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Solar	wind:	‘fast’	and	‘slow’	
McComas	et	al	2004	



NASA’s Parker Solar Probe 

A	simulated	view	of	 the	Sun	and	 inner	heliosphere	
from	above,	illustraBng	the	trajectory	of	the	Parker	
Solar	 Probe	 during	 its	 mulBple	 near-Sun	 passes	
inside	 30	 RS.	 The	 spacecraY	 will	 cross	 coronal	
structures	 that	 are	 associated	 with	 coronal	
streamers,	 and	 the	 solar	 wind	 [McComas	 et	 al	
2008].		See	also,	Fox	et	al.	2016.	

Launch	Window	–	July	
31	–	Aug.		19,	2018	

1.	Trace	the	flow	of	energy	that	heats	the	solar	corona	
and	accelerates	the	solar	wind.	
1a.	How	is	energy	from	the	lower	solar	atmosphere	transferred	to,	and	
dissipated	in,	the	corona	and	solar	wind?	
1b.	What	processes	shape	the	non-equilibrium	velocity	distribuBons	
observed	throughout	the	heliosphere?	
1c.	How	do	the	processes	in	the	corona	affect	the	properBes	of	the	solar	
wind	in	the	heliosphere?	
2.	Determine	the	structure	and	dynamics	of	the	plasma	
and	magne;c	fields	at	the	sources	of	the	solar	wind.	
2a.	How	does	the	magneBc	field	in	the	solar	wind	source	regions	connect	
to	the	photosphere	and	the	heliosphere?	
2b.	Are	the	sources	of	the	solar	wind	steady	or	intermiient?	
2c.	How	do	the	observed	structures	in	the	corona	evolve	into	the	solar	
wind?	

3.	Explore	mechanisms	that	accelerate	and	transport	
energe;c	par;cles.	
3a.	What	are	the	roles	of	shocks,	reconnecBon,	waves,	and	turbulence	in	
the	acceleraBon	of	energeBc	parBcles?	
3b.	What	are	the	source	populaBons	and	physical	condiBons	necessary	for	
energeBc	parBcle	acceleraBon?	
3c.	How	are	energeBc	parBcles	transported	in	the	corona	and	heliosphere?	



Typical	power	spectrum	of	the	solar	
wind	magneBc	field	fluctuaBons	

Bourouaine	et	al.	2012	



Observations of waves and turbulent spectra in the corona 
and the heliosphere 

MagneBc	field	spectrum	obtained	with	ACE/MAG	instrument	at	1	AU.	The	
inerBal	range	is	well-fit	by	a	-1.57	power.	The	break	marking	the	onset	of	
the	dissipaBon	range	is	visible	(from	Vasquez	et	al	[2007]).	

ACE/
MAG 

Goldstein	et	al	1995	
Tomczyk	&	McIntosh	2009	

Inner	corona:	CoMP	data	

MESSENGER	at	0.37AU:	Gershman	et	al	2012	



Temperature	anisotropy	and	instabiliBes	in	SW	
plasma	

Dependence	of	the	proton	temperature	anisotropy	on	
the	 parallel	 proton	 plasma	 β,	 obtained	 from	 ACE/
Wind	measurements	 in	 the	 fast	 solar	wind.	Many	 of	
the	 data	 points	 appear	 above	 the	 threshold	 for	
Alfvén-ion-cyclotron	 instability	 (AIC)	 and	 the	 data	
seems	to	be	constrained	by	 the	oblique	firehose	and	
mirror	instabiliBes.	

Maruca	et.	al.	2011	

mirror	cyclotron	

firehose	

Bale	et.	al.	2009	

WIND	



Proton velocity distribution: anisotropy and beams from Helios 

Marsch et al 1982 
Slow wind Fast wind 
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Hybrid model 

dxk

dt
=
vk

mk
dvk

dt
= Ze


E +
vk ×

B

c

"

#
$

%

&
'

Proton and He++ ion equations of motion are: 

The electron momentum equation (neglecting electron inertia, and resistivity) is 
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where pe=ne Te and quasi-neutrality implies ne=np+Zni.  
The above equations are supplemented with Maxwell’s equations: 
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Parameters:	
256x256	grid	
254	ppc	=>	~17x106	parBcles	
MPI	parallelizaBon	
512	Processors	
βp=βi=0.0413	
nHe++/ne=0.05	
γe=1	



Expanding	Box	Coordinates	
•  Based	on		Grappin	and	Velli	(1996)	for	MHD,	Liewer	et	al.	(2001)	for	hybrid	

code:	

Coordinate	transformaBon:	

from	Liewer	et	al	(2001)	
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AcceleraBon	of	ions	by	large	amplitude	Alfvén	wave:	
velocity	distribuBons	

Temporal evolution of the ion VDFs, starting with initially isotropic non-drifting velocity 
distributions, exposed to the wave spectra in previous slide. Both species tend to form 
ion beams (more prominent for the protons) with He++ preferentially heated and 
accelerated (Maneva et al. 2013). 

