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1. Introduction to the heliosphere
1.1 Definition

The heliospher e is the volume of space enclosed within the interstell ar medium, formed by, and
which encloses the solar wind, flowing out from the solar corona, and the Sun's magnetic field. The
solar wind, consisting of ionised coronal plasma, flows supersonicdly and radialy outward from the
Sun dweto the large presaure diff erence between the hat solar corona and the interstell ar medium.
The size of the heliosphere, believed to be 100AU or more in radius, is determined by a balance
between the presaure exerted by the solar wind flow and the presaure of the interstellar medium. We
will make some rough estimates of this sze in the workshed sedion d this handou. It depends
strongly onthe properties of the interstell ar medium which are rather poaly known. They are
summarised in Table 1 and are mostly determined from spedroscopic measurements of interstell ar
gas.

Table 1 Properties of the interstell ar medium

Flow sped
Flow diredion

Neutral H density
Proton density

Proton temperature
Eledron density
Eledrontemperature
Magnetic field strength
Magnetic field dredion

25+2 km/s

75.4 ediptic longitude
—7.5 ediptic latitude
0.10+0.01cm™
<0.3cm™

(7+2) x 10°K

asumed same &s protons
asumed same &s protons
0.1-051

unknown



1.2 Outer boundaries of the heliosphere

Figure 1.1ill ustrates what we airrently believe the outer boundaries of the heliosphere look like.
Sinceno spacecaft has yet travell ed far enough from the Sunto dredly measure these outer regions
this picture presently remains theoreticd. The mntad surfacebetween the interstell ar plasma and
plasma of solar origin is known as the heliopause. Both the interstell ar and solar wind gasmas are
highly condcting, satisfying the frozen-in field picture, so that the two plasmas canna intermix
aaossthe heli opause.

The heliosphere is believed to be moving at a speal of ~25 km/s through the interstell ar medium.
This can be said equivalently that thereis an interstellar wind of 25 km/simpading onthe
heliosphere. The speal o the interstellar wind hes been estimated from dired measurements of
interstellar neutral particles within the heliosphere. Neutral particles can flow through the

heli osphere undefleded by its magnetic field and hence can be deteded by spacecaft in the inner
heliosphere. The plasma mmporent of the interstellar windis conjedured to be moving at the same
spead. The heliosphere ads as an obstade to the interstellar wind dasmawhich is defleded to flow
roundthe outside of the heli opause (analogous to the solar wind flowing roundthe magnetopause &
the Earth). Depending onthe density and aher properties of the interstellar wind rea the heli opause
it isposgble that thiswindis supersonic. If thisisthe cae then aheliospheric bow shock will form
upstream of the heli opause to slow the plasmato subsonic speeals before it can be defleded. The
region ketween the bow shock and heliopause is known as the heliosheath (analogous to the
magnetosheah at the Earth).

Interstellar
Bow Shock
(?)

Heliopause

Supersonic
Solar Wind

Interstellar
Gas

Figure 1.1 The structure and outer boundaries of the heliosphere.

The heliopause dso ads as an olstade to the radial outflow of the solar wind which must also be
defleaed to flow aroundthe inside of the heliopause and eventually flow away in the diredion d the
interstellar flow to form aheliotail. We know that the solar wind is definitely supersonic. Thiswas
demonstrated in Parker’s olar wind solution (seemain ledure murse) and has been measured as
such by many spacecaft. Thus astanding shock wave must form in the solar wind at a cetain



distancefrom the heliopause so that it is dowed to subsonic speals and can be defleded. This shock
wave is known as the solar wind ter mination shock.

