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Importance of Cosmic Ray Propagation

CMB synchrotron 
foreground ɣ ray emission

Detection of Dark matter
Ionization in clouds

Weidenspointner et al. 2008

Planck
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Figure 2. Combined cosmic ray anisotropy of the Tibet-AS and IceCube experiments in the equatorial co-
ordinate system. See [29] for detailed information.1

At GCR proton energies &100 GeV, the decreasing cosmic ray energy density implies a signi-
ficantly smaller growth rate of the resonantly excited Alfvén waves. Turbulent and non-linear Landau
damping leads to a low amplitude of magnetic fluctuations that are not su�cient to self-confine cos-
mic rays to the Alfvén frame, and their propagation becomes mostly di↵usive, until the di↵usion
picture breaks down for cosmic rays with energies &1014 eV. These changes in the mode of propaga-
tion manifest themselves in the form of breaks and deviations from the power-law spectrum in rigidity
of GCR nuclei. Most importantly in the context of IMAGINE, the di↵usion tensor is connected to the
local orientation of the GMF. In an alternative approach, one numerically calculates the trajectories
of individual GCR particles, solving the Lorentz equation in the turbulent and regular GMF. It has
been demonstrated [28] that this method allows one to derive global constraints on the properties of
the GMF. In particular, the deduced density n(~x, E) of GCR electrons is an important input in the de-
termination of the GMF via synchrotron radiation, while the GMF in turn determines the propagation
of cosmic rays. These simple examples illustrate that the properties of the GMF and of GCRs are en-
tangled: deducing these properties therefore requires a joint analysis with a comprehensive approach
like IMAGINE.

During propagation, GCRs inelastically interact with nuclei of the ISM, producing (radioact-
ive) nuclei, (anti-)protons, electrons, positrons, and neutrinos as secondary particles in hadronic in-
teractions as well as gamma-ray emission from decaying pions. The secondary electrons/positrons
produce secondary radio synchrotron and inverse Compton gamma-ray emission. We can learn about
the GCR sources and the di↵usion process of cosmic rays in the Milky Way by comparing the mod-
elled primary and the calculated secondary fluxes to observations [30]. Observational data from, e.g.,
Fermi-LAT, CTA and IceCube, will extend this information to yet higher cosmic ray energies.

These non-thermal radiative GCR and GMF tracers throughout the Galaxy are complemented
by cosmic ray measurements at the Earth: the ratio of primary (accelerated at the sources) to sec-
ondary (produced through spallation during the propagation processes) cosmic ray nuclei, like the
boron-to-carbon ratio, is a measure for the matter traversed by cosmic rays (see e.g., [31]). The res-
ulting column density amounts to about 10 g/cm2 at GeV energies, decreasing as a function of energy

1Reprinted from Progress in Particle and Nuclear Physics, Vol. 94, M. Ahlers and P. Mertsch, Origin of small-scale
anisotropies in Galactic cosmic rays, figure 2, pg. 187, c� (2017), with permission from Elsevier
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Pinpointing direct sources of CRs is impossible! 

Boulanger et al. 2018

Highly isotropic 

cr. George Kelvin

Before reaching the detector, 
CRs experience complicated 
propagation, determined by the 
interactions with the 
magnetohydrodynamic (MHD) 
turbulence.
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Cosmic Rays and turbulence

M. Duldig 2006 

Extended Big Power Law

Armstrong et al. 1995, 
Chepurnov & Lazarian 2010 
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inj

Goldreich & Sridhar (1995, GS95)

Spectral hardening from diret 
measurements

(PAMELA, AMS-02, CREAM, etc.)

Rich varieties from g ray observations 
(Fermi, HAWC, etc.)
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Outline

• Different regimes of GCR transport (energy dependence)

• Impact of turbulence driving and damping (energy dependence 
& spatial dependence)

• Cross field transport in MHD turbulence (directional 
dependence)
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Resonance mechanism

Gyroresonance

k||,res~ Ω/v|| ~ 1/rL

B
rL
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MHD wave frequency (Doppler shifted) equals to the  Larmor 
frequency of particles. For cosmic rays, it means



Transit Time Damping (TTD-
nonresonant mechanism)

Transit time damping (TTD)

Magnetic mirror interaction

No resonant scale.    
All scales contribute.

Landau resonance condition:
ω k||v||        vA = ω/k v|| cosθ
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Re ~ 15,000
L

V

Turbulence is ubiquitous in the Universe

Astrophysical flows have Re>1010. 

• Interstellar medium has finite plasma 
β≡Pgas /Pmag

Turbulence is compressible.

Interstellar turbulence has 3 eigen modes: Alfven, compressible fast and 
slow modes! 8

Comet wake

<latexit sha1_base64="8xeTU5bmVe+JhLsN/pjyRFTSCNQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahp5KIqMeKF48V7AckoWy2m3bpZjfsTsQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3ImKY4JK1gYNgvVQzkkSCdaPx7czvPjJtuJIPMElZmJCh5DGnBKzkByMCefDEp/2bfrXmNtw58CrxClJDBVr96lcwUDRLmAQqiDG+56YQ5kQDp4JNK0FmWEromAyZb6kkCTNhPj95is+sMsCx0rYk4Ln6eyIniTGTJLKdCYGRWfZm4n+en0F8HeZcphkwSReL4kxgUHj2Px5wzSiIiSWEam5vxXRENKFgU6rYELzll1dJ57zhXTbc+4tas17EUUYn6BTVkYeuUBPdoRZqI4oUekav6M0B58V5dz4WrSWnmDlGf+B8/gBpNZFB</latexit>

⇠̂A

MHD modes composition
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Alfven (incompressible) mode

k

B

Slow (compressible) mode |Pgas-Pmag|

Fast (compressible) mode Pmag + Pgas

Bk

Goldreich & Sridhar 1995;
Lithwick & Goldreich 01

Contributions from turbulence can be 
separated

Cho & Lazarian 02

B
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Fast compressible modes do not have 
2D regime! 

