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. PLAN OF THE LECTURES

LECTURE 1/2

 Motivation: turbulent variability in (almost) whatever concerns near-
Earth plasma.

Role and origin of noise.

* Noise and multi-history evolution: statistical dynamics via
functional formalism.
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. PLAN OF THE LECTURES

LECTURE 2/2

» Application #1: stochastic field theory formulation of resistive MHD.

e Application #2: stochastic tetrad dynamics for turbulent MHD
plasmas.

e Invitation to get curious: fractal magnetic reconnection and
metriplectic kinetic equation

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
L'Aquila (Italy)




— /3 PER LA FISICA SPAZIALE | 1 sovousmcencar

|£C Moo, | D9
T PLAN OF THE LECTURES

LECTURE 1/2

 Motivation: turbulent variability in (almost) whatever concerns near-
Earth plasma.

Role and origin of noise;

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
L'Aquila (Italy)




CONSORZIO
@"ﬁ INTERUNIVERSITARIO %

— /3 PER LA FISICA SPAZIALE | 1 sovousmcencar

Istituto dei Sistemi Complessi

IMF measured on ACE, z component

Space plasma is a system 60F ;
of particles interacting 40 [ .
through electromagnetic 20 F -
forces. MHD represents it 0F :
via smooth and ok E
deterministic fields. This - -
representation conceals o 3 E
the granularity of plasma. 6;}10' ' '31'2' ' '31'4' ' '31'6' ' '51'8' ' '32'0'

Still, granularity emerges Days of 2004, in UT

Wthever.Strong gradients Solar Wind ion density measured on ACE, z component
or impulsive phenomena 80 . . . . :

take place: hence,
classical fields look erratic  ©°
and noisy.

ENCODE GRANULARITY
EFFECTS IN CONTINUA 20
VIA NOISE TERMS
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Lt 2 sources of noise in near-Earth plasma

1)- The Solar Wind

Interplanetary and Sun forcing on
Magnetic Field .

the system may be
highly erratic:
external noise

2)- Granularity of
matter, bringing to
the classical field
scales particle
phenomena: internal
noise.

----
»

P
"""
R

a""'

This is the noise
more closely related
to turbulence, and
this is what we will
deal with

juy-ataydsolaubew/ojul/bio-bewoab) :dyy

Solar Wind Magnetopause

Magnetopause Current|

Fig. 1: A sketch of the magnetosphere (modified from Kivelson and
Russel (1995)
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g The erratic ball: random kicks § act on the dynamical @I [y -
,!mcw;,,, variables (x,p), handing them their “stochasticity” e

MANY DIFFERENT HISTORIES
ARE (differently) PROBABLE!

N Q (&) =P (7.5,1)
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The functional formalism of classical statistical dynamics

R Phythian
Department of Physics, University College of Swansea, Singleton Park, Swansea, UK

Received 28 June 1976, in final form 13 December 1976

Abstract. A simple and general derivation of the functional formalism of classical statistical
dynamics of Martin, Siggia and Rose is presented without the necessity of introducing
non-commuting operators into the discussion. This is achieved by making use of functional
integral representations of the correlation and response functions of the system. Some
approximation procedures based on the functional integral representation are briefly
discussed.
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e General framework for a dynamical system:

Y is the state of the

w: ]:[ |_> V, H: [t()jt] system at hand, V is

its phase space

Example 1: the point particle (finite dimensional system)
Y =(2,p), Tap (V) =R
— & P) (0] —
Example 2: MHD in local variables (infinite dimensional system, field theory)

b (Z,7) = (ﬁ(f,?),v(f,'r)), V =C (R® x I, R®)
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bl = AL () + F g7 ()

part: A is an Additive noise: at each Multipl.icative noise: at
expression in vy, time, fis the output of each time, fand g are
that’s it... a stochastic process of the output ‘.’f not
given probability law necessarily

uncorrelated stochastic
processes. I is as

deterministic as A
Time-local ODEs and

PDEs will be dealt with
(in most cases, also

space-local) Qf,g (fI (7-) Ny, (7_))
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R Finite dimensional stochastic dynamical
systems (SDSs):

vl = AT () + 1 + g7 ()

Infinite dimensional SDSs (stochastic field theory, SFT):

0! (Z,7) = A ;& 7) + 1 (Z,7) +

+ [ g5 (@, )T by, 9, &) dPy
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IEC Noises will evolve probabilistically in the time G o

-, interval [¢,,f]. Each noise “history” can be

J PER LA FISICA SPAZIALE

assigned a probability to take place Qff,gl.

