Particle acceleration at collisionless
shocks: quasi-linear and hybrid-
Vlasov simulations

R. Vainio, A. Afanasiev,
University of Turku, Finland

M. Battarbee, U. Ganse, Y. Kempf, M. Palmroth*
University of Helsinki, Finland

S. von Alfthan
CSC — IT Centre for Science, Espoo, Finland

*also at Finnish Meteorological Institute



Shock accelerated ions in solar eruptions
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How do shocks accelerate particles?
Diffusive shock acceleration
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How do shocks accelerate particles?
Diffusive shock acceleration
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lons at supercritical shocks (M, > 3, r > 2.5)

T T T T T T T T T T

65-112keV ~ ~

Z ]06 3 3 106

> ion flux 47-65keV 1 : - (6? -112keV)
s . S U A S 3 (Y SN vy 1 Y. Ee S T
B AT 5 vertetennna, 4
”é AT (112 - 187 keV)

o

5
-
)
;
)
=)

T T ] 1 1
km/ L v s
s g0 , .3 400f 3
. } —f——t— of 7 } —7
o ] 3k ) W
cm 0 L 1 i L L 3 ggﬂm*‘ﬁw 0- " ‘" f L E L L et
275 275.2 2754 48.8 49 . 138.6 138.8 139 808 308.2 308.4
Day of 1998 Day of 1999 Day of 2002 Day of 2003
]06 T 105 F T T T
T T T ] T T T T T 5 6 L T T T T ] E T T
e > 10 ionflux N I
e B > 3
NS S T E 5| oy N T O]
T Né 10 ¢ s 65-112keV
o

\\\\\\\

M;g ‘ T 3 B e
i e e . aT f0p B 10} T gy

2 Wt L d 600F ’W" S ——— L AN P e e B
S00E E R Shiatuarn s | ks S00F V W‘SOO_" b
E T ¥ T ¥ t L U 2 20F " T + T ¥ 7 400:-—-—_..?.,._.,_?..—-4 MM | . s
Cm—SIg‘_ M 53’ k 18-_ Ww }20__ o T fyt‘! 10: T |% 1 T —
160.2 604 160.6 13 1132 T34 185‘""""7“""'*-'.-—- o L T Erpmer — E, G|
Day of 2000 Day of 2002 4238 23 32 210.4 210.6 210.8
6 . T T @ 2 2 2002
o 10 TR Day of 2000 Day of 200
> 0oL ion flux ~ o
p= Mﬂ - .
¥ A s ey ] Giacalone (2102)
E fp~e-~-=—=" . . .
° 0l ] 18 cases in ACE shock lists, all have ion
]0— B T T T T ] .
L oy WP acceleration
ks SOE Vo e B 500 e e
400M~w ) ) ;400 At N B
b0 T PNttt B )| S
em310f st E T S Wm
(O o e | PR R [ () S Ly P
255 255.1 2552 1755 1756

Day of 1999 Day of 2000



Diffusive shock acceleration

Giacalone (2012)
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Earth’s bow shock
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Foreshock: quasi-periodic
30-sec compressive fluctuations

Magnetic Field Strength and Plasma Density observed by Cluster 1
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SIMULATION MODELLING



Monte Carlo simulations

SOLar Particle Acceleration in Coronal Shocks (SOLPACS) code

— traces energetic protons upstream of a parallel shock in the GC
approximation

— computes interactions of particles with slab-mode Alfvénic turbulence
self-consistently based on quasi-linear theory

— uses the quasi-linear resonance condition k., = Q/(vu)

— does local simulations (upstream plasma density and mean magnetic
field are taken constant)
Afanasiev et al. (2015)
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Interplanetary shock simulation using SOLPACS

€inj= 107

Interplanetary shock simulation parameters:
Magnetic field Bo =5 nT

Plasma density no =5 c¢cm™

Solar-wind speed usw = 400 km s™!

Shock speed Vihock = 800 km s7! (11 = 400 km s°1)
Scattering-centre compression ratio 7. = 3.25
Simulation box length Lvox = 0.1AU

Initial wave-spectral index go = 5/3

Simulation time tim =5.2 h
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Diffusive shock acceleration
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Scaling of intensity at the shock as a
function of injection strength

Results of quasi-linear simulations of coronal shocks (Afanasiev et al. 2015)
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Hybrid Vlasov simulation of an
interplanetary shock (HT frame)
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Upstream velocity distributions
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Fully kinetic ion physics crucial for
injection

ULF fluctuation have large
amplitude (even SLAMSs)

n Shocks are rippled

 /
Quasi-specular
reflection
(in the ripple’s
rest frame)

Upstream ULF

turbulence Final escape

Drift/surfing
acceleration
in the quasi-
perpendicular
part of the ripple

Rippled shock



Injection from ripples
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Injection from ripples
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Injection from ripples
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Injection from ripples
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Injection from ripples
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Injection from ripples
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Injection from ripples
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Injection from ripples
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Comparison of SOLPACS to a Vlasiator simulation

If injection is obtained from a local kinetic
simulation, can we model the
acceleration at higher energies with DSA?

