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Outline

1. Context & Motivation

= The cosmic-ray (CR) spectrum and its implications

2. CR diffusion in magneto-hydrodynamic (MHD) turbulence

= Alfvénic turbulence: inefficiency of CR scattering

= Contributions of other MHD modes

3. Recent numerical results [= Fornieri et al., MNRAS (2021)]

= Diffusion-coefticient solver for MHD modes

= The DRAGON code: global CR-transport simulations

4. Perspectives
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...but the devil is in the details
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The cosmic-ray spectrum

PRIMARY  SECONDARY

- =2.5
% Plasma micro-physics related to
» CR-turbulence interaction

e self-generated turbulence ( E = 200 GeV )
[X not treated in this talk]
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® pre-existing turbulence ( E z 200 GeV )
[/ this talk will focus on this]
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CR diffusion

Why “diffusion”?

£
“Grammage” traversed by a CR with energy E: X(E) ~ Mgas Ndisk e P

= from Boron-to-Carbon (B/C) ratio one estimates that for, e.g., Eck ~ 10 GeV/nucleon, itis X ~ 10 g cm-2

= use typical Galactic values (e.g., mgas ~ 1.4 mp, ndisk ~ 1 cm-3, hdisk ~ 150 pc, Hhalo ~ 3 kpc) and v ~ c:

H
Tesc(l() GeV/n) ~Y 10—100Myr > Thal "~ ? ~ ]_—10kyr

= there is a mechanism that confines CRs within the Galaxy for long time before they can escape
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Observer 4 |

CR diffusion
random motion of charged particles due to their
scattering on turbulent magnetic-field fluctuations
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Turbulent cascade
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CR diffusion

Turbulent cascade

/S inertial range

conservative transfer
through scales by
non-linearities

fluctuations’ wavenumber

'r.crR ™~ Ecr

*

and vyes, the interstellar medium (ISM) ™,
| is indeed turbulent ey
70 B T T 1 T T
e [Armstrong et al., ApJ (1995)]
3 [Chepurnov & Lazarian, ApJ (2010)]
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Turbulent cascade of Alfvénic fluctuations

= incompressible MHD equations:
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CR diffusion

Turbulent cascade of Alfvénic fluctuations

= incompressible MHD equations:

ou VP  (B-V)B
T e e e e
88? - (u-V)B = (B-V)u + nV°B

% rewrite them in the Elsasser formulation (n =v):

0zt

ot
0z~

ot

— VPt + Ve

_Vﬁtot

nV?z~

- v Vu

5

~ VA4Tpo
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Turbulent cascade of Alfvénic fluctuations

= incompressible MHD equations:

8“ I . VPtOt I (B'V)B I 2
ot | (u V)U— 00 | 471'@0 g e V-u=0

- (u-V)B = (B-V)u + nV’B

% rewrite them in the Elsasser formulation (n =v):

ot | (Z . V)Z = —VPFP,,t + Y| Vez f "g
8; (Z+ . V)Z_ = _Vﬁtot n sz_ / ». e

Alfvén waves traveling “up” or “down” the magnetic field B
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Turbulent cascade of Alfvénic fluctuations

= incompressible MHD equations:

8“ I . VPtOt I (B'V)B I 2
ot | (u V)U— 00 | 471'@0 g e V-u=0

N B 0
88? - (u-V)B = (B-V)u + nV°B

% rewrite them in the Elsasser formulation (n =v):

8 Z+ V4 \ i~y Jai -
! | ~ VAmpo
9z~ \ - ~
A 2., — Ny 2
35 T\F = Y Y

A
V7 4
oy
"
4
v~
Z

non-linear interaction only between counter-propagating Alfvén waves




CR diffusion

Turbulent cascade of Alfvénic fluctuations

incompressible Alfvénic cascade ~ non-linear interaction of

counter-propagating AWs

% rewrite them in the Elsasser formulation (n =v):

g 0 = 8
8t I ' i ‘\ —V‘Pt()t + 77 V yh - B
~ , Vo
0z J ~ 5 T
Y e A e c

A
)
" L
7 4
4
v~
=

non-linear interaction only between counter-propagating Alfvén waves
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Turbulent cascade of Alfvénic fluctuations

% split into “background + Alfvénic fluctuations”:
B=B,+6B,
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CR diffusion

