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Abstract

This paper presents the original anisotropy that TeV cosmic rays (CRs) have in the local interstellar medium. This
anisotropy is obtained using a method of flux mapping with the Liouville theorem and a magnetohydrodynamic
(MHD) heliosphere model of the electromagnetic field to remove the particle propagation effects hidden in the
measurements made by the Tibet AS+y experiment at Earth. The original interstellar anisotropy turns out to be
almost a pure dipole, which results from a diffusion flow of CRs escaping along the local interstellar magnetic field
into the northern Galactic halo. The observed anisotropy maps at Earth appear quite complex because the
heliosphere distorts the dipole anisotropy, generating a significant amount of high-order multipoles, while
interstellar magnetic field fluctuations contribute to some weak anisotropy on small angular scales. It is found that
the density gradient of these CRs points approximately toward Vela in the Local Bubble, providing experimental
evidence to show that the local supernova is making a special contribution to the TeV CRs we see at Earth. This
special contribution will keep growing in the future tens of thousand years. The original anisotropy also reveals
that the CRs spread from the source primarily along the interstellar magnetic field, while experiencing a nearly
isotropic pitch-angle scattering process caused by interstellar turbulence.

Unified Astronomy Thesaurus concepts: Heliosphere (711); Galactic cosmic rays (567); Cosmic ray sources (328)
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1. Introduction

Although almost all theories suggested that Galactic cosmic
rays (CRs) below the knee energy (~3000 TeV) are accelerated
by supernova shocks, so far no experimental evidence has been
obtained for any individual supernova making a particular
contribution to the CRs we see at Earth. Anisotropy measurements
can be used to search for an excess of CRs from a particular object
in the sky. Vela, approximately 815 lt-yr away, is the closest
known supernova remnant. However, the gyroradii of CRs below
the knee energy in the typical interstellar magnetic field are less
than 1 It-yr. Their mean free path due to scattering on turbulent
fluctuations is roughly a few light years. CRs must have lost most
of the directional information about their sources. Furthermore,
CRs may come from many sources, thus mixing their directional
information together in random fashions. Indeed, observations
show that the anisotropy of TeV CRs is rather small, about
107421073 in relative intensity (e.g., Amenomori et al. 2006;
Abbasi et al. 2011; Abeysekara et al. 2019). Several experiments
have accumulated enough measurements to construct two-
dimensional anisotropy sky maps in their respective fields of
view. Figure 1(A) shows an example of partial-sky map obtained
by the Tibet AS~ experiment (Amenomori et al. 2006). Recently,
experiments in the northern and southern hemispheres combined
their data to produce nearly full-sky maps (Abeysekara et al.
2019). The observed anisotropy patterns appear quite complex
and puzzling, making hard to interpret with the traditional
diffusion-convection theory of CR transport.

The interstellar transport of CRs is governed by several
processes: convection, drift in magnetic fields, diffusion
driven by turbulence, and energy changes due to electric
fields. Each of these causes anisotropy. These effects mix
together in observed maps. In a uniform large-scale magnetic

field with small fluctuations, the diffusion and drift aniso-
tropies are mainly dipolar. The Compton—Getting anisotropy
(Compton & Getting 1935) due to the Sun’s motion with
respect to the local interstellar medium (LISM) plasma/gas is
also dipolar. Thus, we expect to see a dipolar anisotropy as a
sum of dipoles is still a dipole. Particle mirroring by
inhomogeneities in the LISM magnetic field (LISMF) may
contribute additional quadrupole anisotropy. However, the
observed pattern (see Figure 1(A)) is not that simple. By
decomposing the anisotropy into a series of spherical
harmonics, the IceCube team found that there is a significant
amount of spectral power in high-order multipoles (Abbasi
et al. 2011), suggesting that CR anisotropy exhibits structures
on intermediate and small angular scales. The observations
seem to disagree with the traditional theory of CR transport.
The origin of TeV CR anisotropies remains a puzzle after a
decade of active research and numerous proposed explana-
tions. It was suggested that small-scale enhancements in the
CR intensity might arrive from certain specific point sources
in the Galaxy (Amenomori et al. 2006; Abbasi et al. 2011).
Some researchers argue that LISM turbulence might produce
small-scale anisotropy (Giacinti & Sigl 2012; Ahlers &
Mertsch 2015). The Tibet team noticed that some anisotropy
features in their observations are aligned with the so-called
hydrogen deflection plane (HDP), the plane containing the
original LISM (neutral helium) flow vector and the flow
vector of deflected neutral hydrogen caused by the solar
wind (SW)-LISM interaction (Amenomori & The Tibet ASy
Collaboration 2010). This provides the first evidence for the
heliospheric modulation of TeV CRs. Subsequently, theories
and models have been proposed to explain how the helio-
sphere can affect the anisotropy (Desiati & Lazarian 2013;
O’C. Drury 2013; Schwadron et al. 2014; Zhang et al. 2014).
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Figure 1. Anisotropy maps of 4 TeV CR relative intensity in the celestial
coordinate system. (A) Tiber ASy measurements at Earth sampled at 2° x 2°
resolution and averaged over 5° radius (Amenomori et al. 2006). (B) Model
calculation of anisotropy expected at Earth after the distortion by the
heliosphere in 5° averages with light shading outside of the Tibet AS+y field
of view. (C) Model calculation of anisotropy after the heliospheric distortion
without average. (D) Inferred large-scale anisotropy in the pristine LISM if the
heliosphere is not present. The curves represent the locations of the ecliptic
(ECL), Galactic (GP), Hydrogen deflection (B — V) and LISMF equator
(LBism) planes. The crosses indicate the directions of LISM helium inflow
(He), LISM hydrogen inflow (H), LISMF (B, ) and CR density gradient (V).

