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Abstract Solar Physics s at presentin a highly dynamic state withynm&mv observations
from a series of major space satellites that are transfagymim basic understand-
ing. This review summarises some of the key recent disceseout our Sun
on fundamental topics which have many implications for faméntal plasma
processes elsewhere in the universe. In particular, tlee sofona is dominated
by the subtle nonlinear behaviour of the Sun's magnetic ad its interaction
in complex ways with plasma.
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1. Introduction

It is a great pleasure for me to attend JENAM. As a solar plistsichave
always enjoyed collaborating with many friends in otherdfgan countries
and encouraging closer links between solar physics andrastry. | work at
St Andrews University, founded nearly 600 years ago in 144ken the Moors
were at their height in Granada.

For centuries humans have worshipped the Sun, and indeeg oaato
the Costa del Sol to continue that tradition, but why shoutdstudy the Sun
today? Firstly, because it is of very great interest in itsigight. Secondly,
because it has profound in uences on the Earth and its cématirdly, be-
cause it is of key importance for astronomy as a whole, sineean study
fundamental cosmic processes at work on the Sun. For me veowestudy
the Sun simply because | am captivated and fascinated by it.

Many of the basic properties of the Sun are still a mystery.ekample, we
do not know: how the Sun's magnetic eld is generated; howsbkr wind
is accelerated; how the corona is heated; how ejections e$ mecur or how
particles are accelerated in solar ares. Neverthelessgtgrrogress on each
of these questions has been made over the past ve years apchdve all
been greatly re ned and unpacked. So, the Sun is at presentdfdhe liveliest
branches of astronomy and many students are being atttacstéady it.
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Figure 1. A picture of James Gregory in his laboratory

Traditionally, there has always been a close link betweethemaatics and
astronomy. This was certainly true of Andalucian astrondrese in Granada
in the fteenth century, and it was also true in St Andrewshie seventeenth
century. | happen to hold the Gregory chair of mathematiasied after James
Gregory (1638-1675), who invented the gregorian telesemglewas also one
of the co-founders of calculus (with Newton and Leibniz). \M&s elected an
FRS (an academician) in 1668 at the age of 30, and the samewvgsaap-
pointed the rst regius professor of mathematics in St AmdreHe was given
what is now known as Upper Parliament Hall (Figure 1) as Hisfatory, and
you can still see today the meridian line on the oor along ethihe lined up
his telescope. James Gregory died in 1675 at the age of onbuBBefore that
he had been the rst to discover many basic elements of azdhiat we take
for granted today, such as: the general binomial theoreylpiTaxpansions
(40 years before Taylor.), the ratio test for convergenca séries, the series
expansions for sin and tan , the integrals of sec and log , the fact that
differentiation is the inverse of integration, and how te aschange of variable
in integration.

In my view the role of theory should not be to reproduce imagés explain
every observation, but rather to understand the basic psese and to do so
in a step-by-step manner, starting with a simple model aadwally making
it more and more sophisticated and hopefully more realidticaddition, the
different types of theory complement one another, namelglyaical theory,
computational experiments and data analysis.
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Figure 2. A magnetogram of the photospheric magnetic eld

My title today is “Our Magnetic Sun” in the sense both that metic elds
are crucial for the Sun and also that the Sun is a highly dieaobject of
study. After introducing you to the structure of the Sun ¢&ec2) and sunspots
and the corona, | shall describe brie y MHD and reconnecf{i®ection 4) and
will go on to discuss three topics on which there has beenrpssgrecently,
namely, the solar interior, erutpive solar ares and cotdmeating (Section 5).
My overall theme is that the Sun is full of surprises and a lseivie is that
many of these surprises are caused by the magnetic eld. Thésof course
a plasma and so is coupled in an intimate, subtle way to thenetag eld,
which exerts a force on a plasma and can store substantialrasof energy.