Turbulent cascade of Alfvénic fluctuations

% split into “background + Alfvénic fluctuations”: ¢ Bo
B=By+0B; V4moo
u=_up+ou + _ 0B |

0z 6“_]_ - \/ZFQ()

— (— T v - V) 0z~ + (6z7-V)dz= = ... (!) turbulence needs finite dissipation!
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Turbulent cascade of Alfvénic fluctuations

% split into “background + Alfvénic fluctuations”:
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linear frequency: wa = kjva non-linear frequency: wy = k02
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Turbulent cascade of Alfvénic fluctuations

% split into “background + Alfvénic fluctuations”:
B=B,+6B,

u=_uy+ou,|

linear frequency: wa = kjva non-linear frequency: wy = k02

: : . Whnl k:J_éZ—
= non-linearity parameter: X = — =
WA kH’UA

<< 1 (“WEAK”)

~1 (“STRONG”)




CR diffusion

Turbulent cascade of Alfvénic fluctuations

% split into “background + Alfvénic fluctuations”: § Bo
B =By+0B | \/‘FQO
u=_up+ou + _ 0B |
0z (S’LL_L - \/LTQ()

linear frequency: wa = kjjva non-linear frequency: wy = k027
o , wn k62T <<1 ("WEAK)
= non-linearity parameter: X = — =
WA kjva -1 (“STRONG”)

L. An initially weak Alfvénic cascade will increase wn1 with decreasing perp. scale A, and reach y ~ I at some scale Acg
[Don‘t worry, | won’t put you through all this! but see, e.g., Schekochihin, arXiv:2010.00699, and references therein]
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CR diffusion

critically balanced (strong) Alfvénic turbulence: a quick phenomenological derivation
[Goldreich & Sridhar, Ap) (1995); see also: Oughton & Matthaeus, (2020); Schekochihin, arXiv:2010.00699]

% |f you were to compute the cascade time for counter-propagating AWSs:

2
T T
| nl
TcascNNTANi:;

with N ~ 1/y? ~ (ta1/1A)? [# AW interactions]

@ When y = 1A/ Tai~ [ is achieved, the linear, non-linear, and cascade

timescales match each other:

thl - A =  Tcasc ™~ Tnl

= This 1s known as “critical balance” (CB)
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critically balanced (strong) Alfvénic turbulence: a quick phenomenological derivation
[Goldreich & Sridhar, Ap) (1995); see also: Oughton & Matthaeus, (2020); Schekochihin, arXiv:2010.00699]

%= So, the working hypothesis of a critically balanced Alfvénic cascade is:

tnl - A =  Tcasc ™~ Tnl

you can see the “critical-balance condition” as the result of causality:
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critically balanced (strong) Alfvénic turbulence: a quick phenomenological derivation
[Goldreich & Sridhar, Ap) (1995); see also: Oughton & Matthaeus, (2020); Schekochihin, arXiv:2010.00699]

%= So, the working hypothesis of a critically balanced Alfvénic cascade is:

tnl - A =  Tcasc ™~ Tnl

you can see the “critical-balance condition” as the result of causality:

the information about Alfvénic fluctuations decorrelating in the perpendicular
plane over an eddy turn-over time T can only propagate along the field for a
length 4 at maximum speed va.

“So... CB is essentially AWs trying to keep up with the turbulent eddies...”




CR diffusion

critically balanced (strong) Alfvénic turbulence: a quick phenomenological derivation
[Goldreich & Sridhar, Ap) (1995); see also: Oughton & Matthaeus, (2020); Schekochihin, arXiv:2010.00699]

%= So, the working hypothesis of a critically balanced Alfvénic cascade is:

tnl - A =  Tcasc ™~ Tnl

you can see the “critical-balance condition” as the result of causality:

the information about Alfvénic fluctuations decorrelating in the perpendicular

plane over an eddy turn-over time T can only propagate along the field for a
length 4 at maximum speed va.

AN e B

“So... CB is essentially AWs trying to keep up with the turbulent eddies...”

