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Dusan Jovanovic: Electron phase-space holes in the Earth’s rmagnstosphere

Introduction

> Coherent nonlinear structures (electrostatic solitary waves,
ESWs) = spatially localized regions with finite electric
charges = ubiquitous in Earth's magnetosphere.

» Characteristic signatures = bipolar pulses of the electric field
parallel to the magnetic field line documented by many
satellite missions in the near-Earth plasma regions that are
subject to various linear instabilities due to

> Strong particle beams
Sharp boundaries

> Thin current sheets (also susceptible to filametaton/magnetic
reconnection).

\ 7

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy



Dusan Jovanovi¢: Electron phase-space holes in the Earth’s magnetosphere

POLAR data from the auroral region:
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FIG. 1. Electric fleld measurements i a magnetic field
aligned coordinate system in the auroral acceleration region
illustrating small and large amplitude solitary waves and
double layers during the 0.6 s interval after 1025:04.9 UT on
10 July 1996.
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F. S. Mozer et al.,
Phys. Rev. Lett. 79, 1281 (1997)
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POLAR data from the auroral region:
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FIG. 2. Electric and magnetic field measurements in a mag-

netic field aligned coordinate system in the auroral acceleration
region illustrating spikelike time domain structures 1 the fields

during the 0.3 s after 1024:44.6 UT on 10 July 1996.
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FIG. 3. Electric and magnetic field measurements in a

magnetic field aligned coordinate system in the auroral accel-

eration region illustrating faster spikelike time domain struc-
tures 1 the fields during the 30 ms after 0232:52 690 UT on
29 March 1997.
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FAST data from the auroral region

o0 : B

E 100+ I{ﬂ.ﬂ-:‘ 1 L_- jl E-"

E -1001 § | Dipole
=200 = _ . ]

T Tef v 1B
T by VT Y e
-200F - N -

BOO — —

e B L)
_— o L e MJMHW 4m
E _a4o0f - Dipole

—BOO
10
sl  (dd) B,
= : W’H%HWHWWWFMM gzs;:]‘ch
—10L
0 1 z 3 4 5

Time (ms)

FIG. 1. (a) The electric field parallel to By, (k) The electric
field perpendicular to By (AF ) and in the spin plane of the
satellite. This signal. measured by a 56 m dipole antenna.
appears attenuated, indicating that the stmcture size may have
been <<112 m. (c) AE, along the spin axis of the satellite.
(d) A perturbation magnetic field perpendicular to By (AR ).
:'L.El was filtered to a pass band (3—16 kHz) to expose the
weal signals and therefore may not appear unipeolar in this
figure. -:ﬁa:l—txcld) An expandad view of the above data.
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R. E. Ergun et al.,
Phys. Rev. Lett. 81, 826 (1998)
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POLAR data from the sub-solar magnetopause:
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Figure 3. Plasma density and the three components of the
electric field measured during a 300 msec interval on the
Polar spacecraft as it passed through the density decrease F S Mozer et al.

from the magnetosheath to the magnetosphere. ?f"f%?@??déf“‘
[note: Geocentric Solar Ecliptic (GSE) coordinates] ! EUE
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Properties of ESWs:

ESWSs propagate along the magnetic field lines at 250-2500 km/s, comrarable to v,
and to the speed of the electron beams.

The amplitude is usually less than the electron thermal energy, e® < T,

The duration longer than the electron gyroperiod, from slightly shorter than the
gyroperiod of H* ions to slightly longer than theelectron plasma period.

They appear either isolated, or in a wavetrain organized near the ion-cyclotron or
lower-hybrid frequency (Ergun et al., 1998).

Sometimes strictly one-dimensional along the magnetic field [in the deep
magnetotail (Matsumoto et al., 1994; Kojima et al., 1999)].

Often finite perpendicular size, larger than parallel size [close to bow shock (Cattell
et al., 2003), in low-altitude acceleration region (Ergun et al., 1998)]

Sometimes perpendicular size comparable, or shorter than the parallel size [in
high-altitude auroral region (Mozer et al., 1997)].

