The Abdus Salam

International Centre
(CTP for Theoretical Physics &)

2369-8

CIMPA/ICTP Geometric Structures and Theory of Control

1 - 12 October 2012

SELF HEATING OF CORONA BY SHEARED FLOW-DRIVEN
ELECTROSTATIC INSTABLITIES

Hamid Saleem

National Centre for Physics
Islamabad
Pakistan

Strada Costiera, 11 - 34151 - Trieste - Italy « Tel. +39 0402240111 « Fax. +39 040224163 « sci_info@ictp.it * www.ictp.it
ICTP is governed by UNESCO, IAEA, and Italy, and it is a UNESCO Category 1 Institute



SELF HEATING OF CORONA BY SHEARED
FLOW-DRIVEN ELECTROSTATIC INSTABLITIES

H. Saleem
National Centre for Physics

Shahdarra Valley Road,
Quaid-i-Azam University Campus

Islamabad, Pakistan

Joint ICTP — IAEA College on Plasma Physics 1 — 12 Oct. 2012, Trieste, Italy



Layout:-

Introduction

Wave Heating Models

Drift Wave as a Heating Mechanism
Sheared Flow as a Heating Mechanism
Present Mathematical Model
Application to Solar Corona

Role of Collisions in Corona

Summary

© NOo Ok DhE



1. INTRODUCTION:

(a) Regions of Sun:

i. Interior: Core; Radiative Zone; Convection Zone

ii. Outer Atmosphere: Photosphere; Chromosphere; Corona (Bound-
aries are not well-defined).

The density n decreases rapidly with height above solar surface,

10*>m =" photosphere

1015m =3 transition region

n~ | 10'm~=2 at height of 1 R (From Surface)
10°m=" at 1 AU

10°7 7 in interstellar medium

Air density at Earth’s Surface ~ 10%®particles/m3 = 10°cm 3.

Electron density n. ~ 10'*m =" in inner corona but falls rapidly with distance.
AU = Astronomical Unit = 1.5 x 10'' m = 1.5 x 10%km

Light takes to travel 1 AU ~ 8 minutes
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Problem:-
Chromosphere T' ~ (10*)K
Transition Layer ~ 500km
Corona (fully ionized H) plasma T ~ 2,000,000 °K So corona is about 200
times hotter than chromosphere (counter intuitive).
Major question of solar physics:
How T increases tremendously within a layer of 500 km.
Then T decreases slowly in outer Corona with increasing distance.
At distance 1 AU away from Sun, Solar Wind 7" ~ 10° K



A DESCRIPTION OF THE SUN
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Figure 1.2: An illustrative model to show the sudden rise in temperature of
Corona through transition region. (Priest 1982)



2. WAVE HEATING MODELS:-

e Proposed wave heating mechanisms assume that waves originate in the
lower regions and deposit their energy in the corona. Any unstable wave
can cause plasma heating through wave-particle interaction or by dissipa-
tion. But corona is considered to be almost collision-less.

e Coronal loops may cause localized heating. The bright coronal loops have
higher densities compared to the ambient faint coronal plasma, which
indicates that the heated plasma originates from the dense chromosphere.



ure 2.1 Loops carr from lower
regions to corona




e Alfven waves carry energy fluxes from chromosphere to corona (Hollweg
& Sterling 1994; Ionson 1983; Mok 1987; Steinolfson & Davila 1993; Hel-
berstadt & Goed Bloed 1945).

Alfven Waves:

Simplest Dispersion Relations:

1= ( Bg )
Vy =
HoTigmn;

_ Cs — [T, _ eBy c
,OS_ ﬂf.;’ Cs_ mi'_l- Q‘I-_ mi'.l AE_MFE



w? =v3k? (MHD)

2 _ VakZ(1+pikt

) .
(Two-fluid)
1+ A2k2

Coronal heating by acoustic waves originating from global oscillations has
been ruled out (Aschwanden 2001).

In almost all of the suggested wave mechanisms for coronal heating, the
main energy source is located in other regions. The waves carry energy
from lower atmospheric layers.

Many Mechanisms have been proposed. Most of the theories of coronal
heating by waves are based on magnetohydrodynamics (MHD) which can-
not investigate electrostatic waves.

Vranjes and Poedts (2009a, 2009b) proposed coronal heating by electro-
static drift waves using the results of kinetic theory.
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3.