AL
5Z)\L

p . Therefore, once T, ~ Ta is reached, the balance is likely mantained.
ni,A|

(In principle, this could be done by continuing the cascade with T, = const., or
by generating smaller §| such that Ta ~ §j/va ~ Tni keeps holding... it is the latter)




CR diffusion

critically balanced (strong) Alfvénic turbulence: a quick phenomenological derivation
[Goldreich & Sridhar, Ap) (1995); see also: Oughton & Matthaeus, (2020); Schekochihin, arXiv:2010.00699]

%= So, the working hypothesis of a critically balanced Alfvénic cascade is:

tnl - A =  Tcasc ™~ Tnl

« fluctuations’ scaling and corresponding spectrum are obtained by assuming a

constant energy flux ¢ through scales (“intertial range”)

= = — = e
- = S = = — p— —_—
/ —_ —_—— —— S S — -——
—_— = S P — e = = = — = = = o

2
) 2k,

~ € = const. = 0z, Xk, T Es2(k1) o kIS/B /i}
)

- — d~{’//

Tnl,kJ_




CR diffusion

critically balanced (strong) Alfvénic turbulence: a quick phenomenological derivation
[Goldreich & Sridhar, Ap) (1995); see also: Oughton & Matthaeus, (2020); Schekochihin, arXiv:2010.00699]

%= So, the working hypothesis of a critically balanced Alfvénic cascade is:

tnl - A =  Tcasc ™~ Tnl

« fluctuations’ scaling and corresponding spectrum are obtained by assuming a

constant energy flux ¢ through scales (“intertial range”)

2
) 2k,

| ~5/3 {
~ £ = const. =2 ed = €5z(kL)o<kL/ i
Tnl,kJ_ ) . - . 7 | /)
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Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)
[see, e.g., Blasi, AAR (2013)]
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Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)
[see, e.g., Blasi, AAR (2013)]

Bo
“gyro-motion” (helical trajectory of a charged particlein a magnetic field)
o 4B
() = -
d_v - . . gyro-frequency
dt -
b= B magnetic-field direction
. C (% /g ® 7
0130 = vy st 9 o ) pichang
= v 2(t) = —v sin(Q + @)
. Ul v .
v|(t) = v(0) = |v|u = const. . 5\/1 o = gyro-radius




CR diffusion

Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)
[see, e.g., Blasi, AAR (2013)]

BO =+ 5BJ_
“gyro-motion” (helical trajectory of a charged particlein a magnetic field)
o 18
dv (v xb) () = e gyro-frequency
dt B
b= B magnetic-field direction
: ,U” (% . "
v1.1(t) = v cos(2t + @) B = o = cos(6"”) pitch angle
= v 2(t) = —v sin(Q + @)
X U U
v|(t) = v(0) = |v|u = const. hy ﬁL = 5\/1 o = gyro-radius
= consider a magnetic-field perturbation of the type: 0B, ~ B, e, 1sin(kjz))
. . N . d 0B
= estimate time derivative of pitch angle: st 0 e SRR sin(Qt + ¢) sin(kv)t)

dt By




CR diffusion

Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)

BO+ 5BJ_

[see, e.g., Blasi, AAR (2013)]

2
s mean-square variation of pitch angle: o x (1 — p%) . o(kyv) — Q)
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Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)

B()+ 5BJ_

[see, e.g., Blasi, AAR (2013)]

ApAp
At

s mean-square variation of pitch angle: <

= a CR with Larmor radius r. would only scatter on resonant modes:

res ) = kresrL . \/1 . :U’z

U | 0
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Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)

BO+ 5BJ_

[see, e.g., Blasi, AAR (2013)]

%= mean-square variation of pitch angle:

ApAp
At

= a CR with Larmor radius r. would only scatter on resonant modes:

res __ 9 = e \/l _:U’z
B B we

L first problem: as y — 0, the resonant wavenumber kres = oo,

In a turbulent cascade, the power in the fluctuations vanishes (68 — 0 for k = o),

so scattering efficiency vanishes for very low pitch angles (and no crossing through u = 0).
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Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)

BO+ 5BJ_

[see, e.g., Blasi, AAR (2013)]

2
s mean-square variation of pitch angle: o x (1 — p%) . o(kyv) — Q)

= a CR with Larmor radius r. would only scatter on resonant modes:

res ) = res . \/l . :U’2

= . Py
||

= Consider spectrum of turbulent fluctuations &(kj)) ~ kj @

s~ estimate scattering rate and spatial diffusion coefficient (v ~ ¢):