(F)

L'Aquila (Italy)

19

def

P

df dg]

Defining a probability
measure in the sample
space of possible
evolutions.

In Q[f,g] square brackets
are used to underline the
quantity depends on the
value (f,g) at every time 1
(infinite variables).

Probability over a
densely-infinite-
dimensional space.

Ensemble calculations
are possible:
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Trying to give a sense to a functional integral
(finite dimensional SDS) as the continuous limit
of a multiple integral:
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N N
Flfal)yy = it (1] [ 11 | do(

QN ((f (7_1) » g (7_1)) g SR (f (TN) » g (TN))) I ((f (7—1) 9 (7_1)) j =l (f (TN) » g (TN)))

Each (fit),g(7)) is a different
collection of time-dependent
coefficients in the ODEs: each
“noise history” is a different y

¢ — A (77&) + f + g - I (w) : history (remember the “erratic

”
ball”). Instead of calcuating the
final configuration once the initial
one is given at ¢t,, thou shalt
compute the probability that the
system has a certain configuration
at a certain later time ¢ > ¢,.

Initial condition (Cauchy)
Problem for a SDS:

Y (to) = s
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The real object of desire of a SDS theory is the probability functional

Aly], known Qff,g]. Going from Q to A means going from the knowledge
of noise statistics to that of system statistics.

This is done in two steps.

1. Equating the system ensemble statistics to noise statistics (because
chance comes from noise):

Vi) = Fhpg ¥V F Y

2. Taking into account that what relates noises to system variables is

/Q ] A3 to, £) F [] = L dfdg) Q1f. g:to,t) F [ (£, 9)]
p=A+f+g-T

Ay Ay = [dfdg] Qlf, gl
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IEC SFT (key slide!): A[y] is expressed via an intermediate step
> kernel A[y,z], depending on ancillary variables y (stochastic
momenta) and characteristic functional C of noises.

8,7 (#,7) = Al [ 3,7) + 11 (3,7) + / g7 @, 7)1 [y 7, 5, 5) d,

These y are variables
Fourier-conjugated to
noises fin the latter’s
Alx, ¥ to, t) = No (fo, 1) C [x, Ts to, t) e—iSo[w,x;to,t), infinite-dimensional
space. Integrating A in [dj]

is all but granted

A[w;to,w=/[dx1A[x,w;to,t>,

C [x, ¢;to,t) :/[dfdg] Q[f, g;to,t) e~ ¥8rslfg:¥:xitot)

t 1J g i
Sty =~ / dr / d*x [ff (Z,7) X1 (Z,7) + g1 (,7) / dy (P[5, 5, %) x (5, 7) + Lzt
to
: / i Tz, r
So [1, 3 to, t) = / dr / @z (91 (@, 7)xr (3,7) — A [038,7) s (3,7) — S 555025
to
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IEC Ensemble statistics on the (y,y) space, normalization
e S of A, definition of stochastic action S[y,z;¢,,%), ...

(F) = [ [d] [ [dx] F [¢] Al x;to, ).
[ 1dy] [ [dx] A, x;to,t) =1,

A [w’ X; tOj t) — Noe_is[wax;t()at)
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T[ON
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=
I
T
=
_|_
N
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_|_
s
s
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=1-Alp1]+1-Alo] +1-Afys] =

o
=
=
3

CONF

This is simply the
ensemble average of “1”
over all possible
trajectories going from the
selected initial condition
to the selected final

Pwi_mpf (t(), t) — [dw] [dX] A [w, X] condition. Nothing
changes when functional

integrals are dealt with.

