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Ba³ redaktordan

Hörmºtli hºmkarlar,

Azºrbaycan Respublikas�nda astronomiya elminin inki³af�nda böyük xidmºtlºrº

malik, Günº³ �zikas� sahºsindº tan�nm�³ alim, Bak� Dövlºt Universitetinin Ast-

ro�zika kafedras�n�n müdiri, professor Cºfºr Quluzadºnin 80 illik yubileyi qeyd

edilmi³dir. AMEA Nºsirºddin Tusi ad�na �amax� Astro�zika Rºsºdxanas� üçün

astro�zika sahºsindº kadr haz�rl�§� sahºsindº Cºfºr müºllimin rolu çox mühümdür.

Onun BDU-un Astro�zika kafedras�nda tºdris prosesini dövrün müasir tºlºblºrinº

uy§un tº³kil etmºk bacar�§�, müºlli� oldu§u dºyºrli kitablar�, dºrslik vº monoqra-

�yalar�, praktik astro�zikan�n tºdrisinin hºmi³º Rºsºdxana vº onun ºmºkda³lar�

ilº bilavasitº birgº tº³kili öz bºhrºsini vermi³, bütöv bir astro�ziklºr nºsli yeti³mi³-

dir. �amax� Astro�zika Rºsºdxanas�nda 22 oktyabr 2016-c� il tarixindº professor

Cºfºr Quluzadºnin 80 illik yubileyinº hºsr edilmi³ Beynºlxalq konfrans keçirilmi³-

dir. Konfransda astro�zikan�n bir çox sahºlºri üzrº maraql� mºruzºlºr vº müza-

kirºlºr olmu³dur. Azºrbaycan Astronomiya Jurnal�n�n 2016-c� ilinin iki nömrºsi

- �2 vº �3 - bu konfrans�n materiallar�na hºsr edilir. Konfrans materiallar� sta-

tusunda olan mºqalºlºr müºlli�ºrin tºqdim etdiklºri formatda, üslub qorunmaqla

vº dºyi³ikliklºr edilmºdºn çap edilir.

"Azºrbaycan Astronomiya jurnal�"n�n Ba³ redaktoru,

AMEA-n�n müxbir üzvü f.-r.e.d. Namiq Cºlilov
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F�Z�KA-R�YAZ�YYAT ELML�R� DOKTORU,

PROFESSOR C�F�R MÜSEY�B O�LU QULUZAD�

N. S. Cºlilov *

N. Tusi ad�na �amax� Astro�zika Rºsºdxanas�

Azºrbaycan Milli Elmlºr Akademiyas�, Bak�, Azºrbaycan

Cºfºr Müseyib o§lu Quluzadº 1936-c� ilin avqust ay�n�n 27-dº Azºrbaycan�n
Tovuz rayonunun Xat�nl� kºndindº kolxozçu ailºsindº anadan olmu³dur.

Mºktºbdº oxuyarkºn Cºfºr Quluzadº bütün fºnnlºrº eyni münasibºt
bºslºyirdi. Hºlº 7-8-ci sini�ºrdº oxuyarkºn ³eir yaz�rd�. Onun yazd�§� in³a yaz�lar�
nümunº kimi rayonun bütün mºktºblºrinº göndºrilirdi. �dºbiyyat müºllimi
ona universitetin �lologiya fakültºsini, tarix müºllimi tarix fakültºsini, idman
müºllimi dº idman sahºsini tºklif edirdilºr. Atas� isº, ona cºrrah olma§� mºslºhºt
görürdü. Mºktºbdº Nyuton qanunlar�n� keçdikdºn sonra o, qºti qºrara gºldi
universitetin �zika-riyaziyyat fakültºsinº gedºcºk.

1955-ci ildº Cºfºr Quluzadº Azºrbaycan Dövlºt Universitetinin �zika-
riyaziyyat fakültºsinin �zika bölmºsinº daxil olur. III kursu bitirdikdºn sonra onu
dünyan�n mº³hur universitetlºrindºn birinº - Leninqrad Dövlºt Universitetinº

* E-mail: namigd@mail.ru
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AJAz: 2016, 11(2), 6-9 f.-r.e.d. Professor Cºfºr Müseyib o§lu Quluzadº

(indiki Sankt-Peterburq Universitetinº) yeni aç�lm�³ �Astro�zika� ixtisas�na
köçürürlºr.

O zamanlar S.-Peterburq dünyan�n �astronomiya paytaxt�� adlan�rd�. Cºfºr
Quluzadº orada böyük mºktºb keçir. O, dünya ³öhrºtli astronomlardan � akade-
mik V. V. Sobolev, akademik A.A. Mixaylov, müxbir üzvlºr � prof. O. A. Melni-
kov, prof. V. A. Krat, prof. M. �. Subbotin, prof. V. A. Dombrovskiy, prof. A. A.
Nikitin, V. G. Qarbatskiy vº ba³qalar�ndan dºrs alm�³d�r.

Burax�l�³ dövlºt imtahanlar�n� böyük müvº�ºqiyyºtlº verºn Cºfºr Quluzadº
Dövlºt imtahan komissiyas�n�n yüksºk qiymºtinº layiq görülür. �mtahan�n so-
nunda tºlºbºlºrin qiymºtlºrini elan edºn Dövlºt imtahan komissiyas�n�n sºdri prof.
Qor³kov ayr�ca qeyd edir: "Leninqrad Dövlºt Universitetinin Dövlºt imtahan ko-
missiyas� tºlºbº Quluzadºnin yüksºk haz�rl�§�n� xüsusilº qeyd edir."

Cºfºr Quluzadºnin mº³hur alim, SSR� EA�n�n müxbir üzvü O.A.Melnikovun
rºhbºrliyi alt�nda yerinº yetirdiyi diplom i³i bütövlükdº çapa mºslºhºt görülüb vº
tºlºbºlºrin elmi i³lºri jurnal�nda çap olunub.

Universiteti müvº�ºqiyyºtlº bitirdikdºn sonra Cºfºr Quluzadº prof O. A. Mel-
nikovun tºkli� ilº Leninqrad (S.-Peterburq) Universitetinin Astro�zika kafedra-
s�nda aspiranturada saxlan�l�b.

Hºlº aspiranturada oxudu§u müddºtdº o, Günº³ spektrindº güclü rezonans
Fraunhofer xºtlºrinin pro�llºrinin mºrkºzi intensivliklºrinin nºzºriyyºdºn çox
fºrqlºnmºsini, daha do§rusu, s�f�rdan fºrqli olmas�n� izah etmi³dir. O göstºrmi³dir
ki, güclü Fraunhofer xºtlºrinin mºrkºzinº �uoressensiya vº sºpilmºnin qeyri-
koherentliyi ilº yana³�, xromosfer emissiyas� da tºsir edir. Bu da güclü Fraunhofer
xºtlºrinin mºrkºzi intensivliklºrinin nºzºri gözlºnildiyindºn xeyli böyük olmas�na
sºbºb olur.

Aspirantura illºrini çox müvº�ºqiyyºtlºrlº ba³a vuran Cºfºr Quluzadº 1966-c�
ildº Leninqrad Universitetinin elmi ³uras�nda "Müxtºlif intensivlikli Fraunhofer
xºtlºrinin pro�llºri haqq�nda" adl� dissertasiya i³ini müda�º edir. Dissertasiya i³i-
nin opponentlºri SSR� Elmlºr Akademiyas�n�n müxbir üzvü, prof. V.A.Krat vº
f.-r.e.d. prof. A.A. Nikitin dissertasiya i³inº çox yüksºk qiymºt verirlºr.

Müda�ºdºn sonra Cºfºr Quluzadº Leninqrad Universitetindº vº dünyan�n ast-
ronomiya mºrkºzi say�lan Pulkovo rºsºdxanas�nda i³º dºvºt alm�³d�r. Lakin öz
do§ma vºtºninº qay�tma§a vº orada çal�³ma§a üstünlük vermi³dir.

1968-ci ildºn Cºfºr Quluzadº taleyini Bak� Dövlºt Universiteti (BDU) ilº ba§-
lam�³d�r. O, ilk dºfº olaraq BDU-nun Fizika fakültºsinin molekulyar �zika vº op-
tika kafedras�n�n nºzdindº Astro�zika laboratoriyas� vº �Astro�zika� ixtisas� açm�³
vº ilk astro�zik ixtisasç�lar haz�rlama§a ba³lam�³d�r. 1975-ci ildº bu ixtisasla³ma-
n�n ºsas�nda BDU-da ilk dºfº olaraq Astro�zika kafedras� yarad�lm�³d�r.

Haz�rda AMEA-n�n �amax� Astro�zika Rºsºdxanas�nda çal�³an elmi
ºmºkda³lar�n böyük ºksºriyyºtini �Astro�zika� ixtisas�n� bitirºnlºr tº³kil edir.
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Onlar�n ham�s� Cºfºr müºllimin tºlºbºlºri olmu³lar vº Cºfºr müºllimin tºlºbºsi
olmaqla fºxr etdiklºrini bildirirlºr.

Professor Cºfºr Quluzadº BDU� nun �zika fakültºsindº 1968-69 -cu illºrdº do-
sent, 1988-1991-ci illºrdº professor ºvºzi, 1991-ci ildºn professor vº 1997-ci ildºn
bu günº qºdºr Astro�zika kafedras�n�n müdiri vºzifºsindº çal�³�r.

1985-ci ildº Cºfºr Quluzadº �Atom spektroskopiyas�� dºrsliyini yazm�³d�r. Bu
dºrslik bütün universitetlºrin magistratura pillºsindº tºdris olunur. Dºrslik Tür-
kiyyºnin �stanbul Universitetindº türk dilinº tºrcümº olunmu³ vº orada tºdris
olunur.

2004 � cü ildº Cºfºr Quluzadºnin �Klassik astronomiya� dºrsliyi çapdan ç�-
x�b. Q�sa müddºtdº bu kitaba böyük ehtiyac oldu§undan 2007- ci ildº onun yeni,
i³lºnilmi³ ikinci nº³ri çap olunub. Respublikan�n bütün universitetlºrindº �Klas-
sik astronomiya� kitab� ºsas dºrs kitab� kimi tºdris olunur. 2012-ci ildº Cºfºr
Quluzadºnin �Günº³ �zikas�� kitab� çapdan ç�xm�³d�r. Nº rus dilindº, nº ingilis
dilindº, nº dº ba³qa dildº belº bir tºdris kitab� yoxdur. 2006-c� ildº rus dilindº
Cºfºr Quluzadºnin �Günº³in Fraunhofer spektri� monoqra�yas� çapdan ç�xm�³d�r.

Bunlardan ba³qa Cºfºr Quluzadº astronomiya üzrº bir çox dºrs vºsaiti yaz-
m�³d�r: �Nikolay Kopernik vº dünyan�n heliosentrik sistemi�, �Tºqvimlºrin riyazi
vº astronomik ºsaslar�� vº s.

�Atom spektroskopiyas��, �Klassik astronomiya� vº �Günº³ �zikas�� kitablar�
vº xüsusilº rus dilindº yaz�lm�³ �Günº³in Fraunhofer spektri� monoqra�yas� tºkcº
Azºrbaycanda yox, onun hüdudlar�ndan kºnarda da astronomlar�n masaüstü ki-
tablar�d�r. Cºfºr Quluzadº 200-dºn çox elmi mºqalºnin müºlli�dir. O, Günº³ �zi-
kas� sahºsindº bir çox yeni tºdqiqat üsulunu tºklif etmi³ vº onlar tºtbiq olunma-
qdad�r.

