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ABSTRACT

B etw een  O cto b er 1982 and O cto b er 1983 the sp acecra ft ISEE-3 m ade six 

passes in to  the d istan t geom agnetic ta il to a m axim um  distance o f 238 Earth 

ra d ii. T h is  p ro v id ed  a u n iq u e  d a ta  set, lead in g  to  the  d isco v e ry  o f  new  

geom agnetic phenom ena, and the posing o f new theoretical problem s in space 

p lasm a physics. This thesis looks at a num ber o f these phenom ena from  both 

theoretical and observational view points..

Sim ple equ ilibrium  m odels o f  steady state m agnetic reconnection , using the 

local one-dim ensional balance o f field  and plasm a stresses w ith in  a current 

layer, are generalized to include the effects o f tim e dependence, both  in term s 

o f changes in the reconnection  rate , and o f m otion o f the neu tral line itself. 

The resu lts  are illustra ted  by show ing how the structure o f the geotail plasm a 

sheet is expected to behave during  a substorm , using typ ical reconnection  rates 

and neutral line m otions deduced from  observations. These p red ic tions are then 

com pared w ith observations m ade by the ISEE-3 spacecraft during  an iso lated  

su b s to rm  e v e n t. B ro a d  a g re e m e n t b e tw e e n  th e o ry  an d  o b s e rv a t io n  is 

dem onstrated , although the data suggest the need fo r som e additions to the 

theoretical background o f  this work.

The ISEE-3 data set also shows that large daw n-dusk asym m etries in p lasm a 

density  can ex ist in the tail lobes due to effects contro lled  by IM F By, and it is 

shown that the curren t sheet equilibrium  condition m entioned  above can be 

read ily  generalized  to include these asym m etries, along w ith  the sim ultaneous 

flow  shears expected from  theory under the sim plify ing assum ption that all 

partic les inciden t on the cu rren t sheet are transm itted  through it. The resu lts 

a re  i l lu s t r a te d  by a s im p le  e x a m p le  in  w h ic h  th e  in f lo w  p la sm a s  a re  

approxim ated as cold ion beam s o f  unequal density  and speed.

O b serv a tio n s  m ade by the  EPAS in s tru m en t on ISEE-3 du rin g  the geo tail 

m ission also show that the p itch  angle d istribution  o f energetic  ions in the 

d istan t tail lobes is strongly  peaked perpendicular to the m agnetic field , w ith a 

sm all dow ntail anisotropy resu lting  in a net tailw ard flow. M odels based on 

partic le  entry through an open tail m agnetopause are p resen ted  to account for 

these d is trib u tio n s , and th e ir dependence on the ex ternal cond itions in  the 

m agnetosheath  and so lar w ind are investigated .
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TO  TH E  TER RESTR IA L GLOBE.

R oll on, thou ball, ro ll on! 

T hrough pathless realm s o f space 

R oll on!

W hat though I ’m in a sorry case? 

W hat though I cannot m eet my bills? 

W hat though I suffer too thache’s ills? 

W hat though I sw allow  countless p ills? 

N ever you mind!

Roll on!

(IT  R O L L S  ON)

I t ’s true I ’ve got no shirts to wear; 

I t ’s true my b u tch er’s b ill is due;

I t ’s true my prospects all look  blue - 

But d o n ’t let that unsettle  you! 

N ever you mind!

R oll on!

Sir W illiam  Schw enck G ilbert 1836 - 1911 

From  "The ’B ab ’ B allards"
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A Tail O f Two Lobes.
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1. E arly  W ork - The Solar W ind and M agnetosphere.,

The causes o f geom agnetic storm s, during  w hich the m agnetic fie ld  strength  at 

the surface o f the Earth  w as observed to undergo sudden varia tions on a global 

sca le , had  rem a in ed  u n ex p la in ed  u n til p io n e e rin g  w o rk  by C hapm an and 

Ferraro  (1931, 1932, 1933). These authors put forw ard the idea  tha t a stream  of 

ion ized  partic les em itted  from  the sun w ould  be excluded from  the reg ion  of 

space dom inated by the E a rth ’s m agnetic field . In the ir m odel the deflection  o f 

the partic les around the obstacle  in the flow  com presses the dipole fie ld  on the 

sunw ard side, and sets up currents in the boundary reg ion  betw een the partic les 

and the E a rth ’s m agnetic field . Ferraro  (1952, 1960) argued that the boundary 

o f the cavity  thus form ed is defined by the po in t at w hich the inciden t dynam ic 

partic le  p ressure  is balanced  by the m agnetic pressure o f the com pressed dipole 

fie ld . C hapm an and F e rra ro  had  o rig in a lly  considered  iso la ted  stream s o f 

partic les em anating from  disturbed  reg ions o f  the sun. H ow ever, B ierm ann 

(1 9 5 1 , 1957) in te rp re te d  o b se rv a tio n s  o f  co m et ta i ls  as e v id en c e  fo r  a 

continuous outflow  o f so lar particles. This was la ter described  theoretically  by 

Parker (1958a), who also in troduced  the term  "solar w ind" (P arker 1958b). 

P a rk e r’s w ork p red icted  that the so lar w ind w ould drag the so lar m agnetic field  

away from  the sun in to  a huge spiral structure (due to the ro ta tion  o f  the sun) 

stretch ing  beyond the ou ter lim its o f the so lar system , defin ing  the reg ion  now 

called  the heliosphere. E arly  observations (e.g. G ringauz e t al., 1962, Snyder 

e t  a l . ,  1 9 6 3 )  m a d e  by  s p a c e c r a f t  o u t s id e  th e  n e a r - E a r th  c a v i ty ,  o r  

m agnetosphere, confirm ed the existence o f the solar w ind, w hich was observed 

to flow  rad ia lly  aw ay from  the sun at speeds o f  o rder 500 km  s"1, w h ilst 

C olem an et al. (1960) fu rther showed that there is an in terp lanetary  m agnetic 

fie ld  (IM F) em bedded in the so lar w ind flow, as predicted  by Parker (1958a).

A xford  (1962) and G old (1962) suggested that the oncom ing so lar w ind flow  

w ould be slow ed by a shock wave standing in the flow  upstream  from  the 

E arth , w hich allow s the flow  to be d iverted  around the m agnetic cavity. This is 

necessary  (Spreiter e t al., 1966) since despite considerable  varia tions in the 

velocity , density  and tem perature o f the solar w ind and the strength  o f the IMF, 

the so lar w ind flow  speed is alm ost alw ays both  supersonic and super-alfvenic 

(the A lfven speed being the characteristic  speed for a m agnetized  plasm a).

The near-Earth  cavity, the m agnetosphere, contains high energy, low  density 

(relative to the solar w ind) partic les w hich are trapped on the E a rth ’s d ipolar
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m agnetic fie ld  (Van A llen and Frank, 1959a, b). The first observations o f the 

outerm ost boundary o f this reg ion , the m agnetopause, w ere reported  by Sonett 

et al. (1960). These and fu rther observations (see e.g. rev iew  by H ines, 1960) 

show ed th a t the m agnetopause  is an abrup t d iscon tinu ity  across w hich the 

d irection  and strength  o f the m agnetic field , and the p lasm a partic le  densities 

change sharply. On the E arthw ard  side is a strong un id irec tional m agnetic 

f ie ld , and  a te n u o u s , h ig h  en erg y  p la sm a , w h ils t th e  re g io n  o u ts id e  the  

boundary is usually  occupied by a w eaker fie ld , w hich is m ore variab le  in both 

strength  and d irection , and the denser, low er energy plasm a o f  the shocked solar 

w ind. The subso lar m agnetopause typ ica lly  lies som e 10 E arth  rad ii (Re ) 

upstream  from  the Earth , a lthough fu rther away («15 Re ) on the daw n-dusk 

m eridians, in  general agreem ent w ith the m odel o f Ferraro  (1960). On the 

n ightside o f  the Earth  the m agnetosphere is draw n out into a large tail structure, 

such that the geom agnetic fie ld  poin ts alm ost d irectly  tow ards or away from  the 

E arth . T h is reg ion  is , o f course , the m ain sub jec t o f  th is  thesis , and the 

rem ain d er o f th is  in tro d u c tio n  is d evo ted  to the fo rm atio n , d iscovery , and 

structure o f  the geom agnetic tail.

2. M agnetospheric Convection.

T hirty  years after the w ork o f Chapm an and Ferraro  on the form ation o f the 

m ag n e to sp h e re , tw o d iffe r in g  id eas  w ere p ro p o sed  fo r  the  m ech an ism  o f 

tra n s fe r  o f  so la r w ind  m om entum  and en erg y  in to  the m ag n e to sp h e re , to 

provide the driv ing force fo r m agnetospheric convection. A xford and H ines 

(1961) concluded on the basis o f ground observations that the m agnetospheric 

p la s m a  m u s t be  c o n t in u a l ly  c i r c u la t in g ,  im p ly in g  th a t  a la rg e  s c a le  

m agnetospheric e lectric  fie ld  exists in the E a rth ’s fram e o f reference. These 

authors postu lated  that the so lar w ind drives the m agnetospheric  convection by 

some form  o f ’’v iscous '’ in teraction  operating at the m agnetopause, dragging 

closed  flux tubes (i.e. those w hich are connected to the Earth  at both ends) 

an tisu n w ard  a long  the flan k s  o f  the m agnetosphere , to fo rm  an ex tended , 

ta il-like  fie ld  structure on the nightside o f the Earth. The re tu rn  flow  o f flux to 

the dayside occurs in the central reg ions o f the m agnetosphere, as the field  

lines con tract under the influence o f the field  tension im parted  to them  during 

th e ir  a n tisu n w a rd  p ro p u ls io n . The ex ac t n a tu re  o f  th is  p ro cess  w as no t 

d iscussed  by A xford  and H ines, who used the name "viscous" by analogy to 

hydrodynam ics, and has been the subject o f ongoing  debate  (e.g . Lem aire,
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1977; S ch in d le r, 1979; S ou thw ood , 1979; H eikk ila , 1982; C ow ley, 1984a; 

R ostoker and Eastm an, 1987).

The second process fo r driv ing m agnetospheric convection w as pu t forw ard  by 

D ungey (1961), w ho argued that the presence o f a m agnetic fie ld  in the solar 

w ind and in the m agnetosphere w ould exert control over the p lasm a transport 

p rocesses. In  p a rticu la r, a sou thw ard  com ponent in the  IM F resu lts  in  the 

presence o f a m agnetic neutral line at the subsolar m agnetopause, w here the 

terrestria l and solar w ind fields are antiparallel. U nder such conditions the two 

types o f fie ld  line  m ay break and becom e connected to one another by the 

process o f m agnetic reconnection  (Dungey, 1953), thus creating  open flux tubes 

w ith one end connected  to the E arth  and the o ther in to  the so lar w ind. The 

fie ld  tension in these new ly created  hairp in-like  flux tubes, together w ith the 

c o n tin u a l  a n tis u n w a rd  flo w  o f  th e  s o la r  w in d  an d  IM F , re s u lts  in  the  

transporta tion  o f the flux tube over the poles and into a m agnetospheric  tail. 

These open tubes eventually  reconnect again in the tail, and the resu lting  closed 

flux tube then flow s back  tow ards the Earth.

It should be noted  tha t these tw o types o f process are not m utually  exclusive, 

and m ay coex ist on a continual basis. This is illu stra ted  in  F igure 1.1 (after 

C ow ley 1982), show ing flux tubes in the v icin ity  o f the dayside boundary. The 

flux tube ly ing  in  the noon-m idnight m eridian  in  the top diagram  has becom e 

open into the so lar w ind by m agnetic reconnection, and is in  the process of 

being transported  over the pole by the so lar w ind flow. N ote tha t this flux tube 

has a counterpart in the southern hem isphere, which is not shown fo r reasons of 

clarity. N ear the daw n-dusk m eridian  this d iagram  also illu stra tes the closed 

flux tubes being transported  around the flanks o f  the m agnetosphere under the 

influence o f the "viscous" in teraction . The low er sketches, (b) and (c), show 

the flow  in the m agnetospheric equatorial p lane and over the po lar reg ions o f 

the Earth  respectively . The hatched reg ions in each d iagram  correspond to the 

parts o f the flow  w hich are driven by the "viscous" p rocess, in w hich the flux 

tubes rem ain closed  throughout the w hole o f the cycle, w hile  the rem ainder o f 

the flow  is driven by reconnection , in w hich the flux tubes are open over the 

po la r cap (the region w ithin the dashed circle in F igure 1.1(c)), and closed at 

low er latitudes. O bservational evidence for both types o f process has been 

presented. F or exam ple, Eastm an et al. (1976) and Eastm an and H ones (1979) 

in te rp re t  o b s e rv a tio n s  o f  b o u n d a ry  la y e rs , c o n ta in in g  an a d m ix tu re  o f  

m agnetospheric  and shocked solar w ind (or m agnetosheath) partic les, adjacent

14
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( D ) ( C )

Figure 1.1 (a) Illustration of the two basic processes, resulting from the solar wind - 
magnetosphere coupling at the dayside magnetopause boundary, which cause large scale 
magnetospheric convection. An open magnetic flux tube is shown being transferred to the tail 

in the noon-midnight meridian, following dayside reconnection. The corresponding flux tube 
in the southern hemisphere is not shown for reasons of clarity. At the flanks of the 

magnetosphere, adjacent to the magnetopause, closed flux tubes are being transferred around 

the sides in boundary layers. These two processes may be generally expected to coexist, as 
indicated in Figures 1.1(b) and (c). (b) Plasma flow in the Equatorial plane, (c) High latitude 
flow in the Northern ionosphere. In these lower figures the hatched regions indicate 
convection driven by the boundary layers in which magnetic tubes remain closed throughout 
the cycle, whilst the remainder of the flow is associated with the reconnection process. (After 

Cowley, 1982)
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to  the m agnetopause as evidence fo r the "v iscous” in teraction . M eanw hile, 

P au likas (1974, and references therein) dem onstrated  the open nature o f the 

po la r cap fie ld  lines using  solar energetic  partic les as tracers. A lso, a large 

num ber o f  observations (e.g. Fairfield  and C ahill (1966); W ilcox et al., (1967); 

A rno ldy  (1971); Jo rg en sen  e t a l., 1972) ind ica te  a strong  resp o n se  o f  the 

convection pattern  to the d irection  o f the IMF, as w ould  be expected  fo r the 

reconnection  process.

A ccep tin g  th a t bo th  the  D ungey  (1961) and the A x fo rd  and  H ines (1961) 

processes may occur sim ultaneously  w ith in  the m agnetosphere, the question 

rem ains as to their re la tive  im portance fo r convection. This m ay be m easured, 

fo r exam ple, by the con tribu tion  that each m akes to the cross m agnetospheric 

voltage. This question  w as rev iew ed by C ow ley (1984^, w ho concluded that 

the  v o ltag es  g enera ted  by "viscous" p rocesses am ounted  to  som e 5-10 kV, 

w h ils t those due to reconnection  con tribu ted  50-100 kV, and also showed a 

m odu la tion  by the IMF. H ence m agnetic  reconnection  is usually  the m ost 

im portan t process generating m agnetospheric flow s, w ith the other, "viscous" 

processes p laying a lesser ro le . H ow ever, these la tte r processes may becom e 

im p o rtan t during  extended  periods o f m agnetic  quiet, w hen reconnection  is 

su b d u ed  by  the  p re sen ce  o f  a n o rth w ard  co m p o n en t o f  the in te rp lan e ta ry  

m agnetic  field.

3. The M agnetotail - Pre-ISEE-3 Studies.

The advection o f the open fie ld  lines (w hich have recently  undergone m agnetic 

reconnection  in the v ic in ity  o f the subsolar m agnetopause) w ith  the so lar w ind 

flow  over the p o la r caps resu lts  in the fo rm ation  o f an ex tended  m agnetic 

structure in the reg ion  o f space on the n igh tside o f the E arth . D ungey (1965) 

estim ated  the length o f this m agnetotail to be about 1000 Re  on the basis o f the 

travel tim e o f the foot o f the flux tubes across the po lar caps, a lthough D essler 

(1964) had previously  estim ated  lengths g rea ter than 1 A stronom ical U nit. This 

la tte r estim ate is now considered  excessive, although it is perhaps possib le that 

a non-connected  ta il-like  wake may exist m uch further beyond the ex tent of the 

ta il proper. Early observational evidence fo r the existence o f  the geom agnetic 

ta il was obtained from  near-Earth satellites orb iting  w ithin 25 Re  (e.g. Smith, 

1962; H eppner et al., 1963; Sm ith et al., 1964). These studies revealed  that the 

fie ld  lines on the n ightside o f the Earth  are deflected  aw ay from  the dipole 

o rien ta tio n  to po in t m ore d irec tly  tow ards or away from  the Earth . Frank

16



o
(1965) reported  the presence o f hot (T > 5 x 10 K) p lasm a in  th is region in the 

v ic in ity  o f  the eclip tic  p lane, which led A xford et al. (1965) to suggest that the 

m agneto tail consists o f a north and south lobe, popula ted  by a low  density 

p lasm a, w hich are separated  by a hot tenuous sheet o f p lasm a. This m odel was 

supported  by observational evidence from  the E xplorer X IV  spacecraft (Ness, 

1965). F urther observations o f the p lasm a sheet region m ade at a d istance o f 

*17 Re  from  the Earth  w ere reported  by Bam e et al. (1967). These authors 

show ed that the p lasm a sheet extends across the m idplane o f  the m agnetotail 

w ith  typical th icknesses o f 4 to 6 Re  at th is distance. Typical p lasm a sheet ion

and e lec tron  tem peratu res range from  5 x 10 to 5 x 10 K  and 2 x 10 to
7 32 x 10 K re sp ec tiv e ly , and  p lasm a d en sitie s  are b e tw een  0.1 and 1 cm" .

W ith in  th is  p lasm a sheet lies the n eu tra l sheet, the bo u n d ary  betw een  the

m agneto tail fie ld  lines w hich leave the E arth  (in the south lobe and plasm a

sheet) and those w hich re turn  to  the E arth  (north lobe and p lasm a sheet). The

neutral sheet lies nearly  in the eclip tic  p lane, although, along w ith the rest o f

the ta il, it  may be blow n about, o r "flap" due to slight changes o f d irection of

the so lar w ind.

A second im portan t set o f fie ld  and p lasm a data was ob ta ined  from  two b rief 

m agneto tail passes by the in terp lanetary  probes P ioneer 7 (in  1966) and P ioneer 

8 (in  1968) w hich passed through the ta il at d istances o f *1000  Re  and *500 Re  

respec tive ly . T hese w ere the only  observ a tio n s  o f the d is ta n t m agneto tail 

(Xgse < -100 Re ) available before 1983, and eventual analysis o f the data (e.g. 

B avassano  et a l., 1974; W alker e t a l., 1975) rev ealed  th a t the d is tan t ta il 

m ain tained  its coherent m agnetic structure w hich was rem arkab ly  sim ilar to the 

n e a r -E a r th  ta i l .  T h e se  o b s e r v a t io n s  w e re  h o w e v e r  o f  sh o r t d u ra tio n , 

p re su m ab ly  due to m o tion  o f the ta il, such  th a t s ta t is tic a l s tu d ies  o f the 

properties o f the deep ta il, o r its response to varying geom agnetic activity, were 

not possib le.

4. C u rren t Sheet Stress Balance.

The orig in  o f the tail p lasm a sheet population  can be exp lained  theoretically  by 

co n sid e rin g  the m otion  o f  partic les  w ith in  the neu tra l shee t, w hich has an 

X -type m agnetic fie ld  geom etry in the presence o f reconnection  (i.e. with an 

e lec tric  fie ld  along  the neu tra l line). This was first d esc rib ed  by D ungey 

(1953), and la ter investigated  by Speiser (1965, 1967, 1968) both  analytically  

and num erically,, in the context o f the geom agnetic tail. They show ed that the
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partic les accelerated  in the current sheets dow nstream  from  the neutral line 

w ould  form  approxim ately  fie ld -aligned  beam s m oving a long  the reconnected 

f ie ld  lin e s  aw ay from  the  n eu tra l lin e  on e ith e r s ide. C o n sid e ra tio n s  o f  

equ ilib rium  and self-consistency  w ere in troduced  by A lfven  (1968) and Cow ley 

(1973) w ho considered  an an tiparallel-fie ld  neutral sheet system , and by R ich et 

al. (1972), Eastw ood (1972, 1974) and H ill (1975) w ho investigated  the region 

dow nstream  from  the X -line w here a w eak fie ld  com ponent threads the curren t 

sheet.

The fie ld  tension  in  the la tte r  reg ion  m ay be balanced  by e ither a p lasm a 

p re s su re  g ra d ie n t a lo n g  th e  c u rre n t sh e e t, o r by  th e  s tre ss  im p o sed  by 

anisotropic p lasm a p ressure . In the near-E arth  reg ion  o f the geom agnetic ta il it 

is the form er facto r w hich is the m ore im portan t since the system  is dom inated 

by the hot, trapped iso tropic  pressure p lasm a sheet popu la tion  w hich is slow ly 

com pressed during  earthw ard transport. Iso trop ic-pressure  m odels have been 

developed on this basis by e.g. B ird  and B eard (1972) and B irn e t al. (1975, 

1977). H ow ever, in the d istan t ta il, w here m agnetic m irro ring  plays little  part, 

p ressure  gradients w ill be unim portant and the fie ld  tension  m ust instead  be 

balanced  by pressure  anisotropy, i.e. by the dynam ic p ressu re  (in the fie ld  line 

rest fram e) o f the ex ternal (tail lobe) p lasm a flow ing in to  the central tail curren t 

sheet. In this case one-dim ensional equ ilib ria  can be set up in w hich variations 

along the curren t sheet are ignored com pared w ith those perpend icu lar to it, the 

equ ilibrium  condition  then being that the plasm a outside the curren t sheet m ust 

satisfy  the m arginal firehose stability  condition. C ow ley (1980) and Cow ley 

and Southw ood (1980) argued that th is condition could be applied  to system s 

like the geom agnetic tail in which inflow  plasm a conditions vary  slow ly w ith 

d istance along the curren t sheet. A lthough such plasm a varia tions w ill re su lt in 

f ie ld  v a r ia t io n s  a lo n g  th e  c u r re n t  s h e e t as w e ll, th u s  v io la t in g  e x a c t 

o n e -d im en sio n a lity , the v a ria tio n s  p e rp en d icu la r to the cu rren t sheet w ill 

rem ain  m uch m ore rap id  than  those a long the cu rren t sheet, such tha t the 

o n e -d im e n s io n a l  s tre s s  b a la n c e  c o n d it io n  sh o u ld  s t i l l  be  a v e ry  g o o d  

approx im ation , and can be applied locally . C ow ley and Southw ood (1980) 

show ed that under these conditions steady states can be set up in w hich the 

contraction  speed o f reconnected  fie ld  lines away from  the neutral line varies 

w ith  distance in response to slowly changing inflow  cond itions as determ ined 

by local 1-D stress balance.
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As ind icated  by the early w orks o f  D ungey and Speiser, the ex ternal p lasm a 

w hich flow s in to  the cu rren t shee t ex its  as an approx im ate ly  fie ld -a lig n ed  

accelerated  beam  m oving away from  the neutral line on the  reconnected  field  

lines. E quilib rium  considerations show that the beam  speed  should generally  

be co m p arab le  w ith  the  e x te rn a l A lfven  speed , and it is th is  p lasm a  th a t 

corresponds to the accelerated  p lasm a sheet population  in the d istan t tail. H ill 

(1975) po in ted  ou t that due to the fin ite  flow  speed o f th is p lasm a it w ould 

occupy only the central portion  (roughly one half) o f the w edge o f reconnected  

fie ld  ly ing dow nstream  from  the neutral line, and w ould thus not ex tend  to the 

m ag n etic  sep a ra tr ix  m ap p in g  to  the  n eu tra l lin e . H o w ev er, i f  e n e rg e tic , 

h igh-speed partic les  are produced in the current sheet, corresponding  to the 

h igh-energy tail o f the beam  population , then these w ill no t be so confined  to 

the central reg ion , but w ill stream  out ahead o f the beam  to fill the region 

b e tw een  th e  b eam  edge  and  the  sep a ra tr ix . T hus in  th e  d is ta n t ta il  the  

accelerated  plasm a populations should consist o f central je ts  flow ing away from  

the neu tra l line  a t approx im ately  the ta il lobe A lfven speed, w ith  spatially  

d ispersed layers o f energetic partic les extending outw ards from  e ither side o f 

the je t tow ards the separatrix  (e.g. Cowley, 1984J).

In the geom agnetic tail this p ic tu re  should be valid  on both  sides o f the neutral 

lin e , b u t on the  E a rth w a rd  side  acco u n t m ust a lso  be tak en  o f  m agnetic  

m irroring o f the beam  partic les at the Earth and their subsequent return  to the 

curren t sheet. The im portant po in t here is that due to the continual inflow  of 

the new ly-closed  flux tubes tow ards the Earth  during the p a rtic le s ’ tim e of 

fligh t to the Earth  and back, the partic les return  to the cu rren t sheet at a po in t 

considerably  d isp laced  Earthw ard from  their orig inal curren t sheet location. 

Thus the flux tube m otion causes the curren t sheet to be screened from  a return  

flux  o f m irro red  p a rtic le s  fo r consid erab le  d is tances dow nstream  from  the 

neutral line, and in this "screened” reg ion  the above d iscussion  concern ing  the 

applicability  o f the one-dim ensional approxim ation should apply. In the region 

containing m irrored  fluxes, observations (e.g. Forbes e t a l., 1981) indicate  that 

the partic le  d istribu tions becom e rap id ly  isotropised, form ing the near-Earth, 

h o t, iso tro p ic  p la sm a  sh ee t p o p u la tio n  fo r w hich  the  1-D s tre ss  ba lan ce  

co nd ition  is in ap p ro p ria te , as d iscussed  above. A ccord ing  to th is p ic tu re , 

h o w e v e r , th e  h o t p la s m a  s h e e t p o p u la t io n  s h o u ld  p o s s e s s  a la y e r  o f  

E arthw ard-flow ing beam  ions at its ou ter boundaries, together w ith  an energetic 

partic le  layer (e.g. Cowley, 1980; Cowley, 1984fc), as is indeed  observed (e.g.
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SOLAR WIND

Figure L2„ Overview of the magnetosphere, indicating the locations of the various regions 
whose origins are reviewed in this chapter. The bow shock, standing in the solar wind flow 
upstream from the Earth is shown as the solid line parabola to the left of the diagram. The 
magnetosheath extends downstream from the shock, and is populated by shocked solar wind 
particles. This is separated from the magnetosphere itself by the magnetopause, represented by 
the dashed line in the figure. The solid arrowed lines represent the field within the 
magnetosphere. On the nightside of the Earth they are drawn back into a long tail structure, as 
field lines reconnecting into the interplanetary magnetic field (IMF) at the dayside 
magnetopause are convected tailwards with the solar wind flow. This results in the formation 
of a structure consisting of two lobes separated by a magnetic neutral sheet (or current sheet), 
represented by the horizontal dashed line. Magnetic flux is returned to the Earth by 
reconnection at a neutral line located in the deep tail, and results in the acceleration of 
particles along the field lines forming the plasma sheet (shown orange) and energetic ion 
boundary layers (shown yellow). The open arrows indicate the direction of plasma flow. The 
plasma sheet occupies approximately half of the reconnected field wedge on either side of the 
neutral line, although the energetic particles may fill essentially all of this region to form the 
plasma sheet boundary layer. Particle mirroring close to the Earth results in an isotropised 
plasma sheet region in the near-Earth tail.
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D ecoster and Frank, 1979; W illiam s, 1981). In add ition , Lyons and Speiser 

(1982, 1984) have shown that the observed  ion d istribu tions in these beam s are 

com patib le  w ith expectations based on current sheet acceleration .

The fie ld  and p lasm a flow  co n figu ra tions w hose o rig in  w e have d iscussed  

above are, by way o f summary, sketched in Figure 1.2, g iv ing  an overview  o f 

the m agnetosphere and the reg ions w hich have so fa r been  discussed in  this 

chapter. C oncentrating on the ta il reg ion , the black arrow ed lines rep resen t the 

m agnetic fie ld , and the w hite arrow s indicate the d irec tion  o f  the plasm a flow. 

The m agnetic flux  tubes in the lobes convect tow ards the m idplane o f the tail, 

w here they reconnect at the neutral line and form  the X -type field  geom etry. 

The re lease o f m agnetic energy in the flux tubes as they con tract away from  the 

neu tra l line  acce lerates  the p lasm a on them  into  tw o beam s earthw ard  and 

ta ilw ard  along the m idplane to form  the plasm a sheet. The fie ld  lines in the 

p lasm a sheet on the earthw ard  side have a closed topology, w ith both ends 

connected to the Earth . As these fie ld  lines contract the p lasm a trapped on 

them  becom es iso trop ised , and form s the subsonic p lasm a sheet close to the 

E arth . The tailw ard  p lasm a sheet how ever is located  on in terp lanetary  field  

lines (both ends in the solar w ind), and re ta ins its beam  like nature out into the 

so lar w ind.

5. M agnetospheric Substorm s.

T he co n tin u a l flo w  o f  the so lar w ind  around  the m ag n eto sp h e re , and  the 

in teraction  w ith it through the processes o f dayside reconnection , results in the 

deposition  o f so lar w ind energy into the m agnetosphere. The am ount o f energy 

deposited  depends on the efficiency o f the in teraction, w hich in turn depends 

on the o rien tation  o f the IM F to the geom agnetic field. H ow ever, for periods o f 

southw ard IMF, w hen conditions for dayside reconnection  are m ost favourable, 

the inpu t o f  energy into the m agnetosphere may exceed 10 w atts (A kasofu, 

1981). Some o f this solar w ind energy m ay be d issipated  in the near-Earth 

reg ion  o f space by m eans o f Joule heating  by ionospheric  currents, partic le  

p rec ip ita tion  into the po la r regions or by partic le  in jection  in to  the ring current. 

H ow ever m uch o f this energy is e ffectively  stored in the ta il m agnetic field. 

D uring periods o f enhanced geom agnetic activity, when the IM F is observed to 

be so u th w ard , the ad d itio n  o f  m agnetic  flux  to the  ta il by ra p id  d ayside  

reconnection , may be considerably  faster than the rate o f re tu rn  o f flux to the 

Earth  by reconnection  in the deep tail. The m agnetic flux con ten t o f the tail
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lobes th e re fo re  in c re ase s , as o b se rv ed  by F a irf ie ld  e t al. (1981), and the 

near-E arth  fie ld  becom es stronger and m ore tail-like. T his im plies a gradual 

enhancem ent in the cross ta il curren t separating the two lobes, and a th inning  of 

the tail p lasm a sheet, w hich has also been observed (e.g. L u i e t a l., 1975; Parks 

e t al., 1979; F orbes et a l.,1981). This is know n as the "grow th" phase o f a 

substorm  (M cPherron, 1970).

E ventually  the ta il configuration  becom es unstable, and a sudden rap id  release 

o f the energy stored  in the tail occurs, during the substorm  "expansion" phase. 

H ones (1976, 1979) proposed a m odel fo r the sequence o f  events w hich occurs 

in  the tail during th is period. This m odel, the "N eutral L ine", o r "Plasm oid" 

m odel, has been m ost successful in ordering m any d ifferen t types o f p lasm a and 

fie ld  observations w ith in  the context o f  a single theore tical fram ew ork, and its 

basic features are depicted  in  F igure 1.3. This set o f diagram s represents a time 

sequence o f the changes w hich occur in the p lasm a sheet during the grow th, 

expansion and recovery  phases o f a substorm , as seen in the GSM  x-z plane. 

Panel 1 depicts the quiescent p lasm a sheet as it m ay ex ist som e tim e before the 

beginn ing  o f the grow th phase. The p lasm a sheet and associated  energetic 

partic le  boundary layers (shown shaded) are bounded by the fie ld  line labelled  

5, w hich is connected  to the neutral line N in the deep tail. The closed  field  

lines 1-4, w hich w ere reconnected  at the deep tail neutral line at some earlier 

tim e, are contracting  E arthw ards, th reading  the near-Earth  p lasm a sheet. This 

la tte r region is supplied  by plasm a m oving from  the lobes in to  the reg ion  o f the 

curren t sheet, w here it is then accelerated  out along these fie ld  lines, close to 

the tail m idplane (w hite arrow s). P lasm a w hich is e jec ted  tailw ards o f N is 

threaded  by flux tubes w hich are now connected  to the IMF. The open field  

lines, 6 and 7, are lobe fie ld  lines w hich have one end attached  to the Earth.

The plasm a sheet configuration  at the instan t the tail becom es unstable after the 

addition o f m agnetic flux to the tail during the grow th phase is show n in panel

2. Schindler (1974) show ed that as the plasm a sheet th ins and the tail field  

becom es stretched out, the tail approaches a condition o f in stab ility  to the ion 

tearing  m ode. T his resu lts  in the fo rm ation  o f  a substo rm  neu tral line N ’ 

extending for som e d istance across the Earthw ard, near m idnight section o f the 

p lasm a sheet, and the beginning o f reconnection  o f closed fie ld  lines at this 

point. This com m encem ent o f  near-Earth (r *10-15 Re ) reconnection  m arks the 

onset o f the substorm  expansion phase, w hich may be ev idenced  at the Earth  by 

sudden auroral brightening, occurrence o f P i2  pulsations, and sharp depressions
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PLASMA SHEET CONFIGURATION CHANGES DURING A SUBSTORM

Figure 1.3. Plasma sheet configuration changes during a substorm according to the neutral 

line model of substorms. The solid arrowed lines represent the field lines near the tail centre 
plane, whilst N indicates the position of the presubstorm neutral line. The regions of fine 

hatching represent the regions occupied by plasma from the presubstorm plasma sheet, and the 
open arrows depict the plasma flow direction and relative speed. At substorm onset (panel 2) a 

new neutral line forms at position N \ much closer to the Earth. Continuous rapid reconnection 

(panels 3,4) at this new neutral line eventually pinches of the old plasma sheet (panel 5), 
resulting in the formation of a closed loop plasmoid structure, which then moves downtail 
(panels 6,7,8). The regions of coarse hatching designates plasma that is brought in with the 
reconnecting lobe field lines to form the post plasmoid plasma sheet (panel 9). After some 
time in the near Earth region the neutral line retreats tailwards during substorm recovery (N” 
in panel 10), until a quiet time configuration (panel 1) is again achieved. (After Hones, 1980)
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o f the auroral zone fie ld  strength . The consequence o f th is reconnection  is the 

form ation  o f closed loops o f  m agnetic flux w ith in  the p lasm a sheet tailw ards of 

N* (panels 3 and 4), w hich are carried  tailw ards w ith p lasm a je ttin g  away from  

the new neutral line. The eventual reconnection  o f line 5, w hich bounds the 

p lasm a sheet reg ion , resu lts  in a com plete severance o f the  p lasm a sheet region 

ta ilw ard  o f N ’ from  the Earth , w hich is now  free to flow  tailw ards under the 

in flu en c e  o f  a p la sm a  p re ssu re  g ra d ie n t w h ich  is no lo n g e r b a lan ced  by 

m agnetic  tension. This closed loop structure, and the p lasm a trapped on it is 

know n as a "plasm oid". N ote the p lasm oid contains a O -type m agnetic neutral 

line, w hich separates reg ions o f the p lasm oid w ith a northw ard  com ponent of 

the fie ld  (tailw ard o f the O -line) from  regions w ith a southw ard com ponent 

(E arthw ard o f the O -line). F urther reconnection  at N ’ resu lts  in the connection 

o f lobe fie ld  lines (panels 6-9). The region occupied  by these reconnected  lobe 

fie ld  lines, and the p lasm a w hich is subsequently  accelerated  tailw ards o f N ’ is 

shown hatched  in these diagram s. In the m eantim e the p lasm oid  is m oving 

rap id ly  tailw ards along the tail centre plane, and is eventually  e jected  back into 

the so la r w ind . The e lapsed  tim e betw een  panels 2 and  8 is o f o rd er 10 

m inutes.

The departure o f  the p lasm oid  leaves a very  th in  p lasm a sheet tailw ards o f N ’ 

(panel 9), in w hich plasm a flow s rap id ly  tailw ard. This reg ion  is threaded by 

fie ld  lines w ith a southw ard com ponent, w hich are connected  at both ends to 

the IMF.

The final panel (10) o f F igure  1.3 depicts w hat is know n as the recovery  phase 

o f the substorm . Som e tim e after the expansion phase onset (typically  30-90 

m inutes), the substorm  neutral line m oves quite rapidly  ta ilw ards. As it does so 

th e  p la sm a  je t t in g  E a r th w a rd s  o f  th is  n e u tra l  l in e , th re a d e d  by n ew ly  

reconnected  closed fie ld  lines (w ith northw ard fie ld  com ponent), rep lenishes 

the near-E arth  p lasm a sheet, causing  it to increase in th ickness as w ell as 

len g th . T he s tru c tu re  o f  the  p lasm a  sh ee t thus re tu rn s  ev en tu a lly  to  the 

qu iescen t form ation shown in panel 1.

T h is  n eu tra l line  m odel fo r substo rm s receiv ed  co n sid e rab le  observationa l 

support even before the ISEE-3 geotail m ission, w hich is d iscussed  below. For 

exam ple, N ishida and N agayam a (1973) show ed, in a study o f  m any substorm s, 

tha t the plasm a sheet field  betw een 25 and 35 Re  dow ntail had a southw ard 

com ponent alm ost w ithout fail near the onset o f strong substorm s, ind icating
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the p resence o f a reconnecting  neutral line Earthw ard  o f these positions. A lso, 

H o n es (1976) p re se n te d  e v id en ce  fo r ta ilw a rd  flo w s o f  p lasm a  at 30  R e  

d o w n ta il  a lm o s t im m e d ia te ly  a f te r  su b s to rm  o n se t, ag a in  in d ic a tin g  the  

presence o f a near-Earth neutral line. Further, this paper also in terprets short 

duration  encounters w ith the p lasm a sheet as evidence fo r the thin p lasm a sheet 

afte r departure o f the plasm oid. S im ilar near-Earth  observations, re la ting  to the 

re le a s e  o f  a p la sm o id  an d  the  s u b se q u e n t fo rm a tio n  o f  a th in  ta ilw a rd  

post-p lasm oid  plasm a sheet, have also been presented  by C oroniti et al. (1980), 

F a irfie ld  e t al. (1981), and B eiber et al. (1982).

O th er m odels  o f  ta il dy n am ics  d u rin g  substo rm s (e .g . C hao  e t a l., 1977; 

R o sto k e r and  E astm an , 1987) have been p resen ted . H ow ever, the ISEE-3 

geotail m ission provided  fu rther evidence fo r the neutral line  m odel (including 

d irec t observations o f p lasm oids), such that it has now  becom e very  w idely 

accepted am ongst w orkers in  this field . These, and other, resu lts  from  this 

m ission are rev iew ed in the next section.

6. The ISEE-3 Deep Tail Mission.

In la te  1982 the In ternational Sun-Earth E xplorer 3 (ISEE-3) spacecraft, which 

fo r the previous 5 years had been acting as a solar w ind-m onitoring  satellite 

upstream  from  the Earth , began a series o f  orb ital m anoeuvres which eventually  

re su lted  in  its  en coun ter w ith  com et G iaco b in i-Z in n er in  S ep tem ber 1984. 

D uring these m anoeuvres the spacecraft spent several ex tended  periods on the 

n ightside o f the Earth at d istances o f betw een 60 and 240 Re . As a resu lt the 

spacecraft p rovided  the first p rolonged observations o f  the m agnetic ta il at 

these trans-lunar d istances. Early resu lts confirm ed the previous p icture o f 

tw in  lobes (e .g . S lav in  e t a l., 1983), and the ex istence  o f  p lasm a reg im es 

recognizable  as the m antle and plasm a sheet (Bam e et al., 1983; Zw ickl et al., 

1984). Cow ley et al. (1984) and R ichardson and Cow ley (1985) investigated  

the energetic  ion (E > 35 keV ) regim es in the deep tail, and found the plasm a 

sheet to be a reg ion  o f enhanced fluxes o f these ions, w hich are usually  flow ing 

un id irectionally  tailw ard. These fluxes often extend ou tside the plasm a sheet 

boundary and form  a plasm a sheet boundary layer. These observations are 

generally  com patib le w ith the theoretical p icture o f rapidly  flow ing plasm a je ts  

and surrounding  energetic partic le  layers.
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O bservations o f the various p lasm a regim es are found to be m ore in te rm itten t in 

the deep ta il than  in  the near-E arth  reg ion  as there is considerab le  la teral 

m ovem ent o f the tail at these d istances (H ones et a l., 1984b). H ow ever, this 

m otion, together w ith the extended durations o f the sp acecraft’s stay in  this 

region, enabled  a num ber o f  statistical studies to be m ade. Slavin e t al. (1985) 

determ ine the East-W est ex tent o f  the tail to be 60 ±  5 R e , w hilst S ibeck  et al. 

(1985, 1986) have shown that the ta il is subjected  to a fla tten ing  effect in the 

N orth-South  d irection , due to effects associated  w ith IM F By, such tha t the 

typical ex ten t o f the ta il in this d irection  is som ew hat less than  60 Re .

The ISEE-3 m ission lead  to a num ber o f advances in o u r know ledge o f the 

average qu ie t tim e structure o f the m agnetotail w hen the level o f geom agnetic 

activ ity  is very  low. Tsurutani et al. (1987) show ed that the average lobe field  

strength at d istances greater than 200 Re  dow ntail is 7.1 nT during  such periods 

(cf. average fie ld  strengths o f 9.2 nT fo r all geom agnetic conditions, reported  

by Slavin e t a l., 1985). The position  o f the quiet tim e neutral line w ithin the 

deep tail has been estim ated  by several authors using d ifferen t techniques (e.g. 

B aker et al., 1984; Scholer et al., 1984; Zw ickl et al., 1984). A lthough the 

position  is quite  variab le, it appears that the neutral line is on average 120 Re 

d o w n ta il from  the  E arth . H ow ever, S lav in  e t al. (1985) a lso  s tu d ied  the 

varia tion  o f  fie ld  and plasm a param eters across the m agneto tail and concluded 

that the quiet tim e neutral line is, in fact, curved away from  the Earth , ly ing  at 

about 120 Re  in the centre o f  the tail, and m uch fu rther ta ilw ards on the flanks.

S evera l s tu d ies  o f the deep ta il da ta  co n cen tra ted  on the  e ffec t o f  the y- 

(East-W est) com ponent o f the IM F on the tail. S ibeck et al. (1985) show ed in a 

study o f deep tail m agnetopause crossings that the tail can becom e tw isted. 

The sen se  o f  the  tw is t is d ep en d en t on the d irec tio n  o f  IM F By, as w as 

p red ic ted  by C ow ley (1981). G osling (1984) and G osling et al. (1984, 1985) 
studied  the p lasm a conditions in the tail lobes. These studies show ed that the 

d istribu tion  o f p lasm a in the lobes is asym m etric, and that th is also depends on 

the sign o f IM F By. This is illu stra ted  in F igure 1.4, show ing a cross section o f 

the d istan t m agneto tail, for IM F By positive. The y-com ponent o f the field  

resu lts in the p referen tia l addition o f flux (recently  reconnected  on the dayside 

o f the Earth) and plasm a to the daw n side o f the northern  lobe, and the dusk 

side o f the southern lobe, thus creating  density  gradients across and betw een 

the lobes. The en try  o f p lasm a in to  the lobes is, how ever, in  q u a lita tiv e  

agreem ent w ith the leaky m agnetopause m odel o f P ilipp  and M orfill (1978),
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Figure 1.4 Cross-sectional view, looking tailward from the Earth, of the distant geomagnetic 
tail illustrating plasma entry into the tail for a positive y-component of the interplanetary 

magnetic field. Magnetic flux reconnected at the dayside magnetopause, and associated 
plasma, is added preferentially to the dawn side of the northern lobe and the dusk side of the 

southern lobe in this case. This results in a plasma density gradient across and between the 
two lobes, and simultaneous flow shears are also expected to occur. (After Gosling et al., 1985)
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w hich requ ires continuous so lar w ind partic le  entry over the en tire  leng th  o f the 

m agnetopause (Slavin et a l., 1985). Energetic partic le  conditions in  the tail 

lobe w ere rep o rted  b rie fly  by C ow ley et al. (1984), w ho rep o rted  th a t the 

energetic  ion pitch  angle d istribu tion  was peaked closely  perpendicu larly  to the 

fie ld  d irection . H ow ever, spatial varia tions in the properties o f these partic les 

have yet to be studied in detail.

