third catalog of the High-Altitude Water
Cherenkov (HAWC) observatory also lists six other
candidate pulsar halos [7]. However, most of the current
spectral measurements for pulsar halos are above
∼10 TeV, where the spectrum is believed to be affected

by the high-energy cutoff term,2 possibly due to the PWN
acceleration limit. We can hardly understand the features
of the injection spectrum below the high-energy cutoff
with the spectrum above ∼10 TeV alone. On the other
hand, the low-energy spectrum of pulsar halos may
provide richer information for the CR propagation in
the halo region [11].
The energy spectrum measurement of the High Energy

Spectroscopic System (H.E.S.S.) covers 0.1≲ Eγ≲
100 TeV, which may provide us with a clearer under-
standing of the injection spectral features of pulsar halos.
The H.E.S.S. preliminary measurement of the Geminga
halo indicates an unexpected low-energy spectral compo-
nent [12], possibly generated by a new electron population
[6]. H.E.S.S. also has advantages in studying distant pulsar
halos owing to the high angular resolution. There are two
intersections between the H.E.S.S. Galactic plane survey
(HGPS, [13]) and the pulsar halo catalog of HAWC: HESS
J1831 − 098 (3HWC J1831 − 095) and HESS 1912þ 101
(3HWC 1912þ 103). The origin of HESS 1912þ 101 is

1Electrons will denote both electrons and positrons hereafter if
not specified.

2The injection spectrum of the Geminga halowas assumed to be
power law in [4]. However, the HAWC experiment broadened the
energy range of the gamma-ray spectrum in the later measurements
[8,9]. The updated spectra could not be fitted by a single power-law
injection spectrum but rather by an exponentially cutoff power law.
One may refer to Fig. 7 of [10].
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still unclear [14–16], while HESS J1831 − 098 is very
likely a pulsar halo associated with the powerful middle-
aged pulsar PSR J1831 − 0952, as we will show below.
Apart from the morphology information given by the
HGPS sky map, a spectral measurement of HESS J1831 −
098 in 0.3–30 TeV is also available [17].
In this work, we study the features of the pulsar halo

HESS J1831 − 098with the H.E.S.S and Fermi Large Area
Telescope (Fermi-LAT) observations. Fermi-LAT provides
spectral measurements below the H.E.S.S. energy range,
which can give further constraints to models. Section II
introduces the basic model of pulsar halos, including the
characteristics of pulsar halos and the calculation of the
gamma-ray emission. In Sec. III, we present the data
analysis of Fermi-LAT. In Sec. IV, we constrain the model
parameters by fitting the gamma-ray morphology and
spectrum of HESS J1831 − 098 measured by H.E.S.S.
and compare the result with the flux upper limits (ULs) of
Fermi-LAT. Under the basic model, the H.E.S.S. and
Fermi-LAT data may not be interpreted with a reasonable
injection spectral index. We discuss more sophisticated
models in Sec. V to reconcile the conflicts. Section VI is the
conclusion and prospect.

II. BASIC MODEL OF PULSAR HALOS

After the accelerated electrons escape from the PWNe of
a middle-aged pulsar,3 they freely propagate in the sur-
rounding ISM. The propagation of the electrons is gen-
erally considered the diffusion process. If the diffusion
coefficient is small, the electrons will accumulate around
the pulsar and generate an observable gamma-ray halo,
namely the pulsar halo, through the IC scattering of the
background photons. The origin of the slow-diffusion
environment is still unclear. It may be self-excited by
the escaping electrons [20,21], while the electron energy
may not be enough to suppress the diffusion coefficient to
the required level [22]. It may also be a preexisting
turbulent region left by the parent supernova remnant
(SNR) of the pulsar or other anterior energy injection
processes [22]. Anisotropic diffusion is also proposed to
account for the Geminga halo [23], while it may not be a
general interpretation of this class of sources [24].
According to the characteristics of pulsar halos, we

present our criteria (CT) for a pulsar halo as follows.
(1) The pulsar halo of a visible pulsar should have spatial

coincidence with that pulsar. More specifically, the
pulsar should be located around the centroid of the
pulsar halo, at least for Eγ ≳ 1 TeV. The pulsar may
be off-center at lower energies owing to its proper
motion [25–27].

(2) The spin-down luminosity of the pulsar should be
large enough to generate the pulsar halo.This criterion

is not only essential for a pulsar halo, but also for the
pulsar halo models [10].

(3) We set a lower limit of 50 kyr for the pulsar age,
which may exclude a pure PWN or a source in the
mixed state of a pulsar halo and a relic PWN. The
3HWC catalog adopts a more conservative lower
limit of 100 kyr [7].

(4) The extension of a gamma-ray pulsar halo should be
significantly larger than that of the x-ray PWN (if the
x-ray PWN is observable), which is also essential to
distinguish between a pulsar halo and a PWN. The
PWN of a middle-aged pulsar should be in the bow-
shock phase and has a small extension of ≲1 pc
[28], compared with the ≳10 pc extension for a
pulsar halo.

