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BTOPASA MEXIYHAPOIHASA IHKOJA IIO
DPUSUKE KOCMHNYECKOMN ITJIASMBI

Mu BauwHaeM BHIIYCK Hamlero XypHala B 1996 rogy ¢ MaTepuanos Bro-
‘por Mexnyraponuoit Jlernerr Bomxkckoin Hixomm mo Pmsmxke KocMmmyeckon
linasmu, oprammsosanmoi Haywmo-WccrenoBaTempcxkuM PagnodusmieckEME
Hacraryrom (Hmxemi Hosropon, Poccus) u HucTrryrom Kocmuteckoit Pu-
suky ( Yuncana, llsenns) B TecroM coTpygrmyecTse ¢ OTnenom @muxu Koc-
moca HrcreTyTa IIpmknapuoit Pusmkr Poccmitcroit Axagemun-Hayx (Hux-
mmit Hosropop, Poccrs).

OcHoBHas Bajada MIKOIH COCTOHNA B CTPEMIECHUN BBECTH HAYYHYIO MOIO-
-IeXb B KyPC aKTYAIbHHX HalpaBieHuH QUOMKY NITaBME GIHXHEro U JalbHero
KOCMOCa, IPOBECTH € YYacTHeM HayTHOH MOIOfieXH O6CyXNeHne BeNylIHMu
CHeNHaIANCTaMK, HCCIEeNYIOMMMY paldiIniHele acTpodusnieckre 06beKTH, 06-
oix QEBHIEeCKHEX NpoOIeM.

B cBEsu ¢ »TEM, Ha mIKOne He GBUIO OTHENHHHX CEKUMH, a OPHUHANL-
HEle JUCKYCCHM IO BO3BMOXHOCTH CTPOMIHCh TakuM o6pasoM, 9TOGH mpef-
CTaBILTH HHTEpeC Nl GOIBUIOTO YHCIa YIacTHUKOB. Paboyuit ssmk Ilxonn
— aHrmMmickEi. {18 NHOCTPAHHBIX YIaCTHUKOB, OHAKO, OBIIH OPraHH3OBaHkbl
He()OpMaNbHEIE YPOKH PYCCKOrO A3HIKA.

Ha nixone TpaguinoOHHO OCBEINANKCEH PAasIHYHEE IPO6neMhl PUOHKY acTPO-~
(QEBHIeCcKOH IIadMH, BOSMOXHOCTH MOJENMPOBaHUE JMHAMHYECKUX IpOmec-
COB B IIagMe NPHA HCIONb30BaHNA OIIKAAIINX K HaM KOCMHYECKHX 06BEeKTOoB,
Hanbonee MONHO' RHATHOCHUPYEMBIX AUCTAHIMOHHRIMA METOJaMH ¥ C IOMO-
IMBbI0 KOCMHYEeCKHX ammapaToB. Oco6oe BHNMaHWe IpH TOM GHUIO YHENEHO
MOJeTHPOBaHEHNIO B YCIOBHEX HOHOC(EpH], BOSMYIIEHHO! MOINHHIMHA IIyYKaM¥
PaIMOBOIIH. ’

Marepuan ocBemaiicsd B OOIUX NEKHUIX, B JHeKIUIX, NOCBIUIEHHHX KOH-
KpeTHHM IpofieMaM, B OPHI'MEAILHEX COOOUIEHNIX ¥ CTEHJOBRIX JOKIafax.
O xapaxTepe NPOYHTAHHHX NeKIMHA MOXHO COCTABHTH BIHeYaTIeHHEe W3 Clle-
IyloINero HAXKe HENONHOTO CIUCKa HX HadBaHWH:

‘e C. E. Alissandrakis (Greece) “The Magnetic Field of the Solar Corona”
¢ E. Ergma’(Estonia) “ Millisecond pulsars and low mass X-ray binaries”
e L. M. Erukhimov (Russia) “Low-Frequency Turbulence in Space Plas-

ma”
e D. T. Farley (Germany) “Probing a Plasma thh Incoherent Scatter
Radar: Techniques and Limitations”

e J. C. Foster (USA) “Ionosphere-Magnetosphere Coupling Phenomena at
‘Mid Latitudes: Incoherent Scatter Radar and Satellite Techniques and
Results”
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e V. L. Ginzburg (Russia) “Radiation by Uniformly Moving Sources”
o E. Mjoelhus (Norway) “The Theory of Electrostatic Excitations in Jono-
spheric Radio Experiments”

e M. J. Rycroft (France) “Some Current Cha.]lenges in Space Plasma
Physics”

o P. Stubbe (Germany) “Stimulated Electromagnetic Emission near Gyro-
harmonics, and its Physical Implications“ )

¢ B. Thidé (Sweden) “Using the Earth’s Ionosphere as a Space Plasma
Laboratory for Controlled Excitation of Radio Emission”

e D. A. Varshalovich and A. Potekhin (Russia) “Astrophysical Testing
Possible Variability of Fundamental Physical Constants over Cosmolo-
gical Time-scale” ‘

e L. Vlahos (Greece) “Particle Acceleration and Radiation from Complex
Active Regions and Turbulent Flows”

o V. V. Zheleznyakov (Russia) “Plasma Envelopes of Magnetic White
Dwarfs”

o H. Aurass (Germany) “Solar Decimeter and Meter Wave Spectroscopy
-— Recent Results about Energy Storage and Particle Acceleration in
Small- and Large Scale Structures of the Corona”

e P. A. Bespalov and Yu. V. Chugunov (Russia) “The Planet ary Generator
Effect in Space Plasma”

o W. Boeck (USA) “Observations of Lightning Induced Optical Pheno-
mena in the Mesosphere and the Lower Ionosphere”

o A.D. Danilov (Russia) “Plasma Physics Problems in Ionospheric ‘Stu-
dies” : , -

o N. S. Erokhin (Russie) “Long-Term Resonant Wave-Particle Interaction
in Inhomogeneous Plasma”

o G. B. Gelfreikh (Russia) “Problems of Magnetospheres of the Solar
Active Regions as Based on Microwave Otservation”

¢ E. Gromov and V. Talanov {Russia) “High-Frequency Pulses in Non-
homogeneous Plasma with Pondermotive Nonlinearity”

e A.V. Gurevich and K. P. Zybin (Russia) “Isolated Striations Developed
During Ionospheric Modification” -

e V. L Klyatskin (Russia) “Statistical Topography of Random Processes
. and Fields in Application to Wave Propagation in Random Media“
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e M. E. Koepke (USA) “Signatures of processes responsible for spectral
broadening of ion cyclotron waves”

¢ G. Z. Machabeli and A. D. Rogava (Georgia) “Surprises of the Centri-
fugal acceleration”

e W. Manheimer (USA) “Possible New Applications of Near Space for
Remote Sensing”

o C.-V. Meister (Germany) and V. A. Lierovsky (Russia) “Wave Genera-
tion by Moving Ionospheric Plasma Clouds” -

e H. O. Rucker (Austria) “Non-Thermal Planetary Radio Emission”
e V. Yu. Trakhtengerts (Russia) “Wave-Wave Interactions in Whistler
Frequency Range in Space Plasma”

e V. V. Vaskov (Russia) “Excitation of LF Waves in the Upper Ionosphere
in'Heating Experiments by Beams of Accelerated Suprathermal Elect-
rons”

o A. W. Wernik (Poland)“Chaotic vs stochastic beha.vxor of the high-
latitude density fluctuations”

» Yu. M."Yampolsky and P. V. Bliokh (Ukraine) “Interaction between ELF
and HF signals in the Earth’s Ionosphere”

o L. M. Zelenyi (Russia) “Regular and Chaotic Dynamics of Magnetotail
Plasma” '

® ¥ Ipyrue

EcrecTBenno, YTo Jalexo He BCe NeKUHA NyOIMKyIOTCE B BHIYCKaX Xyp- .
Hana. Ilo BosMOXHOCTH B IyOnukyeMex MaTepranax IIkoanl ocBelneHn 0CHOB-
HElE OpUTHHANbHEIE PE3yNIbTATH, KOTOPEE, KPOME TOTO, ellle He OmyGIRKO-
BaHH B JAPYTHX XypHanaX. IlepBHIH BRINYCK NOCBEIeH Pe3yIbTaTaM HCCIe-
poBanui B acrpodusuke n Pusnke ComHna, BTOPOH, ¥ YaCTHIHO, TPETHA B
Gonplliell CTelleHN NOCBSIIEHH (PU3AKe OKONO3EMHON H HOHOC(EPHOH IMITasMH.

Mu rageeMcs, 970 B nyGIHKYeMBIX CTaThiX YHTaTelb HalfeT TONE3HLIE
17 Hero cBefjeHns. MBI TaxXe HONb3yeMcs CIyYaeM, YTOOH DPUTTACHTH YH-
TaTened NpHHATH ydacTue B Tperneir Mexpgynapoguoir Jlerren Bomxcxoi
IIxone, xoTOpag cocTonTCs B Hadane uioHs 1997 r.

Mu 6yneM pagsl BanieMy ywacTrio.

Ipencenarenu IHxomsl: Jes EpyxmmoB

By Tuné

4 JA. M. Epyzumos, b. Tudé
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SOME CURRENT CHALLENGES
IN SPACE PLASMA PHYSICS

\

M. J. Rycroft

An overview of the subject of space plasma physics is attempted. This
encompasses a discussion of vatious ground-based and satellite studies of the
near-Earth space envirohment, with its marked temporal and spatial variations,
theoretical investigations and numerical simulations. ’

The important distinction is drawn between (passive) studies of elements
of the natural system, aimed at the difficult task of understanding the seli-
consistent evolution of some natural processes, and (active) investigations,
which either probe or modlfy natural processes, in order to improve under-
standing of cause and effect (e.g. of encrgy transformations) within the system.
Linear, nonlinear and chaotic processes can occur.

Attention is paid to:

(a) Energetic events on the Sun,

(b) Large scale features of the interplanetary medium, both observed directly
and via scintillations of distant radio stars,

(c) The magnetosphere in general, and the aurora in particular, -

(d) Wave-particle interactions, especially cyclotron resonance phenomena,
and

(e) The ionosphere, particularly when heated, by powerfnl radio waves.
The approach adopted is to place these special topics in thé context of
the Solar Terrestrial Energy Program (STEP) of ICSU’s SCOSTEP. Finally,

mention is made of some benefits to humamty of studies of space plasma physics
phenomena.

1. INTRODUCTION

Space plasma physics is basically an experimental subject. Remote obser-
vations of the near-Earth space environment have been made from the ground
for over seventy years (e.g. using high frequency (HF, 3 — 30 MHz) radio waves
to sound the ionosphere). Direct observations of plasma properties, energetic
charged particles and electric and magnetic fields (both direct current (DC)
and alternating current (AC)) have been carried out using instruments aboard
Earth-orbiting satellites or interplanetary spacecraft for half that time. The
field has therefore now reached a certain maturity.

The theoretical foundations of plasma physics have been developed, in
parallel, over the same period. Either single particle (collisionless) or fluid
(collision—-dominated) approaches can be followed using Newton'’s laws of mo-
tion and Maxwell’s equations of electromagnetism. The laws of conservation

M. J. Rycroft 5
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of mass, momentum, energy, electric charge and magnetic flux may be ap-
plied, steady-state solutions derived and constitutive relations used (see [1}).
A plethora of waves (basically electrostatic, electromagnetic or magnetohydro~
dynamic in nature) may propagate, and the appropriate dispersion relations
derived. The solution to D(w,k) = 0 gives w(k), and determines the normal
modes of the plasma, the phase velocity of the wave vy = w/k, and the group
velocity vy = Ow/0k. Here w — angular wave frequency, k — wavenumber,
Boltzmann'’s constant When the roots of the dispersion relation are complex,
instabilities occur, leading to wave growth. For this, a source of free—energy’
— such as a beam or current, that is a non-Maxwellian velocity distribution
function — is required [2]. Initially, the growth is linear, but often nonlineari-
ties develop rapidly, with charged particles being trapped in the potential well
of the wave (wave—particle interactions); the distribution function is modi-
fied. Turbulence, both microscopic and macroscopic, may arise when different
modes interact, and lead to chaos. The results deduced in such ways have been
applied to a wide variety of space plasma situations. Analytical studies, tradi-
tionally strong in eastern countries, are now giving way to numerical modelling
using rapidly developing simulation techniques and powerful computers, espe-
cially in the west.
Recent progress in five areas:

(a) Energetic events on the Sun,

(b) Large scale features of the interplaense photosphere both observed di-
rectly and via scintillations of distant radio stars,

(c) The magnetosphere in general, and the aurora in particular, -
(d) Wave-particle interactions, especially cyclotron resonance phenomena,

(ej The ionosphere, particularly when heated by powerful radio waves is
discussed, and significant current challenges are mentioned.

2. ENERGETIC EVENTS ON THE SUN -

Solar flares [3] occur in complex sunspot groups [4] after the eruption of a
solar prominence when a sudden change (characteristic time scale T ~ 10 s)
of the coronal magnetic field topology, termed reconnection, happens {5]. The
energy density B?/2uo (here B — magnetic flux density, gp — permittivity
of free space) of two oppositely directed magnetic fields, separated by strong.
electric currents, is converted into charged particle beams (with energy density
Nmv?) and heat (energy density NkT). Here N — plasma number density,
m — particle mass, v — velocity, T — temperature. The temperature can
reach 5:107 K [6]; X-rays [7] and gamma-rays [8] are emitted as bremsstrahlung
radiation when energetic electrons move down into the dense photosphere. -

6 M. J. Rycroft
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Wave-particle interactions occur, and ions are accelerated stochastically on
open field lines [7, 9]. :

Culhane [6] has presented a superposed X-ray image obtained by the
Yohkoh satellite at 20.12 U.T. on 24 January 1992 on a simultaneous
image from a ground-based coronagraph. The previously existing underlying
prominence had disappeared, indicating that the earlier closed magnetic field
structure was blown open by plasma, a so-called coronal mass ejection.

Harrison [10] has suggested that, some tens of minutes before a solar flare,
a large magnetic arch structure (termed a precursor arch) brightens, and that
this launches the coronal mass ejection (CME) — see Fig.1. Later, a solar
flare may occur at one foot of this arch structure. Thus, a solar flare does not
cause a CME.

o
9
S
'S5 Fi >§
(7] are
Bz D < |&T
o cME | 5E
?3‘ [ 83
0> recursor M
..q [a
”c.: ! -, m
x| 3
TIME - =3
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/Pvecuuor
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sﬁw .
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Fig. 1. Upper panel: time profile of soft X-rays before and during a solar flare,
and corresponding altitude of the coronal mass ejection (CME). Lower
panel: diagram showing the launching of a CME from a precursor arch,
a magnetic field loop tied to the photosphere (from [10]). -

A consideration of magnetic field turbulence in convection cells of the pho-
tosphere led Milovanov and Zelenyi [11] to present a fractal model for the solar
wind. -

Low density regions in the solar corona on open magnetic field lines, which
do not emit X-rays, are termed coronal holes. Analysing thirteen years of data

M.J.Rycroft 7
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of solar cycle 21 and part of 22, McIntosh et al. [12] have shown that the area
of southern coronal holes exhibits a 19.5 month periodicity, whereas-that for
northern coronal holes does not. Since coronal holes, high speed solar wind
streams and geomagnetic activity are strongly interrelated [13],:this result
could lead to better predictions of geomagnetic activity [14, 15].

There is much complex plasma physics involved in the redistribution of
energy (on time scales ranging from fractions of a minute to decades) in the
solar photosphere, chromosphere and corona. Such processes need to be better
understood before good predictions of solar activity, and hence of features
in the interplanetary medium which enhance geomagnetic activity [15], will
become possible. )

3. INTERPLANETARY MEDIUM

Observations of the scintillations of spacecraft radio transmissions (phase,
or Doppler, scintillations) or of the intensity scintillations of distant radio stars
give information on the spatial structures in the solar wind moving outwards
from the Sun. Within 0.2 AU, Woo and Gazis [16] find that the average solar
wind speed is slow, but with high variability related to CMEs. Near 0.5 AU,
they report narrow regions of enhanced scintillation at 2.3 GHz associated
with compressed plasma at the leading edges of recurrent high speed solar
wind streams.

Bame et al. [17] have investigated high speed solar wmd streams on the
edge of the southern coronal hole-at the Ulysses spacecraft. Energetic ions and
electrons observed at Ulysses also showed a prominent 26 day (sola.r rotation)
periodicity [18], evidence for a series of corotating interaction regions and their
associated shocks. .

.Harrison [19] and Harrison et al. [20] considered 81.5 MHz radio star scin-
tillations, identifying discrete structures, most probably related to transient
density enhancements, and also periodic activity, related to interplanetary
structures corotating with the Sun. They found weak correlations with geo-
magnetic activity. S

Numerical simulations of such results have been presented by Tappin et
al. [21] using a three—dimensional, time dependent magnetohydrodyna-
mic (MHD) model. Both they and Akasofu and Lee [22] conclude that this is
a promising tool for future investigations, given appropriate input conditions.

Radio emissions generated in the heliosphere away from the Sun also pro-
vide useful information on the structure of the interplanetary medium. Gur-
nett [23] has reviewed the generation of type III radio bursts, produced as elec-
trostatic oscillations (Langmuir waves) by energetic electrons from solar flares
which mode convert to electromagnetic radiation via nonlinear wave-wave in-
teractions — see Fig. 2. On the other hand, type II radio bursts are produced
by electrons accelerated at interplanetary shocks driven by CMEs [24] (see

8 M. J. Rycroft
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Fig.2. The downward frequency drift of a type III radio burst is caused by
the decreasing electron plasma frequency, fp, encountered by the solar
flare electrons as they stream outward from the Sun. Electromagnetic

- radiation is produced at f, and 2f, by mode ‘conversion from Langmuir
wdves (from [23]).

Fig.3). For both type I and type II radio bursts, radiation is observed at
the electron plasma frequency and its second harmonic. Because the plasma
frequency decreases with increasing radial distance away from the Sun, the
frequency emitted decreases as time increases. Since the shock propagation
speeds (< 10% km-s~!) are much less than the solar flare electron speeds
(> 104 km-s~1), the frequency drift rates of type II radio bursts are much
less than those of type III events.

The Langmuir waves associated with a type III burst observed one hour
after a flare onset have a characteristic beat pattern. Gurnett et al. [25] be-
lieve this signal (up to 1.7 mV-m™! only) to be due to the combination of a
beam~—driven Langmuir wave and the oppositely propagating Langmuir wave.
Kellogg et al. [26] considered such events, having the characteristics of col-
lapsed Langmuir waves, to result from a very nonlinear process predicted for
a sufficiently strong Langmuir wave electric field by Zakharov {27]. Further
investigations have been carried out by Li [28] and by Goldman and New-

"man [29]. ‘

The local plasma frequency at the spacecraft, for example Ulysses [30) may
be deduced from solar wind plasma line radiation, generated on a long antenna
by the random thermal motion of ambient electrons. Observations made by
Ulysses at high heliographic latitudes are likely to produce new observations
to challenge current theoretical ideas.

M. J. Rycroft 9
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Fig.3. The downward frequency drift of a type II radio burst is caused by the
decreasing electron plasma frequency encountered by the interplanetary
shock as it propagates outward from the Sun. Electrons accelerated at
the shock are believed to produce Langmuir waves which mode convert
to electromagnetic radiation at f, and 2f;, (from [23]).

Natural radio and plasma waves are present throughout the heliosphere [30,
31]. Besides types III and II solar wind radio bursts, the planets are powerful
sources. It is believed that the source of Jupiter’s broadband kilometric radi-
ation (bKOM) (free space wavelength ~ 5 - 10° km) is the outer edge of Io’s
plasma torus. Radio emissions from auroral field lines of Jupiter and the Earth
{auroral kilometric radiation, AKR) are also strong. They are considered to
be produced by an electron cyclotron maser process, although the details are
not fully understood.

Strong radio emissions are observed in the outer heliosphere at ~ 3 kHz.
These are thought to be produced by a disturbance (an interplanetary shock
~ wave) propagating from the Sun into the outer heliosphere and interacting
with its boundary, the heliopause, at > 102 AU [23, 31]. It is likely to be some
time before the Pioneer and Voyager spacecraft reach the heliopause in order
to investigate it directly.

4. MAGNETOSPHERE
The interaction between the solar wind flowing away from the Sun and the
Earth’s magnetosphere is still not properly understood after more than thirty
years of study [32, 33]. In this interaction, the physics of the magnetopause

10 M. J. Rycroft
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is crucial; it is a thin boundary [34] separating two plasmas having different
origins [35, 36]. )

The time varying reconnection of interplanetary and terrestrial magnetic
field lines at the magnetopause can be thought of as causing a time varying
electric field directed from dawn to dusk across the magnetosphere [37, 38].
Together with the electric field associated with the viscous interaction between
the solar wind and the tail of the magnetosphere [39], this leads to large scale
plasma motions within both the tail and body of the magnetosphere and in the
two polar cap ionospheres [40, 41, 42]. The physical mechanisms responsible
for redistributing energy stored in various forms in the magnetospheric plasma
during geomagnetic storms — for example, to enhance the ring current — and
also during auroral substorms are still a matter of debate [43, 44, 45]. The
recently published book, edited by Ashour-Abdalla et al. [46], is helpful in
this regard.

A promising research direction is the cause and effect study of the inter-
. action between a large scale (~ 0.3 AU) magnetic field structure (termed a
plasma cloud) and the magnetosphere [47]. Labelle et al. [48] have similarly
studied smaller scale (~ 10~* AU), impulsive solar wind discontinuities. The
magnitude of the southward component of the interplanetary field is often
found to be important in such interactions, possibly indicating transient re-
connection near the subsolar magnetopause [49]. On the other hand, Woch and
Lundin [50] report that the injection of magnetosheath plasma via transient
boundary layer processes has the highest probability when the interplanetary
magnetic field is confined to the ecliptic plane. Fairfield [51] and Roelof and
Sibeck [52] have reported variations of the size and shape of the magnetosphere
over the solar cycle.

The development of numerical models of magnetic reconnection is an ex-
panding field [53, 54, 55]. Atkinson [56] has presented a novel mechanism
whereby reconnection at X lines can cause discrete auroral arcs. As computer
codes become more sophisticated, further significant results are to be expected
from using this powerful technique. ‘

The roles played by wave—particle interactions at the magnetopause have
been reviewed by Thorne and Tsurutani [57]. The modified two stream in-
stability, the lower hybrid drift instability, a velocity shear instability or an
electromagnetic ion cyclotron wave may be important.

Winckler et al. [58] and Winckler [59] have presented the elegant results
of active rocket-borne experiments injecting electron beams into the magne-
tosphere. A downward looking television camera in space viewed the glow
generated by ionisation of the neutral atmosphere, near 100 km attitude, due
to a 36 keV, 0.18 A pulsed electron beam injected upwards at a pitch angle of
130°. The helical Larmor orbit of the electrons is clearly evident — see Fig.4.
Electron echoes from the other hemisphere at L ~ 7 (L — Mcllwain’s para-
meter) were detected, from which the lengths of inflated field lines have been

. M. J. Rycroft 11
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Fig. 4. Image from a television camera looking down to the 100 km altitude of
a rocket—borne electron gun, injecting pulses of 36 keV electrons, whose
cyclotron orbits are clearly evident (from [58]).

12 M. J. Rycroft
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derived. Pitch angle diffusion, beam-plasma interaction phenomena, cross-L
drifts, fluctuating electric fields in the magnetosphere and field-aligned poten-
tial drops have also been estimated. There is considerable potential for further
similar and technically challenging experiments, especially at lower L-values.
Extensive plasma observations of auroral features, with good spatial and
temporal resolution, are now being made by the Freja satellite at altitudes
between 600 km and 1800 km in the topside ionosphere [60, 61]. Global views
of the auroral oval are obtained from the Dynamics Explorer satellite, at higher
altitudes [62, 63]. : ,
Rockets are also excellent observational platforms for investigating auroral
phenomena. Garbe et al. [64] report that ions observed within a downcoming
of ~ 10 keV auroral electrons near local midnight were heated — below the
rocket — to ~ 3.eV transversely to the geomagnetic field. Moving adiabati-
cally up to the rocket, they have a cone—shaped velocity distribution and are
therefore termed ion conics — see Fig.5. They are a source of ions which,
when further accelerated, contribute to the magnetospheric ring current.

[C . II / —
on;cwons +_

Vi

i
Heated Ions
B \

Vi

N i
Thermal Ions
T

rid

Fig.5. Diagram indicating rocket and satellite studies of the transverse heating
of ionospheric ions (by wave—particle interactions) and their adiabatic, up-

wards motion so that their velocity distribution function becomes a conic
(from [65]).
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Oxygen. ion electrostatic. cyclotron waves (~ few mV-m~!) and cool
(~ 0.1 eV) ions moving downwards were observed in the same region. The
amplitude and coherency of these waves appear to be inadequate to produce
the transverse heating. Also observed are waves (~ 100 mV-m~!) near and
above the lower hybrid resonance frequency in association with auroral hiss

- (see also [65, 66]). Arnoldy et al. [67] and Kintner et al. [68] believe that
these intense lower hybrid waves, which occur in thin filamentary (along the.
geomagnetic field) regions of depleted plasma density [69], cause the transverse
acceleration of ions. Bursts of these waves (solitary wave structures) occur
about once per second, during bursts of field—aligned auroral electrons. The
mechanism involved is considered to be due to the self-focusing of nonlinear.
lower hybrid waves and their collapse [70]. Similar observations need to be
made on the dayside, to investigate cusp phenomena [71].

The results discussed in the previous paragraph could be taken to confirm
earlier ideas put forward by Bingham et al. [72] that auroral electrons are
stochastically accelerated by electrostatic lower hybrid waves rather than by
an electrostatic potential difference. After all, observations of every auroral
phenomenon indicate a dynamic, time varying situation, rather than a static
condition. It has to be remembered that it is over twenty.years since Hall
and Bryant [73] introduced the idea that the electric field accelerating auroral
electrons was fluctuating on time scales of milliseconds or less. The source of
free energy for the waves could be earthward streaming ions in the boundary
plasma sheet [72].

This fundamental field is surely ripe for further experimental, theoretical
and numerical simulation studies. '

5. WAVE-PARTICLE INTERACTIONS

One topic of the previous section, concerning auroral acceleration pro-
cesses, has — perforce — dealt with the physics of wave-particle interactions.
Attention is now focussed on phenomena at lower L-values.

Unstructured in the frequency-time domain, plasmaspheric (L'~ 4) hiss
has been reviewed by Hayakawa and Sazhin [74]. It is believed to be generated
by the electron cyclotron instability, with an anisotropic velocity distribution
operating quasilinearly near the-equatorial plane (see also [75]).

Also in the very low frequency (VLF, 3+30 kHz) band, chorus (composed of
discrete, rising frequency tones) is observed just outside the plasmapause [76).
Sazhin and Hayakawa [77] again invoked the electron cyclotron instability, with
the nonlinear deformation of the hot electron distribution function, producing
almost monochromatic wavelets. Recently Trakhtengerts et al. [78] proposed
a step-like deformation of the electron distribution function at the boundary
between_electrons which are gyroresonant with hiss and those which are not,

14 ‘ M. J. Rycroft
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leading to the generation of quasi monochromatic wavelets at the upper fre-
quency of a hiss band. This step is the analogue, in velocity space, of a shock
in physical space.

Omura et al: [79] reviewed VLF triggered emissions, considering the nonli-
near gyroresonant current which causes nonlinear wave growth and a nonlinear
frequency shift (see also [80]). They pointed out unresolved problems which
may best be tackled by numerical modelling.

3. Whistler
(1o Southern Hemisphere)

Radiation Belt
Electrons
00 km
6 kHz —
A 70km
2 ‘k& \ \ b \ . ’
;@fr 2. Radio Atmosphenc .
- L L U OkHz —
1. Lightning — ] gep et

Fig.6. Diagram illustrating electron precipitation produced by ducted whistlers.

Rycroft [81] has reviewed the salient features of the interactions between
lightning-generated whistler mode waves and energetic electrons trapped in
the magnetosphere. Via the electron cyclotron resonance mechanism, these
lead to the precipitation of electrons into the upper atmosphere and hence
to amplitude and/or phase variations of VLF radio signals propagating in
the Earth-ionosphere waveguide — see Fig.6. This diagram illustrates elec-
tron precipitation produced by ducted whistlers. A lightning discharge in
the northern hemisphere (1) launches a radio atmospheric, or “sferic” (2),
which propagates in the Earth—ionosphere waveguide. Enhancements of the
plasma above the ionosphere, aligned with the geomagnetic field and known as
“ducts”, can trap a portion of the sferic energy and cause it to propagate along .
a field line to the opposite hemisphere as a whistler (3). During its journey the
circularly polarised whistler can interact with gyrating energetic radiation belt -
electrons, scattering them in pitch angle so that some escape from their geo-
magnetic trap (4). Upon striking the ionosphere, the precipitating electrons
cause significant secondary ionisation (5). Meanwhile, the whistler emerges
from its duct and can be observed, along with the subionospherically propa-

M. J. Rycroft | ' . 15
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gating causative sferic, with broadband VLF radio equipment in the southern
hemisphere (from [82]). Taranenko et al. [83] have estimated the magnitude
of similar transient effects on VLF signals due to the direct heating and ioni-
sation of the lower ionosphere by strong electromagnetic fields from nearby
lightning. The relative importance of these two processes will be discussed at
the URSI (1996) General Assembly, as will the heating of the nighttime lower
ionosphere by signals from VLF transmitters [84].

Nonlinear wave-wave interactions in the ionosphere between signals from
a ground-based VLF transmitter (at Siple station, Antarctica) and a natu-
rally occurring emission ~ 2.4 kHz have been reported by’ Ohnami et al. [85).
Trakhtengerts and Hayakawa [86] discussed the importance of the wave in-
tensities for such interactions, and for the creation of sidebands. Nonlinear
processes occurring in planetary magnetospheres have been generally reviewed
by Gurnett [87]. i , ’

Xu and Yeh [88] and Yeh and Xu [89] have studied the propagation of
a VLF wavepacket in a dispersive and anisotropi¢ medium. This causes the
polarisation of the wavepacket to vary (from circular) as it propagates. This
effect should be considered when modelling wave-particle interactions.

Numerical modelling of wave-particle and wave—wave interactions is pro-
ceeding apace. For example, Serizawa and Dum [90] have analysed finite
beam-driven instabilities, while Nishikawa et al. [Q{I] reported on a three-
dimensional electromagnetic particle code, to study electron beam-driven
whistler waves. The latter’s simulations were useful in relation to an experi-
ment carried out aboard Spacelab 2. -

6. IONOSPHERE

The ionosphere and thermosphere together constitute a weakly ionised
plasma, with strong coupling between the ions and neutral molecules. The
ions and neutrals respond differently to energy inputs in situ, from above and
from below. Many phenomena in the polar and high latitude ionospheres are
strongly controlled by magnetospheric processes. Ground-based experiments
at high latitudes act as a “window” on space and complement rocket and
satellite studies. ]

Rishbeth and van Eyken [92] discussed the first ten years of European inco-
herent scatter radar (EISCAT) operations in Northern Scandinavia, whereas
Cowley et al. [93] presented the case for the extension of research to higher lati-
tudes, using the Svalbard radar. Highlights of EISCAT results are as follows:
sporadic-E layers [94], E-region electron densities, temperatures and EA B
drifts [95], F-region plasma velocities in and near auroral arcs [96] and electron
temperatures via photoelectron—enhanced plasma lines [97]. Hultqvist [98]
mentions EISCAT observations in his review of upward flowing ionospheric
ions. .

6. o M. J. Rycroft
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The principles of coherent radar backscatter from irregularities created
by plasma instabilities in the E-region have been reviewed by Schlegel [99],
with emphasis being placed on the spectrum of the echoes observed under
different auroral conditions. Kofman and St. Maurice [100] have discussed
non-Maxwellian velocity distributions which lead to asymmetrically distorted
spectra observed by EISCAT. For example, strong electric fields transverse to
the geomagnetic field can accelerate ions to supersonic speeds, thereby creating
asymmetric spectra. Applications of pure plasma physics theoretical results
to ionospheric conditions lead to progress.

Heating the auroral ionosphere using powerful radio transmitters not only .
produces new observational results but also calls for new theories. Turunen
et al. [101], Cannon [102] and Cannon et al. [103] reported the serendipi-
tous observation of the generation of extremely low frequency (ELF,
3 Hz -+ 3 kHz) radio signals via the nonlinear demodulation of low frequency
(LF, 30 - 300 kHz) or medium frequency (MF, 300 kHz + 3 MHz) transmis-
sions by the auroral electrojet. Similar, but controlled, experiments have been
performed by Vas’kov et al. [104]. Also using the Sura heating facility near
Nishny Novgorod, Blagoveshchenskaya et al. [105] reported the field-aligned
scattering of diagnostic HF radio waves. The first direct investigation of elec-
trojet temperature modifications by HF radio waves was reported by Robinson
et al. [106] — see Fig.7. They confirmed a recent theoretical model [107] in
which the combined effects of radio frequency-(RF) heating and of natural -
plasma turbulence associated with the Farley-Buneman instability had been
considered.

Noble and Gordon [108] presented some results of the first two frequency,
high power heating experiment using obliquely incident HF heater waves. HF
sidebands were observed. Sergeev et al. [109] have reported stimulated elec-
tromagnetic emissions (SEE) at high harmonics of the electron cyclotron fre-
quency produced by the Sura facility. When the heater is turned off, the
«missions decay with a characteristic time scale of plasma wave damping. Er-
makova and Trakhtengerts [110] have discussed beams of superthermal elec-
trons in field-aligned electron density depletions which are associated with
these experiments. Artificial plasma density irregularities created in such ex-
periments have been reported by Boiko and Erukhimov [111} Rietveld et
al. [112] have reviewed the ionospheric heating experiments carried out at
Tromsg. All these active experiments enable the field of ionospheric plasma
physics to develop considerably.