Onun �Günº³ spektrindº kºsilmºz spektr sºviyyºsinin tºyini�, �Güclü udulma
xºtlºrinin geni³lºnmº mexanizmlºrinin tºhlili�, �Zºif Fraunhofer xºtlºrinin pro-
�llºrinin incº qurulu³unun tºdqiqi� vº s. üsullar� elm dünyas�nda qºbul olunmu³-
dur.

Prof. Cºfºr Quluzadº Fraunhofer xºtlºrinin incº qurulu³unu ºtra�� tºdqiq
etmºk üçün yeni kºmiyyºt üsulu vermi³ vº bir neçº yeni �ziki kºmiyyºtlºr daxil
etmi³dir. Onlardan �di�erensial simmetriya� pro�lin verilmi³ dºrinliyindº asim-
metriyadan kºnara ç�xman�, �inteqral asimmetriya� pro�lin bütövlükdº asimmet-
riyas�n�, �qal�q asimmetriya� hans� asimmetriyan�n (bºnöv³ºyi vº ya q�rm�z�) üstün
oldu§unu vº nºhayºt, �nisbi asimmetriya� inteqral asimmetriyan�n pro�lin ekvi-
valent enliyinin hans� hissºsini tº³kil etdiyini göstºrir. Bu üsul ºvvºlki üsullar�n
heç birinº söykºnmir vº onlar�n izah edº bilmºdiyi bir çox mºsºlºlºri izah etmºyº
imkan verir. Astro�zika ºdºbiyyat�na bu üsul �Quluzadº üsulu� kimi daxil olmu³-
dur.
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Cºfºr Quluzadºnin ald�§� bir çox elmi nºticºlºr K. Allenin Londonda çap
olunmu³ �Atro�ziki kºmiyyºtlºr � kitab�nda, J.L.Tekin Va³inqtonda çap olumu³
�A High � Dispersion Spectral Analysis of the BaII STAR HD 204075 (capri-
corni)� monoqra�yas�nda, akademik V.V. Sobolevin �Kurs teoretiçeskoy astro�-
ziki� kursunda vº s. dºrslik vº monoqra�yalarda yer alm�³d�r. Cºfºr Quluzadº bir
çox ölkºlºrdº beynºlxalq konfranslar�n tº³kilat komitºsinin üzvi olmu³, iclaslarda
sºdrlik etmi³dir. O, Respublika daxilindº ç�xan iki elmi jurnal�n vº xaricdº ç�-
xan çoxseriyal� �Asian Transactions� elmi jurnal�n�n redaksiya heyºtinin üzvü vº
rºyçisidir.

2009-cu ildº ölkº prezidenti cºnab �lham �liyevin fºrman� ilº Cºfºr Qulu-
zadºyº ��mºkdar müºllim� fºxri ad� verilmi³dir. 2016-ci ildº o, Avropa nº³r vº
mediya evinin q�z�l medal�na layiq görülmü³dür. 2001-ci ildºn Avropa astrono-
miya cºmiyyºtinin üzvi seçilmi³, SSR� Kosmonavtika federasiyas�n�n fºxri diplo-
muna layiq görülmü³dür.

Prof. Cºfºr Quluzadº Fizika vº Astronomiya üzrº Respublika koordinasiya
³uras�n�n üzvi, Astro�zika üzrº dissertasiya ³uras�nn sºdr müavinidir.
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ON THE FULL ASYMMETRY OF THE WHOLE

FRAUNHOFER LINES PROFILES IN SPECTRUM OF

THE SUN

D. M. Kuli-Zade a*, S. G. Mamedov b

a Baku State University

b Shamakhy Astrophysical Observatory named after N.Tusi,

Azerbaijan National Academy of Sciences, Baku, Azerbaijan

Quantitative method for the determination of asymmetry of whole Fraunhofer

lines pro�le in the spectrum of the Sun and stars was proposed. New

dimensional physical unit which is called integral or full asymmetry and

determines asymmetry of whole lines pro�le was introduced. Full asymmetry

of whole pro�le and its positive and negative fractions for 21 Fraunhofer lines

of FeI in solar spectrum were de�ned. It was shown that with the increase of

lines intensity full asymmetry signi�cantly increases.

Keywords: Fraunhofer lines pro�le � Asymmetry � Full asymmetry

1. INTRODUCTION

Di�erent methods are often used for the description of asymmetry of Fraun-

hofer lines pro�les in the spectra of the Sun and stars: asymmetry coe�cient,

the third moment of distribution function of lines pro�les, bisector - geometric

locus of mid-chord which connects pro�le points on violet and red wings with

similar intensity and others. However, these methods are not quantitative and

have a descriptive character. This does not allow us to study the dependence of

asymmetry of pro�les on atomic and photospheric values which is very impor-

tant for analysis of mechanisms leading to the asymmetry of Fraunhofer lines

pforiles in stellar atmosphere. Besides, for determination of asymmetry of whole

Fraunhofer lines pro�les there was no de�nite value. In the review by Atreshenko

and Gadun [1] this point was especially emphasized: "There is no generally

recognized characteristics for �nding statistic dependences of asymmetry of lines

*

E-mail: ckulizade@mail.ru
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on, for example, atomic parameters to describe asymmetry of whole pro�le". In

the Astrophysics Department of the Baku State University a new quantitative

method was developed for investigation of asymmetry of Fraunhofer lines pro�les,

where a new physical value which quantitatively determines asymmetry of whole

Fraunhofer lines pro�les in the spectra of the Sun and stars, was introduced [2-4].

2. METHOD

The method of determining asymmetry of whole lines pro�le consists of the

following. One takes two points with similar intensity on violet and red wings

of line pro�le. Distance di�erences of these points from center of the pro�le for

various pro�le depths are determined as:

δ(Ri) = ∆λvi −∆λri, (1)

which is a di�erential asymmetry and determines asymmetry on depth of the

pro�le. Di�erential asymmetry δ(Ri) within the range of lines pro�le varies in

value and in sign. In other words, within the range of the given line pro�le violet

asymmetry δ(R) > 0 is repeatedly replaced with red one δ(R) < 0 and vice versa.

Further, the dependence δ(Ri) on pro�le depth shown in Fig.1.

In the Fig.1 the dependence δ(Ri) on R for lines λ5367, 476A◦ FeI in the spec-

trum of solar disc center is given. As it is seen, in the range of the given line

pro�le δ(R), the sign repeatedly changes from δ(R) > 0 (violet asymmetry) to

δ(R) < 0 (red asymmetry).

Fig. 1. Determination of asymmetry of whole pro�le.
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Single shaded area which is limited by line dependence δ(R) on R with axis

of abscissa can be expressed by the value

Λ =
n∑
i

|δ(Ri)|∆R =
∑

δ(R)>0

|δ(Ri)|∆Ri +
∑

δ(R)<0

|δ(Ri)|∆Ri. (2)

which is called as the integral of full asymmetry and determines the asymmetry

of whole Fraunhofer line pro�le. This value is determined from observed lines

pro�les and measured in mA◦.

In the equation (2) the �rst term determines the positive part

Λ+ =
∑

δ(R)>0

|δ(Ri)|∆Ri, (3)

while the second term determines the negative part

Λ− =
∑

δ(R)<0

|δ(Ri)|∆Ri. (4)

of the full asymmetry of line pro�le.

In Fig.1 double shaded area shows the component of summation in deter-

mining the asymmetry of whole Fraunhofer line pro�le. It should be noted that

full asymmetry and its positive and negative parts are rather small values (sev-

eral mA◦). That's why in such studies it is necessary to select only non-blended

lines with few isotopic shifts and practically free from hyper�ne structure. In

this regard it is convenient to use FeV lines of spectral region λλ5000− 7000A◦.

Besides, for this task spectral devices of high spectral dispersion and high reso-

lution must be used. That's why the study of �ne structure of Fraunhofer lines

pro�les was started only after using digital double monochromators and Fourier

spectrometers.

3. DETERMINATION OF FULL ASYMMETRY

We determined the asymmetry of a number of whole pro�les of Fraunhofer

lines of iron in the spectrum of solar disc center by the abovementioned method.

Digital spectra obtained with the help of Fourier spectrometer of high-resolution

were used [5]. Construction of lines pro�les, determination of equivalent widths

W and full or integral asymmetry Λ were conducted by the program ORIGIN.

Results are given in the Table 1, where in the �rst column wavelengths of lines

λ(A◦) are presented, in the second equivalent widths in mA◦, in the last three

columns full asymmetry Λ (mA◦) of whole pro�le and its positive and negative

parts are given, correspondingly.

12
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4. DISCUSSION

Fig. 2. Determination of asymmetry of whole pro�le.

As it was mentioned in the review by Atrosehnko and Gadun [1], the method

of bisector does not allow us to study the dependence of asymmetry on atomic

and phorospheric values, but the method of asymmetry coe�cient gives the re-

sults which cannot be physically grounded. A number of authors obtained that

with intensity of Fraunhofer lines the asymmetry coe�cient which is determined

by central moments of the second and third order, decreases and approaches zero

for rather strong lines:

k =
M3

(
√
M2)3

. (5)

We consider that this is a false result related to the description method.

As it is seen from (2), when determining full asymmetry of whole Fraunhofer

line pro�le, modules of components are summed. Otherwise, inside lines pro�le

positive and negative parts of asymmetry can compensate each other fully or

partially, and asymmetrical line might seem as symmetrical. Previous methods

cannot take into account the compensation of violet asymmetries in the same

depths of line pro�le with red asymmetry in other depths. In our method this

condition is taken into account with summing not the components δ(Ri)∆(Ri),

but their modules. If asymmetry is related to dynamic processes in the solar

photosphere, then it should in�uence more strongly on strong lines the formation

of which covers the entire photosphere and chromospheres even partially, than

on weak lines which occur in rather thin layer of photosphere. In Fig.2 the de-

pendence of full asymmetry of whole line pro�le on equivalent widths of studied
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lines is presented. As it is seen, with the increase of lines intensity full asymmetry

clearly and signi�cantly increases, which is expected from physical considerations.
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We study wave properties and instabilities in a magnetized, anisotropic, colli-

sionless plasma in the �uid approximation using the 16-momentum formalism

[3]. In particular, we investigated equations di�erent from the ideal MHD

equations by including evolution equations for the heat �uxes with di�erent

components along the magnetic �eld S‖ and in the transverse direction S⊥.

In this work, we studied the Kelvin-Helmholtz instability that occurs in the

contact discontinuity interactions of the slow (350-400 km/s), fast (600-850

km/s) and CME (900-1200 km/s) components of solar wind, taking into

account the pressure anisotropic properties (p⊥, p‖) of the wind plasma. This

instability is investigated by solving the 16-momentum set of equations based

on an assumed geometry.
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1. INTRODUCTION

The Kelvin-Helmholtz instability (KHI) is one of the most important process

in astrophysics and geophysics. It can occur in the presence of a two (or more)

regions, which are in relative motion. The problem of the KHI of an anisotropic

pressure plasma has been analyzed by several authors (Chandrasekhar [1], Tal-

war [2], etc.). The history of study of the wave instabilities including KHI using

16-momentum �uid formalism began with series works by N. S. Dzhalilov and V.

