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Propagation of cosmic rays

Photons �! (almost) direct path to observer

Protons �! permament scattering and deections
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Cosmic Ray Di�usion I. Introduction

The problem

Magnetic �elds in space

Magnetic �elds are omnipresent1

Galactic magnetic �elds

Interplanetary magnetic �elds

Field strengths typically µG{ nT

In most cases: two components

1 Regular, large-scale

2 Turbulent, small-scale

Z comparable �eld strengths!

Usual assumption

B = B0 êz + �B(r ; t)

homogeneous turbulent

1
Beck et al., Annu. Rev. Astron. Astrophys. 34, 155 (1996)
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Di�usion-Convection Problems



Cosmic Ray Di�usion II. Di�usion-Convection Problems

The ansatz

Can we do a di�usion-convection description?

Distribution function: solve a transport equation1

@f

@t
� S = r �

(
�nj � rf � v f

)
+

@

@p

(
p2Dp

@

@p

f

p2
� ṗ f

)
+ : : :

Di�usion tensor: approximation required

� =




�? �A 0
��A �? 0
0 0 �k




Three main e�ects

1 �k: Di�usion along2 B
2 �?: Di�usion across3 B
3 �A: Drift e�ects

4

E.N. Parker A. Fick

1
Parker, Planet. Space Sci. 13, 9 (1965)

2
RCT, Shalchi, & Schlickeiser, Astrophys. J. 685, L165 (2008)

3
Shalchi, RCT, & Rempel, Plasma Phys. Contr. Fusion 53, 105016 (2011)

4
RCT & Shalchi, Astrophys. J. 744, 125 (2012)
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The analytical calculation

Important parameter: parallel mean-free path

Averaging1,2 over all pitch-angles � = cos\(v ;B0)

�k / �k /
∫ 1

�1

d�

(
1� �2

)2

D��(�)

Taylor-Green-Kubo formula for the Fokker-Planck coe�cient

D�� =

∫ 1

0

dt h�̇(t) �̇?(0)i

From the equation of motion (Newton-Lorentz eq.)

�̇ =
@

@t

(vk
v

)
static
=

v̇k

v
=




v

(
vx

�By

B0

� vy
�Bx

B0

)

1 unknown velocity components vx ;y
2 unknown position in �Bx ;y (r ; t)

1
Hasselmann & Wibberenz, Z. Geophys. 34, 353 (1968)

2
Earl, Astrophys. J. 193, 231 (1974)
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The microphysics

Resonant wave-particle interactions

Quasi-linear theory1

z(t) = v�t

sharp resonance

Reality

stochastic motion

resonance broadening2,3

1
Jokipii, Astrophys. J. 146, 480 (1966)

2
Owens, Astrophys. J. 191, 235 (1974)

3
RCT & Lerche, Phys. Lett. A 374, 4573
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The standard cases I

Example: Second-order QLT1,2

Parallel di�usion

stochastic particle orbits using QLT

describe resonance broadening

Agreement with simulations1

Field line

Quasi-linear
position

1
Shalchi, Phys. Plasmas 12, 052905 (2005)

2
RCT, Shalchi, & Schlickeiser, Astrophys. J. 685, L165 (2008)
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f||(z)

σ2
z =

〈
z2
〉
− 〈z〉2

Quasi-linear
positionField line
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The consequence

