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The gamma-ray halo around Geminga is formed owing to the slow diffusion of the electrons released by
the Geminga pulsar wind nebula (PWN). The latest observations from the HAWC and H.E.S.S.
Collaborations exhibit complex features in the TeV gamma-ray spectrum of the Geminga halo. We first
show that the new results cannot be interpreted by the commonly used simple model, where a single power-
law injection spectrum and an energy index of § = 1/3 for the diffusion coefficient are assumed. We then
propose a two-population electron injection model based on the x-ray observations of the Geminga PWN,
which consists of a population of freshly accelerated electrons escaping from the PWN through rapid
outflows and a population trapped longer inside the PWN before escaping. The two-population model
interprets the HAWC and H.E.S.S. data well, and the goodness of fit improves significantly compared with
the single power-law injection model. It also predicts a different energy dependency of the gamma-ray
profile from the single power-law injection model, which could be tested by the Large High Altitude Air
Shower Observatory in the coming future. We note that a ¢ slightly larger than 1 is needed to fit the HAWC
and H.E.S.S. data consistently. We also discuss the possible improvements by adopting the two-zone

diffusion model.
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I. INTRODUCTION

After electrons and positronsl escape from some middle-
aged pulsars (or pulsar wind nebulas, PWNs hereafter),
they diffuse very inefficiently in the surrounding interstellar
medium (ISM). The diffusion coefficient is several hundred
times smaller than the typical value in the Galaxy, and the
accumulated electrons generate observable gamma-ray
halos through the inverse Compton scattering (ICS) of
the background photons, which are known as the pulsar
halos [1,2]. As the gamma-ray morphology traces the
spatial distribution of the parent electrons, pulsar halos
can be good indicators of electron propagation in localized
regions of the Galaxy.

The TeV halo around Geminga is the first discovered and
so far best-studied pulsar halo [3,4]. The unexpected slow-
diffusion environment indicated by the pulsar halo revives
the discussion on the possibility of Geminga as the source
of the cosmic positron excess [5—11]. However, there is no
clear conclusion due to the lack of knowledge of the
electron injection spectrum and features of the slow-
diffusion zone. In the original paper of HAWC [4], a
simple model with a single power-law electron injection
spectrum and Kolmogorov’s energy dependency of the

'Electrons will denote both electrons and positrons hereafter if
not specified.
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diffusion coefficient is enough to interpret the observation.
We refer to this model as the “simple model” hereafter.

The recent gamma-ray spectrum measurements of HAWC
and H.E.S.S. provide more detailed information about the
Geminga halo [12-14]. The latest HAWC spectrum indicates
apossible bump feature around 10 TeV [13]. Meanwhile, the
spectrum unexpectedly climbs again below =3 TeV. This
low-energy feature is also confirmed by the observation of
H.E.S.S., which measures the gamma-ray spectrum within 1°
around Geminga [14]. Given the high angular resolution of
H.E.S.S., the low-energy gamma-ray component is very
likely the counterpart of the high-energy halo. We will show
that these new features can no longer be interpreted by the
simple model.

In Sec. II, we briefly introduce the calculation of the
gamma-ray spectrum of the Geminga halo and present the
difficulties of interpreting the new spectral features with
the simple model. Considering the electron injection
process from the Geminga PWN implied by the x-ray
observations, we propose a two-population injection model
in Sec. III to better fit the new measurements of the gamma-
ray spectrum. In Sec. IV, we further discuss the effect of
two-zone diffusion. Finally, we conclude in Sec. V.

II. DIFFICULTIES OF THE SIMPLE MODEL

First, we introduce the routine calculation of the
gamma-ray spectrum of pulsar halos. We obtain the

© 2022 American Physical Society
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electron number density around the pulsar by solving the
propagation equation and then do the line-of-sight integra-
tion to get the electron surface density. The gamma-ray
spectrum is derived from the electron surface density
through the ICS calculation.

