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1. Introduction

The heliosphere isthe vast region o spacesurroundng the Sun and the solar system that is
fill ed with the solar wind. Itsinner boundxry isthe outer atmosphere of the sun, the solar
corona. Its outer boundxry is defined, in the first approximation, as a surface acosswhich
there is abalance of presare between the solar wind and the Locd Interstellar Medium
(LISM). Thisouter boundry isto be foundat probably abou two and a half to threetimes
the orbital distance of the furthest planet, Pluto. The main regions of the heliosphere,
described in this chapter, areill ustrated schematicdly in Figure 1, although there ae many
uncertainties concerning this Smple picture. The objedive of this chapter isto provide an
overview of the heliosphere & understood, at the turn of the mill ennium, complete with ouwr
very comprehensive understanding of the solar wind and its large-scde dynamic structures
that shape the heli osphere. Together with the development of solar wind studies, the study of
the propagation d cosmic raysin the heliosphere has also been of grea importancein shaping
our understanding. These topics are reviewed at some length. The spacemissons that
particularly contributed to the exploration d the heliosphere ae dso summarised.
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Figure 1: A schematic view of the heliosphere and its boundaries

The many topics related to the heli osphere have been the subjed of several bodks, aswell as
numerous review articles. Of particular interest and relevance ae the bodks edited by
Schwenn and Marsch (1990,199] on the results of the Helios missonin the inner

heli osphere; threebodks related to the threedimensional heliosphere and the Ulysses misson
(edited by Marsden, 1986, 1995and Balogh, Marsden and Smith, 2001 respedively); a
volume on cosmic winds and the heli osphere (edited by Jokipii, Sonett and Giampapa, 1997%;



threevolumes pulished under the imprint of the International SpaceScience Institute, Bern,
ontheinterstellar medium and the heli osphere, edited by von Steiger, Lallement and Lee
(1996; on cosmic rays in the heli osphere, edited by Fisk, Jokipii, Simnett, von Steiger and
Wenzel (1998; and oncorotating interadion regions, edited by Balogh, Gosling, Jokipii,
Kallenbach and Kunow (1999. A volume that gathered his many contributions to

heli ospheric physics was pullished by Burlaga (1999. The outer heliosphere has been the
subjed of avolume alited by Grzedzielski and Page (1990. In addition, there have been,
over the past fifteen yeas, numerous review papers on aspeds of the heliosphere; these,
together with many original references are listed in this chapter.

2. The «istence of the heliosphere andits main properties

The existence of the heli osphere, as a volume of space ontrolled by the Sun, was first
proposed by Davis (1955, who based this concept onthe moduation o cosmic raysin anti-
phase with the solar adivity cycle. Cosmic rays are very high energy particles which are
acceerated (by vast shock waves generated by supernova explosions) in the galaxy, at
considerable distances from the solar system. The intensity of cosmic rays observed at the
Earth is nealy constant, but is afew percent higher at sunspot minimum than at sunspot
maximum. This 11-yea moduation cycle can only be explained by assuming that the
sunspat cycle has an eff ed on the spacesurroundng the Sunwhich, in turn, affeds the
propagation d cosmic rays into the inner solar system, so that it is easier for cosmic raysto
read the Earth nea solar minimum than aroundsolar maximum. This explanation therefore
impli es that the medium surroundng the Sun unakrgoes changes between solar maximum and
minimum. Given that these changes aff ed the propagation d high energy cosmic rays (which
are dedricdly charged particles), the dhangesin the medium aroundthe Sun real to involve
magnetic fields and, in effed, changesin the magnetic field itself, in response to the solar
adivity cycle. Given alsothe large energies of cosmic ray particlesthat are dfeded, the
volume involved in the moduation also hasto be large onthe scde of interplanetary
distances.
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Figure 2: A composite plot showing the monthly number of sunspats (bladk trace, the daily average
intensity of cosmic rays measured on the ground (blue trace and the maximum heli olatitude of the
coronal magnetic neutral li ne, representing the aronal imprint of the Heliospheric Current Shee (red
symbals). Thereisclealy avery close crrespondence between sunspots and the extension of the
corona magnetic neutral li ne; the anticorrelation between cosmic ray intensity and sunspot numbersis
indicative of the modulation of galadic cosmic rays by solar adivity in the heliosphere.



It isthisrelationship between cosmic ray fluxes and sunspats that isill ustrated in Figure 2, in
which fifty years of observations, covering close to five solar cycles, are shown. The
historicad badkgroundto the ealy cosmic ray moduation studies has been reviewed recently
by Simpson (1998 and McDonald (2000. It is remarkable that the recognition d the
relationship came so ealy, in the mid-1950s, even before it had been olserved for a mmplete
sunspat cycle. Thereisalso athird quantity plotted in Figure 2; this quantity, labelled HCS in
the figure, isthe caculated maximum heli olatitude of the Heli ospheric Current Shed, in
effed the physicd extension d the Sun's magnetic equator into the heliosphere. The nature
and importance of the HCS in structuring the heliosphere ae described below. However, its
isclea from the dose match o this quantity to the sunspot numbers (oncethe two are
superimpaosed, asin the figure) that the variation in the heliolatitude of the Sun's magnetic
equator through the solar cycle is an important indicator of solar adivity and, given the need
for aphysicd description d the solar moduation d cosmic rays, the extension d the
magnetic equator into the heliosphereis at least a part of the physicd mechanism of the
moduation process

The necessary advancein understanding the magnetized medium surroundng the Sun
asumed by Davis (1955 came aou at the same time, from the recogniti on that the Sun
continually emits a “corpuscular” radiation. The existence of such aradiation, to explain the
geomagnetic ef edsthat could be related to adivity onthe Sun, hed been assumed much
ealier by Chapman (seeChapman and Bartels, 1940,and references therein). The eistence
of the solar wind, as a mnstant outflow of plasma from the solar coronawas first suggested
by Biermann (seeBiermann, 1957 and references therein) from the study of the iontail s of
comets. The aurrent understanding of the reason for the existence of the solar wind as a
permanent outflow of supersonic plasma originated with Parker’s theoretica model (Parker,
1958, 1963 Within four yeas of Parker’sfirst theoreticd predictions, the existence of the
solar wind was confirmed hy the ealy interplanetary spacemissons (for asummary of the
ealy results, see eg. Lust, 1967. This confirmation (that included the dharting of the
interplanetary magnetic fields necessary for aff eding the propagation d cosmic rays) finally
placel onafirm foundation the mncept of the heliosphere (e.g. Axford, 1973 and opened the
way for its explorationin the space ge, from the ealy 196Gs.

The phenomenalogy of the heli osphere wvers numerous paceplasma phenomenaonall
scdes, from the kinetic plasma scde where the dynamics of particle distributions dominate
the physicd processes, to the large magnetohydrodynamic (MHD) scdes where the large
scae dynamics of the solar wind and the magnetic field define the global properties of the
heliosphere. Spaceplasma processes on many intermediate scdes provide a onstantly
changing, dynamic environment in the diff erent regions of the heliosphere. Therelative
accesghility of the heliosphere to dred observations by deep spaceprobes has made it the
largest astrophysicd plasmaregime that can be studied in detail. Heliospheric physicsis now
adisciplinein its own right, with obvious and important linksto solar physics, spaceplasma
physics and, by extrapaation, with many topicsin astrophysicsin general.

The size of the heliosphereisnat yet known predsely.  The outer boundry is currently
estimated to be somewhere between 80and 120AU from the sun. Both the size of the

heli osphere and the nature of the outer boundrry depend onthe properties of the solar wind at
large distances from the sun, onthe properties of the LISM, and the physicd processes
involved in their interacdion. Even though these properties are not known in sufficient detail
to draw definitive conclusions on either the size of the heliosphere or the nature of the
boundiry, there ae several estimates based onindired observations which, surprisingly,
agreequite well with ead ather. Such indired evidence has also made it possble to
introduce useful models that can be tested as further observations become avail able.



A gred ded is known abou the heliosphere from the sun ou to the distance of the furthest
dired, in situ olservations, currently to 74AU by the Voyager 2 spacecaft. Thein situ
observations, made sincethe ealy 196Gs by deep spacemissons aswell as by the continuows
monitoring of the solar windin the vicinity of the Earth, have provided avast, even if in some
respeds sledive data base for determining the structure and dynamics of the inner and
midd e heliosphere. At the same time, progressin understanding the physics of the solar
corona, the inner boundary of the heliosphere, hasled to a good unarstanding of the
important relationships between solar and heli ospheric phenomena. Spacemissons have dso
played the major role in increased uncderstanding of the cmplex dynamics of solar and
corona phenomenarelevant to heliospheric physics.

