JETP Letters, Vol. 79, No. 8, 2004, pp. 368-371. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 79, No. 8, 2004, pp. 452-456.
Original Russian Text Copyright © 2004 by Savin, Zelenyi, Amata, Buechner, Blecki, Klimov, Nikutowski, Rauch, Romanov, Skalsky, Smirnov, Song, Sasiewicz.

Dynamic I nteraction of Plasma Flow with the Hot Boundary

Layer of a Geomagnetic Trap

S. P. Savin!, L. M. Zdenyi!, E. Amata?, J. Buechner?, J. Blecki4, S. 1. Klimov?,
B. Nikutowski3, J. L. Rauch®, S. A. Romanov?, A. A. Skalsky?,
V. N. Smirnov?, P. Song?, and K. Stasiewicz*
1 Space Research Institute, Russian Academy of Sciences, Moscow, 117997 Russia
2Interplanetary Space Physics Institute, CNR, 00133 Rome, Italy
3 Max-Planck I nstitut Aeronomie, 37191 Katlenburg-Lindau, Germany
4 Space Research Center, 00716 Warsaw, Poland
5 Lab Physics Chemistry Environment, 30037 Orleans, France
6 University of Massachusetts, Lowell, MA 01854, USA
Received March 2, 2004

The study of the interaction between collisionless plasma flow and stagnant plasmarevealed the presence of an
outer boundary layer at the border of a geomagnetic trap, where the super-Alfvén subsonic laminar flow
changes over to the dynamic regime characterized by the formation of accel erated magnetosonic jets and decel -
erated Alfvén flows with characteristic relaxation times of 10-20 min. The nonlinear interaction of fluctuations
intheinitial flow with the waves reflected from an obstacl e explains the observed flow chaotization. The Cher-
enkov resonance of the magnetosonic jet with the fluctuation beats between the boundary layer and the incom-
ing flow is the possible mechanism of its formation. In the flow reference system, the incoming particles are
accelerated by the electric fields at the border of boundary layer that arise self-consistently as a result of the
preceding wave—particleinteractions; theinertial drift of theincomingionsin atransverse electric field increas-
ing toward the border explains quantitatively the observed ion acceleration. The magnetosonic jets may carry
away downstream up to a half of the unperturbed flow momentum, and their dynamic pressure is an order of
magnitude higher than the magnetic pressure at the obstacle border. The appearance of nonequilibrium jetsand
the boundary-layer fluctuations are synchronized by the magnetosonic oscillations of the incoming flow at fre-

guencies of 1-2 mHz. © 2004 MAIK “ Nauka/Interperiodica” .

PACS numbers: 52.40.Hf; 52.30.-q; 52.40.-w

This work is devoted to the experimental study of
the dynamic interaction of plasma flow with a local
obstacle in which the transverse pressure of hot plasma
dominates. f3; = nT,/W, > 2 (W, = B%/8rtis the magnetic
pressure, nistheion density, and T, is temperature; al
energy quantities are in eV/cm?® (Fig. 1)). This occurs
over the magnetic poles of trapsin theregions, wherethe
absolute value of magnetic field is minimal and which
arefilled with externa (originally) plasma(Fig. 1b). This
work isthe continuation of our work [1], where the oppo-
site limiting case of plasma deceleration and chaotiza-
tion by a “rigid” magnetic barrier was considered. The
main distinction isthat the flow regime consideredinthis
work isinhomogeneous and nonstationary, in which the
flow kinetic energy does not fully transform into nonlin-
ear wave cascades in the stagnation region ahead of the
obstacle [1], but first is “released” downstream in the
accelerated magnetosonic jets. The plasma—plasma
interaction proceedsthrough large-amplitude waves. Itis
anticipated that the dynamic flow regime considered in
thiswork will throw light on the mass- and energy-trans-
fer processes at the borders of astrophysica objects and

laboratory traps and alow the study of plasma—plasma
interaction remotely using secondary radiationsin accel-
erated inhomogeneous jets.