D. Kuznetsov [3]. In order to examine the KHI in the tangential discontinuity be-

tween collisionless �ow regions of di�erent velocities in the solar wind, we use the

�uid approximations of the 16-moments set of the transport equations, guiding

methodology in the paper [3]. In this article we will present simple con�guration

of tangential discontinuity with an opportunity to choose some special cases when

parameters of plasmas such as the pressure, density, initial heat �uxes, plasma-

beta and anisotropy obtained physical meaning values. We will discuss the cases

when boundaries of three plasmas are Kelvin-Helmholtz unstable, by including

dimensionless parameter h as ratio of �ow speeds, which values provide enough

condition for velocity shear across the interfaces.

2. THE BASIC MHD AND WAVE EQUATIONS

We solved these equations in Cartesian coordinates and considered an equi-

librium state with velocity v0 = (0, 0, v0z(x)) and magnetic �eld B0 = (0, 0, B0z).

In considered geometry B = (Bx, By, Bz),v = (vx, vy, vz) magnetic �eld and

mass �ow respectively. We also assume that the intial equilibrium state with

non-zero thermal �uxes is homogeneous, i.e. gravitional acceleration is ignored,

g = 0 and the quantities ρ0, p⊥0, p‖0, B0, S⊥0, S‖0 are all assumed to be con-

stant. We considered the stability of the system to linear perturbations of

all the physical variables, according to the form f = f0 + f ′(x, y, z, t), where

f ′(x, y, z, t) ∼ F (x) exp[i(kyy + kzz − ωt)] . Here, ω is the wave frequency and

ky, kz are the wave numbers. We reduced the number of linearized equations gov-

erning the perturbations and obtained a second order di�erential equation for the

x - component of the magnetic �eld.

∂

∂x

(
A(x)

∂Bx

∂x

)
− βA(x) Bx = 0 , (1)

where

A(x) =
βAβ?

k2yβ? + k2zβA
, (2)

coe�cients a0,1,2 and b0,1,2 are determined as
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a0 = 1− η2 , a1 = 1− 2γη − ᾱη2 , a2 = 1 + 2γη − η2 ,
b0 = 1− 3η2 , b1 = 2γη(α− 2)− 2 , b2 = 3 + 4γη − 3η2 ,

(3)

where for the basic unperturbed physical parameters(indexes zero are dropped)

were used dimensionless parameters

α =
p⊥
p‖

, α = 1− α , β =
B2

4πp‖
=

v2
A

c2‖
, c2‖ =

p‖

ρ

η =
c‖kz

ωz
, γ‖ =

S‖

p‖c‖
, γ⊥ =

S⊥
p⊥ c‖

, γ = γ‖ = γ⊥ ,

(4)

where ωz(x) = ω − kzV0(x) is Doppler shifted frequency. We also assume for

kz = k cos θ , ky = k sin θ and after denoting cos2 θ ≡ ` we can write kz = k
√
`

and ky = k
√

1− ` Here c‖ is parallel sound speed, θ wave propagation angle

relative to magnetic �eld, α anisotropy parameter, γ background heat �uxes pa-

rameter, β inversely proportional to the plasma beta (β = 2/βpl).

3. DISPERSION RELATION AND SOLUTION

In this work for simplicity we are assuming a step discontinuity function for

velocity pro�le V0 = V01(x > 0), V0 = V02(x < 0). Substituting this velocity

pro�le into (1) we can obtain equation with constant coe�cients which can be

easily solved. This yield the following solution

Bx = C1e
ikxx + C2e

−ikxx , (5)

here

kx =

√
−
k2yβ? + k2zβA

β?
, (6)

We can require that the found solution must satisfy the boundary conditions{
ρ0vx

}
x=0

= 0 (mass �ux) , (7)

{
p′⊥ +

B0Bz

4π

}
x=0

= 0 (total pressure) . (8)

The braces indicate that the terms inside those brackets distinguishes parameters

for the two di�erent �ows. For simplicity we use average of velocities

V =
V01 + V02

2
, ωz = kzV (VF −m) , η ==

1

M(VF −m)
, (9)
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VF =
Vf

V
, Vf =

ω

kz
, M =

V

c‖
, m =

V0

V
. (10)

After applying boundary conditions we obtain dispersion relation which is poly-

nomial equation of order 18 for complex phase velocity VF :

18∑
n=0

CnV
n
F = 0 . (11)

Due to large expression of Cn(n = 0..18) we do not include explicitly these coef-

�cients in this paper. The equation has been solved numerically.

In this paper, our main goal is to calculate the growth rate of KHI in an

anisotropic properties. Consequently, to eliminate the plasma instabilities, we as-

sume the conditions of absence �rehose and mirror instabilities, besides condition

γ = 0. Consider the case where all the anisotropic plasma parameters for both

shear �ow are same. Di�er only the �ow velocities V01 6= V02. It is well known that

the �rehose instability occurs when the condition α+ β < 1 or p‖ > p⊥ + 2 pmag.

Fig. 1. The normalized phase velocity Re(VF ) = Re(ω/kzV̄ ) of waves depends on

ratio of shear velocities h = V01/V02 for given ` = cos2θ values. Here anisotropy

parameters α1 = α2 = 1.05, the inverse plasma beta β1 = β2 = 0.15, Mach number

M1 = M2 = 8. Branch Re(VF ) = 1 corresponds to KH mode.

4. CONCLUSION

Based on the 16-momentum MHD transfer equations we have considered the

two shear plasma �ows along the magnetic �eld excluding the e�ect of the gravi-

tational acceleration. It was assumed that both �ows are anisotropic and homoge-

neous, excluding heat �ow. We obtain the increment of KHI, unlike ordinary case

of hydrodynamic has a maximum and the instability has two threshold. In other

words, KHI occurs within h1 < h < h2, where h = V01/V02 characterizes the shift

between the �ow velocities. In future work, we will investigate KHI properties

depending on the anisotropy parameters and heat �ux.
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aØàìàõèíñêàÿ Àñòðîôèçè÷åñêàÿ Îáñåðâàòîðèÿ èì. Í.Òóñè,

Íàöèîíàëüíàÿ Àêàäåìèÿ Íàóê Àçåðáàéäæàíà, Áàêó, Àçåðáàéäæàí

bÄÒÎÎ ¾Èíñòèòóò Èîíîñôåðû¿ ÀÎ ¾ÍÖÊÈÒ¿ Ðåñïóáëèêè Êàçàõñòàí

Â ðàáîòå ïðîâåäåío èññëåäîâàíèå ôëóêòóàöèé ðàäèîèçëó÷åíèÿ Ñîëíöà

íà ÷àñòîòàõ f = 1 ÃÃö è f = 3 ÃÃö è àíàëèçèðîâàíû äàííûå (ïîëÿðè-

çîâàííûå) ðàäèîèçëó÷åíèÿ íà ÷àñòîòàõ f = 1; 4; 9; 17 ÃÃö, ïîëó÷åííûå ñ

ïîìîùüþ ñîëíå÷íîãî ðàäèî ïîëÿðèìåòðà Íîáåÿìà (ßïîíèÿ). Îáíàðóæåíî,

÷òî çà 1 ÷ 4 äíÿ äî ìîùíîé ñîëíå÷íîé âñïûøêè (6.5≤M≤8.7) â ðàäèî-

ñïåêòðàõ Ñîëíöà óñèëèâàþòñÿ íèçêî÷àñòîòíûå ïóëüñàöèè ñ õàðàêòåðíûì

âðåìåíåì tx ≥ 35ìèí. Ìåòîäàìè ôðàêòàëüíîãî àíàëèçà óñòàíîâëåíî, ÷òî

âî âðåìåííûõ ðÿäàõ ñóùåñòâóåò äåòåðìèíèðîâàííûé õàîñ. Âûÿâëåíî, ÷òî

äëÿ ïÿòè áîëüøèõ ïðîòîííûõ ñîáûòèé âûïîëíÿåòñÿ êðèòåðèé Òàíàêà-

Ýíîìå (F3/F8). Ïîëó÷åíî, ÷òî èç 25 èçîëèðîâàííûõ ñîëíå÷íûõ âñïëåñêîâ

17 âñïûøåê èìåþò îöåíêó 6.5 ≤M≤ 8.7. Âñå âûøåóêàçàííûå ôàêòû äàþò

íàì âîçìîæíîñòü óâåëè÷èâàòü èíòåðâàë âðåìåíè ïðåäñêàçàíèÿ ñîñòîÿíèÿ

êîñìè÷åñêîé ïîãîäû ïðèáëèçèòåëüíî â äâà ðàçà.

Êëþ÷åâûå ñëîâà: Êîñìè÷åñêàÿ ïîãîäà � Ðàäèîèçëó÷åíèÿ � Ôðàêòàëüíûé

àíàëèç � Ðàäèîïîëÿðèìåòðå
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1. ÂÂÅÄÅÍÈÅ

Áîëåå 20 ëåò íàçàä â ñâÿçè ñ îñâîåíèåì êîñìîñà è ðàçâèòèåì òåõíîëî-

ãè÷åñêèõ ñèñòåì íà ïîâåñòêó äíÿ âñòàëà ïðîáëåìà îöåíêè ñîñòîÿíèÿ è âîç-

ìîæíîñòè ïðîãíîçèðîâàíèÿ ïðîöåññîâ â ëþáîé îáëàñòè ãåëèîñôåðû. Ïîíÿòèå

¾êîñìè÷åñêàÿ ïîãîäà¿ âêëþ÷àåò â ñåáÿ ðÿä ÿâëåíèé, êîòîðûå íàáëþäàþòñÿ íà

Çåìëå è â îêîëîçåìíîì ïðîñòðàíñòâå, îïðåäåëÿåìûå àêòèâíûìè ïðîöåññàìè

íà Ñîëíöå. Èçâåñòíî, ÷òî îñíîâíûìè ôàêòîðàìè, îïðåäåëÿþùèìè êîñìè÷å-

ñêóþ ïîãîäó, ÿâëÿþòñÿ âûáðîñû êîðîíàëüíûõ ìàññ Ñîëíöà è êîðîíàëüíûå

¾äûðû¿, êîãäà âûñâîáîæäàåòñÿ áîëüøîé ïîòîê ñîëíå÷íîé ýíåðãèè îò Ñîëíöà

â âèäå ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ è îáëàêîâ çàìàãíè÷åííîé ïëàçìû.

Â íàñòîÿùåå âðåìÿ áîëüøîå âíèìàíèå óäåëÿåòñÿ èçó÷åíèþ ñîëíå÷íî-

çåìíûõ ñâÿçåé è ïðîãíîçèðîâàíèþ êîñìè÷åñêîé ïîãîäû. Íåñìîòðÿ íà ýòî,

ñîïîñòàâëåíèå ñîëíå÷íûõ ÿâëåíèé ñ ãåîìàãíèòíûìè âîçìóùåíèÿìè ïîêàçû-

âàåò, ÷òî íàäåæíîñòü ïðåäñêàçàíèÿ íå ïðåâûøàåò 40 ÷ 50 ïðîöåíòîâ [1]. Â

ñâÿçè ñ ýòèì, îñîáûé èíòåðåñ ïðåäñòàâëÿåò àíàëèç ñîëíå÷íûõ äàííûõ è âû-

ÿâëåíèå íîâûõ, ïîäõîäÿùèõ äëÿ ïðîãíîçèðîâàíèÿ õàðàêòåðèñòèê, êîòîðûå

äîëæíû ïîâûñèòü ýôôåêòèâíîñòü ïðîãíîçà.

