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Anisotropic diffusion is one of the potential interpretations for the morphology of the Geminga pulsar
halo. It interprets the observed slow-diffusion phenomenon through a geometric effect, assuming the mean
magnetic field direction around Geminga is closely aligned with the line of sight toward it. However, this
direction should not extend further than the correlation length of the turbulent magnetic field L., which
could be 100 pc or less. We first revisit the L. = oo scenario and show that the halo asymmetry predicted by
this scenario is mainly contributed by the electrons located beyond the “core” section around Geminga,
which has a length of 100 pc. Then, considering the directional variation of the magnetic field beyond the
core section, we take one magnetic field configuration as an example to investigate the possible halo
morphology. The predicted morphology has some different features compared to the L. = oo scenario. The
current experiments may already be able to test these features. In addition, we use a semi-analytical method
to solve the anisotropic propagation equation, which offers significant convenience compared to numerical

approaches.
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I. INTRODUCTION

Pulsar halos are inverse Compton (IC) gamma-ray
sources generated by high-energy electrons and positrons
escaping from pulsar wind nebulae (PWNe) and diffusing
in the interstellar medium (ISM) around the pulsars (see
Refs. [1-3] for reviews). The most notable feature of pulsar
halos is the extremely slow electron diffusion rate inside
the halo regions [4—7], which also enables their visibility.
Pulsar halos are ideal probes for studying cosmic ray
propagation in localized Galactic regions. They are
believed to have critical implications on the problems of
the cosmic positron excess and the diffuse TeV gamma-ray
excess [8—10], assuming we properly understand the slow-
diffusion phenomenon.

As the diffusion coefficient is inversely proportional to
the energy density of the turbulent magnetic field [11], the
slow-diffusion phenomenon may correspond to a signifi-
cant turbulence injection. The escaping electron-positron
pairs themselves can excite turbulent waves through
streaming instability [12,13], while the injection power
may be too weak to significantly suppress the diffusion
coefficient considering the pulsar motion [14]. The parent
supernova remnants (SNRs) of the pulsars are promising

'Electrons will denote both electrons and positrons hereafter if
not specified.
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sources of the required turbulence [13,14], although among
the known pulsar halos, only the Monogem halo has an
observable associated SNR [15,16]. The slow diffusion
inside the halo regions is inferred from the steep gamma-
ray profiles of the halos. It is also suggested that the steep
profiles may be reproduced with a typical diffusion rate
in the Galaxy if a relativistic correction to the diffusion
equation is considered [17]. However, the needed electron
energy, in this case, is larger than what the pulsars could
provide, and the goodness of fit to the data is significantly
poorer than the slow-diffusion model [18].

Another interpretation that does not require a strong
turbulent environment is the anisotropic diffusion
model [19,20], where the diffusion coefficient perpendicular
to the mean magnetic field can be much smaller than
parallel. If the mean magnetic field around a pulsar
coincides with the line of sight (LOS), perpendicular
diffusion could explain the steep profile of the halos, while
parallel diffusion remains typical for the Galaxy. For the
Geminga halo, the canonical pulsar halo, the large-scale
Galactic field is not aligned with the LOS toward it.
However, the turbulent field direction could significantly
deviate from the large-scale field at the turbulence corre-
lation length L. (<100 pc), and alignment is still possible
considering this fluctuation [19].

Along this line of thought, the mean-field direction
beyond ~L . from the pulsar should no longer align with our
LOS. In other words, the finiteness of L. must be considered

© 2023 American Physical Society
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when calculating the pulsar halo morphology, which was not
specifically discussed in previous works [19,20]. In this
work, we take the Geminga halo as the object to study the
impact of a finite L, on the pulsar halo morphology under
the anisotropic diffusion assumption. In Sec. II, we describe
our calculation and introduce a semi-analytical method for
solving the anisotropic diffusion equation, which is much
more convenient than the numerical method adopted by
the previous works [19,20]. In Sec. III and IV, we revisit
the model that does not consider the finiteness of L. and
show that the halo asymmetry expected by this scenario is
actually contributed by the electrons located outside the
typical scale of L, around the pulsar. As the direction of the
mean magnetic field far away from Geminga is unknown,
we take one magnetic field configuration as an example to
discuss the possible halo morphology in Sec. V. Finally, we
conclude in Sec. VL.