2. Overall Structure of the Sun

The interior of the Sun consists of a core (extending out twuab ,
where the radius ( ) of the Sun is about 700 Mm), a radiative zone, and a
convective zone (extending between  and the surface). The atmosphere
consists of the photosphere (the surface layer at about ), the rarer chro-
mosphere, and the corona (which reaches to the Earth anddbeyo

The photosphere is covered with turbulent convection cefisely, granu-
lation (with typical diameters of 1 Mm) and supergranulatfwith diameters
of 15 Mm). It rotates differentially, with the equator rdtag more rapidly
than the polar regions. A map of the photospheric magnetit (Eigure 2)
shows the line-of-sight magnetic eld, with white being elited towards you
and black away from you. The active regions around sunsput® sip as
large-scale bipolar regions.



Figure 3. A close-up of a few granule cells in the photosphere (Swe8alhr Telescope, La
Palma, G Scharmer)

One surprise is that outside active regions intense magmddis cover the
whole Sun, concentrated at the boundaries of supergramihesice they are
carried by the supergranule ow. Another is that active osgi form a global
pattern, with black polarity to the left in the northern heptiere in Figure
2 and to the right in the southern. This pattern reverses thighstart of a
new sunspot cycle. It occurs because differential rotatighe interior shears
up poloidal ux and creates toroidal ux of one polarity in¢morth and the
opposite polarity in the south. It is when such toroidal uges by magnetic
buoyancy that it creates a pair of sunspots where it breaksdgih the surface.

Amazing images in white light at 0.1 arcsec from the SwedislaSTele-
scope reveal incredible detail in and between the gramulgBcharmeet al,
2002; van der Vooret al, 2004). Tiny bright points are probable locations of
intense magnetic ux tubes at the edges of supergranulesanhwas thought
until this year that 90 % of the quiet-Sun ux is located. Hawe close-ups of
a few granules (Figure 3) reveal for the rst time bright pisin owers” and
ribbons in the intergranular lanes around granules andesiglge presence of
many more intense magnetic tubes throughout the centragefgranules at
the granule boundaries. Indeed, Trujillo Buestoal (2004) have suggested
ve or six times as much magnetic ux there than we thoughwjwasly.
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Figure 4. The corona over a solar cycle from Yohkoh (S Tsuneta)

Sunspots are dark because they are cool, which in turn isibeche mag-
netic eld stops granulation. They vary with the 11-yearleycThe dark umbra
of a spot is the central part where the magnetic eld is claseertical. The
striated penumbra surrounds the umbra and possesses disgremgnetic
eld that is far from vertical. However, the penumbra is @énty not simple:
recent observations from the Swedish Solar Telescope (®ehat al, 2002)
have revealed bright ows moving both inward and outwardjetiner with
strange dark cores. Also, the bright penumbral lamentsthoeight to be at
intermediate angles to the vertical and to represent magedt lines that go
far from the sunspot, whereas the dark laments are lowergand so return
to the solar surface close to the spot, probably held dowrréyudar pumping
(Thomaset al, 2002; Weisst al, 2004).

3. The Corona

The corona can be viewed during a solar eclipse, and an aapyise was
the discovery by Edlen (1940) that the coronal temperatuaenillion degrees
or so. In the corona, the magnetic eld dominates the pladro#) heating it
somehow and creatings its beautiful structure. The cora@maatso be ob-
served direct with an x-ray or euv telescope (Figure 4), amigéd Yohkoh
has revealed it to be a magnetic world with an amazingly ranfety of MHD
phenomena.

Earlier rocket images and images from Skylab showed thatdh@na con-
sists of dots called x-ray bright points, together with ¢aioholes (dark re-



Figure 5. Coronal loops imaged by TRACE

gions from which the fast solar wind escapes), coronal lamgkactive regions
which are rather fuzzy. However, the TRACE mission has shetine regions

in incredible detail (Figure 6) and that the corona is madeftiptricate loops

of plasma aligned along the magnetic eld.

4, MHD and Reconnection

Magnetohydrodynamics models the interaction between aneteg eld
and a plasma treated as a continuous medium. It compriseé®fsatial dif-
ferential equations for the behaviour of the plasma vejqci}, magnetic eld
( ), pressure (), temperature () and density () as functions of ( ).
The equations are nonlinear and to me as beautiful as thet&if i

For example, the induction equation

— 1)

describes how the magnetic eld changes in time due to twagesn the right-
hand side, which represent the transport of magnetic elthtie plasma and
the diffusion of magnetic eld through the plasma. The ealeaturrent is then
determined as a secondary variable (once the magnetic &doeen found)
from

In most of the universe the transport term in (1) is very musiyédr than the
diffusion term and so the magnetic eld is frozen to the plasand hangs on to
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Figure 6. Complextopology in (a) 2D and (b) 3D.

its energy. The exception is in singularities where the natigrgradient (and
therefore the electric current) is extremely large.

