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" @ local magnetic-field energy density Voyager 1
.”‘ Biot = (0.56 + 0.01) nT = 32/2/40 = 0.78 + 0.03 MeV m3

— ET — 103.5810.175 K cm-3

". @ (ocal gas pressure P
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|| ' @ turbulent kinetic energy densities
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' @ Voyager 1 nuclei+e > 3 MeV/n :ucg = 0.83 - 1.02 MeV m3

from Boschini+20 data

1072
107

1 n

’f"ﬂ‘ CNM: —po? = 0.6 MeV m ™ 2l
M 2 Ocm—3
| | L, 3 I

/ LNM: —po2 = 0.5 MeV m

'“‘ 2 3cm—3
,pﬂ'l 1 -
| WNM: —po? = 0.4 MeV m™

” 2 0.5cm™3

108

Hard & Kalberla 2007

Oy

10°

1610 1611

Ex[eV/n]

1.7+ 0.3km/s
2

O, HI

5.0x0.2km/s

10.3 £ 0.3 km/s

Jenkins & Tripp 2011

dN/dE [m~2 sr~1 s71 GeV1]

10%

| cosmic-ray energy density

102 |

100 |

10—2 |

10—4 -

10—8 |

10—10 -

10—12 |

10—14 |

10—16 |

10—18 -

10—20 |

10—22 |

10—24 |

10—26 |

10—28 -

10—30 |

10—32 |

el

+ Voyager data

AMSO02
ATIC
BESS
CREAM
CRN
HEAO

HOH KOH KOH HOH KO HOA

R

SO

HESS
JACEE
PAMELA
RUNJOB
TRACER
VERITAS

HOH HOH HOH H@H HOH HOH

~34
107701

10°

10t 102

103 10* 10° 10°
Kinetic Energy Per Nucleus [GeV]



w"‘ cosmic-ray feedback on galaxy evolution At
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-rich dwarf galaxies

' @ Mot = 10"MO, Mp =109 MO, SFR ~ 1 MO /yr, starting from smooth gas & smooth B

@ multiphasic gas down to 9-pc resolution, ideal MHD with RAMSES 31028 m2/s
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'\ star-formation response to cosmic rays

@ R > 2 kpc:increased Pcr pressure => SFR suppressed by < 50%
| PR<? kpc :increased Pcrand <B>x3.5 where ecr 2 1-2 eV/cm3 => SFR suppressed by 2.5
”\ @ not SN-induced turbulence, but role of increased fountains? gal. wind?
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L' star-formation response to cosmic rays

@ R > 2 kpc:increased Pcr pressure => SFR suppressed by < 50%
' PR<? kpc :increased Pcrand <B>x3.5 where ecr 2 1-2 eV/cm3 => SFR suppressed by 2.5

”\ @ not SN-induced turbulence, but role of increased fountains? gal. wind?
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}‘ \ -energy cosmic-ray gradients

' @ from Voyager CRdata: ¢H, = (1.51 — 1.64) x 1077571 Cummings+2016 (i~ 065072
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,‘ \ ic-ray induced interstellar chemistry
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}' ‘ -energy cosmic-ray induced interstellar chemistry A

Cop(m) Constant CR Models
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3 fundamental modes of MHD turbulence

@ energy fraction as a function of the Hu+ 2022
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"‘ ‘ osmic-ray transport modes A
~ lqlBy

T e . .
’ K weak B or large E \ / K| dn‘fusmn \
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| q | B ngr . E » , " \\ / n
' \ B \! E { / / g ]L | gyro-resonant
_ —6 kin | | ? ;
" ngr—1.210 DC <—> ( > | | | |

' @ gyro pulsation: Q

Fa scattering
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B E,.
| R, —0.250u (2 s
‘ ‘ InT 10 GeV _ . 7 .
' x, diffusion ? B line
' ' o magnetic moment pp = PL quasi-ballistic Ry > L onerent B R <] Wandom walk
.‘ 2B gyr ~ “coherent B &
‘ (conserved if adiabatic conditions K j k - /
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'.“ @ pitch angle

