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Outline

• Turbulence properties from theory and space plasma 
observations and consequence on CR transport  

• Impact of turbulence driving on CRs from theory and 
observations (spatial dependence of CR transport)

• Cross field transport in MHD turbulence (directional 
dependence of CR transport)
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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 magnetohydrodynamic 
(MHD) and compressible!

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

Comet wake
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Alfven (incompressible) mode

k

B

Slow (compressible) mode |Pgas-Pmag|

Fast (compressible) mode Pmag + Pgas

Bk

Goldreich & Sridhar 1995 (GS95);
Lithwick & Goldreich 01

Properties of each modes of MHD turbulence

Cho & Lazarian 02

B
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ØAlfven mode: 𝑃!"#~𝑃$"#~31%

ØFast mode: 𝑃!"%~17%; 𝑃$"%~16%

Øslow mode: 𝑃!"%~5%; 𝑃$"% ≪ 1%

Zhao, HY + 2021 ApJ
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magnetic compressibility. Fast-mode (slow-mode) magnetic
compressibility is defined as the ratio of fast-mode (slow-mode)
parallel magnetic power to total magnetic power:
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is comparable to CBB,fast and much larger

than CBB,slow, confirming that fast modes dominate magnetic
compressibility.

In Figure 6(d), we compare PSDs of fluctuating density with
those provided by fast and slow modes calculated based on the
ideal MHD theory (black, proton density power Pn ,spcp from
SPC; red, electron density power Pn ,qtne from QTN; green,
density power provided by fast modes Pn,fast; blue, density
power provided by slow modes Pn,slow). Due to the relatively
low time resolution of electron density data (∼7 s), we obtain
the PSD of electron fluctuating density by global FFT with
three-point smoothing rather than the average moving windows
used in proton data. Figure 6(d) shows that both Pn ,spcp and
Pn ,qtne are much larger than Pn,fast, indicating that fast modes
cannot provide enough density perturbations. Therefore, it is
likely that slow modes provide density perturbations from
qualitative aspects. Moreover, Pn,slow is systematically larger
than Pn ,spcp , whereas at the same order of magnitude as Pn ,qtne ,
further quantitatively verifying that density perturbations are
mainly provided by slow modes. Given the consistency in
magnetic power and electron density power, the systematic low
Pn ,spcp is likely caused by SPC data measurement errors (e.g.,
Liu et al. 2021). Therefore, the mode decomposition method
used in this study provides an auxiliary for the calibration of
density data.

3.3. Dispersion Relations and Collisionless Damping of
Compressible Modes

Since the propagation time of wave packet is much less than
nonlinear interaction time ( �l

V
l
vA
, where l is the characteristic

length scale) and k∥? k⊥∼ 0, perturbations exhibit more
wave-like characteristics than turbulence. To investigate the
propagations of MHD modes, we analyze their dispersion
relations. First, according to the Doppler shift, the observed
frequency in the plasma flow frame can be obtained by
ωpf= ωsc− 〈k〉•〈Vp〉, where ωsc= 2πfsc is the observed fre-
quency in the spacecraft frame, and 〈 〉 represents the time
average. The observed frequency ωpf corresponds to the
dominant frequency of perturbations at each wavevector scale.
Second, based on ideal MHD theory, the wave phase velocity is
given by
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Here, “+” and “−” stand for fast and slow modes, respectively
(Hollweg 1975). The theoretical frequency is calculated by
ωm= kVph,m, where the subscript m represents Alfvén, fast, and
slow modes.
Figure 7(a) displays the comparisons between the observed

dispersion relation (black) and theoretical ones for Alfvén
(red), fast (green), and slow (blue) modes in the plasma flow
frame during 19:30:30–20:14:30 UT. The wavevectors and
frequencies are normalized by average proton gyro-radius and
gyrofrequency (ρci and ωci), respectively. The dispersion

Figure 6. Comparison of compressible components of different modes during 19:30:30–20:14:30 UT in the spacecraft frame. (a) The sum of magnetic power in
Alfvén units: the observed magnetic power (black; Pb,obs = Pb,R + Pb,T + Pb,N) and the magnetic power calculated based on the ideal MHD theory (purple;
Pb,3modes = Pb,Alfvén + Pb,fast + Pb,slow). (b) Spectra of parallel component of magnetic power in units of Alfvén speed. (c) Spectra of magnetic compressibility
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� . (d) Density power spectra: proton density power Pn ,spcp from SPC, electron density power Pn ,qtne from

QTN, and density power provided by fast modes Pn,fast and slow modes Pn,slow. The error bars represent the standard deviation. The red vertical dashed line represents
fsc ∼ 0.026 Hz.
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The Astrophysical Journal, 923:253 (12pp), 2021 December 20 Zhao et al.

Modes composition from analysis of 
Parker Solar Probe data

[Parker Solar Probe (PSP) Credits: 
UC Berkeley Website]

5



GS95 turbulence observed from Multi-spacecraft 
analysis

§ Properties of turbulence revealed at 1Au from Magnetospheric 
Multiscale (MMS) spacecraft analysis, (Zhao, HY+ 2022, ApJ)

bow shock 
Bow shock
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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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Fast (compressible) modes dominate 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 (HY & Lazarian 2002, 2004, 2008).
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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)
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we obtain the turbulence truncation scale kc ¼ kmax,
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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
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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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Simulation by Maiti + 2022 
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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).



• Turbulence properties from theory and observations and 
consequence on CR transport 

• Impact of turbulence driving and damping (spatial dependence 
of CR transport)

• Cross field transport in MHD turbulence (directional 
dependence of CR transport)
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Modes composition changes with 
turbulence driving

Solenoidal (incompressible)
forcing 

Compressible forcing 

Composition of MHD turbulence depends on driving
(Makwana & HY 2020, PRX). 10

Helmholtz decomposition



Detection of turbulence modes from
Synchrotron Polarization Analysis (SPA)
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First detection of plasma modes in ISM!

12

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

Our synchrotron polarization analysis (SPA) reveals prominent plasma 
modes and driving mechanism. Compressbile modes are identified for the 
1st time beyond solar system (Zhang, Chepurnov & HY+ 2020, Nat Astro).
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Origin of Cygnus Cocoon?

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

13

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



Perpendicular transport is critical for 
Galactic CRs 

15
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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 + 2022

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

17

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°

19

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
MHD turbulence has 3D structure and profile as confirmed from space 
observation. 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-messenger study holds the key to turbulence and CR research. In 
Cygnus X, the γ-ray cocoon largely coincides with the Compressible modes 
dominant zone, as identified with our Synchrotron Polarization Analysis 
(SPA) technique. 

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

CR perpendicular transport is diffusive w. D⊥ /D|| ∝MA
4. For local transport, 

the LOS inclination of magnetic field is crucial.  


