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The sun and the solar corona

Introduction

The Sun d our solar system is a typicd star of intermediate size and luminaosity. Its radius is abou
696000km, and it rotates with a period that increases with latitude from 25 days at the equator to 36 dys
at poles. For pradicd reasons, the period is often taken to be 27 days. Its massis abou 2 x 107 kg,
consisting mainly of hydrogen (90%) and helium (10%). The Sun emits radio waves, X-rays, and
energetic particles in addition to visible light. The total energy output, solar constant, is about 3.8 x 1¢°
ergs/sec. For further detail s (and more acarrate figures), seethe table below.
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Figure 1: Schematic representation of the regionsin the interior of the Sun.

Physical characteristics Photospheric composition
Property Value Element| % mass|% number
Diameter 1,392,53km Hydrogen 73.46 92.1
Radius 696,265km Helium 24.85 7.8
Volume 1.41 x 18 m3 Oxygen 0.77
Mass 1.9891 x 180kg Carbon 0.29
Solar radiation (entire Sun) 3.83 x 1@3 kW Iron 0.16
Solar radiation per unit area 6.29 x 1@ kW m2 Neon 0.12 0.1
on the phaosphere
Solar radiation at thetop o 1,368W m-2 Nitrogen 0.09
the Earth's atmosphere
Mean distance from Earth 149.60 x 16 km Silicon 0.07
Mean dstancefrom Earth (in 214.86 Magnesium 0.05
units of solar radii)

In the interior of the Sun, at the cantre, nuclea readions provide the Sun's energy. The energy escagpes by
first by radiation, through the radiative zone. At a distance of abou 0.7 times the solar radius from the
centre, the thermal gradient increases above the value & which convedive instability sets in; the hea can
only be evaauated to the surfaceby material motions. A set of complex convedive cdls are set up, which
bring the hea, material and magnetic fieldsto the Sun's surface the phaosphere.
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The solar interior is sparated into four regions by the different processes that occur there. Energy is
generated in the are. This energy diff uses outward by radiation (mostly gammea-rays and xrays) through
the radiative zone and by convedive fluid flows (bailing motion) through the outermost convedion zone.
The thin interfacelayer between the radiative zone ad the cnvedion zone is where the Sun's magnetic
field isthought to be generated.

Thesolar interior 1: The more

The Sun's core is the catral region where nuclea readions consume hydrogen to form helium. These
reacdions release the energy that ultimately leaves the surface a visible light. These readions are highly
sensitive to temperature and density. The individual hydrogen nuwclei must colli de with enough energy to
give areasonable probability of overcoming the repulsive dedricd force between these two pasitively
charged particles. The temperature & the very centre of the Sunis abou 15,000,000 C and the density is
abou 150 g/cm? (abou 10 times the density of gold o lead). Both the temperature and the density
deaease & one moves outward from the centre of the Sun. The nuclea burning is almost completely shut
off beyond the outer edge of the cre (abou 25% of the distance to the surfaceor 175,000km from the
centre). At that point the temperature is only half its central value and the density drops to about 20 g/cmg.

The most important nuclea process generating energy inside the cre of the sun is the proton-proton
readion. Threebranches are involved, starting with the same chain o two readions, bu then foll owing
different paths as shown in the table below.

'H+H L 2H +et +v,

'H+2H - 3He+y

Branch | SHe+ %He - “He +H +'H

Alternatively, Branches Il and I 3He+%He - "Be+y

Branch Il e +7Be - "Li +v,
'H+'Li - “He +%He

Branch Il 1H+"Be _>88+y

88 _ 8Be* +e* +v,

®Be* . *He+'He

In the process of fusing hydrogen to form helium, abou 25 MeV energy is generated, the energy
equivalent of the massdifference between four protons and a “He nucleus. In the Sun, Branch | generates
abou 85% of the total energy, Branch Il about 15%, with Branch Ill only contributing about 0.0246. (An
additional readion, the cabonnitrogen cycle, ony operates in stars hotter than the Sun) The timescdes
for these readion to take placeis interesting. Given the temperature and pressure condtions caculated

for the solar core, half of the hydrogen (*H ) in the mre is converted into deuterons (ZH ) in 10° yeas,
becaise for the fusion d two protons their mutual distance must be lessthan the proton radius and then
one of the protons must undergo a sportaneous 3-emisson (emitting an eledron to turn it into a neutron).