F inally , m uch  w ork  has been  done in  the p a s t 5 years  on the re la tio n sh ip  

betw een the structure o f the m agneto tail and geom agnetic activity , particu larly  

its  resp o n se  to  substorm s. T he ISEE-3 deep ta il d a ta  sets p ro v id e  strong  

support fo r the neutral line m odel o f substorm s, m ost notably  th rough direct 

observations o f plasm oid structures. The properties o f these structures, and the 

effect their passage on the res t o f the tail has been d iscussed  by m any authors 

(e.g. H ones e t al., 1984; Scholer et al., 1984; S lavin e t al.,1984; R ichardson and 

Cowley, 1985; R ichardson et al., 1987). These studies revealed  the average 

length o f p lasm oids to be about 80 Re , although they can be betw een 50 and 

100 R e , and are also  ob serv ed  as m u ltip le  loop  stru c tu res. T he dow nta il 

propagation  speed may be betw een 300 and 1000 km  s‘ \  and the ir arrival in the 

deep tail at som e 30 m inutes or so after substorm  expansion phase onset (as 

d e term ined  by E arth  bound  system s) is in  qua lita tiv e  agreem ent w ith  the ir 

travel tim e from  the near-Earth  region. The passage o f  a p lasm oid  past the 

spacecraft location  is m arked by a northw ard then southw ard deflection  o f the 

ta il f ie ld . I f  the  sp ac e c ra ft en te rs  the p la sm o id  s tru c tu re  its e lf , p a rtic le  

p o p u la tio n s  w ith  m a g n e tic a lly  tra p p e d  c h a ra c te r is t ic s  m ay be o b se rv ed . 

H ow ever, evidence fo r the passage o f  a p lasm oid past the spacecraft location, 

w ithout a d irec t encounter, can be obtained from  the com pression o f  the tail 

lobe field  w hich occurs as the p lasm oid passes. Such com pressions have been 

term ed "Travelling C om pression Regions" (Slavin et al., 1984).

7. S um m ary .,

W ork done over the past two or three decades has lead to a p ic tu re  o f the 

in te rac tio n  betw een  the so lar w ind  and te rre s tria l m agnetic  fie ld  in  w hich 

m agneto spheric convection is largely  driven by reconnection  (e ither continuous 

or in term itten t) at both the dayside m agnetopause and in the geom agnetic tail. 

The m agnetotail, form ed by this in teraction , is observed  to  be a tw in lobed 

structure, ex tending  at least 1000 Re  dow nstream  from  the Earth . The lobes are 

separated by a neutral sheet and an energetic p lasm a population , w hich, in
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periods o f lim ited  geom agnetic activity, is a resu lt o f reconnection  at a neutral 

line located  som e 100 Re  dow nstream . The dynam ics o f  the ta il at tim es o f 

m ore enhanced geom agnetic conditions can be m ost successfu lly  explained  in 

term s o f the neu tral line m odel o f substorm s, invo lv ing  the form ation  o f a new 

neutral line  close to the E arth , and the e jection  dow ntail o f  a c losed  m agnetic 

loop p lasm oid  structure.

In this thesis we discuss a num ber o f d ifferen t aspects o f fie ld  and particle  

characteristics in the deep ta il. In the next chap ter we show  how  the previous 

equ ilib rium  m odels o f  steady state reconnection in  the geom agnetic ta il, set up 

using local one d im ensional stress balance conditions (as d iscussed  in Section

4) can be read ily  generalised  to include the effect o f tim e dependence, both  in 

term s o f tim e-dependent reconnection  rates and m otion o f the neutral line  itself. 

The resu lts  are illu s tra te d  by show ing how the structure o f  the p lasm a sheet in 

th e  g e o m a g n e tic  ta i l  is  e x p e c te d  to  b e h a v e  d u r in g  a s u b s to rm , u s in g  

reconnection  ra tes and neutral line  m otions w hich are expected from  the neutral 

line m odel, and param eters w hich are deduced from  observation . The results 

are fu rther tested  in the fo llow ing chapter (C hapter 3) in w hich we presen t a 

case study o f a substorm  even t using data from  ISEE-3 in  the deep ta il in 

conjunction w ith other, near-Earth  data sets w hich allow  the events in  the ta il to 

be re la ted  to the prevailing  geom agnetic conditions. We re la te  these events in 

th e  ta i l  to  th o s e  p re d ic te d  by  th e  th e o ry  o f  th e  p re v io u s  c h a p te r , and  

dem onstrate a quantitative agreem ent betw een the two. The even t thus lends 

fu rther support to the neutral line m odel o f substorm s.

In C hapter 4 we return  b riefly  to considerations o f stress balance in the tail 

p lasm a sheet. Previous m odels o f current sheet equilibrium  in the geom agnetic 

ta i l  b a se d  on  th e  o n e -d im e n s io n a l  f ie ld  a p p ro x im a tio n  h av e  a ssu m e d  

sym m etrical in flow  p lasm a co n d itions in the tw o ta il lobes. H ow ever, as 

d iscussed  above, large asym m etries in density  have been observed  in the tail 

lobes due to effects contro lled  by IM F By, and sim ultaneous flow  shears are 

a lso  expec ted  from  theory. It is show n tha t the cu rren t sheet equ ilib rium  

condition  can be readily  generalized  to include lobe p lasm a asym m etry under 

the sim plify ing  assum ption that all particles incident on the curren t sheet are 

transm itted  through it. The resu lt is expressed in a form  w hich em phasizes the 

physical equivalence o f stress balance by anisotropic p lasm a pressure  and by 

net flow  through the current sheet. The form er case occurs for sym m etrical 

lobe conditions and balance is expressed in term s o f  the m arginal firehose
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stab ility  condition . The la tte r case occurs i f  one lobe dom inates, w hen the 

fie ld -a ligned  plasm a flow  speed in the field  line rest fram e m ust equal the tail 

lobe A lfven speed. R esults are illustra ted  by a sim ple exam ple in  w hich the 

inflow  plasm as are approxim ated as cold ion beam s o f unequal density  and 

speed. I t is shown that equ ilib rium  solutions cease to ex ist fo r sufficien tly  

large in flow  velocity  shears, bu t that in practice this condition  is m ost unlikely 

to be encountered  in the tail.

In C hapter 5 we discuss the characteristics o f energetic  ion  reg im es in  the tail 

lobes. The p itch  angle d is tribu tion  o f such ions is show n to be peaked  closely 

perpend icu lar to the m agnetic fie ld  d irection. We d iscuss the source o f such 

ions, and produce a m odel w hich successfully  explains the nature o f  the pitch 

angle d istribu tion . This m odel is based on partic le  entry to  the lobes through 

an o p en  m a g n e to p au se  b o u n d ary , w ith  a sp a tia lly  v a ry in g  so u rce  in  the 

m agnetosheath . By considering  the m otion o f the partic les w ith in  the lobes, 

p itc h  a n g le  d is tr ib u tio n s  can  be p ro d u c e d  fro m  th e  m o d e l w h ich  ag ree  

q u a n t i ta t iv e ly  w ith  th o s e  o b s e rv e d . T h e  s p a tia l  d e p e n d e n c e  o f  th e se  

th e o re t ic a l ly  p ro d u c e d  p i tc h  a n g le  d is t r ib u t io n s  is  d is c u s se d , a lth o u g h  

observationally  this has yet to be considered in detail.

F inally , in  C hap ter 6, we sum m arise  the ach ievem ents o f  the w ork  tha t is 

presented  in  th is thesis, and briefly  discuss its app licab ility  and the options for 

its fu rther developm ent.
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CHAPTER 2

SIM PLE M ODELS OF TIM E-DEPENDENT RECO NNECTIO N  
IN A CO LLISIO N- FREE PLASM A W ITH AN APPLICATIO N  

TO SUBSTORM S IN THE GEOM AGNETIC TAIL.
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(1) In tro d u c tio n

A basic understanding o f the structure and properties o f the accelerated  plasm a 

populations in the geom agnetic tail can be derived from  the m odels o f steady 

state reconnection  and curren t sheet stress balance that w ere d iscussed  in the 

in troduction  to this thesis, and these give a good in itia l fram ew ork to relate  to 

observations. H ow ever, during  substorm s m ajor changes occu r in  the tail, 

w hich are believed to involve variations in the reconnection  ra te  and m otions of 

the neu tral line, w hich w ere also d iscussed in the in troduction  (cf. the neutral 

line m odel o f substorm s). In this chapter we w ill show how  the theoretical 

m odels based  on the 1-D equ ilib rium  approxim ation  can be generalised  to 

include these effects.

For sim plicity  we w ill neglect spatial varia tions in the properties o f the inflow  

plasm a, but in princip le these could be incorporated  fo llow ing the m ethods of 

C ow ley and Southw ood (1980). It should be noted that as in the steady state 

m odels, the theory developed here is not valid  in the im m ediate v ic in ity  of the 

neutral line  where the 1-D approxim ation necessarily  breaks dow n, and in the 

near earth  reg im e w here m irrored  partic les m ust be taken in to  account. It 

should also be stressed from  the outset that the theory does not determ ine the 

reconnection  rate or the neutral line m otion, or their varia tions in tim e. R ather 

these are taken to be given (determ ined for exam ple by the ex ternal boundary 

c o n d itio n s ) , and  the th eo ry  then  seeks to  show  how  the s tru c tu re  o f the 

accelerated  partic le  populations and the energetic particle  boundary layers vary 

in response. In the next section we will briefly  review  som e relevan t aspects of 

the steady state theory, and introduce a new m ethod o f determ ining  the beam 

and energetic  particle  layer structure, a m ethod that is readily  generalised  to the 

tim e dependent case. In Section 3 we w ill investigate the effect of a time 

varying reconnection  rate (param eterised in term s of the e lectric  fie ld  along the 

neutral line) on the p lasm a sheet structure, w hilst in Section 4 neutral line 

m otion w ill be considered, firstly  for a steady reconnection  rate, and then for 

tim e dependent reconnection , the la tter giving a com pletely general p icture for 

any varia tions in the conditions at the neutral line. F inally , in Section 5 we 

illustra te  our results by considering  the plasm a sheet variations w hich occur in 

the geom agnetic tail during substorm s, using tim e dependent reconnection  rates 

and  n e u tra l  l in e  m o tio n s  s u g g e s te d  by o b s e rv a tio n . S p e c if ic a l ly , fo r 

defin iteness, we concentrate  on variations in the m ore d istan t tail, as recently 

in v estig a ted  by the ISEE-3 spacecraft (e.g. T surutani and von R osenvinge,
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1984). This w ill also allow  d irect com parison w ith data from  ISEE-3, and in 

the next chapter we shall p resent a case study of a substorm  event to further 

illu stra te  the scope of this theory.

(2) S te a d y -S ta te  R eco n n ectio n

In this section we w ill first briefly  review  the steady state reconnection  problem  

based on the 1-D current sheet equilibrium  conditions before considering  the 

tim e dependent effects o f varying reconnection  rates and neu tral line m otion in 

Sections 3 and 4. We note that the 1-D p ictu re  clearly  breaks dow n in the 

v icin ity  o f  the neutral line itself, and this region is not treated  explic itly  in this 

thesis. Rather, we assum e that the fie ld  threading the curren t sheet increases 

rap id ly  aw ay from  the neu tra l line to va lues determ ined  by the 1-D stress 

balance as d iscussed  by C ow ley and Southw ood (1980). S ince th is should 

occu r on sp a tia l sca les com parab le  to a few  ion gy ro rad ii, the reg ion  not 

covered by the theory represents only a sm all proportion  o f the current sheet 

system , and is treated  in the follow ing sim ply as a d iscontinuity  betw een the 

regions Earthw ard  and tailw ard  o f the neutral line.

The steady state m odel assum es a sym m etrical inflow  o f p lasm a from  the lobes 

on e ither side o f the curren t sheet and 1-D fields varying only in the d irection  z 

norm al to the curren t sheet (usual m agnetospheric coordinates are used w ith the 

X -axis aligned w ith the earth-sun line, the Y-axis tow ards dusk, and parallel to 

the cross tail current, and the Z-axis poin ting  northw ards). The fields of the 

current sheet system  are then of the form

E = (0, E y, E z(z))

B = (Bx(z), 0, Bz) (2.1)

w here B z, Ey are constant, as illu stra ted  in F igure 2.1 (i). This figure shows the 

form  o f the m agnetic fie ld  which we are considering, in  w hich B x reverses 

across a thin current layer in the presence of a sm all B z com ponent, such that 

the fie ld  lines consist of sharply-bent hairp ins. Now it is possib le  to transform  

into a fram e m oving along the current sheet in which the value of the cross tail 

e lec tric  fie ld  E y v an ishes (de H offm an and T eller (1950), S pe iser (1965), 

E as tw o o d  (1 9 7 2 )). T h is fram e m oves aw ay from  the n eu tra l lin e  in the 

x-direction at a speed
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(ii) TRANSFORMED 
FRAME Inflow Outflow

(iii) EARTHS 
FRAME

Figure 2.1. (i) Sketch of the fields of the 1-D current sheet, together with the coordinate 

system employed. The x-component of the magnetic field (solid arrowed lines) reverses across 

a thin current sheet (hatched region) in which current Jy flows parallel to the constant cross tail 

electric field Ey. In the theory we assume IBXI »  IBZI outside the current sheet resulting in 
sharply bent hairpin-like field lines, (ii) Plasma flow in the frame in which the electric field 

has been transformed away. In this frame particles move into and out of the current sheet by 
field aligned flow since there is no E x B drift. In the absence of Ey the particles also 

experience no change in speed in their interaction with the current sheet, (iii) The equivalent 
flows in the earth’s (and neutral lines’) rest frame, moving with a speed vf to the right relative 
to the above diagram. The flows in this frame can be considered as consisting of modified 
field-aligned components vi and vo together with an E x B drift speed ve perpendicular to the 

field.



(2.2)

w hich is ju s t the E x B d rift speed at the centre o f the curren t sheet (where

Bx = 0).

In this fram e the particles m ove into and out o f the curren t sheet by field  

aligned flow  due to the absence o f E x B drifts, and the speed o f the partic les is 

unchanged by the ir encounter w ith the sheet, as there is no accelerating  electric 

field . The partic les therefore sim ply stream  into and out o f the curren t sheet 

along  the fie ld  w ith o u t change  o f speed  as show n in F ig u re  1 (ii), and in 

e q u il ib r iu m  th e  f ie ld  te n s io n  is th en  b a la n c e d  by  th e  re v e rs a l  in  th e ir  

X -d irec tio n  o f m otion . R ich  et al. (1972) show ed tha t in equ ilib rium  the 

p lasm a outside the current sheet m ust satisfy the m arginal firehose stability  

condition, given by

Pll - P j. = B2 , (2.3)
Ho

w here P|| and P_l are the com ponents o f the p lasm a pressure tensor para lle l and 

p e rp e n d icu la r  to  the  f ie ld  lin es  re sp ec tiv e ly , and B is the  m agnetic  fie ld  

strength outside the current sheet. I f  the inflow  plasm a is taken to be a cold 

fie ld -aligned  ion beam  o f density  n and speed v, and if  it is also assum ed that 

the outflow ing plasm a also rem ains fie ld  aligned (w ith the sam e density  and 

speed) then equation (2.3) becom es

2nm iv2 = B2 , (2.4)
Ho

w here mi is the ion m ass, the electron m ass having been neglected . Thus in the 

transfo rm ed  fram e the equ ilib rium  condition  is tha t the fie ld -a lig n ed  beam  

speed should be given by

v = B = V a I  = VA , (2.5)
A&jjtonmi) 7 2

w here V a ’ is the A lfven speed in the tail lobe, and V a  is the A lfven speed ju s t 

ou tside the cu rren t sheet, w here the density  is 2n due to  the sim ultaneous 

presence o f the inflow ing and outflow ing plasm a beam s. It should be noted 

that if  B z is sm all com pared w ith Bx outside the current sheet (as w ill be
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assum ed throughout this chapter, and as w ill generally  be the case p rov ided  the 

reconnection  rate  is not too large as we w ill show below ), then the fie ld -aligned  

m otion outside the current sheet in the transform ed fram e given by equation 

(2.5) w ill be m ainly along the X -axis, as can be seen in F igure 2.1 (ii) (the 

inflow  being  in the —ve x direction Earthw ard o f the neutral line and in the +ve 

x d irection  tailw ard  o f the neutral line).

We now  tran sfo rm  back  to  the E a r th ’s (the neu tra l l in e ’s) re s t fram e, and 

assum e that in this fram e the p lasm a is flow ing dow n-tail (—ve x d irection) with 

a speed vi (corresponding to the dow n-tail flow  o f the lobe plasm a). A gain, this 

velocity  w ill be m ainly along the x-axis for IBZI «  IBXI outside the current 

sheet. In this fram e the partic les also experience an E x B drift, w hich is 

m ainly in the z d irection, tow ards the current sheet (see F igure 2 .1 (iii)). Let us 

c o n s id e r  fo r  d e fin ite n e ss  the  E a rth w ard  side o f the  n e u tra l lin e . In  the 

tran sfo rm ed  fram e the p a rtic le s  m ove in to  ( -x  d ire c tio n )  and  o u t o f  (+x 

direction) the current sheet w ith speed v = V a  given by equation (2.5), w hile in 

the E a r th ’s fram e the f ie ld -a lig n e d  in flo w  sp eed  (—x d ire c tio n )  is vi by  

hypothesis. Thus in equilibrium  the transform ation speed m ust be (+ve in the 

+x d irection)

vFe = Ey_ = Va -  vi (2.6a)
BzE

thus giving the speed w ith w hich the reconnected field  lines contract away from  

the neutral line, w hile the speed o f the outflow  plasm a (again +ve in the +x 

direction) is

v OE = 2V a  -  vi . (2.6b)

In these expressions the subscrip t E refers to the Earthw ard  side o f the neutral 

line . I t sh o u ld  be s tressed  th a t the eq u ilib riu m  co n d itio n  d e term ines the 

contraction speed o f the reconnected  field  lines (and hence the outflow  beam  

speed) in the E a rth ’s frame. It does not determ ine the rate  o f reconnection , i.e. 

the value o f Ey. For a given Ey value the equilibrium  condition  (equation 2.6a) 

determ ines the flux threading the current sheet (Bze), and as the reconnection 

rate (Ey) increases so does this flux, in d irect proportion. This resu lt can be 

v iew ed  as a sim ple consequence o f flux conservation , since F a rad ay ’s law 

shows that Ey is ju s t the quantity  o f flux reconnected per unit length of the
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neutral line  per unit tim e, w hile the contraction rate  o f the flux tubes along the 

current sheet away from  the neutral line is independent of Ey. Thus as Ey 

increases, Bz also increases. Thus also the angle o f the fie ld  lines to the current 

sheet and the w idth o f the w edge o f reconnected  fie ld  lines increase. The 

IBZI «  IBXI approxim ation used here becom es invalid  w hen the reconnection 

ra te  is so large that the p lasm a inflow  speed tow ards the current sheet ( ~ Ey/B) 
approaches the tail lobe A lfven speed. We are generally  in terested  in much 

sm aller values than this so that the conditions fo r valid ity  o f the approxim ation 

shou ld  be w ell sa tisfied . In p rin c ip le , how ever, the ca lcu la tio n  cou ld  be 

generalised  to  arb itrary  reconnec tion  ra tes and inflow  speeds (e.g. Cowley, 

1980), but at the expense o f  increased com plexity.

Turning now  to the region ta ilw ard  o f the neutral line (subscrip t T), argum ents 

co m p le te ly  an a lo g o u s  to  th o se  em p lo y ed  above  show  th a t the  f ie ld  line  

contraction  speed away from  the neutral line is

VpT = Ey = V a  + v i  (2.7 a)
BzT

w hile the outflow  beam  speed is

v 0T = 2V a  + vi (2.7b)

(both quan tities being +ve in the -v e  x d irection). C om parison o f equations 

(2 .6 ) and  (2 .7 ) show s th a t fo r  vi p o s itiv e  (d o w n -ta il flow  in  the  - v e  x 

d irec tio n ), the fie ld  lines and the outflow  p lasm a flow  away fa s te r on the 

ta ilw ard  side o f the neu tra l line  than on the E arthw ard  side. S ince Ey is 

constant and uniform  for a 2-D  steady state this im plies that IBZI is la rger on the 

Earthw ard side o f the neutral line than on the ta ilw ard  side, so that the wedge 

o f reconnected  field  is sim ilarly  asym m etric.

We thus now consider the spatial structure o f the reconnected  field  w edge and 

its associated  accelerated partic le  populations, this being the m ain topic of this 

chapter. We first calculate the thickness o f the w edge o f reconnected  flux at 

position  X along the current sheet, at distance IX - X n I from  the neutral line 

located  at X n . A ssum ing that X is sufficiently  far from  the neutral line that the 

sm all reg ion  surrounding the la tte r where our theory  does not apply may be
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ignored, the flux threading the current sheet per unit length  in the y-direction 

betw een X  and the neutral line is

O = IBzU X - X n I = EylX -  X n I (2.8)
VF

It should  be noted that this flux can be regarded  as the to tal am ount o f m agnetic 

flux reconnected  (at rate Ey) in the tim e taken fo r the reconnected  flux  tubes to 

travel along the current sheet from  the neutral line to X (a tim e IX - Xn I/vf). If 

we now fu rther assum e that the fie ld  strength in the reconnected  fie ld  wedge 

outside the current sheet is nearly  the sam e as the lobe fie ld  strength  B (thus 

neglecting  the diam agnetic effect o f the accelerated  plasm a, consisten t w ith our 

assum ption that the outflow  p lasm a rem ains a cold, fie ld  aligned beam  in the 

transform ed fram e) then the half-w idth  W o f the w edge (i.e. the perpendicular 

d istance from  the current sheet to the separatrix) is given by flux conservation 

as

BW (X) = <E> = Ey.lX -  X n I
VF

or

W (X) = Ey.lX -  X n I (2.9)
B vF

w here vf is given by equations (2.6a) and (2.7a) on the earthw ard and tailw ard 

sides o f the neu tral line respective ly . N ote tha t W  increases linearly  w ith 

d istance from  the neutral line  giving a narrow  w edge (for IBZI «  B), and that 

the opening angle o f this w edge is linearly  proportional to the reconnection  rate 

Ey as p rev iously  anticipated.

We now calculate  the reg ion  w ithin this w edge which is occupied by particles 

orig inating  from  the curren t sheet w hich flow  out along the reconnected  field  

lines w ith a general fie ld -aligned  speed vp (larger than vF). Since we assum e 

that the w hole o f the current sheet acts as a source o f these partic les, the outer 

boundary o f this particle  region corresponds to the tra jectory  which m aps back 

to the v ic in ity  o f the neu tra l line. In a steady state this boundary can be 

calcu lated  by considering the angle o f the reconnected field  lines to the current 

sheet and the angle of the tra jectories to these field  lines (determ ined by vp and
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the E x B d rift, e.g. C ow ley, 1984). H ow ever, here we w ill in troduce an 

a lternative m ethod w hich is m ore readily  generalised  to the tim e-dependent 

cases to  be considered in subsequent sections. The basis o f the calcu lation  may 

be understood by noting  that since the boundary partic le  is em itted  from  the 

n e u tra l l in e  v ic in ity , th e  re g io n  b e tw een  the  se p a ra tr ix  and  th e  p a rtic le  

boundary at a given distance from  the neu tral line ju s t contains the m agnetic 

flux w hich has been reconnected  during the tim e taken by the partic le  to reach 

that d istance from  the neu tra l line. Thus the perpend icu lar d istance D from  the 

partic le  boundary to the separatrix  at d istance IX - X n I from  the neu tral line is 

given by

D = Ey I X -X n I. 
B.vp

(2.10)

Thus, subtracting this from  the half thickness o f the reconnected  fie ld  wedge W 

we have the half-th ickness S o f the particle  layer o f speed vp given by

= W - D  = E y  I X - X n I/1  _ 1 \
1VF vp )

(2. 11)

For the special cases o f the accelerated beam  partic les (plasm a sheet particles) 

w hose speeds are given by equations (2.6a) and (2.6b) we have

Se = Ey IX — XnI. Va =W e . Va (2.12a)
B (Va -  vi)(2V A -  Vi) (2V A -  Vi)

and

St  = Ey IX -  Xn I.______ Va_________ = W t .____Va____ (2.12b)
B (Va + vi)(2VA + Vi) (2Va + vi)

N ote that if  vi = 0 (the sym m etrical case in w hich the inflow  p lasm a has no 

fie ld -a ligned  flow) then the ion beam  occupies ju s t ha lf o f the reconnected  field 

w edge. For vi p o s itiv e  (d o w n -ta il flow ) the w edge w ill be w id er on the 

E arthw ard  side of the neutral line and narrow er on the ta ilw ard  side, w hile the- 

p lasm a sheet beam  w ill occupy som ewhat m ore than ha lf this w edge on the 

E arthw ard  side, and som ew hat less than half o f the w edge on the tailw ard side. 

The boundary o f particles w hose field-aligned  speed exceeds the beam  speed
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w ill, o f course, be found outside the la tte r as given by equation  (2.11). The 

boundary in the lim it o f infin ite  speed is the m agnetic separatrix  itself.

A ty p ic a l  e x am p le  is sh o w n  in  F ig u re  (2 .2 i) ,  s p e c if ic a l ly  fo r  the  case  

vi = 0.3 Va> and fo r a reconnection rate  given by Ey = VaB/4. (We note that 

such a large reconnection  ra te  technically  v io la tes the assum ptions m ade above, 

but w as used  fo r the sake o f  clarity  o f the figure. The figure  can be applied to 

o ther reconnection  rates sim ply by scaling the vertical axis w ith  respect to the 

h o riz o n ta l. T hus fo r  a reco n n ec tio n  ra te  h a lf  o f  the  ab o v e , the  v e rtic a l 

dim ensions should ju s t be halved re la tive to those shown). In this diagram  the 

horizon tal solid  line represen ts the central current sheet, w hile  the arrowed 

solid lines are the m agnetic field  lines. The hatched areas bounded by the 

d ashed  lin e  co rrespond  to the reg ions o ccup ied  by the p lasm a  beam s (the 

p lasm a sheet) w hile the dot-dashed lines show the boundary o f h igher speed 

ions, specifically  fo r vp = 3Va . It m ay be noted that w hile the speeds o f the 

p lasm a beam s in the hatched  regions (the p lasm a sheet) on e ither side o f the 

neutral line  are given by equations (2.6b) and (2.7b), the beam s coex ist in these 

reg ions w ith the lobe inflow  plasm a w hich has a dow n-tail speed vi. The speed 

o f the com bined d istribu tion  o f inflow  and outflow  plasm a is alw ays wholly in 

the ±x d irection , and equal to the field  line speed vF, as is obvious from  the 

fram e transform ation argum ent em ployed above.

It should be noted that the assum ption inheren t in this theory  that the whole of 

the cross tail current flow s in a thin quasi-one-dim ensional curren t layer at the 

centre o f the plasm a sheet (c.f. F igure (2.2)) is an idealiza tion  which is not 

strictly  va lid  in the geom agnetic tail. In reality  part o f the energy liberated 

from  the fie ld  to the p lasm a in the current sheet w ill appear in  the form  of heat 

in  the  ou tflo w  p lasm a, ra th e r than w holly  as bu lk  flow  energy  along the 

reconnected  field  lines as assum ed in the "cold beam" approxim ation  used here. 

C onsequently  cross-field  currents w ill also flow  w ithin the p lasm a sheet wedge 

itse lf, and at its outer surface, which w ill lead to a d iam agnetic  depression of 

the fie ld  w ith in  the p lasm a  sheet re la tiv e  to the lobe, co n so n an t w ith the 

requirem ents o f pressure balance. These effects may be view ed as being due to. 

a slow  m ode expansion o f the heated plasm a along the reconnected  field  lines, 

the associated  currents then being the counterparts of the slow  m ode shocks in 

P e tsch ek ’s (1964) theory. As a resu lt o f the neglect o f these effects in the 

p resen t w ork the results o f our theory w ill only apply sem i-quantitatively  to the 

geom agnetic tail. The justifica tion  for their neglect is that the resu lting  theory
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Figure 2.2. (i) Field structure and particle populations resulting from steady state 
reconnection at a stationary neutral line at Xn, for a lobe flow speed 0.3 Va (left to right), and 
reconnection rate of Ey = VaB/4 (although by scaling the vertical axis with respect to the 

horizontal the diagram could be made representative of any other reconnection rate, e.g. for 
reconnection rate one quarter of the above, the vertical scale should be decreased by a factor of 
4). The reconnected field is represented by the arrowed solid lines, the plasma sheet by the 
hatched region bounded by the dashed lines, and the boundary of energetic particles of speed 
3Va by the dot-dashed lines, (ii) Configuration at time x after reconnection has suddenly 
increased by a factor of 3 from the situation in (i). The last field lines reconnected before the 

change occurred are marked a-a and b-b and cross the current sheet at distances vft from the 
neutral lines. This point marks the boundary across which the field changes from the old 

steady state value to the new. The particles also achieve a new equilibrium state within vft of 
the neutral line, and are unchanged from the old configuration beyond vox (plasma sheet) and 

3 Vat (energetic particles of speed 3 Va). Between these points the layers vary linearly with 
distance from the old to the new equilibrium states, and are expanding outwards at the same 
speed as the separatrix beyond vft . (iii) Configuration at a time x after a 3-fold decrease in 
reconnection rate, i.e. returning from the equilibrium set up in (ii) to that shown in (i). Similar 

considerations to (ii) apply, but result in layer thinning.
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based upon a single one-dim ensional current sheet is both analy tically  tractable 

and gives good insigh t in a sim ple m anner into the m ain effects  resu lting  from  

tim e-dependent reconnection  rates and neutral line m otions. The lim itations o f 

the theory should be borne in m ind, how ever, when com paring  in detail our 

resu lts w ith observations.

In the next section we w ill now go on to investigate how the one-d im ensional 

so lu tions can be generalised  to  inc lude  tim e-dependent reconnection  rates, 

though, as here, the neu tral line w ill be assum ed to be stationary  in the E a rth ’s 

fram e.

(3) Effects of Tim e-Dependent Reconnection at a S tationary  N eutral Line.

We now consider the effect on the configuration  o f the reconnected  fie ld  region 

and accelerated  partic le  populations w hich w ill resu lt from  variations o f the 

reconnection  rate. As ind icated  in the previous section the reconnection  ra te  is 

ju s t the e lectric  fie ld  Ey at the neutral line, w hich we w ill now assum e to be a 

function o f tim e, EyN(t). U nlike the steady-state  case w here Ey is constant and 

uniform  along the current sheet, we now have a system  in w hich Ey varies in 

tim e and space, and is associated  w ith varia tions in the m agnetic  fie ld  structure. 

As we w ill go on to show, the inform ation about varia tions in Ey at the neutral 

line propagates away from  it along the curren t sheet w ith the reconnected  field  

lines, at approxim ately  the A lfven speed. Before turn ing  to the calculation 

how ever, it should be reem phasised  that we do not enquire w hy such changes in 

EyN occur but only w hat the ir effects w ill be. As in the p revious section we 

again assum e uniform  and constant inflow  conditions (i.e. a lobe plasm a with 

uniform  density  n and dow n-tail bu lk  flow  speed vi) and a sufficien tly  sm all 

reco n n ec tio n  ra te  tha t B z is  everyw here  sm all com pared  to the to ta l fie ld  

strength  outside the current sheet.

The solution o f the problem  is readily  obtained by noting that the contraction 

sp ee d  vf o f  th e  re c o n n e c te d  f lu x  tu b es  d e te rm in e d  by  th e  e q u ilib r iu m  

conditions (equations (2.6a) and (2.7a)) is independent o f the reconnection  rate. 

Thus as the reconnection  ra te  varies, the B z field  threading the current sh ee t 

varies in concert, such that vf rem ains constant. The B z value at the current 

sheet o f a given field  line then rem ains fixed as it contracts away from  the 

neutral line. Thus since the field  line passing through the current sheet at 

position  X at tim e t was reconnected at tim e
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we have

t ’ = t - I X - X N l / v F

E y(X ,t)= E yN (t-IX -X Nl/vF)

and

BzOCt) = Ev(X,t) = (EvN(t -  IX -  X n I/v-p) (2.13)
VF VF

w here X n  is the neutral line  position . N ote that the curl o f  the e lectric  field  

(5Ey/8x) is ju s t such as to account fo r the tim e rate  o f  change o f  the m agnetic 

fie ld  Bz at a given position . It should also be noted tha t variations in the 

reconnection  ra te  and the consequent varia tions in conditions along the current 

sheet w ill v io late  exact one-dim ensionality . H ow ever, p rov ided  the variations 

are sufficien tly  slow  that the spatial scale for varia tions along the current sheet 

is m uch greater than the current sheet th ickness (as w ill generally  be the case in 

practice), the one-dim ensional stress balance condition w ill form  a very  good 

approxim ation at each poin t along the current sheet, as assum ed in the analysis 

a b o v e . T h e  sam e a rg u m e n t w as p re v io u s ly  e m p lo y e d  by  C o w ley  and  

Southw ood (1980) in their treatm ent o f the effect o f spatially  vary ing  inflow  

plasm a conditions as briefly  d iscussed in the in troduction  to this thesis.

Equation (2.13) shows that at any particu lar tim e the value o f Bz along the 

current sheet varies according to the past history  o f the reconnection  rate  at the 

neutral line. C onsequently  the separatrices and partic le  boundaries no longer lie 

in  p la n e s  m ap p in g  b ack  to  the n e u tra l lin e , as in th e  s tead y  s ta te  case . 

C onsidering the m agnetic separatrix  first, we can use the flux  conservations 

argum ent in troduced in the la st section to calcu late  the h a lf th ickness W  of the 

region o f reconnected  fie ld  at any po in t X at tim e t. H ow ever, we m ust now 

in tegrate  B z betw een the po in t X and the neutral line (at position  X n ), or 

equivalently  in tegrate the value o f EyN(t) over the field  line tim e-of-fligh t from  

the neutral line to the po in t X. We thus have
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rx (2.14)
W (X ,t) = 1 

B
IBz(x,t)l dx

u XN

(2.14)
= 1 EyN(t’) dt’

B
J t-(IX-XNl)/vF)

Sim ilarly, the d istance D betw een the boundary o f partic les o f speed vp and the 

m agnetic separatrix  at position  X and tim e t is obtained by noting that the flux 

contained  in this region is that reconnected in the particle  tim e o f flight. So

r  t

D (X ,t,vp) = 1 EyN(t’) d t’
B

J t-(IX-XNl)/vp)

Thus the h a lf  th ickness o f the partic le  layer is given by

(2.15)

S(X ,t,vp) = W (X ,t) -  D (X ,t,vp)

= 1 
B

r t-(IX-XNl)/vp)

EyN(t’) dt’

t-(IX-XNl)/vF)

(2.16)

W hen EyN(t’) = Ey, a constant, these equations reduce to the steady state case 

expressed  in equations (2.9), (2.10) and (2.11). H ow ever, when EyN varies in 

tim e, the m agnetic separatrix  and the particle  boundaries w ill in general be in 

m otion w ith speeds (Z -direction) given by

V w  = 5W = rEyN(t) - EvN(t - IX - XNl/vF)l (2.17a)~sr b

and

Vs = 8S = rEVN(t-IX-XNl/vp) - (Evn (MX-Xn I/vf)1 (2.17b)
~5t B

Using equations (2.14) and (2.16) the structure of the reconnected field region
and associated accelerated particle populations may be calculated for arbitrary
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varia tions o f the reconnection  rate. H ere we w ill illu stra te  the effects which 

occur fo r tw o sim ple changes, a sharp increase and a sharp decrease in the 

reconnection  rate. Technically, such rapid  changes in the reconnection  rate 

leading  to rap id  variations in conditions along the curren t sheet w ill v io late  the 

one-d im ensional curren t sheet approxim ation. H ow ever, the  effects w hich such 

changes p roduce  m ay read ily  be com prehended, lead ing  to in sigh t in to  the 

behav iour fo r m ore general and m ore gradual variations. A ppropriate  diagram s 

are show n in  F igu re  (2 .2 ) in  the fo rm at p rev io u sly  described . The upper 

d ia g ra m  (F ig u re  (2 .2 i))  is  th e  s tead y  s ta te  p ic tu re  fo r  vi = 0.3 V a and  

Ey = VaB/4 p rev io u s ly  d esc rib ed , the d o t-d ash  line  being  the boundary  o f 

partic les o f speed vp = 3 Va . We now consider the resu lt o f a three-fold  

increase  in  the  reconnec tion  ra te , no ting  tha t w hen the new  equ ilib rium  is 

estab lished  the layer w idths w ill all have increasedby this fac to r com pared with 

F igure  (2.2i). F igure (2.2ii) shows the approach to th is new  equ ilib rium  after 

an arb itrary  tim e x. If  we first consider the m agnetic field , then B z (and Ey) has 

trip led  its in itia l value to d istances vpx on either side o f the neutral line (as 

m arked in the figure), it (and Ey) then d iscontinuously  changes to the orig inal 

equ ilib rium  value at larger d istances. The last fie ld  lines reconnected  before 

the change are m arked as a-a and b-b and pass through the curren t sheet at 

d istances vfx on either side o f the neutral line respectively . W ithin vpx the 

fie ld  has reached its new equ ilib rium  configuration , w hile fu rther away it has 

yet to respond, although, o f course, the m agnetic separatrix  is m oving away 

from  the current sheet at speeds Vwe and Vwt on the E arthw ard  and tailw ard 

sides o f the neutral line respectively  in these regions. It should be noted that 

this separatrix  speed corresponds only to the m otion o f a topological boundary 

(m arked by the trajectories o f  particles o f "infinite" speed), and that the m otion 

o f the inflow  plasm a is in no way affected. Turning now to the boundary of 

partic les o f arbitrary  speed vp, we note that the new equilibrium  locations will 

h av e  b een  a tta in e d  w ith in  d is ta n ce s  vpx o f  th e  n e u tr a l  l in e ,  w h ile  th e  

boundaries w ill be to tally  unaffected  at distances greater than vpx (as shown). 

Betw een these two distances the boundary position  varies linearly  betw een the 

new and old equilibrium  locations, and expands uniform ly outw ards at the same 

speed as the separatrix , thus m aintain ing a constant d istance from  it.

F igure (2.2iii) shows an analogous situation produced by a sudden decrease in 

the reconnection  rate. We suppose that equilibrium  has been achieved in the 

region shown due to the three-fo ld  increase described above, and we suppose
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that there is then a sudden decrease in Ey back to the orig inal value. The figure 

again shows the system  a tim e % after the change, exactly  sim ilar considerations 

applying as d iscussed above.

(4). E ffec ts  o f N e u tra l L in e  M otion

T he s e c o n d  e f fe c t  w h ich  w ill le ad  to  tim e -d e p e n d e n t v a r ia t io n s  in  the  

accelerated  partic le  populations dow nstream  from  the neutral line, is m otion of 

the neu tra l line itse lf. In th is section we w ill discuss these effects and set up a 

g en era l th eo ry  w hich  a llow s a rb itra ry  s im u ltaneous v a ria tio n s  in  both  the 

reconnection  rate and the speed o f the neutral line. A gain, we do not enquire 

about the cause o f these varia tions, but sim ply investigate their consequences. 

We also re ta in  the sm all B z approxim ation em ployed above, w hich, as we will 

see, not only requires a suffic ien tly  sm all reconnection  ra te  for its validity , but 

also a neu tral line speed w hich is not too large. We also assum e, as previously, 

that the varia tions in reconnection  rate and neu tra l line m otions w hich occur are 

not so rap id  that the one-d im ensional current sheet approxim ation is vio lated .

Let us first assum e for sim plicity  that the reconnection  ra te  EyN is constant in 

tim e and that the neutral line is m oving at a steady speed

VN = # N  a t

(such that VN is positive if  the neutral line is m oving in the +x d irection). Again 

we em phasise that the contraction  speed o f the field  lines along the current 

sheet Vp is independent o f the neutral line m otion. Then if  we consider the flux 

reconnected  in unit tim e (EyN webers per unit length o f neutral line) then on the 

Earthw ard  side o f the neutral line (in the d irection  o f m otion o f the neutral line) 

this w ill be contained in a length o f the curren t sheet given by (vFE -  vN), 

w hile on the tailw ard side o f the neutral line it w ill be contained  in length 

(vFt  + vN). Thus by flux conservation we have

B zE = E vn ____
(VFE '  vn )

(2.18a)

and



(2.18b)
(vpp + vN)

Thus the fie ld  th read ing  the  cu rren t sheet is "com pressed" by neu tra l line 

m otion "ahead" of the neu tral line  and "rarefied" behind it. It should be noted 

that Bz diverges as vN approaches either vFE or - v FT; the speed o f the neutral 

line is c learly  constrained  to  lie betw een the lim its im posed by the contraction 

speeds o f the reconnected fie ld  lines along the current sheet on e ither side. The 

sm all B z ap p ro x im atio n  im poses a som ew hat m ore s trin g en t lim it on vN, 

how ever, in that vN m ust not approach either vFE or- -vFT so closely  that B z 

becom es com parable w ith B. It should also be noted that the e lectric  fields Ey 

w ill be d ifferen t on either side o f the neutral line and given by

EyE = vFE B zE =__ VpE___. EyN (2.19a)
(VFE “  v n )

and

EyT = VFT BzT =__VpT___ . EyN (2.19b)
(vFT + vN)

on the E arthw ard  and tailw ard sides o f the neutral line respectively . Thus the 

electric  fie ld  "ahead" o f the neutral line is larger than EyN w hile that "behind" 

the neu tral line is sm aller than EyN.

The curl in  the electric fie ld  (SEy/Sx) across the neutral line reg ion  is ju s t such 

as to account for the tem poral change in Bz w hich occurs as the neutral line  

passes across a given location. Equations (2.18) and (2.19) m ay also be derived 

using the steady-state  theory  o f section (2) by applying a fram e transform ation 

to the (instantaneous) rest fram e o f the neutral line. In the transform ed frame 

the electric  fields are then, o f course, the same on either side of the neutral line 

(and equal to EyN), w hile the d ifference betw een B ze and B ZT is in terpreted  in 

term s o f the fie ld-aligned  speed of the inflow  plasm a in this fram e equal to

v i + VN*

We now  consider the general caseof arbitrary variation  in the reconnection  rate 

and neu tral line m otion (the la tte r is lim ited  to be less than the fie ld  line speeds 

vF in e ither d irection). I f  we consider the value of Bz th read ing  the current 

sheet at any position  X and at tim e t, thenthis is determ ined by equations (2.18),
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w here EyN and vN are evaluated  at the tim e tR that the corresponding  field  line 

was reconnected . As before, the B z field  threading  the curren t sheet fo r a given 

flux tube is fixed once it has reconnected, due to the constan t and uniform  

contraction  speed vF along the current sheet (for the constan t and uniform  

in f lo w  p la sm a  c o n d itio n s  a ssu m ed  h e re ) . We th u s  re q u ire  to  c a lc u la te  

tR = tR(vp, X , t). F or the fie ld  line which threads the sheet at (X, t), its position 

X ’ at any o ther tim e t ’ is given by

X ’( t’) = X + vF ( t ’ -  t).

L et us then suppose that the position  o f the neutral line as a given function of 

tim e is XN(t). Then tR is determ ined by the equations (for the regions either 

side o f the neutral line)

XN(tR) = X + vFE (tR -  t) (2.20a)

XN(tR) = X -  VpT (tR -  t) (2.20b)

F or sim ple variations o f Xn corresponding e.g . to p iecew ise constan t speeds or 

acceleration  equation (2.20) is easy to solve analytically  but in general m ust be 

solved either num erically  o r graphically. The graphical represen ta tion  is shown 

in F igure (2.3). In this figure the vertical scale is the position  X, and the 

horizon tal scale is tim e t. The curved line AA shows the path o f the neutral 

line , w hile the dashed lines show the paths o f the curren t sheet in tersection 

po in t o f the reconnected fie ld  lines. F ield  lines reconnected at any tim e start 

from  the neutral line AA and move on stra ight line paths w hose angle to the 

horizon tal axis is tan ’1 vFE earthw ard o f the neutral line and tan ’1 vFT tailw ard 

o f it. I f  we consider the fie ld  line w hich passes through the current sheet at 

position  X at tim e t (point P in Figure 2.3) then the tim e tR of reconnection  of 

th a t f ie ld  lin e , and the  p o s itio n  o f the n e u tra l lin e  Xr at th is  tim e , are 

determ ined  by pro jecting  back along the dashed line through P until the neutral 

lin e  tra je c to ry  is in te rse c te d , as show n. I f  the  n eu tra l lin e  tra jec to ry  is 

constrained  to be less than the field  line speeds in either d irec tion  then clearly  

there  w ill be only one in te rsec tion , i.e . on ly  one rea l solution, o f equation 

(2.20).
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X

Figure 2.3. Diagram illustrating the graphical solution to equation (A-lo^determining the time 
tR at which a given field line located at X at time t was reconnected. Position along the current 

sheet is plotted vertically and time horizontally, and the trajectory of the neutral line is the 
solid line A-A. The dashed lines show the trajectories of the reconnected field lines (their 
centre plane intersection points) contracting away from the neutral line on either side. To find 
tR for a given X,t (point P) the field line trajectory is traced back to its neutral line trajectory 
intersection point, R, as shown.
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Turning now to the widths of the flux and particle layers, the arguments 
introduced earlier can be used to show immediately that at (X,t) the half-width 
of the reconnected field layer is

r t
W(X,t) = 1 

B i

EyN(t’) dt’

while that of particles of speed vp is given by

(2.21)

S(X,t,vp) = 1 
B

^ ( V p X O
EyN(t’) dt’

<r (V x ’1)

(2.22)

w here tR(vp,X ,t) is the tim e that the bounding field line corresponding  to vp 

was reconnected , given by (in d irect analogy w ith equations (2.20))

XN(tR) = X + vp(tR -  t) (2.23)

where vp has to be reversed in sign tailward of the neutral line. This equation 
can again be solved either analytically for simple Xn(0, or numerically or 
graphically using a diagram analogous to Figure (2.3).

