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Large-Scale Interplanetary Magnetic Field 
Configuration Revealed by Solar Radio Bursts 

M. J. Reiner, J. Fainberg, R. G. Stone 

An instantaneous view of the interplanetary extension of the solar magnetic field is 
provided here by measurements from a space platform at high ecliptic latitudes of the 
trajectories of individual type Ill solar radio bursts. The Ulysses spacecraft provides this 
unique vantage point with an orbit taking it far from the ecliptic plane. The Ulysses radio 
measurements illustrate the capability of detecting and tracking coronal disturbances as 
they propagate through the interplanetary medium. 

Sola r  energetic processes, such as solar 
flares, inject energetic electrons into intcr- 
planetary spacc, where, as a result of their 
small gvroradii, these electrons are con- -, 

strained to follow the  interplanetary exten- 
sion of the solar nlagnctic field. As the 
suprathermal electrons propagate through 
the  interplanetary medium, thep interact 
with the local plasma to generate radio 
emissions (1 )  a t  the plasma frequency and 
its harlnollic (2) .  B e c a ~ ~ s c  the plaslna frc- 
c j~~cncy (proportional to the square root of 
the solar wind plasma density) falls off with 
increasing heliocentric distance, radio emis- 
sion generated farther fro111 the sun occurs 
at lower frequencies. For radio emission 
generated fro111 regions near the  sun to near 
Earth's orbit at 1 astronomical unit (1 A U  
= 1.5 X 10"km), the  plasma frc~lucncy 
ranges from several liulldrcds of megahertz 
to -50 kHz; the precise values depend o n  
the  intcrnlanctarv conditions at the  time of 
the radio emission and o n  whether the  
emission occurs at the fundamental or har- 
monic of the  plasma frequency. Both direct 
observations (3 ,  4)  and modeling (5) indi- 
cate that the  radio emission is broadlv 
beanled in the  direction of the interplane- 
tary ~nagnet ic  field, hut the value of the  
beamwidth is difficult to estimate. T h e  ra- 
dio manifestation of the interaction of the 
electrons with the  solar wind as thev DroL7- 

, L  . 
agate along the  lnagnetic field lines through 
the interplanetary medium is known as a 
typc 111 radio burst (6). Low-frequency typc 
111 radio bursts have hccn observed for dc- 
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J. Fainberg and R. G. Stone, NASA Goddard Space 
Flight Center Greenbelt. MD 20771, USA. 

cadcs by spacecraft located in the ecliptic 
plane (7). 

T h e  Ulysscs spacecraft, launched in Oc-  
toher 1990, uscil the intense gravitational 
field of Jupiter to rotate its orbital plane far 
out of the ecliptic; it became the first spacc- 
craft to go to high ecliptic latitudes and 
over the  poles of the sun (8). During the  
southern polar pass, which occurred d ~ ~ r i n g  
September and October of 1994, Ulysscs 
went as high as 80"s  ecliptic latitude a t  a 
distance of -2 AU below the ccliotic 
plane. After a rapid passage through the  
ecliptic plane ( - l o  day-' in ecliptic lati- 
tude), Ulysses made a northern polar pass, 
reaching a maxim~un northern ecliptic lat- 
itude of 79°K in late Aueust 1995. T h e  
instru~ncntation o n  Ulpsscs i n c l ~ ~ d c s  a sen- 
sitive radio receiver 19) with 76 discrete 
frecj~~cncy channels covering the  range from 
1 to 940 kHz. This rccei\~er is coupled to a 
72.5-m (tip to tip) dipole antenna in the  
spin plane of the spacecraft and a 7 .5 -~n  
mollopolc antcnna along the spacecraft 
spin axis. During the  in-ecliptic phase of 
the  Ulysscs mission, thousands of type I11 
radio hursts were ohserved bv this instru- 
ment. T h e  Ulysscs radio experinlent was 
designed to clctermi~lc the dlrcction of ar- 
rival of the radiation from the measured 
modulation in the radio signals as the 
spacecraft spins about its axis (10). Ulysses 
observations therefore permit tracking of 
type 111 radio sources through interplane- 
tary spacc. 

