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INTERPLANETARY SPACE PREDICTED BY PARKER 1958, CONFIRMED EXPLORER 12 IN 1962
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MAGNETIC RECONNECTION... KEY PROCESS IN SUN-EARTH COUPLING
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ZOOMING OUT...

Our
magnetosphere

L/




ACTUALLY ALSO OCCURS THROUGHOUT THE HELIOSPHERE

Hellosphere

In situ measurements



UNIVERSAL PROCESS??

4
L
e o
L J

.

.,
.
.
L3
.
]
.
-
.
.
.
.
.
.
.
.
.
.
.
]
*a
*a

, — ,gﬁ ............................ Our
™ Heliosphere 7 Magnetosphere,

.
.

~ .

e -
e

’ A I \ M

4 el ' b .

p AV .
-~ .

y L]
p L]

o .

9 L]

.

A

J. L]

.

A

.

.

In situ measurements









Magnetopause

reconnection
(growth phase)

‘Transport

» [Dungey 1950’s] (F. Hoyle student)
interplanetary Field Southworc




Tail reconnection
(expansion phase)

‘Accélération
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Dipolarization

(recovery phase)

» [Dungey 1950’s] (F. Hoyle student)
interplanetary Field Southworc




HOW DOES RECONNECTION WORK"?
TWO MAGNETIZED PLASMAS IN « CONTACT »
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CAN BE RECONNECTED
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EJECTED FROM THE RECONNECTION SITE
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EJECTED FROM THE RECONNECTION SITE




THIS DRIVES THE PULLING OF UPSTREAM FLUX AND PLASMA




WHICH IS RECONNECTED AND EJECTED
ETC. ETC. AND THE PROCESS IS SELF MAINTAINED

\
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HOW MUCH FLUX DOES IT RECONNECT PER TIME UNIT"?
HOW DO FIELD LINES TO CHANGE THEIR CONNECTIVITY??
WHAT MINIMAL MODEL FOR REALISTIC RECONNECTION EFFECTS"



MAGNETOHYDRODYNAMICS MODELS

] P. Sweet E. Parker H. Petschek




SWEET-PARKER RECONNECTION MODEL

1950’s




SWEET-PARKER RECONNECTION MODEL
1950’s

L

D : IS THE DIFFUSION SCALE LENGTH : VERY SMALL IN WEAKLY COLLISIONAL PLASMAS
L : IS COMPARABLE TO THE CHARACTERISTIC SIZE OF THE RECONNECTING SYSTEM : HUGE IN ASTROPHYSICS

(a) S, =6.28e5, t= 3.00,J_[-4.54e+03, 8.06e+00)

[BHATTACHARJEE ET AL. 2009]



PETSCHEK RECONNECTION MODEL
1960’°Ss

DISSIPATION REGION IS (CHOSEN TO BE)
LOCALIZED IN BOTH DIRECTIONS

NO BOTTLENECK, FAST RECONNECTION

THE PLASMA IS ACCELERATED THROUGH
SHOCKS (SWITCH-OFF SLOW SHOCKS)

PROBLEM : CAN'T JUSTIFY THE LOCAL ENHANCEMENT OF RESISTIVITY



THE PLASMA IS COLLISIONLESS

MEAN FREE PATH
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COLLISIONLESS EFFECTS
\ /
Oy ™ - -

— < Resistive
P MHD
SINGLE FLUID FROZEN IN THE MAGNETIC
FIELD

_ o Collisionless
< world
/\

ONLY ELECTRONS ARE ASSUMED TO BE
FROZEN IN B. |ON INERTIA ALLOW THEM
TO DETACH AT SMALL SCALES




« STANDARD » COLLISIONLESS RECONNECTION MODEL

MHD Two-fluid

Just electron momentum eq. 1
Electrons are frozen in B E = —Ve X B — V X Pe

decoupling regions

N

- —— Full Particle

Separatrix. _ Separatrix

= — — Hall MHD
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Aunai . JGR 2011
[Birn et al. JGR 2001] [Aunai et al. JGR 2011]



SUCCESS OF ION SCALE MULTI-SPACECRAFT MEASUREMENTS

ZOOM IN CLUSTER DATA OF THIS REGION




SUCCESS OF ION SCALE MULTI-SPACECRAFT MEASUREMENTS

Hall magnetic field scatterplot. ReC®

[EASTWOOD ET AL. 2010]

SIMULATION



MULTI-SCALES - MULTI-PHYSICS - KEY INGREDIENTS"?

Global Scale

Fluid models

lon Scale

4/15

Electron Scale

Particles




2005’s -> ...