Therole of spacemisgonsin exploring the heliosphere has led to phenomenologicd
descriptions that emphasise the dependence of heli ospheric phenomena on dstancefrom the
sun. Although any division d the heliosphere into dfferent regionsis somewhat arbitrary,
theinner-, the middle- and ouer heli ospheric regions have been dstinguished, based mostly
on the dominant dynamic feaures observed.

The inner heliosphere is the region from the solar coronato abou the orbit of the Earth. In
thisregion the aronal sources of the diff erent solar wind streams recognisably dominate the
dynamics of the medium. The middle heliosphere, from abou the Earth's orbit to Saturn's
orbit at 10 AU, isthe region where the dynamic evolution d solar wind structures forms large
scde structures that begin to mask the solar origin of the diff erent solar wind streams. In the
outer heli osphere, the structures formed in the middl e heli osphere @ntinue to evolve, bu
disdpative processes onthe one hand, and the intrusion d material from the LISM make the
link between the observed structures and their solar origin reagnisable only onthe largest
temporal and spatial scaes.

Thereis, hovever, ancther, equally important way to dvide the heliosphere. For as much as
five or six yeas aroundsolar minimum in ead solar cycle, the pdar regions of the

heli osphere have significantly diff erent properties from the eguatorial region. Relatively
uniform, high speed solar windfill s both pdar regions, extending down to between twenty or
thirty degrees within the equator. Inthe eguatorial region, fast and slow solar wind streams
intermingle and interad, making this region more structured and dynamic: it isthisregion
which can be conveniently subdvided into the threeregions, inner, midde and ouer

heli ospheric regions described above. Due to the absence of dired observationsin the polar
regions at different heli ocentric distances, its gructure and evolution with heliocentric
distance ca orly be extrapdated from the unique set of observations made & high

heli olatitudes by the Ulysses pacecaft at distances of abou 2 AU.

For severa yeasin ead 1lyea solar adivity cycle, aroundmaximum activity, the

heli osphere beaomes considerably more wmplex than aroundsolar minimum. Thisisduein
part to the fragmentation d solar wind streams and in part to the wnsiderable increase in the
occurrencerate andintensity of solar transients, in particular Coronal MassEjedions (CMEs).
Instead of the relatively smple distribution d the solar wind sourcesin the wrona & solar
minimum when they are divided into large scde aronal holes emitting fast solar wind and
the equatorial belt of slow solar wind, noruniform but mostly slow solar wind is emitted
from the whole corona & solar maximum. Short-lived, small-scae aronal holes gill emit
fast solar wind, bu at lower speeds than wind from the large polar coronal holes nea solar
minimum. Superimposed onthe slow solar wind from the corona, CMEs occur not only more
frequently than at solar minimum, bu are distributed more or lessevenly at all | atitudes.

Until Ulysses explores the pdar regions of the heli osphere during the aurrent solar maximum
adivity periodin 20002002,it is posgble only to extrapd ate the nea-ediptic condtionsto
those regions.



The terms used in this chapter, referring to the heli ospheric medium and the heli ospheric
magnetic field, intend to undcerline the three-dimensional nature of the heliosphere andits
phenomena. Historicdly, the terms “interplanetary medium”, “interplanetary magnetic field”
have been extensively used to describe phenomenain the spacebetween the orbits of the
planets. This use of the termswas justified as most of the spacemissons that made
observationsin the solar wind remained in arbits restricted to close to the ediptic plane, the
Earth’s orbital plane. The main impetus for change cane from the Ulysses misson, described
below, with its objedive to explore the three-dimensional properties of the heliosphere inits
unique, pdar orbit aroundthe Sun. However, other missons, Pionea 11first, when in transit
between Jupiter and Saturn, and, later on, the two V oyager spacecaft left the ediptic plane,
following their final planetary encourters, reading now far beyondthe furthest planetsin the
solar system. It has become therefore more gopropriate to use the “heli ospheric” terminology
when describing phenomenain the threedimensional volume aoundthe Sun.

3. The eploration d the heliosphere

Spaceprobes have played akey role in the exploration d the heliosphere. Sincethe ealy
19605, numerous missons have explored diff erent regionsin the vicinity of the Earth; in the
distant, ouer heliosphere; between the Sun and the Earth; and above the poles of the Sun. In
the foll owing, afew key missons that contributed in asignificant way to ou knowledge of
the properties and structures of the heli ospheric medium are described, highlighting their
contributions to our knowledge of the heli osphere.

The Soviet spacemisgonsto the Moon(Lunik 1 and 2) carried plasma detedors that first
observed the solar wind. However, the first extensive set of data cnfirming the existence of
the solar wind and its main properties, such asits velocity, density, temperature, aswell asits
variability came from the Mariner 2 missonto Venusin 1962 Jaunched on 27August 1962
(Neugebauer and Snyder, 1962. Some of the properties of the enbedded magnetic field were
also olserved onthismissgon (Coleman et al., 1963, in particular the general agreement of
the orientation d the magnetic field with Parker’ s predicted spiral geometry (Daviset al.,
1964).

In the 19605, ealy Earth orbiti ng spacecaft, with apogees reating beyondthe
magnetosphere, provided further evidence @mncerning many of the basic properties of the
solar wind and the magnetic field embedded in it. All the most important phenomena that
shape and charaderize the heli ospheric medium were first noted by Earth-orbiti ng spacecaft.
In particular, goodagreament was foundin general between the Archimedean spiral structure
of the magnetic field lines propased by Parker (1958, 1963 and the observed arientation o
the magnetic field (Davis et d., 1964 ,Nessand Wil cox, 1964 onthe Interplanetary
Monitoring Platform (IMP-1) misgon. On the same misson, the sedor structure of the
magnetic field, showing areaurring pattern of alternating padariti es of the field as afunction
of solar longitude, was also identified (Wil cox and Ness 1964. A later spacecaft in the
same series, the remarkable IMP-8, launched in 1974, las continued to provide observations
in the solar wind for nealy thirty yeas. These observations now constitute ahistoric data set
that is used for studying long-term trends in solar wind and cosmic ray parameters.

Thefirst spacemisgon that provided a cmnstant monitoring of the solar wind, the heliospheric
magnetic field, as well as energetic charged particles and cosmic raysin the vicinity of the
Earth, yet removed from the influence of terrestrial effeds, was the International Sun-Earth
Explorer (ISEE-3) misson. Thiswas the first spacecaft to be launched to orbit one of the
Sun-Earth system’s gravitational “neutral” paints, named after Lagrange. The Lagrange point
L1is stuated at abou 1% of the distance (or abou 1,500,00km) between the Sun and the
Earth, ahea of the Earth. An orbit aroundthis paint in space # ows the spacecaft to monitor
the solar wind, and even to provide awarning of 30to 60minutesif asolar storm (in effed a



Coronal MassEjedion) is abou to hit the Earth’ s magnetosphere. The ISEE-3 spacecaft,
launched on 12August 1978,remained in this orbit for four yeas, through the solar
maximum in 197980, kefore becoming the prototype of spacewanderers by being retargeted
first to the Earth’ s distant magnetospheric tail and then, foll owing some spedaaular
manoeuvres, to the first spacecaft encourter with a comet in 1985.

The L1 orbit, first used by ISEE-3, has been used very succesgully, more recantly (sincethe
mid-199Gs) by the Solar and Heli ospheric Observatory (SOHO) and the Advanced Charge
Compasition (ACE) spacecaft. SOHO wes launched to provide a @mprehensive and dten
spedaaular monitoring of the Sun and its corona, and ACE is foll owing up, two solar cycles
after ISEE-3, and with a more up-to-date instrumentation, the monitoring of the solar wind
and its magnetic field.

The Pionee series of misgons, from the ealy 19605, have explored the region d space
between the planets Mars and Venus, as well as the distant heli osphere past Jupiter and
Saturn. Thefirst spacecaft to the outer planets were the Pionea 10and 11missons. Pionea
10waslaunched on 2March 1972 it readed Jupiter on 3Decamber 1973to make the first
close-up olservations of the giant planet. After its encourter with Jupiter, the spacecaft
followed atrajedory to the outer readies of the heliosphere. Pionea 11 was launched on5
April 1973andit readed Jupiter on 2December 1974. At Jupiter, the spacecaft was
targeted in such away that the flyby would all ow it to read Saturn. Thisinvolved a
trajecory that, for the first time, reated a heliolatitude of 16° above the ediptic plane. The
two missons were terminated in March 1997and November 1995, respedively. At thetime
when the missons ended, Pionea 10 was at a heli ocentric distance of 67 AU, whil e Pionee
1lwasat 43AU.