Strictly perpendicular signals in the magnetopause (Mozer et al., 2004).

Discrepancies can not be attributed only to geometric factors (e. g. pancake
structures traversed at the centre or at the edge).

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 7
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View of the Earth’s magnetosphere:
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ESWs appear at sharp boundaries and within current sheets
» Magnetopause

» Magnetotall

» Auroral region

» Bow shock

» Plasmasheet boudary
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Magnetic reconnection:
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View of the Earth’s magnetosphere:
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Magnetic explosions in the magnetotail:

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Collisionless reconnection = parallel electron beams
(Cu rrents): Del Sarto et al. Phys. Rev. Lett., 91:235001-1-4 (2004)

Fig. 1. Contour plots of the current densiiy J at different tmmes, The top-lefi panel corresponds to the equilibriuom 4, while the bottom-nghi pancl
correapomnds Lo the inal simulabon time. Mote that our simulations reveal the aross shape sirocture, centred at the X-point in {0, <47), tor the current
channel

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Fast econnection = parallel electron beams =
secondary instabilties

> In a system with anti-parallel magnetic fields
secondary instabilities play only a minor role
current layer near x-line is completely stable
strong coupling to lower hybrid waves

» resulting electron scattering produces strong anomalous
resistivity and electron heating

» Strong secondary instabilities in systems with a
guide field

strong electron streaming near x-line and along
separatrices leads to Buneman instability and evolves into

nonlinear state with strong localized electric fields
produced by “electron-holes”

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Trapping = saturation for various beam-plasma instabilities (two-
stream, bump-on-tail, Buneman):

WAVE POTENTIAL

,-.: - S r )] . = Y. Omura, T. Umeda, and H. Matsumoto
E Proceedings of ISSS-6 (2001): 14 ¢
Copernicus Gesellschaft 2001

Fig. 1. Schematic illustration of particle rapping 1n a wave potential

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Two-stream instability of Langmuir waves:

Meers Oppenheim,

Dept. of Astronomy & Center for Space
Physics Boston University

http://octavius.bu.edu/~meerso/

X

> Two-stream instability = two electron holes = merge into one.

> Two counter streaming electron distributions go unstable, form electron
holes. As the holes merge, smaller holes are spun off. These small structures
disintegrate after a few encounters with the large electron hole. This final hole
remains stable for thousands of plasma periods.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 15
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Interaction btw. Langmuir e-holes and ES whistlers:

Meers Oppenheim,
Dept. of Astronomy & Center for Space Physics Boston University
http://octavius.bu.edu/~meerso/

> Horizontal axis is parallel to the magnetic field, the vertical is perpendicular.

> The pairs of dark, mostly vertical lines result from the bipolar electric field energy of
electron phase-space tubes.

> The horizontal lines which develop later in time show the electrostatic-whistler
waves which disrupt the tubes.

» Same role may be played also by lower hybrid waves.

> The final state contains primarily whistler wave energy but also some long live
electron holes which appear as doughnuts of E-field energy.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 16
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Interaction between Langmuir electron holes and lower
hybrid waves:

E J. F. Drake et. al.
[ Science, 299, 873 (2003)

» E, remains in phase with the hole

» A nonlinear, current-driven lower hybrid wave

» Controls transverse structure kII <<k,

» E, takes the form of a wake, more nonlocal than EII in the direction of B

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 17
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Lower-hybrid holes:

» Standard theory considers electrons trapped by large amplitude
Langmuir waves, excited by some beam-plasma instability (two-
stream, Buneman, bump-on-tail).

» In a magnetized plasma the electrostatic lower-hybrid waves can
be excited by the same instabilities, but with smaller
growthrates.

