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Part	1:	Observations

• For	systems	with	
– large	scale	separation	(some	laboratory	
experiments,	solar	corona,	accretion	disks,	
jets/lobes,	etc.)

– magnetic	field	energy	dominant
• it	is	often	observed	that	these	systems	undergo	
bursty ”flares”,	along	with	non-thermal	
particles,	some	of	which	can	be	quite	extreme.	



Corona on Solar Surface

Solar	corona:	
vdriving <<		vA

Unclear	how	turbulent

Shibata	model



Slide	from	Drake	et	al.



Slide	from	Drake	et	al.



Slide	from	Drake	et	al.



(Postulated) Corona on Accretion 
Disk

Accretion	disk	corona:		
vdriving ~	vA

Disk	corona:	Likely	highly	turbulent



(Postulated) Corona on Black Hole 
Accretion Disks

Zdziarski &	Gierliski’04



Extra-Galactic	Jets/Lobes

M87	



Reversed	Field	Pinch	- MST	Experiment
Biewer	et	al.	2003

Ji	et	al.	1995

A	Taste	of	Reality



(Slow)	Storage	&	(Fast)	Release



Summary #1: Magnetic (free) Energy

1. Likely	Strongly	magnetized	(also	low	thermal	beta)

2. Thermal	beta	
3. Quasi-collisionless
4. Very	high	Rm	(>>1	)	but	could	be	low	ion	Re	(unity)
5. Mixture	of	thermal	and	non-thermal	plasmas
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Kinetic	simulations
particle	dynamics

• B ⇠ 1 G, ne ⇠ 10�2 cm�3
, ⌦ce/!pe ⇠ 200(B/n
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• Zone ⇠ Dc�t ⇠ 1011(�t/15min) cm (5)

• Sizejet ⇠ pc � hundreds kpc (6)

• emission:		1011 cm		- pc
• jet:		100	kpc

Wave-number

Free	energy	
injection

Summary #2: very large scale separation, implying 
that particle energization in turbulent environment

|J|



Spatio-Temporal	Scales	of	Fusion	Plasma

S.Either et al, IBM J. RES. & DEV. Vol. 52 2008

Slide	from	Prof.	Kwon



Slide	from
Daughton



Slide	from
Daughton



Part	2:	PIC	(VPIC)

• Because	we	want	to	study	particle	
acceleration,	kinetic	simulations	provide	the	
most	direct	approach	in	linking	particle	
(kinetic)	physics	with	their	environment	
described	by	E	&	B	fields.



Kinetic	description

Fully kinetic 
description

Newton’s laws of motion

Maxwell equations

Evolution of particle distribution function

Equivalently, for individual particles

Evolution of electric and magnetic fields

• Simulate a plasma system by following a number of macro-particles. 
Use particles to sample the phase space distribution, rather than 
solve the 6D equation.

• Calculating Lorentz force by interpolating E and B fields back to 
particle locations (Ignoring the inter-particle forces). Source terms 
like current density J and charge density q are calculated by 
depositing particle information on grids.

• Still computation-intensive compare to fluid method (usually >80% 
computing time is used for calculating particle motions.

• Solve Vlasov/Boltzmann equation in 
the simulation domain (particle-in-
cell) and solve Maxwell equations on 
numerical grids

What is PIC method?



Slide	from
Daughton



Slide	from
Daughton

• Turbulence:	either	from	driven	cascade	or	self-generated?	



Slide	from
Daughton



Reduced	Problem	Size
• Problem	size	for	KSTAR	plasma

Number of grids: 𝑁"×𝑁$×𝑁%×𝑁&'×𝑁&(×𝑁&)
≥ 256×256×256×128×128×128	~	1034

Number of grids: 𝑁"×𝑁$×𝑁%×𝑁&∥×𝑁6
≥ 256×256×256×128×16	~	1037

Electron-Ion mass ratio ~ 1:3600  

è Time scale disparity ~ 100

Fluid Model?

