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How do CR couple to background plasma

Estimating time spent by CRs in galactic disk
@ In presence of uniform mag. field:
GeV CR aligned with the field
travel with ¢/3
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How do CR couple to background plasma

Estimating time spent by CRs in galactic disk
@ In presence of uniform mag. field:
GeV CR aligned with the field

travel with ¢/3
@ Young thin disk Milky-way
h =100 — 200pc
= teont < 103 years.
@ From radioactive dating:
teonf ~ 2 — 3 x 107 years.
e ISM:
tinst ~ 10 — 20 hrs,
tcoll(i i) ~ year

= CR strongly couple by scattering on
magnetic field irregularity

" Galactic halo
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How do CR couple to background plasma

Plan for the talk:
@ How GeV cosmic rays couple strongly; plasma instabilities.
@ Applications of the new instability
@ Electron injection at non-relativistic magnetized shocks.
@ CR dynamical impacts on galactic scales (see also Timon Thomas talk).
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Electron-ion magnetized plasma
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Electron-ion magnetized plasma
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electron-ion magnetized plasma

W~ Wrot

W~ Wrot
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electron-ion magnetized plasma

L & ]
7
L e ]
8
3 b . ]
Z / Z vl
3 s g e electron cyclotron
LR Alfvén P ]
gy Whistler

W~ Wrot

Mohamad Shalaby ICRC 2021, Berlin



electron-ion magnetized plasma
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CR driven instability: Gyrotropic CRs
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CR driven instability: Gyrotropic CRs
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CR driven instability: Gyrotropic CRs

:
10
“ 8
—
T
— Gyroscale
4 instability
2
0 N . " N
0.1 1 10 100 1000

ke/w;
Mohamad Shalaby ICRC 2021, Berlin



CR driven instability: Gyrotropic CRs
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CR driven instability: Gyrotropic CRs

Shalaby+2020; ApJ 908 206
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New CR-driven instability
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Intermediate-scale: two peaks

ke Vir Myva Vdr}
—_—~y—, — = — :>merge:>— vmy/2
wij { VA Vdr va m/
20 _ Udr//UA = 15.
15
e
~~ 10
—
: W
4__4—‘_4 ]
o] g . . .
0.01 0.10 1 10 100

Mohamad Shal;hy ICRC 2021, Berlin



New CR-driven instability
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New CR-driven instability
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Classification
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Kinetic simulation for instabilities

Kinetic simulation using Particle-in-Cell:
va =0.01c, mj/me = 1836, v4ro = 5va, Vi o = 13va = O ~ 70°
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Particle-in-cell algorithm
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Kinetic simulation for instabilities

va = 0.01c, mj/me = 1836, var0 =5va, vi o= 13va = by ~ 70°
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Kinetic simulation for instabilities

va = 0.01c, mj/me = 1836, var0 =5va, vi o= 13va = by ~ 70°
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Kinetic simulation for instabilities
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https://youtu.be/grEuJTJkyD4

Intermediate-scale instability

To summerize:

o New instabilities with much faster growth rate if vy, /va < /m,/2

@ Only 2 successful full-kinetic simulations of gyroscale instability
© Holcomb+2019 @ v4 = 1071c, m, = 100 (energy error ~ 300¢.,)
@ MS+2020 @ vy = 10"2c, m, = 1836 (energy error ~ 0.002¢;)

Both report no-full isotropization in general

Next: applications
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Acceleration at non-relativistic shocks

electron injection Problem:
o electrons: ro = (me/m;)r;.
@ electrons can not scatter at shock front

@ Intermediate-scale instability provide large-amplitude
magnetic perturbation at sub ion-gyroscale
= a solution?
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Acceleration at non-relativistic shocks

CD rest frame; mi/me=1836; v, = —0.1c; v4 = 0.00625c.
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https://youtu.be/1-He_FQgrnQ

Dynamical impact on galactic scales

In the self-confinement picture

d o .
V- [ W(ee+ Po) = k- Ve = W- VP, (1)
W.VP, = —2/dwdkr(w,k)l(w, k), (2)
/12
e~ G (o) )

W is the effective streaming speed of CRs

New instability: higher linear growth rate
o larger pressure gradient: VP,
o larger scattering rate = lower diffusion coefficient
o Very low lon-neutral damping rate (10° smaller) = mechanism for
efficient coupling of MeV CRs to partially ionized plasma, e.g., MC

Mohamad Shalaby ICRC 2021, Berlin



Conclusions and thoughts

@ CR strongly couple via kinetic instabilities
@ New instability:
e much higher rate = new CR transport
o Can't be suppressed by ion-neutral friction (damping) = potential role
in the ionization of molecular clouds by MeV CRs.
e CR impact/regulate galactic outflows and ISM chemistry
@ CR transport mode strongly impact CGM gas and magnetic field

distribution
Thank you for your attention

This project has received funding from the European Research Counsil (ERC) under the European Union's Horizon
2020

research and innovation program (grant agreement No CRAGSMAN-646955)

Mohamad Shalaby ICRC 2021, Berlin