These two spacecaft were the first to make detail ed observations of the heli ospheric medium
out to Saturn and keyond. The first phase of the Pionea missontook place aoundthe
minimum adivity periodin solar cycle 21,in the mid-197GCs. They were thefirst to observe
the reaurring sequence of Corotating Interadion Regions (CIRs) and their devel opment with
heli ocentric distance (Smith and Wolfe, 1977; these large-scd e structures that consist of
succesgvely compressed and rarified solar wind and magnetic field are the most important
fedures of the inner and midd e heliosphere aoundsolar minimum.

elios 1

Helios 2

Figure 3: Orbits of the two Helios gaceprobesin the inner heliosphere, in a wordinate system fixed
with resped the Sun-Earth line.



The inner heliosphere, between the Sun and the Earth’s orbit, was the target of the joint
German/NASA Helios misson. The two Helios gacecaft were launched on 10Decanber
1974and 15January 1976,respedively, into high-eccantricity heliocentric orbits with a
perihelion d 0.3AU andan aphelion o 1 AU. A few conseautive orhits of the two Helios
spacecaft are shown in Figure 3, in a @wordinate system fixed with resped to the line joining
the Sun and the Earth. These two spacecaft colleded data on heli ospheric processesin the
region ketween the Sun and the Earth, in particular onthe ealy evolution d heliospheric
structures as afunction d distance from the Sun (Schwenn and Marsch, 1990, 1991,
Musmannet a., 1977.
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Figure 4: The raceto the edge of the heliosphere. This figure shows, in the upper panel, the ediptic
projedions of the orbits of the four spacecaft that have explored the outer regions of the heli osphere.
The lower panels $ow the heliocentric distance and heliolatitude, respedively, of the four spacecaft.
Note that the range of heliolatitudes covered by the Earth is also indicaed in the lower panel. Thetwo
Voyager spacecaft are still functioningand are expeded to survive long enoughto observe the
termination shock in the next few yeas.

The Voyager 1 and 2spacecaft, launched in September 1977and August 1977, respedively,
still provide the only oppatunity in the next decale or two to read the outer boundary of the
heliosphere. Sincetheir launch, the two spacecraft visited Jupiter and Saturn, and V oyager 2
aso flew by the two ouer gas giants, Uranus and Neptune. Both spacecaft are now on
trajeaories that approach the outer boundaries of the heliosphere: Voyager 1 at a speed o
abou 3.5AU/yea, Voyager 2 at abou 3.1 AU/yea. The best chanceto read and ceted at
least the termination shock of the heli osphere rests with these two spacecaft. The orbits of
the two Voyager spacecaft are ill ustrated in Figure 4 (together with the trgjedories of the
Pioneer spacecaft to the end d their misson). Theraceis clealy on,andthere ae good
arguments (seeSedion 7) that show that the termination shock may well be readed before
the fuel nealed to stabili se the spacecaft runs out. This new phasein the long journey away
from the Sun has been cdled the Voyager Interstellar Misson; thisimpli es the posshility that
the Voyager spacecaft will be &leto read the heliopause, the boundiry between the solar
wind dasma and the interstellar medium. In the meantime, the Voyager spacecaft are
returning valuable data, destined to remain urique for along time, oncondtionsin the outer
heli osphere.
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Figure 5: The second complete orbit of the Ulysses acecaft around the Sun, ill ustrating the unique,
highinclination readed by the misgon to study the heliospheric medium over the polar regions of the
Sun.

Thefirst misgontargeted spedficdly to explore the third dmension d the heliosphere is the
Ulysses gacecaft, launched on 60ctober 1990and foreseen to operate a least until
September 2004. As cdestial mecdhanics makes it difficult to place aspacecaft in an orbit
with asignificant inclinationto the ediptic plane, Ulysses used a gravitational swing-by at
Jupiter to reat an orbit with a heliographic inclination o 80°. Thismisgon hes provided a
significant step forward in our understanding of the heli osphere by charting its gructure & a
function d heliolatitude. Much o what we now understand d the three-dimensional
structure of the heli osphere ames from the observations made by Ulysses at high
heliolatitudes, first under solar minimum condtions around 19940 1996,and more recently,
since 1998, undr condtions of solar maximum adivity. Although the many ealier
observations, by Earth-orbiting spacecaft, by the Helios, Pionea and Voyager spacecaft
identified many properties of the heliosphere, it was through the observations of Ulysses that



these ealier data culd be fully integrated into athreedimensional picture. The secondsolar
orbit of Ulyssesis diown in Figure 5.

4. The solar wind and the large-scde structure of the heli ospheric magnetic field

The fundamental reason for the existence of the heliosphere isthe solar wind. It istherefore
appropriate to review some of its basic charaderistics that are important in shaping the
structure of the heliosphere. (For more detail ed acourts, seethe aticles by Parker and
Neugebauer and von Steiger in thisvolume.) By corredly identifying the gpropriate
solution to the hydrodynamic equations of a steadily expanding, uniform and isothermal
corong, the existence of the solar wind flowing radially from the crona & an asymptoticaly
constant, supersonic velocity is easily deduced. Some of the simplifying assumptions used in
thisfirst derivation were dready recognized by Parker (1963 as the sources of likely
discrepancies between olservations and theory. After nealy forty yeas of measurements of
the solar wind, its charaderistics are much better known, andin fad are much better
understood. Nevertheless some basic questions concerning coronal heaing medanisms and
the accéeration d the solar wind are still unanswered, although these questions, strictly
withou any answers forty yeas ago, are now much better understood.

Sincetheidentification d coronal hales, it has been clealy establi shed that these regions of
open magnetic fields in the mrona ae the sources of fast (> 600km.s™) solar wind streams.
Theorigin o the slow (< 500km.s™) solar windislesswell understood,athoughit is clealy
asciated with regions of the cronain which magnetic fields are predominantly in the form
of closed loops and streamers. The dynamics of magnetic fields in the boundary regions
between coronal holes and closed field regions play a significant role in the formation d the
solar wind. The two kinds of solar wind, fast and slow, also have diff erent charaderisticsin
terms of temperature, density and elemental compasition.

An acarate determination d the distribution d the solar wind as afunction d time and
location aroundthe sunis not passhle. Thereisno dred way to measure the solar wind
speed and censity close to the sun; it is passble, hawever, to infer the speal of the outflow at
least occasionally. Two, mostly indired means have been used. Thefirst, the more dired of
the two which relies on spedral imaging of coronal emisson lines, has been implemented by
instruments flown onthe Solar and Heli ospheric Observatory (SOHO) spacecaft aswell as
on the Spartan misgon flown from the SpaceShuttle. Dopper measurements have dl owed
estimates of the outflow velocities and associated densiti es to be determined, in particular in
coronal holes where the fast solar wind aiginates. Other techniques, based onmeasurements
of interplanetary scintill ations (IPS), have been used to provide estimates of the solar wind
spedd close to the sun; these measurements are, in general, difficult to interpret as the speal
profile hasto be deduced from an integral of plasmain motion measured along the line of
sight.

It is generally accepted that, whatever processes are resporsible for the accéeration d the
solar wind, the two kinds, fast and slow, originate in dfferent coronal regions, with a sharp
trangition between sourceregions. The best evidencefor thisis provided by measurements of
the compasition d the solar wind. The main compositional diff erences are adropin the
abundanceratio of elements with low First lonisation Potential (FIP) to those with a higher
FIP, andadropin the ébundanceratio of the high to low ionization state of given elements,
such as oxygen, in fast solar wind streans. These indicaors imply alower coronal
temperature for the regions of origin o the fast solar wind, in agreament with their
identification with coronal hades. It important for the dynamics of solar wind streams that the
compositional signatures siow sharp boundries between streamsin the rona.



If it isasumed that, at some height in the crona, the solar wind acceerates away from the
Sun uriformly, andif it is further assumed that the cronal magnetic fields are radially
oriented at that height, the global equations that define the magnetic field in the solar wind
can be eaily deduced. The magnetic field lines are frozen into the plasma and conveded in
the solar wind. These equations that define idedized magnetic field lines in the heliosphere
have been extensively used as the basic frame for organizing the adual observations.
Parker’s conceptual model isbased onauniform, radial solar wind velocity, and a uniform
solar rotation.