Deuterons, onthe other hand, can capture aproton within orly afew seconds, to generate a *He nucleus.

The last step in the Branch | chain, the fusion d two 3He nuwlei, is again long, with a timescde of 10°
yeds.

The nuclea readions also produce neutrinos. Neutrinos passright through the overlying layers of the

Sun and can be deteded on Earth, using large and complex detedors. The neutrino flux that has been
now quite reliably measured on eath is about 1.6 SNU (1 SNU = 10 neutrino absorptions/sedtarget
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atom in the detedor) is abou athird of what was expeded. This problem of the missng neutrinos has
been a grea mystery of solar models, leading to many conjedures as to the reason for the discrepancy.
Finally, it seans that the problem has been resolved by better understanding the life g/cle of the diff erent
neutrinos: abou two thirds of the neutrionas (the misgng ones) emitted from the nuclea readions from
the Sun's core turn into diff erent kinds of neutrinos (tau and mu neutrinos) on the way to Earth that would
nat be deteded by the experimental set-ups used.

Thesolar interior 2: The Radiative Zone

The radiative zone extends outward from the outer edge of the areto the interfacelayer at the base of the
convedion zone (from 25% of the distanceto the surfaceto 70% of that distance). The radiative zone is
charaderised by the method d energy transport - radiation. The energy generated in the wreis caried by
light (phaons) that bources from particle to particle through the radiative zone. Although the phaons
travel at the speed o light, they bounce so many times through this dense materia that an individual
phaontakes abou a milli onyeasto finally read the interfacelayer. This can be estimated as foll ows.

Photons emitted in the nuclea readions are @sorbed and re-emitted or scattered frequently so that their
motion can be described as randam.

The density drops from 20 g/cm? (abou the density of gold) down to orly 0.2 g/lcm? (lessthan the density
of water) from the bottom to the top d the radiative zone. The temperature falls from 7,000,000 C to
abou 2,000,000 C over the same distance

Thesolar interior 3: Thetachocline

The tachacline is the interface layer between the radiative zone and the cnvedive zone. The fluid
motions foundin the cnvedion zone slowly disappea from the top d this layer to its bottom where the
conditions match those of the cdm radiative zone. This thin layer has become more interesting in recent
yeas as more detail s have been dscovered abou it. It is now believed that the Sun's magnetic field is
generated by a magnetic dynamo in this layer. The changes in fluid flow velocities aaossthe tachocline
(shea flows) stretch the magnetic field lines and increase their strength. The velocity shea arises from
the difference between the uniformly (rigidly) rotating Radiative Zone, and the differentialy rotating
overlying Convedion Zone, which rotates dower as the latitude increases (as described for the rotation o
the visible Sun below). There dso appeas to be sudden changes in chemicad compasition aaoss this

layer.

Thesolar interior 4: The Convedion Zone

The mnvedion zone is the outermost layer of the Sun. It extends from a depth of abou 200,000km up to
the visible surface the phaosphere. At the base of the wrvedion zone the temperature is abou
2,000,000 C. Thisis"cod" enough for the heavier ions (such as carbon, ritrogen, oxygen, cdcium, and
iron) to hdd orto some of their eledrons. This makes the material more opaque so that it is harder for
radiation to get through. This traps hea that ultimately makes the fluid urstable and it starts to "bail" or
conved. These mnvedive motions carry hea quite rapidly to the surface

In fad, convedion sets in when the radial gradient of the temperature is greaer than the aliabatic
temperature gradient (this is the Schwartzschild criterion):

sl

—_— >
dr| |Odr Qg
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This means that hea from below can nolonger transmitted towards the surfaceby radiation alone, and
that hea is transported by material motion. But the fluid expands and cods as it rises. At the visible
surface (at the phaosphere) the temperature has dropped to 5,700 K and the density is only 0.0000002
gm/cm? (about 1/10,00@h the density of air at sealevel). The cmnvedive motions themselves are visible
at the surface & granules and supergranules.

