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e SRR B (CTP, () Structure of the course

Part |

e Introduction to astrophysical plasmas
e Numerical techniques for collisionless plasmas
e From global to local simulations of homogeneous turbulence

Part i

e The role of magnetic reconnection in plasma turbulence
e Intermittency in plasmas turbulence: beyond MHD
e A new paradigm: phase space turbulence

Part lli

e Particles in plasma turbulence
e Turbulence and shocks
e Beyond the heliosphere, far away in the Universe
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» Introduction on astrophysical plasmas
Main properties of plasmas from spacecraft measurements

» Numerical techniques for collisionless plasmas
The Eulerian and Lagrangian approaches
Advanced numerical schemes for simulations of plasma turbulence

» From global to local simulations of homogeneous turbulence
Homogeneous simulations of Vlasov turbulence
Comparisons with data
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Plasma in the Universe

A plasma is a ionized gas where charged particles
interact via electromagnetic forces

More than 99.9 % of matter in the Universe can be
considered as a plasma

Observations are somehow limited

Plasma is mostly collisionless
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Spacecraft that measures f{(t)
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Suggestions from hydrodynamics: a cartoon

A simple picture of turbulence

The turbulent cascade
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A power spectrum of turbulence

ob-e ..-%
«,,\/fl\ i é'/s ¥
Enerq Y € G)

ContTaining =2 L[
RANGE

~ Supply rate >
= transfer rate \‘%@
 =decay rate TWERTAL &
~ B RaNGE
I >From this comes

| - Inertial range spectral flux S
- “4/5 law” for 3 order structure function -
-etc. C‘® )

!e'i K




RS 8 () Turbulence in space plasmas
; Richardson et al, GRL, 1995
107 ARNSRSRSS e Solar wind is turbulent and intermittent
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Most of the plasma energization (plasma heating
and particle acceleration) occurring in turbulent [ —
collisionless plasmas, such as those permeating
the solar system is expected to occur at kinetic How is the plasmas heated and
scales (scales ~ particle gyroradii and below) \hQ\‘{Y are particles acceleratg/d?/
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nix0=mf [ [v=Vou(x0y=Voxlf v Distribuion PDF(T /T, £)
O=p, I[+(p—pL)bb ' 11
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proton temperatures with ;‘: oF .
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Hellinger et al. GRL (2006); 570 ~BS:f'
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Astrophysical plasmas are W d
Kinetic instabilities turbulent, intermittent and M@ _wenee
influence the solar wind - show many kinetic (non-fluid) ~ simulations!

phenomena
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Information loss

Plasma models

Liouville

!
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Vlasov-Maxwell
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ﬂ integrating

Two fluid equations

ﬂ approximating

Magnetohydrodynamics (MHD)

ﬂ neglecting B

Hydrodynamics (Navier-Stokes)

10

Complexity
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a4

The Vlasov-Maxwell system

o . a B
%+V-V_)‘a+q—[E+VX
ot M c

V-B=0
V-E=4WZqﬂ/fﬂ(x,V,t)dV

c Ot
A7 1 0E
B=—E o ol X, v, t)dv + ——
V x - Imq/vf(}(v)v+cat

6D+ﬁmd|

|- Vifa=0 —— fo=rlxvi)

/fa(x,v, t)dxdv = N,
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Method 1: the Eulerian approach

The Vlasov equation is solved directly for the particle distribution function, on a
phase space grid. Moments (density and current) are evaluated by direct
integration of the distribution function

@ Zero noise

> Very computationally demanding because of memory limitations

Method 2: the Lagrangian approach

Vlasov is solved via a montecarlo technique. The equations of motion of a large
number of (macro) particles are solved and the distribution function is
reconstructed. Maxwell equations are evaluated on a grid, through interpolation
@ Very cheap from the computational point of view

» Numerical noise

Wewilluse bothimethods, depending on the

problem that'\we want te study:
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Method 1: Eulerian
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E?ja
e Vfa+Ta[E+
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Full Vlasov-Maxwell
vxB

