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FIGURE 6 The “buteerfly” diagram of the sunspar evele. Spat

s mew ovdde appear az lower and lower Lantudes, This s o copy ot

E. W Maunder's discovery dugram. pullished in 1004, tConttesy ol Vanth Notices of the Rotal Astranenincad Socien .

Sound waves s the convection zone propagate ar
the local speed of sound, which inereases with depth
hecause the temperature increases. As a result. sound
waves in the Sun are refracted as well as reflected. A
plane wave that descends into the Sun at an oblique
angle experiences a faster speed of sound at its deeper
edge. Thus this edge gains over the shailow er edge,
and the plane wave rarns back {refracrs) woward the
surface. Such a wave will rrace 1 series of arcs, reflecting
ar the surface and refracting below ic If its borizontal
wavelength is a simple fraction of the solar circurnfer-
ence, the wave is resonant and can persist as a standing
wave. In general, waves of lower l'rcquuncj\' {periods
around 6 min) penetrate more dccpl_v mto the mnterior
than waves of higher frequency.

Solar physicists derive the sownd speed inside the
Sun i wuch the same way that seismologists deter-
mine the sound speed inside the Earth, Whereas sers.
mologists observe many transieny carthquakes, solar
physicists observe surface oseiliations many places
on the photosphere and for many s-nun periods. The
spatial distribution of the solar ascillations s tued
with mathematical fanetions (spherical harmonies) thar

assign the three quantum numbers (. /. and mj to
cach observed mode. The temporal Quctuations of the
velocine sigmal are Fourier-analvzed 1o derive the exact
frequency of every resolvable mode. These Prinary
dats are then compured with the prediceed frequencies
froma standard model of the interior and the compari-
son viclds corrections 1o the model’s radil tempera-
ture distribution. As longer and longer series of contin-
uovs  ohservattons become  available, the modes’
frequencies are established with a precision of betzer
than one part in a billion.

2. Detection Schemes

In their quest for high-frecueney precision. solar as-
rronomers bave resorted to 2 number of wehniques.
Precision altimately depends an the lenath of a contin-
uous tine series of observations, unmterrupted even
b the dav-night evele. Fhese conditions can be met
at the South Pole during the austral summer, subject
onlv o occasional periods of bad weather, Several
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FIGURE 20 A diagrammane BQUEnCce of the stages of 4 flare: (a) the breflare nagnene conliguration, (hy (he Hash phase, (o) the thermal
phase, followimy revonnection and ejection of hot plasnya. 1Conrtesy: of p. Sturrock. Colorals Associared University Preg,

region. The more complex the thagmetic configuration
ofthe region and the more rapidly new gy appears, the
more likely a flare wil] oceur. The simplest magnetic
svstem that produces flares IS a4 twisted magnetic loop
that conneets Upposite magnetic polarity areas of the
active region, A sunspot with opposie polarities wichiy,
the same penumbra (3 “delig ™ configumt‘iun) Is espe-
citfy prone 1 flaring,

The Japanese satel]ite Yohkoh, launched in Angus
1991, produced a vast quantity nfh['gh-quahty observ-
tons of flares that are still being amalvzed. These data
are confirming many of the jdeas developed since the
flight of the Solar Maxiimum Mission (1950 (989, ay
well as revealing some surprises.

Although no single flare exhibits the full varieq
of flare phenomena, we siall artempt to deseribe the
evoluton of such 4 hypothetical fare. simply- to give
the reader an mipression of the total event. The evoly.
non of this ideal flare s Hustrated .\,chun;ltim”y n
Fie 200 We can distinguish four Phases: the prefare
phase, the flash or impulsive phase. the thermal or
gradual phase, and the postflare phase.

a. The Preflare Phase

In the preflar, phase, which mav last for minuges or
tens of minutes, the HUUVE region shows signy of pro-
gressive heating, The brightness of many smalj sireg
mereases and the region shows rapid fuctuations in H
alpha, sofr X ravs and microwaves, A flament thar Jies
over the magnetc neutral fine may be Mactivared, ™ thar
Is, 1y experience rapid changes in brightness and
torm, and may actially crupe jisg before the onser uf
the flare. Velocity oseillations have also heen reported
just before a flape.

Preceding the preflare phase iy g fong period i
which magneric fluy conuinues ro cmerge and the el
configuration is thought to become more sheared ang
twisted. One of the outstanding questions, still winan-
swered, is the conditions under which 3 flape IS trig-
gered,

b. The Flash Phage

The Prunany release of magnese CIETEY occurs i the
low cornng during the fipdh phase. The opser ot the
Hare is marked by short pulses of hard X ravs (photons
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most cjections do not involve flares, byr onlv the erup-
tion of an unstable filament.

d. The Postflare Phase

Gradually, the fare plasma cools and much of i
talls back to the chromosphere. as the etive region
returns to its approximare preflare stace, Presumahly,
the region’s nonpotential magnetic feld has been ro-
duced, but no direer information exists on the trnal (or
mtial!) configuration.

This relaxation process 1s sometimes accompanied
by the formation of postilare coronal lc)ups visible in
M alpha and in the torbidden coronal emission lines
npicat of 2 to 4+ million kelvin (Fe XV and Ca XV,
Coronal plasma scemns 1o cool suddenlv within 3 loop
and flow downward. Higher loops appear successiveh,
as though some process is gradually draining the up-
per corona.

An active region may et a broadband circularly
polarized continuum ar meter wavelengths for hours
or days following 2 flare. This Type IV radiation is
thought 10 be senchrotron enission from energetic
electrons trapped within a huge magnene botle,

2. Flare Models and Flare Physics

An enormous effort has been mvested by solar physi-
Cists In attempts to understand  the complex e
event. At present, general agreement exises on the
basic physics involved in each phase, but detailed
models are sull guaks for the future. The most obscure
aspects of the flare phenomenon are the enern
l)uildup, the triggcring mechanism, and the acceler;-
tion of nonthermal charged particles, These are dith-
cult 1o explain hecause they involve comples plasma
phvsics at unresolvable spatial scales and large-seude
magnenie field systens thag are i vet unobservable,
The Tater phases, myvolving the expansion and tooling
of the flare plasma. are wel] documented and therefore
hetter underseoomd.