Calculation: quasi-linear vs. non-linear

Hillas: no con�nement of high-energy particles1 if vk > 
Lmax

Extragalactic origin if E & 1017 eV

Z does the deection2 allow for a correlation with AGNs?3

1
Hillas, Annu. Rev. Astron. Astrophys. 22, 425 (1984)

2
Shalchi, RCT, et al., Phys. Rev. D 80, 023012 (2009)

3
Abraham et al., Science 318, 938 (2007)
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The consequence

Calculation: quasi-linear vs. non-linear

SOQLT: con�nement of high-energy particles1 if vk > 
Lmax

Extragalactic origin if E & 1017 eV

Z does the deection2 allow for a correlation with AGNs?3

10−3 10−2 10−1 100 101 102 103 104
10−6

10−4

10−2

100

102

104

106

108

E in 1015 eV

λ || in
 p

c

 l
slab

 < R
L
 < L

||
L

||
 < R

L
R

L
 < l

slab

1
Hillas, Annu. Rev. Astron. Astrophys. 22, 425 (1984)

2
Shalchi, RCT, et al., Phys. Rev. D 80, 023012 (2009)

3
Abraham et al., Science 318, 938 (2007)
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The standard cases II

Non-linear guiding center theory

Assume that particles follow �eld lines

Z write the �eld line equation as

dx =
�Bx

B0

dz

Multiply by vx at some other time

Z sixth-order correlation function

�? /
∫

d3k
〈

b

vz (t) vz (0)

cb

�Bx (t) �Bx (0)

cb

e ik �(x(t)�x(0))

c

〉

Conventional non-linear guiding center (NLGC) theory1,2

1 Split into three second-order correlation functions
2 Assume di�usive behavior
3 Calculate di�usion coe�cient

1
Matthaeus, Qin, Bieber, & Zank, Astrophys. J. 590, L53 (2003)

2
le Roux et al., Astrophys. J. 716, 671 (2010)
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The (non-)di�usivity

Turbulent particle transport can be non-Markovian

General behavior:
〈
(�x)2

〉 / t�+1 or � / t�

Z \di�usion" requires � = 0!

Three cases:

1 Ballistic regime

free streaming

� = 1

2 Parallel

di�usion1

� � 0

3 Perpendicular:

subdi�usion1{3

�
1
2
6 � < 0

1
RCT & Shalchi, J. Geophys. Res. 115, A03104 (2010)

2
Jokipii, K�ota, & Giacalone, Geophys. Res. Lett. 20, 1759 (1993)

3
Qin, Matthaeus, & Bieber, J. Geophys. Res. 29, 1048 (2002)
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3. TEST OF THE ANALYTICAL THEORIES

In this section, the comparison of the improved NLGC
theory with a series of test particles will be described. The
good agreement underlines the validity of the improved NLGC
approach in comparison to the original formulation of the theory.

3.1. The Simulations

For the numerical simulation of diffusion coefficients, the
Padian code of Tautz (2010) has been used, which traces the
trajectories of randomly chosen test particles.6

An important aspect of the simulations is that, just as in
any analytical theory, one must choose a specific turbulence
model. To provide an appropriate tool to test the analytical
theories introduced earlier, the same turbulence description
as in Section 2 has been used in the simulations, which is
the magnetostatic slab/2D composite model. For the power
spectrum of the 2D modes, the analytical model proposed by
Shalchi & Weinhorst (2009) is employed, which reads

g2D(k⊥) = 2C(s, q)

π
δB2

2D�2D
(k⊥�2D)q

[1 + (k⊥�2D)2](s+q)/2
. (14)

Here, the parameter q is the energy range spectral index, which
controls the behavior of the turbulence at large scales. For the
inertial range spectral index, s = 5/3 is assumed in agreement
with the Kolmogorov (1941) theory. Equation (14) contains the
normalization function

C(s, q) = Γ[(s + q)/2]

2Γ[(s − 1)/2]Γ[(q + 1)/2]

with the Gamma function Γ(z). Furthermore, the average tur-
bulence strength is quantified by the magnetic energy of the
2D modes δB2

2D/B2
0 , and the so-called 2D bend-over scale is

denoted by �2D. For the slab modes,

gslab(k‖) = C(s)

2π
δB2

slab�slab
1[

1 + (k‖�slab)2
]s/2 (15)

has been chosen as suggested by Bieber et al. (1994). Here, use
was made of the normalization function C(s) ≡ C(s, q = 0),
the magnetic energy of the slab modes δB2

slab/B
2
0 , and the slab

bend-over scale �slab. The two spectra, Equations (14) and (15),
are equivalent in the inertial range where they scale like ∼k−s .
A major difference can be found at large scales, i.e., in the
energy range. Whereas an arbitrary model was chosen for the
2D modes where the spectrum scales with ∼kq , a flat model was
employed for the slab modes. Such models are in agreement
with the discussion provided in Matthaeus et al. (2007). It
should be emphasized, however, that the slab modes are less
important, since they provide a subdiffusive contribution to
the total perpendicular diffusion coefficient as shown in the
present paper. The model used for the 2D modes is quite
general.