Fast (compressible) modesAlfven (incompressible) modes

Weak turbulence regime
MA<1 or dB< B0:

B
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FIG. 4. (a) The k? spectrum excluding the kz = 0 mode. A
delta-correlated in time forcing is used to produce a data cube
with MA = 0.24 (labelled as ‘delta’) and it is compared with
the OU-process forced S1 simulation. The delta-correlated
forcing produces a spectrum close to k�5/3

? while the S1 sim-
ulation has a spectrum k�1

? . (b) Comparison of the kz spec-
trum. The OU forcing produces a very weak energy cascade
to higher kz modes while the delta-correlated forcing produces
a stronger cascade.

We compare the spectrum produced by this simulation
with the OU forced simulation S1a in Fig. 4. Theoreti-
cally a large range of weak turbulence is expected from
kinj to kinj/M2

A [43]. In the OU forced simulation, the kz
spectrum is very steep indicating weak turbulence while
the k? spectrum is k�1

? . On the other hand the delta-

correlated forcing produces a k�5/3
? spectrum which is

more representative of strong turbulence along with a sig-
nificant energy cascade to higher kz modes. The energy
spectra of OU forced simulations in Fig. 4 are also lower
than the delta-correlated spectra since for the OU simu-
lations more energy is concentrated in the kz = 0 modes.
We think that the delta-correlated in time forcing pro-
duces faster dynamics whereas the OU forcing gives a
slower evolution of the force allowing a weak cascade to
develop.

FIG. 5. Frequency spectra showing power density in ! versus
kz. The color represents the logarithm of power. The left plot
is from velocity field of simulation S2a, while the right plot is
for simulation C2a again using the velocity field. The white
dashed line is a reference Alfvén mode dispersion while the
dashed green line is an example fast mode dispersion.

We can also see signatures of di↵erent modes in the fre-
quency spectra. For this 1 dimensional slices along the
x (perpendicular to mean field) and z (parallel to mean
field) axes are taken. These slices are output at a high
frequency at a time interval of �t = 0.002⌧A. Then do-
ing a 2D Fourier transform along the x(z) and time axes
gives us the power distribution in k?(kz)-! space. Fig. 5
shows this power spectrum in the kz�! space. The white
dashed line follows the ! = ±kzvA line, which is the dis-
persion relation of Alfvén waves. The green dashed line
traces the relation ! = (1 +

p
2)
p
2kzvA. This is the

relation for a fast mode where cs = vA (approximately
true for these simulations) and k? = kz. Fig. 5(a) shows
the frequency spectrum from the velocity fluctuations in
simulation S2a, in which the Alfvén and slow mode con-
tributions dominate significantly over fast modes as seen
in Fig. 2. We see that the power is concentrated close
to the Alfvénic dispersion. Fig. 5(b) shows the frequency
spectrum for velocity field in simulation C2a which also
shows a branch of power concentrated at higher frequen-
cies ! which are close to the fast mode dispersion. The
fast mode is also a significant proportion of the mode
mixture in C2a simulation (Fig. 2) and this reflects in
the frequency characteristics. In the next section we fo-
cus on the anisotropy characteristics of the Alfvén and
slow modes.

III. ALFVÉN AND SLOW MODES

FIG. 6. The kz � k? wavenumber spectrum for the veloc-
ity field of Alfvén modes with increasing Mach number. The
color indicates logarithm of the spectrum power. S1a is the
lowest Mach number of 0.24, going up to S4a which has high-
est Mach number of 0.99. The power spreads more in the
parallel direction as Alfvén Mach number increases.

We are interested in the nature of cascade of the dif-
ferent MHD modes, especially in its anisotropy. For

9

FIG. 10. The variation of the estimated transition scale of
weak to strong turbulence �CB with the Alfvénic Mach num-
ber MA. The di↵erent markers are the results from the dif-
ferent simulations where S stands for solenoidal and C for
compressive runs. The Alfvénic Mach number is calculated
from the decomposed Alfvén data. The blue line is showing
the M2

A reference line.

of the structure function anisotropy. As seen in Fig. 8
the lk is expected to be invariant as a function of l? in
the weak turbulence regime (at large l?) and tend to-

wards the Goldreich-Sridhar slope of lk ⇠ l2/3? in the
strong regime. Therefore, we fit a power low of the form
lk = Cl↵? at each l? in a window of l? � � to l? + �
around it. We take � = 5 grid points and the scal-
ing exponent ↵ is calculated at each l?. As expected
at large scales close to the driving scale the exponent is
very close to 0 and it increases as l? reduces. It crosses
the Goldreich-Sridhar value of 2/3 for the first time at
some l? value which can be taken as the transition scale
�CB . So starting from large l? as we go down to smaller
l?, we define the transition scale �CB as the l? at which
↵ goes over a threshold value of 2/3 for the first time.
This way �CB is identified for the Alfvén mode in all
the di↵erent simulations. The variation of this transition
scale as a function of MA for each of these simulations
is shown in Fig. 10. As the weak to strong transition
is expected for the Alfvén cascade, we take the MA of
the decomposed Alfvén mode instead of that of the total
data. It is broadly indicative of the M2

A dependence as
expected from theory. At low MA the �CB is already
on scales close to the dissipative scales. Therefore, we
see a plateau at low MA. However, the trend is clearer
from the simulations with MA & 0.4. Although there are
only a few points with significant scatter and there also
appears to be some systematic variation of the transition
scale with plasma � and type of forcing, power law fits
to these points are close to M2

A scaling. This is an im-

portant verification of the existence of the weak regime
of Alfvén turbulence. This feature needs to be taken into
account when developing models of interstellar medium
turbulence for cosmic ray scattering. Next we focus on
the properties of the fast mode.

IV. FAST MODES

FIG. 11. kz � k? spectrum of the velocity field of fast modes
for the 4 simulations S1a, S4a, C1a, and C4a.