Avcording g present ideas, Nare energy s stored in
the form of electric current svstems or, equivalendy,
a5 nonpaotental components of the serive remon’s imag-
neue field. This energy acamuulates as the fuorpoints
of the magnetic fickl are shutfled by photuspheric con-
vective motions. A simple arcade af parallel corunal
loops becomes sheared, and the individyal loops ma
be twisted or braided. Al this distortion creares n-
creasingly large electric current densities within (he
coronal plasma,

The triggering of the fare may be driven by the
intrusion of an apposite polarine field or NN arise

THE Sux
! Reconnection point
Reconnection flow
(v ~ 3000 km:s)
S . Shock
S \‘ "
; ] HXR laop-top

-~ Impulsive source

Energetic
electrons

HXR double tootpnnt sources

FIGURE 21 A omendel of Harmg loop. dermed trom Yohhoh

shseranons, (Comren of the Yolthoh tean )

spomtaneausly as the field i distorted. Fventualty, o
carrent-driven instability mav arise gt some location.
Several candidates have been propuosed, among them
the Buneman, ion-avelatron, andd lom-sound instahili-
ties When wuch an nstabtline rales place. rhe resisiiy iy
of the plasma can increase I orders of magnitude
and this allows magnene tield reconnection, in which
nonporential field componenrs ars destroved and their
crersys converted to charged particle binetie Crergy
VI strong electric felds, Newdless ti, sivy this process
1s comphemed and not wel] understood. To release 3
Large flare eherey. & large volume of magnetic fluy
st enter the reconnection zome and this requires
some kind of external driving pressiure or g propagating
disturbanee, Figure 21 is a madel of a Hlarmng loup,
derived from Yohlkoh observations of the flare of Janu-
arv [0 1902,

Onee the hesms of chy rged particles have been ac-
celerated. their subsequent evalution is seumewhar egs-
e 1 deseribe. Fys electrons produce hard X ravs as
bremussirahlune when they mpact the dense plasma at
the foompoins ot coronal loops. The so~called =thick-
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FIGURE 12

Yanagnetogran shodinr the strong amd weak phorosphere magnene hebds over the whole Sun during one 27-day rotaton

S temds o concenusare e teo bands 1 binnodes herween 10 arnd 3y

coantiesare the so-called Hale Nicholson Taws tsee
Section VL

Ve region decavs tover a period of several
sonths s differential rotation, meridian flow, and su-
vorzranule flows sirereh out the region’s fluy into Jon

Snelir regtons at mud and high litiiudes (see Tig,
S W the bipolar field expands Ierath and rises
wvivathooa helmet streamer {see Fi 2y mav develop

the overlving corena. As a resuln, the inner carona
cennsed i an array of streanmiers, separated by
sois ol open field lines, which are called “coronal

N images of the corom (see Frg. 3y show

moadditon t these two basic structures, long

b loops canconnect different active complexes,

ardiferent I‘EL‘IJIISI]I]('I'L'S.

Sl praminences form within & streamer., above
wm e photosphiere thay seprates the opposite
Ses ol the wealk hipolar regian. Thev are tlat

ot plamn teo orders of mavmtade Jdenser and

coaler than the surrounding corona. Prontinences ap-
pear as dark filuments on the solar disk, when photo-
graphed in the hydrogen H aipha line (Fig. 13)

Quicseent filamienes, which lie outade of active

camplexes, possess horizontal magnenc field Compo-
nents that ohey a global rule. In the nocrhern hemi-
sphere. the axial fields of such fikuments are directed
o the rghe when viewed by an imagimare observer
who stands i the pusitive polarity region adjacent
to the hlament. Such flaments ave called dexeral, In
the southern hemisphere, the axial ticld compunents
are dirceted roward the Jefr when viewed from the
netghboring posizive polarity region. Such Glaments
are called sindserall Most filaments in the northern
heisphere are dexiral, most in the southern hemi-
sphere are smistral, and this regularine does not
change from one Tiyear solir avele o the nexr,
despice the change m polarities ol the leading sun-

spots,
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FIGURE 18  The radial variation of the electron density and flow
-peed in a coronal hole. The dashed line is the Parler wind solution
far a coronal temperature of two million degrees kehvm. (Courresy
ol Astrophsical fournaly

form of the kinetic and gravitational encrgy of 1ts wind
seream. This farge rate of energy loss poses a dithcult
theareteal probiem, since E. N, Parker’s classic expla-
nation tor the solar wind would require a coronal tem-
perature of at least 2.5-3 millien kelvin, whereas the
holes have peak temperatures as low as [4 million
kebvin. Somehow, energyv or momenuim must be de-
postted in the wind stream at radial distances of a few
solar radii. Theortsts have suggested that some form
of hydromagnetic wave that propagaces outward along
the open field lines 15 responsible. Since Alfvén waves
ite detected 1 the wind near the Earth, they are con-
sdered prime candidates. but many problems arise
concerning the production and dissipation of such
waves. A complere understanding of the energetics of
coronal holes and the wind within them remaing for
the futare.

The size and location of corenal holes vary with
the solar evele. A few vears before solar nminunum, the
ples of the San are covered by large coronal holes
Tt secupy senme 15% of their area. Occasiomally the
Sules extend from a pole across the solar equator, Near
wdar maximum, the polar holes shrink in size, and
~nuller holes appear nearer the solar equator.

Like the rest of the corona, the holes rotate more
weidly fwith periods of 26 to 29 days, independent of
witude) than the photosphere. Sumuladons of evolu-

noof the coronal magneuc field, by Y. Wang and
cwgrues gt the Naval Research Laboratory, suggest

¢ this effect arises from transport ot photospheric

-t higher laurudes and from reconnections of the

sl eld.

C M 0URAGNTE

Structures on the Sun change on umescales ranging
from a few seconds to several months and their patterns
evolve uver a evele of 22 vears. We shall firse discuss
the solar magnetic cycle and then the more rapid wan-
sient events.

A. THE SUNSPOT CYCLE

1. Observations

The number and distribution of sunspots vary in a
cycle of 8 1o 13 vears. At the beginning of the cycle,
bipolar pairs of spots appear at latitudes above 60°.
Then, as the cycie advances, increasing numbers of
new spots appear at lower and lower latitudes. "Thus,
the ladrude distribution of spots as a function of time
mimics that of a buwerfly’s wings (see Fig. 6).

During a cycle, the magnetic polarity of all the
leader (westernmost) spots in the northern solar hemi-
sphere is the same, and is opposite to that of leader
spots in the southern hemisphere. The polarine of
leader spots reverses in each hemisphere ar the begin-
ning of the next cvele. Thus, the full nagnetic cycle
takes ancaverage of 22 years. The leader spots of a new
cvele possess the same polarity as the premaximum
polar ficld of their hemisphere.

Similarly, the weak polar fields (2-10 G} reverse
polarity close to the phase of sunspot maximum. How-
ever, oddly enough, the reversal ar the two poles need
not oceur simultaneousty! For example, the Sun pos-
sessed two negative poles during 1980,

The maxtimum number of sunspots in a cycle fluc-
tuates by as much as a factor of two aned this amplicade
also seems to possess cycles, such as the 90-vear
Gleissherg cyele. In addition, periods of suppressed or
negligible surspot number have occurred during the
past 7000 years, such as the Maunder minimum from
1645 to 1713. The Maunder minimum was accompa-
nied by extraordinarily low temperatures throughout
Europe and this correfation is perhaps the most con-
vincing example of a solar influence on terrestrial
weather.