Y(to)=1i

Y (t)=1¢
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|£C In order to understand what goes on in a functional
. integral, go discrete:

P (fot) = lim (ﬂ ] [dwmn) (H / [dmn)w,x;to,t)
=1 k=0

N ——+0
At—0

Definition of a stochastic Lagrangian L, econding the whole statistical
dynamics:

A[watOJt):NO (to,t)exp —ZfL[Zb,T)dT

Pwi—ﬂpf (tO: t) — lim N() (to, t) e tNtD L[?J)l,to)*
N —4o00
At—0
N—1 _ |
i(t—tg) . i(t—tg) _ .
w( TI [1de ()] ) e Ll o= 7 05" Llv(mimn)
h=1

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
L'Aquila (Italy)




e o . o . CONSORZIO
IEC Finite length time- or space-correlation for noises @_-5@ INTERUNIVERSITARO. %ﬁi
LN can give rise to time- or space-non-local stochastic

Lagrangian densities, in a SFT

A [w7 X] — NOC [X, F] e_iso[w’X] _ Noe_iSO[X7F]€_7;SO[¢aX],

So 9, X f dr [ Pty (,9,x).,
The “silent Lagrangian density”

is time-local (in plasmas, it is

t also space-local), i.e. has no

Sc [, x] = f dr f dPxLc (¥, x), memory effects. Every non-
[ locality may come from the

\ noisy addendum S, in which

multiple time and point
S [@D, X] — SO Wa X] i SC [X; F] 3 correlations of noises enter.

Let’s try to convince the
audience of this fact...

t .
Sl = [ dr [ Pl (v,9.x)

£ (zmba x) = (w,zb,x) + Lo (¥, x)
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Iugcm; Calculation of S, (1/3):
3 3 &
Sc[x, ) =iln{e "’Sfﬂ)f,g, g5 = fto dr [d?zL;,,

def s 3 _ s
L:fag — _fI (3377—) X1 (CB,T) — [ (CC,T) RI [wax;Ta SC) 9

—

_ def Tl Tt o " [4sm.5,
RI W»X;T, ZU) — /dSy (FIJ Wﬁayaﬂf) XJ (yaT) -+ F(Sw!]w(ﬁ,f)y )

. | i
So b Titart) =il { 14 5 o (Sp [ 03t 6)") b

n—1 1mn!

In(1+2) =2~ Ja?+ o - Jat 40O (a7).

~+ 00 1
SO, I = 3

n—=1 in—1n!

<(Sf,g [faga X w])n>f,g
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IEC Calculation of S, (2/3):
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Calculation of S, up to the first
order in exp(S;,)-1, and up to the

second order in S;: this is not S(l) — /
necessarily an approximation, but C

just a dydactic truncation! t

ff\AB L R 5 - D L
@) @z )= (' @n) @)

<
i % = - _
(Qfg) 1 (.CE‘,ZE‘/,T, T/) — <fI (CB,T) gr (CL‘ 77_,)>f99’
\ ??’ (fa fla’ra 7_,) — <gf (fa T) gr (flaT/»f,g

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
L'Aquila (Italy)




IEC Calculation of S (3/3):
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£(Cl') (f? 7_) — _f({ (faT) XTI (f; T) — gor (f,’]’) RI [%X;T,f)%—

t
_%XI L, T /d’r’/d?’x’ (fo)IA (2, 7, 8, 7") xu (&, 7 )+
to

w

5
3B Woand) [dr [E2(@00),4 @) R [, 7) +
to

w
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THANK YOU FOR YOUR !
ATTENTION, SEE YOU |
TOMORROW... |

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
L'Aquila (Italy)




- PLAN OF THE LECTURES

LECTURE 2/2

» Application #1: stochastic field theory formulation of resistive MHD.
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© Author(s) 2008. This work is distributed under in Geo thSICS
the Creative Commons Aftribution 3.0 License.