In Fig. 3 the fast modes showed a di↵erent spectrum
compared to the Alfvén and slow modes. Fig. 11 shows
the fast mode wavenumber spectrum as a function of k?
and kz. Contrasting it with Fig. 6 we see a di↵erent na-
ture of the cascade here. For the Alfvén mode the cascade
was clearly anisotropic with energy cascade taking place
mostly in the direction of larger k?. However, the spread
of energy for the fast mode appears very close to isotropic
as there is almost uniform distribution of power in the
parallel and perpendicular wavenumbers. In the low-MA

case of S1a where the fast mode has a tiny fraction, the
energy distribution seems isotropic at low k with a small
anisotropic cascade along the k? direction for higher k?.
However, for the other three simulations S4a, C1a, and
C4a, the cascade is extending radially. Another aspect is
that the cascade for Alfvén mode is changing with MA

in Fig. 6, with almost no cascade in the parallel direction
for S1a case due to the weak nature of turbulence. Here
in both C1a and C4a simulations the fast mode shows
an isotropic cascade. The isotropic nature of the fast
mode cascade is similar even with solenoidal and com-
pressive driving. This shows that the isotropic nature of
fast mode cascade is a robust feature.
The 2D structure function isocontours of the velocity

and magnetic fields of fast modes are shown in Fig. 12.
These contours also show the isotropic nature for the
various simulations. For the C2a and C4b simulations,
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MA≡dV/VA~0.24 MA~ 0.24 MA~ 0.99MA~ 0.46

MA~ 0.22 MA~ 1.03MA~ 0.99MA~ 0.69

Makwana & HY 2020



Isotropic cascade of fast 
(compressible) modes

Velocity Magnetic field

Isotropic cascade of fast modes is persistent with both incompressible
and compressible driving (Makwana & HY 2020, PRX).

95

95

Helmholtz decomposition
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Compressible Solinoidal



Scattering efficiency is substantially suppressed! 

l ⊥ << l|| ~ rL

eddies

B
l||

l⊥

“random walk”

B

Scattering in Alfvenic (incompressible) 
turbulence is negligible!

2rL
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Alfven (incompressible) modes

Fast (compressible) modes dominate CR 
scattering

(Chandran 2000)

Depends on damping

Fast (compressible) modes

CR energy CR energy

Big difference 
from Earlier ad 

hoc models

β ≡ Pgas/Pmag
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Alfven modes do not work because of anisotropy (Chandran 2000). Fast modes 
dominate scattering in spite of damping (HY & Lazarian 2002, 2004, 2008).



Simulations confirm the dominance of 
fast modes in CR scattering
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Mirror interaction (transit time damping, TTD) dominates scattering at large 
pitch angles (including 90o). Fast modes dominate CR scattering through both 
TTD and gyroresonance.
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Scattering by fast modes (HY & Lazarian 2008) 

scattering by gyroresonance (e.g., with the incompressible tur-
bulence; see Fig. 1), the mean free path would be unrealistically
large, as TTD is inefficient for the scattering of CRs propagating
at small pitch angles. Below in x 4 we study the confinement of
CRs in the Galaxy by the fast modes.

4. CR PROPAGATION IN GALAXY

The scattering by fast modes is influenced by the medium
properties, as the fast modes are subject to linear damping, e.g.,
Landau damping (see Ginzburg 1961). In Paper I we showed that
the CR scattering is different in different ISM phases, but could
not calculate the mean free path as we faced the scattering at 90!

problem. Using the approach above we revisit the problem of the
CR propagation in the selected phases of the ISM. In particular,
we shall make quantitative predictions for the parallel mean free
path of CRs in the Galactic halo and WIM (see Table 1 for a list
of fiducial parameters appropriate for the idealized phases6) as-
suming that the turbulence is injected at large scales.

4.1. Halo

In the Galactic halo (see Table 1), the Coulomb collisional
mean free path is "10 pc; the plasma is thus in a collisionless
regime. The cascading rate of the fast modes is (Cho & Lazarian
2002)

!#1
k ¼ (k=L)1=2"V 2=Vph: ð17Þ

By equating it with the collisionless damping rate

!c ¼
ffiffiffiffiffiffi
#$

p
sin2 %

2 cos %
kvA

" ffiffiffiffiffiffi
me

mi

r
exp # me

$mi cos2 %

# $

þ 5 exp # 1

$ cos2 %

# $%
; ð18Þ

we obtain the turbulence truncation scale kc ¼ kmax,

kcL ¼ 4M 4
Ami cos

2 %

#me$ sin4 %
exp

2me

$mi cos2 %

# $
; ð19Þ

where $ ¼ Pgas /Pmag.
The scale kc depends on the wave pitch angle %, which makes

the damping anisotropic. As the turbulence undergoes turbulent
cascade and/or the waves propagate in a turbulent medium, the
angle % is changing. As discussed in Paper I, the field wandering
defines the spread of angles. During one cascading time, the fast
modes propagate a distance v!cas and see an angular deviation
tan "% ’ (tan2 "%k þ tan2"%?)1

=2, which is

tan "% ’

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2

A cos %

27(kL)1=2
þ M 2

A sin2 %

kL

# $1=3
vuut : ð20Þ

TABLE 1

Fiducial Parameters of Idealized ISM Phases and the Relevant Dampings

ISM

T

(K)

CS

( km s#1)

n

(cm#3)

lmfp

(cm)

L

(pc)

B

(&G) $ Damping

Halo............................ 106 91 10#3 4 ; 1019 100 5 0.14 Collisionless

WIM........................... 8000 8.1 0.1 6 ; 1012 50 6 0.077 Collisionless and viscous

Note.—The dominant damping mechanism for the fast mode turbulence is given in the last column.