The electron propagation equation can be expressed by

ON(E,,r,1)

o5 =V [D(E)VN(E,.r.1)]
. a{b(E»(g)vE(Emn N oEars, (1)

where N is the electron number density and E, is the
electron energy. The diffusion coefficient takes the form of
D(E,) = Dy(E,/100 TeV)?, where we assume Dy =
3.2x 10?7 cm?s7! in the present work as measured by
HAWC [4]. The second and third terms on the right-hand
side are the energy-loss and source terms, respectively.
Synchrotron radiation and ICS dominate the energy losses
of high-energy electrons. We take the local magnetic field
strength (3 G [15]) for the synchrotron component. We
adopt the method introduced in Ref. [16] and the seed
photon field given in Ref. [4] to get the ICS component.
The source function takes the form of

Q(E,.r.t)= { (Q)(Ee)é(r—rs)[(ts + 1)/ (14 19)]% i i(())
(2)

where g(E,) is the current electron injection spectrum, r;
and 7, are the position and age of Geminga, respectively,
and t 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 ¢ = 0 corre-
sponds to the birth time of Geminga.

The solution of Eq. (1) can be expressed by

b(E})
3
Eg,r t A?dro/lmdob Eg JT/IZ)3/2

( _r0)2 *
X eXp | =5 O(E?.ro.t0),  (3)
where
E E: D(E,)
E} ~ d . /12:4/ ~dE,, (4
[1 = boE, (1 — )] e, D(EL) &)

and f;,; = max{r — 1/(byE,),0}. We integrate N over the
line of sight from Earth to the Vicinity of the pulsar and get
the electron surface density S, ( fo (ly)dly, where 6
is the angle observed away from the pulsar, [y is the length
in that direction, and N(/y) is the electron number density at

a distance of \/ d*> + lé — 2dly cos 0 from the pulsar, where

d is the distance between the pulsar and Earth. The gamma-
ray surface brightness S, (6, E, ) is derived from the electron
number density and the standard calculation of ICS [17].
Finally, we can get the gamma-ray spectrum F (E,) within
an arbitrary angular radius 6, around the pulsar
by Fo,(E,) = [ S,(6, E,)270d6.

For the simple model, the injection spectrum takes
the form of ¢(E,) « E.”. The normalization of the
injection spectrum can be obtained by the relation of
J%6ey 4(E.)E.dE, = nL, where L is the current pulsar
spin-down luminosity, and # is the conversion efficiency
from the spin-down energy to the electron energy. The
pulsar age, distance, and spin-down luminosity are 342 kyr,
250 pc, and 3.25 x 10** ergs™!, which can be found in the
Australia Telescope National Facility catalog [18]. We set p
and 7 as the free parameters in the following fit. The energy
index of the diffusion coefficient & is set to be 1/3 as
predicted by Kolmogorov’s theory.

We fit the simple model to the HAWC gamma-ray
spectrum by the minimum chi-square method and then
compare the best-fit model with the H.E.S.S. spectrum. It is
safe to use a large enough extent of §, = 10° to compare the
model with the HAWC whole-space spectrum. The best-fit
parameters are p = 2.39 and 5 = 5.46,” respectively. The
result is presented in the left panel of Fig. 1. There are two
serious problems in the result. First, the best-fit model to
the HAWC data fits poorly to the H.E.S.S. spectrum,
especially for the low-energy data. It means that the
HAWC and H.E.S.S. results cannot be consistently inter-
preted with the simple model. The gamma-ray flux ratio
Fio/Fip predicted by the simple model increases with
energy, while the measurements show a contrary tendency.
Second, the fit to the HAWC spectrum alone is also poor—
the reduced y? is ~3.5. A single power-law injection
spectrum cannot reproduce the possible spectral bump
and high-energy cutoff features.

The small Fio/F | below ~3 TeV indicates that the
spatial distribution of low-energy electrons could be more
concentrated than expected. A ¢ larger than the
Kolmogorov value is the most straightforward solution
to this problem. We add 6 as a free parameter and
simultaneously fit the HAWC and H.E.S.S. spectrum.
The best-fit parameters are p = 2.39, n=5.21, and
6 = 1.15. The required & is significantly larger than 1/3
(1/2) as predicted by Kolmogorov’s (Kraichnan’s) theory
and close to the value of Bohm diffusion. As shown in the
right panel of Fig. 1, a consistent interpretation of the two
spectra seems to be achieved. However, the reduced )(2 of

The required conversion efficiency is larger than 1, while it is
not a serious problem for a power-law injection spectrum with
p > 2.0. In this case, the energy of the electron spectrum is
concentrated at GeV energy range, where the injection spectrum
is not constrained. A low-energy spectral break or cutoff can
avoid a too large 7.
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Left: the gamma-ray spectra of the Geminga halo given by the simple model (a single power-law injection spectrum and

Kolmogorov’s energy index of the diffusion coefficient for electrons) compared with the HAWC [13] and H.E.S.S. [14] measurements.
Right: the same as the left, while the energy index of the diffusion coefficient J is set as a free parameter to fit the HAWC and H.E.S.S.

data. The best-fit § is 1.15.

the fitis 1.85, and the model is rejected by the goodness-of-
fit test at a confidence level of 97%. The main reason is still
the poor fit to the HAWC spectrum.