Turning the resistive MHD into a stochastic field theory

M. Materassi! and G. Consolini’

Istituto dei Sistemi Complessi. Consiglio Nazionale delle Ricerche, 50019 Sesto Fiorentino (Firenze). Italy
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|£C MHD “field” equations of motion, with Sl o
s matter conservation and magnetic

divergencelessness already included

([ OB'=B/9;V'— B'9;VI —VI9;B" — €7%9; (CenJ") ,

' - - - . s &
{ OV =VO;V? — VIV + L Bpel™ — op
p p

Ol (B, 1) =AM [; @, 7) + f1 (&, 7)+

. (=o'

OUR AGENDA IS:

1. Recognizing those PDEs as a SFT; Y ( 7z, T) — ( g

2. Constructing the kernel A[V,B];

3. Giving a calculable example of A[V,B] X ( 7 T) _ (
?
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y —i def
def Jz
;A=
Qi det _O'p
\ P

0; B

GtVi —

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
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MHD as a set of Langevin field equations

1€] . .k h ° 3 °
— W 83‘ ( C e hJ ) : In order for them to mimic the granularity

of matter, possibly giving rise to out-of-the-
(local)-equilibrium fluctuations, noises are
chosen to depend on the electric current,
the matter density distribution and matter
pressure, J and p and p respectively

fB:Ea fVZG)

Resistive, compressible MHD is turned into
the following set of Langevin field equations:

Big;Vi — Bi9,VI — Vig,Bi + =,

Vié?jVj — Vﬂc’)jV@ —+ AjBk;EjM - X




| C Construct the stochastic action A[Q,IT,B,V;¢,,t), as the =y PER LA FISCA SPAZIALE oo
e product of a deterministic part and the noise factor C

AO [ﬁaﬁvéav;toat) ©

: A= N,CA
d:efexp(_z'so [ﬁ,ﬁ,é,vjaté,aﬁ;to,t))g < ’ ;

t
2 exp {—z/ dtfd%: (QiB'L' + 1LV + (B0;VI + VI0; Bt — BI9; V') Qi+
to

- @ — =

t
C { ,H,B,V;to,t) 2 <exp {z/ dt/d?’az 2 (Z, 1) (2, 7)+
to

+O8 (Z, 1) II; (Z,7) + €98 A, (Z,7) 11, (Z,7) By, (£,7)] })

(1l

A6
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|£C Get rid of the ancillary variables Q and II, provided
S G the noise statistics in the factor C is “kind enough”
to let you make the integrals...

A {E,V i ) =
= N, (to,t)/[dﬁ]/{d }

Noise statistics are
originated by the
statistics of p, p and J,
originated, in turn, by the \/
microscopic behaviour of i N =% o
pic C Q,H,B,V;to,t) . Q[:,A

plasma particles

(complex)

particle dynamics +— den[
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|£C Truncated Lagrangian density for the SMHD (1/2):

<fp>q =0, <fp>a =0, (pp)j,, =0

P 05D
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Truncated Lagrangian density for the SMHD (2/2):
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{ y
Er(llo)n_loc (Q,H,B,V) = —%Qi (@, T)tf dT’fd‘?’a?/( %E)” (&, 7.8 ,7") s (&, 7)) +
0
| ! o
—" AL far' [ (@F)Y @m @ T @) +
@) =0 :

2

t .
) —5 (Z,7) [ dr' [ &2’ (QF°)" (@, 7,7, 7) ; (&, 7) +
) to

QO
(1]
[1]
I
P SR ¥
QO
(1]
[1]
QO
<[1] o
[1]

. t 2
AL (@7) [ [ d (Q99) (@ m ) 1L (2. 7) +
to

S il
O

=l [O) =Rey
©)

@
S

O
<O @

¢ .
—ied*h L, (2, 7) [dr [ B2 (QFR)" ; (&, 7,%,7) Qu (&, 7") By (&, 7') +
to

¢ ,
—ied® L (2, 7) [dr [ d3a (Q‘@A)Z i (&7, &, 7)) Qu (&, 7') By (T, 7') +

to

. o % t
—%ewmejhkﬂg (. 7). By (&) | &’ fd3x’ (Q‘A/A)ij (o & ) Dl ) B (357 )
to
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|£C Gaussian toy model of stochastic MHD: the noises are
s delta-correlated Gaussian processes depending on
position and time