Using equations (2.20) and (2.23) we find that

dtR(vpp,X,t) = VFF. (2.24a)
dt 1vfe " vn (^ ^

dtR(Vpp,X,t) = Vft (2.24b)
dt [Vpr + VN(tR)]

dtR(vp,X,t) = _____ Xp (2.24c)
dt [Vp ± VN(tR)]

where the lower/upper signs in equation (2.24c) correspond to the regions- 
tailward/Earthward of the neutral line respectively. Thus the separatrix speed 
(z-direction) is given by
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VWE = I  /  EyN(t) - _______ VFE_______ . EyN[tR(vFE)] ]
B \ (VFE " vNLtR(vFE^) )

(2.25a)

and

VwT = i  / EyN(t) 
B

________ VpT_______ . EyN[tR(vFT)] ]
(vFT " vNLtR (VF T ^ ) J

(2.25b)

for regions earthward and tailward of the neutral line, respectively, while the 
particle layer speed is given by

VSE = 1 2LP.
B\ (vp - vN[tR(vp)])

EyN[tR(Vp)]

and

___________________• EyN[tR(vFE)] ]
(VFE “ V^[tR(vFE)]) J

-FE-

VST =t(- _Vp______ . EyN[tR(Vp)]
(vp + VN [tR(Vp)])

(Vpp + VN
.FT________ * ByN[tR(vFF) ] \
L t R ( v F F ) ] )  J

(2.26a)

(2.26b)

When vN is zero, equations (2.25) and (2.26) clearly reduce to equations 
(2.17a,b) deduced for variable reconnection rate while for constant 
reconnection rate EyN and steady neutral line motion we find

VWE = - ___ vN__. EyN ; VwT =
(vF E ' vn ) b

in . EyN
(VFT + VN̂  B

and

V S E = - ____vN( v p ^ v FEl _ .  EyN ;
(vp - vN)(vFE - vN) B

VST = ____ vN(vp - vFT) ■ EyN
(vp + vN)(vFT + vN) B

(2.27a-d)
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The latter equations may also be derived from the steady state formulae (2.9) 
and (2.11) on applying a transformation into a frame in which the neutral line 
moves with speed vjj.

In Figure (2.4) we illustrate the effects of neutral line motion on the accelerated 
particle layers by showing three paradigm cases, corresponding to steady 
motion (Figure 2.4(i)), a sudden onset of motion (Figure 2.4(H)) and a sudden 
cessation of motion (Figure 2.4(iii)). The reconnection rate is taken to be 
constant, and the inflow conditions assumed are identical to those taken 
previously (as in Figure 2.2). However, now the neutral line is taken to move 
downtail (from left to right in the figure) with speed 0.7 Va . Since this speed 
exceeds the assumed down-tail flow speed of the tail lobe plasma (0.3 Va) the 
asymmetry about the neutral line is reversed in sense compared with that 
occurring with no neutral line motion (Figure 2.2(i)). Due to this motion, IBZI 
is now larger tailward of the neutral line than Earthward of it.

In Figure 2.4(H) we show the system at an arbitrary time x after the neutral line 
starts to move at the above speed, having initially been stationary. The diagram 
therefore shows the system in transition between the steady configurations 
(relative to the neutral line) shown in Figures 2.2(i) and 2.4(i). The initial 
position of the neutral line Xn (0) is shown by the vertical arrow, and the last 
field lines reconnected before the neutral line starts to move are marked a-a, 
and b-b, these passing through the current sheet at distances vfx from Xn (0) as 
shown. Within these distances the field configuration (relative to the neutral 
line) is identical to that in Figure 2.4(i), while at larger distances the field has 
yet to respond, and therefore has the configuration of Figure 2.2(i). Note 
particularly that in this case the separatrix does not move in this outer region, 
since the reconnection rate is steady. Similarly the layers of particles of speeds 
v0 (plasma sheet particles) and 3 Va (high energy particles bounded by 
dot-dashed line) have reached their final configuration (relative to the neutral 
line) within vfx of Xn (0), but are unchanged beyond distances of vox and 3Vax 
respectively. Their variations are then linear between these positions.

Finally, in Figure 2.4(iii) we show the configuration which occurs at time 
x after the neutral line has ceased moving, thus showing the transition from the 
configuration of Figure 2.4(i) back to Figure 2.2(i). Similar considerations 
apply in this case as to Figure 2.4(H).
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(i)

Figure 2.4. Effects of neutral line motion on the field and particle layer structure for a 
constant reconnection rate, using the same conditions and format as Figure 2.2. Figure (i) 

shows the effect of steady neutral line motion at speed 0.7 Va from left to right. The 
asymmetry about the neutral line is reversed compared with Figure 2.2(i) as this speed exceeds 

the lobe flow speed, resulting in a larger Bz "ahead" (to the right) of the neutral line than 
"behind" it. Figure (ii) shows the configuration at a time x after the neutral line suddenly 

starts to move at the above speed, having previously been at rest, representing the transition 

from Figure 2.2(i) to 2.4(i). Xn(0) is the initial position of the neutral line, and last field lines 

reconnected before the change (a-a, b-b) cross the current sheet at distances v f t  from this 
point. Within these distances from Xn(0) the field and particle layers have achieved a 

configuration (relative to the neutral line) identical to that in (i). These particles are 
unaffected beyond vox (plasma sheet) and 3 Vax (energetic particles of speed 3 Va) from 
Xn(0), and vary linearly between these positions, (iii) Configuration at time x after cessation 
of the neutral line motion, representing the transition from Figure 2.4(i) back to Figure 2.2(i). 

Similar arguments to (ii) apply.
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(5). P h en o m en o lo g ica l S u b s to rm  M odel

The theory developed in the previous sections can now be used to produce a 
phenomenological model of plasma sheet and energetic particle layer behaviour 
during substorms in the earth’s geomagnetic tail, using variations in the 
reconnection rate and motions of the neutral line inferred from observations 
(see Hones 1984, 1985 and references therein). We will also use typical 
magnetotail parameters taken from the ISEE 3 geotail mission data sets (see 
e.g. Slavin et al., 1985). The aim here is not to give a complete description of 
the behaviour in the tail during substorms but to illustrate the utility of the 
theory in giving insight into the effects resulting from time dependence. The 
results should have a semi-quantitative applicability to expected conditions in 
the tail, but do not give a complete quantitative picture due to the limitations of 
the theory outlined in the penultimate paragraph of section (2) of this chapter. 
Since the behaviour of the distant tail has been a subject of particular interest in 
recent years, we will discuss the implications of the theory for this region in 
detail, specifically at 200 Re, showing how it can be used to obtain a basic 
understanding of the observations. This will be illustrated further in the next 
chapter, where a case study of a particular substorm event is considered.

In the neutral line model of the substorm (Hones, 1984, 1985), the quiet time 
configuration is formed by slow reconnection at a neutral line deep in the tail, 
which is then disturbed by the formation of a new neutral line within the 
plasma sheet much closer to the earth, at which the reconnection rate is more 
rapid. Reconnection at the new neutral line results initially in the formation of 
closed loops of magnetic flux containing trapped plasma within the earthward 
plasma sheet, but after the reconnection has proceeded sufficiently far such as 
to disconnect the entire plasma sheet from the earth, then the latter is ejected 
down the tail by magnetic tension forces, together with the old neutral line, as a 
closed loop plasmoid structure. Rapid reconnection continues at the new 
near-earth neutral line for some time, but later recovery begins and the quiet 
time configuration is regained with the movement of the new neutral line back 
into the deep tail and reductions in the reconnection rate.

Having briefly recapped the substorm model we will now consider the specific 
values used in our calculations. In line with the above discussion we start by 
assuming that during the pre-substorm quiet time the neutral lines lies at large 
distances downtail and that the reconnection rate is small. ISEE-3 results
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suggest that the quiet time neutral line lies between 60 and 120 earth radii 
downtail (Daly et al. (1984); Baker et al. (1984b); Cowley et al. (1984); Zwickl 
et al. (1984)) and here we take a distance of 100 Re . We also assume that a 
typical quiet-time potential of 30 kV exists across a 50 Re wide tail, giving a 
value of Ey = 0.1 mV m_1. Assuming a typical lobe magnetic field strength 
B = 10 nT and a plasma density n = 0.1 cm (Slavin et al. (1985)) we have an 
Alfven speed just outside the current sheet Va ~ 500 km s’1. Zwickl et al.
(1984) report that the downtail lobe plasma bulk speed distribution is centred 
around 150 km s’1, and so we will use this value for the downtail lobe flow 
speed vi. Equations (2.6a) and (2.7a) in section (2) then give field line 
contraction speeds vFE = 350 km s"1 earthward and vFT = 650 km s’1 tailward 
of the neutral line, while equations (2.6b) and (2.7b) give plasma sheet particle 
speeds of vQE = 850 km s"1 (3.8 keV for protons) and vQT = 1150 km s"1 (6.9 
keV protons) earthward and tailward respectively (compatible with average 
observed values of 890 km s’1 (Richardson and Cowley, 1986)).

Substorm onset is marked by the sudden formation of a second neutral line 
much closer to the earth, taken here to be located at 20 Re . The cross tail 
voltage along this neutral line is believed to be of order 100 kV giving 
Ey = 0.4 mV m’1, if a substantial fraction of the width of the tail is involved. 
(It has also been suggested that reconnection may have an explosive onset, with 
as much as 1 MV across the tail (Coroniti 1985) but we have not included such 
voltages here). This new neutral line is initially located within a region not 
accurately described by our model, as it lies within that region of the near 
earth, isotropised plasma sheet occupied by mirroring particles. However, 
since the reconnection rate at the new neutral line is so much higher than at the 
old neutral line, the two become connected by the same field line ~ 8 minutes 
after onset, with the newly formed plasmoid lying between them. After this 
time, once the plasmoid has been disconnected, the inflow to the near earth 
neutral line and downstream plasma sheet comes from the lobe plasma, and our 
theory is then valid. For simplicity we will assume that reconnection in the 
deep tail ceases at the point in time that the plasmoid is disconnected. This 
need not necessarily be the case but the effects of reconnection at the old- 
neutral line will in any case not be important (unless the reconnection rate there 
is suddenly enhanced above its quiet time value, which seems unlikely). After 
the plasmoid becomes disconnected from the Earth the flux reconnected at the 
new neutral line is wrapped over and around the plasmoid, and the field tension
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accelerates it down the tail. Here we will assume for simplicity that there is no 
"slippage" of flux around the sides of the plasmoid, such that it moves downtail 
at the tailward reconnected field line speed vFT = 650 km s’1. This is 
consistent with observed plasmoid speeds of between 300 km s '1 and 
1000 km s’1 (Hones 1984, Richardson et al., 1986; Richardson and Cowley
(1986)). We would expect the plasmoid length to reflect the initial separation 
of the two neutral lines, i.e. to be of order 80 Re in length. Plasmoids at 
200 Re are believed to have a full thickness of * 20 Re (Hones 1984; Hones et 
al., 1984; Baker et al., 1984a), and we will therefore assume these values in our 
model. We have also assumed the plasmoid boundary is formed by 2 arcs of a 
circle giving the above dimensions. Some time after the plasmoid has left the 
near earth tail the recovery phase begins, associated with downtail motion of 
the neutral line and a decline in the reconnection rate. Recovery lasts for about 
one hour, and ends with the neutral line having returned to the deep tail 
position at 100 Re . This implies an average neutral line speed of 140 km s’1. 
We will assume sudden onset of tailward motion of the new neutral line at this 
speed some 35 mins after the plasmoid has been released, and a sudden stop 
when the neutral line reaches 100 Re one hour later. During this period the 
reconnection rate also falls to the quiet time value. We shall assume a linear 
decrease during this period, equivalent to a decrease in reconnection rate of
0.3 mV m '1 hr'1.

These assumed variations are shown graphically in the upper part of Figure 2.5. 
The top panel shows the assumed reconnection rates, plotted against time after 
onset of reconnection at 20 Re , at the new (full line) and old (dashed line) 
neutral lines respectively, while the middle and lower panels show the speed 
and position of the new neutral line. In the centre panel we illustrate the results 
by showing the variations of the separatrices (solid lines), plasma sheet 
(hatched region) and energetic particle layers (dotted and dot-dashed lines) 
versus time, 200 Re down-tail from the Earth. The vertical scale is 
perpendicular distance from the tail centre panel, while the squared region 
corresponds to the down-tail propagating plasmoid. The lower panel shows the 
corresponding variation of Bz at the current sheet with the field within the- 
plasmoid being shown dashed, since it is not predicted by our model but simply 
sketched in on the basis of observation.

The onset of reconnection at 20 Re within the pre-substorm plasma sheet is 
marked at t = 0 in Figure 2.5. Before this time the steady state theory described
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Figure 2.5. This figure shows the results of applying the time-dependent reconnection theory 

to substorms in the geomagnetic tail, specifically showing how the plasma sheet and energetic 
particle layers vary in the distant tail (200 Re from Earth) during a substorm. The top panel 

shows the assumed variations of the reconnection rate at the old (dashed line) and new (solid 
line) neutral lines, against time after onset of reconnection at 20 Re (t=0). The reconnection 
rate at the old neutral line is initially 0.1 mV m_l falling to zero at t = 8 mins, when the 
plasmoid becomes disconnected. At the new neutral line the rate is constant at 0.4 mV m-1 

between 0 and 43 minutes and then drops linearly to 0.1 mV m-1 during the recovery phase 
(ending at t = 103 mins). The next two panels show the speed vn(0 and position XN(t) of the 

new neutral line respectively. The neutral line moves from 20 to 100 Re at 140 km s-1 during 
recovery. The pre-substorm neutral line is assumed initially to lie at a distance of 100 Re, and 
then to move tailward at the speed of the plasmoid (the same speed as the reconnected field 
lines tailward of the new neutral line, i.e. 650 km s-1) after plasmoid disconnection. The 

fourth panel shows the variations in thickness of the reconnected field layer and plasma 
populations at 200 Re downtail during the substorm period, based on these assumed variations. 
The horizontal solid line is the central current sheet, while other solid lines represent the field 
separatrices, the hatched region the plasma sheet and the dot-dashed and dotted lines the 

energetic particle boundaries for particles of 2000 km s-1 and 3000 km s-1 respectively. The 
squared region corresponds to the downtail propagating plasmoid. The lower panel shows the 

variation of Bz through the current sheet during the substorm, the curve during the plasmoid 
passage across 200 Re being dashed in on the basis of observation, since this is not determined 
by our theory.

57



in section 2, applied to a neu tral line a t 100 Re  w ith Ey = 0.1 mV m"1 and the 

param eters given above is sufficient to .d esc rib e  the structure  at 200 Re . This 

gives a z-com ponent o f  the m agnetic fie ld  o f -0 .1 5  nT  and a p lasm a sheet 

(com posed o f tailw ard je ttin g  ions o f speed 1150 km s '1) o f fu ll thickness

1.3 Re . An observer earthw ard o f the neu tral line w ould see a la rger Bz of

0.29 nT, and re la tively  th icker plasm a sheet (fu ll th ickness o f 1.3 Re at only 

40 Re  earthw ard o f the neutral line i.e. 60 Re  dow ntail) during  the in itia l quiet 

tim e phase.

A fter rap id  reconnection  begins in the near earth  tail, there is a short period at 

200 Re  before any changes begin. This is the tim e required  for the new neutral 

lin e  to  re c o n n e c t th e  flu x  w ith in  the  q u ie t tim e p la sm a  sh ee t end in g  in 

d isconnection  o f the p lasm oid. A t a reconnection  rate o f 0.4 mV m '1 this takes 

about 8 m inutes, and until this tim e the configuration  at 200 Re  is determ ined 

p u re ly  by  th e  d eep  ta i l  n e u tra l  l in e . A t t= 8  m in u te s  th e  p la sm o id  is 

d isconnected  and starts to m ove down the tail, and we assum e that the old 

neutral line, along w hich the reconnection ra te  has dropped to zero, m oves with 

it. The configuration  at 200 Re  is then determ ined  by two com ponents: firstly, 

c losest to the centre p lane the structure is due to the dow n-tail m otion o f the 

old neu tra l line. The fie ld  and particle  layers thin, reaching  zero thickness 

when the old neutral line  and plasm oid arrive at t = 24.4 m ins after onset. The 

value o f Bz is constant at -0 .1 5  nT up to this point. H ow ever, the structure is 

surrounded by an expanding layer o f flux reconnected  at the new neutral line 

during  th is period , and assoc iated  energetic  partic les, w hich have travelled  

along the fie ld  lines draped  around the p lasm oid  structure. These particles 

begin to arrive at t *  14 m ins and t » 18 m ins for 3000 km  s '1 and 2000 km  s"1 

partic les respectively. P lasm a sheet partic les resu lting  from  reconnection  at the 

new neu tral line do not appear at 200 Re  until a fter the arrival o f the plasm oid. 

The expansion speed o f the layers p rior to p lasm oid  arrival is 30 km  s '1. This 

value includes both the effects o f contraction o f the old partic le  layers and 

expansion due to reconnection  at the new neutral line.

At t = 24.4 m inutes the leading edge o f the p lasm oid arrives at 200 R e , and 

very shortly  afterw ards the first plasm a sheet particles from  the new neutral 

line arrive, at t » 25 mins. As the p lasm oid m oves past, the fie ld  and particle 

layers are d isplaced outw ards, but also continue to expand as m ore flux is 

reconnected . D uring the passage o f the p lasm oid the Bz com ponent o f the 

m agnetic fie ld  suggested by observation, shows a b ipolar varia tion  about zero,

58



o f am plitude a few  nanoteslas. At t = 37.5 m inutes after onset the tra iling  edge 

o f the p lasm oid  passes 200 Re , along w ith the first lobe fie ld  line  reconnected  

at the new substorm  neutral line. A fter this tim e a steady-sta te  "post-plasm oid" 

p lasm a sheet and fie ld  w edge are p resen t due to steady reconnection  at 20 Re , 

and rem ains until ta ilw ard  neutral line re trea t and reconnection  rate  reduction 

beings a t t = 43 m ins. A t this po in t the p lasm a sheet has a fu ll th ickness o f  9.6 

Re  (a lthough this w ill be an underestim ate as we have neg lec ted  any inflation  

due to  the perpendicu lar pressure o f the p lasm a), and a z-com ponent o f the 

m agnetic field  Bz = -0 .6  nT.

A t 43 m inutes after the onset o f reconnection  at 20 Re and shortly  after the 

departure o f the p lasm oid from  200 Re , the recovery  phase begins. For the first 

= 30 m inutes there is only  slight th inning o f the field  and h igher energy particle 

layers and hardly any change in the low er energy partic le  layers, due to the 

o p p o s in g  e ffe c ts  o f  th e  a p p ro a c h in g  n e u tra l  lin e  and  re c o n n e c tio n  ra te  

reduction . H ow ever, after the first fie ld  line  reconnected  afte r the onset of 

neutral line m otion passes 200 Re (when B z jum ps from  - 0 .6  nT to -0 .8  nT) at 

t = 72.6  m ins, the m agnetic flux passing 200 Re  is m uch g reater than that being 

reconnected  at the neutral line , and consequently  the partic le  and field  layers 

being to th in  rapidly.

At t = 103 m inutes the neutral line reaches 100 Re , the reconnection  rate has 

d ropped to 0.1 mV m"1, and the B z com ponent of subsequently  reconnected 

fie ld  lines settles at -0 .1 5  nT  again. These field  lines reach  200 Re 16.4 

m inutes la ter (t = 119.4 m ins), by w hich tim e the field  and partic le  layers have 

th inned  to their quiet tim e thickness, and the in itia l steady state is resum ed, 

com pleting  the substorm  cycle.

U sing  the results obtained  above we can then understand the gross features 

observed  by spacecraft at 200 Re  during a substorm  and passage of a plasm oid. 

This is heavily  dependent on the d istance above the centre p lane o f the tail. 

Only spacecraft w ithin «  2 Re o f the centre plane w ill observe any quiet time 

plasm a sheet phenom ena, w hilst substorm  effects may be observed  to distances 

o f  a t le a s t  18 R e . C onsequen tly  there  are expected  to be re la tiv e ly  few 

o b se rv ed  e n co u n te rs  w ith  the q u ie t tim e p la sm a  sh ee t, m o st h o t p lasm a 

observations resulting  from  encounters w ith the substorm  plasm oid  and post 

p lasm oid  p lasm a sheet, in agreem ent w ith  the observations o f-B ak e r et al. 

(1984a). Encounters w ith the plasm oid itse lf  w ill only occur for spacecraft
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w ithin  * 10 Re  o f  the centre plane, first passing  through the energetic particle  

lay ers , the h ig h est energy  p a rtic le s  be ing  o bserved  e a r lie s t, then  in to  the 

p lasm oid, w here the to ta l fie ld  strength w ill drop, and the p lasm a density  rises. 

On em erging from  the plasm oid the spacecraft may spend an extended length o f 

tim e in the post-p lasm oid  plasm a sheet or associated  energetic  partic le  layer, 

b e fo re  the p a rtic le  s tru c tu res  co llap se  at the end o f the substo rm  and the 

spacecraft m oves back into the lobe plasm a. A spacecraft betw een 10 and 18 

Re  from  the curren t sheet w ill ju s t spend a b rie f period in the energetic partic le  

layers as the p lasm oid passes by c loser to the centre p lane, w hilst at 19 R e and 

b e y o n d , o n ly  f ie ld  p e r tu rb a tio n  w ill  be o b se rv ed , c o rre sp o n d in g  to the 

travelling  com pression reg ions described by Slavin et al. (1984).

O f course, th is d escrip tion  rep resen ts  only  a sim plified  p ic tu re  o f possib le 

observations, and does not account fo r effects due, for exam ple, to large scale 

m otions o f the tail structure. H ow ever we believe that the m odel gives a useful 

p ic tu re  on w h ich  the  b a s ic  b e h a v io u r  o f  the  d is ta n t ta il  (and  o th e r ta il 

phenom ena) may be understood.

(6). S u m m ary

In  th is  c h a p te r  w e h av e  show n how  th e  s im p le  s te a d y  s ta te  m o d e ls  o f  

reconnec tion 'based  on local 1-D stress balance conditions described  by Cowley

(1980) and Cow ley and Southw ood (1980) can be generalised  to include the 

tim e dependent effects o f varying reconnection  rate and neu tra l line m otion. 

P rov ided  the reconnection  rate  and the speed o f the neutral line  do not vary too 

rap id ly  in tim e the one-dim ensional curren t sheet approxim ation should rem ain 

v a lid  dow nstream  from  the neutral line , such that the co rrespond ing  stress 

balance condition can be locally  applied at each poin t o f the curren t sheet. This 

condition  then determ ines the contraction  speed of the reconnected  field  lines 

away from  the neutral line, w hich depends only on the conditions in the lobes 

on e ither side o f the current sheet, and is independent o f neu tral line conditions. 

T his p roperty  allow s stra igh tfo rw ard  calcu la tion  o f fie ld  and partic le  layer 

th ickness by use o f the principle o f flux conservation in the reconnected  field  

w edge. This technique is readily  generalised  to include arb itrary  variations in 

reconnection  rate and neutral line velocity, providing the z-com ponent o f the 

m agnetic field  rem ains sm all com pared w ith the lobe field.
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We have shown that increases in the reconnection  rate resu lt in an increase in 

Bz and a th ickening  o f the layers on both sides of the neu tra l line; for a sudden 

step  in c rease  the  la s t f ie ld  line  reco n n ec ted  befo re  the  change m arks the 

boundary o f the new steady state at its in tersection  w ith  the current sheet. 

F urther away from  the neutral line the fie ld  and partic le  layers expand linearly  

at speeds w h ich  d ep en d  on the  d iffe ren ce  in  the tw o reco n n ec tio n  ra te s , 

a lthough  th is  expansion  reg ion  is o f lim ited  ex ten t fo r the partic le  layers, 

depending on how far dow nstream  the partic les orig inating  from  the v ic in ity  of 

the  n eu tra l lin e  in th a t la y e r have  trav e lled . C o n verse ly , d ec reasin g  the 

reconnection  ra te  resu lts in a general th inning of the layers.

N eutral line m otion resu lts in a com pression o f the fie ld  ahead of the neutral 

line leading to an increased  Bz and th icker field  and partic le  layers, w hilst 

behind  the neutral line the field  is rarefied , Bz falls and the layers thin. The 

th ickness o f the layers depends on the neutral line speed, and hence changes in 

the la tte r again affect the fie ld  and partic le  structure. Step changes in neutral 

line speed resu lt in sim ilar regions o f transition  and steady state described for 

varying reconnection  rate, a lthough on one side of the neu tra l line the layers 

thin, w hilst on the o ther they thicken.

F inally , by way o f an exam ple, we have applied the theory  to the case o f the 

geom agnetic  ta il using  param eters and neutral line behav iou r in ferred  from  

o bservations to p roduce  a phenom enolog ica l substorm  m odel, in w hich we 

ca lcu la te  the v a ria tio n s  in  p lasm a sheet and energ e tic  ion  boundary  layer 

th ickness at 200 Re  for the duration o f a substorm . The calcu lations show that 

the quiet tim e plasm a sheet is o f order 1-2 Re th ick due to a re la tive ly  close 

neutral line w here the reconnection  ra te  is sm all, w hilst during  d isturbed  tim es, 

the neutral line is m uch further away (close to the E arth  at »  20 Re ), and the 

re c o n n e c tio n  ra te  is en h an ced , re su ltin g  in a m uch th ic k e r  p lasm a  sheet 

( * 10 Re ). We believe that the w ork presented here form s a useful basis on 

w hich the behaviour o f the tim e-dependent tail may be understood, and in the 

nex t chap ter we p resen t a case study o f a substorm  even t (taken from  the 

CDAW-8 data analysis w orkshop) in w hich the applicab ility  o f this w ork (and 

other aspects of the neutral line m odel o f substorm s) w ill be d iscussed further.
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CHAPTER 3.

ISEE-3 O BSERVATIONS IN THE DEEP GEOM AGNETIC
TAIL
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1. In troduction .

In the last chap ter sim ple m odels o f tim e dependent reconnection , including  the 

effects o f variab le  reconnection  ra tes and m otion o f the neu tra l line itse lf, were 

presented. This led to  a phenom enological descrip tion  o f substorm s in the deep 

geom agnetic ta il, using typical param eter values w hich have been deduced from  

a num ber o f statistica l studies o f the ISEE-3 data sets (e.g. Zw ickl et a l., 1984; 

Scholer et a l., 1984; D aly e t a l., 1984; S lavin et al., 1985). In this chapter, by 

way o f testing  the resu lts  and pred ictions o f  th is theory  against observation , we 

shall p resen t a case study o f a substorm  event from  the tail data set, using 

ISEE-3 energetic  ion , therm al plasm a electron , and m agnetic  fie ld  data, and 

several near E arth  data sets which are used to relate  the events observed in the 

tail to the p revailing  geom agnetic conditions. The in terval o f  data concerned, 

from  the 28th January  1983 is one o f the e ight events studied as p a rt o f the 

e igh th  C oord inated  D ata  A nalysis W orkshop (CDAW -8), w hich a ttem pted  a 

m ajor evaluation  o f m odels o f m agnetospheric substorm s. This program  used a 

w ide range o f data, from  spacecraft in the upstream  solar w ind, to ground based 

observations, and from  geostationary  and near-Earth spacecraft, to ISEE-3 in 

the deep tail. The in tervals o f data studied as part o f this program  also covered 

a w ide  ran g e  o f  g eo m ag n e tic  a c tiv ity  lev e ls , and so e x h ib it a v a rie ty  o f 

phenom ena, w hich allow  the various m odels o f the substo rm  process to be 

c ritica lly  evaluated , as w ell as revealing  several new aspects o f m agnetospheric 

physics. R esults from  this m ajor effo rt (e.g. R ichardson et al., 1988, B aker et 

a l., 1988) are sh o rtly  to be p u b lished  in  a special issu e  o f the Journal of 

G eophysical R esearch, and so are not the m ajor focus o f in te rest here. Rather, 

we shall d iscuss in detail a single event from  the CDAW-8 in tervals (In terval A, 

0 4 0 0  - 1100 U T , 2 8 th  J a n u a ry  1 9 8 3 ), w ith  p a r t ic u la r  e m p h a s is  on the  

co m p ariso n  o f  th e  th e o re tic a l a sp ec ts  d e sc rib e d  in  the  la s t c h ap te r  w ith  

observations from  the deep tail. It m ay be argued that the p a rticu la r data 

in terval chosen is the m ost "classic" o f the CDAW intervals, and best fits the 

p resen t purposes. H ow ever, this event does contain unique aspects (the lobe 

param eters are far from  the typical values em ployed in the last section for 

exam ple), and, in any case, the CDAW-8 in tervals as a w hole tended to support 

the neutral line m odel o f substorm s above other m odels (e.g. the viscous m odel 

proposed by H eikkila  (1982,1987), and the boundary layer dynam ics m odel of 

R ostoker and Eastm an (1987)). As such it could  be show n that m ost o f  the 

CDAW events agree, to a quantitative degree, w ith m any o f the theoretical 

aspects o f the last chapter (see R ichardson et al., 1988). Event A is therefore
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chosen  as a rep resen ta tiv e  even t, w hich has the b en efit o f being  the least 

com plicated  o f  the in te rva ls  (con ta in ing  a single iso la ted  substorm ), w hilst 

d isp lay ing  m ost o f the aspects o f substorm s, as observed in  the deep tail.

In the nex t section  we shall b rie fly  describe  the in s tru m en ta tio n  on board  

ISEE-3 from  w hich the data  in this study w ere taken, before d iscussing  the 

even t and its rela tionsh ip  to  the theory  described  in the last chap ter in  detail in 

Section 3..

2. Instrum entation .

The ISEE-3 data  p resented  in  subsequent sections o f this chap ter are taken from  

three instrum ents on the spacecraft. These detect therm al p lasm a electrons, 

energetic  ions, and the m agnetic fie ld  w ithin the spacecraft environm ent.

T h e  th e rm a l e le c tro n  d a ta  w e re  p ro v id e d  by th e  L o s  A la m o s  N a tio n a l 

L aboratory  p lasm a analyser (Bam e et al., 1978). This instrum ent m akes its 

m easurem ents o f  electrons in  the energy range 8.5 eV to 1.1 keV in the plane 

perpend icu lar to  the spacecraft spin axis, w hich is d irec ted  northw ard, alm ost 

perpend icu lar to the eclip tic , and thus provides a two d im ensional (ecliptic 

p lane) d istribu tion . The reso lu tion  o f the instrum ent is such that it takes a 

single 3 second snapshot every  84 seconds. D ata  from  th is instrum ent can be 

used to determ ine the density  o f the plasm a, the electron  tem perature and the 

com ponents o f the p lasm a flow  in the eclip tic  plane.

The m agnetic field  m easurem ents were made by the Jet P ropulsion  Laboratory  

v e c to r  h e liu m  m a g n e to m e te r (F ran d so n  e t a l., 1978), w h ich  m easu res  3 

orthogonal m agnetic fie ld  com ponents at a ra te  o f six fie ld  vectors each second. 

H ow ever, the da ta  in  th is ch ap te r are p resen ted  in the fo rm  o f 64 second 

averages.

F inally  the m easurem ents o f  the energetic ions are taken from  the Energetic 

P article  A nisotropy Spectrom eter (EPAS) (Balogh et al., 1978, van R ooijen et 

a l . ,1 9 7 9 ) , b u il t  by an in te rn a tio n a l c o n so r tiu m  c o m p ris in g  the  B la c k e tt  

L ab o ra to ry , Im p e ria l C o lleg e , L o n d o n , the  Space S c ien ce  D ep artm en t o f 

E S T E C , N o o rd w ijk , and  th e  S pace  R esearch  L ab o ra to ry , U tre c h t . T his 

in s tru m en t was o rig inally  designed  to m ake accurate  de term ina tions o f  the 

pro ton  d istribution  function in the solar w ind upstream  o f the Earth , by m aking 

m easurem ents o f  the angular d istribu tion  o f the particle  fluxes and their energy

64



Sun(X)
Spin Axis A

Figure 3.1. Schematic diagram illustrating the angular coverage of the EPAS instrument. The 

instrument measures ion fluxes in three dimensions in velocity space using a system of three 

identical semiconductor detector particle telescopes inclined at 30°, 60°, and 135° to the 
spacecraft spin axis, which is represented by the vertical line in the left hand panel, and points 

northward, perpendicular to the ecliptic plane. Each of these telescopes has a full viewing 

cone of 32° centred on the telescope look direction, which are represented by the conic 

sections in the left hand panel. As the spacecraft spins, the ion events detected by each 
telescope are stored in one of eight 45° azimuthal sectors (right hand panel). Sector 1 
represents the sunward look direction, such that the sun is at the top in this diagram. A total of 
24 directional flux measurements are thus recorded for each spacecraft spin period of 16 

seconds..
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sp ec tru m . In  o rd e r  to  do th is  w ith  a reaso n ab le  d eg ree  o f  accuracy , the 

in s tru m e n t d e te c ts  io n s  in  e ig h t lo g a r ith m ic a lly  sp ac e d  en erg y  c h an n e ls  

covering  the range 35 to 1600 keV (although we shall confine our in te rest to 

the low est 2 channels (E < 95 keV ), w here contam ination from  heavier ions is 

not significant), and the angular coverage is p rovided  by three iden tical particle  

telescopes w hich are inclined  at angles o f 30°, 60°, and 135° to the spacecraft 

spin axis. These are illu stra ted  in the le ft hand panel o f F igure 3.1, w here the 

spin axis is represen ted  by the vertical line, w hilst the look  directions o f each 

o f the te lescopes (num bered as indicated) are represen ted  by the dashed lines. 

The conic sections about each look d irection  indicate the po la r ex tent o f the 

te lescope  fie ld s  o f  v iew  (± 1 6 °  about the cen tre). The partic le  even ts are 

accu m u la ted , fo r  each  energy  ch an n e l and  te le sco p e , in to  e ig h t 45°-w ide 

azim uthal sectors as the spacecraft spins about its axis, as show n in the righ t 

hand panel o f F igure  3.1. The sectors are num bered antic lockw ise from  Sector 

1, w hich is defined  by the sunw ard look direction. This gives one 24-poin t 

angu lar d is trib u tio n  (3 te lescopes by 8 azim uthal sec to rs) fo r each energy 

c h a n n e l e v e ry  16 s e c o n d s . T h is  a n g u la r  c o v e ra g e  a llo w s  th e  p a r t ic le  

d is tr ib u tio n  fu n c tio n  to  be d e te rm in e d  in te rm s o f  a sp h e rica l h a rm o n ic  

d istribution , up to  and including  second order term s (Sanderson and H ynds, 

1977). H ow ever the particu la r configuration  o f the m agnetic  fie ld  in the lobes, 

w here the fie ld  d irection  is know n to a high degree o f  certain ty , m akes such a 

tre a tm e n t so m ew h a t re d u n d a n t. T h e  ze ro th  o rd e r  te rm  o f  the sp h e r ica l 

harm onic d istribu tion  can be used to determ ine the om nid irectional ion flux, 

b u t fu r th e r  in fo rm a tio n  on th e  d is tr ib u tio n  can  u se fu lly  be o b ta in e d  by 

considering  p artic le  counts reg is te red  in various ind iv idua l te lescope/secto r 

com binations, as we shall now explain.

The m agnetic structure  o f the deep geom agnetic tail is such tha t the field  points 

alm ost d irectly  tow ards the Earth to the north o f the cen tral curren t sheet, and 

alm ost d irectly  aw ay to the south, and lies closely  para lle l to the eclip tic  plane 

in both cases (Tsurutani et al.,1987). The only exception to this occurs in the 

re g io n  o f the ta il  c u rre n t sh ee t i ts e lf ,  w here  the co m p o n en t o f  the  fie ld  

transverse to the sheet drops to zero as it reverses in d irection . As a resu lt, the 

look  directions corresponding  to telescope 2 sectors 1 and 5 are those which 

look m ost closely along the field  lines, and consequently  detec t the m ost field  

aligned particles (actually  those w ith pitch angles approaching  14° and 166°. 

N ote that these lim its are set by the geom etry o f the EPAS instrum ent, which
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precludes m easurem ent o f 0° and 180° partic les in th is case). Sector 1 o f 

telescope 2 v iew s in a cone centred  at 30° above the eclip tic  p lane and in a 

generally  E arthw ard  d irec tion  (negative GSE x-d irec tion ), and as such w ill 

detect ions stream ing tailw ards along the field , w hilst secto r 5 view s 30° above 

the eclip tic  in the positive  GSE x-d irection , and detects E arthw ard  stream ing 

ions. The inform ation about the stream ing o f ions in a tailw ard  o r Earthw ard  

direction  along the field  is im portan t in the context o f the ta il, since it ind icates 

the d irection  in  w hich the ions are being accelerated , and thus ind icates the 

re la tive position  o f  the neutral line to the spacecraft. The energetic  ions in the 

p lasm a sheet have also been show n to convect w ith the therm al p lasm a, such 

that estim ates o f  the bulk  ion  velocity  x, density  ni and tem perature Ti, can be 

m ad e  by  f i t t in g  a c o n v e c tin g  M a x w e llia n  to  th e  o b s e rv e d  d is t r ib u t io n  

(R ichardson e t al., 1987). The ion bulk  velocity  may then  be used to in fer a 

second value o f the plasm a sheet flow  speed, that m ay be com pared to that 

determ ined by the therm al e lectron  instrum ent described  above.

Conversely, sectors 3 and 7 o f all the telescopes look closely  perpendicu lar to 

the fie ld  d irection  and therefore detect those partic les w hich have p itch  angles 

close to 90°. F o r the particu lar fie ld  configuration  tha t is found in the tail the 

w idest range o f p itch  angle that is sam pled by a single te lescope is therefore 

co llected  by te lescope 2, and this w ill be an im portan t fac to r w hen we consider 

the d istribu tion  o f energetic ions in the deep tail lobes in C hapter 5. H ow ever 

there are six com binations o f  te lescope and sector w hich should resu lt in the 

detection o f partic les w ith p itch  angles close to 90° in the deep tail. These ions 

are useful in  tha t they may be used to probe density  gradients and boundary 

layers in the tail. Inform ation from  the turn on /o ff tim es o f ion enhancem ents 

in each o f the 6 telescope sectors detecting 90° p itch  angle partic les m ay be 

used to in fer both the speed at w hich a particu lar boundary betw een two plasm a 

regim es crosses the spacecraft location , and the o rien tation  o f that boundary 

re la tive to the spacecraft (R ichardson and Cowley, 1985). This then gives a 

useful insight in to  the geom etry o f the regim es under consideration , and their 

m otion re la tive  to the spacecraft.

H aving described  the instrum entation  on ISEE-3, and briefly  d iscussed some 

analysis techniques, we shall now m ove on to exam ine the CD AW-8 E vent A in 

som e detail.
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3. The Substorm  Event of 28th Jan u ary  1983 - ISEE-3 Partic le  and Field 
O bservations.

An overview  o f the field  and partic le  observations m ade by ISEE-3 during  the 

CDAW-8 In terval A (0400 - 1100 U T on January 28th 1983) is show n in F igure

3.2. A t this tim e the spacecraft was located som e 216 Re  dow nstream  from  the 

Earth. The upper panel shows the EPAS energetic  ion data, beginning  at the 

top w ith the d irection  averaged ion in tensity , at fu ll 16 second reso lu tion , for 

the low est energy channel (35 - 56 keV ). N ext the 35 - 56 keV ion fluxes from  

telescope 2, sectors 1 and 5 are show n, i.e. those te lescope sectors w hich best 

detect the tailw ard- and Earthw ard-stream ing ion  fluxes respectively . Below 

this the ra tio  R o f  these tw o fluxes is p lo tted , g iving a m easure o f the relative 

in tensities o f the tailw ard- and Earthw ard-stream ing ions. The final 3 p lo ts  in 

this upper panel show the energetic  ion bulk  speed and d irection , w hich are 

derived from  the assum ption tha t the observed ion aniso tropies arise from  the 

c o n v e c tio n  o f  the  io n s  w ith  the  th e rm a l p la sm a , such  th a t th ey  m ay  be 

accurately  fitted  w ith a convecting  M axw ellian d istribu tion  (D aly et al., 1984, 

R ichardson et al., 1987). In these p lots 0 represen ts the po la r angle o f the 

derived  flow , such that 0 = 90° in d ica tes  a northw ard  d irec ted  flow , 0 = 0° 

in d ica tes  a flow  com pletely  con fined  to the ec lip tic  p lane , w h ils t § is  the 

azim uthal angle, such tha t <J) = 0° ind icates a flow  d irec ted  tow ards the Earth , 

and <|> = 180° a flow  d irectly  away from  the Earth. The m iddle panel o f  the 

figure shows the p lasm a param eters which are derived from  the Los A lam os 

therm al e lec tron  data. From  top to bottom  these show  the p lasm a num ber 

density , e lec tron  tem perature  and ec lip tic  p lane  bulk  speed and azim uth (]), 

which has the sam e convention as the azim uth o f  the ion  flow  d irection  o f the 

top panel. The bottom  panel o f F igure  3.2 shows the m agnetic field  data, the 

first p lo t show ing the m agnetic fie ld  strength during  the period, w hilst the 

low er two plots indicate the d irection  o f  the field . F ollow ing the convention 

em ployed fo r the energetic ion flow  directions, 0 represen ts the po lar angle of 

the field , such tha t 0 = 0° ind icates a field  ly ing com pletely  in the eclip tic 

p lan e , w h ils t <|) is the  az im u th a l ang le , such th a t § = 0° in d ica te s  a fie ld  

pointing tow ards the Earth (as expected in the north lobe), and <)) = 180° a field  

poin ting  directly  away from  the Earth (expected in the south lobe).

