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i@ Background

—— Coronal heating and solar wind acceleration
— Observational constraints (remaote in situ)
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‘,3" Complexity: current challenges

—— Proposed heating & acceleration processes
—— MHD turbulence, kinetic wave-particle interactions
— Additional nonlinear effects?

b

o .
.,3 Future prospects and conclusions




The Sun’s Outer Atmosphere

The solar photosphereexhibits a~blackbody temperature of 5800 K.

The solar corona:

1870s: unknown emission lines; a ne
element calledcoronium?”

1930s: Lines were identified as highl
ionized ions: C&*, F&'* to Fe3*

T > 1 million K

The solar wind:

1860s to 1950s: evidence builds fo T T
outflowing plasma in the solar systen
(geomagnetic storms, comet tails)
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1958: E. N. Parker proposed that the h(."n; o & = -"aEﬁ.TE _
corona provides enough gas pressure 2

counteract gravity! E steady accretion
1962: Mariner 2 provided first direct | A= i
confirmation of the supersonic sola L .

Wind. o 1 1 1
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We still have not uniquely identified the physical processes that heat the
corona and accelerate the solarwind . . . .



Heating the Coronal Base

The sharp “transition region” (10* — 10° K) is still not well understood.

-

20,000 K 85,000 K 400,000 K 630,000 K 1,600,000 K 2,600,000 K

Most suggested mechanismsinvolve the storage and rel ease of magnetic
energy in small-scale twisted or braided flux tubes.

(Magnetic flux continually emerges from the convective interior,
replenishing itself every ~40 hours.)

Dissipation of the magnetic energy asheat probably occursviaCoulomb
collisions (e.g., viscosity, resistivity, conductivity).



Heating the Extended Corona

Above 2 R, additional energy deposition is required in order to . . .

accelerate the high-speed ¢ Vesd component of
the solar wind;

produce the proton and electron temperatu
measured in interplanetary space;

produce the strong preferential heatifng (> 7))
of heavy ions (in the wind’s acceleration regio
seen with UV spectroscopy.

It's a very different environment from the base . . .

Collisional— collisionless

' .'-' \fWIN]D
Coronal Base Magnetic Field /////‘\\\\\
Energy for heating the plasma most likglyopagatesup from

the Sun—i.e.,waves, shocks, turbulent fluctuations—which
probably dissipates via wave-particle resonances.



The SOHO Mission

SOHO (the Solar and Heliospheric Observatory) The Ultraviolet Coronagraph
was launched in December 1995 with the goal of Spectrometer (UVCS), one of
solving long-standing mysteries about the Sun: the 12 instruments on SOHO,

studies the extended solar
corona where the solar wind is
formed.

U Solar Interior: What are its structure and dynamics?
U Corona: Why does it exist and how is it heated?
O Solar Wind: Where is it accelerated and how?

UVCS blocks out the bright disk of the
Sun, in effect creating an  “artificial
eclipse,” to be able to observe the

-—.much fainter ultraviolet light from the
extended corona.




Plasma Diagnostics in the Extended Corona

collisionally excited
line intensities (ratios)

resonantly scattered
line intensities (ratios)

spectral line shapes

Doppler shifts

visible polarimetry

EUV spectropolarimetry

abundances, ionization state
electron density & temperature

velocity distributions in
sunward direction (T, u;)

proton, ion, electron velocity
distributions along line of sight (T.)

departures from Maxwellians

bulk motions along line of sight

chirality of helical flux tubes

electron density, morphology

velocity distribution anisotropies
& flux tube orientation

magnetic field strength



Ultraviolet Spectroscopy of the Corona

Motivation: measure plasma properties of hot (L0O° K) protons,
electrons, and ions as thagcelerate. (Too near Sun foin situ.)

1979-1995:H | Ly « measured with rockets, Spartan 201
1996—present:dozens of lines measured with UVCS/SOHO

N

Occultation of the solar disk is required because the extended corona is
6 to 10 orders of magnitude less bright than the disk.

The scattered photon emission is usualbyically thin: some degree of
deconvolution required.