The photosphere

The phaosphere is the visible surfacelayer of the Sun where phaons last interad with atoms before
escgping from the Sun; the temperature of the phaosphere is 5,700K; its main constituents are given in
the table éove. The phaosphereis covered by granulation, which represents the tops of convedive cdls
rising from the interior. Two o three daraderistic cdl sizes are distinguished: granules are bright
feaures of order of hundeds to a thousand km acoss with lifetimes of about 10 minutes, surrounded by
dark edges, representing the downflow of convedion cdls; supergranules are of order 30,000km aaoss
with lifetimes of 12 to 24 hous; giant cdls, a fradion d the solar radius aaoss are gparently,
occasiondly seen, bu their existence is dill in douli. The boundries of supergranules contain a
concentration o magnetic fields, swept there by horizontal motions in the supergranule cdls. This
concentration d magnetic fields gives rise to the chromospheric network in the layer above the
phaosphere, the chromosphere.

Figure 2. Photograph of a sunspot, showing the dark interior (the umbra) and the less dark surround,
with striations (the penumbra). The sunspot is surrounded by photospheric granulation.

Sunspats are sites of very strong magnetic fields (thousands of gauss or abou 0.1to 0.3T) that are woler
by about 2000K than the rest of the phatosphere. This iswhy they appea dark against the phaosphere.
A medium size sunspat is bigger than the Earth’s diameter. Small sunspats (such as the one shown in Fig.
2) may only last days, larger sunspots and sunspot groups may last several months. Sunspots usually
come in groups with two sets of spots. One set will have positive or north magnetic field whil e the other
set will have negative or south magnetic field. The field is grongest in the darker parts of the sunspats -
the umbra. The field is wedker and more horizontal in the lighter part - the penumbra. Sunspots have
been, historicdly, important manifestation d variable solar adivity. The fluctuationin their number with
aperiod d abou eleven yeas provides arecrd over more than 250yeas of the solar cycle (seeFig. 6).
We now know that solar adivity is a very complex process involving the whole Sun and its atmosphere,
but sunspot numbers retain their value a a simple measure of solar adivity.
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The Sun rotates aroundits axis, but different feaures on the Sun and its atmosphere rotate & diff erent
rates, mainly dependent on teliolatitude. The equatorial phaospheric rotation period is taken to be 25.4
days, correspondng to a sidered rotation rate of 2.86 x 166 rad s1 or 14.158%day. (The sidered
rotation period refers to the time taken by a point on the Sun's equator to rotate 36(° aroundthe Sun's
rotation axis. As the Earth rotates aroundthe Sunin the same diredion as the Sun rotates arourd its axis,
a given pant on the Sun's equator takes more than a sidered rotation period to read the same point as
seen from the Earth; this is the synodc rotation period, abou 26.8 days. For information, the Earth's
orbital rotation rate is 0.9865%day.) A general formula for the differential rotation d the Sun's surface
asafunction o latitude A is

Q = A-Bsin?A —Csin*A %/day

where Q is the rotation rate, A, B and C are mnstants determined by following the motion d different
traces on the Sun. The values determined spedroscopicdly are A = 14.58,B = 1.70and C = 2.36.
Different trace's give somewhat different values; and some fedures in the corona, such as coronal holes
(seebelow) are often olserved to rotate & the equatoria rate & all | atitudes.

Helioseismology and the Sun'sinterior

How do we know abou the Sun's interior? In fad, solar (and consequently) stellar models have been
established by purely theoretica considerations, based on the measured energy output (luminosity), radius
and mass using of course dl the gplicable laws of physics. Making some simplifying assumptions, such
as phericd symmetry, no rotation and nomagnetic fields, basic models of the Sun's internal structure
were developed. Given further assumptions abou the dhemicd compasition, solving equations that
involve mnservation d mass and momentum, as well as the laws of thermodynamics, variations of the
key parameters: density, temperature and presaure with radius can be deduced. But unlesswe find a way
to “see” inside the Sun, to verify the cdculations, we caina be cetain that the model deduced with its
many assumptions is anywhere nea corred.