Thered solar wind dffersin anumber of significant respeds from theided, uniform solar
wind. Similarly, the cronal magnetic field which is conveded in the solar wind, is also
highly nonruniform and nonradial in the accéeration region, and therefore it is unsurprising
that the Parker model of the heli ospheric magnetic field is at best an approximation to what is
adually observed in space There aein fad many reasons for the diff erences between the
ided Parker geometry of the magnetic field and the observations. Some of these reasons are
related to the propagation d nonuniform solar boundxry conditions, such as differencesin
the rotation rates of the phaosphere and coronal holes, and the motion d the foatpaints of the
magnetic field linesin the phaosphere. Other departures from the ided configuration are
related to the dynamic evolutionin the solar wind as it travels out into the heliosphere.

We can define, conceptually, sourcefunctions for both the solar wind, Vg, (r0,¢,8), andthe

magnetic field B(r('),q),ﬁ) onthe surfaceof spheres (nat rotating with the Sun) of heliocentric
radius ry and r',, respedively, with¢ and 9 being the heliographic longitude and latitude.
For the solar wind, we can take, again conceptually, theradius ry to be doseto the sun, bu at

adistance where most of the accéeration d the solar wind has already taken place For the
magnetic field, r'y isnormally taken to be between 2to 3 solar radii, based on pdential

magnetic field models of the corona (Wilcox et a., 1980,Hoeksema, 1991, 199%h

The general agreament of the magnetic field dredionwith the Parker model can be judged by
the observations made by several spacemissons. The analysis was performed in ead case
using the adually measured solar wind speed, to caculate the diff erence of the magnetic field
azimuth angle with resped to the expeaed Parker diredion. Such analysis has been
performed, e.g. by Thomas and Smith (1980, Smith et al., (1986 and Smith (1997, using
Pionea dataout to 35AU; Behannan et al. (1989, using Voyager data; Forsyth et al. (1996,
19960h, using Ulysses data, in particular as afunction d heliolatitude; and rea the Earth
(Lepping et a., 1996. The Ulysses results obtained duing the fast latitude scan o the
misson (when Ulysses moved from 80° south to 80 narth in heliolatitude in 199495) are
showninFig. 6.

The sourcefunctions of the solar wind and the heli ospheric magnetic field are, in fad,
strongly dependent ontime on many scdes. Along aradius vedor fromthesun (i.e. for a
given 9 and ¢ ), the time dependenceisintroduced na only by the solar rotation, bu aso, on
arange of bath longer and shorter timescdes, by the evolution d the sourceregions of the
solar wind, and onshort timescaes by dynamic phenomena such as Coronal MassEjedions
(CMEs).
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Figure 6: The distribution of the azmuthal diredion of the heli ospheric magnetic field as a function of
heli olatitude, measured by the Ulysses pacecaft duringitsfirst fast latitude scan. These plots
demonstrate that the sedor structure of the magnetic field is restricted to the equatorial regions during
solar minimum; away from the equatorial regions, the magnetic field is unpolar, with oppcsite

polariti es in the northern and southern hemispheres. The plots also show that the distributions are
peked around the expeded diredion, acording to Parker’'s $mple model.

In the solar wind, bah the source magnetic field and the solar wind speed can undergo
temporal changes. Negleding temporal variations in the magnetic field, the time dependences
in Vgy (ro,q),f)) introduce arange of dynamic dfedsin the heliosphere. The evolving

interadions of the nontuniform flows along a streamline of the solar windintroduce a
correspondng structuring in the heli ospheric magnetic field. In theseinteradions, the
magnetic field plays only a peripheral role onthe large scde (because of the dominanceof the
flow energy of the solar wind), but it is an essential ingredient of the small-scd e processes
that provide the physicd basis for the MHD treament of interading solar wind streams.

Two timescdes of major importancefor both the solar wind and the HMF are the solar
rotation period and the solar cycle. Aroundsolar minimum, the ronaisin arelatively stable
state, with coronal holes, the regions of origin o the fast solar wind, covering bath pdar
regions. The coronal streamer belt, aregion d mostly closed magnetic field lines, is

restricted to within about 159 to 3(° of the solar equatorial plane. Slow solar wind streams
are ssciated with the streamer belt. The relative stability of the coronal configuration,
which persists over several solar rotations, introduces a periodicity in the function

Vaw (rO : ¢,s) through its dependenceon ¢ . For an interplanetary observer within abou 159



to 29 of the solar equatorial plane, Vg, at the source surfaceswitches from high speeds

(above 700km s™) to low speeds (below 500km s™), correspondng to solar longitudes with
coronal hales and the streamer belt, respedively. This periodicity generates a quasi-steady
pattern of fast solar wind streams interading with the preceding slow solar wind streams
which result in the formation o the Corotating Interadion Regions (CIRs), as discussed
below.

The sourcefunctions, simplified bu appropriate to solar minimum condtionsandin
agreement, to the first approximation, with the Ulysses observations (Philli ps et a., 1995,
Balogh et al., 1995, areill ustrated in Fig. 7. In particular, the existence of a sharp boundry
between fast and slow solar wind streams has been shown through the analysis of freezing-in
temperatures and abundanceratios of the solar windions (Geisset al., 1995. For
interplanetary observers within the ediptic, the sourcefunctions in the lower panels of Fig. 7
generate the dternating fast and slow solar wind streams and magnetic polarities with the
period of the solar rotation.
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Figure 7: A schematic ill ustration of the source functions of the solar wind and its embedded magnetic
field nea solar minimum. In the upper panel, the magnetic polariti es of the Sun's two hemispheres are
ill ustrated, as observed by the Ulysses pacecaft in 199495, The green lines sparating the two
hemispheres represent the Sun’'s magnetic equator, as determined by coronal magnetic field modelling
(Wilcox et a., 1980. Thelower panel shows shematicaly the magnetic equator, the coronal streamer
belt surrounding it and the crona sourceregions of the fast solar wind. Althoughcoronal holes only
fill asmall areain the @rona, due to the non-radial expansion of the fast solar wind, most of the

heli osphere isfill ed with fast solar wind at solar minimum.



Theregions of origin o the solar wind unabrgo a significant change between solar minimum
and solar maximum. At solar maximum, there ae no daminant large-scde @ronal haesand
therefore the detail s of the source function are far more difficult to discern than at solar
minimum; in terms of the function Vg, there ae no clea periodicities at the solar rotation

period. Although stream-stream interadions may still occur, persistent, corotating patterns no
longer form at solar maximum. The somewhat surprising result, nevertheless isthat at least
on average, extensive observations have shown that the magnetic field configurationin the
heli osphere remains close to the simple Parker model. Despite its obvious smplicity and the
many modifications that need to be made to make it conform to the acual observations, it has
remained a useful frame of referencefor organizing the observations.

Other than the large-scde dynamic processes that modify significantly the structure of the
heli ospheric medium (which are discussed below), there ae two waysin which even a
relatively steady solar wind and magnetic field can modify the structure of the Parker
geometry. Thefirst of these is dueto the evolution d transverse comporents of the magnetic
field asafunction d heliocentric distance. Transverse comporents are dueto nonradial
contributions at the source surfacethat may arise from the random nmotion o the footpaints of
the magnetic field. These ae propagated ou into the solar wind, at least partly in the form of
long wavelength, large anplitude Alfvén waves. Asthe basic magnetic field equations ow,
these comporents depend onthe inverse of the heli ocentric distance, whil e the radial
comporent of the magnetic field deceys as the square of the distancefrom the Sun. Nea the
solar equatorial plane, the magnetic field is twisted into an increasingly tight Archimedean
spiral (so that the magnetic field beaomes close to perpendicular to the radial diredion), and
the dfed of the slowly decaing random comporentsin the transverse diredion to the solar
wind flow make arelatively small contribution to the structure of the field. However,
sufficiently far from the Sun, at high heliolatitudes, where the Parker geometry implies
relatively radial fields, the transverse comporent can, in principle, become the dominant one,
as pointed ou by Jokipii and Kéta (1989.

The second pocessthat brings abou a potentially significant modificaion o the Parker
geometry of the magnetic field wasidentified by Fisk (1996a). Thiseffed arises from the
modificaion d the magnetic field line geometry by the diff erencein rotation rates between
the solar phaosphere and the overlying coronal hales. The footpaints of the magnetic field
lines are axchored in the phatosphere that rotates considerably slower at high heliolatitudes
th3lan nea the equator. The fast solar wind that transports the magnetic field from the corona
expands nonradially from the pdar coronal holes. These coronal holes rotate faster than the
underlying high latitude phaosphere, in fad at approximately the equatorial rotation rate of
the phaosphere. At the same time, the aronal hdes rotate aoundan axis (notionally, the
magnetic dipale ais) of the Sunthat is ssmewhat off set from the rotation axis nea solar
minimum. These processes are schematicdly ill ustrated in Fig. 8. Thisfigureisdrawn inthe
frame of referencethat corotates at the equatoria rotationrate. The ais Misthe ais of
symmetry of the expansion d the fast solar wind from the Sun’s pdar coronal hde. Thisaxis
isfixed in this frame of reference andis off set from the rotation axis Q of the Sun. The
magnetic field line that is anchored in the phaosphere & the heli ographic pole undergoes
nonradial expansion and movesto pant p ona wncentric outer surface The foatpoints of
other field linesrotate aoundQ at the slower rate gopropriate to the high latitude phaosphere
but are entrained through the faster rotating coronal hae. The drcles onthe outer surfacein
Fig. 8represent the footpoints of the magnetic field lines that are caried ou into the solar

wind, representing, at that latitude, the function B(r('),q),f)).