> ngr ~ P curvB
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-esonant pitch-angle diffusion

W' A LN el >
@ gyro-resonant scattering on all MHD waves, in particular Alfvén waves, pltch angle

' mediated by the Lorentz force 5 7 v
'” gyro-resonance when the Doppler-shifted rotation rate w, of a circularly polarised wave 1s a multiple p=c080,,., = B = % V) = v\/l — u?

of the CR gyro frequency. - —

kv — op =208y,

' ‘ => Interaction with the rotating E of the Doppler-shifted wave rotating in the same direction
‘ and at the same frequency as the CR rotation in its rest frame.

n = 1for Alfvén waves propagating //Bo  ®, = kv, hence k||(V|| — V) == ngr

.‘ : - “tediiditt rotating
' Y| Lo

" implying a random “walk™ 1n y = —

y
‘m described by diffusion with scattering deviation | 60| ~ 60y ~ 0B/B

l‘" . and scattering frequency <592> SB :

) e X5 T rer\ B, (v .

|'“ o g 3B no E in the wave frame

'%:.“ diffusion mean free path , Be R ( B, ) > (V) — Vi)2 Vi — cte
= — X

ig’:" > Vg oB Vi—Val=>Vv, T= Hpitch T=pl

I and vice versa

" \

I"‘,',' diffusion coefficient 1 1 ﬂzcz BO 2 1 V2(1 — /12)

| " — R K| = d

”"! K = g sePC = 3 X Ry, 5_B |- Ay K
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\ ime damping (TTD) = transit-time surfing

' @ surfing the wavefront of obliqgue compressible fast and slow wave modes

\ v, =phase velocity of the compression wave.
intersection point M between the wavefront and the mean local B moves at speed v, = — = —
dt sina
‘ surfif CRmovesat v = v, dl
‘ + small range of small @ given the large v of CRs ~Q R~
M AN
A
. ‘ @ n=0mode
o A 27 21 ,
' ‘ transit time for the CR to cross thewave: n =0 = k”v” =w, > 1T=—=——=—=1 equaltothewaveperiod T
" B e kv @
‘ CR gains/looses p; from the wave E field
" stochastic gain because head-on interactions between CR and wave are more frequent than head-tail interactions (2nd order Fermi acceleration)

"m hence wave damping

'|” @ no specific resonant scale : turbulence over all scales [ > R, contributes to scattering.

|‘ ‘ TTD unable to scatter CRs at small pitch angles

.,‘“ | => TTD contributes to scattering, but only if another process has distributed CRs to 8 > 60°




"k ‘ yendicular diffusion in external MHD turbulence AR

@ maximumk, = R, c = 10%! cm2/s from pitch-angle scattering => perpendicular diffusion due to B line diffusion
' ‘ @ B line perpendicular diffusion

" normal diffusion at large scales (fors > [, = LianX3 forMy > 1 and s > L;; for M, <1)
' super diffusion in the turbulence 1inertial range
' ‘ \ magnetic fields CR particles
L ; - ; — : O T - 100 ' T ———] ' e S '
‘ 100 Field lime diffusion in Bl a0t/ i Xu & Yan 2013 (\0((0
| Beresnyak 2013 .,.7// |
/'/ lA

3~ | initial separations: Ny 4 S <
|| Fo.2n,040,08n, S > § 5|2 4

e 2 S 10 > 8
" oot} 10732 & b 1L min # 8
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'” Y 3 l S ® ’ L
" i 0.146'02 |CB‘3 10'2_ & i
|“ || 6.0 | g - |
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! z e —=
'ﬁ"
:r” if CR scattering mean free path along B 1) < L;,; (as for GeV-TeV CRs in the ISM) : (y2,) ox 17
:‘”, if Ay > Ly, <ycer_> x 13

4

f K, &M,

mean square displacement

Kk diffusion largely due to

B line wandering
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>
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| \ ro-resonant diffusion vs. slow mirroring diffusion Al

\ )

@ small net p change if CR remains along the same line bundle m 4
' @ but super-diffusion of B lines during the CR propagation => CRs follow # B lines after bouncing back T~ ~ [ I