CTy,

0 eee

KIEGR™) ! 1 ) )
. . —
Vscatt 7~ () ~ T = D =~ _U>\mfp ~ U Tscatt X ~ Fk

B g scatt 3




CR diffusion

Crude estimate of a diffusion coefficient (quasi-linear approach on single mode)

BO+ 5BJ_

[see, e.g., Blasi, AAR (2013)]

2
s mean-square variation of pitch angle: o x (1 — p%) . o(kyv) — Q)

= a CR with Larmor radius r. would only scatter on resonant modes:

res ) = res . \/l . ru’z

Yl

= Consider spectrum of turbulent fluctuations &(kj)) ~ kj @

= estimate scattering rate and spatial diffusion coefficient (v ~ ¢): "
.
)
kres ( res) 1 *
| I —1 - 2 CTL 9_
Vscatt 7~ ( Bg )Q ~ Tscatt — D = gv)‘mfp ~ U Tscatt X T'I_Jlg(TI_Jl) T




CR diffusion

A more rigorous quasi-linear calculation for Alfvénic fluctuations would give:
le.g., Kulsrud & Pearce, Ap) (1969); Volk, ASpSci (1973)]

n?J%(z)

~2

Dy = Q%(1 _“2)/dk Z 0(kjjv) — wa + n2) EX (k) . = L
\e——_ o—

n=——oo



CR diffusion

A more rigorous quasi-linear calculation for Alfvénic fluctuations would give:

le.g., Kulsrud & Pearce, Ap) (1969); Volk, ASpSci (1973)]

D,, = Qz(l - UZ)/dk E 5(k”’0” — wa + nfl)

n?J%(z)

n
~2

w®

) 2

) 3

A (k)

. L
< = — K| T,
Q)
Bessel functions of the 1st kind
J,(x)
J(x) ==
00 =em-

N
_

[credit: Wikipedia]



CR diffusion

A more rigorous quasi-linear calculation for Alfvénic fluctuations would give:
le.g., Kulsrud & Pearce, Ap) (1969); Volk, ASpSci (1973)]

n*Jy5(2)

~2

Dy = Q%(1 _“2)/dk Z 0(kyjv) — wa + n2) EX (k) . = L
\e——_ o—

n=——oo

! second problem:
[Chandran, PRL (2000)]

In anisotropic turbulence, k. >> k|, like for the Altvénic cascade, the gyro-resonant scattering is strongly suppressed

e.g., for a Goldreich-Sridhar cascade the fluctuations’ power spectrum is confined by

3/2 —1/2
. 1 — p?
kleﬁ/zéol/z = s (n\/'uu) (T—L> > |

so a CR crosses many uncorrelated fluctuations of the required k|| during its gyro-orbit,
and such contributions tend to cancel out (cf. J2(z)/z? behaviour at z >> 1)



CR diffusion

So, CR scattering by Alfvénic turbulence is very inefficient at CR-energies less than ~ 10-100 TeV

[this is true even from a very precise calculation of D, then included in global CR-transport simulations: see Fornieri et al., MNRAS (2021)]

what now?!



CR diffusion

So, CR scattering by Alfvénic turbulence is very inefficient at CR-energies less than ~ 10-100 TeV

[this is true even from a very precise calculation of D, then included in global CR-transport simulations: see Fornieri et al., MNRAS (2021)]

what now?!

well, MHD does not have just the Alfvén mode in a compressible world!



CR diffusion

%= Dispersion relations from linearized compressible MHD:

w? — kzvi — kfcs2 0
0 w? — kﬁvﬁ

—kJ_k”CSZ 0

0

w?* — kﬁcs2




CR diffusion

%= Dispersion relations from linearized compressible MHD:

w? — k*vi — kic? 0 —k, k
0 t
2 X 4
—kJ_k”CS ',
’
’
’
2

Alfvén mode: transverse oscillation

k-ou =0 and Jdu-Byg =0

/)\,/ > By
5u1{>\)/
/’\)/

B =By+0B,




[/

S
N e e

(0* — k*vi —kict)

CR diffusion

e o

Alfvén mode: transverse oscillation

k-ou =0 and 5u-BO

0

%
5uT{)\>/
/’\)/

B=By+0B

~“4

Two additional roots:
“fast” and “slow”
magnetosonic waves




%= Dispersion relations from linearized compressible MHD:

/"' 5

0) Bl k VA R kJ_CS

\ S e S ":—’
0

( ke )

CR diffusion

Alfvén mode: transverse oscillation

k-ou =0 and Jdu-Byg =0

/’\)/
5uT{)\)/
/’\)/

B=By+0B

(simplified picture for k= 0)

Two additional roots:
“fast” and “slow”
magnetosonic waves

Magnetosonic modes: longitudinal oscillations

k-0ou #0 and ou-By # 0




CR diffusion

Why magnetosonic modes are important for CR scattering?




