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peak in secondary-to-primary ratios at ~ 1 6eV/nuc reflects some
feature of cosmic ray propagation in the interstellar medium
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Cosmic ray diffusion
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Problems:

- wave distribution is strongly anisotropic, - heavy damping in the interstellar medium but
(k, = k;”L""” Goldreich, Sridhar 1995) and CR CR scattering can be provided in Galactic halo
scattering is not efficient Yan, Lazarian 2002, Xu, Lazarian 2020

-difficulty with interpretation of fscattering is too weak below 1 GV in our ]
radioastronomical data Orlando 2018 model Ptuskin et al 2006



Ptuskin et al 2006
Equa.rion for. waves diffusion (Kra?::inz;:) fregc. + damping on CR
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with resonant three-wave interactions (Sagdeev, Zakharov (1970), Akhiezer et al (1974), Chashey, Shishov (1985),
Zirakashvili ( 2000) , Chandran (2005)). We hold leading terms that describe efficient energy transfer to short waves.
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Results of calculations

Accepted values:

- CR source : g,~R"# at < 1GV, R?4 at >1GV, q,.=q, R®"

- halo parameters: H=4 kpc, n=6 103 cm3,B=510%G

- surface gas density of galactic disk 2.4 mg/cm?
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Conclusion

Damping of interstellar turbulence on cosmic rays remains
a possible explanation for the observed energy dependence
of cosmic-ray diffusion in the Galaxy below several GeV/n.
New estimative equation for magnetosonic turbulence allows
extending the original propagation model with damping to
MeV energies. The cosmic ray transport equation is solved
simultaneously with this equation. Calculations demonstrate
reasonable agreement of the theory with observations of
primary and secondary nuclei in the energy range 1 MeV/n

to 100 GeV/n although some model improvement is required.



Appendix

theory of MHD turbulence

B. Chandran 2005 Phys. Rev. L. 95, 5004

waves but neglected three-wave interactions that did not in-
volve slow waves. Further work including all the nonlineari-
ties is needed. The Alfvén-wave and fast-wave power spectra
for homogeneous turbulence are defined through the equations
(@ (@f)") = AF8(k— ki), and (5 (f)") = FF8(k— ki),

where (...) denotes an ensemble average. It is assumed that

2

Af = A; = 44, that F' = F7 = Fj, and that (g f;;) =
(af/ﬂ) = 0. Rotational symmetry about the z axis is also
assumed, so that 4; = A(k .k-.t) and Fy = F (k) k:,t). Tak-
ing the small-v and small-n| limits and employing the stan-
dard weak-turbulence approximations, one obtains the wave
kinetic equations,

04 n 3 _
% - / &pd’q8(k—p—q) {8(g:)8(pnl)* Ag(dy — Ak) + Sk + pz+q) M [MaFy (A — Ax) + M (Fy — A1)
+ 8(k: + - — q)Ma[MsFy(A, — Ay) + MsAp(Fy — Ag)] + (k- + p — q) M[M7Fy(F, — Ai) + Mg Fy(F, — 4)] }
(5)
IF n ; 5
St = o [ @ pdadlk—p—a){95in 08l p - kaFy(Fy ~ ) + 8k p=a) (P Fy+ kpFyfi — kafi )
+ 3k — p:+q:)Mo[M10Ay(Ap — F) + Mndp(dg — )] + 3(k — p-— q)Mia[M3Fy(4p — Fr) +Miad, (Fy — )
+ Sk + p-— q)Mys[Mi6Fy(A, — Fr) + M1z A, (Fy — )] } . (6)
I
where terms have not been included, equations (5) and (6) conserve
the energy per unit mass E = [ d*k(A; + Fi)/2 and have an
‘A\Zz = 27‘("77”’; (cosot 1/2)(k1l+pim+q.n), equipartition solution F; = A = constant.
= +2p m+qn,
M: - 7[1,” Jf;énsaj] [2)(k I+ pim+qon), The 8(¢-) in the collision integral of equation (5) is equiva-
M; = kyl(cosou— 1/2) + p.7/2 +sinoii(2p — g/2), lent to 2v,48(kzv4 — p-v4 +¢zv4) and represents the frequency-
Ms = kid(cosy+ 1/2) —sinym(2q — p/2) —q.7/2 matching condition for resonant interactions involving three
Mo = pim+ (cosB+ I/Zj(k I+pyim+q.n) ’ Alfvén waves (“AAA interactions”). The part of the colli-
My = qanr (—cos8 + 1/2)&_ [+,; m+:] ”) sion integral that contains this 8(¢;) is the same as the colli-
My = citei(—k+2q) +p m(c‘oce 7Lcm ) 1@i‘naﬁ(q —2) sion integral for AAA interactions in incompressible MHD.
My = ;in67(k/2 -2q)+ Jim(—Acma; 1/2) N q.7/2 " This term represents interactions between oppositely directed
MM _ ;ine7(—k+2 q) il ! J;W(Coslllf cos6) +Si[{fm( 2 2%) Alfvén waves, in which the field-line displacements caused
16 = e 4] PLm i Heg ' by Alfvén waves travelling in one direction along the mag-
M7 = sin®f(k/2 —2q)+ p m(cosO+ 1/2)—q,7/2,