» Strong lower-hybrid waves often observed in conjunction with
ESWs in the magnetosphere.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 18



Du

=
:)

2
cl

in Jovanovic: Elect

tron phase-space holes in the Earth’s magneto

Buneman in

osphere

Wi e ke

stability:

bt | 22 b2

I ' o T2 2 |k e
Bl Bd — -' -
[ L zUE,
frequency
fraquency [
o.1r
P 0.05 f-""_"‘-.ﬁ‘
! \x ’ g
[ -~ ¥ ) ~
| -‘_""-—_._ e -5 - r
+ ___: :—..___ k:zju "'\ 8 ,..r"
R e
q".‘_ -
-1t
-0.05F
-2
-o.1t

Parallel propagation, &), = 0. The real and
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respectivelv) of a linearly unstable mode described bv

the dispersion relation, Eq. (8], as a funection of the
zero-order Doppler shift k.v. . For the parallel mode,
the frequency and the Doppler-shift are normalized by
the electron plasma frequency wy .. The relevant plasma
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Figure 2. Oblique propagation, tand = k. /by = 1/15.
The real and imaginary parts of the frequency (solid and
dashed lines, respectively) of a linearly unstable mode de-
scribed by the dispersion relation, Eq. (8), as a function
of the zero-order Doppler shift. For the oblique mode,
the frequency and the Doppler-shift are 11c:urmalized by

the lower-hybrid frequency wrp = (|02 'i'_,l—. The rele-
vant plasma parameter is adopted as wp e/ |{k| = +/35.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy

Magnetopause
conditions of

(Mozer et al., 2004).
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Lower-hybrid holes:

» Parallel-propagating Langmuir waves may saturate at a
relatively low level, leaving enough beam electrons to excite
lower-hybrid waves.

» Lower-hybrid waves may emerge in the decay of the Langmuir-
type electron holes

» Lower-hybrid holes are much more complicated than the
1-D Langmuir holes.
» They are inherently multidimensonal and magnetized.

» One needs to determine trajectories of trapped particles in a 2-D
or 3-D potential minimum, and in the presence of magnetic field.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 20
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Nonlinear lower-hybrid waves, kinetic approach:

D. A. D’lppolito and R. C. Davidson,
Phys. Fluids, 18, 1507, (1975).

» Drift-kinetic description for electrons in the regime
d/dt << Q,, e®<<T,, T, <<T,, B = 2p/c*e,B,* << 1

{ -!:-II — ) = EQ

\ Ot + a.-'l 2 Me | G I
V = v + (1/B.p) & = V(¢ — v A;)
E” = —[::i'lj': —(1/B: 0)(E: »x VA,) - ?]i,-‘l — 94, [Ot.
log ?lli:" )+ pf o Vileg T,

Q' p—
f=[dvueduv, f

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 21
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Stationary solution of drift-kinetic equation:

»Following the standard electron hole scenario (Schamel) we do not study the full
plasma dynamics following the onset of the instability.

»We seek plausible stationary solutions that may be its saturated state.

»For a stationary solution moving with the velocity u, using o/0t = -u, d/oz,  the
nonlinear characteristics of drift-kinetic equation are determined from

; '
dr cdy dz \TTte/ €) d)

Tl-a o Tl-.l. o I” — U4 o J”I” |::I'_.-'_ f.'ﬂ__-lt::l‘

Dy =8/8z — (1/B.o)(& x VA,) -V

»In general, there are three conserved quantities

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 22
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Conservation of energy:

» The electron energy W is conserved

Ili- — |_ Tl JII ."" — 7 - .|_ —_— | r_'J — il _.!|_ _I_
It is known from the nonlinear dynamics that a stable nonlinear solution can
be obtained only if the number of conserved quantities matches the number of
degrees of freedom of the system.

»To describe the general solution of the stationary drift-kinetic equation that is
stable, we need to find all three integrals of motion.

»This is a very difficult task that requires the inversion of the unknown
functions @(x, y, z) and A,(x, y, z).

» The remaining integrals of motion can be expressed in a closed form only in
some special cases with reduced dimensionality, when ® and A, depend on
certain prescribed combinations of spatial variables.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Conservation of canonical momentum:

1. Parallel solution: We introduce orthogonal coordinates r = r(x, y) and ¢ = @(x,
y), and require that the potentials @ and A, do not depend on @. Then, the
vector nonlinearities in A and £ reduce to zero, and the electron energy W is
the only integral of motion.