Earth resides deep in the heliosphere. The trajectories of CRs
measured in experiments are affected by the electromagnetic
fields of the heliosphere and disturbed LISM surrounding it.
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This may severely distort the anisotropy maps. To study the
properties of interstellar CRs, we must first remove the
heliospheric influence. Recent advances in the heliospheric
physics and modeling based on observations from Voyager and
the Interstellar Boundary Explorer (IBEX) have made this task
possible. In this paper, we reconstruct the anisotropy of TeV
CRs in the pristine LISM. The results reveal a potential source
of CR anisotropy and shed light onto the eternal question about
the origin of CRs and their transport mechanisms through the
ISM to reach Earth.

2. Method
2.1. Liouville Mapping

The intensity of CRs at a fixed energy is proportional to the
particle distribution function or phase-space density in the
reference frame of the observer. CR anisotropy as a distribution
function of momentum vector p, observed at Earth x,, f (x,,
P,), can be mapped from the particle distribution function in
the LISM plasma frame f(x, p) with the help of the Liouville
theorem, which states that the distribution function is invariant
along any particle trajectory and for any transformation of the
reference frame (Bradt & Olbert 2008). The Liouville theorem
is valid as long as all the forces acting the particles along the
trajectories are known. The electromagnetic fields in the
heliosphere and surrounding LISM are calculated with our
MHD heliosphere model. Unknown fluctuating fields are
neglected because the scattering time of TeV CRs is much
longer than the propagation time during the passage of the
heliosphere. Once the electromagnetic field is found, CR
trajectories can be calculated using the Lorentz force, so that
we can map momentum p, at Earth to momentum p in the
LISM. Such mappings can cause complex shifts in the
anisotropy pattern.

As the amplitude of observed anisotropy of TeV CRs is small
in the order of 10~ (Amenomori et al. 2006), for the purpose of
modeling large-scale anisotropyi, it is logical to assume that the
distribution function of CRs of charge ¢ as a function of position
x and momentum p in the LISMF B, is weakly dependent on
particle guiding center R = x + p X Bjyy / (qBém) and pitch-

angle cosine (1 = p - Bism /(pB,g,,), so that it can be expressed in

1sm

the following perturbation form:

f&o,p)=fx,p) =fo[1 + APi(p) + A Pr(p1)
+ Gi - Rl(p/p,) ", (D

where G, =V Inf is the CR density gradient vector
perpendicular to the LISMF, A; and A,, are the amplitude
associated with the first and second-order Legendre polyno-
mials, P(u) and P,(u), respectively. The parameter + is the CR
spectral slope, approximately equal to 2.75 according to
measurements of CR spectrum. A detailed description of the
Liouville mapping method and its implications to the
mechanisms producing CR anisotropies can be found in Zhang
et al. (2014). Note that with Equation (1), higher-order
anisotropies (beyond the quadrupole) in the LISM are
considered as unmodeled residues.

To determine the parameters specifying the gradient and
pitch-angle anisotropy, we use the standard least-weighted x>
method to fit the anisotropy calculation using Equation (1) to
the measurements of relative intensity I (p,,,) with its statistical
error bar o(p,,) for each pixel m obtained by Tibet AS~y
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Figure 2. Distribution of magnetic field strength in the B — V plane (left) and the plane perpendicular to the B — V plane (right). The dashed lines indicate the
locations of the heliopause and heliospheric bow wave. It is the deviation of the magnetic field and plasma flow from their LISM quantities that distorts the picture of
CR anisotropy. Arrows show the direction of the LISMF (Bjsy), LISM flow (Vis,,) and deflected flow of neutral hydrogen entering the heliophere (Vy).

experiment (Amenomori et al. 2006):

X2 — f:[l(pom) _f(xm’pm):r.

()
m=1 g (Pom )

Tibet AS~y experiment is located at Yangbajing (909522 E,
30°102 N; 4300m above sea level) in Tibet, China
(Amenomori et al. 2006). The experiment covers a partial
sky, roughly from ~—10° to 68° in decl., as shown in
Figure 1(A). The experimental results of relative intensity and
its significance maps have been published previously, so the
details of measurements and data processing are not given here.
The overall pattern of CR anisotropy does not change between
3 and ~20 TeV, so we choose 4 TeV measurements for detail
modeling. IceCube-HAWC experiments have recently pub-
lished a combined CR anisotropy sky map of a larger field of
view at 10 TeV (Abeysekara et al. 2019). However, we have
not been able to obtain the data. The anisotropy pattern in the
combined map looks similar to the Tibet AS+ result at 4 TeV
within the common field of view, so we expect that future
inclusion of the combined map will slightly improve our
analysis. As the measured relative intensity /(p,;) is normal-
ized to 1 over the instrument field of view, but the mapping
between particle momentum p, at Earth x, and p at a location
in the LISM x covers a different field of view, the
normalization constant fy can deviate slightly from 1. As a
result, fo becomes an additional free parameter for fitting the
measurements. One could further make a Taylor expansion of
Jfo around 1 to linearize Equation (1) in term of the fitting
parameters, but it is necessary with a nonlinear-fitting
algorithm. The method of x* minimization to find best fitting
parameters and their error bars are described in typical textbook
(e.g., Taylor 1997, Chapter 8).

