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Interstellar magnetic field is essential in various astrophysical phenomena and processes. Pul-
sar halos are a recently discovered class of TeV gamma-ray sources formed by escaping elec-
trons/positrons from pulsars. The morphology of the halo is regulated by the diffusion of those
escaping particles, and hence carries information of the interstellar magnetic field. We suggest that
the morphology of TeV pulsar halos can be used as a novel probe of the properties of interstellar
magnetic field around the pulsar, such as the Alfvénic Mach number and the mean direction. We
establish a theoretical relation between these quantities and the observational features of the halo’s
morphology based on the anisotropic diffusion model, and show how X-ray observations of the pulsar
halos can further improve the diagnosis of the magnetic field.

Introduction—The magnetic field is a key ingredient of
interstellar medium (ISM). It is deeply involved in vari-
ous important astrophysical processes, such as cosmic-ray
(CR) transport, the dynamics of molecular clouds and
dust grains, and star formation. Many different trac-
ers have been developed to measure the strength and
direction of interstellar magnetic fields[1–6]. Currently,
the primary method to diagnose the interstellar magnetic
field is through the polarization measurements. Polariza-
tions of molecular and atomic lines trace magnetic field
directly in diffuse media, if available [7, 8]. The polariza-
tion of synchrotron radiation provides information about
the perpendicular component[9] and inclination angle of
magnetic fields [10, 11]. In addition to polarization mea-
surement, the Zeeman effect has been used to measure
the field strength in molecular[12] or atomic[13] clouds.
Faraday rotation can measure the parallel (line-of-sight)
component of the large-scale, regular magnetic field [14].

Pulsar halos are a new class of extended TeV gamma-
ray sources recently discovered by the High Altitude Wa-
ter Cherenkov Observatory (HAWC) and the Large High
Altitude Air Shower Observatory (LHAASO) around
three middle-aged (≳ 100 kyr) pulsars, the Geminga pul-
sar, the Monogem pulsar, and PSR J0622+3749 [15, 16].
A lot more candidates of pulsar halos have been re-
vealed in the Galactic plane survey of the gamma-ray
observatories[17–19]. With a physical size of at least
20 − 30 pc, pulsar halos are distinct from pulsar wind
nebulae (PWN)[20], which are usually quite compact
(∼ 0.1 − 1 pc) at the age of several hundred thousand
years. Pulsar halos are believed to be produced by the
inverse Compton (IC) scatterings of electrons/positrons
(hereafter, we do not distinguish positrons from electrons
for simplicity) escaping the PWN and diffusing in the
ambient ISM[21, 22]. Although the IC radiation is not
related to magnetic field, the spatial distribution of dif-
fusing electrons is mainly determined by the properties
of the background magnetic field, which plays a crucial

role in shaping the halo morphology. The γ-ray emissions
of halos are significantly detected at several tens of TeV,
and for LHAASO J0621+3755 the spectrum even goes
up to 100TeV. These photons are emitted by electrons
of energy ≳ 100TeV. At such high energies, the density
of high-energy electrons within the halo is insufficient to
amplify the turbulence via the streaming instability [23–
26]. Therefore, the morphology of pulsar halos above a
few tens of TeV mainly reflects properties of the inter-
stellar magnetic field rather than self-triggered waves.

There are no good tracers of magnetic field in the am-
bient ISM of PWNe except for radio and X-ray emissions,
if available. For most pulsar halos and halo candidates,
however, neither measurement has been reported. In this
Letter, we attempt to develop a method of diagnosing the
interstellar magnetic field using TeV gamma-ray obser-
vations of pulsar halos based on the anisotropic diffusion
model[27–29]. We will establish a relation of the inclina-
tion angle (denoted by ϕ) of the mean magnetic field di-
rection with respect to the observer’s line-of-sight (LOS)
and the Alfvénic Mach number (denoted by MA) of the
ISM based on the morphology, or more specifically, the
anisotropy of pulsar halos. We will also show that de-
tection of pulsar halos in the X-ray band is crucial for
breaking the degeneracy of these two quantities and help
to reconstruct the three-dimensional structure as well as
the strength of the mean magnetic field within the halo.

