THE SOLAR WIND THEN AND NOW'

PARKER (1958 etc.)

The wind is electron — driven,
accelerated mainly by —Vpg

because

electron heat conduction (~ Te7’2)

from the hot corona
= T declines slowly with r.

"The model for the hypothetical conduction
corona leads to a temperature falling too
rapidly with radial distance from the Sun,
Indicating that the actual solar corona is
probably actively heated for some
considerable distance by the dissipation of

waves."
Parker [1965]




HARTLE AND STURROCK (1968)

Two - fluids: electrons and protons.
An wind.
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Prediction (1 AU) Observed Fast Streams

V =~ 250 km s~1 V = 750 km s~1

Tpy = 4400 K sz2xlO5K

"Departures [are] attributed to heating
by a flux of non - thermal energy"

As Parker, did not address coronal heating.




BELCHER AND DAVIS (1971)
Alfvén Waves in the Solar Wind:
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eUbiquitous in high — speed streams.

eQutward - propagating from Sun
= solar source?

el arge — amplitude, Long — period.

(eLess 'pure' in slow wind.)




ALAZRAKI AND COUTURIER (1971)
BELCHER (1971) HOLLWEG (1973 - o)

The solar wind Is

from radiation pressure:

dV = _vp_og_ vioB?
PV VP-pg- Vg
via

nonlinear saturation
or

turbulent cascade.

Slow acceleration close to Sun:
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Hollweg [1978].



WAVE-DRIVEN W

IND SUCCEEDED

FAR FROM SUN.

BUT FAILED C

LOSE TO SUN

EARLY 90's

GOOD CORONAL HbLE DENSITY DATA

RAPID DENSI'i'Y FALL - OFF

vV

y

RAPID ACCELERATION CLOSE TO SUN

Papers by Guhathakurta, Fisher, Habbal, Esser, [1995 — ...]
Esser et al. [1997].
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n V Area = constant

(np V)1aU = 2 X 108 cm™2 g1 (Ulysses)
Ne hole = ° X 104 cm=3 at r=3 g
V =205 km s—1 at r=3rg (r geom.)

c.f. 60 km s~ earlier.

THE ACTUAL SOLAR WIND
ACCELERATES MORE RAPIDLY
THAN WAVE PRESSURE
CAN ACCOUNT FOR.




OTHER DIFFICULTIES:
HEAVY IONS (especially He*¥)

ViOnS — Vp = VA (the Alfvén speed)
T; / Tp ~ M; / mp
(Less obvious in slow wind.)

Heating & acceleration by
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Space Sci., 81, 295, 1982.
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OTHER INDICATIONS OF

DISTRIBUTIONS and MAGNETIC MOMENTS

(Recall that the magnetic moment
would be conserved adiabatically.)



HOLLWEG (1986); H & JOHNSON (1988)

9

APPLIED TO THE
ACCELERATION REGION

o are launched
from the coronal base.
eDissipate at rate:
P <8V2>3/2 2 1
= erg cm—>° s
I—COI’I’

eEnergy
are heated.

e\Waves evolve via WKB with dissipation.

Note: Pure outgoing WKB inconsistent with turbulence

T

: 2 :
since %p <6V2>:<%ﬁ = the nonlinear terms cancel.

Oughton et al. [2001]; Dmitruk et al. [2001, 2002].
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F = 5.4 x 10° erg cm? st f =4

wave max
neT = 8.3 x 1013 at base
"critical = 24 s =

npV(L AU) = 3.9 X 108 cm?2 51
V(1 AU) = 762 km/s =
To(1 AU) = 8.8 x 10% K Tp(l AU) = 1.1 x 10° K

T{K)

00 05 .0 1.5 2.0 2.5
r'R sun

This model was rejected because
the available data argued
against high coronal Tp.



Same idea as Hollweg and Johnson (1988),
but

Use quasilinear theory to apportion the cascaded energy

ISENBERG (1990)

between protons and helium.
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Nonetheless,
this model was rejected because
the available data argued
against high coronal Tp.
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THE UVCS/ SOHO RESULTS
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Caution: width of distribution function a mix of temperature

and non - thermal motions (waves or turbulence).



THE UVCS/ SOHO RESULTS

Ty>Te Tp = (3 - 4) x 106K
Toxygen S Moxygen
Tp Mp

T, >> T (definite for O*>)
Suggesting:

Solar wind may be .
via —Ve py

Coronal heating is
. Not j2/o.
Tion > Tp and Vion > Vp
may

Coronal heating extends
Into the acceleration region.



ION — CYCLOTRON RESONANT HEATING ™

® =Ky = Q
frequency gyro-frequency
seen by
particle
ion ion
motion motion

E
- fﬁéffffffﬂ

\ electric field
%! rotation

The ion gains energy
secularly

N

T i??y»
E

The ion loses energy
secularly

Gain or loss of energy depends on
phase of particle motion relative to the wave.

In a random field, phase will be random,
and the particle will random walk.