Electron density depletions and whistler mode noise enhancements close
to auroral arcs were reported by James [113] and James et al. [114]. For this
sounding rocket experiment with an insulated conducting tether, these were
considered to be sheath wave phenomena created by suprathermal particles
which close the current due to auroral precipitation.

Another type of active experiment involves the injection of > 1 kg of

A
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neutral molecules (such as barium or lithium) which are readily photoionised
by solar ultraviolet radiation. ‘On the combined release and radiation effects
satellite (CRRES), studies of critical velocity ionisation [115], the geometry of
the geomagnetic field observed via ion tracers, auroral excitation and ion—ion
coupling were attemipted [116]. Oraevsky et al. [117], Namazov et al. [118]
and Milinevsky et al. [119] have discussed various observations made in Cuba
following CRRES barium releases.

ExB

= NN
“\‘\K‘»% V?a”&‘é"tv\ ¢

=
EISCAT (1) HEATER S K

Fig.7. Diagram showing the arrangement for EISCAT studies at Tromsg(T), So-
dankyla (S) and Kiruna (XK) of the ionospheric E-region heated by a
powerful, colocated radio transmitter operating at 4.5 MHz (from [106]).

Geomagnetic storms perturb the ionosphere on a global scale. Some obser-
vational results for the great storm of 13 and 14 March 1989 and mechanisms
have been reviewed by Rycroft [120]. Kurth [121] has commented upon this
particular storm, and presented observations’ from Greenspan et al. [122]
showing electron densities reduced by an order of magnitude from 20°N to

20°S magnetic latitude. These are believed to be due to electric fields, of mag-
netospheric origin, raising the equatorial 1onosphenc plasma, which then drifts
polewards. Yeh et al. [123] have analysed the longitudinal dependence of the
depleted F2 regions. Buonsanto et al. [124] and Foster et al. [125] have reported
detailed observations of the ionosphere over eastern North America during geo-
magnetic disturbances one year later. Studies of magnetic storm phenomena
in the ionosphere not only provide insight into the physical mechanisms at
work but also are of practical benefit.

18 M. J. Rycroft -
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7. RELEVANCE OF SOLAR-TERRESTRIAL PHYSICS PHENOMENA TO
HUMANITY

Nowadays, humanity routinely uses high technology services whose per-
formance can be upset by unusual solar-terrestrial events, such as magnetic
storms. These include:

- the disruption of electric power systems at mid to high latitudes, caused
by changing ionospheric currents inducing e.m.f.s. and producing tran-
sient currents which burn out transformers,

~ the induction of e.m.f.s. producing currents in long conductors, for
example those used for cable communications or oil/water pipelines,

— the ’disruption of aeromagnetic surveys by time varying ionospheric cur-
rents perturbing the geomagnetic field,

~ the disruption of ground-based and satellite radio communications, and
of satellite navigation systems, by the disturbed ionosphere,

— the upset or even failure of chips, instruments or entire satellites in
geostationary orbit, due to energetic charged particle and/or plasma
effects,

— the destabilisation and decay of polar orbiting satellites by geoma.gnet:c
field changes and by thermospheric density changes, a.nd

— radiation dangers to the crew and passengers of Iugh—-ﬁymg aircraft, and
to astronauts, due to enhanced fluxes of energetic charged particles.

Improving knowledge of, and eventually predicting, disturbances in the
near—Earth environment is a challenging and worthwhile task.

8. CONCLUDING REMARKS

Some recently obtained results, and some prormsmg areas for future re-
sea.rch -in the field of solar-terrestrial physics have been discussed in this
broad review. Experimental, theoretical and modelling studies — carried out
interactively — will surely lead to further progress.
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B5®PEKT MEICCHEPA B CBEPXIIPOBOIAIIMX
AJIPAX HEUTPOHHBIX BBE3]]

B. B. Kouaposcxut, Ba. B. Kouaposcrut, B. A. Kyxywrun ‘

PaccmMaTpHBaeTCH BIKAHEE CBEPXIPOBOIHMOCTH UPOTONHON INa3MHl B Afl-
pe HeHTPOHHOM 3Be3nH (NMymbcapa) Ha DBOMOUMIO ee MarHHTHoro mond. Co-
IIacHO TOCNEOBATENbHS IPOBEICHHLIM OCHEAM YTBEPXKAAETCK, YTO BHITANKH-
BaHHe IONA M3 AApa DBE3NH BCaefcTBEe ohderTa Meliccrepa s npe-coepx-
NPOBOJHHEA BTOPOTO POfia ABNSETCH Hedo(GEKTHBHLIM [ MarHHTHHEIX TOTel
B, < 10™ Tc. Hosromy Takoe monme 6es y4eTa KPYrMX MEXaZHHIMOB BBITAI-
EMBaRUA (HANPHMED, CBASAHHHIX C IIaBYy4YecThio aGpMROCOBCKUX BHXpeR Hiu
MX MHHHUHrOM K BuXpaM Omncarepa—PeiiniMaHa B CBEDXTEKydeil HEHTPOHHON
KHIKOCTH BPAIJAIOWICHCS 3BE3[B) JOIXHO GHTH “BMODOKEHHBIM” B (PO Ha
Bpems > 10%° neT, T.e. Ha BCe BpeMH JXHOHR 3BESJIHL

1. BBEIEHUE

COrmacHO COBpeMEeHHEIM IpeicTaBleHusM (cM., HampEMmep, [1,2]),
HeHTpOHHBIE 3Be3[H (mpogBrgiolmMe cebg Rak NMylIhCaphl) IBISIOTCE Bpalla-
IOIMMHCE 1IapaMy ¢ MACCOH MOpPAJKa COTHeYHOH M paguycoM R ~ 10 xm.
OHE COCTOST M3 TBepHOH KOPHl ¥ XKMJKOro ffpa. Kopa, HMeiomas TOMHMHY
AR ~ 1 xM, o6pasoBana, MaBHEIM 06pasoM, sgpamu “6Fe, ynakoBaHHEIME B
KPECTALIHYECKYIO PelleTKy, ¥ Ta30M CBOGOIHEIX DIEKTPOHOB. B f1pe sBe3iEl
ILIOTHOCTH JOCTHIaeT BETHYUHH, XapaKTeDHOH [If ATOMHEIX Sfiep, ¥ Bellle-
CTBO COCTOHT, B OCHOBHOM, M3 npe-(pashl, SBIMIOMEHCS CMeChbi0 HEHTDOHOB,
NPOTOHOB M DIeKTPOHOB. KOHIEHTpPAalMH IPOTOHOB H OIEKTPOHOB PABHH K
COCTABIFIOT HECKOTBKO IPONEHTOB OT KORNEHTPAUUH HellTpOHOB.

Braronaps BECOKOH IIOTHOCTH BeINECTBa B Sfpe 3Be3/IH, MEXITPOTOHHOE
PacCTOSHKE JOCTATOYHO MaJO If IPOSBIEHNS CHIHLHOTO IPOTOH~TPOTOHHOTO
BOAUMONe#icTBNE, HOCAMEro NPUTATHBaTENbHHI XapakTep. B pesymbrare
BOBMOXKEHO 06pasoBanie 1Sy KymepOBCKAX NPOTOHHEIX Map M TepeXol Sipa
8Be3]IH B CBEPXNpOBojigiiee cocTosnue [3-5]. OueHka KpUTHYECKOH TeMIepa-
TypH nepexopa, T¢, AaeT cornacuo [6] BenuunHy nopaaxa 2- 10° K, uTo mpessi-
DIaeT THIHIHEIC BHYTPEHHHe TeMIepaTyphl HeHTpOHHKIX 3Beaf T' B BospacTe
6oibie Heckonbkux fecsTkoB et [7,8]. CnegoBaTensHo, g1pa MOABILIONIEro
GonbIIMHCTB2 HeHTPOHREIX 3Be3] AOMKHE HaXORHTHCA B CBEPXNPOBORILIIEM
COCTOSHHAH.

Cornacao ganusM.[2,9], IIpOTOHHhIII CBEpPXIPOBOJHUK B Z][pe 3Be3[[Ll OTHO-
CHTCH KO BTOPOMY POJiy € IIOHJOHOBCKOH ry6unoi § ~ 10~ /T [(Tc — T) cM

26 B. B. Kouaposcxuti u 8;3.‘
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u gumnoit xorepenTHoCcTH € & 10712\/Tc /(Tc — 1) cM. JIng ero omucasus uc-
nons3yeM Teopiio caepxuposoguMocti BKII {10].

2. CTPYKTYPA MATHUTHOI'O NOJA HENTPOHHON 3BE3JEI CO
CBEPXIIPOBOIAININM ATPOM '

ByneM paccMaTpuBaTh HPOCTEHIIYIO MOENb CTPYKTYPH MarHATHOTO IIO-
79 HeATPOHHON OBESIH, POXMAIOMENACE € OJHOPONHEIM BHYTPeHHWM NOueM
By < 10! I'c 1 ¢ COOTBeTCTBYIOMNM JHIONLHEIM TONEM cHapyXu. OYeHb 6ul-
cTpo, mpuMepHo 8a 10 ner [7,8], ee BHYTDEHHS{ TEMIEPaTypa CTaHOBUTCI
PaBHCH KPHTHYECKOH teMuepatype Tc. 3a »To BpeMms Toku B ipe (1i] 1
Kope [12] HeHTpONHOH 3BE3IE He YCNEBAIOT BATYXHYTh, a CIENOBATENLHO, e
MarEgIHOe IDoJle UPAKTHYSCKH He yciieBaeT U3MeHHThCH. IIpu panbHedIneM
OCTHEIBaHUH XKHUIKOe SIPO 3Be3]H IIEPEeXOUT B CBEPXIPOBOLINIES COCTOSHHE.
. BenencrBue mamuyms MarHuTHOro nong By yKaB3aHHBIHA Iepexof MPOUCXOTHMT'
upu Temnepatype T, cnerxka MeHblilell XpuTiyeckoit TemiepaTypsl Tc. Tlome
B XOpe H BHe 3Be3[bl HUKAaK He BAaTPArMBaeTCis CBEPXIPOBOAIIIMM (PasoBHIM
epeXofioM, @ MarHUTHOE NONe B L€, Kak XOPOIIO U3BECTHO M3 HCCIEROBA-
HHH 3eMHBIX (TBepno'reanHx) cBepxnpoaoanKon BTOpOro popna [10], pas6u-
BaeTCH Ha MPAMONMHeHHEE abPHKOCOBCKUe BUXPH (pHUc. 1), HaYMHAKOWUECE U
BaKaHYHBAIOUMeCT Ha MOBepXHOCTH fApa (puc.2). Kaxpuii Buxph mpeucra-
BlIfeT COB0H OYeHb TOHKYIO (pamuyc nopsgka §) TpyGKy MAarHMUTHBIX CHIOBEIX
muHEE B M CONEPXXHT OMH KBaHT MaTHHTHOTO moToka ¢ = 2-10~7 Ic.cm?.
MargnTHOE noNe BUXPE CO3JaeTCcd NHPKYIUPYIONUM B HEM KOIBIEBHIM CBEPX-
npoBogguMM TokoM j,. (CruegyeT oTMeTHTH, YTO B HacTOfiee BPEMI BO-
TIpocC O AWHAMEKe ¥ (HOMYecKUX SBICHUIX Ha IBMXKyeMcs GpoHTe PaszoBOTO
Tmepexoia MeXJy CBepXNpPOBONIIIMM M HECBEPXIPOBOASHIUM nMpe-COCTOIHHEM
0CTaeTCH OTKPHITHIM. ) ,

Ilo anamorum ¢ BeMHBEIMU cnepxnponommxamn BTOpPOro poja IpuMeM Nid
ONpefeNeHHOCTH, ITO B NEPIEeHNUKYNIpHON HX HANPaBIEHHIO MIOCKOCTH BH-
Xpn 0o6pasyloT TPEYrOTBHYIO peIeTKy C MeXBHXPEBEHIM paccTogHueM d =
= /2/3Y/4,/n. 3neck n — 4ucnO BUXpEH, IPOHUBHBAIOUMX EHHEMYHYIO IIIO-
WAAKy, NepIeHAKYIIPEYI0O NX HaNpaBleHuo. (3aMeTHM, BIPOYeM, YTO Cle-
TaHHbIE HEXe KavyeCTBEHHbIe BLIBOGH 06 SBONIONUM MArHMTHOTO IIONd He}-
TPOHHOM BBE3J(bl IPaKTHYECKH HE BABUCAT OT BHJa PEUIeTKH abPUKOCOBCKUX
BUXpeil.) ’

Maxkpockonmyeckoe MarHETHOe Ione B B anpe NpeCTaBIgeTCs Pe3YNb-
TaTOM YCpPEeTHEeHHS CO3JaBaeMOro BUXPAMH MMKpOCKomnyeckoro nong B 1o
IPOCTPAHCTBEHHBIM MaciITaGaM, MHOTO GOMBIIMM PajgiycoB BUXpell ¥ pac-
croguuit Mexngy HuMu. Ilome B mampanmeno Bjons BIXpeil, I ero BelM4MHA
paBHa B = ¢n. B navannumiit MoMenT BpeMern B = By = = ¢no.

B. B. Kouaposcruii u dp. ' 27
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Puc. 1. AGpMKOCOBCKHE BUXPB. Prc. 2. MarauTHOe none BefTpOHHOM BBE3]EI B

MOMEHT IIepeXOoNa ee Afpa B CBEPXNpO-
Bofilee COCTOSIHHME.

3. INHAMNKA ABPMKOCOBCKOI'O BUXPs
B CBEPXIIPOBOIAUEM AJPE HEMTPOHHO! 3BE3[LI

BcnencTere oTTaNlKMBaHEL ApYT OT JPYra BUXPH, OCTaBaiCh NPIMOIHMHET-
HBIMH, HAYUHAIOT IBUTATHCA NONEpeX MarHUTHOIO NONS U BEIXONUTDH M3 f1pa
3Be3JL B ee KOpYy, Ille BpeMs BaTyXaHHS MArHUTHOTO NONL 3a CYET OMHYe-
CKMX IIOT€Pb MOXKeT OLITh JOCTATOYHO Maid, BIIOTEH A0 BpEeMeHH MNOpPANKa
MuIHoHa neT [12]. DTo NPHBOAUT XK yMeHBINEHHIO INTOTHOCTU BUXpeH 7,
T.e. X BHITATKMBAHMIO MATHHTHOTO IIONE B M3 CBEPXIPOBOJHHUKA, UBBECTHOMY
xak oppexkr Meiiccuepa [10]. us oueHK¥ MUHHMAILHOTO BPEMEHHM BHITAN-
KHBAHUS IONL Tryjp ICpeiijieM K UMIMHIPUIECKOll FeOMEeTpHHU, T.e. BaMeHUM
cBepxupoBopguiee chepuieckoe INpo 3Be3iH GeCKOHEYHHIM IIIHHAPOM DU~
yca R — AR ~ R. A6pukocoBckie BUXPH HalpaBleHbl BIOIbL OCH UHIMEIDPA H,
OCTaBafCh NPIMONUHEHHEIMH, GBIXKYTCE co cxopocThio v L B (puc. 3).

Braronapd OTTAIKABAHHIO OT OKPYXKAIOIMX COCelel Ha eUHMLY NIMHH
KaXKJOTO BUXPH HEeCTBYeT CHIa -—g(n)ﬁn, OTIMYHAd OT HYNZ TOIBKO B CIydae
HEOJHOPOJHOTo pacnpefenenud Buxpel n. OyHkuug g(n) merko BHIUCIIETCL
B OpenenbHuIX cnyyagx £ € d € 6§ u d > § > £ ¢ HCnons3OBaHUEM HNOIY-
YeHHOTO B TOHJOHOBCKOM NpHOGNMKEHUM BHIPaXeHHE g CHIE OTTAIKMBaHUL
OBYX OTReNbHEIX Buxpeil [10]. B mepsom ciyvae cyMMEpOBaHHe IO OKpYXa-
IOIHMM JaHHHH BHXPb COCENIM MOXXHO BAMEHHTh HHTEIPHPOBaHUEM M YYECTDL

28 B. B. Kouaposcxuti u dp.
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Puc. 3. PacTankuBanue 0 fHHaMUKa aBPRKOCOBCKMX BEXped (SallTPHXOBAHbI)
B DRINEIPHYECKON MojenH snpa paguyca R — AR =~ R.

B NOZHHTErpaibHOM BEIPaXE€HUU MAJNOCTh H3MEHEeHNd n Ha pac’c:rox}max no-

pguxa §:
2

g(n)g%r, .t d<. 1)

Bo BTOpOM CiIydae SKCHOHEHIMATLHAE CIa6OCTh CANK OTTANKUBAHISE BUXDER
NO3BONdET O71d BHEITUCICHRI Q)YBKX.(KK g(n) YYUTBIBATh OTTAJKHBaHHE JAHHOIO
BUXpH NHIUE OT OIMXKaPNIAX INeCTH Cocelel B peleTke:

) 3. ¢ (V2 N\ (Ve
9(n) = \/;16?;3/2(31/4\/55) exp(—m) d>65>¢ (2)

Cuna — g(n)\?n YP2BHOBCIINBALTCH [eHCTBYIOIIUMY Ha eJUHNLY AIWHEL BY-
XpS CHJIOH BESKOIO TPEHHS —7)V M NepIeHNuKyIIpHOH v cunoi Maruyca [13],
BOBHHUKAJONIIMH BCIEACTBHE paccefHUd DIEKTPOHOB MarHUTHLIM HOJeM J(BH-
JKymerocd Buxpd. B nunumgpudeckoil reoMeTpnu cuna Marmyca IpUMBOEAT K
YMEHbIIEHHIO PafHaTbEON I NOSBICHNIO a3AMY TATbHOM COCTABITIOMEH Y CKO-
POCTH V, T.e. K yBeINYeHUIO BPeMEHU BHITATKABAaHKA 10N U3 CBEPXTPOBOJ-
HEKA. I8 OHEeHKH MUHUMAILHOTO BPEMEHM BHITANKUBAHUS NONL Tyin OHA TO-

. 9TOMY YUHTHIBATHCH He 6yner. KoopdumneRT BE3KOCTH OLEHUBAETCHE MCXONH
B3 IomydeHHoro B [14,15] BpeMeny penaxcannu cpegHeidl OTHOCHTEIBHOM CKO-
POCTE CBOGONHEIX HI€KTPOHOB H 26PHMKOCOBCKUX BHXPEH: 7) ~ 107 pun-c/cum?.
MosxHO moxa3aTh, 4TO AHANOIEYHOE 3HaYeHue ANd 7) (IO HOPHEAKY BEIMYMHE)
HaeT KIacCHYecKoe pacCMOTDEHHe PacCedHUS SNeKTPOHOB MalHHTHEIM IONEM
OBUKYLIErocd BUXPA.

B. B. Kouaposcxut u dp. 29
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B pesympTaTe NOTYYaEeM OCHOBHOE YPaBHEHHE IHHAMEKH BUXPL:
- g(n)Vn —nv=20. (3)

OHo BMecTe ¢ ypaBHEHNEM HeNpPEPHIBHOCTH

%tn—- + div(inv) =0 (4)

o6pasyeT BaMEHYTYIO CHCTEMY YPaBHEHHY [ HEH3BeCTHHIX QYHEOHUH V, T.

4. “BMOPAKUBAHWUE” MATHUTHOTO TIOXA
B CBEPXITPOBOIANIEE AIPO HEATPOHHOM SBESIBI

Bripaxas v u3 (3) u mopcrarnsd B (4), HoiyvaeM [ig TIOTHOCTH BUXpe n
HelnHelHoe ypaBHeHue REGOY3HHN ¢ mepeMeHHEM kospduauuertToM puddysun

ng(n}/n: o 7
n . {ng{(n)Vn

Kosdppunuenrt guddysun ng(n) /\ 7 YMEHLUIAeTCE C yMeHbIleHueM n. HosTomy
IE OOEeHKH MUHHMAJIHHOI'G B3HAYEHHS Tmin BPEMEHY BHITATKHBAHHES NONE MOX-
HO 3aMeHHTD B (5) mepemenuniii koopPuunerT Au(GPY3HN Ha €ro MaKCHMAIb-
Hoe BHaveHne ngg(ng)/1n, IOCTATAEMOe B HaJalbHHH MOMeHT Bpemeny., Iomy-
Jalolieecg TakuM o06pasoM IHHeiHoe ypaBEeHWe AnPPysHE TPEBORUT K Clle-
nylomeil oueHke: - ) \

Tmin ~ R'7/n0g(n0). (6)

CornacHo [16} 5Ta ouenka He DaBECAT (10 NOPSAKY BEIHIUHE ) OT KOHEPETHOIO
BEJa TPAHNUYHOTO YCIOBHS [If 7 Ha TPaHMIE, CBePXIPOBOALIEro UAIKHPA. -

Jns mareuTHEIX momeit By 10 I'c cnyvait (1) peanusyercs nmuumb Opw
Te—T < Te. B oToM cnyvae s onerxu (6) nng By = 102, 103, 10! I'c mony-
YaeM COOTBETCTBEHHO Tmin ~ 2-107, 2-10%, 2.10° ner. Onnako sHaYATENBHO
6ricTpee [7,8] BEyTpeHHS S TeMuepaTypa 3Be3Abl T’ cTaHeT BHAYHTENbHO HIDKe
KpuTHYeckoll TemnepaTypsl T¢, Tak 4To QyHKnus g(n) GyieT OmpenersiTRCHE
BeipaxkenneM (2). Torpa us (6) gud Tex xe SHaYeHMH HAYAIHHOTO MArEUTHOTO
IONLE TONy4aeM COOTBETCTBEHHO Tmin ~ 1023, 3101, 100 yer.

®opmyna (6) HOBBOTIET ONEHUTH TakXKe MAKCHMATLHYIO TONNHHY ATmay
- 06IacTH Ha BHeNIHeH I'PaHANE CBEPXIPOBOJAIIEro MUINHDA, U3 KOTOPOH Mar-
HUTHOE IIOJle BHITECHSeTCE B3a JaHHOEe BpeMd T:

AT max ~ 1/ T0g(n0) /7. | (7

Tak, gng BpeMess T = 10° JeT Ipu ykasaEHEIX BhINle BHaYeHHIX MArHHTHOIO
nong onenxa (7) AaeT COOTBETCTBEHRO Arpay ~ 1-1071, 6104, 3-10° cm.

30 B. B. Kouaposcxui u op.
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MarauTtroe mone By 10 Ic, cnegopatensio, “BMopaxuBaercs” B AfpO
8BEBNH ¥ OCTaeTCd B HeM IPAKTHYECKH IOCTOSHHHIM B TeYeHMe BCelf ee XKUB-
Hu. B pesynbTaTe y cTapoil HEHTPOHHON BBe3JH CyLIeCTBYeT NOCTOSHHEIM
IUOONHHEIA MarHHTHHA MOMEHT, CPABHHMHIM C er0 UCXONHOH BenrnynHol. He-
6onplIoe BaTyXaHne MarHUTHOTO MOMEHTA B HaYalle ee XXUBHA CBI3RHO C OMH-
Jeckoll AiuccHnanmelf TOXOB B TOEKOH HeCBEepPXIPOBORSIIEH kope BBES/H.

5. SAKJIIOYEHHE

BriBon 0 “BMOpOXEHHOCTH” MATHHTHOTO NONL B CBEPXIPOBOJdliee SHPO
HEH TP OHHOM 3Be3jIkl GHII clenaH eme B padoTe [17]. Onuako B Heil PaxTudecku
PacCMaTPHBAICH TOMHKO CBEPXIPOBONHUK NEPBOTO POJla, a “BMOPOXEHHOCTH”
IOoNg B HErO OGBACHINACH BHICOKOH HPOBOJMMOCTHIO O €ro HeCBEPXIIPOBOXI-
mlero COCTOSHUE. B HacTogield BaMeTKe HaM NPHUIIOCH BHOBb 0GPATHTHCE K
mpo6neMe “BMODPOXEHHOCTH”, IOCKOIBKY, COITIACHO COBDEMEHHHIM INpefcTa-
BIEHUEM, AP0 HEHTPOHHOH BBEBJIH ABIEETCS CBEPXIPOBOJHHKOM BTOPOTO
pona. Ilome B'BHpe Buxpei “BMOpaXuBaeTcCi” B Hero BCIeICTBHE DKCIOHEH-
OHAIBHON CIabOCTH CHIB KX B3aHMHOTO OTTanKuBaHUL (CM. paspen 4), a He
BCIIE[ICTBHE BEICOKOH IIPOBOIMMOCTH 0. Y cIonmp3oBarye IoCHeHeH OIS BLITH-
ClIeHHS JeHCTBYIOmed Ha NBHXKYWMHCE BHUXPh CHIL BESKOIO TPEHHS B yCIO-
BHEX CBEPXIPOBOJALIEr0 fpa HEHTPOHHOH 3Be3AHl BooGlle HeNpaBOMEPHO.
9TO CBEBAHO C TEM, YTO OMHYECKad GUCCHNAUUL B IBHXKYLIEMCE BHXpeE IPO-
MCXONUT TOIBKO B €r0 OYeHb TOHKOH cepleBuHe (pamuyc mopsanka £), rae se-
INeCTBO HAXOJUTCE B HOPMAITbHOM HECBEpXIIPOBOJEIIEM COCTOSHUM. B To xe
BpeMsd PaJUyC CepilleBHHE { 1l BCeX PacCMATPHUBaeMHX TeMnepaTyp I BHa-
49U TeNbHO MeHbINe JIXHE CBOGORHOrO Npobera anekTpoHoB [11], o6ycraBnnBa-
IOINIX BHICOKYIO IPOBOREMOCTD HeCBEPXIIPOBOLIIErO COCTOSHUL 0. TlooToMy
HCIONB30BaHHe 06HYHON QopMyIH j2ré2 /o Qi CKOPOCTH OMHYECKOH JUCCH-
AUy HeCBePXIPOBOALINNX TOKOB J, B CepilleBHHE ABMXKYIIErOCE BUXPH IIPH
BHYHCIEHUN JeHCTBYIOIEeHd Ha BHXPH. CUIBl BIBKOrO TPEHUS TepfeT CMBICI.
BMecTe ¢ TeM, IpelCTaBIEHHbIE B JAHHON BaMeTKe KOPDEKTHBIE OLeHKM He
MEHAIOT O6INEro XayeCTBEHHOTO BHIBOAA O “BMOPOXEHHOCTH” TOIS.

BriBon o “BMOpoOXeHHOCTH” .1ONE B CBEPXUIPOBOfdILee HAPO HEHTPOHHOM
3Be31Bl OHLI cHelaH B pa3fene 4 B pésyibTaTe pacéMOTpeHux TOIbKO OJHOTO
MexaHW3Ma BHITAIKMBaHUL MO, aHAJIOrnIHoro addexty MeliccHepa B 06EIY:
HBIX TBEDHOTEIBHBIX CBEPXIPOBOAHMKAX BTOpOro pofa. OpHako MarHHTHOE
Holle MOXET BHITAIKMBATHCH U3 CBEPXIPOBOJLINErO A7ipa HEHTPOHHOM 3BESIE!
BCNeCTBAE WHEIX NPUYHH, B NPHHIUIE ®TCYTCTBYIOIIMX B BEMHEIX CBeXIIPO-
BOJHMKAX BTOPOTO POJa, HO CIIOCOGHEIX YCKOPHTDH BEITATKHBAHUE MATHUTHOTO
NONLE U3 SApa HEYTPOHHOU BBESNIH. OTH NPHIHHE MOTYT OHITH CBABAHH, Ha-
IpEMeEp, CO BCIUNHBauneM aOPUKOCOBCKMX BHXPeH B XUAKOM ffipe HeHTp OHHOU
aBespHl [18] uny ¢ ux nuuHMHrOM K BHXpaM Oncarepa-deilHMaHa, BOBHHKa~
IOIMM B CBepXTeKy4ell HEATPOHHOH XHUJIKOCTH fpa BpallaiolleHcs 3Be3fH
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[19,20]. TlosToMy TONBLXO Gollee JeTalnbHOE HCCIENOBAHNE BTHX K IPYTHX BO3-
MOKNBIX MEXaHHBMOB BRITAIKMBAHUS MAarHHTHOTO IIONE U3 cBepxnpOBonxmero
a1pa Heﬁ'rponnoﬁ DBe3]bl MOXET NMOKa3aTh 0GOCHOBAHHOCTH BHIBOJA O “BMO-
POXEHHOCTH” MAarHHTHOIO IIONE B CBePXIPOBOjfllee PO, CAETAHHOTO Ha
OCHOBe aHaIisa ML OfHOTO bddexTa Meiiccrepa. HHHMU CIOBAMH, IPO-
Be[eHHOTO BHIIIIE NCCIENOBAHNUL €Ilfe He JOCTATOYHO JIf TOTO, ITO6GHl CYNTATDH
INNONHHEA MarHUTHBEIM MOMEHT 3BE3[H NOCTOSHHHM Ha BpeMeHaX HOpAiKa
BpEeMeHH €€ XXUOHH, NOCKONLKY MarHATHHHE MOMEHT MOXeT B3aTyXaTb 3HAYH-
TenbHO GHCTpee N3-3a BHITECHEHNS MAIrHUTHOTO NONE B HECBEPXITPOBOJISILY IO
XOpY BCIECTBHE MHEIX NPHYNH, OTIRYHHX oT ddexTa Meliccuepa.

B oaxmiouenue aBTOPH BHpaXKaloT OmarofapHocts . B.B.Kypuny,
0. B. letyxosy, I.A. Paugsiy u B. 0. TpaxTenrepuy 3a 06cyXIeHne Ipo-
6reM mAHaMUKH a6PUKCOCOBCKMX BHXPelH M OBONIOLMYM MarHHTHOTO NONE Hei-
TPOHHHIX 3BE3N.
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HucTuTyT npakiagroi GusHxm llo¢Tynuna B pegaxyuio
P.AH, r.H. Hoeropog 4 oxTa6psa 1995 r.

MEISSNER EFFECT IN SUPERCONDUCTING CORES OF NEUTRON
STARS

V. V. Kocharovsky, V1. V. Kocharovsky, V. A. Kukushkin

The evolution of magnetic field under the influence of proten plasma su-
perconductivity in the core of a neutron star (pulsar) is considered. It is
shown that for the magnetic fields By < 10'* G the Meissner effect in a npe-
superconductor of the second type cannot expulse the field from a star core.
This means that without taking into account other expulsion mechanisms
(such as floating of the Abrikosov vortexes and their pinning to the Onsager-
Feynman vortexes in a superfluid interior of a rotating star) the magnetic field
By < 10 G should be frozen in a core for a time > 10° year, i.e., during
whole life of a neutron star.
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DYNAMICS OF THE FLUTE-INSTABILITY IN
ACCRETION DISKS OF AGN

G.Z. Machabeli, G.I. Melikidze, V. S. Paverman

A new model for the accretion flows onto black holes is suggested. The
model provides the high—frequency radiation from AGNs. The possibility of
plasma retention by the magnetic field is discussed. It is shown that due to
development of the flute instability the region where the magnetic and kinetic
pressures are equal to each other can be located farther from the central object
than the last stable Kepplerian orbit.

1. INTRODUCTION

The standard model for the most powerful active galactic nuclei (AGN) °
comprises a central massive black hole of mass M = 108 —10° Mg (where M,
is the mass of the Sun) surrounded by an accretion disk. The inner dimension
of the disk equals the radius of the last stabie Kepplerian orbit. This radius
turns out to be 3 rg, where ry is a gravitational radius. The magnetic field is
assumed to be freezed in the plasma of the disk and its tension (B) cha.nges
as B o 1/r. A

Observations show that from the compact central object (size of which is
of the order of 3 pc) the narrow jets flow out. The length of jets is 10° times
longer than the size of the central object. Existence of the magnetic field with
B o 1/r corresponds to the observations and may be due to currents flowing
along a jet. This current creates the toroidal component of the magnetic field.

The maximum velocity of the ions is about v o ¢(rg/r) o ¢/3. Correspond-
ing maximum Lorentz—factor of electrons, which they can gain due to collisions
with ions cannot be more than 4 o« 103. In order to explain the h.lgh—ﬁ'equency
(z and y—rays) radiation from AGNs it is necessary to assume presence of a
_ strong (B o« 107 G) magnetic field in the region of emission. If this field had
poloidal structure (it means the field changes as 1/r), at the distance of 3 pc
from the central object its tension would be much higher than observed value
[1]. So it is-necessary to assume that at the distance of few parcecs field has
the poloidal structure while near the centre the field has toroidal structure
and changes as 1/7%. In this case the equilibrium between the magnetic and
kinetic pressures can be obtained at the large distances. As it was shown in
the papers (2, 3] poloidal magnetic field can suspend the accreting plasma even
in vmmty of the central black hole.

In the standard model of the AGN the mechanism of the inverse Compton
scattering is used for the explanation of the high-frequency radiation. But
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for transformation of the low-frequency waves into high frequency waves it is -
necessary that the high—energy particles above of the emission region exist.
But acceleration of the particles up to very high velocities seems to be an
insoluble problem.

Therefore we propose an alternative model for the AGN.

2. MODEL FOR AGN

At the distance of few parsecs from the central object we can assume that
the field changes as B o« 1/r3. Using this assumption and the virial theorem
(r®B? /8 < GM?/r) (G is the gravitational constant) we obtain that the
maximum possible magnetic field is B = 10° G (for M =~ 10° Mp) at the
distance 1017 cm [1, 4].

If the density changes as p o« (1/r)%/2 and the magnetic field as B o« (1/7)?
when the plasma falls onto central massive object the condition of equilibrium
B?/87 ~ pu?/2 will be fulfilled. at some distance from the central object.
Not only can the induced magnetic field exist in this region but also a filed
generated by a ring current. This current creates the poloidal magnetic field.
The current flows along an inner side of the disk. It is well known that such
current generates a dipole magnetic field decreasing as -B o 1/r3. So, it is
clear that at the large distance from the compact object the magnetic field is
determined by the current of the jet, while at the accretion disk (at the distance
about few parsecs) contribution of the ring current may be predominant. The
strength of the magnetic field at the distance few parsecs from the central
object can be estimated as 0.1 G. This estimation is in a good agreement
with the observations of the radioemission the jets from the distance 10° pc.
According to it B ~ 107® G (if B « 1/r). The magnetic field of the ring
current is described as . .