Fig. 4.—Scattering of CRs in the fast mode turbulence. The solid line is the
result for TTD based on NLT (eq. [15]) and the line of crosses represents its
analytical approximation (eq. [16]); the dash-dotted (NLT, eq. [14]) and dashed
(QLT, Paper I ) lines refer to the results of gyroresonance. Top: Scattering co-
efficient for CRs of R ¼ rL /L ¼ 10#4. Bottom: Scattering coefficient for CRs of
R ¼ rL /L ¼ 10#7. This rigidity is small enough that eq. (16) provides a good ap-
proximation. [See the electronic edition of the Journal for a color version of this
figure.]

6 The parameters of idealized interstellar phases are a subject of debate.
Recently, even the entire concept of the phase being stable entities has been chal-
lenged (see Gazol et al. 2007 and references therein). Similar to in Paper I, we
were guided in choosing the numbers by our communications with D. Cox (2006,
private communication). However, we accept that different parts of the interstellar
medium can exhibit variations of these parameters (see Wolfire et al. 2003 and
references therein).
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To study CR transport with mean free path�mfp less than
injection length, L, more scattering is introduced in the test
particle simulations by adding artificial scattering. In each
time step of particle motion, the pitch angle scattering is ar-
tificially boosted by a constant factor of 4.

3. PITCH ANGLE SCATTERING AND DIFFUSION
OVER LARGE SCALES

The pitch angle diffusion coefficients and their variation
with initial pitch angle cosines is presented in Fig.1 for the
three MHD modes Alfvén, slow and fast. The diffusion coef-
ficients are studied in MHD turbulence of Mach number 0.86
for all the 3 modes.

Figure 1. This Fig shows the result when CR with �mfp > L prop-
agate inside various MHD modes in turbulence of MA 0.86. The y
axis represents the pitch angle scattering coefficient, Dµµ and are
normalised by the gyrofrequency, ⌦ and the x axis represents the
initial pitch angle cosine, µ. The diffusion coefficients are calcu-
lated from simulations and are plotted for different MHD modes
Alfvén(red dots), slow(green dots) and fast(cyan squares). While
the Alfvén and slow modes have similar pitch angle scattering the
fast modes have larger pitch angle scattering. At lower pitch angles
there is gyro resonance whereas at higher pitch angles TTD domi-
nates. The overall contribution of TTD is more than gyroresonance.

Particles with a wide range of pitch angles, including 90
degrees, are scattered through TTD interactions which is in
contrast to the quasilinear theory results. The result agrees
well with the prediction of the nonlinear theory in YL08(Yan
& Lazarian 2008). At small pitch angle gyro resonance oper-
ates. Fast modes were identified as major scattering agent in
MHD turbulence. TTD interaction dominates for large pitch
angle until 90 deg. Gyro resonance is important for small
pitch angles. Although the overall contribution from gyrores-
onance is smaller than that from TTD, gyroresonance plays
an important role in confining CRs at small pitch angles.
Without sufficient scattering by gyroresonance, the mean
free path would be unrealistically large as TTD is inefficient

for the scattering of CRs propagating at small pitch angles.
The contribution from TTD interaction clearly shows that
the nonlinear effects are important for CR scattering.(Yan &
Lazarian 2008)

The pitch-angle scattering determines the diffusion of CRs
parallel to the magnetic field. By substituting Dµµ in the
following equation (Earl 1974), the mean free path of CR
can be calculated.

�mfp =
�k

L
=

3

4

Z 1

0

dµ0u(1� µ0
2)2

DµµL
, (3)

where u is particles’ velocity.
The regime of particle transport where the mean free path

of particles is less than the injection length of turbulence is
presented here.

We introduce artificial scattering ...
The pitch angle scattering of the particles has been in-

creased by introducing artificial scattering. Each time the
particle scatters, the pitch angle of the particle is further
changed to increase scattering.

The pitch angle diffusion coefficient is calculated for dif-
ferent initial pitch angles and the mean free path is calculated
from them in Equation 2. The pitch angle diffusion coef-
ficient increases more after introducing artificial scattering
until its mean free path becomes less than L.

The mean free path calculated from the diffusion coeffi-
cients are less than L for a variety of MA and presented in
Fig. 2. The mean free path decreases with MA due to more
scattering.

The variation of pitch angle diffusion coefficients of CR
with energy or gyroradius is presented in Fig. 3.

The parallel and perpendicular transport of particles (with
respect to the mean magnetic field) upon interactions with
large scale eddies in turbulence is presented next. Particles
are expected to undergo normal diffusion in position space
upon interaction with large scale eddies. In the current sim-
ulations the mean magnetic field is in the x direction and so
the perpendicular diffusion coefficient(D?) is calculated as:

D? =<
(y � y0)2 + (z � z0)2

2t
> (4)

The parallel diffusion coefficient (Dk) is calculated as:

Dk =<
(x� x0)2

2t
> (5)

The parallel and perpendicular mean square distance that
the particles travels with time in the current simulations is
presented in Fig. 4 for various MA.

Only the interactions with Alfvén modes are presented
here.

It is seen from Fig. 4 that the particles achieves normal
diffusion in a long time (unclear).



Energy fraction in each plasma modes

Solenoidal (incompressible) forcing Compressible forcing 

Composition of MHD turbulence depends on driving
(Makwana & HY 2020). 15



How to observate MHD turbulence?
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Variance Sxx of polarized emissivity I+Q      Bxs
2

Mode signature can be observed!
sxx(�s) = (axx sin

2 �s + bxx) cos
2 �s, rxx ⌘ axx/bxx

<latexit sha1_base64="R1OY/zS68W0rE9jRGHanso3cRx8="></latexit>
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∝

Alinear

Atot

Alfven

compressible

Synchrotron polarization analysis (SPA) we developed is a new 
technique to reveal plasma modes (Zhang, Chepurnov & HY+ 2020, 
Nat. Astron).
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First detection of plasma modes in ISM!