III. A TWO-POPULATION INJECTION MODEL
A. Description of the model

Electron-positron pairs produced by pulsars are accel-
erated to very high energies in the PWNs and then released
into the ISM to generate pulsar halos. Thus, observations of
the nonthermal radiation of PWNs are helpful for inferring
the electron injection spectrum. The Geminga PWN has
been observed in x rays by XMM-Newton and Chandra
telescopes with high spatial resolution [19-22]. The most
distinct feature of the PWN is the three-tail structure,
consisting of two lateral tails and an axial tail. The latest
Chandra observation indicates that the lateral tails, which
directly connect to the pulsar, are more likely to be
interpreted by outflows induced by polar jets of the pulsar
than the limb-brightened shell of the PWN [22,23].

The axial tail could be interpreted as a crushed torus
[22] or the bow-shock nebula [23].

According to the image and spectral measurements of the
Geminga PWN, we propose a two-population electron
injection model and illustrate it with the sketch on the left
side of Fig. 2. Obviously, electrons can be injected through
the lateral outflows, and we name this population Pop A.
As there is no evidence of synchrotron cooling in the lateral
tails, the velocity of the outflows must be larger than
~1000 kms~! [22]. Moreover, Ref. [23] suggests that the
outflows are mildly relativistic. The observed brightness
difference between the northern and southern tails could be
interpreted by Doppler boosting of the high-speed flows.
All these indicate that Pop A is fresh electrons efficiently
escaping from the acceleration sites, which is consistent
with the very hard x-ray spectrum of the lateral tails. In
addition, the energy of the parent electrons of the gamma-
ray halo can reach ~100 TeV. The synchrotron lifetime of
100 TeV electrons is =200 yr considering the 20 uG
magnetic field in the Geminga PWN [22], which means

Geminga PWN Lateral tails m—
Axial tail oo}
vl_UJ
o

AN § 10"
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FIG. 2. Left: sketch of the two-population injection model based on the morphology of the Geminga x-ray PWN [22]. Right: best-fit
gamma-ray spectra to the HAWC and H.E.S.S. data with the two-population injection model. For each population, the spectrum within
10° (1°) field around the pulsar is drawn with a solid (dotted) line. The best-fit § is 1.25.
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that part of the high-energy electrons must escape from the
PWN within 200 yr after being accelerated. Therefore, Pop
A is expected to explain the high-energy part of the halo
spectrum.

We assume a super-exponentially-cutoff power law for
the injection spectrum of Pop A,

Gu(E.) « E3 exp [— (5—) 2] . ()

Cc

The electron spectral indices of the northern and southern
tails of the x-ray PWN are 0.67 and 1.04, respectively [22],
and we take the average value of 0.85 for p. The cutoff term
in Eq. (5) describes the acceleration limit of the PWN, the
form of which is suggested by Ref. [24]. The cutoff energy
E. is set as a free parameter. Another free parameter of Pop
A is the conversion efficiency 77,4, which corresponds to the
normalization of the injection spectrum.

Meanwhile, electrons may also escape from the axial tail
in a less efficient way, and we name this population Pop B.
The x-ray observations show a tendency of spectral soft-
ening along the axial tail [22], which may be due to the
synchrotron cooling of electrons. This implies that Pop B
may be trapped longer in the PWN than Pop A before being
injected into the ISM. Suppose the trapping time is
~1000 yr, a spectral break at ~10 TeV is expected for
the electron injection spectrum. We expect that Pop B
dominates the low-energy part of the gamma-ray spectrum.