. 4% 47p. :
VxB=—f = rix x B], (1)

This current supports the poloidal magnetic field, which supports the falling
plasma. Of course this equilibrium is unstable. So the name ‘disk’ for such
configuration is quite conditional and we can speak only about the regi?n'
where the condition of equilibrium is fulfilled. Inflow of plasma in this region
depends on accretion rate, but outflow depends on the growth rate of instabili-
ties of the inner edge of the disk. The most powerful hydrodynamic msta.blhty
in this case is the Raleigh-Taylor instability. This instability in the plasme,
usually is called as the flute-instability [5]. The magnetic field plays the role
of a light liquid and a plasma is a heavy liquid. ‘
Bellow we will show that rate of plasma outflow ffom the disk due to the
flute-Instability is proportional to p — plasma density. So near the central
object the rate of outflow may be more than inflow. . Consequently if at the
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beginning the disk were formed near the black hole the magnetic field lines
would move out of the centre due to the outflow of plasma until the balance
between the inflow and outflow rates would establish. This condition will
determine the region of equality of the kinetic and magnetic pressures.

3. THE FLUTE-INSTABILITY

From the orbit theory it is well known that a guiding centre drift arises
from the centrifugal force (in the particle frame) felt by the particles as they
move along the curved magnetic field lines. If ViZ is the average square of
the component of random velocity along the magnetic field lines, the average
centrifugal force is m;V|iRc/RZ, where R. is the radius of curvature. This
force causes protons and electrons to drift in the opposite directions. The
resulting space charge produces an electric field which causes the particles to
drift in the direction of the centrifugal force. This is analogous to the Raleigh—
Taylor instability with V"f /R playing the role of gravitational acceleration §.
If § is directed opposite to the direction of the increasing particle density, the
plasma is unstable against the flute or Raleigh-Taylor instability leading to

"increased magnetic field curvature. In the presence of a straight magnetic field,
the acceleration due to gravity of the ceatral object can replace the centrifugal
acceleration. In the AGN magnetosphere the two effects are of the same order.
The flute instability is an aperiodic instability with a growth rate yg given by

kv
78 (—Rl) = (k)'V? (2)
under the conditions:
2 _ 4a \ L 25 B2
. == . > 2o
(kr))° < R, and  mn,V(r)* > yn (3)

where a is the transverse dimension of the fux tube, #; is the ion Larmor
radius and k =~ a~! is the wave vector. Here, we assume IVHE /R ~ |gl.
Now we can estimate rate of plasma outflow due the ﬁute—insiabiﬁty
Mg = pla*yaN (4)

where N is the nmber of filaments falling simultanecusly along the inner edge
of the disk and [ is the linear dimension of the flux tube. From the condition
(3) we can estimate a a ~ (r?R./4)!/3. Then

Mg~pxr™3? . (5)

Consequently the nearer is the region of equality of magnetic and kinetic
pressures the higher is plasma outflow rate from the disk. Therefore comparing
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Mg with the constant accretion rate of plasma from the surrounding medium
towards the disk M we can find the distance where the ethbrmm of pressures
will be established.

As the instability develops, the plasma particles rush towards he black
hole, carfying along the magnetic field lines, narrowing the region through
whick the magnetic flux tubes fall. From flux conservation, one concludes
that the magnetic field intensity and the particle density increase as (1017/r)?,
where r < 10'7 cm is the distance from the central object. Each falling tube
has a volume of a?l, where I, the linear dimension of the flux tube is of the
order of the radius of curvature of the magnetic field R.. The //a number of
tubes falling simultaneously from region above the first tube form a filament.
The total power content of the filaments is °

. 2 - -
nom;V(r)%al 1 N (6)

L= 278 a !

and 74 = 1/43 and the corresponding accretion rate is determined from:

. Ly
M -— c_z;;o ) (7)

4. CONCLUSION

So we find the place of the flute-instability development, which does not
necessarily coincide with the last stable Kepplerian orbit. This place can be
located farther from the central object. Farther we suppose the following
scenario of development of physical processes which leads to the generation of
high—frequency radiation:

(1) the flute instability takes the accreted plasma flux tube closer to the
central object in order to feel a higher gravitational potential;

(2) the electrostatic ion—cyclotron instability is excited due to temperature
anisotropy of the ions and hence it tries to isotropize the ion velocity
distribution function through quasi-linear diffusion;

(3) the Coulomb collisions between electrons and protons in this rather high
density plasma tube try to equilibrate the electron and ion temperatures,
dominantly increasing the electron energy in a direction parallel to the
magnetic field;

(4) the fire-hose instability which is excited under the circumstances
(P" - P_L) /pV3 > 1, transfers the parallel electron energy to perpen-
dicular electron energy; here P} and P, are the particle pressures along
and perpendicular to the magnetic field, V4 is the Alfven speed and p is
the mass density, and

G. Z. Machabeli, G. I. Melikidze, V. S. Paverman 37



1996 Hss. BY 306 PATHO®H3HKA Tom XXXIX ¥ 1

(5) the last-but not least — this perpendicular electron energy is radiated
into X-rays through synchrotron processes.

In the next papers we are going to discuss each of these processes in detail.
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CENTRIFUGAL ACCELERATION SURPRISES

G.Z. Machabeli, I.S. Nanobashvili, A. D. Rogava

A gedanken ezperiment of a bead motion along the rotating pipe with the
relativistic velocities is discussed. It is shown, that when vo > -%, the centrifu-
gal acceleration changes its sign and the braking is beginning. It is pointeed

out, that while investigating the -pulsar magnetospheres, we must take into
account the effect of rotating relativistic stream braking.

1. INTRODUCTION

In connection with several astrophysical problems, e.g. the investigation
of pulsar magnetospheres, the question of investigation of a relativistic plasma
stream ejection from the rotating source (a star) along the magnetic field
lines is arising. It is very important for such rotating relativistic streams to
discuss the centrifugal acceleration problem. We will discuss it in section 2.
In section 3 we will discuss the same problem in the case, when the rotating
energy of the source is limited. ‘

It is most convenient in our case to discuss the problem in two frames:
in noninertial rotating frame (NRF'), which rotates together with the radius
(plasma ‘moves along the radius), or in the laboratory inertial frame (LIF).

From generally covariant equatin of motion, one can find, that in NRF it
has the following form (here we will write the equation in three-dimentional
form):

% = (E + -1-[6§])»+ F. \ (1.1)
Herem, e, ¥ and pare the particle mass, charge, three—velomty and momentum
respectively, E and B are the electric and magnetxc fields. F. = ymuw?7 (here
4 m and 7 are the particle Lorentz~factor, mass and radius-vector respectively
and w is the angular velocity of the star) is the centrifugal force. All quantities
~are defined in NRF. In LIF the equation of motion has the following form:

dp ) 3 QY
i (E + ['vB]) . (r.2)
Here all quantities are same, but they are defined in LIF. ' ‘

"As we can see, in equation (1.2) the centrifugal force does not exist. This

is the seeming contradiction and it can be easily removed if we note, that
the magnetic field is nonuniform in LIF (the field is unifrom in NRF). Than
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we must mark out the uniform part from the magnetic field (this procedure
is well known, for e.g. see the problem of Alfven in [1] and the relativistic
generalization .of this problem in [2]) and after this in the equation of mo-
tion (1.2) we will have not only the Lorentz force but also the centrifugal
force evidently. We must also mention, that the freezing-in condition

(E + %[ifﬁ] = 0) can be used in LIF only for the uniform part of the field,but
this-condition is fulfilled generally in NRF (see in detail [3]).

2. CENTRIFUGAL ACCELERATION
Sy .

Recently, in [4], it was described a simple gedanken ezperiment, revealing
the strange dynamics of rotational motion in special relativity. The experi-
mental layout consisted of a straight, long and narrow pipe rotating around an
axle normal to its symmetry axis and a small bead which could move inside
the pipe without friction. The pipe rotated with constant angular velocity
w = const and was assumed to be massles and absolutely rigid: At ¢ = 0 the

'bead was just above the pivot (ro = 0) and had an initial velocity vo. The
“problem was considered in the noninertial rotating frame (NRF) of reference
of the pipe. Let us consider the motion of the bead in the LIF, where the
spacetime is just Minkowskian. Owing to the polar symmetry of the experi-
mental set-up it is convenient for the forthcoming purposes to write the spatial
part of the metric in polar (g, = %, grr = 1) coordinates:

ds?= — dr? = —dt? 4 r¥dyp® + dr?, (2.1)

where 7 is the proper time of the bead. We use units in which ¢ = 1.

The motion of the bead in LIF is characterised by the three-velocity ¢ with
the nonzero physical components: v=v; = dr/dt and u=vg = rw. Note that
vs and v; are connected with their contravariant and covariant components
as vg.= rv¥ = v, /r and v; = v" = v,.

The equation of the bead motion in LIF may be written simply as:

dp -

where p=moy¥ is a three-momentum of the bead, my is its rest mass, and
~4 — its Lorentz factor as measured in LIF:

y=(1-wt o) (2.3)

while f is a real three—force acting on the bead (pipe reaction force). This
force has only one, azimuthal, nonzero component: f,P;éO.. It means that the
orthogonal radial component of the bead three-acceleration (dp/dt),, specified

! .
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by the left hand side of (2.2), is equal to zéro. Note that (dp/dt); =
=dp;/dt + v*p;x#dp;/dt since the spatial part of the metric (2.1) is curved.
In particular, radial component of the equation of the bead motion leads to

gt-(mv) - mw?r =0, {2.4)

where m(t)=myy is the relativistic (inertial) mass of the bead, which varies
with time and measures the beads’ variable resistance to acceleration. Note
that m(t) depends not only on the radial velocity of the bead v(t), but also
on its radial coordinate r(¢). Taking into account (2.3) we find

—

dm dv '
i muvy (w r+ dt) (2.5)
and (2.4) yieids:
, 7 w?r 2 2 2
@ = T (e =) 0)

This is exactly the same equation, which we get in {4] for the radial acceleration
of the bead as measured in NRF. This equation may also be written in the
following surprisingly elega.nt form:

2,2
@ e

This equation distinctly represents peculiarities of the bead motion: when
the motion is nonrelativistic (yv < 1) it reduces to the usual classic equa-
tion for centrifugal acceleration: d%r/dt? = w?r, in the ultrarelativistic limit
(vo—1) the sign of the right hand side is just the opposite: d?r/dt? = —w?r.
When 70 = 1 (vg = v/2/2) the sign reversal occurs from the very beginning
of the motion, 7

One more interesting point, wh.mh also shpped off our attention in [4],
that if we introduce new variables: ¢=2 arccos(wr), A=wt, and Q2=1 — v}, we
can reduce (2.6) to the following, remarkably simple equation:

L
ot

This is well-known pendulum equation, describing nonlinear oscillations of
a free mathematical pendulum. The easiest way for getting (2.8) is to write

Q2sing =0. (2.8)

the equation for the radial velocity of the bead [4]:

= = /(1 - wr2)[1 - (1= 3)(1 - w?r?)];

to rewrite it in above introduced notations as d¢/d\ = -2\/ 1 - Q2sin?(¢/2),
and to take one more derivative by A. The striking resemblance of our solutions
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with mathematical pendulum motion, noticed already in [4], becomes, now,
more clear and appreciable. If we introduce the concept of an analogous pen-
dulum, governed by (2.8), then our initial conditions (rg = 0, (dr/dt)s=0 = vo)
for this pendulum are replaced by ¢o =.% and (d¢/dA)rx=0 = —2vo. This
pendulum rotates in the vertical plane, performing periodic motion with the
effective frequency €. The time interval, needed by the bead to reach wr =1
“light cylinder” point [4] corresponds, now, to the time needed by the analo-
gous pendulum to reach its stable equilibrium (¢ = 0) point.

The LIF treatment has one more advantage: it-allows to find out the pipe
reaction force f=f;, which acts on the bead and forces it to corotate with
the rigidly rotating pipe. This force is explicitly expressed by the azimuthal
component of Eq. (2.3). The result is:

2mwv

dy
f = MogWw (1“:{{ + 2‘71)) = mf (29)

N

3. THE CASE OF THE LIMITED ROTATING ENERGY

From now on, we assume that the total energy of the whole rotating system
(rotator+pipe+bead) is fixed and constant. In other words, the system is
assumed to be conservative. In particular, let the rotator be a solid sphere
with a mass M, radius R, and a moment of inertia I = (2/5)M R?. The pipe
is still assumed to be massless. The rest mass of the bead is mp, and at t = 0
it is located at ro = R (at the rotator surface) and has an initial velocity vo.
We take wp as low as to ensure wopR< ¢ condition. Since the rotation angular
velocity will be a decreasing function of time, it guarantees the nonrelativistic
rotation of the rotator. On the contrary, we do not put any constraints on
vo — it may be arbitrarily high. The rotator has, thus, initially an energy
Ey; = (I/2)wo?, and an angular momentum Lg; = Iwp, while an initial energy
of the bead is Eg, = mgc?qy, and its angular momentum is Loy = moR%wg7.
By 70 is denoted a Lorentz factor of the bead: 7o=(1— (woR/c)?—(vo/c)?)~1/2.
An absolute rigidness of the pipe — another quite artificial assumption —
ensures a rigid rotation of the system: at each moment of time the rotator,
the pips as the whole and the bead have the same angular velocity w(t).

Certainly, the total energy and the total angular momentum of the system
are conserved quantities E(t)=E;(t) + E2(t) = Eo and L(t)=L1(t) + La(t) =
= Lg. So, we have the following equations:

%wz +moc?y = Eg, (3.1)
Iw + mor?wy = Ly, ’ (3.2)
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where 7(£)=(1 — (wr/c)? — (v/c)?)~Y/2, v(t)=dr/dt is a radial velocity of the
bead, and r(t) is a radial coordinate of the bead as a function of time. The
latter function may be expressed explicitly as a function of w(t) by combining
(3.1) and (3.2) .
r= 2(Lo - IW)

\ w(2Eo Tw?y’
and the Lorentz factor 7(t) may also be expressed through w(t) in the following
way:

(3.3)

2Eo - I w2 ) ‘ ‘
T = W' (3.4)
Using the definition of the Lorentz factor and (3.3) we can also write an
exphc1t equation for v(t):

\/(on ~ Iw?)(2Ey — 2Low + Iw?) — 4mgZet
2Eo - Iw2

(3.5)

Now, it remains to find an equation for w(t) by itself. For this purpose, !
one may take a derivative of (3.3), expess dr/dt through dw/dt, and take
into account (3.5). By this procedure we get for w(t) the following, rather
comphcated first order differential equation:

dw /203 (Lo — Iw)(2Eo - Iw?)
‘dt ~  3ILow? — 2I%wS — 2EoLg

\/[(2Eo — Iw?)(2Ep — 2Low + Iw?) — 4mgp2c?]

’ 3ILow? — 2I%w® — 2Eo Lo ’

Let us introduce the following dimensionless mnotations: A=wet,

Qt)=w/we, e=mo/M, zo=woR/c = R/Ric, z(t)=wor/c = r/Ryc,

V(¢)=v(t)/c, a=Eoz/Eo1, b=Loz/Lo;. In these notations above derived
equations may be rewritten in the following dimensionless form:

(3.6)

V2931 - 2+ b)(1 - 92 + a)
"t‘ 3(1+b)Q2 — 293-—(1+a)(1+b)

' V(L= Q2 + a)((1 - Q)2 + a - 250Q) — a?/7o?]

3(1+5)92 203 — (1 +a)(1+0) (3.7
2(1-Q+0b)

M- ) @)

e [1 - —402}’ (3.9)
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\

JO=OTF a)[(l QY T a= 20— 12

V= i te (3.10)
For the ratio of the bead and rotator energies we get:
1-Q%*+a
E,/E, = —qr (3.11)

The derived system of equations may be solved numerically. However, it
seems useful to write the radial component of an equation of the bead motion.
In above introduced dimensionless notations it reduces to the following form:

dz L2l 0%? = 2(dz/dA)?  #Q '(gg)(g)
dx = 1-9%22 . 1-@2z22\dx/\dx/

(3.12)

When w = ‘const (steady rot‘ation) the second term on the right hand side
vanishes and (3.12) reduces to the one derived in [4] for the radial acceleration.
So, it should be expected that when d2/d) is small, the solutions of the present
problem should match smoothly with the corresponding solutions from [4].

The solutions of the (3.7)-(3.10) system depend on three parameters: a,
b, and <p. In physical terms, they depend on the ratio of the bead and the
rotator masses €, on the “rotation rate” zp, which measures the ratio of the
initial rotational linear velocity at the surface of the rotator to the speed of
light, and the initial Lorentz factor of the bead 5. Note that zg is the ratio
of the rotator radius to the radius of its “light cylinder” Ryc. Note also that
b= azo?/2.

The solutions of the equations show, that as the distance increases, the
particle radial velocity behaves as in the previous case, i.e. when vg > —\;—_2=

the particle braking is beginning, but near the light cylinder the particle is
accelerated. At the same time the particle azimuthal velocity increases before
the light cylinder, but after the light cylinder, it decreases. This means, that
before the light cylinder the radial component of energy is transformed into the
azimuthal one. Then (in the case of rigid pipe) the particle energy increases
and the rotation of the source is slowing down.

‘4. CONCLUSION

We have discussed a gedanken ezperiment and of course the obtained re-
sults are far from reality, except the effect of particle braking along the radius

(i.e. the magnetic field line), when v > —6-2- This effect must be taken into

account during the formulation of the hydrodynamical equatios and also in the
investigation of pulsar winds and pulsar magnetosphere formation process.
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YK 523.165

STUDY OF THE RELATIONSHIP BETWEEN
CORONAL MASS EJECTIONS
AND ENERGETIC ELECTRONS
IN INTERPLANETARY SPACE

E. I Daibog, S. W. Kahler, V. G. Stolpovskii

We consider time characteristics of energetic electron events in interplan-
etary space after solar flares associated with coronal mass ejections (CME).
Analysis of electron intensity—time proﬁles shows that independently of flare
duration times to electron event maximum from flare onset and from electron
event onset increase with increasing of CME velocity. Possible interpretation
of this effect is electron acceleration by CME associated shock wave.

LINTRODUCTION

An important problem of solar energetic particle (SEP) events is whether
SEPs are accelerated in impulsive phase of a flare or by coronal and inter-
planetary shocks associated with CMEs (Coronal Mass Ejection). As a whole
particle acceleration by shocks is widespread phenomenon in the heliosphere
and many astrophysical objects [1]. Some time ago it has been recognized that
shocks are of fundamental importance for SEP events [2, 3].

As for observations of shock accelerated particles there are clear evidencies
and identifications of shock particle enhancements at energies of hundreds
keV-MeVs for protons and up to tens keV for electrons [4]. Situation with
energetic electrons (£ > 0.1 MeV) is not so transparent. Energetic electrons
can easily escape from the shock front and their motion has another time as
well as length scales. Moreover they can go away and greatly outstrip a shock
front.

The majority of observations both at low and high energies concerns pro-
ton events. Direct detailed measurements of energetic electron component of
SEPs are less numerous and its relation to shocks is known much worse than
in a proton case. The main ideas on accelerated electron dynamics in a source
and solar atmosphere were obtained using solar X~ and radioemission obser-
vations and are extremely model-dependent. Their application to electron
events in interplanetary space gives ambiguous results. So better understand-
‘ing of an interrelation between energetic electron fluxes and shocks may be
achieved when results of direct electron measurements and data of X~ and
radioemission observations are considered together. But such investigations
are not numerous.

46 E. I Daibog, S. W. Kahler, V. G. Stolpovskii
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There are both pro and contra arguments for shock subrelativistic and
relativistic electron acceleration. Observations of energetic electron events
lasting for many hours following large flares [5], electron events without hard
X-ray association [6] and other arguments [7] can be supports of the point of
view, that energetic electrons were accelerated in long duration process and
a shock source is a possible explanation for these events. However up to now
the contribution to interplanetary electron fluxes from acceleration i in coronal
or interplanetary shocks is poorly understood.

In [7] we studied a probaibility of shock acceleration of > 70 keV electrons,
If these electrons in SEP events can arise from either flares or shocks, then
we should expect that the electron escape efficiency should be different for
flares with and without CME. We estimated an escape efficiency comparing
maximum electron flux with hard X-emission fluence and found that it is
some higher (by factor of 2) in the case of flares associated with CME. It
may be considered that the shock electron population is comparable to that
of impulsive component. But statistics was not rich enough and only well-
connected events were taken into account. So the conclusion must b/e cleared
up.

In the present paper we examine the association and timing of flares and
CME:s for a sample of 24 SEP eveats observed by ISEE 3 from 1980 through
1985. We examine the intensity-time pofiles of electron enhancements to see if
there is any distinction in profile shape in the cases of flares with and without
CMEs. In [8] we have considered > 0.3 MeV electron intensity-time profiles in
SEP events according to Helios data from 1979 through 1982. It was assumed
that if an acceleration occurs during an extended period of shock propagation
in corona then time interval for which SEP intensity rises to the maximum will
be longer in.comparison with acceleration in impulsive phase of a flare. We
established that on the average rise time of electron enhancements related to
flares with CMEs is really some longer. But statistics was not high. We shall
compare relations between flare, CME and electron enhancement parameters
obtained for a sample of ISEE 3 events with those ones from Helios and Phobos
2 observations [8, 9]. In a number of cases the same SEP events were observed
by Helios, ISEE 3 and Venera.

2. DATA SOURCE AND PROCESSING METHODS

] Data considered includes an information on SEP events, flares and CMEs.

Energetic particle fluxes were measured onboard ISEE 3 which was in the inner
Lagrangian point between Sun and the Earth. Electrons with energy between
0.22 and 2.0 MeV and 4-19 MeV were measured in the GSFC medium—energy
cosmic ray experiment. Time resolution of electron measurements was high
enough and we used 15 min averaged data in our investigation in according to
[10].
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Standard information about H,~flares and bursts of flare in hard X~ and
radioemission was taken from Solar-Geophysical Data and from Internet net-
work.' In the case of electromagnetic bursts we used not only table data but
also intensity-time plots. An informatiom on corresponding hard X-bursts
was provided by HXRBS observations on SMM [11].

During the periods considered CMEs were observed by the Solwmd coro-
nagraph on P78-1 at distance from 2.5 Ry to 10 Rg and corona-
graph/polarimeter on SMM. Data of Solwind observations were prepared by
N.R.Sheeley [12]. In the case of SMM observations we have a revised and
expanded catalogue [13] which permits us to obtain time, velocity, position
angle and other parameters of CMEs associated with selected SEP events.

Selection of electron events was made on the basis of energetic electron
intensity-time variations. Sharp intensity rise, followed by more or less gradual
decay of electron flux was considered as SEP event. Those enhancements
having duration more than 3 hours and amplitude execeeding the background
by 3¢ were taken into account. According to 3o condition we could distinguish
electron enhancements with the amplitude of > 0.2 MeV electron flux greater
than 0.05 particle/cm? sec sr.

The particle source identifications for the majority of SEP events
considered have been published previously. We began, however, by making
flare/CME associations without reference to thesé previous studies. We used
standard method of identification of parent flare [14]. The associations derived
were essentially the same as those arrived in earlier studies. But our event list
contains a number of smaller events which were not included in previous lists.

The observer's magnetic footpoint was determined by the method de-
scribed in [15}, taking into account the real solar wind velocity. For recalculat-
ing times of electron intensity maximum from one angular distance between
magnetic footpoint and flare site to another one it’s necessary to employ some
model notions. We used idgas of simple diffusion model and took into account
a difference of angular distances. Here we used formalism of coronal prop-
agation [16] which is supposed to be independent of the physical ~ontent of
phenomena considered. So we used approximation formulae for coronal prop-
agation of > 0.5 McV electrons from [17] and recalculated them to 0.2 MeV.
‘A fit to the data was performed by assuming that the constant delay within
certain angular distance o = 26 (Fast. Propagation Region) is due to intes-

planetary propagation and that time to maximum tm increases linearly beyond
wo. Then may be aproximated by the next formula
" tm(1 AU, ) = 78+ 4.1(p — 26) , min - @)

where vhe first and the second terms describe interpleretary to r =1 AU and
coronal propagation, respectively.

We suppose that there inust be some correlation between rise time. of SEP
évent and & velocity of coronai shock. Let us suppose for simplicity that CME
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velocity is changing with constant acceleration and CME driven shock can
accelerate electrons if shock velocity is higher than some Viiy,. Let the CME
speed rises till the value V. Then the time during which electrons should
be shock accelerated increases with increasing Vo and a distance that shock:
travels during this time also increases with increasing V. In a case of constant
CME and shock speed distance at which shock can accelerate particles, would
be traveled by the shock in a time decreasing with increase of Vp. As a mattter
of fact it is necessary to take into account damping of shock and decreasing
of ambient plasma density but as a whole the character of V; vs t dependence
would be the same: #(Vp) — decreasing function, if V' = Vp = const, and #(Vp)
— increasing function, if CME acceleration or deceleration takes place.

So as we know about acceleration — deceleration of the shock, we are
waiting as a result of our investigation that rise time of SEP event is increasing
function of CME traveling speed, because the injection continues for longer
times with faster CMEs, and a size of injection region increases faster than
linearly with CME speed. Preliminary investigation [8] showed that there is a
tendency of increasing rise time vs CME speed.

If the cone containing CME intersects with limb plane then measured CME
velocity is the real one. If not, we obtain the “real” CME velocity by recalcu-
lation of the nearest to the sky plane forming of the CME cone. Recalculated
VoMe is )

Veale = VCME/ cos(§ ~ a/2), ‘ (2)

where £ is an angle between radial flare extension and the sky plane,

(= arccos[cos 6 - sin? B + sin? 0] 1/2

®3)
Angle a in (2) is a real dimension of CME cone,

a = 2arctg|tg(D/2) - cos .s] , (4)
angle D is dimension of CME cone in the sky plane.

4. RESULTS AND DISCUSSION

ISEE data hst includes 24 events obtained at 1 AU and is shown in the
table. -
Here “1” is event number; “2”— event date; “3” — flare location; “4” —
CME initial position angle and width (in parenthesies); “5” — CME velocity,
~ km/s; “6” — CME velocity, calculated according to (2), km/s; “7” — angular
distance ¢; FPR means that observation point is projected to fast propagation
region; “8” — time to maximum of electron event corrected accoding to (1),
hrs; “9” — electron event rise time, hrs; time, hrs; “10” — soft X-rays dura.tlon
(L — long, > 1 hour, § — short, < 1 hour).
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2 3 4 R 6 7 8 |9
040480 | N27W34 | NOTW(140) | 840-] 840 | FPR | 3.0 | 2.1
070680 | N13WT70 no i FPR |12 {1.0
070680 { N14W70 no ! FPR | 0.8 | 0.6

230381 | N1OW54 | N30W(40) | 400 | 420 | FPR | 1.7 | 1.0
250381 | NO9WS87 | N25W(70) | 900 | 900 | W50 | 2.5 | 2.0 |
300381 | N13W72 | N10W(180) | 1300 | 1300 | FPR | 2.0 | 1.0
040481 | S44W87 | -S45W(35) | 900 | 900 | W40 | 3.6 | 2.5
280481 | N16W90 | NO5SW(30) | 1000 | 1000 | W48 | 3.2 | 3.0
071181 | S10W39 no FPR | 1308
10 | 141181 | N16W49 | NO5W(110) | 585 | 615 | FPR | 4.6 | 4.5
11 | 051281 | N20W40 | N45W(60) | 840 | .905.| FPR | 6.5 | 5.5
12 | 020182 | N19W88 | N10W(40) | 650 | 650 | W45 | 2.0 | 1.0
13 | 080282 | S13W88 | NO5W(10) | 1310 | 1310 | FPR | 1.3 | 1.1
14 | 090282 | S14W90 | NO5SW(30) | 1600 | 1600 | W33 | 1.5 | 1.6
15 | 070382 | N19W53 | NIOW(60) | 1140 | 1240 | FPR | 2.9 | 2.4
16 | 190782 | N2iW45 | N45W(40) | 630 | 700 | FPR | 1.8 | 1.5
17 | 080882 | SO9W65 | S10W(10) | 600 | 640 | FPR | 3.0 | 2.0
18 | 130882 | N11W59 | S30W(20) | 300 | 330 | FPR | 0.8 | 0.6
19 | 140882 | N11W63 no FPR | 1.0 | 0.7
20 | 221182 | SO8W34 FPR |16 1.3
21 | 221182 | S11W36 | S10W(60) | 740 | 805 | FPR | 3.1 | 2.7
22 | 071282 | S19W86 | S10W(20) | 1250 | 1250 | FPR | 3.4 | 2.5
23 | 050183 | >W90 no FPR|1.7|1.0
24.| 150583 | SIOW80 | S25W(50) | 1110 | 1110 | FPR | 2.5 | 1.0
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In Fig.1 we present' time to maximum (a) and rise time (b) vs calculated
Veme. Events AN 13, 14 and 18 of the table were excluded from the fig-
ure as the corresponding flares were in opposite hemispheres with observed
CMIs. Two points with highest values of ¢,, and t,. concern AN 10 and
11 events. We compared these values with t,, and t,,. obtained by Helios
and Venera observations [6, 7]. In the case of Nov. 14, 1981 event Venera was
near the Earth and values t,, and t,,. were 4.2 hrs and 4.0 hrs, respectively.
For Dec.5, 1981 event Helios and Venera were located at r = 0.95 AU and
r=0.44 AU, respectively. Venera's magnetic footpoint was in FPR, angular
distance for Helios was E95. Normalized values t,, were 7.0 and 8.1 hrs for
Vencra and Helios, respectively. Thus high values of ¢,, and t;,. obtained in
three different points are practically the same. It seems that these events are
reiated to disturbances which could be caused by filament dissapearance. For

- Dec. 5, 1981 it ‘was proved in [18]. It confirms that energetic electrons can be
accelerated by CME driven shock.

We see from Fig.1 that ¢,, and t,. are slowly increasing with increasing
Vemg and that all values of ¢,, and i, are less for non-CME associated
flares than for CME-associated ones. Open circles are for L, dark points —
for S events. As there is no difference between L and S events in Fig.1 one
may conclude that t,, and t.,. are caused rather by time extended shock
acceleration than by flare duration.

Pabora _HopfepxKaHa IPAHTOM POOU N 94-02-04453 u KOHTpaKTOM
SPC-94-4071 ¢ EOARD.
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YIK 523.987.4

O IMHAMUKE ILJIIABMBI
B COJIHEYHBIX MATHUTHBIX TPYBKAX

M. JI. Xodaueuxo

Ha ocHoBe ¥3BECTHOrO aBTOMOJENLHOTO peutenus cucremst MI'Il ypasnre-
HUH, ONHCHIBAIOLIETG TEYEHHAd NIA3MH C Of[HOPORHOM fedopMaumed, noctpo-
ena JHHaMHYeCKad MOJelrh COTHeYHOH MaTHuTHOH Tpy6xu. IIpu mocrpoennu
MAHHOM MOHelH HCIOTb30Ballach pa3BepHyTad GOpMd ypaBHEHHA SHEPIHH, YUH-
THIBAPOLIErO AXOYIeB Harpes, pajHallHOHHOe oxiaxjlenue, opPeRTH, CBA3AH-
HHE C TENIONPOBOJHOCTHIO ¥ BABKOCTHIO. DRUIM MCCIEOBaHH PasiHYHbIE JH-
HaMHYeCKHe PEeXMMBI DBOMOUMH MAarHHTHOK meTau. Bomsuwol uurepec mpen-
CTaBILIOT Nponecc 6HCTPOiH, HOCAUER BCHBULEYHBIH XapakTep, KOMIPECCHH
R HarpeBa HIasMbl B TPy6ke, NPOUELC KOMIPECCHH ILIA3MH, CONPOBOXae-
MOH ee OXNIaXJeHUEM; COOTBETCTBYIOLIUM (POPMHDPOBAHMIO NpoTybepanna B
Tpybke, a TakKXe PABMUYHEIE OCUMNIATOPHEIE PEXHUMB M HPOLECCH HEKOM-
UpeCCHH NIasMH, CONPOBOXK[aeMble Kak-ee OXNaXKJeHHeM, Tak U HarPeBOM.
IIposefiero aHanuTHYECKOE ¥ YHCIEHHOE UCCHEOBAHME NPEfIAracMol MOJeIH.

1. BBEIEHUE

v

B macTofiee BpeMs JOCTHIHYT OHAMHTEIbHHIN IPOrpecc B jiele uayde-
HEg Ha ocgoBe MI'J[ ypaBuennit panHooGpasHEX crannoHapruX (d/dt = 0)
3ajiay, KoTophie o6pasoBany coboit xpynmuni pasgen 8 Ml reopur Connina,
HMeRyeMEH CONHEYHOH MarHMTOTHRPOCTATHKOH. B paMkax MarHuTOrHppo-
CTaTHEX TOCTPOENH X MCCIEOBAHE MOJENH PABHOBECHS PAsIMYHHIX COTHEY-
HBIX IDIA3MEHHO-MarHATHHIX CTPYKTYp, TakhX Kak nporybepanun [1-10] m
BCEBOBMOXHHE MAarHKTHHE cUIoBHe Tpy6ru [11-15], momydeHE! KpuTepun HX
ycroiuusocTH [8, 16-22].