Slide	from	Prof.	Kwon

Fusion	community



Add	spectrum	of initial	waves	...	
to	driveadditional	turbulence

Trinity	runs

F.	Guo +	2016Electron-positron	pairs



Part 3: Some elementary 
ideas and approaches on 

turbulence and acceleration 



In mid-90’s: Can Turbulence be 
considered as ”ensemble of waves”? 

Li	et	al.	1997;	1999:	with	stochastic	particle	acceleration;		
Coppi 1999	+	others:	with	relativistic	particle	injection;	

turbulence

photon

Key:	MHD	turbulence	
leading	to	stochastic	
particle	acceleration.	



Modeling Hybrid Corona Plasmas
-- A long history

turbulence

photon

particle

Li	et	al.	1997,	1999



Since	80’s	(in	space	community)	and	late	90’s	(in	astro community):	
Magnetic	structures	are	anisotropic	in	MHD	turbulence	

(e.g.,	Cho,	Vishniac,	Lazarian,	+	many	others)	



Particle	
Dynamics

Large	Scale	Energy	
Inputs:	Turbulence,	
Instability,	etc.

Wave-number	=	1	/	size

Modern	View:	
Magnetic	Dissipation	in	3D	Low-b Plasmas

R	

Current	sheets	
formation



Turbulence,	Current	Sheets,	Reconnection,	
First	+	Second	Order	Fermi	Acceleration

Makawana+’15;	17

VPIC:	3D	Turbulence	Cascade VPIC:	3D	Magnetic	Reconnection

Guo+’17



Ø MHD and kinetic equilibrium: Bobrova et al.’01
Ø Collisionless tearing unstable: Drake & Lee’77; Li et al.’03
Ø 2D simulations: Bobrova et al.’01; Nishimura et al.’03; Li et al.’03
Ø 3D simulations: Li & Bowers’03; Bowers & Li’06

An idealized Problem
Sheet-Pinch:

An	Early	Effort:	
3D	FF	Reconnection:	Abundant	current	sheet	formation	

and	reconnection-driven	turbulence	

Bowers	&	HL,	PRL,	2007

• Force-free;	
• mi/me	=	100;
• wpe/Wce =	1.93	



Multiple	Resonant	Surfaces	(q-profile)

3D

2D

q =	By /	Bx



(1,0)

(0,1)

(1,-1)

(1,1)

Tearing	Island	Growth	and	
Transition	to	Stochastic	Field	lines



Global	Current	Sheets	and	Filamentation



Spectral	Energy	Transfer		



Wtot

Helicity	and	
Energy	Evolution

Two	Stage:	

ØTotal	H	&	W	conserved	but	with	
significant	spectral	transfer,	ideal	

MHD?

ØNet	H	and	W	dissipation.	

Htot

Ha

Wa





Part	4	&	5:	Turbulence	vs.	
Reconnection

Different forms of initial free 
energy and the associated 

Particle energization



Turbulence	&	Reconnection:	
Two	Different	Forms	of	Free	Energy

Beresnyak et	al.
Boldyrev et	al.
Uzdensky’15
Loureiro &	Boldyrev ’16,17
Zhdankin et	al.	
Many	others

Drake et al
Huang &	Bhattacharjee’16
Many others

Free	Energy:	CS
shear	B	fields	(CSs)	

Free	Energy:	Turb
injected	turbulence



Three	Cases:

• Case	(A):	uniform	background	B	field	+	
injected	turbulence	at	large-scale

• Case	(B):	unstable	magnetic	shear	(current	
sheets)	without initial	turbulence

• Case	(C):	unstable	magnetic	shear	(current	
sheets)	with initial	turbulence



Free	Energy	(A):	
Externally	Injected	Turbulence	with	

a	mean	B0



PIC	simulations



Spontaneously	Formed	Current	Sheets	
associated	with	cascade	(PIC	sim.)