1.3 Heliospheric spacecaft

Many spacecaft have made measurements of the solar windin the vicinity of the Earth sincethe
ealy 196Gs. Thefirst long distance heliospheric explorersto travel beyond 1AU were the two
Pionee spacecaft, launched in 1972and 1973. Both Pionee 10and 11 fave now run ou of power,
athough contad (probably the last) was made with Pionea 10 asrecently as January 2003at a
distance of 84 AU from the Sun, with the spacecaft headed dowvn the heliotail diredion. Voyagers 1
and 2were launched in 1977 ortheir grand tour of the outer planets. They now continue to operate
with the am of locating first the termination shock and then hopefully the heliopause. Voyager 1, the
most distant man-made objed from the Earth, is gaining abou 3.5 AU ayea andis heading towards
the nose of the heli osphere — on 3" November 2003it will read the distance of 90 AU. Most of the
scientific instruments are still operating and the spacecaft is thus the most likely to encourter and
identify the heliospheric boundaries. Voyager 2 is presently at 71 AU heading for one of the flanks
of the heliosphere. The website http://voyager.jpl.nasa.gov is recommended for further info.

Travelling in the other diredion, Helios 1 and 2,launched in 1974and 1976, lve explored the inner
heli osphere between 0.3and 1AU from the Sun. Morerecently, Ulysses, launched in 1990,isin 6
yea period pdar orbit of the Sun,inclined at 80.2 to the equator with perihelionat 1.2 AU and
aphelionat 5.4 AU. It isthusthefirst spacecaft to explore the 3D structure of the heliosphere over a
large latitude range. A first solar minimum orbit of the Sunwas completed in 1998,a second uner
solar maximum condtions will be complete by the end d 2004. Seehttp://sci.esa.int/ulysss.

2. Magneticfield structure of the heliosphere
2.1 The Parker Spiral field

The heli ospheric magnetic field ariginates as aresult of the Sun’s magnetic field being carried
outward, frozen in to the solar wind. The ssmplest model describing the magnetic field in the

heli osphere isthat introduced by Parker in 1958at the same time & his ©lar wind solution. This
model has been introduced in detail in the main ledure murse so will only be summarised here.

The Parker model of the heliospheric magnetic field is based onanumber of simplifying
asumptions. It ignores what happens to the magnetic field in the solar corona and keginsat a
distancefrom the Sun (at a‘sourcesurfacé at distancer,) where we can assume that we have radially
direded magnetic field lines frozen in to the outflowing solar wind. It also assumes that the speed of
solar wind dasma padkets does not change with dstance. With the magnetic field remaining frozen
in as the solar wind travels outwards, bu with the footpoints of ead field line remaining at afixed
point on the source surface the heli ospheric magnetic fields adopts a simple Archimedean spira
configuration as shown in Figure 2.1.

In equation form, working in sphericd pdar co-ordinates (r, 6, ¢, firstly the radial comporent of the
magnetic field can be shown from flux conservation to depend orly onthe distancer from the Sun:

B.(r, 6, @ = Bi(ro, 6, @)(ro/r)?

By considering the relative motion d a solar wind gdasma parcd andits ource point, the equationfor
the spiral field linesis obtained:
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Figure 2.1 The Parker spira configuration of the heli ospheric magnetic field.

r—ro = H(¢—@) V. / Qsinf

From thisit can be shown that azimuthal (¢) comporent of the magnetic field fall s off with distance
as 1/ r, (as oppased to the 1/ r* for the radial comporent):

BAr, 6, @ = —Bi(ro, 6, @) Qsin6 1o’/ V; r

It isalso implicit in Parker’s model that the north-south (6) comporent of the magnetic field shoud
aways be zero:

Be(r, 6, ¢) = 0

From these equations (seeproblems) we can deducethe angle that the spiral field lines soud make
totheradial at any pasitionin the heliosphere. You shoud find that this angle depends onthe
distance from the Sun and | atitude with resped to the rotational equator (remember that 8is co-
latitude in sphericd pdars) and onthe locd solar wind speed. As ®enin Figure 2.1,as we move
away from the equator, the field lines gradually become lesstightly woundwith latitude urtil afield
line originating exadly from the pae remains purely radial. Alternatively, at a c-latitude 8 we can
view the magnetic field lines as being wrapped aroundthe surfaceof a wne of half angle 6.