BumecTe ¢ TeM, HaseMHEE B KOCMIIecKHe HabIIOleHNd IOCNeIHEX JIeT JIoKa-
BHIBAIOT, YTO CONHEYHAN ITaBMa HaXOMUTCA B HelpepRBHOM fBuxennu. VmMe-
ercd 60nbIIOe pasHOO6pasHe TedeR il ITasMH (PBepIIEIOBCKHe, CIHKYIbHEE,
KOpOHATBHEE JOXKIH, cu(OHEEHE NOTOKE, KOHBEKTHBHOE [IBMXeHHe B (poTo-
cpepe), He IPHHAMABIIMXCE BO BHUMAHWE IPU NOCTPOEHHH CTALUOHAPHHIX
Morieneiit. KpoMe T0r0, KaX IpOTy6epatIsl, Tak ¥ MATHUTHEE I€TIH He CyIle-
CTBYIOT 6€CKOHEYHO BO BpeMeHH, BCe ORM (JOPMUPYIOTCS B Pe3yIbTATE ONpefe-
NeHHEIX NPONECCOB, PA3BUBAIOTCS B TeYeHHe HEKOTOPOTO KOHEWHOTO BpeMeNH
XHWOHY, IO HCTEIeHNH KOTOPOTO HCYEBaIOT, PaspyUIaich WIH TPaHCHOPMHUDY-
fCch B Ipyrme 0ObekTH. HampuMep, HarpeB IIadMHl MPOTyGepaNIa MOXET
CHenaTs ero HeBEAUMHEM B TPaJUIUOHHOM JHalaBoHe NIuH BONH Hy, 94TO BH-
MIpHT KaK HCIe3HOBeHHe mpoTybepaBma (disparition brusque — BHesamHOe
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ncrxleanosenne). HoBecTEH Taxxe CIy9a¥ aXTHBEBAIHMA CHOKOMHEIX IMPOTY-
GepaHIleB ¥ X IIPeBPaINeHNy B OPYNTHBHEIE, XapaKTePU3YONINecs MONTHHIMH
BHIGPOCAMH BeNlecTBa, IPUBOJIINME K paspynieruio Bonokra. C gpyroit cTo-
POHH, yBelMieHUe MIOTHOCTH IUIa3MEl B MarHETHOM IleTie, CONPOBOXaeMoe
POCTOM OTEPH Ha HBIYyIeHHe, CO3HaeT YCIOBAS 1i1d (OPMUPOBAHUSE IIIOTHOTO
XOTIOJHOFO TeTeNLEOro mpoTybepanma. Hakomen, coriacHo HaONOFEHHIM, I
npoTy6epaHIEl, ¥ MarEMTHHE NeTIH SBISOTCE “aKTHBHRIMHE yYaCTHHKAMH”
TaKOro BHAYUTENLHOTO ¥ CYNECTBEHHO He CTallHOHapPHOTO COOHITHL Kak COl-
HeYHHE BCIEINKY, OKABHIBAIOMIETO BIASHHE HAa MHOTHE NPONECCH He TONBKO
Ha ColHIle, HO ¥ B MeXITAaHCTHOM HPOCTPAHCTBE H Ha JeMIe.

Bce 5Ti 06¢TOSTENBCTBA 06YCIABIHBAIOT IOBHINEHHOE BHUMaHUe K HeCTa-
IMOHAPHEIM IPONECCAM B CONTHeYHOH PUBMKe, NUKTYIOT HeOoOXONUMOCTS uX 6o-
7ee eTalbHOTO U3YYeHHE I NMOCTPOEHHMS [HHAMMYECKMX MOJeledl U3BECTHHIX
06BexTOoB.

Onnaxo aHATUTHYIECKOE pelleHye CUCTeMH HecTanuonapHuix MI']] ypasae-
Hu# B o6ImeM cliyyae gBIIeTCH BaTPYRHUTEILHEIM, TO9TOMY CPEIH MCCIeNoBa-
Teneit Conana 6ONBIION MONYIIPHOCTHIO MOTL3YIOTCH PABIHIHBIE YHCICHHEIE
mopenu MI'JI npoueccos [9, 23-28]. Ho kxax Bcgxkue YMCIeHHHE MOJETH OHM
6HBAIOT NOPOH BeCbMa CIOXKHE ¥ JTHIIEHH IPOCTOH MaTeMaTHIeCKOH HaTllgf-
HocTH. B cBSY € 0THM, 0COGHIL HHTepec IPECTaBIIeT PACcCMOTPEHHE H IpH-
MeHeH¥e K COMHeYHHIM 3aJadaM Pa3IHTHEIX HeCTAIHOHaPHLIX aBTOMONENbHEIX
pemenni. Takoll mouxoy cyXxaeT KIacC H3Y9aeMBIX IIPONeECCOB, HAKIANBIBALT |
Ha HEX ONpeJeleRHy 0 cretuuxy, Ho, BMECTe C TeM, OH IO3BOIIeT NOMYIUT,
ux 6olee MpOCTOE aHATUTHIECKOE ONHECAHHE.

B nannou paboTe MH pacCMaTpHBaeM IHHAMEYECKYIO MoJenb CONHeYHOR
CHIIOBOM MarHMTHOM TPYOKH, IOCTPOGHHYIO Ha 6a3e H3BECTHOTO aBTOMOJENb-
Horo pemenns [29, 30] MI'[] ypaBHeHuit, ONNCHBAIOIWErO TeYeHHS MIaBMHL C
ONIHOPONHOI NedopMalnelt, B KOTOPHX CBE3b MEXTY 9MNepOBLIMH T; U NarpaH-
XKeBRIMH Z{ KOOpAMHAaTaM# HMeeT BHf [31]:

z; = M;;(t)z] + my(t), (1)

rae M;;(t) Tersop nepopmanuu, 3afaoMHE HOMEHEHNe BO BpeMeHH) # TOBOPOT
oceli DIUTHIICOMA, ONpeJeNdioMero TarpaHXeBy IOBEPXHOCTH, ABIKYMYIOCH
BMecTe ¢ mnasmoH. IlpennaraeMad Mojenb HOBBONSET ONHCAThH PHJ Xapakx-
TepHHX [iIf SBOIMIOLNA CONHEYHHX MarHETHHX TPY6OK IPOUECCOB, BKIIOYaL
GHICTDHIH, HOCHINHH BCHHINEYHEIH XapakTep, HarpeB TpyOkH, ee MyIbCalluy,
a TakXe OXJIaXjeHue TPyOku 1 opMupoBaHMe B Heil NIpoTyGepaHna.

Ong MTIT Tewenuit ¢ onHoOponHOU pedopmaruen xapamépm JUHedHEIe
B3aBHCHMOCTH CKOPOCTH IIa3MH ¥ HaOPSKEHHOCTH MarHHTHOI'O IOIL OT KO-
OpIHMHAT:

Vi(x,t) = wij(t)z; + ui(?), (2)

B;(x,t) = A,,-j(t)zj + b;(t), Ape(t) = 0. (3)
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[InoTHOCTH MTaBMEI P DTOM 3aBACHT TOILKO OT BpeMeHH p(t), a RaBleHue
OpefCcTaBIgeTCs NOIHHOMOM BTOPOi CTENeHH OT XKOOPAMHAT:

p(x, t) Pi;(t)ziz; + Pe(t)zr + Po(t),  Pi(t) = Piu(t). 4)

Bjech He06XOANMO GTMETHTD, YTO NOJOGHOTO BUJ2 aBTOMOAETbHEE PelleH s
yXe pacCMaTPHBAIHCH B paje paboT IPUMEHATENTHHO K IpoLeccaM, IPOHCXOo-
nanpEM B comHeyHOH arMocdepe. Tax B paborax C. U. Crrpoparckoro (29, 32]
u C.B. Bynanosa [33} nccnegosasnocs nosefielne TOKOBEIX CIOEB B MAarHATHRH
EOJIIAIIC C TOYKH 3peHHS PHOHIeCKHX IPONecCcoB, TPONCXONIIINX B COMHETHBIX
sememmkax. ¥ Jx.-H. Caxag cOBMECTHO ¢ panTHYHLIMH COABTOPAMH UMeeTCH
Iemsiil UEKT paboT, MOCBAMEHHHX HOYYeHHIO JHHAMAKH OGNACTH CIHIHAS
IBYX MarHHTHHX NeTelsb [34-38], a Taxxe pabOTH, NOCBIMEHHEE BOIPOCAM
(dopMEpoBanusg ¥ vBOMOLMH HpoTy6epannes [39, 40]. ABTopaM dTO# CTATHU
coBMecTHO ¢ B. B. 3ajineBnM iuHaMudecKag MOfens npoTybepanua [40] 6xna
o6061ena Ba cIyYail YaCTHYHOMOHH3HPOBAHHOH mrasMu [41, 42]. OcHopHoM
HJearusannell HaBBaHHEIX BhINE MOJellell gBifeTcs TO, ITO B GONLIIMHCTBE
w3 HEX [35, 38-42] npefnonaraeTcs anabaTHYHOCTh PACCMATPHBAEMEIX TIPO-
HeccoB, a B [pyrux [34, 36, 37] ucnonpsyeTcd Ype3BHYANHO yNPOINEHHKIH BUY
ypaBHEHHMS OHEPIMH, YYHTHBAIONEro Wb ClaraeMoe, cBasannoe ¢ J[xoyme-
BLIM HarpeBoM.

Kpome Toro, B ykasanamkx paborax [x.-H.Cakxas mccuegyeTcs TONBKO
061aCTh CIHEHNT JBYX TOKOBEIX TPY6OK, TOTJja Kak MEl PacCMaTPHBaeM BIECh
AMHaMIIeCKHe IPOUecCH, NPOUCXOALIIue B OTHeNbHON MAarHHTHOH neTne. B
IpejiaraeMoil HaM¥ B JaHHOH cTaThe HeafnabaTHIeCKOX MOJeNH conne‘mon
MarHATHOM TPyGKH pa.ccua'rpnnae'rcx 6onee MonMHas (POpMa yDaBHEHHS DHep-
THH, B KOTOpoM Hapspy ¢ JXXOylneBEIM HarpeBoM yYHTHBAIOTCH CYNMeCTBEHHO
IpEeBOCXORAINHE ero B XxpoMoc¢depe u KOpOHE IO BeIWIMHE NOTepH DHEepruH,
CBA3aHHEIE C UBNIyYeHUEeM, a TakXe BKIaJ TEWIONPOBONHOCTH ¥ Harpes, 00y-
CIOBTEHHLIY BEBKOCTHOM Juccunanrei. Eme oqHO OTINYHe pacCMaTpUBaeMOn
Bllech MOJieIl OT PaHee CYIIECTBOBABUIEX COCTOHT B TOM, 4TO B Hell y4vu-
THIBAETCHE CBE3AHHAS C NPOCTPAHCTBEHHOH HEOJHOPONHOCTHIO TEMIePATYPH
IPOCTPAHCTBEHHAS HEQNHOPORHOCTH IPOBORHMOCTH MHasMH o(x) o« T3/2(x).

3aMeTHM, YTO pacCMaTpPUBad CPEIH NPOYHX DeXHM HyIbCaluil TPYGKH,
MEHI, IO CYWIECTBY, HCClIefyeM BoaOyxjeHHe B Hell “COCHCOYHON” MOJHI Ohl-
CTPHIX MAarHHTO3BYKOBHIX KONeGaHWi, B KOTODHX IPOCTPAECTBEHHHIH Mac-
mTab BO36yXKHgaeMOH BOIHH, A, HONaraeTcs MHOTO GONBINAM NIMHH DaccMa-
TpuBaemoro pparmerra Tpy6xu L. Yncnennoe MogenupoBaHne GRICTPHIX Mar-
HUTOSBYKOBEIX BONH B KOPOHAILHOH HIIasMe M, B YaCTHOCTH, HCCIENOBaHHe
OyILCHPYIONIMX PEXHMOB, 0OyCIOBIEHHRX “COCHCOTHOR” MOJIOM, KaK B TMHEH-
HOM, TaX ¥ HETHHEHHOM CITydagX IpOBOJHIOCH B. Po6eprcon u K. Mypasckuy
B paboTax [43] (nnmeitnne mymbcanun) ¥ [44] (memmmeitnule mynscauuu). B
BTHX paboTaX KOPOHAIbHAA MarHATHAS TPyO6Ka MONEIHPOBANACh IIa3MEHHEIM

1
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clloeM C NNaBHHM W3MeHeHWeM IIOTHOCTH INa3MH Ha TPaHHUaX ClIog, H pe-
manach cucteMa MI']] ypasrenuit B npubavxkxeHnd Manoro S.

O6i1ag cTpYKTYpa CTATh¥ Clefyoliad: B pasjele 2 HONy4YeHhl YpaBHeRHS,
OMHCHIBAIONIAE JHHAMUKY aBTOMONETHHEIX pemeﬁfdﬁ cuctemul MI'Il ypaBHeHuit
O7IE MOJENY CONHETHON MarHUTHOM TPyOkH, B pasjerne 3 OCymecTBIZeTCE aHa-
TATAYECKOE UCLIENOBaHMe H THCICHHOe PelleH e 9THX YPaBHEeHHH, pacCMaTpH-
BAlOTCH BOBMOXHHE JHHAMAYECKHE PeXKAME 9BOIIONKE MarEATHOH TPY6KI, B
BaKMOYEHUH IPHBORUTCH Irpadudeckas RETEPUPETANAS BOSMOXHEIX JHHAMHU-
JeCKHX PEXMMOB H 06CYX[aIOTCE BONPOCH, CBEB3AHHKIE C pealdsalyell IoIy-
9YeHHHIX pemfeHu# B ycnoBuax CoilHua.

' 2. OCHOBHEBIE YPABHEHUS, ONIMCHIBAIOINUE MUHAMUYECKYIO
MOJEJIL COJIHEYHON MATHUTHON TPYBKHU

IlpennaraeMas B maEHOM paboTe MOJeNb ONMCHIBAET KIacC JOCTATOYHO
TOHKAX MAarHMTHEIX HeTelb ¢ TOKOM, Alf KOTOPHX XapaKTepHHH Maciutab
R, sBugiomuiicd pajUycoM MX HOIEPEYHOro CevYeHHs, OKABHIBAaeTCI MEHBIIe
apyrax MacmTab6os, I ¥ R*, XxapaxTepusyOIIX IPOJONLHEY M IoNepedHbI

; 'pa,:mepm BCeif MaTHHTHOM CTPYKTYPHI, BKIIOYaloNiell B ce6d H TOKOBYIO Mar-
HATHYIO TPYOKy. )

Prc. 1. O6pasyioujas neTmo TOHKaA MarggTHaA TPY6Ka ¢ TOKOM, HAXONALIAACs
BHYTDY MAarEATHOM CTPYKTYPH € XapakTepPHHIMH NoNepeyHuM, R*, u
npofonbERIM, L, MacmrabaMu.

IIpoBoguMEnil HIXKE aHATUS cnpaBe}JnnB 171 HE3KAX NeTelb B TEN0M, eClIH MX
BHICOTa OKalHIBaeTCH MeHbllle aTMOCQepHOM IIKANHL BRICOT A, a Takxe Ansg
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OHHMCAHWS NPONECCOB, HMEIINUX MeCTO B BepXHEH YaCTH MarHATHOM HeTiIH
TIPOEBBOIBHEIX Pa3MepOB, €CIU PARAYC KPHBHSHK Rloop B yrioBoi pasmep ©
HCCIE[yeMOro y4acTka TOXKOBOH Tpy6k¥ (cM. pHc.l) ymoBmeTBopgioT Tpebo-

BaHHI:
{ZR, Rioop (1 — cos (g—))} <A. (5)

Yenosue (5) mosBongeT npeHe6peds B ypaBHEHHH JBYXKEHHS INTasMBI Clarae-
MBIM, OGyCIOBIeHHNIM rpaBETanueld (pg). Kpome Toro, Mm 6yneM nonaraTsb
AEaMeTp NMONEepedHOro cedenns TPyOku, 2R, MHOro MeHbIIMM IO CPABHEHHIO C
ee paJHycOM KPHBHESHH, Rloqp, ITO MO3BONSET HaM NpeHeGperaTh M3OTHYTO-
CTHIO TPYOKH M IPOBOAMTEL PaCCMOTPEHHE KaK B ClIydYae MPEMOro UUIHHApA.
Ilpn sToM mrasMy B TPy6Ke CIHTaeM HONHOCTHIO HOHMBHpoBarHOM. CooTmeT-
cTByIOIas Takou Bajade.cacrema MI']] ypaBHeHn# HMeeT CleyOIUH BHJ:

?St + dw(pV) 0, - (6)
[%g-ﬂv V)v]=—Vp+%ﬁxB]+Fm (7)

oB e 1. c? 1) .
—87 = rot[V X B] + mAB - ;—;rotb X B]— 4—11’- [V(;) X rotB] ’ (8)

S+ (V-Vip+ypdivV = —(y- 1)L, ©)

p=2nkgT. (10)

3nmecs p, V, p, T, B 21410TCE COOTBETCTBEHHO INIOTHOCTHIO, CKOPOCTHIO,
NaBIeHHeM, TeMIePaTypPOH HIa3MH M MAarHHTHHM IONeM, Y = &p/c, — IO
crogHHag agnabaTe. Yepea F, B ypaBeennu (7) o603HaYeHa CHIIA BABKOCTH

F, = pv (AV+ %v(divV)) , (11).

rge v — koo()PENHEHT KHHEMATHYICCKOH BIBKOCTH. (I MONTHOCTHIO HOHHBH-
POBaHHOH BOJJOPOJHOM IIaBMH, OCHOBHIBaich Ha [45], GymeM mcmonssoBaThb
npubGmmXKeHHOEe BHPajKeHHe:

v 2,21.107187%/2 [p.en~t - 7Y, (12)

TlogBnenne nocnegrero CIaraeMoro B HpaBoH YacTH ypaBHeHHE (8) cBEBaHO
C YYeTOM BOBMOXHOM IPOCTPAHCTBEHHON HEORHOPOHOCTH IPOBORUMOCTE 0.
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B ypaBuenun sheprum (9) L o6osHadaeT cyMMy PasmMYHEIX HCTOYHHMKOB K
IOTeph SHEPrHM:

- d a\ P
L=¢17‘,Z;(MT5/22;)—!;—H. (13)

3nech ¢, — IOTEPH DHEPTHH 3a CYeT MBIYIeHHS, KOTOPHE MH allIpPOKCHMHE-
PyeM BaBHCHMOCTEIO: -

g = xpzTu s (14)

T7le a ¥ X — KOHCTaHTH. J[/If H3MeHeHH: TeMIepaTyphl MIa3MH B AHAIAB0HE

2-10* K < T < 2-107 K oTH KOHCTaHTH UMEIOT CIeNyIOnIe IpHGIHKeRELIE

OHateHHE: a & —1/2, x ~ 2.5 10?8 [46]. Bropoe ciaraemoe B (13) cBszano

C TeNNoNpoBOfHOCTH0. IIpu 9TOM MH CYHTaIN MarHETHOE HONE ROCTATOYHO

6onpImIM u npeneﬁperann HOTOKOM Telna omepex mong (kL < Ky = xoT®/2;
ko ~ 107%), a Takxe monaranm HeMSMEHHOH BJIONb HCCIENYEMOTO q::paruen'ra

Mar¥ATHON TeTIH INIOIajb ero nomepeyHoro cedenus. Jepes s o6osmadeHo

PacCTOgHNE, H3MepfeMoe BJONb CHIOBOH NTHHHM MarHMTHOTO mons. Tperse’
craraemoe B (13) o6ycnoBiero HXOyleBHM HarpeBOM, a IIOCIelHee MpefcTa-

BIgeT cOGOf CyMMy BCeX IPYTHX HCTOYHHKOB HarpeBa, Cpei# KOTODHIX MHI

6ymeM Bpech yYHTHBATb Harpes, CBE3aHEBH C BS3KOCTHOH AMCCHNANHeH

)

2
H,, = pv [-;-egjegj - g(dva)z] ’ (15)

ovi . 8V
dz; z; Oz

Pa6oras B xmmmnnpnqecxon CHCTéMe KOOPIHHAT C OCBIO Z, HAIlPAaBIeEHOM
BIONH OCH MarHATHOH TPyOku, OYyeM pacCMaTpPHBATH aBTOMOJENbHOE pelle-
HHMe CHCTEMH yPaBHEHHI (6)-(10), onucriBalomee TeUeHNe NIABME! C OJHOPOJ-
HOH fepopManueil, XapakTepUByeMoe CIeNyOIHMA BaBHCHMOCTIMH Pusnge-
CKHX BeJIHYHH OT BpeMeHH H KOODIHHAT:

THe €j; =

t

Va(x,t) = %r, Vo(x,t) =0, Vi(x,2)= %z, (16)
B, (x,t) =0, By(x,t)= B,,o(t)-}-;;, B,(x,t) = Bo(t), (17)

p(x,t) = p(1), (18)

Plx,t) = polt) = Pr(1) (;,;) - palt) (z) : 9)
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rfe B m L — xapaxTepHH: IONEPEYHEIH ¥ NPOJONbHEN IPSCTPAHCTBEHHEIE
MacmTabH ToOXoBOH Tpy6xu, R* - BHenrHHH HDONepeYHEIH MacmITab McCle-
IyeMOH MaruuTHOM KoH(prrypanuu, a a(t) u b(t) — GespasmepHsle QyHKUHH
BpeMeHH, XapakTepUByIOlIHe CTeNeHb CKATHS INTasMH B Tpy6Ke, SBILIONIAECE
KOMIIOHEHTaMH TeHsopa feopMau Mz(t) = Myy(t) = a(t), M..(t) = b(¢),
TOrfia KaK Jpyrue KOMUOHEHTH DTOr0 TEH30Da B HalleM PacCMOTPEHHH IIO-
naraloTcs paBHHIMM Hynoo. Bes orpammdenus obmuoct fif QyHknui a(t)
b(t) MoxHO BagaTh crefyoue HadanbHEe ycrosus [29]:a(0) = 5(0) = 1.

3nech HeOGXOOMMO OTMETHTH, YTO JaHHEE aBTOMOJENbHEE PENleHNd afie-
KBATHO ONKMCEIBAIOT IIOBEleHHe MCCIeflyeMoll (PUBHIecKod CHCTEMH JIMIIb IpH
‘BHINIONHEHAH OIpEfeNeH X crenuuieckux IPAHUYHEIX YCIOBHM, KOTOpHE
GHUTH DOMyYeHH ¥ HCCIeNOBAHH B [47, 48]. DTH yCIOBHE COOTBETCTBYIOT MB-
MeHEHHIO OTeHEHala BHSUHNX TOKOB, CO3MalONMX NATHEAPHIECKOe MaTHuT-
Hoe mone (17), O BNONHe OUpENETEHHOMY BakOHY ¥ MpEINONaraioT Falmyue
BHEITHHX 1O OTHOIIEHHIO K MCCIeAyeMoMYy (PHKCHPOBAHEOMY 06heMy IIAsMH
cun. OpHako, IpY HCCIEROBAHUM PEATBHBIX INIA3MEHHO-MarHMUTHEIX KOH(H-
Iypaumit MOXHO BEIIETHTD JBa CIy9Yasd, KOIrfa BIHSHHEM I'DAHMYHHX YCIOBHH
MOXHO IpeHeGpeyb, Monaras UX MPOUBBONBHBIMH, H ONHECHBATEH C IOMONIBIO
(16)—(19) peanbubte Teverus miasMu [36, 40—42):

‘® IPY PACCMOTPEHHUM IPOUECCOB B IIadMe Ha BPEMEHHHX HHTepBaiax i,
He IIPEBOCXOAAIINX XapakTepHoe BpeMs T ~ min{L;}/V* [36, 40, 48],
33 XOTOpoe HHPOPMalUUi O TPAHMYHKEIX YCIOBHAX PaCIPOCTpaHieTCsd
BHYTDb HCCIENOBAHNON ITaBMeHHO-MAarHETHON XOHQUTypamuu. Bjech
L; — BHemrHne npocTpaHCTBeHHBIE MacIITabH, a V* — cKOpPoCTs pac-
OPOCTPaHeHNS HakOHICTpediell MOJEI, Hecyuesk HHPOPMalMiO O Ipa-
HHYHHIX ycnoBusx [49]. :

® IPH OMICAHWH ANHAMHKE JOCTATOYHO KOMIAKTHHIX H INOTHAX MIas-
MedHHX 06pas3oBaHuil (HanpuMmep TOKOBHIX Tpy6ox Ha ConHlte MM Ipo-
Ty6eparnes [41, 42]), Haxoiguuxcd BHYTPH 6olee XPYNHHIX MarHUT-
HeIX kKoHQurypauun. IIpH sToM, HaIHYHe HA FPAHUIE PACCMATPUBAEMOR
06nacTH CKkadka KOHIEHTPaUMH n W TeMIepaTyphl T mnmasMmu obycra-
BINBaeT NOIBICHNE IIOBEPXHOCTHOIO MMIENaHCa, CHUXKAIONEro BIHIHHE
BHEIIHYX IO OTHOILIEHHIO K HCCIeyeMoMy o6beMy InasMu moneir. Tpe-
60BaHue GalnaHCa JaBICHUE IPH YCIOBUH HENPEPHBHOCTH MArHHTHOTO
IONd Ha I'PaHHIe TaKoro IIIa3MEeHHOro 06pasoBaHUA ONpeleNdeT CBIBH
MeXJly SHaveHHsMH TeMnepaTypH (T}) B XOHNeHTpaumn mIasMH (n;)
BHYTpH ¥ BEe (T3, n3) ero: Tyn; = Ton,.

B o6oux ykaBaHHBIX CIydagX MH HMeeM J[elo He C 'DaHHYHOH, a C Ha-
JaTHbHOH Bajadeil N HCIONB3YyeM TPETNIONOKeHHe O 6esrpaHUYHOCTH cpeqisL,
IHOMHS, OJHAKO, YTO IPY DTOM Hallle PACCMOTDeHHe He BEIXONUT Ba pa.MKY[
o61acTH, OrpaHRYeHHONi MacmTaboM R < min L;. Kpowme Toro, KaK YKasH-
BaJIOCh B [29], 06cyxaaeMoe aBTOMOJleIbHOE PellleHHe MOXHO PacCMaTDPHBATH
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IIpA ONpefeleyHEX YCIOBHEX KaK OOIIYIO NOKATLHYIO ANNPOKCHMAIUIO HeoJ-
HOPOAHOTO TeieHUd Ia3MH B HEOJHOPOJHOM MarHATHOM II07le B CIyYae Ipo-
CTPAHCTBEHHO HEORHOPOMHON TeMIepaTypH INasMiL. M, HHEIME CIOBaMH,
%aK TTaBHEIH WIeH OGUIEro PasioXKe s PelleHus, COOTBeTCTBYIONEro PasBHB-
mleMycs Te9eHHIO IIa3Mbl B OKPECTHOCTH OCH TOKOBOH TPYOKH, XOrjfia uMeeT
MeCTO CXOIMMOCTH PadloKeHHH 9TOrO PellleHUs IO CTeNeHIM MalloTo Iapae-
tpa (r/R*). B sToM Cly4ae rpaHnIHad Bafada TepIeT CMBICT U BHITEKaIOMIHe
' U3 Hee OrpaHMYeHH{ Ha BHENIHWH HOTEHUWaN MCYe3aloT.

Yuutsast (10) u (18), M MoxXeM BamHcaTh Ha ocxoBe (19) ananormyHoe
BEIpa)KeHHe IS TeMIepaTyphl INIa3Mbl:

o 2\ 2 )2
T(x, t) = To(t) - T1(t) (-E) - Tz(t) (Z—) N (20)

rre

_ pe(t)ms _
Toe) = oy k=0 L2, (21)

IIpu sTOM B HalmeM JaJIbHEHIEM PacCMOTPeRHH ME GyfeM IonaraTh MaTbIMU
0 CPaBHEHHIO C €NMHUIEH BeTWYNHH: ’

nir 2 Ti{r 2 |
1 17
23w

p2f 2z 2 Ty [ z ? ;
2 =-2{Z ]
Po (L) To (L) <1 (23)

YTO IIO3BONLET HCIIONb30BATH PAallIOXKeHHue B pAf, rje 6YILGM OI‘p&HH‘iHBé;TbC.‘K
ClIaraeMbIMH II€PBOrO NOPANK4 110 9TUM BEIHYMNHaAM!

Te(x, ) ~ T(2) [1 —a %(E) e %(%) ] . (24)

Taxol nogxoy o3Ha4aeT, ITO paccmannBaemoe HaMR peleHe MTI'll ypaBre-
HUH MMeeT aCHMITOTUYECKHH XapakTep.

Mopcrasnsg (16) B ypaBHeHUe BeNpepHIBHOCTH (6) ¥ yHYHTHIBaZ (18), pitit:¢
GIOTHOCTH IITa3MBl HAXOTHM:

p(t) = 25 , ‘ (25)

rfe po — NOCTOSHHAS BETHYMHA, ONpeelieMad HAYaIbHEIMH YCIOBHIMIL.
HUcnonrays Brpaxenus (16), (17 ) 1 (18), a TaxxKe pasnoxenne B psx (24),
us ypaauenna (8), mpoexTupyd ero Ha OCH, MOTyqaeM: -

B.,,o_ a b ¢ 6 Ty
Byo - (2 a t b) + 4mag R2 Ty’ (26)
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B.o a
=-2-. 27
B, - 23 [( )
B ypasmemmu (26) og = o(To) — oHavenme HPOBONUMOCTH B TOUKe

{r=0,2=0}. MoxHO nOKa3aTh, YTO B YCIOBUIX XPOMOCHEPHON I KOPOHAID-
HOM II3aBMH IPH PACCMOTPEHNH IPOLECCOB C XapakKTepHHM BpeMeHeM, MHOTO
MensumM 10° ¢, BTopoe cnaraeMoe B ypaBHeHHH (26) OKashIBaeTCS Majo IO
CPaBHEHHMIO C NEPBHIM H EM MOXHO npeHe6peds. Taxum o6pasoM, Ha OCHO-
BaHEW pelleHuii ypasHemuit (26) m (27) #1f KOMOOHEHT MAarHHTHOTO IONS,
yarruBag (17), nony4nM cirefyonne BEpaKeHUd: i

Blo r
By(r,t) = 2% B (28)

Bzo

B,(t) = (29)

rie Bio u, By — ompenenseMble HaYalbHEIMH YCIOBUSMK BHaYeHHE MATHAT-
HOTO oI Ha BHEIIHed MPaHHIe KCCIefyeMoll MarRuTHON kondurypauun, Mo
ypaBHEHHS [BIDKeHHS NnasMbl (7), DOACTaBNEgS B HEro BHIDaXEHHS RId aB-
ToMopenbHoro pemenns (16)—(19) 1 yyuTnsag sasucumoct (28), (29), mo-
Clle IPOEKTHPOBAHUS Ha OCH MONYYHM YPaBHEHHH, ONHCHIBAIONINE NHHAMUKY
6eapaoMepHBIx Qynkuuk a(t) u b(t), xoTopsle, B CBOIO OYepellp, ONpeNeNIoT
usMeHeHMe MarauTHOro monsg {(cM. (28), (29)), cxopocru (16) n nmmoTHOCTH
(cM.(25)) mmasMHu: . /

.2 1
a= ;L'EJ- (ﬂ T1a - ab) (30)
b= 2 5 Tob. (31)
s -

B ypg.BHeHme (30) u (31) HaME BBEfeHH MapaMeTpH 3 = RYVZ e Vi =
B 2 t= .
= 4;:0 (-}%) y T2 = I2/C%, rpe C% = PO(RO 0) B = ——-—-—;gf(’;z(;R?;z y & TaKxKe
GespasMepHEIe TeMIepaTypHbIE (YHKHHE BpeMeHN: Ti(t) = Ti(t)/To(t=0) u
Ty(t) = Ta(t)/To(t=0).
Haxoren, ma. ypaprerns onepru (9) c yserom (13), (14) = (15), nopcre-
B1g B nero (19) u (16), prHUMag Bo BHMMaHHe cOOTHOmERHe (21) U HCNGTL-
BYE [UIf CTaraeMbiX, TIPONOPUMOHATLEKNX PasmuyHEM crenensM T'(x,t), pas-

r\O z\0
JIOKeHHe B pAX (24), IIOCIIe I‘panIHpOBKK KOS(I)(I)KHHGHTOB I[pH (E) s (-z) N

2 2
(%) H (%) , AHAIOTHIHOTO nponeneunomy npx nonydennu (30) u (31)
HOpDMUDOBaEWs TeMneparypEnix Qymkmmit To(t), Ti(t) m T(t) mo-

IyYnM ypaBHEHHd, OINpeJlendiollne HaMeHeHWe O6espasMepHHX QYHKIMI

M. JI. Xodauenxo T 61



1996 H3e. BY306 PAITHO®HA3HKA Tom XXXIX ¥ 1

To(t) = To(t)/To(t=0), T1(t) = T1(t)/To(t=0) n Ts(t) = Ta(t)/To(t=0):

-38/2 ~ a .
3 T T N .
To=(1- 7){" ?zzb + 12 a‘;b + fs 281570 -

"~ fu o265 P F(a, b, a, b)} +(1-7)To (2 S + %) , (32)

~

2 ,
5 9, =5/2.,.. :
T1 =(y-1)= { 2 e f2 aa:b + fa §asz0 / F(a,b,a,b)},.

2\ _fif2y8 1 (y-1)
T2 BzoR"b ) Tl(27a+(7( 1)6)1(33)

{

- = —3/2 = a
. - Ty 3To '~ T 2 3/2 To
T = (v 1)1-,0{ f 2 ah - faa ~ 5f3.a%b T, o ry +T2 |+

i . - 4 b
+ ﬁg a"bTosle(d, b, a, b)} -T; (2(7 -1) % +(r+ 1)5) (34

B KOTOPHIX BBefleHa (yHEOHS -
" ’

' A\ 2 .\ 2 s
F(a,b,a,b) = %{(S) + (g) } - gz—: (35)

Koadppuumentnr f;, ¢ = 1,2, 3,4, B (32)—(34) onpegensiorcs HaYaIbHEIMU
SHaYeHMIME MarEMTHOTO IONd, IIOTHOCTH K TeMNepaTyDHl MIasMH, a TaKXe
XapaKTepHHIMH HPOJOILHEIM H NONePeiHHM NPOCTPAHCTBEHHEIMHE MaCUITa:
Gamu R, R* u L:

Blo(R/R%)

=88 10 ey 2T TR TR lT(0),
0to =
i (36)
5/2 . /2
_g KoTp' 3(t=0) TS
- fa=145.10"% =2 -, =16-10"2420
5 poLl? ha Po

Ypaprenus (30), (31}, (32)—(34) HPENCTaBILIOT COGOH BAMKHYTYIO CH-
cTeMy Au(pepeHUHANBENX ypaBHeHHH, ONHCHBAIOLIYIO DBOMIONMIO BO Bpe-
MEHH aBTOMOfeNbHELX pemenni (16)-(19).