II. SEMIANALYTICAL SOLUTION
OF THE ANISOTROPIC DIFFUSION
EQUATION

After the accelerated electrons escape from the PWN,
their propagation in the interstellar medium (ISM) can be
described by the diffusion-loss equation. We solve the
propagation equation to obtain the electron number density
around the pulsar and then do the LOS integration to obtain
the electron surface density, with which the gamma-ray
emission can be derived from the standard IC scattering
calculation [21].

The electron propagation equation under anisotropic
diffusion can be expressed by

ON(E,,r,z,t) D,.(E,) 0 [ oN(E,, r z1)
= —|r
ot r ar or

?N(E,,r,z,1)

+ Dzz<Ee> 0—22

| ADEINEe. r,z.1)
oE,

+Q(Eeﬂr’Z7t)y (1)

where N is the electron number density, E, is the electron
energy, r and z are the coordinates perpendicular and
parallel to the mean magnetic field with the pulsar position
as the origin, and ¢ is the time coordinate with the pulsar
birth time as the origin. As suggested by Refs. [22,23], the
diffusion coefficient perpendicular and parallel to the mean
magnetic field have the relation of D, = D..M%, where
M, is the Alfvénic Mach number. The perpendicular
diffusion coefficient is smaller than the parallel one in
the sub-Alfvénic regime. The energy-loss rate is denoted
with b(E,) = by(E,)E?. We take a magnetic field strength

of 3 uG for the synchrotron loss rate. We adopt the
background photon fields given in Ref. [4] and the para-
metrization method given in Ref. [24] to calculate the IC
loss rate.

We divide the source function Q into a spatial term ¢,, a
temporal term ¢,, and an energy term qr. As the bow-shock
PWN size is much smaller than the gamma-ray halo, we
can safely assume a pointlike source as

4:(r.2) = 5(1)3(2). )

The temporal term is assumed to follow the variation of the
pulsar spin-down luminosity as
[(l + t/tsd)/(l +1 /tsd)]_z’ 120
a0 ={ " e
0, <0

where 7, is the pulsar age, and 74 is the pulsar spin-down
time scale set to be 10 kyr. The injection energy spectrum
is assumed to be a power law with an exponential
cutoff as

qe(E.) = q.oEe" exp [— ( 5 ) 2] : (4)

which is suggested by the relativistic shock acceleration
theory of electrons [25].

We rescale the r coordinate to ¥ = ar, where a = M;z.
Then Eq. (1) can be rewritten as

ON'(E,, V', z,1) _ D.(E,) 0 [r’ ON'(E,, 7, z, Z)}
ot roor or’
*N'(E,,7,z.1)
072
dlb(E,)N'(E,, ", z,1)]
+ JE,
+ Q'(E,.7 z.1), (5)

+ DZZ (Ee)

where N'(E,,r,z,t)=N(E,,r'/a,z,t),and Q'(E,,r ,z,t) =
qx(r'.2)qe(E,)q,(t), where

612

q:(r'.z) = qi(r'/a.z) = —55(r')5(z). (6)

Now Eq. (5) describes isotropic diffusion in cylindrical
coordinates, and we can straightforwardly write the sol-
ution given by the image method [26] as
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E £z D_(E.)
EX ~ ¢ , A2 :4/ —2 " dE,
[1 = boE,(t - 19)] e, b(E)
tii = max{t — 1/(byE,), 0}, (8)

and z,,,, 1S set to be 2 kpc, which is significantly larger than
A within the energy range of interest. Finally, we obtain the
solution of Eq. (1), which is written as

t b(EX) d*
N(E,.r.z.t) = | diyg,(to)qe(EX) ——L—
(E,,r,z,1) / 0q:(t0)qE( )b(Ee) (222)32
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We denote the angle between the z axis and the direction
to the pulsar with ®. For the LOS direction with an angle of
6 away from the pulsar, the electron surface density can be
calculated by

5.(0) = / N(r(1,0,®),2(,6,®))dl.  (10)

One may refer to Ref. [19] for the transformation between
(1,0,®) and (r,z).