* (Not trivially, but still) Calculable stochastic Lagrangian density

A [E, V:to. t) = Ny (to,t) o~ g dr [ d*zL|B,V,0,B,0,V;r)

( : .. : : ; def —
=) — B - Bo;VI — Vo, B + Bioyv € o (B, V)
’ ! ’ & Some useful
, , , o definitions, just
$ O — B Ay — VI = VIV 4 Vig; v ol (B,V), to shorten

writing L

(16")" + (az")" Mue™ BBy, = Gy (B)

—

T [é, V.8,B. atﬁ;T) — Lo [B, V.8,B. 8t17;7) 4

Lisia = —i In <\/ z@jAH> —1 {aggomgpgj + (ggi)” gowgpvj} . A=uln (6437r3\ /det ‘ aiEj >
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o PLAN OF THE LECTURES

LECTURE 2/2

e Application #1: stochastic field theory formulation of resistive MHD.

e Application #2: stochastic tetrad dynamics for turbulent MHD
plasmas.
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Lagrangian tetrad dynamics and the phenomenology of turbulence

Michael Chertkov
Department of Physics, Princefon University, Princeton, New Jarsey 08544
and Bell Labs, Lucent Technelogies, 700 Mountain Ave, Murray Hill, New Jersey 07974

Alain Pumir
INLN, 1361 route des Lucioles, F-06360, Valbonne, France

Boris I. Shraiman®
Bell Labs, Lucent Technologies, 700 Mountain Ave, Murray Hill, New Jersey 07974

iReceived 23 September 1998; accepted 21 Apnl 1900}

J. Plasma Phys. (2015), vol. 81, 495810602 (@ Cambridge University Press 2015
doi:10.1017/80022377815001105

The stochastic tetrad magneto-hydrodynamics
via functional formalism

Massimo Materassi''t and Giuseppe Consolini’

stituto dei Sistemi Complessi, CNR, via Madonna del Piano 10, Sesto Fiorentino (Fi). Italy
2INAF-Istituto di Astrofisica e Planetologia Spaziali, via del Fosso del Cavaliere 100, 00133 Roma, ltaly

(Received 20 April 2015; revised 4 September 2015; accepted 7 September 2015)

“Complexity and Turbulence in Space Plasmas”, 18-22 September 2017,
L'Aquila (Italy)




— /3 PER LA FISICA SPAZIALE | 1 sovousmcencar

. [wbatlonce 15,

Istituto dei Sistemi Complessi

e Erratic behaviour of fluid dynamic proxies, highly irregular and
unpredictable;

* Noise... Langevin equations... Functional formalism...

* Big role palyed by granularity of matter, in general: important role
of the material nature of fluids (and plasmas);

 Use material description of the plasma instead of the local one, i.e.
go Lagrangian instead of Eulerian;

 Important multi-scale coupling, with cascades, eddy fragmentation
and/or coalescence.

» Define scale-specific dynamical variables, so that their coupling will
be the inter-scale coupling.
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[SORZIO
|£C Representing the evolution of the material AFSICA SPATALE o
e parcel of plasma

Once a reference point in the parcel is considered (e.g.,
sensibly the center-of-mass of the parcel), its “shape” is
described by the position of three more material points.

Those three evolving relative positions form the tetrad
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A=80V, Z=98%B,

Fluid
"infinitesimal"
parcel

TI'(A):AZZ:O, TI'(Z):ij:O,

Vi (7)

Vi (5) + 8,V (5) 517 + ...,

B (%) = B <5) +8,B <5) oxd 4 ...

Y \

Consider the relative velocity of the I-th point x; with respect to the
reference &: as long as the parcel is “infinitesimal” one can be happy with a
linear approximation...