Measurements of the magnetic field by the spacecaft that have explored the heliosphere in many
diredions have shown that the predictions of this smple model are cnfirmed onaverage to agood
first approximation. However, over short time periods there ae many deviations away from the
predicted dredion diweto avariety of other phenomena, for example thase discussed in sedion 3.

We will seethat the solar wind speel is not necessarily uniform with pasition over the source surface
nea the Sun. Thus the simplistic picturein Figure 2.1 which assumes a single uniform solar wind
sped throughou the heliosphereis already over idedi sed. However, along asingle radia line
extending out from the Sun, groviding a solar wind padket does not encourter any obstadeto slow it
down, observations $ow that it does indeed maintain a mnstant spead to a good approximation.



2.2 The heliospheric aurrent shed

Figure 2.1isaso simplified sinceit does not indicate the diredion d the heliospheric magnetic field
lines. You have dso seeninthe mainledure murse andin thefirst advanced ogionthe answer to
this question bu we will exploreit further here in the workshed sedion.

Within the solar corona, forces associated with the magnetic field initi ally dominate the forces
exerted by plasma motions. However, once distances are readed where the solar wind flow is
establi shed, any field line which has readed this far without returning to the solar surfacewill be
caried ou inthe solar wind. Closeto times of solar minimum adivity the cronal magnetic field can
be gproximated to that of a simple magnetic
il dipde. Despitethis, observations of the Sun's
\ Sesr surfacemagnetic field at the phatosphere using
Zeaman spedroscopy (impassble higher up
due to thermal broadening) reved avery
complicated magnetic field pattern. This
complicaed pattern can be described by a
Ce sphericd harmonic expansion (seefirst
advanced option) and the distance dependence
of theseis such that the strength of the higher
order harmonics fall s off more rapidly with
distancethan that of the dipde, learing the

Figure 2.2 The formation of the heliospheric dipde as_ag()Odf'rSt or_d_er description d the
current shes. coronal field at solar minimum.

CLOSED
FIELDS

Figure 2.2 shows how dipdefield linesin the equatorial regions remain closed bad down to the
solar surface However, field lineswhich originate & higher latitudes get picked up ly the solar wind
and carried ou into the heliosphere. Nea the eguator there is aband wherefield lines with oppaite
diredions originating from the northern and southern hemispheres med. Following Maxwell’s
equations a shed of current must form at thislocaion as shown in Figure 2.2. This sed of current
isknown asthe heliospheric current sheet. Thiscurrent shed iscaried ou in the solar wind all the
way to the outer reades of the heliosphere. It forms alarge scde boundry which eff edively
separates the two magnetic hemispheres of the heliosphere.

Even at solar minimum, the Sun’'s dipole aisisrarely exadly aligned with the rotation axis, typicdly

being tilted at least at asmall angle as also shown in Figure 2.2. Asthe dipoe ais precesses abou
the rotation axis as the Sun rotates, thetilted
heli ospheric current shed also rotates with
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for half the time, andinwardly direded field
lines (the other padlarity) for the other half of
the time. Figure 2.3 shows the shape of
current shed that results from a simple plane
tilted current shed at the Sun being carried
out in the solar wind asthe Sunrotates. This
is metimes referred to as the ball erina skirt
model. In redity the heliospheric current
shed isnot perfedly flat andis observed to

A

Figure 2.3 Thetopdogy of the heliospheric
current shed.



often contain locdised warps. This complicates the magnetic field pdarity pattern observed by
spacecaft nea the Earth. However, as the Ulysses misgon hes confirmed, when a spacecaft travels
to latitudes higher than the tilt of the heliospheric current shed only one polarity of magnetic field
linesis observed as the spacecaft remains continuowsly in ore magnetic hemisphere of the

heli osphere.