As might be expected, the total magnetic flux in the
photosphere varies with the l-vear cycle, by as much
as a factor of five. During a cvele, the flux is constantly
redistributed in latitude, from the intense concentra-
tions in active regions to weaker large-scale regions
at higher latitudes. Differential rotation, meridional
fows, and supergranular flows combine to form the

—~ 12 ~



HESOLAR WIND

Fromastudy obionic comer wils in the early 1930,
1. Brermann concluded that there must be a conting-
aus outiow of charged particles trom the Sun. He
based thee conclusion on caleulations that indicated
that the erientations of jenic comet tils. which always
point awas from the Sun independent of the arbil
nchimaton of the comets. could oniv he explaned in
erms o annteraction between material eminted from
the comets and charged partcles contmuonshy lowing
sutward awavrom the Sun mto wmrerplanctary space.
Bicrnmann estimated that a continuous particte flux o
the order of 10™ protons em " s 7 was needed at 1 AU
o evplain the comet tait abservations. He later revised
ois estimate downward to avalue of =107 protons cm
iDirect measurements by spacecraft show that the
aerage solar wind particle flux ac 1 AU s actually
el protonsem T s D) [See Prvsics aso Crirvis
e ConaEn s,

B. PARKER'S MODEL OF THE SGLAR WIND

spparentheanspited by these diverse observations and
coorpretatons, Fo Parker, i 1938, formulated o radi-
2new theoretical maode! of the solar corona thar
eposed that the solar atmosphere is contnually ex-
~ooadmr into mterplanciary space. Prior o Parker's
“rhomost theartes ot the solar armosphere wreated
Covarond as static and gravitationallv bound 1o the
Ao Chapnan had constructed 2 madel of 4 statie
~rvorona in which hear wansport was dominared

rthe thermal conduction of electrons, For a 100 K

~

ol temperature, the classic eleetron theemal cnne
wrn s N eras e s ey Y and Chapman
subahar even o static solar corona must extend ar
o nerplanetary space. At the orbic of Farth,

s inedel gave electron densities of 107 to 107 cm
Dremperatares of ~2 w0 100 K. Parker vealized,
wovers that such astatic model Feads 1o pressures at
s areedistances from the Sun dhat are seven o cighs
s> obmagnitude farger than estimared pressures of
siersteliar plasma. Beeause of this mismaech in
e at haege heliocentrie distances, he reasoned
“he solar corona could not be in hvdrostatic equi-
Sl must therefore be expanding. His consid-
ot the hj.'(irm!_\'n;lnlic (e, lundy eqnations for
Moentum. and energy conservation for a hot
cronaded him o uniqgie seutions for the coronal
crion s depended on the value of the coronal

Pravre close tnthe surface of the Sua. The exprn
srohuced low ow speeds close to the Sun., super-
o speeds (s Row speeds greater than the

Sethiwhieh senmd waves propagate) far from the

97

K

k=
o
o

earth

0 ! I L L i 1 1
9 20 40 B0 80 100 120 140 180

rin units of 105 km

FIGURE 1 ©. N Parker oregimal solutions for solar wind flow
speed as a function of heliocentrie distance for ditferent coroaal
twimperatures. Subsequent work has demonstrated tha the simiple
relationshug berween coronal temiperature and solarwind speed illus-
vrared here is incorreet. [From E.W. Parker (19635, “Interplanetary
Dhvamicat Processes.” Interserence. New York. Copyright © 1963,
Reprnted with permission of John Wiley & Sons, Inc}

Sun (Fig. 1), and vanishingly small pressures at large
heliocentrie distances. In view of the fluid character
of e solutions, Parker called this continuous, super-
somic, coronad expansion the “solar wind.”

C. FIRST DIRECT
OBSERVATIONS OF THE SOLAR WIND

Parker's theoreucal ideas abour the solar wind origi-
nally met with some resistance, but experimental con-
firtation was not long in coming. Several early Russian
and American space probes in the E959-1961 era pene-
wrated interplanetary space and found tenrative evi-
dence tor a solar wind. Firm proot was provided by
C. Sovder and M. Neugebaver, who flew a plasma
experiment on the Marimer 2 space probe on ats epic
I-month journey t Venus in late 1962, Their experi-
menr deteeted a continual outflow of plasma from the
Sun thar was highly varmble, being structured into
alternating streams of high- and low-speed flows that
lasted for several days cach. Several of the high-speed
streams apparently recurred at the rotation period of
the Sun. Average solar wind proton densities {normal-
ized for o 1 AU heliocentric distance), flow speeds, and
remperatures during this 3-month interval were §.4
em G304 ks L oand 17 % 10Y K, respectively, in
essential agreement with the predictions of Parker's
merdel. The VMariner 2 observations also showed thar
heliune i the form of alpha particles. s present in

—1Y ~
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L)
" C. THE CONNECTION nal structure. Quasi-stationary high-speed  streams
BETWEEN CORONA STRUCTURE ariginate in coronal holes (the dark regions in Fig. 3),
AND SOLAR WIND STREAM STRUCTURE which are large, nearly unipolar regions in the solar
atmosphere. The coronal density is relatively lew
" ure 3 pravides a schematc iliustraton of the con- within coronal holes because the solar wind expansion
Cton between solar wind stream structure and coro- there is relatively unconstrained by the solar magnetic
-
-
-
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GURE 5 Schemane illustraung the relationship between coronal structure and solar wind stream structure. [From A. ). Hundhausen
f U oranal Holes and Fligh Speed Wind Steams™ {J. B. Zirker, ed.). Reprinted with permission of Colorade Associared Lniversity
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HESOLAR WiND

Minumum

FIGURE 6

103

Right: schemate thustrating the configuranion of the heliospherie current sheet in interplanctary space when the solar magnetic
soole iy sirongly nlted relative to the rotation axis of the Sun. The Nehospheric carrent sheer se

parates interplanetary magnetic ficlds of

speeite magnete polariy and gy the nterplanetany extension of the solar magncte equator. Letr: schemanc illustrating the changing 1ils ot
sonal strucrure amd die selar magnenc dipole relative o the rotton axis of the Sun as a {unction of phase of rhe sotar activity cvele.

whapred kom F. R Jokipic and B, Thomas (1981,
saned Wind Sereame”

Lstrophis [ 243, 115 and from A J Hundhausen (1977, In *Cororal Holes and Ltigh
b B Zirker. edi Reprnced with permussion of Colorado Associated University Press, Boulder.|
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D cowstung magnenc felds propel this huge erupuve prominence abour 130,000 ko abose the Sun’ surface. The seething
el casey s ata temperature of soout 83000 Koand spans over 300,000 km. The space-lased Solar Heliospheric and Oscillations
A, NASA)
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FIGURE 7

mothe solar ineerior as prodicied b e Ustdard™ solar nnodel

Phie temperainre «cale s i withoms of heluin 0VR) and the densin

seab s ens of 4Ty per cabic centimerer.

The radial <aruven of FERIPCrature i s deran

2roups have observed the oscillations lor as long as
twaor weeks ad the Peate.