Makawana+’15;	17

VPIC	sim



Evolution	of	energy	spectrum

Spectrum	fills	up	rapidly	
and	decays

4
4

MHD	Fluid

PIC



CSs	from	turbulent	cascade	could	be	
“paper-like”

Width
distribution

Thickness
distribution

Makwana+	2015

See	also
Zhdankin et	al.	2014,	2017



Zhdankin,	et	al.,	(2014,	2015)	
46

But:	1)	Sheets	have	finite	lifetimes



But:	Sheet	are
2)	Dynamic;	3)	not	force-free

Makwana et	al.	2015
See	also	Zhdankin et	al.	13,14

|JxB|
Non-force-free



βe =	0.02

Initial	

Particle Energy Gain is modest

Final	



Sample Particle Trajectories

X.	Li,	F.	Guo et	al.	2016



E_parallel Dominant βe =	0.02

X.	Li,	F.	Guo et	al.	2016



Case	A:	Brief	Summary

• With	free	energy	as	injected	turbulence,	the	
cascade	process	forms	“transit”	current	sheets;

• These	sheets	have	strong	guide	fields,	live	
within	one	Alfven	time	and	unstable;

• Particle	energization	is	mostly	via	E_parallel at	
these	sheets,	though	second	order	energization	
is	possible	(needs	much	longer	time).	



Free	Energy	(B):	
magnetic	shear	associated	with	

current	sheets



Driven	by	3D	global	reconnection,	release	
of	significant	fraction	of	magnetic	energy	

and	produce	“turbulence”

Guo	et	al.	18









Add spectrum of
initial waves ... to drive
additional turbulence

Trinity machine is permitting even larger runs! 
VPIC  is now open source     - https://github.com/losalamos/vpic.git
Visualization & analysis tools included in ParaView



Despite complexity ... a slice of current density
shows many of same features as 2D 

Thinnest layers on inertial scale



Particle	Energy	Distribution

Guo	et	al.	16



X. Li et al. 2015; 
2017; 2018

Bg =	0



Ele. Density

Local electron 
Exchange Rate Evolution of 

Electron Distribution 





Dahlin 2014, Guo 14, 15
X. Li 2015, 2017

Curvature drift Gradient drift Magnetization drift

Electron

proton

Volumetric	Analysis



X. Li et al. 2018

ele.	density

(ExB)drift_x

(ExB)drift_y

(ExB)drift_z

Compression + Shear

Shear

Compression

Treating	proton+electron	as	fluid	elements



Use individual particles to evaluate these terms





Thinking	more	global	set-up,	using	MHD	reconnection	fields	(flows	and	B	fields	- compressible	effects)			







Pressure



Energetic 
particles

9 < E/E0 < 36





Case	B:	Brief	Summary

• With	free	energy	as	the	initial	(unstable)	current	
sheets	without	initial	turbulence,	these	sheets	
reconnect	and	produce	self-generated	turbulence;

• Particle	energization	is	via	both	E_parallel and	
curvature	drifts	(first	order	Fermi).	More	energy	
conversion	occurs	in	the	outflow	region	and	
islands.	

• Guide	field	reduces	efficiency	of	particle	
energization.

• The	role	of	self-generated	turbulence	is	unclear.	



Free	Energy	(C):	
Combining	CS	magnetic	shear	with	

externally	driven	turbulence

Driven	
Turbulence



3D	MHD	Turbulence	Reconnection
with	initial	CS	(theory:	Lazarian &	Vishniac’99)

S

No	plasmoid
instability	
Externally	
driven	

turbulence	
dominates
(Kowal’09)

Plasmoids,	self-Generated	
Turbulence

(Beresnyak’16;	Kowal’17;	Huang’17;	
Oishi’17;	Takamoto’18)

noise

low

mid

high
Initial	CS	+	externally	driven	

turbulence
(Yang,	HL,	et	al.	in	preparation)

105104103102
Yang,	HL,	et	al.	18,	in	preparation



Turbulence	from	Global	ReconnectionTurbulence	from	Large	Scale	Driving

Beresnyak’16Aluie,	Eyink,	et	al.