2.2. Heliosphere Model

To map the distribution function to Earth f (x,, p,) from the
LISM f(x, p), CR trajectories are calculated using the Lorentz
force exerted by the electromagnetic field obtained from our
MHD heliospheric simulations (Pogorelov et al. 2015, 2017).
The Sun heats and accelerates its coronal plasma to create a
magnetized SW. The SW carves a bubble in the LISM, known

as the heliosphere. The heliosphere is bounded by a surface
called the heliopause, which prevents the LISM plasma and
magnetic field from mixing with the SW. Before the SW
reaches the heliopause, a termination shock forms to slow it
down. Both the termination shock and the heliopause have
been examined by the Voyager I and 2 spacecraft with in situ
observations of magnetic field and particles. The heliosphere
moves through the LISM supersonically. However, the
magnetization and charge exchange processes in the LISM
make it uncertain whether a bow shock or a smooth bow wave
forms in front of the heliosphere. The lack of in situ
observations of the heliospheric bow wave does not allow us
to know how far exactly it expands. Figure 2 illustrates the
magnetic field structure of the SW—LISM interaction regions
obtained in our simulations with the Multi-Scale Fluid-Kinetic
Simulation Suite (MS-FLUKSS). It solves the ideal MHD
equations with the source terms due to charge exchange
between ions and neutral atoms, gravity, photoionization,
nonthermal ions, and turbulence. The SW and heliospheric
magnetic field parameters are built upon in situ measurements
of the interplanetary medium by an array of heliospheric space
missions. The LISM parameters are indirectly constrained to fit
several observational data sets (Pogorelov et al. 2017). For
example, they are used to explain in situ measurements of the
termination shock, heliopause, plasma, magnetic field, and
energetic particles from Voyager and IBEX observations of
energetic neutral atoms (e.g., Zirnstein et al. 2016), and Solar
and Heliospheric Observatory (SOHO) Lya back-scattered
emission (Pogorelov et al. 2017). MS-FLUKSS is highly
parallelized and uses an adaptive mesh refinement technique to
improve the accuracy of simulations. In this study, we also take
into account the solar cycle effects to avoid the accumulation
of solar magnetic field anywhere inside the heliosphere
(Pogorelov et al. 2015). The boundary conditions of the
unperturbed LISM parameters are only partially constrained by
observations (Zirnstein et al. 2016), we further use TeV CR
anisotropy measurements to confirm or refine them. This is
mainly because the particle density and LISMF measured by
Voyager and IBEX slightly outside of the heliopause have
already been somewhat modified by the presence of the
heliosphere.

The bow wave can extend to a heliocentric distance of
800 au in the upstream direction. It takes a few hundred years
for the partially ionized ISM gas to cross it. Deceleration of the
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Figure 3. Three-dimensional plot of the heliopause surface to show its
orientation in a Galactic coordinate system. It is viewed from a direction
slightly off the nose of the heliosphere and above the Galactic plane. The tail
beyond 2500 au downstream has been truncated. The heliopause is illuminated
from the front of the nose with a bright gold color. The tail becomes darker
with increasing distance from the Sun. The gray disk is the plane parallel to the
Galactic plane. The arrows indicate the direction of the North Galactic pole
(NGP), Galactic center (GC), LISMF (Bis,), the inflow of LISM relative to the
Sun (—Vism), and Vela supernova remnant (Vela).

LISM plasma by the heliopause results in an enhanced charge
exchange in this region, and forms a so-called hydrogen wall.
Charge exchange creates a heliospheric boundary layer of
depressed plasma density in front of the heliopause. The
heliospheric boundary does not allow all neutral hydrogen to
enter the heliosphere freely. As a result, its bulk or average
velocity direction in the heliosphere is different from its
original direction in the unperturbed LISM. It has been shown
in simulations (Pogorelov et al. 2009) that the HDP closely
follows the B — V plane, the plane containing both the LISMF
and flow velocity vectors.

Voyager and IBEX observations can only partially constrain the
determination of the unperturbed LISMF and ion density. We
have run more than a dozen heliosphere models with LISMF
strength ranging from 2.5 to 4.5 4G under the constraint set by
IBEX and Voyager (Zirnstein et al. 2016; Pogorelov et al. 2017).
The direction of the LISMF is constrained in the HDP up to 30°
away from the center of /BEX ribbon, while the LISMF strength
and ion density co-vary according to Zirnstein et al. (2016). Our
best fits to the CR anisotropy observations impose new constraints
on the LISMF, and neutral atom and ion densities used in our
MHD model. The heliosphere configuration shown in Figures 2
and 3 is calculated with the LISMF strength of 3.5 4G, plasma
density 0.065 cm*3, and neutral atom density 0.184 cm 2. The
direction of LISMF (R.A. 23275 and decl. 1990 is indicated by the
Bis, symbol in Figures 1-5. It situates in the HDP, ~5° away
from the center of IBEX ribbon and ~38° away from the
helionose. On the Galactic coordinates, it is inclined to the
Galactic disk by 53° and points northward as shown in Figure 3.
This model allows us to best reproduce the TeV CR anisotropy
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observations with the smallest 2. The results give us confidence
in the global-scale accuracy of our model and model parameters
even though our model contains the sophisticated physics of the
SW-LISM interaction and complicated mapping pattern of CR
momentum from the LISM to Earth.