OcranoBuMcs Temeph 6onlee MOXPOGHO Ha aHAIMBE DTOM CHCTEMH yPaB-
HeHH# W ee NPUMEHEHMH BMecTe C aBTOMOMeNbHHIMH pemenusmu (16)-(19)

/
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Tl ONMCAHMS HEKOTOPHIX NPOIeECCOB, IPOACXONLINHNX B CONHEIHBIX MarHuT-
BEIX TPyOkax. 37ech HeOGXOMMO OTMETHTD, YTO XaPakTep MOBefeHHs OMNU-
CHIBaeMOH aBTOMOJeNbHEME pemrenusmu (16)-(19) comectno ¢ guddepen-
nuanbHEIME ypasuennamu (30), (31), (32)-(84) nuuamudeckoit Mogemn col-
HEYHOHl MarHHTHOH TPY6GKM B KaXKIOM KOHKPETHOM CIy4ae OmpeNenseTcs BH-
60pOM HAYaNBREIX YCIOBWIl W BHAYEHMSMH NPOCTPAHCTBEHHEIX MacCHITaboB:
a(0) = b(0) = 1, &(0), b(0), Tw(0) (k = 0,1, 2), p(0) = po, Byo(0) = Bao,

B,o(0) = Bz, R, R*, L. Bapbupys oTH mapaMeTpPH, MH MOXeM HOIYIHThH
6onbiIoe paaﬁooﬁpaaue pasIHYHLIX peureHuid. BMecTe ¢ TeM, Bce 9TH pelle-
HHAE MOTYT GHITH OGBEHHEHH B TPH OCHOBHEIX I'PYIIH, COOTBETCTBYIOIHE
TpeM BOSMOXHLIM [HHAMWYECKHM peXHMaM 9BONIONHMA MarHUTHOH TPy6KH:
9ro 1) PEXHM KOMIPECCHH MIA3MH, 2) peXXUM KBasHIePHOJMIECKHX OCUHI-
NEUME B DYIBCHPYIOUIHHE PEXHM % 3) peXUM JeKOMIIPEeCCHH.

YxasaHHbe peXXHMEL SBIFIOTCE B KOHETHOM CYeTe Pe3yNnbTaToM KOHI\VPGH~
UHY ABYX CHI, ONPENEeNIIOMHX IBHKeH!E IITa3Mbl B TPYyOKe: CHIHI, CBE3aHHOH
C TPajiMeHTOM IIa3MEeHHOTO JaBleHHS,  CHIB AMmepa, 06yCIOBICHHON HATH-
4#eM TOKa B MarHMUTHOH IeTie, — KIH, FHBIMH CIOBaMH, ROHKYPEHIUY MeXIy
KHHETHIECKHM ¥ MAarHUTHHIM faBileHmeM. IIpH DTOM, B pexmuMe KOMIpec-
CUM MOXHO BEIEIHTH [Ba MOJKIACC2 BOZMOXHLIX PelleHMH: NepBHH — 5TO
CXKaTHe IIa3MHE, CONPOBOXKIAEMOE €€ HArPEBOM, YTO B CONHEYHRIX YCIOBHIX
MOriI0 6Bl COOTBETCTBOBATH Pa3BHTHIO TEIUIOBOM BCIHILIKH B NeTie, H BTO-
POl — CXKaTHe, CONPOBOXAaEMOe OXTAKCHHEM IasMHbl, CIOCOGHBIM IpHBe-
CTH K KOHJIEHCAIMH NPOTYGEepaHIa B BepliHe MeTIH.

3. IMHAMUYECKUE PEXXHVMBI 3BOJIIOIIUN MATHUTHO! TPYBKHU

3.1. PexxuM XoMIpeccHu

PexuM xoMmpeccun obecreqnraercs cunoil Jopenna, IpeBoCXosIeil 10
BeIMYNHe IPAfMeHT INTASMEHHOTO TaBNeHHME, ¥ NeHCTBYIOWeH Ha IBIKYLIH-
ecs DapfKeHHBle JaCTHIH IIa3MH, COBHAlolHe B TPyOke NPOJOABHEIA TOK
Jz = %%Bwo(t). 9To gBIeHHEe NIPEACTaBIZeT cOGOM Tak HashiBaeMHEIH (-
($exT caMOBO3eHCTBIA TMHEHHOIO TOKA, ¥ ML TOr0, YTOOH HCCIEOBATH €TI0
B 4HCTOM BH[e, PacCMOTpPEM 6onee mpocToit YacTHHIE cayyait. Bymem mo-
TaraTh TeMIepaTypy INadMHl B TPyOke ORHODOQHOH IO BCEM KOODRMHATAM:
T(x,t) = To(t) B oToM cmyvae oT mcxomHOI cucTeMH AuddepeRnuarbHEIX
YPaBHEHHH (30) (31), (32)- (34) ONHUCHIBAONIEH DBOIIONNIO NHHAMHIECKOH MO-
[ienH COMHEeYHOM MarEWTHOM TPYOKHM, OcTaHyTcd nHiub ypaBHenus (30) u (32),
B xoroprix Te(t) =0, k =1, 2, u b(t) = b(0) = 1:

i= - =, (37)
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3/2 7

fo=(1"7) f1 +f2——-“ 4-T05/2

- a
3 (a)2+2To-& . (382

Uz ypaBuenns (37), momaras Havansmee ycrosni a(0) = 1, 4(0) =
COOTBETCTBYIOIME CIYyYalo NOKOSOIEHCE B MOMEHT BpemeHH ¢ = 0 mWIasMH,
MOXHO IOIYYHTb XaPaKTEPU3YIONLYIO NIPOUEeCcC KOMIPECCHH IUTa3MBl B TPyOKe
CBE3H MeX]y SHaYeHHIMH y6miBatomer ¢ynkmun a(t) <1 u BpeMeHeM ¢:

t=\/77%l-erf( [lx;(a)l), a<1. ' (39)

’

Ypasuenne (38) onucrBaeT H3MeHEHYe TeMIePaTyPH ANa3MH ¢ TeYeHueM
BpeMeHH ¥ B mpouecce ymenbmenus a(t). IIpu oToM BHaK NIPOMBBORHOR OT

GeopasMepHOii TeMIepaTypH Io BpeMmenH, To, ONpeNenseTcs SHAKOM BhIpae-
HUH, cTofImero B npasoil yacTy (38) B Puryprsix ckobkax. lockonbky v = 5/3
U1 MOTHOCTHIO HOHABUPOBAHHOM BOZOPONHOM INTa3MHl, TO HMeeT MeCTO POCT
ee TeMIepaTypH BO BpeMEHH, eCllH BhHpaXeHHe B PurypHeix ckobkax B (38)
MeHbOIe HyNf, H YMeHbIIeHNe TeMIepaTyphl, ecli oHO Golblue Hyns.
BaMeTHM, YTO B HaYaJbHBEI MOMeHT BpemenH, ¥orga a(0) = 1, ¢(0) = 0,
To(0) = 1 mpm po = 2- (10714 £107%) r-cm™3, To(0) = 108 K, R ~
~ (107 = 108) cM, R* ~ (108 + 109) CM ¥ TUMPOKOM. CIeKTpPe OBHaYeHU
0 T'c < Big < 1000 I'c xosdunuenr f B (38) OKasHIBAETCH MHOTO MeHBIIe

f2, a o0 BHaMuT, 9T0 Tp(0) < 0. TakumM 06pasoM, B NMepBLIE MOMEHTHI Bpe-
MeHH NIpM OCYUIECTBICHUM peXHMa KOMIPECCHH B TpyOke IPOHCXONHT HOHH-
XKeHHe ‘TeMIepaTypH mwiasMul. OjHaxo mo Mepe ymeHnwlieHHs a(t) u ypemm-
YeHNs MOJYId OTPHUATENHHOH BelMYUHH G(t) BHAK BHIpaXeHHS B (UIYPHBIX
cko6kax B (38) woMeHseTCs Ha DPOTHBOMOMOXHHIL. IIpomcxoput 910, IMaB-
HEIM 06pasoM, 61arofaps NOCHeHeMy CIaraeMoOMy B ®TOM BhIpaXKeHuH, o6y-
CIOBIeHHOMY HEOJHOPOJHOCTHIO NOTOKa, MnasMul. IIGcre sToro nmambHeiimee
CKaTHe IIa3Mbl B MarHHTHOH TpPy6ke CONPOBOXMNaeTcd OGLICTPHIM yBelHde-
HUSM ee TeMIEPaTYpH, ¥T0 B ycnoBuix ComHua MOTIO 6H BEIMIANETH Kak
PadBHTHe BCHHILEYHOro mpouecca. Ha puc.2 mokasaHW COOTBETCTBYIONUIHE
TaKOMy PEXHMY BPeMeHHLIe BaBUCHMOCTH INIOTHOCTH, TEMNIEPATYDH M Mak-
' CHMANTBHOTO DHAYEHHI PAJRAIBHON CKOPOCTH INIaBMEL, JOCTHIAeMOro Ha Iie-
pudpepuu Tpy6xu (r = R), monyyenHnle B pe3ynbTaTe YMCICHHOIO PelICHHS
cucremsl ypasHenuit (37), (38) ¢ masanpueiME ycromamz a(0) = 1, a(0) =
=0, To(O) = 1, AnL PaSIMYHEIX BHAYEHUH MATHATHOrO IONL: Bm = 30 Ic,
100 Tc, 300 I'c, — ¥ NIOTHOCTHE WIasMH: pp = 2 - 107 r-cm™? (puc. 2a),
po = 2-107 r.cm~3 (puc.26), mpr napamerpax Momemn To(0) = 10° K,
R =3-10" cM, R* = 9-10% cm. IlepBonaganbHoe oxnax[eHye IIa3MH 3eCh
OKa3HBaeTCH BEChMA KPATKOBPEMEHHHM H 0YeHb HeBHAYUTEIbHBIM B IODTOMY
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p(t)/p(0) t)/p{0
101 r T 101 'P( )P( ? -
] - 3
] o 3
] L } 1“ -
i /
- e ? ,l -
i
s Vd
100«44_"/ "
15 0 1 2 3 4
I 3
- g ',' -
i ’ 3
= ¥ =
,I
10°Le
0 15 4

x 107 V; (r=R,t) [cmvs ] .

AN
! AN N\

-4+ 1 \
1 i 1 *
) <} i 1 .
-8 : L .
15 0 1 2 3 4
tis] « t[s]
a) \ b)

HomeHeHne BO BpeMeHH B YCIOBHAX PEXMMa KOMIPECCHHM IIOTHOCTH
p(t)/p(0), Temueparypun To(t)/To(0) ¥ papgmanpHOM KOMIOHEHTH CKO-
pocTn naasMul Ha nepudepun Tpy6kn V;(r=R,t) mis pasandHEHX Ha-
qajbHbIX BHaYeHAH IIOTHOCTH miasMu: a) p(0) = 2- 107! r.cm™3;
b) p(0) = 210~ r-cM™3 m marmETHOrO MONA B, (r=R*,t=0) = 30 I'c
(cnnomnas aummsa), 100 I'c (wrpuxosas nunus) u 300 I'c (myHkTHP) npH
HadaJbHOI Temneparype Tp(0) = 10° K, R = 3-107 cm, R* = 9-10% cm.

Puc. 2.

1
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He BaMeTHO Ha rpadurax. C yMmeHnbmuenneM po u/mau pocToM Bjo mpoucxo-
RUT COKpailleHWe BpeMeHH KOMIPEeCCHH M HarpeBa IUIa3MEH, TakK Kak IIPH 3TOM
BO3PACTaeT CHIA JIopenna., CKEMajomas IIasMy.

Hop6upas napa.MeTpm 'MOflenM TakKHM 06pas3oM, YTOOGH ymenbnm'rb CKO-
pocTh yOHBaHUS (I)yHK]IKK a(t) ¥ eme 6onplle yBeNHIATH DPASHALY Mex(ny
xoapfunuentamu f; ¥ fa, fy # f2 B (38), MoXHO cuenaTh HepBOHaYAIbHOE
YMEeHBIIeHHEe TeMIepaTypH IIa3MH IPY ee CXKATUH Oolee CyIeCTBEHHHIM U
OONYYHTH PEXHM KOMIPECCHH, B IpONecce XOTOPOro IPOUCXONUT OXIaxKje-
HEe TPYOKM M KOHJeHCalHi B Hed mporTyGepaHnma. OTOT ClIydaH HpOJEMOH-
CTPMPOBaH Ha PHUC. 3, Ijje NOKa3aHH BaBHCAMOCTH OT BpEMEHH TeMIIepaTypH
H ONOTHOCTH WIasMH B TpyOke, MONy4YeHHHE B pe3ylbTaTe YHCIEHHOTO pe-
INeHHs CHCTeMHl ypaBHenuit (37), (38) mpu HavampHBIX ycnoBmix a(0) =
a(0) = 0, To(0) = 1 u mapamerpax monenz Tp(0) = 10° K, Byp = 10 P c,
R=9-10" cm, R* = 9-10°% cM nus pp = 210714, 10‘14, 2.10715 oM~

, B qacTHocTH, mpu pp = 21072 r.cM™3 mMeer MecTO SHauMTeNrHHOE OXIa-
KHeHue m1asMul (o sravennit Tp ~ 10* K, xapaxTepHnix jig nporybepanua)
B Ipoliecce ee CXKaTUL, JOCTHraeMoe 3a BpeMd NOpHANKa HeCKOTbKHX MUHYT;
npu po = 10714 r-cu~3 570 oxmaxnenue cymecrserno Merbe (Tomin ~ 0,98),
a g po = 2- 1078 r.cM~3 oHO mpakTHYECKH OTCYTCTBYET.

2 ' p(t)/p(0) . Ty (VT (0
10 - - ; : 103 e 'o()fro()1
- = !
,1 " : : ll
- 14 " [P =7 revane oo aeren
10 é 'l 100 = 2 s e
3 , 3 ﬁ
C / - ;
o -2 i
10 - 10-3 . .
0 100 0 100 200 300

tfs] t[s]

Puc.3. HoMeHeHHe BO BPEMEHH B YCIOBHMAX PeXHMa KOMIPECCHH MIOTHOCTH

« p(t)/p(0) n TemnepaTypn To(t)/To(0) mnasMel Ana pasIM4HBIX Hadalb-

HHX OHadenni mwioTrocTH p(0): 2 - 1071* roem™3 (cnnowHas nuHug),

'2.10"1% r-cm™? (wrpmxopas numma) u 10~'4 r-cM~3 (mymswTup) npu

HaqalbHEIX MarHATHOM none B,(r=R*,t=0) = 10 I'c u TemnepaType

To(0) = 10° K, R = 9-10" em, R* = 9-10° cm. B ciyvae

p(0) = 2107 r-cM™? B TpyOke NPOUCXORAT KOHAeHCAlHUd OPOTYEe-

pagna. :

Uo ypaprerus (38) MOXHO IOTYIHTH YCIOBHE, KOTOPOMY HOMKHE YOBIIe-
TBOpETH 3HadeHus a(t), a(t), To(t) ¥ mapameTpH Mojenr® fag TOro, ITOGH
obecnevnTh OXNMaxjeHHe MIasMEl B IPONECcCe DBOIMIONUN MOJIeTH BO BpeMeHH.
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9TO yCIOBHE BHINISNHT CIETYIONIMM O6DPa3oM:

Xl < ad < Xz, (40)

rae ’

2 F \/T'lo(l + %fdz) -3fah

. 3f4T0

Bripaxenue moj KBanpaTmM xopHeM B (41) ocTaeTcs HONOXHTEIBHEIM,
manpnuMep, mpu To(0) = 108 K, po = 2107 r-cm~3, Byp = 30 I'c, R =
=3.10"cm 7 R* = 9-10° cM BInIoTH 7O SHAYEHMH To(t) ~ 10~14, Crons
HUOKHE DHAYERHE TeMIepaTypH NeXaT Jalleko 5a NpefeNaMy TPHMEHHMOCTH
Halllell MOJeNH, ¥ TODTOMY MEI MOXEM CYMTaTh SHadeHHs X1 ONpeleleH-
HEIMH TIOBCIOgy. Ycnosse (40) sBngeTcs yHUBepCalbHKM KPHTEPHEM OCTHIBA-
HHS TPYOKH, CHPaBENTHBHIM TakXe ¥ B CIyYae PEaTHOALHM APYTHX. TUHAMHE-
JeCKHX peXuMOB. YTO KacaeTCs peXXHMa KOMIPECCHH, TO nna Hero aa < 0, u
u3 (40) crenyeT Gonee mpocTOE YCIOBHE:

X; < aa. . _ (42)

) Xl.z = (41)

Tipu oroM X; ocTaeTcs Menbie Eyns aug To(t) > 1075, wro onsTs-Taku
¢ XopommM 3amacoM obecneynBaeTCs Ha TeMIepaTypHOM HHTepBale Npie-
HEMOCTHY PaccMaTpPHBaeMOR MOJeNH.

i
v

3.2. PexxuM ocounmiguuy

‘B cnyvae, xorga B MarHUTHON TpyOKe HMeeT MeCTO HEOZHOPOAHOCTD TeM-
IepaTypH B [ONEPEYHOM HalpaBIeHHH, TO eCTh Ty(t) # 0, B nccnenyemon
IWHAMHYECKON MOJIeNH NPX ONpeflelleHHEIX TapaMeTPaX OKashlBaeTCL BOBMOX-
HHIM OCHMINSTODHHIHA PEXUM, CONPOBOXKAAEMEE KONeGaHHAMM INOTHOCTH,
TeMIepaTypH ¥ CKOPOCTH JBWXKEHHUS NNaBMBl, a Takxe BETHIMHH MarHHT-
HOro MONd. JTOT PEXHUM CTAHOBHTCH BO3MOXHHIM, €CIH BHaYeHUS TPajiHeH-
TOB KMHETHYECKOTO M MATHHTHOTO NaBNEHHl OKasHIBAIOTCE CPABHHMEL MEXIY
co6oit. [Ing BHIEBIeHUS HEKOTOPHIX B3aKOHOMEDHOCTEH OCHUIIATOPHOTO pe-
XUMa DBOMIONUH MarHUTHOM TPYOKH MH 6yfeM MCCIeIOBaTh Clydai, KOIjga B
Hell OTCYTCTBYIOT NPOJIONBHEE NBHXKEHMS IUIasMH, TO ecTh Xorfa b(t) = 1,
b(t) =0, ¥T0 cooTBeTCTBYeT CHTYaIuH To(t) =0

Ypapuenue (30) MOXHO pacCMaTpPEBaTh Kak ypaBHEHHe [BMXEHHS MaTe-
PHAIBHOR TOYKH C ennnmnoﬁ Matcoi B no'rennnanwom none U(a):

| U(a) ln(a) 8 / Fi(a)a da) (43)
IIpx 5TOM pexuM HelMHeHHHX Kole6anuil sHavenns QyHkuun aft), onpe-

mengoumei xole6aHus MAarHATHOrO II0Ng, INIOTHOCTH, TEMIEPATYPH ¥ CKOPO-
CTH NNIaBMH B TpyOKe, OKa3HKBaeTCI BOBMOXHEIM, ecny QYyHKIUE IOTEeHINalIa
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U(a) nmeeT Touxy MunumyMa. CoorpercTBylomee skcTpeMymy U(a) sHade-
HEe a* QyHkuuH a(t) oupenendeTcs ypaBHEHUEM:

1

Ty(a") = —rs (44)

(e*)28°

Ing Toro, 9To6H a* gBILIOCH MUEEMyMoM Qyrxuux U(a), meo6xomumo,
y1o6n U (a*) > 0. Ma'sToro ycioBus BHTekaeT TpeGOBaHMe K SHAYEHHIO
OPOHOBOHOH OT Ge3pasMepHOH TeMNepaTypHOR QyHKIHH T;(a) B To4Yke a”,
NP BHIIOJHEHAY KOTOPOro B TPyOke yCTaHABIHBACTCE PEXHMM OCHHIIIIHM:

t

2
(a*)°8°

TaxuM o6pasoM, g TOro, 9TO6H B pacCMaTpPUBaeMOR Mojielny GhlII BO3MO-
JKeH peXUM HeTHHeHHHIX OCHMIIEUNH, Heo6X0NHMO, YTOGH B BKCTPeMaNbHON
TOouKe a* GespasMepHad TemneparypHas (yrruus Ti(a) y6mBana GHctpee,

1em (1/B)a"2.

Ty(@) < (45)

3aMeTHM 31ecCh, 9TO, B IPUHIUNE, He3pasMepHas TeMmepaTypHas (PyHK- .

ung T)(a) NOMHMO HesBHOI BABHCUMOCTH, Yeped a(t), MOXKET COJepXKaTh elle
I SBHYIO BaBHCHMOCTb OT BpeMeHH. B oToM ciyvae sHadenue a*(t) QyHk-
unn a(t), coorBercrByomee skctpeMymy U(a), 6yneT umaMeHEThCE C Tede-
HHeM BpeMeHH. OTO OGCTOSTENbLCTBO MOXET NPUBECTH K TOMY, YTO B ONpe-
NeneHHH MOMEHT HepaBeHCTBO (45) mepecTaHeT BHIIONHATHCE M PEXUM He-
MHHERHKX OCHMIUIAUMH TPYOKH CMEHHTCH [PYTHM [HHAMHYECKHM PEXHMOM.
HMenno 5Ta cHTyalud pealnusyeTcd B NPeJCTaBIEHHEIX Ha PHC.4 3aBHCHMO-
CTEX OT BpeMEeHH TUIOTHOCTH 6e3pa3MepHbIX TeMIepaTypHHX QYHKUHH U CKO-
pPOCTH mIasMul B TpybXe, MONyYeHHHIX B pe3ylbTaTe YHCIEHHOTO DeleHUs
‘cucremsl ypasHenuit (30), (31), (32)—(34) B camom obuiem ciyvae, ¢ y4eTOM
BOBMOXXHOCTH CYyIIECTBOBAHHE B MAarHWTHOH TpPYOKe IPONONBLHOIO TeYeHHs
mnasuu (V, # 0), npu HavanerEX yorosuax: a(0) = b(0) = 1, a(0) = 5(0) = 0,
To(0) = 1, T5(0) = T2(0) = 1072, — u COOTBETCTBYIOUUX TPYGKaM aKTHB-
HOH o6nacTu-napaMerpax Mopenu: Tp(0) = 10% K, po = 21072 r.em~3,
R=3-10" cm, R* = 1,5-10° cM, L = 10% cM, Byp = 25 I'c, 50 I'c, 75 I'c. Ilpn
Byo = 50 I'c u 75 ['c B MarHATHOH TPy6ke OCYLIECTBISETCS PEXHUM HelHHel-
HBIX OCHMINSNMIL ¢ TOCTENEHHO HaPaCTAIOUHM IEPHONOM, IEPEXOMAIIHH 3aTeM
B peXHM MOHOTOHHOU JlekoMnpeccuu. B caydae Byg = 25 I'c npeobnagarommui
Haj cunoi JlopeHna rpajueHT IIasMeHHOro NaBleHHd o6yCIaBIABaeT PeXUM
KBaBHMIEPHOIHYECKOH AEKOMIIPECCHH € 6LICTPO 3aTYXAIOWNMH OCOMIILIHIMH.
PeoynbTaTH YHCIEHHOrO pelleHHs 9TOM Xe CHCTeME ypaBHEHHH C aHAlOLHY-

=

HBIMH IpefHAylieMy CIy4Yalo HayalbHEIMM YCIOBHAMH W IPH XapaKTEepHHX '

I7f NPOCTHIX BCIbUEYHHX NeTenb napamerpax Mopennm: To(0) = 107 K,
po = 2-10713 rem™3, Byo = 300 I'c, R = 3-107 cM, R* = 9108 cM,
L = 10° cM, — mpencraBneEn Ha pHC.5. 3lech B Tpy6Ke Takxke IPOUCXORIT
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2) b) <)
Puc. 4. OcnounnstopHas ssomouns miorHoctn p(t)/p(0), TemnepaTyprEIX $yHK-

wuit To(t) =

To(t)/To(0), Ta(t) = Ta(t)/Ta(0), T(t) = Ta(t)/T2(0) u

KOMIIOREHT CKOpOCTH MIasMhl V; (r=R,t), V;(z=L,t) B Tpybkax akTuB-
HOMl O6MAacTH JIA PasAMYHHIX HadaibHbIX 3HAaYeHHNH MalHUTHOrO IO
B,(r=R*,t=0): a) 25 I, 6) 50 Ic, B) 75 I'c — mpu R = 3107 cm,.
R* =1,5-10° cm, L = 10° cm, p(0) = 2- 10~ r-om™3, T(0) = 10° K,

T5(0)

= Tl(O) =10"2

M. JI. Xodavenxo
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3 p(t)/p(0)

1 , Ty /T, (Q) '

. - 10

110’ V, (r=R,t) s} i TGO )
2 v E E E
1 3
0 3
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2 . : .
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2 .-
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Puc. 5. OCHALIATOPHOE HOMeHOHNe BO BPEMEHH MIOTHOCTH p(t)/p(0), Temne-
parypunx Qynxnuit To(t) = To(t)/To(0), Ta(t) = Ta(t)/T1(0), Ta(t) = -
= T3(t)/T2(0) r xomnonenT cxopocT miasmu Vi(r=R,t), V;(z=L,t)
BO BCNBIIIEYHON NeTie NMPH HadYalbHHX BHadYeHnsX mioTHocTH p(0) =
=2-10713 r-.cm™3, marmuTHOrO monst B,(r=R*,t=0) = 300 Ic, Tem-
nepaTyps miasMme Ha oc Tpy6km Tp(0) = 107 K, u R = 3- 107 M,
R* =9.108 cm, L = 10° cM, T3(0) = T3(0) = 1072
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HelNEHEHHEEe OCOUIISHAHA ¢ HOCTeeHHO YBeIRIABAIOIIAMCE HIePHOLOM, CMEHS-
omyuect 3aTeM MOHOTOHHOH JE€KOMIpPEeCCHEH.

B cayvae nmpennomoxenrg o6 aguabaTHEIHOCTH IPOLECCOB B MarHHTHOH
Tpybke, TO ecTh ¥orma fr = 0, k = 1,2,3,4 (aHanorn*ma.s CHTYamHs HC-
cienoBatach B [33]) And paccMaTPHBaBIIEroCH BHINE YaCTHOTO cuydas, Dpef-
TONaraiomero OTCyTCTBHE B TPyOke MPOJONBHOrO TeyeHHs miasMu (b = 0,
b(t) = 1, T5(t) = 0), ua ypaBrenni (32), (33) MOXHO MOLYYHTH BHIPaXKEHHS
nng GespadMepHHIX TeMIepaTyPHHX QyHKIHI: =

7= 20 5 N0
a?2(r-1)° a?r ’
RKOTOpHE He COfiepKaT SBHOM BaBHCHMOCTH OT BpeMenw t. TakuM o6pasoM,
olpenienseMoe ypaBHeHWeM (44), COOTBETCTBYIOMIEE BKCTPEMYMY U(a) sHa- -
vYenre a* QyHknuH a(t) He BABHCHT OT BPeMEHH ¥ OCTaeTCi NOCTOSHHLIM B
IPONECcCe SBONIONHMA PACCMATPHEBAEMOH MOJENH: \

(46)

: L aly = (BT(0)VED) = gl GT-D) (47
3necs By = %

Onpepensemas BhpaxenweM (47) BenudmHa al; COOTBETCTBYeT COCTOS-
HAIO PaBHOBECHS afHabaTHIeCKOH MOJeTH MarHUTHOH TpyGkH. B saBHCcuMO-
CTH OT BHaYeHHS IAPaMeTpa Y = Cp/C, THU BTOTO COCTOAHHS PABHOBECHS
Ha (JasOBOH MIOCKOCTHE MOXeT OEITH “cepo”, mpy 7 < 1, mnu “menTp”, mpm
¥ > 1. B nocnenHeM caydae B CHCTeMe OKa3hIBAIOTCE BO3MOXHEI KOlNeOGaHUS
CKOPOCTH TeYeHUs, TNIOTHOCTH, TeMIepaTyphl MTadMhl H BETHIHEE MaTHUT-
Horo nong. Jiuneapuays (30) c yaeToMm (46) B ciryvae xone6aHuUi ¢ JOCTATOTHO
Mallo# aMIITATYNOH MOXHO ONPENENHTH HX NepHoN:

.

2xTMagn,
-1
B wactHOCTH, mng R = 3.107 cM, R* =1,5-10° cm, Tp(0) = 10° K,
71(0) = 102 n upm pasnEIHHX po B Byo onpenengemuie Gopmynoit (48) sHa-
YeHNd IepHOfa afHabaTHYEeCKHX OCUMINISINNA NpHBEeHH B Tabm. 1. ]
3nech HeOGXOEMO OTMETHTH HEKOTOPOE OTIHYME B 3aBHCEMOCTH OT Be-
nEvEEH Byg, onpepensiomeit Tar = R*\/4xpo/ B1o, NepHOa THHEHHEIX afiua-
GaTuiecknx xoneGaumit (48) u cpenmero nepHofa HeNHHEHHKX KoleGaHuil, no-
Ty4eHHOTO B Pe3yNbhTaTe YHCIeHHOrO pellleHu s YPaBHEHWH HeaHabaTHIeCcKOH
Mojiend. B wacTHOCTH, ¢ pocToM Big IS THHeHHHX ajiabaTHIeCKEX Koeba-
HAH IEepHOJ YMeHBbIIaeTCH, a B CIydae HeaJHabaTHIeCKUX konebanuit, Hao60-
pOT, HMeeT MeCTO yBeIMieHHe CPeHero 3HaYeHnd nepuona (cM. puc.4). Sto
06CTOLITEIbCTBO MOXET GHTH 06bICHEHO TeM, YTO /19 HeaJuabaTHieCKoH Mo-
nend, BCIeICTBHE, OTpefleligeMoll ypasHerneM (33), Gonee CIOXHOM, ITO Cpas-
HEeHHIO C afiuabaTHYeCKUM CIydaeM, BAaBHCHMOCTH TeMIepaTypHOR (QYHKIHH

Tog = (48)
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Ty(¢, a(t)) or BpeMenn n QyHKnURA a(t), NPOMCXONUT HENPEPHIBHOE HIMEHEHHE
¢ TedeHHeM BpeMeHN GopMu 3QPerTHBHOrO NaTeHIHAILHOTO penbeda (43) B
CTOPOHY yBeNHYeHNd IIMPHHK ¥ yMEeHbIIEHUS TTyOHHE MOTeHUKATbHON ML,
COIPOBOXJaeMOe CMeleHAEM CaMOM TOYKH MEHAMYMa B OGIacTb GOTBIIEX
oHadenuil. Ilomo6uas gumaMuka >PPeXTUBHOrO NOTEHUHANLHOTO penbeda
o6ycraBIHBaeT NOCTENERHOE YBeMHTeHHe BDEMEHHOTO HHTEpPBajla MEXNY Cle-
AYIONIMME OfMH 33 GPYT¥M HMIYIbCAMH CXKATHS H HarpeBa ITasMH B TpyOke.
Bumecre ¢ TeM, conepxkamadcs B (48) TeReHN NI K YMeHLIIEHHIO IEDHONA A][HA-
6aTHYeCKHX KOleGanmi ¢ poctoM B oTpaxaercs B 9PdexTe coxpamenns Bpe-
MEH¥ HAPAaCTaHH{ IIePBOro BCOECKa B ClIydae HeaJuabaTHIeCKOM MONENH (CM.
pHc.4), TO €CTh B IepBHIE MOMEHTH €€ HBOMIONKH, NOKa HeagHabaTHIHOCTH
eIMe He 04eHb CylleCTBEeHHA.

Tabuonunma 1
3HavYeHHE NepHOJa OCHHIISIHH INIOTHOCTH, CKOPOCTH,
TeMIepaTypH IIaSMH K BeTHYHHH MarHHTHOI'O HOIS

B IHHEHHOM NPHONUKEHHH AN afHabaTHIeCKOH MOJen:
¢ R=3-10" cu, R* = 1,5 -10° cm, To(0) = 10® K, T;(0) = 1072
IpH PasIHYHHEIX INIOTHOCTH p X MarHMTHOM mone B,(r=R*,t=0) = Bjo

po [r-cu=3] ' 1
- ©12.1071% ) 107 | 2.10°M
Blo[FC]
25 16,6 cex | 126 cex | 294 cex
© 50 2,97 cex | 21,9 cex | 52,3 cek
75 1,07 cex | 7,98 cex | 18,9 cex
100 ~ 0,16 cex | 1,24 cex | 2 cek °*

.

