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Intermittent magnetic structures in
plasmas: from MHD to Vlasov turbulence

Sergio Servidio
Dipartimento di Fisica, Universita della Calabria, Cosenza, ltaly

W. H. Matthaeus, P. Veltri, P. Dmitruk, F. Valentini, A. Greco,
P. Cassak, M. Shay, F. Califano, V. Carbone, K. Osman, J. Gosling
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Outline
IS,

> Magnetic reconnection & 2D MHD turbulence

> From fluid to plasma models

» Some “applications”

* 6D Vlasov simulations
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Classical Picture of Magnetic Reconnection

@ Two bipolar regions come together

@ The field flattens “analogous to the
flattering of a motor tyre when loaded”

Reconnection
layer

e “_..athin collision layer of gas is formed”
at the neutral point /

,f/ A(p+B2/ 8m)=0
Separatrix
A(p+B?/87)=0
)= Reconnection

region at the X-point

)

t system size

O thickness

V incouts in(out)flow velocity
E reconnection rate

B upstream magnetic field P.
n resistivity E

A. Sweet (1958);
N. Parker (1957)
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Standard Description of Reconnection

*

The orthodox procedure

Initially highly ordered, large scale magnetic field

Special well-known boundary conditions

The process can be driven by mechanical pressure supplied by open
boundaries, or magnetic flux injected from a conducting wall

Small initial perturbation in the center of the box, with the
right k-vector

The nonlinear regime is then achieved -> well-known growth rates

> <

S
- = * very limited dynamic

* rarely observed in nature since

7= plasma is generally turbulent
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An Alternative Description ...

| * Turbulence I

Matthaeus & Montgomery, Ann. N.Y. Acad. Sci. (1980);
V. Carbone et al., Phys. Fluids (1990)

U. Frisch, A. Pouquet, P.-L. Sulem and M. Meneguzzi,
Journal de Mecanique Theorigue et Appliquee (1983)

Is possible that reconnection develops in turbulence?
If yes, which are the statistical properties of
reconnection in turbulence?
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aTI—(v'V)w+(b-V)j+ R,'V’w

 dealiased pseudo-
spectral code

163842 mesh points

‘R = Rﬂ = 10000

Where is
reconnection?
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Some “topography”...
S

Nice Downtown

Nice Airport St Jean Cap Ferrat

Coast Ligne

iti ] [a] 812] a
Critical points of the H(x)= e
magnetic potential “a” > 00X

where V a=0



> “ Local reconnecti n

2

Critical Points in Turbulence
5.

T

00
L
ol

ol

-
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Islands & Sheets

current sheets = BLUE regions Boundary conditions?
islands | Symmetry?

.

=—

e

7N
> X

Reconnecting islands are
different in size and energy:
asymmetric reconnection?

automated algorithm
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Distribution of Reconnection Rates

Rate of change of the magnetic flux: '

2

107

ézZRBIIVZa\ =—F,

X — point

. . 1
(normalized to the root mean-square magnetic fluctuation ) 10

LL
i |
w
Reconnection rates are 10 Cwem
broadly distributed ' N
10" L - Kw.‘ \ E
Turbulence can be viewed as a seall ° o1 g 98 .

of reconnecting islands with
different reconnection rates

‘ reconnection rates up to ~0.3 I
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Dimensions of the Diffusion Region

magnetic field

0.01

characteristic lengths

500 Jaaatannss e S aaaas e .

400

B
l
og]

300F

< 200F

100F

e
2.50 2.52 2.54
3




17 September 2014, OCA, France 12

Link between Reconnection and Turbulence

_{b(x+r)-b(x))
(b°)

Characteristic lengths in
turbulence and in reconnection:

, R

E- =i | et (E:l;j A _ C(}/') dr
;S 150 E (5 & C f :
S | (b7)
5 100 f N v 60
2 § J°)
s | ELE |
S 50F . 2 2\ 4
§ ?\diss_Ru <] >
of
107 10 107 10°
r <3> scales with the dissipation length

<t> is on the order of the correlation length
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Reconnection Rate in Turbulence

1 | |
Computed reconnection g
03 F rates o i
VS.
expectation
0.2 o 4
:\‘;.:.
N .:{' PR
ot X g™
: :s‘,;fv-?"” ¥

R A Run 1
0.1 IR Run 2 -

I 2 Run 3

N Run 4

e Run 5

¥ Run 6

0 o 1 1 .

0 0.1 0.2
th
EX

0.3

Asymmetric reconnection

B2 32
th |1 T2
Ruf

b =upstream fields

P. Cassak & M. Shay, Phys. Plasmas
2007;Borovsky & Hesse, Phys.
Plasmas (2007); Birn et al., Phys

Plasmas (2008); Pritchett, JGR (2008).