Run setup

Y (Re)

« 5-D run (XY ecliptic plane, 3-D velocity space)
- Resolution: 227 km (ordinary space)
30 km s (velocity space)
- Inner magnetospheric boundary at 5 Re
- IMF: magnitude 5 nT, radial (cone angle 5°)
- Solar wind velocity: 600 km s

0 10 20 30 40 50
- Density: 3.3 cm™ X [Re]

- Maxwellian velocity distribution of SW protons
with T = 0.5 MK.



Vlasiator simulation

Magnetic ULF foreshock att=450s

Contour: B, (nT)
210 0.0 #1.0

Pseudocolor: B, (nT)
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Quasi-parallel shock
(clock angle 5 deg.)

Incident solar wind
parameters:

plasma density 3.3 cm3
magnetic field 5 nT

solar wind speed 600 km/s



Wave power spectrum in Vlasiator
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PSD [T? Hz ']

Wave power spectra in SOLPACS

Alfven wave power spectrum
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Initial wave power
spectrum:
— has a power-law form

— Its level is determined
by the mean free path
A, of 100 keV protons

— both right-handed and
left-handed waves are
equally presented

The evolution is
governed by A, and
the proton injection
efficiency €

Note that right-handed
polarization dominates!



PSD (T? /Hz)

Detailed comparison of the spectra
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The power spectra have comparable values (~10-'® T?/Hz) at the
beam-resonant frequency f, ~ 4.2:10-2 Hz. However, there is a
difference in the spectral shape. Why?



Future: beyond quasi-linear physics
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Y (Re)

Christmas tree structure

10

40

50

Vlasiator foreshock is not
filled with parallel
propagating Alfvén waves
even in a quasi-radial IMF.
Instead, waves often get
more and more obligque as
the simulation proceeds.

What is the reason for the
obliquity? Refraction?

What is the dispersion
relation of the beam-driven
waves?



Wave Phase Speed (in SW frame, m/s)

Phase speed in a vertical slit
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Phase speed of beam-driven waves
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Denser and faster parts of the beam produce a faster phase speed of the beam-driven waves

Note: a counter-propagating wave with phase speed = fluid speed —> strong effect on DSA!



Future: beyond quasi-linear physics
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Pfau-Kempf et al., 2016

Transient
foreshock

Sheath waves with
precursors
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Future: beyond quasi-linear physics
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Distribution of protons in the foreshock

SOLPACS vs. Bell’ s theory

- 010 eV Small scales need
A g:3L MeY to be resolved
X . 1.00 MeV
3.10 MeV throughout the

z system!
z 10

ot | 1=580s

dashed curves - theory
102 10° 10°
Distance from shock, = [R.]
’ Lo —
Bell’ s steady-state theory (1-D):  I(z,p) , To = Zo(p)

T+ X



Conclusions

Diffusive shock acceleration can accelerate particles to high energies in solar
wind
— Super-criticality guarantees ion acceleration

— Quasi-linear model works reasonably well at moderately strong (M, = 3—5) quasi-parallel and
oblique shocks in comparison with observations

Injection efficiency in the acceleration process determines not only the
number of accelerated particles but also the maximum energy obtained from

the process

— The higher the particle intensity, the higher the intensity of scattering waves, and the higher
the achieved energy in a given time

Hybrid-Vlasov simulations (and observations) yield a picture of a turbulent

environment

— Injection is determined by local shock structure and its interactions with upstream-generated
structures

— Foreshock wave properties differ from Alfvénic —> DSA affected
Bow shock is a much more complex system than (planar) IP shocks

— Scales and physical processes couple to each other

— Downstream differs from the DSA picture of homogeneous turbulence
Huge variations of relevant scales in a space-filling manner pose great
challenges to the kinetic approach

— Sub-grid-scale modeling may still be needed
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Basic Mechanisms
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Diffusive Shock Acceleration
Electrons and ions

Included in Vlasiator and SOLPACS

Unl 9 un Unl
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Shock Drift
Acceleration
Electrons and

ions

Included in
Vlasiator and
approximately in

Shock Surfing
Acceleration
SOLPACS lons

Suppressed in both
models
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Spectral density of fluctuations
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