We will show in Sec. IV that HESS J1831 − 098 meets
CT 1 and 2. The age of PSR J1831 − 0952 is tp ¼ 128 kyr
as given by the Australia Telescope National Facility
(ATNF) catalog [29], satisfying CT 3. A x-ray source at
the position of PSR J1831 − 0952 is detected by the
Chandra x-ray observatory, which is likely the PWN of
PSR J1831 − 0952 [30]. The extension of the possible
PWN is reported to be several arcsec, corresponding to
∼0.1 pc given the pulsar distance dp ¼ 3.68 kpc. Thus, CT
4 may also be satisfied. Kes 69 is a cloud-interacting SNR
located south of HESS J1831 − 098 [31] and is the closest
SNR to HESS J1831 − 098 on the sky map. However, the
lack of gamma-ray emission from Kes 69 implies that it
may not be a powerful accelerator of high-energy CRs
[32,33], and HESS J1831 − 098 is unlikely to be lit up by
CR nuclei escaping from Kes 69. All these indicate that
HESS J1831 − 098 could be reasonably a pulsar halo.
Then we briefly introduce the calculation of the gamma-

ray emission of HESS J1831 − 098. The electron propa-
gation equation can be expressed by

∂NðEe; r; tÞ
∂t

¼ ∇ · ½DðEeÞ∇NðEe; r; tÞ�

þ ∂½bðEeÞNðEe; r; tÞ�
∂Ee

þQðEe; r; tÞ; ð1Þ

where N is the electron number density, and Ee is the
electron energy. The diffusion coefficient takes the form of
DðEeÞ ¼ D100ðEe=100 TeVÞδ and is assumed to be spa-
tially and temporally independent in the basic model. We
set the diffusion coefficient at 100 TeVas the pivot in order
to compare it with the result of other pulsar halos. We set
δ ¼ 1=3 as suggested by Kolmogorov’s theory. The second
and third terms on the right-hand side are the energy-loss
and source terms, respectively, where bðEeÞ is the electron
energy-loss rate.
Synchrotron radiation and IC scattering dominate the

energy losses of high-energy electrons. We take the
magnetic field strength of B ¼ 3 μG for the synchrotron
loss rate. The seed photon field of IC scattering consists of

3Millisecond pulsars may also have pulsar halos as pointed out
by Ref. [18,19].
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the cosmic microwave background (CMB), the infrared
dust emission, and the starlight. The temperature and
energy density of CMB are 2.725 K and 0.26 eV cm−3

[34], respectively. We adopt the methods introduced in
Ref. [35] to get the infrared and starlight components. We
simplify the infrared and starlight components by searching
for their best-fit gray-body distributions. Considering the
position of PSR J1831 − 0952, the temperatures and energy
densities of the infrared and starlight components are 31 K,
0.48 eV cm−3 and 4300 K, 1.3 eV cm−3, respectively. The
parametrization method given in Ref. [36] is used to
calculate the IC energy-loss rate.
The source function takes the form of

QðEe;r; tÞ¼
�
qðEeÞδðr− rpÞ½ðtpþ tsdÞ=ðtþ tsdÞ�2; t≥ 0

0; t < 0
;

ð2Þ

whereqðEeÞ is the current electron injection spectrum, rp and
tp are the position and age of PSR J1831 − 0952, respec-
tively, and tsd is the pulsar spin-down timescale, which is set
to be 10 kyr. The time profile of the source function is
assumed to follow the pulsar spin-down luminosity, and
t ¼ 0 corresponds to the birth time of the pulsar.
The injection spectrum is assumed to be a power law

with an exponential cutoff (ECPL) as

qðEeÞ ∝ E−p
e exp

�
−
�
Ee

Ec

�
2
�
: ð3Þ

The cutoff term describes the acceleration limit of the
PWN, the form of which is suggested by the mechanism of
the relativistic shock acceleration [37]. The normalization
of the injection spectrum can be obtained by the relation ofR
∞
1 GeV qðEeÞEedEe ¼ ηL, where L ¼ 1.08 × 1036 erg s−1

is the current pulsar spin-down luminosity [29], and η is the
conversion efficiency from the spin-down energy to the
electron energy.
Equation (1) can be solved with the Green’s function

method. We integrate N over the line of sight from Earth to
the vicinity of the pulsar and then obtain the gamma-ray
surface brightness of the halo Sðθ; EγÞ with the standard
calculation of IC scattering [38], where θ is the angle away
from the pulsar. One may refer to the previous works (e.g.,
Ref. [6]) for details of the above calculation.

III. ANALYSIS OF FERMI-LAT DATA

The Fermi-LAT is a pair conversion telescope covering
the energy range between 20 MeVand> 500 GeV [39]. In
this study, we undertake the Fermi-LAT analysis employ-
ing the Fermipy python package which is built on the
standard LAT analysis software Fermi Science Tools. We
use the data collected over a period of approximately
13 year with the Pass 8 response functions expressed by

P8R3_SOURCE_V3. In order to take advantage of the
improved LAT resolution and reduced the contamination
of the pulsar, we use the event above 10 GeV. We
reconstruct a 16° × 16° region of interesting (ROI) around
the position of PSR J1831-0952, select time intervals with
good data quality and exclude the events with zenith angle
larger than 90° to limit contamination from the gamma-
ray-bright Earth limb. We use the background model
including the Galactic diffuse emission (gll_iem_v07.fits)
and isotropic emission (iso_P8R3_SOURCE_v3_v1.txt),
as well as the pointlike and extended sources in the fourth
Fermi-LAT catalog [40]. We optimize the spectral param-
eters of each sources in the background model using the
optimize tool in the Fermipy package. We search for the
possible gamma-ray excess associated with HESS J1831-
098 using the test statistic (TS) map with a test source
modeled by a 0.3° disk spatial template. No detection is
found, and the 95% ULs are derived using the 0.3° disk
model centered at (l ¼ 21.86°, b ¼ −0.051°), which are
shown in Fig. 3.
It should be noted that the pulsar proper motion may

affect the gamma-ray morphology in the GeVenergy range
[41]. However, we know nothing about the transverse speed
and direction of the motion of PSR J1831 − 0952 and can
hardly construct a reasonable template for the Fermi-LAT
data analysis. Thus, we do not consider the pulsar proper
motion in the analysis above. The given ULs could be
stricter than the actual case. On the other hand, we have
checked that no significant emission is found by testing a 3°
disk template, which is large enough to include the halo
emission region even if the pulsar proper motion is taken
into account. It means that ignoring the pulsar proper
motion may not significantly affect the measurements.