Reconnection rates
are consistent with a
modified
Sweet-Parker model

Turbulence provides locally the parameters that determine the Sweet
Parker reconnection rate: the lengths and local magnetic field strengths.

Servidio et al., Phys Rev. Lett. (2009).
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Hall Magnetohydrodynamics

ov , R, - pseudo-spectral
a—t——(V'V)V-I-JXb—VP—FRV Viv g

. 8192
ob , _
a—t:VX(va)—l—eHVX(]><b)-|—Ru1V2b + R =R =2000

17190 puatrur.

1-200

Bifurcated
- current

|-300

|-400




17 September 2014, OCA, France

15

Reconnection in Hall MHD Turbulence

Run €y
I 0.0 (MHD)
Il 0.0025
Il | 0.01

v 0.02 @

100.08

%sl e
v
'.‘I & HI
10.0¢ 4
. - %] !
L Il
r (it

PDF

1.0 ¢

__MHD

— eps=0.02

0.015_ """"" L
0.1 E

0.010¢r . - Run |
g T T T
Vv 0.0 0.1 0.2 0.3 0.4

0.005 . lEx|

Current sheets The Hall electric field
- become thinner increases the reconnection

0.000 0.005 0.010 0.015
€

rate in turbulence

Donato et al., Phys. Plasmas
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Solar Wind: Discontinuities & Reconnection
T —)

5 Magnetic field gradients Magnetic discontinuity
40 | solar wind c ! solarwind
& 30t 3 2 @ -
g 20 L - g {1} ____________ ¢ bI'T; ''''''
10 | . | ne g 1/
0 | I | T E 2
0 50 100 150 200 O
time/t, % 6
5 5%
0.8 ————— - - e L
0.6 _s:mulatlon i E 60 -40 20 0 20 40 60
E ' time (s)
ﬂ 0.4 r 7 discontinuity in simulation
15 F < T o Oub ' ' '
, (Simulation o -
P e L A i B U S B AL vt LA 0 W) IO L1 L LAE E_’ 05 | 0 ° e
0 50 100 150 200 g
s/h, g

Magnetic discontinuities, commonly
observed in the turbulent solar wind,
may be local reconnection events

magnetic field

A. Greco, S. Servidio, Matthaeus..., Geophys. Rev. Lett. 2008; Atrophys J.
2009; Planet. Space Sci. 2010, Phys Rev. E 2009, Asptrophys J. Lett 2011,
Journal Geophys. Res. 2011; Phys. Rev. Lett. 2014
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«.Discontinuities, Reconnection & Heating

10 ' ' I N L S T ' = 10" e
10 | T *Wind data| 4 10°L
= o'l ' -—-Gaussian | z
5 . 5107}
210 F =y / ]
= aF i o 13 4
§107 7 5%
a KA I A T 5 el \
A N I R N A T O A I 10k
10 F .o : 214121 | A g
8 /ji2iti2) 4 3 Osman et al. APJ 2011 A%
10'5 L 1 L 1 N 1 :I |: :I: :u I= IIIII 1 ] 10-9 1 Il
10 8 6 -4 2 0 2 4 6 8 10 3 4 5 6
10 10 10 10

lon Temperature (K)

12h \

Greco et al. GRL 2008, APJ 2009; . . .
Sorriso-Valvo et al., GRL 1999; ’ Intermittent magnetic gradients,

Bruno & Carbone, Liv. Rev. 2005; < that may be local reconnection

Gosling & A. Szabo JGR 2008 events, are sites of enhanced heating
PRL 112, 215002 (2014) PHYSICAL REVIEW LETTER; 30 MAY 2004

Magnetic Reconnection and Intermittent Turbulence in the Solar Wind

K.T. Osmem,"* W. H. MEIH]]EIE:US,E J.T. Gn.*;lin,g,3 A. G]‘ec:n,'1 S. Serw..sidin,4 B. Hnat,' S.C. Clmpman,"ﬁ‘(’ and T.D. Phan’
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...and from fluid-like models of a plasma
we explore now “Viasov turbulence”
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Hybrid Vliasov-Maxwell
S,

f ( X,V ) — f ( XY,V vy , vz) proton velocity distribution function

af+v Vf+(E+v><B)V =0

ot

1 1
E=—uXB+—jXB——V P,+nj
n n

NOISE—FREE!