5> 5 2 d ﬁ
pr = Ep —&; cftf —pIA ‘+o(pr), pr=|0Z

As the size of the parcel must play the role of physical scale, ONE
NEEDS TO WORK WITH FINITE SIZE PARCELS
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Stochastic tetrad assumption: the d/OZI
difference of material velocities —
between two points of the fluid p-apart dt
from each other exceeds a purely p-

linear approximation of a stochastic i\
process, the average of which is o(p) <uI > T (p V] )

pIM @_i_ufa

( gI __ (i1 — uj Tetrad matrix variables:
Pr i p represents the tetrad
configuration variables,

_ M is the coarse grained
) 0 = QT - M + U, velocity gradient, while
IT is the tetrad shape

tensor

IQ'KJT

il
A 9 Il = 2 95 3
\ T (k- KT) H(z’,j,k) —1
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The Lagrangian (material) dynamics of the incompressible,
visco-resistive plasma is the starting point:

o | A BN D
Vi=_—8'B? + -Bi9;B" — -0'p+ ~9;0Y,
2p P p p

{ B'=Bij;V'+ (3B,

y - N .
il = [77 (W(smﬂ Fgnigmi gawmn> L 5mn] 8,,V,, & yigmn 4
\
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f
. r(E%)|1 =-Z
2_ 2 o — S —
A+ A Tr(A) 2 3 . H,
Z+[Z,Al=6
\ E=2Z-Z7,

1 =2 ]. B2 1—» —
'H:%WA—;(a®a—ﬂ¥>GH~—>+;B¢M,

©=(92Z+ B -9A

e Hand O are gradients of gradients, i.e. have stronger irregularities than
A and Z: those will become noises
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From infintiesimal parcels to tetrads: passing from
A and Z to M and W, i.e. coarse graining of the

( S il
o=0"-M+U, Lagrangian variable ODEs of incompressible,
resistive MHD

=2 = .
¢ M+ M?— Tr(M?)—M IT— = W:H,
2p p

W + W, M] =

\

* Noise H for the ODE of M: save incompressiblity, behave correctly with
respect to the K41 turbulence theory, do this all in the minimal way...

* Noise O for the ODE of W: do the same! ©

(

H:h+OZV M2— TI’(M2)—T P
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{ M= (ay—1)¢ M? - |Tr (M?) -

. W =(ap—1)[W,M]+06
 Langevin Equations for Tetrad MHD show purely additive noises (U, h,0).

* These are the same type of ODEs of finite dimensional SDS with pure
additive noises, as Phythian’s:

v =AW)+ f
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All the noises are
supposed
Gaussian
distributed and
delta-correlated
in time: this will
allow directly for
the formulation
of the stochastic
kernel in terms
of physical
variables.

Moreover, their
average will be
assumed to be
zero, coherently
with the
assumption to be
an o-micron of
the tetrad size
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( (w () (7)) = 2@ (1) o (r =7,

<hi~7 () Jen (T’)> — BRukk ()8 (r — 7)),

<9ij (T) Gk" (T’)> = RUOWEEN L (o — 7).,

pW Y, =2vM {C//mpj +C) (pzc?”éu —~ pip?}ﬂ ,

yi(h)abed _ QCh <5ad5bc . 15@b60d> |
p? 3

2 1
Y (0)abed _ pCQ (5ad5bc . §5ab50d> F?2 =Ty (FTF)




L"ﬁ EI‘?E?}%SWARIO
|£C Stochastic Tetrad MHD (2/4) G [t %

0 Tetrad dynamical variables are the elements of the
b=| M configuration matrix p, of the coarse-grained traceless
W V-gradient M and of the coarse-grained traceless B-
gradient W.

f 3 Wy 4 L ms(r =) (1 (=8 @) (P () =16 ()

Q(f(r)) = J/det(2nz) ;

/ _ /
<fa (T) i (T )>f — R () (T —=7"), The purely additive,
< Gaussian, delta-correlated
o i o noise in an SDS yields an
Clx| = <€Z Jip 47X () £5(7) >f ; “easy” calculation of the C

factor for the stochastic
kernel Aly,1]

| Oy = e? fio (2L x-X" T x)
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|£C Stochastic Tetrad MHD (3/4)
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Alo, M, W;tg,t) = No (o, t) e 150V, Wit 1)

2p2V M?

dT{Tr[(QQT.M)T. <C/‘/1T+CL(I—"“))-(Q—QT'M)L

. ot
S[QaM7W7t07t) :_%/
t

+% M—(%—l)[MZ—(M2—§—Z>H(p)—5'p ] 2+
209HW O‘B_l)[WMJHz—N —1)TI‘(H(p)-M)}

\FI? =Tx (FTF), rlf = plpl, IL = 6a6"
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(QfJMfJWf)

Popi—sape (B0, 1) = [do| [dM] [dW]| Ao, M, W;1to,1)
(0i,M;,Wi)

Conditioning the
average <1>, , y on
different integration
domains one may
calculate the
transition probabilities
between different
initial-final condition
combinations (scale
transitions, magnetic
topology transitions
etc...)