D uring the in terval under consideration  here, ISEE-3 encountered  a num ber of 

d istinct reg ions o f the d istan t tail and its environs. S ince the m otion o f  the 

spacecraft re la tive  to the Earth is neglig ible on the tem poral and spatial scales
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Figure 3.2. ISEE-3 data for the period 0400 to 1100 UT on the 28th January 1983, when the 
spacecraft was located at GSM coordinates (-216, 3, -7) Re. The top panel shows the EPAS 
energetic ion data, from the top, the 35-56 keV direction averaged ion intensity, the tailward 
and Earthward directed 35-56 keV ion intensities and their ratio R, and the ion bulk flow 

velocity Vp and direction 0P and <{>P. The Los Alamos electron plasma temperature density and 
ecliptic plane flow speed and azimuth are shown in the central panel, while the JPL magnetic 

field GSM direction and magnitude are in the bottom panel. The enhancement in geomagnetic 
activity (see Figure 3.3) is indicated by the arrow at the top of the figure. The regions 
encountered by the spacecraft are indicated in the top panel (PS = Plasma sheet, L = Lobe, 
MS = Magnetosheath).
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involved, this is due to e ither large scale displacem ents o f the en tire  ta il ("tail 

flapping") resu lting  from  changes in the solar w ind conditions (H ones e t al., 

198V), o r to  re s tru c tu rin g  o f  the ta il in response  to  chang ing  geom agnetic  

conditions, w hich we shall be d iscussing  below. The p rincip le  reg ions which 

are encountered  by the spacecraft are labelled  in F igure  3.2, and the vertical 

dashed lines indicate  the tim es at w hich the spacecraft crossed  the boundary 

b e tw e e n  tw o  a d ja c e n t  r e g io n s .  T h e  m a g n e to s h e a th  ( la b e l le d  M S ) is 

characterised  in  the plasm a data  by re la tive ly  high densities ( >1 cm  ), and a 

tem perature w hich is typ ically  low er than those w hich are observed  in  the tail, 

and a tailw ard  ( <|> *180°) flow  at speeds com parable to those observed  in the 

so lar w ind (V « 400 km  s’1). Both the m agnetic field  strength  and d irection  in 

this region are usually  highly variab le, as is the om nid irectional flux  o f the 

energetic  ions, w hich m ay vary in in tensity  by up to an o rder o f m agnitude over 

tim e scales o f a few  m inutes. In contrast, the tail lobes (L) are characterised  by 

m uch stronger (B »  10 nT ) and s tead ie r fie ld s  w hich p o in t e ith e r d irec tly  

tow ards (north lobe) or away (south lobe) from  the E arth  (<|) = 0° and 180° 

respectively ). The plasm a e lectrons in th is reg ion  show low er densities, h igher 

tem peratures, and low er tailw ard bulk  flow  speeds than those observed  in the 

m agnetosheath , w hilst the energetic  ion fluxes are also m uch reduced, except in 

the reg ion  im m ediately  ad jacent to p lasm a sheet, w here p lasm a sheet-like ion 

fluxes are found in lobe-like plasm a and field  regim es. This is the p lasm a sheet 

boundary layer form ed by energetic  ions stream ing out ahead o f the therm al 

p lasm a on reconnected  field  lines, as discussed in the last chapter. F inally  the 

p la sm a  sh e e t (P S ) i t s e l f  is  g e n e ra lly  (b u t n o t u n fa i l in g ly )  ty p if ie d  by 

com parable densities, but som ew hat h igher tem peratures than those observed in 

the tail lobes. The field  strength , how ever, tends to be depressed  re la tive  to the 

lobes due to the diam agnetic e ffect o f  the plasm a, and is o ften  variab le  in both 

m agnitude and direction. The plasm a flow  in the sheet is generally  tailw ard in 

the d istan t ta il, and the flow  speeds may vary over a range from  a few  hundred 

to >1000 km  s’1 (R ichardson et al., 1987).

B efore m oving on to describe the d istant tail observations m ade by ISEE-3, it is 

instructive to outline the prevailing  geom agnetic conditions for this period . A 

fu ll global study o f these conditions has been m ade by B aker et al., 1988, and 

we shall b rie fly  sum m arize these au th o rs’ observations here. The level o f 

geom agnetic activ ity  during  this period  is ind icated  in the auroral electro jet 

indices shown in F igure 3.3. F o r the first few hours o f th is period the level of
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28 JANUARY 1983

Figure 3.3. The AE, AU, AL auroral electrojet indices, indicating the level of geomagnetic 

activity, for the period 0400 to 1100 UT on the 28th January 1983. The times of substorm 
growth, expansion, and recovery phases are indicated. The vertical dashed line is the 

expansion phase onset, occurring at» 0740 UT (from Baker et al., 1988)
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geom agnetic activ ity  w as extrem ely low, due fo r the m ost p a rt to the fact that 

the in terp lanetary  m agnetic fie ld  (IM F) Bz com ponent had been northw ard  for 

several hours before the start o f this period. A t 0616 U T the IM P -8 spacecraft, 

located  at 38 Re  upstream  from  the Earth , detected  a southw ard turn ing  o f the 

IM F Bz, w hich becam e progressively  larger over the nex t 10 or so m inutes, 

reach ing  5 nT by 0630 UT. Such a change in  the so lar w ind  conditions is 

likely  to reach  the nose o f  the m agnetosphere approxim ately  8 m inutes later, 

w hen the onset o f  dayside reconnection  becom es a possib ility . This w ould lead 

to  ad d itio n  o f  m agnetic  flu x  and energy  to  the geom agnetic  ta il, w hich is 

know n as the "grow th phase" o f  a substo rm . The A L ind ex , w hich is an 

ind ica to r o f the developm ent o f the w estw ard elec tro jet show s a sligh t decrease 

before about 0740 UT. H ow ever, the AU index, a m easure o f the eastw ard 

e lec tro jet and the developm ent o f currents associated  w ith the substorm  grow th 

phase, shows substantial enhancem ents after 0640 UT. The A E index, w hich is 

th e  m a g n itu d e  o f  th e  d if f e r e n c e  b e tw e e n  A U  an d  A L  a lso  sh o w s th is  

developm ent (due to AU) at this tim e. At 0738 U T there is a rap id  drop in the 

AL index (and an associated  rise  in A E), w hich is characteristic  o f a substorm  

" e x p a n s io n "  p h a se  o n se t. A t a p p ro x im a te ly  th e  sam e tim e  th e  A FG L  

m agnetom eter netw ork detected  a burst o f  Pi2 activity, several geostationary  

sa te lli te s  d e tec te d  p a rtic le  in je c tio n  ev en ts , ISEE-1 ( lo ca ted  at the  daw n 

m agnetopause) observed  aurora l k ilom etric  rad ia tion , and the DE-1 auroral 

im ager d iscerned  a substantial brightening  o f the aurorae in the m idnight sector 

(B aker et a l.,1988). A ll o f these observations are ind icative o f the occurrence 

o f a s ing le  iso la ted  substo rm  w hose expansion  phase began  shortly  before 

0740 UT. The auroral indices show that the recovery  o f  th is substorm  began 

som ew here betw een 0820 and 0840 U T (depending on w hich index is used), 

and w as largely  com plete by about 0915 UT.

Turning now  to the ISEE-3 data, we shall concentrate  first on the quiet time 

in terval w hich lasts from  the start o f  the in terval at 0400 U T until about 0730 

UT. F igure  3.2 shows that the spacecraft was located for m ost o f this period in 

the ta il p lasm a sheet, w here bo th  the p lasm a and en erg e tic  ion  flow s are 

consisten tly  tailw ard. The spacecraft m akes a b rief ex it through the plasm a 

sheet boundary layer and in to  the southern lobe at about 0500 UT. W ithin the 

b o undary  lay e r the en erg e tic  ions are o bserved  to s tream  u n id irec tio n a lly  

tailw ard. R ecalling  the theoretical orig in  o f this layer described  in the last 

chapter, th is strongly suggests that the layer, and by im plication  the adjacent
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plasm a sheet, was located  on reconnected  field  lines som e d istance tailw ard of 

the  n e u tra l lin e . T h e re  e x is ts  no a p p a ren t m ech an ism  by w h ich  such  a 

u n id ire c tio n a l, f ie ld  a lig n e d  flo w  o f  e n e rg e tic  ions co u ld  be fo rm ed  and 

m ain tained  on closed fie ld  lines.

The speed and orien tation  o f  the boundary layer across the spacecraft location 

may be deduced from  the fluxes o f 90° pitch  angle partic les as ind icated  in the 

p revious section. This analysis was not possib le during the spacecraft ex it into 

the lobes, since a gradual change in the fluxes of 90° pitch  angle particles 

p recluded  accurate determ ination o f  the turn o ff tim e o f  these partic les, but on 

reentry  the layer was found to  have m oved daw nw ard ( =  278 ±  4° ) over the 

spacecraft at a speed o f  23 ± 7  km  s’1 (\|/  is the d irec tion  o f  m otion o f the 

boundary (norm al to  the p lane  o f the boundary) in the GSE y-z p lane, such that 

\j/ = 0° denotes northw ard m otion, \\r = 90°, m otion tow ards dusk). The plane 

o f the boundary  in  th is  case  w as ex trem ely  d isto rted , ly in g  alm ost exactly  

no rth -sou th , in d ica ting  th a t a large scale tw isting  o f  the ta il had occurred, 

re su ltin g  in  the s tru c tu res  be ing  ro ta ted  th rough  90° from  th e ir  nom inally  

ex p ec ted  p o s itio n s . The ob serv ed  speed  o f  the layer, co m b in ed  w ith  the 

duration o f the encounter indicates that its th ickness was o f order 5 R e . N ote 

that the lack o f geom agnetic activ ity  during th is early period  suggests that this 

m otion o f  the spacecraft re la tive  to the tail structures resu lted  from  large scale 

m otion o f the tail as a w hole, ra ther than restructuring  during  a substorm .

A lthough the flow s in the boundary layer suggest a spacecraft location  at some 

poin t ta ilw ard  o f the neutral line, the observed properties o f  the p lasm a sheet 

do not agree w ith those expected, and described in the last chapter, on the basis 

o f typ ical lobe param eters. In the last chapter a value fo r the tailw ard  plasm a 

sheet flow  speed vot o f 1150 km  s’1 was obtained, w hilst both the directly  

m easured therm al electron flow  speed and the inferred  energetic  ion bulk  speed 

show flow  speeds o f around 300 km  s '1. A lso, the m odel p resen ted  in the last 

section suggests that the qu ie t tim e plasm a sheet in the deep tail w ould be o f 

order 1.3 Re  (assum ing the spacecraft is located  at a d istance o f 100 Re  from  

the neutral line), such that the encounter tim e at the speeds w ith w hich the 

layers are observed to m ove w ould be »  5 m inutes. The ex tended nature o f the 

encounters w ith the plasm a sheet ( «1 hour) therefore suggest a m uch th icker 

sheet in  th is particu la r case, a resu lt w hich is supported  by the observation  o f a 

* 5 Re  th ick  boundary layer. Equations 2.9 - 2.12 o f the last chap ter suggest 

that the energetic  ions should occupy alm ost all o f the reconnected  fie ld  wedge,
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w h ils t the  p la sm a  sh ee t p a r tic le s  o ccupy  so m ew h at le ss  th an  h a lf , be ing  

confined  to the cen tral portion . On th is basis the fu ll th ickness o f  the p lasm a 

sheet m ay be inferred  to be about tw ice the th ickness o f the boundary layer (the 

reg ion  occupied  by the energetic  partic les outside the p lasm a sheet itse lf). We 

thus in fer a p lasm a sheet th ickness o f *10 R e  in th is case, a value w hich is 

m ore com patib le  w ith the ex tended nature o f  the encounter.

The apparen t discrepancy betw een the values p red ic ted  in the last chap ter and 

th o se  o b se rv e d  in  th is  case  m ay be re so lv e d  by  n o tin g  th a t th e  p la sm a  

param eters in  this p articu la r case are considerably  d ifferen t from  those typical 

values used in the theoretical w ork. In particu lar, th is period  is notable for the 

u n u su a lly  h igh  va lu e  o f  the  p lasm a sheet d en sity  (and by im p lica tio n  the 

density  o f its source p lasm a in the lobes), com bined w ith a ra ther low  value o f 

tail fie ld  strength. These values (* 0.5 cm and 7 nT com pared w ith typical 

v a l u e s  o f  0 .1  cm  a n d  10 n T )  g iv e  a p la s m a  s h e e t  A lf v e n  s p e e d  

V a  *  150 km  s '1 (equation 2.5). Together w ith  a lobe bulk  speed o f about 100 

km  s"1 fo r th is  period , the theory  suggests tha t the p lasm a sheet outflow  speed 

ta i lw a r d  o f  th e  n e u t r a l  l in e  ( e q u a t io n  2 .7 b )  s h o u ld  be  * 400 km  s"1. 

C onsidering that the theory com pletely  neglects the effects o f heating o f  the 

p lasm a during its in teraction  w ith  the curren t sheet, this is perhaps not a bad 

correspondence w ith  the observed  values. U sing the observed  values o f plasm a 

sheet flow  speed and lobe fie ld  strength , together w ith the assum ptions m ade in 

th e  th e o ry  s e c tio n  th a t th e  q u ie t  tim e  c ro s s  ta i l  e le c tr ic  f ie ld , (Ey) is

0.1 mV m"1 (resulting  from  a cross tail po tentia l o f 30 kV across a 50 Re  wide 

tail, e.g. Cow ley, 1984a), and that the neutral line is located  at 100 R e  dow ntail 

from  the E arth , and fu rther assum ing that the fie ld  line contraction  speed is ha lf 

that o f the p lasm a sheet partic les, we obtain a fu ll plasm a sheet th ickness (c.f. 

equation 2.11) o f  11.5 Re . This figure is com patible w ith the rough estim ate 

m ade on th e  b asis  o f  o b se rv a tio n s  above. The p lasm a and en erg e tic  ion 

characteristics o f the quiet tim e plasm a sheet betw een 0400 and 0535 U T are 

therefore consisten t w ith the spacecraft location ta ilw ard  o f the neutral line, 

and approxim ately  fit the p red ictions o f the m odel o f the last chapter, i f  account 

is taken o f the unusual lobe conditions during this tim e. This indicates that the 

deep ta il p lasm a sheet is no t alw ays fast flow ing and th in , as was expected on 

the basis  o f  the p red ic tions from  the ’ty p ic a l’ values em ployed  in the last 

chapter.
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One fu rther d ifficu lty  w ith the in terpreta tion  o f this section o f data in term s of 

the m odel presented  in  the last chap ter concerns the average northw ard  tilt o f 

the fie ld  during  this quiet period  (see the bottom  panel o f  F igure 3.2). The 

m odel p red ic ts, for this case, that the field  should have a com ponent o f about

0 .4  nT  threading  through the p lasm a sheet, in a d irection  from  the north to 

south lobe. H ow ever, as explained  above, the tail appears to have been tw isted  

through about 9 0 °  during this period , such that the im plication  o f the observed 

northw ard  tilt is  not clear.

D uring the la te r part o f th is qu iet tim e in terval it is likely  tha t the spacecraft is 

m oving through the p lasm a sheet in the d irection  o f the ta il m agnetopause, as is 

evidenced by its eventual ex it in to  the sheath d irectly  from  the p lasm a sheet at 

about 0720 UT. From  about 0535 U T the p lasm a sheet flow  speed (as seen 

m ost clearly  in the energetic  ion bu lk  speed) begins to decline, such that it 

reduces to  values o f  100 km  s"1 in both the ion and therm al e lectron  data ju s t 

p r io r  to  c ro s s in g  the  m a g n e to p au se . T hese  low  flo w  sp ee d s  c a n n o t be 

explained  on the basis o f the m odel p resen ted  in the last chapter, especially  

since the p lasm a num ber density  also declines (to 0.3 cm  ) leading  to an 

increase in  the A lfv€n speed, and thus the expected p lasm a flow  speed, during 

this period . This suggests the ex istence o f  a separate "slow  p lasm a sheet" 

regim e on the flanks o f the tail betw een the m agnetopause and the reconnection 

associated  p lasm a regim es. This reg ion  m ay be accounted fo r by assum ing that 

the layer is located  on closed  E arth-connected  field  lines tha t are convected 

ta ilw ards, again st the fie ld  tension , by som e form  o f  "v iscous" m om entum  

tran sfe r from  the m agnetosheath . The density  and tem peratu re  w ith in  this 

region are essen tially  the sam e as those observed in the reconnection-associated  

p lasm a sheet, w hich indicates there is little  adm ixture o f the denser, cooler 

p la sm a  fro m  th e  m a g n e to sh e a th . T he "v isco u s"  p ro c e ss  th u s  tra n s fe rs  

m o m e n tu m , b u t n o t m ass , in to  the  ta il ,  w h ich  ru le s  o u t the  im p u ls iv e  

penetration  m odels presented  by H eikkila  (1982,1987) from  being significant 

here. Som e process such as the ideal K elvin-H elm holtz  in stab ility  (Southw ood, 

1979) is m ore likely, although there is no evidence for the w aves associated 

w ith this instab ility  in this data set. This "slow  plasm a sheet" phenom enon is 

also observed  in two o f the o ther CDAW-8 events, and the presence o f closed 

fie ld  lines along the flanks o f the deep geom agnetic tail has previously  been 

reported  by Slavin et al. (1985). These authors in terpreted  their observations as 

evidence fo r a curved tail neutral line w hich is c losest to the Earth near local
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m idnight, and curves away from  the E arth  tow ards the daw n and dusk sides o f 

the tail.

H aving discussed  the structure o f the d istan t ta il during the period  o f qu iet 

geom agnetic activity , we shall now m ove on to study the response o f the tail to 

the substorm  w hose expansion phase onset occurred shortly  before 0740 UT, as 

d is c u s se d  ab o v e . A t th is  o n se t tim e  th e  sp a c e c ra f t  w as lo c a te d  in  the  

m agnetosheath  (follow ing its ex it from  the plasm a sheet at 0720 U T), and its 

re turn  to the southern  lobe at 0755 U T is probably  aided a substorm  associated  

enhancem ent to the tail flux, caused by the onset o f reconnection  at the dayside 

m agnetopause. Such flux should take about 1 hour to reach  ISEE-3, assum ing 

that it is convected from  the nose o f  the m agnetosphere to the deep ta il at the 

so lar w ind speed. The entry into the ta il lobe at 0755 U T therefore  im plies that 

the production  o f th is flux began p rio r to 0655 UT, w hich closely  agrees w ith 

the tim ing o f the substorm  grow th phase, d iscussed above.

A t 0810 UT, 15 m inutes afte r ISEE-3 entered the lobe, and som e 30 m inutes 

after the onset o f  the substorm , there com m enced a series o f events w hich, in 

line w ith  the theory  d iscussed in the last chapter (c.f. F igure  2 .5), may be 

in terpreted  as the passage o f  a p lasm oid  structure over the spacecraft location. 

A t this tim e the spacecraft en tered  the plasm a sheet boundary layer once m ore, 

and sim ultaneously  detected  the start o f a northw ard  tiltin g  o f the field . At 

0828 U T ISEE-3 entered the p lasm a sheet itse lf (or in th is case the p lasm oid), 

w here the f ie ld  w as ob serv ed  to  ro ta te  firs t s tro n g ly  no rthw ard , and then 

strongly southw ard. The southw ard fie ld  tilt declined  to sm aller, and steadier 

values after 0845 UT, w hich indicates an exit from  the p lasm oid  in to  the "post 

plasm oid" p lasm a sheet. The spacecraft then exited  back into the boundary 

layer a t 0902 UT, and then re turned  to the south lobe at 0905 UT. C om paring 

these observed  events w ith the p redictions o f the phenom enological substorm  

m odel described  in the last chapter, it can be seen im m ediately  from  F igure  2.5 

that the same general sequence o f events (lobe, boundary layer, plasm oid, post 

p la sm o id  p la sm a  sh ee t, b o u n d a ry  lay er, lo b e) o ccu rs  th e o re tic a lly  fo r a 

spacecraft located  betw een about 1 and 5 Re o f the tail centre p lane. The 

precise tim ings o f  the events o f course depend on the assum ed conditions, and 

on the m otion o f the tail as a w hole relative to the spacecraft, bu t to a first 

approxim ation at least the theory  can reproduce the observed  features o f the 

substorm  in the deep tail.
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We m ay study the events o f  this period  m ore closely using  the inform ation 

obtained  from  the analyses o f  the energetic  ions data (F igure 3 .2). A t 0810 UT, 

as th e  sp ac e c ra ft e n te red  th e  b o u n d ary  lay er, the edge  o f  th is  re g io n  o f 

enhanced ion in tensity  m oved southw ard and daw nw ard (\|/  = 135 ±  5°) across 

the spacecraft at a speed o f 37 ±  5 km  s’*. The ions in the lay er are observed to 

s tre am  u n id ire c tio n a lly  ta ilw a rd , c o n s is te n t w ith  th em  b e in g  lo c a te d  on 

reconnected  fie ld  lines tailw ard  o f the neutral line. On the basis o f the theory 

p resen ted  in the last chapter, we surm ise that the entry o f  the spacecraft into 

th is layer is due (neglecting  large scale ta il m otion) to the com bined effects o f 

the layer broadening in  spatial ex ten t (resu lting  from  an increased  reconnection  

ra te  a t a neutral line m uch fu rther E arthw ards than p rev iously ), and to the 

d isp lacem ent o f the layer due to the passage o f the leading edge o f the p lasm oid 

structure at positions c loser to the tail centre  plane. This is supported by the 

spacecraft’s subsequent entry into the plasm oid itself, w hich is m arked by a 

sharp fall in the ra tio  R o f the tailw ard- and E arthw ard-stream ing  ions, together 

w ith  the bulk speed in ferred  from  the ions. These reflec t the change in the ion 

c h a ra c te r is t ic s  fro m  a fre e  s tre am in g  p o p u la tio n  m o v in g  a lo n g  the  open  

reco n n ec ted  f ie ld  lin es  in the boundary  layer, to  an iso tro p ised  popu la tion  

w hich has a broader d istribution , and is convected w ith the therm al plasm a 

(R ichardson and Cow ley, 1985, 1987; R ichardson et a l.,1987). The ion flow  

speeds in the p lasm oid  are observed to be around 400 km  s’1. A gain this is 

slow er than the speed assum ed in the theory  on the basis o f statistica l studies o f 

p lasm oid  speeds, but is in line w ith the overall slow ness o f the plasm a sheet 

during this in terval, as d iscussed previously. C om bining the duration o f the 

spacecraft encounter w ith the p lasm oid, together w ith its im plied  speed, gives a 

p lasm oid  length  o f 65 R e . H ow ever, the earlier northw ard  tilt in the field  

suggests that the leading  edge o f the p lasm oid  passed the spacecraft (but c loser 

to the tail centre plane) som e 10 m inutes before actual entry, so that this figure 

m ay m ore rea listica lly  be put at 95 Re . This is in reasonab le  agreem ent with 

the assum ptions m ade in the last chapter, but is actually  som ew hat longer than 

the average length o f a single looped plasm oid, w hich was found to be 60 Re 

by R ichardson et al. (1987).

W ithin the post p lasm oid  plasm a sheet ( 0845 - 0902 UT) flow  speeds are again 

observed  to be less than those pred icted  from  the m odel using "typical" lobe 

p a ra m e te rs , a t a b o u t 4 0 0  km  s’1. H o w ev e r, u s in g  th e  o b se rv e d  v a lu e s  

(B = 8 nT, n = 0.3 cm ’ , vi = 100 km  s ) we expect theo re tica lly  an outflow
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s p e e d  o f  550  k m  s '1 (e q u a tio n s  2 .5 , 2 .7 ) , ag a in  n o t in c o n s is te n t  w ith  

o b se rv a tio n , c o n s id e rin g  the  th eo ry  tak es  no acco u n t o f  p la sm a  h ea tin g . 

F urther, assum ing the substorm  reconnection  rate  o f 0 .4  m V m’1 (e.g. Cowley, 

1984a), and a neutral line to spacecraft d istance o f 180 R e  (as in chapter 2), 

w e expect the post p lasm oid  plasm a sheet to have th ickness 22 Re  (equation 

2.11), w hich is m ore than sufficien t to account for the *  20 m inute encounter 

w ith  this region. A t 0902 UT the spacecraft m oved in to  the boundary layer 

once m ore, w here again the ions w ere observed  to stream  freely  tailw ards on 

lo b e -lik e  fie ld  lin es , and then  in to  the  south lobe. T he boundary  lay er is 

observed  to m ove rap id ly  northw ards (t|/ = 346°) at 213 km  s’1 at this tim e. 

The spacecraft rem ained  in the lobe until after the end o f  th is period  o f data; 

the enhancem ent in ion in tensity  after 1000 UT is possib ly  due to a further 

en co u n te r w ith  the p lasm a sheet boundary  lay er w ith o u t an en try  in to  the 

p la sm a  sh ee t i ts e lf .  H ow ever, the  s lig h t in c rease  in p la sm a  den sity , and  

decrease in e lectron  tem perature, together w ith the lack o f  the strong tailw ard 

stream ing  o f energetic  ions w hich are charac te ris tic  o f the boundary layer, 

suggest that the spacecraft m ay have m oved close to the m agnetopause at this 

tim e. The observed partic le  populations m ust then have leaked  into the lobes 

across a m agnetically  open m agnetopause, which accounts fo r the sheath like 

characteristics o f the  plasm a.

T h is "d istu rbed" pe rio d  w ith in  the CDAW  In terva l A thus ex h ib its  a ll the 

responses o f the deep tail to  substorm  activ ity  as expected on the basis o f the 

phenom enological substorm  m odel produced in the last chapter. Increase in the 

size o f the tail during  the substorm  grow th phase is p resum ably  responsib le for 

the spacecraft en try  in to  the tail lobe from  the m agnetosheath . The plasm oid 

structure was then observed  to arrive at the spacecraft location  som e 40 m inutes 

after the expansion phase onset, a delay w hich im plies a m ean dow ntail speed 

o f  ~ 300 km s’1 fo r the plasm oid. This figure is in reasonab le  agreem ent with 

the observed in situ p lasm a speed o f *  400 km  s’1, i f  allow ance is made fo r a 

delay in plasm oid d isconnection from  the near-Earth p lasm a sheet after onset, 

and acceleration o f the structure that may have occurred during  its dow ntail 

m otion. A fter the passage o f the p lasm oid tailw ard o f the spacecraft, a thick 

p o st-p lasm oid  p lasm a sheet was observed  fo r about 20 m inutes, before the 

spacecraft m oved back through the boundary layer into the tail lobe. This la tter 

m otion is presum ably due in part at least to recovery-phase th inning o f the 

deep-tail p lasm a sheet.
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4. Discussion and Sum m ary.

In th is chap ter we have studied a period  o f seven hours o f  ta il data from  one o f 

the events chosen fo r study as part o f the CDAW-8 w orkshop, although fo r our 

p u rp o se s  w e h ave  in te rp re te d  the  d a ta  in  a m an n er th a t m ay be re a d ily  

com pared to the p red ictions o f the theoretical work, and the  phenom enological 

substorm  m odel produced in the last chapter. The even t is characterised , in 

term s o f p revailing  geom agnetic conditions, by an ex trem ely  qu iet period  at the 

start o f the in terval, fo llow ed by c lear signatures o f the grow th-, expansion-, 

and  reco v ery  p h ases  o f  a s ing le , iso la ted  substo rm  in  severa l g round  and 

near-E arth  data sets. D uring the in itia l qu iet period  the ISEE-3 spacecraft, 

located  in the deep ta il, spends a p ro trac ted  period  o f tim e in the p lasm a sheet 

and its boundary  layer, w here the  p lasm a is observed  to stream  ta ilw ards, 

ind icating  that ISEE-3 is tailw ard o f the neutral line. The leng th  o f tim e spent 

in  the p lasm a sheet is in terpreted  as evidence fo r a th ick  p lasm a sheet, w hich is 

in itia lly  in  contradiction  w ith the thin plasm a sheet p red ic ted  from  theory, as is 

the general slow ness o f  the p lasm a sheet flow s at th is tim e. H ow ever, i f  the 

theoretical values are recalcu lated  using the ''un typ ica l” values o f lobe fie ld  

strength  and density  prevailing  during  this period , a reasonab le  agreem ent w ith 

observation  is reached , especially  if  the lim itations o f  the theory are borne in 

m ind. T his in d ica tes  tha t the reconnec tion  ra te  and the d istance  from  the 

neutral line are no t the only re levan t param eters, but that the  lobe field  strength 

and density  m ay also have sign ifican t effects on the structu re  o f the p lasm a 

sheet and the flow  speeds w ith in  it.

The la tte r ha lf o f  the quiet period is characterised  by extrem ely  slow plasm a 

flow s w hich cannot be explained in term s o f the theore tical work. The data 

ind icates that this phenom enon occurs in a region o f the p lasm a sheet w hich is 

adjacent to the ta il m agnetopause, and we surm ise that this is the resu lt o f  some 

form  o f viscous in teraction  w hich transfers m om entum  (but not m ass) betw een 

the m agnetosheath flow  and that part o f the plasm a sheet w hich is located  on 

c losed  fie ld  lines, such tha t th is p lasm a is convected  ta ilw ards against the 

tension o f the field . There is no evidence in this data set to indicate the exact 

m echanism  by w hich this is achieved, although two sim ilar periods in o ther 

CDAW-8 in tervals are suggestive o f the K elvin-H elm holtz  instab ility , as w ill be 

d iscussed  below.
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D uring  the d isturbed  part o f this period , w e note that a w ell defined  sequence 

o f  ev en ts  o ccu rs , d u rin g  w hich  the sp acecra ft en co u n te rs  a p lasm o id  and 

associated  post p lasm oid  plasm a sheet. The tim ings o f the events fit w ell w ith 

the tim e o f  expansion  phase onset, and the period  is read ily  in terp re ted  in term s 

o f  the  p h en o m en o lo g ica l substo rm  m odel p re sen ted  at th e  end  o f the la st 

chapter, given the p a rticu la r conditions w hich apply at th is tim e. O verall we 

feel tha t the assertion  m ade at the end o f the last chap ter that the theoretical 

m odels form  a usefu l basis on w hich the behaviour o f  the tim e-dependent tail 

m ay be understood is read ily  borne out by this in terval o f data.

The event described  above is one o f  e igh t that were selected  fo r study in the 

CDAW-8 w orkshop. A fu ll discusion o f each event, along the lines o f  the one 

p resen ted  in th is chapter, can be found in R ichardson, O w en, C ow ley e t al., 

1988. The com bined events represen t the first m ulti-instrum ent case study of 

d is ta n t ta il  d a ta  c o v e rin g  a w ide ra n g e  o f  g eo m ag n e tic  c o n d itio n s , from  

ex tended in tervals o f m agnetic quiet w ith iso lated  substorm s (e.g. the event 

d e s c r ib e d  a b o v e ) , to  p ro lo n g e d  p e r io d s  o f  in te n s e  d is tu rb a n c e .  A s a 

consequence o f the w ide range o f p revailing  conditions, th is  paper has brought 

to ligh t a num ber o f  new features, as w ell as confirm ing and extending  some 

previous resu lts, w hich w e shall sum m arise in  the rem ainder o f  th is chapter.

The first, and m ost im portan t, resu lt concerns the orig in  o f  the p lasm a sheet 

observed  in  the d istan t ta il. On the basis o f  com bined CDAW -8 observations it 

appears, for the m ost part, tha t the p lasm a sheet at d istances o f 100 to 200 Re 

is associated  w ith reconnection  at a neutral line lying at a position  closer to the 

Earth . This is ev idenced  by the good agreem ent w hich is generally  obtained 

betw een the observed  plasm a sheet flow  speed and the expectations based on 

stress balance on the reconnected  fie ld  lines, w ith the notable exception  o f the 

"slow  plasm a sheet" regim es. The agreem ent is such tha t the theoretically  

derived  values are usually  w ith in  100 km  s‘* o f the observed  values, despite 

varia tions in the la tte r o f  betw een ~ 300 km  s"1 and «  900 km  s"1. The plasm a 

sh ee t flo w  speeds freq u e n tly  exceed  the speeds o b se rv ed  in  the ad jacen t 

m agnetosheath , som etim es by a large factor, w hich rules ou t any explanation o f 

the p lasm a sheet orig in  in  term s o f a "viscous" in teraction at the m agnetopause 

in these cases. Further evidence supporting a reconnection orig in  is provided 

by the observation  o f  spatia lly  d ispersed  boundary layers o f energetic  ions 

w hich stream  un id irec tionally  along lobe-like fie ld  lines ju s t ou tside the plasm a 

sheet, as is expected from  the reconnection theory. The CDAW -8 data set also

80



c o n ta in s  o n e  q u ie t  tim e  e x am p le  in  w h ich  th e  ta i l  n e u tra l  l in e  c le a r ly  

p ropagated  past the spacecraft, w hich was located at about 220 Re , leading to a 

reversa l in the flow  direction  o f the energetic  ions and p lasm a sheet plasm a 

from  tailw ard to  Earthw ard. W ithin the reg ion  o f earthw ard  flow  an isotropic 

energetic  electron population  was observed, consonant w ith  expectations for a 

trapped population  on closed  field  lines, w hereas, in the reg ion  o f  tailw ard flow  

observed  shortly  before, the energetic electrons w ere below  background fluxes. 

T his reflects  the m agnetically  open nature o f the la tte r reg ion , w hich can lead 

to  e ffic ien t evacuation o f  the energetic  electrons from  the p lasm a sheet.

D espite  the strong support fo r the reconnection  origin o f the p lasm a sheet, there 

are three periods o f low  o r in term itten t geom agnetic activ ity  w hich contain 

ex tended plasm a sheet in tervals in w hich the plasm a density  and tem perature 

are typ ical o f  the p lasm a sheet, but the p lasm a bulk speed, d irec ted  tailw ards, is 

too low  (100 to 200 km  s"1) to be explained  on the basis o f stress balance 

tailw ard  o f the neutral line. These resu lts  suggest the presence (but not the 

exclusive presence) o f  a tail w ard-flow ing "v iscously-driven" layer o f closed 

flu x  tu b es  (w h ich  are in d ic a ted  by the  o b serv a tio n  o f  iso tro p ic  en erg etic  

electron  fluxes in  two o f the three cases, though not the one described  above). 

These "slow  plasm a sheet" regim es are found to be located  on the tail flanks, 

and are about 10 Re  in both  dim ensions transverse to the ta il axis.

W ith the exception o f the bulk flow  speed the p lasm a param eters observed 

d u r in g  th e s e  p e r io d s  d o  n o t  d i f f e r  s i g n i f i c a n t ly  f r o m  th e  a d ja c e n t  

reconnection-associa ted  plasm a sheet, and d iffer m arkedly  from  those o f the 

m agnetosheath , w hich is m uch denser and cooler. This strongly  suggests that 

these flux tubes orig inate in  the hot p lasm a sheet region E arthw ard  o f the tail 

neutral line, w hich, fo llow ing reconnection  and an in terval o f  earthw ard flow, 

eventually  re trea t ta ilw ard again under the action o f "viscous" stresses im posed 

at the m agnetopause. S ince these flux tubes are devoid  o f m agnetosheath-like 

p lasm a, the m echanism  transferring  m om entum  to this layer cannot involve 

tran sfe r o f m ass, as suggested  by e.g . H eikk ila  (1982). H ow ever, the two 

in tervals contain ing "slow  plasm a sheet" regim es w hich w ere not discussed 

above, show evidence o f boundary w aves and vortices in the plasm a sheet, 

w hich  are su ggestive  o f  the K elv in -H elm h o ltz  in s ta b ility  o p e ra tin g  at the 

m agnetopause. This is in agreem ent w ith recent resu lts p resen ted  by Sibeck et 

al. (1987dj), who show evidence fo r the occurance of K elv in-H elm holtz  waves at 

the d istan t ta il m agnetopause, and also w ith the m agnetic fie ld  resu lts  o f Slavin
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et al. (1985), w ho presented  evidence for a curved neu tra l line w hich w ould 

resu lt in c losed  flux  tubes adjacent to the m agnetopause to  as fa r ta ilw ard as 

280 Re .

The com bined CDAW8 data set also provides fu rther support fo r the neutral 

lin e  m odel o f  su b to rm s, th ough  su g g es tin g  the  need  fo r  som e in te re s tin g  

developm ents. E vidence o f  tail expansion associated  w ith the increased  flux 

con ten t and /or dow n-tail propagation  o f the p lasm oid is p resen t in several o f 

the in te rv a ls , w hilst d irec t encoun ters w ith  p lasm oids occu r in  four o f the 

in tervals. A ll the c lear p lasm oid  encounters can be re la ted  to enhancem ents in 

g e o m a g n e tic  a c tiv ity , an d  th e ir  tim e  o f  a p p e a re n c e  in  th e  d e e p - ta i l  is  

com p atib le  w ith  d isco n n ec tio n  from  the near-E arth  ta il a t the tim e o f the 

enhancem ent. H ow ever, not all d isturbance enhancem ents w ere fo llow ed by 

observations o f p lasm oids. A lthough it is likely  that the spacecraft w ill, at 

tim es, n o t be fav o u rab ly  lo ca ted  to  observe  the p assag e  o f  a p lasm oid , it 

appears that som e d isturbance enhancem ents may be re la ted  to increases in the 

reconnection  ra te  at the p re-ex isting  near-Earth  neutral line. In this case the 

p lasm a sheet w ould, on the basis o f theory, be expected  to  expand, and may 

engu lf a spacecraft located  close to the tail centre  plane, bu t no p lasm oid w ould 

be produced. There is a c lear exam ple o f such behav iour w ithin the CDAW-8 

data set, as w ell as several possib le  cases.

F inally , the com bined data set supports the conclusion m ade above regarding 

the in terval p resen ted  in  this chapter, that the reconnection  rate  and location  of 

the neutral line are not the only factors w hich influence the th ickness o f the 

p lasm a sheet, and tha t varia tions in the lobe fie ld  strength and plasm a num ber 

density  can be equally  im portant. As a resu lt o f these additional factors there is 

no very  clear-cut correla tion  betw een plasm a sheet th ickness and geom agnetic 

activity.
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CHAPTER 4.

CURRENT SHEET STRESS BALANCE IN THE  
GEOM AGNETIC TAIL FOR ASYM M ETRICAL TAIL LOBE

PLASM A CO NDITIO NS.
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1. Introduction.

In chap ter 2 o f this thesis we discussed  m odels o f the d is tan t ta il based upon 

the one-d im ensional stress-balance approxim ation and extended  the theory to 

include tim e-dependence o f  the reconnection  ra te  and neu tra l line  position . In 

that chap ter (and also in previous w ork o f this nature e.g. Cow ley (1980, 1984), 

C o w ley  and  S o u th w o o d  (1 9 8 0 ))  i t  w as a ssu m ed  fo r  s im p lic ity  th a t the 

properties o f the inflow  plasm a are sym m etrical on e ither side o f the current 

sheet. I f  one transform s to the rest fram e o f the reconnected  fie ld  lines (de 

H offm an and Teller (1950)) it is c lear that in  th is case there  can be no' ne t flow  

along the fie ld  lines, when consideration  is taken o f both  the p lasm a flow ing 

in to  as w e ll as o u t o f the  cu rre n t sheet. As d e sc rib e d  in c h ap te r  2, the 

equilibrium  condition is then that the com bined d istribu tion  outside the current 

sheet m ust satisfy  the m arginal firehose stab ility  condition

Pi, - P ± = B2/ |i0 (4.2)

(Rich e t al., 1972; E astw ood, 1972, 1974; H ill, 1975).

H ow ever, recen t observations in the d istan t ta il have shown that substantial 

density  d ifferences, up to an order o f  m agnitude o r m ore, m ay ex ist betw een the 

p lasm a in the two tail lobes on either side o f the current sheet (G osling et al., 

1985). Cow ley (1981) dem onstrated  theoretically  that the tailw ard  flow  speed 

o f the lobe plasm as should be enhanced in reg ions o f h igher density, resu lting  

in flow  shear betw een the tw o lobes. There is some ind ication  o f this effect in 

the G osling et al. (1985) data , bu t conclusive observational evidence has yet to 

be presented. H ow ever, fo r reasons o f generality, we w ill assum e here that 

such shears do exist betw een the lobe flow s. The flow  and density  asym m etries 

are associated  w ith  IMF By, and arise from  the east-w est forces exerted  on open 

fie ld  lines w hich cause them  to be added to the northern  lobe p referen tia lly  on 

the daw n side for By positive  and on the dusk side fo r By negative, and vice 

versa in the southern hem isphere. C onsideration o f the expected  density  and 

dow n-tail bulk speed o f the "mantle" plasm a flow ing in tow ards the tail centre 

after en tering  over the tail m agnetopause then shows tha t fo r IMF By positive 

the lobe plasm a should be denser and faster flow ing in the north  tail lobe than 

in the south on the dawn side, and vice versa on the dusk side, w hilst the 

reverse is true for IMF By negative (Cowley, 1981). This expectation is in 

accord w ith the observed density  asym m etries (Cow ley et al., 1984; G osling et
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al., 1985). Only near the tail centre w ill densities and bu lk  speeds be generally  

sim ilar in m agnitude in  the tw o lobes adjacent to the cu rren t sheet.

W hen lobe p lasm a asym m etries ex ist a net flow  o f p lasm a through the current 

sheet w ill generally  occur and the equ ilib rium  condition (equation 4.1) m ust be 

m odified. S tress balance in this m ore general case has been  studied e.g . by 

F rancfo rt and P e lla t (1976) and Sonnerup et al. (1981), it being show n, for 

exam ple, tha t in  the case o f inflow  from  one side of the curren t sheet only, and 

transm ission  o f all the p lasm a through the sheet, the fie ld -a ligned  inflow  speed 

o f the p lasm a in the fie ld  line res t fram e m ust be equal to the lobe A lfven 

speed. In this m ore general w ork it has been custom ary to express resu lts in 

term s o f flow s and pressure an iso tropies as separate com ponents in the stress 

balance equation. H ow ever, this d istinction  is ra ther artific ia l and can lead to 

u n n ecessary  com plex ity  in  ca lcu la tio n  because the v e lo c itie s  and p ressu res 

referred  to are not those o f the inflow  plasm a alone, but those o f the com bined 

d istribu tion  o f inflow  and outflow  plasm a together. Thus, for exam ple, the 

stress (current d istribu tion) due to  a single p lasm a stream  o f given density  and 

speed  flo w in g  th ro u g h  the cu rre n t shee t (the lim itin g  an iso tro p ic  case) is 

clearly  the sam e as that due to tw o counterstream ing beam s o f the sam e speed 

but o f h a lf the density  each (the sym m etrical case), yet in the first case stress 

balance is described  in term s o f flow, w hile in the second it is described  in 

term s o f an iso tropic pressure. H ere we po in t out that the general stress balance 

c o n d itio n  can  be w ritten  in  a s im p le  fo rm  in w h ich  th e  g en era l p a ra lle l 

m om entum  flux M (j replaces P (| in equation (4.1). Since M |( is p roportional to 

the in tegral o f v (| over the com bined partic le  d istribution  f  its value depends 

only on the fie ld -a ligned  speed o f the partic les, and not upon their d irection  of 

m otion.

In the next section we w ill derive the sim plified  form  o f the stress balance 

equation, w hile in section (3) we w ill illustra te  its u tility  by solving a sim ple 

exam ple in w hich the tail lobe plasm a is taken to form  cold  beam s in both 

lobes, bu t o f d iffering  density  and fie ld -aligned  speed.

2. T h e  G e n e ra l O n e-D im en sio n a l S tress  B alance  C o n d itio n

In this section we will derive the general equilibrium conditions for a
one-dimensional current sheet given by the fields
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B = (Bx(z), By(z), Bz)

E = (Ex,E y,E z(z)) (4.2)

w here B z, Ex and Ey are all constants. We note tha t Ex and Ey may be rem oved 

by fram e transform ations in  the y and x d irections respectively , w ith  speeds 

-Ex/ B z and Ey/ B z , and in  this section we w ill w ork in the transform ed fram e 

where Ex and Ey are zero. The derivation  is essen tially  iden tical to tha t o f e.g. 

F ran c fo rt and  P e lla t (1976) and  S onnerup  e t al. (1 9 8 1 ), bu t the  re su lt is 

expressed  in  a sim pler and often m ore convenient form . We w ill now  outline 

the steps o f the calcu lation  (see also Cow ley (1980)), in o rder that this chapter 

be self contained.

In tegration  o f  the first m om ent o f the V lasov equation over velocity  space 

yields the steady-sta te  equilibrium  equation

div ( M  -  T  ) = 0 (4.3)

w here M  is the p lasm a stress tensor given by

M ij=  £ m s
s

* 0 0

d^v vi vj fs
V —oo

(4.4)

(w here m is the partic le  m ass, f  the partic le  velocity  d istribu tion  function  and s 

the species label), and T is the M axw ell stress tensor given by

HoTij = BiBj -  V2 B25ij (4.5)

assum ing that e lectric  field  term s can be neglected. F or a one-dim ensional 

system  equation (4.3) becom es

d ( Miz -T iz  ) = 0 (4.6)
dz

w hich in tegrates to give the three equilibrium  equations

Miz - Tiz = Ci (4.7)
i

where the Ci are constants. Use of equation (4.5) then gives explicitly
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Mxz - 1_ Bx Bz = Cx 
|lo

(4.8a)

MyZ " 1__ By Bz = Cy 
M>o

(4.8b)

Mzz + B2 - Bz2 = Cz (4.8c)
2 |I 0 [io

O utside the cu rren t sheet the  partic le  d istribution  functions w ill be gyrotropic, 

so that in fie ld -aligned  coordinates the stress tensor w ill be d iagonal, with 

com ponents Mu and P i  along and transverse to the fie ld  respectively , given by

Mu = 2 ms
s

oo

d3v v
— oo

2
II fs

(4.9a)

and

p i = % 2 ms

<• oo

d3v v 2 fs
(4.9b)

O utside the curren t sheet w e then have

Mij = ( Mil - P i))  Bi£j + Pi& j (4.10)
B2

D enoting the two sides of the current sheet by the subscrip ts ‘1 and ‘2 ’ and 

substitu ting  equation (4.10) into equation (4.8), we obtain

( a i  - l ) B x l  = (<X2 - 1 ) B x2 (4.11a)

( a i  - l )B yi = (<X2 - l)B y2 (4.11b)

P ll  + B i2 + (ai - l)Bz2 = Pl2 + B22 + (CX2 - 1)BZ2 (4.11c)
2 | i 0 \ i0 2 \i0 No­

where

a=|I0(M|| - P l) /B 2
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If  we consider the solution o f the pair o f equations (4.11a,b) then e ither the 

fie lds in the p lane o f the curren t sheet m ust be exactly  para lle l or an tiparallel 

(i.e. Bxl/Byi = BX2/By2), w hich w ill not in  general be the case, or we m ust have

(a i - 1) = (<X2- 1) = 0  (4.12)

Thus the general equ ilibrium  conditions are (in reg ions w here the p lasm a is 

gyrotropic), from  equations (4.12) and (4.11c)

Mu - P i  = B2/(i 0 (4.13a)

and

P i  + B2 /|io  = c o n s ta n t . (4.13b)

N ote that equation (4.13a) is o f the same form  as equation  (4.1) but w ith  Pn 

rep laced  by Mu, as p reviously  stated.