Fortunately, a very powerful way has been found. In the ealy 19605, solar observers naticed oscill atory
motions on the solar surface these were explained as the combination d many acustic standing waves
that imparted small amplitude up-down motions of material in the phaosphere that could be deteded by
the minute Dopgder shiftsin the frequency of spedral lines or even in minute oscill ationsin luminosity. It
was then also recognised, that the aoustic waves that propagated in the solar interior could be used to
deduce the properties of the medium through which these waves propagated. This is also the way in
which the interior of the Earth is gudied, by the analysis of the propagation o waves generated by the
shocks produced by Earthquakes. This is why the new scienceis cdled helioseismology, or seismology
of the Sun.

Since the Sunis a ball of hat gas, its interior transmits ound very well. It is generally believed that
convedion rea the surface gives rise to vigorous turbulent flows that produce abroad spedrum of
randam aooustica noise. The dominant part of this noiseisin the range with periods in a two-octave span
centered on five minutes, with frequencies around 3mHz. Furthermore, since the Sun is essentialy
sphericd, it also forms a sphericd aoousticad resonator with milli ons of different normal modes of
oscill ation. Due to the waves long life times, destructive interference filters out al but the resonant
frequencies, transforming the randam convedive noise into a very rich line spedrum in the five-minute
range. Thus, convedion ads rather like arandam clapper causing the Sunto ring like abell. The resulting
oscill ations are presaure waves or p-modes.

The oscill ation modes are trapped in spherica-shell cavities garting essentially at the visible surface ad
extending inward. The outer boundxries are defined by the @rupt change in sound speed associated with
the stegp temperature gradient in the superadiabatic region just below the surface The inner boundries
result from the refradion d the waves bad toward the surfaae, caused by the inwardly increasing sound
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spead (esentially, temperature). Like any sphericd oscill ator, the agular comporent of the wave
function d these five-minute oscill ations is described by the sphericd harmonics, charaderized by the
degree and azimuthal-order quantum numbers, | and m.

While the outer limits of al of the cavities are confined to a narrow region just below the phaosphere,
the depth o a given cavity depends on bah the oscill ation frequency and the sphericd-harmonic degreel
of the assciated mode. Consequently, there ae modes whose antire cavities are wnfined very nea the
surface while others extend much deeper, even reading the ceantre of the Sun itself. This leads to the
very large number of oscill ation modes. Depending on the frequency and degree these modes sample
different, but overlapping, regions of the solar interior.

The predse frequency of a particular cavity depends intimately on the thermodynamic, compasitional,
and dynamic state of the material in the cavity. Consequently, the large number of resonant modes makes
it posdble to construct extremely narrow probes of the temperature, chemicd compasition, and motions
throughou the interior of the Sun. While the physics is rather different, helioseismology uses amustic
waves to probe the interior of the Sunin away roughly analogous to medicine using x-raysto doa CAT
(Computer-Asssted Tomography) scan of the human body.

Physicdly and mathematicdly, ore can understand the oscill ation modes using sphericd harmonics: |,
and m, and n values. The sphericd harmonic functions provide the nodes of standing wave patterns. The
order n is the number of nodes in the radial diredion. The harmonic degree |, indicaes the number of
node lines on the surface which is the total number of planes dicing through the Sun. The a&imuthal
number m, describes the number of planes dicing through the Sunlongitudinally.

0° Convection zone
Radiative zone

2700 ‘ 90°

Surface

Depth

Centre

Figure 3. A schematic illustration of the waves that penetrate to different depthsin the Sun and whose
propagation characteristics provide information on the different regions in the solar interior. The lower
part of thisfigure represents, horizontally, the solar surface.
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The solar atmosphere

Above the phaosphere, the temperature first fals to abou 4,300 K, bu then rises through the
chromosphere, and then in particular through the transition region, to read the temperature of the wrona
which is between 1 and 2million K. Thisisillustrated in Fig. 4 below. Note that the thicknessof the
transitionregion is only afew hunded km, yet through it the temperature rises from abou 10,000K to in
excessof amillionK.

The temperature of a1 €V eledron (i.e. the temperature wrrespondng to its thermal velocity) is 1.1604 x
10* K. This means that the energy of an eledron in a 2 million K plasmais 172 eV. (The thermal
velocity of an eledron is 5.50 x T0> km s1 ) This is much greaer than the ionisation pdential for
hydrogen (13.6 €V) and for helium (25 eV for the first ionisation, 54€V for the second. The high
temperatures in the wrona mean that all hydrogen and helium is completely ionised, and that many of the
heavier atoms are d least partially ionised.