Diffusion in velocity space

heating, acceleration
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RESONANCE CONDITION: ® — k” V|| = Q

1.2
V|| = 0.1VvA
1.0f==_— — — - Protons — — — — — — — — — —
v||=—-0.1va
0.8
-6 ion - cyclotron mode;
cold e - p plasma
0.4F O*d
= /
0.2+
In the proton frame
0 l l l |
0 0.5 2.0

1.Ok”VA/Qp1.5

HEAVY IONS HAVE THE ADVANTAGE

eOnly sunward - going protons (& He'™)
are resonant with outward - going waves.

eSunward- and outward - going heavy ions
can resonate.



FIVE EFFECTS

eln the wave frame, particle energy is constant
= diffusion along circ. arcs centered on Vphase:

eHeating implies acceleration.

ep™ diffusion is "cut off* at lower V|| than heavy ion
diffusion.
eHeavy ions resonate with faster waves.

eHeavy ions resonate with lower frequency waves, which
have more power.
1.0r

VJ_/VA

0 —k” V|| =Q

0 =(1_w)\l2
Kj|va ( Qp)

\ protons
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Het™
THE FAMOUS HELIUM GAP

1_

o/ Qp

dition v|| > O
resonance con

In the proton frame

| |
0 1 2

k” VA/ Qp

eONLY THE SUNWARD p* AND SUNWARD He**

RESONATE WITH THE OUTGOING LEFT - HAND MODE.

oFULL KINETIC SOLUTIONS ARE REQUIRED.

Bl - MAXWELLIANS ARTIFICIALLY TAKE HEAT
FROM THE RESONANT PARTICLES
AND REDISTRIBUTE IT AMONGST ALL PARTICLES..
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UVCS = A DIFFICULT REQUIREMENT:

6
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RESONANCES WORK IN THE OPPOSITE DIRECTION:
eProtons become more resonant as VA decreases.

«O"® becomes less resonant as their flow speed

Increases.
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Models give

out to 3.5 rgyn

O*9 temperature does not continue rising
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protons

protons

I\
Il

I
I

R (solar radii)

0" accelerates rapidly = strong adiabatic cooling.

01 accelerates rapidly:>O+5 resonance becomes

weaker.

19

o0 temperature does not continue rising out to 3.5 rg .



AN ANSWER FOR OXYGEN?
(AND OTHER IONS)

®INWARD - GOING WAVES:

generated by instabilities;
reflections.

Isenberg [2001]

PROTONS AND Het™ WILL NOT UNDERGO THIS
PROCESS.

A
V|| protons Vi| Ot5

From
Isenberg

M Vi

\J

\J
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WHENCE THE CYCLOTRON WAVES. 17

TURBULENT CASCADE TO HIGH o, k.

Hollweg [1986], Hollweg & Johnson[1988], Isenberg[1990]

In situ and radio science =

108 4

20
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PROBLEMS WITH TURBULENCE AS
SOURCE OF ION - CYCLOTRON WAVES

e MHD turbulence = high k|
(not high k” needed for cyclotron resonance).

(Matthaeus and many others.)

On the other hand:
In situ data show power at high - k”

(though there is a preference for high k).

Recent results from Vasquez et al:
Advection of

cross - field pressure balanced structures
by medium - frequency Alfvén waves
can give the required high k||.

Vasquez, Markovskii, and Hollweg [2004].

(@) t= 0O &@E" (6) t= 100

3y




PROBLEMS WITH TURBULENCE contd.

e s there sufficient low - frequency power?

CORONAL FARADAY ROTATION FLUCTUATIONS
= OB

HELIOS SPACECRAFT
NEAR SUPERIOR CONJUNCTION:

Hollweg, Bird, Volland, Edenhofer, Stelzried, and Seidel, [1982].
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Similar results were obtained by
Andreev, Efimov, Samoznaev, Chashei, and Bird [1997].
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NATURAL RADIO SOURCES:

from data at 8.6 Rs "...the wave flux in MHD
waves or turbulence with [large] spatial scales

Is inadequate"
Mancuso and Spangler [1999]

from data in 16 - 26 Rg: "If [on/n = 6B/B], then the

turbulence in the inner solar wind is ... perhaps incapable

of playing a significant role"
Spangler [2003].

PROBLEMS WITH ALL RADIO STUDIES:

2
<8RM2> ~f ng <SBS> I‘corr,s ds

T uncertain

2. These studies have not looked carefully at dissipation
between the coronal base and the point of observation.

Hollweg, J.V., and P.A. Isenberg,
Va Generation of the fast solar wind:
\{ A review with emphasis on the
o4r resonant cyclotron interaction,
J. Geophys. Res., July, 2002.