It is custom ary to express Mu as the sum o f flow  and p ressu re  com ponents, i.e. 

Mu = pV 2 + Pn

w here p is the p lasm a m ass density  and V the fie ld -a ligned  bulk  flow  speed. 

H ence (4.13a) becom es

pV 2 + (Pn - P i )  = B2/Po

from  which one im m ediately  recovers equation (4.1) w hen V = 0, and w hen the 

pressure anisotropy is zero V = ±B/V(p.op). H ow ever, fo r reasons d iscussed  in 

the in troduction  to this chapter, expression (4.13a) is generally  preferable.

*
A s a d e f in i te  e x a m p le  w e m ay re c o n s id e r  th e  ‘ s y m m e tr ic a l  ad iab a tic  

one-dim ensional curren t sheet solutions set up by C ow ley and Pella t (1979). 

E q u ilib riu m  so lu tions w ere in v estig a ted  under the assum ption  tha t guid ing  

centre particle  m otion rem ains valid  throughout the curren t sheet, such that the 

p a rtic le  d is tribu tion  functions are also gyrotropic th roughout. The problem  

th en  re so lv es  in to  the q u estio n  o f  w h e th e r a d iab a tic a lly  m apped  p a rtic le  

d istributions ex ist w hich can satisfy governing equations (4.1) and (4.13b) at
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each po in t along the fie ld  lines. P articles w ith in  the system  can be classified  as
» 9

either ‘trapped or ‘free , w ith partic les in the form er class m irroring  w ithin the 

depressed fie ld  reg ion  o f the current sheet, w hilst those in  the la tte r class pass 

once through the sheet from  one side to the other. C learly  the particles in the
9

‘free  d is tribu tion  m ust satisfy equation (4.1) outside the curren t sheet, but it

w as shown that, in order to satisfy equations (4.1) and (4.13b) throughout, a

trapped population m ust also be p resen t w hose d istribu tion  function can be
»

calcu lated  for a given ‘free population.

9

H o w ev er, u s in g  e q u a tio n s  (4 .1 3 a ,b ) it  is  o b v io u s  th a t the  ‘sy m m etrica l

solutions found by C ow ley and Pella t (1979) m ay at once be generalized to the

asym m etric  case. If, fo r exam ple, u sing  the m ethod o f C ow ley and Pella t

(1 9 7 9 ) , o n e  c o n s tr u c ts  th e  t ra p p e d  p o p u la t io n  a p p ro p r ia te  to  a g iv en  
»

sym m etrical ‘free population  consisting o f equal counterstream ing beam s each 

o f density  n, then the la tte r may im m ediately  be rep laced  e.g. by a single 

un id irectional beam  having the same functional form* (d istribu tion  w ith pitch 

angle) as before but w ith density  2n, w ithout affecting the requ ired  trapped 

population . The sam e argum ent clearly  applies to cases in term ediate  betw een
9 9 9

the ‘single stream  and ‘sym m etrical extrem es i.e. the ‘sym m etrical beam s can 

im m ed ia te ly  be re p la ce d  by  s im ila r beam s hav ing  d en sity  (1+ F )n  in  one 

d irection  and ( l-F )n  in the other, w here F < 1, w ithout affecting  the required
9

trapped population. In general, how ever the ‘free stream s entering  the current 

s h e e t fro m  e i th e r  s id e  w ill  h av e  d if f e r in g  fu n c tio n a l  fo rm s , re q u ir in g  

recalcu la tion  o f the trapped  populations in each case. This topic w ill not be 

p u rsu e d  fu r th e r  h e re . R a th e r, in  th e  n e x t sec tio n  we w ill c o n s id e r  the  

ap p lica tio n  o f (4 .13a ,b ) to the p rob lem  o f asym m etrica l co ld  beam  inflow  

appropriate  to the geom agnetic tail, and w ill discuss the resu lting  effects on the 

structure o f the p lasm a sheet.

3. Stress Balance for Asym m etrical Cold Beam  Inflow.

We w ill now use the resu lts o f Section 2 to derive the equ ilib rium  conditions 

for the case, applicable to the geom agnetic tail, where the perpend icu lar plasm a 

pressure  is sm all com pared to the pressure of the lobe m agnetic field. The 

G osling et al. (1985) data shows that this plasm a pressure is sufficien t only to 

cause variations o f  order 10% or less betw een the lobe field  strengths (equation 

4 .13b), and thus may be neglected. H ence the plasm as flow ing into the current 

sheet from  either side may be approxim ated as cold beam s o f  d iffering  density
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and field-aligned flow speed. We will also assume for simplicity that all 
particles incident on the current sheet are transmitted through it, and form cold 
beams in the outflow. These assumptions will certainly be valid if the particles 
behaviour in the current sheet is adiabatic, and we also note that in the 
asymmetrical dayside magnetopause system (where, however, the cold beam 
approximation is not generally valid) observation indicates that a large majority 
of incident magnetosheath particles are transmitted through the magnetopause 
(Sonnerup et al. 1981). The effects of scattering and reflection of particles 
from the current layer considerably complicate the problem and will not be 
treated here.

As a consequence of these assumptions we have P i = 0 everywhere outside the 
current layer on either side, and hence from equation (4.13b) we must also have 
the same field strength B on either side, taken to be the field strength in the tail 
lobes. We also assume that the field is planar with B = (Bx(z), 0, Bz) and E = 

(0, Ey, 0), where, as before, Ey and Bz are constants. Finally we assume that 
the inflow plasma is spatially uniform in the x-direction and look for steady 
states. The effects of spatial gradients in the inflow plasma parameters, 
together with time dependence, can be incorporated using the methods of 
Cowley and South wood (1980) and the methods described in Chapter 2 of this 
thesis respectively, but are not the focus of attention here.

In Figure 4.1 we show the basic field configuration envisaged, in which Bx 

reverses in sign across a current sheet (shown hatched) such that the 
reconnected field lines downstream from the neutral line (NL) form sharply 
bent hairpins. In the analysis below we will assume for simplicity that IBXI is 
much larger than IBZI outside the current sheet, as will usually be the case in 
systems of interest, although the results may be readily generalized. Under 
these circumstances the field-aligned velocities of the particle streams will 
mainly be in the ±x-direction. These velocities are shown in the upper figure in 
the Earth’s (neutral line) rest frame. Subscripts 1 and 2 refer to quantities north 
and south of the current sheet, E and T to locations Earthward and tailward of 
the neutral line, and I and O to inflow and outflow parameters respectively. 
The speeds vF = Ey/IBZI are the contraction speeds (de Hoffman-Teller speeds) 
of the field lines away from the neutral line on either side. We shall adopt the 
convention that all speeds are positive in the directions shown in the figure. 
Thus vFE  ̂VqE1 and v0E2 are all positive in the +x (Earthward) direction, whilst 
vn  and Vj2 , together with vFT> vQT1 and v0T2 are all positive in the -x
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Figure 4.1. Sketch of the field configuration envisaged in this chapter, in which the field lines 

form sharply bent hairpins about the current sheet (shown hatched) on either side of the neutral 
line (NL). The upper diagram shows the directions in which the speeds of the inflow plasma 
vi, outflow plasma v0 and field lines v f  are taken to be positive in the Earth’s (and neutral line) 

rest frame. The coordinate system employed is as shown. The lower diagram shows the 

inflows in the field line rest frames on either side of the neutral line obtained by moving along 

the current sheet, away from the neutral line, with speed v f . In this frame the plasma inflows 
are strictly field aligned, and the outflow plasma emerges from the opposite side of the current 

sheet with the same field aligned speed (not shown).
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(tailward) direction. These conventions all accord with the expected signs of 
these quantities in the tail application. As indicated by the lengths of the 
arrows in Figure 4.1 we will also assume for definiteness in discussion that 
vll > VI2 an£* n l > n2 , the expected situation corresponding to the dawn side of 
the tail for IMF By > 0 and to the dusk side for IMF By < 0 . The formulae 
given, however, are completely general.

The lower half of the figure shows the situation in the field line rest frames (de 
Hoffmann-Teller frames) on either side of the neutral line, obtained by moving 
away from the neutral line on either side with the speeds vp = Ey/IBZI. Since the 
electric field is transformed to zero in this frame, the particles experience no 
E x B drift, so that they simply move into and out of the current layer by drift 
along the field at the speeds indicated. In addition, the particles experience no 
change of speed in their interaction with the current sheet in this frame, so that 
by the above assumptions they emerge from the other side of the sheet as 
field-aligned beams of unchanged speed and density (not shown). The 
equilibrium condition is consequently simple to consider in this frame. 
Combining together the inflow and outflow distributions on either side of the 
current sheet we have the following equilibrium conditions (from equation 
4.13a) for the regions Earthward and tailward of the neutral line respectively

mi (njVpj 2 + H2vE2 )̂ = B2/|io (14a)

mi (nxvT1*2 + n2vT2*2) = B2/p.o (14b)

where the electron terms have been neglected. The starred inflow beam speeds 
in the field line rest frame may now be related to the given inflow speeds in the 
Earths’ frame by the transformations

VE1 = VFE + VI1

T1 = VFTVc t - V II

VE2 = VFE + VI2

T2 = VFTV FT V 12

(4.15a,b)

(4.15c,d)

where we have assumed IBXI »  IBZI outside the current sheet such that these 
flows are essentially in the ±x-direction as previously stated. Substitution of 
these expressions into (4.14a,b) then yields quadratic equations for vpE and vFT 
with solutions

92



VFE “  R ~  VIM vFX = R + vIM (4.16a,b)

where

R = f  B2 -  n i n?(vTi ~ y n ) 2V^2 (4.17)
\ja 0m i(ni + n2) (n i + 112) /

and vim is the mean of the inflow speeds, weighted according to the beam 
densities

VIM = (n lvIl + n2Vi2)/(ni + n2)

Note that real solutions exist only if the flow shear

Avj = vn  -  v I2

across the inflows is sufficiently small, i.e. if 

|AVl I < V(VA12 + VA22 )'

where

(4.18)

(4.19)

(4.20)

VA1 = B/V(ji0mini)' V a 2 = B/V(jJ.0min2) 1

are the Alfven speeds in the northern and southern lobes respectively. For very 
large flow shears such that equation (4.20) does not hold, no frame can be 
found in which the stress balance equations (4.16a,b) can be satisfied, and 
consequently no one-dimensional equilibria of the type considered here can 
exist. The only simple solution to the problem is then to take Bz = 0, i.e. a 
neutral sheet with no flux threading across it. However, equation (4.20) should 
be well satisfied in the tail problem at all times, since lobe plasma flow speeds 
are generally small compared with lobe Alfven speeds.

In addition, for a steady state to be possible, vFE must be positive, i.e. 
reconnected field lines on the Earthward side of the neutral line must move 
Earthwards. For sufficiently strong down-tail lobe plasma flow, however, these 
field lines will have to move tailwards with the flow in order to achieve stress 
balance, implying tailward motion of the neutral line and time dependence, as
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described in Chapter 2. From equation (4.16a) the required steady state 
condition is

ni vn 2 + n2 vj22 < B2/|i0mi . (4.21)

When equality holds the stress balance condition (4.14a) is satisfied in the 
Earth’s frame.

We now consider the properties of the outflow beams and their spatial structure 
relative to the location of the neutral line. Using the result that the beam 
speeds remain unchanged in the field line rest frame we have, after 
transforming back into the Earths frame

vOEl “  2vFE + vI2 v0E 2  -  2vfe + vn  (22a,b)

vOTl = 2vFT — Vj2 vOT2 = 2vFT ~ VI1 (22c,d)

and then from equations (4 . 16a,b) we have

v0E1  = 2 R - vIM - mAvj /(m  + n2) (4 .2 3a)

vOE2 = 2R " VIM + n2Avj /(m  + n2) (4 .23b)

v OTl = 2R + v IM + niA vj /(m  + n2) (4.23c)

vOT2 = 2R + vim '  n2Avj/(m + n2) (4 .23d)

where R is given by equation (4.17), vIM by (4.18) and Avr by (4.19). With the 
asymmetries shown in Figure 1 (i.e. Avj > 0 and m > n2 ), and assuming 
equation (4.21) holds, we then have vQT1 > v0E2 > v0T2 > vQE1 . Note that 
Earthward of the neutral line the outflow (plasma sheet) plasma is faster on the 
southern side of the current sheet than on the northern side in this case (i.e. 
v OE2 > v O E l)’ °PP°site to the asymmetry in the tail lobes, while tailward of the 
neutral line the outflow is faster on the northern side than on the southern (i.e. 
v O Tl >  v OT2^’ same sense as the asymmetry in the tail lobes. The shear 
between the two outflow beams across the current sheet is, of course, just Avj
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(see equations 23a-d), as is obvious from the consideration of the situation in 
the field line rest frame.

Turning finally to the spatial structure of the outflow beams, we note that for 
steady reconnection these form wedges adjacent to the current sheet whose 
apices meet near the neutral line, since the outer boundary of the wedges is 
defined by the limiting ion trajectories which originate in the latter’s vicinity. 
The angle of the reconnected field lines to the current sheet is given by

0= IBzl/B = E y/vFB (4.24)

where we have again assumed that outside the current sheet Bz is small 
compared with B. Equation (4.24) shows that this approximation will be valid 
provided that the reconnection rate Ey is not too large. Note that Ey remains a 
free parameter in our analysis. With the same approximations the angle to the 
current sheet of the boundary (the trajectories) of the outflow particles with 
field-aligned speed vo is given by (see e.g. Hill, 1975; Cowley, 1984)

<t> -  (1 - vF/vo)0 (4.25)

Note that the faster the speed of the outflow plasma, the larger the wedge angle 
<j), approaching 0 when vo— (i.e. the particle boundary then coincides with 
the separatrix of the X-type field configuration). The minimum plasma outflow 
speed is vF, when <()—>0 . Thus in the present problem the outflow beam (the 
plasma sheet ) will be thicker on the side of the current sheet on which the 
outflow beam is fastest.

In Figure 4.2 we illustrate these results by showing the field and plasma sheet 
configuration for the case vn  = 0.5 Va i , vi2 = 0 and n2 = 0.25 ni (and hence 
Va2 = 2Vai ). The specific wedge angles shown are for the reconnection 
rate Ey/B = 0.2Va i , but the configuration for any other Ey can be found simply 
by scaling the vertical axis relative to the horizontal. Thus, for example, for 
half this reconnection rate the vertical scale should be halved relative to the 
horizontal. In this diagram the horizontal solid line represents the current 
sheet, the arrowed solid lines the field separatrices mapping to the neutral line, 
and the hatched region bounded by the dashed lines shows the region occupied 
by the accelerated ions (the plasma sheet). The inflow and outflow speeds are 
also shown. Since in this case vI2 = 0 , the plasma outflow speeds north of the
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0.5

Figure 4.2. Plasma sheet and reconnected field configuration for the case vn = 0.5 Vai, 
vi2 = 0, n2 = 0.25ni, and Ey/B = 0.2 Vai. The horizontal line represents the central current 

sheet, the arrowed solid lines the field separatrices mapping to the neutral line, and the hatched 
region bounded by the dashed lines the plasma sheet containing accelerated ions. The numbers 

indicate speeds in units of Vai, those on the central axis being the field line speeds , whilst 
those off the axis give the inflow and outflow beam speeds in the various regions. The Earth is 

to the left.
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current sheet are ju s t tw ice the respective fie ld  line speeds, and the outflow

w edge occupies ju s t ha lf o f the w edge o f reconnected  fie ld  lines (equations

4.22 and 4 .25). South o f the current sheet, how ever, the outflow  speed exceeds

that in the north  and occupies m ore than half the fie ld  w edge on the Earthw ard

side o f the neutral line, w hile being slow er than that in the north and occupying

less than h a lf  the fie ld  w edge tailw ard  o f the neutral line. F or a given sign of

IM F By the sense o f  these N orth-South asym m etries applies only to one flank

o f  th e  ta il , and  are e x p ec te d  to  be re v e rse d  on th e  o th er, as p re v io u s ly

explained. H ow ever, the general asym m etry in w edge th ickness and outflow

speeds betw een the regions Earthw ard  and tailw ard o f the neutral line w ill be a

com m on feature , due to the m ean tailw ard  stream ing o f the inflow  plasm a.
%

4. Sum m ary

P re v io u s  a n a ly se s  o f  the s tru c tu re  and  p ro p e r tie s  o f  a c c e le ra te d  p la sm a
*

p o p u la t io n s  in  th e  m o re  ‘d i s t a n t  g e o m a g n e t ic  t a i l ,  w h e re  th e  1-D  

approxim ation is appropriate , have, fo r sim plicity, assum ed sym m etry o f the 

inflow  plasm a conditions on either side o f the curren t sheet. H ere we have 

considered  the m ore general equ ilib rium  conditions app licable to asym m etrical 

inflow  and have expressed the resu lts  in a form  w hich does not m ake artificia l 

d istinctions betw een stress balance due to anisotropic p lasm a pressure and that 

due to flow  through the current sheet. We have then applied  this theory to the 

ta il problem , w here the inflow  p lasm a may be taken to form  cold beam s of 

d iffering  density  and dow n-tail fie ld -aligned  speed. S ign ifican t lobe plasm a 

asym m etries have recently  been show n to occur due to effects associated  w ith 

IM F By. The lobe plasm a asym m etry w ill in general lead to asym m etries in the 

accelerated  p lasm a sheet populations on either side o f the current sheet, both in 

term s o f plasm a speed and layer th ickness. A ssum ing that all partic les inciden t 

on the curren t sheet are transm itted  through it, as seem s a reasonable first 

ap p ro x im a tio n , on the E a rth w ard  side o f the n eu tra l lin e  the acce le ra ted  

partic les w ill be faster, and the layer thicker, on the side o f the curren t sheet 

opposite  to the lobe which contains the faster dow ntail flow. Tailw ard o f the 

neutral line, how ever, the outflow s are faster and th icker on the same side of 

the current sheet as the la tte r lobe. It has also been shown that if  the flow  shear 

across the inflow s becom es too large, one-dim ensional cu rren t sheet equilibria  

cease to exist. This condition, how ever, is m ost unlikely  to occur in the tail 

problem .
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CHAPTER 5.

ENERG ETIC IONS IN THE LOBES OF THE DISTANT
M AGNETOTAIL

98



1. In troduction

A s e x p la in e d  in  the  in tro d u c tio n  to  th is  th e s is , re s u lts  fro m  th e  IS E E -3  

exploration  o f the nightside region o f the E a rth ’s m agnetosphere during  1982-3 

show  th a t the  d is ta n t ta il has a co h e ren t s tru c tu re , s im ila r to  th a t in  the 

near-E arth  ta il, ou t to at least 240 Re  from  the Earth. This structure consists o f 

two lobes o f strong m agnetic field , w ith d irection  po in ting  tow ards the E arth  in 

the northern  lobe, and away from  the Earth in the southern  lobe. These two 

re g io n s  a re  s e p a ra te d  by th e  e q u a to r ia l p la sm a  sh ee t c o n s is tin g  o f  fa s t 

stream ing p lasm a where, along w ith the associated  boundary  layers, the highest 

energetic  ion in tensities (I >10 (s cm  sr k ev )' fo r ions o f 35 - 56 keV ) found 

in the deep tail are observed  (R ichardson and Cowley, 1987 ). This central 

reg ion  has been the subject o f the previous chapters o f this thesis, as w ell as 

num erous pub lished  papers (e.g. H ones e t al., 1984, Z w ickl et a l., 1984, S lavin 

et al., 1985, Scholer et al., 1986, R ichardson et al., 1987), and the CDAW-8 

data analysis w orkshop, and thus has received  a high level o f atten tion  and 

in te rest during  the last 4 o r 5 years. In contrast, how ever, the tail lobes rem ain 

a re la tive ly  neglected  area o f study in  both the near-E arth  and deep-ta il data 

se ts , la rg e ly  due  to the le ss  ex o tic  and less  v a rie d  n a tu re  o f  p h en o m en a  

observed  in  these regions. The energetic  ion in tensities w ith in  the lobes are 

m uch reduced  com pared to the p lasm a sheet (I < 10 (s cm sr kev) ), w hilst 

th e ir  p itch  angle  d is trib u tio n  has a ch arac te ris tic  "pancake"-like  na tu re , in 

w hich the d istribu tion  is peaked  closely perpend icu lar to the m agnetic field  

d irection , com pared to p lasm a sheet ions w hich show a c lear stream ing in the 

tailw ard d irection  in the deep tail (Cow ley et al., 1984, D aly et al., 1984). In 

addition , the energetic  ions in  the m agnetosheath  adjacent to the ta il lobes are 

also observed  to stream  tailw ard  w ith in tensities com parable to those in the 

p lasm a sheet, a lthough varying on tim e scales o f a few  m inutes. The deep tail 

lobes are therefore regions o f  depressed energetic  ion in tensity  com pared to 

both the ad jacent p lasm a sheet and m agnetosheath  reg ions, and also have a very 

d ifferen t form  o f pitch angle d istribution .

The aim  o f th is chapter is to p resen t a sim ple explanation  o f the properties of 

the energetic  ion populations in the deep tail lobes, deduced from  the p roperties 

o f the source d istribution  fo r these ions, and the ir subsequent m otion in to  and 

w ithin the lobes. The energetic  ion data used in this chap ter again com e from  

the EPAS instrum ent on ISEE-3, and in the next section we shall consider some 

fu r th e r asp ec ts  o f  th is  in s tru m en t, sp ec ific a lly  those  re le v a n t to the  lobe
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observations. In  section 5.3 we shall b riefly  consider som e aspects o f the 

observed  energetic  ion characteristics in the deep ta il lobes, using the EPAS 

data in conjunction  w ith data  from  o ther instrum ents on the spacecraft.

In this chap ter we shall show that the lobe ion population  m ost likely  originates 

in the m agnetosheath , and we shall assum e that the ions gain  entry  to the lobes 

across an open ta il m agnetopause boundary. The energetic  ion  d istribution  

function in  the lobe then depends on the characteristics o f  the d istribu tion  of 

the m agnetosheath  source, the nature o f the m agnetopause boundary  betw een 

the  lo b e  and  the  so u rce , the  p h y s ic s  o f  p a r tic le  tra n sm iss io n  across th is  

boundary, as w ell as the subsequent m otion o f  the ions w ith in  the lobe. The 

fo llow ing section (5.4) therefore d iscusses the properties o f  the d istribu tion  of 

energetic  ions in the m agnetosheath , w hich is shown to be the source o f the 

lobe io n s , and the in te rac tio n  o f  the p a rtic le s  w ith  the ta il m agnetopause, 

w hilst section (5.5) deals w ith the partic le  m otion in a sim ple m odel lobe,in 

w hich  the  m ag n etic  f ie ld  is assum ed  to be c o n sta n t in  bo th  s tren g th  and 

d ire c tio n . T he p itch  an g le  d is tr ib u tio n s  p ro d u ced  by the  m odel are also  

d iscussed  in  the la tte r section, and their dependence on both  position  in the 

lobe and properties o f the m agnetosheath  are studied. F inally , in section (5.6) 

the m odel is rev ised  to include some field  strength increase in the near Earth 

tail (xgse ^  -1 0 0  Re ) in order to make the m odel slightly  m ore rea listic . It is 

show n th a t the re su lts  do no t d iffe r qu a lita tiv e ly  in form  from  the sim ple 

m odel, w h ich  m ay th e re fo re  be c o n sid e re d  ad eq u a te  to  ex p la in  the  m ain 

observed characteristics o f the lobe energetic ions.

2. Pitch Angle D istributions in the Deep Tail.

In chap ter 3 data from  the EPAS instrum ent on ISEE-3 was used to study some 

properties o f  the deep tail p lasm a sheet, specifically  those properties which 

w ere considered  theoretically  in the previous chapter. Som e o f the properties 

o f the instrum ent w ere described in that chapter. S ince the p lasm a sheet and 

boundary layer ions form  e ither Earthw ard  or tailw ard je ttin g  beam s, depending 

on the re la tive  location o f the tail neutral line, and only two look directions of 

one telescope w ere explic itly  used, as the ra tio  o f ta ilw ard  to Earthw ard je tting  

f lu x e s  o n ly  w as s u f f ic ie n t  fo r  o u r p u rp o s e s . We a lso  im p lic i t ly  u sed  

observations o f 90° p itch angle particles to rem otely  sense the m otion o f the 

energetic  ion boundary layers across the spacecraft location . In this chapter, 

how ever, w e wish to study the energetic ion d istribution  in the tail lobes, and
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since this is not o f a sim ple beam  nature, we w ish to m ake fu lle r use o f the 

d irec tional properties o f the instrum ent. These w ill therefore  be recapped in 

this section, and we shall also describe quan tita tively  how  various p itch  angle 

d istribu tions appear in the EPAS data set.

The angular ex ten t o f  the EPAS data coverage was illu s tra ted  in  C hapter 3 

(F igure 3.1), show ing how  the counts from  each o f the th ree te lescopes are 

b inned  in to  8 azim uthal sectors, thus giving a to tal o f 24 look  d irections per 

spacecraft spin period  (16 seconds). The m agnetic structu re  o f the lobes is 

such that the fie ld  poin ts alm ost d irectly  tow ards the Earth  in the northern  lobe, 

and alm ost d irectly  away in  the southern lobe, and lies c lose ly  para lle l to the 

eclip tic  p lane in  both cases (Tsurutani et al., 1987). As exp lained  in C hapter 3, 

the look  d irections corresponding  to te lescope 2 sectors 1 and 5 are therefore 

those w hich look m ost c lose ly  along the fie ld  lines, and consequently  detect the 

m ost fie ld  a ligned  partic les (those w ith p itch  angles approaching  14° and 166°, 

the lim its  o f  the EPAS fie ld  o f view  fo r this case). Sectors 3 and 7 o f  all the 

te le sco p es , how ever, look  c lo se ly  p e rp en d icu la r to  the f ie ld  d irec tio n  and 

therefore  detect those partic les  w hich have p itch  angles c lose to 90°. F or the 

p a rticu la r fie ld  configuration  that is found in  the lobes the w idest range o f p itch 

angle tha t is- sam pled by a single telescope is co llected  by telescope 2, and we 

shall consequently  concen trate  on data from  this telescope w hen refe rring  to the 

lobes fo r the rest o f th is chapter.

F ig u re  5.1 i l lu s tra te s  the  fo rm s o f  sev era l d iffe ren t ty p es  o f d is tr ib u tio n  

fu n c tio n  in  th ree  d iffe ren t fo rm ats . The f ir s t  co lum n  show s co n to u rs  o f 

co n stan t f  in  v e lo c ity  space , w hen the m agnetic  fie ld  is co n sid e red  to be 

po in ting  in the negative x-d irection , as is the case in the south lobe o f the 

geom agnetic tail. These p lo ts have been ro ta ted  so that the positive  x-d irection  

(and hence positive  V x-d irec tion ) po in ts tow ards the betton o f the page. The 

d irec tio n  o f  the sun is then  tow ards the bop o f the page, w hich is in 

com m on w ith the convention  that has been em ployed fo r p resen ta tion  o f the 

EPAS data, as w ill be d iscussed  shortly. The second colum n re -in terp rets  this 

inform ation in term s o f f  versus particle  p itch  angle p lots at a particu la r particle  

energy, w here 0° represen ts partic les travelling  along the fie ld  in  the negative 

x -d irec tion  in this case, 90° those m oving perpendicu larly  to the field , and 

1 80° those m oving back along the fie ld  line in the positive  x -d irection . This 

form  o f presen tation  is the m ost convenient fo r the purposes o f  m odelling the 

lobe energetic  ion data, and w ill be used extensively  in la ter sections. The final

101



CONTOUR f
a) ISOTROPIC DISTRIBUTION

£ vs. PITCH ANGLE

£

A

C) CONVECTING DISTRIBUTION!
i

d) DISTRIBUTION PEAKED AT 
90° TO FIELD DIRECTION

90 -<--- >180

Figure 5.1 Three methods of representing the distribution function of energetic ions. The first 

column of the figure shows the distribution in two dimensional velocity space, in which the 
positive Vx-direction is aligned with the field direction, which is taken to point down the page. 

The second column shows the distribution function plotted against particle pitch angle, which 
is the method most convenient for plotting modelled results, and the third column indicates 
qualitatively how the distribution is expected to appear in Telescope 2 of the EPAS instrument 
(looking closest to the ecliptic). The field direction also points down the page in this column, 

and the sun is taken to be at the top of the page, the situation expected in the south lobe of the 
tail. Four types of distribution function are shown: a) an isotropic distribution; b) a field 
aligned beam: c) a convecting distribution and d) a distribution peaked closely perpendicular to 
the field direction.
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colum n sketches the d istribu tions in term s o f how  they w ould  appear in a sector 

p lo t o f one spin period  o f EPAS telescope 2 (looking c lo sest to the eclip tic) 

data. N ote that these p lo ts are draw n to rep resen t the partic le  count in each of 

the te lescope 2 look  d irections, such that the top sector in each p lo t represents 

the (m ost) sunw ard look direction. We denote this secto r to  be Sector 1, and 

label the o thers 2 to 8 in  an anti-clockw ise d irection  from  th is sector. The size 

o f each sector is then draw n to be proportional to  the num ber o f  partic les 

en tering  the telescope from  that look  d irection , such that, fo r instance, a large 

Sector 1 (sunw ard look d irection) indicates an abundance o f  partic les m oving in 

an antisunw ard (p o s itiv e  x) d irection. This poin t is illu stra ted  fu rther below, 

w hen we discuss the indiv idual p itch  angle d istribu tions shown in this figure. 

The sm all arrow  in each o f these sector p lo ts represents the com ponent o f the 

m agnetic  fie ld  in  the GSE x-y plane re la tive to these look  d irections (note 

though tha t in the case o f  the  lobe the fie ld  is largely  confined  to th is plane, 

such that this arrow  represen ts the actual fie ld  d irection).

The firs t group o f p lo ts represen ts an iso tropic  d istribu tion . This appears as a 

set o f concentric  circles in  the contour f  represen tation , and as a horizontal line 

in  the f  versus p itch angle p lo t, since there is no variation  o f  f  w ith  p itch  angle 

at a fixed energy in this case. F o r this reason, there is also no varia tion  o f f  

w ith look  direction, and the EPAS p lo t is therefore a fu ll c ircle. The second 

group represen ts a c losely  fie ld  aligned beam , w here all partic les have only a 

sm all com ponent o f ve locity  transverse to the fie ld  d irection , and thus have 

sm all p itch  angles only (although these m ust be greater than 14° in order to be 

d e tec ted  by EPA S). T his therefo re  appears as a sing le  sec to r in the look 

d irection  opposed to the m agnetic fie ld  d irection. No partic les are detected  in 

the o ther look  directions. The th ird  group represen t a convecting  d istribution , 

in w hich the d istribu tion  is iso tropic in a fram e convecting slow ly (cf. the 

partic le  velocity) along the fie ld  in the p o s itiv e  x -d irection  w ith respect to the 

res t fram e (i.e. an an tisunw ard  convecting  d istribu tion  in the lobe). Those 

p a rtic les  m oving  along the fie ld  w ith closely  zero p itch  angle have h igher 

values o f  f  than those w ith h igher p itch angles, as illu stra ted  in the f  versus 

p itch  angle p lo t, and this appears in the EPAS sector p lo t as a large sector 1, 

looking  back down the fie ld , w ith sm aller sectors on e ither side, the sm allest 

sector being  that w ith the look  direction along the d irection  o f convection, 

Sector 5. The final group o f p lo ts, w hich w ill prove to be m ost re levan t in this 

case, are fo r a d istribution  w hich is peaked closely  perpend icu lar to the field
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direction . These partic les have very sm all ve locities along the fie ld  lines, and 

appear as a sharp peak  in f  about the 90° p itch  angle. Such a d istribution  

appears as 2 large sectors in the look d irections perpend icu lar to the field  

(se c to rs  3 and  7 ), w ith  o th e r  sec to rs  h av in g  sm all o r zero  c o u n ts . The 

p r in c ip le s  d e s c r ib e d  a b o v e  can  th e re fo re  be  u se d  to  in f e r  th e  ty p e  o f  

d is tribu tion  p resent in the lobes from  the EPAS data, w hich we shall look at in 

m ore detail in  the next section.

3. ISEE-3 Observations of Energetic Ions in the D istant Tail Lobes..

In  th is  sec tio n  the  m ain  ch arac te ris tic s  o f the en erg e tic  (E > 35 keV) ion 

d istribu tions observed  in  the tail lobes using  the EPAS instrum ent on ISEE-3 

w ill be d iscussed . In  o rd er to assis t in  the in te rp re ta tio n  o f the ion data, 

sim ultaneous observations o f the lobe m agnetic  field  by the Jet Propulsion 

L a b o ra to ry ’s v ec to r h e liu m  m agnetom eter (F randson  et a l., 1978), and the 

therm al p lasm a electrons by the Los A lam os electron experim ent (Bam e et al., 

1978) are also em ployed, as in chapter 3.

T hree in tervals o f data fo r periods w hen ISEE-3 was located  in, or m aking a 

traversal o f one o f the deep tail lobes w ill be presented  in  th is section. The 

first o f these is a period  w here the spacecraft is located  in the lobe fo r a period 

o f sev e ra l h o u rs . T h is  is  som ew hat u n u su a l in the  d a ta  se t, bu t read ily  

dem onstrates the p revalen t conditions in the lobe. The nex t in terval covers a 

trav ersa l o f the spacecraft across the ta il m agnetopause. This in terval has 

p rev iously  been discussed, w ith regard  to the electron p lasm a data, by G osling 

et al. (1984), and, for curren t purposes, w ill be used to show  the varia tion  of 

the ion d istribu tions w ith d istance from  the m agnetopause. The final in terval of 

data is taken from  a period  when the energetic  ion fluxes in  the so lar w ind are 

d o m in a ted  by so la r fla re  p a rtic le s , and are enhanced  by severa l o rders o f 

m agnitude above average solar w ind fluxes. U nder these circum stances, the 

lobe  ion  d is trib u tio n  is d ram atica lly  a lte red , and any m odel a ttem pting  to 

e x p la in  the  o b s e rv a tio n s  in  the  lo b e  sh o u ld  be ab le  to  a c c o u n t fo r  the 

d iffe ren ces  o bserved  d u ring  these so lar p a rtic le  even ts, as w ell as the ion 

characteristics under m ore usual conditions.

The firs t period  o f in terest occurred on 23rd  January 1983, w hen ISEE-3 was 

lo c a te d  som e 200 R e  d o w n s tre a m  fro m  th e  E a rth . T h e  m a g n e tic  f ie ld  

m easurem ents for the period  1000 UT to 1500 U T on th is day are shown in
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F igure  5.2. The top panel o f this figure represents the m agnetic  fie ld  strength 

o b se rv ed  by IS E E -3  d u rin g  the  day, w h ils t the  lo w er p a n e ls  in d ic a te  the 

d irection  o f the m agnetic  fie ld  vector. The angle 0 m easures the inclination  o f 

the fie ld  out o f the ec lip tic  p lane (0 = 90° represen ts a fie ld  poin ting  directly  

northw ards out o f the p lane), w hilst <|> represen ts the azim uthal d irection  o f  the 

fie ld  w ith <j> = 0° represen ting  a field  po in ting  tow ards the E arth  in  the deep ta il 

context. It can be seen from  the figure tha t fo r the w hole o f  this period  the 

m agnetic fie ld  vecto r lies  c losely  in  the p lane o f the eclip tic  (0 *  0°) and points 

a lm ost d irectly  aw ay from  the Earth  (<|> *  180°). The fie ld  strength  is also 

qu ite  steady at a value o f  IBI *  9 nT. These observations are consisten t w ith the 

spacecraft being  located  w ith in  the southern lobe o f the geom agnetic tail during 

th is period  (cf. C hapter 3). The om nidirectional energetic  ion  fluxes fo r the 

firs t tw o energy channels o f the EPAS instrum ent, averaged  over 4 spacecraft 

spin periods (i.e. 64 seconds), for the period  1000-1500 U T are shown in F igure

5.3. The in tensities observed during this period  are generally  sm all (cf. typical 

p la sm a  sh ee t f lu x e s  *10 (s cm  sr keV ) ), a lth o u g h  s t i l l  w e ll ab o v e  the  

in s tru m en t background  (I «  10 (s cm  s rk e V ) ), and  are approx im ately  

co n stan t, e sp ec ia lly  d u rin g  the la tte r  p a rt o f  th is  p e rio d . T he d irec tio n a l 

varia tion  o f these fluxes is shown in F igure  5.4 , show ing the sector p lo ts in 

each o f the three EPAS telescopes fo r the low est energy channel (35-56 keV ). 

The p lo ts cover the period  from  about 1300 U T un til about 1343 U T (the period  

m arked by the horizon tal bar in F igure 5.3), and are averaged  over 20 spin 

p e rio d s  o f  16 seconds each. We re -em phasize  that the size o f the sectors 

represen ts the count ra te  in that te lescope look direction, as explained above, 

and the sm all arrow s in the m ain panel o f  the p lo t ind icate the d irection  o f  the 

m agnetic  fie ld  in the GSE x-y plane (to w hich telescope 2 has the closest look 

d irection), w ith the d irection  o f  the Earth  at the top o f the figure (i.e. these 

a rro w s re p re se n t a f ie ld  p o in tin g  aw ay from  the E a rth  as show n above). 

S im ilarly  the arrow s at the bottom  o f the panel represen t the d irection o f the 

fie ld  in the x-z p lane, ind icating  the degree o f inclination  o f the field  out o f the 

eclip tic , w hich is sm all in this case, as expected for the lobe field . W ith this 

p a rticu la r fie ld  co n figu ra tion  the p lo t fo r telescope 2 rep resen ts  the w idest 

ran g e  o f  sam pled  p itch  ang le , s ince it looks m ost c lo se ly  a long  the fie ld  

d ire c tio n  in  sec to rs  1 and  5 (p itch  an g les  up to  166° an d  dow n  to  14° 

respectively  in this case) and in d irections perpendicu lar to the field  direction 

in telescopes 3 and 7 (pitch angles 90°). S ince the o ther tw o telescopes look 

fu rth er out o f the eclip tic  p lane, and therefore at a g rea ter angle to the field
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JANUARY 23 1983 DAY=023 UT 10:00 00

Figure 5.2 Magnetic field data for a period of 5 hours between 1000 and 1500 UT on the 23rd 

January 1983. The top panel shows the strength of the magnetic field, whilst the lower two 

panels indicate the direction of the field. The angle 0 represents the inclination of the field out 

of the ecliptic plane, such that 0 = 90° represents a field pointing northwards, directly out of 
the ecliptic. The angle <j> represents the azimuthal angle of the field ion the ecliptic plane, 

where <j> = 0° represents a field pointing towards the Earth in the context of the deep tail. The 

period is unusual in the tail data set in that each of the field parameters is approximately 

constant throughout this extended period. The field strength is strong at 9 - 10 nT, whilst 

0 » 0°, <J> « 180°, shows the field is confined to the ecliptic plane and points directly away from 

the Earth. These field parameters are consistent with those expected for a spacecraft location 
in the south lobe of the geomagnetic tail throughout this period.
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JANUARY 23 1983 DAY=023 UT 10:00 00

10:15:30:45 11:15:30:45 12:15:30:45 13:15:30:45 14:15:30:45 15
Day 023

Figure 5.3 The direction-averaged energetic ion fluxes from the lowest two energy channels 

(35 - 56 and 56 - 91 keV) of the EPAS for the period 1000-1500 UT on the 23rd January 1983, 
at 64 second resolution. As indicated by the previous figure, the spacecraft is located in the 
south lobe during the whole of this period. The ion intensities observed during this period are 
low compared to the plasma sheet fluxes observed in Chapter 3, and show little fluctuation, 

especially during the latter part of the interval. This indicates that the spacecraft is located in 
the lobe proper, and not in the plasma sheet boundary layer. The horizontal bar, marked A, at 

the top of the figure indicates the period of approximately 43 minutes for which the directional 
properties of the ions are shown in the next figure.
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Figure 5.4 EPAS sector plots for the period 1300 -1343 UT on 23rd January 1983 (the period 

marked by the horizontal bar in the previous figure). The figure represents each of the look 
directions of each of the three telescopes, for the lowest (35 -56 keV) energy channel, drawn 
such that sector 1, representing the sunward look direction, is at the top of each plot. The size 

of each sector represents the relative count rate in that sector , and the number at the bottom 

represents the maximum count rate recorded during each period. The small black arrows 
represent the direction of the magnetic field in the x-y (ecliptic) plane in the main body of the 

figure and in the x-z plane at the bottom. In this case the field points directly away from the 
sun and is confined to the ecliptic plane. In this field configuration telescope 2 (the central set 

of plots) samples the widest range of ion pitch angle. This telescope shows high counts in the 

sectors which have look directions closely perpendicular to the field direction (sectors 3 and 

7), indicating that the distribution function is peaked at pitch angles close to 90°. The sunward 
look directions (sectors 1,2, 8) show higher counts than those looking antisunward (sectors 4, 

5, 6), indicating that there is also a net antisunward flow in the lobe energetic ion distribution. 
These plots show typical "pancake" like distributions.
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direction  they detect a sm aller range o f p itch  angle than te lescope 2 (> 44° and 

< 136° fo r telescope 1; > 29° and < 151° fo r te lescope 3). A ny varia tion  in  flux 

w ith p itch  angle is consequently  less m arked in  these telescopes (especially  

te lescope 1) than in telescope 2, and we shall therefore  be concen tra ting  on the 

central set o f  p lo ts, w hich are those from  telescope 2. These p lo ts are typical 

exam ples o f the type that have led the lobe energetic  ion  d istribu tion  to  be 

labelled  a "pancake” d istribu tion  -  they show consisten tly  h igher count rates in 

sectors 3 and 7, the te lescope look  directions sam pling the partic les w ith  pitch 

angles closely  perpendicu lar to  the field  d irection , than in  sectors 1 and 5, 

w hich see the m ore fie ld  aligned  partic les. As d iscussed  in the last section, this 

ind icates tha t the p itch  angle d istribu tion  in the lobes a t th is  tim e has a peak at 

p itch  angles around 90°, and fa lls  o ff at both h igher and low er p itch  angles. It 

should be noted  also that the sectors represen ting  the m ore sunw ard-looking 

d irections (sectors 1,2,8 at the top o f  each plot) show consisten tly  h igher count 

rates than the corresponding  antisunw ard-looking  d irections (sectors 4 ,5 ,6  at 

the bo ttom  o f  each plot). T his ind icates a net an ti-sunw ard  stream ing in the 

lobe  energetic  ion d is trib u tio n , such tha t the average va lue  o f f (v (|,Vj_) for 

ta ilw a rd  s tream in g  p a rtic le s  m ust be la rg e r th an  th a t fo r  th o se  stream ing  

E a rth w ard s . T he fu n d am en ta l p ro p e rtie s  o f  the  d is tr ib u tio n  fu n c tio n  are 

therefore tha t it is qu ite  h ighly  peaked for those partic les w hich are m oving 

p e rp e n d icu la r  to  the fie ld  d irec tio n , w h ils t m a in ta in in g  a ne t an tisu n w ard  

anisotropy in  the fie ld -a ligned  com ponents o f  the flow.