Multi-Scale

1990-2005
HALL RECONNECTION

1950’s 60’s
FIRST MHD MODELS

1940’s
BIRTH OF RECONNECTION

HOET L]



KINETIC MODELING  Particle-In-Cell

Particle-Mesh code

dv

- Lagrangian version of Vlasov-Maxwell  (eulerian codes are
insanely expensive)

mE:qE—I—qva

dr
V=—

dt

0B

i E —

o +V X 0

OE

E—C2V><B+c2,uoj:()

Include all relevant physics but:

- statistical noise
- still have to cheat with m, /m;

c/Va

flv) 4
W) distribution ‘bin’ is
followed in phase space
— as a ‘macroparticle’
N
>

Push

/’ macroparticles \

Interp. field on interpolate charge and
particles

\ currents on mesh
Solve Maxwell’s eq. J



ELECTRON SCALE MECHANISMS - NON-GYROTROPY

electrons Non-Gyrotropy, t = 48.00 [AUNAI ET AL. 2013]

|

ol
' V11
V]2 V19 V1o
isotropic distribution anisotropic distribution anisotropic distribution complicated anisotropic
Ty > 1 By < 1o Ty > 1.
P 0 O P 0 0 P 0 0 P 0 0
0 P O 0 P, O 0 P, 0 0O P, 0
o 0 P 0 0 P 0 0 P 0 0 P

Generally true as longas )\ > orand W << W,



EI_ECTRON NONGYROTROPY  [HesSE ET AL. 2010, AUNAI ET AL. 2013]

K Electron hounce scale

T

-l "1




MAGNETOSPHERIC DARK MATTER  [Drcent+ i pree]

Impact of cold ions on reconnection

10°
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10’

Seconds 00 30 0
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[Walsh+ GRL 2014]
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MAGNETOSPHERIC DARK MATTER  Plasmaspheric plume

Magnetospheric plasma
(<1 part/cm3, 1keV)

Solar Wina
[Walsh et al. Science 2014] (5 part/cmq)

10 GPS Total Electron Content, January 17, 2013 19:00 UT
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Plasmaspheric plume touching the
magnetopause in storm times
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MAGNETOSPHERIC DARK MATTER  Plasmaspheric plume

Magnetospheric plasma
(<1 part/cm3, 1keV)

Solar Wina
[Walsh et al. Science 2014] (5 part/cmq)

10 GPS Total Electron Content, January 17, 2013 19:00 UT
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MAGNETOSPHERIC DARK MATTER  Plasmaspheric plume

Magnetospheric plasma
(<1 part/cm3, 1keV)

Solar Wina
[Walsh et al. Science 2014] (5 part/cmq)

10 GPS Total Electron Content, January 17, 2013 19:00 UT
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MAGNETOSPHERIC DARK MATTER

Plasmaspheric plume

Electron density, t = 132.50

25600x10240 cells e
3.3e10 macroparticles 000006

10e6 CPU hours on Curie NF
with 16384 cores

350To field only data

000000

Smilei)
EJ ey |V ®ris



KINETIC MODELING
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KINETIC MODELING

| i
wc_z.l -
% 103
10°m,
%« 10°

Can we use transport coef. and forget
about electron kinetic physics?

« HYbI’Id » COdeS




'SCALES IN HYBRID CODES

[AUNAI ET AL. 20134] I 1D, 77j D = VVQj

One must pay attention to well resolve dissipation and have good scale separation
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YBRID RUNS VS FULL PIC RUNS

—
iIsothermal,

polytropic,
electron FLR..?

[AUNAI ET AL. 20138B]

full PIC and hybrid PIC lead to a very similar evolution of asymmetric reconnection

w : Wej ik

- ADe

pc/wp Pi c/wpi L
o\



ROLE OF THE IMF ORIENTATION

IMF -> local magnetic shear

[TRATTNER ET AL. JGR (2010)]




RECONNECTION AT THE MAGNETOPAUSE

- WHERE DOES IT START ? AND WHY ?

- HOw DOES IT SPREAD?

- HOwW DOES IT EVOLVE?

- HOW DOES IT AFFECT TRANSPORT?

- ETC.

- HOW DOES IT COUPLES TO SOLAR WIND?
- ETC.
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—" ¢‘— —’— —’—
- - - -

- - -
. = - -
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- -

-
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-
-

How does reconnection orient itself?



