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We	live	in	a	turbulent	world	
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We	live	in	a	turbulent	world	



WITH	turbulence 

Van	Gogh S.	Xu 

WITHOUT	turbulence 

Starry	Night	 



It	would	take	4	month	for	coffee	to	get	sweet	if	not	for	turbulence	
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We	discuss	only	the	dependance	of	CR	propagation	on	Alfven	Mach	number	MA		=\delta	B/B	
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Model:	subAlfvenic	turbulence	as	the	variations	of	magnetic	field	directions	are	limited	

Are	foreground	E/B,	TE	correlations	arise	from	turbulence?	
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Yes,	E/B,	TE	correlations	are	from	turbulence!	



Yes,	E/B,	TE	correlations	are	from	turbulence!	

CMB	studies	constrain	Alfven	Mach	number	MA	
	=VL/VA	
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MA determines the perpendicular diffusion of cosmic rays in the Milky Way 

Realized by Jokipii & Parker 69, Jokipii 73 but turbulence model was not right 

The study with modern understanding of MHD turbulence is in AL& Vishniac 99 

Strong subAlfvenic turbulence at scales s<ltrans results in superdiffusion: 

At scales s>ltrans results in ordinary diffusion: 

Differs	from	the	textbook	(see	Jokipii	&	Parker	69)	MA
2	dependence	



Xu & Yan 13 

To compare with  in AL06, Yan & AL08 

The dependence on forth power of Alfven Mach number is 
confirmed numerically 

Diffusive regime 



AL & Vishniac 1999; 
Yan & AL 2008 

Xu & Yan 13 

The dependence on forth power of Alfven Mach number is 
confirmed 

Superdiffisive regime 



Streaming	instability	limits	the	parallel	diffusion	of	cosmic	rays	

AL16	obtained	the	expressions	
for	CR	instability	as	a	function	
of	MA	



AL16 “new leaky box” model is valid if the level of 
turbulence in Halo is small 

✏turb.dissipation < radiation cooling

CRs stream in the disk where turbulence is transAlfvenic and randomize by 
streaming instability in the halo.  

Halo, damping by weak turbulence, 
low turbulence level, no streaming 

Disk, damping by transAlfvenic 
turbulence, streaming is present 

New understanding: 
Low	MA	

MA	>1	
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MA	can	be	estimated	from	tangling	of	magnetic	field	inferred	from	polarimetry	

Planck	image	

The	higher	the	resolution,	the	better		
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Illustration	of	Velocity	Gradients:	Velocities	in	MHD	turbulence	are	
perpendicular	to	the	local	magnetic	field	direction	in	diffuse	media	

MHD	subAlfvenic	simulations	
AL	&	Yuen	2018	



Radically	new	way	to	study	magnetic	fields:	Velocity	Gradients	

AL	&	Yuen	2018	

Fissel	et	al.	2017	
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	Method	

Variance	
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Velocity	Gradient	Technique	

AL	et	al.	2018	



3D Field Tracing using VGT with Galactic Rotation Curve 
Casanova	&	Lazarian	(2018),	Yuen	&	Lazarian	(in	prep)	

Similarly	we	can	have	3D	maps	of	MA	



Testing	the	obtained	3D	B-field	distribution	with	starlight	polarization	

Star	polarization	versus	predictions	with	our	3D	
model	of	galactic	magnetic	field.	This	
demonstrates	that	the	model	is	correct!	

Gonsalvez-Casanova	&	AL	2018	



1st VGT Survey on  
molecular clouds 

 
Comparing Gradients with 

Polarization in both low-mass 
and high-mass molecular 

clouds 

K.H	Yuen	@	NTHU,	Hsinchu,	Taiwan	 Velocity	Gradient	Technique	 Prospects	3	of	6	

Hu	et	al.	2018	



Synchrotron	Intensity	Gradients:	another	new	way	to	study	B	

Blue–	B	from	Planck	Synchrotron	Polarization	
Red	–	Synchrotron	Intensity	Gradients		

AL,	Yuen,	Lee	&	Cho	2017	



Tracing	magnetic	field	without	measuring	polarization	

Blue–	B	from	Planck	Synchrotron	Polarization	
Red	–	Synchrotron	Intensity	Gradients		

AL,	Yuen,	Lee	&	Cho	2017	



Polarization	gradients	allow	3D	tomographic	studies	of	magnetic	fields	

AL	&	Yuen	2018	



Example:	3D	B-field	distribution	restored	from	synthetic	data						

Blue-	underlying	3D	vectors,	Red	–	vectors	restored	with	the	technique	

An	additional	information	is	coming	from	gradients	of			
dP

d�2

AL	&	Yuen	2018	



Complementary	Nature:	

1.	If	we	know	the	magnetic	field	structure	with	the	gradient	technique	we	can	predict	the	polarization	from	dust.	
2.	If	we	know	the	magnetic	structure	and	see	the	variations	in	synchrotron	with	frequency,	we	can	study	CR	propagation.	
3.	Variations	of	structures	obtained	with	gradients	and	polarization	give	insight	into	star	formation.	