The ommpoundeffed of the differencein the rotation d the wronal holes and the footpaoints
of the magnetic field isthat field lines originating at high latitudes are anerging in the solar
wind at lower latitudes. This effed thus modifies the Parker configuration that impli esthat the



heli olatitude of the magnetic field linesis constant (in ather words, that magnetic field lines
are draped onthe surfaceof cones axially aligned with the solar rotation axis). Simulations
(Fisk, 1996) have shown that magnetic field lines originally at 70° heli ol atitude in the inner
heliosphere can provide adired magnetic connedionto much lower heliolatitudes at
distances of 15to 20AU from the Sun.

Figure 8: The model of the origin of the heli ospheric magnetic field proposed by Fisk (1996). This
model takesinto acournt the differential rotation of the photospheric footpoints of the magnetic field
lines and their rigid rotation in the coronal holes; as aresult, thereis atransport of the magnetic field
linesto latitudes considerably lower than their origin in the wrona.

This effed has been introduced to explain the propagation d energetic charged particles
accéerated by shock waves asociated with Corotating Interadion Regions from mid- to high
heliolatitudes. This gructuring of the magnetic field lines away from high latitudesis firmly
based onthe observation d the nonradial expansion d the solar wind and the faster rotation
rate of the pdar coronal holes. The extent to which it occurs and can be discerned in the
observations of the magnetic field dredion depends on the detail ed geometry of the coronal
haes and the stabilit y of the sourceregions of the fast solar wind. It islikely that thiseffed is
significant at times of low solar adivity. Even inthe ésenceof a steady state modificaion o
the overall structure of the heli ospheric magnetic field, this effed probably introduces a
significant level of magnetic flux transport away from the polar regions and contributes to the
transport of energetic particlesin heliolatitude an effed that is difficult to explain atherwise.

5. Large scde dynamic phenomenain the heliosphere

The solar wind emitted from the wronais not uniform either spatially or temporaly. The
sources of the solar wind and the associated coronal magnetic structures vary considerably, in
particular over the solar adivity cycle, but also onthe timescde of the solar rotation period.
Along any given radial diredion from the Sun, in anonrotating frame, the solar wind streams
can have diff erent speeads, densities and aher charaderistics. Theinteradion between such
solar wind streams of different vel ocities, densiti es, temperatures and compositionalong a
streamli ne generates a wide range of dynamic structures in the heli osphere.

Corotating Interadions Regions are asubset of large-scde structures in the heli osphere which
arise from the dynamic interadion between fast and slow solar wind streams. The condtions



for the formation o CIRs are that both fast and slow solar wind streams be simultaneously
present at a given (low-to-mid-) heliolatitude, and that the coronal sources remain
approximately stable for severa solar rotations. Slow streams are normally confined to the
vicinity of the HCS. This holds demonstrably in the dedining phase of the solar cycle and at
solar minimum. Fast streams originate in the polar coronal hales and their equatorward
extensions in the dedining and minimum phases of the solar cycle; the aronal evolution o
the sourceregionsis dow onthe timescde of the solar rotation.

On the other hand, it is not yet clea what are the charaderistics of fast solar wind streans at
solar maximum when all coronal holes are small and, kecause of the implicitly large
spreading facdor of magnetic field lines in the crona, canna generate high speed streans
(Wang and Shedey, 1994. The observations made by Ulysssin the rising phase of the
current solar cycle show that the solar wind becomes very disturbed and variable, generally
slow $~ 350km s?) with occasional, nonreaurring periods of higher speeds (up to 550to 600
kms™).
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Figure 9: The series of Corotating Interadion Regions observed by the Ulysses olar wind and
magnetic field instruments, as the spacecaft moved from nea the solar equatorial plane towards the
south pole of the Sun. The large excursionsin solar wind velocity in ead solar rotation cause the
compresgon of the slower solar wind stream ahead of the fast stream, resulting in aperiodic increase in
solar wind density and in the strength of the magnetic field. The magnetic sedors corresponding to the
series of CIRsisaso shown, asisthe meridional angle of the magnetic field (in the lowermost panel)
which shows the field defledions associated with the CIRs.



The interadion ketween high and low speed streams operates from close to the sun. The
resulti ng structures and their evolution have been extensively observed by the two Helios
spacecaft between 0.3and 1 AU (for areview, seeSchwenn, 1990. Thereisaso awedth of
data, covering more than threedecales of observations, at 1 AU. CIRsevolve & afunction
of heliocentric distance their evolution and eventual merging has been olserved by the
Pionea and Voyager probesinto the outer heliosphere (Smith, 1989Burlaga € a. 1989. In
particular, the charaderistic forward-reverse shock pair delineding the CIRs tends to develop
only beyond 1AU.

The threedimensional charaderistics of CIRs at mid-latitudes were observed by Ulyssesin
199293 (Bame d al., 1993. These observations were foundto match well (Gosling et al.
1993 the threedimensional model propaosed by Pizzo (1991). This sriesof CIRsis
illustrated in Fig. 9. A more detail ed description, together with a discusson d the shock
waves asociated with them has been given by Gonzalez-Esparza g al. (1996. The Ulysses
observations clealy establi shed the threedimensional nature of CIRs, their tilted propagation
andthe asymmetry in the propagation d the as<ciated shock waves (Riley et al. 1996.

ClIRstherefore can be regarded as three-dimensional shell -li ke structures extending to about
300 to 4(P away from the edi ptic plane during the dedining phase of the solar cycle, bu

probably only to 19 to 3(P at solar minimum. However, the a¢ual | atitudinal extent islikely
to be longitude-dependent, due to the longitude dependence of solar wind streams from the
northern and southern hemispheres and to the (related) longitude dependence of the HCS.

CMEsintrodwce asignificant perturbationin the structure of the inner heli ospherein the form
of Interplanetary Plasma Clouds (IPCs). CMEs cary alarge anourt of massand momentum
cgpable of distorting the anbient solar wind and magnetic field, and can drive large-scde
shock waves which cause the daraderistic Forbush deaeasesin the cosmic ray flux in the
inner heliosphere. Their plasma and magnetic structures are in general complex and dffer
significantly from the anbient HMF. Whil e the signatures of many CMEs are readily
identifiable in solar wind and magnetic field data, many criticad questions remain concerning
the contribution o CMEs to the structure and dynamics of the heliospheric medium. The
observational databaseisfar from complete for both CMEs nea the sunandthe IPCs. There
is no comprehensive survey of CMEs avail able which could be in any way comparable to
those which exist for instancefor flares or sunspats. The eisting and foreseedle

heli ospheric data set, even including the magnetosphere & an "IPC detedor”, iseven less
comprehensive, based asit is on avery incomplete temporal and spatial sampling.

While cae studies exist that link reliably some individual CMEs with their heli ospheric IPC
courterparts (see eg. Weisset al. 1996, in general the link between solar and heli ospheric
observationsis difficult to establish. Thelad of comprehensive heliospheric coverage, even
if more wmprehensive solar data becme avail able, will remain alimitation.

Information onthe temporal, heliographic and size distribution & CMEs as afunction d the
solar cycle, even if somewhat patchy, is avail able over the past twenty yeas (e.g.
Hundhausen, 1993. However, thereisno single set of necessary and sufficient parametric
signatures in heli ospheric data to recognise the presence of CME geda or structures
unambiguously. Solar wind data normally furnish the primary information, recognising
CMEs most commonly by the presence of bidiredional streaming of eledrons, interpreted as
trace's of magnetic structures that may be dosed in the heliosphere or conreded at both ends
of thefield lines to the corona. Given the identificaion d the CME signatures in the solar
wind data, in afradion d the caes (upto 50% or s0) it is posgble to identify an associated
magnetic signature, based onsmocth (low variance) and smoathly rotating magnetic field
structures overlapping the solar wind signatures.



