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TWO MODES OF SOLAR WIND FLOW

PROPERTY (1 AU)
Speed (V)

Density (n)

Flux (nV)

Magnetic Field(B,)

Temperatures

Coulomb collisions
Anistropies

Beams

Structure
Composition
Waves

- Minor species

Associated with

Sunspot minimum

Sunspot maximum

LOW SPEBD

< 400 km/sec

~ 10 "/cm.:’

~ 3 x 10%/cm? sec
~ 2.8nT |
T, ~4x10* K

T. ~13 x10°K> T,

Important

'T 1sotrop1c

None

Filamentary, highly variable
He/H ~1-30%

Both directions

n;/n, variable

T ~ T,

Vi~ Vy

Streamers,

transiently open field

+15 deg from “equator”

Dominant at most latitudes

HIGH SPEED
700 - 900 km/sec

'~ 3 fem®

-~ 2x10°% /cm? sec

~28nT

T, ~2x10° K
T. ~10°K< 7T,
Negligible |

CTH(L) > T(l)

~ Fast ion beams

+ electron “strahl”
Uniform, slow éhanges
He/H ~ 5%

Outwards propagating
n;/n, ~ constant
T; ~ AT,

Vie Vo4 Va

Coronal holes

> 30 deg

Less frequent
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OBSERVATIONS:

Large amplitude Alfvén waves observed in a variety of
plasmas:

*  solar wind

*  solar corona

*  environment of comets

*  planetary bow shocks

*  interplanetary shocks etc.

Some Chaotic Features of Solar Wind:

*  Intermittent Turbulence

*  Fractal / Multifractal Nature (Dimension)

Solar Wind Spectral Characteristics:

*  Power Law Spectra

*  Increase in Spectral Index with heliocentric distance
* Break in Power Spectra; Break-point moves
towards lower frequencies with increasing heliocentric

distances



COSMIC PLASMAS:

Implications of the existence of large-amplitude Alfvén
waves in many cosmic plasmas have been investigated
to model :

*  turbulent heating of the solar corona

*  interstellar scintillations of radio sources

*  coherent radio emissions

*  generation of stellar winds and extragalactic jets etc
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DISPER SWE WD

dp
— 4+ V. =0
a¢ T (pv)
& Vp+IxB
Ly D
—=VX|(vxB)——(VXxB)xB
- ot p

B is normalized to By, p to py,
v to V4 = Bo/(4mpo)'/?,
t to Q; !, the ion cyclotron frequency

and [ to V,/Q,. |
Subscript ’0’ refers to equilibrium quantities.

11



Nonlanease Evoe.«-&b.on EA,UA&LQT\S
= :cnte.afv._a\aﬁ.e. Sysfems

s < AV (Ton Aconstie Nave.s]

»34’ D > - O
i S

% NLS L Lang o (A«\IQ..S)

: 2, 2
CAE  Th 4 =0

Y DNLS LPQQW?,&.A\ Altve v (,Sa.ve.s)
>4 L > ' _
‘fa‘e—'i‘——*‘zq,‘ +rssz(“"4’>—°
4 L H Polaruyalion
— R W\

Evalulian Eqs. = smﬂ%«h.: Woves

12



— RS R®
+ LHP
- RHP
B+ = Bs -+ ng
—y — A

DNLS — soLITONS

\ xie |
ge o UE -0 By 0%
\

[ & cosh (aNgX)— V] 2

©(X) = -VeX + 3%n [WE+1) tonln (VX))

-
Ng = LE"OB‘L‘&&‘ — SOLITON SPEED
=N kl—ﬁ)
X = LX—E:)

Boox = AMPLITUDE OF SOLITON

13



SOLITARSY AW 'n INHOMOGENEOUS
ST REAMIN G PLASMAS

8p 10,, _
at + ;Ear(r pvr) =0

dv, dp 0 BF B

dt or Or 2 2
dV_L _ B,- 0
P T T ar(rB‘L)
and
oB, 10 10 |Be., J(B.r)
gt ror Brvs —vrBJ')+';3r [ rp * T or

B, = (Bs, By), v, = (vs,v4), and B? = (Bs-{- B,i)

. PP~ = const.

Bo(") r? = const

po(r) U(r) r* = const.
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D ouU b o V2 - U2
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(V =) ) L iV-UP®B_
3 Bi(n) V2 (1 - B(n)) 0¢ (B 1B ) UL Bo(n) 0€?
MDNLS

€ is the stretching parameter and V(r) is the phase velocity of the Alfvén

V(r)=U(r) + Bo(r)

%1/2(,.)
U is the equilibrium streaming plasma velocity.

