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MHD INSTABILITY OF ANISOTROPIC
TWO-COMPONENT PLASMA.
I. THE CASE WITHOUT HEAT FLUX

N. §S. Dzhalilov S. Sh. Huseynov

Shamakhy Astrophysical Observatory named after N.Tusi,
Azerbaijan National Academy of Sciences, Baku, Azerbaijan

On the basis of 16-momentum MHD equations we examined the propagation
of linear waves in an anisotropic homogeneous cosmic plasma. We obtained
general dispersion equation taking into account two components of plasma
(electrons and protons) and heat flux along magnetic field. Obtained dispersion
equation is a generalization of earlier studied cases, when plasma was ionic.
The case when the effects related to heat flux are ignored was analyzed in
details. Within the limit of longitudinal propagation we give a classification
of wave modes which completely correspond to the known modes of kinetic
physics of collisionless plasma. Fire-hose and mirror instabilities were ana-
lyzed. It is shown that the inclusion of electrons changes the instability criterion.

Keywords: Magnetohydrodynamics (MHD) — 16-momentum transport equa-
tion — Instabilities — Collisionless plasma

1. INTRODUCTION

In the cosmic plasma conditions the theory of wave turbulence has a spe-
cial importance. As a rule, all observed significant dynamic phenomena occur
on a large scale both on time and in space. If plasma is sufficiently dense and
collisionally dominated, distribution functions of particles are close to Maxwell
distribution and fluid description is successfully used for description of such phe-
nomena. In this case plasma is isotropic and usual MHD equations are applicable.
However, in many cases (for example, in the coronas of stars, astrophysical disks,
in the winds of stars, in heliosphere and magnetospheres of planets, etc.) plasma
is strongly rarefied and weakly collisional. In such cases, especially when the
influence of external magnetic field should be taken into consideration, plasma
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becomes anisotropic and usual MHD equations are not applicable. In such situa-
tions transverse and longitudinal kinetic temperatures (that is a pressure) differ,
and plasma becomes nonequilibrium. Besides, a heat flux is appeared along the
magnetic field. All these effects are the sources of a plasma instability [15] which
cannot occur in usual isotropic plasma. For example, classical fire-hose and mirror
instabilities [2}/10,/18,21] arise as a result of pressure anisotropy. Having from the
space experiments and observations physical characteristics of large-scale phenom-
ena in weakly collisional plasma, and for the purpose of applying kinetic modeling
of plasma it is necessary to restore the distribution functions of particles.

In seven-dimensional space (spatial coordinates, chaotic velocities and time)
to solve such problem is very difficult. Therefore it is necessary to derive the trans-
port equations for the moments of the distribution function. However, in a such
approach there arises an infinite set of equations clousure of which demands addi-
tional conditions. For example, the closed system of equation can be derived, if to
it is suppose that the distribution functions of particles of anisotropic nonequilib-
rium plasma are close to Bi-Maxwellian distributions [1]. C.G.L. equations are the
simplest example of such approach [3]. However these equations don’t consider
a heat flux along magnetic field. More comprehensive ones are 16-moment MHD
transport equations which consider a heat flux [17,/19]. These transport equations
were used for modeling of solar wind [4,/13,14,16] and studying MHD-instabilities
in anisotropic plasma [5,[6l/11,/12]. However, in these papers one-component (ionic
plasma) was examined. This simplifying approach is reached by the assumption of
cold electrons, T, << T;. The role of electrons in this case is reduced only for pro-
viding quasi-neutrality of plasma. However, in realistic practice this approach can
be met only under special conditions [15]. For example, the ionic and electronic
temperatures measured in solar wind generally are of one order [20]. Besides,
if the effects connected with a heat flux become important, the participation of
electrons in heat-transfer is important and must be considered.

In this paper the results of [7-9] are generalized for the two-component
plasma. Linear waves in homogeneous anisotropic and non-isothermal magne-
toactive plasma were examined with consideration of a heat flux along magnetic
field. The general dispersion equation which turns to the known results for cold
electrons was derived. Various special cases when derived equation is simplified
were studied. Dependence of instability increment of compressible modes on the
ratio of temperatures of ions and electrons was calculated. New criteria of fire-hose
and mirror instability with consideration of the role of electrons were obtained.
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2. MHD-EQUATIONS OF ANISOTROPIC PLASMA

For kinetic description of dynamic phenomena in plasma consisting of elec-
trons and ions, the evolutionary equations of distribution functions of each type
of particles - Boltzmann-Vlasov equations - are usually used. If the influence
of electromagnetic field is considered, the Maxwell equations are added to these
equations. For the distribution function of a type particles in seven-dimensional
space fq (r,u;t) the Boltzmann-Vlasov equation is presented in the following way

Ofea 1 1
e Vit {Fat o (B4 LB }Vufa=Qu (). )

where E and B are intensity of electrical and magnetic fields correspondingly
Uq, €q and mg— individual velocity, electric charge and mass of a type par-
ticle, Fo— external force, QQo— is the integral describing collision between
particles. Macroscopic parameters of plasma (density, pressure, flux veloc-
ity, heat flux, viscosity etc.) are determined as the integral moments of
the distribution functions in three-dimensional space of microscopic velocities:

k

MF) = 1\4&’61)...% (r,t) = Huajfd?’u, a; = 1,2,3. For example, the density
j=1

of particles equals to n = n(r,t) = ffdgu, for velocity of plasma we have

nv(r,t) = / uf d3u, for difference of pressures across and along magnetic field

U2
pL—p| = /m (ui — 2) f d*u.

Here d3u = du, duy du,. The number of these integral moments can be arbitrarily

we obtain

large and they all are expressed through each other. Equations which describe
these moments (transport equations) can also be infinite. Additional physically
justified conditions to be broken chain of the equations are required. In case of the
dense plasma, when distribution functions of particles of equilibrium collisional
plasma is close to Maxwell, these chains of equations are easily interrupted. As
a result, usual MHD - equations for isotropic plasma are derived. However, in
case of rare collisions and in the presence of strong magnetic field distribution
functions of particles aren’t described by Maxwell distribution, and a difficulty
in interruption of a chain of the moment equations for nonequilibrium plasma
arises. In this case longitudinal and transverse components of microscopic ve-
locity appear as two independent variables on which the distribution function,

6
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fryut)— f (r, uj,uy, t) depends. The solution of the kinetic equation is usu-
ally given in the form of expansion

f(r,u,t) = fo(r,u,t) Zau r,t) P, (r,u,t), (2)

where fj is a zero approximation for distribution function, a, - are the expansion
coefficients, P, - orthogonal polynomial with order v. If we replace the function
fo with bi-Maxwell function (the simplest form for anisotropic plasma), then

1/2 2 mw?
_ m m _mwi
fo=n <27rk:BTL> (27rl<:BT||> P < 2hpT, 2kBT|> ’ ®)

where w=u-v .Using in and integrating the equation , we may derive
chains of transport equations for the moments M*) Then at very small Larmor
radii of the rotation of particles around lines of force of magnetic field (rg — 0)
we obtain the following 16-moment equations ( [17,{19])

dpa
—= = 4
7 + padivv = 0, (4)

dv Pa|| = Pal
P B>< (V x B) +Z {VpaLJr(B V) <BZB>] —0, (5)
d B? pa” 1
Bpa\\@ In +B- VSa” +2Sa1 §SQH B-VInB=0, (6)
d o
Bpas o n (p L) +B-VSa — 25, B - VInB =0, (7)
d [ BSay\ | 3pa| Pa|
BSO‘Hdt ( 2n4 ) + Ma B- V( n ) =0, (8)
d Sal Da| Pal (poc” - pal) Pal o
BSaLdtln<n2>+maB-v<n)— B VB =0, (9
B

CiTt + Bdivv — (B-V)v=0, divB=0. (10)

In these equations % = % + V-V, pa = nmg, a = {e,i} and S, and S,
are heat fluxes along magnetic field caused by longitudinal and transverse heat
motions of particles of a type. If these fluxes are neglected, i.e. S| =0,5, =0,
we get the laws of time evaluten the longitudinal and transverse heat energy along
a fluid element trajectory (the left hand sides of the equations (6) and (7). The
pair of equations (so-called double "adiabats") and equations , and

7
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form the closed system of the equations known as C.G.L. equations |3|. However,
if to use C.G.L. equations, the equations and @ will remain unsatisfied. It is
a consequence of the fact that in deriving C.G.L. equations without any reasons
the third moments of distribution function are omitted, i.e. heat fluxes are not
considered. The equations — include heat fluxes and are more complete
ones. C.G.L. equations don’t follow from these equations as a special case.