We shall now  m ove on to  study the variations in the d istribu tions as a function 

o f  p o s itio n  in  the  ta il. T he n ex t p e riod  o f d a ta  p re sen te d  here  has been 

previously  d iscussed  by G osling et al. (1984). These authors found that the 

transition  in the m agnetic fie ld  and plasm a param eters as the  spacecraft crossed 

the ta il m ag n eto p au se  m ay be e ith e r  g rad u a l, in d ic a tin g  a lo ca lly  "open" 

m agnetopause w ith the sheath fie ld  connecting into the lobe and associated  

p lasm a entry  from  the sheath, or, at o ther tim es, abrupt, suggesting a locally  

"c lo sed "  m a g n e to p au se  w ith  no f ie ld  c o n n e c tio n  and  no  p la sm a  leak ag e  

betw een the sheath and lobe at th is location. N ote how ever, that the flux tube 

in  the la tte r case m ust be g lobally  open, i f  not locally  so, and thus connects into 

the sheath at som e po in t dow nstream  from  the spacecraft, w here p lasm a from  

the sheath m ay en ter the lobe. This is illu stra ted  in  F igure  5.5, show ing the 

g lobal nature o f lobe flux tubes ly ing  close to the m agnetopause. In this figure, 

fie ld  lines that lie  adjacent to the m agnetopause, but do no t connect in to  the
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Figure 5.5 Schematic diagram illustrating the field configuration for "closed" and "open" 

magnetopause boundaries in the deep tail. The solid arrowed lines represent the magnetic field 
close to the magnetopause, which is represented by the dotted line. The open arrows represent 

the direction of plasma flow. Field lines which lie adjacent to the magnetopause close to the 
Earth and have no connection into the magnetosheath form a locally "closed" boundary, but 

must be "open" on global scale, such that they connect into the magnetosheath at some point 
further tail wards. At this point the magnetopause is said to be locally "open", and plasma may 

enter the lobes from the magnetosheath in this region.
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m agnetosheath  close to the Earth , form  a locally  "closed" m agnetopause in this 

reg ion . H ow ever, at g rea ter distances dow n the ta il the  sam e fie ld  lines do 

connect in to  the IMF, form ing a locally  "open" m agnetopause, allow ing plasm a 

e n try  in to  th e  m a g n e to p a u se  a t th is  p o in t .  T h e  G o s l in g  e t a l. (1 9 8 4 ) 

observations suggest that, fo r the case o f an open m agnetosphere at least, the 

m agnetosheath  is the source o f  p lasm a and energetic  ions in  the lobes, and we 

shall assum e th is to  be the case fo r our m odel. A case o f an open m agnetopause 

crossing  by ISEE3 d iscussed  by G osling et al. (1984) is p resen ted  fo r our. 

purposes in F igure  5.6. T his covers the period  from  0000-0300 U T on the 31st 

January  1983, w hen ISEE-3 w as located  at 218 R e  dow ntail from  the Earth. 

T his figure shows the e lectron  plasm a data (the top four panels representing  

e lec tro n  density , tem peratu re , and flow  speed  and azim uth  (in the GSE xy 

p lane) and the m agnetic fie ld  (bottom  th ree panels show ing m agnitude, $, 0, 

w ith  the sam e convention  em ployed in F igure  5.3). The period  includes two 

ta il m agnetopause crossings; out from  the south lobe into the m agnetosheath  at 

0115 UT, and in the opposite  d irection  at 0132 UT. The lobe is iden tified  from  

the s trong , ta il a ligned  fie ld  (IBI »  10 nT, <|> «  180°, 0 ~ 0°) and  the low  

density, high tem perature electron  plasm a param eters, w hilst, in  com parison, 

the sheath fie ld  is depressed  and m ore variab le  in d irec tion , and the electron 

p lasm a show s an increase in density  and a drop in tem perature. In addition the 

tailw ard  flow  speed increases to values o f  400-500 km  s”1 w hen the spacecraft 

is  in  th e  m a g n e t o s h e a t h .  T h e  n e x t  f ig u r e  ( F ig u r e  5 .7 )  s h o w s  th e  

d irection-averaged  ion in tensities for the 3 low est energy channels o f the EPAS 

in s tru m e n t. N o te  th a t th e  e n e rg e tic  io n  in te n s it ie s  o b se rv ed  w h ils t the  

spacecraft is located  in the m agnetosheath  are considerably  h igher (by a factor 

o f  *  30) than  those  fo und  in  the lobes. The angu lar d is trib u tio n s  o f the 

35-56 keV  ions during this period  are shown in F igure 5.8, in  the sam e form at 

as above (although panels B, C, and D are 64 second averages). The letters 

above each p lo t re la te  to the corresponding le tte r on the om nid irectional ion 

in tensity  p lo t o f the previous figure, thus show ing the tim e o f  each p lo t relative 

to  the rest o f the data.

T he  f ir s t  m ag n e to p au se  c ro ss in g , at 0113 UT, is c h a rac te rised  by  ab rup t 

changes in  both the fie ld  and e lec tron  p lasm a param eters. G osling  et al.

(1984) concluded that this is due to the spacecraft encountering  a locally  closed 

m agnetopause, w here there is no local field  connection betw een the lobe and 

the m agnetosheath , and no plasm a leakage betw een the tw o regions at this
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Figure 5.6 Plasma and field parameters on January 31 1983, when the spacecraft is located 
218 Re downtail from the Earth. The upper 4 panels show the electron plasma density, 
temperature, and bulk flow speed and azimuth, the remaining panels show the field 
parameters, with the same convention employed previously. The spacecraft spends most of this 
period within the lobe, but makes a brief exit into the magnetosheath (higher density and flow 
speed, lower temperature, and more variable field parameters) between 0113 and 0133 UT. 
The first magnetopause crossing shows abrupt changes associated with a "closed" 
magnetopause, whilst the second crossing shows more gradual changes, consistent with an 
"open" magnetopause.
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Figure 5.7 Direction averaged energetic ion fluxes from the lowest 3 EPAS energy channels 

for the same period described in Figure 5.6. The lobes are characterised by low fluxes as 

observed in the previous case, which rise quite abruptly at the first magnetopause crossing. On 
re-entry to the lobes the ion fluxes fall more gradually. This is similar to the electron plasma 

variations for this period. The labelled horizontal bars at the top of the figure refer to the 
times of the EPAS sector plots shown in the next figure.
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A) :083. Day 31 43:25- 48:44-
U.T- 48:45 54: 4.

C) 1983, Day 31 118:36- 119:40-
U.T.: 119:40 120:44

E ) 1983. Day 31 235:22- 240:41-
U.T- 240:42 248: 1

B) 1983, Day 31 111: 9 -  112:13- 113:17-
UX: 112:13 113:17 114:21

D) 1983. Day 31 134:36- 135:40- 136:44-

Figure 5.8 EPAS sector plots for the periods marked by the horizontal bars in the last figure, 

in the same format as employed previously. Panels (A) and (D) are taken from periods when 
the spacecraft is well away from the magnetopause, and shows the "pancake" distributions 

described previously. Panel (C) is taken when the spacecraft is located in the magnetosheath, 
and shows a convecting type distribution (cf. Figure 5.1). The remaining two panels are taken 

when the spacecraft is in the lobe, but close to the magnetopause. Panel (B), taken just prior 
to the first crossing shows a significant dusk to dawn anisotropy, consistent with a B x grad n 

anisotropy associated with a "closed" magnetopause which the ions cannot cross. Panel (D), 
taken shortly after the second magnetopause crossing shows a distribution which is 

intermediate between that observed in the magnetosheath and deep in the lobe (panels (C) and 
(E)), and suggests that sheath ions do have access to the lobes in this case.
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poin t, although both fie ld  and p lasm a m ust cross the m agnetopause at a location 

fu rth e r ta ilw ard s  (cf. F igu re  5 .5). The d irec tion  averaged  in ten sity  o f the 

energetic  ions begins to rise  som e 8 or 9 m inutes p rio r to the m agnetopause 

crossing , and during this rise  the pancake-like lobe angular d istribu tion  w ith 

h ighest counts in  sectors 3 and 7 (p lo t A o f F igure  5.8), changes to one show ing 

a sign ifican t dusk-to-daw n anisotropy, where the h ighest counts are observed  in 

sectors 2 and 3 (p lo t B), w hich then turns tailw ard at the m agnetopause (h ighest 

counts in  the sunw ard look d irection , sector 1, p lo t C). If  the m agnetopause at 

this po in t is indeed  closed, then the ions from  the sheath reg ion , w here the ion 

in tensity  is about two orders o f m agnitude h igher than tha t in  the lobe, may 

penetrate  no m ore than a gyroradius in to  the lobe before being re tu rned  to the 

sheath by v irtue  o f the ir gyrom otion. A layer o f  ions o f  th is th ickness w ould 

therefore  be expected to ex ist ju s t inside the m agnetopause boundary, in  which 

a sign ifican t B x g ra d  n anisotropy should resu lt from  the ion in tensity  gradient 

betw een the lobe and m agnetosheath . For the south lobe the sense o f this 

anisotropy should  be from  dusk to daw n, as is observed  by the EPAS instrum ent 

im m ed ia te ly  p r io r  to the m ag n eto p au se  c ro ssin g . T he en erg e tic  io n  data  

therefore appears to be consisten t w ith  expectations based on the locally  closed 

nature o f the m agnetopause, as concluded by G osling et al. fo r th is case.

The second crossing  during this period  shows quite  d ifferen t characteristics in 

each o f the d a ta  sets. The p lasm a and field  param eters change m uch m ore 

slow ly - the p lasm a density  and ta ilw ard  velocity  decrease w ith increasing  

d istance  from  the m agnetopause, w h ils t the tem peratu re  slow ly rises. The 

m agnetic fie ld  strength is also an ticorrelated  w ith p lasm a density. G osling et 

al. (1984) conclude that this crossing  is o f a locally  open m agnetopause, w here 

the in terconnection  o f  lobe and sheath m agnetic fie ld  allow s sheath p lasm a to 

penetrate  w ell in to  the lobe. The energetic  ions show a sim ilar gradual decline 

in in tensity  as the spacecraft m oves fu rther in to  the lobe. I f  these ions are 

p en e tra tin g  on ly  one gyrorad ius from  the m agnetopause, the m agnetopause 

m ust necessarily  be m oving very  slow ly rela tive to the spacecraft, in o rder to 

m aintain the slow  variation. H ow ever, the angular d istribu tions o f F igure 5.8 

indicate  that this is not the case, since the dusk-daw n anisotropy associated  

w ith this scenario  is absent during the in tensity  varia tion . R ather, a transition  

to a m ore pancake-like d istribu tion  characteristic  o f the lobe is ev ident as soon 

as the spacecraft crosses the m agnetopause (p lo t D ), a lthough  the tailw ard  

flow ing ions (Sector 1) are m uch stronger than in the typical pancake-like
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d istribu tions, w hich are again achieved once the spacecraft has m oved well 

away from  the m agnetopause (p lo t E). The slow  varia tion  in  the ion  intensity  

a fte r the  m agnetopause  c ro ss in g  and the la ck  o f s ig n ific a n t d u sk -to -daw n  

aniso tropy suggests tha t the sheath energetic ions do have access to the lobe in 

th is case, consisten t w ith the apparent open nature o f  the m agnetopause at this 

point.

T he f in a l in te rv a l o f d a ta  th a t we shall s tudy  in th is  sec tion  o ccu rred  on 

February  5th 1983, w hen ISEE-3 was again located  at about 220 R e  dow ntail 

from  the E arth . This period  is d istinc t from  the p revious exam ples in that it 

occurs som e 48 hours after the onset o f a large solar partic le  event, w hen the 

fluxes o f  energetic  ions in the solar w ind (and subsequently  the m agnetosheath) 

suddenly rose by about 5 orders o f m agnitude. These partic les are e jec ted  from  

the sun during  the eruption o f  a large solar flare, and the ir arrival at the Earth is 

generally  m arked by the passage o f an associated  in terp lanetary  shock. The 

enhanced fluxes decay over a period  o f days from  the in itia l sudden onset, such 

th a t th e  so la r  w in d  and  m a g n e to sh ea th  f lu x e s  are  s t i l l  sev e ra l o rd e rs  o f 

m agnitude above the norm al so lar w ind flux on 5th February , tw o days after the 

in itia l onset. F igure 5.9 shows the field  and plasm a data fo r the period  0700 to 

0900 U T on th is day. F rom  the start o f  th is in terval until about 0730 UT the 

spacecraft is located  in the m agnetosheath, and then briefly  encounters the 

p la sm a  sh ee t (»  0 7 3 0 -0 7 4 0  U T) b efo re  em erg ing  in to  the lo b e , w here it 

rem ains until *  0802 UT. A t this tim e the spacecraft m oves b riefly  back into 

the m agnetosheath  once m ore, and then reenters the plasm a sheet. A t 0824 UT 

it m oves back  out in to  the sheath. The energetic  ion data fo r th is period  are 

shown in F igure 5.10. N ote that the fluxes in the sheath (0 7 0 0 -0 7 3 0  UT and 

0 8 2 4 -0900  UT) are h igher than in the previous cases described  by about an 

order o f m agnitude, and that the differences in the fluxes betw een adjacent 

energy bands are also sm aller. This indicates tha t the spectrum  o f the ions in 

the  sh e a th  is  m uch  h a rd e r  in  th is  case . T he  io n  in te n s i ty  in  th e  lobe  

(0740-0802 U T) is also m uch h igher (I > 30 (s cm 2 s r k e V ) '1 fo r  io n s  o f  

3 5 -5 6  keV ) than observed in the lobes in the previous cases . The spectrum  in 

the lobe also appears to be harder than that observed in the previous cases, and 

is slightly  harder than that o f  the reconnection-produced ions observed  in the 

plasm a sheet (0730-0740 and 0802-0824 UT). The le tters at the top o f the p lot 

again re fe r to the tim es o f the sector p lo ts for this period, w hich are shown in 

f ig u re  5 .1 1 . T h ese  show  th a t the  m a g n e to sh ea th  c o n ta in s  a c o n v ec tin g
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0 2 -0 5 -8 3
CSE(GSM) X -2 2 0 .4 (-2 2 0 .4 ) Y 16.1( 18.3) Z -U .4 (  >7.4)

Figure 5.9 Field and plasma data for the period 0700 - 0900 UT on 5th February 1983, in the 

same format employed previously. This period occurred two days after the onset of a large 
solar particle event. The regions encountered by the spacecraft are marked at the bottom of the 
figure.
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FEBRUARY 5 1983 DAY=036 UT 07:00 00

Figure 5.10 Direction averaged energetic ion fluxes from the lowest 3 EPAS energy channels 
for the same period described in Figure 5.9, during the period of ion flux enhancement 

associated with a large solar particle event. The fluxes in the sheath and lobes are higher than 
those observed in the previous events studied, and the spectrum appears harder. The horizontal 

bars at the top of the figure indicate the times of the EPAS sector plots in the following figure.

i

118



A) 1983. Day 38 710:2 3 - 711:27-
U.Tj  711:27 712:31

712:31-
713:35

7 4 6 :3 8 -
747:42

C) 1983. Day 36 806:53- 807:57-
U.T_- 807:57 809: 1

B ) 1983. Day 36 7 4 4 :3 0 - 7 4 5 :3 4 -
U.Tj 745:34 746:38

D ) 1983. Day 36 8 3 9 :5 6 - 841: 0 -
U.T- 841: 0 842: 4

Figure 5.11 EPAS sector plots for the periods marked by the horizontal bars in the last figure, 

in the same format as employed previously. Panels (A) and (D) are taken when the spacecraft 
is located in the magnetosheath, and show the convecting distribution observed in the previous 

case, although the maximum count rates are much higher. Panel (C) shows the beam type 
distribution in the plasma sheet. Panel (B) shows the distribution in the lobes in this case. 

Unlike the previous cases, where "pancake" distributions were observed, the distribution in the 

lobes during solar particle events is closely isotropic, with approximately equal counts in each 
telescope/look-direction combination.
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d istribu tion  as before, (panels A and D ), w h ilst the p lasm a sheet (panel C) 

sh o w s a s tro n g  ta ilw a rd  b eam  n a tu re , as e x p ec te d . H o w ev e r, th e  lo b e  

d istribu tion  is significantly  d ifferent from  the previous cases. Panel B shows 

that this d istribu tion  is c losely  iso tropic , w ith approxim ately  equal counts in all 

telescopes, and all look directions.

S u m m ariz in g  the  d a ta  p re se n te d  in  th is  sec tio n , w e h av e  show n th a t the  

d istribu tion  function o f the energetic  ions w ithin the lobes is generally  peaked 

at p itch  angles closely  perpend icu lar to the d irection  o f  the m agnetic field , w ith 

a sm all dow ntail anisotropy in the field  aligned flow, such tha t slightly  m ore 

partic les are convecting  tailw ards than E arthw ards. This is true excep t during 

tim es w hen the solar w ind and sheath fluxes are enhanced by the presence of 

flare associated  so lar partic les, when the lobe d istribu tion  displays a closely 

iso tropic  nature.

The apparent sim ilarity  o f the hardness o f the lobe and m agnetosheath  spectra, 

and  the  le a k a g e  o f  io n s  th ro u g h  re g io n s  o f open  m ag n e to p au se  s tro n g ly  

suggests tha t the m agnetosheath  ions represen t the source o f the lobe ions, 

despite the fac t that the sheath in tensities are generally  at least an order of 

m agnitude above those in the lobe at these d istances dow ntail. We shall assum e 

th is to be the case in  the m odelling  w ork that fo llow s in  the nex t sections, when 

we shall be a ttem pting to reproduce theoretically  these observed  features o f the 

lobe data.

4. T h e  M a g n e to sh ea th  as th e  S o u rce  o f E n e rg e tic  P a r tic le s  in  th e  D eep T ail 

Lobes..

The d is trib u tio n  function  f(V|( Vj_) o f en erg etic  p a rtic le s  w ith in  the lobe is 

governed by the p roperties o f the region o f space acting as a source fo r these 

partic les and the nature o f the in teraction  o f the partic les w ith the boundary 

betw een th is reg ion  and the lobe. The observations d iscussed in the last section 

su g g e s t s tro n g ly  th a t th e  m a g n e to sh e a th  is  th e  so u rce  o f  such  io n s  (in  

ag reem ent w ith  the m agnetosheath  source fo r therm al p lasm a described  by 

P il l ip  and M o rfill , 1978), and  in  the  n ex t sec tio n  we w ill see how  the 

trajectories o f partic les w ithin the lobe m agnetic field  map back to poin ts of 

entry, o r source poin ts, at the tail m agnetopause at som e d istance dow ntail from  

the Earth , depending on the p itch  angle of the partic le  at the m easuring point. 

The lobe d istribu tion  therefore  depends on the characteristics o f the source
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d istribu tion  in  the m agnetosheath , the nature o f the ta il m agnetopause boundary 

betw een the tw o reg ions, and the physics o f the partic le  transm ission  across it, 

as w ell as the subsequent m otion o f the partic les in the lobe. In th is section we 

shall therefore d iscuss the properties o f  the m agnetosheath  reg ion  adjacent to 

th e  ta il  lo b e , and  th e  p ro c e sse s  g o v e rn in g  p a rtic le  e n try  ac ro ss  the  ta il 

m agnetopause and into the lobe.

As ind ica ted  in  the last section the om nidirectional in tensity  o f energetic  ions 

in  the  m agnetosheath  is 1-2 o rders o f  m agn itude  h ig h e r than  those  fluxes 

m easured w ithin the lobes, although the are considerable varia tions in the flux 

le v e ls  w ith in  th is  re g io n . F u rth e r, an a ly s is  o f d a ta  from  the so la r  w ind  

upstream  o f the bow shock shows that the sheath flux is enhanced by a sim ilar 

fac to r above the solar w ind energetic ion intensity , w ith the exception  o f short 

duration  high in tensity  bursts. I t is evident therefore that there is som e process 

occurring  E arthw ard  o f  the ISEE-3 location in the deep ta il ( X g se  > -  100 Re ) 

w hich resu lts  in  enhanced energetic  ion fluxes in the reg ion  betw een the bow 

shock and the m agnetopause. Several processes have been suggested  as causes 

o f such enhancem ents. The first o f  these is energ ization  o f  partic les at the bow 

shock itse lf  (A sbridge et al., 1978). C rooker (1981) show ed that energetic  ions 

w ere p resen t on m agnetosheath  flux tubes only when the angle betw een the bow 

shock surface norm al and the in terp lanetary  m agnetic fie ld  at the poin t at which 

the p lasm a stream lines in tercep t the shock is less than a certain  critica l value. 

This is consisten t w ith acceleration  o f partic les by the Ferm i m echanism  in the 

tu rbu len t fie ld  reg ions associated  w ith quasi-parallel bow  shocks described  by 

Lee (1982). This process may, in part at least, be responsib le  fo r the variable 

nature o f the m agnetosheath ion flux. The second process that m ay account for 

these observations is the escape o f energetic partic les from  the ring  current 

across the near E arth  m agnetopause, e ither during dayside reconnection , or by 

som e "leakage” process. C learly, as ring  current flux tubes becom e open as a 

c o n s e q u e n c e  o f  d a y s id e  re c o n n e c t io n ,  p a r t ic le s  m u s t e sc a p e  fro m  the  

m agnetosphere into the sheath, and have been observed to do so by e.g. Scholer 

e t a l. (1 9 8 1 ). H o w ev er, p a r tic le s  m ay a lso  escap e  (o r " leak ") from  the 

m agnetosphere by grad-B loss from  closed flux tubes (A nagnostopoulos et al. 

1986; S ibeck et al., 1987l>).

The h ighly  turbulent nature o f the shocked field  in the m agnetosheath  is likely 

to scatter a reasonable proportion  o f particles escaping from  the m agnetosphere, 

resu lting  in a slow  diffusion  o f particles away from  the m agnetopause as the
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flux  tubes are convected tailw ards, resu lting  in a convecting  population  in  the 

m agnetosheath  - as is observed - ra th e r than a free stream ing population . It is 

th e re fo re  p o s s ib le  fo r  b a c k -sc a tte re d  ions w ith  a r in g  c u rre n t so u rce  to 

re -encounter the m agnetopause at som e po in t fu rther ta ilw ards. The spatial 

extents o f  the ions produced by each m ethod are illu stra ted  schem atically  in 

F igure  5.12, w hich shows a north -sou th  slice through the bow  shock (the solid 

parabola), the m agnetosheath  and the m agnetosphere (bounded by the dashed 

line, represen ting  the m agnetopause). The fine arrow ed lines rep resen t the fie ld  

threading  through the system . The dotting  in  the left hand  panel represen ts the 

reg ions o f space in to  w hich ions produced-at the bow  shock m ay perm eate. The 

second diagram  shows the spatial ex tent o f those ions that have escaped from  

the ring  curren t source. The density  o f the dotting at d ifferen t poin ts in each 

case qualita tively  m atches the an tic ipated  density  o f the ions at tha t point.

The re la tive im portance o f all these processes is the subject o f current debate 

w ith in  the lite ra tu re  (e.g. Sarris et al. 1987, S ibeck et al. 1987t) w hich is beyond 

the scope o f the d iscussion  here. H ow ever, it should be noted  that they all lead 

to sim ilar effects w ith in  the d is tan t dow nstream  m agnetosheath , specifically  

that the flux in tensity  o f the energetic ions is highly enhanced over solar w ind 

le v e ls  c lo se  to  th e  E a r th , and  th e n  d ro p s  o f f  w ith  in c re a s in g  d is ta n c e  

dow nstream , retu rn ing  gradually  to the level o f the so lar w ind fluxes. In the 

case o f the rem nant o f the escaped ring  curren t d istribu tion , this is due to the 

co n tin u a l d iffu sion  o f  partic les  aw ay from  the m agnetosphere  as d iscussed  

above. A lth o u g h  d iffu s io n  is im p o rtan t in the case o f  ions p ro d u ced  by 

energ ization  at the bow  shock, it is also ev ident that sheath partic les detected  in 

the nearer Earth  m agnetosheath  have stream lines that in te rsec t the bow shock 

close to the nose o f the shock, w here the acceleration process is likely  to be 

m ost effic ien t. The tra jecto ries o f  those partic les ad jacen t to the deep tail 

m agnetopause map back to the bow shock at locations fu rther dow nw ind where 

the shock may be less w ell defined (i.e. 8V/V o f the so lar w ind plasm a at the 

shock is sm aller) and the acceleration process weaker, resu lting  in low er ion 

fluxes than closer to the Earth.

F o r the pu rp o ses  o f th is  study  th e re fo re , w e shall take a sim ple  assum ed 

d e p e n d e n c e  fo r  th e  n u m b e r  d e n s i ty  n o f  e n e r g e t ic  p a r t i c l e s  in  th e  

m agnetosheath  at any point x dow nstream , such that
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in the left hand panel indicates the regions of the magnetosheath that may be occupied by particles produced by energization processes at 

the bow shock, whilst in the right hand panel the dotting denotes the regions that may be occupied by particles that have escaped from the 

near-Earth ring current across the dayside magnetopause. Both processes lead to similar effects in the magnetosheath along the flanks of 

the tail, in particular high fluxes close to the Earth, which fall off with increasing distance down the tail.



n(x) = N 0exp(x/L) + N Sw (5.1)

w here No is the num ber density  o f the Earth /bow  shock-associated  ions close to 

the E arth  (x = 0), L  is the scale leng th  o f th e ir  v a ria tio n , and N sw  is the 

(constant) background density  o f  the solar w ind energetic  ions. N ote that the 

d a ta  in d ic a te s  th a t No sh o u ld  ex ceed  the  v a lu e  o f  N sw  by 2 - 3  o rd e rs  o f 

m agnitude, excep t during so lar partic le  events. We shall also assum e that the 

density  is constan t at any given d istance dow nstream  and neg lec t effects due to 

tem poral flux  variations.

Equation  (5.1) can be used to describe the varia tion  o f the om nid irectional flux 

w ith dow ntail d istance. H ow ever, the form  o f the p itch  angle d istribu tion  o f 

partic les m easured  in the lobes also depends on the nature o f  the m agnetopause 

separating  the ta il from  the m agnetosheath, and the physics o f  the particle  

in teraction  w ith it, as w ell as the form  o f the ion d istribu tion  function  in the 

shea th . F irs tly , fo r  the  p u rp o se s  o f  th is  paper, w e sh all assum e tha t the 

partic les from  the predom inant sheath source have com plete access to the lobe 

along the open fie ld  lines tha t thread  the tail m agnetopause. The L arm or radius 

o f  th ese  e n e rg e tic  (E > 3 5 k e V ) io n s  w ith in  th e  lo b e  an d  th e  a d ja c e n t  

m agnetosheath , w here the m agnetic fie ld  strength is usually  = 10 nT or less, is 

approxim ately  one half o f an Earth  radius (assum ing a p redom inantly  proton 

population). This is large com pared to the likely th ickness o f  the m agnetopause 

current sheet, w hich is o f order o f  a few  therm al pro ton  gyroradii (Rg * 1/30 Re 

fo r m agnetosheath  therm al pro tons w ith tem perature T *  106 K; e.g. Lui, 1987). 

For partic les o f th is energy it therefore suffices to m odel this system  as two 

d is tin c t re g io n s  (lobe and m ag n eto sh ea th ) o f  d iffe r in g  fie ld  s tren g th  and 

d irection , separated  by an infin itesim ally  thin curren t sheet. In the res t fram e of 

the m agnetic fie ld  (i.e. the fram e convecting tailw ard w ith the m agnetosheath 

flow , in  w h ich  the c o n v ec tiv e  e lec tr ic  f ie ld  v a n ish e s , see c h ap te r  2) the 

trajectories o f ind iv idual partic les m ay be traced num erically  as they move 

from  one fie ld  reg ion  to the other. The num ber o f partic les tha t are inc iden t on 

the sheath side o f the current sheet, and are then reflec ted  back into the sheath 

is dependent on the norm al com ponent o f the fie ld  threading the m agnetopause, 

relative to the strength o f the transverse com ponents, but th is dependence is 

very w eak, except when the norm al com ponent is very sm all. In the lim iting 

case  w h ere  th e  n o rm a l co m p o n en t v a n ish e s , B n = 0 , t h e r e  c a n  be  no  

transm ission  o f partic les betw een the two regions, except by  d iffusion , w hilst 

the opposite case, where the norm al com ponent is very  large com pared to the
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transverse com ponents, the fie ld  lines approxim ate to stra ight lines, and particle 

transm ission  through the cu rren t sheet is to ta l, w ith no partic les  reflected . In 

order to estim ate the typ ical norm al com ponent Bn at the ta il m agnetopause, we 

note tha t the fie ld  strength  IB I in the lobe is of the o rder 10 nT (see, for 

exam ple, review  by Tsurutani et al, 1986), w hilst the radius Rt is o f order 30 Re 
(e.g. S ibeck  et al. 1986) and the length  Lt about 1000 Re (D ungey, 1964). 
Since the to ta l flux con ten t o f the tail lobe (O = IBI.rcRt /2  w ebers) enters the 

lobe th rough the ta il m agnetopause, the average norm al com ponent o f  the field  

through the m agnetopause curren t sheet is given by

Bn = O  / 7tRtL t = IB I.R t/ 2Lt = 0.15 nT. (5.2)

N ote, how ever, that i f  the open flux occurs in patches across the m agnetopause 

(as w ould  be consisten t w ith flux added to the tail by F lux  T ransfer Events 

(FTEs) or sporadic dayside reconnection; e.g. R ussell and E lphic, 1978) then 

Bn in  these patches w ould be larger than this value. The lobe fie ld  is thus best 

represen ted  by a large fie ld  com ponent transverse to the m agnetopause current 

sheet (Bt *10nT) and a m uch sm aller norm al com ponent (Bn* 0.15nT). The 

transverse  com ponent in the sheath is generally  sm aller than tha t in  the lobe, 

and m ay be orien tated  in  any direction. The com ponent o f the fie ld  norm al to 

the curren t sheet m ust o f course be continuous to satisfy  div B = 0, and is 

sm all, bu t non-vanishing, com pared to the tw o transverse com ponents. This 

la tte r po in t is o f  crucial im portance in the con tex t of the w ork p resen ted  in this 

chapter.

R esu lts  from  a num erical ca lcu la tio n s  o f the partic le  m otion  betw een two 

regions w ith the above fie ld  characteristics (i.e. w ith lobe fie ld  strength of 

10 nT, and a norm al com ponent o f 0.15 nT, and w ith transverse  com ponents of 

the sheath  fie ld  o f 0, 2, 6, and 10 nT at angles o f 0°, 45°, 90°, .... 315° to the 

lobe fie ld  d irection) show that although in general each partic le  crosses the 

c u r r e n t  s h e e t  m a n y  t im e s ,  a la rg e  m a jo r i ty  o f  io n s  in c id e n t  on  th e  

m agnetosheath  side o f the cu rren t sheet are transm itted  through in to  the lobe. 

The on ly  s ig n ifican t departu res from  th is re su lt occur w hen the transverse  

com ponent o f the sheath fie ld  is highly an tiparallel to that in the lobe, i.e. there 

is an ex trem ely  sharp change o f  m agnetic  fie ld  d irec tion  betw een the two 

reg ions, w hen some partic les o f  certain  p itch  angles may be reflec ted  back into 

the sheath . The w orst case, w ith the sheath transverse fie ld  com ponent exactly
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a n tip a ra l le l to th a t in  the  lo b e  and at the  sam e fie ld  s tren g th , re su lts  in 

approxim ately  50% o f partic les reflected  back into the sheath. H ow ever, this 

figu re  decreases rap id ly  as the sheath fie ld  strength drops ( 35% fo r Bsheath = 

6 nT, B iobe = 10 nT), and as the fields becom e less an tiparallel (22% with an 

angle o f  135° betw een the transverse fie ld  com ponents, 0% at 90°, fo r B iobe =  

Bsheath = 10 nT ). H o w e v e r  th e  p a r t ic u la r  p a r t o f  th e  lo b e  p itc h  an g le  

d istribu tion  w hich is reduced  or m issing due to reflec tion  (f(V ||,Vj_) * 0) is 

found to  be very highly sensitive to sm all varia tions in the angle betw een the 

fie lds in  the two regions. S ince, in reality , the sheath fie ld  is usually  observed 

to v a ry  ra p id ly  in  bo th  s tren g th  and d ire c tio n , th is  e ffe c t is  lik e ly  to be 

sm oothed out and so does no t need to be a m ajor consideration  here. A lso, we 

have considered  the case o f  an infin itesim ally  thin curren t sheet; i f  we relax 

this assum ption, such that the current sheet has fin ite th ickness, and the field  

d irection  does not change so rapidly, we w ould  expect that even m ore particles 

w ould gain access to the lobe. For the purposes o f this w ork, therefore, it is 

sa tis fa c to ry  to  assum e th a t a ll p a rtic le s  in c id e n t on the  cu rren t sheet are 

transm itted  through it.

We now  n eed  to c o n sid e r the form  o f  the  p itc h  ang le  d is tr ib u tio n  in the 

m agnetosheath  and the im plications th is has fo r the d istribu tion  in the rest 

fram e o f  the spacecraft once the partic les have been transm itted  into the lobes. 

W illiam s e t al. (1988) have recen tly  shown that in the case o f  a h ighly  variable 

m agnetic  fie ld  that is typ ical of the sheath, the energetic ions (E > 5 keV) have 

iso tro p ic  d is tribu tions in  the so lar w ind res t fram e, w hich are then sim ply 

convected  tailw ard w ith the sheath  plasm a to produce the an iso tropies observed 

in  the  sa te lli te  fram e. T h is  im p lie s  s ig n if ic a n t sca tte rin g  o f  ions in  the 

m agnetosheath , consisten t w ith the d iffusion-dom inated  m odels for the source 

o f io n s  in  th is  reg ion  d e sc rib ed  above. In ad d itio n , the  spec trum  o f the 

energetic  particles in the so lar w ind fram e may be described  by a pow er law 

such that

dJ = k .E 'r  (5.3)
dEdH

w here dJ/dE dQ  is the ion d ifferential flux (num ber o f partic les p e r unit area of 

detector, p e r steradian o f look  angle, per unit energy, per unit tim e), E is the 

energy  o f the partic les in the so lar w ind fram e, and k is a constan t. The 

param eter T  is an em pirical factor which, for typical conditions in the sheath,

126



has a value o f «  3.5, a lthough the spectra  tend  to harden during  so lar partic le  

events to values o f  T  that m ay even be less than unity (I. G. R ichardson, private 

com m unication). T his is im portan t w hen considering  the d ifference  in the 

observed  lobe d istribu tions betw een norm al, and solar partic le  even t conditions, 

as w ill be explained  later.

The d istribu tion  function  f  is re la ted  to  the d ifferen tia l energy  flux by the 

re la tionsh ip

dJ = f v * 2 (5.4)
dEd&  mi

w here v* is the velocity  o f the partic le  in  the solar w ind fram e, and mi is the 

ion  m ass. E lim in a tin g  d J/d E d Q  b e tw e e n  e q u a tio n s  (5 .3 )  an d  (5 .4 )  and  

rew riting  in term s o f  v* gives the d is tribu tion  function in  term s o f  the partic le  

ve locity  in the so lar w ind rest fram e as

f(v*) = k ’ /  V *2 (1 + r )  , (5.5)

w here k ’ = k .m r 1‘r 7 2  is a new constant. The d istribu tion  function  o f the ions 

in  the m agnetosheath  is illu stra ted  schem atically  in the top panel o f F igure 

5 .13, show ing contours o f constant f  in  velocity  space. In th is figure the solar 

w ind fram e is represen ted  by the axes v x’ and vz’ w hich are shifted  by an 

am ount v Sw in the  negative  v x’ d irec tion  re la tive  to the  E a rth s ’ res t fram e 

(vx,vz). This corresponds to  the m otion o f the field  line re s t fram e away from  

the Earth  w ith the m agnetosheath  flow  at a speed -vsw  re la tive  to the E a rth s’ 

fram e. The contours o f constant f  are represen ted  by the concentric  circles 

about the origin o f the solar w ind fram e (vx’,vz’). The second part o f F igure

5.13 illu stra tes the portion  o f this d istribu tion  which acts as a source for the 

lobe d istribu tion . This part of the figure is in  the same form at as the one above, 

but we now include the direction o f the lobe m agnetic fie ld , ind icated  by the 

solid  line and arrow, m aking an angle 0 w ith the vx axis. As described above, 

the com ponent o f the fie ld  threading from  the sheath in to  the lobe is sm all 

com pared to the transverse com ponents, such that the angle 0 betw een the field  

d irection  and the x-axis is also sm all (and shown exaggerated  here for clarity). 

The convective electric  fie ld  in this fram e also vanishes so that there is no 

acceleration o f the partic les as they cross the tail m agnetopause, so the form  of 

the d istribu tion  is unaltered  in this fram e. However, only  the portion o f the
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Figure 5.13 Schematic illustration of the distribution of energetic ions in the magnetosheath, 

and the portion of that distribution which acts as a source for the lobe particles. In each panel 
the solar wind frame is represented by the axes (vx’ ,vz’), and is shifted by an amount -vsw with 

respect to the Earths’ frame (vx,vz). The magnetosheath distribution is isotropic in the solar 
wind frame, and is represented by a set of concentric circles about the origin of this frame. 

The lower panel includes the lobe field direction (solid arrowed line at an angle 0 to the vx 
axis), which is at rest in the solar wind rest frame. In this case the portion of the 

magnetosheath distribution which has access to the lobe is that portion with a component of 
velocity along the field line which is in the same direction as the field itself.
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d istribu tion  w hich has a positive  parallel com ponent o f m otion in the solar 

w ind fram e m ay m ove away from  the m agnetopause and in to  the lobes, i.e  only 

h a lf o f the sheath d istribu tion  acts as a source fo r the lobes, as shown in the 

figure. In the E a rth ’s rest fram e this translates to partic le  popu la tions that have 

velocity  com ponents in both d irections along the field  line, depending  on w hich 

side o f the v z-axis they are located  - how ever those partic les  w ith negative vz 

are confined  to have fie ld  aligned speeds w hich are o f  o rder or less than the 

sheath  flow  v e lo c ity  lv Swl. N ote also  th a t since the  sh ea th  d is trib u tio n  is 

iso trop ic  in the solar w ind fram e, the value o f f(v*) is dependent only  on the 

speed and no t on the p itch  angle o f the partic les in this fram e. H ence for 

partic les observed w ith a given Vjj, v_j_ in the lobe, it suffices to calculate  the 

corresponding  value o f v* at the boundary to determ ine the value o f f(vjj, Vj_), 

s in ce  th is  v a lu e  is co n se rv ed  a long  the  p a rtic le  tra je c to ry  by L io u v ille ’s 

Theorem  (i.e. p itch  angle scattering  at the m agnetopause is no t pertinen t).

The transform ation  o f velocities from  the so lar w ind to the E a rth ’s fram e is 

illu stra ted  in the velocity  space diagram  shown in F igure 5.14. The axes shown 

are the sam e as in  the  p rev io u s  fig u re , and the  so lid  a rro w ed  lin e  again  

represen ts the lobe fie ld  d irection. The m otion o f partic les in  the E arths fram e 

can be considered  to be m ade up o f  three contributions. F irstly , the particles 

are convected  w ith the fie ld  lines as they m ove in tow ards the centre o f the 

lobe. This is the E  x B d rift in the spacecraft rest fram e, and is represented  by 

the arrow  labelled  vExB in F igure 5.14. The rem aining con tribu tions are the 

com ponent o f m otion  p a ra lle l and perpend icu la r to the fie ld  line  d irection , 

labelled  Vjj and v_  ̂ respectively . The corresponding velocity  in the fie ld  line 

rest fram e is represen ted  by the arrow  labelled  v* connecting the orig in  o f that 

fram e w ith the tip o f the com bined velocity  vecto r in the spacecraft re s t fram e. 

C onsideration o f the geom etry o f such a d iagram  allow s the velocity  v* to be 

expressed  in term s o f the o ther (known) param eters,

v* = (v ± 2 +  (V|, +  Ivsw lcos 0 )2 ) 1/2. (5.6a)

Since 0 is sm all cos 0 is approxim ately  unity, the above expression  m ay be 

rew ritten

V* =  (V j2 + (vM + lvswl)2) 1 /2 . (5.6b)
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SPACECRAFT 
REST FRAME

FIELD LINE 
REST FRAME

Figure 5.14 The transformation of velocities between the solar wind rest frame and the Earths’ 

rest frame. The axes are the same as the previous figure, and the solid arrowed line again 
represents the field direction. In the Earths’ rest frame the particles motion is made up of and 
E x B drift towards the tail centre plane at speed vExB, a component of velocity v,, along the 
field direction, and a component vj_ perpendicular to the field direction. The geometry of the 

diagram can be used to determine the velocity v* of the particle in the solar wind frame (see 
equation 5.6a,b)
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E quation  (5.6) may now  be used to rep lace  v* in (5.5), and by includ ing  the 

effect o f  the spatial density  gradient (equation (5.1)) a general form ula for the 

value o f the d istribu tion  function for a partic le  en tering  the lobes at a position  

x, w ith  a fie ld  aligned velocity  V||, m ay be obtained

f(x, v) = k , .n(x) . (5.7)
(V_1_2 + (V|| + lvswl)2)(1+r)

Since the value o f the d istribu tion  function f  is conserved, the value associated 

w ith a p articu la r energy and pitch  angle o f  partic le  at a p a rticu la r po in t w ithin 

the lobe m ay be determ ined  by tracing  back the tra jecto ries o f such particles to 

the lobe m agnetopause, to find  the position  x and speeds Vjj (and Vj_) o f entry. 

F rom  equation (5.7) it follow s that partic les w hich enter the lobe close to the 

E arth  w ill have a h igher value o f f  than those entering fu rther tailw ard. A lso, 

equation  (5.7) gives a larger value o f f  fo r those partic les w hich en ter the lobes 

w ith negative (tailw ard) velocities than those w hich en ter a t the sam e po in t and 

then m ove E arthw ard, since the form er have sm aller values o f v* in the sheath. 

In  the  sm all 0 approx im ation , the m axim um  tailw ard  fie ld -a lig n ed  speed a 

partic le  en tering  the lobe can possess is the speed o f  the sheath  flow, vSw, 

d ragging  the lobe flux tubes antisunw ard, as there m ust ex ist a net earthw ard 

m otion o f partic les in the fie ld  line rest fram e for partic le  entry. Particles 

en tering  w ith  Earthw ard  m otion in the spacecraft rest fram e can have any field  

aligned  velocity . For T  = 3.5, typical o f the sheath d istribu tion , the ratio  o f f 

for partic les en tering  w ith m axim um  tailw ard velocity  to those entering the 

lobe at the same po in t x, and then m oving exactly  along the fie ld  line (i.e. 

Vj_ = 0), is approxim ately  3 fo r particles o f energy 35 keV, and less than this for 

h ig h e r  e n e rg ie s . H en ce  th e  so u rce  d is tr ib u tio n  a t a g iv e n  p o in t is n o t 

particu larly  anisotropic in the Earths fram e. The spatial varia tion  o f the sheath 

density  is governed by equation (5.1), and depends on the ra tio  o f N 0 to N Sw, 

and the scale length fo r variation . As explained  above, the data indicates that 

No exceeds the background solar w ind flux Nsw by several orders o f m agnitude. 

H ence the spatial varia tion  o f  the sheath density  also covers a few  orders o f 

m agnitude, so that the value o f f  is m ore strongly  dependent on x than it is on 

the value o f v (, and Vj_, although the la tte r are still im portan t, especially  when 

the scale length  fo r sheath density  variations L is large.
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In the next section w e shall study the m otion o f partic les w ith in  a m odel lobe 

w ith  a view  to estab lish ing  the po in t at w hich each p artic le  in  the p itch  angle 

d is tribu tion  crosses the ta il m agnetopause, and the velocity  w ith  w hich it does 

so. U sing  the above analysis fo r the d is tribu tion  function  o f partic les at entry, 

and invoking  Liouville’s Theorem  on the conservation o f  f, we can construct 

the p itch  angle d is tribu tion  o f  the partic le  population  at any po in t w ith in  the 

m odel lobe.

5. M otion of Partic les in a Uniform -Field Lobe W ith a Perfect M irro r at 

One End.

In the last section we saw how the d istribu tion  function f(vj|,Vj_) o f the particles 

ju s t inside the tail m agnetopause depends on the dow n-tail position  o f entry and 

th e  v e lo c i ty  o f  th e  p a r t ic le s .  B y in v o k in g  L io u v i l le ’s th e o re m  on the  

conservation  o f f(V|j,Vj_) along a partic les trajectory  it is possib le  to deduce the 

resu ltan t d istribu tion  function  at any po in t in the lobe. The resu lts can then be 

co m p ared  to  the  o b se rv a tio n s  d e sc rib e d  above. In  th is  sec tio n  w e shall 

therefore  investigate  the m otion o f partic les w ithin a sim ple m odel lobe, in 

order to determ ine the dow n-tail position  xi and velocity  vi o f  the partic les at 

the m agnetopause, given tha t they are la te r located  at som e po in t (x o ,zo )  in the 

lobe and are m oving w ith velocity  v.

We shall, at first, assum e the sim plest possib le  m odel lobe to  illu stra te  the m ain 

p rincip les involved  in the form ation o f the pancake p itch  angle d istributions 

observed in the lobe energetic  ions. In this m odel we rep resen t the lobe as an 

elongated  box, in w hich the field  is assum ed to be everyw here constant, w ith 

the exception o f the E arthw ard  boundary, taken to be x = 0, w here a perfect 

m agnetic m irror is applied , corresponding to a infin ite  step increase o f the field  

strength  at this point. A ny partic le  inciden t on this m irror is perfectly  reflected ,

i.e . its fie ld  aligned com ponent o f velocity  is instan taneously  reversed. The 

fie ld  inside the box is tilted  through an angle 0 rela tive to the boundary to give 

a sm all com ponent Bn norm al to this boundary.