IV. CONSTRAINING PARAMETERS
WITH H.E.S.S. AND FERMI-LAT DATA

The diffusion coefficient and injection spectral param-
eters are the main parameters for the study of a pulsar halo.
The HGPS flux map can be used to estimate the diffusion
coefficient of HESS J1831 − 098, while the gamma-ray
spectral measurement of HESS J1831 − 098 can effectively
constrain its electron injection spectrum.
Figure 1 shows the HGPS significance map for the

region around HESS J1831 − 098, with an integration
radius of Rc ¼ 0.1°. This 2° × 2° region centered at the
position of PSR J1831 − 0952 is considered the ROI for the
morphology study. It can be seen that HESS J1831 − 098 is
surrounded by three bright sources without significant
extension, i.e., HESS J1828 − 099, HESS J1832 − 093,
and HESS J1833 − 105, which may affect the estimation of
the diffusion coefficient for HESS J1831 − 098. To esti-
mate the contribution from these three sources, we use a
template of four 2D Gaussian functions to fit the flux map
(Rc ¼ 0.1°) within the ROI as the preparation step. The
morphologies of the three point-like sources are assumed to
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follow the point spread function (PSF) of H.E.S.S., while the
specific form of the PSF is not available.We approximate the
PSF by a single 2D Gaussian function, the extension of
which,σPSF, is determinedby the data fit. The positions of the
three surrounding sources are taken from the HGPS source
catalog. For HESS J1831 − 098, the intrinsic extension σsrc
and central coordinates, (lsrc, bsrc), are set as free parameters.
Thus, the preparation step has eight free parameters, includ-
ing the flux normalizations of the four sources. We compute
the spatially correlated templatewithRc ¼ 0.1° to compare it
with the H.E.S.S. data.
The best-fit parameters given by the maximum likelihood

method are: σPSF ¼ 0.076°, σsrc ¼ 0.30°, lsrc ¼ 21.86°, and
bsrc ¼ −0.051°. The 68% containment radius of the PSF
model given by the HGPS paper varies from ∼0.08° to
∼0.15° depending on different field-of-view offsets [13]. It
corresponds to σ ∼ 0.05° − 0.10° for a 2D Gaussian PSF,
which is consistent with our best-fit σPSF.We adopt this best-
fit σPSF in the following calculations. The best-fit σsrc can be a
straightforward estimate for the source extension. It is
significantly broader than the PSF, consistent with the nature
of HESS J1831 − 098 as a pulsar halo. The angular distance
between the best-fit centroid of HESS J1831 − 098 and the
coordinates of PSR J1831 − 0952, (21.897°, −0.128°), is
0.08°. It means that HESS J1831 − 098 is in good agreement
with the pulsar in position, meeting CT 1 in Sec. II.
We fix the fluxes of the three surrounding sources

obtained in the preparation step and adopt the basic model
introduced in Sec. II for HESS J1831 − 098 to fit the flux

map. The HGPS flux map provides the integrated fluxes
above 1 TeV, and we compute

R∞
1 TeV Sðθ; EγÞEγdEγ to

compare with the data. Note that Sðθ; EγÞ needs to be
convoluted with the PSF. The free parameters are: lsrc, bsrc,
D100, and a normalization parameter. The injection spec-
trum also has a little effect on the morphology. Meanwhile,
the gamma-ray spectrum of HESS J1831 − 098 measured
by Ref. [17] is within a circular region of 0.3° from the
centroid, the theoretical value of which depends on both the
injection spectrum and the diffusion coefficient. Thus, we
iteratively fit the flux map and the gamma-ray spectrum
until stable results are obtained. The main fitting results are
summarized in Table I.
The best-fit parameters of the morphology fit are

lsrc ¼ 21.90°, bsrc ¼−0.046°, and D100¼9.0×1027 cm2s−1.
The best-fit centroid is in good agreement with the pulsar
position. The best-fit D100 is consistent in magnitude with
those of the Geminga halo, the Monogem halo, and
LHAASO J0621þ 3755, which are 3.2 × 1027 cm2 s−1

[4], 15 × 1027 cm2 s−1 [4], and 2.5 × 1027 cm2 s−1 [11],
respectively. This strengthens the argument that HESS
J1831 − 098 is a pulsar halo. The measurement of the
diffusion coefficient also depends on the pulsar distance.
The distance ofdp ¼ 3.68 kpc is derived from the dispersion
measure value of PSR J1831 − 0952 and the electron density
model given by Ref. [42]. Reference [43] argues that young
pulsars (tp < 800 kyr) like PSR J1831 − 0952 could still be
located inside Galactic arms, and the distance of PSR
J1831 − 0952 is estimated to be 3.5� 0.5 kpc, consistent
with the value we adopted. Thus, the conclusion should not
be significantly affected by the uncertainty of the pulsar
distance.
In the morphology fits, we do not provide confidence

intervals for the parameters. The released maps of HGPS
are oversampled, which will lead to significant under-
estimates of the lengths of the confidence intervals. The
goodness of fit cannot be provided for the same reason,
while we give a comparison between the relative residual
map ðFexp − FÞ=errexp with and without the HESS J1831 −
098 template in Fig. 2, where Fexp and errexp are the flux
and flux error released by H.E.S.S., respectively, and F is
the flux calculated with the model. It can be seen that the
residual map in the ROI is quite homogeneous when the
best-fit model of HESS J1831 − 098 is considered, indicat-
ing that the source is well fitted.