DRIFT WAVE AS A HEATING MECHANISM:-|[Vranjes &
Poedts 2009]

Self-consistent coronal heating model should

1

B @ e

Contain source of energy
Work everywhere in corona (in different magnetic structures)
Should be able to explain T, < T;

Should be able to explain how energy is dissipated in the highly conductive
corona (which is generally considered to be collision-less).

The plasma is continuously enentring into corona from lower regions (chro-
mosphere and photosphere) which are highly inhomogeneous.

Extremely fine density filaments and threads have been observed in solar
atmosphere (Fig. 3.1)

Drift waves of different wavelengths can exist in corona which has density

gradients of many different lengths scales. ,



Figure 3.2 An image of the Sun taken by the
Transition Region and Coronal Explorer (TRACE




e Drift waves can grow under certain conditions.

e Drift waves can heat the plasma through two mechanisms, experimentally
verified in case of tokamak plasma (Sanders et. al. Phys. Plasmas 7, 716

(1998))

1. Ton Landau damping (p;k =~ 1):
This helps in parallel ion heating T} .

2. Stochastic Heating:
Ions move in | direction and feel time-varying electric field due to polar-
ization drift. The motion becomes stochastic.

The heating mechanisms predominantly act upon the ions. These mechanisms

explain
Tf‘” <T;

Ie <Tha <THe

in agreement with observations.
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In this work, as an example, drift wave has been considered with By =

Boz; A, ~ i—j; k., < ky; Vng = —x|d—“'1| Jﬂ%‘l = 100m; A, ~

0.5m and A\, = 20km. It has been shown that drlft wave can become unstable at
different wavelengths by varying S. Therefore, heating occurs everywhere along
a given flux tube i.e. when the radial density gradient varies with increased
altitude.

Az = Fixed; L, = (S x 100)m A, = (S x 40,000)m; 1< S < 1000; <= ~

n Wi

L
1 and A, =05m (fixed).
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4. SHEARED FLOW AS A HEATING MECHANISM:-

Plasma is flowing into the corona from chromosphere & photosphere.

We point out that a major energy source for heating is located within the

corona to excite the short wavelength electrostatic perturbations, namely the

sheared flows. Extremely fine density filaments and threads have been observed

in the solar atmosphere (November & Koutchmy 1997) as shown in Fig. 3.2.

Filamentary structures with length scales ~ 1m have been discussed (Woo 1996).
Suggestion: Free energy available in the form of sheared flows is the

major source of coronal heating.

Sheared flows can excite the short-scale electrostatic perturbations continuously

throughout the Corona. These electric fields accelerate charged particles and

hence Corona is heated.

Two types of electrostatic instabilities are expected to occur in Corona.

1. Purely growing sheared flow-driven instability (D’Angelo 1965), which ex-
ists even if the plasma density is uniform (Vn, o) = 0.

November L. J. and Koutchmy S, Astrophys. J. 446, 512 (1997).
*\Woo R., Nature, 379, 321 (1996). T



2. The drift wave needs a plasma density gradient (Vn;o # 0) for it’s existence
(Kadomtsev & Timofeev 1963) and sheared flow (vo) = vo(z) # 0 for
instability (Saleem, Vranjes & Poedts 2007).

Some other mechanisms can also excite electrostatic wave.
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Drift Wave:

e Assume electron-ion collision-less plasma:
By = Boz ; neo = nio = no

dﬂ.'u . — - -~
anu = — _d-:f:_‘x , k= k-yy+kzz
(T
VDe) = — \ eBo )VIHHU X Z
T, = electron temperature : T lon temperature
Te __ eBg
yt; T/mz-.r =aﬁzupe— ; S _em:_
ytze = E/mﬂ

(w, k) — frequency and wave vector of the perturbation.
E=-Vyp

Electrons:
MeNe (O + Ve.V)Ve = —ene(E + v, x B) — Vp,

k: # 0, w << ;, imply



Tons:

m;n;(0¢ + v;.V)v; = en;(E + v; x B) (4.3)
oin; + V.(n;v;) =0 (4.4)
Quasi-neutrality:
Ne =Ny (45)
A= Zﬁl wavelength of perturbation frequency; w = w, (basic drift wave has

only real frequency). Then within the frame work of fluid theory,

Lk, SO WK b P AL Pt Ui 1= %B:L v e gl
k. << k, and k, = 0 (local approximation)

Fourier analysis gives linear dispersion relation as,

(1+ pzkz)w — Wt — k2 =0 (4.6)
f b i
0 =————Vinne X z=|—=kn |y £
VDe0 e B nn Z = (EB{]R )}’ ( )
Ky, 2 nlﬂ%ﬂ- ;ané'mnf:{ky;pskyil.
For \%, k2 <2 A%, — de0 _ 18

41Tﬂu€2



Drift wave dispersion relation (Vn ;g # 0) for csk. << w},

T
W=wWw, =Vpeo.k= (Emnk) (4.8)
Ion Acoustic wave (Vn,o = 0), for &, =0,
w? =’ =tk (4.9)

2.
where c; = T./m,;.