If the finiteness of L, is considered, the z axis should
change direction significantly at each L.. We take an
equivalent approach to this problem in the LOS integration
step, which will be described in detail in Sec. V.

III. ANISOTROPIC DIFFUSION MODEL
WITH INFINITE MAGNETIC FIELD
CORRELATION LENGTH

Figure 1 shows a possible magnetic field configuration
around Geminga for the anisotropic-diffusion interpreta-
tion. The Galactic large-scale magnetic field near the
Galactic plane should follow the direction of the local
spiral arm (the Orion Spur), which deviates significantly
from the LOS toward Geminga. However, considering the
fluctuation of the turbulent field at the scale of L., there is a
possibility that the mean field around Geminga coincides
with our LOS, although the field should change direction
significantly outside the scale of L, (the solid blue line
in Fig. 1).

In the previous calculations of the anisotropic diffusion
model [19,20], the magnetic field in the ISM always
remains in its direction near Geminga, as shown by the
dashed blue line in Fig. 1. It means that the finiteness of L,
is not considered or that L, is assumed to be much larger
than indicated by observations [27,28]. In this section,
we revisit this scenario by comparing it with the HAWC
measurement of the Geminga halo [4]. The HAWC
Collaboration did not report significant asymmetry in the
Geminga halo, while the most distinct feature of aniso-
tropic diffusion is its expected asymmetry [29]. The left
panel of Fig. 2 shows an example of the Geminga halo
morphology with @ = 5°. The asymmetry increases as ®
increases [29].

For a specific ®, we test if the asymmetry could be
identified with the data size used in the original paper of
HAWC [4]. In the initial step, we calculate the average
gamma-ray profile in 0° < < 360° to fit the surface
brightness profile given by HAWC, where ( is the azimuth
marked in the left panel of Fig. 2. The main parameters of
the model are determined by this fitting procedure. Then in
the subsequent step, we calculate the integrated fluxes in
three different intervals of 0° < ¢ < 60°, 60° < ¢ < 120°,
and 120° < ¢ < 180° and test if there is a significant
difference between them.

* Geminga
7’
’
7’
7’
’
7’
7’
7 Direction of Galactic large-scale
Pid ™ magnetic field
Assumed local magnetic field around
s Geminga with a limiton L,
_ Assumed local magnetic field around
- Geminga without a limit on L,
FIG. 1. Schematic diagram showing a possible relationship

between the directions of the Galactic large-scale magnetic field,
the turbulent magnetic field around Geminga, and our LOS
toward Geminga. The correlation length of the turbulent field L.
is assume to be ~100 pc, significantly smaller than the distance
between the observer and Geminga.
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FIG. 2. Left: Gamma-ray morphology of the Geminga halo expected by the anisotropic diffusion model, assuming L, = oo, ® = 5°,
M, =02, and D,, ;o0 = 3 x 10?7 cm?s™!. The units of the color bar are 1072 TeV cm™s~! deg™. The energy integration range
is 840 TeV. Right: Same as the left, but only consider the contribution of the electrons located within the “core” section depicted

in Fig. 5.