3. DERIVATION OF DISPERSION EQUATION

For simplicity we will consider the case when unperturbed state of plasma is
homogeneous and stationary: all values of vo, po, pjjo, P10, Bo, Sjo and S1o — for
a type particles don’t depend on coordinates and time. The equations —
automatically satisfy this background with nonzero heat fluxes. Let’s consider
the small perturbations of physical variables relative to equilibrium state. For
example, we will present the pressure in the form of p = po + p/ (r,t), where
p'(r,t) ~ expi(k-r—wpt) and [p'|< pg. Here wy = w + (vo - k) is an oscilla-
tion frequency in the coordinate system moving with plasma, k— wave vector of
oscillations. For perturbations in the linear approximation we get the following
system of equations:

Pow = pao (kavi, + kyvy, + k.v) =0, (11)

Pajjo = Palo
— X

1 1
"+ — (k-Bg)B' — —ByB'k — kp!
wpoev' + 47r( 0) an 0 20;[ Dol T Bg

(12)

B’ Py — Pl
x (k - Bo) (B’ 92 Bg + ”‘””B()) — 0,

By Palj0 — Pa L0

B / / S B 28 10—S.aB S
97 4 Pal gPa  Zel0 (0 : k) 2ol P02y el ) — g, (13)
By paio  pa0  Pajow \ Bo Salo By Sajo

/ / B/ S B S/ B/
Par Lo D Salo <0-k>< ai—2>:0, (14)
Palo Pa0  Bo  patow \ Bo Sal0 By

! 2 ’
Sa+3B,_4p/0t_3p°‘”0(BO.k) M_ﬁ -0 (15)
SWHO By Pa0 SaHO/OOzOW By Pajlo Pa0 ’

L 5 Ph PajjoPalo (BOk> (pgd ph, DPaljo — Palo B’> _o, (16

Sal0  Pa0  Saropaow \ Bo Palo  Pad Pajo Bo
wB' =By (k-v)+ (Bg-k)v=0, (17)
(k-B') =0. (18)

8
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Eliminating the perturbations of heat fluxes from the equations

k / / _ B/ /
s, = PalbPelo <p‘“ — Lo _ Peolo ~ Palo paLO) +2S,00, (19)
WPao Palo  Pao Pajo Bo 0
3p2 k p/ / B /
S(’l” — Pafo™l [ Pl Pa | _ Sal0 (3 — 4pa> 7 (20)
WPa0  \Pafo Pad By pao
we get the system of equations
Phw — Pao (k:mvg, + kyv; + kzvlz) =0, (21)
Y, B pe Paj B pe
a0 al — Aol — + Ga2— “ b = bali + ba27a (22)
Palo By Pa0’ " DPalo By Pa0

1 1 b — Palo
wpov’ + = (k-Bg)B' — EBOB’k — Z lkp'al 4 2elo — Palo
(0%

2
o " (23)
« (k- Bo) (B’ 2By WB()) —0,
By Pafo — Palo
wB' =By (k-v)+ (Bg-k)v=0, (k-B')=0. (24)
Here
a0 =1 =02y a1 = 1 = 2Yala — Gallar a2 = 1 + 27alla — Mo, (25)

boo =1 — 37737 ba1 = 29aMNa (Soa - 2) —2,ba2 = 3+ 47400 — 3773‘

For the main unperturbed state we introduce the definitions (zero indexes are
omitted):

o _Pal . _ 2 _Pa| , B
pRp;="NMi; Po="——, Qo =1=Ya, g =— Pa= 71—,
Pa Pa APy
colk colk _ S _ S
N = “olP 2ol o 0, So| = el , Sot = 0
w w PaCa PalCq
B B?
l=1 =cos?0, I =sin?0, k= — -k, 4 =-——,
By dmp
_ _ 3 3
Yo = Sa = Sal,Sal0 ¥ JU00PaL, Sajo X ;U00Pal; (26)
1 Pal G| Y
= —nkpTy, &, ===, Q=" = ,
Pa|| o'e BLa|s Cal P Col \/[Te
m; +m m; UQ
Aa == : y Pi|| = AegzpeHv Yo = —, Ae = '%2 ~ 18367

me me Ca”

¢2 ZZZH ﬂ 1” Csj_ = (Zpod_> /pv SH = <Zpa> /P

T

9
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Supposing without loss of generality of formulation of the problem

k= (k;7070)7 BO = <B0$707B02)7

. (27)
By, = Bypcosf, By, = Bysin,
we get
B B(k-v) ¥k
- _ = vy =0 28
5 5 o T,V=0 (28)
1 v k faqn B apk-v B B B’
_802‘< il + 12( )+( )) 7(51_851)_
ni G| k) \ aio B w dmpiL B
B [/b; a;l B’ bio a2 (k-v)
2= = -9 e g e —
B [(bio LA goz> B bo " ai w
k (an B o ez (k V), B (29)
—r - =2
| | Pe k‘” o0 B B Pe
B bel el B, beg Qe (k . V)
- —2 2o =2 ) 2 | <o
+B |:<be(] e 0 Ae S0€> B + beO ve e w
Here
Gia = Bi — @i — l2io, Gea = —sbe — l2ge0,
W
Qiz = %’A +Bi+1di0, Ger = et + Ligeo,
a;0 Ge0
_ 1 ©i azQ Pe Ae2
qi1 = m 5= Iy am — i3, Gel = —Ne7— I oo Ge3, (30)
. < bio a;o > B < be2 Ge2 >
G3 =N\ 77— —Pi=— ), Ge3=TMNel|l7 —Pe—— |,
bio a;p beo Qe
_ba a1 _ _ bex el _
G0 =7 —Pi—— —20i, G0 =7 — Pe— — 2Pe.
bio a;p beo Qe
y— component of this system is reduced to
B! Vy Y v
4L+ 2+~ =0,
B Ve B Ve
, , (31)
LY 4y (Bi= ) 2L = puye ot = 0
pz”n Cq,” pz” ©i B pe||90€ B =Y,
from which we may easily derive the dispersion equation for the incompressible
modes: )
Ao \ 2

«

In dimensional quantities this corresponds to

W = (1—4 Zpa” pal) (33)

10
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which is a dispersion equation of type of Alfvén oscillations in isotropic plasma.
Other x — and z — components of the system of equations (28{29) take the form:
!/ /

Vg B Vg B
11— — @io tan 0 —= + T\ ge1 — — T||Ge2 tan —= = 0,
qi1 c. qi2 B ||9e1 Cel ||9e2 B

il

B’ v v
—=Z —patanf—" +no— =0, (34)
B Call Ca

1v v ! v B’

——= — giztan 0— + quu—= — 7| qes tan 0 —— + 7 gea— = 0.

M Cij| | B Ce| B

Determinant of this system gives dispersion equation for compressible modes:

2 2
Naqal Na4a4 Nada2 Naqa3 |\
R ol > R
. 9 Di| 1 .. . . ,

Since n; = e, Celpe = 1@ = 5 dispersion equation for Alfvén modes has

the form 26

w e — 1
THkQ =l<ﬁz‘+%‘—l+ e ) (36)
When

Bi+ @i + e /U7 < 14 1/4% (37)

Alfvén modes become unstable, i.e. fire-hose instability occurs. In two cases
increment of fire-hose instability turns to known case: when ¥? > 1 (cold elec-
trons, T < Ty ) and for the isotropic electrons ¢, = 1. If electron component
of plasma is anisotropic i.e., pe # 1, and pe > 1 (TL > T)) then fire-hose
instability is suppressed.In opposite case, when p. < 1 (Te1 < T,)), conversely,
instability intensifies.

Dispersion equation for compressible modes is given as

(22 — 1) (2* - 3) (2% - 3) (Q*2® — 1) Z =0. (38)

It may be easily proved that roots of multipliers (ac2 — 1) (xQ — 3)
(Q22% — 3) (Q%2? — 1) are false (see in ) The last multiplier Z in 1’
is dispersion equation for compressible modes. This is a polynomial equation of
the 12¢" order for normalized phase of velocity 2 = w/ kjcq:

Uroa'? + Uy + Uga® 4 U + Uga? + Usz? + Up+

39
+Ya ngg + U7ac7 + U5x5 + U3x3 + Uiz| =0, (39)

coeflicients Uy, 12 are presented in the
11
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If to transfer to one-component ionic plasma 1 — oo, the general dispersion
equation turns to

081,‘8 + 061‘6 + 04.1‘4 + 021‘2 + Co + i 051‘5 + Cg.r?) + Cix| =0, (40)

s:@?(l_l)vT_l_ﬁl 901( l)v
Co=3(2s+r), C1=-4Bs+r), Co=2s(2v7 —5)+3(1—3r),  (41)
Cs :4(S+T—l),04 =25s4+Tr—9,Cs =41,C =7l — r,Cs = —I,
which exactly coincides with the results of the paper [6]. In general the equation
is complicated. It includes the effects of anisotropy of both ion and electron

components. The interaction of ion and electron oscillations is complicated by
existence of heat fluxes along magnetic field.

4. WAVES IN NON-FLUX CASE

For identification of wave modes we exclude the effects, related to heat fluxes.
Let us to suppose v, = 0. For simplicity we denote t = xz,vzh = w2/c§Hk2 = [t.
Then the equation has the form

U12t6 + U10t5 + U8t4 + U6t3 + U4t2 + Ust + Uy = 0. (42)

4.1. Parallel wave propagation

In case of parallel wave propagation relative to the magnetic field, [ = 1, the
equation can be written in the form:
(t—1) (—¥°t +5%) (Wt =06 = PPpi + 9 —pe +1) Z =0, (43)
where
Z = "3 4 3R20%% + 6 9M? — 18 k2%t — 3¢t + 922+ (14)
+39%2 — 3K%t — 9%t + 9 K2,

In the first solution ¢ = 1 corresponds to slow ion- acoustic modes (STA),
for which w? = cZHkﬁ The second multiplier (—w2t+ /-f2) = 0 describes slow

electron-acoustic modes (SEA), for Which w? = Cgl\kﬁ' The third multiplier

V2t — 2B — 2 + 1/12 — <pe —|— 1=0in ) describes fast magnetosonic modes
(FMS), for which w? = ClH ((,011/12 +ﬁlw2 ¥? + ¢e — 1) /9%, which can be

1L . .
represented as w? = cAk: (1 —Ar Z paH Pa ) Fast magnetosonic modes in

12
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parallel propagation case become uncompressible and dispersion equation coin-
cides with Alfvén ones .

The fourth multiplier Z = 0 in is a cubic equation. We will not provide
complex exact formulas for the solution of this cubic equation. We will use the
expansion for the small parameter 1/x2 = € < 1. When we suppose 1) = j, then

Z=—eut [pt* —32u+1)t+3(u+3)] +

5 (45)
+3 [ut® — (6p+1)t+3(n+1)] =0.
When ¢ — 0 we get
6u+1i\/(6u+1)2—12(u+1)u
t172: 5 R (46)
I
or
6—!—7“:‘:,/244-7'”2 ) o

Here the first solution (upper sign) describes slow sonic modes (SS). This solution

can be written as
6+ 7+ /24 + 7}
2 2 k2 (4:8)

“o= Cs)l -

2 (1 + TH)

At 7 — 1(isothermal plasma) w?® = 303Hkﬁ , but at 7| — oo (cold ions) w? = cznkﬁ.