Mrermatively, a network of abserving stations has
een used 1o observe the Sun continuoush for several
months. The Globasl Oscillation Nerwork Crroup
YGONGY, 3 consortium of a hundred astronomers, i

arrenty analyzing date from the most ambitious of

ithese nerworks, GONG consists of six identical insery-
muents disiributed in longitude around the world. A
map of photospheric velocites s obtained svery min-
dte from each sive. These maps are collected every few
wevks aalibrated ae g center in Tucson. Arizona, and
distribured o the consortum. GONG will uperate
vetmuonsly for at least three vears 1o acquire perhaps
e tost complete ser of observations attainable
fron Fareh,
| mallv, o oscillation detector is operating aboard
e Solar and Heliospherie (')|)5cn'.‘|mr_\; aspace mis-
i Lavnched in carly 1996, The Sun is vhservable
“unoushy from this spacecratt without any interfor-
e trom weather or atmospheric setntillidons, since
mooeated ar the 1] Lagrangian point, a million
“doamerers (rom Farth in the dircetion of the Sun,

3. Some Results

The past decade of helioseismology, and especially
the past vear of GONG operation, has vielded several
impartant results. We now know that helrum nucle
represent about 24% of the nass of the mrerior, the
heay elements compose abowt 2.3%, and the remain-
der i hydrogen i the form of protons. Morcover,
determinations of the sound speed along a radius vield
the temperature profile of the inreror. The agrecment
with theoretical models is very good.

Observations of the Suns surface showed long ago
that the solar cquator rotares about 30% faster than
the regions near the poles. Since the surface evidently
does not rotate as o rigid bodv, how does the mterior
rotaces Helioseismology has provided an answer.

Sound waves propagate in a medium at speed fixed
by the temperature of the niedivm, I the medium
itselfis moving, the sound waves are carticd along with
i, and their observed speed 15 thus higher or lower
depending on the wave's direction relacive to the meddi-
un’s dircetion. Thus, the observed freqrrencies of solar
sound waves shift higher or lower, as g result of the
Doppler effect, when the waves pass through favers
that rotate at differem speeds. Lach original frequency
15 sphit e a pair thn corresponds to waves traveling
in the same or uppesite direction as the rotation. Sinee

short-period waves favor the surface and longer-period
waves fvor the decper lavers, it is possible to combine
sbservations of rorational frequency splitting in such
@ wavas o find the speed of rotation as a function
of depth and lastude mthe solar interior Figare 9
Hlustrares some recent results, In the convection zone,
rotation specds tend o remain constant with deprh,
but vare with fatinuie. Just beneath the phetaspheric
cquaror fies a bele of maximum speed. The radiative
AHIE SCCITS [0 TOWIEC a5 d rigid body, somewhart siower
than the cquator at the surface.

4. Gravity Waves

Note that the derived rotation speeds are uncertain
below the convection zone and inissing entirely in the
sofar core, where few sound waves penctrate. Some
astrophysicists expect that the Sun has 1 rapidly rotar-
mg core, a remnant of i original comtraction from a
s cloud . To examine the deep interior, helioseisool-
ogists will have to studva difterent tpe of glabal
oscttlation, naniely, graviy waves. Inhis tvpe of aseil-
lation, buovancy. rather than pressure. supplies the
Festaring force. Gravits waves are predicted o have
long periods thaurs) and vervsnudbvelocity amplitudes

—1¥ —



'y ¥

THE SUN

480

460

440

420

(1 (nHz)

400

380

o OLA
0.4 06 0.8 1.0
B/Rg,y

36

FIGURE 9 Rotation trequency as funcrions of radius and latstude.
Aerermined from lelioscisimic ubservations. {430 nkds covresponds
vor 2 rotation period of 27 davs) iCourtesy of Scierice.)

(nillimeters per second). Since they are almost entirely
contined to the deep interior. the detection of these
osciltations will require very sensitive techniques. A
sumber of researchers have claimed o detect gravity
waves, but not convincingly. The studly of these weak
eillations remains for the future.

5 Oscillations of Brightness

(lobal acoustic oscillations produce fiuctuarions in the
frightness of the photosphere as well as of the next
higher laver, the chromosphere. The lowest-degree
ovillations. wlich correspond to the Jongest waves
fenuths, have been detected in the flux of integrated
wmlight by active cavity radiometers aboard a series
of satellites. NASA has attempred 10 place such deree-
fors om every suitable satelhte hecause of the potential
amportance of such measurements for the Farth's ¢li-
mate. The signal is only a few parts in a million of the
wteady solar output but 1 quite unambiguous.

6. The Future

e future suceesses of helioseismology are difficult
‘o predict, but this new field of solar physics will un-
Joubtedly play an wuportant role in the investigation
1 the generation of solar magneuc ticlds. Stadies of
“solar cyele of magnenc activity will certainly benehs
i helioseismic data, Moreover, astronomers are al-
vk attempting o hnd stellar analogs of solat oscilla-

e and indeed have found them in a class of
e dhwards.
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. THE SOLAR ATMOSPHERE

As Figs. 2 and 3 lustrate, the solar atmosphere is
hardiv a smooth. spherically symmetrical shell, Tnstead
ic consists of a complicated arrangement of interleaving
structures that have spatial scales ranging from a few
hundred kilometers to several hundred thousand kilo-
meters, Fach type of strucwire has its own characteris-
tie temperature and density distribusion. For a first
crude description, however. st is useful 10 refer o sev-
eral “lavers,” arranged along an ourward radivs, that
correspond roughly to regions of increasing tempera-
rure and decreasing densiy. \We have already referred
to the names given to these bayers: the photosphere,
chromosphere, transinon zont, and corena. In addi-
don, one can distinguish between the active anno-
sphere, in the general vicrmity of 4 sunspot group, and
the quict atmosphere, far from such a group.

A. THE SPECTRUM OF THE QUIET SUN

The solar spectrusm is the source of inuch of our knowl-
edge of the armosphere. The photospheric continuuin
¢*sunlight™) has an approximate blackbody form with
1 color temperatare of about 6000 K. Superposed on
this continuum are the Fraunhofer absorpdon lines,
which correspond to ransitions in atoms of neutral
and singly Jonized merals, such as sodivm, magnesium,
and iron. The bands ot many simple molecules, such
as CO, CHL and CIN are also present in the spectrum.
Over 20,000 atomic lines have been identtied in the
npucnl spectTuln andd their relative strengths, correcied
{or their atomic transition probabilities, vie'd the Sun’s
chemical composition. The relative concentrations of
come of the more common clements are shown in
List 1.

The optical spectruti of the chromosphere, origi-
nally observed at total cclipses at the Limb of the Sun,
is almost a “reversal” of the photospheric spectruii:
each dark absorprion line appears as 2 bright emission
tine. In addition, the chromosophere radiates strongly
in the resonance lines of hydrogen, helium, magne-
siumn, and other abundant elements, at wavelengths
berween 00 and 300 mn.

In the fransition zone, the emission lines arise from
multiply sonized abundant elements, such as C TV, N
V,and OV (C IV denotes the ion of cathbon that has
had three of its ariginal electrons seripped off) These
lines appear mainly n the extreme uliraviolet, at wave-
jengths between 30 ard 130 nm.

The spectrum of the nonflaring corona contains
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resonance emission lines of highlv ionjzed spectes, such
as Fe I to Fe XV, ar wavelengths berween 10 and
W am. In addition, “forbidden™ (quadirupole) transi-
tions of ions such as Fe N, Fe NIV, and Ca XV appear
m the optical coronal Spectrim against a faint coronal
continuum, The fatter js produced by the scattering
ol photospheric fight from free coronal electrons, and
at radial distances bevond two solar radii, by seattering
from interplanctany dust particles. [See INtrren wr
TARY DUST AND 111 Zobiveay Crouvn)

Solar flares produce the M)l range of plasma temper-
atures, from 10° 1o 107 K. The hottest regions brefly
emit spectrum hines of such hidrogenlike jons as Ca
XIX and Fe XXV

The quict Sun also cmits a full spectruny ol radieo
waves. The plasma densiey of the CIIMING region de-
terniees the characteristic wavelength. Thus the pho-
tosphere cmits miflimerer waves, the
EIMMts centimerer waves, and the corona emits decime-
ter and meter waves.