3. Largescalestructurein the solar wind
3.1 Threetypes of solar wind flow —fast, slow and transient

Sincethe first spacecaft observations nea the Earth it has been known that the solar wind speed was
divided into streams of slow wind (~400km/s) and fast wind (>500km/s). At that time it was
thought that the slow wind was the basic type of wind as the speed was approximately that predicted
by Parker’'s slar wind model. When Ulyssesfirst flew over the Sun’'s paes prior to solar minimum
in 1994and 1995it was confirmed that the true basic solar windwas in fad fast wind with atypicd
spedad of 750km/s and that thiswind aiginated from the coronal hale regions (seeprevious advanced
option) in the Sun’'s atmosphere. At that time the cnfiguration d the aronal magnetic field was
very similar to that shown in Figure 3.1(a) with the heliospheric current shed tilted at an angle of 30°
to therotational equator. Once Ulysses had passed latitudes greaer than 40° in 1994it measured
~750km/s wind speeal continuowsly for over ayea urtil it next returned to low latitudes. We think
of the cronal hales as the sourceregions of the majority of the magnetic field lines which open into
the heli osphere, thus it makes snsethat it is easy for the solar wind to flow out along these field
lines. Particularly during the dedining and minimum phases of the solar cycle there aetwo large
andrelatively stable poar coronal hdesin the Sun's atmosphere, ore & ead pde & hownin
Figures 3.1(a) and (b).

Slow Solar Wind

\_/
Fast

Solar Wind

Streamer

Coronal Hole

(a) (b)

Figure 3.1 The magnetic structure of the solar corona & (a) intermediate stages of the solar cycle, (b)
at solar minimum and (c) at solar maximum. (&) also shows the sourceregions of fast and slow solar
wind.

Table 2 Charaderistics of fast and slow solar wind

Property at 1 AU Slow wind Fast wind
Sped (v) ~400km/s ~750km/s
Number density (n) ~10cm™ ~3cm’®

Flux (nv) ~3x10f cm?s* ~2x10f cm?s*
Magnetic field (Br) ~3nl ~3nl

Proton temperature (Tp) ~4x10" K ~2x10° K
Eledron temperature(Te) ~1.3x10°K (>Tp) ~1x10° K (<Tp)

Compasition (He/H) ~1-3®% ~5%



We now know that the slow windis associated with the so cdl ed streamer regionsin the solar
atmosphere where the magnetic field lines close bad down to the solar surface It isnot presently
known for certain how the slow solar wind escapes from these regions. We can seethat as the Sun
rotates a spacecaft at the Earth will be seang slow wind from streamers alot of the time, but will li e
above sourceregions of fast wind at times, leading to the type of mixture of stream speeads foundin
the ealy observations.

During the dedi ning and minimum phases of the solar cycle when the Figure 3.1(a) type structureis
dominant, we often approximate the flow pattern close to the Sunasaband d slow solar wind at low
latitudes centred onthe Sun' s dipale equator and extending ~+10° either side, with fast wind at all
higher latitudes.

This smple pattern of fast and slow windis occasionally disrupted by the third type of solar wind
flow, which we refer to astransient solar wind. These ae streams of solar wind caused by the one-
off eruptions of material from the Sun's atmosphere known as cor onal mass g ections. They can
happen at any time during the solar cycle but are more common during solar maximum. We will
discusstransient solar wind flowsin more detail in sedion 3.3.