The second solution (lower sign) describes fast ion-acoustic modes (FIA)

6+7‘H —1/244-7'”2
2 2kt (49)

W = C

2 il ™
At 7 — 1 (isothermal plasma) w? = C?Hkﬁ, but at 7 — oo (cold ions) w? = SC?Hkﬁ
The third solution of
1 3 3k?
tf ~ - — = —— 50
Of 3 e u @ZJ2 ) ( )

that coincides with fast electron-acoustic modes (FEA), w? = 305”/2:

Thus, in non-flux mode for parallel propagation the general dispersion equa-
tion turns to , which describes six modes: fast magnetosonic, slow sonic,
fast /slow ion-acoustic and fast/slow electron-acoustic modes. Among them only
fast magnetosonic waves can be unstable during the development of fire-hose in-
stability.

2
I

13
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4.2. Perpendicular wave propagation

In the case of quasi-perpendicular wave propagation (I — 0) from the disper-
sion equation for fast magnetosonic waves we get

w? = k2 (ci +2¢2)). (51)

For the other modes of oscillations w? ~ 1 — 0.

400 89

300 [FEA  [SEA

v, 2001 v

21 FI4

100

Fig. 1. Dependence of square of phase velocity of waves on parameter of propagation

angle [ = cos?0 in case of fire-hose instability : we = @; = 0.5;8; = 1;9 = 0.5.

Instability occurs, if vzh < 0. Alfvén (A) and fast magnetosonic (F'M.S) modes

become unstable. The electron acoustic waves are shown on the left figure (a), all
other wave branches are shown on the right figure (b).

4.3. Oblique propagation of waves

In general, when waves propagation taves place at arbitrary angles, 0 <1 < 1,
dispersion equation (42)) should be solved numerically. Coefficients of this equa-
tion are real functions of five parameters: [— parameter of wave propagation angle
relative to the direction of magnetic field; 8;— magnetic field intensity parameter;
1— rate of nonisothermality of plasma; @, and ;— anisotropy rate of electron
and ion plasma components. Choosing a set of parameters we separate two char-
acteristic cases, when fire—hose instability occurs (condition is satisfied),
and when fire—hose instability does not occur (condition is not satisfied).
Fig. shows the dependence of normalized square of phase velocity v]%h on {. On
curves the names of wave modes were indicated which we established in previ-
ous section for longitudinal propagation. The instability occurs in those areas

14



AJAz: 2016, 11(1), 4-22 MHD instability of anisotropic two-component plasma

50 4

a) b)

401 |SS SEA FEA 3

304 2

204 n

Fig. 2. . Dependence of square of phase velocity of waves on parameter of isothermal-

ity of plasma v = (T} /T.;)'/? in given I = 0.5. The condition of fire-hose instability

for oo = ¢; = 0.5 and B; = 1 is fulfilled, if » < 1. The other modes are
stable.

where sz)h < 0. For the fixed parameters in Fig. Alfvén waves (A) for all angles
become unstable (fire—hose instability), however the fast magnetosonic modes
(F'MS) become unstable only in case of quasi-longitudinal propagation. Thresh-
old of instability of F'MS— modes is determined by Uy(l, 1, B;, e, pi) = 0, where
the function Uy is defined in . For stable modes phase velocities are ordered
as A< FMS < STA< FIA <SS < SEA < FEA. In Fig.2] the dependence of
normalized square of phase velocity Vf,h on v is shown at the angle of propagation
I = 0.5. As one can see, fire—hose instability for this set of parameters occurs
only in Alfvén modes. According to this figure behavior of waves at small and
large values of 1 considerably differs. We should note that the question of wave
instability was studied earlier in details at 1) > 1(ion plasma). Under realistic
situations, however, as a rule ¢» ~ O(1). In other set of parameters when condi-
tion of fire—hose instability is not satisfied, mirror instability may occur at
high angle propagation. Such example is shown in Fig.[3] where mirror instability
develops on a branch of fast ion-acoustic modes (F'IA).The threshold of mirror
instability also exists. To define the criteria of appearance of mirror instability
we will suppose Uy = € — 0. Then the equation becomes

t(Urat® + Unot* + Ust® + Ugt? + Uyt + Us) + € = 0. (52)
One of the solutions of this equation ¢ = LU = 22 ~ —% defines the
—Us 2

criterion of appearance of instability in general form: Uy/Us > 0. In simplest
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case, when protons and electrons are equally anisotropic, ¢; = pe = ¢, in quasi-
perpendicular propagation passing to limit [ — 0 we get

o B(¥2 1) [2 (262 — 20 — B) + 267 — 2]
teT 1608 (p — 1) ' (53)

(202 — 2¢ — B;)?

From this the condition of appearance of mirror instability is obtained

V2 (202 — 20— Bi) + 20 (¢ — 1)
p—1

> 0. (54)

When ¢ < 1, this condition is always satisfied. If ¢ > 1 then

220 (0 —1) — Bi] + 20 (¢ —1) > 0 should be fulfilled. When ¢ — oo (ion
2

plasma) this condition goes into 2p? > 2p + f3; or Pl > p1 + pm , which is a

p|
classical condition of appearance of mirror instability [6]. For ¢» — 1 (T = Ty

isothermal plasma) we have 4p? > 2p 4+ ; . For hot electrons (1) — 0) the
condition is satisfied in all cases.

FIA

0 02 04 0.6 08 1
!
Fig. 3. Dependence of square of phase velocity of waves on the pa-
rameter of propagation angle | = cos?0 for the lack of fire-hose instability

B7:pe = i = 1.5;3; = 1;9 = 0.5. In this case the mirror instability can de-
velop in fast ion-acoustic (F'IA) branch at quasi- perpendicular propagation.
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5. DISCUSSIONS AND CONCLUSIONS

To study the reason of existence of large-scale wave turbulence observed in cos-
mic plasmas (solar and stellar coronae, solar and stellar winds, magnetospheres
of an Earth and planets, heliosphere et al.) we considered wave instability an
anisotropic homogeneous plasma. Obtained general dispersion polynomial equa-
tion of 14th order is the generalization of earlier studied one-fluid case to two-fluid
one. Inclusion of electron and ion components of plasma considerably complicates
the final result due to the interaction of wave branches of both components. Ob-
tained equation includes the effects related to anisotropy of both components
as well as effects of anisotropic heat fluxes. For simplification of analyses in
this paper we analyzed the dispersion equation without considering heat fluxes
in background. For longitudinal propagation of waves relative to magnetic field
wave modes are separated and their dispersion equation exactly coincides with
wave branches of electron and ion components known from kinetic consideration.
It is shown that without heat flux in plasma only classical fire-hose and mirror in-
stabilities may occur. Fire-hose instability occur in Alfvén and quasi-longitudinal
fast magnetosonic modes. The presence of anisotropic electrons has strong influ-
ence on the appearance of fire-hose instability. If Te; < Tg) then the instability
is enhanced. In opposite case Te) > Tg this instability is suppressed. This insta-
bility entirely disappears, if Ty > T + Tj). In realistic situations, for example,
in heliosphere, the condition is opposite and fire-hose instability may occur. The
second classical instability is compressible mirror instability. It is developed in
case of at quasi-perpendicular propagation of ion-acoustic modes. The influence
of electron component on criteria of appearance of mirror instability is essential.
Depending on the value of ratio T} / T, threshold of instability is changed. Mod-
ification of classical instabilities of anisotropic plasma with a heat flux, as well as
other new types of heat instabilities will be studied in further works.
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APPENDIX 1

Coefficients in the main dispersion equation of (39) are

Uip = %1, (55)

Uro = 98lpi — 44517 — 6481 — ¢®B; — 298¢, + Slpe — 2981 — 298¢,  (56)
Yaly = =413yl — 4P lx, (57)

Us = 2¢81p;2 — 490102 — T8l — 29802 + 3911k + 24 Y51k2+
+tlpe K + 49°Bik? + 890pik? + 2481 4+ 2981pe; + TH®Bi+
+1498p; — 4 per? — Pro2k? — TY01p. — 39010 — 248 pepi+ (58)
+291K% + 81 per® + 2901 + Pl + 390 B; + 14450 + 6 ¢ —
—31tlpe — o — 3t + 6,

Yo Ur = —49%velpik — 49°vepepits + 49 velpe’ K — 4¢P yelper+
+49%vlpep; — 49%yilve — 490vipepi — 40Pilp; + 493yl +
+498Biv; — 490l + 890vie + 89Uy — 493 vip® — 4¢P yeph—  (59)
— 43 Yelk + 8Pk + 120°elk + 8 YPve ik + 16 W0yl +
+AYP Bivek + AP Yelk® + 495 velpepin,

Us = —89°yeipepin + T2 k% + 692162 — 1202 pck? — 395102~
49820 — 691 Bik? + 8900,k — 124 pik? + 3 lpirt —
—30%p 2kt + 392 lpert + 9U0lp. + 9YBlp; — 840K+
+8¢%0epi + 12¢9°1p; + 1291 pe — 49%p.* — 10919+
+7 940 2k2% — 28 90B;k2 — 56 0pik? — 56 prper? + 109K+
+12* + 39002 — 24 prp, + 1090802 — 124°8; + 4902 — 24450+ (60)

+129%1 = 189%0; — 99 B; + 6 4% + 4%, lpi* —
49?7207 K2 + 69 1per® + 69 pin? + 8 Y pepin® —
TPl k= 84°lp®k® — 8Y0lpep; + 28 Yt lper” — T lp K+
+28 0lpik® — 81 lpepir® + 41 lp K — 3yt Bikt + 31 o Kt —
—18 ¢ K" — 69 pir" — 18400, — 6070k + 8 Y e ilpein,
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Yo Us = —16 ¢5'yel<,oegom -8 1/13%&,06%/@3 — 16 1/14%lg06<,0i/<;2 + 4@!)8%1—
—49®Biyi + 490yl — 8¢ yii + 1298707 + 4 velk®—
89 Yeper® — 329 Y0k + 16 Yhy;lk% + 16 90,07 K% —
—329%yi0ik? + 4ty K2 + 4Pyt h—