The diffusion coefficient take the form of D; =
D; 100(E/100 TeV)?, where i = zz or rr. The slope is
assumed to be § = 1/3, as suggested by Kolmogorov’s
theory. The parallel diffusion coefficient D_, should be
consistent with the cosmic-ray boron-to-carbon ratio (B/C)
measurements [30-32]. The DAMPE experiment measures
the B/C up to ~5 TeV/n and finds a spectral hardening
at ~#100 GeV/n. Assuming the B/C spectrum above the
hardening can extrapolate to 100 TeV, and the spectral
hardening is entirely attributed to the slope change of the
diffusion coefficient, we can get a lower limit of D, oo
of ~7 x 10¥ cm?s™! (see model B’ of Ref. [33]). We set
D 100 as a free parameter in the fitting procedure. Another
free parameter is M,, which together with D__ oo deter-
mines D, 190

For the injection spectrum, we set p = 1.0 and
E,. =130 TeV as suggested by a fit to the HAWC
gamma-ray spectrum [18]. The conversion efficiency
from the pulsar spin-down energy to the injected electron
energy is set to be a free parameter and denoted with
n, which mainly determines the normalization of the
injection spectrum. Since the gamma-ray profile provided
by HAWC is in a single energy bin of 840 TeV, fixing
the parameters that mainly determine energy-dependent
features (p, E,., and 6) should hardly impact our
results.

As an example, we show the fitting result for @ = 5° in
the left panel of Fig. 3. The best-fit parameters are D, 10 =
1.8 x 103 em?s™!, M, = 0.17, and n = 8.2%. It can be
seen that the full-azimuth averaged profile can fit the HAWC
data well (reduced y? is 0.89). However, the expected
profiles in different subintervals are clearly different.

To estimate the significance of predicted flux differences
between the subintervals, we need to determine the
statistical errors in the measurements. We convert the
HAWC measured flux into event counts and estimate
the background. The live time is set to be 507 days [4],
and the observation time of the Geminga halo is about six
hours on each transit. The average photon energy of the
measurement is 20 TeV [4]. According to of HAWC
effective area of 22000 m? [34], the mean flux value can
be converted to ng, and the flux error roughly to
Vi Q + n,Q/Q, where ng and n;, are the number of
excess events and background events per square degree,
respectively, and € is the solid angle of an angular interval.
We assume that n;, is uniform in all the angular intervals
and obtain an average n,;, of 405 deg=>.

For each subinterval, the predicted excess integrated
within 10° around the pulsar can be expressed as N~
Niodel £ V/Nmodgel + Np, where N 4o 1s the integrated
model value, and N, is the integrated background. We
compare the predicted N, in different subintervals® in
Fig. 4. As shown, the difference between the subintervals
of 0° < ¢ < 60° and 120° < ¢ < 180° could be identified
with a significance of 36 for ® = 2°. The asymmetry is
more significant for larger @ as expected. For @ = 1°,
the excess difference is no longer significant between the
subintervals, which may not be detectable with the HAWC
data. This restriction given by this integrated-flux test could

?As the model is symmetrical relative to the horizontal axis
(see Fig. 2), the region of 0° < { < 60° actually represents
—60° < ¢ < 60°. The same is true for other subintervals.

023017-4



EFFECT OF THE MAGNETIC FIELD CORRELATION LENGTH ...

PHYS. REV. D 108, 023017 (2023)

1.0 T T T T
HAWC data —@—

Overall average s

0.8 [~ 0°< {<60° ——
b 60°¢ { <120° ——
-§7 120°¢< { <180°
w 06
«
£
o
3
= 04 F
B
o
e
7]

0.2 |

0.0 |-

0
Distance from PSR (degree)
FIG. 3.

T
0°¢  <60° ——

A . .

07k | 60°< ( <120° ——— o
120°<  <180°
«— 06[ E
k=3
[}
hel
- 05 -
"
o
£
S 04f E
3
=
o L .
P 0.3
=
@ 02} E
0.1}F -
0.0 1 A 1 1
0 2 4 6 8 10

Distance from PSR (degree)

Left: Fitting result to the HAWC measurement of the Geminga halo profile [4] assuming @ = 5° and L. = oo. Profiles in

different azimuth intervals calculated with the best-fit parameters are also shown. Right: Based on the subinterval profiles in the left
panel, but only consider the contribution of the electrons located within the “core” section depicted in Fig. 5.
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FIG. 4. Number of excess events in different regions of the
Geminga halo predicted by the anisotropic diffusion model,
assuming an infinite extent for the mean magnetic field around
Geminga (L, = o). The experiment parameters adopted in the
HAWC paper [4] is used for the estimation.

be more stringent than Ref. [20], where ® is constrained to
be smaller than ~2.5°.