Model—The transport of particles within pulsar halos
is dominated by diffusion, and the spatial distribution
of particles N(Ee, r) is subject to the property of the
local magnetic turbulence. If the local turbulence is sub-
Alfvénic (i.e., MA < 1), the magnetic field has a local
mean direction. Particles will preferentially diffuse along
the local mean direction, while the cross-field perpendicu-
lar diffusion would be suppressed by the gyro movements.
The density distribution of particles is governed by the
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ĖeN

)
+Q(Ee)S(t)δ(r)δ(z),

(1)

under the cylindrical coordinate system and assuming
the mean direction aligns with z direction. Ėe is the
cooling efficiency and Q(Ee)S(t)δ(r)δ(z) is the injection
term. Here we consider the symmetry of the system
with respect to the z−axis, which is defined as the di-
rection of the mean magnetic field. D∥ and D⊥ are the
parallel diffusion coefficient and the perpendicular diffu-
sion coefficient, which are related by the Alfvénic Mach
number(D⊥ = D∥M

ξ
A), where ξ ≃ 4 for Alfvénic turbu-

lence [30, 31]. It is mainly due to the scaling of weak
turbulence from injection scale, the existence of which
has been confirmed with in situ observations in space
plasma [32]. ξ becomes smaller if there is also non-
negligible compressible component. [33]. Modes iden-
tification in the local turbulence would give the valuable
input [34], which can be achieved through analysis of the
radio emission from the same local volume with advanced
technique such as the synchrotron polarization analysis
(SPA+) technique [35]. As demonstrated in Ref.[36], the
modes composition is largely subjected to the local driv-
ing mechanism of turbulence. Despite of the value of ξ,
the parallel diffusion coefficient may be parameterized as
D∥ = D0(E/1GeV)δ with D0 being the value at 1GeV
and δ being the energy dependence.

By substituting r′ = r/M
ξ/2
A , the diffusion becomes

isotropic under the new coordinate system (r′, z)[37].
The diffusion-loss equation may be further converted
into spherical coordinate system with only radial depen-
dence on r′, for which N ′(Ee, r

′) is given analytically
[38, 39]1. The spatial distribution of particles in the orig-
inal coordinate (r, z) may be obtained by N(Ee, r, z) =

N ′(Ee,
√
z2 + r2/M ξ

A). The solution implies that the

electron distribution is akin to an ellipsoid, whose ma-
jor axis aligns with the mean field direction. The 2D
morphology of the γ-ray source produced by these elec-
trons can be calculated by making the projection of the
emission onto the plane of the sky [27, 28].

The morphology of the source reflects the spatial dis-
tribution of electrons, which further reveals the proper-
ties of local interstellar magnetic field, such as the mean
field direction and the Alfvénic Mach number MA. It is
straightforward to envisage that ϕ = 0◦ yields a circular

1 If the magnetic field within a pulsar halo is highly chaotic (i.e.,
MA ≥ 1), we have D⊥ = D∥ and the diffusion of particles is
roughly isotropic. The analytical solution can be used directly
without coordinate transformation.

FIG. 1. The 3D sketch of the pulsar halo and the correspond-
ing TeV map on the plane of sky(grey shade). The dashed
blue line is the direction of line-of-sight (LoS), while the solid
black arrows are right ascension (RA) and declination (DEC).
The coherent magnetic field lines are shown by the green ar-
rows. The black ellipsoid denotes the distribution of electrons
residing in such magnetic field. ϕ is the inclination angle be-
tween LoS and mean magnetic field. χ is the angle between
RA and the projection of magnetic field lines on the plane of
sky.

projection of the source morphology, while ϕ > 0◦ pro-
duces an ellipselike morphology (see Fig. 1)2. In the lat-
ter case, the longer axis follows the direction of the mean
magnetic field projected onto the plane of the sky and the
shorter axis is perpendicular to that direction. Therefore,
we may obtain the azimuthal angle of the mean magnetic
field χ (defined as the angle of the projected mean field
with respect to the equatorial line) once the longer axis
of the source is determined from observation. The ratio
between the longer axis and the shorter axis also provides
information about the magnetic field. Let us denote the
length of the longer axis by a and that of the shorter axis
by b. Note that a (b) is not exactly the major (minor)
axis of an ellipse, as the source morphology is not a pre-
cise ellipse. Instead, a and b could be approximated by
some typical length scales of the source. In Fig. 2, we
show the 1D intensity profile of the halo along the longer
axis (solid curve) and the shorter axis (dashed curve) for
different combinations of MA and ϕ. We may define the
distance where the intensity drops to 1/e of the high-
est value (at the center of the source) as a/2 and b/2
in the longer axis and shorter axis, respectively. a (b)
could be also defined as the distance of the intersection
of the 68% containment contour on the longer (shorter)

