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Dusan Jovanovic¢: Electron scale magnetic structures in solar wind and near-Earth plasmas

Introduction

» Solar wind & magnetosheath downstream of a quasi-perpendicular
bow shock

~ Instabilities (linear Vlasov theory, homogeneous plasma T, > T)).
> For B = 2p/c?¢yB? < 1 - instability of Alfven ion cyclotron waves
» For > 5 - mirror mode instability

~ Energy transfer to time-growing waves reduces anisotropy T, /T,

» Turbulent spectrum established by energy distribution among
unstable and other linear modes, as well as with plasma particles,
by wave-wave and wave-particle interactions.

» Creation of (meta)stable coherent structures in the plasma, which
may scatter and/or trap (turbulent) radiation - affects the spectrum

» Spectral shapes over broad range established (Alexandrova et al)

» Two distinct power laws separated by a "knee" observed, somewhat
different from typical Kolmogorov turbulence of 3-D incompressible

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Spectral characteristics (power spectral density ) of magnetic field fluctuations
measured by POLAR mission during 4 min from 1702:20 UT, 31 March 2001.
Total (thick solid line), Sx (solid line), Sy (dashed line), Sz (dashed-dotted)

O. Alexandrova et al, JGR, 111, A12208 (2006)
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Spectral characteristics (power spectral density) of magnetic field fluctuations and density
fluctuations measured by Magnetospheric Multiscale (MMS) Mission, Chen et al., PRL (2013)

At very large scales Alfvenic fluctuations do not dissipate via simple linear processes.
However, at kinetic scales, they can interact with particles leading to energy transfer from

the waves into the particles.
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Kolmogorov spectrum emerges on the intermediate spatial scale
(inertial range), if the energy injection scale is sufficiently far from
the dissipation scale. Spectrum is independent on both the energy
Injection and the energy dissipation mechanisms.

At the edges of the inertial range, turbulent spectrum influenced by
Intermittency. The latter results from the presence of coherent
structures, in the form of filaments of vorticity.

The observed two-power-laws’ spectrum of magnetic fluctuations in
the magnetosheath features a "knee", close to Q.

Above (), the spectrum has a steeper power law k™S with 2< s <4
Spectral steepening due to dissipation?
Or another turbulent cascade? (in compressible Hall MHD model)

In this range, intermittency increases toward small scales, similarly
to what happens in the Kolmogorov’s inertial range.

The observed intermittency was related with coherent structures.

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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» Alfven current filaments were documented in the magnetosheath,
downstream of quasi-perpendicular bow shock

» They were interpreted as a sort of torsional Alfven vortices.

> When the ratio of the plasma thermodynamic and magnetic
pressures is not very large, 8 < 1, Alfvenic vortices larger than the
lon length are described by the standard Strauss’s equations of
reduced MHD (magnetohydrodynamic)

> It was proposed (O. Alexandrova et al) that these were created in
the filamentation of nonlinear slab-like structures created in the
saturation of unstable Alfven ion cyclotron waves.

» The location of the dissipation range of the solar wind and the
magnetosheath turbulence still remains elusive.

» The particle collisions can not provide the dissipations - the mean
free path comparable with the Sun-Earth distance.

> In contrast to neutral fluids, in magnetized plasma there is a number
of characteristic (microscopic) space and temporal scales, related
with the electron dynamics.

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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» The question is: what happens to turbulent magnetic fluctuations
observed at spatial scales around the ion inertial length c/w,; and at
time scales around the ion cyclotron frequency Q., when their energy
has cascaded towards electron scales?

» The satellite observations on the electron scales (electron inertia
length d, and the Debye length A,,) crucial to answer this question.

» Recently, high precision measurements in the solar wind and
magnetosheath of the turbulent spectra performed on such small
scales by the MMS (Magnetospheric MultiScale) mission.

~ However, no direct observational evidence yet for the dissipation of
the turbulent fluctuations. The association of the high frequency range
with the dissipation range remains just a hypothesis.

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Vortices

» Vortices are a major component of turbulent flow, most notably of
Incompressible flows.

> In the absence of external forces, viscous friction and/or turbulent
dissipation within the fluid tends to organize the flow into a collection

of vortices, possibly superimposed to larger-scale flows, including
larger-scale vortices.

> Dual cascade in turbulence

» Energy flows toward large wavenumbers, enstrophy toward small —
tendency towards self-organization?

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Lamb dipole

» dipolar vortex, continuous vorticity distribution in a circular region
» moves along a straight line, constant velocity, no change of form.

» stationary solution of 2-d vorticity equation (Navier-Stokes equation)
when there are no viscous effects and the domain is infinite.