Simplest diagnostic: WIDTHS of emission lines provide a near-direct
measurement of the velocity distribution projected along the line of sight
(Doppler broadening): i.ec 1", in coronal holes.



—— Equatorial Coronal Hole
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Emission Line Formation (1)

There are two major sources of spectral line photons in the extended corona:

Electron impact excitation — de-excitation
= Profile width depends on line-of-sight velocity distribution
= Total intensityx 7 Matom q(Te)

Resonant scattering of disk photons
= Profile width depends on line-of-sight velocity distribution

= Total intensity depend: .L./_\_u g

e ® -
on the radial compo-
nent of the velocity

distribution: ‘ ﬂ [

= If atoms ardlowing in the same direction
as the incoming disk photons .

“Doppler dimming”

=- For the H | Lymanx (1216A) line, at 2R
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Emission Line Formation (2)

After H | Ly o, the O V1 1032, 1037 doublet are the next brightest lines
In the extended coronaOn the disk:

2000 F

1500 F

1000 F

Intensity

500 F

J

1025 1030 1035 1040 1045
Wavelength (Angstroms)

The “isolated” 1032 line Doppler dims like H | Ly,

The 1037 line is'Doppler pumped” by neighboring C Il line photons
whenv ~ 175 and 370 km/s.

The ratio R = 1032/ 11037 depends on both theulk outflow speedof
O>*ions and theifl. For polar coronal holes atB:

0 VI ratio

3.5
3.0
2.5

2.0

T, /T

Low ratios (R < 1) imply
fast outflowand?’, > T,
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Proton-Neutral Coupling

In the low coronax < 1.5 R), protons and Fistrongly coupled by:

H" + H = H + H* (charge exchange)
e+ H = e +e¢ + H (electron collisions)
hy + H = e + H (photoiomiz./ rad. recomb.)

In the solar wind ¢ > 10R.), the coupling times beconenger than
wind flow time; protons and Hbecome more fully decoupled; e.g.,
u g < U|p (H%is no longer a proxy for protons.)

IN BETWEEN (r ~ 2-5 R), coupling times are still short compared to
the wind flow time, but protons and®¢an decouple ifransverse MHD
wavesare present:

du | g cannot “keep up”

0B —0 ; :
Lo —otly with proton wave response

Perpendicular decoupling leads 1
frictional heating; i.e.l g > T ,. E
However, H line broadening by ©
frictional heating is ~balanced by !
narrowing due todu; g <K duy,. It B
is difficult to measure these effect

(Allen et al. 2000, JGR105,23,123).

- 0 O & N D




UVCS Empirical Results for Most-probable speeds:
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(... similar to in situ)

SEE: Kohl et al. (1998), Ap. J. Letters, 501, L127
Cranmer et al. (1999), Ap. J., 511, 481



Evidence for Unequal lon Temperatures

In the extended corona, departures from thermal equilibrium exist for
both the low-densitgoronal holesand the high-densitgtreamers.

Line profiles give the r.m.s. unresolved velocity along the line-
of-sight. If all ions hadequal temperatured’, and the lines were
broadened by a common “nonthermal” veloaity, one would expect a
linear relationship between the ion massandmV?. . .

mV? = kT + 'm((va)2

However,
Coronal Hole, r = 2 Ry Streamer, r = 2 Ry
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In situ Particle Properties

Mariner 2 confirmed the continuous nature of the solar wind in 1962,
and found two relatively distinct components:

high-speed (500800 km/s)  low density ~laminar flow
low-speed (300-500 km/s)  high density  variable, filamentary

In the high-speed wind (that emerges from coronal holes),

Electrons: thermal “core’ + beamed “hal0”

suprathermals conserve p = (7', / B)

(see, e.g., Marsch 1999, Space Sci Rev., 87, 1)

Protons:  thermal core exhibitsT', > T,

e grows ~linearly with distance (0.3-1 AU)
beam flows ahead of coreat AV =~ V,

Heavy ions:  flow faster than protons (AV = V,)
(ﬂon/Tp) 2 (mion/mp)