Magnetic douds form an important and relatively easily recognisable subset of magnetic
signatures of 1PCs (for areview, seeBurlaga, 199). These belong to amore general classin
which large-scd e magnetic flux ropes (Gosling, 1990 with a more complex geometry,
resulting from 3D reconredion (Gosling et al., 1995, may be present. Considerable
complexity, indicating the presence of bath open and closed magnetic structuresin CMEs, has
been identified through the study of magnetic polarity reversals and asociated bidiredional
eledron streams (Kahler et al., 1996.

Thereis alarge uncertainty concerning the heliospheric extent of CMEs. At the sun, their
average latitude and longitude scaes appea to be dou 40°, bu with asignificantly long tail
of the distribution to larger values (Hundhausen 1993. A key questionfor the structure of the
HMF particularly nea solar maximum (when CMEs may dominate the dynamics even in the
inner heliosphere, seebelow) isthe distribution & CME sizes and locaions. Most CMEs
appea to ariginate from the streamer belt (which therefore gives a goodindicaionfor their
expeded location). It has been suggested (Crooker et al., 1993 that the HCS ads as a @wndluit
for CMEs of all sizes; inthat case, bah the detail ed structure of the HCS andits large scde
properties may well be significantly modified by the frequency and size distribution & CMEs.
However, CMEs may well be amitted from regions lessclealy identified with the large scde
streamers. Ulyssesin particular deteded CMEs at relatively high latitudes, well poewards of
the HCS (Gosling et al. 19949. These were dso remarkable for being associated with
forward-reverse shock pairs, apparently driven by the internal presaure of the CMEs.

Given the non-uniform nature of the heli ospheric medium, disturbed bah by theinteradion d
nonruniform solar wind flows and by transient phenomena, the interading regions of plasma
are ontinualy transported away from the Sun, shaping in a complex way the heli osphere.
Thisisreaognisable bath in the nonuniform properties of the solar wind and d the

heli ospheric magnetic field, as observed by the spacecaft in the different locaionsin the
heliosphere. A particularly important question for the large-scd e structure of the heli osphere
isthe dynamic evolution d the large-scde nornruniformities as afunction d heli ocentric
distance
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Fig. 10. Comparison of the magnetic field magnitude observed in 1984 during the dedining phase of
the solar cycle, by ICE (ISEE-3) at 1 AU and Pionea 11at 16 AU, showing the caescenceof CIRs
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The CIRs observed in the inner heliosphere evolve athey are mwnveded ou to 10AU and
beyond(Burlaga d al., 1984, 1996Burlaga and Ness 1994, 1998, 2000essand Burlaga,
1996,Smith, 18B9). The evolutionisacompanied by merging of the interadion regions as



succesgve CIRs widen with heliocentric distance, and the leading forward shock waves
interad with the traili ng reverse shock waves of precaling CIR. Thisleadsto a calescing of
the compres<ed regions of magnetic field with heliocentric distance, asis shown in Figure 10,
in which the magnetic field strength measured simultaneously at 1 AU and at 16 AU are
shown for awhole yea, as the solar cycle was approadching its minimum adivity phase. At
the distance of the Earth, an evolving four-sedor magnetic field structure was observed at the
time, together with two CIRs in ead solar rotation period. This gructureis caused by fast
solar wind streams generated in nea-equatorial coronal hales, located bah nath and south of
the Sun’'s magnetic equator. These leal to the complex pattern of compressed magnetic fields
through the formation o the CIRs at 1AU, where the finer detail s of the non-uniform solar
wind streams are still discernible. However, asthe interadion regions are wnveded away,
the compres=ed regionsin ead solar rotation period merge and leal to the simpler, larger
scae structure observed by Pionea 11 at 16 AU, where only one mmpresson regionwas
sea in each solar rotation period.

In general, these Merged Interadion Regions, ban of CIRs, daminate the regions aroundthe
solar equatorial plane out to beyond 15 @ 20 AU aroundsolar minimum asiill ustrated
schematicdly in Figure 11. The periodicity at the solar rotation periodin solar wind
parameters, aswell asin the magnetic field strength, remains a recognisable fedure of the
equatorial regionaroundsolar minimum at least to 50AU, as observed by VVoyager 2 upto
1995(Lazaruset a., 1998.

A4 - EQUATORIAL REGION
DOMINATED BY CIRS

Figure 11. Thetwo states of the inner and midd e heli osphere, nea solar maximum and solar
minimum. The left panel show schematicdly the situation nea solar maximum when the Sunis
surrounded by several CMEs of diff erent sizes, emitted at all | atitudes; the right panel showsthe
situation in the late dedining and minimum phases of the solar cycle when CIRs and the wavy
heli ospheric current shed dominate the low heliolatitude region.

The structures that dominate the heli osphere aoundsolar maximum are the heliospheric
courterparts of the Coronal MassEjedions. Asarealy mentioned, the frequency, average
size and heliolatitude range of CMEs all i ncrease aoundsolar maximum. At the sametime,
coronal hales, the sources of the high speal solar wind, oy exist asrelatively small, transient
feaures. Although theinteradion between the generally slow solar wind and the rare, fast
solar wind from the transient coronal holes remains a reagnisable fedure of the

heli osopheric medium, the resulting pattern is not stable on the scde of the solar rotation.
The situation generally prevaili ng nea solar maximum is also ill ustrated schematicdly in
Figure 11.



6. Cosmic ray moduation as a probe of the heliosphere

The phenomenon d cosmic ray moduation, as outlined in Sedion 2,was at the origin of the
naming of the heliosphere a a volume of space ontrolled by solar phenomena. Its dudy
remains central to uncerstanding the large-sca e processes that shape the heli osphere,
although the physicd processes that control the accesof cosmic raysinto the inner

heli osphere ae now understoodto be mnsiderably more cmmplex than ariginally assumed.
The foll owing comments rel ate the propagation and acaessof cosmic rays to the properties of
the heliospheric medium. In thefirst instance, the basic transport processs are outlined;
these processes are dways adive, bu the properties of the medium change with the phase of
the solar cycle. Aroundsolar maximum, howvever, other, more extensive large-scae structural
changes occur, asaresult of an increased frequency and spatial extent of Coronal Mass
Ejedions. These structures have a onsiderable dfed onthe propagation d cosmic rays and
arethought to be amajor fador in the deaease in cosmic ray intensity in the inner
heliosphere & solar maximum adivity.

The intensity of cosmic raysin the heliosphere & agiven locaion, in the relatively steady
state of propagation condtionsin the yeas aroundsolar minimum, is the result of four
different effeds, asidentified by Parker (1969. Thefirst isdiffusionin theirregular
magnetic field, bah parallel and perpendicular to the average magnetic field. Animportant
guestionisthe relative importance of parallel and perpendicular diffusionterms. Although
ealy models of cosmic ray propagation assumed that diff usion along the magnetic field was
the dominant motion o the particles, the measurement of the latitude gradient of cosmic ray
intensity by Ulysses has highli ghted the likelihoodthat diffusion perpendicular to the
magnetic field linesis more important than expeaded (McKibben, 1998 Potgieter, 199§. The
investigation d the diff usion coefficients appli cable to cosmic rays in the heliosphereis a
difficult task, bu it is central to the understanding of the nature of the statisticd and turbulent
properties of the heli ospheric magnetic field (e.g. Giacdone, 1999.

The semndeffed isthe drift of particlesin the large-scde arerage magnetic field. Aswas
noted by Jokipii et al. (1977 and Jokipii and Thomas (1981), eledricdly charged energetic
particles undergo a significant drift motion in the large-scae heli ospheric magnetic field that
foll ows the Parker geometry described ealier. The drift of particles depends onthe sign of
their charge: eledrons and paitive ions drift in oppdaite diredions. If A denotesthe
projedion d the Sun's magnetic dipde ais, the sign of A reverses when the solar magnetic
fields reverse nea solar maximum. Conseautive solar cycles have therefore dternating signs
of A. Thediredion d particle drift velociti es depends onthe sign o the product gA, where q
isthe charge (positive for ions, negative for eledrons) of the particles. When gA is positive
(aswasthe cae during the last solar adivity minimum in 199596), ions are expeded to enter
the inner heliosphere over the solar pales, whereas eledrons enter along the sun's equatorial
plane. This preferred entry for oppasitely charged particles reverses in conseautive solar
cycles. When particles enter in the equatorial region, the wavy Heliospheric Current Shed,
together with the Corotating Interadion Regions present up to mid-latitudes, makes their
accessmore difficult than over the solar pales. Evidencefor drifts being an important large-
scade dfed oncosmic rays comes from the measurement of the reavery from the lower
intensities at solar maximum. If particles enter preferentially over the solar pales, then the
cosmic ray intensities increase ealier in the inner heli osphere (e.g. nea the Earth) than in the
outer heliosphere (e.g. at Voyager). Inthe next solar cycle, the processis reversed: particles
enter preferentially in the equatorial region, so that the recovery after solar maximum is
observed first in the outer heliosphere, before it is observed nea the Earth. This processis
illustrated in Figure 12.
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Figure 12: The preferential drift pattern of cosmic raysin the heliosphere during aternate solar cycles.
The upper two panels dow the drift paths for positively charged particles, the lower panel shows the
different cosmic ray intensity patterns corresponding to the dternating magnetic polarities of the polar
regions of the Sun.