During its trajectory to high latitudes, 
Ulysscscontinucd to observe type I11 radio 
emission ( I  I ) .  This oliservation is signifi- 
cant because solar active regions, from 
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which the type 111-generating suprathermal 
electrons originate, are generally confined 
to low solar latitudes [-lo0 north or south 
of the solar equator at solar minimum (1 2)]. 
It is therefore expected that the suprather- 
ma1 electrons, and hence the type 111 radio 
sources, should be confined to relatively 
low-latitude intemlanetarv field lines. In- 
deed, evidence has been presented that 
most type 111 radio trajectories lie within 
30" of the ecliptic plane (13). Because type 
111 radio emission is beamed in the direction 
of the magnetic field, at sufficiently high 
latitudes the spacecraft may eventually 
move out of the beam Dattem. 

There are two possible reasons why type 
111 radio bursts are observed at high lati- 
tudes: the latitudinal beamwidth i s  very 
broad or the radiation is scattered to high 
latitudes. A broad latitudinal beamwidth is 
suggested in analogy with estimates that the 
longitudinal beamwidth is greater than 
100' (5); scattering is suggested since it is 
known to play an important role because of 
density inhomogeneities in the interplane- 
tary medium near radio source regions (4). 

The radio emission generated by the in- 
teraction of the su~rathermal electrons with 
the solar wind produces frequency-drifting 
signatures in the measured dynamic spec- 
trum (Fig. 1A). These are the identifying 
characteristics of type 111 radio bursts. Dur- 
ing the 12-hour period of Fig. 1, at least four 
type 111 radio bursts were detected, with a 
particularly intense burst occurring at 
-10: 15 UT that extended from 940 kHz to 
below 30 kHz. The emission at high fre- 
quency (-940 kHz) corresponds to the ra- 
dio source near (-0.1 AU) the sun; emis- 
sion at low frequency (-63 kHz) corre- 
sponds to the radio source, and therefore 
the electrons, far (-1 AU) from the sun. 

Because of the large but finite speed of the 
exciter electrons [between O.lc and 0 . 3 ~  
(14), where c is the speed of light in a 
vacuuml. the onset of the radio emission . , 
occurs at progressively later times at lower 
frequencies, hence the observed frequency 
drift. At these speeds, it takes the exciter 
electrons about 20 min to travel from the 
sun to 1 AU. The duration of the radio 
emission increases with decreasing frequen- 
cy from -10 min at 940 kHz to -1.5 hours 
at 63 kHz. 

The type 111 intensity profiles (Fig. 1B) 
display no obvious differences from burst 
profiles previously observed from spacecraft 
located in the ecliptic plane (7); they con- 
sist of a r a ~ i d  rise to a maximum intensitv 
followed by a slower exponential-like decay. 
Ulysses has observed numerous type 111 ra- 
dio bursts like those in Fig. 1 from high 
ecliptic latitudes. 

We measured the direction of arrival of 
the radiation at each observing frequency 
for the intense burst in Fig. 1 beginning at 
10: 15 UT. This burst was associated with a 
solar flare at -10:08 UT that occurred in 
an active region located at 6"S, l l O W  on 
the solar surface as seen from Earth. Making 
the reasonable assumption that the radio 
sources originating from this flare site re- 
main close to the ecliptic plane, the inter- 
sections of the arrival directions with the 
ecliptic plane at each frequency (Fig. 2) 
should approximate the radio trajectory 
through interplanetary space for this type 
111 burst. The type 111 radio trajectory which 
represents the average path followed by the 
suprathermal exciter electrons follows a spi- 
ral-like path corresponding to heliocentric 
distances from -0.1 to 0.8 AU, in close 
approximation to a 400-km s-' Archime- 
dean spiral (solid blue curve). Deviations 

Fig. 1. (A) Dynamic 
spectral representation 
of the Ulysses radio data 
from 06:00 to 18:00 UT 8 
(universal time at the 6 
spacecraft) on 25 Octo- 5 1.8 f 
ber 1994, showina four g Jur 

from the Archimedean spiral path result 
from temporal variations in the interplane- 
tary plasma, which distort the spiral field 
lines. and from small errors in the observed 
radio source directions. Because of the 
uniaue ~ers~ect ive of these observations. . . .  
any inclination of the actual radio trajecto- 
ry above or below the ecliptic plane would 
not alter the spiral characteristic; it would 
imply only a different solar wind speed. 