Âñïëåñêè ðàäèîèçëó÷åíèÿ Ñîëíöà â ðàçëè÷íûõ äèàïàçîíàõ äëèí âîëí (íà-

÷èíàÿ c ñàíòèìåòðîâûõ, êîí÷àÿ ìåòðîâûìè), ìîãóò ñëóæèòü ïðåäèêòîðàìè

âîçìóùåíèé â îêðåñòíîñòè Çåìëè, áëàãîäàðÿ ðàçíîñòè ñêîðîñòåé ýëåêòðîìàã-

íèòíîé è êîðïóñêóëÿðíîé ýìèññèè Ñîëíöà. Äàííûå î ðàäèîâñïëåñêàõ î÷åíü

âàæíû êàê äëÿ èññëåäîâàíèÿ ôèçèêè Ñîëíöà, òàê è â ïðèêëàäíîì àñïåêòå

äëÿ äèàãíîñòèêè è ïðîãíîçà êîñìè÷åñêîé ïîãîäû [2].

Ôîíîâûå ïîòîêè íàäòåïëîâûõ è ýíåðãè÷íûõ çàðÿæåííûõ ÷àñòèö íà

Ñîëíöå è â ãåëèîñôåðå ñóùåñòâóþò âñåãäà. Îñîáåííî ñèëüíîå óñêîðåíèå

ïðîòîíîâ è äðóãèõ èîíîâ ìîæåò èìåòü ìåñòî âî âðåìÿ âñïûøåê íà Ñîëíöå,

à òàêæå íà ôðîíòå ðàñïðîñòðàíÿþùåéñÿ óäàðíîé âîëíû â êîðîíå Ñîëíöà

è â ìåæïëàíåòíîé ñðåäå. Ïðîòîííûå ñîáûòèÿ - ýòî îäíî èç âàæíåéøèõ è

îïàñíåéøèõ ÿâëåíèé êîñìè÷åñêîé ïîãîäû, êîòîðûå íóæäàåòñÿ â òùàòåëüíîì

èçó÷åíèè. Â íàñòîÿùåå âðåìÿ ââåäåíà ïÿòèáàëëüíàÿ øêàëà îöåíêè âîçìóùå-

íèé, êîòîðàÿ ìåíÿåòñÿ îò R1 äëÿ âñïûøåê áàëëû Ì äî R5, ñàìûõ ìîùíûõ

âñïûøåê, áàëë êîòîðûõ > 12.5. Äëÿ õàðàêòåðèñòèêè ñîëíå÷íûõ ïðîòîííûõ

ñîáûòèé â îêîëîçåìíîì ïðîñòðàíñòâå ââåäåíà ïÿòèáàëëüíàÿ îöåíêà óðîâíÿ

ïîòîêà ïðîòîíîâ îò S1 äëÿ ïîòîêà ïðîòîíîâ 10 ÷/ñåê·ñì2, äî S5 äëÿ ïîòîêà

ïðîòîíîâ íà ÷åòûðå ïîðÿäêè áîëüøå. Ïîä ïðîãíîçîì ãåîýôôåêòèâíûõ ñîë-

íå÷íûõ ÿâëåíèé ïîíèìàåòñÿ ñîâîêóïíîñòü âñåõ âèäîâ ïðîãíîçîâ íà Ñîëíöå,

ñîëíå÷íîì âåòðå è â îêîëîçåìíîì ïðîñòðàíñòâå â äàííîå âðåìÿ èëè çà

îïðåäåëåííûé âðåìåííîé èíòåðâàë.

21



Ø. Ø. Ãóñåéíîâ è äð. AJAz: 2016, 11(2), 20-26

2. ÈÑÏÎËÜÇÎÂÀÍÈÅ ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÛÕ ÄÀÍÍÛÕ È ÈÕ

ÎÁÐÀÁÎÒÊÀ

Â ðàáîòå èññëåäîâàíû ôëóêòóàöèè ìèêðîâîëíîâîãî èçëó÷åíèÿ Ñîëíöà íà

÷àñòîòàõ f = 1 ÃÃö è f = 3 ÃÃö. Â êà÷åñòâå íàáëþäàòåëüíîãî ìàòåðèàëà

ìû èñïîëüçîâàëè 25 èçîëèðîâàííûõ ñîëíå÷íûõ âñïëåñêîâ ìîùíîñòüþ 1 ≤
Ì≤ 3 áàëëà, íàáëþäàâøèõñÿ â 2010-15 ãã. íà ðàäèîòåëåñêîïå ÐÒ-12 Èíñòèòó-

òà Èîíîñôåðû Ðåñïóáëèêè Êàçàõñòàí. Íàáëþäåíèÿ ðàäèîèçëó÷åíèÿ Ñîëíöà

ïðîâîäèëèñü ñ 800 ÷àñîâ óòðà äî 1800 ÷àñîâ âå÷åðà (ïî ìåñòíîìó âðåìåíè) ðå-

ãóëÿðíî íà ôèêñèðîâàííûõ äëèíàõ âîëí 10.7 è 27.8 ñì. Øàã äèñêðåòèçàöèè

4t = 5 ñåê. Ñîîòâåòñòâóþùèé âðåìåííîé ðÿä Ii(t) ñîäåðæèò èíôîðìàöèþ çà

ïîñëåäîâàòåëüíîå 7-8 ÷àñîâ â ñóòêè, ÷òî ñîñòàâëÿåò ∼ 5040 - 5760 çíà÷åíèé.

Ýòî ÿâëÿåòñÿ âïîëíå äîñòàòî÷íûì äëÿ àíàëèçà ôëóêòóàöèè èçìåíÿþùèõñÿ

ñ õàðàêòåðíûì âðåìåíåì tx - â èíòåðâàëå îò 10 ìèíóò äî 60 ìèíóò. Îáðà-

áîòêà ïîëó÷åííûõ ðàäèîñïåêòðîâ ñ ïîìîùüþ ìåòîäîâ Äèíàìè÷åñêèå Ôóðüå-

Ñïåêòðû (ÄÔÑ) è ôðàêòàëüíûõ àíàëèçîâ (ÌÔÀ) áûëè ïðîâåäåíû â ðàáîòå

[3].

Ñîòðóäíèêè ÈÇÌÈÐÀÍ (Ìîñêâà, Òðîèöê) è Èíñòèòóòà Èîíîñôåðû (Àë-

ìàòû) ñîâìåñòíî óñòàíîâèëè, ÷òî äî íàñòîÿùåãî ìîìåíòà â 24 öèêëå ñîëíå÷-

íîé àêòèâíîñòè, êðîìå äâóõ íàçåìíûõ âîçðàñòàíèé ñîëíå÷íûõ êîñìè÷åñêèõ

ëó÷åé (17 ìàÿ 2012 è 6 ÿíâàðÿ 2014 ã.), åùå åñòü òðè ñîáûòèÿ 27 ÿíâàðÿ, 7

ìàðòà è 13 ìàðòà 2012 ã. [4]. Âñå ýòè ñîáûòèÿ ìîæíî ñ÷èòàòü êàíäèäàòàìè â

íàçåìíûå âîçðàñòàíèÿ ñîëíå÷íûõ ëó÷åé. 27 ÿíâàðÿ 2012 ã. - ïåðâîå áîëüøîå

ïðîòîííîå ñîáûòèå íà÷àëîñü 23 ÿíâàðÿ ïîñëå âñïûøêè êëàññà Ì 8.7. Ñîáûòèå

ïðîäîëæàëîñü äî 1 ôåâðàëÿ 2012 ã. Ñëåäóþùèé ìîùíûé âñïëåñê ñîëíå÷íîé

àêòèâíîñòè íà÷àëñÿ 2 ìàðòà è ïðîäîëæàëîñü ïî 8 - 9 ìàðòà 2012 ã. 9 ìàðòà

2012 ã. ïðîèçîøëà âñïûøêà êëàññà Ì 6.3, 10 ìàðòà 2012 ã. - Ì 8.4, 11 ìàðòà

âñïûøêà êëàññà Ñ. 13 ìàðòà ïîñëåäîâàëà ïðîäîëæèòåëüíàÿ âñïûøêà êëàññà

Ì 7.9, íà÷àâøàÿñÿ â 16:35 UT è çàêîí÷èâøàÿñÿ â 20:46 UT è âñïûøêà êëàññà

Ñ. Êðîìå òîãî, ìû àíàëèçèðîâàëè äàííûå (ïîëÿðèçîâàííîãî ðàäèîèçëó÷åíèÿ

íà ÷àñòîòàõ f = 1; 4; 9; 17 ÃÃö), ïîëó÷åííûå ñ ïîìîùüþ ñîëíå÷íîãî ðàäèî-

ïîëÿðèìåòðà Íîáåÿìà (ßïîíèÿ). Äëÿ îáðàáîòêè íàìè áûëè èñïîëüçîâàíû

äàííûå, âçÿòûå ñ ñàéòà http : //solar.nro.ac.jp. Âðåìåííîé ðÿä ïîñòðîåí ñ

øàãîì äèñêðåòèçàöèè 4t = 1 ìèíóòà. Ìû èññëåäîâàëè âðåìåííûå ðÿäû, ñâÿ-

çàííûå ñ ýâîëþöèåé ïÿòíà (èçìåíåíèå ïëîùàäè è óâåëè÷åíèå èíòåíñèâíîñòè),

äàþùåãî âñïûøêó ñ 5.5 ≤M≤ 8.7, à òàêæå ïðîâåðèëè ïÿòü áîëüøèõ ïðîòîí-

íûõ ñîáûòèé íà òî, ÷òî êàê âûïîëíÿåòñÿ äëÿ íèõ êðèòåðèé Òàíàêà-Ýíîìå

ïðîòîííîñòè ñîáûòèÿ.Ñîãëàñíî ýòîìó êðèòåðèþ ïðîòîííûå âñïûøêè ìîãóò

âîçíèêàòü â àêòèâíûõ îáëàñòÿõ, ó êîòîðûõ ñïåêòðàëüíàÿ ïëîòíîñòü ïîòîêà

èçëó÷åíèÿ íà âîëíå 3 ñì áîëüøå 10 ñîëíå÷íûõ åäèíèö ïîòîêà (F3 ≥ 10 ñ. å.
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ï.), îòíîøåíèå ïîòîêîâ íà âîëíàõ 3 è 8 ñì áîëüøå 1 (F3/F8 ≥ 1) [5].

