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protons can produce Rayleigh–Taylor type instabilities on the
heliopause with an amplitude of a few tens of AU and over a
timescale of a few hundreds of years (Liewer et al. 1996; Zank
et al. 1996). In a model of plasma–neutral fluid coupled via
collision and charge-exchange processes, it is found that such
nonlinear coupling leads to alternate growing and damping of
Alfvénic, fast and slow turbulence modes, at an L of ∼ hundreds
of AU scale and with evolution time longer than inertial time
L/VA, with VA being the Alfvén velocity (Zank 1999; Florinski
et al. 2005; Borovikov et al. 2008; Zank et al. 2009; Shaikh &
Zank 2010).

The LIMF is deformed by the heliosphere over a scale of
about 600 AU at its largest (i.e., the heliosphere transversal
size), which is much smaller than the injection scale of the in-
terstellar turbulence. The same nonlinear processes that produce
turbulence on the wake are responsible for its cascading down
to smaller scales. Since turbulence evolves along hydrodynamic
Kolmogorov cascades, the Alfvén velocity δVl of heliospheric
magnetic perturbations at scale l can be expressed as

δVl = Vh

(
l

Lh

)1/3

, (1)

where Vh ∼ 23–26 km s−1 is the interstellar flow velocity (see
Bzowski et al. 2012 and references therein) and Lh ≈ 600 AU
is the injection scale of the heliospheric induced turbulence.
Since the Alfvén velocity in the partially ionized plasma within
the LIC that surrounds the heliosphere is VA ∼ 13–17 km s−1

(Spangler et al. 2011), turbulence is super-Alfvénic at scales
lA ! Lh(VA/Vh)3 ≈ 80–250 AU. Magnetic perturbations at
such scales are strong (i.e., δB/B0 ≈ 1) and cannot propagate
into the upstream interstellar flow (i.e., they trail downstream).
Super-Alfvénic turbulence isotropically cascades down to the
scale lA, where it becomes sub-Alfvénic and the mean mag-
netic field gets dynamically important. Cascading sub-Alfvénic
turbulence is critically balanced, making perturbations more
elongated along the magnetic field at small spatial scales, while
keeping the energy cascade rate constant (Goldreich & Sridhar
1995). This is true for incompressible turbulence, however, it
can be considered valid in the compressible case as well (see
Lazarian & Beresnyak 2006), which is what is expected to occur
in realistic astrophysical plasmas. In this case, turbulence can be
composed by magnetosonic modes, in addition to shear Alfvén
modes. On the other hand, turbulent dissipation in the cascad-
ing process has the effect of suppressing magnetosonic waves
and effectively makes turbulence nearly incompressible (Shaikh
& Zank 2006). As a consequence, compressible magnetosonic
modes decay quickly, leaving only the shear sub-Alfvénic modes
to dominate the energy cascades.

In the partially ionized LISM, ion–neutral collisions are a
source of the damping mechanism for Alfvénic turbulence, and
the collisional mean free path in the LISM is approximately
300 AU (Spangler et al. 2011). Therefore, we can picture the
outer heliospheric boundary as populated by cascading turbulent
ripples in the LIMF trailing downstream (at the largest scales)
and with exponentially decreasing amplitude as a function of
distance outward into the interstellar medium.

3. OBSERVATIONS OF COSMIC-RAY ANISOTROPY

The observed global cosmic-ray anisotropy from the tens of
GeV to the tens of TeV energy range is generally characterized
by a broad relative excess between right ascension α ≈ 18 hr
and α ≈ 8 hr and a relative deficit in the rest of the sky, as shown

Figure 1. Map in equatorial coordinates constructed by combining relative
intensity distributions of cosmic-ray counts independently normalized within
declination bands on the order of 1◦–5◦. The map shows the observation by
Tibet ASγ at about 5 TeV in the Northern Hemisphere (from Amenomori
et al. 2011a) and by IceCube at a median energy of 20 TeV in the Southern
Hemisphere (from Abbasi et al. 2010). Note the different characteristic energy
of the cosmic-ray particles in the two hemispheres. Also shown is the equator
“at infinity” (see the text): the black continuous line corresponds to the direction
of LIMF inferred in Funsten et al. (2009; circular symbols); the black dotted
line is inferred from Schwadron et al. (2009; square symbols); and the black
dashed line is inferred from Heerikhuisen et al. (2010; triangle symbols). The
star symbol indicates the downwind interstellar medium flow with coordinates
(5 hr, +17◦). Color scale indicates relative excess (red) and deficit (blue) with
respect to average intensity. The map grid is 2 hr in right ascension and 15◦ in
declination.
(A color version of this figure is available in the online journal.)