Five days later, at about 13:35 UT on 30 
October 1994, Ulysses observed another in- 
tense tvDe 111 radio burst. This burst was not , . 
associated with an observed solar flare, but 
there was an active region on the sun at 
18"N, 13"E (relative to Earth) that may 
have been the origin of the energetic elec- 
trons. This radio trajectory also followed a 
spiral-like path (Fig. 2), this time corre- 
sponding to a solar wind speed of -300 km 
s-' (dashed blue curve). The radio source 
locations shown range in frequency from 
940 to 81 kHz, corresponding to heliocen- 
tric distances from 0.1 to 1.1 AU. sueeest- . -- 
ing that the interplanetary density along 
the 30 October trajectory was somewhat 
higher than that along the 25 October tra- 
jectory; this reflects different interplanetary 
conditions encountered at these two loca- 
tions and time periods. This burst illustrates 
the advantage of tracking type 111 radio 
bursts far from the ecliptic plane. From the 
location of Ulysses at high ecliptic latitudes, 
radio bursts originating from any solar lon- 
gitude can be clearly viewed and tracked 
through interplanetary space. By contrast, 
from the perspective of an observer near 

frequency-drift~ng Gpe I l l  
radio bursts observed by 08:00 08m 1lQOO 1200 14m la00 18:OO 
Ulysses from 78"s eclip- 
tic- latitude (74% helio- 
graphic latitude). The col- 
or scale shows the inten- 
sity in solar flux units (sfu) 
(1 sfu = W m-2 
Hz-l). The horizontal 
band at about 50 kHz is 
an artifact of the transi- 
tion between two differ- 08:OO WOO 10:OO 1200 14.90 16:W 1&00 
ent radio receivers. (B) In- Time (UT) on 25 October 1994 
tensity versus time plots 
for two discrete frequen- 
cy channels showing the profiles of the type I l l  radio bursts in (A). The profile for 100 kHz was downshifted 
by 4 units for clarity of presentation. 

Fig. 2. A view of the ecliptic plane from the north- 
ern ecliptic pole, showing measured radio trajec- 
tories for two type I l l  radio bursts observed by 
Ulysses on 25 and 30 October 1994 from -2 AU 
above the south solar pole. Both trajectories fol- 
low spiral-like paths through interplanetary space 
from near the sun to -1 AU. The stars correspond 
to the radio source locations at 10 discrete ob- 
serving frequencies extending from 940 to 81 
kHz. The blue curves are Archimedean (Parker) 
spirals corresponding to solar wind speeds of 300 
km s-I (dashed curves) and 400 km s-I (solid 
curves). The flare site for the 25 October event, 
relative to the corresponding trajectory and to the 
location of the Earth, is also indicated. 
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Earth, this burst would be difficult to track 
because of both the foreshortening of the 
spiral path and the passage of the burst 
around the east limb of the sun. 

Because the entire radio trajectory, and 
therefore the underlying magnetic field 
structure, from the sun to -1 AU was 
measured in less than 1 hour, the measured 
radio trajectories provide an essentially in- 
stantaneous visualization of the spiral mag- 
netic field configuration. Figure 2 repre- 
sents a radio "snapshot" taken by Ulysses 
from high ecliptic latitudes of conditions in 
the solar wind near the ecliptic plane dur- 
ing the time of these bursts. From the mea- 
sured path lengths followed by the exciter 
electrons along the radio trajectories in Fig. 
2 and from the measured onset times of the 
radio emission at different frequencies de- 
termined from the burst profiles (such as 
shown in Fig. lB), we find that the average 
exciter speed for both bursts lies between 
0 . 3 ~  and 0.4c, which is consistent with more 
energetic exciters previously reported (14). 

The results in Fig. 2 can be understood in 
terms of Parker's (15) prediction that the 
interplanetary extension of the solar coronal 
magnetic field is wound into Archimedean 
spirals because of the rotation of the sun and 
the radial outflow of the solar wind. The 
curvature of the spiral is fixed by the solar 