3. ÐÅÇÓËÜÒÀÒÛ ÎÁÐÀÁÎÒÊÈ È ÅÃÎ ÀÍÀËÈÇ

Êàê âèäíî èç ðèñ.1 è 2 íàèáîëåå ÷àñòî âñòðå÷àþòñÿ ïèêè â ñïåêòðàõ ìîù-

íîñòè íà ÷àñòîòå f = 1 ÃÃö ñ õàðàêòåðíûì âðåìåíåì tx = 10 ÷ 15 ìèí. è

îäíîâðåìåííî ïèêè ñ õàðàêòåðíûì âðåìåíåì tx = 35 ÷ 40 ìèí. óâåëè÷èâà-

þòñÿ â ñòîðîíó ïîÿâëåíèÿ ìîùíûõ ñîëíå÷íûõ âñïûøåê, à çàìåòíàÿ ñâÿçü ñ

âñïûøêîé ýòîé ÷àñòîòå íå îáíàðóæåíà. Íà ðèñ.3 è 4 âèäíî, ÷òî èçìåíåíèå

àìïëèòóäíûõ ñïåêòðîâ ðàäèîôëóêòóàöèé íà ÷àñòîòå f = 3 ÃÃö èìååò áîëåå

õîðîøóþ êîððåëÿöèþ ñ ìîùíîé ñîëíå÷íîé âñïûøêîé. Äðóãèìè ñëîâàìè, ïî

âðåìåíè â ñòîðîíó íàñòóïëåíèå âñïûøêè ïåðèîäû ñ õàðàêòåðíûì èçìåíåíèåì

tx = 10÷25 ìèí. èñ÷åçàþò, à ìîùíîñòü õàðàêòåðíûì èçìåíåíèåì tx = 35÷50

ìèí. óâåëè÷èâàåòñÿ. Äëÿ èíòåðïðåòàöèè ïîëó÷åííûõ ðåçóëüòàòîâ ðàññìîòðå-

ëè îäèí èç âîçìîæíûõ ìåõàíèçìîâ âîçíèêíîâåíèÿ îñöèëëÿöèé ñ õàðàêòåðíûì

âðåìåíåì tx ≥ 35 ìèí. â îáëàñòè ñîëíå÷íûõ ïÿòåí. Ìåõàíèçì, ïðåäëîæåííûé

À.À.Ñîëîâüåâîì è Å.À.Êèðè÷åêîì, íàçûâàåòñÿ ìîäåëüþ ìåëêèõ ñîëíå÷íûõ

ïÿòåí [6].

Ìû ïðåäïîëàãàåì, ÷òî ïðè÷èíà èñ÷åçíîâåíèÿ îïðåäåëåííûé ÷àñòè êîðîò-

êèõ ïîðÿäêîâ ïóëüñàöèé ÿâëÿåòñÿ íîâûå îñöèëëÿöèè, êîòîðûå âîçíèêàþò â

àêòèâèçèðóþùèõñÿ îáëàñòÿõ ïÿòåí è ñïîñîáñòâóþò çàòóõàíèþ ôëóêòóàöèé.

Âñëåäñòâèå òàêîãî çàòóõàíèÿ â ñïåêòðàõ ìîùíîñòè íàáëþäàþòñÿ ïèêè, ñîîò-

âåòñòâóþùèå îñöèëëÿöèÿì ñ õàðàêòåðíûì âðåìåíåì tx ≥ 35 ìèí [7].

Ðåçóëüòàòû îáðàáîòêè è àíàëèçà ðàäèîôëóêòóàöèé íà ÷àñòîòàõ f = 1 ÃÃö

è f = 3 ÃÃö íàáëþäàâøèõñÿ 2010÷15 ãã. íà ðàäèîòåëåñêîïå ÐÒ-12 Èíñòèòóòà

Èîíîñôåðû Ðåñïóáëèêè Êàçàõñòàí è ïîëÿðèçîâàííîé èíòåíñèâíîñòè ïîòîêà

â äèàïàçîíàõ f = 1; 2; 4; 9; 17 ÃÃö, íàáëþäàâøèõñÿ â Íîáåÿìà (ßïîíèÿ) íà

ñîëíå÷íîì ðàäèîïîëÿðèìåòðå ïîêàçàëè, ÷òî ñ ìîùíîé ñîëíå÷íîé âñïûøêîé

èìååòñÿ î÷åíü õîðîøàÿ êîððåëÿöèÿ. Êðîìå ýòîãî, èññëåäîâàíèÿ âûÿâèëè, ÷òî

äëÿ ïÿòè áîëüøèõ ïðîòîííûõ ñîáûòèé çà 1÷ 4 äíÿ äî âñïûøêè âûïîëíÿþò-

ñÿ òàêæå êðèòåðèé F3.5/F7.5 > 1, F3.5/F10 > 1, F3.5/F15 > 1, àíàëîãè÷íûé

êðèòåðèþ Òàíàêà-Ýíîìå F3/F8 ≥ 1.

4. ÇÀÊËÞ×ÅÍÈÅ

Íà îñíîâàíèè ïðîâåäåííûõ èññëåäîâàíèé è ïîëó÷åííûõ êîëè÷åñòâåííûõ

îöåíîê, áûëè ñäåëàíû ñëåäóþùèå âûâîäû:

1. Îáíàðóæåíî, ÷òî íàáëþäàåìûå ïóëüñàöèè ñ õàðàêòåðíûìè âðåìåíàìè

èçìåíåíèÿ tx ≥ 35 ìèí. â ñàíòèìåòðîâîì äèàïàçîíå ðàäèîèçëó÷åíèÿ Ñîëí-
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Ðèñ. 1. Àìïëèòóäíûå ñïåêòðû ôëóêòóàöèé óðîâíÿ ñèãíàëà íà ÷àñòîòå 1 ÃÃÖ.

Ïåðâàÿ ïîëîâèíà äíÿ. Êàæäûé ãðàôèê ïðåäñòàâëÿåò ñîáîé ñóììàðíûé ñïåêòð

çà 25 äåíü.

Ðèñ. 2. Àìïëèòóäíûå ñïåêòðû ôëóêòóàöèé óðîâíÿ ñèãíàëà íà ÷àñòîòå 1 ÃÃÖ.

Âòîðàÿ ïîëîâèíà äíÿ. Êàæäûé ãðàôèê ïðåäñòàâëÿåò ñîáîé ñóììàðíûé ñïåêòð

çà 25 äåíü. Ãðàôèê 4 - äåíü âñïûøêè.Ãðàôèêè íèæå 4 - äíè ïåðåä âñïûøêîé,

âûøå - äíè ïîñëå âñïûøêè.

öà ìîæåò ÿâëÿòüñÿ ïàðàìåòðîì ïðåäñêàçàíèÿ ìîùíîé ñîëíå÷íûõ âñïûøåê

(6.5 ≤Ì≤ 8.7) çà 1-4 äíÿ äî ñîáûòèé.

2. Âûÿâëåíî, ÷òî 1÷ 4 äíÿ äî âñïûøêè ðàçìåðíîñòü àòòðàêòîðà Ä= 3÷ 4

âëîæåíèÿ � d â ñòîðîíó âñïûøêè óâåëè÷èâàåòñÿ. Íèçêàÿ îöåíêà-D îçíà÷àåò,

÷òî â èññëåäóåìûõ âðåìåííûõ ðÿäîâ ñóùåñòâóåò äåòåðìèíèðîâàííûé õàîñ.
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Ðèñ. 3. Àìïëèòóäíûå ñïåêòðû ôëóêòóàöèé óðîâíÿ ñèãíàëà íà ÷àñòîòå 3 ÃÃÖ.

Ïåðâàÿ ïîëîâèíà äíÿ. Êàæäûé ãðàôèê ïðåäñòàâëÿåò ñîáîé ñóììàðíûé ñïåêòð

çà 25 äåíü.

Ðèñ. 4. Àìïëèòóäíûå ñïåêòðû ôëóêòóàöèé óðîâíÿ ñèãíàëà íà ÷àñòîòå 3 ÃÃÖ.

Âòîðàÿ ïîëîâèíà äíÿ. Êàæäûé ãðàôèê ïðåäñòàâëÿåò ñîáîé ñóììàðíûé ñïåêòð

çà 25 äåíü. Ãðàôèê 4 - äåíü âñïûøêè.Ãðàôèêè íèæå 4 - äíè ïåðåä âñïûøêîé,

âûøå - äíè ïîñëå âñïûøêè.

3. Äëÿ ïÿòè áîëüøèõ ïðîòîííûõ ñîáûòèé çà 1÷4 äíÿ äî âñïûøêè âûïîë-

íÿòñÿ òàêæå êðèòåðèé F3.5/F7.5 > 1, F3.5/F10 > 1, F3.5/F15 > 1, àíàëîãè÷íûé

êðèòåðèþ Òàíàêà-Ýíîìå F3/F8 ≥ 1. Òàêèì îáðàçîì, ïîëó÷åíî, ÷òî èç 25-è

èçîëèðîâàííûõ ñîëíå÷íûõ âñïëåñêîâ 17 âñïûøåê èìåþò îöåíêó 6.5 ≤Ì≤ 8.7

áàëëîâ. Äëÿ ïîâûøåíèÿ íàäåæíîñòè êðàòêîâðåìåííîãî ïðîãíîçà (1÷ 4 äíÿ)
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ñîëíå÷íûõ âñïûøåê íåîáõîäèìî èñïîëüçîâàòü èíôîðìàöèþ î ñîñòîÿíèè ñîë-

íå÷íîé è ãåëèîñôåðíîé àêòèâíîñòè, â òîì ÷èñëå, è äàííûå ñåòè íåéòðîííûõ

ìîíèòîðîâ. Ýòî â ñâîþ î÷åðåäü, äà¼ò íàì âîçìîæíîñòü óâåëè÷èâàòü èíòåðâàë

âðåìåíè ïðåäñêàçàíèÿ ñîñòîÿíèÿ êîñìè÷åñêîé ïîãîäû ïðèáëèçèòåëüíî â äâà

ðàçà.

5. ÁËÀÃÎÄÀÐÍÎÑÒÜ

Àâòîðû âûðàæàþò ãëóáîêóþ áëàãîäàðíîñòü ðóêîâîäñòâó Èíñòèòóòà

Èîíîñôåðû çà äîñòóï ê íàáëþäàòåëüíûì äàííûì, à òàêæå ñîòðóäíèöå èí-

ñòèòóòà Êðÿêóíîâîé Î.Í. çà îçíàêîìëåíèå íàñ ñ äàííûìè îá èíòåíñèâíîñòè

ñîëíå÷íûõ êîñìè÷åñêèõ ëó÷åé, êîòîðûå áûëè ïîëó÷åíû íà ìèðîâîé ñåòè

ñòàíöèè íåéòðîííûõ ìîíèòîðîâ ðàñïîëîæåííûõ â Àëìà-Àòå.
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ÌÃÄ ÂÎËÍÛ È ÍÅÓÑÒÎÉ×ÈÂÎÑÒÈ Â
ÀÍÈÇÎÒÐÎÏÍÎÉ ÄÂÓÕÊÎÌÏÎÍÅÍÒÍÎÉ

ÊÎÑÌÈ×ÅÑÊÎÉ ÏËÀÇÌÅ

Í. Ñ. Äæàëèëîâ*, Ñ. Ø. Ãóñåéíîâ

Øàìàõèíñêàÿ Àñòðîôèçè÷åñêàÿ Îáñåðâàòîðèÿ èì. Í.Òóñè,

Íàöèîíàëüíàÿ Àêàäåìèÿ Íàóê Àçåðáàéäæàíà, Áàêó, Àçåðáàéäæàí

Ñ ïðèìåíåíèåì 16-ìîìåíòíûõ ÌÃÄ óðàâíåíèé ïåðåíîñà èññëåäîâàíû

ñâîéñòâà ìàëûõ êîëåáàíèé â àíèçîòðîïíîé ýëåêòðîííî-ïðîòîííîé ïëàçìå.