Such singularities can form at null points of the magnetild éwvhere
vanishes and near which the magnetic eld lines have an X-tgpology). In
the singularities, magnetic eld lines break and reconraud the in owing
magnetic energy is converted into heat, kinetic energy asgdarticle energy.
The singularities take the form of sheets containing exétgrtarge currents
and therefore being the sights of large ohmic heating. Sacbrmection is
thought to be at the core of solar ares and of coronal heatirents.

Recently, attention has turned to trying to develop thedide reconnection
in three dimension (e.g., Priest and Forbes, 2000). Howsudar the theory
is in a rudimentary state since many features of 3D recoioreetre com-
pletely different from 2D. For example, null points have #eadent structure
and reconnection can occur either at nulls or in the abseinuells. Also, the
topology of the eld is more complex. In 2D the eld due to fosources of al-
ternating sign in a line possesses an X-type null point (fé@a), from which
emanate four separatrix curves: these special eld ling&ldithe plane up
into topologically distinct regions, in the sense that iolegegion all the eld
lines start from the same positive source and end at the sagaive source.
In 3D, in contrast, the eld due to four sources (such as satgon a plane
possesses two separatrix surfaces@paratriceyin the form of domes (Fig-
ure 6b) which separate the volume into topologically digtiegions. These
surfaces can intersect in a special magnetic eld line dallseparatomwhich
joins one null point to another.



Figure 7. The Sun's internal rotation deduced from the MDI instrumemtSoHO (A Koso-
vichev)

5. The Solar and Heliospheric Observatory (SOHO)

SOHO was launched in 1995 and is orbiting the Sun at the L1tpoin
phase with the Earth. A joint ESA-NASA mission, it is obsegyithe Sun
continuously for the rst time and has transformed our ustending of the
Sun. It has produced many surprises and | only have time tribesthree of
them today.

51 The Solar Interior

The rst question is: what is the structure of the solar if@e? Just as a
Spanish guitar string can oscillate beautifully in difieraormal modes, so can
a three-dimensional object such as the Sun. Indeed, sawdlialn different
normal modes of vibration of the Sun have now been discoyarediwith the
MDI instrument on SoHO the line-of-sight velocity at a nmoli points on the
solar surface per minute is being measured. By summing shsbreations
for several months and using techniques of solar seismptbhgytemperature
inside the Sun as a function of radius has been measured and fo agree
with the standard model to within 1%.

More interestingly, the MDI observations have also beerdusededuce
the Sun's internal rotation. At the solar surface we knowdhaator rotates
faster than the polar regions, but how is this differentightion continued into
the solar interior? The expectation was that the rotationld/be constant on
cylinders around the Sun's axis of rotation and that the retigneld would
be generated by dynamo action throughout the convectioe.Zbine surprise
from MDI (Figure 7) is that the rotation tends to be constdohg cones in
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the convection zone and is then fairly uniform in the rad®tzone, which
implies the existence of a strong shear layer at the baseafdtivection zone
(known as the tacocline). In addition, it is now thought tthet magnetic eld
of sunspots and active regions is generated in and nearcbelitee, so that
theorists are now attempting to build tacocline dynamo rfede

In another important development, methods of local heigselogy are
being used to probe the structure below sunspots and it heas discovered
that there is a region of reduced wave speed by 10 % below psufes a
distance of about a sunspot radius, presumably because dbced temper-
ature there, and a second region of enhanced wavespeed fbamod of about
3 sunspot radii, presumably because the temperature isigedcooler but the
magnetic eld is enhanced.

5.2 Solar Flares and Coronal Mass Ejections

A second important question is: how do eruptive solar ared aoronal
mass ejections occur? The LASCO instrument on SoHO is a agraph
which has discovered huge ejections of mass cdllecbnal Mass Ejections
(CME's), which can sometimes reach the Earth and disrupt commummsat
and space satellites.