» Viscous effects spread the vorticity over a larger area, the strength and
the velocity of the dipole decrease; motion remains along straight line

» Monopoles are unstable. Chaplygin's quasimonopole: small dipole with
a superimposed monopole; very stable, distroyed by compressibility.

=
o

T

Streamlines in the moving frame vorticity
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More about vortices

Rotating shallow fluid (Rossby), Charney-Hasegawa-Mima equation
Drift waves in plasma, CHM equation

Shear-Alfven (low 3 plasma) two coupled eguations

Reduced MHD (Strauss’ equation), full MHD (magnetosonic mode)
Electron-MHD

Flute mode, blobs in tokamak edge, ....

Interact with high-frequency waves (upper hybrid, lower hybrid, ..)
Interact with particles (Landau damping, particle trapping)

For all the vortex equations, in the stationary case it is possible to
find a sufficient number of integrals of motion.

Y V V V V VYV V VYV V
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Self-organization of Lamb vortices
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H. L. PECSELI, J. JUUL RASMUSSEN and K. THOMSEN
Plasma Physics and Controlled Fusion, 27, 837-846 (1985)
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Merging of two externally injected monopoles and
the emergence of a third vortex with opposite polarity
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FiG. 3—Temporal evolution of two interacting cells measured at different times t after the
turn-on of the exciters. The pulse durations were 15 us, amplitudes 1 V. The potential
difference between two adjacent contours is 4 mV. The first positive contour is at 2 mV.
Negative potential regions are denoted by shading. The dashed circle shows the projection
of the hot plate.
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Does the nature prefer monopoles or dipoles?
Lamb Vortex creation by a jet flow

)

http://bugman123.com/FluidMotion/LeapFrog2.m1lv
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Stability of Rossby monopolar vortices

vortex in an irrotational annular shear flow

Gert Jan van Heijst, Ruben Trieling and Theo Schep,
Eindhowen University of Technology

Ca] W g © ) .
. ) http://web.phys.tue.nl/nl/de faculteit/capaciteitsgroepen/transportfysica/fluid_dynamics _lab/research/vortex
vortex in a strain flow dyﬁamicslp % L p groep portfy _dy D :
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Stability of Rossby dipolar vortices

G. J. van Heijst, R. Trieling and T. Schep,Eindhowen University of Technology

http://web.phys.tue.nl/nl/de_faculteit/capaciteitsgroepen/transportfysica/fluid_dynamics_lab
/research/vortex_dynamics/

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023

12



Dusan Jovanovic: Electron scale magnetic structures in solar wind and near-Earth plasmas

Rossby dipole + KdV scalar nonlinearity

GertJan van Heijst, Ruben Trieling
and Theo Schep,
Eindhowen University of Technology

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Dipoles survive collisions (Rossby)

Time: (LN  sec

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023

14



Dusan Jovanovic¢: Electron scale magnetic structures in solar wind and near-Earth plasmas

Tripolar vortices (rotating or imbedded in shear flow)

Pime: UL sec

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Electron-scale vortices

» Shear-Alfven dipolar vortices: MHD temporal scale, d/dt « Q;,
electron inertial spatial scale, (c/w,.)VL ~ 1. (Jovanovic et al 1984)

» A pair of weakly charged filaments carrying counterstreaming
currents and slightly tilted relative to the background magnetic field

» Localized torsion of the magnetic field and E x B plasma drift flow
» Existonly in low- 8 plasmas, 8 < m/m..
» Lots of work done, in the context of fast colisionless reconnection.

» In alarge-B plasma of the solar wind and magnetosheath, the
nonlinear self organization and the resulting intermittency on the
electron scale comes mostly from the short-wavelength nonlinear
processes with a higher-than-MHD-frequency.

» Itis necessary to study the self-organization in the form of vortices
on a faster temporal scale Q, > % > ();

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Electron magneto-hydrodynamic, EMHD

» Regime with immobile ions and drifting electrons:
d .
max(.Qi,a)pi) K=K mm(ﬂewpe), Vi > wyi/c

» In the original derivation of EMHD equations, electrons were
assumed to have a zero temperature and the electron fluid was
regarded as essentially incompressible.

» This permitted a simple mathematical description, obliquely
propagating whistlers are the only linear eigenmode.

» Whistler waves and the associated electron dynamics critical to
many aspects of astrophysical plasmas, such as the structure of
collisionless quasi-perpendicular shocks, to our understanding of
magnetic reconnection, dissipation, and heating processes in the
solar wind, of the anomalous diffusion of field in plasma, and others.

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Mathematical model for large 21

» Electron continuity + momentum eqg. + eq. of state + Ampere’s law
» Larmor radius terms via Braginski stress tensor
> Anisotropic electron temperature

10 15 g 0 BBl 5.V
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Cold plasma limit, B<<1

)
é-l—(e_-XVlB:)-Vw(l—Vz)B:(e:XVLA__).V(lV%)A:_O

d

f(t) - arbitrary function of t used e.g. to describe an externally

2 —
E +(e.XV,B.)-V, ] (1-V il )A.= f(1) applied, spatially uniform electric field along z.