Íà îñíîâå ïîëó÷åííîãî íàìè îáùåãî äèñïåðñèîííîãî óðàâíåíèÿ äàíà

êëàññèôèêàöèÿ âîëíîâûõ ìîä, ñõîæåé ñ êèíåòè÷åñêèìè âûâîäàìè â

íèçêî÷àñòîòíîì áåññòîëêíîâèòåëüíîì ïðèáëèæåíèè. Èçó÷åíû ñâîéñòâà

øëàíãîâûõ è çåðêàëüíûõ íåóñòîé÷èâîñòåé â óñëîâèÿõ îêîëîçåìíîé ïëàçìû

ñîëíå÷íîãî âåòðà.

Êëþ÷åâûå ñëîâà: 16-ìîìåíòíûå ÌÃÄ óðàâíåíèÿ � Ýëåêòðîííî-ïðîòîííàÿ

ïëàçìà � Àíèçîòðîïíîñòü

1. ÎÑÍÎÂÍÛÅ ÓÐÀÂÍÅÍÈß

Â êîñìè÷åñêèõ óñëîâèÿõ î÷åíü ÷àñòî âñòðå÷àþòñÿ ñëó÷àè (íàïðèìåð, â

ìåæçâåçäíîé ñðåäå, â êîðîíàõ çâåçä, â àñòðîôèçè÷åñêèõ äèñêàõ, â çâåçäíûõ

âåòðàõ, â ãåëèîñôåðå è ìàãíèòîñôåðàõ ïëàíåò è äð.), êîãäà ïëàçìà ñèëüíî

ðàçðåæåíà è ñëàáî-ñòîëêíîâèòåëüíàÿ. Â òàêèõ óñëîâèÿõ, åñëè ïðèñóòñòâóåò

âíåøíåå ìàãíèòíîå ïîëå, òî ïëàçìà ñòàíîâèòñÿ àíèçîòðîïíîé è îáû÷íûå ÌÃÄ

óðàâíåíèÿ íå ïðèìåíèìû. Â òàêèõ ñèòóàöèÿõ ïîïåðå÷íûå è ïðîäîëüíûå êèíå-

òè÷åñêèå òåìïåðàòóðû (è çíà÷èò äàâëåíèÿ) ðàçëè÷àþòñÿ, è ïëàçìà ñòàíîâèò-

ñÿ íåðàâíîâåñíîé. Êðîìå ýòîãî, âäîëü ìàãíèòíîãî ïîëÿ âîçíèêàåò òåïëîâîé

ïîòîê. Âñå ýòè ýôôåêòû ÿâëÿþòñÿ èñòî÷íèêàìè íåóñòîé÷èâîñòè ïëàçìû [1],

êîòîðûå â îáû÷íîé èçîòðîïíîé ïëàçìå âîçíèêàòü íå ìîãóò. Íàïðèìåð, êëàñ-

ñè÷åñêèå êèíåòè÷åñêèå øëàíãîâûå è çåðêàëüíûå íåóñòîé÷èâîñòè âîçíèêàþò

êàê ðåçóëüòàò àíèçîòðîïèè â äàâëåíèÿõ [2]- [5]. Îäíàêî, ìàêðîñêîïè÷åñêîå

îïèñàíèå ïîäîáíûõ ÿâëåíèé, êîòîðûå îáóñëîâëåíû íàáëþäàòåëüíûìè ôàê-

* E-mail: namigd@mail.ru
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òàìè, ñòàâèò çàäà÷ó æèäêîñòíîãî îïèñàíèÿ äèíàìèêè áåññòîëêíîâèòåëüíîé

ïëàçìû. Âûâîä òàêèõ óðàâíåíèé ñîïðîâîæäàåòñÿ ñ íåêîòîðûìè òðóäíîñòÿ-

ìè. Îäèí èç ñëó÷àåâ, êîãäà óäàåòñÿ ïîëó÷èòü çàìêíóòóþ ñèñòåìó óðàâíåíèé,

ýòî êîãäà ïðåäïîëàãàåòñÿ, ÷òî ôóíêöèè ðàñïðåäåëåíèÿ ÷àñòèö àíèçîòðîïíîé

íåðàâíîâåñíîé ïëàçìû áëèçêè ê áè-ìàêñâåëëîâñêîé [6]. ×ÃË-óðàâíåíèÿ ÿâ-

ëÿþòñÿ ïðîñòåéøèì ïðèìåðîì òàêîãî ïîäõîäà [7]. Îäíàêî ýòè óðàâíåíèÿ íå

ó÷èòûâàþò òåïëîâîé ïîòîê âäîëü ìàãíèòíîãî ïîëÿ. Áîëåå ïîëíûìè ÿâëÿ-

þòñÿ 16-ìîìåíòíûå ÌÃÄ-óðàâíåíèÿ ïåðåíîñà, ó÷èòûâàþùèå òåïëîâîé ïîòîê

[8]- [9]. Ýòè óðàâíåíèÿ ïåðåíîñà ïðèìåíÿëèñü äëÿ ìîäåëèðîâàíèÿ ñîëíå÷íîãî

âåòðà [10]- [13] è äëÿ èçó÷åíèÿ ÌÃÄ-íåóñòîé÷èâîñòåé â àíèçîòðîïíîé ïëàçìå

[14]- [20]. Îäíàêî, â ýòèõ ðàáîòàõ ðàññìîòðåíà îäíîêîìïîíåíòíàÿ � èîííàÿ

ïëàçìà. Ýòî óïðîùàþùåå ïðèáëèæåíèå äîñòèãàåòñÿ äîïóùåíèåì õîëîäíûõ

ýëåêòðîí, ò.å. Te � Ti. Ðîëü ýëåêòðîíîâ â ýòîì ñëó÷àå ñâîäèòñÿ òîëüêî ê

îáåñïå÷åíèþ êâàçèíåéòðàëüíîñòè ïëàçìû. Îäíàêî, â ðåàëüíûõ óñëîâèÿõ ýòî

ïðèáëèæåíèå ìîæåò âûïîëíÿòüñÿ òîëüêî â ñïåöèàëüíûõ óñëîâèÿõ [1]. Íà-

ïðèìåð, èçìåðÿåìûå â ñîëíå÷íîì âåòðå èîííûå è ýëåêòðîííûå òåìïåðàòóðû

â îñíîâíîì áûâàþò îäíîãî ïîðÿäêà [21]. Êðîìå ýòîãî, åñëè ñòàíîâÿòñÿ ñóùå-

ñòâåííûìè ýôôåêòû, ñâÿçàííûå ñ òåïëîâûì ïîòîêîì, òî ó÷àñòèå ýëåêòðîíîâ

â òåïëîïåðåíîñå âàæíî è äîëæíî áûòü ó÷òåíî.

Äëÿ α ñîðòà ÷àñòèöû ïëàçìû 16-ìîìåíòíûå ÌÃÄ óðàâíåíèÿ â îáùåïðè-

íÿòûõ îáîçíà÷åíèÿõ ïðåäñòàâëÿþòñÿ â ñëåäóþùåì âèäå:

dρα
dt

+ ραdivv = 0, (1)

ρ
dv

dt
+

1

4π
B× (∇×B) +

∑
α

[
∇pα⊥ + (B · ∇)

(
pα‖ − pα⊥

B2
B

)]
= 0, (2)

Bpα‖
d

dt
ln

(
B2pα‖

n3

)
+ B · ∇Sα‖ + 2

(
Sα⊥ −

1

2
Sα‖

)
B · ∇ lnB = 0, (3)

Bpα⊥
d

dt
ln
(pα⊥
Bn

)
+ B · ∇Sα⊥ − 2Sα⊥B · ∇ lnB = 0, (4)

BSα‖
d

dt
ln

(
B3Sα‖

2n4

)
+

3pα‖

mα
B · ∇

(pα‖
n

)
= 0, (5)

BSα⊥
d

dt
ln

(
Sα⊥
n2

)
+
pα‖

mα
B · ∇

(pα⊥
n

)
−
(
pα‖ − pα⊥

)
pα⊥

nmα
B · ∇ lnB = 0, (6)

dB

dt
+ Bdivv − (B · ∇)v = 0, (7)

divB = 0. (8)

Â ýòèõ óðàâíåíèÿõ d
dt = ∂

∂t + v · ∇, ρα = nmα, α = {e, i} è S‖ è S⊥ ÿâëÿþò-

ñÿ òåïëîâûìè ïîòîêàìè âäîëü ìàãíèòíîãî ïîëÿ, âûçâàííûìè ïðîäîëüíûìè è
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ïîïåðå÷íûìè òåïëîâûìè äâèæåíèÿìè ÷àñòèö ñîðòà α.

Ðàññìîòðèì ðàñïðîñòðàíåíèå ìàëûõ âîçìóùåíèé â îäíîðîäíîé àíèçî-

òðîïíîé ïëàçìå, ñîñòîÿùåé èç ýëåêòðîíîâ è ïðîòîíîâ. Ïðåäïîëàãàÿ, ÷òî â

îñíîâíîì ñîñòîÿíèè âñå ôèçè÷åñêèå âåëè÷èíû îäíîðîäíû è ïîñòîÿííû ïî

âðåìåíè, è ñ÷èòàÿ ÷òî, âñå âîçìóùåííûå âåëè÷èíû ïðåäñòàâèìû â âèäå ðàç-

ëîæåíèÿ Ôóðüå êàê f = f0 exp(i(k · r− ωt)) (ãäå àìïëèòóäà âîçìóùåíèÿ

f0 = const), èç ñèñòåìû (1-8) ìîæíî ïîëó÷èòü äèñïåðñèîííîå óðàâíåíèå. Ïî-

äðîáíûé âûâîä äèñïåðñèîííîãî óðàâíåíèÿ ïðåäñòàâëåí â íàøåé ðàáîòå [22].

Ââîäèì îáîçíà÷åíèÿ

ρ ≈ ρi = nmi, ϕα =
pα⊥
pα‖

, ϕ̄α = 1− ϕα, c2α‖ =
pα‖

ρα
, βα =

B2

4πpα‖
,

ηα ≡
cα‖k‖

ω
=
cα‖k

ω
cos θ, l = cos2 θ, S̄α‖ =

Sα‖

pα‖cα‖
, S̄α⊥ =

Sα⊥
pα⊥cα‖

, (9)

γα = S̄α‖ = S̄α⊥, c
2
α⊥ =

pα⊥
ρα

,Ω ≡
ci‖

ce‖
=

ψ√
Λe
,

Λα =
mi +me

mα
≈ mi

mα
,Λe = κ2 ≈ 1836, ψ2 =

pi‖

pe‖
=
Ti‖

Te‖
=

1

τ‖
.

Çäåñü âñå áåçðàçìåðíûõ âåëè÷èíû îòíîñÿòñÿ ê îñíîâíîìó ñîñòîÿíèþ ïëàçìû,

è θ - óãîë ðàñïðîñòðàíåíèÿ âîëíû îòíîñèòåëüíî íàïðàâëåíèþ ìàãíèòíîãî

ïîëÿ, ω - ÷àñòîòà êîëåáàíèé, k - âîëíîâîå ÷èñëî.