3.3. PexuM jexoMnpeccHH

Eie 0HUM BOSMOXHBIM JHIAMHYECKHM PEXHMOM PACCMATPHBAeMOH Mo-
[leH CONHEYHON MarHUTHON TPYOKH SBIEETCE PEXHM JEKOMIPECCHH, BO BpeMd
KOTOPOro NMPOMCXONHT MOHOTOHHOE HCTedeHHe INa3MH M3 TPyOKH, TO ecTh
@(t) > 0. Ilpu sTOM, KaK ¥ B CIyYae peXXuMa KOMIPECCHH, B1leCh MOXHO BHJe-
NATH fBa THIA SBOIMIONUY CACTEMH: PEXUM JeKOMIIPeCcCHH, CONPOBOXAAeMbIH
OXIaX[eHUeM, B peX¥M HeKOMIPEeCcCHH, CONPOBOXAaeMHEH HarpeBoM NIa3MH.
Ilocnenauil OKaBHBaeTCE BOSMOXHHM B ClyYae JOCTATOYHO BLHICOKHX SHade-
HEH CKODOCTH MCTEYeHHS IITABMH M3 MarHATHOH TPYGKH, KOIa CTaHOBHTCH
CyUIRCTBEHHKIM HarpeB, o6yCIOBIEHHLIH BE3KOCTHOH puccupanmerr (15). B
9acTHOCTH, I pacCMaTpHBaBUIedcs B I.3.1 Mojenn TPY6KH € OXHOPOIHOH

72 M. J. Xodauenxo



Tom XXXIX ¥ 1 H3e. BY30e. PATHOPH3HKA 1996

temmeparypoit (Ty(t) = Tz(t) 0) us xpmrepus (40) cienyeT, 9T0 yBemu-
YeHHe TeMIepaTYpPHl INIasMH B Ipomecce HcTeveHns ee ¥e TpyOku {a > )

HPOHCXONHT NPH
aa > X,, ~ (49)

rie X, orpefensgercs BrHpaxenueM (41), Torga xax Ang ad < Xz HMeeT MecTO
OCTHIBaHHe NITasMEL. JaMeTHM, 9ITO Jif aguabaruieckod mofeny (fr =0
k =1,2,3,4) sraverne X, ycrpeMinseTcs K 6eCKOHEYBOCTH, ¥ BHTExaHMe
OIasMH H3 TPYOKH SHeCh BCErja CONPOLOXIAeTCd IOHMXeHHAEM ee TeMlepa-

TYPH.

4. BAKJIIOYEHUE

Bhime HaMH 6hTa paccMOTpeHa AMHAMEYecKas MOjelb, DNHCHBAIONAL
SBONMIHIO I0CTATOYHO TOHKMX X HUBKOPACHONIOKEHHEX MATHHTHHIX IeTels B
UeNnoM, a TakxKe AHHAMEKY ITasMEl B BepXHel 4acTH 6oilee BBICOKUX MarHuT-
HHIX IeTenb.

Jannag Mojenh OCHOBaHa Ha aBTOMOJENLHHIX pemreHnsx cucteMmu MIII
YD4BHeHH, ONACHBAIONNX TedeHU IIASMH ¢ OTHOPONHON HeopMallHei.
PaccMaTprBaeMEle aBTOMOfeNbHLIE PeNleHAs afleKBaTHO ONKCHLIBAIOT RBHXKe-
HHe IUIasMbl B 'MarHUTHOW Tpy6ke B JBYX cIydagx: 1) KOrja JIHTEIbHOCTH
paccMaTpPUBaeMBIX HPOUECCOB He IPSBHINAET X2P3KTEPEHH BEPeMEHHOH Mac-
wrab 7 & min{R*, L}/V*, B Teuenue xoToporo mHHOpMaiug O IPAHEIHRX
YCIOBHMEX pacHpOCTpaHfeTcs BHYTpb TpyGku [40, 48]; 2) xoria mmeer Me-
CTO CKadYeKk WIOTHOCTHM Ha TpaHule, 6olee INOTHOM M XUNOJHOW IO CpaBHe-
HIIO C OKPYXaIOIlelf KOPGHAILHOH MIa3MON MAarHUTHOU TPYOKH. DTOT CK24eK
o6yCIaBIHBaeT HOSBIEHUE CBOETO POjja MOBEPXHOCTHOTO HMIEaHCa, CHHXa-
IOUIer0 BIMSHME BHEITHAX IONEH, H HO3BONSET ONMCHBATH MarHHTHOE IOie,
OIOTHOCTh H JaBleHHe INasMH BHYTPH TPYO6KH C IOMOWIBIO BHRIpaXKeHWH
(16)~(19).

CornacHo mpennaraeMoll MOJENH B OOpasyollel CONHEYHYI0 MarHHTHYIO
HeTII TOKOBOH TPYOKe B 3aBHCIMOCTH OT IapaMeTpOB IIa3Mbl B Hell ¥ Ha-
YJalbHHX YCIOBHH MOTYT pealH30BaThes paa:mvmue MEHAMYYECKYEe PEeXUMEL.
B ToM 4Yucre OKa3HBAIOTCS BO3MOXHHME PEXHM MOHENTOHHOTO HapaCTaHH
INOTHOCTH INIa3MHI 33 CYeT ee NPATOKa B TPYOKY M3 BHELIHUX O6XacTeil, Co-
IPOBOXKJAEMOT0 ee JOCTATOYHO GLICTPHIM HaFpeBOM, YTO B ycnoBAsx ConHua
Morno 6K BHITENETh KaK TelNoBas BCUKINKA, K60 PeXHM POCTa MIOTHOCTH
TITasMH H ee OXTaX/IeHHE, YTO aHANOTHYHO HPOLeccy 06pPa3OBAHHE B CONHEY-
ROH Tpy6Ke npory6epanna. KpoMe TOro, IpH onpefieneRHHEX yCIOBUIX B Mar-
HETHOH TpYGke HMeeT MeCTO PeKHM YMeHBINEHHS IIOTHOCTH IIABMM, BCOeN-
CTBHE ee HCTEYeHHY qeped GOKORYIO HOBEPXHOCTH A TOPI(h, KOTOpOe Takxke
MOXeT CONPOBOXAATHCE KakK HarpeBOM INIaBMH, TaK H ee oxnaxgenueM. Bos-’
MOXHBIe NDORONbHEE TeIeHNS INTa3MEl B PacCMATPABAEMON MOJEIN MAalHAT-
HOIf TPYGKH MOTYT CIYXHTh aHAJIOIOM PasiPFYHBIX COYKYTILHHX TedeHHH I
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‘ceprxern Ha Comnrue. OQco6HE HHTepec NPEeACcTaBIfeT BOSMOXHOCTL Bo36y-
XJeHHS B MarHHTHOM TPyGKe XoneGaHWH CKOPOCTH JBHXEHHS, TeMIePaTypH
¥ OIOTHOCTH IUIaB3MHBI, KOTOPHE MOrYT OHITH 3aperuCTPHPOBAHE KaX CEpHH
KBaSHIEPHAOANYECEKAX HMIYIHCOB B MEXPOBOIHOBOM H MATKOM PEHTI €HOBCKOM
By YeHHH. , ,

IIng mumocTpamuy Bcex BTHX NHHAMHYECKEX PEXUMOB IpefiaraeMoi Mo-
fiens COMHEeIHOM MAarHWTHOM TPYGKM M HX B3aMMHOTO COOTHOWIEHHS YHOGHO,
OOMHMO' YIHOMEHABINEHCE yXKe BBHIUE aHAIOTMH C QBHXKEHMEM MaTepHalbHOH
TOYKH B NOTEHIHAILHOM IIONle, BOCHONL30BATLC-IPOCTON Irpaduyeckoil cxe-
Moii. B wacrtHOCTH, s ciyvasd, xorja B TPy6ke OTCYTCTBYIOT IPORONBHLIE
IBHKEHHS ITasMH, To ecTh xorma b(t) = 0, b(t) = 1, » Ty(t) = 0 us ypas-
nerus (30) cuenyer, YTO Ha NIasMy TPYOKH NefCTBYeT CXKHMAlOIaf CHIA,
HampaBileHHAd K ee OCH, B TOM CIy4Yae, ecild

Ti(a,t) < ;:E (50)

1
.

B Touke a = a* mepecevenus xpunx Ti(a,t) m 1/(a?B) (cM. puc.6)
NPOHCXOQHT CMeHa BHAKa YCKOPeHHUS ITasMH. I[pH 5TOM, BOBMOXHE [Ba Ba-
pHanTa opuenTanuu Kpusoit Tj(a,t) mo oTHowenuo ¥ kpusoit 1/(a2f); xoro-
phie o60sHa4eHH Ha pHc. 6 undpamu 1 u 2. Caydaio 1 cooTsercTByeT Gonee
6ricTpoe y6mpanue gynkumu Ty(a,t) B Touxe a* mo cpasmenmno ¢ 1/(a?8),
4TO Ha S3LIKe AHANOTHH C ABHXKEHAEM MaTepHalbHOM TOYKH (CM. I 3.2) 03Ha-
qaeT CylecTBOBAHUE MHHUMYMa Y 2(}peKTHBHOTO MOTEeHIHaTLHOTO penbeda
06yCIaBINBALT BOBMOXHOCTD OCUWIISTOPHOTO PeXuMa, TOrAa KaxX B cIyvae 2
BOSMOXHHE! JTHIb PeXHKMbl MOHOTOHHOM KOMIPECCHH H lekoMnpeccuy. Hampu-
Mep, eclH Ang cAyyas 1 cooTBeTCTByOmas HadanbHEM ycrnoBusM a(0) = ag
u Ti(ag,0) = Tio #o06paxalonag TOYKa CHCTEMH PAacCHOTaraeTcs Ha KpH-
Boit Ty(a,t) neBee TOKM NmepecedeHus ee ¢ vaBkcuMocThio 1/(a?8), To mpn
HyneBO# HavanbHOit ckopocTH (a(0) = 0) meficTByomas Ha nTasMy cuia, o6y-
ClOBIeRHas IPajiHEeHTOM TasOKMHETHYEeCKOro NaBleHHE, 6yneT 6onbile CHIL
Jlopenna u HaYHeTCH SBONPONAL CHCTEMH B CTOPOHY yBeIMYeHMS SHaYeHHS a,
COMpOBOXIdeMas HCTeYeHHeM INAdMH Ho TPyOkH n ymenbmenmem Tj. Ko-
Thia NOCTe MPOXOXKMEHHS TOYKH Nepecederns Qynxuuit Ti(a,t) 1 1/(a*B) moo-
Gpa’Xaiomas TOYKa CHCTeMbI okaxercs mnop kpusoi 1/(a28), cuna Jlopenna,
JeHCTByIOIas Ha IIasMy, cTaHeT Gonbile 9eM Vp ¥ HOSBUTCE BOBBpaUIAIo-
mag cuwra. TakuM 06pasoM, COBAOTCE YCIOBHSL A1d OCYIIECTBICHHAS PeXHMa
ocummnsgunit. KoHKpeTHHI XapaxTep IPOTEXaHHS 3TOTO PEXHMA H TPAHMIE
€ro CymeCTBOBAHMA ONPENeNFiOTCH BHROM BaBHCHMOCTH Ty(a,t), ompenenge-
Mol ypaBHenneM (33). ARalorEvHHe pacCyXjeHus, IPOBOAMMEE AL CIyYas
2, CPHBOJAT K BHBOJY, UTO UPH HAYalbHMWX YCIOBHIX, KOIfA H306paXkKalomas
TOYKa CHCTEMH HaXORuTcH Ha kpupoi Tj(a,t) NmeBee TOUKH ee mepecedeHms
¢ xpuBoi '1/(a?B), B cucTeMe OCYMIECTBIEETCS PEXKUM MOHOTOHHOM KOMIpec-
CHH, a XKOTJla IIpaBee, TO MOHOTOHHON [eKOMIpeCcCHH.

~
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Puc. 6. BooMoxnas BeanMuaq opuentauus xpustix Ti(a,t) n 1/(a*F) B sasucu- -
MOCTH OT XapakTepa nosefenns Qynxuuu Ti(a, t). B caygae 1 B cucreme
OKashIBaeTCH BOSMOXEH OCHMIIATOPHHBIA PeXHM, TOrJa Kak B clydae 2
PEaNH3YIOTCH NHIb PEXAME MOHOTOHHOH KOMIIPECCHHE B IeKOMIIPECCHH.
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3nech HeOGXOMUMO OTMETHTH, 9TO i ajuabarudeckoir Mogens (fi = 0,
kE=1,2,3,4)y casucamoctx Tj(a,t) cymecTByeT aHAIHTHYECKOE BRIpaxe-
nHe (46), B cxeMaTHIeckH W306paKeHHLM Ha pHC. 6 cryyasM 1 # 2 cooTpeT-
cTBYIOT cHTyanud ¢ ¥ > 1 # v < 1. Jlng meagmabaTHIecKoH MoNenH, BCIel-
cTBHe Gollee coxHOK BapHcEMocTE T3(a,t), KoopuuEaTa, a*(t), nepecederus
COOTBeTCTBYyMDINell XpEBOH ¢ kpuBoil 1/(a?f) HoMenseTcs ¢ TedeHHeM Bpe-
MeHH, KpoMe TOro, m3MeHseTcs ¥ (opMa JaHHOW KPHBOH, OHa KakK GH CKONb-
BET BJONG MHHHE 1 /(a?B), noBopaumBascs Ipu 5TOM OTHOCHTEIHHO TOYKH HX
nepecetmlmn 9T0 06yCIaBIEBaeT JEHAMHYECKHEe 0COGEHHOCTH B PasHoOGpa-
UHe PeXHMOB DBONIOLAH HCCIefyeMoil cucTeMH. Hakoren, Ha opMy KpUBOH
1/(a?B) oxashBaIOT BIMEHNE HaialbHble 3HAYEHHS (-H KOMIOHEHTH MarHHT-
HOTO NONg Ipu 7 = R*, By(r=R*,1=0) = By, i TeMuepaTyphl IIa3MH Ha OCH
Tpy6ku To(t=0), Bxonsmumue B mapaMeTp Mofienz 3. B obmem ciydae, xorma
YIHTHIBAETCE BOSMOXHOCTb Cy[eCTBOBAHHS B MAarHHTHOM TpyOke IPOJOIL-
HEIX Tewenmi mraomu (b(t) £ 0, To(t) # 0), mono6uas rpadudeckas uHTEp-
npeTanui JMHAMHYECKHX PEeXHMOB cHcTeMH TpebyeT BBeleHH: Ha pHC.6 go-
HNONHUTENbHOU XoopAauHATH, b. Ilpu sTOM, paccMaTpuBaBmIKecs BHIIE THHUK
Ti(a,t) u 1/(a®B) Tpancopmupyorcs B nosepxunoctu Ti(a,b,t) n 1/(a?bB).

Kacasgch IpMMERNMOCTH PaCCMOTPEHHON B JaHHOW paboTe NHHAMHAIECKOH
MOJelM MarHKTHOM TOKOBOI Tpy6xu B ycmoBusx ConHna, HeOGXOMHMO OTMe-
THTH, 9TO HCCIENOBaBIINECH 3JleCh aBTOMONeNbHble pelneHns cucTeMn MI
YPaBHEHHH ONHKCHIBAIQT OBONIOLUMIO MArHUTHOW TPyOKM, BAIONHEHHOH NIas-
MO, OT HEKOTOPOIO HAaYaIbHOTO COCTOSHHE, ONpENeNieMoro HadalbHBIMH
OHaYeHHIMH MAlHMTHOTO ION€, CKOPOCTH INIa3MHKl, ee MIOTHOCTA M TeMIle-
PaTypH. YCTaHOBIeHHe DTUX HAYalbHLIX DHaYeHMH B KaXKIOM KOHKPeTHOM
CllyYae MOXeT IPOUCXONUTH NO-PRBHOMY H BaBHCHT OT HPELICTOPHH HcCie-
JyeMOH MAarHWTHOH TPYGKH M aKTHBHOH O6lacTH B IenoM. bBonsimryio pois
B BTOM TpoLecce MOTYT CHI'PaTh PasTHIHLE HEyCTOMYHBOCTH H GHCTPHE IO
cpaBHenUIo ¢ BpemeneM T = min{R*, L}/V4 HecTanuoHapHHe Ipouecchl, BO3-
HEEAIOU[He B AKTEBHOK 0GNIacTH BOMHGHK PacCMaTPHBACMOH MaTHHTHOH TPYOKHE
¥ IPUBOAJIIME K NOZBIEHHIO PACHPOCTPARMIOIMXCE BO3MYIIEHHH, KOTODHE,
~ B-CBOIO O4Yepejb, cnoco6CTBYIOT GOPMHPOBAHHIO B MCXOJHOH CTANMOHADHOH
MArHATHOR TpyOke ONpeleNeHHHX HavYalbHHX YCIOBUH. OTO MOryT OHThH
TaKxe OHCTphIE, C XapaKTepHEIM BpeMeHeM NOpHAKa T, HeCTalMOHapHHe Te-
qenus B porocdepe axTHBHOH O6IACTH, €ONPOBOXAAIONINE IPONECC ee Ie-
PeCTPOMKH H OKasKBaiollHe BIMSHME Ha BO30YyXeHHe TOKOB B MarHHTHOM
Tpy6ke. B kadecTBe TpHITEpa, BAaNYCKAIONIEro PacCMOTPEHEHE BHIIe HHA-
MEYecKHe MPONecCH B MarHUTHOH TpyOKe, MOTYT BHCTYHNATh €iie H IMPOHCXO-
[ASIIKe B JaRHOM MM COCENHEX AKTHBHAIX O6IACTAX BCILIIKE. B oToM ciyvae,
apH GOPMHEPOBAHHE B PAaCCMATPHBAEMOR MAarHHUTHOH TpyOKe COOTBETCTBYIO-
HIUX yCIOBHi, B Heli Takxe MOXeT IPOM3OKTHE BCIHINKA B pe3ylbTaTe OCyIne-
CTBTEHHA peXHUMa KOMHNpeccHy H Harpepa. Ilofo6Hoe gBieHHe H3BECTHO IOJ
HasBaHMEM CHMIATHYECKHX BCIHIHEK.
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¢ ON THE PLASMA DYNAMICS IN A SOLAR MAGNETIC TUBE

M. L. Khodachenko

On the basis of known self-similar solutions of the MHD equations, descri-
bing plasma flows with a homogeneous deformation, the dynamical model of
a solar magnetic loop was developed. A general form of the energy equation
taking into account the Joule heating radiative losses, thermoconductivity
and viscosity effects was considered in this model. Various dynamic regimes
of the loop’s evolution were iuvestigated. Of great interest are the process of
the plasma fast compression with heating, similar to the flare event, the pro-
cess of the plasma cooling and compression, corresponding to the prominence
formation in the loop, as well as a number of oscillatoric regimes and processes
of plasma decompression accompained by its cooling or heating. Analytical
treatment and numerical simulations of the model were made.

/
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HIGH-FREQUENCY WAVE PACKETS IN
INHOMOGENEOUS PLASMA WITH STRICTION
NONLINEARITY

E. M. Gromov and V. I. Talanov

The study of the evolution of 1 — D intense high-frequency (HF) packets

“in smoothly inhomogeneous plane-layer medium with local and nonloca] stric-

tion nonlinearities is reviewed. The role of the low-frequency (LF) radiation

from the HF packet in inhomogeneous medium with nonlocal nonlinearity is
discussed.

1. INTRODUCTION

It is known that the quasi monochromatic packets of the weak HF field
¥(z,t) exp (—it) in smoothly inhomogeneous media, described by the nonsta-
_ tionary Schrddinger Eqg. .

Oy %P,
228+ SEL U (v =0 (1)
behave as quasi particles, the mass center trajectories z of the which
+oo

__ 1
2= 5 [ =l a2

- 00

oo
(here Np = / [#]? dz is the wave field energy in the packet) coincide with the

—oo
classic trajectories of the motion of the material point in the potential I7{z)

&z 19U(2)
P P (@)

The role of the potential U(z) for the Langmuir or electromagnetic (EM) wave -
packets in isotropic inhomogeneous plasma is played by plasma concentration.
The Fig.1 gives the packet trajectories in the medium with the linear and
parabolic profile of inhomogeneity U(z) (Fig.a and b) at various initial packet
group velocity values. The striction nonlmeanty chahges the packet motion
in the inhomogeneous medium. The type of variations depends on striction
nonlinearity type. At first let us consider the well-known evolution of HF
packets in medium with the local striction nonlinearity.

86 E. M. Gromov, V.1 Talanov
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a}U(z) = Bz
TU(z) T
™S
\D
0 z ' z
b) U@)=-22
TU() Tt

Fig. 1. Trajectories of the weak HF wave packet in the medium with linear (a.)
and parabolic potential barrier (b) at various initial velocities.

2. HF PACKETS IN THE LOCAL STRICTION NONLINEARITY MEDIUM

In this case the evolution of 1 — D intense HF packet envelope (z,t)
in plane-layer medium is described by well-known non]mear Schrédinger Eq:
(NSE)

o 82
26—’f+a‘f Ut (= 917) ¥ = 0 (3)
with the effective potential
U (2 0F) = U(2) - ol (4)
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For the space localized HF pa.cket its acceleration is described by the relation-

ship
T = 5r / OU) 1y g, (5)

For the smoothly inhomogeneous medium, whose inhomogeneous scale L is '
much greater the packet extension A, we neglect in (5) the variation of the
function GU(z)/0z in the vicinity of the packet mass center z(t)

U(z) 3U(z)
8z ~— Oz

(6)

=10

Then from (5) we get the relation (2), which follows that the intense HF
packet mass center in a smoothly inhomogeneous medium with local striction
nonlinearity moves along the classic geometrooptic traces corresponding to
the weak HF field. The local nonlinearity affects only the HF packet envelope
evolution and does not affect the packet motion trajectories as whole. The HF
field evolution in the medium with the linear {1,2], and parabolic {3] profiles
of inhomogeneity is studied most thoroughly in this case. We consider for
example more detail strong HF packets in medium with the linear profile
U(z) = Bz. The HF packet envelope 1(z,t) in this case is described by the
Eq. s
k4

2‘5{*‘““‘“’"’ Bz =0 ("

and admits the exact solution in the form of the uniformly accelerated moving
Chen-soliton [1]. To demonstrate this solution in (7) we use the system of
reference moving with constant acceleration:

f=z+gt2,t'=t | (8)
4
and replace the function
Bat)y= 3l emp {~iZet} 9)
For ®(£,t) we get NSE
‘Z’f z ’b 37T |¢!’¢ 0, (10)
one of the solution is the soliton
§() .22
P(€,t) =. @t . 11
(&2) cosh (Qof/x/i) =P {z 0 } ( )
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In the initial coordinates the field ¥(z,t) corresponding (11) has the form

o ‘ 6, B
¢(z,t) Y (Qoflf) {z@ot z-z—zt--é-ti"}, (12)

which is called Chen-soliton.

3. HF PACKETS IN NONLOCAL STRICTION NONLINEARITY MEDIUM

The evolution of HF packets t(z,t) exp (—it) in smoothly inhomogeneous
medium with the nonlocal striction nonlinearity and small perturbations of the
base inhomogeneous potential U(z) is described by the Zakharov-type system
Eq. [5]

2
2%’?+§—£ n—U(z)$ =0, (13)
on om0 (lvP)
I Y A Y R (14)

Here n is the concentration perturbation. The given:éystem of Eqs. describes
the wave packets, for example, Langmuir or EM one in the approximation
of the “parabolic” law of wave dispersion. The strong HF packet in inbomo-
geneous plasma with nonlocal nonlinearity was analyzed for the first time in
[4] by the pérturbation method. On particular, it was shown in [4] that HF
packets in inhomogeneous plasma radiate ion-acoustic waves. However, in [4]
the low-frequency (LF) radiation recoil to the HF packet core was not taken
into account. Below we consider the motion of the HF packets in smoothly
inhomogeneous plasma with nonlocal nonlilearity taken into account the LF
radiation coursed the deviation the HF packets trajectory from the classic one.
Assuming that the packet velocity equals a(t) (by a(t) we denote the HF field
velocity), we pass the Egs. (13), (14) to the reference system accompanying

t
—'/a(f)d{, t'=t,
0

(8% B9\ | 8% ~
21(-3—5 €)+5£—.;—‘n¢—U(£+zc,t)¢—0, (15)

on  &n 8 om0 (W]
CRNL Rt RN L S LY

t
where 2. = f (") dt, e =d/dt. We shall be mterested in HF packets

whose extend A is much less than the medium inhomogeneity scale

' E.M. Gromov, V. I Talanov 83
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LU (8U/0¢)™? > A, which permits to approximate the function U near the
point £ = 0
9U(¢,¢)

T+ 2t = U () + T

£ 7y

{=0

Changing the unknown sgarched field function

Y (z,t) =& (£, t)exp i a(t)f-{-%j ]U zc,”)d“t“)J (18)

from (15) taken into account (17) and (18) we get
002, 02 [n +¢ (2 a +-——---3U(5’t) )] 3 = 0. (19)
£=0

AT a¢
Now we refer to Eq. (16). We limit ourselves by the consideration of the °
wave packets whose velocity is small enough in comparison with the free LF.
perturbations @ < 1. Here, neglecting in (16) the term of the order of a a, a?,
the second time derivation term and integrating the obtained relations over £
from £ to +oo provided n (¢ — +00,t) — 0 and & {{ — +00,t) — 0, we obtain

frora (16) ( )
. on 02F
The Eqgs. system {19), (20) describes the evolution of the strong wa{'epackets
in smoothly inhomogeneous plane-layer medium with noniocal striction non-
linearity. The HF packet velocity a(t) in this reference system has not been
defined yet. The striction force in (20) will lead to the LF radiation. The
arising LF radiation changes the effective potential profile Ug (6 , J@lq) in the
HF packet region and behind it (Fig.2). This gives rise to the LF radiation re-
coil,which causes the deviation of the motion trajectories from tke classic ones.
To analyze the value of the LF radiation recoil we express in (20) explicitly
the .concentration perturbation n via the field {$|?. To do this, multiplying
{20) by exp (:1 f) and integrating the obtained relation with respect to £ from
£ to +o00 under the conditions n (§ — +00,t) -+ 0 and & (£ — +o0,t) — 0, we
yield .

. +o0
n(g )= 18/ - Gexp () [ |3 exp (2€) . (21)
¢ o
In particular, for vgave packets, whose acceleration, is small enough, that the
relation L ~ (&) > Lg is fulfilled, where Lg is the scale of the inhomo-
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AN Sug6ied

T

Fig.2. The effective potential proﬁle Ues(€112)°) of Eq. (23) Ueg(£:|<1>|2 =
(the solid curve) at a < 0 and the local distribution of the HF ﬁeld
modulus |@| (the dotted curve).

geneity ®, we can neglect the exponential multipliers in (21). We get for n :

+oo
nen=-lel-3 [ 1aPa. (22)
£

Substituting (22) into (19), we get for @ the relation -

9% 8’2

2igr+ g ~ Ve (6,127) 8 = (23)

ot

with the effective potential

o (6,121) = ¢ (2 +8U§§’t)

+o0
~ 18P -a [ |8]°de.  (24)
)]

The Eq. (23) describes the evolution of the envelope of quasi localized strong
wave packet, whose dumping is caused by the HF and LF wave radiation.

3.1. LF radiation

LF radiation is, caused by the nonuniformity of the packet motion in the
medium with nonlocal nonlinearity and leads to the modification of the effec-
tive potential profile U.g (the latter term of (24)). Thus, at the braking of

the packet a< 0 LF radiation leads to increase of the effective potential after
the wave packet core and near it (Fig. 2) thus decreasing the rolling down
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force (produced by the inhomogeneous medium) affecting the HF core to the
region of small values of the unperturbed potential. The polling down force
proportional to the inclination of the effective potential, in the wave packet
core center at £ = 0 where (0@ (£,t) /0t) |¢=o= 0 from (24) equals

L e (£,t)
¢

-2 a +6Uef;§£’t)

£=0

f tajeE=0F.  (25)

£€=0

The latter term (25) takes into account the LF radiation recoil to the HF
packet. In the reference system HF packet is stationary, i.e. f = 0. If follows
that the LF radiation caused by the nonlocal characfer of nonlinearity changes
the acceleration of the packet motion and leads to the trajectory deviation from

the classic one ag= —0.5(8U (¢,t) /at)lt_o. Thus, for the packets, moving in

the density gradient direction (8U/8¢ > 0) and radiating LF waves in the

. . . . Jeye . |®
opposite direction, we yield from the condition f = 0 : M < {2l
localized HF packets penetrate into more dense plasma layers in comparison
with localized HF packets without of LF wave radiation.  The Fig.3 shows
the trajectories of strong and weak HF packets in smootlﬁy inhomogeneous
medium with nonlocal striction nonlinearity.

) U(z)

, l.e. quasi

0 z

Fig.3. Trajectories of the stroug HF wave packets in the smoothly
inhomogeneous medium at various amplitudes.
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' To analyze the given effect numerically we consider in Eqgs. (23), (24) the
linear profile of inhomogeneity U(z) = Bz (8 > 0) and make the substitution

n=-de r=() 't n=-i) & = o /3 (&), (26)

a

m which a= (A — ) /2. Here /2 is dev;atzon of the packet real acceleration
a from the classic one —f3 /2. In new va.nables Eq.'(23) ta.kes the form

Qp  O%p
—af + 5—— - (n ~ lol* + / lef? dn)'w =0, (27)
]

3
where ¢ = A/ (-— 5\) is a new parameter. As the initial wave packet we

consider the one-soliton solution of Eq. (27) for homogeneous medium with
local nonlinearity:
¥o

cosh {pon\/a/2)

The Eq. (27) was analyzed at the dimensionless parameter ¢ = 10% and various
values of the initial amplitude ¢o. The Fig. 4 gives the distributions of the
HF field intensity |¢ (n,7)| and the concentration n at different time moment
r. Fig. a) corresponds to the amplitude ¢g = 0.5 b) — o = 1.2247 and c) —
o = 1.5. The curves 1 correspond to the moment 7 = 0; 2 — 7 =2-10"%
3 — 1 =4-10"2% It follows from simulation that there is the critical packet
amplitude '

p(n,r= 05 = (28)

G0 = 1.2247, . (29)

at which the. packet is rest in the chosen refereﬁcg system. This relation
slightly differ from the critical packet amplitude g = 1, obtained from Eq.
(27) under the condition that the force affecting the packet core in the point
7 = 0 in the inhomogeneous medium with the nonlocal nonlinearity is equal
to zero,

fn=0,7)~ 20T

a(1-lpoc(n=0,mF) =0. (30

5

n=0

This yield that ¢g. = 1. Such a deviation is caused by the finite packet
extend in the presence of the inhomogeneous effective potential. Thus, taking
into account (27) we obtain for the acceleration of packet mass center in the
reference system moving with the velocity a

27 1 fau oA
E{-‘m/'é;lsol dn = - 2(1—m), (31)

/
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Fig.4. The HF intensity |¢(7,7)| and the concentration distribution n from .
Eq. (27) at po = 0.5; 1.2247 and 1.5 at various time monents: a) corre-
sponds to @p = 0.5; b) — wo = 1.2247 and ¢) — ¢o = 1.5. The curves
1 correspond to the initial time moment 1 = 0; 2 —7=2-10"% 3 —
r=4.10"3 ‘
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where N; = . / lo}* dn. For the wave packets corresponding to the initial

—oo

distribution (28) we have
27 af, "2,
— = e (1 - = . 2
=1 (1-34) (32)

It follows from (32) that the packet remains fixed in the reference
system moving with the velocity a if the packet amplitude is equal
®a,. = v/3/2 ~ 1.2247. This value coincides with the simulation result (41). In
this case the parameter ¢ is as follows

8 @2 v 1 2 ’
=35 (143 = (33)
The packet acceleration in the laboratory reference system is
. 1 8
i = 34
=TT es) (34)

The shift of the reflection point Az in the region of great va.lues of the unper-

turbed potential constitutes \
aidl
Az = 35
A= (%)
The value of the reflection point shift to the dense plasma increases with
growth of the packet amplitude and its initial velocity.

3.2. HF radiation

The equilibrium of the HF packet in the moving reference system in the
inhomogeneous media with the nonlocal nonlinearity is caused by the balance
of the inhomogeneous medium force finy, ~ 0U/0¢ and the LF radiation effect
fur ~a |@|%. This is achieved at the inclination of the effective potential U.g
different from zero (which caused the HF radiation to the region of small values
U (¢) (Fig.2). Thus the effective potential Uy (24) for the packet which are
stationary in the tracking system and at 2 < 1 will take the form

U= L83~ 81+ 5 /m’de, 69

where 8 = (8U/ 8£)l€=0. The power of the HF radiation from the packet core

proportional to the inclination of the effective potential U.g (the first term in
(36)) increases with the increase of the HF packet amplitude and the decrease
of the medium inhomogeneity scale.

J E. M. Gromov, V. I Talanov 89



1996 HA3e. BY308 PAJHODPHIHKA Tom XXXIX x 1

3.3. HF wave packets in inhomogeneous media with the significant
* variation of the potential U(z)

\

The model Eqs. (13), (14) are applicable only at rather small variations
of the frequency of nonlinear wave packets Aw < w. As packets move in the
smoothly inhomogeneous plasma with the significant variation of the electron
concentration, the frequency of the pulse also changes significantly: Aw ~ w.

We-consider this effect using as the example the self-consistent 1D intense
EM field in plane-layer isotropic plasma with nonlocal striction nonlinearity.
We assume that the wave vector of EM waves are collinear to the direction of
the plasma gradient. In this case the Eqs. for the EM field vector-potential

A=Az (zo is the umit vector in the axis z direction and the plasma
concentration perturbation Ny caused by the EM field action) in plasma
with the parabolic barrier of the unperturbed concentration

N(z)= (1 - (2)2) . (37)

in dimensionless variables

¢ z w, (0) A w(t) N NL
tﬂz—t)znz’—)Anz_"p—’vwnt ’ 38
A A aviorror < )= @, (0) - (39
(below we omit the index “n”) have the form
82.4 24, 2
37 a2 (l-z +n)A=0, (39)
?n 8n 1 8° 4
2 — ——— T et o e
o2 822 a?dR? ( ot| }’ (40)
where ire? ©) \
2(0) = 0 o= ¥ =<
wp (0) -_ me 3 a = A’ C’ ?