On October 28 last year an incredibly large and complicatedgof sunspots
was crossing the solar disc and spawned the 3rd largestaaver recorded.
It produced a halo CME, namely, one that produces a halo rthen8un (Fig-
ure 8) since it is either coming right towards the Earth or éavimg away from
it. It was travelling at 2000 , Ve times faster than normal. High-
energy particles taking only an hour to reach SoHO (by corsparwith the
CME itself, which takes a couple of days) produced “snow’heeythombarded
the CCD detector plates (see Figure 8), and when the CME dihrEarth it
produced beautiful aurora that we viewed eagerly in St Andri®r a couple
of nights. One week later, when the sunspot group had reattteelimb of
the Sun, the reworks continued as it gave birth to the latgetar are ever
recorded.

The overall picture of what happens in an eruptive are ig theheared and
twisted magnetic tube with an overlying arcade either lesgslibrium (Priest
and Forbes, 1990; Forbes and Priest, 1995) or goes kinkhlagsta breaks
out (Antiochos et al, 1999; Maclean et al, 2004). As the tulgpts, it drives
reconnection in the arcade under the erupting tube. Thenemion heats a
loop to high temperatures, which then cools down and dramea loops are
heated and the reconnection location rises. The resuleigppearance of a
rising arcade of hot loops with cool loops beneath them. Aigaarly ne
example was caught by the TRACE satellite and the RHESSI satellite
on April 21, 2002 (Figure 9). The RHESSI contours of hard x-nax at
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Figure 8. CME on October 28, 2003, viewed by LASCO

Figure 9. Overlay of RHESSI contours of hard x-ray ux and TRACE imageli95 A (P
Gallagher).

12-25 keV show emission from the reconnecting current saleete the 1.5
MK TRACE loops, while the 50-100 keV contours show emissiamf high-
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Figure 10. Magnetic eld lines in the quiet Sun (Close et al, 2004)

energy electrons accelerated in the reconnection and dparamelled down
to the feet of the loops. Particle acceleration is thoughiggartly by DC
acceleration in the current sheet and partly by Fermi anattwet acceleration
in the eld lines that are springing downwards after recortiva.

5.3 Coronal Heating

A third questions is: how is the solar corona heated to sewaithon de-
grees by comparison with the photospheric temperature lgf@00 K? We
know that the magnetic eld is responsible and the mecharisslikely to be
magnetic reconnection, but the exact process is still taicerA key discov-
ery from SoHO is, however, the existence of thagnetic carpe(Schrijveret
al, 1997), the fact that the photospheric sources of the cbroagnetic eld
are highly fragmentary and concentrated into intense betithreading the
solar surface. These sources are also highly dynamic, riagme emerging
continually in the quiet Sun and then undergoing procest&agmentation,
merging and cancellation, in such a way that the quiet Sunistneprocessed
very quickly, in only 14 hours (Hagenaar, 2001).

Recently, from observed quiet-Sun magnetograms from theildbrument
on SoHO, Closet al (2004) have constructed the coronal eld lines and stud-
ied their statistical properties. For the region they cdasd, 50 % of the ux
closed down within 2.5 Mm of the photosphere and 95 % withirM2b, the
remaining 5 % extending to larger distances or being opegu¢€i10). They
then tracked the motion of individual magnetic fragment§ienmagnetogram
and recalculated the coronal eld lines and their conndigtiin doing so, they
discovered the startling fact that the time for all the eldds in the quiet Sun
to change their connections is only 1.5 hours. In other waadsincredible
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Figure 11. Coronal Tectonics model

amount of reconnection is continually taking place - indembugh to provide
the required heating of the corona.

Furthermore, &oronal Tectonics Modehas been proposed (Priest al,
2002), which seeks to determine the effect of the magnetijgetan coro-
nal heating. Each observed coronal loop reaches down taitfece in many
sources, so the ux from each of these tiny sources is sepdilat separatrix
surfaces geparatrices As the sources move around, they generate current
sheets on the separatrices and separators, where redonraeat heating takes
place (Figure 11). In other words, the idea is that the coreriked with myr-
iads of separatrix and separator current sheets contyruditing impulsively.