Âîçìîæíû äâà âèäà êîëåáàíèé - íåñæèìàåìûå è ñæèìàåìûå. Â ïëîñêîñòè,

ïåðïåíäèêóëÿðíîé ê ìàãíèòíîìó ïîëþ âîçíèêàþò ïðîòîòèïû êëàññè÷åñêèõ

àëôâåíîâñêèõ êîëåáàíèé â èçîòðîïíîé ÌÃÄ, êîòîðûå ÿâëÿþòñÿ íåñæèìàå-

ìûìè. Äëÿ íèõ äèñïåðñèîííîå óðàâíåíèå èìååò âèä:

ω2

c2i‖k
2

= l

(
βi + ϕi − 1 +

ϕe − 1

ψ2

)
. (10)

Â ðàçìåðèûõ âåëè÷èïàõ ýòî ñîîòâåòñâóåò ê

ω2 = c2Ak
2
‖

(
1− 4π

∑
α

pα‖ − pα⊥
B2

)
, (11)

ãäå c2A = B2/4πρ - êâàäðàò àëüôâåíîâñîé ñêîðîñòè. Â ýòèõ êîëåáàíèÿõ ìîæåò

âîçíèêàòü øëàíãîâàÿ íåóñòîé÷èâîñòü, åñëè óäîâëåòâîðÿåòñÿ êðèòåðèÿ

βi + ϕi + ϕe/ψ
2 < 1 + 1/ψ2. (12)

Êàê âèäíî, øëàíãîâàÿ íåóñòîé÷èâîñòü èñ÷åçàåò, åñëè ýëåêòðîíû è èîíû èçî-

òðîïíû, ò.å. ϕe = 1, ϕi = 1. Ìàêñèìàëüíûé èíêðåìåíò íåóñòîé÷èâîñòè äîñòè-

ãàåòñÿ ïðè ïàðàëëåëüíîì ðàñïðîñòðàíåíèè (l = 1).
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Äèñïåðñèîííîå óðàâíåíèå äëÿ ñæèìàåìûõ ìîä ïðåäñòàâëÿåòñÿ â âèäå:

U12x
12 + U10x

10 + U8x
8 + U6x

6 + U4x
4 + U2x

2 + U0+

+γα
[
U9x

9 + U7x
7 + U5x

5 + U3x
3 + U1x

]
= 0,

(13)

ãäå x = η−1i , à êîýôôèöèåíòû U0 - U12 îïðåäåëåíû â ðàáîòå [22]. Ïðè ïå-

ðåõîäå â îäíîêîìïîíåíòíóþ èîííóþ ïëàçìó, ψ → ∞, îáùåå äèñïåðñèîííîå

óðàâíåíèå (13) ïåðåõîäèò â èçâåñòíîå óðàâíåíèå [22].

2. ÂÎËÍÛ Â ÁÅÑÏÎÒÎÊÎÂÎÌ ÐÅÆÈÌÅ

Äëÿ èäåíòèôèêàöèè âîëíîâûõ ìîä èñêëþ÷èì ýôôåêòû, ñâÿçàííûå ñ

òåïëîâûìè ïîòîêàìè. Ïóñòü γα = 0. Äëÿ ïðîñòîòû îáîçíà÷èì t = x2,

v2ph ≡ ω2/c2i‖k
2 = l t. Òîãäà óðàâíåíèå (13) ïðåäñòàâëÿåòñÿ â âèäå

U12t
6 + U10t

5 + U8t
4 + U6t

3 + U4t
2 + U2t+ U0 = 0. (14)

Â ñëó÷àå ïàðàëëåëüíîãî ðàñïðîñòðàíåíèÿ âîëí îòíîñèòåëüíîãî ìàãíèòíî-

ãî ïîëÿ (l = 1) óðàâíåíèå (14) óäàåòñÿ ïðåäñòàâèòü â âèäå ìíîæèòåëåé:

(t− 1)
(
−ψ2t+ κ2

) (
ψ2t− ψ2βi − ψ2ϕi + ψ2 − ϕe + 1

)
Z̄ = 0, (15)

ãäå

Z̄ ≡ −ψ4t3 + 3κ2ψ2t2 + 6ψ4t2 − 18κ2ψ2t− 3ψ4t+ 9κ2ψ2 +

+ 3ψ2t2 − 3κ2t− 9ψ2t+ 9κ2. (16)

Â (15) ïåðâîå ðåøåíèå t = 1 ñîîòâåòñòâóåò ìåäëåííûì èîííî-àêóñòè÷åñêèì

ìîäàì (SIA), äëÿ êîòîðûõ ω2 = c2i‖k
2
‖. Âòîðîé ìíîæèòåëü

(
−ψ2t+ κ2

)
= 0

ñîîòâåòñòâóåò ìåäëåííûì ýëåêòðîííî-àêóñòè÷åñêèì ìîäàì (SEA), äëÿ êîòî-

ðûõ ω2 = c2e‖k
2
‖. Òðåòèé ìíîæèòåëü â (15) ψ2t−ψ2βi −ψ2ϕi +ψ2 −ϕe + 1 = 0

îïèñûâàåò óñêîðåííûå ìàãíèòîçâóêîâûå ìîäû (FMS), äëÿ êîòîðûõ

ω2 = c2i‖k
2
‖
(
ϕiψ

2 + βiψ
2 − ψ2 + ϕe − 1

)
/ψ2, êîòîðóþ ìîæíî ïðåäñòàâèòü

â âèäå ω2 = c2Ak
2
‖

(
1− 4π

∑
α

pα‖ − pα⊥
B2

)
. Óñêîðåííûå ìàãíèòîçâóêîâûå

ìîäû ïðè êâàçè-ïàðàëëåëüíîì ðàñïðîñòðàíåíèè ñòàíîâÿòñÿ íåñæèìàåìûìè

è íåóñòîé÷èâûìè (âòîðàÿ øëàíãîâàÿ íåóñòîé÷èâîñòü), à äèñïåðñèîííîå

óðàâíåíèå ñîâïàäàåò ñ àëüôâåíîâñêèìè (11).

×åòâåðòûé ìíîæèòåëü â (15) Z̄ = 0 - ýòî êóáè÷åñêîå óðàâíåíèå. Ñëîæíûõ

òî÷íûõ ôîðìóë äëÿ ðåøåíèÿ êóáè÷åñêîãî óðàâíåíèÿ çäåñü ïðèâîäèòü íå áó-

äåì. Âîñïîëüçóåìñÿ ðàçëîæåíèåì ïî ìàëîìó ïàðàìåòðó 1/κ2 = ε� 1. Ïóñòü

ψ2 = µ. Òîãäà
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Z̄ ≡ −εµt
[
µt2 − 3 (2µ+ 1) t+ 3 (µ+ 3)

]
+

+ 3
[
µt2 − (6µ+ 1) t+ 3 (µ+ 1)

]
= 0. (17)

Ïðè ε→ 0 ïîëó÷èì

t1,2 =
6µ+ 1±

√
(6µ+ 1)2 − 12 (µ+ 1)µ

2µ
, (18)

èëè

ω2 =

6 + τ‖ ±
√

24 + τ2‖

2

 c2i‖k2‖. (19)

Çäåñü ïåðâîå ðåøåíèå (âåðõíèé çíàê) îïèñûâàåò ìåäëåííûõ çâóêîâûõ ìîä

(SS). Ýòî ðåøåíèå ìîæíî ïðåäñòàâèòü â âèäå

ω2 =

6 + τ‖ +
√

24 + τ2‖

2
(
1 + τ‖

)
 c2s‖k2‖. (20)

Ïðè τ‖ → 1 (èçîòåðìè÷åñêàÿ ïëàçìà) ω2 = 3c2s‖k
2
‖, à ïðè τ‖ → ∞ (õîëîä-

íûå èîíû) ω2 = c2s‖k
2
‖. Âòîðîå ðåøåíèå (íèæíèé çíàê) îïèñûâàåò áûñòðûõ

èîííî-àêóñòè÷åñêèõ ìîä (FIA)

ω2 =

6 + τ‖ −
√

24 + τ2‖

2

 c2i‖k2‖. (21)

Ïðè τ‖ → 1 (èçîòåðìè÷åñêàÿ ïëàçìà) ω2 = c2i‖k
2
‖, à ïðè τ‖ → ∞ (õîëîäíûå

èîíû) ω2 = 3c2i‖k
2
‖.

Òðåòüå ðåøåíèå (17)

t3 ≈
1

ε
· 3

µ
=

3κ2

ψ2
, (22)

÷òî ñîîòâåòñòâóåò ê áûñòðûì ýëåêòðîííî-àêóñòè÷åñêèì ìîäàì (FEA),

ω2 = 3c2e‖k
2
‖.

Òàêèì îáðàçîì, â áåñïîòîêîâîì ðåæèìå ïðè ïàðàëëåëüíîì ðàñïðî-

ñòðàíåíèè îáùåå äèñïåðñèîííîå óðàâíåíèå (13) ïåðåõîäèò â (15), êîòî-

ðîå îïèñûâàåò øåñò ìîä: áûñòðûõ ìàãíèòîçâóêîâûõ, ìåäëåííûõ çâóêîâûõ,

áûñòðûõ/ìåäëåííûõ èîííî-àêóñòè÷åñêèõ è áûñòðûõ/ìåäëåííûõ ýëåêòðîííî-

àêóñòè÷åñêèõ ìîä. Èç íèõ òîëüêî áûñòðûå ìàãíèòîçâóêîâûå âîëíû ìîãóò

ñòàòü íåóñòîé÷èâûìè ïðè âûïîëíåíèè óñëîâèÿ ðàçâèòèÿ øëàíãîâîé íåóñòîé-

÷èâîñòè.
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Ðèñ. 1. Çàâèñèìîñòü êâàäðàòà ôàçîâîé ñêîðîñòè ðàñïðîñòðàíåíèÿ âîëí îò ïà-

ðàìåòðà óãëà ðàñïðîñòðàíåíèÿ l = cos2θ â ñëó÷àå âîçíèêíîâåíèÿ øëàíãîâîé

íåóñòîé÷èâîñòè (12): ϕe = ϕi = 0.67;βi = 1;ψ = 0.5. Íåóñòîé÷èâûìè ñòàíî-

âÿòñÿ (v2ph < 0) àëüôâåíîâñêèå (A) è áûñòðûå ìàãíèòîçâóêîâûå (FMS) ìîäû.

Íà ëåâîì ðèñóíêå (a) ïîêàçàíû ýëåêòðîííûå àêóñòè÷åñêèå âîëíû, à íà ïðàâîì

ðèñóíêå (b) âñå îñòàëüíûå âîëíîâûå âåòâè.

Ïðè êâàçèïåðïåíäèêóëÿðíîì ðàñïðîñòðàíåíèè âîëí (l → 0) èç äèñïåðñè-

îííãî óðàâíåíèÿ (14) äëÿ óñêîðåííûõ ìàãíèãîçâóêîâûõ âîëí ïîëó÷åì

ω2 = k2
(
c2A + 2c2s⊥

)
, (23)

êîòîðûå ÿâëÿþòñÿ óñòîé÷èâûìè. Äëÿ îñòàëüíèõ ìîä êîëåáàíèò ω2 ∼ l→ 0.