L‘hl'umu\phcrc

Active regians, sunspaots, and
flares et polarized radio radiation with rapid time
vanations. {See THE SOAR $SYSTE v Rausio Wiy
LENCGTHS, |

b. THE RADIAL
TEMPERATURE AND DENSITY PROFILES

From the great number ufspu‘lmscupi(: observations
collected over the past Century, wstronomers huve con-
structed cmpirical one-dimmensional maodels ot tenper-
ature and density as functions of height through the
atmosphere. Figure 10 shows averages Jor the quiet
atmosphere. Note thas the electron Leperature passes
through a mintmunm of about 43400 K. a few hundred
kilometers above the visible

surtace and then rises
steeply through the chromusphere and the transition
zone ic the mitlion-degree corona. | lowe er, recent
infrared abservations of carbon monoxide molecules
wlicare that, over much of the solar surface where
photospheric magnetic ficlds are weak,
wre minimum is a mere 3000 k.
Except tor the regron near the emperature mini-
nun, hy(lmgun s {ully ionized. The atmosphere con-
ststs of a mixture of positive iong {principally protons)
and elecirons, Tt is electrically neutral

the tempera-

and s called o
o "o : : R - -
plasma.” The radial disteibution of jon ninber den-
sity ar the poles differs from tha at the cquator,
The photosplere is suffrcivrly dense and opague
1o ensure that thermody nanie cquilibrivm av the logal

wanperatnre prevails in caeh voluime, [ he spectrumn of

the radiation inside the photosphere resembles tia of
i Plackbody and the jonizaon sl excitanon of the

A
A
i T ot
. - i
706.' ' - Corona
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' ! 1013
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FIGURE 10 Ihe toritien with height of the WHnperatare and

proten denan m g one-dinensional niodel ot the solar atmosphere.
(Courtess ot Annwsd Reviews of Wtronom amit Vserophivaen

clements are controlled by the Saha and Bodezmann
s respectively In the chromosphere, rransition

zone, and corona, the plasmn s partially

or whoily
transparent to radiation. and collision. among particles
are much less frequent. Therefore, thermodenamie
cquilibeium s not valid in (hese regions. A complex
2].\'!““1{)”(]1] (J'V o STL‘(‘Hi_\' st

of microscapic processes. bus heen develaped over the

fornuabism, based on the

past 30 vears wranalvze conditions in the more wenuous
lvers. The cquilibrium onization and excitation of
the clements are governed by coilisions Ao rons
and electrons, amres ser by che local cieetron tenpers-
e and densite. In this portion of 1he armosphere,
by coilisions among
without appreciable absorn-

tion, with 3 non-Planckian distribution,

radiation is produced L1hi1n.|tcl_\'
partches and i Crerues,

C. THE ENERGY
BALANCE OF THE ATMOSPHERE

Acvordimg w corrent ideas, the STCCp FIse N tempera-
ture through the atmosphere is the resul; ofa halange
between heating (by noneadiacive energy that s gener-
ared i the convection zone) and cooling thy radiatian
T space). A comprehensive understanding of this e,
erey halance and the resulting distribuiion Of tempera-
ture and densing has non been achivved as ver b
consderable progress has heen niade in studyme the
coersy Balanee in indinidial lavers.

T e e
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e least three forms of nonradiative energy that
heat the outer atimosphere have heen suggested. Sound
waves with periods benween a few tens of seconds and
1 tew hundred seconds can be generated as a by-prod-
aet of turbulent comecton below the photosphere.
Waves with frequencies above a critieal value (corre-
wponding to about 300 5) can propagate verticallv, As
the waves rise into regions of rapidly decreasing den-
sitv. ther veloary amplitudes would increase accord-
muly, and when their amplitudes reached the local
wound velocine, the waves would shock and dissipase
their energy. The lower layers of the chromosphere
are thought o be heated in shis fashion. Propagiting
wound waves have been detected and studied by various
means: their existence is well established.

\l-.lgl1uth_\'drc_;dyna1nic (AMHD) waves, purticnl;\rl_\'
\fven waves, have been suggested as agents tor

heating the upper chromosphere and corona. How-
cver, Alfvén waves are difficult w0 generare with the
Jow convective motons and, moreover, Alfvén waves
Jdinot dissipate readily. The best empirical evidence
1or the possible existence of such bvdromagnetic
waves in the atmosphere is the nonthermal broaden-
e of spectrum lines in the fow corona. The width
At such lings is hxed in part by the distribution
ar thermal speeds of the radiaring fons. However,
Sbservations show  that the line widths are larger
thon simple thermal broademng can explain. The
cveess width Tas been attributed to excess nonthermal
notons, anong them MHD waves.

If wound waves shock in the chromosphere and it the
cnlence for MDD waves is weak, how is the millon-
feeree corona heated? In recent vears, . N Parker
tihe Uiiversity of Chicago has argued effectively for
Seating by ohmic dissipation of electrical currents. He
Seopeses that the curtents arise from the slow twisung
ad braiding of coronal magnetic fields as the foot-
soints of the fields are shuffled by convective motions
and below the photosphere. The currents would be
ctied o extremely thin sheets (as nurrow as 301m)at
< wes in the corona where the field direction changes
Sweontinuously, s the convective mottons continue

Aetoem the coronal field, the current density rises

the sheets. Eventually they become unstable to a

et of plasma instabilities and dissipate. converting

= cleetrieal enerey to heat and mass motions. Dur-
thes process, magnetic ficlds with oppositely di-
“desmponents can reconnect and release atraction
‘e nonpotential energy, Such dissipative pro-
e been observed in Fokamaks and i three-
Cistonal numerical simulations, and are postulaced
wonr in flares Geee Section TV The result of such

Shieconnection in the corona should be a omy
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FIGURE 11 The rowtion period of ditferent parts of the Sun.
The equator rotates lster than the poles and the corona rotates more
riwidly than the photosphere. (Courtesy of Colerado Associated
University Press.)

fare. a “nanoflare.” that emies a burst of X rays and
radio radiation. The corona would be heated, m Par-
ker's scheme, by many small episodic injections of
magnetic energy. Fo supply the coruna’s energy re-
quirements, such nanotlares would have to occur in
cufficient numbers. Counts of very small fares, ob-
served with the Yohkoh satellite, faid 1o meet tlus erite-
rion. The long-stamding probiem of coronal heating
remains unsoived at the present time.