3.2 Interadion d solar wind flows of different speed.

Returning to ou discusson d figure 3.1(q) it is clea that as the Sunrotates there will beregionsin
the heliosphere, including at the equator, where slow wind will be originating from the Sunfor part
of thetime andfast wind for the other part of thetime. What happens when this fast wind caches up
with slow wind emitted ealier? The underlying physics can be best understood by considering the
interadion d the fast and slow wind along a particular radial line extending out from the Sunin ore
dimension. Suppase that slow wind initialy flows from the solar corona dong thisline. At some
time later, the rotation d the Sun supgiesa mronal hole source of fast solar wind at the footpoint of
our radial line. Becauseit istravelli ng faster the plasmain thisfast wind will catch upwith the slow
wind ahead of it. Dueto the fad that the fast and slow wind aiginate on dfferent field lines (which
are frozen-in to the respedive plasma flows) the two plasmas cannd interpenetrate; in ather words
the faster plasma caina overtake the slower plasma dead dof it. Thus, even though the flows are
collisionless a mmpressonregion bulds up onthe leading edge of the fast wind stream. Eventually
solar rotation causes dow flow from a different coronal sourceregionto beaome digned with the
footpaint of theradial line. Sincethe fast windis runnng away from this condslow windregion, a
rarefadion region develops onthe traili ng edge of the fast wind stream.

Figure 3.2 shows how the mmpressonregion develops with distancefrom the Sun. The only
differencehereisthat a smooth bell shaped speed variationis assumed at the base of the radial line
but the end result is essentially the same. The upper panel shows how the faster wind at the peek of
the speed profile cdches up with the slower plasmain front causing the speed profil e to stegpen. The
lower panel shows the resulti ng presaure perturbation appeaing due to the compresson onthe
leading edge of the fast stream superimposed onthe dedining presaure profile with dstancethat is
typicd of the solar wind. The rarefadion regionis not shown onthis schematic.

Because thereis apresaure gradient at the leading edge of the cmpresson, aforward propagating
wave develops which adsto accéerate slower wind ahead of the cmpresson. For asimilar reasona
badkward propagating wave, known as areverse wave, develops on the traili ng edge of the
compresgon ading to decderate faster wind kehind the cmpresson. Both these presaure gradient
forces are shown onFigure 3.2. Note that the speed of both wavesis much slower than the solar
wind spedl so that althouwgh the reverse wave is propagating badc towards the Sunin the frame
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Figure 3.2 The stegpening of a solar wind stream with
distance from the Sunto form a compresgon region.
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Figure 3.3 A plot of flow speed and presaure from asimple one
dimensional simulation showing the formation and evolution of
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interadion regions with distance from the Sun.

moving with the solar wind, a fixed
spacecaft would seethe reverse wave
conveded ouwards past it caried
along by the solar wind. Theregion d
high presaure bounded by the forward
and reverse waves is referred to as the
interaction region.

The net effed of the interadionisto
transfer momentum and energy from
the fast wind to the slow wind and so
damp ou the stegpening effed between
the streamns. Thisworksfine aslong as
the speed at which the waves propagate
is more than half of the speed

diff erence between the two streams,
but it turns out thisis not always the
case. Thetwo wavesadualy
propagate & a speed known asthe ‘f ast
mode speed’, which isthe
charaderistic speal, analogous to the
soundspeal in anormal gas, at which
small amplitude presaure waves
propagate in aplasma. If the speed
diff erence between the fast and slow
wind is more than twicethe fast mode
sped the stream front can stegpen
faster than the two waves can expand
the coompressonregion. Clealy we
can’'t have unlimited compresson and
the result isthat the two presaure
waves eventually stegoen into shock
waves D that they can then propagate
supersonicdly with resped to the fast
mode speead. Inthe solar wind this
typicdly happens between 2and 3AU
from the Sun. Theinteradionregionis
now able to expand again and the
forward and reverse propagating shock
waves are aleto damp ou the speed
differencewith dstance Figure 3.3
shows how the speed and resaire
profil es change with dstancein a
simple simulation. The shock waves
can be identified as the discontinuous
changesin speal and presaurein the
rightmost profiles. The forward shock
acceerates dower plasma aead of it
whil e the reverse shock decderates the
faster wind behind the interadion
region causing the maximum speed of
the strean to be reduced.



The high presaure inside the interadion region
isa combination d bath the plasma presaure
and magnetic field presaure. Density is
typicdly high within the interadion region
becaise of the mompressed plasma and the
magnetic field strength is typicdly high
because of the magnetic field lines being
pushed together.