Â îáùåì ñëó÷àå, êîãäà âîëíû ðàñïðîñòðàíÿþòñÿ ïîä ïðîèçâîëüíûì óãëîì

(0 < l < 1) äèñïåðñèîííîå óðàâíåíèå (14) ìîæíî ðåøàòü ÷èñëåííî. Êîýôôè-

öèåíòû ýòîãî óðàâíåíèÿ ÿâëÿþòñÿ äåéñòâèòåëüíûìè ôóíêöèÿìè ïÿòè ïàðà-

ìåòðîâ: l - ïàðàìåòð óãëà ðàñïðîñòðàíåíèÿ âîëíû îòíîñèòåëüíî íàïðàâëåíèÿ

ìàãíèòíîãî ïîëÿ; βi - ïàðàìåòð èíòåíñèâíîñòè ìàãíèòíîãî ïîëÿ; ψ - ñòåïåíü

íåèçîòåðìè÷íîñòè ïëàçìû; ϕe è ϕi - ñòåïåíè àíèçîòðîïèè ýëåêòðîííîé è èîí-

íûõ ñîñòàâëÿþùèõ ïëàçìû. Ïðè âûáîðå íàáîðà ïàðàìåòðîâ âûäåëèì ñëó-

÷àé, êîãäà âîçìîæíà øëàíãîâàÿ íåóñòîé÷èâîñòü (óñëîâèå (12) âûïîëíÿåòñÿ).

Íà ðèñ.1 ïîêàçàíà çàâèñèìîñòü êâàäðàòà íîðìèðîâàííîé ôàçîâîé ñêîðîñòè

v2ph îò l. Åñëè v2ph < 0, òî âîçíèêàåò íåóñòîé÷èâîñòü. Íà êðèâûõ óêàçàíû

íàçâàíèÿ âîëíîâûõ ìîä, êîòîðûå ìû óñòàíîâèëè äëÿ ïðîäîëüíîãî ðàñïðî-

ñòðàíåíèÿ. Ïðè çàäàííûõ íà ðèñ.1 ïàðàìåòðàõ àëüôâåíîâñêèå âîëíû (A) äëÿ

âñåõ óãëîâ ñòàíîâÿòñÿ íåóñòîé÷èâûìè (øëàíãîâàÿ íåóñòîé÷èâîñòü), à áûñò-

ðûå ìàãíèòîçâóêîâûå ìîäû (FMS) ñòàíîâÿòñÿ íåóñòîé÷èâûìè òîëüêî ïðè
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Ðèñ. 2. Çàâèñèìîñòü êâàäðàòà ôàçîâîé ñêîðîñòè ðàñïðîñòðàíåíèÿ âîëí îò ïàðà-

ìåòðà óãëà ðàñïðîñòðàíåíèÿ l = cos2θ â ñëó÷àå âîçíèêíîâåíèÿ âòîðîé øëàíãîâîé

(fh) è çåðêàëüíûõ (m) íåóñòîé÷èâîñòåé â ñîëíå÷íîì âåòðå. Íåóñòîé÷èâûìè ñòà-

íîâÿòñÿ áûñòðûå ìàãíèòîçâóêîâûå (FMS) è áûñòðûå èîííî-àêóñòè÷åñêèå ìîäû

(FIA).

êâàçèïðîäîëüíîì ðàñïðîñòðàíåíèè (âòîðàÿ øëàíãîâàÿ íåóñòîé÷èâîñòü). Ïî-

ðîã íåóñòîé÷èâîñòè FMS � ìîä îïðåäåëÿåòñÿ óñëîâèåì U0(l, ψ, βi, ϕe, ϕi) = 0,

ãäå ôóíêöèÿ U0 îïðåäåëåíà â (14). Äëÿ óñòîé÷èâûõ ìîä ôàçîâûå ñêîðîñòè

ðàñïîëàãàåòñÿ â ïîðÿäêå, êàê A < FMS < SIA < FIA < SS < SEA < FEA.

Äðóãîé ïðèìåð âîçíèêíîâåíèÿ íåóñòîé÷èâîñòè ïðè íàêëîííîì ðàñïðî-

ñòðàíåíèè âîëí ïðèâåäåí íà ðèñ.2 â óñëîâèÿõ ñîëíå÷íîãî âåòðà âáëèçè çåìíî-

ãî îðáèòà. Êàê èçâåñòíî, ïëàçìà ñîëíå÷íîãî âåòðà, îñîáåííî åå èîííàÿ êîì-

ïîíåíòà, ñèëüíî àíèçîòðîïíàÿ (ñì. íàïðèìåð â [23]).

Êðîìå òîãî, ñòåïåíü àíèçîòðîïèè ϕi ÿâëÿåòñÿ ôóíêöèåé ïëàçìåííîãî áå-

òà, β‖ = 2/βi, è ýòà çàâèñèìîñòü äëÿ ìåäëåííîãî è áûñòðîãî ïîòîêà îòëè÷à-

þòñÿ. Èñïîëüçóÿ ýòè çàâèñèìîñòè, ìû ðàññ÷èòàëè èíêðåìåíò íåóñòîé÷èâûõ

ìîä â ñîëíå÷íîì âåòðå. Êàê âèäíî, â îáîèõ êîìïîíåíòàõ âåòðà âîçíèêàþò

íåóñòîé÷èâîñòè îäèíàêîâîãî òèïà: íàêëîííàÿ øëàíãîâàÿ íåóñòîé÷èâîñòü (fh)

ó áûñòðûõ ìàãíèòîçâóêîâûõ ìîäàõ (FMS) è çåðêàëüíàÿ íåóñòîé÷èâîñòü (m)

ó áûñòðûõ èîííî-àêóñòè÷åñêèõ ìîäàõ (FIA). Îäíàêî íåóñòîé÷èâîñòü â ìåä-

ëåííîì ïîòîêå ãîðàçäî ñèëüíåå ÷åì ó áûñòðûõ ïîòîêàõ.
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3. ÇÀÊËÞ×ÅÍÈÅ

Ñ öåëüþ èññëåäîâàíèÿ ïðè÷èíû âîçíèêíîâåíèÿ íàáëþäàåìûõ â êîñìè-

÷åñêîé ïëàçìå (êîðîíà Ñîëíöà è çâåçä, ñîëíå÷íûé è çâåçäíûå âåòðû, ìàã-

íèòîñôåðû Çåìëè è ïëàíåò, ãåëèîñôåðà è äð.) êðóïíîìàñøòàáíîé âîëíîâîé

òóðáóëåíöèè, ìû ðàññìîòðåëè âîëíîâûå íåóñòîé÷èâîñòè â àíèçîòðîïíîé îä-

íîðîäíîé ïëàçìå. Ïîëó÷åííîå îáùåå äèñïåðñèîííîå ïîëèíîìèàëüíîå óðàâíå-

íèå 14-ãî ïîðÿäêà ÿâëÿåòñÿ îáîáùåíèåì ðàíåå èññëåäîâàííîãî îäíîæèäêîñò-

íîãî ñëó÷àÿ íà äâóõæèäêîñòíûé. Ó÷åò ýëåêòðîííûõ è èîííûõ êîìïîíåíòîâ

ïëàçìû ñóùåñòâåííî óñëîæíÿåò êîíå÷íûé ðåçóëüòàò èç-çà âçàèìîäåéñòâèÿ

âîëíîâûõ âåòâåé îáîèõ êîìïîíåíòîâ. Ïîëó÷åííîå óðàâíåíèå âêëþ÷àåò â ñåáÿ

ýôôåêòû, ñâÿçàííûå ñ àíèçîòðîïèåé îáîèõ êîìïîíåíòîâ, à òàêæå ýôôåêòû

àíèçîòðîïíûõ òåïëîâûõ ïîòîêîâ. Äëÿ óïðîùåíèÿ çàäà÷è â ýòîé ðàáîòå ìû

àíàëèçèðîâàëè äèñïåðñèîííîå óðàâíåíèå áåç ó÷åòà òåïëîâûõ ïîòîêîâ. Äëÿ

ïðîäîëüíîãî ðàñïðîñòðàíåíèÿ âîëí îòíîñèòåëüíî ìàãíèòíîãî ïîëÿ âîëíîâûå

ìîäû ðàçäåëÿþòñÿ è èõ äèñïåðñèîííûå óðàâíåíèÿ òî÷íî ñîâïàäàþò ñ âîë-

íîâûìè âåòâÿìè ýëåêòðîííûõ è èîííûõ êîìïîíåíòîâ, èçâåñòíûõ èç êèíåòè-

÷åñêîãî ðàññìîòðåíèÿ. Ïîêàçàíî, ÷òî áåç ó÷åòà òåïëîâîãî ïîòîêà â ïëàçìå

ìîãóò ðàçâèâàòüñÿ òîëüêî êëàññè÷åñêèå øëàíãîâûå è çåðêàëüíûå íåóñòîé-

÷èâîñòè. Øëàíãîâàÿ íåóñòîé÷èâîñòü ðàçâèâàåòñÿ ó àëüôâåíîâñêèõ è êâàçè-

ïðäîëüíûõ óñêîðåííûõ ìàãíèòîçâóêîâûõ ìîäàõ. Ïðèñóòñòâèå àíèçîòðîïíûõ

ýëåêòðîíîâ ñèëüíî âëèÿåò íà óñëîâèå âîçíèêíîâåíèÿ øëàíãîâîé íåóñòîé÷è-

âîñòè. Åñëè Te⊥ < Te‖, òî óñòîé÷èâîñòü óñèëèâàåòñÿ. Â ïðîòèâîïîëîæíîì

ñëó÷àå Te⊥ > Te‖ ýòà íåóñòîé÷èâîñòü ïîäàâëÿåòñÿ. Îíà ïîëíîñòüþ èñ÷åçàåò,

åñëè Te⊥ > Te‖+Ti‖. Â ðåàëüíûõ óñëîâèÿõ, íàïðèìåð, â óñëîâèÿõ ãåëèîñôåðû,

ñèòóàöèÿ ïðîòèâîïîëîæíàÿ, è øëàíãîâàÿ íåóñòîé÷èâîñòü ìîæåò ðàçâèâàòüñÿ.

Âòîðàÿ êëàññè÷åñêàÿ íåóñòîé÷èâîñòü - ýòî ñæèìàåìàÿ çåðêàëüíàÿ

íåóñòîé÷èâîñòü. Îíà ðàçâèâàåòñÿ ïðè êâàçèïîïåðå÷íîì ðàñïðîñòðàíåíèè

èîííî-àêóñòè÷åñêèõ ìîä. Âëèÿíèå ýëåêòðîííîãî êîìïîíåíòà íà êðèòåðèè

âîçíèêíîâåíèÿ çåðêàëüíîé íåóñòîé÷èâîñòè ñóùåñòâåííîå. Â çàâèñèìîñòè îò

çíà÷åíèÿ îòíîøåíèÿ Ti‖/Te‖ ïîðîã íåóñòîé÷èâîñòè ñìåùàåòñÿ.

Ïîêàçàíî, ÷òî îáà ïîòîêà ñîëíå÷íîãî âåòðà íåóñòîé÷èâû îòíîñèòåëüíî

âòîðîãî øëàíãîâîãî è çåðêàëüíûõ íåóñòîé÷èâîñòåé. Ïîëó÷åííûå ðåçóëüòàòû

îáüÿñíÿþò òîãî íàáëþäàåìîãî ôàêòà, ÷òî òóðáóëåíòíîñòü â ìåäëåííîì âåòðå

ñèëüíåå ÷åì â áûñòðîì âåòðå.
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