—169°8;vik? — 89 veipir® — 120091k + 129 ek + 490l 00+ (61)
+8U5yi0epi + 4 Uyl — 120845102 4+ 16 3 Yok + 16 93 el —
—32 wg'yegoem — 32 w5'yeg0m — 16 ¢5ﬁi’)/e/£ —12 ¢3’yeln3 + 16 wG%-lcme—
—1695li*k* — 4 yilpe k2 + 49 eloir® + 8 e pepin®+
+16 Y yilper? + 16 ¥y pepin® + 40 Yelper® —

— 129 velp K2 + 16 VP velpik + 16 Y2 yepepir — 1693 velpe kit
+16 9V velek — 8 Y0ilipeps — 49 elpi®k — 84 vipe+
+4 9% velk — 49 Biyer?®,

Uy = =697 k% + 16 Y veyipepirs + 16 93 vevipepir® — 28 2p2K% —
—240%1K% + 99°1p? + 2491 Bik? — 40 Y0 PR 4 A8 Ytpi?—
—-21 ¢4lg0m4 + 21 w2l<p§/<;4 —21 ¢2lgoe/<;4 — 31/)2lg0i/<;4 — 31/)6l<,06—
—3¢%1p; — 24981K5% — 6900 — 9Y°lp; — 9w, + 31pHp 2+
+6 %102 — 9t 2k? + 36 W9 Bik2 + T2900ik? + T2  per?—
—42 %K% + 6@[141901‘2/-64 — 6w2g0€gom4 — 9yt + 6w2lcpegom4—
—91%0;" + 1849, — 69%0;” +99°8; — 39p.” + 189 pi—
—12951 + 6 %p; + 3988 + 6400, — 3981 + 6 ¢ 2k +
+16 957202 K% + 16 Y7720 k2 — 24921 per? — 240 ik +
+28 Y21 k% + 4095102k + 6901 p; — 36 Y per®+
+9 9. 2K% — 36 Y01pik? — 16 9°7;21p;2 K2 + 32 pepir®—
—16 V%7210 2 k2 + 612kt — 3lper® + 21 Bkt —

—21 9202kt + 6 R + 42 ikt + 4292 okt — 12107 k44
+6 02kt + 3 Bip? Kkt — 6 %k — 6 02kt — 31k + 6 okt —
—16 VP yevilpepits — 16 3 veyilpepin®+
+48 ¢ *per® — 329 pepin?,

(62)
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YaUs = 129yl k* + 48 Y0102 k? — 129 y;lpikt — 1244y, K —
— 489002 K% + 1292yl Kk + 1297 yilpeipin® + 1294 Byt +
+24 9 yi0int + 3203yl peipin® + 40P Yol — 16 Y0l +
+A Y Yl K + 3290 ilpepik® + 16 Y0 Biyin® +
+32 wﬁ’yigomz +12 w“r”yelgoecpm +12 w‘r”yelcpfff —12 ¢2fyil<pe/f4—
12950 K — 129200 pik" — 169 elpir® — 329 e peipin’®—

— 4Pk — 169 ylper® — A9 02K — 329N Y00k — (63)
— 1297 lpik — 129 epepit — 129°7epi? K — 1291k +
+24 2 yipek? — 403 lk3 + 48 ¢ Yol K3+
+16 @11352-76/{3 + 32 1/)3%%/@3 — 16 1114%1/12 + 32 @ZJ4%¢€/{2 —12 ¢5’y€lﬁ+
+129%yelpeP s + 1297 Biver + 249 veipik — 16 Yeliper®—
— A8 Yepe K — =129 Yelpers — 1293 vepc K — 169 el +
+321 Yeper® — 12077l + 2493 ye ek — 16957;10:K7,

Uy = 12942102k — 129%9;20;2k% — 3004102k +
+24 903y yilpepirs® + 27 Y ik + 30Utk — 2493 Yeyipepin®+
+12951p;r? + 24002 Kk% + 18 Y4k — 2721 2kt — 242 ekt —
=322kt — 27 Bkt — BA ot + 12951k — 3¢tlp2K2—
—24 9 pepir? — 18 @2 K% 4+ 124h° 212 K2 — 1240 Bk —
—24450; k2 + 27 P%1lper? + 129% 10kt + 2720 2w+
+24 ngoeapm‘l +3 zp2<pi2/£4 + 12 w4lgoe/£2 + 18 w4lapi/<;2 +3 w4<p62/<a2+
+24 904 pepik? + 1812 Kk% — 129027202k + 30 2Kt — 24 102Kt —
—12 B2kt — 54 %okt — 24 op? Kt 4 3091 K? — 21 2l 2 K2 —
—18 Y% Bik? — 249 ook — 36 Yok 4+ 1210k +
+24 02Kk + 18 Y21pek? + 21 202k + 121k* — 24 ookt 4 18 21K —
—36 9% pek? — 249512k,

(64)

YaUr = =36 Y1yl 2kt + 1294yl + 36 Yy okt —
—129%yl Kt — 240 yilpepir® — 120 By — 249ty i —
—24 wg'yel@e(pm?’ —12 wg'yelcpf/{g + 12 ¢2%’l(pelﬁ74 + 12 w2’7itp62fi4+
+24 Y2 yipepik® + 129 7elik® + 2493 vepepin® + 129 ye 02 K3+ (65)
+12 1/)2%[&4 —24 w27i¢eﬁ4 + 129371k — 361p’yelg062/<c3—
—129°Biver” — 249%7epir”® + 129 Yelper® + 369 yepe’ K + 1290 Yelk®—
—24 1) Yeper® + 1291l
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Up = 18042kt — 99tlpikt — 18 0402kt — 9041kt + 9921 2kt +
+18¢lpepirt + 99l ” Kt + 99 Bkt + 18P ikt — 99 Plper—
—992lpikt — 99202kt — 182 pepirt — 9202kt — 18 12K+ (66)
+181p 2kt + 9 B0kt + 182kt + 18 2kt — 9l k-
—18 2kt — 91k + 18 er?,

where Kk = v/Ae.
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We study wave properties and instabilities in a magnetized, anisotropic, colli-
sionless plasma in the fluid approximation using the 16-momentum formalism.
In particular, we investigated equations different from the ideal MHD equations
by including evolution equations for the heat fluxes with different components
along the magnetic field S| and S;. Main aim of this paper is to study the
MHD shear instability that occurs in the contact surface of interaction 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 anisotropic properties of
the wind plasma. A preliminary study of the obtained dispersion equation for
solar wind plasma parameters showed that in places of contacts of different
streams having the MHD shear instability properties which highly dependent
on the plasma anisotropy and heat flow along magnetic field. The results
could be used for the interpretation of the observed facts of wave turbulence
in corotating interaction regions (CIRs) as well.
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1. INTRODUCTION

The Magnetohydrodynamics shear instability (MSI) is one of the most impor-
tant process in astrophysics and geophysics [13], [12]. It can occur in the presence
of a two (or more) regions with different physical properties, which are in relative
one to another motion. MSI extensively has been theoretically and experimen-
tally studied in such space areas as the solar corona [19|, the ionosphere [14], and
many other astrophysical situations [§]. The well-known version of MSI is the
tangential discontinuity at the interaction region between the solar wind and the
Earth’s magnetosphere. Chandrasekhar [2| developed linear theory of the MSI
for the case when there is sufficient transverse velocity shear rates across the tan-
gential discontinuity. He obtained dispersion relation with important properties
[17], [18] for an incompressible homogeneous isotropic plasma on two sides of a
discontinuous tangential flow and discussed effect of the homogeneous tangential
magnetic field on instability. Until present time, the MSI is under the increas-
ing attention and has been extensively studied both theoretically [24], [1| and
experimentally [9] with many applications in the astrophysical context [10], [11].

The problem of the MSI of an anisotropic pressure plasma has been analyzed
(e.g. [22]). Investigations of the MSI instability of homogeneous anisotropic pres-
sure plasma have been done by [23|. In [4] there has been carried out the study
of the MSI instability of anisotropic pressure plasma in presence of magnetic field
using Chew-Goldberger and Low (CGL) approximation. The history of study of
the wave instabilities using 16-momentum fluid formalism began with series works
of Dzhalilov and Kuznetsov [15], |[16], [7], [5]. [6]. In paper [7] authors assumed
a magnetized, anisotropic, collisionless, rarefied hot plasma and derived the gen-
eral dispersion relation for linear compressible wave modes. Important properties
implied by this dispersion relation removed the discrepancies between the results
of the CGL-MHD fluid model and the kinetic theory: i) The mirror slow mode
instability criterion in this case was the same as that in the kinetic theory. ii)
Similarly, in kinetic studies appear two kinds of fire hose instabilities - incom-
pressible and compressible ones. However, in these studies the effects associated
with shear are not considered.

In order to examine the MSI in the tangential discontinuity between colli-
sionless flow regions of different velocities in the solar wind, we use the fluid
approximations of the 16-momentum set of the transport equations, following
methodology in the paper [7]. As it is known, solar wind can be divided into
three components:

e First fast wind component is a major component during the declining and
minimum phases of the solar cycle, flows with speeds 600 - 850 kilometers
per second. This component outflows from regions with low coronal density
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and temperature, which are known as coronal holes. In the coronal holes
the magnetic field is strong and the field lines are open to interplanetary
medium.

e Second component of the solar wind outflows with low-speed 350 - 400
kilometers per second. Slow wind component has the base as the equatorial
coronal streamer belt. In the ecliptic dominate interestings physics where
the fast and slow components alternate in the solar wind. Since the Sun
rotates, both components outflow from the Sun by well-known trajectory
an Archimedean spiral. As it should be the high-speed streams outrun the
slow-speed flows whereupon arising co-rotating interaction regions (CIRs).
CIRs have enhanced density and magnetic field than surrounding regions
and play an important role in solar-terrestrial relations.

e Although in the ascending phase of the solar activity cycle and at solar
maximum, the average solar wind speed slows, the solar wind flow basically
associated with the coronal mass ejections (CMEs) at varying speeds 900 -
1200 kilometers per second. CMEs erupt from closed magnetic field regions
and reach a peak values of the occurrence rate at solar maximum. At this
period, due to fast earthward-directed CMEs we register often occurring
geomagnetic storms.