in Figure 1. The figure shows the map in equatorial coordinates
of cosmic-ray relative intensity in the arrival direction observed
by Tibet ASγ at a median energy of 5 TeV in the Northern
Hemisphere (Amenomori et al. 2011a) and by IceCube at about
20 TeV median energy in the Southern Hemisphere (Abbasi
et al. 2010). The relative intensity measures the deviation of
cosmic-ray counts in a given declination band with respect to
the average count in that band. Relative intensity distributions
are independently determined for each declination band (of
order 1◦–5◦) and are used to construct the map, thus providing
information on the relative modulation of the arrival direction
of cosmic rays along the right ascension. Although the right
ascension position of the relative excess and deficit regions as
a function of declination depends on the cosmic-ray energy, the
global pattern of the anisotropy does not change significantly
across the sky up to ≈100 TeV. Moreover, the energy response
distribution for these observations is reported to be rather wide,
therefore the different characteristic energies corresponding to
the two halves of the sky are partially mitigated by a significant
overlap in energy response.

The relative excess region in the northern hemisphere shows
a complex angular structure around the apparent direction
of the interstellar downstream flow direction (approximately
the inferred direction of the heliospheric tail), with equatorial
coordinates (α, δ) ≈ (5 hr, +17◦) (indicated by a white star
in the figure). This is the region where a broad enhancement
called the tail-in excess was observed for the first time with sub-
TeV cosmic rays (Nagashima et al. 1998). Although the global
relative excess observed in the Southern Hemisphere seems to
have a different fine structure, it appears topologically connected
to that observed in the North. This might be an indication that
even though the energy distributions of the two observations
overlap, some small-scale differences could still arise, perhaps
also related to different mass composition sensitivity of the two
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TeV cosmic ray anisotropy observations

Relative Intensity Map in Equatorial Coordinates
(from Destiati and Lazarian, 2013)

Tibet AS @ 5 TeV

IceCube @ 20 TeV



Spherical Harmonic Power Spectrum of TeV CR Anisotropy
IceCube-HAWC construction
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Fig. 1. 2D anisotropy maps of galactic cosmic rays observed and reproduced at the modal energy of 7 TeV. Each map shows the relative
intensity or the significance in 5� ⇥5� pixels in the equatorial coordinate system.
(a): the observed cosmic-ray intensity (Iobs

n,m), (b): the best-fit Global Anisotropy (GA) component (IGA
n,m), (c): the significance map of the

residual anisotropy after subtracting IGA
n,m from Iobs

n,m, (d): the best-fit Midscale Anisotropy (MA) component (IMA
n,m ), (e): the best-fit GA+MA

components (IGA
n,m +IMA

n,m ), and (f): the significance map of the residual anisotropy after subtracting IGA
n,m +IMA

n,m from Iobs
n,m.

The solid black curves represent the galactic plane. The dashed black curves represent the Hydrogen Deflection Plane reported by Gurnett
et al. (Gurnett et al. (2006)) and Lallement et al. (Lallement et al. (2005)). The heliotail direction (↵,�) = (75.9�, 17.4�) is indicated by
the black filled circle. The open cross and the inverted star with the attached characters “F” and “H” represent the orientation of the local
interstellar magnetic field (LISMF) by Frisch (1996) and Heerikhuisen et al. (2010), respectively. The open triangle with “B” indicates the
orientation of the best-fit bi-directional cosmic-ray flow (BDF) obtained in this paper.

In Eq. (2), (↵2, �2) denotes the orientation of the reference
axis of the BDF, and a2k the amplitude of the BDF. The UDF
is decomposed into two components; one is parallel to the
BDF with an amplitude of a1k, and the other is perpendic-
ular with an amplitude of a1? along the orientation of the
reference axis (↵1, �1) perpendicular to (↵2, �2). The �1 de-
notes the angular distance of the center of the (n,m) pixel
measured from the reference axis (↵1, �1), and �2 denotes
that measured from the axis (↵2, �2). Figure 1b shows the
reproduced anisotropy when we attempt to fit Fig. 1a with
IGA
n,m alone. Although Fig. 1b successfully reproduces the
global “tail-in” and “loss-cone” structures, there remains the
midscale anisotropy, as can be seen in Fig. 1c. The IMA

n,m ,
incorporated to model this residual excess of intensity, is ex-
pressed as:

IMA
n,m =

(

b1exp

 

� (�n,m �8)2

2� 2�

!