The solar atmosphere @ove the phaosphere is highly nortuniform. It consists of a plasma, mostly
eledrons and protons, with a small percentage of ionised helium and at least partially ionised heavier
ions. Its eledricd conductivity is very high (it can even taken to be infinity) and it is shaped by the
structure of the magnetic fields in the amosphere. In the diromosphere, there is a network along which
spicules (upward shoaing jets of plasma) can be observed. The magnetic field is enhanced in the adive
regions, which are large regions which are hotter than their surroundngs.

Figure 4. "Average" temperature and electron number density of the solar atmosphere as a function of
height above the photosphere.

The solar corona @nsists of very tenuows plasma. Its gructure is determined by the coronal magnetic
field which is an extension d the solar surfacemagnetic fields into the solar atmosphere, as ill ustrated in
the figures in the sedion kelow. The hotter and more dense parts of the wrona (two million K) are
cortained in complex magnetic loop structures, with their foatpoints anchored in the phaosphere. The
codler, lessdense parts of the corona, cdled coronal hales (becaise they show up as darker regionsin x-
ray pictures of the mrond) have temperatures abou 1.2 milli on K; magnetic field lines in coronal holes
are open, they are anchored orly at one endin the phaosphere, bu the magnetic flux - and the field lines
- are caried ou into interplanetary spaceby the solar wind.
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Features occurr ing above the Sun's surface (photosphere)

Chromospheric features Coronal features
Chromospheric Network Coronal Holes
weblike pattern formed by magnetic field lines related source of high-speed solar wind
to supergranules Coronal Loops
Plage closed magnetic field line loops around sunspots and
bright patches surrounding sunspots and assciated adive regions;, can last for days or weeks if not
with concentrations of magnetic field lines asciated with solar flares
Prominences/Filaments Coronal Mass Ejections (CMESs)

dense douds of material suspended above the surfacel  huge bubbles of gas geded from the Sun over the
of the Sun by magnetic field line loops, cdled course of several hours

prominences when seen on the limb o the Sun,|Helmet Sreamers

otherwise filaments; can remain quiet for days or source of low-spead solar wind; network of magnetic

weeks, but can also erupt within few minutes loops with dense plasma cnneding the sunspats in
Spicules adive regions, typicdly occurring above prominences

small, jet-like euptions in the diromospheric network | Polar Plumes

lasting afew minutes only long thin streamers associated with open magnetic
Solar flares field lines at the poles

huge explosions with time scades of only a few minutes

The solar corona

At times of total edipse, observations of the wrona ae possble because radiation from the solar disk is
masked by the Moon. What is normally observed is the so-cdled K-corona. The white light from the
corona is due to Thomson scattering of phaospheric light by free éedrons in the cronal plasma. The
intensity ratio o light from the crona (close to the solar surface to light from the phaosphere is less
than 10°, thisiswhy the mrona can orly be seen when the solar disk is blocked out. The visible structure
of the wrona during edipses is due to the variations of the total eledron content in the crona, i.e. the
integrated eledron density along the li ne-of-sight.

The orona is known to be hat, becaise it also emits radiation in some spedral lines which were
discovered to originate in eledronic transitions of highly excited and Hghly ionized ions of heary
elements, for instance FeX and FeXI (respedively iron atoms from which 9 and 10eledrons have been
stripped by ionization). Many of these lines correspondto “forbidden transitions’, na following the
normal seledion rules, due the highly complex interadion d the dedronic system in the ions which can
only result from the very high temperatures.