Convedion away from the Sun and adiabatic decderation in the expanding solar wind are the
third and fourth effeds of the heli ospheric medium on cosmic rays. Asthe cosmic ray
particles gyrate aoundthe magnetic field, the field lines are omnveded ouwardsin the solar
wind, away from the Sun, carrying with them the particles. At the same time, the expansion
of the solar windleals to an adiabatic decderation d the particles; this can aso beinterpreted
asararefadion o the scatering centres as the solar wind expands.

The basic dements of the moduation rocessby the heliospheric medium andits gructural
changes as afunction d the solar cycle ae quite well understood (e.g. Potgieter, 1998.
However, ore of the objedives of the Ulysses misson was to verify that the intensity of
cosmic rays was, as expeded onthe basis of moduation theory, significantly higher over the
pdar regions of the Sunthan nea the ediptic plane, at least at solar minimum. This
expedation was effedively proved wrong: the heli olatitude gradient of cosmic ray intensity
was foundto be very much smaller than predicted by theoreticd models (e.g. McKibben,
1998. The cause of thiseffed, implying amore isotropic propagation d cosmic rays than
expeded in the heliospheric medium, is nat yet well understood. The most important
property of the medium that may influencethe propagation d cosmic rays at high
heliolatitudes is the much higher than expeded level of fluctuationsin the direction d the
magnetic field in the uniformly high speed solar wind (Smith et al., 1995 Horbury et a.,
1996,Forsyth et al., 19960). These fluctuations can contribute significantly to the diffusive
propagation d cosmic rays perpendicular to the average magnetic field dredion; the dfed of



an increased perpendicular diffusionis areductionin the heliolatitude gradient in cosmic ray
intensity, in agreement with the observations of Ulysses.

In addition to the dfeds of the magnetic fluctuations onthe aossfield dffusion d cosmic
ray particles, the transport of magnetic field lines from high to medium heli ol atitudes
propased by Fisk (1996a), described in Sedion 3,may also contribute to an evening out of
cosmic ray fluxes away from the solar equatorial plane. At larger distances over the solar
paes, the growth of large transverse fluctuations in the magnetic field may also be present, as
proposed by Jokipii and Kota (1989, making the accesof cosmic rays more difficult in the
high latitude heliosphere.

Given that the presence of CIRs and the wavy Heli ospheric Current Shed in the equatorial
region d the heli osphere influence strongly the accesof cosmic raysin that region, and that
the propagation d cosmic raysis nealy isotropic a high heliolatitudes, a simplified overall
picture of the heliosphere, as sen by cosmic rays aroundsolar minimum is as sown in the
left panel of Figure 13.

Figure 13. A schematic summary of the properties of the heli ospheric medium that control cosmic ray
modulation. The sketch on the left ill ustrates the status around solar minimum, when cosmic ray access
into region 1 isthroughamost isotropic diffusion, whereasin region 2 accessis restricted and
controlled by CIRs. The sketch on the right shows the status around solar maximum, when the
propagation conditions in the outer heliosphere (region 1) remain probably similar to those nea solar
minimum, region 2 represents the GMIRS, the major obstades to cosmic accssinto theinner

heli osphere, and region 3 which is highly disturbed by the presence of frequent CMEs of all sizes.

As aready mentioned, the principal cause of the deaease in cosmic ray intensity in the inner
heli osphereisthe increase in frequency and spatial distribution d Coronal MassEjedions.
CMEsintroduce mgor structural disturbances into the solar wind; when these disturbances
are sprea in al diredions aroundthe Sun, the accesof cosmic raysis sgnificantly impeded
from the outer into the inner heliosphere. Thereis, in addition, afurther effed: in ead solar
cycle, there ae afew very large CMEs, associated usually with significant flaring adivity on
the Sun. The solar disturbances that give rise to such large CMEs often producein fad a
series of outbursts, closely foll owing ead ather. CMESs are usually associated with a
deaease in cosmic ray intensity (Forbush deaeases) lasting several days, as the magnetic
configuration d the CME limitstheir accessinto the volume occupied by the CME. It is
natural to suggest that as the frequency of CMEs increases, the relatively small cosmic ray
deaeases are alded together to leal to the more general deaease in cosmic ray intensity
observed as lar adivity increases towards maximum (for areview of this siggestion, see
e.g., Cane, 200Q.



An dternative view, based onthe csmic ray and magnetic field olservations made by the

V oyager spacecaft, isthat the deaease in cosmic ray intensity occurs in steps, coincidently
with the passage of strong magnetic fields through the heli osphere, resulti ng from the merging
of large CMEsin the middle heliosphere (McDonald et al., 1981 see 4so, for areview, e.g.
McDonald, 1999. These so-cdled Global Merged Interadion Regions (GMIRs) form
moving shell s surroundng the Sun, formed of turbulent magnetic fields, with larger than
average magnitude, and provide an ouward propagating obstade to the galadic cosmic rays
(Burlaga & al., 1985. Intheright panel of Figure 13, a schematic view of the heliosphereis
shown, valid aroundsolar maximum adivity. Inthis shematic representation, the dfeds of
both frequent, smaller CMEs are shown in the inner heliosphere, together with the outward
propagating GMIRs in the outer heli osphere.

Anomalous cosmic rays (ACRS) represent a spedal comporent of the high energy particles
observed in the heliosphere. This comporent of the high energy particle popuation (with
energies from abou 15MeV to afew hunded MeV) consists of (mostly) singly ionised He,
N, O and Neions, aswell as protons (e.g. Cummings and Stone, 1996, 1998 Their
charaderistic energy spedrum and elemental compasition led to their identificaionasa
popuation aiginating in the heliosphere, by accéeration at the termination shock (Pesses et
al., 1981 from asead popuation d interstellar atomsionised in the heliosphere (Fisk et al .,
1974,see &so, for arecent review, Jokipii and Giacdone, 1999. The study of theradia
gradient of ACRs asthe Voyager spacecaft hastravelled ou towards the outer boundary of
the heli osphere has provided two important suggestions concerning the termination shock.
Thefirst isthe likely distance of the termination shock: two dff erent methods of
extrapalating the Voyager observations has led to estimates between abou 70 and 95AU, at
different epochsin the solar cycle (Cummings and Stone 1998. The seand, kased onthe
measured spedrum of the ACRs and its variation with heliocentric distance, implies alower
than expeded Madh nunber for the solar wind in the outer heliosphere, and therefore a
relatively week termination shock (Fisk, 1996H).

7. The boundaries of the heliosphere

In simpleterms, it can be stated that the outer boundary of the heliosphere is defined as the
surface acosswhich thereis a presaure balance between the supersonic solar wind and the
Locd Interstellar Medium. However, as the presence of the LISM canna be sensed as the
solar wind flows outwards at supersonic spedds, the solar wind suddenly has to slow down as
its dynamic presaure becomes equal to the static presaure of the LISM. At this paint, mass
balance dso hasto be preserved. This can ony happen through a shock wave, as the
supersonic flow meds a static “obstade”. The shock waveisfadang inward, and must
surroundthe heliosphere globally, asthe LISM envelops the solar system and the regionfill ed
with the solar wind. The shock wave & which the solar wind thus dows down isthe
termination shock of the heli osphere, probably its most important boundary. In the frame of
the solar wind, the termination shock is areverse shock, somewhat simil ar to the reverse
shocks encourtered at the traili ng edges of CIRs.

The properties of the LISM that are relevant for estimating the extent of the heliosphere have
been extensively reviewed in articlesin von Steiger et a. (1996); of particular relevanceto
establi sh the properties of the LISM and their impad on the termination shock are the
contributions by Fisk (19968, Frisch (199%6), Geissand Witte (1996 and Lallement (1996.