Mi m* 
4 

26 Nov 94 
+ 
+ t 

Fig. 3. A view of the ecliptic plane from the north- 
ern ecliptic pole, showing measured radio trajec- 
tories for two type I l l  radio bursts observed by 
Ulysses on 26 and 27 November 1994 from 68"s 
ecliptic (62"s heliographic) latitude and -1.8 AU 
from the sun. The second trajectory is rotated by 
-1 4.4" to take into account the rotation of the sun 
during this time interval. The numbers near the 
points refer to the frequency (in kilohertz) at that 
point. The radio source locations for the 26 No- 
vember event are shown at discrete frequencies 
ranging from 940 to 52 kHz, and for the 27 No- 
vember event, ranging from 940 to 81 kHz. These 
trajectories follow paths that deviate significantly 
from an Archimedean spiral. They may indicate 
the presence of a transient interplanetary distur- 
bance propagating outward through the inter- 
planetary medium. 

wind speed; a slow solar wind speed corre- 
sponds to a more tightly wound spiral. The 
average spiral structure of the coronal mag- 
netic fields has since been confirmed by 
numerous in situ s~acecraft measurements of ~~~ 

the average angle of the magnetic field vec- 
tor (1 6). Such single point measurements, 
however, do not reveal the instantaneous 
spiral structure out to 1 AU. The Ulysses 
radio observations provide a direct unequiv- 
ocal confirmation of Parker's 1958 predic- 
tion of the interplanetary magnetic field to- 
pology under quiet solar wind conditions. 

Tracking of individual type 111 radio 
bursts from spacecraft located in the ecliptic 
plane was previously used to derive an in- 
stantaneous picture of the average spiral 
magnetic field topology from the sun to 1 
AU (17). The radio trajectories derived by 
this method were often difficult to obtain 
because, in addition to limb effects and the 
foreshortening of the interplanetary field 
lines for an observer in the ecliptic plane, it 
was necessary to assume an average inter- 
planetary density-distance scale. The deter- 
mination of the radio burst trajectories was 
very sensitive to the relation between the 
electron plasma density and radial distance 
from the sun, which is only an average 
approximation and does not take into ac- 
count the large temporal variations in solar 
wind velocity and density. Nevertheless, 
Fainberg, Evans, and Stone used IMP-6 (In- 
terplanetary Monitoring Platform) radio 
data to trace the global spiral magnetic field 
configuration from the sun to 1 AU (18); 
such observations provided the first indirect 
observation of the global spiral structure of 
interplanetary magnetic fields. By contrast, 
no assumptions had to be made about a 
density-distance scale in our determination 
of the radio source locations (19). 

Another problem affecting observations 
made by spacecraft near the ecliptic is that 
scattering and refraction of radio waves by 
density inhomogeneities and possibly asso- 
ciated anomalous time delays (4) can sig- 
nificantlv alter derived traiectories and ex- 
citer speeds. Because the interplanetary 
plasma is less dense and more homogeneous 
at high latitudes (20), the Ulysses radio 
observations are affected much less by prop- 
agation anomalies. 

From the unique perspective of Ulysses 
at high latitudes, type 111 radio trajectories 
can also be used to determine the magnetic 
configuration in the disturbed solar wind 
when field lines deviate significantly from 
the Parker spiral. The radio trajectory for an 
intense type 111 radio burst that occurred at 
20:30 UT on 26 November (Fig. 3) deviat- 
ed significantly from an Archimedean spi- 
ral. There was a sudden change in direction 
of the radio trajectory between 740 and 272 
kHz. It may have resulted from a transient 
disturbance propagating through the inter- 

planetary medium. This interpretation is 
reinforced when we superpose on this plot a 
radio trajectory for another very intense 
radio burst, associated with a flare from the 
same active region (16"S, 10°W), that oc- 
curred on the following day, 27 November, 
at -16:25 UT. The shape of this latter 
radio trajectory is similar to the 26 Novem- 
ber trajectory, except that the sudden 
change in direction is observed at lower 
frequencies, between 196 and 148 kHz, 
which corresponds to a heliocentric dis- 
tance about 0.3 AU farther from the sun 
than for the 26 November burst. A distance 
of 0.3 AU in one day corresponds to a 
structure propagating outward through the 
interplanetary medium at -600 km s-', 
which is a typical speed for a transient 
interplanetary disturbance. These observa- 
tions illustrate the potential for tracking 
transient interplanetary disturbances with 
type 111 radio bursts as tracers of the large- 
scale configuration of the interplanetary 
magnetic field. 
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Role of Yeast Insulin-Degrading Enzyme 
Homologs in Propheromone Processing 

and Bud Site Selection 
Neil Adames, Kelly Blundell, Matthew N. Ashby, Charles Boone* 

The Saccharomyces cerevisiae AXLl gene product Axllp shares homology with the 
insulin-degrading enzyme family of endoproteases. Yeast ax11 mutants showed a defect 
in a-factor pheromone secretion, and a probable site of processing by Axll p was identified 
within the a-factor precursor. In addition, Axll p appears to function as a morphogenetic 
determinant for axial bud site selection. Amino acid substitutions within the presumptive 
active site of Axll p caused defects in propheromone processing but failed to perturb bud 
site selection. Thus, Axll p has been shown to participate in the dual regulation of distinct 
signaling pathways, and a member of the insulinasefamily has been implicated in propep- 
tide processing. 