D. LARGE-SCALE MOTIONS

The rowation of the photosphere has been determined
from daily maps of Doppler velocites (principally at
the Mount Wilson Observatory) or from the displace-
ments of individual features, such as sunspots or mag-
netic field patches. Although different methods vield
slightly ditferent results, the general features persist.
The visible photosphere rotates from east to west but
not as a rigid body would. [nstead the equator rotates
faster {in 23 days, relative to the distant stars) than the
higher laticudes. At latitudes of 737 for example, the
photosphere rotates in 3+ days. This latitude-depen-
dent effect is calted the differential rotation (Fig. 11).
The photosphere also flows slowly from the equator
to the poles, at a speed of about 10 to 20 m/s.

As Fig. t1 shows, the corona (whose brightness is
Jominared by coronal streamers) rends 1o rotate more
rigidly than the photosphere, but the details are com-
plicated. A recent analysis of white tight images shows

- 2
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FIGURE 19 1 Babeock's conceprual model ol the sl avele. See the est for g desetipon. (Courtesy of Werophvsical fournaly

the sone. Models based on this idea and incorporating
plisible physics do seemn capable of maintaining the
olar magnetic ux, bur still have difficulties in trans-

porting the amplified field to the surface,

B. SOLAR FLARES

1. Observations

Yealar flare appears as sudden brightening of part of
Wactive region (see Fig. 5), The region is heated 10
wsoof millions kelvin, often within a few minuces,
il iy enut radiation over the ful electromagnetic
Pectruny from gamma ravs o fong radio waves, In
shdion, heams of nonthermal cicctrans and protons
ci L accelerated 1o mullions of clecrron voles and,
fone with masses of hot coronal gas, can be ejecred
B ierplanetary space. The ol energy of a large

flare (104 ergs) 1s sufficient o power the entire Uniredd
States for 2 hundred thousand yeuars,

some of this radiation and particle cmission reaches
the Farth and produces a variety of effeets, including
electric power grid surges, radio propagation anoma.
ties, and auroras. In March, 1989, the ennire clectric
power grid of eastern Canada was shut down by
powerful series of solar Hares. Thus, flare research has
a practical as well as an astrophysical aspect.

Sinee flares occur in active regions, their frequency
tollows the H-vear solar cyele. Ac stutspot maximum,
scores of small Hares and several large omes aecur daily.
The fl‘ch}cllcy with which {lares aceur, as a function
of energy, is a power law with an mdex of — 1.8, This
mcans that fares with half the encrgy ol another group
of hares wili occur about four tmes mnore often, on
wverage. Flares last anvwhere from g few minutes (o
many hours, usualtv depending on their area and to -
tal energy.

In general, flares tend 1o voenr near the boundary
between the apposite magnetic polaritics of an active
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Plate 1. Three-dimensional depiction of density for Carrington rotation 1884 derived hy mapping 1P
abservations to heliocentric distances up to 1.5 AU. Densitics are plotted by removing an r~ % distance
dependence. The Sun is depicted as a dol in the center, and the Earth’s orbit, an ellipse with the Earth a dot
to the right. The view is from 15° above the hetiographic cquator at 270° heliographic longitude ot the

beginning of the Carrington rotation.

P > 0.5 from in situ observations at i AU for solar wind
densities in the range of 510 25 ¢~ cm %, consistent in gencral
with the Doppler scintillation measurements, However, mea-
surements by Asai et al. [1998] determine a result different
from that of Pitzold et al. [1996]. In the appendix using syn-
thetic data we further explore the manifestations an incorrect
assumption of this refationship may have on the tomography.

There are more than an adequate number of 1PS sources
available to produce the resolution required to map to indi-
vidual solar features for each solar rotation. The old point P
method was more restricted in this sense because although the
lines of sight probed regions (over the solar poles, for instance)
beyond the point P, there was no way of adequately mapping
the features there. Thus point P Carrington maps often only
gave good information concentrated close to the heliographic
cquator and relied on the occasional solar pole crossing of a
high ecliptic latitude source to provide information at other
than the equator. Often the point P analysis was averaged over
periods of 6 months [Rickerr and Coles, 1991} to show general
trends in the data especially at high sofar latitudes. This is not
as necessasy using the tomographic modeling analyses, That
there is some evolution over a solar rotation is cvidenced by
the differences between Carrington maps from one rotation (o
the next. We are able to separate sources into those which are

east of the Sun and those which are west, Although this s a
Study in itself, we observe some changes from the east-to-west
sources that are due (0 evolution of the structures aver times
short compared to one solar rotation. We expect this from such
studics as Jackson [1991] where corotating heliospheric struc-
turcs are shown to be greatly variable in distance from the Sur.
We are also able to restrict IPS sources in the analysis to lie
within different elongation ranges from the Sun. So far [Kojima
et al, 1997}, we have found no significant trends indicating
substantial differences for different elongations.

The most significant difference in the tomography resull
shown in the data projected to the solar surface and 1o I AU
is the fongitudinal shift of the structures abserved. This is
nothing more than the continued radial outward solar wind
flow from specific regions on the Sun as understood by Purker
[1958]. These differences can be depicted graphicaliy by pro-
jeeting the densities to different levels within (he three dimen-
sional madel as we do for rotation 1884 in Plate 1. To produce
this result, Carrington maps are determined from the three-
dimensional model at 0.1 AU distances from the solar surface
up to L5 AU. The structures are fit by the tomographic anal-
ysis which enforees strict coratation, and thus they may be
highlighted because of it. The density structures would not
change much with distance except that the three-dimensional
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Nonlinear periodic motions in a gas of nonint

=

eracting

particles —>» mix 'U\% in the solar wind o&pna =%

I. S. Vesetovskii

Nuclear Physics Research Institute of the Moscow State University

(Submitted 1| March 1979)
Zh. Eksp. Teor. Fiz. 77, 1352-1359 {October 1979)

An initial-valuc problem with periodic variation of the velocity in space is solved. The evolution of the
density and velocity befors and after the “toppling” of the velocity profile is investigated in detail. The
formation of disconlinuities in the density and in the average velocity after the onset of the multistream
flaw is traced. The number of mutually penetrating streams increases with time, but the system retains
the smallest initial period and the number of density peaks does not increase. For a sinusoidal initial
condition there is onc density maximum for the period preceding the toppling of the profiled, and after
this first toppling there are two density peaks per period, with the exception of individual instants of time
when these peaks merge. At long times, the system tends to a homogencous state throughout, with the
exception of some rapidly narrowing regions that preserve the density singularity.

PACS numbers: 05.60. + w, 05.30. —d

1. A cold gas of noninteracting particles is one of the
simplest classical systems suitable for gimulation of
nonlinear motion in continuous media. A qualitative
study of this model reveals many processes that are
typical also of a more complicated nonlinear system,
say a plasma. In sucha system, higher harmonics are
generated, the slope of the leading fronts increases,
“toppling” of the wave profile takes pitace, and multi-
stream flow with density peaks sets in. The number

of mutually penetrating streams increases in the course
of the evolution of the process.

