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Several numerical approaches:

Hall MHD: Matthaeus 2003,...

Electron MHD: Meyrand&Galtier 201 3

Gyrokinetics: Howes et al 2008, 201 |

Landau Fluid: Passot et al 2014

Hybrid-PIC: Markoski&Vasquez 201 |

Hybrid-Vlasov: Servidio 2012, Perrone 2013, Valentini 2014
Full PIC: Camporeale&Burgess 201 |



Hybrid approximation

Kinetic ions (PIC) and fluid electrons

e MHD isothermal electrons:
Pe=nkBTe

physical limit:
® clectron scales X kde=1 or kd,~40

® jon scales
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Hybrid approximation

Kinetic ions (PIC) and fluid electrons

e MHD isothermal electrons:
® I Pe=nkBTe
on Stales physical limit:

® clectron scales X kde=1 or kdp,~40

Ohm’s law for the electric field:
JxB 2
E=-VxB . ¥ nd  resistivity (small)
n n

ideal MHD
density gradient



Simulation Setup

Units and normalizations: 2048x2048 grid

At=0.025, Ax=Ay=0.125

space: dp=c/Wp=Va/, (0.02<k<20 in Fourier space)

time: Q! _R =05
magnetic field: Bo Bp=PB.=0.
T T./T)=I
velocity: Va
Bo out of simulation plane
Run Az/d, Lvox/dp n ppc

A 0.125 256 5 x 104 8000
B 0.125 256 5x 104 4000
¢ 0.125 256 5x 104 2000
D 0.125 256 5x 104 1000
E 0.125 256 5 x 104 500
F 0.125 256 1 x10~4 8000
& 0.125 256 1 x 103 8000
H 0.250 512 B | 8000
I 0.500 1024 2 x 10—3 8000
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Bo out of simulation plane

time: Q! _R =05
magnetic field: Bo Bp=PB.=0.
T T./T)=I
velocity: Va
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A 0.125 256 5 x 104 8000
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D 0.125 256 5x 104 1000
E 0.125 256 5 x 104 500
F 0.125 256 1 x10~4 8000
& 0.125 256 1 x 103 8000
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~3x10'%in total!



Initialization of in plane fluctuations
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Initialization of in plane fluctuations
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Temporal evolution
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Temporal evolution

Peak in out-of-plane current identifies
maximum of turbulent activity

(Servidio et al 2012)

Large scale dominated by
Biand u.

Anisotropy and parallel/perp
temperatures: heating!
but no global anisotropy
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Temporal evolution

JT”ITLIS
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2D maps of fields
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2D maps of fields
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y/d,
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2D maps of fields
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Spectral properties
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Self-consistent transition between two turbulent regimes:
Kolmogorov-like at large MHD scales and kinetic at sub-ion scales



Spectrum of V and residual energy

=200 9;1 Different scaling for B andV in
the MHD inertial range.
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Spectrum of V and residual energy
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Stability of the turbulent cascade
Compensated spectra at different simulation times

2

10

PBL X ki/3

i t/951=“200_300_400
s — 250 — 350 — 450
10 "k '
10 3/2

Pug X Ky

Magnetic field
compensated by 5/3

Proton velocity
compensated by 3/2



Turbulence at kinetic scales
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Turbulence at kinetic scales
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Turbulence at kmetlc scales
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Turbulence at kmetlc scales
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Nature of sub-ion scale fluctuations?
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Nature of sub-ion scale fluctuations?

—0E_/(vadBL)

s predictions from low frequency
10‘05—5ﬁ2/5]§i KAW
0B //B

| kinetic Alfven wave (KAW)
| turbulence are very well verified!
(which depend on B, and T,/Te)

10°

by 2/b2

- iSOtropy = = = = = = S e )

-&-|ocal field 55°-65° |
-0-|ocal field 65°-75°
O-local field 75°-85°
-7-local field 85°-95°
0-global field
—linear Vlasov 85°
—linear Vlasov 89.99°

Magnetic Compressibility CII
=

10— ~ - :
107 10" 10° 10

Normalised wavenumber kp, Klyan’ et al. APJ 2013




Nature of sub-ion scale fluctuations?
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MHD-kinetic turbulent cascade
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MHD-kinetic turbulent cascade
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MHD-kinetic turbulent cascade
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MHD-kinetic turbulent cascade
Energy

MHD:

Kinetic:
B,

Electric field

lon scale!?
local injection by

instabilities?
see talks by Sonny and
Petr (tomorrow)
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Stability of results: resistivity and ppc

Run | Az/d, Lyox/dp | n | ppc
A 0.125 256 5x 1042 8000
B 0.125 256 5% 104 4000
C 0.125 256 5x 104 2000
D 0.125 256 5x 1074 1000
E 0.125 256 5x 104 500
F 0.125 256 1x10~% 8000
G 0.125 256 1x 103 8000
H 0.250 512 15ed0— 8000
I 0.500 1024 2 x 10~3 8000

Number of particles per cell

influences the spectral properties
of different fields




Stability of results: resistivity and ppc
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We see convergence for ppc>4000

Stability of results: particle heating

Number of particles per cell
influences the amount of
perpendicular heating.

Run | Az/dp Lyox/dp | n | ppc
A 0.125 256 5x 10— 8000
B 0.125 256 5x 104 4000
C 0.125 256 5x 104 2000
D 0.125 256 5x 104 1000
E 0.125 256 5x 104 500
F 0.125 256 1x10~4 8000
@ 0.125 256 1x10-3 8000
H 0.250 512 Lsedg—> 8000
I 0.500 1024 2 x 10~3 8000
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Stability of results: particle heating
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Conclusion

Self-consistent description of transition from MHD to kinetic
turbulence. One full decade for each regime separated by a smooth
break.

2D geometry can capture most of SWV properties. VWhy??
3D is needed to validate results.

MHD with residual energy ~k2 (-5/3,-3/2, -2)

A cascade at kinetic scales consistent with KAWV turbulence
(fluctuations not waves!)

Some proton heating in both parallel and perp directions is observed.
Parallel one is very solid, perp. heating is strongly affected by

resolution. Some care has to be used in general to interpret

simulation results!

More work is needed to understand the origin of the heating



Intermittency

Non-Gaussian distribution of OB increasing with scale
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Electric field (inertial range)
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Electric field (inertial range)
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Figure 1. Sample power spectra from P2 2010 days 217-230. The dotted lines
show the range of scales that the spectral index is fitted to. Gradients of —5/3
and —3/2 are marked for reference.

S/ C fra m e : (A color version of this figure is available in the online journal.)
E. c=8vBo+ObUo~8bUg«k-5/3  Chenetal 2011



Electric field - all terms

E=—-uxB+JxB/n—Vp./n+nd
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