18

Red spots: Compressible modes dominant, green spots: Alfven modes dominant, Blue: hydrodynamic 
turbulence

Synchrotron polarization analysis (SPA) reveals prominent plasma 
modes and driving mechanism. Compressbile modes are identified for 
the 1st time beyond solar system (Zhang+ 2020).
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Origin of Cygnus Cocoon?

The gamma ray intensity has no apparent correlation with the 
density distribution.

19

Fermi collaboration 2011

Dame+ 200110-100GeV band



Cygnus X with plasma modes
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Origin of Cygnus cocoon: role of 
compressible modes revealed
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The MS modes coincides with the Cygnus cocoon with a high degree 
consistency, completely in line with the theory.

Zhang+ 2020

Fornieri, Zhang, HY 2021



Turbulence is shaped by Energy 
injection and damping
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With randomization

CR diffusion varies from place to place!

Wave pitch angle
v Damping depends on medium, transport of CRs is inhomogeneous.

v Mounting observational evidence for nonuniform propagation of CRs (AMS 
2010; Fermi-LAT 2011,2012; PAMELA 2011, etc.): Cosmic ray spectrum;     
Low energy positron excess; Anisotropic distribution; Diffuse Υ ray 
emission.

halo

WIM
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diffusion of CRs with different energies due to the TTD and
gyroresonance.

The weak dependence of the mean free path (see Fig. 9) for the
moderate-energy (e.g.,<1 TeV) CRs in the halo results from the
fact that gyroresonance changes marginally with the CR energy
(see Fig. 7). Gyroresonance happens on small scales where the
fast modes develop a quasi-slab structure because of the damp-
ing (see Fig. 5). In the case of the halo, the critical !c changes
more slowly compared to the case in the WIM (see Fig. 9); the
scattering by gyroresonance is thus marginally changing with
the energy (see eq. [21] and Fig. 7). For higher energy CRs with
larger gyroscales, the influence of damping is small, and thus,
the CR mean free path begins increasing with energy.

4.2. WIM

In the WIM, the Coulomb collisional mean free path is lmfp ¼
6 ; 1012 cm and the plasma " ’ 0:11. Suppose that the turbu-
lence energy is injected from large scales, then the compressible
turbulence is subjected to the viscous damping besides the colli-
sionless damping. By equating the viscous damping rate with the
cascading rate (eq. [17]), we obtain the truncation scale

kcL ¼
xc 1" # 2ð Þ"2=3

; "T1;

xc 1" 3# 2ð Þ"4=3
; "31;

(
ð23Þ

where xc ¼ 6$%V 2L/(&0VA)½ &2=3 and &0 is the longitudinal vis-
cosity. In the low-" regime, the motions are primarily perpen-
dicular to the magnetic field so that @vx /@x ¼ ṅ/n ' Ḃ/B. The
longitudinal viscosity enters here as the result of distortion of
the Maxwellian distribution (see Braginskii 1965). The trans-
verse energy of the ions increases during compression because
of the conservation of the adiabatic invariant v2? /B. If the rate
of compression is faster than that of collisions, the ion distribu-
tion in the momentum space is bound to be distorted from the
Maxwellian isotropic sphere to an oblate spheroid with the long
axis perpendicular to the magnetic field. As a result, the trans-
verse pressure becomes greater than the longitudinal pressure,
resulting in a stress'&0@vx /@x. The restoration of the equilibrium
increases the entropy and causes the dissipation of energy.

The viscous damping scale is compared to the collisionless
cutoff scale (eq. [19]) in Figure 5. As shown there, both viscous
damping and collisionless damping are important in the WIM.
Viscous damping is dominant for small !, and collisionless damp-
ing takes over for large ! except for ! ¼ 90(. This is because col-
lisionless damping increases with ! much faster than the viscous
damping. For sufficiently small wave pitch angles, the viscous
damping is too small to prevent the fast modes from cascading
down to scales smaller than the mean free path lmfp. Because of
the similar quasi-slab structure on small scales, equation (21)
can also be applied in the WIM. The results are illustrated in
Figure 8. Compared to the case in the halo, we see that the qual-
itative difference stands in the gyroresonance, because gyro-
resonance is sensitive to the quasi-slabmodes for which dampings
differ in the halo and WIM.

The mean free paths of CRs are given in Figure 9. We see the
mean free path first decreases with the energy until 100 GeV.
This is because of the influence of viscous damping on gyro-
resonance (see Fig. 5). The lower the energy of the CRs is, the
narrower is the wavevector cone of the available fast modes and
thus the less efficient is the gyroresonance according to equa-
tion (21) (see Fig. 8). For higher energy CRs, for which rigidities
are larger than Rk (3 ; 106)"1, the maximum wavenumber of
the resonant wave modes are determined by collisionless damp-
ing (see Fig. 5). As a result, themean free path growswith energy
similar to the case in the halo where collisionless damping is
dominant.

4.3. Other Phases

In the hot ionized medium (HIM), the plasma is also in a
collisionless regime, but the density is higher and the plasma-" is
larger than 1. The damping by protons thus becomes substantial
especially at small pitch angles. The damping truncates the tur-
bulence at much larger scales than the gyroscales of the CRs of
the energy range we consider. No gyroresonance can happen and
some other mechanisms are necessary to prevent CRs streaming
freely along the field. The turbulence injected from small scales
might play an important role (see x 5).

Fig. 9.—Mean free paths in two different phases of ISM: halo (solid line)
and WIM (dashed line). At lower energies (P100 GeV), the different depen-
dence in WIM is owing to the viscous damping (see Fig. 5 and text). [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 8.—Same as Fig. 7, but inWIM. [See the electronic edition of the Journal
for a color version of this figure.]
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Self-confinement operates for CRs 
~< a few hundred GeVs in ISM

In turbulent medium, wave-turbulence interaction 
damps waves at a rate:

LM, VM are the injection scales of strong/GS95 
MHD turbulence.