3.2. Results

Using the Padian code, simulations were performed for dif-
ferent values of δB2

slab/δB
2
tot while the total turbulence strength

δB2
tot = δB2

slab + δB2
2D was kept constant. For the other parame-

ters, values were chosen as �2D = �slab, s = 5/3, and q2D = 1.5.

6 The numerical techniques used are well known and are described in detail
in the literature (e.g., Giacalone & Jokipii 1999; Tautz 2010).
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Figure 1. Scattering mean free paths as a function of the normalized time Ωt (Ω
is the gyrofrequency) as obtained from the simulations for 50% slab and 50%
2D turbulence. The upper panel shows the parallel mean free path and the lower
panel the perpendicular mean free path.

Table 1
The Parallel and Perpendicular Mean Free Paths Obtained from the Numerical

Simulations with the Padian Code

δB2
slab/δB

2
tot δB2

2D/δB2
tot λ‖/�slab λ⊥/�slab

0.0 1.0 410.5† ± 7.4 0.2114∗ ± 0.0106
0.1 0.9 89.8 ± 5.5 0.0907 ± 0.0035
0.3 0.7 30.3 ± 0.8 0.0592 ± 0.0021
0.5 0.5 19.9 ± 0.6 0.0316 ± 0.0012
0.7 0.3 14.8 ± 0.4 0.0161 ± 0.0008
0.9 0.1 10.9 ± 0.3 0.0056∗ ± 0.0004
0.95 0.05 10.7 ± 0.2 0.0045∗ ± 0.0002
1.0 0.0 6.8 ± 0.2 0.0002∗ ± 0.00001

Notes. Listed are the values for the magnetic energy in both the slab and the
two-dimensional models, respectively. The mean free paths are normalized to
the slab bend-over scale �slab. Subdiffusive results are marked by an ∗ symbol
and superdiffusive results by a † symbol. In these cases, the values given in the
table merely provide an upper limit of the corresponding diffusion coefficient.

The total turbulence strength was set to δB2
tot = 0.1B2

0 , and
for the particle rigidity an intermediate value of RL = 0.1�slab
was assumed, where the parameter RL refers to the unperturbed
particle Larmor radius in the case v‖ = 0. Using the simulation
code, the Newton–Lorentz equation is solved numerically to
compute particle trajectories. Subsequently, the trajectories are
used to calculate mean square displacements in the various di-
rections to obtain numerical values for the coefficients. A more
detailed description of the methods used can be found in Tautz
(2010). For the analytical calculations of the perpendicular dif-
fusion coefficient, a formula for the parallel mean free path has
to be employed—see, e.g., Equation (13). In what follows, the
parallel diffusion coefficients in the relevant integral equations
are replaced with the numerical values as obtained from the
simulations.

The simulations for different values of δB2
slab/δB

2
tot are sum-

marized in Table 1. To demonstrate the transition between diffu-
sive and non-diffusive transport, Figure 1 shows an illustrative
example of the running diffusive coefficients. Clearly, one can
see different transport regimes. After an initial ballistic or free-
streaming motion, a very short quasi-diffusive regime is exhib-
ited, in which the particles follow the field lines while the par-
allel motion remains ballistic. Thereafter, for a relatively long
time one has compound diffusion whereas, eventually, diffu-
sion is recovered. The first three transport regimes (free stream-
ing, quasi-diffusion, and subdiffusion) were predicted in Shalchi