FIG. 1. HGPS significance map (Rc ¼ 0.1°) for the region
around HESS J1831 − 098. The white cross marks the fitted
position of HESS J1831 − 098 assuming a Gaussian template,
while the white dotted circle shows the fitted extent of
σsrc ¼ 0.30°. The red star shows the position of the associated
pulsar PSR J1831 − 0952. The blue triangles show the positions
of the surrounding bright sources given by the H.E.S.S.
catalog [13].

TABLE I. Constraints on the main parameters (ECPL injec-
tion).

Parameter Best-fit value 68% posterior CI

p 0.88 [−1.05, 1.08]
Ec (TeV) 52 [26, 58]
η (%) 6.6 [5.2, 7.2]
D100 (cm2 s−1) 9.0 × 1027 � � �

FANG, XI, BAO, BI, and CHEN PHYS. REV. D 106, 123017 (2022)

123017-4



The free parameters of the spectral fit are p, Ec, and η.
The normalization of the injection spectrum is mainly
determined by η. We compute

R
0.3°
0° Sðθ; EγÞ2πθdθ to fit the

spectrum given by Ref. [17]. We apply the MULTINEST
software [44] for the data fit. The fitting result is presented
in Fig. 3. The best-fit values and posterior confidence
intervals of the parameters are listed in Table I.
The best-fit conversion efficiency is 6.6%. For the

Geminga halo, the conversion efficiency is≈5% to interpret
the HAWC data if the injection spectrum also takes the
form of Eq. (3) [10], which is very similar to the needed
value for HESS J1831 − 098. The cutoff energy Ec is
constrained to around 50 TeV, slightly lower than that of the
Geminga halo (≈130 TeV, [10]). The best-fit power-law
index of 0.88 indicates a very hard injection spectrum,
similar to that derived from the observations of the
Geminga x-ray PWN [45]. However, it is significantly
harder than the typical electron spectrum of PWNe, i.e.,
p ¼ 1.5 [46], although simulation results indicate that
particle acceleration in bow-shock PWNe may yield a hard
electron spectrum with p ∼ 1.0 [47]. The CR positron
spectrum may also constrain the injection spectrum of
PWNe. Reference [48] argues that the typical injection
spectral index should be p ¼ 1.5–1.7 to interpret the AMS-
02 data.
As can be seen in Fig. 3, the flux ULs of Fermi-LAT also

require a very hard injection spectrum under the basicmodel.
The Fermi-LAT ULs are obtained using the disk template,
which could be conservative constraints. The UL around
100 GeV is slightly lower than the best-fit spectrum to the
H.E.S.S. data, indicating the injection spectral index may
need to be even smaller than 0.88. This is very similar to the
case of LHAASO J0621þ 3755: a more sophisticated
propagation model is required to consistently interpret the
LHAASO-KM2A and Fermi-LAT data, otherwise an unrea-
sonably hard injection spectrum will be required [11].
A remarkable feature of the gamma-ray spectrum of

HESS J1831 − 098 is the spectral softening at ≈5 TeV.

This feature is interpreted by the high-energy cutoff of Ec ≈
50 TeV for the ECPL injection model. However, a broken
power-law (BPL) injection spectrum could also account for
this spectral softening, which can be expressed by

qðEeÞ ∝
� ðEe=EbrÞ−p1 ; Ee ≤ Ebr

ðEe=EbrÞ−p2 ; Ee > Ebr
: ð4Þ

Assuming p1 ¼ 1.0 and p2 ¼ 3.0, we find that the required
broken energy and conversion efficiency to fit the H.E.S.S.
data are Ebr ¼ 28 TeV and η ¼ 7.3%, respectively. The
fitted gamma-ray spectrum is shown in Fig. 3 with the
dashed line. The broken energy is significantly higher than
those of the young PWNe inside SNRs [49–51]but could be
similar to that of the possible low-energy component of the
Geminga halo [6]. Experiments working in higher energy

FIG. 2. Relative residual map ðFexp − FÞ=errexp computing without (left) or with (right) the HESS J1831 − 098 template, where Fexp
and errexp are the flux and flux error with Rc ¼ 0.1° given by the HGPS [13], respectively. The green star shows the position of
PSR J1831 − 0952.
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FIG. 3. The best-fit gamma-ray spectrum to the H.E.S.S. data
[17] using the basic model, compared with the H.E.S.S. and
Fermi-LAT data. Both the ECPL and BPL injection models are
presented. The 68% confidence interval of the fitted spectrum for
the ECPL case is also shown. Note the Fermi-LAT ULs are not
used in the fitting process.
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regions like the 1.3 km2 array of the large high-altitude air
shower observatory (LHAASO-KM2A) [52] may provide a
clearer judgment on the high-energy spectral features of
HESS J1831 − 098.