We illustrate the interaction between the incident
and stagnant plasmas by the example of the Interball-1
satellite data on June 19, 1998 (Fig. 1). In Fig. 1a, the
spectrogram of the intensity of ion kinetic-energy fluc-
tuationsis given for Wi;,, = 0.5nM; V> (M, and V; are the
proton mass and velocity, respectively) and the main
waves are shown (see also Fig. 2 and [2]). The transi-
tion from the unperturbed equilibrium flow (from the
left in Fig. 1b) to the boundary layer near the trap bor-
der (magnetopuase (MP)) is shown in Fig. 1b. The sat-
ellite was brought into the trap near the magnetic-field
bifurcation over the trap magnetic pole (the field had a
nonzero upward projection at the top of the border and
a nonzero downward projection at the bottom), where
the magnetic density islow and an inner boundary layer
(cusp) filled with a heated solar plasma (* plasma ball”
[2]) is formed. The flow, on average, is subsonic, and
theion pressure nT; dominates; the domains with W,;,, >
W, (Fig. 1c) correspond to the super-Alfvén flow [2]. In
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Fig. 1. (a) Morlet wavelet transformation [1, 2] of theion
kinetic-energy density Wi, on June 19, 1998. Arrows indi-
cate the propagation directions of the Alfvén (A) and mag-
netosonic (M S) waves. (b) Vectors of plasmavelocity along
the Interball-1 satellite orbit in the XZ plane of the geocen-
tric solar ecliptic (GSE) coordinate system (dashes. nomi-
nal values[2]); N isthe normal to the magnetopause (MP) ~
(0.7, 0.07, -0.71) [2]; the MP is denoted by a heavy line
with discontinuities; and the magnetic field B is shown by
the arrowed curves with circles. (c) Energy densities W,
(nominal value is shown by bold dashes; see [2]) and (cir-
cles) W, ineV/cm®. Thefirst MSjet isindicated by the rect-
angle, and the instants of time at which theion velocity (V)
was close to the magnetosonic (Vyg) and Alfvén (V) veloc-
ities are shown at the top of Fig. 1c.

contrast to [1], W, rapidly dropsimmediately under the
MP (3; ~ 15). At 09:00 UT, the measured W, exceeds
the nominal value by afactor of 2.5, which corresponds
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Fig. 2. Scheme of interaction between the magnetosonic
waves in magnetosheath (MSH; 1.4 mHz; see Fig. 1a) and
the reflected MS waves (4-5 mHz), and the decay into the
accelerated M Sjet (4.4 mHz) and decel erated Alfvén waves
(Alfvén; 3 mHz).

to the appearance of thefirst accelerated plasmajet with
a velocity close to Vys ~ (2Ti/M))Y?, i.e., a magneto-
sonic (MS) velocity at high 3, (MS jet at 09:00 UT).
Thereafter, adeceerated Alfvén flow (A) arises, asfol-
lows from the fact that W, ~ W, i.e, Vi ~ V, =
B/(nM,)¥2, where V, is the Alfvén velocity. The relax-
ation time of the slow jet is on the order of 10-20 min.
TheMSand A domains are marked off by black rectan-
glesat thetop of Fig. 1c. Since the dynamic pressure of
thefirst MSjet isashigh asitsvaluein solar wind and,
hence, far exceeds the magnetic pressure even deep
inside the obstacle (Fig. 1c), such jets, when flowing
around complex magnetic configurations, can distort
the boundary and even penetrate it (cf. “impulsive pen-
etration” in [3]) at large angles of incidence relative to
the average flow (as in [1]). Hence, the phenomenon
discussed here should have an appreciable effect on the
flow process and on the local shape of the obstacle.

At 09:00 UT, the projection of the Poynting’s vector
onto the normal to MP (N in Fig. 1b; see[2]) isP, <0,
indicating that the corresponding perturbation
approaches the MP (i.e., the reconnection of magnetic
fields at the MP cannot beits source). The average flow
njV;| at 08:55-09:55 UT decreases by more than 40%
with respect to its nominal value (cf. W, in Fig. 1¢),
which, at first glance, pointsto the fact that the momen-
tum conservation law isviolated (after time averaging).
However, the MS jet formed in the unperturbed flow
moves in the N direction with the velocity of the sur-
rounding flow, while the rest of the boundary layer
moves together with the MP. Inasmuch as the velocity
of the unperturbed flow is, approximately, an order of
magnitude higher than the MP velocity [2, 3], the
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momentum conservation law is obeyed after averaging
over the distance along N.