4



Cosmic Ray Di�usion II. Di�usion-Convection Problems

The (non-)di�usivity

Example: uni�ed non-linear theory1

Calculate 4th-order correlation as

〈
: : :
〉
=

1

4

∫ 1

�1

d�

∫ 1

�1

d�0
∫

d3r : : : f (�; r ; t)

with a Fokker-Planck

solution f (�; r ; t)

Creative mathematical

procedures required2

Time dependent di�usion

Agreement with numerical

test-particle simulations3

1
Shalchi, Astrophys. J. 720, L127 (2010)

2
Lerche & RCT, Phys. Plasmas 18, 082305 (2011)

3
Shalchi, RCT, & Rempel, Plasma Phys. Contr. Fusion 53, 105016 (2011)
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: : :
〉
=

1

4

∫ 1

�1

d�

∫ 1

�1

d�0
∫

d3r : : : f (�; r ; t)

with a Fokker-Planck

solution f (�; r ; t)

Creative mathematical

procedures required2

Time dependent di�usion

Agreement with numerical

test-particle simulations3

1
Shalchi, Astrophys. J. 720, L127 (2010)

2
Lerche & RCT, Phys. Plasmas 18, 082305 (2011)

3
Shalchi, RCT, & Rempel, Plasma Phys. Contr. Fusion 53, 105016 (2011)
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Cosmic Ray Di�usion II. Di�usion-Convection Problems

The alternatives

Magnetic �eld-line random walk

Compound di�usion1,2

Bohm di�usion

Scaling relations

Simple energy and �eld strength dependence3

Estimates based on decorrelation mechanisms4

Other approaches

Percolation theory5

Markov processes6 and L�evy walks7

1
Webb et al., Astrophys. J. 651, 211 (2006)

2
RCT, Shalchi, & Schlickeiser, Astrophys. J. 672, 642 (2008)

3
Reinecke, Moraal, & McDonald, J. Geophys. Res. 98, 9417 (1993)

4
Hau� et al., Astrophys. J. 711, 997 (2010)

5
Isichenko, Rev. Mod. Phys. 64, 961 (1992)

6
Lemons, Phys. Plasmas 19, 012306 (2012)

7
Zimbardo et al., Astrophys. J. 778, 35 (2013)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The approach

Turbulence model

Fully developed turbulence

Required:

1 energy spectrum
2 geometry

3 dynamical behavior

Dynamical behavior1:

1 instabilities2

2 (damped) waves
3 intermittency3

1
Shalchi, Bieber, Matthaeus, & Schlickeiser, Astrophys. J. 642, 230 (2006)

2
RCT & Lerche, J. Math. Phys. 54, 053303 (2013)

3
Alouani-Bibi & le Roux, Astrophys. J. 781, 93 (2014)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The spectrum

Turbulence model Measurements1,2

Correlation function
〈〈〈
�Bj(r ; t) �Bn(r

0; t 0)
〉〉〉

Fourier transformation
〈〈〈
�Bj(k) �Bn(k

0)
〉〉〉

Z plus Corrsin hypothesis3

Expressible as

G (k)

8�k2

(
�jn �

kjkn

k2

)

Measurements provide G (jk j)
Z Solar wind: Kolmogorov1

1
Bruno & Carbone, Living Rev. Solar Phys. 2 (2005)

2
Wicks et al., Astrophys. J. 778, 177 (2013)

3
RCT & Shalchi, Phys. Plasmas 17, 122313 (2010)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The geometry

Basic analytical models

Need to know the geometry G (kk; k?)
Z particle transport requires integration over k

Basic geometries
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Isotropic: no preferred direction

Z �B independent of � and �

Others: e. g., Goldreich-Sridhar

Z perpendicular-parallel energy exchange
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The simulation

How to obtain transport coe�cients numerically?