V. DISCUSSION

In this section, we discuss the possible scenarios that
may consistently interpret the H.E.S.S. and Fermi-LAT
observations under a typical power-law index of the
electron injection spectrum. The IC gamma-ray spectrum
mainly consists of two components generated by scattering
the dust and CMB photons, respectively. The top left of
Fig. 4 separately shows the dust and CMB components of
the best-fit spectrum in Fig. 3. Each component has a two-
peak spectral feature, similar to the predicted CR positron
spectrum at Earth generated by nearby middle-aged pulsars
[53]. The low-energy peak is dominantly produced by
electrons injected in the early ages of the pulsar, while the
high-energy peak is produced by the lately injected ones.
Thus, if the number of the early injected electrons is

reduced, the low-energy gamma-ray fluxes may meet the
constraints of Fermi-LAT, while the high-energy fluxes can
still interpret the H.E.S.S. data.
The diffusion coefficient in the basic model is spatially

and temporally independent, which is a commonly used but
oversimplified assumption. The measured diffusion coef-
ficient around the pulsar is two orders of magnitude smaller
than the value inferred from the CR boron-to-carbon (B/C)
ratio [54], which means that the slow diffusion cannot be
representative in the Galaxy. As mentioned in Sec. II, the
slow-diffusion environment around the pulsar may either be
self-excited or left by the parent SNR. Both the scenarios
predict a size of ∼50 pc for the slow-diffusion zone [20–
22]. The propagation outside this zone is assumed to be the
fast diffusion indicated by the B/C ratio, which is known as
the two-zone diffusion model [55]. The diffusion coeffi-
cient takes the form of

DðEe; rÞ ¼
�
DslowðEeÞ; jr − rpj < r�
DfastðEeÞ; jr − rpj ≥ r�

; ð5Þ
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FIG. 4. The top-left graph is the same as Fig. 3, while the two subcomponents of the gamma-ray spectrum are also shown. The other
three graphs show models different from the basic model, which try to interpret the observations under a typical injection spectral index
of p ¼ 1.5. Top right: the two-zone diffusion model, where the slow-diffusion zone has a finite size of 40 pc. Bottom left: a time delay of
50 kyr is assumed for the formation of the slow-diffusion zone (SDZ). Bottom right: the energy density of the dust photons is 2 times
larger than the basic model.
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where r� is the size of the slow-diffusion zone,Dfast is taken
from Ref. [56], and we adopt the best-fit diffusion coef-
ficient obtained in Sec. IV for Dslow. Under the slow-
diffusion condition, early injected electrons with Ee ¼
1 TeV can propagate ≈60 pc away from the pulsar, larger
than r�. It means those electrons have already escaped from
the slow-diffusion zone, and the low-energy gamma-ray
fluxes should be significantly reduced compared with the
basic model. Meanwhile, electrons with Ee ¼ 100 TeV can
only propagate ≈30 pc owing to the short lifetime, which
means that the high-energy gamma-ray spectrum is hardly
affected by the two-zone diffusion assumption. The top
right of Fig. 4 presents a spectrum calculated with the two-
zone diffusion model, where p ¼ 1.5 and r� ¼ 40 pc. The
low-energy spectral peaks of the two sub-components are
smoothed out compared with the basic model, and the
observations are well interpreted by the model.
On the other hand, the slow-diffusion environment may

not exist at the birth of the pulsar, which is suggested by
both the self-generated and SNR-generated scenarios as
discussed in Ref. [6]. If there is a time delay in the
formation of the slow-diffusion zone, where the diffusion
coefficient takes the form of

DðEe; tÞ ¼
�
DfastðEeÞ; t < t�
DslowðEeÞ; t ≥ t�

; ð6Þ

early injected electrons will not be trapped around the
pulsar, and the low-energy gamma-ray fluxes should be
significantly suppressed. We assume p ¼ 1.5 and t� ¼
50 kyr to test this scenario and present the gamma-ray
spectrum in the bottom left of Fig. 4. The result is similar to
the two-zone diffusion case. A more realistic scenario could
be the combination of these two models.
Apart from the propagation-revised models, a different

assumption of the electron injection may also help to
interpret the observations. The injection time profile is
commonly assumed to share the same time dependency as
the pulsar spin-down luminosity. However, the magnetic
field of young PWNe could be much stronger than that of
today, which means electrons may significantly lose their
energies before escaping from PWNe. As a result, the
injection power at early ages may be much weaker than the
basic model, and the low-energy gamma-ray fluxes may be
suppressed to interpret the Fermi-LAT ULs.
The top left of Fig. 4 shows that the gamma-ray

spectrum below ≈100 TeV is dominated by the CMB
component. The straightforward idea may be that the
conflict could be resolved if the proportion of the CMB
component is suppressed, equivalent to a higher energy
density of the dust photons than estimated in Sec. II.
However, the CMB component also has a significant
contribution in ≈1–10 TeV. If the proportion of the CMB
component is suppressed, the dust component is required
to dominate the high-energy spectrum, which will also

lead to an overproduction of low-energy gamma rays, as
shown in the bottom right of Fig. 4.