The reliable detection of the waves reflected from
the obstacle with the use of the Poynting’s vector isone
of our main experimenta results. After 09:00 UT,
reflected waves with P, > 0 are repeatedly seen [2].
From 08:35 UT, intense bursts with P, < 0 (down-
stream) appear, which are unrelated to the perturbations
in the external flow (cf. the nominal value of W, in
Fig. 1c and [2]); i.e., they correspond to the down-
stream momentum release.

At low frequencies, only the MS wave can propa-
gate counter to the super-Alfvén flow (the Alfvén Mach
number is >2) [3, 4]. By comparing the ion-density N;
and velocity Vi, spectrograms with alowance for the
Poynting’s vector [2], we determined the wave typesin
the essentially nonlinear situation: the reflected MS
waves with a weak maximum at 4-6 mHz (marked
“MS’ and “Reflected” and by the leftward arrow in
Figs. 1la and 2; for them, P, > 0) interact at 1.4 mHz
with the MS wave in the incoming flow. Thisresultsin
the oscillation amplification and givesriseto an A wave
at 1.7-2.2 mHz. The process ends at 09:00 UT in the
MS jet generation, shown in Fig. 1a as a decay of the
initial oscillations into the MS-jet and Alfvén waves
(3 mHz, Alfvén). At 09:15-09:45 UT, the reflected
waves at 5-6 mHz initiate multiple MS/A decays.

Three periods T, ~ 13 min corresponding to a fre-
guency of 1.4 mHz cover the entire outer boundary
layer. Thisfrequency modul ates the spectral maximaat
3-10 mHz. Thisfact conforms with a“thick” turbulent
boundary layer (TBL) [1] (rather than with athin shock
front), where equilibrium is attained within several
periods (T;) of the main oscillation that synchronizes
the phases of al the interactions, from the unperturbed
flow to the TBL and plasmaball. The phase synchroni-
zation is evident from the bicoherent character of V,,
which sets off the processes with frequenciesf, = f, + f,
(see[1, 2]): the bicoherence is appreciable only if the
phases of the three processes are synchronized. We
assign the bicoherence maximum at 1.4 mHz + 3mHz =
fi + f, = fs = 4.4 mHz with an amplitude of ~75% to the
decay of the stationary flow into the nonstationary
MS/A flows. The phase synchronization at these fre-
guencies provides the interplay between the processes
prior to the jet formation in the boundary layer. The
most intriguing experimental fact isthat the initial flow
decays precisely into the MS/A flows. It is likely that
this is one of the most prominent examples of three-
wave decay in plasma; each of the secondary waves
consists of flows propagating with the corresponding
characteristic velocity. So far, the presence of acceler-
ated plasma in the boundary layer was regarded as evi-
dence that the energy accumulated in a magnetic field
compressed by an external flow transforms during the
process of reconnection of the flow and trap magnetic
fields in a hypothetically small region, where the
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plasma freezing-in breaks down due to the efficient
conduction [3]. In the case of the initially antiparallel
magnetic fields, the acceleration to the Alfvén velocity
is due to the magnetic tension. However, the Alfvén
Mach number in the MS jet is higher than 3, which,
with alowance for the fact that the mean 3, > 2,
excludes the local magnetic-field reconnection as a
cause of jet acceleration. To reveal the acceleration
mechanism for the jets near the magnetopause, it is
convenient to compare their dynamic pressure with the
magnetic pressure inside the obstacle, because the

upper limit for W,;,, upon the reconnection isO.SnMiVi ~
W, i.e., it depends only on |B|. In the case of W,;, > W,
(as in Fig. 1c), an alternative plasma-acceleration
mechanism based on the direct flow-energy transfor-
mation without the intermediate energy accumulation
in the distorted magnetic field is expected to be opera
tive. This mechanism (the structurization of nonlinear
oscillations) is the opposite of the flow thermalization
inthe shock wave, asregardstheincreasein the ordered
MS-jet velocity. For plasma, it turns out to be energeti-
cally more profitable to “release” downstream the
excess of its momentum through the acceleration of its
small portion and pass to the decelerated Alfvén flow
closer to the obstacle border (Fig. 2). This process can
be described using the formalism corresponding to the
maser-type mechanism of formation of magnetosonic
solitons ([5]): the system radiates a coherent magneto-
sonic packet (MS jet) and turns to the stable state with
the Alfvén flow. If the fast and slow flows are spatially
separated, the slow flow startsto interact with the newly
incoming super-Alfvén flow to relax to its nominal
level or initiate oscillationsin the outer boundary layer.