Summary	

Better	understanding	of	magnetic	field	structure	means	better	models	of	CRs	



Beresnyak 2013 

15363 

Perpndicular diffusion of cosmic rays is dominated superdiffusion 
(superballistic behavior) as CRs following magnetic field 

Superdiffusion acts on scales x less than 
the injection scale of MHD turbulence 

h(�y)2i ⇠ x3

LV99 prediction 

Injection scale of turbulence 
in the Galaxy is about 100 pc 

h(�y)2i ⇠ x3 Prediction	in	AL	&	Vishniac	1999	



Superdiffusion changes the accepted formalism for parallel 
and perpendicular shock acceleration


Accepted expression  

In reality 

Lazarian & Yan 2013 

Superdiffusion y~x3/2 



Initially	we	had	only	one	superhero:	Tracing	of	magnetic	field	in	2D	by	gradients	

RED	:	Velocity	Gradients	
Yellow:	Magnetic	field	
	

GALFA	data	
compared	with	
Planck	polarization	

Yuen	&	AL	2017	



Gradient	direction	

Gradient	amplitude	 Gradient	
distribution	function		

3	Superheroes	of	Gradient	Technique	



Gradient	direction	

Gradient	amplitude	 Gradient	
distribution	function		

3	Superheroes	of	Gradient	Technique	

Can	study	3D	B-fields,	shocks,	regions	of	gravitational	collapse	



Present	day:	3D	distribution	of	B-fields	is	cool!	

With	Velocity	Channel	Gradients	

Using	Galactic	rotation	curve	
For	HI	

Using	different	emission	species	

For	molecular	
clouds	in	disk	

With	Synchrotron	Polarization	Gradients	 Using	Faraday	depolarization	



Velocity	gradients	provide	unique	ways	to	study	B-fields:	high	velocity	clouds	as	
an	example	

B-field	of	Smith	cloud	

No	other	way	to	study	these	fields.	



Distribution	of	MA	with	velocity	gradient	distribution	function	of	galactic	HI	

Galactic	plane	

Higher	latitudes	

MA =
VL

VA

VL	is	turbulent	velocity	
VA	is	Alfven	velocity	

AL	et	al	2018	



Determining	Ms	using	gradient	amplitudes	

Yuen,	
Lazarian,	AL	
2018	

VL	is	turbulent	velocity	
Vs	is	sound	velocity	MA =

VL

Vs



Density	structures	are	mostly	perpendicular	to	magnetic	fields	for	supersonic	
flows	

Density	fluctuations	are		
a	good	tracer	of	shocks	



RED:	VG	
GREEN:	DG	
BLUE:	B		

Intensity	Gradient	Technique:	Application	of	all	our	tools,	e.g	sub-block	
averating,	to	intensity	gradients	

GALFA	data	

Synergy:	tracing	both	magnetic	fields	and	shocks!	

Yuen	&	AL	2017	



Ongoing	work	on	the	survey	of	galactic	B-fields	



Velocity	gradients	are	perpendicular	to	local	direction	of	B-field	in	
diffuse	regions	and	parallel	to	B-field	in	regions	of	gravitational	collapse	

The	change	of	the	dispersion	of		gradient	allows	us	to	identify	the	regions	where	
the	direction	of	gradients	flips	90	degrees		(see	AL	&	Yuen	2018)	

Yuen	&	AL	2018	



B-field	from	Planck	

The procedure of identifying collapsing regions 
works well with observations 
B-field	from	Velocity	gradients	

Taurus	cloud	



Comparison	of	the	SPG	
tomography		and	B-field	in	a	
slice	of	3	data	cube	

Red	–SPGs	in	a	slice	
Blue	–B-field	in	a	slice	

AL	&	Yuen	2018	



I	am	happy	to	discuss	with	you	MHD	turbulence	and	its	implications	as	well	
as	new	ways	to	study	magnetic	fields	:	
lazarian@astro.wisc.edu	