Valentini et al., J. Comp. Phys.
2007, PRL 2010, PRL 2011

Some parameters ...

s Kinetic ions, fluid electrons Ly=2mad;, B,=le,T /T =1,
s Eulerian model M=17x10",v,, =£5v,,
s 2D in space + 3V in the velocity space N,=N,=512> N, =81°+3.5x10" points
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Local Reconnection Events

Current density j (colors) + magnetic potential

; /1
c ~N 7
305\ W S— X =
40 50& 60)(/cli 70 \ 80
Bifurcation (Hall effect)
Thickness ~ few ion skin depths

Servidio et al. PRL 2009
Drake et al. APJ 2010.
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Power spectra
e

E ! 553 3 -
C k™ ] oF
1 0—2E 4 10_3§
: 1 %
103F 1 510
E 10_4% '; %:Ze
= 3 E - .
_.6 10_5_ 1 8 10_7;_ magnet!c
8_ -E E- A electric
w C 3 10 ?
6 10_6_5 ? 10-9%
% - 3 10-10: cal e e
o 10—75_ . 0.1 <a 1 10
1 O-SiE | 3 -..ﬁ..-___,,_.a.a_.\__!}gle et al., PRL %005 |
-10:. ol . ke . L. .-t".:}-.,. - ;
10 0.1 14 00 <o
K d, 104 ] - _
= Large scale Alfvenic correlations Codor B0 oige e v
s Kolmogorov-like spectrum
L) L) k) L) o
3 ?otw coml[)r:s§1b111::iy .(tdenflty :lllllct. a? %) ..several features
s Intense electric activity at small scales
y commonly observed

s Steepening of the magnetic spectrum at kd ~ 1 . '
i in space plasmas!
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A Measure of Temperature-Anisotropy

The velocity distribution function f
may exhibit strong deformations in
the velocity space

L) How to properly measure
these distortions?

Assuming f as an ellipsoid:

A ()= (=)= () f

Eigenvalues ?\1 >\ > ?\3

(temperatures)
€2 -HH&"'-W-.__ jj . A A A
- Eigenvectors e, e, ¢é
Minimum Variance Frame g 1 2 3
(MVF)

Note: for a Maxwellian 2.1= 3.2= 2.3= 1

(Maximum) Temperature anisotropy = l.ll 2.3
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Distribution Functions in Turbulence

Local magnetic field

0.06)
0.05
0.04
— 0.03
— 0.02
= 0.01

oo

the DF is strongly
affected by
turbulence,
resembling an
elongated potato-
like structure

Anisotropy can be
either >1 or <1
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Temperature Anisotropy & the Magnetic Field

- ol
2] N A
2.5/ b cos0=é, B (d)
- .
2f "1 mainly e can be both
w | along or across B,
o but, because of
: i / | turbulence, a broad
;' { distribution of angles
is observed.
0.5
0 0.2 0.4 0.6 0.8 1
cos 6|

Note: If e and B were spatially random and uncorrelated,
PDF(|cos 0]) ~ const. (=1)
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Where these “patches” are located?

)

‘\‘{ N e\ |

// V///

I\ ‘III\\V
A 7

_ anisotropy

Servidio et al, PRL 2012
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Applications: Solar Wind
e

Distribution PDF( T ,IT , B, )

1DID_IIIIII| IIIIIII| T IIIIIII| T IIIIIII| I_ _III | T

TII and T, =

parallel and perpendicular
proton temperatures with
respect to the ambient B

Tip/T,

1.0

Hellinger et al. GRL (2006);
Kasper et al. JGR (2006);

Kasper et al., (2002) T N T e
. 0.01 0,10 1.00 10,00 0,01 0.10 1,00 10,00 o
Bp 3\p
Kinetic instabilities MQ nonlinear Kinetic processes may
influence the solar wind ~ locally occur in turbulence!
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Non-homogeneous Effects ?
e,

Temperature on (B, T./T ) PVI= 1ABl on (B, TL/T))
gy ¢<IABIZ> [ [

-0.1

I-0.2

-0.3

- 1-0.4

B | [ [ .
4 & &8 ¥ 8 9 _ 5 £ 2

| N N

- -0.5

-0.6

-0.7

. ‘ . . | . 0.8
-1 -0.5 0 0.5 1 15
1095(By)
Osman et al., PRL 2012

The solar wind near the thresholds is hotter, and
shows higher concentrations of current sheets
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Vlasov Simulation(s)
R —— ——
10" e b 0b/Bg
X :—0.25 0.33
5—1.0 0.33

By varying parameters such as the level of fluctuations
and the average plasma beta, Vlasov simulations
“explore” distinct regions of anisotropy plane
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Ensemble of simulations<—,

Viasov vs. Solar wind

10 years of solar

29

wind &~

0.1 PVI o

B 1Ho B 0 .
[Heo Magnetic
oo | || ——— intermittent
Hos | i, structures
: 04 | 1B-0.4
1ot . velocity
I+ [|° ——» intermittent
0.1 -0:2 Structures
o5 "solarlwind | " | ' i
0.4 » ‘
et density
' : intermittent
Hos !r . ™ structures

- Vlasov Wt _
- . F o * | solar wind

= EETErEe T | L2 sy
1073 1072

Servidio et al., APJL 2014
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“6D” Vliasov

Intermittent,
anisotropic Viasov
turbulence...