@ loss cone => reflected CRs only for large pitch angles  sin*6 > B+ 5B > U < p..i(B) = pu < p.,.(Ecr) :igg'-;;;'-\v:" N
' gyro-resonant scattering at low pitch angles populates the large-pitch angle domain for mirror diffusion: ... (E.,) ':..'"“‘
‘ '@ mirror scattering for only small fraction of the CR population => the average K of the CR population close to the gyro-resonant one &

‘ ‘ 0.84

' ‘ 0.82

'. ‘ 0.80

'.m 0.7 o
~

| | -

"‘ 0.76

.l‘..".' ‘ 0.74

|

W - 0.72

Lazarian & Xu 2021
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’" 1‘ CR diffusion in tangled magnetic fields

@ in super-Alfvénic turbulence, gas turbulent motions drag B lines in complex twists

'“‘ MA>1

',n |

1 2
, 2P HOVH,rms Ckin, turb

M
' 4 B2/ (2uq) €p

%" @s\ﬂ"*‘o*o

" @ free gyration around B lines induces an effective diffusion in space
"M © mean free path = coherence length of B

— ] — -3
"“ lmfp — lA — LianA
' © slows down CRs in addition to the gyro-resonant scattering

v:‘” | @ important in
‘w “ low-B environments Krumholz+ 2020
molecular clouds Sampson+ 2022

| © starburst environments
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i‘ \ amping of MHD waves

@ Landau damping because the wave E field tends to synchronise the ions
' more accelerated than decelerated ions => wave damping Landau 1946

K

'” @ non-linear Landau damping by ions in the beat wave formed by 2 almost-co-propagating waves
mirror force acceleration for v; & v, .

|
‘ '@ turbulent damping : shearing of two counter-propagating MHD eddies
efficient if crossing time = turnover time

Induces the energy cascade to smaller scale Goldreich & Sridhar 1995
. ‘ depends on M, and scale
t = 4.320,/c 0B

‘ . . 300
' @ ion-neutral damping .
' 1on-neutral momentum transfer in collisions, but also neutral viscosity
'.‘ dominant in neutral gas phases (WNM, CNM, DNM, H;) L 1250
"m 0.5 1200
" | SO 150
r“'»'a g
w. 0.5 100

50

0
I -1 -0.5 0 0.5 1

W 116 Bresci, Gremillet, Lemoine



}" ' cattering on pre-existing MHD turbulence A

5
' @ inefficient scattering on anisotropic Alfvén modes > BO 3103210
o Klem?/s] |
‘ @ small scattering efficiency preserved at small scales
’“ from the isotropic fast modes )
(but £ 20% of MHD turbulence energy, if not damped) 3103210
' © small role of slow modes | g
‘. Tl
<L
@ ion-neutral damping for scales such that E, < Ey4 5
am - 3 1031 103_‘ WNM I
' + Alfvén modes Eq5m A . : I
’ [ . -3 jon= 10-1
| |+ slowmodes Egams | choC(;nK 866 pg on
’ , O. I on
' ‘ + fast modes Eqgm f  B=0.22,Ma=04 1 fast
1D 310301025 . . ......|6 . . ......|7 . T
. L 10 10 10 10
@ very fast diffusion in the WNM Ek (GeV]
"‘ for all Galactic CRs 31027 0.1y T T ] 6108 2 —— |
. klem2/s] | | ! | ; . 3
'.‘“ 0 slow diffusion in Ho > TeV 0.08 _Edam,A:‘ Edalrn,s Eldam,f 1 K”[sz/S] :Edam,A: j
"’“ O : ! | H> _ f
l ' 300 cm3, Xjon= 104 | 1.5
" ‘ © 2nd-order Fermi (re)acceleration g 0.06" i i i 20 K, 8.66 uyG H ) ' ;
e | I I Bi=0.2,MaA=9.2 |. L N e
< o < = :
- | | [ I — i : i
0.04 - ---- T N R A i 31028 11 -\ym ! i 1
CRs <10 TeV outside § | i i ] 30 cm3, xion= 103 i 3
the Galactic halo | 61026 0.02 : - 100 K, 8.66 LG
‘ S A A A - B=0.23,Ma=29 | |
2 3 4 5 o5t———t L
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l‘ \ tering on self-excited waves Q= Qyposs = 721 A