Because of the LISMF draping, the heliosphere is highly
compressed in the direction perpendicular to the B — V plane.
As shown in Figure 2, the heliopause has the largest flaring in
the B — V plane. Due to the pressure the LISMF exerts on the
surface of the heliopause, the latter is more compressed in
directions perpendicular to the B — V plane. The heliopause
gets thinner further downstream as the hot heliotail protons are
substituted by colder protons born of the LISM neutral atoms in
the process of charge exchange. Figure 3 shows a 3d picture of
the heliopause surface in the Galactic coordinates. It gives us a
near-frontal view of the heliopause, while the heliotail is
truncated at 2500 au. The magnetic field in the surrounding
LISM at distances exceeding 10,000 au is still affected by the
presence of the heliopause. It is the deviation of the magnetic
field inside the bow wave from the original LISMF that mainly
makes TeV CRs reach Earth on trajectories different from their
original helical paths and thus cause distortion of anisotropy
when we observe inside the heliosphere. Due to the large
gyroradii of TeV CRs, our model covers the heliotail to
distances up to 10,000 au to account for all the heliospheric
disturbances made to TeV CR trajectories. In most regions
inside the heliopause, the heliospheric magnetic field of the
solar origin is much weaker than and occupies much smaller
volume than the LISMF outside of the heliopause, and TeV CR
trajectories are nearly straight lines. The exact field polarity,
phase of the solar cycle, strength, and fluctuation of the
heliospheric magnetic field of the solar origin is not important,
which results in weak variations of the TeV CR anisotropy over
the solar cycle (Amenomori et al. 2006; Zhang et al. 2014).

3. Result
3.1. Reproduction of Anisotropy Sky Map Observed on Earth

Figures 1(B) and (C) show the results of our calculations of
anisotropy for 4 TeV CRs after the least x> fit to the
observation is performed to fix the parameters in the LISM CR
distribution function. Table 1 lists the derived values of these
parameters. The calculated CR anisotropy in Figure 1(C) is
sampled every 2° in both decl. and R.A. There is a substantial
part of the sky in the map that displays rapid, large fluctuations
of CR intensity, indicating that the heliosphere and its
surrounding LISM are almost completely translucent for us to
see the background LISM CR anisotropy. These large
fluctuations are due to chaotic motion of CRs through the
medium downstream of the Sun. They are sensitive to arrival
directions, as well as to small fluctuations in the heliospheric
magnetic field. The enhancement of CR intensity in the
direction of Cygnus Constellation reported by the Tibet ASy
team (Amenomori et al. 2000) is actually located in this part of
the sky. The enhancement of CR intensity in the Cygnus region
could be due to coincidental heliospheric fluctuations. It is
consistent with (McComas et al. 2010), who show that some
heliospheric structures in this region seen in /BEX neutral
atoms images are time-variable.

The measurements shown in Figure 1(A) are averages over
circles of 5°-radius from the center of each pixel. Correspondingly,
our calculations are also averaged over multiple (>250 random)
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Figure 4. Mechanisms contributing to the CR anisotropy expected at Earth in
the model calculation. From top to bottom: (A) Compton—Getting plus
heliospheric acceleration effect (p/p,)"?*" — 1, (B) pitch-angle dipole AP,
(w), (C) drift and density gradient G, - R, and (D) pitch-angle quadrupole
A, P>(11). All of these contributions are have been distorted by the heliosphere.
All of the maps are shown in the same celestial coordinate system as in
Figure 1.

arrival directions within 5° of each pixel. This averaging makes the
calculated anisotropy map in Figure 1(B) appear smoother. The
part of the sky not covered by the Tibet ASy experiment is lightly
shaded. The major features in the un-shaded region match the
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Figure 5. Amount of heliospheric distortion in the Tibet ASy measurements
(A) Figures 1(A)~(D) and in our model calculation (B) Figures 1(B)—(D).
Residue CR anisotropy after subtraction of the model calculation from Tibet
AS~ measurements (C) Figures 1(A)—(B), showing only small-scale anisotropy
left out of the heliospheric distortion model calculation. All of the maps are
shown in the same celestial coordinate system as in Figure 1.

Table 1
Parameters in the LISM CR Distribution Function Derived from the Least Xz
Fit to Tibet ASy Measurements of Relative Intensity at 4 TeV

Parameter Name Value

Amplitude of pitch-angle dipole
Amplitude of pitch-angle quadrupole
CR density gradient

A; = (0.165 £ 0.002)%
As = (0.015 £ 0.002)%
IG,| = (0.021 + 0.001)%/R,

Normalization fo=1+(0.024 + 0.001)%

Note. The gyroradius R, of these particles in a 3.5 G LISMF is 254 au.

Tibet AS+ observations quite well. Good fits can also be deduced
from the residue map (Figure 1(E)), which only exhibit small-scale
anisotropies not included in our model mapping. It can be seen that
the B — V plane and the plane that is perpendicular to the LISMF
play special roles in defining the anisotropy boundaries seen in the
maps. MHD plasma/kinetic neutral atom simulations of the SW—
LISM interactions demonstrate that the deflection of neutral
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hydrogen atoms from their original direction in the unperturbed
LISM observed in the heliosphere by SOHO occurs predominantly
in the B—V plane (Pogorelov et al. 2009). Thus, the results
explain why some features of CR anisotropy are aligned with the
HDP. The match of anisotropy features signifies the importance of
the heliosphere. Our model runs using different LISMF and ion
density parameters all show these anisotropy feature, but the
heliosphere model shown in Figures 2 and 3 gives the least y* fit
and the best match of feature locations compared with the
observations. The results confirm the predictive power of our CR
anisotropy mapping model as well as the reliability of model of our
heliosphere model and its effects on the surrounding LISM. To fit
the CR anisotropy observations, we find that the heliotail should
extend beyond 10,000 au downwind; otherwise, more artifacts that
do not agree with the measurements would show up in our
calculation.