+b2exp

 

� (�n,m +8)2

2� 2�

!)

⇥exp
 

�✓2n,m

2� 2✓

!

, (3)

where b1 and b2 denote the amplitudes of the two excess
components along the best-fit plane with the heliotail direc-
tion on it, each centered away from the heliotail direction by
an angle 8 along the plane. The �� (�✓ ) denotes the width
of the excess parallel (perpendicular) to the best-fit plane,
�n,m and ✓n,m the “longitude” measured from the heliotail

direction and the “latitude” of the center of the (n,m) pixel
measured from the best-fit plane. Figure 1e and f show the re-
produced anisotropy and the residual anisotropy when we fit
Fig. 1a with IGA

n,m +IMA
n,m . The IMA

n,m extracted from Fig. 1e is
shown in Fig. 1d. Note that the obtained best-fit plane along
which the MA is assumed is fairly consistent with the Hy-
drogen Deflection Plane (HDP) suggested by Gurnett et al.
(2006), which contains the directions of the interstellar wind
velocity and the interstellar magnetic field upstream the he-
lionose; the angle difference between the direction normal to
our best-fit plane and that to Gurnett’s HDP is only 2.1�. The
best-fit parameters in Eq. (2) and Eq. (3) are listed in Table 1.

3 Discussions

The GA can be interpreted as follows (for details, see Mu-
nakata et al., 2009; Mizoguchi et al., 2009). The local in-
terstellar space of scale ⇠2 pc surrounding the heliosphere
would be responsible for the GA. The BDF is produced by
cosmic rays drifting parallel to the Local Interstellar Mag-
netic Field (LISMF) line into the heliosphere from outside
the Local Interstellar Cloud surrounding the heliosphere. The
UDF, perpendicular to the LISMF (a1?�a1k) with its ampli-
tude comparable to that of the BDF (a1?'a2k), can be pro-
duced by a diamagnetic drift arising from a spatial density
gradient (rn/n) of galactic cosmic rays in the LISMF.

Astrophys. Space Sci. Trans., 6, 49–52, 2010 www.astrophys-space-sci-trans.net/6/49/2010/

Tibet ASg anisotropy observations
Decomposition into two orthogonal dipoles and one bidirectional 
anisotropy and plus small features  



10-TeV proton trajectories
Final arrival directions: Nose, Pole, Flank, Tail

Size of heliosphere (heliopause):
Nose: ~150 AU, Flank ~300 AU
Tail:  A few thousand AU

Gyroradius of protons in 3.5 µG LISMF:
1 TeV: 63 AU,     10 TeV: 635 AU
300  TeV: 19 kAU

Heliosphere should affect the anisotropy of TeV cosmic rays



Liouville Mapping of Anisotropy

J  observed paricle flux              
                          J(ro,

po, to ) = po
2 f (ro,

po, to )
po   ⇐  particle momentum in observer's frame
f  ⇐  particle distribution function in observer's frame

Anisotropy is a measurement of angular dependence of particle 
distribution in the observer’s reference frame  

Liouville’s theorem (solution to Boltzmann-Vlasov Eq)
f (
!
ro ,
!
po ,to ) = f (

!rism ,
!
pism ,to − s)  along a deterministic trajectory 

with scattering time (~years) >> propagation time (~days)

Anisotropy at Earth can be mapped of momentum and particle 
distribution function from the LISM by finding the relation between
(ro,
po ) and (rism, pism ) along particle trajectories.

f  is invariant upon transformation of reference frame 



 d
p
dt
= q(

E + v ×


B) = q(−


V ×

B+ v ×


B)

Mapping to Earth from ISM distribution through particle trajectory

with ideal MHD Heliosphere Model where !E = −
!
V ×
!
B

f (!ro,
!po ) = f (

"rism, "pism ) = f (
"
Rg,
"pism )

             = F0pism
−4.75[1+∇⊥ lnF ⋅ (

"
Rg −

"
Ro )+ A1||P1(cosθism )+ A2||P2 (cosθism )]

                     ↑                      ↑                         ↑                         ↑
        Compton-Getting       b×gradient    uni-directional    bi-directional
          + Acceleration             +drift                    + Pitch angle change
  (after Taylor expansion)

Total anisotropy is a linear composition of the above 3 types of 
anisotropies (or 4 maps). Its outcome depends on the magnitude 
and direction of                              in local interstellar medium. A1||,  A2||,  and ∇ lnF