2 If the pulsar is close to us, a slight asymmetry due to the dis-
tance effect will occur: the nearer side appears somewhat larger
than the farther side, and the halo would appears a comet-like
morphology[27]
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FIG. 2. Normalized radial profile in 0.1 - 100TeV of the longer
and shorter axes for three sets of MA and ϕ values, as texted
in the plots. We use solid lines for longer axis and dashed
lines for shorter axis. We also show the 1/e flux radius with
dotted lines and 68% containment radius (R68) with dash-
dotted lines. The spin-down luminosity of the test pulsar is
assumed to be 1035 erg/s. The injection spectrum is assumed
to be a power-law distribution with a slope −2, followed by an
exponential cutoff at energy 300 TeV. Note that the predicted
profile is insensitive to these parameters. In the calculation,
typical interstellar magnetic field strength B = 3µG and par-
allel diffusion coefficient D0 = 1028(E/GeV)1/3 cm2s−1 are
employed for calculation.

axis from the center. These typical lengths are related to
the diffusion length of electrons parallel and perpendicu-
lar to the mean magnetic field direction, respectively, i.e.,√
D∥tc and

√
D⊥tc = M

ξ/2
A

√
D∥tc, where tc is the cool-

ing timescale of electrons. Besides, due to the projection
effect, a should be also related to the inclination angle
ϕ. Apparently, the axial ratio a/b is expected to increase
for a larger ϕ and reaches the maximum at ϕ = 90◦ for
a fixed MA. On the other hand, a smaller MA leads to a
larger difference between D∥ and D⊥, and consequently
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FIG. 3. The ratio of longer axis and shorter axis (a/b) for dif-
ferent Alfvénic Mach number and inclination angles. Crosses
and squares represent the outcomes of numerical calculations
for two different definitions of the axes as marked in the leg-
end, whereas the solid curves correspond to the analytical
results formulated in Eq. (2). The parameters of the pulsar
are the same as Fig. 2.

a larger axial ratio a/b (except ϕ = 0). The diffusion
coefficient is expected to be canceled in the axial ratio.
We have also tested different spectral shape of injection
electrons, and found that they have no influence on the
axial ratio.
Result.—No matter how we define a and b, the ratio

a/b is the same for a given combination of MA and ϕ.
We may derive a quantitative dependence of a/b on MA

and ϕ. As detailed in Supplemental Material3, a simple
relation can be given by

a

b
=

√
sin2 ϕ

Mξ
A

+ cos2 ϕ, (2)

as long as the source distance d is much larger than a
and b. In the following calculation, we assume that the
Alfvénic mode dominates the turbulence and hence take
ξ = 4. In Fig. 3, we show the axial ratio as a function
of the inclination angle ϕ for MA = 0.2 (red), 0.5 (blue),
and 0.8 (green). The solid curves in the figure show the
relation given by Eq. (2). Squares and crosses show the
axial ratios obtained numerically based on the definitions

3 https://journals.aps.org/prd/abstract/10.1103/

vt3s-rbj1#supplemental
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of the 1/e maximum intensity and the 68% flux contain-
ment radius, respectively, under different combinations of
ϕ and MA. We see the simple analytical relation given by
Eq. (2) and our numerical results match each other very
well. Also, the axial ratios numerically obtained with the
two definitions are consistent with each other.
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FIG. 4. Predicted SED with different Alfvénic Mach number
and inclination angles. Red, blue and green colors represent
MA = 0.2, 0.5 and 0.8 respectively. The IC peak flux is nor-
malized at unity. Dashed, dash-dotted and dotted linestyles
represent inclination angle ϕ = 10◦, 30◦ and 60◦ respectively.
The solid lines are inverse Compton emission, which remain
the same despite varying inclination angles and Alfvénic Mach
numbers. The parameters of the pulsar are the same as Fig. 2.