In Figure 4, we separate the calculated anisotropy into a
composition of effects associated with changes of particle
momentum, guiding center, and pitch angle. The pitch-angle
variation is further broken into a dipole and a quadruple to
search for possible mirroring of CRs by inhomogeneities in the
LISMF. In Figure 5, we show residues of measured anisotropy
after it is subtracted by our model calculation. These data
demonstrate the quality of our model and its capability to offer
detail understanding about the cause of observed anisotropy.

The measurements of relative intensity and its statistical error
from the Tibet AS~y experiment are fitted to our model
calculation result using the standard least-weighted x> method.
The reduced XZ, or XZ/ (M — 5), of the fit is 4.5, whereas it is
supposed to be near 1 for an ideal fit. This is due to the
underestimate of error bars of the measured relative intensity for
each pixel o(p,,) used in the calculation of x> The
measurements of CR relative intensity suffer a systematic
uncertainty due to its poor determination of the exact CR
intensity variation in decl. Our heliosphere model has additional
uncertainties because the LISMF direction and magnitude, as
well as the densities of ions and neutral hydrogen atoms in the
unperturbed LISM, are known only indirectly. Both of these
uncertainties are hard to quantify. If the underlying error bars
used in our calculation of y? are twice the counting statistical
errors in the measured CR data, the reduced X2 will become
close to 1. The error bars of the obtained fitting parameters in
Table 1 should also increase by a factor of ~2. The coefficient of
determination or goodness of fit,

M _ 2
R2 — 1 o Zm:][l(pom) f(xm7 pm)] _ 090’ (3)

S U (p,,) — (DP

where (I) = 1. The R*> = 0.90 value indicates very good model
predictability, even though we have only a few model
parameters.

3.2. Properties of Large-scale CR Anisotropy and Transport in
the LISM

The derived LISM CR distribution function yields a CR
anisotropy map expected in the pristine LISM (Figure 1(D)).
As the contribution of the pitch-angle dipole with amplitude A,
exceeds the other contributions (see Table 1), the large-scale
CR anisotropy in the LISM is essentially a dipole antiparallel to
the LISMF. Moreover, the pitch-angle dipole amplitude is even
larger than the amplitude of the total observed anisotropy
because the heliospheric Compton—Getting effect plus particle
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acceleration by heliospheric electric field (Figure 4(A)) and
drift anisotropies (Figure 4(C)) act to partially cancel the pitch-
angle dipole anisotropy (Figure 4(B)).

The amplitude of A; = 0.165% corresponds to a CR flow
with flux Fj = 3A;¢f = 4.95 x 10~%¢f along the LISMF into
the northern Galactic halo (c is the speed of light). The Sun and
its surrounding Local Bubble is part of the tube-like chimney
(Local Chimney) that extends through the local region of the
spiral disk into the Galactic halo (Welsh et al. 1999; Lallement
et al. 2003). The Local Chimney acts as a vent for the hot gas
produced by supernova. Although the Local Chimney extends
into both the northern and southern halo, the fact that TeV CR
flow directs northward along the magnetic field lets us
conclude that the Sun is located in the north part of the Local
Chimney. This CR flow is strong, equivalent to a bulk motion
of 4.95 x 10°¢ = ~1500km s~ ' speed. Given the dominant
energy density of CRs, this flow probably is responsible for
opening up the Local Chimney. However, it cannot be a result
of convection of the ISM plasma out of the Galactic disk;
otherwise, the speed of ~1500kms™~' would show up in the
measurement of neutral atoms by Ulysses and IBEX. It is most
likely due to the diffusion process of CRs. Assuming that the
parallel diffusion coefficient, ), of 4 TeV CR protons exceeds
10 cm?s™!, we arrive at the density gradient of
|VijInf] < 2.23 x 10 8au™", or 1.40 x 10 It-yr ' pointing
southward opposite to the magnetic field. If such magnitude of
parallel density gradient persists into the halo and the
inclination of the magnetic field to the Galactic plane remains
constant, we predict that the half-thickness of the CR disk in
the vicinity of the Sun is greater than 440 It-yr. The CR disk
will be proportionally thicker if the diffusion coefficient is
larger. The CR density gradient perpendicular to the LISMF
has the magnitude of |G| = |V, Inf| = 0.021%/R,, which is
equal to 8.2 x 10 7au™"', or 5.2 x 10 ?It-yr . It is much
larger than that in the parallel direction. The density gradient of
this magnitude means that the CR density changes e (=2.718)
times every 19 It-yr, which implies large CR density variations
in the solar vicinity. The direction of perpendicular density
gradient is shown in Figure 1(D). It approximately points
toward Vela located in the Local Bubble. The direction is about
25° off the Galactic plane northward. As the parallel
component of density gradient is too small to be identified
due to the dominance of parallel diffusion, the direction of the
perpendicular component of density gradient does not rule out
the possibility that the source is in the Galactic disk. Although
the density gradient is predominantly in the direction perpend-
icular to the LISMF, the maximum diffusion flux it generates is
F. < 7.0 x 107%¢f. This is because the diffusion coefficient
perpendicular to the local magnetic field, kM, must be less
than the Bohm diffusion limit of cR, /3, or 3.8 x 10® cm?s .
Such a perpendicular diffusion flow is still much weaker than
the parallel diffusion flow.