CR diffusion

Why magnetosonic modes are important for CR scattering?

%= [sotropy of the fast-magnetosonic cascade (from simulations)
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CR diffusion

Why magnetosonic modes are important for CR scattering?

%= [sotropy of the fast-magnetosonic cascade (from simulations)
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%= [sotropy of the fast-magnetosonic cascade (from simulations)
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CR diffusion

Why magnetosonic modes are important for CR scattering?

(a) s2b B field

(b) C2a B field

(C) C4b B field

O/So

(d) cBOa , ec €Nt

=N

(e) S2b v field

| (f) C2a v field

N
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_(g) Cab v field
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[Makwana & Yan, PRX (2020)]
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Why magnetosonic modes are important for CR scattering?

%= [sotropy of the fast-magnetosonic cascade (from simulations)

0 (a) S2b B field (b) C2a B field (C) C4b B field (d) CBOa B field
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CR diffusion

Why magnetosonic modes are important for CR scattering?

%= [sotropy of the fast-magnetosonic cascade (from simulations)

so, the fast-magnetosonic cascade gets us past the problem of the anisotropy...




CR diffusion

Why magnetosonic modes are important for CR scattering?

%= [sotropy of the fast-magnetosonic cascade (from simulations)

so, the fast-magnetosonic cascade gets us past the problem of the anisotropy...

...but what about the u—0 issue due to the resonance condition?




CR diffusion

Why magnetosonic modes are important for CR scattering?
%= [sotropy of the fast-magnetosonic cascade (from simulations)

= Resonance broadening due to local |B| variations (from energy + magnetic-moment conservation)




CR diffusion

Why magnetosonic modes are important for CR scattering?
%= [sotropy of the fast-magnetosonic cascade (from simulations)

= Resonance broadening due to local |B| variations (from energy + magnetic-moment conservation)

2 2

’Uﬁ_ -+ ’U” = 1" = Const. —+ @ — const.
A B 5Brms
= (Afuﬁ) = —(1 —,uz)'u2< ;0 1S —(1 — p*)v? B”o - O(6B?)

J



CR diffusion

Why magnetosonic modes are important for CR scattering?
%= [sotropy of the fast-magnetosonic cascade (from simulations)

= Resonance broadening due to local |B| variations (from energy + magnetic-moment conservation)

2 2 v

vi + v = v~ = const. + —— = const.

= (Afuﬁ) = —(1 —,uz)v2<

[Yan & Lazarian, ApJ (2008)]

/// _ — — _— — —_ - - P— — ——— - S — = e ——E

/ m——
kjop — w + n2)?\ |
5(]6”?)” = —I—nﬂ) s “i R(k”U” — W —I—nﬂ) = ﬁ exp ( ( |v|| . n ) ) \»

with Alfvénic Mach number M ~ (§B/Bo)in;
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Computing CR diffusion coefficients

+00
D,, = (1 — ;ﬂ)/d*k > Ry(kyv) — o +nQ)

Rn(k”U“ e 4 ),

n=——~oo

nsl)

_ =

- 1/2
|k|| |UJ_MA

p(

12 J2(2)

A kﬁ 2, M
[1°(k)+ =T ()1 (k)

Z2

(k”U,lL = TZQ)z

kﬁvz(l — UMy

k2 n

)

[Fornieri et al., MNRAS (2021)]




Computing CR diffusion coefficients

[Fornieri et al., MNRAS (2021)]

+00
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Computing CR diffusion coefficients

[Fornieri et al., MNRAS (2021)]
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Computing CR diffusion coefficients

—+00
D,, = (1 — ,uz)/d3k > Ry(kyv) — o +nQ)

n=—=~oo

Rn(k”U” e 4 ), nSZ)