Moving 2-d solution, tilted to z-axes, ~ 8/dt = —u,d/dy = — u, %
(1—V)A4.=F(B.—ux),

V2 dF(B.—ux) B ‘
(l_ L)B_—+A; d(B_.—ux) —Q(B:—u,x)

/ and Garbitrary functions.
Ansatz than produces dipoles (better than Larichev-Reznik’s):

/ and G part-by-part linear — equation that separates variables in
cylindrical variables:

(Vi +k?)(Vi+k3)(B, +vx) =0
k, ,k, , and v have different values inside and outside vortex core

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023 19
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Dipole, tripole, vortex chain in cold EMHD
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FIG. 1. Dipolar vortex. Contour plots of the parallel magnetic field pertur-
bation §B. (a) and the z-component of the vector potential 4. (b) are shown.
Vortex parameters are rg=1.5, u=1. x§= —0.998 (=x;=2.70359) and
the scale length of the magnetic field is L. =10.

FIG. 3. Tripole. Perturbations of the parallel magnetic field 8B, (a) and the
z-component of the vector potential 84, (b) are plotted for the plasma pa-
rameters L,=—1. L,=0.8. The core radius is adopted to be 7,=6.

D. Jovanovic & F. Pegoraro, Phys. Plasmas, 7, 889 (2000)

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023

This may be the saturated state

of magnetic reconnection !!
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FIG. 2. Vortex chain. Perturbations of the parallel magnetic field 5B’ (a)
and of the z-component of the vector potential 84" (b). defined in Eq. (24),
are plotted. The chain wavelength is adopted to be 27 and the plasma
parameter is a=7.
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Dipoles in warm EMHD, B21

~ Moving 2-d solution, tilted to z-axes, d/dt = —u,, 0/dy = —u,d/0z
» combine into a single equation (complex)

2
€, x V1 (4, —2)] - V3 {dgvjAz —iR [dg (%v‘j + 1) B - m] }

2
:{@xVﬂRqu_%%)B_ﬁ}wu{ﬁvpg_m%gCgvi+pf§)g_4},

2w

b=

R=+

(2 _Beu ‘l‘ﬁel)_

kfi”vTeJ_
~ Secular terms give the linear dispersion relation w = ck,, Q. /w,, Where

RQPJQLe B ng _
predz (14 1?)

m@:@ﬁ+

» In the presence of temperature and density gradients, dispersion
relation for whistler and electron gradient waves is modified to

> w/Qe = (cky/20ye)(A £ 1 -4 L,/L,)
which yields the ETG linear instability.

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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» For =1 cannot be integrated to obtain nonlinear characteristics.
» Seek a particular solution — introduce the following ansatz:

ng—:c—C[dg (1—%)5’—:3] =F (A, —x)

» now the nonlinear equation becomes integrable, yielding

2
dgviAz_iR{dg ";e ViBJrC[dg (1_ﬁ;i)3—:c]}=g{Az—:c—iR [dg (1—53)3—33”,

> Wwe obtain a standard dipole (strongly localized!)

. . . . L b —
A (r,p) = cosp [a™ Ty (kyr) — (@™ —1)r], B"™(r,p) = cos¢p [QmamJl (kyr) — 32((2 — 51) ;]

4

AT (r, ) = cosp a®™ Ky (kr), B (r,¢) = cosp Q"""a”" K, (kr)

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023 “ o sy
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» Due to the use of the ansatz, this is not a general solution. It is
obtained only for

W c || 1 R2p7 . — 2d> 2
— (2 _ 56 ) 2 _ ﬁe + Be 2 HJQ _ Le e - Qout _
key  2wpe | ) ” ) piedz (1+ R?) Pt
» The nonlinear dispersion relation of the dipole mode
g LB G
J{ (kl?“o) : Ki (m’o) - k2 d2 9 — 6 Fin
aank r _ aan ‘I‘ 1 — K7 1 e €l
=7 (kiro) 'K, (k7o) Qo — 2
dg (2 _ /8€J_) '

~ The dipole exists if: B, /el < (1 —B.1/2) <1,forp,; <2 or

ﬁe||/ﬁel<(dg/9%e)(2 - ﬁe_l_) for :BeJ_> £

» It corresponds to the second mode in the dispersion relation, with
ky #+ 0, which is not the whistler mode.

» Conversely, in cold plasma, the dipoles were constructed for the
k., = 0, which is the oblique whistler mode.