Trace trajectories of test particles1{4

Z use relations (�z)2 / � / �

Time-dependent (\running") di�usion coe�cients

e. g., �k(t) =
1

2

d

dt

〈(
�z(t)

)2〉 � 1

2t

〈(
�z(t)

)2〉

Generate arti�cial turbulence

Z superposition of plane waves1,3

�B(r) / Re

N∑

n=1

ê 0
√
G (kn) cos (knz

0 � !(kn)t + �n)

Turbulence power spectrum G (k) / k�5=3

1
Giacalone & Jokipii, Astrophys. J. 520, 204 (1999)

2
Zimbardo, Veltri, & Pommois, Phys. Rev. E 61, 1940 (2000)

3
RCT, Comput. Phys. Commun. 181, 71 (2010)

4
Laitinen, Dalla, & Marsh, Astrophys. J. Lett. 773, L29 (2013)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The side note

How many wave modes do we need?

Investigate di�usive behavior with a (quasi) Lyapunov technique1

A minimum of 16 wave modes is required

2 4 8

1
RCT & Dosch, Phys. Plasmas 20, 022302 (2013)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The dynamics

Turbulent electric �elds

Include1 (MHD) plasma waves:

1 Alfv�en waves

! = � vAkk

2 Fast magnetosonic waves

3 Whistler waves2

Alfv�en speed vA = B0=
p
4��

Faraday: turbulent electric �elds

�B =
c

!(k)
k � �E

Di�usion in momentum space: Fermi-like acceleration

1
RCT, Shalchi, & Schlickeiser, J. Phys. G 32, 1045 (2006)

2
Vocks et al., Astrophys. J. 627, 540 (2005)

3
Petrosian, Space Sci. Rev. 173, 535 (2012)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The dynamics

Stochastic acceleration

Evolution of a velocity distribution function f / p�a

Momentum di�usion1 mostly near v = vA
Z modi�ed spectral index2

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

R

f
(R

)R

∝ R−1.50

∝ R−4.96

∝ R−4.35

1
RCT, Plasma Phys. Contr. Fusion 52, 045016 (2010)

2
RCT, Lerche, & Kruse, Astron. Astrophys. 555, A101 (2013)
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Cosmic Ray Di�usion III. Electromagnetic Turbulence

The fully numerical approach

Di�usion in MHD turbulence

2-step procedure:1{3

1 evolution of

MHD turbulence4

2 trace test-particle

trajectories

Advantages:

plasma instabilities3,5

dynamical turbulence

But: limited resolution

1
Beresnyak, Yan, & Lazarian, Astrophys. J. 728, 60 (2011)

2
Lange & Spanier, Astron. Astrophys. 546, A51 (2012)

3
Nakwacki & Peralta-Ramos, ArXiv:1312.7822 (2014)

4
M�uller, in Interdisciplinary Aspects of Turbulence, Berlin:Springer, p. 223 (2009)

5
RCT & Triptow, Astrophys. Space Sci. 348, 133 (2013)

R. C. Tautz CRISM-2014



Cosmic Ray Di�usion III. Electromagnetic Turbulence

The fully numerical approach

Di�usion in MHD turbulence

2-step procedure:1{3

1 evolution of

MHD turbulence4

2 trace test-particle

trajectories

Advantages:

plasma instabilities3,5

dynamical turbulence

But: limited resolution

1
Beresnyak, Yan, & Lazarian, Astrophys. J. 728, 60 (2011)

2
Lange & Spanier, Astron. Astrophys. 546, A51 (2012)

3
Nakwacki & Peralta-Ramos, ArXiv:1312.7822 (2014)

4
M�uller, in Interdisciplinary Aspects of Turbulence, Berlin:Springer, p. 223 (2009)

5
RCT & Triptow, Astrophys. Space Sci. 348, 133 (2013)

R. C. Tautz CRISM-2014



IV.

