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Why is turbulence important?

Turbulence is important because it governs the transport of
@ Energy (energy flow, heating)
@ Mass (mixing, accretion)
@ Momentum (jet interactions, shocks)

Turbulence plays an important role in a large variety of space and
astrophysical phenomena, e.g.,

@ Accretion discs
@ Interstellar medium
@ Star-forming nebulae

@ Solar corona and
solar wind




Alfvénic Turbulence

@ Turbulence is mediated by interacting
Alfvén waves

@ In a magnetized plasma, large-scale
magnetic field adds a preferential (
direction to the system

@ Turbulence becomes anisotropic




What is gyrokinetics?

@ Average quantities over the
gyro-motion of particles and
describe the evolution of rings
rather than particles

@ Gyro-averaged and ordered version
of full Vlasov-Maxwell kinetic
theory

@ Basic ordering parameters:
€ = ,OZ'/CLO ~ 5f/F0 ~ w/QZ ~
kH/kJ_ <1
Why is it useful?

@ Removes high frequency (> €;) fluctuations and reduces the
problem from 6 to 5 dimensions

@ Retains non-linear physics and kinetic effects (FLR, Landau
damping, collisions)

@ Ordering is concomitant to studies of turbulence



Solar Wind Energy Spectrum
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More Recent Energy Spectra
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Evidence of KAWSs (Support for Gyrokinetics)
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Also observed by Roberts et al. [2013] with two additional intervals.



(Almost) No Fast Modes
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From Howes et al. [2012].



Particle Distributions

@ Outer-scale ~ 10°km,
)\mfp ~/ 108km,

@ Core (Maxwellian)
distribution represents 95%
of plasma

@ Most probable
T /T = 0.89

T/

/Ty

T/T

T/

10.0
.. 4855
. data, .
". . , distribution
1.0 ; lr - K
0.1 1
10.0 0.2
104 @
0.1 0.00C
10.0 0.7
magnetic
compressibility
1.04 Jg
o.1 SR 0.1
10.0 10
collisional
2 L KO8T age
- Li Ll .
ot |
gt - i o Mg
s gw
.. III:‘.
0.1 [N 0.1

0.001 0.010

1.000 10.000 100.000
Bu

From Bale et al. [2009].



Anisotropic cascade of MHD
Alfvén waves transitions to a
cascade of kinetic Alfvén
waves at the ion Larmor
radius, p;.

Dissipation begins at ion
kinetic scales in the form
wave-particle interactions
(Landau, transit-time,
cyclotron, ...).

Current sheets also form at
ion scales and may be
responsible for dissipation.

Which mechanism is
dominant in weakly
collisional kinetic plasmas?
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Turbulence at Kinetic Scales
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@ Current sheets also form at
ion scales and may be
responsible for dissipation.
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dominant in weakly
collisional kinetic plasmas?




@ Based on GS2, a mature fusion gyrokinetics code

@ Eulerian initial-value code with periodic boundary conditions in slab
geometry

@ Evolves 5D phase space for each species

@ Fully non-linear, with number, momentum, and energy conserving
collision operator

@ Realistic mass ratio, 5, =1, T,, = T,, weakly collisional
(Vs < wmin)

@ Driven at outer-scale with Langevin antenna current coupled to
Aj—injects Alfvén like waves at outer-scale



Why Antenna Driven?
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lon Scale Spectra

@ lon scale simulation,
k1p; € [1,42] =
kipe € [0.02, 1]
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Energy spectra from AstroGK simulation from
Howes et al. [2011b].



Electron Scale Spectra

@ Electron scale
simulation,

kipe € [0.12, 2.5]

@ Average spectrum
agrees well with the
exponential observed

by Alexandrova et al.
[2012].

Ep,

107} @ AstroGK spectrum

also reproduced by
weakened cascade

model [Howes et al.,

One dimensional magnetic energy spectra from 20]_]_3]_
AstroGK averaged over three turn-around times

(solid black), weakened cascade model (blue

dash-dotted), and the empirical form from

Alexandrova et al. [2012] (red dotted).
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Ep,
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Composite spectrum of four AstroGK simulations with similar parameters spanning
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kL,Oi

k1 p; € [0.05,105]. From TenBarge et al. [2012].

[ B11 ]‘
B1T .
— 31D <
B1ED <

107t 10° 10 10




Anisotropy at Kinetic Scales
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Evidence of Critical Balance
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Contour plot of Eg  (w,k1)/EgR, (0,k1) from an AstroGK simulation. Predictions
for the envelope of the turbulent power are given for £ = 0 (dot-dashed), £ =1/3
(dashed), £ = 1 (dotted), and for the spectral anisotropy predicted by the weakened
cascade model (solid). From TenBarge et al. [2013a].