B

v Cosmic Rays can be self-confined through streaming instability (reviews by 
Wentzel 1974, Cesarsky 1980), gyroresonance instability (e.g., HY & Lazarian 
2011, Lebiga +2018).

v Growth of instability is limited by dampings even in fully ionized plasma:
• Nonlinear Landau damping (Kulsrud 1978)

• Damping by background turbulence ( Farmer & Goldreich 2004, HY & Lazarian 2004)
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diffusion of CRs with different energies due to the TTD and
gyroresonance.

The weak dependence of the mean free path (see Fig. 9) for the
moderate-energy (e.g.,<1 TeV) CRs in the halo results from the
fact that gyroresonance changes marginally with the CR energy
(see Fig. 7). Gyroresonance happens on small scales where the
fast modes develop a quasi-slab structure because of the damp-
ing (see Fig. 5). In the case of the halo, the critical !c changes
more slowly compared to the case in the WIM (see Fig. 9); the
scattering by gyroresonance is thus marginally changing with
the energy (see eq. [21] and Fig. 7). For higher energy CRs with
larger gyroscales, the influence of damping is small, and thus,
the CR mean free path begins increasing with energy.

4.2. WIM

In the WIM, the Coulomb collisional mean free path is lmfp ¼
6 ; 1012 cm and the plasma " ’ 0:11. Suppose that the turbu-
lence energy is injected from large scales, then the compressible
turbulence is subjected to the viscous damping besides the colli-
sionless damping. By equating the viscous damping rate with the
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where xc ¼ 6$%V 2L/(&0VA)½ &2=3 and &0 is the longitudinal vis-
cosity. In the low-" regime, the motions are primarily perpen-
dicular to the magnetic field so that @vx /@x ¼ ṅ/n ' Ḃ/B. The
longitudinal viscosity enters here as the result of distortion of
the Maxwellian distribution (see Braginskii 1965). The trans-
verse energy of the ions increases during compression because
of the conservation of the adiabatic invariant v2? /B. If the rate
of compression is faster than that of collisions, the ion distribu-
tion in the momentum space is bound to be distorted from the
Maxwellian isotropic sphere to an oblate spheroid with the long
axis perpendicular to the magnetic field. As a result, the trans-
verse pressure becomes greater than the longitudinal pressure,
resulting in a stress'&0@vx /@x. The restoration of the equilibrium
increases the entropy and causes the dissipation of energy.

The viscous damping scale is compared to the collisionless
cutoff scale (eq. [19]) in Figure 5. As shown there, both viscous
damping and collisionless damping are important in the WIM.
Viscous damping is dominant for small !, and collisionless damp-
ing takes over for large ! except for ! ¼ 90(. This is because col-
lisionless damping increases with ! much faster than the viscous
damping. For sufficiently small wave pitch angles, the viscous
damping is too small to prevent the fast modes from cascading
down to scales smaller than the mean free path lmfp. Because of
the similar quasi-slab structure on small scales, equation (21)
can also be applied in the WIM. The results are illustrated in
Figure 8. Compared to the case in the halo, we see that the qual-
itative difference stands in the gyroresonance, because gyro-
resonance is sensitive to the quasi-slabmodes for which dampings
differ in the halo and WIM.

The mean free paths of CRs are given in Figure 9. We see the
mean free path first decreases with the energy until 100 GeV.
This is because of the influence of viscous damping on gyro-
resonance (see Fig. 5). The lower the energy of the CRs is, the
narrower is the wavevector cone of the available fast modes and
thus the less efficient is the gyroresonance according to equa-
tion (21) (see Fig. 8). For higher energy CRs, for which rigidities
are larger than Rk (3 ; 106)"1, the maximum wavenumber of
the resonant wave modes are determined by collisionless damp-
ing (see Fig. 5). As a result, themean free path growswith energy
similar to the case in the halo where collisionless damping is
dominant.

4.3. Other Phases

In the hot ionized medium (HIM), the plasma is also in a
collisionless regime, but the density is higher and the plasma-" is
larger than 1. The damping by protons thus becomes substantial
especially at small pitch angles. The damping truncates the tur-
bulence at much larger scales than the gyroscales of the CRs of
the energy range we consider. No gyroresonance can happen and
some other mechanisms are necessary to prevent CRs streaming
freely along the field. The turbulence injected from small scales
might play an important role (see x 5).

Fig. 9.—Mean free paths in two different phases of ISM: halo (solid line)
and WIM (dashed line). At lower energies (P100 GeV), the different depen-
dence in WIM is owing to the viscous damping (see Fig. 5 and text). [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 8.—Same as Fig. 7, but inWIM. [See the electronic edition of the Journal
for a color version of this figure.]
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Self-
confinement 
dominates 
in general

ISM

Spectrum of Cygnus X

| Ottavio Fornieri

-ray spectrum in the ROIγ
HERMES diffuse emission vs observed spectra (integrated over the solid angle)
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The spectrum is dominated by the source emission!

CR diffusion: self-confinement vs. 
pre-existing turbulence

The flat CR spectrum at Cygnus cocoon observed by Fermi is a signature of 
confinement by fast modes in ambient turbulence.

Yan & Lazarian (2008)
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Energy independent diffusion due to 
collisionless damping

Earlier model

Li & HY (2014)
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The flat dependence of particle mean free path observed in solar wind is also 
consistent with confinement by fast modes in collisionless turbulence.

Palmer (1982) consensus 



Perpendicular transport is critical for 
Galactic CRs 

26



Perpendicular transport is governed 
by turbulence

Dominated by field line wandering.

B0

Extensive studies: 
e.g., Jokipii & Parker 1969, Forman 74, Urch

77, Bieber & Matthaeus 97, Giacolone & 
Jokipii 99, Matthaeus et al 03, Shalchi et al. 04
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Is there subdiffusion (∆x ∝ t⍺, ⍺ < 0.5) ?