The results presented above imply that parallel diffusion
dominates in the CR transport in the LISM, whereas the density
gradient is primarily in the perpendicular direction. Such a
situation can only occur if CR diffusion is highly anisotropic,
the mean free path parallel to the magnetic field being much
greater than that in the perpendicular direction. CRs propagate
mostly along magnetic field lines connected to their sources. To
spread CRs over the entire Galaxy, including the halo, a
random walk of magnetic field lines is necessary. On the
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Figure 6. Distribution of CR relative density as a function of the cosine of
particle pitch angle in the LISM. The green symbols with error bar are the
averages binned in equal pitch-angle cosine intervals. The distribution has been
corrected the measurements for the gyrophase-dependent anisotropies from the
effects of Compton—Getting, particle acceleration and drift in the heliosphere so
that the pitch-angle distribution becomes nearly gyrotropic. The red solid line is
a polynomial fit, but it is essentially the same as a straight-line fit (red dashed
line). The blue curve is the pitch-angle distribution expected from resonant
particle scattering by Alfvénic turbulence with a Kolmogorov spectrum.

Galactic scale, CRs behave as if they can effectively propagate
across the average ISMF.

3.3. Properties of Pitch-angle Scattering by the LISM
Turbulence

Equation (1) states that any measured anisotropy is a
combined variation of the particle distribution function as a
function of momentum, position, and pitch angle. The
Compton—Getting and heliospheric acceleration effects show
up as p deviates from the observed momentum p,. Drift
anisotropy is represented by the scalar product G, - R. We can
obtain the genuine pitch-angle distribution of CRs in the LISM
by subtracting the effects of Compton—Getting, acceleration,
and drift anisotropies caused by the heliosphere from the
measurements, or Figure 1(A)—(Figures 4(A) + (C)). Figure 6
shows its dependence on the pitch-angle cosine p of CRs
originally in the LISM. First of all, it appears to be independent
of the particle gyrophase, which is another possible angular
variable contained in each data point. This means that the CR
distribution in the LISM plasma frame is gyrotropic. This is not
surprising, because TeV CRs are strongly magnetized when
particle gyroradii are small compared with the correlation
length of turbulence. The quality of gyrotropy derived from the
data also imposes constraints on our heliosphere model.
Actually, it was one of the criteria for choosing specific
LISMF and plasma conditions in our heliospheric simulation.
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Surprisingly, the LISM CR pitch-angle distribution is nearly
proportional to . In the quasilinear theory of wave—particle
interaction (Schlickeiser 1989), particle pitch-angle distribution
can be expressed as

D/lp (V)
Dy, (v)

c wl —v?
—_ — —d y 4
2 Vllfj(; Dy, (v) Y @

where D,,, is the pitch-angle diffusion coefficient, and D,,, is
the cross diffusion coefficient of 1 and momentum p. The first
term stems from the spectral slope of the momentum
distribution. If the diffusion is driven by an Alfvén wave train
propagating at the Alfvén speed V, along the magnetic field,
D, /Dy, = Va /c. Integration of this term automatically yields
a pitch-angle distribution proportional to p. Effectively, this
term can be understood as the Compton—Getting effect in the
reference frame comoving with the wave. In an ensemble of
counterpropagating plasma waves, D,,/D,, is reduced to
H.V)/c, where H, is the normalized cross helicity, which
specifies the percentage difference of the wave power between
forward and backward propagating waves. However, the
Alfvén speed is about 30 kms ™' in the LISM, so even if all
waves propagate in one direction with an ideal cross helicity
equal to —1, it is still difficult to account for the observed pitch-
angle anisotropy of a much larger amplitude, which would
require an Alfvén speed of about 100kms ™.

A more probable explanation to the observed anisotropy is
the combined action of pitch-angle diffusion and CR density
gradient from the second term of Equation (4), which creates a
spatial diffusion flow parallel to the magnetic field. The linear
character of the pitch-angle distribution shown in Figure 6
indicates that the strength of pitch-angle scattering of CRs in
the LISM is nearly isotropic (red line), or D,, o< (1 — uz).
Resonant scattering of CRs by static Alfvénic turbulence
with a Kolmogorov spectrum (blue line) would produce a
f(u) — f(0) o p'/3, and therefore is inconsistent with the
observations. The isotropic character of pitch-angle scattering
is likely to impose tight constraints on the properties of LISM
turbulence. It is possible that the LISM turbulence is highly
compressive or dynamic (Yan & Lazarian 2008), but further
study is necessary to understand this issue.

The amplitude A, of pitch-angle quadrupole is more than
10 times less than the dipole amplitude A;. Its contribution to
the observed anisotropy is hardly visible in Figure 4(D). Small
second-order anisotropy observed in the LISM indicates that
there is little mirroring of the CR flow. This suggests that the
LISMF strength is rather uniform on scales of the particle mean
free path, which is about a few light years.

o
140 = 1O ==2", dv

3.4. Angular Power Spectrum of CR Anisotropy in the LISM

The 2D map of relative intensity can be expanded in terms of
a linear combination of spherical harmonics,

[max

13
f: Z Z a(’mY[m~ (5)

{=0m=—{

The angular spectral power of a multipole of order ¢ is
associated with the presence of structures in the sky on angular
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Figure 7. Angular power spectrum of CR anisotropy. Tibet ASy measurements
are shown with black symbols. The red line is from our model of heliospheric
distortion. The green line shows the residual spectrum of measurements after
subtraction of the model result. The blue line is derived from the inferred large-
scale (¢ < 3) original anisotropy in the LISM. The true original LISM
anisotropy spectrum is represented with the thick teal line.