For £ () =1 | B, =1 U=o0

Bpnas € (8)

B (¢ ro) = cosh\ /2 g
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OBSERVATIONS
TURBULENCE
POWER SPECTRA
etc.
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Figure 6. The turbulence in the solar wind proton parameters over the period rom 0500 SET w©
1900 SET on March [3th 1986 when the spacecralt was gavelling from 4.5 million an w0 12 million
xm from the nucleus. The FLD coordinate system has the y axis magnetc field aligned, the z axis in
the -v x B direction and the x axis forming a right handed set. The mean value of the parameters has
besa submacted. The frequency range indicated is set at the low frequency end by the digital fiter and at
the high end by the sample rate of the instrument.
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Figure.lo. An example of an Alfvén wave with a phase-steepened edge (rotational discontinuity [RD]). From left
to right, dashed vertical lines give the start and stop times of intervals of analyses.
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Fig. 2. Magnetic field (vector components and magnitude) pow-

er spectral densities at different heliographic distances. The ‘mean
field’ coordinate system (Z axis parallel to the average direction of

-the vector magnetic field) was used throughout the paper. The
spectra were computed from 40-s averages of the magnetic field over
11 12 hours on January 24, 1900 UT to January 25, 0623 UT;, 1976
(0.97 AU) and on April 14, 2300 UT to April 15, 1023 UT, 1976 (0.29
AU). Also given are the 95% confidence limits for the spectral
density computed from an equivalent of 32 degrees of freedom. 4

Froom T&R , 81 , 192,
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CHAOTIC ALFVEN WAVES
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DRIVEN DNLS EQUATION:

— A ei(n:v——ﬂt)

oB 1 o 19’ B
B | B |*)+-
at +4 (1 —p3)ox ( 1B )+2 dx?

NUMERICAL SOLUTION

Spectral-collocation method with neriodic bound-
ary conditions used

Initial condition: |
(21/2 _ 1)1/2 B,z et (x)

B (x, t=0) =
( ) [21/2 cosh (2 V, ) — 1]1/2

B,,... 1s the amplitude of the soliton :
0 (x,t =0) = — V,z + 3 tan"! [(2Y/241) tanh(2V; z)]

V, is the soliton speed defined by,

V. — (21/2 - 1) Br2naa:

8(1 — B
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FIGURE  Shows Spectra for magnetic field turbulence
generated through chaos for a}) RHP with 4 = 0.3. b)
LHP with 4 = 0.1, ¢) LHP with 4 = .03 and d) LHP
with 4 = .003. ;
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+ —(voB — v) = —1— (————)
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(ﬁvm) + (=185

at

v, i1s flow velocity along direction of propaga-
tion, B = (By + ¢ B;) and v = (v, + 1 v;).
Adiabatic equation of state: pp™ = const..

~ 1s ratio of specific heats.
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Initial condition:
(21‘/2 —~1)/2 B,,,, €9 (@)

B (= t=0) = [21/2 cosh (2 V, ) — 1]¥/2

B az is the amplitude. of the soliton
0 (x,t =0) = — V,z + 3 tan~! [(2/241) tanh(2V, z)]

V, is the soliton speed defined by,

: _ (21/2—1) B?naa:
Ve = 8(1L — B) .
: ' E=
sN (xE=0) = &£ 5 B x e =2)

—_—, AN
B = B Cx
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Figui'e 1. (a) The evolution of the magnetic'zmd den-
sity fluctuations, 3 and dp, respectively, for a RHP soli-
ton for = 0.3 at L = 400" (dashed line) and at 5000

Q-1 (solid line). (b) Same as (a) but for 8 = 1.5.
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Figure 2. (a) Same as Flg la but for LHP soliton.

(b) Same

as Fig. 1b but for LHP soliton.
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HYBRID SIMULATIONS

/
COLLAPSE OF ALFVENIC WAVE
PACKETS

DYNAMICAL TURNING POINT
—> CHANGE OF POLARIZATION

RADIATIONS
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Simulation Model

*  One - Dimensional Hybrid Code

* Electrons as Isothermal Fluid :

*  Protons as Particles -------- Maxwellian E\MA\‘NQLMA“ ete
*  HIGH RESOLUTION:
Simulation Box Length ------ 860 Ion Inertial Lengths LVA /.n...)
Number of Cells -——n- 2048
number of Particles / Cell ----- 200 | -t
Simulation Time =  --—----- 1000 Ion Gyro-Periods L_-Q—L)
Time resolution ~ -——-—-- 0.01
L

SL, = o B8
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Initial condition:
(21/2 _ 1)1/2 B, € (@)