A simple and physically illustrative description of
some of the main properties of nonlinear motions in
such a system can be found in Refs. 1 and 2, However,
as will be shown below, a more detailed quantitative
treatment helps clarify certain details that refine and
modify the picture of the evolution of the nonlinear per-
iodic motions. We considar in detail the cuse of grrat-
est interest, that of the toppling of the profile. From
the qualitative point of view it becomes clear that the
shortest period of the motion remains unchanged also
after the toppling. After the formation of the multi-
stream flow, the density has two peaks per period. The
number of peaks does not increase in the course of the
evolution. These two peaks converge into one at def-
inite points of space only at certain individual instants
of time. Thus, the purpose of the present paper is to
analyze quantitatively the evolution of nonlinear peri-
odic velocity perturbations in a cold gas of noninteract-
ing particles.

We consider the initial-value problem for the plane
case. Assume that at the initial instant of time {0
there is specified the distribution function

fuiz, vs, 0} =ne(z) {2, V).
The velocity of the cold gas at the initial instant is

V=V.,(1+asinkx).

The evolution is along the characteristics

x=x,tod, vr=const, z,=const
of the equation
681 Sov. Phys. JETP 504}, Oct. 1979
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At £ = 0 the solution is the distribution function
[(2, ve, 1) =nu{z—vd)8{v— Vol 1Hasin (kz—vat) 1} (1)
The particie concentration is

n={ 1avm ¥ 00,

r
where

A=, (2 —v) | 1+ Vaki cos (hx—ud}|~" {2)

The flux is

j= Efi= Euinh

and the average velocity u =j/n. Here w{x,{) are the

roots of the equation
Fu) =u—V,[1+asinfkz—ut) ]=0. (3)

At 0 =t <{kaV,) * Ed. (3) has a single root. The function
u{x, ) is in this case single-valued. Putting (x - Vo /av,
=y, kx=Vyt)=¢, and kaV,t=p, we get from Eq. (3)

y=sin{e—p¥), (4)
whence
@=~Arcsin y-py=rn+(—1)" ascsin y+py, =0, k1, £2... . (B)

Each value of ¥ corresponds to an infinite denumer-
able set of values of ¢ at all p. The inverse function
y{@) has a finite number of branches at any finite value
of p. At 0<p <l the function v{¢) is single-valued. Its
derivative is

doidy=(—1}*{(1-¢"} " tp.
Obviously |y] = 1.
The extremal values y=z:lare reached at
cp=rnt(f1)'m"2i-.p.
The derivative is then de¢/dy==. The toppling of the

profile takes place at points where de /dy=0. This is
possible only at odd values of », when y=#{p® - 11/%/p,
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i. e., at the points
x*l %

wﬂm:(—t)'aruin—(p-—)— (p*—1)"

P

where ¥=2m+1, mis any integer, and p>0, E is seen
that at O<p<1 no toppling is possible. The firgt top-
pling occurs at p=140 at the points ¢ =(2m + 1},

3. We introduce the variables r=p_1, y=¢p . (2m+ 1)
and consider the function W@, p) near the first toppling,
TX]1, vy 1, Taking into account the periodicity

v(9) =y (g+2n),
we put << 1, It follows then from (5) that

$¥wy—Yp

This cubic equation vields y(¢, 7). The function ¥(¢) is
odd and its plots for different values of r are shown
qualitatively in Fig. 1.

a) At 720 the function y(#} is single-valued angd given
by
¥:=2%||* sgn g sh In[p+ (ui+1)e]%

7] 8
,.:::’:_zwml—%. ®)

b) At t=0 we have
#= (—6p) ™. (7)
€) At 7>0 the function ¥(4) is single valued in the re-
gion p <1, wheis it ig given by
=2t i agn peh In [pt (uie 1) %% {(8)
Expression (8) tends to 1 =+0 to (7) in the region p>1,
andas p~-1+0 we have
y‘-*z"‘lfl“'ﬂzn\v-
In the region p < 1 at r>0 the function y(y) ig triple-
valued;
y=—2% 1| 5pn ¥oos{'/, arceas u),
Ye=2% 1% sgn ¥eos'/s(n —arceos p ), (%)

#3=2"|t|" sgn p cos s(ntarceos py.

In this region we have as u -0

yi=— (61} " sgnyp, y,= (61)" sgn ¢, yu=0.

FIG. 1. Evolution of the velocity »(3, 1) and of the density
n{, 7} in the first toppling of the profile: ali=0, b r-_ 0.5,
el 1=0, d) =0, 1.
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At u=1-0 it follows from (9) that

ho=—2%*sgn
the two other roots merge
V=4 ={(20) "sgu y.

The branch ¥, at the point p =1 {point ¢ in Fig. 1) ig
continuous and is determined by (8} at i« 1 apg by (8) at
.

1. The branches ¥; and y, exist only at u<1. The Ge.
Quence of the branches ig shown in Fig, 1: edcbb ' crdrpr
the first branch (), a6’ ab—second branch (y,), a‘q.
third branch (»;). The positions of the points a—c are
determined by the approximate {formulas (8) and {9).

We have

=210 = (20)%, gy, p={6r)"
Y= (20% gy =2(20)"

The coordinates of the points d and are calculated
from the exact formulas (4) and (5):

Ye=—n/2Hr =t =g, y,—0,

The points a’'~a- are mirror—symmetrical relative to
a—e. The density is calculated from (2). Let =1 in
this formula. Then the concentration on each branch

is

ne=|1+p cos (p—py,) [ =[14p (1) (4 —yayn| -, (10)

The concentration on the branch ¢d decreases monoton-
ically with time because of the dilatation of the volume.
At the point ¢ we have n ~ [ +p|™ and at the point d we
have n=1. At the points a—c (g1, p I, 7<) we
can use the expansion

LR S AT U B

At the point 0 we have ¥2=0 and on this branch My =T,
At the points ¢ and b we have y=232 71052 g y=(67)7%
and correspondingly » = 377, n= |27, At the top-
pling point 2 we have 7= i¥* and the Succeeding termg

of the expansion must be retained when the concentrg-
tion is caleculated,

We turn therefore to the initial exaet eXpression (5)
and consider the vicinity of the toppling pointg in great-
er detail. At these puints, as already noted,

I 41" T4y
P i -1y

v pe=rat (1) arcsin
p n

R x{p*~1)%, (11)

r=2m+1 is odd and =1, The upper sign corresponds
to the point 2, and the lower to the point o', At the top-
pling points 1 -4 =1/5% we have

dp) . _——
Ty]j_‘pﬂ—u (1~g.5-4=,

dtq} -—f_ r ) - s LI ) t3 n
?;' LDy i ) gy

& (12)
ey T Ay ) ) gy,
ity

d'g

ﬁ, =(—t)'3y-(3~2y.’;(1gy.')”’-=3(71;'p‘(p=+2) (p*—1)",

We use the obtained values of the derivatives in the ex-
pansions

I. 5. Vesatovski; 682
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Putting v —¥*=¢t, @ =¥+~ we obtain near the point @

(13)
n"=p’(p'—i)"e+'/,p‘(3p'v2) L5 PR {14)

The discarded terms are always small compared with

the retained ones at £<< 1. In the derivation of (14) it
was recognized that

n."=!t—p(l-—y.’]"‘]?{l.

gt (P 1) et ap (3P —2) [

We note that y is negative here.