Current Sheet Formation

@ First wave-driven, 50

3D, kinetic study of A& 0
current sheet s 8 )
evolution in turbulent ~ 0.5 !
plasma A O
0 -1

@ Current sheets form ° Y 0
and persist for . 1°
i 0.1t0 1) -10

@ Strongest sheets §0_5(‘, AN , :‘ §0_5. -
correspond to field o PN 0
rotations approaching 05 T — 1' 0
1800 x/pi x/p;

Parallel current density, j., for a perpendicular

° :
Exist down to plane, with different band-pass filters applied:

elec.:tron scales, below (a) unfiltered, (b) 5 < k, p; < 21,
which no structure (c) 21 < k| p; < 84, and (d) k| p; > 84.
exists Contours of the parallel vector potential A, are

shown in (a).



Electron Collisional Heating Rate

@ Filling fraction is
computed as the
percentage of the
volume with current
density j > jmaz/3.

@ Fxaw = Ep + EkE
is the total energy of
the turbulent
fluctuations in the
simulation.

@ Over six simulations:

(max(Corr(Q, jant))) =
0.52 £ 0.02

Frag/to (max(Corr(Q, Exaw))) =
0.78 = 0.04

<max(Corr(Q, nf@'”)» =
0.91 £ 0.04




Heating by k

10°
3 | |
=107 | |
< | |
107 LB
— Q. I [
""" Qup=27Er amlk) < S
---Qy =nj*(k1) < &
10° 10°

kip;

Total heating of the electrons from the
simulation (solid black), an estimate of the
electron heating based on linear wave-particle
damping (dotted blue), and the Ohmic heating
rate (dashed red).

@ Resistive heating rate,

nj?, calculated using
Spitzer resistivity

Integrated, total
predicted electron
heating (dotted blue)
is within 4% of the
collisional heating
diagnosed in AstroGK

(solid black)—no free
parameters

Slight disagreement
by scale can be
explained by electron
entropy cascade



Discussion

@ Current sheets form as a
natural consequence of
turbulence

@ They may be associated
with dissipation, but that
dissipation can take several
forms: reconnection,
resistive, or wave-particle.

@ Wave-particle damping
associated with current
sheets requires they have
parallel extent and
propagation, which is absent
in the majority of 2D studies
of reconnection in
turbulence.




PIC Reconnection Comparison

@ To better understand the limitations of gyrokinetics on a detailed
level, we have undertaken a direct comparison with PIC.

@ PIC should converge to gyrokinetics in the correct asymptotic
regime: 0B < B, and small drift velocity U, < v¢e.

@ Parameters of the first set of simulations:
B’i — 87T7?,07;T07;/B§ = 001, mi/me = 1/25, TiO/TeO = 1,
Ly =L, =20mp;, a = 2p;, ngy = ny, = 512,
5Bpert — 0'025BHGTTiS'

@ Periodic domain requires simulating double Harris-like sheet
configuration.



Fully Kinetic PIC Simulations

Use a single Force-Free Harris sheet

L =d, m;/me = 25 Vihe/C = 0.125 Hold
Xmaz = 15.7d,  n, = 256 these
Ymae = 31.4d. 1y = 512 B. = B; = 0.01 Fixed!
Consider 3 simulations that should approach GK orderings.
These correspond to a progressively weaker current sheet
Runl Bzo — 1OByo Brm =1 wpe/ch =8 Uez/vthe =1
Run2 BZO — 20By0 57'513 — 4 wpe/ch — ].6 Uez/vthe =0.5
Run3 Bzo — 4OByo 57‘:{: = 16 Wpe/ch = 32 Ue./Vihe = 0.25
Based on

reconnecting
component

Peak electron
fluid drift




PIC Reconnection First Results
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PIC Comparison on,. and 085,
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PIC Comparison 6U¢ and dU"
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PIC Comparison Anisotropy

- . € e
T/ T Tt/ T
| | | 1.1 1.4
10 1 10
13
1.05
. - 12
| — | — — .
S 1 b < of — — B
S  — | — 5 T
1
0.95
-10} 1 -10} B
0.9 0.8
0 10 20 30 40 50 60 0 10 20 30 40 50 60
y/pi y/pi
Ani  t=47.0 Index=47 Ane t=47.0 Index=47
E 135 . 1.93
6E 6E
1.24 1.66
4 _—
£ ' U »
N 114 2 v 139
% OF 1.03 = 0> . = @ 1.13
4 - - = ==
E 0.82 0.59
-6 —_—
E 0.71 E ‘ ‘ ‘ 0.32




@ Gyrokinetics can be a useful tool for the space and
astrophysics communities

@ Reproduce spectra in qualitative and quantitative agreement
with solar wind data

@ First evidence of critically balanced anisotropic cascade in a
kinetic plasma

@ Current sheets form as a natural consequence of wave-driven
turbulence and correspond to locally enhanced heating rates

@ Heating in current sheets can be due to reconnection,
enhanced wave-particle interactions, or resistivity
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