The coordinate system  and m agnetic fie ld  structure assum ed fo r th is m odel lobe 

are illu stra ted  in F igure 5.14. The x-d irection  is aligned w ith the Earth-Sun line 

w ith the Earth (perfect m irror) located at x = 0. All po in ts w ith in  the lobe 

consequen tly  have negative  x -coord inates. The z -d irec tion  rep resen ts  the 

d irection  norm al to the tail curren t sheet; note that there is no y, or cross tail
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Figure 5.15 The coordinate system and magnetic field structure assumed in the simple model lobe. In this model the x-direction is taken 

to be aligned with the Sun-Earth line with the Earth located at x = 0. Points within the lobe therefore have negative x-coordinates. In the 

z-direction the lobe is bounded by the tail centre plane at z = 0, and by the magnetopause at z = zmp. The field in the lobes has a large 

component in the positive x-direction, and a smaller component in the negative z-direction, such that the field line is tilted through a 

small angle 0 with respect to the x-direction. Each field line thus threads into the magnetosheath at some point along its length. At the 

Earthward end of the lobe we apply a perfect mirror, which we assume to reflect all incident particles.



dependence in our m odel. The m odel is bounded in  the z-d irection  by the ta il 

cen tre  p lan e  a t z = 0, and  the m ag n eto p au se  is lo ca ted  at z = zmp. The 

x-com ponent o f the field , B x, is assum ed positive and to be considerably  larger 

in  m agnitude than  the z-com ponent, - IB ZI, so tha t the angle  0 betw een the 

x-axis and the fie ld  d irection  is sm all, and to a first approxim ation , the field  in 

this lobe points tow ards the Earth  (N ote that Bx reverses sign in  the o ther lobe 

so the  f ie ld  po in ts aw ay from  the  E arth  - how ever the  E arthw ard /ta ilw ard  

d irection  o f the fie ld  is o f  no im portance to the partic le  k inem atics w ith in  the 

lobes). Each fie ld  line therefore threads into the m agnetosheath  at some po in t 

along its  leng th , w here the com ponent o f the fie ld  th read in g  the boundary 

Bn = - |B ZI. The sheath p lasm a is assum ed to m ove ta ilw ards w ith the solar 

w ind speed, vsw (taken to be positive  in the negative x -d irec tion) at all points 

along the tail m agnetopause, and hence the po in t at w hich any particu lar field  

line  crosses the m agnetopause also m oves tailw ard at th is speed. This tailw ard 

m otion o f  the fie ld  at the m agnetopause resu lts  in a convection  o f the fie ld  lines 

in  the lobe tow ards the tail centre p lane at a speed vz = v SwBn/IBI, considerably  

sm aller than the sheath flow  speed, and also sets up a convection  electric  field  

across the tail lobe Etail = v SwBn.

E nergetic  particles w ithin the lobe m ove, fo r the m ost p art, tow ards o r away 

from  the E arth  along the fie ld  d irection , but also have a sm all E x B drift 

tow ards the ta il centre  p lane  (z = 0), at a speed given by Etail/IBI. The guiding 

centres o f the partic les therefore m ove tow ards the tail cen tre  p lane at the same 

speed as the field  lines. Further, there are no grad-B , o r curvature  drifts w ithin 

th is m odel, nor do the guiding centres experience any form  o f acceleration 

w ith in  the lobes, or at the m agnetic m irror, o ther than that w hich reverses the 

fie ld  a ligned  velocity  o f the particles.

We w ill now consider the x-com ponent o f  the velocity  o f a p a rtic le  of energy E 

and p itch  angle a ,  arriv ing at a point (x0,zo) w ithin the lobe at a tim e t = 0 

( a  =  0 corresponds to a partic le  m oving d irectly  along the fie ld  line  tow ards the 

E arth  in  this case). As m entioned above, all x -positions w ith in  the lobe are 

negative, and we shall take particle  ve locities to be positive  in the positive 

x-d irection . From  the geom etry o f the fie ld  described above, it fo llow s that this 

partic le  has its guiding centre along the fie ld  line that crosses the m agnetopause 

at a position
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xf = X o -  B x (z m p -Z o ) 
iBzl

(5.8)

Since this poin t is being convected tailw ards by the sheath flow  at a constant 

speed vsw, at any o ther tim e t the fie ld  line  cuts the m agnetopause at the po in t

xf(t) =  x0 -  _Bx (zmp -  Z0 ) -  v sw.t . (5.9)
IB zT

C onsidering  also the m otion o f the partic les in the x -d irection , the x position  o f 

the partic le  in the lobe at a time t (provided that it has no t in teracted  w ith the 

perfect m irror) is sim ply given by the equation

xp(t) =  x0 + Vjjcos 0 .t . (5.10)

Since 0 is sm all, cos 0 is approxim ately unity, and Vjj is given by

V|j =  V(2E/m i).cos a  (5.11)

w here E , mi, a  are the energy, mass and p itch  angle o f the partic le  respectively. 

The m otion o f the partic le  in the z-d irection  does not need  to be explicitly  

considered  in o rder to find  the po in t at w hich it crosses the m agnetopause; 

since the partic le  is confined  to a single flux  tube as a consequence of its E x B 

drift, it follow s that w hen the partic le  x-coordinate m atches that o f the field  

line/m agnetopause in tersection  po in t at som e tim e t the partic le  m ust be located 

at the  m ag n eto p au se , le av in g  the  lobe i f  t is p o s itiv e , o r en te rin g  if  t is 

n eg a tiv e . I t  is  th is  la tte r  case  in  w hich  w e are in te re s te d . One fu r th e r 

co m p lica tio n  arises  from  the  p o ss ib ility  th a t the p a rtic le  has undergone a 

reversa l o f its m otion at the perfect m irror at x = 0 at som e earlier tim e tm 

(negative). This has happened to partic les arriv ing  at (x0,z0) w hich are m oving 

tailw ards w ith velocities tha t are not sm all com pared to the sheath flow  speed. 

The lim iting  value o f fie ld  aligned velocity  separating those partic les which 

have m irrored  from  those w hich have not is given by the fie ld  aligned velocity  

o f  the partic le  w hich enters the lobe at x = 0 and then drifts to  the poin t (x0,z0),

i.e . the particle  w hich is located  at x =  0 at the same tim e as its field  line 

crosses the m agnetopause at x = 0. Putting  xf(t) = xp(t) =  0 in equations (5.9) 

and (5.10) and elim inating  t, (i.e. equating the time taken by the partic le  to 

travel from  x = 0 to xo at speed vL to the tim e taken for the fie ld  line to travel
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to xf(t = 0) at speed vsw ) we obtain  an expression fo r the lim iting  fie ld  aligned 

velocity

vL = _______^vswxo__________  . (5.12)
(xo — (zmp — Z o).B x/IB zl)

F or partic les o f energy  E this corresponds to a lim iting p itch  angle a L given by

a L = cos"1 { vL V(mi/2E)) . (5.13)

A ll partic les w ith p itch  angles greater than th is value m ust have in teracted  w ith 

the perfect m irror before reaching the po in t (x0,zo). N ote th a t if  E is large such 

that the partic le  speed V »  vSw, the value o f a L w ill be c lose to 90°. S ince we 

h ave  assum ed  th a t the  m irro r sim p ly  rev e rse s  the p a r t ic le s ’ f ie ld -a lig n e d  

m otion, the source poin ts fo r partic les w hich have m irrored  can be calculated  

by noting that the tim e tm at w hich each particle  in teracts w ith  the m irror can 

be deduced by pu tting  xp(tm) = 0 in equation  (5.10), g iv ing

tm = -  Xo/V|, (5.14)

and its  subsequent m otion is thus given by

xp(t) =  v„ ( t - t m ) .  (5.15)

We therefore have a set o f sim ple equations describ ing the m otion o f particles 

in the lobe x-d irection . U sing the fact, no ted  above, that partic les  located at the 

sam e x -p o s itio n  as th e ir  f ie ld  lin e /m ag n e to p au se  c ro ss in g  p o in t m u st be 

entering the lobe (if  t is negative), it is possib le  to calculate  the entry points of 

partic les for any value o f  p itch  angle and energy.

Som e o f the tra jecto ries o f the guiding centres o f energetic  partic les (with 

V »  vsw ) w ithin the m odel lobe are illu stra ted  in F igure 5.16, using the same 

coordinate system  as em ployed in F igure  5.15. Figure 5.16 show s a single field  

line (so lid  arrow ed line) w ithin the lobe, passing through the m easuring poin t 

(x0,zo) at t = 0. The solid horizontal line  crossing the z-ax is at zmp represents 

the tail m agnetopause, w hilst the thin arrow ed lines represen t the trajectories of 

partic les o f a given speed, but o f varying pitch  angle, w hich reach  (x0,z0). The 

first, w hich in tersects the m agnetopause at z = zmp at the po in t xa l , represents
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Figure 5.16 Energetic ion trajectories within the simple model lobe. In this figure we show a single field line (heavy arrowed line) for 

clarity. The lighter lines indicate the trajectories of the guiding centres of a number of particles, of different pitch angles, to the 

measuring point (x0,z0). The first trajectory, that of a field aligned particle, crosses the magnetopause at Xai, and then moves Earthward 

to (x0,Zo). A particle of 90° pitch angle crosses at Xa2 and E x B  drifts towards the tail centre plane. The limiting pitch angle separating 
those particles which have mirrored from those which have not is given by the particle that enters the lobe at X<x4 and drifts tailwards to 

the measuring point. All particles with pitch angles above this value, for example the anti-field aligned particle which originally enters 

the lobe at Xas have mirrored before reaching (x0,z0). Since we apply a spatial gradient in the magnetosheath source distribution, the 

value of f is highest for the particles entering closest to the Earth, and these give the peak in the pitch angle distribution. Further, since 

the anti-field aligned particle enters the lobe closer to the Earth than the field aligned particle, a down tail anisotropy wil also result.



a partic le  w ith zero p itch  angle. This partic le  enters the lobe w hen the field  

line show n crosses the m agnetopause at the po in t xa l , and subsequently  m oves 

along the fie ld  line  tow ards the E arth , and is convected  inw ards w ith the field  

line as the la tte r is convected ta ilw ard  by the sheath flow . The tra jecto ry  is a 

stra igh t line since all velocity  com ponents are constant in  this m odel. Since 

th is partic le  has the m axim um  fie ld  aligned speed fo r ions o f  this energy, the 

poin t x a l  is the fu rthest dow ntail source po in t con tribu ting  partic les to the 

d istribu tion  at (xo,zo). The second trajectory  shown is tha t o f the 90° p itch  

angle partic le . This partic le  has no fie ld  aligned com ponent o f velocity , and 

sim ply d rifts  inw ards w ith the convection o f the fie ld , as indicated  by the 

tra jectory  crossing  the z = Zmp m agnetopause at x = xa2 (n o te  th a t in  the  

cos 0 = 1  approxim ation  xa2 = xo). A gain, this partic le  en tered  the lobe when 

the  fie ld  lin e  w as in c id en t on the m agnetopause  at th is  p o in t. The th ird  

trajectory, crossing  the m agnetopause at the po in t xa3 rep resen ts the tra jectory  

o f a partic le  w ith  p itch  angle a few  degrees larger than 90°. This partic le  

m oves slow ly tailw ard  as the fie ld  convects tow ard the ta il centre  p lane, at a 

speed som ew hat less than the m agnetosheath  flow  speed vsw- The tra jectory  

shown connecting  the po in ts (0,zmp) to the m easuring p o in t (xo,z0) represents 

the lim iting  tra jecto ry  o f the partic le  w hose pitch  angle a L is given by equation 

(5.13). This partic le  has the m axim um  p itch  angle possib le  for a partic le  to 

reach  (xo,zo) w ithout having first in teracted  w ith the p e rfec t m irror, and entered 

the lobe at the same tim e as the fie ld  line first entered at the po in t (0 ,zmp).

N ote that all partic les follow ing the trajectories so far described  reach the po in t 

(xo,zo) w ith the sam e fie ld  aligned speed Vj| w ith w hich they  first en tered  the 

lobe. This is not true o f the rem ain ing  trajectory, w hich represents the course 

taken by a partic le  w ith a p itch  angle o f 180°. L ike all partic les w ith p itch 

angles g rea te r than  tha t given in equation  (5 .13), th is p a rtic le  has had its 

m otion reversed  at the perfect m irror, w hich it h it at the po in t (0 ,zm) at a tim e 

tm previously . Since its fie ld  aligned velocity  was reversed  at this po in t, it 

fo llow s that previous to the in teraction  w ith the m irror th is particle  had the 

sam e com ponents o f velocity  to the partic le  first described, which entered the 

lobes at x = xa l  (i.e. the particle  w ith zero p itch angle). H ence the part o f the 

trajectory  o f  th is partic le  undertaken before the in teraction  w ith the perfect 

m irror is parallel to the trajectory  o f the corresponding fie ld  aligned particle  

described above. Since the 180° partic le  has a longer path  to the poin t (x0,z0) 

than the field  aligned partic le , but the sam e speed, it m ust have spent longer in
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the lobe, as is ev ident from  the geom etry o f F igure  5.16, and consequently  

crossed  the m agnetopause at a position  c loser to the Earth . The entry velocity  

is opposite  in sign to its subsequently  m easured velocity.

The equations (5.8) to (5.15) can be used to calcu late  these poin ts o f entry to 

the lobes o f partic les w ith  each value o f p itch  angle. S ince the fie ld  in  this 

m odel lobe is uniform , the field -aligned  velocity  o f each partic le  is unchanged 

betw een its po in t o f en try  and its  po in t o f detection, except fo r those particles 

that have m irrored  at x = 0. In the la tte r case the p a ra lle l ve locity  is sim ply 

reversed  in sign. The value o f the d istribu tion  function f  for each partic le  can 

then be deduced from  the calcu lated  values o f  x and Vjj, as explained  in the 

p rev ious section. U nder typical conditions (w hen No »  Nsw in equation  5.1) 

those partic les w hich have source points close to the E arth  have the h ighest 

values o f f  since the assum ed energetic ion density  in the sheath is largest at 

th e s e  p o in ts ,  w h i ls t  th o s e  f ro m  s o u rc e  p o in ts  f u r th e r  ta i lw a rd s  h av e  

co rre sp o n d in g ly  low er v a lu es  o f  f. The p eak  in  the re su ltan t p itch  angle 

d is tribu tion  is therefore located  at the lim iting  p itch  angle, given by equation 

(5 .13), w hich represents the pitch angle o f  the partic le  o rig inating  at x = 0. The 

p itch  angle d istribu tion  fa lls sm oothly away from  this po in t as the source points 

are lo cated  fu rth e r dow nta il fo r both  h igher and low er p itch  ang les. The 

m inim um  in the d istribu tion  is located  at zero p itch  angle, since this is the 

fu rthest ta ilw ard  source po in t, as explained  above. The d istribution  is also 

asym m etric, firstly  due to the lim iting  pitch  angle having a value h igher than 

90°, but also since those partic les m oving tailw ards, w hich have m irrored at 

x = 0, have source poin ts nearer to the Earth than the corresponding  particles 

w hich have not yet m irrored.

Since the value o f  f  is conserved  as the particles m ove in the lobe, the pitch 

angle d istribu tion  at any po in t w ith in  the lobe can be deduced from  the entry 

po in t and velocity  using equation (5.7). Some d istribu tions obtained using this 

m ethod are illu stra ted  in F igure  5.17, show ing values o f f  against p itch  angle, 

from  0° to 180°, at a position  taken to be 100 Re ta ilw ard o f the perfect mirror. 

The spatial varia tion  o f the energetic  ion density  in the sheath is assum ed to fall 

from  No = 500 Nsw to the background level NSw w ith a scale length L = 100 Re 
(cf. equation (5.1)). In the first panel the m easuring position  is taken to be 

5 Re from  the m agnetopause position  (i.e. zmp -  z0 = 5 Re). The solid  p lo t in 

th is  f ig u re  re p re se n ts  the  d is tr ib u tio n  o b ta in e d  by  a ssu m in g  th e  ab o v e  

param eters in our m odel, w hilst the dashed plot shows the d istribu tion  that
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Figure 5.17 Plots of distribution function f against pitch angle at a position 100 Re downtail 

from the perfect mirror in the model lobe. In these plots the peak magnetosheath density No is 
taken to be 500 times the solar wind background density Nsw, and the sheath density falls off 

with distance down the tail with a scale length for variation of 100 Re . The solid line in plot 
(A) represents the distribution expected at 5 Re from the magnetopause, and will be used as a 

reference distribution. The dashed lines represent the distribution expected if there is no 

near-Earth enhancement of the source fluxes. The distribution in this case is peaked a few 
degrees above 90°, and the value of f is higher for those particles with higher pitch angles than 
those with lower pitch angles, giving the required downtail anisotropy. The remaining panels 
show the effect of distance of the measuring point from the magnetopause and show the 
distributions at 15 Re (panel B), 1 Re (panel C) and 25 Re (panel D). As the measuring point 
moves away from the magnetopause the peak in the distributions moves to pitch angles closer 
to 90°, and the degree of anisotropy and the omnidirectional flux (as represented by the area 
under each curve) reduce.
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w ould be obtained  if  there w ere no enhancem ent o f the sheath  flux above the 

background level Nsw (i.e. assum ing a uniform  density  Nsw along the entire 

length  o f the ta il m agnetopause). In  the la tte r case, the varia tion  in  the p itch  

angle d istribu tion  resu lts solely from  the fie ld -aligned  entry  velocity  o f  the 

partic les, such that there is little  d ifference in f  for the 0° and 180° partic les. 

The panel shows tha t the m odelled  pitch  angle d is tribu tion  o f  the lobe partic les 

is quite h ighly  peaked  above the solar w ind background at values o f  p itch  angle 

a few  degrees greater than 90°. T his peak  in  the d istribu tion  is at the p itch  

angle give by equation  (5.13), since th is partic le  com es from  a source position  

closest to the Earth . It also has the greatest ta ilw ard  velocity  o f all partic les 

detected  at (xo,zo) at its po in t o f entry to the lobe. B oth o f these effects lead  to 

h igher value o f  f(V|(,Vj_) as described  in the last section. F o r p itch  angles below 

this m axim um , it can be seen from  F igure  5.16 that the source po in t is further 

dow ntail as the p itch  angle decreases from  the m axim um , and the entry velocity  

becom es m ore positive  (E arthw ard), leading to a fa lling  o ff o f the value of 

f(v ,l,V|_). F o r p itch  angles above the m axim um , for w hich partic les have all 

m irrored, the sam e is true, and there is also a steady fall in  f(V||,v_|_), although 

th e  s o u rc e  p o in ts  o f  th e s e  p a r t i c le s  a re  c lo s e r  to  th e  E a r th  th a n  th e  

corresponding  low  pitch  angle partic les , so that the values o f f(V ||,v J  are 

s l ig h tly  h ig h e r  fo r  th e  m ir ro re d  th a n  th e  n o n -m ir ro re d  p a r t ic le s .  T h is  

th eo re tica lly  p roduced  p itch  angle d is trib u tio n  p lo t thus inc ludes the basic 

features observed  in the ISEE-3 data set, in that the d is tribu tion  is peaked 

close to 90° (closer than is reso lvable w ith the 8 azim uthal sector bins), and 

also shows the dow ntail anisotropy, w ith partic les m oving tailw ard ( a  > 90°) 

hav ing  h ig h er values o f f(vj|,v_L) than the co rrespond ing  E arthw ard  m oving 

partic les ( a  < 90°). The rem aining panels o f F igure 5.17 show how these pitch 

an g le  d is tr ib u tio n s  d ep en d  on p o s itio n  w ith in  the lo b e , and we sh a ll be 

retu rn ing  to d iscuss these in detail later.

The effect o f d istance o f the m easuring po in t from  the m agnetopause on the 

expected pitch  angle d istribution  can be seen by considering  F igure 5.18. This 

figure is o f the sam e form at as figure 5.16, but the m easuring po in t is located  at 

a greater d istance from  the m agnetopause than before. The re la tive position  of 

the m agnetopause in the last figure to the m easuring po in t is shown as a dotted 

lin e  fo r  re fe ren ce . The tra je c to rie s  show n are fo r the sam e p itch  ang les 

c o n sid e re d  in  the p re v io u s  f ig u re , and  i t  is  im p o rtan t to  no te  th a t th ese
i

trajectories are unchanged w ith respect to the m easuring po in t (x0,z0). Each
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Figure 5.18 Trajectories in a model lobe for a measuring point further from the magnetopause. The format is the same as that in Figure 

5.16, except that the relative position of the magnetopause used in that figure is denoted by the dotted line. The 5 trajectories shown are 

for the same particle pitch angles used in figure 5.16. The points of entry for the field and anti-field aligned particles have moved further 

downtail, and Oe limiting pitch angle is now given by a particle whose pitch angle is closer to 90° than the previous case.



partic le  tra jectory  thus cu ts the new m agnetopause location  (so lid  line) at a 

d ifferen t x position  to the case described above (dotted line). F or those pitch 

angles tha t are w ell away from  the peak (i.e. those partic les w hich are largely 

fie ld  aligned, or an ti-fie ld  aligned) the source poin ts are now  m uch further 

away the E arth  - the tra jecto ries cross the m agnetopause location  at greater 

n eg a tiv e  x -p o s itio n s  than  p rev iously . T he p a rtic le s  o f  th ese  p itc h  angles 

consequently  have low er values o f  f(v|j,v_j_) than  the case described  above. The 

90° p itch  angle partic le  has only a sm all change in its source position , which is 

neg lig ib le  in the cos 0 =  1 approxim ation, such that the value o f  f  for this 

partic le  is unchanged. The th ird  trajectory , w hich rep resen ted  a p itch  angle 

betw een 90° and the o ld lim iting  pitch  angle a L in the prev ious case, now 

enters the lobe at the po in t (0,zmp), and as such represents the new lim iting 

p itch  angle. As explained  above this partic le  w ill now have the peak  value o f 

?(v „,Vj.), w hilst the partic le  that had the peak  value is now a m irroring  particle 

w ith reduced  value o f f. The value o f p itch  angle corresponding  to the lim iting 

tra jectory  is thus slightly  decreased  tow ards 90°. This can also be seen directly  

from  equation  (5.13). The value  o f (zmp’-zo), w hich is the d istance  betw een the 

m easuring  po in t and the m agnetopause, is increased, leading  to a sm aller value 

o f a L. N ote that the peak value o f f  (now located  at a sligh tly  reduced  pitch 

angle) is, to  a first approxim ation, unchanged from  the previous case, w hilst the 

values o f  f  at p itch  angles aw ay from  the peak  are depressed. These tw o effects 

lead to a m ore highly  peaked distribution  function .

T h e se  e f fe c ts  o f  m o v in g  to  a m e a su r in g  p o s it io n  fu r th e r  fro m  the  ta il 

m agnetopause on the p itch  angle d istribution  are illustra ted  in the second panel 

o f  F ig u re  5 .1 7 , fo r  a p o s it io n  15 R e fro m  the  m a g n e to p au se  (a ll o th e r 

p a ram ete rs  rem ain ing  the sam e as the p rev io u s  panel). T he flan k s  o f the 

d is tribu tion  at very high and very low  pitch angles (field  and an ti-fie ld  aligned 

partic les) are reduced in value o f f  com pared to the first panel (the d istribution  

observed  at 5 Re  from  the m agnetopause, described  above) w hilst the peak is 

shifted  to a position  c loser to  90°. The d istribu tion  is now m uch m ore highly 

peaked than before, such tha t the om nidirectional flux, w hich is a function of 

th e  a re a  u n d e r  su ch  a p i tc h  a n g le  d is t r ib u t io n  p lo t ,  is  re d u c e d . T he 

fron t-to -back  ratio  (f(0°)/f(180°)) is now approxim ately unity  since, although 

the d istance betw een the ir source points is constant, partic les o f both pitch 

angle have source points in the region w here the sheath fluxes have fallen to 

close to the background level, N Sw. Note that the net dow ntail flux still exists
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since the peak  in the d is tribu tion  is located  at a p itch  angle above 90°. The 

rem ain ing  tw o panels o f  F igure  5.17 illu stra te  the p itch  angle d istributions 

expected  at tw o o ther d istances from  the tail m agnetopause, nam ely 1 Re  (panel

3), and 25 Re  (panel 4). N ote that the om nidirectional flux (p roportional to the 

area under the d istribution) and the degree o f dow ntail an iso tropy  (distance of 

the peak  above 90° and size o f f(180°)/f(0°)) both  fall w ith increasing  distance 

from  the m agnetopause. T his is broadly in line w ith the observed  features of 

the lobe d istribu tion , and we recall that F igures 5.7 and 5.8 show ed a higher, 

o m n id irec tio n a l flux , and a la rger an iso tropy  shortly  a fte r a m agnetopause 

crossing than was observed  la te r when the spacecraft had m oved fu rther into 

the lobes.

We shall now consider the x-dependence o f the p itch  angle d istribu tions. For 

partic les tha t have not m irrored , the trajectories re la tive to the m easuring  point 

are exactly  the same as the previous case described  above. The po in t o f entry 

for the fie ld  aligned partic le  is a constant d istance dow ntail from  the m easuring 

po in t independent o f x (for constant z), and this holds fo r all partic les which 

have not m irrored. H ow ever, the lim iting p itch  angle betw een partic les which 

have and  have  not m irro red  m oves to la rg e r p itch  ang les w ith  inc reasin g  

distance x away from  the E arth . This can be seen from  equation  (5 .12), where, 

d iv id in g  to p  an d  b o tto m  by xo, the  d e n o m in a to r  b eco m es sm a lle r  w ith  

decreasing xo (i.e. fu rther from  the Earth), leading to h igher values o f pitch 

angle for the partic les m apping back to the m agnetopause at x =  0. The peak  in 

the p itch  angle  d is trib u tio n  consequently  m oves to h igher p itch  angles for 

decreasing xo. Those partic les w hich have m irrored rem ain  to be considered in 

this context. From  Figure 5.16 it can be seen that as the m easuring po in t moves 

tailw ard  (lx0l increasing) at fixed  zo the po in t at w hich the fie ld  aligned  particle 

(180° encounters the m irror m oves closer to the tail centre p lane (z m reduces). 

This resu lts  in the source po in t o f this partic le  also m oving tailw ard , how ever 

the geom etry o f the system  results in this ta ilw ard m ovem ent being less than 

that o f the m easuring po in t. Since we have already shown the non-m irrored 

partic les  have source po in ts  a fixed  d istance  from  the m easuring  po in t for 

constant zo, it follow s that the d istance betw een the source points o f the 0° 

p itch  ang le  partic le  and the  180° partic le  increases as xo m oves dow ntail. 

P rov id ing  the scale length  fo r sheath flux variations is suffic ien tly  large, such 

th a t the  d en sity  at the en try  p o in t o f the 180° p a rtic le  is s till above the 

background solar wind level N Sw, this resu lts in an increased fron t to back ratio
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f(0°)/f(180°) at the  m easu rin g  p o in t. H ow ever, the source  p o in ts  o f  m ost 

partic les m ove further from  the E arth  w ith the m easuring po in t, so tha t the 

o m n id ire c tio n a l f lu x  (as re p re s e n te d  by  th e  a re a  u n d e r  th e  p itc h  ang le  

d istribu tion) decreases w ith increasing  distance from  the Earth . T hese effects 

are illu stra ted  in F igure 5 .19, fo r xo = 100 Re , 20 R e , 400 Re  and 800 Re 

(panels 1 to  4 respectively), w ith  zo =  5 Re  in each case. A ll o ther param eters 

are unchanged from  those used  above, such that the first panel is iden tical to 

the first panel o f  F igure 5.17, w hich was described  in detail above, and which 

p ro v id e s  a re fe re n ce  d is tr ib u tio n . A gain , the  d o tted  lin e s  in  each  panel 

rep resen t the flux expected i f  the constant background solar w ind flux  only is 

applied  along the m agnetopause. As the m easuring po in t m oves tailw ard, the 

peak in the d istribution  m oves fu rther away from  90°. In panel 2 , 20 R e  from  

the m irror, the peak is alm ost at 90°, since the partic le  o rig inating  at x =  0 m ust 

have a very  sm all field  a ligned  velocity  in o rder to rem ain so c lose to the 

m irror during  the tim e that the fie ld  line takes to convect tow ards the m easuring 

p o in t. T h e  d is tr ib u tio n s  m e asu re d  fu r th e r  dow n  the  ta il  h av e  p e ak s  at 

successively  h igher p itch  angles, since the partic le  orig inating  at x =  0 requires 

a h igher fie ld  aligned velocity  in order to appear at these tailw ard  m easuring 

poin ts. As described above, the points o f orig in  o f  the 0° and 180° particles 

m ove fu rther ta ilw ard  w ith the m easuring po in ts, such that the value o f  f  for 

these p itch  angles reduces as the m easuring po in t m oves tailw ard , leading  to 

reduced  area under each curve, corresponding to  a reduced  om nidirectional 

flux. The d istribution  at 20 Re  (panel 2) is alm ost sym m etrical and w ill not 

show a significant dow ntail anisotropy. H ow ever, those d istribu tions m easured 

at positions fu rther ta ilw ards, becom e increasingly  asym m etric, and w ill show a 

net dow ntail flow  when m easured by the EPAS instrum ent.

The sca le  len g th  o f the  v a ria tio n  o f fluxes in  the m ag n eto sh ea th  and the 

hardness o f the spectrum  (the value o f T) w ill also have an e ffect on the p itch  

angle d istribu tion  observed in. the lobes. A typical value o f the scale length  in 

the m agnetosheath  is not w ell know n at p resent due to an in su ffic ien t num ber 

o f observations to separate spatial and tem poral variations. So fa r we have 

assum ed a scale length L =  100 Re , which gives a varia tion  o f several orders of 

m agnitude in the fluxes in the sheath over the expected  spread o f source points 

for a d istribu tion  observed in the tail lobes. H ow ever, due to the uncertain ty  in 

the scale length  it is in structive  to consider the extrem e cases that could  apply, 

nam ely very short scale lengths, and very long scale lengths. The firs t case, for
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Figure 5.19 Plots of distribution function f against pitch angle for measuring points at various 
distances downtail, using the same format described previously. The magnetosheath source 

parameters are the same as those employed in Figure 5.17, and each plot is for a measuring 

point 5 Re from the magnetopause. Plot (A) is for 100 Re downtail from the perfect mirror, 
and is the reference distribution used above. The remaining panels are for distances of (B) 25 

Re, (C) 400 Re and (D) 800 Re downtail. The peak in the distribution is located closest to 90° 
for positions close to the perfect mirror, and the omnidirectional flux (area under each curve) is 
greatest at these points. However, the downtail anisotropy increases with distance from the 
perfect mirror.
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f
a short scale length is illu stra ted  in figure 5.20. The param eters used  in each of 

these panels are identical to those used in figure 5.17, w ith the exception  o f the 

scale leng th  w hich has been reduced by an order o f m agnitude, to L=10 R e . 

The tra jecto ries, source po in ts and entry velocities o f partic les w ith in  the lobe 

are u n a lte red  from  the  o rig in a l case  d iscu ssed  above, so th a t d iffe ren ces  

betw een the two figures arise solely from  the varia tion  in  the source scale 

length . C onsequently  the peaks in the d istribu tion  are at the sam e p itch  angles, 

and have the sam e values o f f. Those partic les w ith p itch  angles away from  the 

peak  have a m uch reduced  value o f f(V||,v^) and since the sheath  fluxes fall to 

the background level Nsw m uch faster than before (i.e. the sheath  flux  becom es 

ap p ro x im a te ly  co n stan t at Nsw a fte r a fa ir ly  sh o rt d is ta n ce  d o w n ta il) the 

varia tion  o f  f(V||,Vj_) fo r these p itch  angles depends only on th e ir entry velocity, 

g iv in g  a s low  v a r ia tio n , and  l i t t le  d iffe re n c e  b e tw een  f ie ld  a lig n e d  and  

an ti-fie ld  aligned partic les. H ow ever those partic les o rig inating  very  close to 

the E arth  have a h ighly  enhanced f-value such tha t the p itch  angle d istribution  

rises to a very sharp peak  about the lim iting  p itch  angle, as can be seen in each 

panel o f  F igure 5.20.

The second case, o f very  long  scale lengths, is im portan t in  its own rig h t when 

we consider solar partic le  events. As explained  in the data  section (Section 3) 

o f  th is  chap ter, the flu x es  in the so lar w ind  increase  by severa l orders of 

m agnitude during such periods, and w ill be m uch h igher than those fluxes 

w hich are produced by the solar w ind -m agnetosphere in teraction . U nder these 

circum stances the value o f NSw far exceeds the value o f N0, such tha t the la tter 

is neg lig ib le  com pared to  the form er, and can be neglected  in our analysis, 

re su lting  in a constant flux  (or an infin ite  scale length o f varia tion) along the 

m agnetopause in this case. A t the sam e tim e the energy spectra  o f particle  

fluxes during  these events becom es m uch harder, such tha t T  may at tim es be 

less than unity (i.e. the fluxes o f m ore energetic  partic les are m uch enhanced 

re la tive  to the low er energy partic les). A lthough the tra jecto ries o f the particles 

w ith in  the m odel lobe, and consequently  the source poin ts and entry velocities, 

rem ain  the same as above, the dependence o f f(V||,v_|_) on these quantities is 

now m uch reduced, as can be seen in the p itch  angle d istribu tions shown in 

figure 5.21. A gain the sam e param eters as F igure 5.17 are used, but we now 

assum e an infin ite  scale length , and reduce the value o f T to 1.5. Since there is 

no spatial dependence in these p itch  angle d istributions, the peaks are produced 

by the varia tion  of entry velocity  (i.e. varia tion  o f velocity  in the fie ld  line rest
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Figure 5.20 Plots of distribution function f against pitch angle for very short scale lengths for 

the magnetosheath source strength. The parameters used in each of the plots are identical to 
the corresponding plots in Figure 5.17, except that the scale length has been reduced to 10 Re. 

The enhancement in sheath density is confined to the near Earth region, so that only particles 
entering the lobes at these points have enhanced values of f, resulting in distribution functions 

that have extremely sharp peaks.
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Figure 5.21 Plots of distribution function f against pitch angle for very long scale lengths for 

the magnetosheath source strength. The parameters used in each of the plots are identical to 
the corresponding plots in Figure 5.17, except that the scale length is now infinite, so that the 

enhanced sheath fluxes are now found along the entire length of the magnetopause. This 
situation is analogous to that which occurs during solar particle events. The distributions 
found in the lobe have very broad peaks, resulting in little anisotropy, and very high 

omnidirectional fluxes, as are observed during solar particle events.
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fram e, see F igure 5.14 and associated  discussion). This has a re la tive ly  sm aller 

effect than previously  since the value o f T  is reduced, and so p roduces only a 

sm all and b road  peak  in  the d is tribu tions. There is a d isco n tin u ity  in  the 

d istribu tions at the peak, since the para lle l com ponents o f the entry velocities 

reverse fo r partic les on e ither side o f the lim iting  tra jecto ry  w hich m aps to the 

m agnetopause at x = 0. This is seen m ost clearly  in panel 3, w hich has the 

largest V|( at the peak, and consequently  has the largest discontinuity . N ote 

that, w ith  the exception o f  the position  o f  the peak, the z-dependence (and 

x -d e p e n d e n c e ,  n o t sh o w n ) o f  th e  d i s t r ib u t io n s  is  lo s t ,  su ch  th a t  th e  

o m n id ire c tio n a l flu x  (p ro p o rtio n a l to th e  a rea  u n d e r th e  d is tr ib u tio n )  is 

approxim ately  constant w ith in  the ta il lobe. H ow ever, the om nidirectional flux 

w ill ,  o f  c o u rs e , be  m u ch  la rg e r  in  m a g n itu d e  th a n  th e  p re v io u s  ca se s  

considered , as the source fluxes during solar partic le  events are m uch larger. 

The dow ntail anisotropy is sm all, given only  by the peak  being  located  at pitch 

ang les s lig h tly  la rg e r than  90°, and thus becom es sm aller w ith  increasing  

d istance from  the m agnetopause. Since the values o f f(V|j,v^) shown in F igure 

5.2:1 have a m uch sm aller varia tion  w ith p itch  angle than the cases considered 

previously , these p lo ts correspond to quasi-circu lar EPAS sector p lo ts , as are 

o b s e rv e d  d u r in g  s o la r  p a r t ic le  e v e n ts . T h e  m o d e l is  th u s  c a p a b le  o f 

reproducing  the form  o f the data that are observed  in the deep tail during such 

so lar partic le  events.

In sum m ary o f  this section, w e have shown how a very sim ple m odel lobe with 

a perfect m irro r at its E arthw ard  end can reproduce, sem i-quantitatively , those 

p ro p e rtie s  o f the lobe  en erg e tic  ion  p itch  angle d is tr ib u tio n s  observed  by 

ISEE-3, both under norm al, and solar partic le  event conditions. The m odel 

produces p itch  angle d istribu tions w hich are highly  peaked close to 90° w ith a 

sm a ll d o w n ta il  a n iso tro p y  u n d e r  n o rm a l c o n d itio n s , w hen  a d o m in a n t, 

near-Earth  source is present. U nder solar partic le  conditions the varia tion  in f  

is  m uch  sm aller, such th a t the EPAS in s tru m en t on the  sp acec ra ft w ould 

observe m ore isotropic d istributions.

The m odel, by its very  sim plicity, obviously m akes several assum ptions which 

are quite large departures from  reality . In the next section we shall discuss in 

greater detail the m ost severe o f these assum ptions, and how relax ing  them  

w ould affect our m odel p itch angle distributions..
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6. M otion of Particles in a Model Lobe with Increasing Field S trength 

Close to the E arth .

In the la s t sec tion  the basic  p roperties  o f  the partic le  m otion  in  a sim ple, 

un ifo rm  f ie ld  lobe m odel w ere d iscussed in order to determ ine the points at 

w h ic h  p a r t ic le s  o f  p a r t ic u la r  p i tc h  a n g le s  e n te r  th e  lo b e s . T h e  o n ly  

com plications to  tracking the m otion arise from  partic les in teracting  w ith the 

perfect m irror. Since this sim ply reverses the x-com ponent o f  the partic les 

velocity  a t the position  x = 0, sim ple equations fo r the po in ts o f entry  for each 

partic le  w ere obtained. H ow ever, this fie ld  configuration , w h ilst representing  

the d is tan t ta il quite faithfu lly , is, at first sight, a gross over sim plification  to 

the fie ld  in the near Earth  tail (x > -  100 Re ). A s the d istance from  the Earth 

increases the observed fie ld  strength  in  the tail drops, rap id ly  at first, bu t then 

m ore slow ly , se ttlin g  to an ap p rox im ate ly  co n stan t va lue  o f  8 - 12 nT  at 

d istances beyond 100 - 200 Re  dow ntail (S lavin et al, 1985). T his is largely  

due to the flaring  o f the ta il w hich resu lts from  the balance betw een the solar 

w in d  ra m  p re ssu re  and  th e  m ag n etic  p re ssu re  o f  the  lo b e  flu x  tu b es, as 

d iscussed  by C oroniti and K ennel (1972). C onsequently, in  o rder to m ake our 

m odel lobe m ore rea listic , w e need to rep lace the perfect m irro r at x =  0 with 

som e fie ld  strength increase in the near Earth  region (x > -  100 Re ). The 

m otion o f  partic les at d istances greater than -1 0 0  Re  is unchanged from  that 

d e sc rib e d  in  the  la s t sec tio n , b u t the m o tio n  c lo se r to the E a rth  w ill be 

su b s ta n tia lly  a lte red , w ith  p a rtic le s  o f  d iffe ren t p itch  ang les m irro rin g  at 

d ifferen t positions w ithin the near-Earth region. In the rest o f this section we 

shall d iscuss this m otion, and the effect on the p itch  angle d istribu tions that we 

pred ic t in  the lobes, in m ore detail.

The exact varia tion  o f the fie ld  strength in the near-Earth  tail is a com plicated  

function o f distance. A full treatm ent is inappropria te  here, since we w ish only 

to investigate  any m ajor departures that som e fie ld  strength increase in the 

near-Earth  region has on the resu lts from  the sim ple m odel described  above. 

We shall m odel the effect by re ta in ing  our perfect m irror at x = 0, but including 

a gentle  slope in the field  strength  betw een 0 and -1 0 0  Re . The fie ld  strength 

varia tion  assum ed is shown as a function o f d istance in F igure 5.22. The field 

strength  at distances greater than 100 R e dow ntail is a constan t 10 nT, and we 

shall assum e that the x- and z-com ponents o f the field  are the same as those 

em ployed in the last section (i.e. Bx = 10 nT, Bz =~0.15 nT). B etw een 0 and 

-1 0 0  R e  we assum e a linear ram p in the fie ld  strength, w ith a g radient such that
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Figure 5.22 The variation of field strength with distance down the tail assumed in the revised 

lobe model. The field is unaltered for distances greater than 100 Re downtail, and we retain 
the perfect mirror at x = 0. Between these two points the field is assumed to rise linearly from 

10 nT at x = -100 Re to 20 nT shortly before the perfect mirror. This field variation therefore 
includes the effect of the observed near-Earth increase in the lobe field strength.
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the fie ld  strength doubles across this reg ion , reaching 20 nT  at x =  0, w here we 

apply  ou r p e rfec t m irro r (i.e . in fin ite  fie ld  streng th), as before . The fie ld  

strength  in  the near E arth  reg ion  (0 > x > -1 0 0  Re ) is thus (recalling  values o f 

x in  the lobe are all negative)

B(x) = 20 + x/10 Re  (nT) . (5.16)

We w ish to em ploy the sam e technique fo r determ ining the source po in ts o f the 

lobe energetic  partic les as we did in  the last section. F or th is  we need to know 

exp lic itly  w here the fie ld  line at the m easuring poin t (xo,zo) threads through the 

ta il m agnetopause (cf. equation (5.8)). An exact field  struc tu re  w ithin the ram p 

reg ion  needs to be assum ed fo r m easuring points w ith xo > -1 0 0  Re , in order to 

id e n tify  th e  p o in ts  at w h ich  each  fie ld  lin e  in te rsec ts  the  m ag n eto p au se . 

H ow ever, fo r  so u rce  p o in ts  fu r th e r  d o w n ta il the f ie ld  lin e /m a g n e to p au se  

in teraction  po in t can be calcu lated  in exactly  the same way as before. For this 

reason , we shall confine ourselves to studying the source po in ts fo r particles 

m easured  in the deeper tail, such that the near Earth fie ld  does no t need to be 

exp lic itly  defined. A ssum ing that the fie ld  line is dragged  ta ilw ard  w ith the 

sheath flow  at a constan t speed -vSw along the entire length  o f the tail, the field  

line located  at (xo,zo) (w here xo < -1 0 0  Re ) at t = 0 cuts the m agnetopause at 

positions given by equation (5.9) at any o ther tim e t, as described  in the last 

section. It therefore suffices to redefine the x-com ponent o f the velocity  o f 

each  p a rtic le  to in c lu d e  the e ffects  o f the lin ea r in crease  in  fie ld  strength  

E a rth w ard  o f -1 0 0  Re  in  o rd er to lo ca te  its  source p o in t, u sing  the sam e 

technique as the last section. Again partic les fall into d is tin c t types - those 

w hich have no part o f  the ir trajectory  in the increasing fie ld  strength region, 

those w hich reverse the ir velocity  in this reg ion , and those w hich h it the perfect 

m irror. The new tra jecto ries are illu stra ted  in figure 5.23, in the same form at 

em ployed previously, bu t including a separate region close to the Earth where 

the fie ld  strength is increasing . Obviously, those particles tha t do not enter the 

m irror reg ion  behave in exactly  the sam e w ay as described in the last section, 

as they m ove in exactly  the same field  configuration  as before , and therefore 

cross the m agnetopause at the same positions xa l  2 3. The value o f f  associated 

w ith these particles is also unchanged. These partic les are bounded by the 

tra jecto ry  o f the partic le  w hich enters the lobe at x = -1 0 0  Re  and then m oves 

tailw ard  to the po in t (x 0,z0). The pitch angle o f this partic le  can be obtained in 

an analogous way to the lim iting  pitch angle particle  in the last section. Putting
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Figure 5.23 Particle trajectories in the revised model lobe. The format employed is the same as that employed previously, except that 
we now include a region of increasing field strength close to the Earth. The trajectories shown are for the same pitch angles used in 

Figure 5.16. The limiting pitch angle between unmirrored particles and those which have undergone mirroring within the near-Earth 

region or at the perfect mirror is given by that particle entering the lobe at Xa3. The unmirrored particles have the same trajectories as in 

the previous model. Particles with pitch angles slightly above the limiting pitch angle are quickly mirrored, and have source points 
tail ward of -100 Re. Those which are mirrored at the perfect mirror spend a short time in the near-Earth region, and also have source 

points tailward of -100 RE.The particle entering at Xa3 therefore represents the peak in the resulting distribution in this case.



xf(t) =  xp(t) = - 1 0 0  R e  in  equations (5.9) and (5.10) re sp ec tiv e ly  and then 

e lim inating  t, this p itch  angle is given by

OCr = cos -  vswdOO Re+xq) V(mj/2E)
( (1 0 0  R e + xq) — (zm p “■ Z o).B x/IB zl)

(5.17)

w hich again gives a p itch  angle a few  degrees above 90°, depending  on position  

in the lobe, and is represen ted  in F igure  5.23 by the tra jecto ry  crossing the 

m agnetopause at xa3. A ll particles w ith  p itch  angles above th is value must' 

have spen t som e part o f the ir tra jectories w ith in  the near E arth  region, where 

the ir m otion is e ither reversed  by gradual deceleration  in  the fie ld  strength 

ram p, or by the in teraction  w ith the perfect m irro r at x = 0. We shall now study 

the m otion o f these partic les in detail.