Compared with Eq. (5), a spectral break is added to the
injection spectrum of Pop B,

el ()] en )] o

where the break energy E,, is set as a free parameter. The
smooth parameter s has little effect on the result and is set
to be 5. As the injection spectrum of Pop A is the spectrum
of freshly accelerated electrons, we assume that Pop B
shares the same p and E, with Pop A. The energy range of
x-ray observations is 0.3-8 keV, corresponding to the
electron energy of ~25-130 TeV. As this energy range
is between E;, and E,. (we will show below that E, is
larger than 130 TeV as required by the fit), we may estimate
—p + Ap by the x-ray spectral index of the axial tail. We
adopt the index of the region relatively far away from the
pulsar (the A2 4+ A3 region3 shown in Ref. [22]) and get
Ap = —2.85. This electron spectrum is steeper than
that predicted by a constant-injection-cooling scenario
and flatter than that of a pure cooling scenario, which
may be ascribed to the complex particle transport in the

’In Ref. [22], the A4 region is the farthest axial region to the
pulsar, while the spectral measurement of the A4 region may be
contaminated by a known star.

bow-shock nebula. In addition, the conversion efficiency
for Pop B 5y is set to be a free parameter.

B. Fitting result and discussion

In summary, the free parameters of the two-population
model are n,, ng, E., E,, and 6. We fit the two-population
model to both the HAWC and H.E.S.S. data and present the
fitting result in the right panel of Fig. 2. The reduced y* of
the best-fit result is 1.10, which improves significantly
compared with the one-population models in Sec. II. The
high-energy cutoff term of Pop A can well reproduce the
high-energy HAWC data, and the hard power-law term of
Pop A gives a better fit to the spectral flattening just below
~10 TeV of the HAWC data. The gamma-ray spectrum
generated by Pop B dominates the low-energy range and
accounts for the spectral climb of the HAWC and H.E.S.S.
data below ~5 TeV.

The best-fit parameters are 7, = 0.0725, np = 0.325,
E. =143 TeV, E, =3.93 TeV, and 6 = 1.25. The total
conversion efficiency from the pulsar spin-down energy to
the injected electron energy is ~40%, which is in a
reasonable range. The observations of the x-ray PWN
indicate that the Geminga PWN can accelerate electrons
up to ~100 TeV. The best-fit E,. is larger than 100 TeV,
consistent with the x-ray observations. The best-fit break-
ing energy of Pop B corresponds to a synchrotron cooling
time of ~5000 yr, indicating that Pop B may be trapped
inside the PWN for thousands of years before escaping.
The best-fit & is similar to that obtained with the single
power-law injection model in Sec. II.

As the electron injection process of Pop A is evident, we
may also give a rough estimate of the injection rate of Pop
A based on the x-ray observations. The brighter part of the
southern tail measured by Ref. [21] is used for the estimate.
The unabsorbed luminosity in the 0.3-8 keV band of this
region is £ = 1.96 x 10* ergs~!. The outflow velocity is
assumed as wv~c. The length of this region is
[ = 90” x 7/180° x 250 pc = 0.1 pc. We take the approxi-
mation provided by Ref. [25] for the calculation of
synchrotron emission, which can be expressed by

c= / " b(E,)Q(E,)dE,. (7)

where E,; and E,, are the electron energies correspon-
ding to synchrotron peak frequencies of 0.3 and 8 keV,
respectively, and b is the synchrotron energy-loss rate. The
electron energy spectrum Q has the same form as Eq. (5),
while the normalization is determined by Eq. (7). The total
electron energy in this bright region is £ = [ Q(E,)E,dE,.
Finally, the total injection rate of the lateral outflows is
estimated by 2€wv/1, and the conversion efficiency from the
pulsar spin-down luminosity to Pop A is 2€v/I/L = 2%,
where L is the current spin-down luminosity of Geminga.
This efficiency is about 3 times smaller than the best-fit 774.
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FIG. 3. Flux ratio of F/Fy predicted by different models.

The blue, red, and green lines correspond to the one-population
single power-law injection model on the right side of Fig. 1,
the two-population injection model in Fig. 2, and the two-
population injection model with two-diffusion assumption in
Fig. 4, respectively.

However, the value of £ is based on the assumption of
isotropic emission. Considering the large angle between
the outflows and the line of sight, the real £ could be
significantly larger, and the conversion efficiency estimated
by the x-ray observation could be in better agreement with
the fitting result.

Apart from the improvement of the goodness of fit, the
two-population model also predicts a different energy
dependency of the gamma-ray flux ratio F-/Fp from
the single power-law model. As shown in Fig. 3, the single
power-law model on the right side of Fig. 1 predicts a
monotonically decreasing flux ratio, while the flux ratio
corresponding to the two-population model in Fig. 2
decreases with energy in the low-energy range and
increases again above ~10 TeV. The difference is due to
the different injection spectra of these two models. In the
case of continuous injection, the injection spectrum may
significantly affect the spatial distribution of electrons. We
give a qualitative explanation below.