We first study analytically properties of MSI in context 16-momentum fluid
formalism, unlike previous works where studied this instability within the isotropic
hydrodynamics and magneto-hydrodynamics. In this article we will present sim-
ple configuration of tangential discontinuity with an possibility to choose some
special cases when to parameters of plasmas such as the pressure, density, initial
heat fluxes, plasma-beta and anisotropy are given physical mean values. We will
discuss the cases when boundaries of solar wind and CME plasmas are shearing
and unstable, by including dimensionless parameter h as ratio of flow speeds,
which values provide enough condition for velocity shear across the interfaces.
The 16 momentum MHD set of equations for anisotropic ion plasma may be used
in the form [20], [21].

%—i—pdivv:(), (1)
dv B? 1
av ~)- —(B-V)B=
pdt —i—V(pJ_ + 871') 47r( V) (2)
= (pL — p|)[hedivhg + (hg - V)hg] + hg(hg - V)(pL — p)) + g
dpB*  B? Sy L 251
G = g B V() + 5 s VB, @)
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dp. B Si

diop =, bm v)(%5): (4)

dSB° _ 3p B’ P
% P4 - p4 (hB : v) (?) ) (5)

a5 _ P PL)  PLPL D)
e [(hB v)( ; )+ P (hp V)B] , 6)
% + Bdivy — (B- V)v =0, (1)
divB = 0. 8)

where hg = B/B and d/dt = 8/0t+ (v- V) is the convective derivative. Here S,
and S are the heat fluxes along the magnetic field due to parallel and perpendic-
ular thermal kinetic motions of ions. If the heat fluxes are neglected, S = 0 and
S| = 0 we obtain , and closed system of equation which called the
CGL(Chew-Goldberger-Low) equations, see the pioneering work by [3]. Given
16-moments set of equations, one can consider the heat fluxes more completely
form compared to the CGL equations.

\ Z

Fast flow Slow flow Eﬁ =(0,0,B,)

7, =(0,0,v,,(x))

B =(By.By.B,)

V= (\'x,\'}.,vz)

Fig. 1. Geometry in 3-D MHD configuration.

We consider, geometry of the MHD plasma flow, as in the fig. [I The equi-
librium velocity vy has a component only in z-direction, which varies on x-axis,
vo = (0,0,vo,(z)) and the background magnetic field By directed along z-axis.
We assume that the background state with non-zero thermal fluxes is homo-
geneous (the gravitational acceleration, g = 0 and the following quantities
0, P10, P|j0; Bo, S10, S0 are constant). We considered the stability of the sys-
tem to linear perturbations of all the physical variables, according to the form
f = fo+ f'(z,y,2,t), where f'(z,y,2,t) ~ F(z) expli(kyy + k.2 — wt)]. Here,
w is the wave frequency and k,, k. are the wave numbers. After linearization of

equations (18) we obtain
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p ky k. 1 Ovy

%:@Vﬁ@”‘@ax’ )
B OB B,
POW Vg + 1 830 B Ak:ZB—O =0, (10)
B B B
pow.vy — k (pL+4OB) %B Asz—z:O, (11)
. . P 0B, ) /
pow:Vz + ipoVy (2) Ve By on B—OkyBy —kp =0, (12)
/ ar(z) B, as(z) p/
= — 13
b1 Plo CLO(Q?) BO 10 ao Qf) ( )
’ bl(x) BZ 52(1‘)
_ B 14
P Plogo@) By ™ P1obo(z) po (14
w, By + Bokove = 0, (15)
w,By + Bok,v, =0, (16)
0B, . .
87 + Zkiny + ZI{JZBZ =0. (17)

Here, P =p|, — P10, Vi (z) = 0vo/0z and w, = w — k, Vp(x) is the Doppler
shifted frequency. We can easily find expression of v, , v, and B, from ,
and respectively and by using them into @ and — we obtain

following
p i Vg(z) B: k.
r__ Byt 5+ =V 18
Po w> Bo By w. -
iVi(z)a a1 +a as k., B
pl:&(_ﬁﬁgfr 1T 2p, 420 Ovz), (19)
0 w, ag ao ag Wy
o=Bo(_ Vo@) bz p  bitbap  b2ks Bo )
P = o et T Bty T e (20)

after inserting of these relations into (LO{12)) we obtained that equations depend
only on B, B, and v,

ﬁAszx+8< VO() B +1 BB, + 1 Byak,—— )zO, (21)
ox W, ag owz

ikyaVy(z) as iBak, B,  kiBo+ kZfBa ak.ky By ay

B — B,———2——"v,=0 22

W, ag + ky Oz ky ? w, ap V2 o (22)
k2 ik: Vg () Bik. ,

;ZVZ — Bowz Bx + BO BZ =0. (23)

27



R. F. Ismayilli et al. AJAz: 2016, 11(1), 23-38

Firstly, excluding v, from and insert into then we get expressions for
both variables v, and B, in terms of B,

vt

Vz:Z‘/O(x)B:E—wz /81
k. By k. By
_ i1 k.Ba 0By

substituting the last two expressions into we obtain second-order differential
equation of the form

B, (24)

(25)

0 0B,
— (4 - B, =0, 2
8:c< (z) Ox ) Balw) 0 (26)
where .8
Alz) = A% 27
)= 525, + K28 0
1 a
Ba=B-a——, Bu=Pfo—a—P
n ao (28)
ﬁ—aa1+a2+ﬂ ﬁ_bod—bl—bg
T CNT b/ by
coefficients ag,1,2 and bg 12 are determined as
a=1-—n%, ar=1-2yn—an®, ay=1+2yn—1n?
0 n 1 i) n 2 Y= (29)

bo=1-3n%, by =2yn(a—2) — 2, by = 3+ 4y — 3%,

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

2

B2
a:&,azl—a,ﬁz :VTA,C2||:]ﬁ
p| dmp P (30)
c|k= S Sy
n= ’YHZ y YL = 7’7:7\\:’)@_
W, pjc| pLCj

The v = 7 = 71 is a simplified approach (see [7]). Here ¢ is parallel sound
speed, 6 wave propagation angle relative to magnetic field, a anisotropy parame-
ter, v background heat fluxes parameter, 5 inversely proportional to the plasma
beta (8 = 2/8,). We also assume for k, = kcosf, k, = ksinf and after denot-
ing cos?f ={ we can write k., = kv/¢ and ky = kv/1 — £. Imposing substitution
¢ = 1/n and derivative with respect to x

9 _ Vi) o
ox N CH 857
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into , it yields

B 2 (A0 5) — a8, =0, (31)

c
[

and accordingly 84 and B, can be written as follows
Ba=pB—a—¢, (32)

0,2 8 278+ 297 -5 —67(+3

(€' —6& —4vE+3) (- 1)
The coeflicients of the equation are variable and they are complex functions
of £. Furthermore, the velocity profile V() is still arbitrary function of x - co-
ordinates. In case when two plasma flows meet, there is a transition layer with a
finite thickness between them. The thickness of the transition layer is determined
by the flow velocities and physical parameters in each flow. In the simplest case,
to simulate this situation we take a profile as

Be=B+2a+ (33)

%2601 4 ‘/Olefax

Vo(x) e >0 (34)
IRAC)
Fast flow Slow flow
Yor% e X o2 hyy
3

Fig. 2. Schematic representation of MHD plasma flow. Different line profiles corre-
spond to different values of o in (31

Here, L = 1/0 parameter characterizes the thicknesses of the transition layer.
Fig. 2| shows schematically the various profiles of Vp(z) for different values of o.
With increase of ¢, the transition layer thickness decreases sharply, and eventually
there is a discontinuity (solid line in fig. [2)). We use new variables

U_VO(m)_l—Fhe*Q” h—&
T Ve dqem TR
1
nN=——7"——"> M:@7Q: “ )
M(Q—u> | k= Voo
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0 (u—1)(u—nh) d
— =20 ——.
Ox 7 h—1 du
We get second order differential equation with 2 singularity points v = 1 and
u=nh

q1(w)(u —1)*(u — h)%y" (u) + g2 (w)(u — 1) (u — h)y'(u) + g3(w)y(u) = 0. (35)

The resulting new equation has a regular singularity at points Vyj = Vi and
Vo = Va. This equation is a hypergeometric type. Coefficients g1 (u), g2(u) and
q3(u) respectively are defined as

q1(u) = A(u),
dA(u) 1+h
a:(w) = [(w=1)u—h =2+ 2<u _ T)A(u)} ,
q3(u) = —¢ Ba(u),
where , ,
_ /BAB* _ k (h — 1)
AW =T =98 706, T 1

With long (¢ — 0) and short (¢ — oo) wavelengths compared to thickness of
the transition layer, equation can be solved by asymptotic methods. In this
paper, we will be limited to the case of a profile in the form of a tangential
discontinuity.