Note: plasma is
infintiely many
tetrads!
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15C PLAN OF THE LECTURES

LECTURE 2/2

e Application #1 (2/2): stochastic field theory formulation of resistive
MHD.

e Application #2: stochastic tetrad dynamics for turbulent MHD
plasmas.

 Concluding remarks: invitation to curiosity.
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|£C Invitation to curiosity (1/2): o %ﬁi
s s fractal 2d reconnection (II/III)

— The ratio between

N 2 B the incoming and n
1 3 | / 1 outgoing plasma M —
\ ¥ / / velocity may be Vout

oy
;
!
=

calculated via the
reconnected-mass
conservation.

— /Vm (y) dDOut /LLIy
I,

Let the Hurst
dimensions of the
reconnected in-
and out-front be
D,, and D, , both

out?

in (0,1)
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Invitation to curiosity (1/2):
fractal 2d reconnection (III/III)
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Dimensionally
isotropic scenario: 1
def
D(Jut — Din — D
. =0
MSP (Rm) — T
Rin
) B T
Mp (Rom) = 8InR,, 0.01
1 “ |
MFRJW ('R"m.-v D) — — 100 103 106 109 1012 1015 1018
Rm"™ Magnetic Reynolds' number R,,

Materassi, M., Consolini, G., "Magnetic reconnection rate in space plas-

mas: a fractal approach”, (2007) Physical Review Letters, 99 (17), art
no. 175002.
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|£C Invitation to curiosity (2/2): metriplectic dynamics
s in dissipative plasmas (I/III)

“Dissipation” making the system relax is
represented by the collisional integral

/ —
Z = \Ir,V
( 4 ) 1 Boltzmann equations with collisions:

o0 f —@a of +0:0 (& f]- D))

EeAE 0
| G [z (B s ) - L)

?

-

6 (@, f] = / 02 f () V (7).,

| WY =W WY (2,2)=w" (¢,2), (v;—v)w? =0
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in dissipative plasmas (II/III)

w (z,2') =0

P . In the non-collisional limit
8tf = = aff g afﬁb (377 f] ' aﬁfa the system becomes
Hamiltonian:
1 R
) HIf=3 [df @) [+ 0@ 1],

(a3 = fa=|o (5705) o (5705) ~2 (570m) 2 (570

[ Oif (th) — {f (Zat)vH[f]}

' S[fJ:—[dzf<z)lnf<z>,
[S,AV=0 V A4
. S=0
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in the non-collisional limit:
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|£C Invitation to curiosity (2/2): metriplectic dynamics =) PR LA FISCA SAALE o
e in collisional plasmas (III/III)

(f(2),9(2)) ={F(2),9(2)} +(f(2),9(2)),

(
In the presence of
collision the system is

(H,A)=0, {S5,A4}=0, (A,A)>0 V A, metriplectic and
¢ complete, i.e. has a
Flfl=HI[f]+aS[f], H=0, S>0, generalized bracket

taking into account of
dissipation, that
| 9 (2) = (F (), F D) produces collisions

(Alf], Blf]) =

- [ [t # (ge) - # (@) [+ (Fe) -+ (F@)]

It is right Shannon entropy of the distribution fthat generates the
dissipative component of the motion (i.e. the collisional integral):

o (£, 1f]) = 2 [ dei (2, 2) [8f (Z)f<z'>—8f—(z')f<z>]

T vt ovJ ov'J
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IeC GENERAL CONCLUSION/SUGGESTION:
BE(E) CURIOUS!
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