Considering a constant-injection case, the electron dis-
tribution can be expressed by

N(E,.r) = /Eoo dEO%Wexp (- ;—2) 0(Ey).

(8)

It can be seen that N(E,, r) is a superposition of electron
distributions with different initial energies E,, and Q(E,) is
the weight of the superposition. For § > 1, electrons with
larger energies have more extended distributions, and the
gamma-ray flux ratio F/F o tends to decrease with
energy. However, the two-population model assumes a
cutoff term for the injection spectrum. The number of
electrons above the cutoff energy decreases sharply, which

means that the spatially extended component of the electron
distribution is seriously reduced. Thus, electron distribu-
tions with higher energies are less extended, and F o/ F e
increases with energy.

The energy dependency of the gamma-ray flux ratio can
be a good criterion for models. Because of the large
uncertainties of the H.E.S.S. spectrum above &5 TeV,
the energy dependency in high energies is not well con-
strained. The Large High Altitude Air Shower Observatory
(LHAASO) experiment [26] is expected to provide mor-
phology measurements for gamma-ray pulsar halos in a
wide energy range in the coming future, which may give
clear judgments to different models.

IV. TWO-ZONE DIFFUSION

In the above calculations, the electron diffusion is
assumed to be homogeneous. However, the slow-diffusion
process around Geminga should not be typical in the
Galaxy. Considering the possible origins of the slow-
diffusion environment, the two-zone diffusion model
may be a more reasonable assumption (e.g., Ref. [6]).
The slow-diffusion zone could be ascribed to the streaming
instability induced by the electrons escaping from Geminga
[27,28]. It could also be generated by an external source,
such as the parent SNR of Geminga, which may provide
enough energy for the slow-diffusion environment [29].
Either interpretation suggests a slow-diffusion zone with a
size of ~50 pc. Furthermore, the multiwavelength gamma-
ray spectrum of another pulsar halo LHAASO J0622 +
3755 also indicates that the slow-diffusion zone may not be
larger than ~50 pc [30]. Below we discuss the effects of
two-zone diffusion, based on the two-population injection
model in Sec. IIL

First, the two-zone diffusion model can fit the observa-
tions with a § smaller than the one-zone diffusion model
required. When electrons escape from the slow-diffusion
zone, they rapidly spread in the ISM due to the much larger
diffusion coefficient outside. In this case, part of the
electrons is still accumulated nearby the pulsar (e.g., within
a 1° field around the pulsar), while the electrons injected
earlier may escape very far away from the pulsar (e.g.,
out of a 10° field around the pulsar). This feature is
clearly illustrated by Fig. 1 of Ref. [6]. Thus, the two-
zone diffusion model predicts a larger F-/Fy than the
one-zone diffusion case for the same 6. For 6 < 1, low-
energy electrons have larger propagation scales and can
escape from the slow-diffusion zone more easily. It means
that the increase of F -/ F- is more significant for the low-
energy range of the gamma-ray spectrum, which may
explain the large F-/F,y indicated by the HAWC and
H.E.S.S. data <5 TeV.

We assume 0 = 0.5 that is predicted by Kraichnan’s
theory and adopt the two-zone diffusion model to explain
the HAWC and H.E.S.S. data. The diffusion coefficient
takes the form of
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FIG. 4. Left: spectra calculated under the two-zone diffusion assumption, based on the two-population injection model in Fig. 2. The
energy index of the diffusion coefficient used here is § = 0.5 as predicted by Kraichnan’s theory. Right: wide band gamma-ray spectra
extrapolated from the two-zone model on the left and the one-zone model in Fig. 2, compared with the Fermi-LAT data obtained

by Ref. [10].
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where D, is the slow-diffusion coefficient used above, D,
is the typical diffusion coefficient of the Galaxy [31], and
r, is the size of the slow-diffusion zone. The gamma-ray
profile measured by HAWC indicates that r, should not be
smaller than ~25 pc for electrons of ~100 TeV, while we
find that a smaller r, is needed to interpret the large
F1/ F o in the low-energy range. The self-excited scenario
of slow diffusion also suggests that r, decreases with
energy [27]. Therefore, we assume r, =30 pc for
E, >30TeV, and r, = 15 pc for E, < 30 TeV. We show
the comparison between the two-zone model and the
observations in the left panel of Fig. 4. The low-energy
data are well explained as expected. Most of the free
parameters used here are similar to the model in Fig. 2,
while a larger conversion efficiency of 1.25 is required for
Pop B due to the smaller r, in low energies. We also show
the energy dependency of the flux ratio of this model in
Fig. 3, which has a similar tendency with the model
in Fig. 2.