My = My + M3, My = Ms + Mz, Mg = M7+ My, My = Mo+
My, Myz = My3 + Mg, and Mys = Mg+ M;7. The quanti-
ties 6, y, and o are the angles between Z and the wave vec-
tors k, p, and g, respectively. In the triangle with sides of
lengths k|, p., and g, the interior angles opposite the sides
of length k,, p,, and ¢, are denoted oy, G, and o, and
| = cosGy, m = cosOp, N = COSOy, I = sinoy, m = sing,,
and 7 = sinGg. The above form of the wave kinetic equa-
tion makes use of the identities k| cos(6, —6p) =qin+pim
and k sin(6, —G,) =g, 71— p 7.

The right-hand sides of equations (5) and (6) (the “colli-
sion integrals™) represent the effects of resonant three-wave
interactions. The integrals sum over all possible wavenumber
triads, while the delta functions restrict the sum to triads sat-
isfying the resonance conditions k = p 4 ¢ and w; = ®, + @,
where oy is the frequency at wavenumber k. The equa-
tions M, = M> + M3, My = Ms + M, etc imply that 04z /ot
(or 9F;/or) is positive at any wave number at which 4 (or
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netic field [represented by 4(¢ | ,g- = 0)] distort Alfvén wave
packets travelling in the opposite direction. At k- =0, only the
AAA terms contribute to the right-hand side of equation (5),
and the steady-state solution A(k k. = 0) o< kf can be ob-
tained analytically with the use of a Zakharov transformation,
as in the incompressible case [14]. When A(k |,k = 0) e< k>,
and when non-AAA interactions are neglected, a Zakharov
transformation yields Ay o< kIJ for any k.. It can be seen from
equation (5) that the time scale 14 for AAA interactions to
transfer Alfvén-wave energy from k; to 2k, is determined
by A(k, k. = 0) and is independent of k., consistent with
physical descriptions of the Alfvén-wave cascade. [12, 13, 20]
If the Alfvén-wave energy per unit mass (Svims)? is dom-
inated by wavenumbers of order some characteristic wave
number ko, if the spectrum is quasi-isotropic at k ~ ko, and
if Ak, k= 0) o< k> for ki 2 ko, then T4 = v,0/ [k (8vms)?]
for k| > ko, as in the incompressible case. [12, 13]

The terms in the collision integral of equation (6) propor-
tional to 3(k — p — ¢) and 8(k + p — ¢) represent resonant
thean
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empirical modeling of CR propagation (GALPROP code)

Inference of the Local Interstellar Spectra of Cosmic Ray Nuclei Z < 28
with the GALPROP-HELMOD Framework

M. J. BOSCHINI,1, 2 S. DELLA TORRE,1 M. GERVASI,1, 3 D. GRANDI, 1,
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Table 2. Injection spectra of CR species for /- and P-scenarios

Nuc- Spectral parameters
leus pF0(CV)gy ~ F1(GV)g 2, R2(GV) g, 4uRa(TV)g, ~,
1H 224095029 1.706-970.22 2.444000.09 2.19160.09 2.37
gHe 20510028 1.767490.33 2.41%00.13 2.129%0.10 2.37
ZLie 110780006 2.572%5%00.13 1.0
¢C  1.001100.19 1.986-540.31 2.4334%0.17 2.12
14N 1.001-300.17 1.967-900.20 2.463%°0.17 1.90
80 0.95 0.90 0.18 1.99 7.50n 9n a 42365017 a9
Table 1. Best-fit propagation parameters for /- and P-
1.50 7.C
oF 0.20 0.19 1.97 R
10Ne 0.601150.17 1.929¢
11Na 0.50 0.75 0.17 1.98 7 Parameter Units Best Value  Error
121\/1‘g 0.200-850.12 1.997C zn  kpc 4.0 0.6
. Do(R=4GV) cm?s™! 4.3 %10 07
0.60 Tk 0
13Al 0.2(]0 . 0.17 2.04 . 54 0415 0.025
1 B0 .
1481 0.20 0.17 1.97 Varr kms ! 30 3
5P 025160019 1.957¢ AVeony/dz  kms™! kpc™! 9.8 0.8
1.30 T.C
165 0.80 0.17 1.96 %The P-scenario assumes a break in the diffusion coefficient
17C1 1.10%%90.17 1.98 7%  with index &; = & below the break and index 62 = 0.15 +
1sAr 0.20 1.30 517 1.967-C 0.03 above the break at R = 370 + 25 GV, see text for
10K 020140015 1,967 dewls
Pl Ananl MaA 149 anme7700nAnan & an2RBF A a0 & 12