2. THE GENERAL CONDITION OF SHEAR INSTABILITY

According to the paper [7], it is known that firehose and mirror instabilities
modified with heat fluxes appear in anisotropic homogeneous plasma. Further-
more, there may be other types of instabilities, directly related to the heat flux
along the magnetic field. Our purpose is to explore the shear instability in the
anisotropic medium. Therefore, first we should consider the properties of this
instability disregarding the effects due to heat flux. From this moment on we
assume that v = 0 throughout the following text. Multipling both terms of the
equation to conjugate of B, and integrating from negative to positive infinity

we get
Ta (B T
2 22z BX gy — 2. _
/dm(ﬁ* dx>dex /BA‘BI} der=0. (36)
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= 0 we obtain
=200

After partial integration with boundary conditions B,

“+o0o +oo
//B*‘BHQd:U—F/BA‘Bx‘Qd:L‘:O. (37)

Taking the limit v — 0 and by introducing new variable t = ¢2 in (32}{33)) yields
Pa=p—a—t, (38)

Bo—pras (2 L 1 (39)
*x — (6% - .
2\t—1 ¢t-3-v6 t—-3++6

For plasma instability with background flow, we must notice that, the frequency w

and the variable t = £2 are complex, so we can split them into real and imaginary
parts,
w=w,+1iw;,

o (wr— k. Vo(x))? — w? 2wi(wr — kVo()) )
t=¢" = kgcﬁ +1 k?gCﬁ =t,+1it;.
Let vo(x) = Vo(x)/c)- normalized velocity, vy, = w;/k.c|- normalized phase

velocity of waves, I' = w;/k.c| - increment of instability, A = v,, — vo(z), so
t, = A2 —T?2, t; = 2T'A. Then the imaginary part of is reduced to

—+00
/Q(m)A(x) dr =0, (40)
where
a? 2 1 1 2 2
= — + + By|" +|B.|”.
@ =3 <\t_1|2 t—3— V6 \t—3+\/6\2>‘ rlB

As Q(z) > 0, then for the fulfilling of it is necessary that the sign of difference
A = vpp—vo(z) must be changed. That means to develope the instability (w; > 0)
the velocities should satisfy inequality vo2 < vpn < vo1 this is the condition of

. The real part of
T—>+00

MSI onset. Here vo; = vo(m)‘ , Vo2 = vo(x)
T—>—00

+o0 +o00
/Re(ﬁ*)\Bg\Qda:+ /(B—Fa—l—tr)‘Bw‘zda::O, (41)

is fulfilled if the condition of fire-hose instability 3+« < 1 is satisfied, where

tr—1 N tr —3—+6 N tr —3+6
t—112 " 2t —3—-v6]2 2/t—3+V62)"
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3. STEP DISCONTINUITY VELOCITY PROFILE

In this paper for simplicity we are assuming a step discontinuity

1% <0
function(o — oo) for the velocity profile ot as shown in Fig. 2((solid

Voo >0
line). Substituting this velocity profile into we can obtain equation with
constant coefficients which can be easily solved for each flow, separately. This
yield the following solution

Bx:Cle*kIz, z>0 Bw:Cgek“”, z <0 (42)

2 2
ey = ,/—W, Re(ky) > 0 (43)

and all variables can be written in terms of B, as follows

here

Ve = — B‘:ZZ B., (44)
By, = i ;ZA a£ =, (47)
B, — i ZiA 883;96 7 (48)
g = ikl 3) 0B, )
o = ap + (1@0— B1)asz pBl;i l;iA 685;1 7 (50)
p,H _ b1 + (1b— Bl)bg%i k.A 0B, ' (51)
0 0 Bx Ox
We should require that the found solution must satisfy the boundary conditions
{povz} =0 (mass flux), (52)
=0
{pﬁ_ + Bifz } =0 (total pressure). (53)
2=0
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The braces in the latter two boundary conditions indicate that the terms inside
those brackets represent differences of parameters for the two different flows.

For simplicity we use average of velocities(V = (Vp, + Vo,)/2) to make expression
for 7 and w, dimensionless, which can be written

_ C| 1 1
.=k V(Ve—m), n= = =7 54
? Wm0 T Ve —m) € oy
here _
Vr w 1% Vo
V = =, V = ., M = -, = . 55
F v f k. o m v ( )

Applying condition and considering expression for v, from (15

Wz
= B =0
{PO ka BO ZE} )
=0

P0; Wzl L0y W22
Ci = Csy. 56
B B (56)

from last expression it follows that

or

€1 _ po2 Borwzs
Cy  po1 Boaws’

and expression for condition

6.-8  B\pu ikBa 0B\ _
{( o )Bo BB, + k26, 0 }m_o‘o' o7

Simplifying and regarding to B, component can be written also as follow

Bai ¢, Ba
g - =0, 1—04+0— 58
&i ki Bi’ (58)
where ¢ = 1,2 indicate 2 different flows. We assume that after squaring the

expression (58) can be written as ratio of two polynoms (N(£)/D(&)), and for
different flows we can write dispersion relation as

Ni(&1) D2(&2) + N2(&2) D1(61) = 0, (59)

here
glzX_Aa 52:X+A> (60)
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where X = M (Vp —1) and A = M (h—1)/(h+1). Taking v = 0 let the equa-
tion pass to the polynom with even degrees of X. Which also allow us to get
polynomial equation of 8 order for f = X2

8
> (an = Lba) f™ + (A% —a — B+ 1)(ag — £by) = 0. (61)

n=1

Due to a large expressions of a,, and b,(n = 0..8) we do not include these coeffi-
cients explicitly in this paper. The equation has been solved numerically. In
Cy specify threshold condition. In case f = 0 we can get a critical expression
for . = ag/by. It should be noted that, in comparison with , the dispersion
equation contains additional false roots. These roots must be excluded by

checking .

4. LIMITING CASE

Let us consider the case of perpendicular propagation (k, — 0). First we take
all parameters same except velocity, Vg1 # Voo and assuming ¢ — 0 which implies
k — 1. Hence it leads that

2 2
1= ¢&
Z o+ B ‘ éz —0. (62)
i=1 Si
Due to , last equation can be written as

a+f-1-(X—-AP® a+p-1-(X+A)?

X-A X+A =0
Finally, we obtain solutions as follows
X=4+VA24+B+a—1. (63)

For MSI condition A2 4+ 3+ o < 1 should satisfy. This means that the velocity
shift suppresses the classical fire-hose instability.

5. SHEAR FLOWS WITH SAME PHYSICAL PARAMETERS

In this paper our main goal is to calculate the growth rate of MSI in an
anisotropic medium. Therefore, to avoid other plasma instabilities, we assume in
addition to v = 0, also condition of absence of firehose (o + 8 < 1) and mirror
instabilities( 2ac + 8 < 2a?). Let’s consider the case when all the parameters of
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the anisotropic plasma of both shear flows are the same. Ounly the flow veloci-
ties differ, V1 # Vpo. It is well known that the firehose instability occurs if the
condition @ + 8 < 1, or p| > p1 + 2pmag is observed. This is possible only if
«a < 1. The condition of mirror instability occurrence is more complex. However,
during quasi-transverse propagation (¢ — 0), it is simplified and takes the form
of 2a 4+ B < 2a2. For pressures pﬁ_ > p(PL + Pmag)- It is clear to observe this
condition one should have a > 1. We chose for supersonic flows (M > 1) such
parameters « and 3, to avoid the firehose and mirror conditions. Solution of the
dispersion equation for this example are shown in Fig. Fig. |3|shows the
phase velocities of waves along the flow, normalized by the average flow velocity,
Re(Vr) = Re(w/k, V).

As expected, if MSI occurs, then the real parts of the solu-
tion should be in the range wp2e < v < o1 In our nota-
tions, taking into account that w,, = M/VlRe(Vr), this corre-
sponds to the condition of ma/vVEl < Re(Vp) < my/VL Here
mi = Vo1 /V = 2h/(1 + h), my = Voo/V = 2/(1 + h). As follows from
the figures, the fusion of modes occurs between the bifurcation points (branching
solutions). This causes instability. The number of bifurcation points increases
with growth of £. In quasi-longitudinal propagation of waves of £ — 1, along with
MSI the oblique firehose instability occurs as well. MSI increment increases with
growth of propagation angle.

2=0.65

2=0.65

°

°

d ©
081 °,
°
o

0.71

0.5‘ 06‘
4 0.57
° Im(VF) °

o 0.4
0.3

~0.51
024 »

0.14 °

Fig. 3. The normalized phase velocity Vi of waves depends on ratio of shear velocities
A for given ¢ = cos?f values. Here anisotropy parameters oy = ap = 1.4, the
inverse plasma beta 51 = 85 = 3 and the Mach number M, = M, = 8.
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The most unexpected result here is the behavior of the MSI increment. In a
classic isotropic case, MSI increment is defined as |h — 1|/(h + 1), i.e. with the
growth of h, it tends to one. In the anisotropic plasma the increment has max-
imum and MST occurs within a certain range of values of h. This limit is much
narrower with an increase of . In this case plasma instability occur, however MSI
dominates. Another interesting fact is that, slow modes (respect to the average
of velocities, Vi < V), Re(Vr) < 1 with the increasing of h change their direction
of propagation (reflection of modes on velocity discontinuity).

6. DISCUSSIONS AND CONCLUSIONS

We studied shear plasma flows along the magnetic field in the context
16—momentum MHD equations neglecting gravity effects. For an arbitrary flow
longitudinal velocity profile with transverse gradient, considered linear wave per-
turbations, which are propagating in an arbitrary direction. In the presence of
an anisotropic heat fluxes it has been assumed, that both flows are anisotropic
and homogeneous. The interfacial layer thickness is finite because of continuous
shear velocity profile. For that case we obtained second order differential equa-
tion in general form. The special case considered in more detail, when interfacial
layer has a zero thickness, i.e. between of the plasma flows presented tangential
discontinuity. For such case, resulting equation becomes easily solvable.

As next step applying the boundary conditions on the discontinuity, we ob-
tained the dispersion relation in general form, which can be presented as a poly-
nomial equation of 16th degree (6I). As is known [e.g., see. [7]], the wave modes
are described by the equation with 8th degree in each environment separately.
At the interface of the two plasma flow regions occur KH wave modes, which are
described by the 2nd order equation. The phase velocity of these modes along
with the flow is equal to the average velocity of the flow, Re(Vr) = 1. Thus, the
shear flow is "associated" to all of these modes and the interaction of all wave
modes is described by the 16th degree equation.