Solar Wind



Cosmic Ray Di�usion IV. Solar Wind

The reality

Additional e�ects in the Solar wind

1 Geometry?

parallel/perpendicular

2 Time dependence?

Solar wind

intermittence

3 Adiabatic focusing?

4 Stochastic acceleration?

5 Drift motions?

R. C. Tautz CRISM-2014



Cosmic Ray Di�usion IV. Solar Wind

The geometry

\Maltese cross" model

Solar wind measurements1 \justify" the slab/2D composite model2

Fit model allows for 1D!3D interpolation3,4

1
Matthaeus, J. Geophys. Res. 95, 673 (1990)

2
Bieber et al., J. Geophys. Res. 101, 2511 (1996)

3
Weinhorst & Shalchi, MNRAS 403, 287 (2010)

4
Rausch & RCT, MNRAS 428, 2333 (2013)

R. C. Tautz CRISM-2014



Cosmic Ray Di�usion IV. Solar Wind

The geometry

\Maltese cross" model

Solar wind measurements1 \justify" the slab/2D composite model2

Fit model allows for 1D!3D interpolation3,4

1
Matthaeus, J. Geophys. Res. 95, 673 (1990)

2
Bieber et al., J. Geophys. Res. 101, 2511 (1996)

3
Weinhorst & Shalchi, MNRAS 403, 287 (2010)

4
Rausch & RCT, MNRAS 428, 2333 (2013)

R. C. Tautz CRISM-2014



Cosmic Ray Di�usion IV. Solar Wind

\Space weather"

Anisotropy-time pro�les1,2

Model measured pro�les

time resolved

pitch-angle resolved

Fit to a di�usion solution

1
Dr�oge & Kartavykh, Astrophys. J. 693, 69 (2009)

2
Sa��z et al., Astrophys. J. 672, 650 (2008)
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Cosmic Ray Di�usion IV. Solar Wind

The comparison

Dissipation and the particle mass

Low-energetic Solar cosmic rays

Z 10 keV to 100 GeV

Palmer consensus range2:

Z agreement2

Turbulence model1

dissipation:

electrons

vs. protons

composite:

Alfv�en waves +

2D component

1
RCT & Shalchi, J. Geophys. Res. 118, 642 (2013)

2
Bieber, Matthaeus, et al., Astrophys. J. 420, 294 (1994)

R. C. Tautz CRISM-2014
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Cosmic Ray Di�usion IV. Solar Wind

The large scales

Curved mean �eld

Global transformation1

Z �eld-aligned di�usion tensor

�global = A � � � AT

Useful for SDE methods

Alternative: focusing length L

L�1 = r � B
B
� 1

B

@B

@z

Applications:

1 magnetic bottles
2 Parker spiral2{4

1
E�enberger et al., Astrophys. J. 750, 108 (2012)

2
Parker, Astrophys. J. 128, 664 (1958)

3
He & Wan, Astrophys. J. 747, 38 (2012)

4
RCT et al., J. Geophys. Res. 116, A02102 (2011)
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Cosmic Ray Di�usion IV. Solar Wind

The large scales

Adiabatic focusing

Test analytical results1

Z assume L = const so that2

Bfx ;yg � B0

fx ; yg
2L

e�z=L

Bz � B0 e
�z=L

Turbulence strength: relative. . . or absolute?
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0
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x/`0

z/
` 0
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−1

0
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4

x/`0

z/
` 0

1
Shalchi, Astrophys. J. 728, 113 (2011)

2
RCT, Dosch, & Lerche, Astron. Astrophys. 545, A149 (2012)
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Cosmic Ray Di�usion IV. Solar Wind

The outer heliosphere

\Piled up" Parker spiral

Sectored magnetic �eld1,2

Z outer heliosphere

Quasi-di�usive drift motion

Magnetic reconnection3

Z particle acceleration?4

1
Florinski et al., Astrophys. J. 754, 31 (2012)

2
Laitinen, Dalla, & Kelly, Astrophys. J. 749, 103 (2012)

3
Lazarian & Opher, Astrophys. J. 703, 8 (2009)

4
Bian & Kontar, Phys. Rev. Lett. 110, 151101 (2013)
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1
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Cosmic Ray Di�usion IV. Solar Wind