Subdiffusion (or compound 
diffusion, Getmantsev 62, Lingenfelter et al 
71, Fisk et al. 73, Webb et al 06) was 
observed in near-slab turbulence, 
which can occur on small scales due 
to instability. 

What would happen then in 3D turbulence?
28



Subdiffusion is not typical!

In turbulence, trajectories of 
particles become independent 
when field lines are separated by 
the smallest eddy size, l⊥,min. 

Subdiffusion only occurs below 
l⊥,min. Beyond l⊥,min, normal 
diffusion applies (HY & Lazarian 2008).                                                     

Particles
Magnetic field

l⊥,min

29



8 MAITI ET AL.

TURBULENCE DATA CUBES Type II

These MHD turbulent data cubes are generated from the
PENCIL codes which are solenoidally driven. The total data
cubes which is a mix of all modes are decomposed here
into individual modes and particle propagation in individual
modes are investigated here. The Mach numbers vary from
sub Alfvenic to super Alfvenic. The particle trajectories are
analyzed in the global and local frame of reference. The par-
ticles undergo super diffusion in the presence of MHD turbu-
lence. The slopes obtained from super diffusion of particles
in different subAlfvenic Mach numbers are presented in Ta-
ble 4.

Turbulence data cube Type 2
MA and corresponding fitted power law index from diffusion plots
MA 0.4 0.5 0.65 0.68 0.73 0.8 0.91 0.97
MA 0.3 0.36 0.48 0.5 0.54 0.58 0.66 0.69
Global AM 1.1 1.65 1.3 1.3 1.3 1.35 1.3 1.4
Global MM 0.8 1.0 1.1 1.1 1.1 1.2 1.15 1.15
Global SM 0.95 1.3 1.3 1.1 1.2 1.3 1.2 1.3
Global FM 1.1 1.2 1.1 0.9 1.25 1.25 1.6 1.4
Local AM 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.6
Local MM 1.2 1.5 1.6 1.4 1.4 1.5 1.4 1.4
Local SM 1.6 1.4 1.3 1.3 1.4 1.4 1.3 1.3
Local FM 1.55 1.7 1.1 1.3 1.4 1.4 1.7 1.4

Table 4. We fit the perpendicular distance data points in the Eqn
< (y � y0)

2 + (z � z0)
2 >= 2D?t

↵ for CR interacting with
MHD turbulence (Type 2 data cubes) of various Mach numbers
and small scale eddies . The fitting index ↵ is listed in the table.
The Mach numbers are subAlfvenic in nature. CR transport in both
mixed modes and decomposed MHD modes in turbulence is pre-
sented here. The diffusion coefficients are calculated and compared
in both global and local frames of reference. CR undergoes su-
perdiffusion and the slope obtained is closer to 1.5 in local picture
only which is the theoretical prediction.

From Table 4 it is evident that the slope of super diffusion
is 1.5 for the sub Alfvenic Mach nos in the local picture. An
additional investigation is the analysis of evolution of per-
pendicular distance(d?) travelled with parallel distance(dk)
travelled. Figure 10 shows the plot for superdiffusion in a
low sub Alfvenic MA( MA0.73,MA 0.54).

Figure 11 represents a plot of dperp
2/d3 vs various

Mach numbers. The Mach numbers are subAlfvenic in
nature(MA < 1). The modes used here are Alfven modes.
The plot confirms the theoretical prediction of the above
diffusion coefficient proportional to MA4 in local field
analysis.(3).

Figure 10. This Fig shows the result when CR with �mfp > L
interacts with small scale eddies inside MHD turbulence of MA
0.73. The y axis represents the perpendicular distances d? nor-
malised by the box length, Lbox and the x axis represents time,
t normalised by the gyrofrequency, ⌦ (figures on left) or paral-
lel distance(dk)normalised by the box length, Lbox (figures on
right). The perpendicular distance are obtained from simulations
in mixed(green color and symbol M), Alfven(red color and sym-
bol A), slow(blue color and symbol S) and fast(yellow color and
symbol F) modes and are calculated in the global(upper figures)
and local reference frame(lower figures). For each of these modes,
the data points are fitted with a line to obtain a slope of diffusion.
The modes and their symbols are marked with their corresponding
slopes of diffusion. While it is easy to see the diffusion slopes in
d? vs t, it is hard to see the slopes in d? vs dk since the plots ob-
tained are curved. The horizontal lines in the plots represents the
inertial range of turbulence. The yellow lines represents the ref-
erence line for normal diffusion with a slope of 1. The red lines
represents the reference line for super diffusion with a slope of 1.5.
The data points for Alfven modes are fitted with a line of slope 1.5
in the local frame of reference and hence the particles has shown
super-diffusion as theoretically predicted.

The slopes obtained from super diffusion of particles in
different super Alfvenic Mach number are presented in Table
5.

The interactions with the super Alfvenic Mach numbers
shows that while the global picture for mixed modes shows
variable results the local picture for the Alfven modes shows
a slope exactly equal to 1.5.

Figure 12 shows the plot for superdiffusion in super
Alfvenic Mach number( MA2.11, MA 1.91). In the global
frame of reference the slope for Alfven modes are less than
1.5 but equal to 1.5 in local frame of reference.

Figure 13 represents a plot of dperp2/d3 vs various super
Alfvenic Mach number. The plot confirms the theoretical
prediction of the above diffusion coefficient proportional to
MA3 in local field analysis.(3)

Superdiffusion in inertial range due to 
Richardson/Kolmogorov Law of turbulence 

Richardson’s Law

Maiti + 2021

Richardson diffusion of particles △ 𝑥 ∝ 𝑡⍺ (⍺=1.5, Lazarian & HY 2014) is well
recovered in the Alfvenic data cube with local reference frame. Observed
index ⍺ changes with modes composition of turbulence. 30



Superdiffusion has been observed

Radial profile of the emission at about 1 keV for the SN1006 remnant. The thick red
line corresponds to the model integrated along the line of sight for synchrotron-loss-
dominated transport downstream, diffusive transport close upstream, and
superdiffusive transport far upstream (in the flatter tail of the profile).