VI. CONCLUSION AND PROSPECT

We study the likely pulsar halo HESS J1831 − 098 with
the H.E.S.S. and Fermi-LAT observations. The HGPS
provides morphology information to constrain the diffusion
coefficient inside the pulsar halo, while the spectrum
measurement of H.E.S.S. and Fermi-LAT constrain the
electron injection parameters. For the first time, we provide
detailed evidence to prove that HESS J1831 − 098 is a pulsar
halo. HESS J1831 − 098 meets all the criteria for a pulsar
halo, including the position coincidence with a powerful
pulsar, an appropriate pulsar age, a reasonable energy
requirement, and a large size ratio between the gamma-ray
halo and x-ray PWN. The derived diffusion coefficient is
9.0 × 1027 cm2 s−1, comparable to the other known pulsar
halos. Theneeded conversion efficiency from thepulsar spin-
down energy to the electron injection energy is 6.6%, similar
to the Geminga halo under the same assumption.
A single electron population with a ECPL injection

spectrum can interpret the H.E.S.S. spectrum well. It is
different from the case of the Geminga halo, which may be
due to the difference in the injection process. The cutoff
energy is constrained to around 50 TeV. A power-law term
with p≲ 1, much harder than the typical injection spec-
trum, is needed to interpret the H.E.S.S. spectrum and
Fermi-LAT ULs under the basic model. This is similar to
the case of another pulsar halo, LHAASO J0621þ 3755.
The diffusion coefficient is spatially and temporally inde-
pendent in the basic model, which could be oversimplified.
Considering the possible mechanisms of the slow-diffusion
zone, we adopt the two-zone diffusion model and the time-
delayed slow-diffusion model. Under a typical power-law
index of p ¼ 1.5, both of them can suppress the low-energy
fluxes under theFermi-LATULswhile interpreting the high-
energy H.E.S.S. data. Assuming a time profile of electron
injection different from the pulsar spin-down luminositymay
also help solve this problem. Meanwhile, the H.E.S.S.
spectrum could also be interpreted by a BPL injection
spectrum with a broken energy at ≈30 TeV. In the coming
future, the LHAASO and HAWC experiments may provide
spectral measurements at higher energies for HESS
J1831 − 098, which may distinguish between the ECPL
and BPL injection models.
The morphology measurement given by HGPS is the

integrated fluxes above 1 TeV. An energy-dependent meas-
urement for the pulsar halo is essential to test sophisticated
propagation models. For example, low-energy electrons are
more likely to escape from the slow-diffusion region in the
two-zone diffusion model. As a result, the gamma-ray
extension in the low-energy range will be determined by
the size of the slow-diffusion zone, which means the energy
dependence of the extensionmay deviate from that predicted
by the one-zone diffusion model. The energy-dependent
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morphology measurement is also essential to disentangle
injection parameters from propagation parameters.
The diffusion coefficient measured by HESS J1831 −

098 is comparable to other known pulsar halos. However,
the spin-down luminosity of PSR J1831 − 0952 is dozens
of times larger than the other associated pulsars. The
independence of the diffusion coefficient and the injection
power indicates that the growth of the magnetic fluctuations
may have reached saturation for the self-excited scenario of

the slow-diffusion environment; otherwise, the slow dif-
fusion may originate from external sources. The trend
needs to be confirmed by a larger sample of pulsar halos.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science
Foundation of China under Grants No. 12175248,
No. 12105292, and No. U1738209.

[1] T. Linden, K. Auchettl, J. Bramante, I. Cholis, K. Fang, D.
Hooper, T. Karwal, and S.W. Li, Phys. Rev. D 96, 103016
(2017).

[2] T. Sudoh, T. Linden, and J. F. Beacom, Phys. Rev. D 100,
043016 (2019).

[3] G. Giacinti, A. Mitchell, R. López-Coto, V. Joshi, R.
Parsons, and J. Hinton, Astron. Astrophys. 636, A113
(2020).

[4] A. Abeysekara et al. (HAWC Collaboration), Science 358,
911 (2017).

[5] F. Aharonian et al. (LHAASO Collaboration), Phys. Rev.
Lett. 126, 241103 (2021).

[6] K. Fang and X.-J. Bi, Phys. Rev. D 105, 103007 (2022).
[7] A. Albert et al. (HAWC Collaboration), Astrophys. J. 905,

76 (2020).
[8] H. Zhou (HAWC Collaboration), Proc. Sci., ICRC2019

(2019) 832.
[9] R. Torres Escobedo et al. (HAWC Collaboration), Proc.

Sci., ICRC2021 (2021) 842.
[10] L.-Z. Bao, K. Fang, X.-J. Bi, and S.-H. Wang, Astrophys. J.

936, 183 (2022).
[11] K. Fang, S.-Q. Xi, and X.-J. Bi, Phys. Rev. D 104, 103024

(2021).
[12] A. M.W. Mitchell, S. Caroff, J. Hinton, and L. Mohrmann

(H.E.S.S. Collaboration), Proc. Sci., ICRC2021 (2021) 780.
[13] H. Abdalla et al. (H.E.S.S. Collaboration), Astron. As-

trophys. 612, A1 (2018).
[14] F. Aharonian (H.E.S.S. Collaboration), Astron. Astrophys.

484, 435 (2008).
[15] H.-M. Zhang, S.-Q. Xi, R.-Y. Liu, Y.-L. Xin, S. Liu, and

X.-Y. Wang, Astrophys. J. 889, 12 (2020).
[16] X.-N. Sun, R.-Z. Yang, and E.-W. Liang, Astron. Astrophys.

659, A83 (2022).
[17] F. Sheidaei, A. Djannati-Ataï, and H. Gast (H.E.S.S.), in

3rd International Fermi Symposium (2011), Vol. 7,
pp. 244–247, arXiv:1110.6837.