If polarization drift is taken into account above relations modify as,

w*

sy
21,2
2 C’Skz
=17 282 (4.11)
sy
where ps = ﬁf and €; = %.

p2k? - dispersive effect.
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Drift Waves

-

., ~ Ky Cs

Figure 4.1: Dispersion diagram of drift waves (Weiland 2000)
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D’Angelo Mode: (Phys. Fluids 1965)

By = Byz = constant

Veo = Vio = Vo(x)2
Thus Jo = 0, low frequency perturbation w << Q;, k, <<k,

1 1

V| = B—D(EJ_ Xﬁ)— Q_i@t(Vil) =VE TV (4.12)
e Tio
(O + 100, v, = —FE, — ——0,n41 — vpdyvg(x) (4.13)
m; m; N0
Aini + —2 9,(V.E1) + nipdyvis = 0 (4.14)
Bo$;

MNe == 1. E%
e — lbel

(4.15)

Ne == Ny
21



(14 pik;, + p5k )W, — cokyk.[A; — (1 +g)—} = (4.16)

—UtiI  — -
pi—ﬂ—i:ps— .33yf,i_ 3163_ ;

d’UD (.’E]
dx

Qw — (Ld = EJJ(]); Wp = ’U[]k'z

1., — Doppler-shifted frequency
Let pik2, pik? << 1and T; << T,

ky) (4.17)

02 = cokyk. (A — .

(instability condition)
:—"" < A; (4.18)
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5. PRESENT MATHEMATICAL MODEL:-

Coronal Plasma: electrons + H ions (90%) + He ions (10%), low density,
hot, collision-less, magnetized, inhomogeneous and has sheared flows.

Let j = a(H) ; b(He)
Simple physical picture of low frequency electrostatic instabilities is presented.

1 T R & A A
vij= go(Bax) = o (Vinn; x )= = (T2 ) = (@4, V) x2

= VE + VDj + ViIj + Vp; (5.1)

where vg, vp;, vi; and v,; are the electric, diamagnetic, stress tensor and po-
larization drifts, respectively. Note: ; = eBy/m; is charge dependent. Stress
tensor contains a collision-less part.

1}

q 0
( t T Vj0 ) jz1 T VEAgV; { ) m; 1 m;injo 1 ( )

23



a;ﬂJ1+bU?za ﬂJ1+VHJU Vg + (8¢+b3[] 0 )v_]_ EJ_

BUQJ
T (8,;—}—13(}3)?3_?1'1—1[—?1'@51)'1—0 (53)
z - j0OzVjz1 = :
quGQ J J ) J
_ 1< | dvo(=)
where Vi, (z) = +X | =3 |.
e
V.El = E—(nﬂl +Np — TlEl) (54)
0
k. #0; k, << ky ; me — 0 imply,
el = ﬂegﬂcp (55)

fo = |2 92| @ = ep/Te, 4; = &2,

g dx
One obtains a fourth order dispersion equation for low frequency electrostatic
perturbations in two-ion component plasma.

Lot + L3 + L2 + L9, + Lo =0 (5.6)

., = (w —wp) and wy = vk,
24



If we assume only Hydrogen plasma, (5.6) becomes,

Ao, — Wi + kkycg, {Aﬁ —(1+ u&/ci)%} =0 (5.7)
Y

Ao = (1+ parky + pasky).

| y 1/2

()12 = ™ 7 - {(—w:)ﬁ +4Aocl k2K ((1 + 04) — Aﬂk—y)} } (5.8)

where Ao = (1 + p2pk2 + p2.k2).

Instability conditions (0 < w;),
(1+ r:ra)f < A, (5.9)
Yy
< 4hoca ks || (1 +04) — Ag y 5.9b
( ) as "z k

Note:
(5.9) predicts drift wave instability in single ion (j=a) component plasma (Sa%eem
Vranjes, Poedts 2007). °



_1_gnjo
nj0 dx

Assume L, = = L, (same for all species).