IF 2D... WHAT'S THE RECONNECTION PLANE ORIENTATION?
A0
\:J

LI =

Direction @ emmmm=m=a= T
Soleil-Terre n B

FIND THE « FASTEST PLANE »

[HESSE+ 2013] maaj(Blm ((9)2 ng (9)2) X line along bisector



X LINE ORIENTATION Hybrid runs varying shear angles and asymmetry  [Aunai+ JPP 2016

S||r;1nuelat|on B shears, 90° and 130° Az = 0.10; |
pt ) different asymmetry 0.5e9 macroparticles
rotation 7x 80000hcpu

J.t = 365.800000

LT o000
HEFOOOCoNA
N

300 350
5000km

Reconnection rate as a function of
the plane orientation

Bisecting upstream fields lead to faster rates



.G'I—OBAI— HYBRID  Solar wind - magnetosphere coupling

. [Turc+
[Modolo+2005] [Modolo+ 2007] [Richer+2012] 2014] Leclercq+ 2015]
Mars Titan Mercury MCvs BS Ganymede

&

Magnetlc cloud vs BS*

LatHys : Modele 2 I
genérique




(GLOBAL HYBRID  Solar wind - magnetosphere coupling

| Mercury’s magnetosphere simulation

Solar wind interaction with different
' dipolar or multipolar intrinsic field

| Agp p— 5@ [RICHER ET AL. 2012]

[LECLERCQ+ 2015]

Comparisons to Messenger data Ganymede with 2 grids




. WHISTLER WAVES KILLERS

2
w X k \ery strong constraint on Hybrid
dt o< dQ;Q codes (and Hall MHD codes)

e LIl s sEEEEEEEEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE -



YBRID CODES do not successfully fill the gap between small and large scales

Processes simulations:
scale separation + local process scales
struggle to have large scales

FES SN NS SN NN NS NN NN NN NN NN NN NN NS EEEEEEEEEEEEEEEEE f““‘lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII. 'llllllllllllllllllllllllll:
n [ | u
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Global simulations
Have relevant global effects
struggle to handle processes




‘MHD - FULL PIC COUPLING BATSRUS+PIC3D [ToTH ET AL. 2015]

3D (implicit) fully kinetic embedded in a MHD domain for
Ganymede simulation

Hall MHD: Jy and B MHD—-EPIC: Jy and B

log P and B

Implicit PIC
different space/time resolution (here identical)
Fixed PIC domains

Ax ~ 20,
1.5€9 particles




. VLASIATOR Towards a global Viasov - Hybrid magnetosphere model?

Global simulations of Earth magnetosphere

Vlasov hybrid : mesh velocity space | Huge memory
consumption

- 3D : 10002 * 1002 = 10'° phase space cells!

Only 2D3V simulations (so far) : 1072 cells!
I MPI/OpenMP + Dynamic load balancing (Zoltan)

2y .
-1000 -1000

-1500 A -1500, - B

-1500-1000-500 0 500 1000 -1500-1000-500 0 500 1000
Vx (km/s) Vx (km/s)

| Proton distribution functions
' from meshed velocity space

L E
E

. -500;

>

-1000

-1500 D

-1500-1000-500 0 500 1000 -1500-1000-500 0 500 1000
Vx (km/s) Vx (km/s)

0O 10 20 30
[VON ALFTHAN ET AL. 2014]



A|IKEF Adaptive (Mesh Refinement) lon Kinetic Electron Fluide code [MULLER AL. 2011]

Adaptive Mesh capability

Not trivial for kinetic
| - dispersive waves
- merge/split macroparticles
- Complicated load balancing

6 -4 -2 0 2 4 & M 0592
aX: o D
X (RM) Min: 0.000

Proof of concept but no scalability
for large number of cores

A.|.K.E.F. strong scaling - adaptive mesh

- Comparison to Messenger data
é Sharp magnetopause and shock é

Simulation . ' "
MESSENGER Il —— ! ] ] Idea sca'ing

acaptve scaling

o i 08:30 08:35 08:40 08:45 08:50 08:55 09:0( : 4 16 32
uTtc number of CPUs




PHARE Paraliel Hybrid code with Adaptive Mesh Refinement O

PHARE Team
Hybrid code for space/astro/laboratory plasmas
y— 4 Andrea Ciardi
3 years project Roch Smets
full time research engineer expert on PIC codes Nicolas Aunai
| First release’s objective: 3D hybrid code with Ma}‘:hllge N I?jroum
| excellent scalability up to 10 cores - BOUroon
| | C. Briand
' Open Source C++ Versatile code ATy vl P-Q. Elias
SAMRAI Patch AI\/IR Ilbraw C. Riconda
- Big brother of fully kinetic code
' SMILEI F. Saqu
T. Vinci

e QISSIPAUON SCAIG | et ettt S

Pi C/Wy; T,

‘ fill gap between small and large scales '

| sheath models

| electron physics (full pressure tensor, radiative cooling, code coupling...)
| vacuum regions

¢ thermal conduction (anisotropic)

| Laser energy deposition

! radiation transport

mi/long-term:

N\ /

. O PLAS@PAR

/ N\