In the case T=p— 11 we must distinguish between
two regions: Iy |<<12/% and ly [ 732, In fact, if €
«{27)'*, then the principal terms in (12) and (13} are
the first ones

B L A P = {je] (2R = (=20 (20 K

These expressions are valid if 1« p4/ep3i2,

On the other hand if |&!>>(27)'/%, then the principal
terms will be the second ones. Then g = (=60 m
=262 =2(~6y)?/?, These expressions are valid at |y |
.-pt72r3/2_ and in particular at 7=0. We indicate here
the subscript that numbers the branch.

Thus, at the instant of the first toppling at 7=0,¢
={2m+ 1) the dengi*y has only one singularity of the
type n ~y2/% over the entire period at the toppling point
(x =0). In the subsequent instants of time 0 <« T < 1 there
are two toppling points (a2 and a’) in the period, as well
as a density singularity of the type

welxl e
in the immediate vicinity on the left of the point a (on
the right of @) at fx|< 91/24372 At the points ¢ and ¢’
the density equals 1/{2+7), while at the points 4 and d'
the density is not distorted, n=1, At the toppling point
p, =%, on Fig. 1 the density has a discontinuity: On the
right there is one branch n= 17, To the left of this
point there are three and the density becomes infinite
like

nz!p'ﬂt"rZ(Zx}“"(Z‘t)"'t

in the region

jrie2i

The average velocity, dete rmined by the ratio
ﬁ=z‘u.n./ Eu.,

hecomes discontinuous at the toppling points. It as-
sumes successively the values V, at the point ¢,
(1+a}V, at the point by, V,(1+ o4/ 2471 %) at the point

$.— 0, Vo(l _ 9172474/ 2) at the point §,+ 0, V, at the point

0. V,(1+2"%t'/?) at the point §, -0, v, (1 -2V ar?)
at the point 9, + @, etc. {see Fig. 2), The jump of the
average velocity at the toppling points is £3X v v, T,
< 1. It increases with time and tends to the value
raV,as f—=.

683 Sav. Phys. JETP 50(4), Oct. 1979

FIG. 2. Average velocity
ulp) after toppling @=0.1,
r=0.1, Vo=1, #,=3.107.

For each branch we can write everywhere, with the

exception of the toppling points, the expansions

d i &
yW):y(%H%\ (sp—a) +7£;(¢*@.)‘+-~.
" - (15)

dn 1 dn
= s - Rl PN L
nig)=nig.)+ dw‘-,({p vt (- Pa)

The functions y{y) and n{e) are implicitly specified
here by Egs. (4) and (10), and the derivatives are

d
LY gteos(g-py)={—1) =)V
de
d" d
¥ _ Gy, bk pyG ' sgn G, (16}
dg’ dg
d'n

W =fp cos(q:*py)G“-Fﬂp’y’G”lsgn G.

X

To simplify the formulas, we have introduced the no-

tation
G=1+peoslp—py) =4 (=17 p(1=4)", n=G*

and have leflt out the subscript that numbers the bran-
ches.

We introduce the symbol x =¢ =~ ¢, and consider the
characteristic points anew. At the point ¢ we have ¢,
=yn, with » odd,

go=sin {p—pye} =0, €05 (g—py) =1

We obtain
y (iR OO, re (14p) - ap e L
Al the point 4 we have y,=1, @ =rn+{—1)a/2+p. This

point moves at constant {highest} velocity. Aboul this
point we have the expansion

y=t- Yot ..., n=1+px+’f1p’x’+,.. .

At the points ¢ and b we obtain a transcendental equa-
tion for y(p). These points were considerad at 7« 1.
At the toppling point a the expansion (15) is not suitable
{G =0). At the point 0 the phase is@ =77, v is odd, ¥
=0, and G=1-p. The expansions at these points are
given by

y={p—-x+0.
a=|p-1]" Vupip—1)tsEn (p— 10 (")

5. The behavior near the toppling points is described
by Egs. (13) and (14), from which we get as {—= the
asymptotic expressions

e {2y hp7 = (20
if pPe<cl, i.e., in the region (xp}*<«< 1. On the other
hand, if pPc > 1, then

e=(2y)pt, = (20) TR

in the region (2xp)}/*»> 1. Thus, the density singularity
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continues io exist at g!] time when p> 1, but narrows
down rapidly.

ASf =~ Q= _pV f e we get v ={¢ — »#)/p. Since -1
<y<l, we get for integer r the restriction LCTTR 2 SN
where 7., =p(l- a)/ma, v ~p(1+ a)/na. The number
of mutually penetrating streams N = Yoar™ Yea =2p/7 in-
creases linearly with time.

The concentration of each stream is

il Ly LG N CEVR KT S R,
The density is calculated by summing over ¥, which can
be replaced by integration over the equidistant spec-
trum y , with AV, =y, =V, = by /p;

‘_—-'- =’— =.I P _1’ — 3= =z
ne Y, J nuar jn(y);dy 7_[ O-p) - dy=1.  (17)
Tmin Tda -1 -t

At - it i5 natural to regard the quantity

-1 {— —'b’
1w={ ’:]( ¥

as the veloeity distribution function with normalization
(17). The average velocity is

lyl<1

lyl>1 (18)

w=[ grigdy=0,
The mean squared velocity of the “the rmal” motion is
1
=] ¥iydy =

Thus, with the exception o narrow regions containing
density singularities, the system evolves into 3 homog-

enous state with a distribution function (18), character.
ized by a density » = 1, an average stream velocity i
=V,, and an effective temperature

r =3<(B—V)'>——T(V)=
ot = VD = lay)

Allowanece for the thermal motion in the initial distriby.
tion (1) leads to a spreading of the inhomogeneities and
to a finite amplitude of the density peaks, The equilib-
rium velocity distribution ig established when account ig
taken of the collisions. Motiong of the considered type
are possible in a plasma consisting of cold iong and
thermal electrong (see, e.g., Refs. 3 and 4), in which
case the potential ig

e9:=T,In (n/n,).

The author thanks V. 1. Karpman and L. P, Pitaevskii
for helpful discussions.
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Self-action of electromagnetic waves in a plasma subject to

modulational instability

A.G. Ltvak, V. A, Mironov, and A. M. Feigin

Institute of Applied Physics, Academy of Sciences of the USSR
(Submitted 5 Apri! 1979
Zh. Eksp. Teor, Fiz. 77, 1360-1366 (October 1979)

We study the nonlinear penetration of an clectromagnetic wave into a plasma upon development of

PACS numbers: 52.35.Hr, 52.35.Py, 52.40.Db

INTRODUCTION

It is well known that the brocesses of the modulationg?
instability of Langmuir waves, which lead to the form-
ation of Langmuir solitons and of the corresponding in-
homogeneities in the plasma density (cavitons), play an
essential role when strong electromagnetic waves in-
teract with a denge collisionless plasma. One usually
studies the modulational instability in order to deter-
mine the magnitude of the effective collision frequency
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Verr Which characterizes the additional electromagnetic-
energy loss connected with the excitation of fine-scale

ification} also leads tg a change in the real part of the
refractive index of the electromagnetic wave and,
thereby, to a change in the distribution of the farge.
scale electric fields in the plasma. It is clear that
taking such “reactive” non-linear effects into account
is important for the determination of the characterig-
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