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Gyrokinetic structures in EMHD plasmas

» Magnetized electron holes in collisionless plasmas, analyzed in

connection with the satellite measurements
Ergun et al, GRL 25 2041 (1998); Mozer et al, Phys. Rev. Lett. 79 1281 (1997).

» In laboratory plasmas, multi-dimensional PIC and Vlasov numerical
simulations of the interaction of ultra-short ultra-intense laser pulse
with underdense plasmas have shown the existence of coherent
magnetic vortices and relativistic solitary waves

Bulanov et al Phys. Rev. Lett. (1996), (1997), (2001).

» 2-D PIC simulations showed that a bipolar magnetic field
perpendicular to the simulation plane is created in the wake of the
relativistically intense ultra short laser pulse.

» Fast propagating electron phase-space holes associated with
significant localized magnetic perturbations observed by the MMS
mission during its transition from magnetospheric lobe to plasma

sheet boundary layer near the flank region

Fan Yang et al. JGR Space Physics, 128, e2022JA031172 (2023) (observations)
D. Jovanovic et al. JGR Space Physics, 107, 1-6 (2002) (drift-kinetic theory)

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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MMS observations of magnetized

electron holes when [<<1
Fan Yang et al. JGR, 128, e2022JA031172 (2023)

Three example electron holes, measured by all four MMS
spacecrafts on 09/27/2016 UTC.
(g-i) Electric field components

(j-1) magnetic perturbation components

Apparent ellipsoidal shape of the structures:
- unipolar perpendicular and bipolar parallel electric field.
-unipolar compressional and bipolar torsional magnetic

field perturbation

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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2-d Gyrokinetic description 321,

) ) :
> |In a strictly 2-d regime — > =7, =0, and using small parameters
VA

epy © (V¥ S B _ 2/3
)"~ () ~log L~ log £ ~ ()%~ ¢

» Integrating the Vlasov equation for the gyroangle, we obtain the
following gyrokinetic equation

d vafy d B V?%¢
Lo 2L (g 2 —0
a1 2%, dr( ¢, " B2,

> In the stationary case, we have the following conservation laws

, _
Mev e "o

W= — — = constant, ¢
2r T b= eulB

— constant

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Gyrokinetic cont'd

» The curl of the electron momentum equation + the electron continuity:

1 3 B B n 1 n
— 4 (e.xv—).-V||[(Q-ad’V)———|= e-(V XVP)
[dgge,o o T (ez x BO) ][( V) By ng} 222, men? -0
» Integrate in the stationary/travelling case:
B n ux B ux
d;V—+ — — =1+F(— - ,
€ , BO dee’D

» Wwhere the electron density is: én=n e 0

8_n v% V2 ed

no - ‘Qe2,0 T
— Y(lbo)[S(p —16b —a(5¢p — l(Sb)%]

> The last term is the density of trapped particles. Y (I b,) is the incomplete
gamma function.
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~ Linear dispersion relation in the presence of a zero-order flow
Vo (x) =(c*€9/noe)(d/dx) Byo(x)

dzv”(x)
dZ[vo(x) — M]
(17)
» Assume a parabolic profile of B,,(x) = Kelvin-Helmholtz instability
» In the nonlinear slab case, large amplitude stationary magnetic field
perturbation creates a “waveguide” inside which a new “(quasi)linear
mode” can propagate, that has the form of a vortex chain.

This is the fillamentation of magnetic field,

[VZ—k*(0)]VB =0, Kk*(x)=

1,351 NOT the magnetic reconnection !!
10
1.32 —
1,301 : 1.28—]
B X O-M
[ 1.28
1,254 —1.32
: : : -10 . .
-30 0 30 0 10 20
X Y
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‘7/

‘7/

‘7/

‘7/

‘7/

Conclusions

We have derived nonlinear model equations that describe the plasma
behavior and its turbulence at small length scales and relatively short
time scales, i.e. on the electron spatial scale and with the characteristic
frequency betwen the electron and ion gyrofrequencies.

The corresponding linear mode is the obliquely propagating whistler.

In the quasiperpendicular shock, the turbulence of the finite- § plasma
IS enhanced due to temperature anisotropy.

While it has been known that the energy Is cascading towards the
electron scales, the properties of the high- and moderate-f3 plasma
turbulence at the electron scale and the physical nature of the energy
sink at such scales have not yet been fully clarified.

We have constructed a coherent, nonlinear dipole vortex, associated
with obliquely propagating whistlers in the moderate  (B<1) plasma of
the magnetosheath, with an anisotropic temperature

Electron trapping by electric field or mirror force - new mechanism for the
self-organization in EMHD. Analytic 2-d solutions known in laser-plasmas.

» More work needed for interplanetary plasma. 3-d gyrokinetic theory for 3>17

3rd Conference on Nonlinearity, SANN Belgrade, 4-8 September 2023
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Thank you for your attention!!
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