The detail s of the termination shock, such asits distance from the Sun, its large-scde
geometry, its thicknessand its dynamics are very largely speaulative & this gage (see e.g.
Axford, 1972, 1996l ee, 1996,Suessand Nerney, 1997. The dominant presaure term inside
the termination shock is the dynamic presaure of the supersonic solar wind; other terms
contributing to the total presaure in the solar wind, such as the presaure of the magnetic field



and the thermal presaure of the plasma ae much smaller. Estimating the external presaireis
a onsiderably more difficult task, as the parameters of the LISM are only known indiredly,
with large uncertainties. Although the basic equation wsed to estimate the distanceto the
termination shock is relatively ssimple:

1 2 )1
_Z(OSNVSN AU = PLisuw
Rrs

The term onthe right hand side of this equationis made up o anumber of contributions
which are difficult to estimate. In thisequation, Ryg isthe distance of the termination shock,

measured in AU, pgy and Vg, arethe density and velocity of the solar wind, respedively,
and p,qu isthetotal pressureinthe LISM. The values used for the solar wind density and

presaure in this equation are taken from their observations at 1 AU, at the orbit of the Earth.
Thisformula assumes that the solar wind dynamic presaure scdes as the inverse square of
heli ospheric distance The general validity of this approad, using Voyager observationsin
the outer heliosphere, was examined by Belcher et al., (1993.

The most important contributions to the external presaure ae the thermal and magnetic
presaure of the LISM; and its dynamic presaure, as the Sun and the solar system move
through the medium surroundng it at a speed about 20to 25km s™. In addition, the presaure
of the neutral comporent of the LISM may well be important, and even the presaure exercised
by the galadic cosmic rays has been considered as aterm that cannd be negleded. An
important question, bu one that is difficult to answer, is whether the flow speed of the LISM
is supersonic. The sketch used to introducethe heliosphere in the Introduction (Figure 1) was
drawn asuming a supersonic flow past the heliosphere. In this case, the boundry between
the shocked (subsonic) solar wind dasma outside the termination shock and the LI1SM, the
heliopause is a surfacesimil ar to the magnetopause aoundthe Earth’s magnetosphere. There
isalso, in this case, a heliosheah, in which the subsonic LISM, slowed down at a heli ospheric
bow shock flows past the heliosphere. The geometry shown in Figure 1is, in very simplified
terms, the picture that is generall y assumed when describing the heli osphere.

An alternative view of the heliosphereis sown in Figure 14. The main dfferencein this
view isthe dsenceof abow shock; the flow speed of the LISM isassumed to be subsonic.
Whil e this figure represents a possble particular case, it indicates the basic feaures that may
be expeded if abow shock isnot formed in front of the heliosphere, upstream, by a
supersonic LISM. The heliopause remains a necessary feaure in this model, as the surface
separating the plasmas of interstellar and solar origins. In this case, the heliosheah isthe
region ouside the termination shock, but inside the heliopause. The idedi sed streamlines of
the subsonic solar wind gdasma show that it isin fad turned towards the diredion o the
interstell ar flow to form the heliotail (Sues and Nerney, 1990.
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Figure 14: A model of the heliosphere assuming that the LISM is not supersonic. This picture
represents an alternative view of the heli osphere to the schema shown in Figure 1. (By courtesy of S.T.
Suess NASA/Marshall SpaceFlight Center, Huntsvill e, Al., USA.)

It isimportant to revisit the idedised picture drawn of the termination shock above. Although
the basic dements of the interadion are corredly represented by the presaure balance
equation described above, afirst, necessary corredionis the threedimensional nature of the
shock, asit envelops the heliosphere. The observations in the heli osphere show that the solar
windispresent in al diredions aroundthe Sun; however, it isvery nortuniform, bahin
density and speed, so that there s, at any time, avery large range of variability in the dynamic
presaure of the solar wind as afunction d heliographic latitude and, in fad, longitude. The
processng of the solar windin the outer heli osphere modifies, through the dynamic
interadion d the diff erent solar wind streams, the norruniform distribution d the dynamic
pressure observed in the inner heliosphere. Thismeansthat it is Ssmewhat unclea to what
extent the simplest asaumption, that of sphericd symmetry of the termination shock isin
error. It isneverthelesshighly likely that thereis at least a strong latitudinal dependencein
the termination shock distance this asymmetry may well be dependent on the phase of the
solar cycle. Thefirst complete latitude survey of the dynamic presaure of the solar wind by
Ulysses srowed (Philli pset a., 199%) that the solar wind dynamic presaure wasin fad
higher at high heli olatitudes than in the equatorial regions, at least aroundsolar minimum
when the high speed solar wind streams from the polar coronal holes dominated the

heli osphere avay from the equatorial plane. This observation led to the suggestion that the
termination shock was at a greder distance from the Sun over the palar regions, when
compared to its distancein the eguatorial plane.

Ancther fador in the estimates of what happens nea the boundary of the heliosphereisthe
role played in the dynamics by the neutral gas originating in the LISM, bu streaming
unimpeded into the heliosphere & the relative speed between the heliosphere and the LISM.
Neutral particles are eventually ionised by either UV radiation from the Sun a by the dharge
exchange medhanism with the solar wind gdasma (e.g. Isenberg, 1999and references therein).
It isthese particles, once picked up ly the solar wind that are then conveded ouwards
towards the termination shock and so constitute the seed popuation to the so-cdled
anomalous comporent of the msmic rays. The analysis and extrapalation o the ACR



observations by Voyager have placel paentially important constraints on bah the strength of
the termination shock and onits heliocentric distance & already described in Sedion 6.

The presaure of pickupionsin the outer heliosphere may in fad contribute to a slowdown of
the solar wind (Richardson et al., 1995,Burlaga @ a., 1996. A study based onthe
comparison d solar wind speeds at Ulysssin the inner heliosphere and Voyager 2 in the
outer heliosphere (Wang et a., 200Q has yielded an estimate of aslowdown of upto 10% out
to abou 60 AU. Such a change in the solar wind speed clealy neals to be taken into acourt
when examining the presaure balancethat is the basis of estimating the distance of the
termination shock.

In addition, the potentiall y large variability of the termination shock distance, in resporse to
varying condtions in the solar wind in phese with the solar adivity cycle, remains atopic of
gred interest as the Voyager spacecaft approaches this first boundary of the heliosphere.
The dynamic presaure of the solar wind may vary by as much as afador 2; thisfigure leadsto
avariationin the termination shock distance of abou 20 AU (Wang and Belcher, 1999.
Other efforts at modelli ng (see e.g., Zank and Pauls, 1996), taking into acourt the dfeds of
the interstell ar neutral atoms penetrating into the heliosphere and their conversioninto a
popdation d pickupions, aswell asthe variability in solar wind dynamic presaure dealy
show that the both the location and structure of the termination shock are subjed, at present to
uncertainties (see aso review by Leg 1996. The only resolutionwill come from the direc
observation d the termination shock itself. Even given the uncertainties, the Voyager
spacecaft is expeded to provide this vital evidence of the outer boundiry of the heliosphere
within the next decale.
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Figure 15. Observations of radio waves by the Voyager 1 plasmawave instrument from 1983to 2000
The eventsin 1983and 199293 have been interpreted as radio waves generated at the heliopause, in
response to strong shock waves that travelled out from the Sun at times of exceptionally high solar
adivity. (By courtesy of D.A. Gurnett and W.SSS Kurth, University of lowa.)

Ancther estimate of the locaion d the boundary of the heliosphere wmes from the
remarkabl e observations made by the plasmawave instrument on the two V oyager spacecaft



(Kurth et a., 1984,Gurnett and Kurth, 1996, ill ustrated in Figure 15. First in 1983 then
again in 199293, significantly enhanced wave adivity was deteded by the plasmawave
instruments between 2and 3kHz. These long-lasting events have been interpreted (see
review by Gurnett and Kurth, 199§ as radio waves generated far in the outer heli osphere, in
the vicinity of the heliopause, in resporse to shock waves propagating from the Sun. The
waves are likely to be emitted as aresult of a shock-driven Langmuir-wave mode @nversion
mechanism at (or twice) the plasma frequency.

In bah cases, there was very intense solar transient adivity, abou 400 days prior to the onset
of the radio wave events. Severa very large CMEswere observed in 1982andin the first
half of 1991which, judging by their eff eds on cosmic ray propagation in the heli osphere,
creaed major, shock-led dsturbancesin the heliosphere ssawhde. It isthese two systems of
shock waves, reading the heliopause, that are thought to have been at the origin of the events
deteded by both Voyager spacecaft. Given the delay between the solar events that gave rise
to the disturbances, and given arange of assumptions concerning the propagation o the shock
waves through the heliosphere, it is possble to estimate the distanceto the heliopause to be
between abou 110and 160AU. Although the range of the estimate is very wide, the
remarkable fad remains that the observations represent aremotely sensed, bu nevertheless
relatively dired detedion d the heliospheric boundry.
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