Alphas	

Protons	



2D	Hybrid	model	results:	ion	driY	
IniBal	He++-H+	driY	of	2VA	

H+	

He++	

Ofman	et	al.	2014;	Ozak	et	al.	2015	

Perp.	MagneBc	field	



Turbulent-dissipaBve	power	spectra	



IniBal	condiBons:	Inhomogeneous		ion	driY	velocity	

The	 iniBal	 driY	 velocity	 profiles	 across	 the	 background	 magneBc	 field	 Bx0,	 and	 the	
corresponding	α	 (red,	 dot-dashes)	 and	 proton	 (blue,	 dashes)	 driY	 speeds	 in	 the	 current-
free	frame	for	q=2	and	q=6.	The	velocity	profile	for	is	classified	into	three	non-overlapping	
regions	marked	with	verBcal	dashed	lines:	(I)	low	magnitude	and	no	shear;	(II)	large	velocity	
shear	region;	(III)	large	(super-Alfvénic)	velocity	magnitude.		

p	

α	

Total	Vd	



EvoluBon	of	the	driY	velocity	of	the	ions										
V0	=	2,	am	=	0.5,	q	=	6	

p	

α



EvoluBon	of	the	magnetosonic	waves	
V0	=	2,	am	=	0.5,	q	=	6	



EvoluBon	of	the	driY	velocity	of	the	ions										
V0	=	2,	am	=	0.5,	q	=	2	

p	

α



EvoluBon	of	the	magnetosonic	waves	
V0	=	2,	am	=	0.5,	q	=	2	



Localized	VDFs	of	protons	and	α
I II III
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Global	VDFs	of	protons	and	α
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Dispersion	relaBon	from	the	2.5D	hybrid	model	

|| [ ]

Magnetosonic	
(nonresonant,	
RHP)	mode	

Resonant	(LHP)	
α	mode	

Resonant	
(LHP)	p	
mode	

Asymmetry	with	respect	to	k||=0	due	
to	Doppler	shiY.		ω-k||	V||=Ωi	

LHP:	LeY-hand	polarized	
RHP:	Right-hand	polarized	



k-spectrum:	parallel	and	oblique	waves	
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MagneBc	fluctuaBons	power	and	spectrum	
(a) (b)

(a) (b)



EvoluBon	of	the	parallel	and	perpendicular	
thermal	energies	of	the	ions	



EvoluBon	of	anisotropies	and	driY	for	
sharp	and	Gaussian	profile	

(a)

(b)

(c)

(d)
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(f )

The	average	driY	speed	for	V0=2,	am=0.5,	
q=6	(red	solid)	and	q	=	2	(blue	dashes).	

The	average	driY	speed	for	V0=0.5,	am=2,	q=6	
(green	solid)	and	q=2	(brown	dashes).	



3D	Hybrid	modeling	

3D	

3D	

3D	2D	

2D	

2D	

Proton	–	alpha	driY	ü  Developing	and	tesBng	3D	hybrid	
code	

ü  MulBple	ion	species	
ü  MPI	parallel	parBcle	solver	

(completed)	
ü  MPI	parallel	field	solver	(in	progress)	
ü  2nd	order	RRK	method	
ü  FFT	and	finite	difference	field	solver	

Test	run:	643	in	space	128	ppc	
1024	PE	4hrs	wallBme	
Compare	to	2D	hybrid	642	128	ppc	

3D	protons		
1:5000	



Summary	and	Conclusions	
Ø ObservaBons	show	that	the	fast	solar	wind	contains	power-law	
magneBc	fluctuaBons	spectra,	non-Maxwellian,	anisotropic,	driYing	
populaBons	of	ions.	

Ø The	resonaBng	(kineBc)	part	of	the	turbulent	wave	spectrum	may	
account	for	the	enhanced	(compared	to	protons)	He++	ion	heaBng		
detected	with	Helios,	Ulysses,		ACE,	WIND	and	the	goal	of	future	
mission	(PSP,	SO).	

Ø When	super-Alfvénic	driY	is	present	the	perpendicular	velocity	
distribuBon	becomes	non-Maxwellian,	and	He++	develop	strong	
perpendicular	temperature	anisotropy,	that	leads	to	proton	heaBng.	

Ø We	find	that	solar	wind	expansion	results	perpendicular	cooling	that	
must	be	supplemented	by	resonant	wave	heaBng.	

Ø The	hybrid	model	shows	that	small-scale	background	inhomogeneity	
can	significantly	affect	the	dissipaBon	of	the	magneBc	wave	spectra,	
produce	oblique	waves,	and	affect	the	the	velocity	distribuBons	of	
the	ions.	