For homogeneous plasma (Vn,o = 0); Vg = 0 and Vne = 0, Eq.

reduces to,
L + L1202 + Lo =0

Perturbation W = \pﬂei{k.r—{wr—l—iui)t} s @DEi(k.k—wrt)_(Ewit)

e“it 5 7 = L1 is e-folding time.

For nyg = U,M(S.l[}) becomes
Tﬂ '1'::-.-"
A[_}Qi + Fcz!';:ycis {Aﬂ - (1 -+ ﬁ*) k—y~} =5
Purely growing instability (D’Angelo’s mode) for

k;
(14 0,)— < Ag
ky

(5.6)

(5.10)

(5.11)

(5.12)
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6. APPLICATION TO SOLAR CORONA

Figure 6.1(a): Directions of shear flow vy(z), the wave propagation with
respect to density gradient and the external magnetic field are shown. 27



Solar Coronal Parameters:
T. ~ (10°)K

T, ~ (2 x 108K
ne =~ 10°m =3
By ~ 10727 = 200G
Cas = 9 X 10%em/sec; Q, = 9.58 x° rad/s
ver = 3.87 x 10°cm/sec; vaq = 6.85 x 10°cm/sec
car = 1.28 x 10°cm/sec = vrq
Pas = 0.094em

UTa

g = gl | |
PaT Q. 0.133

28



Shear Flow Driven Instability (H-plasma)

(growth rates for different length scales of sheared flow L, = x,!);

1 dvg
To dzx

Ky =

125 |

100 |

iy [E_.I 13

Figure 6.1(b): k, = k, /60 (solid curve), k, = k, /100 (dashed curve), and
Ky = ky /200 (dotted curve), for ney ~ ngo ~ 10°*m=3, T, = 10°K, T, = 2.5T,,
By ~ 10727 and vg = 10kms™1!, using Kk, = 0, npo =0, k, = 10_4ky and local
approximation k, << k.
29



Drift Wave Instability in (H-Plasma)

In Fig 6.2(a): For 2 < k, < 3; drift wave is unstable and linear theory is
valid w; < w,. For 3 < k, (shear flow instability dominates).
In Fig. 6.2(b): Same situation for 4 < k,, < 4.5.

&l 100
e | = 80 /
w LOOE s
o ".I:é ,“’x ﬂ el g
= E':I 'flll -I: i .-"J-. _l-“ll' .-'f
F £ = £ L o
25 S ".I?,.{f- - =————— s 2( /
/ { ! .'
]1—|—. ............... |: rreeres st BEEPEEEE PPN EEEEEE
2 4 k 10 ) i 4 g g 11
k, (o] iy [

Figure 6.2 (a & b): w,(dashed curves) and w; (solid curves)) for (a) x, =
k, /60 and (b) &, = k, /100, taking vo = 10kms™, k,, = 1.9%X1073m ™1, ny = 0,
and k, = 10~%k,,.
30



Drift Wave Instability (H-Plasma) Larger Shear Flow:

Mixed Modes (drift wave + shear flow) instabilities for larger vy. Now &, w,
and w; become smaller.

i
10
T i
n 15 /
i &
1 &
210 ST
3 # ____.-l"
] ,f’i’
.-__".- ,.-"'"
] PE— foo
0.2 0.4 0.6 0.8 1
k, [17]

Figure 6.3(a & b): w, (dashed curve), w; (solic curves) for (a) k, = k, /60
and (b) K, = k,/100, for v = 70kms™!, k, = 1.9 x 107?m™!, ny = 0 and

k. = 10~*k,. Other parameters are same as in fig 6.1 (b).
31



Drift Wave Instability (H-Plasma): For different values of k,

Fig. 6.4(a & b) Growth rates (w;) of the perturbations are plotted against
the perpendicular component of the wave number (k,) and the inverse density
scale length (k,), respectively, for a varying parallel component of the wave
number, viz. (a) k. = 107k, (solid curve) and k, = 10~*k, (dashed curve)
with fixed values of vgp = 10kms™!, k,, = 1.9 x 107 ?*m~!, and &, = k, /60, and
corresponding to higher streaming velocities (b) vg = 50kms—* (solid curve) and
vo = 70kms~1 (dashed curve), for k, = k, /60, k, = 0.5m™!, and k., = 10~k,,.
All other parameters are the same.
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— e —
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Fig. 6.4(c & d) The variations of the real frequency (w,) of the perturbations
are also plotted against k, and k,, respectively, as shown in panels (c) and (d).