THe / Tp T, / Tp TNe / TP
6’ T T T g T T T T T
% g §
sk i
3 %
+ —— ]
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300 400 500 600 700 300 400 500 600 700 300 400 500 600 700
u, (km/s) u (km/s) u (km/s)

(Collier et al. 1996, Geophys. Res. Letters, 23, 1191)



Complexity: Current Challenges

COLLISIONAL
_,E_._-—-u DISSIPATION
HOMLINEAR q PARALLEL
STEEPENING CASCADE?

o

COLLISIONLESS
DAMPING

?K

TURBULENT

"~
H:_:\k CASCADE {LANDAU)
l/b‘ll MODE COUPLING
MMM

{A += F,5)



How Is the the Extended Corona Heated?

Energy for heating plasma must ultimatg@sopagateup from the
Sun; i.e.waves, shocks, turbulent fluctuations.

Collisional damping (i.e., viscous, Ohmic, conductive) of waves

seems to be. .
too weak too strong
(fast-mode/Alfven) (slow-mode/acoustic)

Collisionless damping mechanisms seem to be the most likely

Quasi-linear wave-particle resonances: g

Landau damping lon cyclotron damping
w — u”k” =0 w — u||k|| = ﬂ:nﬂion
Te > Tp (IOW'IB) CZ-'ion > Tp > Te
Ty, > 1. L > 1T

Nonlinear resonances:
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Multiple scales: MHD turbulence

In situ B, év, dp data (on time-scales from seconds to years) show
evidence for turbulent cascade.

In the low-beta corona, MHD turbulence shoul¢ Jo
proceedanisotropically, i.e., mainly from low to [ §
highk_ while leavingk relatively unchanged.

to mix field lines in directions perpendicular B
than it is to bend them.) (e.g., Stone et al. 1998)=

When this anisotropic spectrum damps, how much heat goes into
electrons,protons, and heavy ions?

In situ solar wind observations support this picture, but large-
fluctuations arelsoseen (e.g., Leamon et al. 1998, 2000).

(see also Cranmer & van Ballegooijen 2003)



lon Cyclotron Resonance

1970s—present:Preferential ion heating/acceleration and anisotropies
(detected bothn situ and remotely) led theorists to investigate the
damping of parallel-propagatingn cyclotron waves.

Circularly polarized Alfen waves withw — v k| = Qion are
resonantwith ion Larmor orbits. The waveE-fields areAC in Sun’s
frame, butDC in ion’s frame!

Dissipation of ion cyclotron waves producdgfusion in velocity
space, along contours efconstant energy in the frame moving with
the wave phase speed V(> vy)
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Anisotropy grows naturally as long as there is an energy supply of
resonant waves in the corongcaturated by dispersion...)

lons are acceleratedlong field both by: (a) forward curvature of
velocity distribution, andb) by magnetic mirroring of highs_ions.



Problemswith Gradual Generation . . .

Most of the work on gyroresonancein the solar wind has been for waves

propagating along the field (k).

However, both simulations and analytic
descriptions of MHD turbulence predict
cascadefrom small tolarge perpendicular
wavenumbers (k).

(Alfvenicfluctuationswithlargek | donot
necessarily have large w — Qjon)

Perpendicular (“2D”) turbulence does
dissipate on the smallest scales, but
this may not heat and accelerate ions
preferentially.

(Landau damping in a low—3 plasma
tendsto heat electrons preferentially...)

In situ solar wind observations support this picture, but large-k,
fluctuations are also seen (e.g., Leamon et al. 1998, 2000).

Studies of (multiple harmonic) ion cyclotron resonance with highly

obligue (k - B ~ 0) wavesare underway . . .



A “wish list” for solar wind models?

Generation and nonlinear evolution of the sola
wind fluctuation spectrum must be understood.

Self-consistenkinetic models(corona— wind)
of protons, electrons, and ions are needed.
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Because the multitude of proposed physical procesgesact with
one another on a wide range of scales, their impact can only be
evaluated when they are all included together.

There is a need for scalable “phenomenological” terms that encapsulate
the physics of nonlinear steepening, multi-mode coupling, refraction,
etc., and allow them to be included in “linear” wave transport equations.
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