The outer heliosphere

Comparison with observations

Ions at the termination shock1

Super-di�usive behavior

Z
〈
(�x)2

〉 / t1:3

1
Perri & Zimbardo, Astrophys. J. 693, L118 (2009)
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Cosmic Ray Di�usion IV. Solar Wind

The local interstellar medium

Cosmic-ray anisotropy1

Cosmic rays as a diagnostic tool1

Z requires a reliable transport model

\Local wiggle" in the interstellar magnetic �eld2,3

In this parameter regime, cosmic rays are largely
guided by the interstellar magnetic field because
both the anisotropic and perpendicular compo-
nents of the anisotropy (fig. S1) are small com-
pared to the field-aligned component.

We consider two scenarios for the formation
of the cosmic-ray anisotropy. In the first scenario,
the magnitude of the anisotropy is determined in
part by spatial gradients in the average cosmic-
ray density in response to the interstellar flow
(eq. S6 in supplementary text). For example, an
outward plasma flow from the center of the Lower
Centaurus Crux (LCC) cluster (Fig. 1) pushes
some cosmic rays out of the local interstellar en-
vironment in which the heliosphere resides. This
creates a spatial gradient in the cosmic-ray density
in the direction of the source and flow, which the
average streaming (gray vector, Fig. 1) of cosmic
rays tends to oppose.

The streaming direction of cosmic rays is de-
termined on relatively small scales (on the scale
of the cosmic-ray gyroradii, less than 1% of a pc),
whereas the streaming magnitude is determined
over much larger scales of tens of pc (32, 33)

controlled by the scattering (random changes in
direction) of cosmic rays caused by interactions
with the turbulent interstellar magnetic field.

It is important to differentiate (34, 35) be-
tween the interstellar magnetic field on local scales
(thousands of AU or ~0.005 to 0.01 pc) and on
larger (parsec) scales owing to the presence of
turbulence (36–41). Turbulence disrupts steady
flows by random motion. In the interstellar me-
dium, turbulent motion causes tangling and com-
plexity in the structure of the interstellar magnetic
field. The coherence scale length in the interstel-
larmedium—the approximate distance alongwhich
the magnetic field appears relatively ordered—is
typically 1 to 10 pc (37). Hence, the average
magnetic field direction at these scales could be
very different than in the vicinity of the helio-
sphere. At the large field-to-flow angle (87.6 T
3.0°) found by IBEX (excepting the small region
within 0.3° of exact perpendicularity, where per-
pendicular diffusion dominates for the 0.3% ratio
of perpendicular to parallel diffusion taken here),
the cosmic-ray density gradient becomes large so
that the projection of the cosmic-ray streaming

into the flow plane opposes the interstellar veloc-
ity. The cosmic-ray gradient in this case depends
largely on the ratio of perpendicular to parallel
diffusion. Reduced levels of perpendicular diffu-
sion cause increased density gradients and thus
stronger interstellar modulation of cosmic rays.

The ~0.2% high-energy (TeV) cosmic-ray an-
isotropy suggests a magnitude for the ratio of
perpendicular to parallel diffusion of only 0.3%
(fig. S1). This ratio is compatible with recent re-
sults (31), but an order-of-magnitude smaller than
the derived ~4% ratio of perpendicular to parallel
diffusion (41) based on cosmic-ray lifetimes in the
galaxy (39). Simulations of cosmic-ray diffusion
(42) similarly predicted a ratio of perpendicular
to parallel diffusion of ~2 to 4% at MeV to GeV
energies, which are lower than the TeV energies
considered here. The relatively small ratio of per-
pendicular to parallel diffusion of ~0.3%may be a
result of lower turbulence levels in the LIC com-
pared to other portions of the galaxy.