AMBIENT
SOLAR WIND,

In two dmensions, say for simplicity in the
equatorial plane, the dove processoccurs at
all longitudes. The state of evolution d the
flowsis however afunction d longitude. Thus
assuming that the pattern of fast and slow
wind sources istime stationary at the Sun, the
interadion region asaumes a spiral
configurationin the equatorial plane & shown
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Figure 3.4 A schematic diagram of a arotating

interadion region in two dmensionsin the equatorial
plane. The solid lines represent magnetic field lines
whil e the length of the arows are ameasure of the

in Figure 3.4. Asthe sourceregionsrotate
with the Sun, the whole spiral pattern rotates
with them. Hence such large scde solar wind

structures are known as cor otating
interaction regions or CIRs.

flow speed.

3.3 Transient solar wind flows

Coronal massejedions (or CMES) are large
scde one off eruptions of material from the
solar atmosphere which then continue to
propagate out into the heli osphere to beaome
the transient solar wind streams observed by
in-situ spacecaft. Thetypicd massin ejeded
inaCME is estimated to be ~10" g. They are
well known from observations with
coronagraph instruments which block out the
Sun'slight and all ow observations of the
scatered light from the solar corona. An
example aronagraph olservation d aCME is
shown in Figure 3.5. Their speeds can be
estimated from a sequence of such images and
aretypicdly foundto bein the range from 100 — 150km/s. Clealy afast CME travelling at 1500
km/sis going to be travelling much faster than any solar wind aheal of it and will causeinteradionin
asimilar manner to that described in the previous ®dion.

Figure 3.5 An example of a CME observed by the
LASCO coronagraph on the SOHO spacecaft on 5"
October 1996

Measurements of transient solar wind flows at the Earth have shown speeds up to ~1100km/s and
indeed have compressonregions ontheir leading edge and are often foundto be driving shock
waves. Infad since CIR shocks usually dor't form until beyond 2AU, the mgjority of shock waves
which passthe Earth are due to fast coronal massejedions.

The exad launch medchanisms for CMEs is nat well understood, havever their origin is observed to
be from the regions of closed magnetic fields associated with coronal streamers (seeFigure 3.1(a)).

Unlike the normal heliospheric magnetic field, the euption d a CME isthought to carry previously
closed magnetic field lines out into the heliosphere. Thus these events shoud contain magnetic field
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lines which conred badk to the Sun at both ends as
shown in the simplest way in the top panel of Figure
3.6. A substantial percentage of CMEs have been
ECLIPTIC asciated with the euption d prominenceor
filament structures (seefirst advanced topic) from the
low corona. These structures are believed to be
suppated by coil ed spiral magnetic field lines often
referred to asaflux rope. When the prominence
erupts the field lines which were suppating it get
caried ou tooand will be conveded ou though the
heli osphere & part of the transient flow as hown
schematicdly in the lower panel of Figure 3.6. It is
nat uncommon for the magnetic fields measured in
ECLIPTIC transient streansto uncdergo slow rotations often
PLANE lasting more than a day that would be consistent with
such coil -like structures. These events often have
strong magnetic fields and low temperatures
consistent with their origin in the low corona and
Figure 3.6 Sketch showingtwo possble their resulting low plasma beta leads to the magnetic
configurations of magnetic field lines closed field structures being maintained as they propagate
badk to the Sunwithin a CME. The top panel through the heli osphere.
shows gmple loops whil e the lower panel
shows a flux rope like structure.