T. is the electron temperature, m, is the electron mass, e is its charge. Passing
to the reference system accompaning the packet i

)

E=z-— a, t =t, (41)
/ (

’

we neglect the terms of the order 8%/8¢? in the newly obtained Egs., which
corresponds-to the slow enough rearrangement of the packet parameters. We
present the solution (39), (40) in the form

A(z2) = @(5,@ {/n g‘)dt} (42)
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Fig. 5. Phase plane of Eqs. (44), (45) which describes the intense EM packet
- motion in a plasma wich a parabolic density profile: a) corresponds to
p > 0; b) — u < 0. The curve 1 correspond to the passage, 2 corre-
sponds to the packet reflection from the density barrier, 3 corresponds

to packet “draving in” “rolling doun” from the barrier top.

Q) =alw-i 2 __#_ 4 (_‘_‘,ﬁ_)] )

where

1-q?

We are interested in the wave packets, whose frequency w (t), the velocity a (t)
and position z (t) satisfy the relations

W (t) - w2 (t) = p, ()
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z(t)—-w;t( wa >=‘o, (45)

where w, (t) = /1 — 22 (t) is the unperturbed plasma frequency in the wave
packet center at £ = 0. In this case the Eqgs. for envelope of tbe packet @ and
concentration n will be following

(1 ) 2252 2zaw%—‘f +a (£2 - n) ¢ =0, . (46)
(a%? - 1) %E'f - %% (a nz) = w— (m?) (47)

The analyze of the packet motion Eqgs. (44) and (45) shows that at 4 > 0
the packet trajectories achieve the plasma layer |z| < 1, not achieving its
boundaries. The Fig.5 shows the phase plane of Egs. (44) and (45). The Fig.
a) corresponds to the va.lues g >0, b) — p < 0. The curve 1 correspond
to the passage of the EM packet through the density barrier, the curve 2 —
to the reflection from it, the curve 3 — to divining regimes of “drawing in”

and “rolling down” 'the packets from the density barrier crest. The obtained
Egs. are thoroughly analyzed in the approximation a < 1 in [7]. Note that
the nonlinear HF packets may transport the energy of the strong EM field
through super critical plasma layer

This work was supported by International Sciénce Foundation and Ministry
for Science of Russta (Grant No R8V300).
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MODELLING OF STOCHASTIC FORCES
IN TURBULENT SPACE PLASMAS

C.-V. Meister

A model of a Langevin-equation for electrons in turbulent, almost collision-
free magnetoactive plasmas is developed, which can form the starting point for
particle simulations, especially in regions with reconnection of magnetic field
lines. The mean wave force is expressed by a friction force and a velocity-
derivative of the intensity of the stochastic force. The obtained expression for
the Langevin force is in consistency with the kinetic theory in polarization
approximation.

_The intensity of the stochastic force corresponds to the velocxty diffusion tensor
of the electrons, which is estimated for plasmas with ion-acoustic turbulence
using two different methods. One method is based on the direct calculation
of the space-time spectral density of the wave energy. The second way uses
approximations of quasi-linear plasma theory. The estimates for the intensities
of the stochastic forces found within the two methods differ by orders.

A table of parameters of ion-acoustic waves, electron-wave collision frequencies
and intensities of the stochastic wave forces on electrons in solar flares, in
the solar wind, as well as in different regions of the earth’s magnetosphere is
presented. Results are given for the whole intervals of available experimental
data for the mean magnetic induction, mean plasma temperatures and mean
particle densities.

1. INTRODUCTION

Recently two methods are applied to investigate the influence of turbulence
on the macroscopic dynamics of space plasmas — resistive magnetohydrody-
namic modelling and particle simulation studies. These methods demand for
good expressions for the wave-particle collision frequencies and correspond-
ing anomalous resistivities or hyperresistivities, and for the wave forces on
the charges. First mathematical formulae for stochastic forces on electrons in
space plasma with ion-acoustic waves are obtained in [1]. There a Langevin-
equation for electrons was developed, which is in consistency with the kinetic
equation for plasmas with electrostatic turbulence [2] But the influence of
the magnetic field on the time-dynamics of the wave-particle collision opera-
tor was neglected. Considering waves with frequencies |w| above the cyclotron
frequencies |wrq| of the plasma charges such an approximation is possible. But _
for plasmas with strongly magnetized (Jw|S|wrq|) charges this approximation
should be improved. Thus here a Langevin equation for electrons in plas-
mas with ion-acoustic turbulence is derived, which is again consistent with:
the kinetic equation for plasmas with wave-particle collisions in polarization
approximation. But particle motion in the mean magnetic field is partially
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taken into account in the wave-particle collision operator. Application is done
for the solar flare and solar wind plasmas, and for the bow shock, the plasma
sheet boundary layer and the polar cusp of the earth’s magnetosphere.

/

2. LANGEVIN-EQUATION

The Langevin-equation for turbulent magnetoactive plasmas reads
mad = ¢a (EO(F') + [7 x Bo(f")]) + Fy(z, 1), =¥, z={fv}. (1)
gay Ma, Mg, and T, are the charge, density, mass, and temperature of parti-
cles of type a. The index e denotes the electrons and i designates the ions.
0(7") and B,(7) are the electrical field strength and the magnetic. induction
of the plasma averaged over small length scales and time intervals below the
inverse wave numbers 1 /k and inverse wave frequencxes 1/|w] of the consid-
ered electrostatic waves with field strength §E(7,t). E,(7) = E(7, t)- §E(7,1),
B,(7) = B(#,t)~ 6 B(7,t). The force of the waves on the particles F; is divided

in a mean ensemble average (F,(z)) and a stochastic force §Fy(z,1), ,

Fo(z,t) = (Fa(2)) + 5 Fa(z,1). - (2)
The stochastic force does not influence the mean motion of the plasma,
(6Fy(z,8)) = f AR (X,t)dX =0, {X}={z1,20,rz.}. (3)

N, is the number of particles of kind a and fy, the N, -pa.rtlcle distribution
function. ) ,
Assuming a Gaussian distributed stochastic force

, 1 (6F,)? ,
o) = —=—=— - 4
fsp, (6Fa) oo fxp { 207 } (4)
the correlation functions of the stochastic force of odd order are zero, and the

correlation functions of even order can be expressed by functions of second
order given by

(6F¢;(:c,t1)6Fa',~(z,t2)) = 26;;6(t1 —t2) Dy, (z) (5)

That means, components of the stochastic force in different space directions
and at different moments of time are assumed to be uncorrelated. As suggested
in [3] the mean wave force on the particles is expressed by a friction force
—72(z)v; and a second tensor contribution, which has to be found regarding
consistency with kinetic theory
a
(Pl = i 30 . )
j

N
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Instead of solving the Langevin equation (1) for given initial conditions
Zo = z(to) and to find the probability of the solutions, it is possible to develop
an equation of motion for the one-particle distribution function fa(z) corre-
sponding to the Langevin equation, and to solve the equation for f,(z,t). If
the plasma processes are suggested to be Markovian, that means, if there exist
_ time intervals At much larger than a few inverse effective collision frequencies
1/v.g and smaller than the dissipation time of the considered plasma process
tg,

1 .

then the equation for fa(z,¢) is the Fokker-Planck-equation

0 0 e (2 o= 0
’é't'fa(m’ t) + 77'5;.]‘0(737 t) + %;‘ (EO(F) + [U X Bo(;)]) '%.fa(z’t) =

nt ;~ (1a(z)vfa(=, t))+ 32. Be; (z) fa(z t). (8)

In (8) only diagonal elements of the velocity diffusion tensor appear, which is
the consequence of the assumption of Gaussian stochastic forces used to obtain
convergence of the Kramers—Moyal series of f(z,t) for small Az developing
the Fokker-Planck 2quation. Besides, the Fokker—Planck equation can be only
written in the usual form (8) if the relation m,R%(z) = D is valid.

Comparing (8) with the kinetic equation for plasmas with large-scale elec-
trostatic fluctuations with wave numbers |kj < Min {1/rpe;1/7Le} (Ppe =
= /eokpT./ns/gq. — Debye radius) [2] the friction coefficient 7} can be ex-
Pressed by the imaginary part of the dielectric function

* k
Yavi = rn,u.:z,,,,)sz2 ( lp"’) (9)
I E) ik, wp = 2B
B =

and the intensity of the stochastic force o, is given by the space-time spectral

density of the energy (6173"65) 7 of the large-scale plasma fluctuations, which
W

are represented by the electrostatic waves,

-

a = \/2Dg(z)8(tr — t2), (10)

PLE) = ey E/ B0~ Ry - o) (1)
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J2 (f—iﬂ) (66E)__duwd.

WEia

Jm is the Bessel function defined by

exp{zz sin ¢} = T Jm(2") exp{ime}. ) ) §12) |

m=—co

In the applied type of kinetic equation the Qlarge—scale) space and time fluctu-
ations 8 f.(z,t) of the electron distribution are assumed to have smaller scales
than the changes of the mean distribution f.(z,t) (given by t4), which are a
consequence of the reaction of the fluctuations 6 f.. And even this assumption
is equivalent to the condition (7). Of course, equation (11) is a very compli-
cated expression, and there is.much to do to calculate Dg; for a spec1a1 type’
of wave turbulence. .In the following first approximations are found for D‘; for
space plasmas with lon-acoustic turbulence. Solar flares (SF), the solar wind
(SW}, as well as the bow shock (BS), the plasma sheet boundary layer (PSBL)
and the polar cusp (PC) of the earth’s magnetosphere are considered. In Table
1 for these plasma regions the following parameters are presented: electron
density n., particle temperatures T,, mean magnetic induction B,, electric
field strength E,, Debye radii rp,, skin depth §, Larmor radii rp, = va/wra,
mean free path of electrons I, Larmor frequencies fLa = wLe/2w, plasma
frequencies f,q = wp./27, lower-hybrid frequency fry = wrg/27, collision
frequency of the electrons with the charged particles v, ion-sound velocity ¢,
Alfvén velocity v4, thermal velocities v,, £, X B,~drift velocity vp, plasma-g3
and density of the magnetic energy W,, = B, H,/2. ’

3. GENERAL CHARACTERISTICS , !
OF ION-ACOUSTIC TURBULENCE ‘

The certainly best investigated and rather effective plasma instability is the
ion-acoustic (IA) one. It seems to appear in different regions of the sun, e.g. in
solar flares where electrons can be heated up to T, = 47T; [4]. In the solar wind
IA waves were detected by Helios and Voyager satellites [5]. In the shock front
(bow shock) of the earth’s magnetosphere they also appear, but according
to [6] they are not intensive enough to influence the macroscopic, structure.
And, in general, in the earth’s magnetosphere itself their generation is only
possible in regions with T, > T, that means at lower altitudes, or in cases with
additional preceding electron heating. In the high-altitude auroral region and
the polar cusp strong IA turbulence was obtained during the EISCAT-VHF
(224 MHZ) radar experiment at altitudes above 600 km (7] and below 300 km
as well as a little above 300 km (257, /T,~3) [ 8].

As usual, here IA turbulence excited by electron drifts Ve||7, is consid-
ered. Thus one can describe the electron, distribution in the initial state at
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i

the beginning of the wave generation by a shifted in z-direction Maxwellian
function,

CvZ 40l + (v - V)P
fo({;) 3/203 €xp {_ . vz d (13)

The jons are assumed to be Maxwellian. Suggesting further rather cold ions
with |w/kv;] > 1 and relatively warm electrons, [(w — V°)/kv¢i < 1, the
dielectric function of the plasma containing fluctuations of the electric field
with complex frequency

w=w, + iy, w, =Re{w}, 7 =Im{w} (14)
and wave vector k reads (|| < lwel, ze < 1)

e(Fw)=1+¢® + e =

14— (1 + [iﬁ(w" = EV2) 2w W‘a)z] (1- z:)) -

kz’%e | ko fve - | ks |2 v?
w; " 3k%p? ivTw w? :
] 1 r et 5 15
w? ( + 2w}? + k3virf),-exP kzvi2 ’ (15)
L 1 N1 S . (16)
T mewl, LFe 2wZ, ' Pe T 20 eomg”

F‘mm (15) follows, that the plasma is unstable, if the electron drift satisfies

Veo S Vcrit_____ Cg . ) (1?)

(1 = z.)y/1+ k?rd,

R £ Sy O SO S | NP
T \m.T? P172 2Ti(1+ k278 ) f|” ™ m.

Thus, the stronger the influence of the magnetic field, the larger V2 has to be.
If k2r2 e < 1, the ratio pesit /¢, has a maximum at T, ~ 3T;. The la.rge scale
fluctuations generated under the conditions

T/T. 4 k*rp; <1 and kr, <1 (18)
with frequencies . -
W=k (14 == T (19)
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Table 1
SF SW BS | PSBL PC
ne [ecm™?) E10-E11 5 20 0.1 E4-E5
T. [K] ET-3E7 Es E6 5E6 5800
T. [K] E7-3E7 4E4 5E5 E7 5800
B, [nT] 2E7-3E7 5 10 20 . 100
E, [V/m] 3E-3 2E-3 E-4 E, =0.1

vp  [km/s] . 400 210 5
rpe  [m] TE-4-4E-3 10 15 490 0.02-0.05
rpi  [m] 7E-4-4E-3 6 15 690 0.02-0.05
§ [m] 0.02-0.05 2400 1200 | 1.7E4 20-50
rze ' [m] 4E-3-8E-3 | ' 1900 | 3100 3400 24
rri  [m] 0.1-0.4 | 5.4E4 | 9.6E4 | 2.2E5 . 1000
le [m] 5.6E4-2.5E6 | 5.1E10 | 1.2E12 | 4.7E12 1.4E4-1.3E5
fre [Hz) 5.6E8-8.4E8 140 280 560 2800
fui  [Hz) 3.3E5-4.4E5 | 7.6E-2 0.15 0.3 1.5
fpe [Hz] 9E8-2.8E9 2E4 4F4 2800 9E5-2 8E6
fm  [HZ] 2.1E7-6.6E7 470 940 66 | 2.1E4-6.6E4
fra  [Hz 1E7-2E7 3.4 6.7 13 65-66
Vee [Hz] 7.0-320 | 2E-5 | 2.8E-6 | 1.5E-9 1.9-18
vee [Hz] 5.0-220 | 1.4E-5 | 2.6E-6 | 1.1E-9 1.3-13
ve [Hz) 12-540 | 3.4E-5 | 4.7E-6 | 2.5E-9 3.3-30
vii  [BHz) 0.16-7.4 | 1.7E-6 | 1.8E-7 |1.3E-11 0.04-0.41
¢, [km/s] 300-500 29 91 200 6.9
va [km/s] 1400-6500 49 49 1400 7-22
ve [km/s) 2E4-3E4 1700 5500 { 1.2E4 420
v [km/s] 470-710 26 91 410 9.7
B 8E-3-0.5 0.97 10 0.13 0.4-4
Wm  [I/m?] 160-360 E-11 | 4E-11 |[1.6E-10 4.0E-9
vedt [km/s) 2000-3400 340 1000 730 47
wa [Hz] 7.6E7-2.4E8 1700 3400 240 | 7.6E4-2.4E5
Tae(VER)  [Hz) 5E6-1.6E7 200 370 8.5 5100-1.6E4
kv [1/m] 190-1000 | 7.2E-2 | 4.6E-2 | 1.4E-3 14-44
a 5.3E-8-1.7E-7 1E-8 |6.4E-10 | 1.1E-8 | 1.5E-5-4.2E-5
v (V) [Hz] (34) | 8.8E6-2.8E7 870 1300 7.5 9000-2.8E4
Eo (V™) [V/m] 66-910 | 1.7E-3 | 7.3E-3 | 3.1E-5 | 2.4E-3-7.6E-3
ve(V™) [Hz) 4.0E7-1.0E9 | 19E4 | 2.7E4 51 | 1.2E5-3.6E5
vy [Hz] 1.3E7-4.1E7 740 1200 21 | 1.3E4-4.1E4
h 5.80 10.8 10.0 2.05 5.80
A (Ve -0.32 - -24 -27 -22 | -5.9E-2 -4.9
Co(V*it) 0.47-1.3 14 1.3 4.3 0.80
W/(ksTen.) (31) 0.37-4.7 8.6 8.2 | =05 0.32-1.2
v¥P(W) [Hz] (31,33) | 8.3E5-3.4E7 420 806 3.6 720-8.9E3
ksTene [J/m?] 1.4-41 |6.9E-12 [2.8E-10 |6.9E-12 |8.0E-10-8.0E-9
Dg. [kg’m?/s°] (42) E-45-2E-42 | 2E-53 | 2E-53 | 2E-56 E-49-E-48
D:, [kg’m?®/s] (47) | E-41-(2E-36) - - | 2E-45 6E-47-E-43
D:. [kg’m?/s®] (48) E-40-2E-35 E-44 | 3E-43 E-45 E-46-2E-42
o. [kgm/s’] (10,48) | 2E-20-6E-18 | 2E-22 | 7E-22 | 5E-23 E-23-2E-21
C. V. Meister
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“growth rates

¥ = \/—kc{(\/’”— kv)(l—ze)+\/—h] (20

and usually finite values

1/2 '
_ (mi? { 3 T,} e
= (5F) =i @

are the so-called ion-acoustic waves. The term proportiona.l to h in 4 describes
the damping by the ions.

Davidson and Krall [14] found within quasx-lmea.r plasma theory at maxi-
mum wave growth and ¢, € V? < v,

‘/———-—Vow Wi X By 1 (22)
7M 3 6m1 Cs 'piy M ~ ‘/gs M ~ \/§'I‘De.

In Table 1 the threshold V' (17) for the excitation of electrostatic waves and
the characteristics of IA waves at maximum wave growth in solar flares, the
solar wind at 1AE, the bow shock, the plasma sheet boundary layer in the
tail and the polar cusp of the earth’s magnetosphere are presented. For the
plasma sheet boundary layer T; = 2T, is assumed, so that the condition (18)
cannot be satisfied and (20)—(22) are extremely rough Nevertheless estimates
are made.

In [15] the energy spectrum (6E'6E)k was obtained Wlt}un quasi-linear
thecry for the case of stationary IA turbulence. There it was assumed, that
the waves are first scattered by the ions, so that their wave numbers decrease.
And then, second, the waves with the long wavelengths saturate by ion-ion
collisions. In this case the energy spectrum can be factorized,

(8ESE); = 8(9)(6ESE), g=cosb, 0= L(kE,) - (23)

and the wave-number dependence is (exact resuylt in the case of absence of -
Non-Maxwellian tails of particle distributions)

’

87r Swiv ln(krD)'z,kBT, (24)

v,agiso 2rn4 kS

(6ESE), =

rp? = rp2 4+ rpi. In the case of weak electric fields the angular dependence
can be approximated by (g% > g2, E,, is antiparallel to 7,)

2)3/2

dvg d g(¢*-yg 2 Vei,
- - = h <1 2
Q( ) 37rVNgdgl g+h+A°, go VE(1+ +Ao)_1) (5)
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1/"De -
_ [o7geEo: K (SESE) wpi To -
vE = |Gt >0, v = v / G a s 9)
4vg 3wu&)
~ —h.
Srvy ln( dvg <1 (27)

As a consequence of Landau damping the waves do not propagate parallel to
the electron drift V2, but waves with larger 6 are less intensive. The total
wave energy can be estimated with the help of [15]

V2men kgT?vg

m; Vi Ty

: —~ " - -‘—. 2 _
W= / WRak = S B s Tata, 0= | [TEEEE (8)
o e, B(we(w,B)), an
W(E) = sy e (BsE); (29)

But if the electric field is relatively large and AOZI orid, < 0, then A, has
to be neglected in the first line of (25) and $(g) can be approxhnated by [15]

161/Eg 2 o4 - VE V°
o)~ 5 26 [1-30"+24"], Como27 el RELes (30)
Thus, the total wave eneréy is - )
drfmvgn.ksT.
W = 6.5 10-3 2T/ TIEnkpTE In’a. (31)

v ,VN];

The expressions (29), (31) are valid for kXkmin = a/rD,.

Within quasi-linear plasma theory here certainly to high wave energy val-
ues are considered. Nevertheless it is clear that in the studied space regions
with T.2T; (and T.ST; !) the electron-wave collision frequenciés at criti-
cal electron drift V2 = V< are many orders larger than the electron-
particle collision frequencies. From the velocity momentum balance in z-
direction and the quasi-linear approximation for the electron-wave collision
frequency (34) follows E,, ~ n.¢.V2 /o (w = 0) = 0.01m Tewy V2 [ (gec,Ts)
and vg & 0.01/07 /8Towy V.o /(2T;). 02 is the field-aligned electrical con-
+ ductivity of the electrons. Thus here ‘negative values of A, appear (b > 1),
which were neglected in [15].

Within kinetic theory in polarization approximation Belyi et al. [16] found
for the wave-particlé collision frequencies of plasmas with ion-acoustic turbu-
lence

. 2
WP _ Wra - (kJa)
o T iy 2nalmfl" Vg2 / (6BaE)gdF, (32)

k<i/rp;
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}

which corresponds under the condition k = 1/rp, to the results of Galeev and
Sagdeev [15]

WP _ wpa W
e "~ 4(27)"/2n,kpT,’ (33)
(1973)
V2 T.
WP xo. 01wp,———. (34)

s T;

Here estimating the mean electrical field E,, only the angular-averaged ex-
pression for the z-component of the electrical conductivity was used

’ 2
(@) Bala_ 1 (35
azz mg V;ﬁ.—iw. \ )

v designates the sum of the wave-particle collision frequency ¥¥% and the
electron-lon collision frequency ve;.

From (25)-(27) and (30) it can be seen, that, as in space plasmas V° is
mostly directed along B,, IA waves with larger angles 8 with respect to B,,
‘which should mainly cause magnetic reconnection, are less intensive.

In the discussed space plasma regions the angular-averaged electron-wave
collision frequencies are generally large. But in solar flares and in the plasma
sheet boundary layer they are only of the order of the maximum growth rate
of the waves (22). That means, at least at the very initial stage of the wave
growth, when only some waves with maximum growth rate s are of im-
portance, the coordinate space and velocity diffusion in these space plasma
regions cannot be considered as Markovian processes ((7) is not valid). But
the frequency spectra of the waves are rather broad-band (guaranteeing the
possibility of a statistical description), so that after a short time interval many
wave modes determine the diffusion process. Moreover, yas decreases with the
time as the energy spectra saturate. Thus the dissipation time ¢4 in (7) can be
expected to be about one order of magnitude larger than the inverse maximum
growth rate, so that the electron distribution in all considered space plasma re-
gions can nevertheless be estimated with the help of a Fokker-Planck-equation.
And as k < Min {1/7p.; 1/}, the system of equations (6), (9)~(11) can be
used to find the wave force.

4. ESTIMATE OF THE VELOCITY-DIFFUSION TENSOR \
FOR ION-ACOUSTIC TURBULENCE

To calculate the intensity of wave forces on electrons one way is first to
determine the space-time spectral density of the wave energy (GEJE) i Which

is a parameter of the here used theory. As shown in [2] (6E&E) can be
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expressed by the dielectric function £(w, k) and a spectral function A:,(w, k),
(5E6E) > = Vle(w B)72 Y Auw, k). (36)

a=ed °

For nonmagnetized Maxwellian ions drifting with velocity V;° follows

~  2rmawl o p o
4w, ) = =22 [ as(o - Eoype () =

27(1/27"‘:"‘):{ {._ (w _ E"Z_o)2 } (37)

= £ov; k3| k| exp k2v?

and for the Maxwellian magnetized electrons with shift V2 the expression

- 2Tmw?, k ,
A (w, k)= —== 2 E /dv&(w k“‘v” mee)J < .L'U.L) f2(9) =
Eonck?
2 2mow?, (w—fc‘f"’—'mwz, ) k2?2 k% v?
_ ivepe _ e e - 1Y 1
= Bl “P{ i = 2wie}1”‘ (2%,) 9
_ (32/4)" = %
mied = (3) Spaggy 3 W= 69

m=-—00

can be found Substituting (37), (38) into (11), taking into account, that
at maximum wave growth only the imaginary part of e(w, k)'is of impor-
tance, and consxdermg only Bessel functions J,, I, of first order (as z, =
~ (1 - ¢g%)w? / (2w?,) <1 at maximum wave .growth) one obtains for
the velocxty—dﬁfusxon component DS perpendxcula.r to the mean magnetic
induction and the electron drift I-’:,"‘ ‘

Dza(¥) ~

Whe

mew?, | T kvil\/]-_'?
D o [awesy (BREE).
- o

v vy — V)2 k’v;"l'- 2
[ xp{_g u} Igl {_(u )} {‘“2(33:2‘2}

L (kzvf(lz“ gz))] [(v" ;— Ve)g N v“g { g Yij }] (40)

2wi, verh, | g1 v;rm
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Further, neglecting the ion-damping contribution in (40) (second term in third
\line) and considering the limits of the wave numbers and angles of ion-acoustic
waves, in lowest order with respect to z. < 1 follows

1/rpe
. Pe qemev rDe / / 3,
DZ.(7) ~ et/ ~ VO dg(1-g¢%) dkk

kmin=a/rpe

~

k?v2 (1 - ¢?%) 9”” 1 Fu(l-g%)
(P ool 50y 2] 0

Approximating [\, F(g)dg by (F(1) + F(g.))(1 ~ 9,)/2 and [,/">* F(K)dk by
(1- a)(F(l/rpj + F(a/rpc))/(2rp.) the final expression for the electron
velocity-difﬁlsion component DS in a plasma with-ion-acoustic waves is

?m.viw? (1 —a)(1 - go)

/ z(i;) ~ 165012\/_('0" Veo)z

[H(a=1)+ H(a)], (42)

g3v _ a*v.y)(1-g2)
H(a) = a*(1 - 2) [ exp{-— i P e 2w§i o b
eCs

~a2v21—g§2

Immediately‘using, that in the case |w,| > |7| the space-time spectral density
of the wave energy can be approximated by

(6B88), ¢ = v(SBSE){6(w - wr () 4 6w +wr ()]~ (44)

(with the help of (44) one changes from Fourier presentation to the mteéra-
tion over plasma frequencies and wave vectors!), one finds from (11), (23)
introducing spherical coordinates k = {k,8, ¢} and integrating over w and ¢ .

1/'De =
Ji—a?
/ dkk?J? (M__?_.) :

Wle

D;.(9) = 16V1r]v“| / dg3(g)

(BESE), (kg + 22y + 8(kg - 22| . (45)
R I Y|
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4

Here the conditions {18) and g > g, for the wave vector are used. Approx-
imating the frequency of the ion-acoustic waves by kc, and integrating over
the angular dependence one finds from (24), (25), (45)

4#4 2y fMecinekpTe. 1/ gﬁv"{ 3c? - gfvﬁ )

D (V) ~ - +
=(7) 3eo/m2my VN'OH 2 m u(l+h+4)~c

1/"Dc 2 2
€} — c.gav) , [ FvLy/vi— 4
[v”(l + h+ Ao) - c,]z} / dkln(krD)J f il l Wre ‘ (46)

a "De

for very low E,,. Finally, approximating the integral [ rDe ¢ dklIn(krp)J3 2 by
(In[rp/rpe] — 1 — alnfarp/rp.] + a)/rpeJ? it follows

ri@vgmeven Tory, [c2 — g2v] v? (v - c2)\ ?
D% (%) ~ — v T (1————-——*( I ‘)> :

350\/1—rquﬁT.- 4vﬁrf3 Wi,

.[1+1n /1+T/T)—a azn(—--———““”am)];

3¢t - gavf ” ¢S - e, g2t .
. + 13 2 . (47)
'0”(1 +h+ Ao) - ¢, [v"(l +h+ Ao) - c,]

But if the electric field E,, is relatively large and the angular dependence of
the energy spectrum of the waves has to be estimated by (30), then one has -

D: (%) =~ _qzuE\/mecfnekBTerch(27r)9/2 1- 32_3_ + 22;_ .
= EoT /v | vﬁ | vZC, 2

Yrpe kv, vﬁ - c?
f dkin(krp)J? |~ | &
a/rpe . I Le

o BonymcinksTrb (a0 ) o el
12e,x/mivn | v | v3Co T

{
I

_?(:,’I - f;f))z {1 it (m) ae a]n(_____\’l‘:n /T')] ., (48)

YT DeWLe
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which is about 2[1 + h + 4, — ¢,/vy}/(3C,) times the tensor D, given in
(47). Values of the electron velocity-diffusion tensor calculated according to
(42), (47) and (48) are compared'in Table 1. The results for D¢ (%) found
via the spectral function A, seem to be underestimated and the corresponding
approximations have to be improved in future. On the other hand, the values
basing on approximation (44) seem to give an overestimate. The rather good
coincidence of the\results (47) and (48) reflects, that the parameters vz and
vy are of the same order in the considered‘ space plasma regions.

5. DISCUSSION

A model of a Langevin-equation for electrons in almost collision-free weakly
magnetoactive plasmas with ion-acoustic turbulence is developed, which can
form the starting point for particle simulations to investigate the influence of
microturbulence on macroscopic space plasmas parameters.

Estimates . of wave characteristics at' maximum possible wave growth,
electron-wave collision frequencies, electron-velocity diffusion tensors, and the
intensities of the wave forces on the electrons in solar flares, the solar wind as'
well as in different regions of the earth’s magnetosphere are made.

Generally two ways are used to find the velocity diffusion tensor of the
electrons in the turbulent plasmas. One possibility is based on a first attempt
at estimating the space-time spectral-density of the wave energy. This corre-
sponds to a parameter theory and it is not necessary to know the saturation
mechanisms of plasma instabilities. But the calculations are extremely com-
plicated and the heré obtained results are yet very rough and probably too
low. In future a lot of numerical work has to be done to improve these results.

The second way. is only applicable, if-the plasma turbulence is weak
(l7] € lwr|) and if ‘measurements or theoretical expressions for the wave en-
ergies exist. This is fortunately the case for ion-acoustic turbulence. But the
up to now existing handable quasi-linear results for the energy spectrum of
ion-acoustic waves used in this papér seem to have a too small region of appli-
cability. Besides the amount of the wave energy strongly depends on the wave
saturation mechanism. Here for the saturation of ion-acoustic waves a special
well-known mechanism basing on ion-ion collisions is assumed. And the corre-
spondmg expressions for the wave energy taken from quasi-linear theory seem
to give overestimatés. Thus the presented results are at most estimates of the
order of the effects.

Further, calculating the diﬁ‘usic/m tensors using both mentioned ways sey-
eral additional approximations were introduced. In the case of ion-acoustic
turbulence the parameter z, ~ sin? 0w?, /(2w},) is certainly often small as in-
tensive waves propagate mainly quasiparallel to the electron drift and their
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* propagation angle 8 is small. Thus calculating the diffusion tensor one can in
first order neglect Bessel functions of higher orders as done in this work. But
in some cases, especially in the bow shock and in the polar cusp, also waves
with small angle 8 can be of meorta.nce because the'relation wZ > w}, is
valid. Besides, in (40) ion-damping contributions were neglected calculating
the diffusion tensor. And the rather weak dependence of the diffusion tensor on
the strength of the mean magnetic field E,, is estonishing. But, what is most
important, ion-acoustic wave dispersion is also approximately considered for
plasmas with T,<T;, although it is shown that this is unrealistic. The aim was
first to find the general orders of the intensities of wave forces in different space
plasma regions. Now, for cases with T.ST;, the presented ‘non-linear plasma
theory is applied to other more relevant types of electrostatic turbulence.
~ Finally it should be mentioned that with the help of the obtained elec-
tron diffusion tensors both, contributions to mean wave forces and to stochas-
tic wave forces on electrons in turbulent plasmas can be calculated. And it
is shown in general, that rather strong electron magnetization with z. < 1
decreases the velocity-diffusion of the electrons and the friction force of the
waves.
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THEORETICAL MODELING OF RADIATION-DRIVEN
PLASMA TURBULENCE IN AN UNMAGNETIZED
PLASMA

L.-H. Li, M. Matsuoka

Radiation~driven plasma turbulence problem is in essence an application
problem of electrodynamics. In electrodynamics, electromagnetic fields at any
point are determined by all charges and currents in the underlying physical
system, fields” history and physical constraints. Starting from this standpoint,
we have proved that radiaticn-driven electromagnetic turbulence in a plasma
can be studied in the same way we study the electrostatic turbulence excited
by electromagnetic waves in the plasma by means of two-fluid approximation,

. two-timescale technique and two-spacescale technique. The main difference
between electromagnetic turbulence model equations and the Zakharov equa-
tions governing electrostatic turbulence is that a driving term appears in the
former. The physical origin of this dnving term is the current that emits the
radiation which supplies the free energy source that gives rise to both electro-
magnetic and electrostatic turbulences. Simulated electromagnetic emissions,
large. scale density disturbation and anomalous absorption can be calculated
quantitatively based on the electromagnetic turbulence model equations.

I. INTRODUCTION

!

Microwave—plasma interaction, laser~plasma interaction and ionospheric
HF-heating experiments have revealed that radiations can excite plasma tur-
bulence. Radiation—driven plasma turbulence manifests itself not only in the -
form of electrostatic turbulence, as probed by the incoherent scattering radar
(ISR) technique, but also in the form of electromagnetic turbulence, as re-
vealed by the SEE (stimulated electromagnetic emission) technique. Thidé et
al. [1] have discovered experimentally that a powerful elctromagnetic wave -
incident upon the ionospheric plasma may stimulate plasma electromagnetic
emissions in ionospheric modification experiments at Tromsp, Norway. The
frequency spectra not only contain the expected plasma reflection compo-
nent at the incident frequency, but also the urexpected rich sideband compo-
nents [2]. Later on, Leyser et al. [3, 4] found that the character of the SEE
spectra changed stronly when the incident frequency approaches an integer
multiple of the electron gyrofrequency. Cembined anamolous absorption and
SEE measurements porformed recently at Tromsg have revealed that the rich
SEE sideband features are closely related to anomcloas absorption [5; §]. It
seems to us that dependence of the observed SEE properties on geomagnetic
field can be attributed to their dependence on cyclotron absorption of elec-
tromagnetic waves: the closer the pump frequency to the harmomics of the
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gyrofrequency, the stronger the cyclotron damping, the lower the excited level
of electromagnetic waves, and thus the lower the excited level of upper hybrid
waves. As a result, the more outstanding the gyrofeatures [6]. Otherwise, the
more prominent the universal features. Therefore, electromagnetic turbulence
effects must be important in these experiments.