Therefore, based on measurements of (candidate) pul-
sar halos by instruments such as LHAASO, HAWC,
HESS, etc, we may derive the azimuthal angle χ of the
mean magnetic field, and obtain a relation between the
inclination angle ϕ and the Alfvénic Mach number MA.
If we want to further break the degeneracy between ϕ
and MA, observations at other wavelengths are needed,
particularly radio and X-ray observations. Radio polar-
ization observations can provide information of the tur-
bulent magnetic field with various methods such as the

aforementioned SPA+ technique [35]. We here mainly
discuss the role of X-ray observations. Tens of TeV pho-
tons are mainly produced by ∼ 100TeV electrons via the
IC scattering off cosmic microwave background photons
with a minor contribution from the interstellar infrared
radiation background, and the same electrons will also
produce X-ray emission via the synchrotron radiation in
the typical interstellar magnetic field of B ∼ a few µG,
i.e., ϵsyn = 2 (Ee/100TeV)2(B/3µG) sinα keV, where α
is the pitch angle between the magnetic field direction
and the moving direction of emitting electrons. The IC
radiation power PIC depends on the energy density of the
target radiation field, which is basically known. On the
other hand, the synchrotron radiation power is related
to the magnetic field energy density and the pitch angle
α. The latter is equal to the inclination angle ϕ if we
only consider the mean magnetic field. However, more
strictly speaking, the average pitch angle is not exactly
equal to the inclination angle, because the field line is
perturbed by the turbulence. Ref.[40] found that the av-
erage cosine of the angle between the local field and the
mean field can be given by cos2 δ = (1 + M2

A)
−1. The

average cosine of the pitch angle can then be estimated
by cos2 α = (1 + M2

A)
−1 cos2 ϕ. The synchrotron radia-

tion power is then proportional to Psyn ∝ sin2 α(B2/8π).
Therefore, if the X-ray emission of pulsar halos can be de-
tected, we may obtain another independent constraint on
the combination of MA and ϕ based on the ratio between
the synchrotron flux and the IC flux, or via the spectral
energy distribution (SED) modeling, if the interstellar
magnetic field strength B is also known. There are some
ways of evaluating the value of B. As a rough estima-
tion, it could be assumed as a typical value such as 5µG
or the value given by models (e.g., Ref.[41, 42]). Alter-
natively, B may be obtained according to the measured
size of the shorter axis of the source b. The correspond-
ing physical size of b may indicate the diffusion length
of electrons perpendicular to the mean field direction be-

fore cooling, i.e., b ≈ 2
√
M4

AD∥tc, where tc is the cooling

timescale and related to B, so that the value of B may be
solved together with MA and ϕ. In Fig. 4, we show the
expected broadband SED of pulsar halos with different
MA and ϕ. We see that the X-ray flux changes signifi-
cantly with different combination of MA and ϕ, while the
TeV flux keeps the same.

Note that, the X-ray polarization measurements could
also be helpful to disentangle the degeneracy between
ϕ and MA in principle, but it would be challenging for
the current generation of X-ray polarization instruments
such as IXPE, because the size of the halo is much bigger
than their field of view, and the X-ray flux of pulsar halos
is generally weak[43–45] and below the detection limit.

Discussion. — Our method is applicable to pulsar ha-
los of homogeneous diffusion properties with magnetic
coherence length L ≳ the halo’s size, which is typically
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a few tens to a few hundreds of parsecs[46, 47]. It corre-
sponds to a sub-Alfvénic turbulence (MA < 1), where the
mean direction of the magnetic field can be defined over
the spatial scale of the halo (or at least a large fraction of
it). If the magnetic field within the halo is very chaotic
(i.e. MA > 1) or the coherence length L is significantly
smaller than the halo size, particles would diffuse isotrop-
ically, resulting in a more or less spherical morphology.
In this case, Eq. (2) will no longer be applicable.

Recently, HAWC Collaboration[48] published their up-
dated measurements on halos of the Geminga pulsar and
the Monogem pulsar, and found asymmetric morphology
of the halos at a significance level of ≳ 2σ, which corrob-
orates our anisotropic diffusion framework. In the future,
with accumulated data on pulsar halos, the anisotropic
nature could be more evident. And if TeV pulsar halos
or the candidates can be measured by X-ray and/or radio
instruments with large fields of view, it will facilitate our
understanding of the interstellar magnetic field alongside
TeV observations.
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