IV. ORIGIN OF THE PREDICTED HALO
ASYMMETRY

Observations indicate that the correlation length of
the turbulent magnetic field in the Galactic ISM falls in
1-100 pc [27,28]. The correlation length is determined
by the turbulence injection scale, which is several times
smaller than the actual injection scale [35]. As the main
turbulence sources, SNRs typically have scales of several
dozen parsecs, so it is unlikely that L. near Geminga is
significantly larger than 100 pc, given that no large-scale
structure is found in that region. Furthermore, the mean
magnetic field within 20 pc around the solar system, as

measured by the Interstellar Boundary Explorer (IBEX),
forms a ~60° angle with the direction of Geminga [36].
This local field direction could be distorted by the Local
Bubble [37]. Thus, even if the mean field near Geminga
coincides with our LOS, it is unlikely that it extends all the
way to the vicinity of the solar system.

To interpret the halo morphology with the anisotropic
diffusion model, the mean magnetic field direction within
the “core” section around Geminga, which has a length of
L, as depicted in Fig. 5, must align with the LOS direction.
We assume L, = 100 pc in the following calculations of

% Geminga

FIG. 5. Schematic diagram showing a possible magnetic field
configuration in the ISM around Geminga. Electrons propagating
along the core part, which roughly aligns with the LOS and has a
length of L. = 100 pc, may interpret the observed steep profile
of the Geminga halo. Electrons leaving the core part will be
deflected to the directions of the wing parts, contributing addi-
tional asymmetry to the halo morphology.
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the paper unless specified. We evaluate the gamma-ray
contribution of electrons located within the core section,
which is referred to as the core component. We calculate
the gamma-ray emission by only including the electrons
located within the range of —L./2 < z < L./2 in the LOS
integration step. In the right panel of Fig. 2, we show an
example of the gamma-ray morphology of the core com-
ponent. The parameters used here are the same as those in
the left panel of Fig. 2. It can be seen that the asymmetry is
significantly reduced when only the core component is
retained. In the right panel of Fig. 3, we show the gamma-
ray profiles in three subintervals with the same parameters
used in the left panel but only include the core component
in the calculation. The difference between the profiles is
significantly reduced compared with the left, especially at
large angles.

We provide a qualitative explanation for the above
results. For the anisotropic diffusion model, the electron
number density decreases slowly along the z direction and
rapidly along the r direction. Consequently, for a position
not very far from Geminga, the electron number density is
mainly determined by its r coordinate. We plot two sets of
points that are symmetric with respect to Geminga in Fig. 1.
The green set of points, located within the core section,
exhibits a similar r coordinate and hence an equivalent
electron number density. This explains why the asymmetry
of the core component is not significant. The yellow set of
points is outside the core section. The r coordinate of the
point on the left is significantly smaller than that on the
right, so the electron number density of the point on the left
is significantly larger than that on the right. This means that
the electrons outside the core section mainly determine the
asymmetry feature of the halo.

Based on the analysis presented above, we highlight that
a reasonable prediction of the pulsar halo morphology
features requires accounting for the impact of the direc-
tional fluctuation of the mean magnetic field beyond the
core section around the pulsar.

V. POSSIBLE PULSAR HALO MORPHOLOGY
CONSIDERING THE VARIATION OF MAGNETIC
FIELD DIRECTION

Given that the direction of the mean magnetic field
outside the core section cannot be restricted, we investigate
the possible morphology of the Geminga halo under the
anisotropic diffusion model based on a simple magnetic
field configuration. As shown in Fig. 5, the direction of
the mean magnetic field experiences significant variations
outside the core part, becoming perpendicular to the LOS,
with symmetric variations on both sides. This implies that
the propagation of electrons will undergo considerable
deflection after leaving the core section. The gamma-ray
emission of the electrons propagating in the direction
of the yellow lines depicted in Fig. 5 are referred to as

the “wing” components. This scenario is referred to as the
L. =100 pc model.