6. Conclusions

Solar physics is currently in a golden age of discovery,aribpy a wealth
of new observations from space and ground-based telesclpaddition, the
development of MHD theory is playing an important role. Magioreconnec-
tion, in particular, is likely to be at work in solar ares aedronal heating.

The current sense of vitality is certain to continue in fetuhe present
missions are still working well, such as SoHO (launched i5)9TRACE (in
1998) and RHESSI (in 2002). However, a eet of new missionplanned
to build on this success and answer new questions: thesagln&8TEREO (a
NASA mission to be launched in 2006 consisting of two sdgslione moving
ahead of the Earth and the other lagging behind, which wiljae stereo-
scopic images of the corona), SolarB (a Japan-US-UK missidre launched
in 2006, which will focus on understanding the subtle cotinas between the
solar surface and the corona), Solar Dynamics Observatiohe(launched in
2008 as a successor to SoHO with a super-MDI and a super-TRAGH So-
lar Orbiter (an ESA mission scheduled for launch in 2013 clwhiill go three
times closer to the Sun than Mercury). However, the futupeedds most on
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inspiring a new generation of active young researchers \ehdake advantage
of an understand the new surprises expected from thesefoissions.
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8. Discussion

Virginia Trimble When astronomers study magnetic elds they worry about
having enough electric current to produce the eld and hoslases - is this a
problem on the Sun ?

Eric Priest For processes where MHD is valid, which is often the case on
the Sun, no, there is no problem, since, once you have ctdclilae magnetic
eld, the electric current follows from Ampere's law and aatatically its di-
vergence vanishes, so the electric current closes. In otbets, in MHD the
basic physics lies in the equations describing the magredtiand plasma ve-
locity, and the electric current and electric eld are sedany variables which
follow automatically from Ampere's and Ohm's laws.
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Thierry Montmerle How do you determine the magnetic diffusivity)(on
the Sun ?

Eric Priest This is a very important issue. Usually, people just assume
a classical value, but a better approach in the corona wautd try and link
properly the macroscopics and microscopics of what is gomgdn the corona
a reconnecting diffusion region is certainly collisiord@sd so in a full analy-
sis MHD would determine the global environment, while ctinless plasma
physics would determine the detailed microscopic behawiatinin that global
MHD mould. However, the collisionless dissipation wouldimn react back
on the MHD in subtle ways, so that the macroscopics and ngopiss are
nonlinearly coupled. So far, collisionless dissipatios baen studied only in
relatively simple environments. However, it is not everaclinat collisionless
dissipation can be described in terms of a collisionlession@lous diffusiv-
ity. Certainly, there are likely to be a number of differeypés of dissipation,
depending on the parameter regimes. A start has been madeoven by
several groups, as reported at the Isaac Newton InstitoigaRfime on Mag-
netic Reconnection Theory, held this summer in Cambridgkeasganised by
Joachim Birn, Terry Forbes and myself. Itincluded MHD anllisionless the-
ory in the Sun and the Magnetosphere, and the main ndingsbeiteported
in a new book (Birn and Priest, 2005).

Valentin Martinez-Pillet What do you feel will be the consequences of the
new “hidden ux” that has been discovered in the centres pesgranule cells
?

Eric Priest The suggestion by Schrijvet al (2004), Trujillo-Buencet al
(2004) and Sanchez-Almeida and Lites (2000) that in thet@ue there may
be ve times more magnetic ux than we thought, due to the pree of ex-
cess ux between granules in supergranule cell centrekédlto have several
consequences for the overlying atmosphere. The rst istthetoronal eld
will be even more complex than Priesttal (2002) considered in their Coronal
Tectonics Model, and so there will be many more reconnedimgent sheets
low down in the atmosphere than in their estimate: indeegly pointed out
that future higher-resolution observations would propaeleal an even more
fragmented web of separatrices, so all this makes their hevéa more effec-
tive. The second consequence is that the resulting addifitmw-lying loops
and separatrices would contribute substantially to theitngaf the chromo-
sphere. The third is that the additional low-lying loops ar@aratrices would
provide extra heating for the corona. For the high coronaubdthat the heat-
ing would be affected much, although the connectivity of #lds would be
changed, in the sense that half of the high coronal ux woute/rbe con-
nected to the supergranule cell boundaries and the remamttee cell centres
(Schrijveret al, 2004).