In this paper we restricted ourselves to the study of MSI in an anisotropic
medium. Eliminating the heat flux, and selecting the same physical parame-
ters in both flows, we solved the dispersion equation. The task parameters for
supersonic flows were chosen so to filter out classic firehose and mirror (during
quasi-transverse propagation) plasma instabilities. It turned out that MSI in-
crement, unlike the usual hyrodynamic case, has maximum, and the instability
has two thresholds in the anisotropic case. In other words, MSI occurs within
hi < h < hg, where h = Vp1/Voe characterizes the difference between the flow
velocities. The results obtained can be used to explain the observed wave turbu-
lence in the solar wind, the winds of the stars and the planetary magnetospheres.
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The side contact discontinuities are possible in CIR, which occur in the interac-
tion of fast and slow components of the solar wind. There is always turbulence
in the solar wind, of any size, over time and space. However energy is mainly
concentrated in the large scales, which are much large than the cyclotron radius
and period, respectively. Therefore, the observed turbulence can be described in
the MHD approximation. The observed turbulence has the characteristic velocity
(10-50 km/s) much smaller than the flow velocity. There is a debate about the
cascade mechanism of dissipation of large scale turbulence energy. This can occur
if the energy of such large scales turbulence is transferred to small scales and they
reach kinetic dissipation levels. For this process development of strong instabil-
ities plays important role. MSI is one of the most rapidly growing instabilities
among others.
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DETERMINATION OF THE PLANET SATELLITE
EXTERNAL GRAVITATIONAL FIELD PARAMETERS
BY APPROXIMATION METHOD

0. 0. Zheleznyak:, S. O. Yasenev

National Aviation University, Kiev, Ukraine

Decomposition of the gravitational potential of planet satellites in a Laplace
series with a large number of series members is a challenge, and the series
does not converge when approaching the body surface, thus causing a
need to improve the computing technique. The purpose of this paper is
to determine the gravitational potential of satellites, which we classify as
planetoids. The physical properties of the satellites were analyzed, and the pa-
rameters of their gravitational fields were determined by approximation method.

Keywords: Planet satellites — Figure — Gravitational field — Form — Mass

1. INTRODUCTION

Modern ground and space observations allow obtaining the physical and dy-
namic characteristics of the satellites, but, in turn, their verification requires
constructing the mathematical models, internal structure clarification, orbital li-
bration, physical libration and, definitely, the parameters of internal and external
gravitational fields.

Search for various forms of solutions under different assumptions about mass
and its distribution continues in celestial mechanics all the time [11]. We are
interested in the parameters of gravitational field of planet satellites, which we
can determine by approximation methods.

We have two main promlems when determining the potential: direct and in-
verse, like in conventional geodetic practice. Thus the analytical description of
the direct problem potential is a solution of the first problem. The solution of
the inverse problem is to establish the surface of the celestial body, which could

" E-mail: zheleznyak@yahoo.com
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express its potential and allowed to present it easier than as a series of spherical
functions [12].

2. ANALYSIS OF STUDIES AND PUBLICATIONS

A large number of planet satellites have significant compression due to grav-
itational interaction with their planets, i.e. their gravitational potential should
be described by an ellipsoid. However, nowadays there are a number of issues
related to establishment and operation of mathematical models of dynamic fig-
ures and gravitational fields [8,|13]. Various methods are used for modeling the
gravitational field, such as decomposition in a Laplace’s series, decomposition in
Lame’s function, point masses method, equigravitational figures and other meth-
ods [4,5,/14].

As for the theory of figures, the most important methods were proposed by
P. Laplace, J. Lagrange, C. McLaurin, K. Jacobi, P. Pitsetti A. Clairaut, A. Leg-
endre, C. Gauss, A. Lyapunov, A. Poincare, M. Subbotin, D. Darwin, D. Jeans,
J. Liouville et al. These issues are also described in papers of scholars. such
as K. Kholshevnikov, A. Orlov, V. Panteleev, V. Antonov, O. Zheleznyak, B.
Kondratiev, N. Hrushynskyi, A. Konopliv, Y. Barkin, O. Kuskov, G. Jeffreys, K.
Murray, C. Dermott, J. Anderson, R. Jacobson et al.

3. MAIN MATERIALS

Suppose the planetary satellite parameters are above critical as for self-
gravitating structures [3}[7], and since the planet satellites rotate around their
axes of rotation, their shape will not be a regular sphere, but will feature some
polar compression. The gravitational fields and planetary satellite figures shall
be determined by distribution of density inside their bowels, angular velocity and
the influence of their planets. We assume that the planet satellite is rotating
synchronously about the circular orbit in the equatorial plane of the planet.

It is obvious that there is a relationship between the figure and gravitational
field parameters. When the field parameters are known, one can determine the
figure parameters and vice versa. Suppose there is a random satellite of the planet
with axes a - aimed at this planet, b - aimed to the direction of the orbital motion,
and ¢ - between the poles (Fig.[1)).

The shape of the satellite is described by triaxial inertial ellipsoid with the
major semi-axes a > b > c and the main central inertia moments I, < Iy, < I...
Suppose @ is a potential of all forces affecting the satellite, i.e. the constant po-
tential surface with the constant pressure and density. Since this surface is the
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Fig. 1. Triaxial satellite ellipsoid.

surface of constant potential, then ® = const. It is clear that, in general, at each
point of the field we have some potential value, and it may vary from point to
point.

According to the classic representation following Laplace-Legendre method,
the external gravitational potential of an isolated body with mass M and volume
V' can be represented as follows [1]:

O(r,0,p) = Giw{l - i JIn (f) P, (cos )+

n=0

22 <T> PM (s 0)[Crup cos kip + Spy sin k(p]}

n=0 k=1

(1)

where 7,0, ¢ are spherical coordinates of the point in the space. Where in:
x = rsinfcosy, y = rsinfsingp, z = rcos#, r — is the radius vector,
r = /22 +y2 + 22, p — is the longitude, # — is the polar angle; R = Vabc — is
an average volume radius of the body, P,(z) is Legendre polynomial determined
according to Rodrigues’s formula [6]:

1 a
ol dzn

Pa(2) (= =1)",

PT(Lk)(z) - is the associated Legendre function determined as:

(1-— Z2)§ d*

PT(Lk)(Z) = 1 @Pn(z),

Jn, Cnk, Snk - are harmonic coefficients determined by the density distribution
p(r', 0", ¢") inside the body.
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Laplace’s series converges outside some sphere covering the celestial body.
Near the celestial body figure, the series is divergent, and the complexity of cal-
culating its total member is increasing.

However, if the coordinate system x, y, z is placed so that the coordinate origin
coincides with the center of the body mass, and the coordinate axes coincided with
the principal inertia axes, the coefficients J1, Ci1, S11, Co1, S21, S22 = 0. Then the
first nonzero coefficients would be harmonic coefficients of the second order (Ta-

ble:

2I,, — Ipy — Iy

Jo = M R2 ) (2)
Iy, — wa
o =" 2

where I.., I;4, I, - are the main central moments of the triaxial ellipsoid inertia
by axes a, b, ¢ determined as follows:

M M M
I, — 3(52 +c?), I, = E(a2 +c), L.= g(a2 +b%). (4)

The coefficients of the second order have the following mechanical content. They
describe the ellipsoid of the body inertia and determine the combination of mo-
ments of the body inertia relative to the inertia axes. In the case of self-gravitating
satellites, the symmetry of their structure makes it easy to determine the grav-
itational potential [2]. The external gravitational potential of a homogeneous
ellipsoid can be approximately represented as follows:

2 2
O(r,0, ) ~ Giw{l —Ja (f) P5(cos0) 4+ Caa (f) PQ(Q) (cos ) cos 24,0}. (5)

Let’s switch to Cartesian coordinates and substitute values , and . Thus
we get [9):

M
o(r.0,¢) ~
r
Wi (2a% — b? — H)z? + (262 — a? — 2)y? + (2¢2 — a® — b?)2? (6)
1074 '

Hence we can calculate the external gravitational potential of satellites adopted
as homogeneous ellipsoids (TaLbIe7 for example, for Ganymede at the point

(2634.4;0;0):
m2
®(2634.4;0;0) ~ 3.7523 - 106?2‘

For our calculations we selected 18 self-gravitating planets satellites |[L0]. Obvi-
ously, the potential is a scalar function of the force field. Its physical meaning is
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work (equals the same) to be performed against the forces of gravity to move the
test mass by infinity. From the analysis of Tables [I] and 2] we can conclude that
the gravitational potential on the satellite surface increases from the equator to

the poles (Fig.[2).

3.75260
(37525

= 37825

- 37825

.
x10 0

- {37524

3753

3753

3.75226

Fig. 2. Gravitational potential on the satellite surface (on the example of
Ganymede).

4. DISCUSSIONS AND CONCLUSIONS

1. Gravity field of planet satellites is defined by their shape, mass and inter-
nal density distribution. The basic parameters of the gravitational field of
planet satellites were determined by the approximation method (provided
the homogeneity of their structure and shape of triaxial ellipsoid).

2. The gravitational potential at the surface of satellites depends on the loca-
tion of latitude of the surface point on the axially symmetric figures, and
also on the longitude in the case three-axial satellite figure. Bringing the
gravitational field to the Cartesian coordinate system and the combination
of the principal inertia axes with the coordinate system axes simplifies the
determination of harmonic coefficients and gravitational potential of ellip-
soids.