_ =

R 1/2
|k|| IUJ_MA

p(

—annz(Z)

[Fornieri et al., MNRAS (2021)]

A kﬁ /2 M
1) + 50,2 1M (k)

Z2

(k”U,lL e (1), FLQ)z
kiv2(1 — u?)Ma

= Now, having computed all modes’ contributions to the ptich-angle scattering, compute the spatial diffusion coefficient

%k

U2 (1 L ,LL2)2

1 [H
0

where u* is the largest pitch angle for which a cosmic ray with rigidity R
can be considered confined by turbulence (i.e., in the diffusion regime):

Dy (R) + DS (R) + Dyl (R)

R=L"'v|/Q

particle’s (dimensionless) rigidity

T 1 )
o 2 o

/
Tstream L H.D D LA




Computing CR diffusion coefficients

' just Alfvén modes are indeed inefficient for CR confinement in the Galactic Halo:
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Computing CR diffusion coefficients

' just Alfvén modes are indeed inefficient for CR confinement in the Galactic Halo:
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[Fornieri et al., MNRAS (2021)]



Computing CR diffusion coefficients

[Fornieri et al., MNRAS (2021)]

' just Alfvén modes are indeed inefficient for CR confinement in the Galactic Halo:
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Computing CR diffusion coefficients

[Fornieri et al., MNRAS (2021)]
%= parameter scan to see if we can match phenomenological best-fit models based on CR data:
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Computing CR diffusion coefficients

[Fornieri et al., MNRAS (2021)]
%= parameter scan to see if we can match phenomenological best-fit models based on CR data:
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Computing CR diffusion coefficients

[Fornieri et al., MNRAS (2021)]
%= parameter scan to see if we can match phenomenological best-fit models based on CR data:
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The DRAGON code

[Fornieri et al., MNRAS (2021)]
= implement these coefficient in the DRAGON code:

(global CR-transport simulations within a 2-zone model of the Galaxy: disk + halo)



The DRAGON code

= implement these coefficient in the DRAGON code:

(global CR-transport simulations within a 2-zone model of the Galaxy: disk + halo)

https://github.com/cosmicrays

DRAGONZ
(Diffusion Reacceleration and Advection of Galactic cosmic rays: an Open New code)

some important physical ingredients:

v primary CRs (e.g., SNRs) = distribution of sources (including exotic sources)
v/ secondary CRs (spallation) = up-to-date nuclear cross sections
v/ CR transport = diffusion, re-acceletation, advection & losses

v large-scale structure = Galactic magnetic field & gas distribution

[Fornieri et al., MNRAS (2021)]

lementation details, see:

l1etal., JCAP (2017)]

1 etal., JCAP (2018)]


https://github.com/cosmicrays

The DRAGON code

[Fornieri et al., MNRAS (2021)]
= implement these coefficient in the DRAGON code:

(global CR-transport simulations within a 2-zone model of the Galaxy: disk + halo)

testing some environmental/plasma parameters against B/C data



B/C Flux ratio

The DRAGON code

%= implement these coefficient in the DRAGON code:

(global CR-transport simulations within a 2-zone model of the Galaxy: disk + halo)

101 |

[Fornieri et al.,

testing some environmental/plasma parameters against B/C data
[ each line in these plots is a global simulation with a different D(E) ]
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The DRAGON code

[Fornieri et al., RAS (2021)]
%= implement these coefficient in the DRAGON code:

(global CR-transport simulations within a 2-zone model of the Galaxy: disk + halo)

some “plausible” parameters vs single CR-species data
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The DRAGON code

[Fornieri et al., MNRAS (2021)]

%= implement these coefficient in the DRAGON code:

(global CR-transport simulations within a 2-zone model of the Galaxy: disk + halo)

some “plausible” parameters vs single CR-species data

(e e e LS Linj = 100pc, B = 0.1, xc = 10°
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Take-home message

In order to interpret increasingly accurate measurements,
one needs to understand and model in great detail
the micro-physics of cosmic-ray transport in our Galaxy




Perspectives

% Beyond quasi-linear (or, weakly non-linear) theory of CR scattering on MHD modes
% [Include the effect of self-generated turbulence

%= Consider fully anisotropic CR transport in the large-scale Galactic magnetic field
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Thank you for your attention!

[Cerr1 et al., JCAP (2017)]