in

[ 4
-] il
-
.-F"'-F
T g il
-..n"'
i
-F"'.FF =
.-F-"'-F =
c ..:-"'"-..
- -'-' -
= ] -
= -
0.001 0.0012 0.0014 O0.001€ .0018
p [m=3]

All the parameters are the same as in Fig. 6.4(a & b)
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Shear Flow Instability and Drift Wave Instability: (Effects of He-
presence)

,.ﬂ': 14 a .-".ll
150 o S f
o 12 i b
- A o
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25 2f] )
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k, [m™] k, [m
Y [15]
- s T
25 Y 30 L — T
2 vl /.-"' "'-.
’ 7L
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=

Figure 6.5: (w; and w,.) in the presence of sheared flow: for ny) = 0 (dashed
curve) and npg = 0.1ngo (solid curve) for k, = 0 (a and b) and for &, =
1.9x 1073m~?! (c and d). All other parameters are the same as used in Fig. 6.1 34
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7. ROLE OF COLLISIONS IN CORONA- -

e Solar Corona is commonly assumed to be collision-less v.; ~ 36rad/s.
The reason seems to be that the low frequency waves Alfven, acoustic etc.
have been studied in relatively higher frequency regime v,.; << w in this
context.

e The drift waves investigated by Vranjes & Poedts (2009 a, 2009 b) have
also relatively higher frequency regime w* ~ w; ~ 10%rad/s. But in the
higher frequency regime the required limit w* << 4.k, for Boltzmann
electrons may not be fulfilled.

e We have assumed Boltzmann electrons and tried to remain in the limit
wy,wp << Vgek, in ideal plasma.

e Fig. 6.2(a) shows that for

i. ky <2 (drift wave is stable)
ii. 2 <k, < 2.5 (drift wave is unstable)
ii. 2.5 < k, (w, << wj, so shear flow-driven purely growing instability

dommates) .



Note:
Let ky = 2.2m™! (case ii). Then for Kk, = 1.9 x 1073m™1, we find w} =
D.knky = 36rad/s so w} =~ ve;.
Therefore, dissipation can play an important role and we should consider dissi-
pation in this frequency regime. Let us investigate drift dissipative instability
(DDI). Shear flow effects are not taken into account (vog = 0). For (DDI) we
require

T < T (7.1
If it holds, then
Tel €Y "-“"u *
~ —<¢1— — 1.2
o 2l -] (72)

The quasi-neutrality yields linear dispersion relation for DDI wg = wpq + twiq
(Weiland 2000),

{.{J*

L ,.) (7-3)
(1 + pasky)

S |
Werd =

Wig ™ = Veip! sz (7.4)
iad — HEL.I[“E LA oy ) 8
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Fig. 6.2(a) indicates that for small k,, the drift wave is stable and shear
flow does not have an effect on it.
Therefore, we expect that for longer wavelengths (k, << 2m~'), the DDI should
take place in corona.
Example:
Let us choose k, = 0.1m~!, in Fig. 6.2 while the other parameters are the
same i.e. k, = 1.9 x 107°>m~! k, = 107*k,, By = 10727 etc. Then we
find, w ~ 1.63rad/s; vk, ~ 36. Thus w} << ve; << §2; holds along with
w* << v2k?/ve;. The basic conditions for the existence of drift dissipative in-
stability are fulfilled in solar corona.
Conclusion:
Electrostatic fields of extremely low frequency (w} ~ 1Hz) and relatively longer
wavelengths (A, >~ 60m) can exist in solar corona due to drift dissipative in-
stability even if shear flow is ignored. These fields also contribute to particle
acceleration. The heating may take place due to dissipation as well.
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8. SUMMARY :-

A physical model for the electrostatic wave heating of solar corona has been
presented.

Important Points:
1. Most of the previous fluid models of wave heating are based on MHD.

2. Vranjes and Poedts have considered coronal heating by drift waves using
kinetic theory which predicts that the electrostatic drift waves are unsta-
ble. These unstable drift waves transfer energy to particles through,

i) Landau damping (in the direction parallel to By)

ii) Stochastic heating (in the direction perpendicular to Bg), By = Bz ;
ang = —X | %ﬂ | .