Spectrum

1073F

— -y
ol Ol
w ESY

—
<
[o)]

30

Patterns of

temperature
anisotropy are near
current sheets
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6D Vlasov: proton beams

beams, anisotropy, and
strong non-gyrotropic
modulations

Viasov

Landau resonances can be
locally excited:

(l)_k”V”_chz:O
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Conclusions
S

* MHD turbulence provides a broad range of reconnection rates

* Reconnection rates can be determined statistically in terms of
measurable correlation, Taylor, and dissipation scales.

* Hall effect enhances the reconnection process in turbulence

> Hybrid-Vlasov simulations confirm the above results and moreover
show that kinetic effects are stronger nearby reconnection events

*Temperature anisotropy is higher in regions of strong magnetic
stress, and in velocity and density gradients
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A “simple” sketch

/,]na“r]c

instabilities waves

heating -— .
femperature

Heavy ions
‘ anisotropy.
——
eCcC 2CTIC
di +i ..lies reconneciion

turbulence

InTermittency




Fastest reconnection rates
depend on the geometry of
the diffusion layer

{ = elongation

S S =width

E,|

Original data
Gaussian data

5[
N Gaussian fields have much slower

reconnection rate:
rbulence enhances reconnection




v

g is the Maxwellian
associated to f (with same
bulk velocity, density, and
(isotropic) temperature.)

Skewness

A. Greco el al, PRE in press

‘Kurtosis



' 1 1 1 .l 1
1.1 1.2 13 14 1.5 1.6 1.7

Turbulence enhances the
level of local anisotropy
nearby reconnection sites



£ Note on the Numerics

Generally simulators, tempted by the “high Reynolds k ~N

max mesh points

number dream”, may use too low resistivity... k —1/2

k Ik >3

max diss

Reconnection events in turbulent regime are strongly affected
by “Gaussianization” of small scales!!!

Wan et al., Phys. Plasmas (2009,2010)



a)

Driven simulations of kinetic
turbulence using Hybrid PIC code

log(Ej, (kx,0,w))

L

1/d,

1 10 100

The k-omega spectra
show a complete
absence of waves in
turbulence

Parashar et al. Phys.
Plasmas 2010, 2011



Sweet-Parker Scalin U,
A steady-state is reached when field E‘Lw’

lines convect into the collisional layer
at the same rate that they are

annihilated
1) Continuity / ti 0 .
ontinuity /| mass conservation =2
y —_— = Vo
2) The pressure available for squeezing the fluid out is magnetic , =B _.
(B?I8x), so, from energy considerations, the outflow speed is: - " Vamp
3) Continuity of the electric field between x point and the m ¢’
upstream region - Vin= Ty s

L is a free parameter which scales
with the system size. Is approximatel
the size of the flux tube




u n n I X =X-li
Driven sithulations of :k‘inetm\;ﬁiﬁon Soint

ce using Ij-;l’ypllarid:PIC c

: P. Cassak & M. Shay,
-------- e o Phys. Plasmas 2007

2L

A Sweet-Parker-type scaling analysis for asymmetric, anti-
parallel, reconnection has been recently proposed by Cassak &

Shay (2007):
b3/2 b3/2
th. _ 1 2
E>< =
R, ¢

Borovsky & Hesse, Phys. Plasmas (2007); Birn et al., Phys Plasmas (2008); Pritchett, JGR (2008).



The Partial Variance of Increments (PVI)

AB(s, As) =

S(As, l,s5) =

B(s + As) — B(s)

:

|AB(s, As)|

\/<|M(s= ;\_-;)|3>£

4
I\
l‘

0 ‘.l“hml‘ il L Ll
0 100

simulation

Threshold ©

7200

For each threshold 6, a number of

discontinuities can be localized
and “counted”

—_ —_ —_ —_ —_
] ™o s [a>] [e =]
T T T T

I\).l:-GJCD

L Lkl ot L AP L L

OO

, SW‘

ThreSh@l@ Q—i Events 1

I W‘ m U J

100

200 300 400 500

5/h;
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