Thus, the study of the plasma-flow interaction with
ageomagnetic trap gives evidence that the laminar flow
transforms into nonstationary magnetosonic jets and
decelerated Alfvén flows behind the shock wave. They
are involved in aunified synchronized process of inter-
action in the outer boundary layer (“outer BL” in
Fig. 1a), whosethicknessis estimated at 1-2 Earth radii
Re for a distance of ~10Rg between the MP and the
Earth. The characteristic (synchronizing) frequency of
~1.4 mHz can be assigned to the resonance plasma
oscillations between the dayside magnetopause and the
shock wave (Yu.l. Gal’ perin, private communication,
2001).

The frequencies f; and f, (1.4 and 3 mHz in Fig. 2)
relate to the time domain in the MP system, because the
corresponding maxima are seen at practically the same
frequencies over a wide range of flow velocities (and,
hence, Doppler shifts; see Fig. 1 and [2]).

Neglecting the MS-jet oscillation frequency com-
pared to the Doppler shift and using the frequency sum-
mation rule f, + f, = f, in bi-spectra, we obtain the con-
dition for the Cherenkov resonance of the jet with the
fluctuation beats between the incoming flow and the
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boundary layer in the case of interacting media moving
relative to each other (cf. [4]):

f+f, = kKV/2m, (1)

whereV isthe mean velocity of the unperturbed plasma
in the MP system, where the interaction takes place,
and k isthe wave vector. The characteristic MS-jet size
along theflow can beestimatedasL = [V |/(f; + f) ~ 5Re,
in compliance with the above assumption that the MS
jet and the corresponding A flow are spatially separated
if the characteristic transverse size of the streamlining
zoneis ~20Rc.

We now consider quantitatively the plasma accel er-
ation in a nonuniform external transverse electric field
encountered by the unperturbed flow at the border of
the outer boundary layer. This interaction is similar to
the Fermi acceleration induced by the boundary-layer
border (inclined “wall”) moving toward the +X axisin
the plasma reference system (MSH; Fig. 2). The mag-
netosonic velocity Vysis the asymptotic value of mean
velocity of an initially subsonic jet. For the mean
plasma velocity V ~ (—170, —70, —-80) km/s at 08:54—
08:58 UT, we calculated the el ectric field in the plasma
reference system; it increased to 8 mV/min the MS-jet
region. Since the time resolution (10 s) is smaller than
the proton gyroperiod (2-3 s), while the lower estimate
of thejet width (300 km for the projection of the bound-
ary-layer velocity behind thejet onto the normal to MP)
exceeds the proton gyroradius (~100 km), we use the
inertial-drift approximation [6] with the drift velocity

v = 1/(Mw)dF/dt = Ze/(Mw?)dE/dt,  (2)

where M, wy, and Ze are the particle mass, cyclotron
frequency, and charge, respectively, and F and E arethe
transverse force and electric field, respectively. The
upper index (1) denotesfirst order in the small parame-
ter, as compared to the zero-order drift approximation
for uniform fields. Then, the energy increment is
defined as [6]

Wi, 08(NM(VY)?/2), ©)
where the gradient-drift velocity in an electric field is
v =[E x B] (cisthe speed of light and B isthe mag-
netic vector). The value 8W,;, ~ 30 keV/cm?® obtained

from Eq. (3) for the measured parameters agrees well
with the maximal density W, ~ 35 keV/cm?® of the jet
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kinetic energy and with the mean value W, ~ 7 keV/cm?®
immediately ahead of thejet (Fig. 1c). Moreover, it fol-
lowsfrom Eq. (2) that theions and electronsdrift in dif-
ferent directions. This explains the appearance of
“intermittent” current layers with anomalously high
statistic of large magnetic-field rotation angles in the
turbulent boundary layer [2].

We note in conclusion that the process of streamlin-
ing nearby the plasma—plasma boundary is nonequilib-
rium on atime scale comparable with the characteristic
observation time of Alfvén flows (1020 min). Instead
of agradua plasma acceleration near the side walls of
the obstacle, accelerated and decelerated jets are
observed. The accelerated jets carry away downstream
the difference in momenta of the unperturbed flow and
the flow decelerated in the outer boundary layer. The
dynamic pressure of thejetsis so high that they can dis-
tort the local boundary of the obstacle and penetrate
into it at large angles of incidence.
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