Given that many of these spedral lines arein the UV or extreme UV (EUV), where the anisson from the
phaosphere is much reduced, coronal observations can how be made even against the solar disk, with
high resolution spedrographs from space

The coronais charaderized by complex plasma and magnetic structures. Esentially, there ae two basic
structural elements in the corona: magneticdly “closed” and magneticdly “open”. What is meant by this

can be illustrated using the magnetic field of a dipale. The field lines are & dhown in the ill ustration
here: all field lines “return” to the dipale, they are dosed. Maxwell’s equation:

OB =0, o adternatively, J'(B [h)dS =0 (if integrated over a dosed surfaceS)
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expresses the fad that the net magnetic flux through a dosed surfaceis zero. If we cnsider the surfaceS
aroundthe dipde (seeFig. 5), some of thefield lines are “open” onthe surface i.e. they crossthe surface
others are completely inside the surface ad are therefore “closed”. It isin this sense that we describe
structures in the corona & open o closed. The differenceis that, above the corona, the solar wind drags
out the open magnetic field lines into the heliosphere, so close to the sun, the field lines are distorted as
showninFig. 6.

Figure 5. Schematic
representation of a dipole
with a source surface S

Magnetic
field lines

/Solar Wind Figure 6. The flow of the solar wind distorts
— the nominally dipole magnetic field lines as
Current the field is carried away from the corona.

—P /Sheet Close to the equator, the field lines are
stretched out so that opposite polarity field

lines are close to each other, separated by a
current sheet in the equatorial plane.

There aethree oncepts that need to be mnsidered here. Thefirst isthat the field lines are caried away
in the solar wind, kecause they beme “frozen into” the infinitely conduwcting solar wind dasma. The
secndis that the field lines generally point away from the Sunin ore (northern or southern) hemisphere
and pant towards the Sun in the other hemisphere. This is the general structure of the corona (and the
heli osphere) nea solar minimum adivity (nea sunspot minimum). Aroundsolar maximum, the pdarity
of the Sun's dipde reverses, so nea the next solar adivity minimum, the magnetic field lines reverse
their diredion. This is why the solar magnetic cycle has a period d 22 yeas, or twice 11-yea the
sunspat cycle.

The third concept arises from the nea-paralel, bu oppaitely direaded magnetic field lines above and
below the equatorial plane. When that happens, a arrent shee is formed. For the extension d the solar
coronal magnetic field into the heliosphere, this sea becomes the Heliospheric Current Shed (HCS),
one of the most important large-scde structuresin the heliosphere.

A very important research tod for coronal structuresisthe goproximate cdculation of coronal magnetic

fields, given the measurements of the magnetic fields in the phaosphere. For these cdculations, it is
asaumed that there ae no currentsin the wrona. Thisasaumptionisnat redly fully valid, bu the
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cdculations gill give ausually goodapproximationto the wronal structures observed. We havein effed,
from Maxwell’ s equation (or Ampere’s law):

OxB= i]

Ho
where we negled the ntribution o the displacement current (as the time variations are slow). If there
are nocurrents, j =0, andthe magnetic field is curl-free O0xB =0. Inthiscase, asfor al scdar

functions @ it istruethat 0 x (J®)=0, the magnetic field can be derived from a scaar magnetic
potential ®g,toget B=-0Pp.

3 \ \ \ I Such cdculations are routinely made in the
CARRINGTON ROTATION 1855 following way. The magnetic fields in the
2 . phaosphere ae measured, to high acaracy, bu with
a relatively low spatial resolution by the Wilcox
1+ . Solar Observatory, Stanford University, in
Cdlifornia. Using these measurements as a boundary
condition, together with an ouer boundry condtion
at (usually) 2.5 solar radii, where the magnetic fields
a1 that read this outer boundry (cdled the source
surface are mnstrained to be radialy oriented, the
scdar magnetic potential @ iscaculated, wsing the

Z in solar radii
o
\
\

Laplace guation DZCDB =0. From the solution, the

3 . : ‘ ‘ ‘ magnetic field is computed, together with the
geometry of the magnetic field lines. A sample
result is shown in Fig. 7. As can be seen in this
figure, the magnetic field lines are indeed either
“closed” in the form of loop structures, or “open” at
the source surfacewhere the solar wind is assumed
to take over. These cdculations are referred to as
the Source SurfacePotential magnetic field models.

Y in solar radii

Figure 7. Calculated coronal magnetic field
lines at a time in the solar cycle (just before
solar minimum) when most of the open
magnetic field lines originate near the poles of
the Sun and the closed loops are concentrated

in the equatorial regions. It has beaome dso passble now, thanks to very fast

supercomputers, to perform a more redistic
modeling of coronal structures, withou assuming that the corona is current free In this case, the
simulation wses an MHD (magnetohydrodynamics) code. The result of one such cdculationis sown in
Fig. 8. Note that this figure shows the solar corona nea solar minimum adivity, when the dosed
magnetic field lines are mostly close to the solar equator.