Cosmic ray distribution in LISM as a magnetized charged particle 
population

(field-aligned flows)



Simulation box 12000x8000x10000 AU for cosmic rays of a few TeV
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Bism=3.5 mG, ne=0.065 cm-3, nH=0.185 cm-3



Simulation box 12000x8000x10000 AU for cosmic rays of a few TeV
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All models constrained by Voyagers   
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Trajectories arriving in a few sample directions (XZ projection 
only)
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Composition the anisotropy: various contribution 
Compton-Getting and 
Acceleration effects

Pitch-angle dipole

Drift in density gradient

Mirroring effect



Heliospheric Distortion and Residue 

Bism

Nose

Bism

Nose

Observed heliospheric distortion Calculated heliospheric distortion

Residue
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4 TeV Cosmic ray pitch angle distribution
in LSIM
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 Polynomial
 Resonant Scattering
 Average of data

• Pitch-angle distribution is a pure dipole.
• It indicates that scattering of ISM turbulence is isotropic, or Dµµ is 

proportional to (1-µ2)
• Resonant scattering by Aflvenic turbulence with a Kolmogorov spectrum 

does not work



Angular power spectrum
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• 98% of spectral power is in the dipole
• Heliosphere generates the majority of medium-scale anisotropy between l=2, 

and l=13



TeV CR anisotropy in LISM up to l = 2
(High orders are negligible)
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Solar system neighbor environment in the Galactic plane 

ISM based on Frisch (2017)
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TeV cosmic ray transport in LISM

Parallel to magnetic field

if κ || =κ ||291029  cm2 /s   then   ∇|| ln f =  2.23×10-8 /κ ||29  AU-1= 4.51×10-3 /κ ||29  pc-1

j||
f
=
κ ||∂f
f ∂z

= 3A1||c = 4.95×10−3c ≈1500 km/s

A1|| >> A2||    →    Weak or no mirroring 

A1|| = 0.165±0.002%;  A2|| = 0.015±0.002%; 

|∇
⊥

ln f |= 0.021±0.001% / Rg (254AU) = 8.3×10-7 /AU=0.017/pc

Perpendicular to magnetic field

Since κ
⊥
<<
cRg
3

,   j⊥
f
=κ

⊥
∇

⊥
ln f  << 9.3×10−5c = 28 km/s

|∇
⊥

ln f |  =  8.2×10-7  AU-1= 1.7×10-1  pc-1   >> ∇|| ln f

TeV cosmic ray transport in LISM is dominated by parallel diffusion 
along magnetic field into northern Galactic Halo. The density 
gradient is mainly perpendicular to the magnetic field. This requires 
a very anisotropic diffusion. 

Parameters of cosmic ray distribution inferred to anisotropy 



Global source distribution Or recent local SN source?

• The density gradient cannot be supported by a global continuous 
source distribution:
– Large density gradient of 0.17/pc perpendicular to the LIS 

magnetic field. It cannot persist over too large distance; 
otherwise, we will in diffuse g-ray emission. 

– Halo height of H=221k||29 pc results in short cosmic ray 
lifetime of t=H2/(2k)=7.3x104 k||29 years if it persist globally. 

• Recent local source: Is it Vela, 250 pc away 11 kyr old?
– Density gradient points approximately towards Vela in the 

Local Bubble. 
– Require highly anisotropic transport, because

j||  >> j┴ and ∇|| f << ∇┴ f



Summary
• The CR anisotropy in the LISM is almost a pure pitch-angle dipole opposite 

the magnetic field. It indicates that cosmic ray transport is mainly through 
parallel diffusion into the northern Galactic halo.

• Pitch angle anisotropy of a few TeV cosmic rays have been determined. 
Particle pitch-angle scattering is isotropic. 

• CR density gradient is perpendicular to the LISM magnetic field. It is large, 
indicating local SN source is making a special contribution. Its direction is 
consistent with a source in the local bubble, possibly Vela.

• The LISM magnetic field and hydrogen ionization ratio are now more tightly 
constrained. 

• Large-scale magnetic field structures of the heliosphere are seen in TeV
cosmic ray anisotropy. TeV cosmic ray anisotropy images contain features 
related to

• Hydrogen deflection plane (HDP) in the heliotail
• Plane perpendicular to Bism
• Bow wave

• Heliospheric magnetic field distort LISM dipole anisotropy to form many 
small features (l = 2-12) in the anisotropy images seen at Earth. A part of 
sky is completely smeared by chaotic CR trajectory.