V-E= 471'anffa(x?v,t)dv

qa/vfa(x v,t)dv + parTy

|-Vufa=0 space + time

numerically!
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Hybrid Vlasov-Maxwell

of wx B :
e e
E:_uxB 1(_])(]3) 1VP{:
c nec ne
10B
Ee. =
v ¢ adt
v x B_47TJ
c
Ne =2 T == 7

easier

—

@ Very hard and time demanding to solve

@ To date, numerical solutions are available for
approximated, reduced systems

@ Nonlinear integro-differential equation in 6D phase

1D-1V Vlasov-Poisson

df.  8f. eEdf.
ot +U@.cc m v =

OF

ax—ﬁl?reng /f(acvtdfu]
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Vlasov equation is an advection equation in phase space

- Let us consider the 1D-1V case (we will discuss later the generalization to full phase space)

of Ofis of  of O} JNarl
SRE e Bl e o

f=1f(=v1t); a=alz)

- Let us focus on advection in x first (later we will discuss how to couple it to advection in v)

— 4+ v=—=0

ot Ox :
f=flz,t); z€l0,Ll; te0,T]; v=-const Three main steps:
flz 0= foloy, 00 cr= (L., W el 7] 1) Discretize (x,t) plane

@ 2) Approximate derivatives in discretized

. . . . ee lane (allowed operations are +,-,x,
For simplicity, periodic boundary conditions P ( P /)

3) Create algorithm to solve the equation
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Spatial derivatives
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Derivatives approximation (finite differences):
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f(@irn) = flai) + A(j—f) + IA(I_]) s %(d—f) +o(Aat)
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Discretization: =
‘i i _1 A : ) — 1..,. *NI; A — —
r; = (i —1)Ax; 1 : i T = o

25=0, znv. = L— Ax

T
At = —

tn = nAt; , AN ~
t

n=>0,---

to = 0,

tn, =T

T

Euler forward
= .f(a?i+1) — j(xi) at O(A"L’)

(1) &j_i

= Aw
(2) E?Ie)r bac(kwar)d
§j§ df _f-Tz‘—f-Tz'—l 1
% y — Ax =i O(A.L‘)

Centered differences
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RS 18 () Upwind schemes (first-order Godunov method)

. -
i-l. i‘ ""'1 X
V<0 e

fin—i_l:ff_w'At (fz ; i—l)} v >0
Xz

i n

ff+1:ff+|vAt( as ) v <0

Ax

A .
A<l= At< ﬁ CFL stability condition
()
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, of ~of of of  owf)  0daf) _
Let’s go back to our 1D-1V o b U e e v Paon el

Vlasov equation f=flz,0,t); a=a(z)

Now we know how to solve advection equations. Let’s split the evolution in 2 parts:

O O l.
T FE A = A (A0 0 B 1
Ofy | Ofy ZD e R A= N NG o
TR B IE=E

Couple fx(x,t) and fv(x,t) to get a solution for f(x,v,t): :
f(nAt) = {AL(At/2) A, (At)AL(AL/2)}" fo + ()(Atg)

The splitting scheme

Cheng & Knorr, JCP, 1976;
Generalized to 6D in Mangeney et al. JCP, 2000
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SRS (e1P (1) Method 2: Particle in Cell (PIC)
df, 9f, Of, 0x Of, Ov
o) X Vg — | '
fo = falx, v, 1) > @ =0t Tox T av

If one moves along a particle trajectory (characteristics):

Ox
—_— =V
ot
8_V:_qa [E+VXB]
ot Mea c
: df dfa o v X B
Therefore: e e Vi, +—I|E Vo — 10
73| Myt A +ma[ i |+ vur

Vlasov equation can be solved by integrating numerically the particle equations of
motion (Runge-Kutta, Adams-Bashforth, Boris, etc.)