Figure 8. Results of an MHD calculation
of coronal magnetic field lines at solar
minimum. The open field lines stretch from
the polar regions of the corona to lower
latitudes, while the near-equatorial loop
sustem is stretched out to form the coronal
streamers.
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These dosed field lines often end, at their tops, in extended high density regions which are cdled the
coronal streamers observed at the time of total edipses. At solar minimum, the dosed magnetic loop
structures and the @ronal streamers are locaed nea the ejuator. As these structures gird the Sun, they
form the so-cdl ed streamer belt. The streamer belt is charaderized by high temperatures (up to 2 milli on
K) and hgh densities. The open magnetic field regions, by contrast, are awader (abou 1.2 milli on K) and
lessdense. In soft x-ray pictures of the arona, the regions of open magnetic field lines appea to be
darker than the dosed magnetic regions (because of their lower temperatures and lower densities), and are
cdled coronal holes.

At solar minimum, coronal holes are large, long-lasting regions covering baoth pdes of the Sun. As lar
adivity increases, coronal holes al but disappea, with oy small and changeable wronal holes
occasionally appeaing onthe Sun, as most of the coronaisin the form of closed magnetic loops.

Solar activity

An important part of Space Physics is the study of solar adivity. Severa important solar and coronal
phenomena, in particular those related to the transient release of large anounts of energy: Coronal Mass
Ejedions, solar flares, the output of x-rays and UV radiation vary with a ¢/cle with a period o
approximately 11 yeas. The longest running indicator of solar adivity is the number of sunspats, as
arealy indicted above, andill ustrated in Fig. 9.

Solar adivity is driven by periodic changes in the magnetic field of the sun under the phaosphere. The
magnetic flux emerges to the solar surfacein an ureven manner through the ¢ycle. Sunspats at the
beginning of a g/cle (nea minimum adivity) are locaed at latitudes of > 25°, bu as the o/cle progresses,
newer sunspots emerge doser and closer to the egquator. When plotted against time, the locaion o
sunspats produces the so-cdled “butterfly” diagram, as snownin Fig. 10.

At the beginning of a gycle the solar magnetic field resembles a dipae which axis is aligned with Sun's
rotation axis. In this configuration the helmet streamers form a continuous belt abou the Sun's equator
and coronal hades are found rea the paes. During the following 2-3 yeas towards the maximum this
nice onfiguration is totaly destroyed, learing the Sun, magneticdly, in a disorganised state with
streamers and hdes satered all over different latitudes. During the latter part of the ¢ycle the dipdefield
is restored. At the beginning the dipdle tilt can be large, bu as the minimum epoch approaches and the
dipde grows in strength, it also arients itself more with the Sun's rotation axis. When a new dipde is
reformed, it has an oppgaite orientation (palarity) than the old ore: this creaes a 22-yea cycle for the
Sun, the so-cdled doubbe-solar-cycle (DSC).

The orientation d the magnetic polarity of sunspot groups also refleds this change. The leading spat of a
pair (in the diredion d the rotation) in ore hemisphere shows the same padarity throughou a ¢ycle, while
the leading spat in the other hemisphere has the oppdasite polarity. Thisis known as Hale's law, from the
name of the American solar observer who first measured the magnetic fields of sunspots around 1910and
who subsequently discovered the regularity in their polarity. At the start of a new 1l-yea cycle, this
polarity rule changes, creaing a 22-yea cycle.
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Figure 9. The 11-year periodicity of sunspot numbers
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Figure 10. Thetop panel shows the latitude distribution of sunspots on the sun as a function time. At the
start of each solar cycle, just following minimum activity, the first sunspots of the new cycle appear at
mid-latitudes, while some spots fromthe old cycle remain at low latitudes, close to the equator. As the

cycle progresses, sunspots appear at lower and lower latitudes, so that the plot appearsto show a series

of butterflies; hence the name "butterfly diagram".