@ gyro-resonance: kv — @, & kv = Q,,, 2 qsz (1 — qu) - me, mQY, 1 of
‘ @ co-propagating wave excited by the streaming instabai]lfity [gpow(k) = S ] o(u . )+ o(u p ) a_pZ dp du dg
' if locally anisotropic CR distribution : Fgmw > 0if— >0 : P - P N p1op
a,u resonance condition Kulsrud & Pearce 1969
' excited by the number density of all CR with rigidity > B/k for 2 circular polarisations Kulsrud & Cesarsky 1971
|
‘ ‘ '@ relation between CR anisotropy and spatial density gradient
. 1 .
(p) = Jop) + #fi(p) + S u*f(p)  (smallanisotropy)
o v o 107 g
‘ ‘ relation — = — Zweibel 2013 4 X |
ou Uy OS 103 X 1.
| A=n, 10, " x Edam,u,A S
‘ @ efficient pitch-angle scattering because 4 ~ R, —— 101 : e . . | 1
' | | . o , 10 L s 10n-neutral collision damping 1%
. ‘ if strong coupling => CR isotropisation in the Alfvén wave frame 0 [ I TTTTTXT T T Tttt oes <~ ] 5
" => advection at va down CR pressure gradients ::8_1 :
'm B - V>I)CR i = 10_
"” Vst 7 — = = Vo 2 10 3
"H | B - Vpcrl — 1071
—5 |
.l‘."’.| if moderate coupling : faster diffusion (larger ;) ::8—6
‘.“ | 107" |
":"‘ @ no 2nd-order Fermi (re)acceleration I R 1078 |
I»H | . . , 107 |
:rm @ CRsexertaforceonthegas —V,Pcg | ~ efficient scattering for § 1070
. : -11|
W' @ CRs heat the gas rate o vion - vV, Pcr CRs < 10.0 G.eV in the 10 - -4
W’ weakly 1onised gas 10 10
|
i S




how fast do
cosmic rays travel ?
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if self-streaming transport

steady-state approximation
often holds
+ Alfven-wave dark regions

where B L VPCR

K variations by 50 to 1000
in multi-phase ISM

o T
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fast, uneven, anisotropic is diffusion?
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diffusion coefhicient k

if self-streaming CR transport with waves and CRs fully coupled

diffusion anisotropy varies with M, and ionisation fraction

super-diffusion perpendicular to B, but also often along B

highly uneven & (an)isotropic

IF self-excited scattering

Thomas+2022
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Li
. B
Be

® spallation reaction products in the interstellar medium

Abundance normalized to silicon as 100%

. cosmic-ray composition vs. solar abundances

® 99% nuclei (~ 89% protons, ~ 10% He, ~ 1% heavier nuclei) + 1% electrons
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| '. cosmic-ray composition vs. solar abundances

® 99% nuclei (~ 89% protons, ~ 10% He, ~ 1% heavier nuclei) + 1% electrons
® spallation reaction & products in the interstellar medium
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simplest leaky box model

M,(p) M/ (p)

® steady state between source input and loss + escape + = Q. (p)

Tsp(p ) Tesc(p )

® |SM grammage crossed before escape: X(p) = nq, f(p)c T, (p)

® spallation reactions in the ISM . sz .
® secondary source input Q2 I At = Nispm01-2 :BCMI
— —1
® secondary spallation losses TSp2 I (nISM02—>3 ﬁC) ,
® steady state = M2 I:TS;?lz + Te_si.:l — M2 [n]SM62_>3ﬂC + Te_sg'(p)] — Q2 — nISMGI_)z ,BC Ml K(p) e
My(p) 0152
® 2dary/1 ti — _
ary/lary ratio Ml(p) 0r_.3 + X l(p) CP‘ \-\af\)%, IB D < ECR 0.6-07
My ~1 P
YA X(p) «x T,,.(p) x k™ (p) £
1 I g
M, § S
— xp~ = D(p) x p° S
M, E -
<)