[18] D. Hooper and T. Linden, Phys. Rev. D 98, 043005 (2018).
[19] D. Hooper and T. Linden, Phys. Rev. D 105, 103013 (2022).
[20] C. Evoli, T. Linden, and G. Morlino, Phys. Rev. D 98,

063017 (2018).
[21] P. Mukhopadhyay and T. Linden, Phys. Rev. D 105, 123008

(2022).
[22] K. Fang, X.-J. Bi, and P.-F. Yin, Mon. Not. R. Astron. Soc.

488, 4074 (2019).

[23] R.-Y. Liu, H. Yan, and H. Zhang, Phys. Rev. Lett. 123,
221103 (2019).

[24] P. De La Torre Luque, O. Fornieri, and T. Linden,
arXiv:2205.08544.

[25] G. Johannesson, T. A. Porter, and I. V. Moskalenko, As-
trophys. J. 879, 91 (2019).

[26] M. Di Mauro, S. Manconi, and F. Donato, Phys. Rev. D 101,
103035 (2020).

[27] Y. Zhang, R.-Y. Liu, S. Z. Chen, and X.-Y. Wang, As-
trophys. J. 922, 130 (2021).

[28] B. M. Gaensler and P. O. Slane, Annu. Rev. Astron. As-
trophys. 44, 17 (2006).

[29] R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs,
Astron. J. 129, 1993 (2005).

[30] R. Abichandani, M. B. Mathur, J. J. Drake, A. Fruscione,
N. P. Lee, and K. Glotfelty, Astron. Telegram 12463, 1
(2019), https://www.astronomerstelegram.org/?read=12463.

[31] X. Zhou, Y. Chen, Y. Su, and J. Yang, Astrophys. J. 691, 516
(2009).

[32] A. Bochow, A systematic study of Supernova remnants as
seen with H. E. S. S., Ph.D. thesis, 2011.

[33] A. Sezer, T. Ergin, R. Yamazaki, Y. Ohira, and N. Cesur,
Mon. Not. R. Astron. Soc. 481, 1416 (2018).

[34] D. J. Fixsen, Astrophys. J. 707, 916 (2009).
[35] S. Vernetto and P. Lipari, Phys. Rev. D 94, 063009

(2016).
[36] K. Fang, X.-J. Bi, S.-J. Lin, and Q. Yuan, Chin. Phys. Lett.

38, 039801 (2021).
[37] P. Dempsey and P. Duffy, Mon. Not. R. Astron. Soc. 378,

625 (2007).
[38] G. Blumenthal and R. Gould, Rev. Mod. Phys. 42, 237

(1970).
[39] W. B. Atwood et al. (Fermi-LAT Collaboration), Astrophys.

J. 697, 1071 (2009).
[40] S. Abdollahi et al. (Fermi-LAT Collaboration), Astrophys.

J. Suppl. Ser. 247, 33 (2020).
[41] M. Di Mauro, S. Manconi, and F. Donato, Phys. Rev. D 100,

123015 (2019).
[42] J. M. Yao, R. N. Manchester, and N. Wang, Astrophys. J.

835, 29 (2017).
[43] P. Kutukcu, A. Ankay, E. Yazgan, and K. Bozkurt, Mon.

Not. R. Astron. Soc. 511, 4669 (2022).
[44] F. Feroz, M. P. Hobson, E. Cameron, and A. N. Pettitt, Open

J. Astrophys. 2, 10 (2019).

FANG, XI, BAO, BI, and CHEN PHYS. REV. D 106, 123017 (2022)