For perpendicular wavelength (\,) ~ 0.5m & (parallel wavelength) A, =
20km, one estimates growth time of drift wave 7, ~ 0.02s and magnitude

S|~ 1072,

of perturbed electrostatic potential |p;| ~ 68 volts assuming T,

3. The drift wave is stable in collision-less plasma within the fluid theory
frame work which we have used. But in the presence of sheared flows
these waves can become unstable.
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4. Sheared flows vo(z) are omnipresent in collision-less rarefied corona with
n ~ 10%m = = 10""m=2.

Suggestion: The flow energy generates electric fields through
electrostatic perturbations which accelerate the charged
particles throughout the corona.

Fluid theory used by us predicts that sheared flows can produce short scale
electrostatic fields in the corona through following mechanisms,

A. giving rise to purely growing sheared flow-driven instability with w = Fiw;
for Vnjo = 0 and Vv, # 0.

B. giving rise to unstable electrostatic drift waves (w = w, =% iw;) of different
wavelengths depending upon gradient scale lengths for Vnjo # 0 and Vvg # 0.

C. It is pointed out that in 2-ion coronal plasma the sheared flow instabili-
ties for hydrogen ions (a) and helium ions (b) couple together and develop a
real part of frequencies as shown in Fig. 6.5(a,b) for Vn o = 0.
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5. Dissipation also plays a role in producing very low frequency (of the order
of 1Hz) and relatively longer wavelength (of the order of 60m) drift waves
in corona.

Following condition for DDI remain valid

Wy << Vei << €

Ly F 2 1.2 _
w, << Vi kI [Ve;

6. The electrostatic fields discussed here will be observed in solar corona when
the future probes will be able to detect such short scale phenomena.
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D. Electric Fields:

As an example,
for By = Boz, Vnjo =0 and A ~ 10cm, growth time 7, ~ 0.03s and |p;| ~ 68

volts if ‘%&‘ ~ 102 is assumed at t = 0.

Thus sheared flows also give rise to electrostatic fields even if density is homo-
geneous.

We conclude that short scale (wavelengths of a few meters) electric fields are
created due to localized sheared flows in the corona. These locally perturbed
unstable E-fields accelerate the particles and hence heating takes place.

Note:

The DDI can couple with ion acoustic wave if parallel in dynamics is included.
Since ions are hot, therefore kinetic models to investigate electrostatic instabil-
ities are more useful.
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where

a9 9 g . TEp 2 Tho 2
L-fl = A a, 0 -I_ (abpask ) ( apb.sk )
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e
—p2 k23rk2) + =2 (a2 g k2 — PR K2V kD)
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e
a0 , 2 e , 2 ;9 «
L, = (prkiw,) + (varkiwy)
Ne0 Neo
ﬂ'uﬂ nb[}
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Here g; = (%Aj—l),Aj = nijd?"mﬂ,cx? = (14 p3pk2), X%, = fgn%;, and
A2 = (1 _|_)‘2 kZ)

Ty .B
Here we have defined u Ti = ;1-’:“, Q; = EmL:, c;‘f's - %, 0, = (w—wp), wo = vk,
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The wave-particle resonances impede the free motion of electrons along By
which causes drift instability for w < w} (Universal instability). On the other
hand ions will cause damping and will get energy from the wave. For k.v; <<
W << kU, w << )

1
k| (To\ 2 p;
1 Ry | (Le i
== kz <T1> Ln
- w; Ao (bi)
" 1= Ao(b) + T /T. + k2M%,;
i 42 _ ¥ —w3 1 ¥ —w?
Wi =~ (E) o T (W wE)E%—“E P el W 171
2 w:ﬂg(b;) Te |kz|3~"'tc ] ]
Ao(b;) = Io(bi)e™", b; = kyﬂﬂ pi = Vi /U, ADi = Vpifwis, Wi = —wiiE, Wi

kyvpo, w; = ﬁavmng x 7.k and Iy 1s modified Bessel function of the first kind

and zero order. One may express w;, as

which shows that due to ion Larmor radius effect (.’f:,fJr p? #0),w < w?. Therefore,
Wi = |ret| = |rion| Where |re; causes growth of the wave for |rion| < [re|.



Collision-less part of stress tensor cancels out the contribution of diamagnetic
drift in the polarization drift term (0;+vpo.V+....)v; . That is [Weiland 2000/,

T

V.(nvs) + V. {E(vﬂﬁ.m(ﬁ X v,_;,)} =0

in ion continuity equation.
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