The lower panel shows, for the same epoch, the area

of the solar disk occupied by sunspots. This clearly shows the same activity cycle effect as the number of

Coronal expansion: The solar wind

activity.

sunspotsin Fig. 9, however, the total area may be a more accurate and direct measurement of solar

At the coronal temperatures, the plasmais no longer boundto the Sun by its gravitational potential, bu
expands into interplanetary space & supersonic speals. This is the solar wind. In the following, a brief
introduction is given to the derivation d the first theory of coronal expansion, dwe to Eugene Parker in
1958, just four yeas before the first interplanetary spacemissons were ale to verify the existence of
solar wind.
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We start with two basic equations of spaceplasma physics, the cnservation d massand momentum:

Conservation d mass P plasma massdensity

op _ v plasma bulk velocity veaor

ot +0 [(pv) =0 p plasma presaure

Conservation d momentum j*xB forceon gasmadue to the magnetic field

dv  dv B, where | isthe airrent density vedor

P =Pt p(vD)v = -Op + jx B+ F, F,=-pg forcedueto gravity

For the sphericdly symmetric, time independent case that was first solved by Parker, these equations can
be written as

Conservation d mass Conservation d momentum
1d wrl=0 vy _ G CMs
r2drp B PVar ™ ar pr2

where the density p, velocity v and presaure p are dependent only on r, the distance from the Sun; in
addition, the dedromagnetic force term, jxB has been negleded for this very simple treament. The
conservation d massimplies that 4rr va = 417 >nmv = constant, in cther words, the total massflux over
the surfaceof any sphere surroundng the Sunis constant.

Using these equations, together with the assumption that the solar wind dasma can be treaed as an ided
gas consisting of protons and eledrons, so that p = 2nkT, and, for the isothermal case treaed by Parker
we dso have T = constant, with the plasma number density n also orly a function d distance from the
Sun, adifferential equation can be derived that gives the velocity v asafunction d r:

1. TOLdy_akT_Gu,
mOvdr mr 2

This differential equation has four general families of solutions. These ae shown in Fig. 11. By
examining the nature of these solutions, Parker corredly concluded that the only physicdly possble
solution was in fad the singular solution, shown as athick linein Fig. 11. This Dlution provides a solar
wind with an increasing velocity that becomes supersonic & distances greaer from the Sunthan a aiticd
radius. It also depends onthe temperature of the wronal base of the solar wind asill ustrated in Fig. 12.

Although this Dlutionis far too simple to be fully representative of the red solar wind, its basic results
have wrredly predicted the range of values found ly interplanetary spacecaft.

In fad, it is now known that there ae two kinds of solar wind. Slow streams originate above and rea the
closed magnetic field loops and streamers in the corona & abou 400 km/sec  Fast streams originate in
codler regions of the wrona, with open magnetic field lines, at speeds approacing 800km/sec. The solar
wind reads about 4-5 days to read Earth, and as many months to attain the outermost planets: its outer
limits, the boundiry between the spacedominated by the Sun and the interstellar medium, is probably
more distant still. The space probes Voyager 1 and 2, launched in 1977,are expeded to read that
boundry ealy in the 21st century, and NASA is hopeful that the nuclea batteries which power those
spacecaft will | ast long enough to olserve the transition. Asthe solar wind leaves the wrona, it picks up
the locd magnetic field--contributed by sunspots and by the Sun's magnetic poes—-and dagsitsfield lines
into space forming the heli ospheric magnetic field (HMF). The HMF is quite we&k--at the Earth's orbit,
only /10,000 ¢ the field at the Earth's surface but it exerts a significant influence on the Earth's
magnetosphere.
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Figure 11. The four families of solutions to the
equation of coronal expansion. The correct solution
isthe thick line, as deduced correctly by Parker.
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Figure 12. The dependence of the solar wind
speed on coronal temperature. This is a very
much simplified view, as the solar wind is a
much more complex phenomenon than Parker
envisaged.

The table below li sts the basic solar wind charaderistics at the Earth’ s orbit.

Parameter Minimum Average Maximum
Flux (cm’s™) 1 3 100
Velocity (km/s) 200 400 900
Density (cm”) 0.4 6.5 100
Helium (a-particles) % 0 5 25
Magnetic field magnitude (nT) 0.2 6 80
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