123017-8

https://doi.org/10.1103/PhysRevD.96.103016
https://doi.org/10.1103/PhysRevD.96.103016
https://doi.org/10.1103/PhysRevD.100.043016
https://doi.org/10.1103/PhysRevD.100.043016
https://doi.org/10.1051/0004-6361/201936505
https://doi.org/10.1051/0004-6361/201936505
https://doi.org/10.1126/science.aan4880
https://doi.org/10.1126/science.aan4880
https://doi.org/10.1103/PhysRevLett.126.241103
https://doi.org/10.1103/PhysRevLett.126.241103
https://doi.org/10.1103/PhysRevD.105.103007
https://doi.org/10.3847/1538-4357/abc2d8
https://doi.org/10.3847/1538-4357/abc2d8
https://doi.org/10.3847/1538-4357/ac8b8a
https://doi.org/10.3847/1538-4357/ac8b8a
https://doi.org/10.1103/PhysRevD.104.103024
https://doi.org/10.1103/PhysRevD.104.103024
https://doi.org/10.1051/0004-6361/201732098
https://doi.org/10.1051/0004-6361/201732098
https://doi.org/10.1051/0004-6361:20078715
https://doi.org/10.1051/0004-6361:20078715
https://doi.org/10.3847/1538-4357/ab5af6
https://doi.org/10.1051/0004-6361/202142394
https://doi.org/10.1051/0004-6361/202142394
https://arXiv.org/abs/1110.6837
https://doi.org/10.1103/PhysRevD.98.043005
https://doi.org/10.1103/PhysRevD.105.103013
https://doi.org/10.1103/PhysRevD.98.063017
https://doi.org/10.1103/PhysRevD.98.063017
https://doi.org/10.1103/PhysRevD.105.123008
https://doi.org/10.1103/PhysRevD.105.123008
https://doi.org/10.1093/mnras/stz1974
https://doi.org/10.1093/mnras/stz1974
https://doi.org/10.1103/PhysRevLett.123.221103
https://doi.org/10.1103/PhysRevLett.123.221103
https://arXiv.org/abs/2205.08544
https://doi.org/10.3847/1538-4357/ab258e
https://doi.org/10.3847/1538-4357/ab258e
https://doi.org/10.1103/PhysRevD.101.103035
https://doi.org/10.1103/PhysRevD.101.103035
https://doi.org/10.3847/1538-4357/ac235e
https://doi.org/10.3847/1538-4357/ac235e
https://doi.org/10.1146/annurev.astro.44.051905.092528
https://doi.org/10.1146/annurev.astro.44.051905.092528
https://doi.org/10.1086/428488
https://www.astronomerstelegram.org/?read=12463
https://www.astronomerstelegram.org/?read=12463
https://www.astronomerstelegram.org/?read=12463
https://doi.org/10.1088/0004-637X/691/1/516
https://doi.org/10.1088/0004-637X/691/1/516
https://doi.org/10.1093/mnras/sty2387
https://doi.org/10.1088/0004-637X/707/2/916
https://doi.org/10.1103/PhysRevD.94.063009
https://doi.org/10.1103/PhysRevD.94.063009
https://doi.org/10.1088/0256-307X/38/3/039801
https://doi.org/10.1088/0256-307X/38/3/039801
https://doi.org/10.1111/j.1365-2966.2007.11800.x
https://doi.org/10.1111/j.1365-2966.2007.11800.x
https://doi.org/10.1103/RevModPhys.42.237
https://doi.org/10.1103/RevModPhys.42.237
https://doi.org/10.1088/0004-637X/697/2/1071
https://doi.org/10.1088/0004-637X/697/2/1071
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.1103/PhysRevD.100.123015
https://doi.org/10.1103/PhysRevD.100.123015
https://doi.org/10.3847/1538-4357/835/1/29
https://doi.org/10.3847/1538-4357/835/1/29
https://doi.org/10.1093/mnras/stac346
https://doi.org/10.1093/mnras/stac346
https://doi.org/10.21105/astro.1306.2144
https://doi.org/10.21105/astro.1306.2144


[45] B. Posselt, G. Pavlov, P. Slane, R. Romani, N. Bucciantini,
A. Bykov, O. Kargaltsev, M. Weisskopf, and C. Y. Ng,
Astrophys. J. 835, 66 (2017).

[46] S. P. Reynolds, G. G. Pavlov, O. Kargaltsev, N. Klingler, M.
Renaud, and S. Mereghetti, Space Sci. Rev. 207, 175 (2017).

[47] A.M.Bykov, E.Amato,A. E. Petrov,A.M.Krassilchtchikov,
and K. P. Levenfish, Space Sci. Rev. 207, 235 (2017).

[48] O. M. Bitter and D. Hooper, J. Cosmol. Astropart. Phys. 10
(2022) 081.

[49] N. Bucciantini, J. Arons, and E. Amato, Mon. Not. R.
Astron. Soc. 410, 381 (2011).

[50] D. F. Torres, A. Cillis, J. Martín, and E. de Oña Wilhelmi, J.
High Energy Astrophys. 1–2, 31 (2014).

[51] G. Principe, A. M.W. Mitchell, S. Caroff, J. A. Hinton,
R. D. Parsons, and S. Funk, Astron. Astrophys. 640, A76
(2020).

[52] X.-H. Ma et al. (LHAASO Collaboration), Chin. Phys. C
46, 030001 (2022).

[53] K. Fang, X.-J. Bi, and P.-F. Yin, Astrophys. J. 884, 124
(2019).

[54] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.
117, 231102 (2016).

[55] K. Fang, X.-J. Bi, P.-F. Yin, and Q. Yuan, Astrophys. J. 863,
30 (2018).

[56] Q. Yuan, S.-J. Lin, K. Fang, and X.-J. Bi, Phys. Rev. D 95,
083007 (2017).

FEATURES OF THE GAMMA-RAY PULSAR HALO HESS J1831- … PHYS. REV. D 106, 123017 (2022)

123017-9

https://doi.org/10.3847/1538-4357/835/1/66
https://doi.org/10.1007/s11214-017-0356-6
https://doi.org/10.1007/s11214-017-0371-7
https://doi.org/10.1088/1475-7516/2022/10/081
https://doi.org/10.1088/1475-7516/2022/10/081
https://doi.org/10.1111/j.1365-2966.2010.17449.x
https://doi.org/10.1111/j.1365-2966.2010.17449.x
https://doi.org/10.1016/j.jheap.2014.02.001
https://doi.org/10.1016/j.jheap.2014.02.001
https://doi.org/10.1051/0004-6361/202038375
https://doi.org/10.1051/0004-6361/202038375
https://doi.org/10.1088/1674-1137/ac3fa6
https://doi.org/10.1088/1674-1137/ac3fa6
https://doi.org/10.3847/1538-4357/ab3fac
https://doi.org/10.3847/1538-4357/ab3fac
https://doi.org/10.1103/PhysRevLett.117.231102
https://doi.org/10.1103/PhysRevLett.117.231102
https://doi.org/10.3847/1538-4357/aad092
https://doi.org/10.3847/1538-4357/aad092
https://doi.org/10.1103/PhysRevD.95.083007
https://doi.org/10.1103/PhysRevD.95.083007