3. Mathematical models of three-dimensional gravity field of satellites as
equipotential surfaces were offered.
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Table 1. The coefficients of the gravitational field of planetary satellites

Mass, M|A.R*, R a, b, c, Ja, Cyo,
100 kg | 103m | 103m | 103 m | 103 m | 106 | 106
1 | Ganymede| 1481.90 | 2634.10 | 2634.40 | 2634.10 | 2633.80 | 68.33 11.39 | 5.999
2| Titan | 1345.20 | 2576.00 | 2578.00 | 2576.00 | 2574.00 | 465.77 | 77.66 | 5.997
3| Callisto | 1077.00 | 2410.30 | 2411.80 | 2410.30 | 2408.80 | 373.36 | 62.25 | 5.998
4 To 893.19 | 1821.32 | 1830.00 | 1818.70 | 1815.30 | 1987.86 | 621.46 | 3.199
) Moon 734.80 | 1737.07 | 1738.14 | 1737.10 | 1735.97 | 379.91 | 59.89 | 6.343
6
7
8
9

Ne|  Name J2/Ca

Europe | 480.20 | 1560.80 | 1561.40 | 1560.80 | 1560.20 | 230.64 | 38.45 | 5.998
Triton | 214.00 | 1353.47 | 1354.50 | 1353.40 | 1352.50 | 428.48 | 81.30 | 5.270
Titania 35.27 788.40 | 790.00 | 788.40 | 786.80 | 1217.24 | 203.15 | 5.992
Oberon 30.14 761.40 | 764.00 | 761.40 | 758.80 | 2047.69 | 342.06 | 5.986
10| Rhea 23.07 763.90 | 766.20 | 763.30 | 762.20 | 1335.23 | 380.05 | 3.513
11| TIapetus 18.06 731.72 | 747.40 | 735.80 | 712.40 |15871.99(1606.71| 9.879
12| Charon 15.80 605.97 | 614.00 | 606.00 | 598.00 | 7904.15 |1328.97| 5.948
13 Ariel 13.50 578.90 | 581.10 | 577.90 | 577.70 | 1244.62 | 553.35 | 2.249
14| Umbriel | 11.75 584.70 | 586.10 | 584.70 | 583.30 | 1436.06 | 239.73 | 5.990
15| Dione 10.96 561.77 | 564.40 | 561.30 | 559.60 | 2313.39 | 552.89 | 4.184
16| Tethys 6.18 531.11 | 538.40 | 528.70 | 526.30 | 5464.76 |1834.75| 2.979
17| Enceladus| 1.10 252.08 | 256.60 | 251.40 | 248.30 | 9032.66 |2078.55| 4.346

18| Miranda 0.71 235.82 | 240.40 | 234.20 | 232.90 | 7475.09 |2645.62| 2.826

*Average Radius - A.R.
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Table 2. The gravitational potential of planetary satellites

| Name Mass, M| a, b, c, D, 0,0 D0 4.0 Doo,-
1020 kg | 103 m | 103 m | 103 m [105 m?/s2[10° m?/s?|105 m?/s?
1 | Ganymede| 1481.90 |2634.40 | 2634.10 | 2633.80 | 3.7523 3.7524 3.7526
2 | Titan 1345.20 | 2578.00 | 2576.00 | 2574.00 | 3.4820 3.4831 3.4842
3 | Callisto 1077.00 | 2411.80 | 2410.30 | 2408.80 | 2.9796 2.9804 2.9811
4 |Io 893.19 |1830.00 | 1818.70 | 1815.30 | 3.2647 3.2729 3.2753
5 | Moon 734.80 | 1738.14|1737.10 | 1735.97 | 2.8208 2.8215 2.8222
6 | Europe 480.20 |1561.40 | 1560.80 | 1560.20 | 2.0518 2.0521 2.0524
7 | Triton 214.00 | 1354.50 | 1353.40 | 1352.50 | 1.0543 1.0546 1.0549
8 | Titania 35.27 790.00 | 788.40 | 786.80 | 0.2982 0.2984 0.2986
9 | Oberon 30.14 764.00 | 761.40 | 758.80 0.2637 0.2640 0.2644
10| Rhea 23.07 766.20 | 763.30 | 762.20 0.2012 0.2015 0.2016
11| Iapetus 18.06 747.40 | 735.80 | 712.40 | 0.1631 0.1642 0.1663
12| Charon 15.80 614.00 | 606.00 | 598.00 | 0.1730 0.1739 0.1748
13| Ariel 13.50 581.10 | 577.90 | 577.70 | 0.1553 0.1556 0.1557
14| Umbriel 11.75 586.10 | 584.70 | 583.30 0.1339 0.1340 0.1342
15| Dione 10.96 564.40 | 561.30 | 559.60 0.1299 0.1302 0.1303
16| Tethys 6.18 538.40 | 528.70 | 526.30 | 0.0772 0.0778 0.0779
17| Enceladus| 1.10 256.60 | 251.40 | 248.30 0.0289 0.0291 0.0293
18| Miranda 0.71 240.40 | 234.20 | 232.90 0.0199 0.0201 0.0202
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ON THE OCCASION OF CENTENARY OF THE
BIRTH:
SERGEI IVANOVICH SORIN

R. D. Dagk:esamanki

Pushchino Radio Astronomy Observatory of the Lebedev Physical Institute of RAS

I attended the astronomical circle of the Baku house of pioneers at the very be-
ginning of 1950s, about 2 years (approximately from the end of the 5th and before
the beginning of the 8th grade). I cannot remember that there had been much
talk on astronomy with my parents or among the close relatives before. Most
likely, interest in astronomy has arisen after reading one or two books. Surnames
Vorontsov-Velyaminov and even Flamarion were already known to me though I
have seen the book of the last much later. However, when I attended the circle, I
found with surprise that many of my close friends were interested in astronomy,
a stream of questions poured on me, many of which were left without answer for
obvious reasons, but nevertheless they began calling me "astronomer" for fun.

During this period Sergei [vanovich Sorin was deeply involved in the creation
of the reflecting optical telescope, according to him, the biggest in the repub-
lic. Therefore one of the main tasks of members of the circle was grinding of a
glassy ingot with a diameter about 10 inches, similar to a very thick illuminator

" E-mail: rdd@prao.ru
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glass. Periodically Sergei Ivanovich checked the results of our work using a small
bright lamp for these purposes and examining its image reflected from the future
mirror. All of us watched closely this process and listened to Sergei Ivanovich’s
comments. Then he formulated concrete recommendations to which all should
follow, who worked on a mirror. From time to time, if someone joined our circle,
Sergei Ivanovich with laughter quoted the statement, apparently, of the specialist,
who was very famous in the world in production of telescopes. The sense of this
statement was that only hopeless fanatics who do not imagine all complexity of
the work can grind an optical mirror of such diameter.

I should mention that it was not the only case when Sergei Ivanovich called
into question the statement of even very authoritative specialists. Preparation of
the telescope was completed when I already stopped my going to the circle. But,
if I remember right, they said that this tool became the property of ASU.

As far as I remember, conversations on scientific subjects, as a rule, arose
spontaneously, during informal discussions of the questions asked by members of
the circle. Many of these questions were related to past or planned astronomi-
cal observations performed in summer, when members of an astronomical circle
led by Sergei Ivanovich left to the mountain Pirkuli where the camp was set up
and astronomical observations with small telescopes were carried out. As far as
I understand, these astronomical observations had played great or even leading
role for selecting the location for future Shamakhy observatory. I vividly remem-
ber enthusiastic exclamations of the head of department of Physics of the Sun
of Pulkovo Observatory, (later its director) Vladimir Alekseevich Krat - "What
a granulation!", "No, what a fine granulation!", - when they showed the pictures
of the Sun obtained by members of the summer camp. I think the visit of V. A.
Krat to our circle was at the end of 1951 when the All-Union conference devoted
to the 750th anniversary of Nassir al-Din al-Tusi was held in Baku.

Undoubtedly, Sergei Ivanovich Sorin has played a significant role in the selec-
tion of the place for future Shamakhy observatory. In this regard another indirect
dispute with acknowledged specialist in astroclimate problems, the member of the
Paris Academy Andre-Louis Danjon remains in memory. Sergei [vanovich repeat-
edly noted that, according to Danjon, optical observatories must be established
only on extensive plateaus. His own experience taught him that good conditions
for optical observatory can be implemented also in other places, in particular,
similar to mountain Pirkuli slopes. Without being limited only with demonstra-
tion of good photos of the Sun and sky of stars, Sergei Ivanovich tried even "on
fingers" to present how and due to what on a slope of the mountain the turbulent
streams which harmfully affect the quality of images of astronomical objects, can
be substantially compensated.

48



AJAz: 2016, 11(1), 47-49 Sergei Ivanovich Sorin

Sergei Ivanovich was well-known among members of All-Union Astrogeodetic
Society. In 1950 or 1951 a letter from members of the astronomical circle in Kuiby-
shev (now Samara) which was directed by other enthusiast, Sergei Ivanovich’s
friend came to our circle. This episode remained in my memory as the manage-
ment of the House of pioneers decided that discussion of our collective answer to
this letter should be shown in a newsreel (in one of newsreels which were shown
those years at movie theaters before showing the main films). The team from
the film studio arrived and in two (if not more) hours members of the circle of
our group felt as movie stars. Approximately in 2015 a group of young fans of
astronomy from Samara together with two-three parents and two female-directors
of children’s groups of fans of astronomy came to us to Pushchino Radio Astron-
omy Observatory on an excursion. I won'’t deny, it was very pleasant to me to
learn that one of these directors (who was some years older than me) remembered
a little later contacts of Samara and Baku children’s astronomical circles. She
exactly remembered Sergei Ivanovich Sorin (in the mid-1950s she was already a
student, but continued to participate in the work of an astronomical circle). One
more episode related to filming belongs to the second half of the 1960s. I already
worked in Pushchino Radio Astronomy Observatory, when Baku documentary
film makers called me and proposed to meet to share the memories about the
astronomical circle of the Baku house of pioneers. Shootings were made near
the viewing platform on Lenin Mountains in Moscow. I tried to remember the
most interesting moments, and all of them, of course, were connected with Sergei
Ivanovich. I was finally interrupted, asked the following: "Why are talking only
about Sergei Ivanovich? Weren’t there other people?". It seemed to me that they
wanted to hear some other name, but with all the will I couldn’t remember anyone
else.

My last meeting with Sergei Ivanovich was approximately at the end of the
1960s or at the beginning of the 1970s. During one of visits to Baku I went to
the new room of the astronomical circle (if T am not mistaken, on Samad Vurgun
Street or parallel to it). Sergei Ivanovich asked me to tell children about radio
astronomy and our observatory. As far as I remember, there were several adults
among listeners maybe parents of children. Never see Sergei Ivanovich again for
what I really regret. Looking back to the past, I can tell firmly - Sergei Ivanovich
Sorin’s influence on formation of my relation to work, to people and life, in gen-
eral, is very great. I don’t think that he specially set himself for this purpose,
when communicated with the children. But his relation to favorite work in which
he put all his life, was involuntarily transferred to the children around him. And
all of us involuntarily felt his assessment of the events taking place around, and,
in general, his idea of what is good and what is bad.
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