The distribution function can be reconstructed using the fact that it remains constant
along particle trajectories
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PIC: a global scheme
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Individual particles are tracked in continuous phase space, whereas moments of the
distribution are computed simultaneously on mesh points

1
u:ﬁfvpfp(xp,vp)de'vp

Advance
particles

Accumulate

ox
p —
ot P where
avp . < B X ,= particle positions ; v ,= particle velocity ;
=r—-v
p —_ = — 3, .

at pe_pi:p_ffp(xp’vp)d vp’

OB 1 1 P,=p’; j=V XB
—=—VXE=V X uxB—ﬁij—ﬁVP -Nnj

ot ¢

/grid

@ Approximate long range EM interactions .« o2, Incerpolate
@ Use macro-particles O P e
@ Track macro-particles continuously in velocity space T Find MY |
@ Compute fields, densities and currents on a mesh (grid)
@ Problem no longer scales as O(n°) Update

Spatial Domain

currents
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Current-advance method plus a leapfrog scheme. Based on:
[

[k+1]  _ [k]

Finite difference schemes for

p P _ Jk+1/2]
=y
At p the fields:
[k+1/2]  [k—1/2] [k+1/2] | [k—1/2] OB
y y +y - =
p p —F— p XB[k] + ot
At 2
o, o o émx),mxn
‘ <
Q‘ [
Interpolation is Elx,),B(x,) 7
needed» | @ .
O——o0
® ® Matthews et al., JCP, 1994
14 :
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Example of 2D interpolation
F @F. .
i, j+1 v i+1, j+1
A ’ Q 5 \
A A
(i, j+1) (i+1, j+1) 41 3
T | >< ......................
F
' p
A A
1 2
(i, ) (i+1, j)

F 5 QF. |
iyj i+1,j

From bilinear approximation of the function,

one gets:

F.A+F A+F A+F
_ i,J i+1,] 4

F i+1,7+1° 71 i,j+1A2

P A+A +A +A,
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Parallel computing “
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Each processors works on a
subspace of our domain. The - 2D
problem is at the borders...

Proc. 3

af — f(i+1’j’k)_f(i_

1,j,k)

0Xx —x 2Ax

rray

s

v
Theado
oz

Proc. 1 “sends” the column f(i-1,j,k) to Proc. 2, and
Proc. 2 sends f(i+1, j, k) to Proc. 1. This can be done
whit simple calls like “mpi_isend” and “mpi_ireceive”.
In the mean time, each processor computes derivatives
and products that are far from the domain boundaries,
taking advantage of OpenMP directives
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Karimabadi et al, PoP, 2013
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e WA 5 4 ) Global & local simulations

(V) Homogeneous
turbulence P
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A “classic”: MHD global simulations

Pressure

— 3D compressible MHD simulation, based on
| o0 a upwind finite volume method, of the
| 182101 solar wind - earth system

15.3231
12.4361
9.54915
6.66216
3.77518
0.888192

40

20

Z
o

Pressure

5 272016
B 245676
L 21.8336
= 192996

L 16.6656
14.0315
11.3975
8.76352
6.1295
3.49549
0861481

-20

-40

T=08:00:00 hrs

40 20 0

Powel et al. 1998

Z[R)
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Can we model large systems with
self-consistent kinetic simulations?
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; iete () Global kinetic simulations

Hybrid Vlasov Full PIC

DB: bulk.0000075.vIsv

o

M Palmroth et al., LRCA 4 (2018) V. Roytershteyn et al, PoP (2014)
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RS © () Global Vlasov simulations: kinetic effects

TABLE 1. List of parameters for the global hybrid simulation runs shown in
this paper. The number of particles per cell was 200. The spatial resolution

Time evolution of the magnetosphere where
R o e Dy MFS My MR, P the IMF direction changes in time. The arrows
R e e indicate the direction of the magnetic field. A

3 2048 4006 100 0 8 —45° 10° 90 [ [
s mo w2 W0 0 10 —e 100 150 large foreshock bubble is evident
5 2048 4006 100 0.6 8 10 10 N/A
6 512 512 50 0.6 8 10 10 N/A
7 4096 2048 150 0.6 10 10° 10~ N/A
a) =178 b) tC2i=464 c) =694

3500 “Foreshock Bubble”

FIETTTTTTT

1000

X(d;)

Karimabadi et al., PoP, 2014
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Kinetic turbulence?