The calculation of the core component has been
explained in Sec. IV. For the wing components, we first
assume that the z-axis direction remains unchanged com-
pared to the core part and get the electron number density
distribution. To achieve the effect of altering the z-axis
direction, we transform the z coordinate during the LOS
integration step. For the left wing part in Fig. 5, the origin
of the new z coordinate, Z, is taken at the position of the
yellow dot in Fig. 5, and the Z axis is along the direction
of the wing. The angle between the Z axis and the LOS is
® = 90°. The electron number density in the Z coordinate
is denoted by N. Then the relationship between N and N is
given by

N(Z)=N<z+%—%sind>). (11)

During the LOS integration of this wing component, we
consider only the electron number density within the range
of (L./2)sin® < Z < L.(1+1/2sin®). The wing com-
ponent on the right side can be obtained similarly.

In Fig. 6, We show the morphology of the Geminga halo
predicted by the above magnetic field configuration. The
parameters used are the same as those in Fig. 2. It can be
seen that the differential fluxes of the wing components are
lower than that of the core component, so the predicted halo
profile remains steep around the pulsar and can be con-
sistent with the observation. However, due to the large
angular extent of the wing components, the integrated
fluxes in different azimuth intervals may exhibit notable
differences. In addition, we can see that the flux of the wing

10 — 100

degree
o

degree

FIG. 6. Same as Fig. 2, but assuming the magnetic field
configuration depicted in Fig. 5.
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FIG.7. Left: Same as the left panel of Fig. 3, but assuming the magnetic field configuration depicted in Fig. 6 and L, = 100 pc. Right:
Same as Fig. 4, but assuming the magnetic field configuration depicted in Fig. 6 and L. = 100 pc.

component on the left is higher than that on the right due to
the closer distance of the former to our observation point.

We repeat the calculations in Sec. III, first fitting the
model with various @ to the HAWC data and then
predicting the number of excess events in different azimuth
intervals to determine whether the asymmetry could be
detected by the integrated-flux test. Note that the direction
of the wing parts is always perpendicular to the LOS, that
is, ® = 90°.

For comparison with the results presented in Fig. 3, we
show the fitting result of this new model in the left panel
of Fig. 7, assuming ® = 5°. The best-fit parameters are
D_. 100 = 1.2x10% ecm?s7!, M, =0.26, and 5 = 19%.
The difference between the predicted profiles in different
subintervals is considerably smaller than that of L. = oo.
As shown in the right panel of Fig. 7, only when ® reaches
10°, does the difference between the predicted excesses in
different subintervals has a significance of 3o.

There are several remarkable differences in the expected
halo morphology between the L. = 100 pc and L. = o0
scenarios. First, for @ values that are not very small, the
L. =100 pc model predicts a smaller halo asymmetry,
which is less likely to be detected. Current observations of
pulsar halos do not indicate significant asymmetry, indicat-
ing that the possibility of anisotropic diffusion explaining
the pulsar halo is relatively higher after considering the
finiteness of L.

Second, by comparing Fig. 4 and the right panel of
Fig. 7, it is evident that for the L. = oo scenario, the
asymmetry of the halo will vanish as ® approaches 0°,
whereas for the case of L. = 100 pc, the halo will still
retain a certain degree of asymmetry even if ® = 0°, due to
the presence of the wing components. This implies that if
the anisotropic diffusion model is correct, the asymmetry
of the halo will be inevitably detected when the data size is
larger. Assuming a live time of 500 days, we estimate the
data size collected by the Water Cherenkov Detector Array
of the Large High Altitude Air Shower Observatory
(LHAASO-WCDA), which has an effective area of

~78000 m? [38]. If ® = 0°, the expected number of excess
events in the subinterval of 60°<{ < 120° is
~1964 + 382, and that in the subinterval of 120° < { <
180°1is ~3155 & 382. Therefore, the difference between the
two regions would be detected with a significance of 3¢
even for @ = 0°.