4. Solar cyclevariationsin the heliosphere

For this ssaionwe return to Figure 3.1ill ustrating the magnetic field structure of the solar corona &
the diff erent phases of the solar cycle. It shoud be dea from sedion 3.1that thetilt of the

heli ospheric current shed and the pattern of fast and slow solar wind sourcesis grongly tied to the
tilt of the Sun’s magnetic dipde aisto that of the rotation axis. It turns out that this dipdetilt angle
isafunction d the solar cycle. Exadly at solar minimum, in principle theftilt angleis zero giving a
heli ospheric current shed exadly in the equator asin Figure 3.1(b). As Dlar adivity increases the
dipadetilt i ncreases through an intermediate stage similar to Figure 3.1(a) until at solar maximum
some would argue that thettilt angleis 90°. Infad abetter description at solar maximum may be that
the dipadeisvery wed leaving higher order comporents of the magnetic field to daminate, for
example aquadrupde. The magnetic structure of the crona & inferred from coronagraph
observations of streamersis iownin Figure 3.1(c). Thereisnot much evidenceof asimpledipoe
herel As lar adivity continues through maximum, the dipde ais does not changeits sense of
rotation. Rather it emerges into the next solar minimum with the oppcsite pdarity to the previous
one. Thuswe say that the solar magnetic field reverses at solar maximum and the true solar cycleis
22 yeaslong rather than 11yeas. Asaresult the magnetic field pdaritiesin the northern and
southern hemispheres of the heli osphere dso change sign from one solar minimum to the next.
Whereas at solar minimum the heli ospheric current shed is confined to nea the rotational equator, at
solar maximum it can just as easily be found wer the polar regions as the very recent results from the
Ulysses misson are showing.

What abou the solar wind flow pattern at solar maximum? Associated with the wrona evolving into
the configuration shown in Figure 3.1(c) the large stable polar coronal haes disappea to be replacead
by smaller ones at all | atitudes. Thus fast streams of solar wind still occur but slow wind appeas to
dominate dl | atitudes sncethere ae streamers present everywhere. The much higher frequency of
coronal massejedions produce many transient wind streans aswell. This much lesstime stable
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coronal structure means that large scde arotating interadion regions are unable to form although
shorter lived interadion between fast and slow wind streams dill t akes place

Optional Further Reading

Introductionto SpacePhysics by M.G. Kivelsonand C.T. Rus=ll, Cambridge University Press
1995, Chapter 4.

Physics of Solar System Plasmas by T.E. Cravens, Cambridge University Press 1997,Chapter 6.

WORKSHEET
1. Thesize of the heliosphere.

The distance of the heliopause from the Sunis determined by the point where apresaure balance
occurs between the solar wind and the interstell ar medium.

(a) The dynamic presaure exerted by the solar wind flow incident on a surfaceis given by pv>.
Corvinceyourselves that this quantity has the dimensions of a presaire.

(b) Using the data from Table 2 for the slow wind estimate the plasma, magnetic and dynamic
presauresat 1 AU. Ignore the contribution dweto helium. (Youwill need to look up at least the proton
and eledron masses and Boltzmann's constant.) The dominance of the dynamic pressure that you
shoud findis preserved all the way out through the heliosphere, in fad a consequence of the solar
wind remaining supersonic. So we can safely ignore the magnetic and dasma presauresin the solar
wind when estimating the size of the heliosphere. Assuming that the solar wind speed remains
constant and the density fall s off as an inverse square law with distance dlowsyouto usethe 1 AU
data to estimate the dynamic presaure & any distance from the Sun.

(c) Using the data from Table 1 estimate the values of the same threepresauresin the interstell ar
medium and their uncertainties. Can youignore any of the threehere?

(d) Usethe éove informationin apresaure balance céculationto determine the distanceto the
heliopause and its uncertainty.

2. On theParker spiral model of the heliospheric magnetic field.

(a) From the equations given above derive the equationfor cdculating the ‘spiral angle’, that isthe
angle that heli ospheric magnetic field lines make to the radial diredion. Assuming a solar rotation
period d 26 dhys, cdculate the spira angle in the equatorial plane of the heliosphere & 1 AU and 5
AU for solar wind speeds of 400km/s and 800km/s.

