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Cosmic	Rays

• Energetic	particles	are	ubiquitous,	we	are	being	
bombarded	at	all	times.	

• How	are	they	generated,	which	processes	energise them	
and	how	the	magnetic	field	of	the	earth	affects	them	?

EGRET	gamma	ray	survey
Galactic	cosmic	rays,	10^20	eV

Auroral particles,	10^3	eV



Type	III	solar	bursts

• Fast	electrons	are	
generated	by	
”..reconfigurations	of	
an	unstable	coronal	
magnetic	field..”	

• The	fast	electron	beam	
gives	rise	to	Langmuir	
waves	at	local	plasma	
frequency	(Ginzburgand	
Zhelezniakov,	1958).	

• The	crucial	component:		
“bump	on	tail”	(Melrose	
2009)	

Reid	and	Ratcliffe 2014



Fermi’s	theory	(Phys.	Rev.	1949)
• Energisation by	repeated	reflection	between	moving	

magnetic	mirrors.
• Can	a	particle	bouncing	against	a	moving	wall	be	

accelerated	(Fermi-Ulam problem,	1961)	?	No,	if	the	motion	
of	the	wall	is	smooth	in	time!.	

• A	necessary	condition	for	energisation is	chaotic	behaviour
of	the	unperturbed	system.	



Reconnection

• Two	opposing	magnetic	field	lines	pushed	towards	
each	other	by	the	flow.	

• The	field	reconnects	through	resistivity	(magnetic	
diffusivity)	
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Sweet-Parker	Scaling



Reconnecting	fast	and	slow
• If	the	reconnection	rate	goes	to	zero	as	diffusivity	goes	
to	zero	then	it	is	“slow	reconnection”.	

• If	the	reconnection	rate	is	independent	of	magnetic	
diffusivity	it	is	“fast	reconnection”.

• ”Turbulence”	saves	the	day	!
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Turbulent	reconnection

• Turbulence	can	give	rise	to	fast	reconnection;	Reconnection	in	
3-d	is	typically	fast	(Lazarian and	Vishniac 1999,	Eyink et	al	2011)

• Can	reconnection	generate	supra-thermal	particles;	“very	
much	in	excess	to	their	general	thermal	background”	(Parker	
1958)

Loureiro et	al	2009



Direct	Numerical	Simulations:

• Weakly	compressible,	forced	turbulence	with	a	
magnetic	forcing.	

• Simulations	are	done	with	the	pencil-code.	



Test-particle	approximation	:

• The	back-reaction	of	the	particles	is	ignored.	
• The	particle	are	not	relativistic.	
• Interpolate	from	grid	variable	to	particle	variables.
• We	do	not	make	the	“quasi-static”	approximation.	



Current	sheet	



Measurement	of	reconnection	rate



Fast	reconnection	

A

B

C

A

B

C



Energisation of	particles

• Seed	the	particles	randomly	inside	the	reconnection	
layer,	with	zero	initial	speed,	and	then	wait	till	they	
reach	the	boundary.	



Isotropy	of	velocity	components



Really	Maxwellian ?	

Rank	–order	method	to	calculate	cumuliative PDF.	The	
tail	is	Maxwellian.	

Double	 the
box-size	along	 the	
current	sheet

Periodic	along	
current	sheet



Thermal,	supra-thermal,	super-
thermal	



Conclusion

• Turbulent	reconnection	can	energise particles.	
• But	the	PDF	of	their	speed	follows	Maxwellian
distribution.	

• But	the	variance	of	the	Maxwellian is	not	given	by	the	
local	temperature	but	the	magnetic	field.	So	it	is	
possible	to	get	an	supra-thermal	population	if	the	
reconnecting	magnetic	field	is	super-equipartition	
(compared	to	thermal	energy).

• If	we	relax	the	test-particle	approximation	we	need	to	
work	with	PIC	codes.	