Combining	these	two	…



3D	PIC	studies	of
combining	driven	turbulence	with	
pre-existing	large-scale	current	

sheet



Makwana+	‘15,17
X.	Li	et	al.	2016

1)	Case	A:	
Pre-existing	CS	
+	3D	perturbations

2)	Case	B:	
Uniform	B0
+	3D	perturbations

mi/me:						 25 25
Box(de3):		 320	 120

320	 120
640	 200

ΔB	/	B0 :			 0.316 0.316
Ωce/ωpe:				 5 1
βe : ~0.02 ~0.02
Guide	fld:		no														 yes
Init width:		18	de self-form

Case	B:Case	A:

Parameters



3D	Collisionless Reconnection	(using	VPIC)	

Guo et	al.	‘18	



Strong	3D	Nature	of	CS:
Secondary	instabilities	(Kink,	KH	?)	might	dominate	

over	the	Plasmoid Instability?

Guo et	al.	‘18	



Magnetic	turbulence	spectra	are	
essentially	isotropic

k-3

X.	Li	et	al.	‘18	



Both	Electrons	and	Ions	are	Efficiently	
Accelerated	by	Reconnection

electron ion

Large	aspect	ratio	sheets	are	unstable	on	dynamic	timescale	and	dissipates	
its	magnetic	energy	mostly	to	non-thermal	particles	in	the	high	se limit.	

X.	Li	et	al.	‘18	



Electron	Energization	consistent	with	
Fermi-like	mechanism

Spatial	location
X.	Li	et	al.	‘18	



Guide	Field	Slows	
Down	the	On-set
of	Collisionless
Reconnection	

• Force-free	Harris

• Bg =	3	
• 3D:	128x64x64	di	
• Cells:	1650x840x800;	100	ppc;	
• Initial	thickness:	3.6	di;

• mi/me=25;			se =	25;	si =	1;	
• Initial	perturbation:

dB/B=0.1	with	10	modes.	

• Total:	~	5	Alfven	time

Strong	Guide	Fields	Slows	down	the	
Disruption	of	3D	CS

Current	sheets	from	turbulence	typically	have	STRONG	guide	fields

Liu	et	al.,	PRL,	2013 Guo et	al.	‘18	



3D	MHD	studies	of
combining	driven	turbulence	with	
pre-existing	large-scale	current	

sheet



time																																																																		time

Energy_B^2/2																																												reconnection	rate

3	cases:	cs_tur denotes	both	cs and	turbulence	(red);
cs denotes	cs only	(green);
tur	denotes	only	turbulence	with	uniform	field	(blue);

Reconnection	rate	is	computed	according	to	the	tracer.

Yang,	HL,	et	al.	18,	in	preparation



CS	+	external	turbulence,	guide	field	Bz =	0

fe denotes	diffusion	of	the	traced	plasma.	 Yang,	HL,	et	al.	18,	in	preparation



Diffusion	of	Field	Lines

Size	of	mixed	region	width

Yang,	HL,	et	al.	18,	in	preparation



Case	C:	Brief	Summary

• With	free	energy	as	the	initial	(unstable)	current	
sheets	with	initial	turbulence,	these	sheets	evolve	
much	faster	(turbulent	reconnection);

• Guide	field	can	slow	down	the	onset	of	
reconnection;		

• Particle	energization	is	via	both	E_parallel and	
curvature	drifts	(first	order	Fermi).	More	energy	
conversion	occurs	in	the	outflow	region	and	
islands.	

• The	role	of	self-generated	turbulence	is	unclear.	



Summary: 
1) Free energy: helical vs. non-helical ?

1) Injected turbulence + cascade produces Transient current 
sheets, but such sheets can energize particles (via 
E_parallel), though not as efficient. 

2) Injected turbulence, however, can destabilize pre-existing 
thick and large-scale current sheets. Particles are energized 
mostly via Fermi-like process (curvature drift). 

2) Implications: 
1) Turbulence threatens the life-time of pre-existing current 

sheets, limiting the energy storage process. Probably not a 
problem for accretion disk corona, but potentially serious 
for solar corona. 

2) Current sheets with guide field can survive a lot longer, 
even with turbulent perturbations. Implications for solar 
flare loops. 