2. Oblique solution: We introduce new variables y’=y + z tan 6 and
z’ =z - y tan 6, and require that solution is independent on z’. This is an
infinitely long homogeneous solution, tilted by the angle 0. Then, there is a
second integral of motion, the canonical momentum

P = m.uv el A r B.,tan ).

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 24
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Adiabatic assumption:

» If @ and A, were adiabatically “switched on” at t = —« the initial velocity v ()
and position x( of the particle that at the moment ¢ had the velocity v\ and position
x are found for parallel solution from conserved quantities as

r.ll_lll o
o

" |

»For oblique solution v(¥ is the same as above, and the initial position is

v = x4+ () — ) —eA, /m2)/(Natan @)

» The electron distribution can now be expressed by substituting in the
unperturbed distribution function the velocity v\ and position x by their initial
values v(¥ and x©, provided the evolution of the system was adiabatic
throughout its history.

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 25
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Adiabatic assumption (continued):

» The initial velocity v (% is complex for the particles with negative energy.

» They participated in some nonadiabatic process, since initially the energies of
all particles were positive.

» They must be confined to a limited spatial region, or trapped

» We assume that the “memory” of the initial velocity of trapped particles was lost
due to many oscillations inside the trapping potential.

» We adopt their distribution to be to be Gaussian, with a different temperature
than the free particles (possibly negative).

» That gives the standard Schamel’s distribution function, modified to account for
the electron polarization.

= ny L * o)y 2 “ @y *

il- I._II" 'II — : E:_'l._:l_‘:, — - |l:|_-'|:.|..I t'l' / | — :_-.i. [1111 |!I / J

- ' S g s \ ” / p " 4
-...._ N I! -il'l.l.ll i L ._il1_||'-|| &

3

=t 5 >
U -":'f«-»ll“”] } |
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Electron density and velocity:

»The integration of the Schamel’s distribution function gives:

e 4
MNe = TW) (1 — ||".-"L E-”Tl L —+ {] — EIEI]J?_{[}E".E) .

T

4
Uy ¢ — U (H P — E bt;*]?S-"E) .

P = |;:.-*-_..-"'TE|| o —uzAx)

—_ ; '—J. 2 .
H—[._.-uu! E_"__ Jﬁ_x t-!ri:”i”[i” -h'ﬁ]

Iil.j'n_ = T-T_J' | -jl] L-'"S..]-l'[ ___." EE'T E:” ]

p— )5 y / i .
b, = m~ = (3/2 — _.."i'lL*e:p[—u }“Te”
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lon response

> Cold, linear, two-dimensional ions with the zero-order velocity v, , (giving
rise to Buneman instability)

?Ef.'h

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Nonlinear equation for electrostatic potential

> Plug electron and ion densities, velocities into Poisson’s equation and the
Ampere’s law

> Assume u,2/c? << min(1, a’A?; Vi2)
Decouple these equations = equation for NL lower-hybrid waves
> Nonlinearity comes from trapped electrons.

\ 74

2 2 l Wa . - 2 | b Ay g
.-__- : = {}—.‘_I"::"——l.'r-,{]-'_-'—
az2 | "Dl Tz ) Vi i
+ .1 _ 1.,?1 + E g =)
|12 0 — s ::I_. P
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Parallel solution (either slab, or cylindrically symmetric)

,i'_ e 0 i i
_[ 5 |:(TJ_ + : ) gr — o 4 {]}'i:‘{| ) TJ_{]} — ().
{}_: = Li’_

A = a — €y, For ESW scaling: A /g, << 1

f_._ir_ —_ |_.i'.|'.'l:..___- |'i'.i'i: _|[| -_.!1:'” | i w ) — s ]

> 1-D parallel slab electron hole for ¢/0x = 6/dy = 0

25 =
fl}r——HH]] (—)
| i 4

> Spheroidal electron hole for
V12 +0%/0z% = 9%/0p? + (2/p) d/0p, p = (x?+y?+z?)"?