Third, the halo morphology expected by the L. =
100 pc scenario could be more complex at large angles
than L, = oco. Although we show only one magnetic field
configuration as an example and cannot go through all the
possibilities, it is easy to infer that due to the presence of the
wing components, the halo morphology will not exhibit a
specific regularity as in the L. = oo case.

If L. is several times smaller than 100 pc, the core
component will be dimmer and no longer dominate the
halo morphology. The expected gamma-ray morphology
will then display a strong asymmetry as illustrated by the
simulations of Ref. [39], which may no longer explain
the observations. If L. is further decreased to the order
of 1 pc, the model will regress to the slow-diffusion
scenario [39] as the diffusion coefficient is positively
correlated with L, when the electron Larmor radius is
much smaller than L. [40]. There is no need to assume
anisotropic diffusion in this case.

VI. CONCLUSION

In this study, we examine the anisotropic diffusion model
as a potential interpretation of the pulsar halo morphology.
The main point of this work is to illustrate the significance
of accounting for the finiteness of L, in comparison
to ignoring it, where L. is the correlation length of the
turbulent magnetic field in the ISM. Our analysis focuses
on the Geminga halo, a canonical example of pulsar halos.

First, we discuss the model with L, = oo, which
assumes that the mean magnetic field around the pulsar
is aligned closely with the LOS and extends infinitely. In
the initial step, we calculate the azimuth-averaged gamma-
ray profile for various @ to fit the HAWC data. @ denotes

023017-7



FANG, HU, BI, and CHEN

PHYS. REV. D 108, 023017 (2023)

the angle between the mean field and the LOS. In the
subsequent step, we predict the profiles in different azimuth
intervals using the best-fit parameters in the previous step
and then evaluate the halo asymmetry by analyzing the
difference of the predicted integrated number of excess
events within the subintervals, assuming the data size
presented in the HAWC paper [4]. The expected asymmetry
of the model would be detected with a 3¢ significance as
long as & > 2°.

Observations suggest that L. is on the order of 100 pc or
less. Meanwhile, we find that the expected asymmetry in
the L, = oo scenario mainly comes from the contribution
of the electrons located beyond the “core” section around
the pulsar, which has a length of 100 pc. Considering the
finiteness of L., the electron propagation beyond the core
part should have significantly deviated from the LOS.
Therefore, we highlight that in order to reasonably predict
the pulsar halo morphology in the anisotropic diffusion
model, it is necessary to consider the variation of the field
direction beyond the core section.

Given that the field direction beyond the core part cannot
be restricted, we assume one simple magnetic field con-
figuration and L. = 100 pc to investigate the possible
morphology of the Geminga halo under anisotropic dif-
fusion. We refer to the gamma-ray emission generated by
the electrons traveling beyond the core part as the “wing”
components. The steep profile of the halo could be

explained by the core component, while the wing compo-
nents introduce different asymmetric features from the
L. = oo model. The results show that the expected asym-
metry in the L. = 100 pc case can be smaller than the
L. = oo case. Thus, in the absence of significant halo
asymmetry found at present,3 the possibility of interpreting
observations using anisotropic diffusion is enhanced.
On the other hand, unlike the L, = oo case, the presence
of the wing components introduces a certain degree of
asymmetry even for @ = 0° If the anisotropic model is
correct, the halo asymmetry may already be detectable
using the updated HAWC data [34] or the LHAASO-
WCDA data.

In addition, we introduce a semianalytical method to
solve the anisotropic propagation equation, which simpli-
fies anisotropic diffusion to isotropic diffusion through a
coordinate transformation. This method is much more
convenient than numerical methods.
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The recently released H.E.S.S. result also does not indicate
significant asymmetry in the Geminga halo [41].
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