(b) The Parker field line equations imply the presence of volume airrents everywhere in the
heliosphere. Asauming that B, (ro, 6, @) = Brofor al 8and ¢ (i.e. the magnetic field strength is
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uniform at ro) show that the volume aurrent density vedor isradial everywhere and has a magnitude
given by

jr = —2Bo Qro?cos 8 / LoV, r?
[Hint: you may need to go and look up the form of the aurl operator in spherica poar co-ordinates.]

(c) Imagine the heliospheric magnetic field to be cnfigured asin Figure 2.1 bu with ouward field
linesin the northern hemisphere and inward field lines in the southern hemisphere separated by a
heliospheric aurrent shee which lies exadly in the equator. Away from the heliospheric current
shed, isthe volume aurrent described in (b) direded inward or outward (i) in the northern
hemisphere and (ii) in the southern hemisphere?

(d) Asauming the same magnetic field configuration asin (c), it can be shown that the aurrent in the
heli ospheric current shee may be described by a surface arrrent density k where

ki = ZBrQQr()Z/IJOVrr and k(p: ZBrQrQZ/[JUrz
[You can attempt to show thisif youwant to —it may be eay but | haven't had time to chedk!]

What pattern dothe airrent streamlinesin the heli ospheric current shed describe? What isthe
diredion d the arrent flow (inward or outward)?

(e) By integrating the aurrent densiti es as described in (b), (c) and (d) over 8 and @as appropriate,
show that the net current flow out of the sunis zero.

3. A chanceto interpret some real spacephysicsdata...

Figure 1 shows a @rotating interadion region olserved by the Ulysses acecaft at 5 AU from the
Sunin 1992whil e Figure 2 shows atransient solar wind strean caused by a @wronal massejedion,
also okserved by Ulyssesthistime & abou 2 AU in 1991. In bah cases the spacecaft was nea
enough to the equator that you dorit have to worry abou latitude dfeds.

In Figure 1 from the top the panels show the solar wind speed, the tangential and namal comporents
of the solar wind velocity (we haven’'t discussed these so dorit worry abou them), the proton density
(np), the proton temperature (T,), the magnetic field strength (|B]), the a&imuthal and meridional
angles of the magnetic field, and finally the total presaure obtained by summing the magnetic field
and dasma presaires. For the purposes of this discussonwe ca define the aimuth angle of the
magnetic field ¢ asthe angle obtained by projeding the vedor onto the equatorial plane and
measuring the angle that the projedion makesto the radial dirediontaking positivein aright handed
sense. Bg isthe angle between the magnetic field vedor and the equatorial plane. The same
parameters appea in a different order in Figure 2, with the aldition d the helium to hydrogen ratio
(He/H) which we have nat discussed in this handod.

(a) Figure 1 showsfour verticd dashed lines marking four boundxriesin the CIR. These ae labelled
FSfor forward shock, HCS for heliospheric aurrent shed, S for stream interface— thisisthe mntad
surfacebetween the two separate plasmas which started off as dow and fast nea the Sun,and RW
for reverse wave. Using the information contained in this handou write down the principle feaures
in the figure which youthink led to the identificaiion d these boundxries.
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(b) The heliospheric current sheet in our simples model discussed in section 3.1 should liein the
centre of the band of slow solar wind. Can you explain why it appears here in the middle of an
interaction region?

(c) Arethere any further featuresin Figure 1 that you think you can explain based on the information
in this handout?

(d) In Figure 2 the region between the dashed lines marked BDE represents the material within the

transient stream that was €jected as part of the CME. BDE stands for bidirectional electrons which
are dlightly higher energy electrons which stream in both directions along the magnetic field due to
both ends of the field lines connecting back to the Sun. These were observed in the region between

the dashed lines. Based on the information in this handout describe as many features as you can in
thisfigure.
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Figurel Anexample of a corotating interaction observed by Ulyssesat 5 AU in 1992.
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Figure 2 Anexample transient solar wind stream observed by Ulysses at about 2 AU in 1991.

Solutions to the worksheet problems will be available in the last week of term.