> Characteristic time of parallel holes approaches T/w,

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Oblique solution, d/9z = tan 64d/dy, tan << 1

> With the appropriate normalization we have

- )2 )2 5_ & 1 Bl S92 t
, - | - Cly — d)¥ —|— L —|— ¥ — —— I.
oy? [\ ax2 T Oy2 52

T |:,i‘.r.'f.__.-"-|'i'j';§ ([ "Ejf”""fi ][[: 1 + u_fﬁtﬂﬂ .:ff :I_l + tan - H] -'11‘;‘;1{ -

. fo v D LY, — 2
-'lj_jf — a4 — Mgy "H-?'.-”-'r]"_t«||_-" L __H__l —+ Lan |r,"__l.

-~

> For the lower-hybrid scaling: 7] <<

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy 31
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Oblique solution (continued)

> 1-D oblique slab electron hole for d/ox — 0

1 .'
by = =2 sech? (—Ij :
163 4

> Oblique cylindrical electron hole for n — 0
0%/0x? + 0%/0y? = 0%/or? + (1/r) d/or, r = (x?+y?)"?

' .. oa—08B5 __1g
By = 2.5288 (1 + 0.005516 2} I 1.6 (

Autumn College on Plasma Physics, 5-30 September 2005, Abdus Salam ICTP, Trieste, Italy
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Figure 4. Time dependence of the electric field components E,, £, and E. cor-

responding to a) spheroidal and b) cyvlindrical ESW. In both cases wp e /{1 = 0.5,
mphercidal hole is observed by a satellite located at » = 3, y = 1.5. Dbhque cylin-
drical hole is tilted tan # = 0.6 relative to the magnetic field, and it is observed by a
satellite located at x = 2.5, y = 1. The angle hetween the » axes and the projection
of the magnetic field to the =,y plane is adopted as ¢ = 30°. The time is defined at
t = z/u., and all normalizations are explained in the text.
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Figure 4. Contour plot of perturbed oblique slab lower-hybrid hole
blr, y) = bayly) + o0y sin(k,x), with the parameters k, = 0.2 and n = 0.1.

> Weakly x-dependent slab-like solution features a kink.

> In the case of an instability (e. g. due to resonance between ions and
trapped electrons) the slab would fall apart.
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Conclusions

» We developed a drift-kinetic theory for electron phase-space vortices in
magnetized plasmas in the frequency range of lower-hybrid waves.

» Our model accounts for the the ion mobility, electron polarization, anisotropic
temperature and trapping in the parallel direction.

» In the small amplitude limit = Buneman instability of parallel (Langmuir) and
obliquely propagating (lower hybrid) waves.

» Quasi-3-D electron holes are found, in the form of either elongated cylinders
oblique to the magnetic field, or spheroids.

» Under realistic magnetospheric conditions, both hole topologies would
produce similar electric field signals at the spacecraft, but for oblique
cylinders a slightly larger fraction of events with bipolar pulses in the
perpendicular field are expected.

» Main features of an oblique cylindrical hole (their duration, intensity and
three-dimensional shape) fully coincide with those observed by the Polar
mission in the magnetopause (Mozer et al., 2004).

» Standard theory of Langmuir (parallel) electron holes can not explain such
very weak paralel electric fields and their long duration.
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Conclusions (continued)

» The envisaged scenario of creation of cylindrical structures starts with the
oblique Buneman instability which produces a lower hybrid wave
propagating almost perpendicularly to the magnetic field, whose parallel
phase velocity is in the electron thermal range.

» Eventually, the linear instability saturates by the trapping of resonant
electrons in the direction parallel to the guide magnetic field.

» Initially, the electron hole is predominantly one-dimensional in the form of
an oblique slab.

» In the later phase the ion dynamics perpendicular to the direction of the
wave propagation produces the kink (or bending) of the slab, which
eventually breaks up into a \gas" of weakly interacting elongated
cylindrical structures immersed in the bath of long-wavelength lower-
hybrid oscillations constituting the tail of the structure.
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Thank you for your attention!!
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