scales of about 180°/¢. It can be calculated as the averaged
amplitude square in harmonics of order ¢ (Abbasi et al. 2011),
or Z,{l:fglagml2 / (2¢ + 1). In the case of complete and uniform
sky coverage, a straightforward Fourier decomposition (e.g.,
Driscoll & Heally 1994) of the relative intensity maps would
yield an unbiased estimate for the power spectrum. Unfortu-
nately, this can be done only for our model simulations, but not
for the measurements. Due to the limited sky exposure of CR
air shower experiments on the ground, we just make a direct
assessment of the so-called pseudo-power spectrum, which is
calculated by assuming that the CR intensity variation is 0 in
the unexposed part of the sky. To assess the power spectrum of
anisotropy on the full sky, we have to make some assumptions.
The IceCube team (Abbasi et al. 2011; Abeysekara et al. 2019)
use the publicly available PolSpice software (Challinor et al.
2018) developed originally to analyze the cosmic microwave
background data from, e.g., NASA Wilkinson Microwave
Anisotropy Probe mission. The software corrects for the two-
point correlation function with that of exposure mask function
(Ansari & Magneville 2010). However, other assumptions can
be made, and the result of spectral power estimation can be
different by a factor up to the ratio of the full sky to the exposed
area coverage, which is particularly sensitive for low-order
harmonics.

In Figure 7, the spectra of the calculated (red line) and
inferred large-scale (¢ < 3) LISM anisotropies (blue line) are
derived from the full-sky maps shown in Figures 1(B) and (D),
respectively. Because the LISM CR distribution function in our
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model is truncated beyond the quadrupole, the spectral power
of calculated anisotropy above ¢ = 2 (red line) is generated
entirely by the heliosphere. The Tibet AS+y measurements cover
only a partial sky, so we use two different assumptions for the
unexposed part of the sky when assessing the spectral power.
The result obtained with PolSpice software is shown with the
black dots labeled “corr extended” in Figure 7. We also
calculated the spectral power of the measured anisotropy for
¢ =1 and ¢ = 2 using a least square fit technique (see black
cross-circle symbols labeled “LSq”). The spectral power is
somewhat sensitive to the assumptions used to treat the
unexposed part of the sky, particularly at low ¢. The spectral
power of the residue (Figure 5(C)), i.e., the difference between
the measurement and model, is shown in green color. The
residue consists of anisotropies not considered in our model
calculations.

Comparing the spectra of calculated anisotropy (red) and
Tibet ASy measurement (black), we found that the heliosphere-
induced anisotropy can account for the majority of the spectral
power below £ = 13. The residue spectrum (green) has much
less power in £ = 1 and ¢ = 2 compared with the measure-
ment, which indicates that our model has taken care of the
large-scale anisotropy adequately. For ¢ > 13, the spectral
power in the residue exceeds the heliosphere-induced aniso-
tropy, indicating that these harmonics are small-scale aniso-
tropies originated in the LISM. The sum of the large- (blue) and
small-scale (green) LISM anisotropies (the thick teal line) gives
us the true power spectrum of CR anisotropy in the LISM. The
dipole contribution (£ = 1) dominates the LISM anisotropy
spectrum by two orders of magnitude over other multipoles,
including ¢ = 2. We therefore conclude that the pattern of CR
anisotropy in the LISM is almost a pure dipole consistent with
diffusion of CRs parallel to the LISMF. The effect of turbulent
fluctuations and magnetic mirroring are much smaller than the
dipolar anisotropy from CR diffusion. Thus, if it were not for
the dipole contribution and heliosphere distortion effects, the
CR intensity in the LISM would be rather smooth. Because the
heliosphere can already account for the most of the observed
spectral power in the middle scales between £ = 2 and ¢ = 12,
the required fluctuation level and spatial scale sizes of the ISM
turbulence may have to be significantly modified from previous
estimates (Giacinti & Sigl 2012; Ahlers & Mertsch 2015).

4. Discussion: Is Vela a Special Source of TeV CRs?

Given the large CR density gradient of 5.2 x 10~ *It-yr '
derived from our analysis, we conclude that one or a few local
recent supernova sources are producing a significant fraction of
observed CRs. Otherwise, the global inhomogeneity of CR
sources would most likely make the density gradient of these
CRs persist over thousands of light years, which would create
very large variations in the diffuse gamma-ray emission over
the Galaxy disk; this is not observed. In Figure 8, we project
the LISMF direction and CR density gradient onto the Galactic
plane with distributions of ISM and OB stars shown in the
background. The density gradient points toward the Local
Bubble. It suggests that the Local Bubble is a significant source
of CRs we see at Earth. Based on measurements of **Ne/*’Ne
ratio in GeV CRs, Binns et al. (2005) estimated that a
significant fraction of CRs comes from material left behind by
Wolf-Rayet stars in the superbubble. To accelerate particles to
>TeV energies, we need strong shocks such as those driven by
supernovae. Vela is in the Local Bubble, and it is surrounded
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Figure 8. Directions of LISMF (Bjs), CR density gradient (Vf), and inflow of
LISM relative to the Sun (—V¢m) projected on the Galactic plane with a picture
of the LISM environment. Cumulative extinction of interstellar dust is used to
approximate the ISM density on a gray scale where the darker color means
denser ISM (adapted from Frisch & Dwarkadas 2017). The blue symbols
indicate the locations of bright OB stars in the region.

by materials from Wolf-Rayet stars. Thus, it is a natural
tendency to consider Vela as a local source of CRs.