Perri, Amato & Zimbardo (2016)
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7

Figure 7. This Fig shows the result when CR with �mfp > L and
�mfp < L interact with large scale eddies inside MHD turbulence
of MA0.73. The results are obtained for Alfvén and mixed modes.
The y axis represents the mean square distance < (d � d0)2 >
travelled by CR normalised by the box length, L2

box. The x axis
represents time,t normalised by the gyrofrequency,⌦. The parallel
and perpendicular distances obtained from numerical simulations
are represented by continuous and broken line respectively. Trans-
port are compared here for �mfp > L, (dashed and continuous
lines) and �mfp > L (dotted and dashed dotted lines). Transport is
compared for Alfvén (red plots) and mixed modes(blue plots) here.
The data points are fitted with a line having a slope 1 and particles
has shown normal-diffusion. After introducing artificial scattering,
the transport becomes more isotropic compared to no artificial scat-
tering.

these two methods. In the global frame of reference the mag-
netic field is considered to be along the direction of the mean
magnetic field in turbulence. In the local frame of reference
the magnetic field along the particle trajectory is considered.

The particle position, velocity and the magnetic field at
the corresponding position are recorded at each time instance
from test particle simulations. Particles are initially arranged
in beams. All possible combinations of pairs of particles
within the beam are considered as they evolve with time. For
each pair of particle the separation between them is calcu-
lated. The values of the perpendicular distance is obtained by
averaging over all combinations of pairs of particles within
individual beams and then over all the beams.

The results of simulations of particle transport in two dif-
ferent types of turbulence data cubes with solenoidal driving
and a range of different MA are presented here.

TURBULENCE DATA CUBES Type I

These MHD turbulence data cubes are solenoidally driven
and consists of a mix of all MHD modes. The mixed mode
has not been decomposed into MHD eigen modes. Turbu-

Figure 8. This Fig shows the result when CR with �mfp < L
interact with large scale eddies in MHD turbulence of various Mach
number, MA. The results are obtained for Alfvén and mixed modes.
The y axis represents the ratio of spatial diffusion coefficients, D?

Dk
of CR and the x axis represents MA of MHD turbulence. The blue
dots represents the diffusion coefficients obtained from simulations
for mixed modes and is fitted with blue dashed line with a slope
of 3.41. The red dots represents the diffusion coefficients obtained
from simulations for Alfvén modes and is fitted with red dashed line
with a slope of 3.5. The fits are closer to the description given by
Eqn 7.

lence of various Mach numbers ranging from subAlfvénic to
superAlfvénic are studied here for particle transport.

(We consider the total MHD turbulence data cubes with the
Alfvénic Mach number ranging from ...)

While some earlier particle transport analysis were carried
out only in the global frame of reference,(Xu & Yan 2013)
the current studies are extended to consider the particle trans-
port analysis in the local frame of reference as well. The
slopes obtained from super diffusion of particles in different
Mach numbers are presented in Table 3 The particles undergo
super diffusion with the fitting power law index ⇠ 1.5.

The data in the above table shows that a slope of 1.5 is
not observed in the current calculations in the global frame
of reference. Instead a slope closer to 1.5 is observed in the
local frame of reference. The super diffusion of CR in MHD
turbulence data cubes with different Mach numbers is pre-
sented in Fig. 9 .

TURBULENCE DATA CUBES Type II

These MHD turbulent data cubes are generated from the
PENCIL codes which are solenoidally driven. The 3D tur-
bulence are decomposed into individual modes and particle
propagation in individual modes are investigated.

The Mach numbers vary from sub Alfvénic to super
Alfvénic.
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Dependence of CRs’ D⊥ on MA ≡ δB/B

§ λ|| > L, UHECRs or CRs in clouds
free stream over distance L, and

D⊥ =1/3Lv MA
4 (HY & Lazarian 2008) 

§ λ|| < L, most Galactic CRs

D⊥ /D|| ∝MA
4

Cross field transport in 3D turbulence has MA4 dependence.

Xu & Yan 2013 Maiti + 2021 

lmfp >L
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HAWC Collaboration 2017, Science

HAWC observation in 8-40TeV (Abeysekara+2017)

Observation indicates a 
diffusion coefficient 2 orders 
of magnitude smaller than 

the typical ISM value!

Inverse-Compton Scattering of 
100TeV electron/positron off 

CMB

33

Puzzling observation of Geminga



Study of CR diffusion is limited by 
observational info of turbulence

Two zone diffusion            vs.          Anisotropic diffusion

Abeysekera+2017
Liu, HY, Zhang 2019, PRL
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Problems:
§ Inadequate streaming flux 

at 100TeV
§ Too low magnetic field!

Observed D is actually D⊥



MA~0.2,φ<5°

35

Comparison w. Geminga observations

Both the suppressed diffusion as observed by HAWC and the missing X 
ray emission can be well explained by sub-Alvenic turbulence with mean 
field close to LOS (Liu+ 2019).



Summary
Galactic turbulence has 3D structure and profile. 1D approximation does 
NOT apply.

Compressible fast modes have isotropic cascade and dominate CR transport 
through direct scattering. Near sources, and for GCRs < a few hundred GeV, 
plasma instabilities are more important.

Multi-waveband study holds the key to CR research. In Cygnus X, the γ-ray 
cocoon largely coincides with the Compressible modes dominant zone, as 
identified with our new Synchrotron Polarization Analysis (SPA) technique. 

The efficiency and energy dependence of CR scattering depends on local 
turbulence properties dictated by turbulence driving and damping/medium 
parameters. CR transport is inhomogeneous, therefore.

CR perpendicular transport is diffusive in large scale turbulence (w. D⊥ /D|| ∝
MA

4) and superdiffusive on small scales. 