In our second scenario for the cosmic-ray an-
isotropy, we consider the contributions of super-
nova remnants (SNRs) to the local cosmic-ray
gradient (43–48). A statistical model of cosmic
rays originating from SNR sources based on the
temporal and spatial distributions of supernova
sources (43) suggests that cosmic rays are injected
locally by different sources and time dependently
diffuse throughout the galaxy. In the case of the
convective anisotropy (supplementary text, section
2), the cosmic-ray gradient is created by steady
cosmic-ray diffusion against the interstellar flow.
Therefore, the cosmic-ray gradient driven by SNRs
depends on the time and spatial distribution of
SNR sources. Because parallel diffusion in the
LISM is far more rapid than perpendicular diffu-
sion, cosmic rays have a strong tendency to stream
along the interstellar magnetic field. Provided
that the GCR density gradient along the LISM
magnetic field has the same sign as that of the
convective gradient and that the cosmic-ray den-
sity gradient produces a maximum anisotropy
magnitude similar to that in observations, the an-
isotropy associated with diffusion from SNR
sources has a global morphology similar to that
of the convective anisotropy (supplementary text,
section 5). That is, the dominance of parallel dif-
fusion in the LISM can result in a similar global
morphology for both the convective anisotropy
and that driven by SNR sources.

We developed a model of the LISMmagnetic
field that is deflected around the heliosphere (sup-
plementary text, section 3) and analyzed its influ-
ence on high-energy (TeV) cosmic-ray anisotropies.
We constructed a sky map (Fig. 2) of cosmic-ray
flux as viewed from the Sun, using Monte-Carlo
calculations of 104 individual cosmic-ray trajec-
tories in this perturbed magnetic field structure.

General ordering about the magnetic equator
deduced from the IBEX ribbon is apparent in the
high-energy (TeV) cosmic-ray observations (Fig. 2,
left). Some features absent in the simulation results
can be attributed to themodel’s lack of interstellar
turbulence (22) that should cause small-scale

Table 1. LISM velocity and magnetic field direction.

Magnitude
(km/s)

Galactic
longitude (°)

Galactic
latitude (°)

Equatorial right
ascension (°)

Equatorial
declination (°)

LISM flow velocity*
(HC frame)

23.2 T 0.3 185.25 T 0.24 –12.0 T 0.5 78.5 T 0.6 18.0 T 0.5

LISM flow velocity
(LSR frame†)

18.0 T 0.9 47.9 T 2.9 23.8 T 2.0 267.0 T 3.0 23.2 T 3.1

Interstellar magnetic
field‡

210.5 T 2.6 –57.1 T 1.0 48.5 T 1.5 –21.2 T 1.6

*Heliocentric (HC) rest frame (2). †Heliocentric velocities are converted to the local standard of rest (LSR) using the solar apex
motion in (54). ‡Field directions and uncertainty inferred from the IBEX highest-energy steps [1.79 and 2.73 keV (55)] in
which the ribbon maintains coherence and has the largest line-of-sight.

Fig. 2. TeV cosmic-ray anisotropies compared with predictions. Comparison between observed
(left) and modeled (right) cosmic-ray relative intensities across the sky (J2000 coordinates). Black
curves show the magnetic equator with a magnetic field direction derived from the center of the IBEX
ribbon. On the left, the region below 25°S latitude is the anisotropy map from IceCube with a median
energy of 20 TeV (18) and above 20°S latitude is the anisotropy map from ASg with 5-TeV median energy
(15). Similarly, the modeled map (right) at 20 TeV is shown below 25°S latitude and at 5 TeV above 20°S
latitude. Both portions of the maps are smoothed over 3° to 5°. Labels indicate upwind and downwind
directions (2), the current locations of Voyager 1 (V1), and Voyager 2 (V2) directions, and the “upfield”
and “downfield” directions. Downfield is along the LISM magnetic field determined by IBEX in the
direction closest to the interstellar velocity, and upfield is in the opposite direction. Plots are in equatorial
coordinates with 0 hours at the right and increasing longitudes toward the left.
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