Is Vela a possible significant contributor to the observed
anisotropy? It is one of the possibilities derived through
analyzing the dipole anisotropy phase angle of 100-300 TeV
CRs (Ahlers 2016). Let us treat CR transport from a nearby
source as a diffusion process without energy loss or nuclear
reactions. The solution to the anisotropic diffusion equation
with an initial injection of N, particles at a point source that
exploded time f ago at parallel distance x;; and perpendicular
distance x; can be written as

2 2
f=——2 exp[ A5 ] ©)

1[647T3fi||fiit3 dryt ARt

The formula is roughly the same for a curved magnetic field, with
the exception that distances should be given in a curvilinear
coordinates system. In the diffusion approximation, the aniso-
tropy in the plasma frame of CRs from single point source can be
derived from the diffusion flow, so the anisotropy amplitude of
CRs from this source A; = —3k - Vnf /c = 3(x) + x)/2ct,
where the density gradientis VInf, = —(x) /s + x. /K1) /2t. If
all other past supernovae are responsible for the isotropic part of
the total CR density f, the resulting anisotropy and density
gradient are both reduced by the factor of f;/f.

By our determination of CR anisotropy and gradient, we
conclude that |x;| > |x | and |x)|/k < |x.|/x. The max-
imum possible anisotropy due to the Vela supernova, which
occurred 11 kyr ago at a distance of 815 It-yr away from the
solar system, is 11%, provided that all CRs that we measure
come from Vela. The observed anisotropy amplitude and
density gradient imply that only fi /f = 1.5% of them are from
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Vela, while |x | = 1.5 x 10%, /c = 5.0 x 10\, where \,
is the particle mean free path perpendicular to ISMF.

The ratio of f;/f can be used to estimate the distance to the
recent local source and to calculate the diffusion coefficient
perpendicular to the LISMF. We can use a leaky box model to
estimate the intensity of CRs produced by all sources in the
Galaxy. Assume that the density of the rest CRs is uniform and
isotropic inside the Galactic disk (100 lt-yr in radius and 880 It-
yr in thickness) and that they come from identical supernovae
exploding randomly every 30 yr during the last 10 Myr of CR
lifetime. The CR density fis equal to the total number of CRs
released during the lifetime divided by the volume of the
Galactic disk. Using the ratio of f;/f = 1.5%, we estimate that
the perpendicular distance to Vela should be ~122 It-yr and a
%1 /#y ratio of about 8.9 x 10~* is needed. The results are
obtained with a x;; = 102 cm®s™ ", but they are insensitive to
the exact number of x| in this order of magnitude. A straight
extrapolation of the LISMF all the way from the Sun to Vela
yields a much larger (750 It-yr) perpendicular distance. If Vela
is indeed the source of these CRs, the LISMF lines must
somehow bend toward it by ~50°. Alternatively, if a supernova
exploded in the Local Bubble 815 It-yr from us and slightly
longer time of 30 kyr ago, the required perpendicular distance
can be increased to ~323 It-yr. The corresgponding diffusion
coefficient ratio increases to 1.4 x 107°. The estimated
perpendicular diffusion coefficient is slightly larger than the
Bohm diffusion limit in a 3.5 uG field, so it must include the
effect of the large-scale random walk of magnetic field lines. A
higher fraction (~4.0%) of CRs should come from the source.
In this case, less bending of magnetic field lines is necessary.
The latter scenario is perhaps more likely, but we cannot rule
out Vela completely. The distance and age of the contributing
supernova need to be constrained together. Vela Jr., which
exploded 700 It-yr away and 1 kyr ago, is too young to be a
possible source because it requires an almost direct connection
by magnetic field lines. A supernova of similar distance but
much older than 60 kyr will also have difficulty satisfying the
observation. Supernova remnants in the low-density Local
Bubble should live longer than 60 kyr so we should be able to
see any younger supernova in the Local Bubble. In fact, Vela is
the only one satisfying the age requirement. Thus, we suggest
that Vela might have made a significant contribution to the
observed TeV CR anisotropy. If this is true, the intensity of
CRs at Earth will keep rising in the future as estimation using
Equation (6) yields that the peak time of CR intensity from
Vela should occur at more than hundreds kyr. We acknowledge
that complicated magnetic field geometry between the solar
system and Vela in the Local Bubble might invalidate this
suggestion by our simple estimate, particularly for a situation
when the Sun is located in the boundary of Loop 1 superbubble
(Frisch 2014; Xu & Han 2019). More detailed modeling is
needed. The proposed scenario can also be further tested by
measurements of CR energy spectrum and composition, as well
as other remote-sensing observations of the ISM gas as the
Local Bubble consists of multiple explosions of OB stars.

5. Conclusion

Based on a state-of-art MHD heliosphere model, we have
corrected particle propagation effects with the help of the
Liouville theorem. We found that the original anisotropy of
TeV CRs in the LISM is nearly a pure dipole oriented
antiparallel to the LISMF. It is consistent with a diffusion flow
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of CRs escaping the Galactic disk into the northern Galactic
halo along the magnetic field lines. The pitch-distribution of
CRs in the LISM is linearly proportional to pitch-angle cosine,
indicating that particle scattering by ISM turbulence is nearly
isotropic. Higher-order multipole anisotropies in the LISM are
much weaker than the dipole. The electromagnetic fields of the
heliosphere can distort the LISM CR dipole anisotropy and
generate high-order multipole anisotropies that make observa-
tions at Earth look complicated. On the medium scales, the
observed anisotropies can almost entirely be accounted for by
the heliospheric effect. Only on small scales, the observed
anisotropies may come from those originally in the LISM, but
their amplitudes are rather small, suggesting weak influence by
ISM turbulence.

We also have determined the density gradient of TeV CRs.
The gradient is perpendicular to the LISMF and points
approximately toward the Vela supernova remnant behind the
Local Bubble. It confirms that the Local Bubble could be a
local source group of CRs that we observe at Earth. Further
analysis using diffusive CR transport suggests that Vela might
be a discrete source of these CRs.
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