The increase in m agnetic fie ld  strength requ ired  to reverse  the fie ld  aligned 

m otion o f  a gyrating partic le  can be obtained  from  the conservation  o f m agnetic 

m om ent \i. This holds provided  the fie ld  strength as ’seen* by the particles 

varies slow ly in tim e. In the fie ld  assum ed here this breaks dow n at 0 Re, 

w here the fie ld  strength suddenly becom es in fin ite . H ow ever, in reality  the 

fie ld  strength  varies m ore slow ly in the lobes, so we shall invoke conservation 

o f  p, at a ll p o in ts  w ith in  our m odel lobe. N ote also th a t we shall ignore 

gradient-B  and curvature-B  drifts w hich are also neglig ib le in  the real lobe. 

F or a partic le  detected  at som e po in t (xo,zo) in the lobe , w ith  p itch  angle (Xo, 

the m agnetic m om ent is given by

}i = E. sin2 <Xo /  B (x0) , (5.18)

w here E is the energy o f the partic le , and B (x0) is the fie ld  strength  at the 

m easuring point. W hen the particles enter a region o f increasing  fie ld  strength, 

the ir p itch  angle m oves c loser to 90°, such tha t they eventually  m irror and their 

m otion is reversed. The fie ld  strength at the m irror po in t xm (i.e. where the 

partic le  p itch  angle is 90°) is thus given by

B (xm) = B (x0)/sin2 a 0 . (5.19)

For m easuring points outside o f the near-Earth region B (x0) = 1 0  nT, w hilst the 

m axim um  fie ld  strength before the perfect m irro r is encountered  is 20 nT. It 

therefore fo llow s that, in this case, all partic les appearing at (x0,z0) w ith pitch
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ang les betw een the lim itin g  p itch  angle and 135° have  som e p a rt o f  th e ir  

tra jecto ry  in the near earth  region, but have not h it the pe rfec t m irror, w hilst 

th o se  w ith  p itch  ang les above 135° m ust have interacted^ w ith  the p e rfec t 

m irror. The exception  to this is partic les that m ay have the ir source points 

w ith in  the near-Earth  reg ion , but these rep resen t a special case w hich we shall 

deal w ith separately  later. N ote that those partic les w ith p itch  angles close to 

the lim iting  pitch angle (i.e. those c losest to  90°, such th a t sin2 ao  is close to 

unity) need only a sm all increase in fie ld  strength to cause m irroring, and 

consequently  these partic les do not penetrate  very  far in to  the near earth region 

before  having their m otion reversed. This is illu stra ted  schem atically  in figure

5.23 by the tra jectory  w hich crosses the m agnetopause at position  xa4. The 

tra jecto ry  is quickly  reversed  in the increasing  field  strength  reg ion , and the 

partic le  re-em erges after a very  short tim e. N ote, how ever, that this trajectory  

is associated  w ith the sam e p itch  angle o f the partic le  that o rig inated  at x = 0 in 

the sim pler m odel o f  the la st section, and as such rep resen ted  the peak  in the 

p itch  angle d istribution . The source po in t fo r this partic le  is now tailw ards o f 

-1 0 0  Re , and it en ters the lobe w ith an Earthw ard  m otion. This partic le  thus 

has a reduced  value o f f(vj|,V j_), w hich no longer represen ts the peak  in the 

p itch  angle d istribution .

F o r p a rtic le s  w hich  have very  large p itch  angles the in c rease  in  the fie ld  

streng th  betw een x =  -1 0 0  Re  and x = 0 is insuffic ien t to reverse  their m otion, 

and so they h it the perfect m irror. The tra jecto ry  o f such a partic le  is illustra ted  

in  figure  5.23 by the tra jecto ry  crossing the m agnetopause at position  xa5. 

N ote tha t the portions o f the la tte r two tra jecto ries and the fie ld  line w ithin the 

near E arth  region are shown dashed since the exact form  o f  these quantities is 

not exp lic itly  defined in this region.

The parts o f the p itch  angle d istribution  m ade up by partic les  o f the various 

types o f tra jecto ry  are illu s tra ted  in F igure  5.24. This show s a p lo t o f V|| 

ag a in st Vj_ d iv ided  in to  sec to rs , acco rd ing  to  w hich type  o f tra jec to ry  the 

partic les o f these velocities have undertaken. Those partic les w hose velocities 

fa ll in to  the sector m arked "A ” are those w hich are m oving Earthw ards, and are 

y e t to  m irro r. T hose  in  the  o th e r th ree  sec to rs  have all m oved in to  the 

near-E arth  m irror reg ion  at som e poin t p rio r to their arrival at the m easuring 

poin t; those in sector "B", w ith  p itch  angles above 135° have in teracted  with 

the perfec t m irror, w hilst those in sector "C" have had the ir m otion reversed  in 

the fie ld  ram p. The rem aining sector, "D", contains those partic les w hich may
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Figure 5.24 Diagram indicating the type of trajectory that particles of each pitch angle have 

undergone to reach the measuring point, those particles whose velocity components fall within 

the sector marked a are the unmirrored particles, bounded by the pitch angle oil. Particles with 
pitch angles above 135° (those with velocity components in sector B) have had their motion 

reversed at the perfect mirror, whilst those in sector C have mirrored within the near-Earth 

field increase. A ll of these types of particles have source points tailward of -100 Re. The 
remaining sector (sector D) represents those particles which may have entry points within the 
near-Earth region, which are not covered by our theory. In practise the size of this sector is 

extremely small providing the measuring point is not close to both the Near-Earth region and 
the magnetopause.

157



have the ir source poin ts w ith in  the near-Earth  reg ion , and are a special case that 

w ill be d iscussed  fully  below.

We shall now  discuss the form  o f the ion tra jecto ries in this m odel lobe in 

m ore detail. The source poin ts fo r partic les tha t en ter the near E arth  region in 

th is  m o d e l (s e c to rs  "B" an d  "C" in  F ig u re  5 .2 4 ) can  be  c a lc u la te d  by 

considering  the acceleration o f partic les in this region. The apparent force 

acting on  the partic les w hich reduces their fie ld  aligned (taken again to be 

approxim ately  the x -d irection) com ponent o f velocity  is given by

F x = -  \i dB(x) . (5.20)
dx

Since we have assum ed a linear fie ld  increase in  this reg ion , the force on each 

p a r tic le  is  c o n s ta n t and dep en d s on ly  on the p a rtic le s  p itc h  ang le  at the 

m easuring po in t, i.e. (from  equations (5 .16),(5 .18),(5 .20))

F x =  -  |i  /10 Re  , (5.21)

and consequently  the fie ld  aligned acceleration o f each partic le  is constant 

w ith in  the m irror region. The position  xm at w hich each p artic le  m irrors (i.e. 

the po in t at w hich its fie ld  aligned m otion reverses) may also be deduced from  

equations (5.16) and (5.19),

xm =  -  100. [2 -  1/sin2 cc0] (Re ) (5.22)

for partic les tha t do not h it the perfec t m irro r (oto < 135 , secto r "C"), w hilst 

xm = 0 Re  fo r all o ther m irrored partic les. The tim e tm taken fo r the partic le  to 

m ove from  the edge o f the m irror region to the actual m irro r po in t is then a 

solution to the equation

(xm + 1 0 0  Re ) — V||tm — (Fx/2mi).tm^ (5.23)

Since the acceleration is constant, tm represents h a lf the to tal tim e the particle  

spends in the near earth reg ion . In addition to this the partic le  takes a tim e

t1=(xo-100RE)/v„ (5.24)
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to m ove from  the m irror reg ion  to the m easuring po in t w here it is located  at 

t =  0. T h e  p a r t ic le  th u s  f i r s t  entered th e  n e a r  e a r th  r e g io n  a t a t im e  

te = ~(2.tm + tj). Equation  (5.9) can be used to locate the in tersec tion  o f the 

fie ld  line, on w hich the partic le  is located, w ith  the m agnetopause at th is time. 

P rov ided  this po in t is fu rther dow ntail than -1 0 0  Re , the partic le  has a source 

po in t in the d istan t ta il, w hich, using the values o f te, xf(te), and the fact that 

the partic le  is located  at x = -1 0 0  Re , and has- speed vjj, can then be calcu lated  

ex p lic itly  using  the m ethods em ployed in Section (f). T he p o ssib ility  that 

x-f(te) > -100 Re , such that the partic le  has a source po in t w ith in  the near Earth 

reg ion  w ill be d iscussed  at the end o f this section.

The value o f fCv^v^) fo r both  these types o f partic le  (i.e. those m irrored  in the 

near E arth  region and those m irrored at the perfect m irror) can thus be deduced 

from  these source po in ts  and by no ting  tha t, since they  have all had the ir 

m otion reversed  at som e po in t w ith in  the near E arth  reg ion , the entry velocity  

V|| is the subsequently  m easured velocity  reversed  in sign.

The theory  so far described  in this section covers all partic les that are both 

detected  and have the ir source poin ts in the d istan t lobes o f th is m odel (i.e. all 

the partic les w hose velocity  com ponents fall in sectors "A", "B", and "C" of 

F igure  5.24). As described  above we w ill no t consider m easuring  poin ts w ithin 

the near Earth  reg ion , how ever it is possib le  that som e partic les detected  in the 

d istan t lobe have the ir source poin ts in this region (sector "D" o f F igure 5.24). 

If, at the tim e te, when the partic le  is located  at x = -1 0 0  Re , the fie ld  line 

in tersects the m agnetopause at a po in t c loser to the Earth , (such that the field  

line  is located  en tire ly  w ithin the near Earth  region) it fo llow s that the particle  

m ust be located  in  the m agnetosheath , and therefore m ust en ter the lobe at some 

tim e te + dte, at some position  w ithin the near-Earth region.

H ow ever, we note that for partic les w ith field  aligned velocities w hich are large 

com pared to the sheath flow  speed vsw, the tim e spent in this region is sm all 

com pared to the tim e it takes for a field  line to move a sign ifican t d istance, so 

that the fie ld  line/m agnetopause in teraction  po in t m ust be located  ju s t ta ilw ard 

o f x =  -1 0 0  Re  at t = 0 in order for these particles to orig inate  in the near Earth 

region. H ence partic les o f th is type detected  at (x0,z0) only have sources w ithin 

the near Earth region for x0 very  close to -IOOR e and z0 very close to the 

m agnetopause location zmp, i.e. a very restric ted  reg ion  o f the lobe in this 

m odel.
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Those partic les w ith fie ld  aligned speeds com parable to the sheath flow  speed 

(i.e . th o se  w ith in  a few  deg rees o f the  lim itin g  p itch  ang le  d esc rib ed  by 

equation  (5.17)) m ay also have sources w ith in  the near E arth  reg ion . H ow ever 

the d istance they may penetrate  in to  this reg ion  is very  sm all since they m irror

at a fie ld  strength  only slightly  h igher than that found in the deep tail. H ence
*

the ir po in t o f entry into the lobe m ust also be w ith in  a few  E arth  rad ii o f 

x = -1 0 0  R e . These partic les m ay be observed  at a general m easuring point 

w ith in  the lobe (unlike the "fast" partic les w ith sources in th is  reg ion  w hich can 

only be detected  at positions close to the m agnetopause and close to -1 0 0  Re ). 

H ow ever, the tra jecto ry  o f these particles to the m easuring po in t is very  close 

to that o f the lim iting  p itch  angle particle , w hich crosses the m agnetopause at 

x = -1 0 0  R e . The field  aligned velocity  o f these partic les w ith in  the constant 

fie ld  section o f the lobe m ust therefore be very  close to that o f the lim iting 

p itch  angle partic le , such tha t the velocity  com ponents o f these "near-Earth" 

particles occupy a sm all section (section "D") in F igure  5.24, ju s t above the 

lim itin g  p itch  ang le . In ad d itio n , the p a rtic le s  are acce le ra ted  w ith in  the 

near-Earth  reg ion , and m ay have had the ir direction o f m otion reversed , such 

that although they are detected  w ith a larger tailw ard fie ld  aligned speed than 

that o f  the lim iting  p itch  angle partic le , they entered the lobe w ith a speed that 

is o f  order than, or less than, tha t o f the lim iting  particle . It is therefore  likely 

that any increase in the value o f f  for these particles above the value o f f ( a L) 

due to the ir source po in t being slightly  c loser to the E arth , w ill be m ore than 

cancelled  by a decrease in f  due to the entry velocity  being less tailw ard than 

that o f the lim iting  p itch  angle particle . The exact balance o f these two effects 

depends on the exact nature o f the assum ed m agnetosheath  flux variation, but 

the resu lt is that the value o f  f(V||,Vj_) for the lim iting  p itch  angle partic le  is, to 

a very  close approxim ation, the m axim um  value o f f  observed  at that m easuring 

point. S ince the source poin t for this new m axim um  is fu rther tailw ards than 

that for the constant field  strength lobe m odel o f the last section, we expect the 

peak produced by this new m odel to be smaller.

It should be noted that although the m otion o f partic les described  in the last 

few paragraphs is com plicated, and not easy to com prehend, they represent a 

very  sm all frac tio n  (less than  1°) o f  the  to ta l ran g e  o f  p itc h  an g les  (as 

represented  by figure 5.24, fo r exam ple) at a "typical" m easuring point. This is 

evidenced by the fact that when m aking calculations o f the source poin ts, it is
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possib le to find  no partic les w ith source poin ts w ith in  the near-Earth  region, 

even if  the calcu lations are m ade at 1° in tervals.

F ig u re  5 .25  show s th e  p itc h  an g le  p lo ts  o b ta in e d  u s in g  the m o d e l lobe  

described  in the last section (dotted  line) and by using th is rev ised  m odel (solid 

l in e )  w ith  th e  sam e  in p u t  p a r a m e te r s  (x 0 = - 1 5 0  R e , z mp-zo  =  10 Re , 

L  =  100 R e ). The dashed lines again show the d istribu tion  expected w ith no 

enhancem ent o f flux above- the so lar w ind levels. S ince the partic les around the 

peak  in the first m odel have source positions m uch fu rther dow n the tail those 

in  the second m odel, the peak  represen ted  by the so lid  line  is sh ifted  slightly, 

and is no t as high. The low  p itch  angle particles ( a  < a L ’) have exactly  the 

sam e form  as before, w hilst the very high p itch  angle partic les (those above 

150°) are not significantly  altered  as the near Earth acceleration  resu lts in only 

a sm all change in the ir velocities in this region. P artic les w ith  p itch  angles 

betw een 120° and 150° are slightly  enhanced as their source points are c loser to 

the E arth  due to the fact tha t they are significantly  slow ed in the near-Earth 

reg ion , w hilst the fie ld  line speed is unaltered.

The resu lts  presented  in this section show that the qualita tive  form  o f the pitch 

angle d is tribu tion  is not significantly  altered  by the inc lusion  of a near Earth 

ram p in the fie ld  strength. We have therefore shown in th is section that the 

re su lts  p re sen ted  in  the la s t sec tion  show  all the e ssen tia l fea tu res o f  the 

observed  d istribu tion , despite the sim plicity  of the m odel assum ed. The exact 

form  o f the p itch  angle d istribu tion  in the lobe does depend  on the exact form  

o f  the fie ld  strength  variation  in the near Earth reg ion , but we have shown that 

th e  g e n e ra l fo rm  is u n a ffe c te d . T he  p e ak  in  th e  d is t r ib u t io n ,  and  the  

asym m etries w ith in  it are constant features o f the d istribu tion , w hich are altered 

in detail only by vary ing  the fie ld  w ithin near Earth reg ion  o f the m odel lobe. 

The m ajor considerations in p redicting  the form  o f the p itch  angle d istribution  

in the lobes are thus ju s t the varia tion  o f the source d istribu tion  in the sheath 

and the m echanism  for entry o f the particles in the to the lobes, as d iscussed  in 

p revious sections.

7. Sum m ary.

In this chapter we have considered, from  both an observational and theoretical 

v iew poin t, the form  o f the d istributions of energetic ions (E > 35 keV ) in the
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Figure 5.25 Distribution function f versus pitch angle for the simple and revised model lobe, 

for a measuring point 150 Re downtail from the Earth and 10 Re from the magnetopause. The 
sheath source parameters are the same as those employed in Figure 5.17, and the dashed line 

again represents the distribution expected if no near-Earth enhancement of the source flux was 
present. The solid line represents the distribution obtained from the revised model, the dotted 

line that from the simple model. Although there are differences in detail between the two 
distributions, they both show the same qualitative behaviour expected for the tail lobe. This 
figure illustrates that the simple model lobe is adequate to explain the observed energetic ion 
distributions in the tail lobes.
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lobes o f the deep geom agnetic tail, and as a resu lt we have m anaged to produce 

a m odel w hich explains the m ain features o f the observations.

As exp lained  in the in troduction , there has been very  little  w ork done in this 

area in  the past, since m ost w ork on the tail has concentrated  on the plasm a 

sheet and associated  phenom ena. In th is chap ter we have therefo re  briefly 

rev iew ed  the characteristics o f the lobe energetic  ions, as observed  by the EPAS 

instrum ent on board ISEE-3. These show ed that during  "norm al" tim es the lobe 

p itch  angle d istribution  is h ighly  peaked at p itch  angles c losely  perpendicular 

to the m agnetic fie ld  d irection , w hich poin ts e ither d irec tly  tow ards or away 

from  the E arth  in the lobes. The d istribu tions also show a sm all dow ntail 

a n is o tro p y , w h ic h  b e c o m e s  la rg e r  w h en  th e  s p a c e c ra f t  is  c lo se  to  the  

m a g n e to p a u s e . T h e  o m n id ir e c t io n a l  f lu x  is  a lso  la r g e s t  c lo s e  to  th e  

m agnetopause, and falls w ith increasing  distance from  it. D uring periods of 

solar partic le  enhancem ents how ever, the lobe d istribu tions becom e m uch more 

c lo se ly  iso tro p ic , such th a t the EPAS in stru m en t sees approx im ate ly  equal 

counts in  each look direction.

We have p ro p o sed  a m odel w hich  su ccessfu lly  rep ro d u ces  these  observed  

features o f the data. In th is m odel, a spatial varia tion  o f the m agnetosheath 

energetic  ions, which act as the source population  for the lobes, ex ists along the 

length o f the ta il, w ith enhanced fluxes at the Earthw ard  end gradually  falling 

to  th e  so la r  w in d  b a ck g ro u n d  le v e l som e d is ta n c e  dow n  the  ta il . T his 

enhancem ent is due to e ither production o f ions at the bow shock, and/or escape 

o f ions across the dayside  m agnetopause from  the near-E arth  rin g  current. 

D iffusion  o f ions in the tu rb u len t m agnetosheath  fie ld  creates d istribu tions 

w hich are iso tropic in the so lar w ind rest fram e. In our m odel we have assum ed 

th a t th e se  io n s  m ay g a in  en try  to  the lo b es  ac ro ss  a m a g n e tic a lly  open  

m agnetopause. C onsideration o f the m otion o f the particles w ith in  a simple 

m odel lo b e , in w hich the fie ld  streng th  is co n stan t everyw here  bu t at the 

E arthw ard  end, where we apply a perfect m irror, allow s the determ ination  of 

the po in ts at which particles o f each pitch  angle reaching  a specified  m easuring 

po in t crossed  the m agnetopause. The relative value o f f(V||,v_|_) associated  with 

that p itch  angle can then be determ ined from  the source strength  at the point of 

en try  and from  co n sid era tio n s  o f the physics  o f the p a rtic le /m agnetopause  

in teraction  by assum ing tha t the value of f  is conserved along the particles 

tra jectory  from  the m agnetopause. The resu lting  theoretically  p roduced  pitch 

angle p lo ts also show a peak  in the d istribution  at a few degrees above 90° to
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the fie ld  d irection , and an anisotropy, in w hich partic les m oving ta ilw ards have 

generally  h igher values o f  fC vj^vJ than those m oving E arthw ards.

The spatial varia tion  o f these d istributions w ith in  the lobe was then  studied. In 

concordance w ith the observations we find  that the om nid irectional flux (as 

represen ted  by the area under the f  versus p itch  angle curve) and the degree of 

a n iso tro p y  bo th  in c re ase  as the  m easu rin g  p o in t m oves fu r th e r  from  the 

m agn eto p au se . We also  fin d  th a t the  deg ree  o f an iso tropy  in c reases  w ith  

d is ta n c e  dow n  th e  ta il ,  a lth o u g h  in  th is  case  th e re  is  a d e c re a se  in  the 

om nidirectional flux.

The m ajor effect on the p itch  angle d istribu tions, how ever, is the scale length 

o f the source flux varia tion  in the m agnetosheath. For very sm all scale lengths 

the d istribu tions are peaked  sharply at the m axim um , w hilst fo r very  long scale 

lengths the d istribution  is broader, and is m ore closely iso trop ic . The la tter 

case exp lains the observations m ade during  solar partic le  events, when the 

s p a tia lly  v a ry in g  flu x  in  the  sh ea th  is n e g lig ib le  c o m p a re d  to  the  h igh  

background fluxes ex isting  in the solar w ind, w hen the scale leng th  effectively 

becom es in fin ite.

F inally , we have refined  our lobe m odel to  include a (m ore rea listic) field  

increase in the near-Earth reg ion . A lthough the detail o f the resu lts  differed 

from  those produced by the sim ple m odel, the qualitative varia tion  betw een the 

m odels is sm all, and we conclude that our sim ple m odel is thus sufficient to 

explain  the m ain features o f  the energetic partic le  populations observed  w ithin 

the tail lobes.
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CHAPTER 6.

SUMMARY AND SUGGESTIONS FOR FURTHER WORK.
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In th is thesis we have studied  a num ber o f aspects o f charged partic le  behaviour 

in the geom agnetic tail, from  both  observational and theoretical po in ts  o f view. 

In  th e  in tr o d u c to r y  c h a p te r  w e b r ie f ly  d e s c r ib e d  th e  fo rm a tio n  o f  the  

m agneto tail, and plasm a and fie ld  structures observed  w ithin it. The currently  

accepted theories o f curren t sheet stress balance and their ro le  in  the form ation 

o f the p lasm a sheet w ere rev iew ed, and the neu tra l line  m odel o f  substorm s was 

a lso  d esc rib ed . T h is la tte r  is cu rren tly  the m ost successfu l m odel o f  ta il 

dynam ics during  periods o f  enhanced  geom agnetic  activ ity , and p rov ides a 

useful fram ew ork by w hich both Earth-based  and spacecraft observations may 

be re la ted . The purpose o f  th is chapter is to p rovide a sum m ary o f the work 

presen ted  in  this thesis, and to  p lace it in con tex t next to the w ork that has 

p reviously  been done in th is field . H ow ever, som e o f the w ork presen ted  in the 

p receding  chapters still has scope fo r expansion and refinem ent, and m uch o f it 

has po ten tia l applications tha t m ay aid our understanding  o f m agnetospheric 

p rocesses. This chapter is therefore also devoted  to suggestions fo r further 

w o rk , b o th  in  te rm s o f  im p ro v em e n ts  to  th e  w o rk  i ts e lf ,  and  fo r  fu tu re  

applications.

Two chapters o f  this thesis considered  the behav iour o f the tim e dependent tail. 

In  C h ap te r  2 , w e show ed  how  e x is tin g  s te a d y -s ta te  m o d e ls  o f  m ag n etic  

reconnection  based on local 1-D stress balance conditions could  be generalized 

to include the effects o f tim e-vary ing  reconnection  ra tes, and o f m otion o f the 

neutral line. Provid ing  that the reconnection ra te  and the neu tral line speed do 

not becom e too large (such tha t the com ponent o f  the fie ld  threading  the current 

sheet rem ains sm all com pared to  the transverse com ponent), the p rincip les of

1-D stress ba lance  ho ld  in  the  reg ions o f the cu rren t sheet aw ay from  the 

neutral line  itse lf. U nder these circum stances the calcu lation  o f the thicknesses 

o f the reconnection-associated  fie ld  and particle  layers is stra ightforw ard , using 

the p rincip le  o f flux conservation  in the reconnected  fie ld  w edge. R esults from  

this study show ed that increases in the reconnection  ra te  lead to an enhanced 

com ponent o f  the fie ld  (Bz) threading the curren t sheet and th icker fie ld  and 

partic le  layers on both sides o f  the neutral line. N eutral line m otion resu lts in 

the com pression o f the fie ld  ahead o f the neutral line, giv ing th icker fie ld  and 

partic le  layers and increased Bz, and a rarefied  fie ld  behind, w ith th inner layers 

and decreased Bz. A part from  the assum ption o f one-dim ensionality , the only 

lim itation  o f the theory is the assum ption o f  a cold beam  o f p lasm a in the 

ou tflow  from  the cu rren t sheet. The theory  therefo re  takes no account of
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heating  o f p lasm a w ithin  the curren t sheet. In p rinc ip le  th is cou ld  be included, 

bu t a t the expense o f the sim plicity  and tractab ility  o f the theory, and the 

resu lts  w ould  not be expected  to change qualita tive ly  from  those obtained  using 

a co ld  beam  outflow.

In the fina l section o f C hapter 2 the tim e-dependent theory  w as applied  to the 

c a s e  o f  th e  g e o m a g n e t i c  t a i l ,  w h e r e  th e  a s s u m p t i o n s  r e g a r d i n g  

o n e -d im e n sio n a lity  are m ost n early  sa tisfied . U sing  n e u tra l lin e  m otions 

expected  on the basis o f  the neutral line m odel o f substorm s, and param eter 

v a l u e s  i n f e r r e d  f r o m  o b s e r v a t i o n s  b y  th e  I S E E - 3  s p a c e c r a f t ,  a 

phenom enological substorm  m odel was produced, in w hich the varia tions in the 

p lasm a sheet and energetic  ion boundary layer th icknesses at a position  200 Re  

dow ntail from  the Earth w ere calculated . On the basis o f  th is m odel it was 

expected  tha t the quiet tim e plasm a sheet w ould be quite  th in, due to a slow 

reconnection  ra te , and the re la tive ly  close position  o f the neu tra l line. D uring 

substo rm s, w hen the reco n n ec tio n  ra te  is enhanced  and the neu tra l line is 

fu rther aw ay from  the po in t o f observation  a th icker p lasm a sheet is expected.

The pred ic tions m ade using  the theory  set up in C hapter 2 w ere m ade using 

"typical" values o f tail param eters, and therefore represen t "typical" variations. 

In the fo llow ing chapter a case study o f an actual substorm  even t was m ade, in 

w hich the ISEE-3 spacecraft, located  in the deep tail, observed  varia tions o f the 

p lasm a sheet and associated  energetic ion boundary layers w hich d id  not, at 

f ir s t  s ig h t, m atch  those  ex p ec ted  on the  b asis  o f  the theo ry . T h is  ev en t 

co n ta in ed  an ex tended  perio d  o f  q u ie t geom agnetic  activ ity , fo llow ed  by a 

single, iso la ted  substorm . D uring the qu ie t period  the p lasm a sheet flow  speed 

w as m uch low er than that expected on the basis o f the "typical" param eters 

applied  to  the theory o f the preceding  chapter, and the p lasm a sheet thickness 

w as m uch larger. H ow ever, these discrepancies can be accounted  fo r if  the 

theoretical values are recalcu lated  using the h ighly  un typical param eter values 

in the ta il at the tim e o f this event, such that the agreem ent betw een theory and 

o b se rv a tio n  is  then  q u ite  good, in d ic a tin g  th a t the re c o n n ec tio n  ra te  and 

location  o f the neutral line are not the only  factors in fluencing  the structure o f 

the p lasm a sheet.

D uring the period  o f d istu rbed  geom agnetic conditions the spacecraft clearly  

encountered a tailw ard propagating  structure, and the associated  post-p lasm oid 

p lasm a sheet. The tim ings o f the events during  this period , com pared to the
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su b sto rm  o n se t, and the  o b serv ed  flow  sp eed s and  la y e r  th ic k n e sse s  are 

consisten t w ith those expected from  the tim e-dependent theory. The theoretical 

m odels developed in  C hapter 2 o f this thesis therefore form  a usefu l basis on 

w hich the behaviour o f the tim e dependent tail m ay be understood.

T h is  ev en t, and  the seven  o thers  th a t w ere s tud ied  w ith  it as p a rt o f  the 

CD AW -8 w orkshop, also p rovided  general support fo r the neu tra l line m odel o f 

substorm s, w hich was described  in  the in troduction . H ow ever, several new 

aspects o f ta il dynam ics w ere brought out, w hich are not included  in the neutral 

line  m odel. The first o f these, occurring in three o f the e igh t CDAW-8 periods 

during tim es o f low  or in term itten t geom agnetic activity, is the observation o f 

ex tended p lasm a sheet encounters during w hich the p lasm a sheet bulk  speed is 

too low  to be explained  on the basis o f stress balance on reconnected  field  

lines, although all o ther p lasm a param eters are consisten t w ith those observed 

in the reconnection  associated  plasm a sheet shortly  before o r afte r these "slow 

p lasm a sheet" periods. S ince it appears tha t these layers are located  on the 

flanks o f the ta il w e conclude that the p lasm a and fie ld  in these regions is 

undergo ing  ta ilw ard  convection  under the action  o f  "v iscous-like"  stresses. 

Since the regions do not contain  a m agnetosheath-like com ponent to the plasm a 

population , the process m ust transfer m om entum , but no t m ass, across the tail 

m agnetopause, and these resu lts w ould therefore support the suggestions o f a 

K elv in-H elm holtz  instab ility  operating at the m agnetopause. As d iscussed  in 

the in troduction , the tw o processes causing m agnetospheric convection , nam ely 

m agnetic reconnection  (Dungey, 1961) and "viscous" p rocesses (A xford and 

H ines, 1961) m ay coex ist on  a continual basis, although the form er process is 

dom inant in all bu t the m ost quiet periods. The "slow plasm a sheet" regim es 

observed  in the CDAW-8 data sets are associated  w ith the "viscous" process, 

w h ilst the observation  o f p lasm oids, and m ost p lasm a sheet encounters are 

associated  w ith reconnection . It is perhaps significant tha t extended intervals 

o f  "slow  p lasm a  sheet"  o ccu r during  the p e rio d s  o f  q u ie t, o r in te rm itten t 

geom agnetic activity.

One o f the advantages o f  the neutral line m odel o f substorm s is its sim ple 

p re d ic tio n  o f the  fo rm atio n  and ex p u ls io n  dow n the  ta il o f  the  p lasm o id  

structures. A lthough all o f the plasm oids observed in the CDAW-8 data set can 

be re la ted  to a particu lar substorm  onset, and therefore fit the neutral line 

m odel w ell, not all substorm s resu lt in the form ation o f p lasm oids. N aturally  

the spacecraft w ill not alw ays be in the co rrect position  to observe the passage
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o f a plasm oid, although it appears that some d isturbance enhancem ents may 

sim ply resu lt in  an increased  reconnection  rate at a p re-ex isting  near-Earth  

neutral line, w ith no p lasm oid  structure. Such enhancem ents can, o f course, be 

described  using the tim e-dependent theory  developed in  C hapter 2, and the 

p la s m a  s h e e t  s t r u c tu r e s  w o u ld  be  e x p e c te d  to  e x p a n d  u n d e r  th e s e  

circum stances. There is one c lear exam ple o f p lasm a sheet expansion  over the 

sp acec ra ft (lo ca ted  in  the  deep ta il) w ith  no p la sm o id  o b serv a tio n  in  the 

CDAW-8 data  set to  support this scenario. This behav iour o f the tail is not 

currently  a feature o f  the neutral line m odel.

The application  o f the tim e-dependent m odel to the m agnetic tail, d iscussed 

above, shows good agreem ent betw een the theory and observations i f  account is 

taken o f the p revailing  conditions in the tail, and thus lends support to the 

reconnection  p ictu re  o f substorm s. H ow ever, this p icture (as portrayed  in the 

neutral line  m odel) is still not universally  accepted as the defin itive  m odel. 

O ther m odels o f substorm  dynam ics (e.g. R ostoker and Eastm an, 1987), m ostly 

d riven  by  som e k in d  o f "v iscous" in te rac tio n  betw een  the so la r w ind  and 

m agnetosphere, are still being proposed and discussed  w ith in  the literature . 

There is consequently  a continuing  ro le fo r the m odels p resen ted  here to be 

used as a tool w hen com paring the v irtues o f the various m odels and their 

re la tionsh ip  to  the observation . A lso, the re la tive  im portance  o f these two 

types o f m odel m ay be m ore easily  determ ined if  greater study o f  "typical" tail 

data  w ere m ade. To date, m ost o f the w ork published  from  the ISEE-3 data set 

has concerned "special" events, such as the observation o f p lasm oids, and o ther 

substorm  associated  phenom ena. S tudies o f the m ore "typical" periods in the 

data set, may, for exam ple reveal m ore "slow plasm a sheet" regim es on the 

flanks o f the reconnection  associated  plasm a sheet, from  w hich the exact nature 

o f the "viscous" type in teraction  and its  effects (cf. those o f  reconnection) may 

be determ ined.

The subject o f one-dim ensional stress balance o f  reconnected  fie ld  lines was 

fu r th e r c o n sid e red  in  C h ap ter 4. The p rev io u s  an a ly ses  o f cu rre n t sheet 

e q u il ib r iu m  d is c u s s e d  in  th e  in tro d u c t io n  to  th is  th e s is  h av e  a ssu m e d  

sym m etrical inflow  plasm a conditions on the two sides o f  the curren t sheet. 

H ow ever, the ISEE-3 m ission dem onstrated  that a large asym m etry in plasm a 

density  can ex ist betw een the two lobes o f  the geom agnetic tail, due to effects 

con tro lled  by the GSE y-com ponent o f the in terp lanetary  m agnetic field , and 

theory  also  suggests th a t a sim ultaneous flow  shear shou ld  a lso  ex ist. In
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C hapter 4 the current sheet equilibrium  condition was generalized  to include 

lobe p lasm a asym m etry  under the s im plify ing  assum ption  th a t all pa rtic les  

inc iden t on the cu rren t sheet are transm itted  through it. The resu lt can be 

expressed  in a form  w hich em phasises the equivalence o f stress balance by 

aniso tropic p lasm a pressu re  and by net flow  through the cu rren t sheet. The 

form er case occurs fo r sym m etrical lobe conditions, and balance is expressed in 

term s o f the m arginal firehose stab ility  criterion . The la tte r case occurs i f  one 

lobe dom inates, w hen the fie ld -a ligned  p lasm a flow  speed in  the fie ld  line rest 

fram e m ust equal the lobe A lfven speed. The resu lts o f  th is theoretical w ork 

w ere  i l lu s tr a te d  by a s im p le  e x am p le  in  w h ich  th e  in f lo w  p la sm a s  are 

approxim ated as co ld  ion beam s o f unequal density  and speed, show ing the 

structure o f the resu lting  asym m etric p lasm a sheet and p lasm a outflow  speeds. 

It w as also shown that equilibrium  solutions cease to ex ist i f  the inflow  velocity  

sh ear becom es too  large . H ow ever, th is  co nd ition  is m ost u n like ly  to  be 

encountered in the tail.

In th is thesis  we have app lied  the th eo re tica l w ork on  cu rren t sheet stress 

balance to the geom agnetic tail, w here the assum ptions m ade to set up the 

m odel are m ost n early  valid . H ow ever, in  p rinc ip le , the  m odels could  be 

ap p lied  to  o th e r reg io n s  o f  the m ag n eto sp h ere  and so la r  sy stem  in w hich 

m ag n e tic  re c o n n e c tio n  is  a fea tu re . F o r ex am p le , o n e  p o s s ib il ity  is  the 

app lication  o f  the m odels to the form ation o f flux transfer events (FTEs) on the 

d a y s id e  m a g n e to p a u se . A q u a lita tiv e  m o d e l o f F T E s , b a se d  on s im ila r  

p rin c ip le s  to  th a t d e sc rib ed  in C h ap te r 1 has re c en tly  been  p u b lish ed  by 

S o u th w o o d  e t a l. (1 9 8 8 ). In  th is  m o d e l the  FT E  is fo rm ed  by a b r ie f  

enhancem en t o f  the reconnec tion  ra te  at the dayside m agnetopause, and is 

analogous to  the fo rm atio n  o f p lasm oids in the m ag n eto ta il con figu ra tion . 

H ow ever, a full treatm ent o f  FTE form ation w ould require  the com bination o f 

the tw o aspects o f  cu rren t sheet stress balance p resen ted  in th is thesis, to 

a c c o u n t fo r  th e  tim e  d e p e n d e n t n a tu re  o f  the  p h e n o m e n o n  and  fo r th e  

s ign ifican t asym m etries w hich are likely  to ex ist betw een the m agnetosheath 

and the m agnetopause. The w ork o f Cow ley and Southw ood (1980), should 

also be incorporated , in o rder to include the effects o f slow  varia tions along the 

curren t sheet. A lthough such a m odel m ay prove useful as a basis to in terpret 

o b s e rv a tio n s , tw o  fu n d a m e n ta l a sp e c ts  o f  f lu x  tr a n s fe r  e v e n ts  are  s ti l l  

neglected , nam ely the presence o f fin ite  By in the m agnetosheath , such that the 

reconnecting  m agnetic fields may not be c losely  an tiparallel, and the effects o f
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fin ite  plasm a p, such tha t the gas p ressu re  perpendicu lar to  the fie ld  d irection  

could  no longer be neglected  in the analysis.

C hapter 5 o f th is thesis considered the energetic ion p itch  angle d istribu tion  

w ith in  the lobes o f the m agnetic tail. This has been a re la tive ly  neglected  area 

o f  study in the past, the only re la ted  w ork being that o f  P ilipp  and M orfill 

(1 9 7 8 ) , w ho  c o n s id e re d  th e rm a l p la sm a  tra n sp o r t in  th e  lo b e s , an d  the  

consequences fo r the form ation o f the p lasm a sheet.

O bservations o f energetic  ions (E > 35 keV) in the tail lobes m ade by the EPAS 

instrum ent on ISEE-3 showed that, under typical conditions, their p itch  angle 

d is trib u tio n  is peaked  closely  pe rp en d icu la r to  the m agnetic  fie ld  d irec tion  

(w hich poin ts d irec tly  tow ards or away from  the Earth  in  the ta il), w ith a sm all 

ta ilw ard  d irected  anisotropy in the flow. H ow ever, during so lar partic le  events, 

w hen the so lar w ind flux o f energetic ions is several orders o f m agnitude above 

its  usual value, the d istribu tion  in the lobe is observed to  be c losely  iso tropic. 

The m odel p resen ted  in  this thesis reproduces these characteristics by assum ing 

a s p a t i a l  g r a d ie n t  in  th e  m a g n e to s h e a th  io n  in te n s i ty  u n d e r  n o rm a l 

circum stances, w ith high fluxes close to the Earth, fa lling  to the so lar w ind 

background flux w ith  increasing  d istance dow n the tail. T his gradient in ion 

in tensity  is assum ed to be caused by the effects o f partic le  energ ization  at the 

bow  shock, o r by the escape o f ring  current energetic partic les  close to the 

E arth , o r a com bination o f  the tw o effects. The m agnetopause separating the 

lobes from  the m agnetosheath  can be considered open to partic le  entry to the 

lo b es  p ro v id e d  th e re  is a co m p o n en t o f  the  m agnetic  fie ld  th read in g  the 

boundary. U nder these c ircum stances the m agnetosheath  acts as a spatially  

vary ing  source fo r the lobe energetic ions, and consideration  o f the p a rtic le s’ 

in teraction  w ith the m agnetopause and the ir subsequent m otion  w ithin the lobe 

allow s the calcu lation  o f the p itch angle d istribution  at any po in t w ith in  the 

lobe. In this case the lobe is m odelled  as a sim ple tw o-dim ensional box in 

w hich the fie ld  rem ains constant, except at the Earthw ard end, w here a perfect 

m irro r is applied. H ow ever, the inclusion  o f a more rea listic  increase in the 

fie ld  strength at the Earthw ard end o f the box does not cause a qualita tive  

change in the resu lts. The theoretically  derived resu lts show a peak in p itch  

angle d istribution  at a few degrees above 90°, and generally  h igher values o f f  

fo r partic les m oving tailw ards along the fie ld  d irection  than fo r the partic les 

m oving Earthw ards, in agreem ent w ith the observations. H ow ever, the exact 

nature o f the d istribu tion  is dependent on position  w ithin the lobe, and the scale
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le n g th  o f  th e  in te n s ity  v a r ia tio n  w ith in  th e  m a g n e to sh e a th . H en ce  the 

d istribu tions observed  during so lar partic le  events can also  be ob tained  from  

th is m odel i f  it  is assum ed that the large energetic ion fluxes observed  during 

such p e rio d s  have  no s ig n ific an t d o w n -ta il g rad ien t, and are o f  su ffic ien t 

in tensity  to m ask those arising from  the bow shock or from  ring  curren t escape.

The w ork p resen ted  in C hapter 5 has thus p rovided  a descrip tion  o f the m ain 

observational featu res o f the ion p itch  angle d istribu tions in  the lobes, and puts 

forw ard a sim ple m odel that reproduces these basic featu res. H ow ever, there is 

scope for m uch m ore w ork in th is area, especially  on the observational side. 

The m odel, desp ite  its sim plicity, is capable o f p red ic ting  the finer aspects o f 

the p itch  angle d istribution , and how  it varies w ith the position  o f observation  

w ith in  the lobes. H ow ever, som e w ork rem ains to be done to  determ ine the 

observed  v a ria tio n s  w ith, fo r exam ple, d istance dow n the ta il, o r from  the 

m agnetopause, in  order that m ore d irec t com parisons betw een data and theory 

can be m ade. A t the p resent tim e the m odel does no t include any cross-tail 

dependence, although we expect to find  such dependence in  the data, con tro lled  

by the y-com ponent o f the in terp lanetary  m agnetic field . These effects could 

be re a d ily  in c lu d e d  in the  m odel by ap p ly ing  the p rin c ip le s  d esc rib ed  in 

C hapter 5 to a box in w hich the fie ld  is know n in three d im ensions.

In addition, som e o f the input param eters to the theory w ere at best qualita tive . 

F o r  ex am p le , th e  e x a c t sp a tia l v a r ia tio n  o f  the  ion  in te n s ity  w ith in  the 

m agnetosheath , w hich provides the source for the lobe d istribu tions, is no t at 

a ll w e ll know n . T h is is n o t easy  to  d e te rm in e  d ire c tly  as s im u ltan eo u s  

m easurem ents from  spacecraft located  in the m agnetosheath  are requ ired  in 

o rder to separate tem poral and spatial variations. A lternately , a statistical study 

could  be usefu l, i f  all the m agnetosheath  periods from  the ta il data  set are 

com bined to give an "average” flux varia tion  w ith d istance dow n tail. H ow ever, 

it m ay be a lso  p o ssib le  to m ake an in d irec t m easurem ent using  the m odel 

proposed  in  C hapter 5. The pitch  angle d istribution  is m ade up o f  partic les 

w hich  en te r the  lobe  along the en tire  len g th  o f the m agnetopause. Som e 

m easure o f the sheath flux varia tion  m ay therefore be ob tained  by w orking 

backw ards in  the m odel from  an o b serv ed  d is trib u tio n  and  calcu la ting  the 

required  in tensity  at each po in t along the m agnetopause. Such a technique w ill 

have errors associated  w ith the sim plicity  o f the m odel, bu t m ay provide the 

"best guess" to the m agnetosheath flux variation  likely  fo r som e tim e.
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