Additionally, the two-zone diffusion model may have a
better agreement with the GeV observation of the Geminga
halo. The GeV Geminga halo is expected to be very
extended, and the spectral measurement is challenging
due to the large uncertainty of the gamma-ray background
[9,10]. In the right panel of Fig. 4, we give a comparison
between the models in this work and the Fermi Large Area
Telescope (Fermi-LAT) spectrum of the Geminga halo
obtained by Ref. [10]. The GeV spectrum is significantly
affected by the history of the diffusion pattern. For the self-
generated scenario of slow diffusion, the diffusion coef-
ficient began to decrease to the current level ~10° yr after
the birth of Geminga [28]. For the alternative scenario
proposed by Ref. [29], a timescale of ~10° yr may also be
needed for Geminga to approach the postshock region,

where a slow-diffusion environment is expected. Thus, we
assume a 10° yr delay for the emergence of the slow-
diffusion zone. As shown in Fig. 4, the GeV spectrum
extrapolated from the one-zone diffusion model in Fig. 2 is
several times higher than the Fermi-LAT data, while the
GeV fluxes predicted by the two-zone diffusion model are
significantly suppressed and consistent with the Fermi-
LAT spectrum. It should be emphasized that the above
comparison is qualitative. The calculation of the GeV
spectrum is affected by the low-energy electron injection
spectrum, the time evolution and energy dependency of r,,
and the energy dependency of the diffusion coefficient, all
of which are currently not constrained.

V. CONCLUSION

In this work, we first show that the latest HAWC and
H.E.S.S. gamma-ray spectra of the Geminga halo can no
longer be interpreted by the simple model, where a single
power-law injection spectrum and Kolmogorov’s energy
index of the diffusion coefficient (§ = 1/3) are assumed.
Although a larger § may account for the unexpected large
flux ratio between the H.E.S.S. and HAWC data below
~5 TeV, the single power-law assumption for electron
injection is disfavored by the goodness-of-fit test. The
reason is that the gamma-ray spectrum derived from this
simple assumption cannot reproduce the complex spectral
features of the measurements.

The Geminga PWN is the source of the electrons that
light up the Geminga halo, and the x-ray PWN and the TeV
gamma-ray halo are generated by electrons with almost the
same energy range. Thus, it is meaningful to estimate the
electron injection spectrum by the x-ray observations.
We propose a two-population injection model based on
the image and spectral measurements of the Geminga x-ray
PWN. One population (Pop A) is the freshly accelerated
electrons that escape from the PWN through rapid
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outflows, corresponding to the lateral tails of the x-ray
PWN. The spectrum of Pop A consists of a hard power-law
term and a high-energy cutoff term that describes the
acceleration limit. The other population (Pop B) is the
electrons trapped longer in the PWN before escaping,
which corresponds to the axial tail of the x-ray PWN. A
spectral break is further assumed in the injection spectrum
of Pop B due to the synchrotron cooling inside the PWN.

The two-population injection model can consistently fit
the HAWC and H.E.S.S. spectra with a reduced y? of 1.10,
compared with y? = 1.85 for the single power-law injec-
tion model. The high-energy HAWC spectrum is repro-
duced by the cutoff term of the injection spectrum, and the
H.E.S.S. and low-energy HAWC spectral features are well
interpreted by the superposition of populations A and B.
Intriguingly, a & slightly larger than 1 is needed to fit the
data. It is larger than that predicted by Kolmogorov’s or
Kraichnan’s theory and closer to the value of Bohm
diffusion. The two-population model also predicts a dif-
ferent energy dependency of the gamma-ray profile from

the single power-law model, which will be tested by
the energy-dependent morphological measurements of
LHAASO.

We also discuss the effect of two-zone diffusion on
electron propagation, which could be a more reasonable
scenario considering the possible origins of slow diffusion.
Compared with the one-zone diffusion case, the HAWC
and H.E.S.S. data could be interpreted with a smaller 0.
Additionally, the GeV spectrum predicted by the two-zone
diffusion model may have better consistency with the
Fermi-LAT observation of the Geminga halo, although
the uncertainties of the data analysis and spectrum calcu-
lation in the GeV band are both large at present.
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