B t=0) =
(@, ) [21/2 cosh (2 V, ) — 1]1/2

Bz 18 the amplitude‘ of the soliton
6 (z,t=0) = — V,z + 3 tan! [(2V/241) tanh(2V, z)]

V, is the soliton speed defined by,

e (21/2 1) Bmaz
| 81 -8
SN (%,& =0) L L—??’J (B (X, k= o)(

(DRWEN by PONDERMOTWVE FORLE)
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ION HOLES

NONLINEAR LANDAU DAMPING

48



_?2-11:/‘752—‘

P = o-\ O o 03

‘rrr‘[xnl[x[lllr' BI[TIIIIIVIITVIII 5rvr]ly|x|r1lr1

0 200 400 600 800 . 0 200 400 600 800 0 200 400 820
x

LA LI BN S I 1 BN NLARL N HALANL RN B 8|IIIII.IIIIIIII-III -] L B R R A S B T
e e~ N0

S - =

:
|
|

o
IR
P
USSPV
[/ 2 2
Y
'
]
o\
N 1 4 PRI o] BT I P SR RTINS A ol v Lo ¢ PR AN
0 200 400 800 800 [} 200 400 800 800 [} 200 400 600
x x x

B =04 06 03



ol 1 1 ¢ 1.1 1 L1t
[¢] 200 400 600 800

x
8‘ﬁ|l[l(1rr(l|l!!|’
AN
&

'

1]
DTS,
4

T e
. N et A
SaSa ey Senw—es
Mt A i A B sttt e
MWMNW
N\MMW
SNV | g VS DURRPIGS
DSV o WSS
et N e o RPN
SSRGS

A et
SRRy SNy
£ SIBVUREVVEIV VNG o MRV
A a0 g VWO NBEPAP POV
P Y
A o ARG ARSI
Mt A AL I e e

e A Al
Wp
T R T T
Ww
DAY, SRSttt
Ol 1 1:1A1; i ey
[} 200 400 800 800

)

-3

LML S N S SR S

ANNESENLENS S S S B B

600 800

T TTr

LANLIN B L RN B I

e S s

A g e e e AR A At

e e

~

Y et
M Y |
P -\ ——l
A Ao

k e
WWM
A AN i
e S O e —-4
e ites W A s
e e~

Pememmrry e ~ -

50



Lo FRESB.. WAVES
TorN DYNATMIO S CRUCAL
ToN ACOUSTIC WAVES (IAN)

ALEVEN WAVES (aW)

EVOLUTION oF TAW:
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QBSERVATIONS
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Bs Ti/ Te BP IA HOLES FP IA HOLES
Speed Speed

0.5 1/7 0.61 Va 0.65 Va
0.5 1/3 0.6 Va 0.63 Va
0.5 1 A 0.46 Va
0.5 3 A A
0.5 9 A A
Bs Ti/ Te B N

Speed (Va) Speed (Va)
0.5 1/7 0.83 0.81
0.5 1/3 0.75 A
0.5 1 0.66 A
0.5 3 0.56 0.54
0.5 9 0.32 0.34
0.7 1/3 0.3 A
0.7 9 A A
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CONCLUSIONS

Governing Evolution Equation for Nonlinear ALFVEN
Waves is DNLS / MDNLS

DNLS = Stable Solitary Waves
Inhomogeneities destroy the coherent structures
Driven DNTI S cgn = Chanes

Chaotic Route to Turbulence with k ™ spectra

For B=1and OB /B = 1 Simulations needed

MHD SIMULATIONS :

*

ON and OB coupling very significant

Evolution of RHP Alfvenic Wave Packet very different
than LHP Wave Packet

LHP = Blow-up
RHP = Steepening and High Frequency Radiations
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HYBRID SIMULATIONS :

*

For Large B, oN - 0B coupling as well as Wave -
Particle interactions very crucial
LHP EVOLUTION:

Blow - up observed in LHP case in MHD Simulations
arrected by Kinetic Effects

A R e SR SRR e 2

COLLAPSE = Transport of Energy to larger k

Appearance of Turning Point due to Structural Instability
in the evolution of LHP

Turning Point function of  and the initial amplitude of
the Wave Packet

At the Turning Point LHP = RHP

Ion Acoustic Waves (Coherent lon Holes) generated for
T, > T,

For T, >> T,, forward and backward ( in inertial frame)
propagating Ion Holes

Nonlinear Landau damping for T, < T,

1

Forward propagating Magnetosonic waves in some cases
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RHP EVOLUTION :
High - Frequency Radiations for relatively lower 3

Only Backward Propagating Ion Holes
No Magnetosonic waves generated

More robust compared to LHP
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