29

1350 =
600 X(d i) 1100

For all the systems we saw so far,
high-resolution simulations suggest:

» Quasi-homogeneous turbulence
@ Small scale structures

» Small scales reconnection events?

\) Hém'ogén‘e'ous :
' turbule

i :L." :-; B

T Yik
i : K




Global simulations

DB: bulk.0001017.visv

From global to local

Local simulations
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@ Kinetic protons & alpha particles, while electrons are treated as a massless fluid
» 3 order splitting scheme

ngv-Ver {E—FVXB} Vof =0

ot
1 1
E=—u ><B+;j x B — ;VPeJr?)j
oB
VxE= ~ o Phase space resolution needed
: for turbulence studies:
VxB=j but N =N =N =512
NOISE=FREE! —» <y
Ne >~ 1N, >N N =N =N =71
VX vy \74
o Tosavef— I1000 Tb !!
g B : Q= s : = ‘—Jl *

(47 p,)1/2 MyC s .
Too expensive, from ‘

Valentini et al., JCP (2007), PRL (2010), PRL (2011) any point of view!
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Reduced geometry 2D-3V:

2D in space (fields have 3 components but depend only on 2 coordinates)

» 3V in the velocity space
» Turbulence is studied in a plane perpendicular to B, where its intensity is

maximum (spectral anisotropy)

F=foy,vv,v)

@ Periodic boundary conditions in space
o f(p)>v,, =0
@ Parameters:
L,=2mad, B,=1¢_ T IT =1,
nN=1.7X 10_2, vmaXZiSVU.,
N =N =512°,N =81">3.5x10" points
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=S e (1) A recipe to study turbulence: initial conditions

Decay turbulence simulations
(Sb/B0 ~1/3, 2/3 (as in the solar wind)

Plasma beta from  ~0.2to 5
Maxwellian distribution with uniform density and temperature
L ~ 100 d,, (large scale box)

Incompressible initial conditions

No correlation between velocity and magnetic field

Large scale, uncorrelated (random) eddies, in order to mimic turbulent cascade in fluids:
energy only in a box in k-space, for | k|<|K_|, and with random Fourier phases 9,

i(r ke o)

\ B / 1 ] > ] \

@ & 8§ & © @& @ @
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The cascade is fully developed when small
scale activity reaches its maximum. This
time can be quantified as the maximum of
the mean square current density:

<j§>:§f[(V><B>-2]2d2x

M R e T e T e e .

0.025F -

0.020 F =

=

&y 0.015F
v L

) /N e

0.010}

0 20 49 600 @80 106 12
x/d

Current density jz, at the pé)ak of nonlinearity

(shaded colors), together with the magnetic
potential a, with black (az>O) and white (aZ<O) lines

0.005 L

0.000L
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0.1 kg,

@ Large scale Alfvenic correlations

@ Intense electric activity at small scales

a.Steepening of the magnetic spectrum a

tkd ~1
D

Severallfeatures commonly

observediin space plasmas!

Power (orb)

107

107"

0.001

Spectral features of turbulence

magnetic

electric

Viasov
simulations

10—2-

(observations)
Cometuen, .

— electric
magnetic

~—inertial sub ange—)-{-l(awr —}-‘

Bale et al., PRL (2005)

Solar wind

0.010

0.100

1.000 10.000

ko
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» Equations that describe the plasma in a self-consistent way are very complex and
computationally demanding

» There are two approaches to study plasma dynamics: the Eulerian (evolve the
distribution function) and the Lagrangian approach (solve equations for particles)

» Global simulations suggest that turbulence is triggered throughout the heliosphere:
local homogeneous simulations of turbulence represent an excellent strategy

» Numerical simulations are complementary to observational data. Understanding the
reality cannot rely on simulations or observation alone, comprehension is given by a
right balance among the two

Calculators can only calculate -
they cannot do mathematics.”

Vlasov turbulence:
Servidio et al., —
PRL 2012, PRL 2016, PRL 2017 N M 1\ Van de Walle
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