7
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Does the cascade originate
from waves with period~5min 7

Ap.J, 465, 4%, 1006
ORSERVATIONS OF MAGNETOHYDRODYNAMIC OSCILLATIONS [N THE SOLAR
ATMOSPHERE WITH PROPERTIES OF ALFVEN WAVES

Rooer K. ULiica
Department of Py mnd Astromomy, Uriversity of Cabifioenda, Los Angeles, CA 50024
Reveined 1995 Augeess 23 acoepted 1996 Jomary 171

ABSTRACT
This paper reports observations of magnstohydrodynamic osciliations fn the solar atmosphere with
pmpnfgsufm&nmwﬂhmmdﬂnﬁnmhmmﬁadshthinimuhnd.mm
between magnetic feld variations and velocity variations arc conmstent mith oulgoing Alfven waves, The
aperture used for the observations i large, 207 x 20°, and the velocity amplitude is recuced due 1o the
resultant spatinl filtering, If the magoetic and velocity variations ate scaled up to be typical of the 5
minute oscillations as 0 with 2* x 2" resolotion, the outward snergy flux is of ordet 3 x 107 cegs
cm™? 5™ in regions with & high magnetic fisld, Obscrvations employing two parts of the Na DI lise
separated by roughly 150-225 km in altitnde of formation show phase lags in the magnetic fiekd varia-
tions hm@:m.?mmwmmnﬂmm;mm&
vettical group velodity is larget in the magnetic rogions than in the nonmagnetic regions. The power
spectrvm of the magnotic variations inchades & peak ut frequencies greater than the ceater of the 3
minute velocity oscillations saperimposad o 8 background spectrum that inclodes substantial power at
low [requencaes,

r i



PROBLEMS WITH TURBULENCE contd.

e What on the Sun determines
most power at hour timescales?

Flux cancellation events
take place on hour timescales

(1018 Mx / Hr)

LIFETIME OF CANCELLING ELEMENTS

40} | 4 SEP 83 (133 cases)
F : Wang, Shi, Martin and Livi [1988]
30_‘
20F |
10}
b bab b A ) s T
4 S5 6 7 8
HOURS
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WHENCE THE CYCLOTRON WAVES .27

CHROMOSPHERIC RECONNECTIONS

LAUNCH HIGH FREQUENCY WAVES -
KILOHERTZ!

Axford, Marsch, McKenzie, Tu

TEST _OF TU AND MARSCH (1997): IPS

Hollweg [2000].

They assume a specified magnetic power spectrum Ppg.

Obliqgue propagation = Alfvén waves are weakly

compressive.

Pg = P, which can be measured by IPS.
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WHENCE THE CYCLOTRON WAVES .37

oINSTABILITIES = (oblique) high-freq. waves.

Jj | associated with low - freq. waves
Markovskii [2001], Markovskii & Hollweg [2002].

neutralized proton beams launched by
reconnection events. Voitenko & Goossens [2002]

low - freq. waves = instabilities = electron heating
Vifias, Wong & Klimas [2000]
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RECENT IDEAS: 1:

Markovskii and Hollweg [2004]:
"MICROFLAijS" AT CORONAL BASE

LAUNCH INTERMITTENT BURSTS OF LARGE qg
U INTO CORONA

DRIVE ION CYCLOTRON WAVES UNSTABLE

(electrostatic or electromagnetic; inward - propagating;
highly oblique.)

RESONANT PROTONS DIFFUSE ALONG HYPERBOLAE

(since o = independent of k.)

4. VoIV

v, IV,



U

RESONANT PROTONS ARE
PERPENDICULARLY HEATED.

resonant
heating initial

vV, |V . distribution

— =4
g _6
— -8
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RECENT IDEAS: 2
NON-WKB CORONAL TURBULENCE

Dmitruk et al., 2002.

dz_ 0z

—+ Va—=—-Riz. + Ryz_ — 7.V, z2_
9l r

oz 0z

L Va—t=Riz.— Rz —z+V.2z.
9l r T

Turbul_ent

Standard linear non-WKB Alf waves
e.g. Heineman and Olbert 1980 damplng

Take damping = 2+ | z ¢| {2 A ()}
where A | = correlation length.

If A; = 0, the volumetric heating rate is:

00 ~ Fa, (Ao/A)|dVa/dr|(Va,/VE), ifr<ry
| Fao (Ao/ DldVA[dr\(Vao/V3R,) s i 7> 1

(sub-m = where Va is max.)

Q (erg cm™ s7h




RECENT IDEAS: 3

THE "KINETIC SHELL MODEL"

Isenberg, Lee, and Hollweg [2001]; Isenberg [2001, 2004].
Vi

-

NN

N

_ M
pile-up .
surface rarefaction

surface

U (km/s)

100 200 300 400 500 600 700 800 900

Non-Dispersive Waves |

1 2 3 4 6 7 8 9

r(R9
But wave dispersion = much slower flows!!

32



33

CONCLUSIONS

e\We have progressed from an
electron - driven wind through a
wave - driven wind to a
wind.

e\We realize that
coronal heating and solar wind acceleration
need to be

eIn coronal holes, coronal heating works on

Not j2/c. Not viscosity.
Other coronal regions? Slow wind?

e\What Is the source of the
high - frequency resonant waves?
e direct launching of kHz?
e turbulence + advection?
e MICro - instabilities?

eNeed to consider:
e Particle kinetics; MHD not the final story;
e Oblique propagation
(refraction, instabilities),

e Qutward & Iinward propagation
(reflections, instabilities, 2nd order Fermi).
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