Plasma turbulence is usually described by plasma wa.ves, 'which are in
essence eiectromagnetic fields generated by coliective motion of charged par-
ticles in the plasma. In radiation—driven plasma turbulence, electromagnetic
force exserted by the radiation field is the cause of collective motion of plasma
particles. Therefore, if the induced electromagnetic waves in a plasma’ are
considered to be emitted by electron motions forced by the incident electro- -
magﬂetic wave rather than conserdered to be propagating from the outer of
the plasma with the plasma taken as a medium, electromagnetic turbulence
of plasmas can be studied in the same way Langmuir turbulence is
studied [7, 8, 9], as has been shown in our previous work {10]. OQur numerical
_simulations demonstrated that excited electromagnetic waves and density pro-
file modifications depend on plasma state parameters, heating parameters and
the excited plasma waves. Such a dependence may qualitatively explain the
following ionospbere modification experiment facts: overshoot, dependence of
plasma line enhancement on pulse length, preconditioning, large scale density
profile modification, altitude characteristics of plasma turbulence excited by
~ superheater at Tromsg, Norway, difference of thermal effects between Arecibo
and Tromsg experiruents, below—threshold excitation, direct conversion, soli-
tary free mode spectral peak, intermittency of plasma turbulence and stim-
ulated electromagnetic emissions. Therefore, studies on electromagnetic tur-
bulence is very important in order to understand the variety of observational
facts in both laboratory and ionospheric modification experiments.

Although plasams are rare on the earth, most part of (99%) matter in the
Universe exists in the plasma state. They encompass distinguishable scales
ranging from the atomic to the galactic and their density and temperature
can vary substantially within ten orders of magnitude or more. It is well
known that radiation is one of the basic release forms of nuclear reaction
energy and gravitational potential energy under-astrophysical circumstances,
radiation—driven plasma turbulence is common from the astrophysical point of
view and thus musf have something to do with some basic astrophysical pro-
cesses, for example, origin of cosmic magnetic fields, solar neutrino problem.
If the magentic pressure caused by radiation-generated magnetic field and/or
electromagnetic turbulence pressure in the core of the sun is sufficiently high,
the core temperature of the sun need not be so high and thus the predicted
rate of solar neutrino capture by 37Cl by the standard solar model [11] will

decrease. Recent numerical simulations by Wilks et al. [12] of the interaction
~ of an ultraintense laser pulse with an overdense plasma target have revealed
extremely high self-generated magnetic fields about 250 M@ in the overdense
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plasma, which may be high enough to solve solar neutrino problem if there ex-
ists such intense a self-generated magnetic field in the solar core where nuclear
reactions take place.

All these show that it is worth—while to study radiation—driven electromag-
netic turbulence of plasmas. In our previous work {10], we have outlined how
to model such a plasma turbulence. Because of its importance and deviation
from the conventional approach to this problem, it is necessary to work out
the details. In this paper, we are about to prove our model equations gov-
erning electromagnetic turbulence starting from the basic dynamical plasma
équations.

II. BASIC DYNAMICAL PLASMA EQUATIONS

The Boltzmann equations for charged particles and the Maxwell equations
for electromagnetic fields are the basic dynamical plasma equations. Before
writting them down we have to know the distribution of electric charges and
currents in the underlying physical system. For the ionospheric modifica-
tion experiments, charges and currents distribute on the transmission antenna-
(tkere is no net charge thereon, J4) and in the ionosphere:

Pr = ZQa/fadVa (1)
o= Y [Viadv, 2

where a sdands for species of charged partjicles in the ionosphere. When all
charges and currents in the physical system are included in, the fields appeared
in the basic dynamical equations are the total ones. Therefore, these equations
can be written explicitly as follows: '

é p 0 o o) a
f — +(V-V)fat+ [Etot + Vo X Btot] f = (Ti) ’ (3)
VB = 2L, (4)
£o
0Byt ‘
) 1 8B ‘

.VXBtot—'c; ot +#0(JA+JI)1 (6)
V Bt = 0. ) (7)

Fere (8fy/0t). is the contribution of particle collision to the change rate of
particle distribution functions.
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Since the antenna is far away from the ionospheré, we can neglect influences
of the ionosphere on the antenna. As a result, we can write down the Maxwell
equations that determine the field caused by only the source current density
on the antenna as follows:

V-Es=0, (8)
8B,
VxEBp=-—=, (9)
10E,
VxBa= 5=+ pda, (10)
V.By=0. (11)

Subtracting (8), (9), (10) and (11) from (4), (5), (6) and (7), tespectively,
we obtain

v.E =2, (12)
€o
V x Er = -‘9—?}, (13)
1 OE .
VXBI—‘—z‘—aTI"}‘ JI: (14)
V-By=0, (15)

which are the Maxwell equations that determine the self-consistent fields E;
and By in the inosphere, where Ej = E;, — E4 and the same for Bj.

The designer of the transmitter antenna is able to deteriine the vacuum
electromagnetic fields emitted by. the their antenna from Egs. (8), (9), (10),
(11) and special boundary conditions designed by them. Therefore, E4 is as-
sumed to be given in radjation—-driven plasma turbulence experiments. As a
result, Eqgs. (12), (13), (14), (15), and (3) become the basic dynamical equa-
tions governing ionospheric modification by the transmitter. <

From differential equation theory we know that it is true that the solu-
tion will be determined by the differential equations, initial conditions and
boundary conditions as well, but they are independent. Physically, differen-
tial equations embody natural laws, which should not be affected by concrete
boundary conditions and initial conditions. What are affected by the latter are
the concrete results. Therefore, it will not lead to more complicated boundary
conditions to separate the vacuum field generated by the antenna. In addition,
although these equations are derived from the original equations especially for
the case of ionospheric modification experiments, they should be valid for any
radiation—driven plasma turbulence.
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I11. SIMPLIFIED DYNAMICAL PLASMA EQUATIONS

In order to simplify the dynamical plasma equations and obtain the dy-
namical equations that describe strongly nonlinear wave-wave interactions
(WWT’s) and wave—particle interactions (WPI’s) in the simplest way, we take
plasma waves as quasi-particles so that we can explicitly express the effects
of waves on particle distribution functions in the Boltzmann equations. The
collision interations between particles are able to change particle distribution
functions, so are WPD’s, which'can be represented in terms of the growth rate
Y« and damping rate v, of waves. The former cause decrease of momentum of
«a species particle, while the latter cause increase of its momentum. Therefore,
Eq. (3) can be rewritten as follows:

e (V. Ofat Bt Ve x Bl P =gk -k, (10
The main advantage to rewrite Eqs. (3) as (16) is that we can take assembly
average over Eq.(16) to simplify it substantially and take some important
WPT’s into account at the same time.

A. Two—fluid approximation -

The dynamical plasma equations are microscopic equations. Macroscopic
equations can be derived from Eq. (16) by multiplying it by some functions
of particle velocities and by averaging the result over all possible velocities.
Such equations are called as (velocity) moment equations. They are an infinite
hierachy. Nevertheless, only the first three moment equations that correspond
to physical conservation quantity equations are meaningful [13].

The lowest order conservation quantity equations are the particle conser-

vation equations N
- B V- (nalla) = (17)
the second ones are the momentum transport equations
Vo _ Ga

7 E‘[Etot + Vg X Byot] —

where we have defined the convolutlon product 9, - Vo =

/'h(t F)Vo(t,7—F)dF = /7§(t 7, V)VdV, A, is the ratio of specific
heat at constant pressure over that at constant volume, which can be de-
termined phenomenologically. The third moment equations are the energy

transport equations, which can be represented by the following thermal en-
ergy balance equations [13]:

3dT
2"

A; V(naTa) = (Ya = Ya — Ve) - Va, (18)

=Qe—V- (’%VT:) N nPVCi(Te - T*) - nPV;ﬂTt’ ’ (19)
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Snp Tt = Qi = V- (V) = mypie(Ts — T) ~ mgwiaTsy (20)

5 5
where Ve; = Vee, Vie = 2(M /M )ee, ke = -2~in¢/(ng) and k; = E%T‘/(MV,)
,are the electron—-ion collision frequency, ion—electron collision frequency, ther-
mal conductivity coefficients of electron fluid a.nd ion fluid, respectively, with

Ve = Vee + Ves & 2V and v; = vy + Vie X Vi; = ‘/—(m/M)llz(T /T )3/2Vee)

2 4\/ 27!'12,
"Tll /2T3/2

I

= (4mep) InA, (21)
in which we have assumed that the charge number of an ion is unity,
A = 4n(eoT.)?/?/ (nI/ 283) is the plasma parameter. Q. and Q; represent wave
energy absorbed by electrons and ions.

Egs. (12), (13), (14), (15), (17), (18), (19) and (20) are the two-fluid
approximation to the basic dynamical plasma equations. The boundary con-
dition now reduces to the outgoing-wave condition, a natural boundary con-
dition. Consequently, it is not necessary for us to pay much attention to
the boundary condition, which makes it much easier to deal with nonlinear
problems. Besides, these equations can be substantially simplified through
distinguishing the ion time scale and the electron timescale provided by the
plasma itself.

B. Two—timescale technique

We assume m; >> m,., so the time scé.l/e of motion of ions 7; ~ w;,.l is

much larger than that of electrons 7, ~ w;l. Consequently, when the plasma
turbulence is well-developed, the ion fluid has only slow—time-scale motion,
N = Nisy V;= Vi,a 3 (22)

however, the electron fluid has both slow— and fast-time-scale motions,

v

ne="ne,+ny, V=V, +Vy. . (23)

In general, both induced electric and induced magnetic fields have two time-
scale components, . /

E;=E,+E;, Br=B,+By. (24)

Because 1; >> T., the time-average of the fast—time-scale components
over the slow time period 7; must vanish,

(Ag) =0, ‘  (25)
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where A = {n, V, E, B}, angle brackets indicate time averaging. In addition,
the quasineutrality condition for the slow-time—scale motions must hold, which
yields

. Ny RNy =Ny, (26)

Therefore, the slow—timescale charge density vanishes, i.e.,
pa~0. (27)
Substituting (22), (23) and (26) into (17), then taking time-average over

the slow period 7;, we obtain

/

6 8 i
or Y (Ve +(ng V) = (28)
a; $ V- (Vi) =0, (29)
which yield / ‘
Vie=V.,+ ("fnvf) (30)

i

Thus we can calculate the slow—-timescale current J-;,

j; = Z(Qanava>=
@

= q,-n,V,‘,, + qen.Ve,. + ¢ (nfvf) =
= e[n,(V,-,, - Vc,a) - (nfvf)] =
= 0. \  (31)

Here e is the absolute value of an electron charge. With (27) and (31) taken
~ into account, it can be seen that the slow-timescale Maxwell equations are
homogeneous and thus we can set E, = 0 and B, = 0. Therefore, it is no need
to consider spontaneous excitation of the slow-time-scale magnetic fields. It
should be pointed out that we'have assumed V;, = V., in {14], which is not
consistent with the quasineutrality assumption. Therefore, we have to forgo
the quasineutrality assumption (26) for the slow-time—scale motions in order
to study spontaneous excitation of quasisteady magnetic fields by a pump
wave. We shall pursue this topic separately. As a result, the slowly varying
components can be simplified substantially. To demonstrate this, we define

L= mt'vi,l + mevc,a . (32)
m; + m,
Eqs (28) and (29) thus reduce to
dn, gy :
5 TV (VL) = =V (g V). (33)
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Similarly, we get the slow—timescale equation for V,:

dv, 2Vn, m,
= - - v v
o o i {(( V)V +
+— (VfXB4f)}+Vi-Vu (34)

where C? = (A.T. + \T;)/(me + m;). By substractmg corresponding time-
average equations from the original equations, we obtain the fast-tiniescale
equations:

. 6 ’ ! ’
—gti +V - (Vs +nsV, +nyVy = (ngVy)) =0, (35)
v 0T
- atf (Ye — Ve — ve) - Vg — ‘:n UV - Ef—[EA, +
+V,xBas+ Vs xBas— (Vs X BAf)]
— (V.- V)Vs— (V4 - VIV, — (V;- V)V +
+{(Vs:V)Vy), : (36)
02 Ef 2
+ 2V XV x E,e = —-—(n.Vf + 71§ Ve, +n;Vy—(nsVy)), (37)

oz
where E45 = E4 + Ey, and the same for B 44, v; and v, are the damping rates
of LF and HF waves respectively, 7. is the growth rate of the HF waves.

Too many nonlinear terms in our two-timescale equations make them very
complicated. However, not all the nonlinear terms contribute equally. When
the condition Wik/kp << 1, W,k/kp << p = m./m; is satisfied, where
W; = Eﬁ JarneT., W, = E?/4xn,T., k is characteristic wavenumber of waves
that have been excited and kp is the Debye wavenumber, through making
comparisons among nonlinear terms and neglecting the much smaller nonlinear -
terms, as has been done in our previous work [14], we get

on,

{
/

+V-(n,V,)= (38)

- 5t
=gzl §v<lvfx*>‘+ %V, (39)
%T:‘f“?"(mvf)ﬂ, . (40)
%’- = —;::EAJ' - :A° V(LY -Ef) + (e —ve %) - Vs, (41)
’ 6;]§f+c2VxVxE,¢=:'§;'—tl. (42)
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These equations are still difficult to deal with analytically and numerically
‘since both fast—timescale quantities’ Ay = {ns,Vy,E;s} and slow-timescale
quantities {n,, V,} show up in these equations at the same time. We [14] have
shown that the mixed time-scale problem can be resolved by coarse-graining
all fast timescale quantatities if we are able to find out a fast characteristic
frequency w,, so that all fast varying components can be expressed like this:

Ap= -;-[A(F‘, ) exp(—iwnmt) + c.c (43)

where A is the slowly varying envelope (0A4/0t << wm A) of Ay. This condition
was named as the quasimonochoromatic wave approximaton. From Egs.(41)
and (42), we obtain dispersion relations for HF Langmuir and electromagnetic
waves by linearization and ignoring the source term E4 therein:

wf = W2, + AVEE?, ' (44)
w? = wl, + Pk, (45)

where w,, stands for the local plasma frequency, Vr, = (Te/m.)*/2. If the
radiation frequency of the source is wp, frequency of the Langmuir and elec-
tromagnetic waves excited by the radiation will not substantiaily deviate from
‘the driven frequency. In this case, if we set w,, = wp, the quasimonochoromatic
approximation will be met with.

Substituting (43) with w,, = wp into (42), we obtain

V = aE,,, (46)

where a = —ie/m.wpe, E;n = E + Egexp(iko - x) is the complex envelope of
E s in which ko = wp/c is the wavelength of the radiation field in vacuum. It
should be noted that the plasma is considered to be free charges distributed
in vacuum rather than a medium in the dynamical plasma equations. Taking
use of this relation, we can express the time-averaging term in terms of the
coarse—graining quantitaties as follows:

(V4 = 21V = lalBnl?. (47)

From (42) and (41) with (43) substituted in, we get the envelope equation
of the HF field as follows:

2
.2.‘.‘9_I'3.+ Tevv E———-VxVxE-i-[ —5%5—
wo 3t wo wO
S | w?, 3VE VT, '
_.1“';;'(7¢-Vc"l’c) . ———Eoexp(fko x)“ Te T —V-E, (48)
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where wpe = npe?/egme, np = no(2) + n‘(\z, t) + n'(z,t) and we have assumed
|nt + n!| << ny and inhomogeneity is in the z-axis. From (38), (39) and (47)
we obtain the slow-timescale equation:

o 9 292\ (nt 4 o) =, 2_|E[?

—_— = . 49

(6t2+v' T C;V* |(n* +n') = ngeoV e (49)
i

These two equations are the model equations [Eqgs. (1) and (2)] used in our

previous work [10] with uniform temperature approximation assumed. They

and with Eqgs. (19) and (20) together can be used to study nonumform tem-

perature effects.

C. Two—-spacescale technique

"There is not only the-two-timescale problem solved above but also two-
spacescale problem in radiation-driven plasma turbulence. The latter can
be seen from (44) and (45); if wy ~ Wi = wo; kefky ~ Vr/e, ie., the typical
wavelength of electromagnetic waves is much larger than that of the Langmuir
waves. This problem can be solved by using a two-spacescale technique that
is similar to the w1de1y used two-timescale technique described above. The
key point is that E in the envelope field equation can be decomposed into the
electromagnetic waves E! and Langmuir waves E*:

E=E'+E, (EY~E, (EY=0, © (50)

where bracket represents space averaging. This decomposition implies that
the space scale over which the average is made should be much larger than the
characteristic wavelength of Langmuir waves so that (E’) = 0 and should be
much smaller than the characteristic wavelength of the electromagnetic waves
so that (Ef)"= E* at the same time. Taking space-averaging over Eq. (48),
we have the large spacescale envelope field equations:,

t 2 t
ﬁa—E——LVxVwa e _Z M \g_
wp Ot wo wo L n
. ~ 1
- =Eo + E<ZEI) + n—c(n'ng) , (51)
5? 0 20y2 T0E0 2 mat 2
(<9t2 o Lot -G V 4m,-n,,‘7 B, (52)

where we have assumed ng(z) = n.(1+ z/L), here L is the scalelength of the
inhomogeneous plasma at the critical density n,. We have also ignored

the term caused by the temperature gradient. The space average
((w? — w2)(Et + E')) = ZE!/L + n*Et/n. + (zEY/L + (n'E')/n, with nt and

L.-H. Li, M. Matsﬁoka' 117



1996 Hze. BY30e PATHODPHIHKA Tom XXXIX X 1

E* understood as functions of the macroscopic coordinates such as Z. In
contrast, z represents the microscopic coordinate. This idea originates from
DuBois et al. [15]. These authors also have pointed out that (n'E!) embodies’
anomalous absorption, which will be determined by short spacescale envelope
field equations:

12 2 1
g.z_.ai_*_s}:ﬁvv E'+( __z___'_zL_P_)E’-_:

wo Ot wo L .n. n
_(z=2Z2 M\ 1, o L1
= ( 7+ nc)E L(zE) nc(nE), (53)
& 8 2w2 Y, 1 00 2iqal t)2
(W +y; - 52 -—\C,V n = 4m‘npv IE +E l (54)

i

which can be obtained by subtracting the space-averaged envelope field equa-
tion from the original one.

IV. CdNCLUSlON AND DISCUSSION N

Radiation—driven plasma turbulence is in essence an application problem
of electrodynamics. In electrodynamics, electromagnetic fields at'any point are
determined by all charges and currents, fields’ history and physical constraints
imposed on the underlying physical system. Starting from this standpoint, we
have proved that radiation-driven electromagnetic turbulence in a plasma can
be studied in the same way we study the electrostatic turbulence excited by
electromagnetic waves in the plasma. The most important difference between
electromagnetic turbulence model equations and the Zakharov equations gov-
erning electrostatic turbulence is that a driving term appears in the former.
The physical origin of this driving term is the current that emits the radiation
which supplies the free energy source that gives rise to both electromagnetic
and electrostatic turbulences.

It has been shown that the source term is consistent thh the basic dynam-
ical plasma equations, the basic equations governing radiation-driven plasma
.turbulence experiment system. It has also been found out that the physical
origin of that source term as stated above. It has been shown that the widely
used driving Zakharov equations can be obtained by means of spacescale-
separating technique from our source-term—-contained spacescale-fixed enve-
lope field equations. Of cause, eleciromagnetic turbulence model equations
have also been obtained. Primary numerical simulations based on the elec-
tromagnetic turbulence model equations have shown that many ionospheric
modification experiments may be explained by such a turbulence mechanism.
Nuamerical simulations have also shown that the linear results are in agreement

\
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with propagating theory of electromagnetic waves in nonuniform plasmas, ex-
cept for an indefinity of amplitude, which is allowed in any linear theory.
Therefore, it seems to us that we don't have reason to rule out that source
term. Morales et al. [16] have found out this source term, too.

Boundary conditions should be mentioned here. Unlike laboratory plasmas
such as those contained in Tokamaks, boundarys are free for space plasmas
because there is no physical constraixit as met in laboratory. Therefore, pe-
riodic boundary conditions are plausible if we carefully select the numerical
boundarys, for example, using sufficiently large system size and placing the
numerical upper boundary far above the critical layer and the numerical lower
boundary far below the critical layer, because in this case, the boundary fields’
approximately vanish and meet with each other.

From differential equation theory we know that it is true that the solu- -
tion will be determined by the differential equations, initial conditions and
- boundary conditions as well, but they are independent. Physically, differen-
tial equations embody natural laws, which should not be affected by concrete
boundary conditions and initial conditions. What are affected by the latter
are the concrete results. Therefore, our model equations will not be ruined by
any \bguilda.ry problem.
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DISPERSION PROCESS
OF ELECTROMAGNETIC WAVES
IN A MOVING MEDIUM

E.D. Lopez

. The propagation of electromagnetic waves in a moving isotropic plasma and
in a moving magnetoactive plasma is considered using the invariant methods
of tensor analysis. The expressions for the dielectric tensor of permistivity, the
dispersion equations and the refractive indexes of the electromagnetic waves in
these mediums are determinated. Using these results it is possible to establish
corrections to the angular displacement which occurs when the radiation is
passing trought moving electron plasma. )

1. INTRODUCTION

A

The appearance and propagation of different kinds of electromagnetic
waves in plasma depends basically on material configuration of the system
and electric and magnetic fields distribution; this information about the phys-
ical state of the system is described by a dielectric tensor of permittivity.
The dielectric tensor of permittivity plays an important role in the theory of
the waves propagation. For instance, the variation of anisotropy of a media
can be described by changes in the components of the permittivity tensor.
These changes in general are small but important Because they cause qualita-

~ tive modifications of optical properties of the plasma and consequently of the
propagation of the electromagnetic waves.
~ The pass of radiation through material substances located along the path
of the electromagnetic waves was studied by some authors. For example,

- the angular displacement of radiation coming from a far radio sources and
intersecting a magnitoactive plasma, was estimated by Bastian [1] (the case
of a gradient of the electron density in the plasma) and by Gnedin and Lopez
[2] (the case of a simultaneouse gradient of the electron density and of the
external magnetic field).

When the radiation traverses a globally moveing plasma some additional.
physical effects appear due to the influence of the plasma velocity. For ex-

.ample, an isotropic system becomes anisotropic. In this case, the refraction
and the wave propagation depends on the direction of the ray path. The
anisotropy of a movmg plasma is reflected in the dielectric tensor of the per-

. mittivity €;;(w, k) When an external magnetic field is present in the plasma
(magnetoactive plasma), plasma is initially anisotropic due to the presence of
the field. The global movement of the plasma increases the grade of anisotropy
and the complexity of the system.
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In this work general expressions for the dielectric tensor of the permittivity
€ij(w, E), the dispersion equations and the relations for the refractive ifidexes
of the electromagnetic waves passing through both an isotropic plasma and an
anisotropic plasma (in the presence of an external magnetic field) are deduced
taking into account the global movement of the plasma. These results are
obtained using the method of the invariant tensor representation. The diad—
representation gives a simple method to find solutions of dispersion equations.
Elude the use of a definite coordinate system, the involved mathematics be-
comes very simple and gains evident physical meaning, and thus the difficulties
of coordinate methods disappear.

2. THE DIELECTRIC TENSOR IN A MOVING MEDIUM

In this section the results obtained for the dielectric permittivity tensor
are presented for two cases: moving plasma without external magnetic field
and moving plasma immersed in an external magnetic field.

The components of the dielectric tensor can be obtained using the
Maxwell’s equations and the electron kinetic theory with a distribution func-
tion in which the system displacement is taken into account. An additional
method explained in [3] consits in carrying out the direct transformation of the
dielectric permittivity tensor from the rest coordinate system to the moving
system using the traditional relations for the coordinate system transforma-
- tions and the continuity equation. The relation between tensors in different
coordinate systems is given by: ’

2 2 12 0.l o !
e = G(1- D)+ e Ll ke, wluik;
vy w? w2 Y w2 W w? w

' ol L !
w' kyviel,  w kw; + ¥ w' vv; (ke
v w w ow w w'w

Lk, — ), (1)

where s,‘j(w,l;) is the permittivity temsor in the laboratory system (zyz),
ei; (', E') is the permittivity tensor in the rest system (z'y'z'), w the wave
frequency in the system zyz, w’ the frequency in the system z'y’2/, E is the
wave vector in the system zyz, k' the wave vector in the system 2'y'z’ and
v(2,y, z) is the system velocity.

Now, for an isotropic plasma, i.e. when the dielectric tensor is considered
in the rest system, the expression for it has the form el; = ¢'d;;, and the
previous formulae becomes:

o\, _ Uo (vikit+kivs)  wp KPuiv; 0
i 2 T2 ’ . ( )

.. &Yy — —
&ij(w, k) = (1 w? 6 w? o' w? w?
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this relation suggests that the anisotropy appears in the system due to the
movement of the plasma, moreover simultaneousely with the temporal disper-
sion of electromagnetic wave (w dependence) the spatial dispersion takes place
(Ic dependence). The equation (2) represents the general expression for the
dielectric permittivity tensor e,, in a moving isotropic electron plasma.

In the rest frame the tensor ¢}; for a magnetoactive plasma can be described
in the common form:

€1 ig 0
g=\| —ig €1 0 B (3)
0 0 Eu
where: ) P ,
wp N ~wywy w;

e“— T w?

) w2

w,, is the plasma ffeqwency, and wp gyrofrequency

The substitution of previous expression for the tensor ¢;; into general equa-
tion (1) lets us o obtain the different components of the dlelectnc tensor of
permittivity ¢;; in the laboratory system, which can be written as:

P
€zz = 1+ ':%"
w”? 2 2
+ w2 (E_Lk_,_ + e”k -k ); / (4)
2
ey = +——(el—1)+2"’ vk e - 1)+
w2, g 2 2].
+ g |+ Eyes + ke — ks (5)
w?w \ s
! w:z
Ezz = 1+ ;;5‘(5“ -
w'? v?
+ |+ E)es + Kl — B); (6)
B wn’ f2 1
”
+ :"D—””"” [(k’ +R2)eL + Kley — kz]; ™)
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2 ,wIZ

. £
Eyr = —~%zg- —-—~(vzk + vy x,)+ Lﬁ-———l(v,k + vykg) +
WYy [ | ke, 4 k2 — K7 8
+ o w [( + )E_L + ke — ] (8)
'2 k 'z zk
6, = w? w' Ky (el—1)+zng 4
P wes + ke —KJ; |
12 ¢
6 = w" w' kx'v,(&_‘L a 1)”ig“:%v,k,, +
Lo D=0 (k2 + k2)ey + k2 — k7] 1
t o [( + ke + kzgy — ] , (10)
w2k, w' k,v, . whuk,
Eyz = w? :v, “1)+_y (E.L"”l)"“g“; ” +
w'? v,
+ =L 2 [(k2 + KD)eL + k2ey — #7); (11)
. w?uk, w' . w' vzk;B
€y = w? w +
2 ,
+ [+ EDe + K2y - R, (12)

as it can be seen in these relations, the dielectric tensor in the laboratory'sys-
tem forms a hermitic matrix (¢ = ). Moreover, due to the global movement
of the plasma the anisotropic character of the system increases and wave-
plasma processes change.

3. THE INVARIANT REPRESENTATION

Using the diada operation any hermitic dielectric tensor of permittivity
can be written in the invariant representation as [4]:

€~1 :a+b(CpC§+Cz-C{) (13)

wheré:
\/-a \/') 8 \/— ' \/—y S
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’

_ fjarz—e ’ as = az — O
\ Qs — 0y az —

a = as b= (as - a)/2, C; and C; are the denominated axes of the tenso;
¢~! and a3, az, ag are the corresponding eigenthvalues.
Working with the general expression for the Frenel dispersion [3] and with the
dielectric tensor of permittivity in its invariant representation (13) it is not
difficult now to deduce the expression for the refractive index in the invariant
representation [5]: :

;}2. =atbd ([501]{ﬁ0;] + \/[ﬁ‘Cxlz[ﬁCzP) . (14)

+

Moreover, probable directions for the magnetic field in the electromagnetic
radiation will be defined by the following expressions:

E+ “( lmCI] + [n:?’nccfj ) (150)
[mCl} [ﬁlCz]
-l (\/[‘“‘F ar) e

where 7 = n 7, n is the refractive index and 7 is the direction of the wave
propagation.

The general formulaes given above represent the solution of the dispersion
equation in invariant representation for a plasma with two optical azes. We
have called "optical axes” those directions along which the refractive index
has only one value. Obviougly for this case the equation (14 )} must satisfy the
condition [fiCy]? = 0 or [iC;]* = 0. On the other hand equations (15) present
the orientation of the magnetic field in the wave and consequently let us to
know its state of polarization. For instance, in systems transparent along these
directions, the electromagnetic wave does not have any definite polarization
condition, and the direction of the magnetic field H remains indeterminate. In
absorbing systems these directions are characterized by a circular polarization.
Therefore, the condition for concurrence of the refractive indexes is equivalent
to the condition for the presence of circular polarization in the radiation.

4. DISPERSION EQUATIONS

In this section the expressions for dispersion equarions for electromagaoeti<
waves propagating in a moving plasma both with (anisotropic case) and with-
out (isotropic case) an external magnetic field are presented. We assume that
the system is moving along the axis z, the magnetic field is located along z
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;

axis apn the waves are propagating in the zz pla.ne. With this assumptions
the reverse dielectric tensor of permittivity ;; ! is expressed in the standart
invariant form (13). The refractive indexes a.nd the dispersion equations are
derived the same way as above.

4.1. Isotropic Plasma

If the magnetic field is negleted the electron plasma in the rest frame may
be considered isotropic and the permittivity dielectric tensor in the lalboratory
system is deﬁned by the formulae (2). Consequently the axes of the i inverse
tensor £;; ! are given in this case by:

1
V14 A?

where '

Ci= a1+a3A,0,—a; A-as)

1
(ar+ea4,0,14-0z) C2 = —mes(=

- (5yy — Ezz + B)
A= % , B= \/(eW —~ Ez2)? + 462, \

the eigenthvalues have the following form:

2 1 2
= -~ ar, = — Qa = .
N O Y O -
From these expressions and from the formulae (14) the dispersion equations
in the isotropic case can be obtained in the form:

'

2% sin&(l,—— p cos? O)ni - ‘(1 s g’:—’)ni—

w2
—g-'ci(l - ;’:%) sinfny + (1~ '—:-':!)’ =0; (16)

2% sin0(1 + z}:écosz O)n:_’_ - (1 - :z;)nz -

o2 2

..2%(1-%;) sinfn_ + (1= -Eg)’ =0 - an
where n, and n_ are the refractive indexes. It is neccesary to note that for each
direction of propagation of the radiation, there is a definite dielectric tensor
of permittivity. Consequently the interaction of electromagnetic waves with
the plasma and the polarization state of the waves depends on the direction
of wave propagation 7i. The equations (16) and (17) had been evaluated for
two particula‘r\cas\esz transversal propagation and longitudinal propagation.
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For the transversal propagation perpendicular to direction of the plasma
T - R
displacement (8 = 5) the first optical axis was found, it corresponds to the
refractive index \

w

n? =n? =1- -, . {18)

For the longitudinal propagation along the plasma velocity direction (8 = 0),
the second optical axis is characterized by:

n? =n? =1- -2, (19)

The results show, that in'these directions we have presence of optical axes,:
and the movement of the system does not influence the propsagation of the .
waves, and therefore only ordinary waves are propagating. This is known in"
the literature as Frenel’s effect.

4. 2. Anisotropic Plasma

For a plasma moving in an external magnetic field the vector that defines
the directions of the axes of the tensor e;‘jl can be written as:

Clz{‘, o, a A a Co = . S a A as)
Wi+ a2 vitar TA\VIT A Vir A

where

Eyy — Exz + \/(ew —€z2—)% +4G?

A== 2G o

12

N e T

1 1
a = §(5zz+5w+B) az = 5(5zz+5w"‘B) Qag = €zz.

The eigenvalues and eigenvectors of the dielectric tensor of permittivity
are as following:

6—1(0'1 - Cz) = /\1(01 - Cz)

M=oz - (:"_3_5_‘1_12(1 — C1C3)
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~1C1Ca) = A5[C1Cs)

Az =az

€7HCy + C2) = A3(C1 + Ca)

g = a2+(f-‘§--i‘i‘—)-(1+o ;)

For the transversal propagation perpendicular to the extermal magnetic
field 6 = % the dispertion equation and refractive index are as following:

n=1--2 ’ (20a)

v [ Rtud)] o jue wd wie wf] _
220 - [1 — ] 2;(1-;;)n+ (1—w2) - 25| = 0. (200)
The solution of this equation, in the case of a rarefied plasma n ~ 1, can be
written in the form:

2 __wz_g
PR _uf 2°) o (21)
wz(l-—'—”—%-—gg-—@)

w" w

For the longitudinal propagation along of the external magnetic ﬁeld
(6 =0) we have

w?
2 _ P
m=1 w(w + w)
2
2 Wy ’
=1-—P 2
n- =1 w(w — wp) (22)

where np,n._ are the solutions for the refractive index.

In this direction an optical axis is present. The general motion of the plasma
doe§ not influence the propagation of the electromagnetic waves and the wave
is refracting following the ordinary refraction law.

In the preceding paragraphs the solution of the chspertlon equations was
discussed only for same particular directions of waves propagation. However
we had derived similar expressions for the case of arbitrary prapagation of
electromagnetac waves in respect to the external magnetic-field zmd plasma
velocity directions. These results with applications to the salar corona and
solar wind will be presented in additional papers which are now in work.
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The suggested model describes the interaction of electromagnetic waves
with a space plasma and can be applied for an estimation of the angular de-
flexion of the radiation coming to the observer from a far radio source and
passing trought a plasma located in the ray path. It is possible to estimate
corrections to the values of the gradients in the magnetic field and electron
density distributions mesuaring this angular displacement and taking into ac-
count the general movement of the dispersive medium. -
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