® X=10g/cm2 or Ny= 41024 cm-2
® radioactive secondaries : CR clocks
® Tesc ~ 10_20 Myr

InH.dI ~ 4 1024

=T, (E) x k(p)™




1D - 2D - 3D diffusion codes

‘ . ® mean uniform diffusion coefficient in the Milky Way

k(GeVin) ~ 1023 cm?2/s, [

scat

~ 3k/c ~ 1 pcC

. ‘ de la Torre Luque +22 DRAGON?2
Johannesson+16 GALPROP

103° ! Johannesson+19 GALPROP
' Weinrich+20 USINE =

Vecchi+21 USINE

Kiso [sz/S]

1029 |

10° 1010 1012 1012
\ “‘ Exin [eV/n]
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® but 2 classes of secondaries

N ~,"
.

v

cosmic-ray composition vs. solar abundances

® but 2 classes of CR primaries, with secondary contamination
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AMS-O2 Xu+ ICRC 2023
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‘ total cosmic-ray power Al

‘ @ total power > GeV
' from spallation residence time At and grammage X, ~ p;qs € AL,

'” Dogiel+2002
P ECR U Vgal Ue VgalpISM ¢ Uep € MISM,gal pn
cr T T - = T 10°F
' ‘ \ Atcr Atcr Xcr Xcr % - Strong+2010
= _ A Pcr
Mism = 1010 M©® = 2 1040 kg, Xcr = 102 kg/m?2 » ]
N> —
‘ ‘ g 10 \
7 - fa
.‘ g - x10.4 Ucr
" ‘ total Milky Way CR power from GALPROP diffusion model = - X | :
= (0.7 - 0.8) 1034 W = 101 N
'. T = \2
l s f &
il . E— = i
» ‘, ﬁ |
‘.l'”l‘ | 10% of the total power , Jo8L
‘l"” of supernova explosions *‘ -
| | B
d‘ | in the Milky Way -
| | { i
il L
' | S e
’ ' | | | | ] |
/f -15 -10 -5

/ log (Energy, MeV)



wicked data




Voyager-1
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remote sensing of > GeV cosmic rays

® AZ+ 4+ et probedinyrays
® Fermi LAT > GeV

W e inv. Compton

1

® c: probed by radio synchrotron o

® 30 haloes piled-up by Chan-ges B
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f‘ \ adio tracing difficulties
|

' @ Bism~ 2 - 20 UG, Vradio = 0.1-10 GHz => 0.1 < E. < 50 GeV in the unknown spectral range where significant change in slope

‘ @ B, variations along the line of sight and in the telescope beam 5 4
'” if n(E,)) = x| —
e E;
'H e S « |kB v dl
| R ”
. — | Voyager 2
|
‘ m —10F}
!‘| L
!‘ b logio [E/eV]
| .
". = -12} -
>
l O
| < |
p’ | S 14} l
W = Pamela
l.' : Fermi-LAT
'.l" | AMS-02
W' —16+ — Orlando (2018)
’r” - —— Padovani et al. (2018)
i"‘:g' %éélbll
%l log1o [E/eV]




. radio tracing problem Al

® collapse of “elongated” clouds along B with h” > R, and mass M « pth

® virial equilibrium ¢ o @, & ph* and magnetic flux: BR* = cte = B x ¢, p'"

B2
. ® equipartition between magnetic and kinetic (thermal+turbulent) energy densities : LR X ,06 = B x oo, p
Ho
‘ ® why don't we see the dense clouds in synchrotron emission ?
| > AR -~
eyrays - ‘o . i:.° 4 f T353GHz dust 408 MHz )
- - y LR - . ‘ §
0 . > g .o ..; ; - .
| L o ) ‘.uj’o't.Q,_ o ‘ , 2

- . '. ‘.. .'."‘.’. ‘..