Pep t lde  hormones secreted hy hiqher eu- 
karyotes are synthes~zed as larqer precursors 
and releaseii In mature form by the action of 
speclflc processing proteases ( I ) .  A n a l o g o ~ ~ s  
proteolyt~c ~na t~ l ra t ion  occurs for Saccharo- 
rnyces cerezlsiae pheromones ~nvolved in the  
matinq response of haploicl a and ct cells 
(2 ) .  T h e  pherolnone proiluced hy a cells, 
a-factor, is one of a groalng number of 
secreted proteins, such as ~n te r l euk in - l a  
( I L - l a ) ,  IL-1P, ancl some flhrohlast groat11 
factors (such as FGF-1 and FGF-2) (3 ) ,  that 
are processed from precursors before export 
through a ~lo~lclassical secretory path\vay. 
T h e  proteolyt~c maturat~on of progenitor 
a-factor (pro-a-factor) 1s not well under- 
stood anc1 prov~des a n  opportunlt\- to iden- 
t ~ f y  novel eukaryotic processing enzymes. 
Here we oresent eenetic evidence imnl~cat-  
i rg  yeast homologs of human ~ n s ~ ~ l i n - d e -  
grading en:\-me (hIL>E), encoded by AXL1 
and STE23, 111 the specific processing of 
pro-a-factor. 

Pro-a-factor is encoded by t\vo genes, 
M F 4 1  and MFA2, ~ ~ : l t h  p rod~~c t s  that are 36 
anil 38 allllno ac~cls 111 length, respectively 
(4 ,  5 ) .  These precursors contain a slngle 
copy of the mature a-factor peptlde, ~ v l t h  an  
NH2-term~nal  extension and a COOH-ter- 
n l~na l  CAAX consensus sequence ( C  1s cys- 
telne, A is usually al~phatlc,  and X can he 
various anl i~lo  aclds). T h e  cyste~ne residue of 

CAAX nroteins 1s isonrenvlatecl witllin the 
c\-top1a"n; S L I C ~ I  lipid-;llod'fled proteins he- 
come localized in the membrane, then LIII- 

dergo endoproteolysis of the three ter~llinal 
AAX residues and metl~\-lesterificatio~l of 
the free carhoxylate group o n  the pen\-lated 
cystelne (6).  T h e  qenes encoc-1i11g 111ost of the 
en:\-mes responsible for these ~nodif~catlons 
have heen characterlzed 17. 8). and muta- 
tions 111 these genes ahol~sh a-factor secre- 
tion, lead~ng to an  a - spec~f~c  mating defect 
(7 ,  8). After COOH-term~nal  processing, 
the a-factor precursor undergoes two sequen- 
t ~ a l  NH,-terminal endoproteolytic events (8,  
9 ) .    he-f~nal NH,-terminal cleavage gener- 
ates mature a-factor, a 12-am~no acid li- 
popeptide (1C. 11). Ultimately, the STE6 
product, a n  adenosine tr~l>l~ospl~ate-hydro- 
lyz~nq transport protein related to the m a n -  
malian m ~ ~ l t ~ d r u g  resistance p ro te~n  (Mdr l ) ,  
medlates a-factor tr;rnsport across the cell 
surface ( 12). 

T o  iclentlfy genes required for pro-a- 
factor maturation. Lye mutairen~zed a cells 
and screened for strains that shon~ecl a re- 
duced m a t ~ n q  cff~clency as well as a defect 
111 secreted a-factor act iv~ty (13) .  A mutant 
allele, designated ste22-1, ~dentii ied a novel 
gene requ~red for nor~llal  anlounts of secret- 
ed a-factor act~vi ty  (Flq. 1A).  In crosses to a 
w ~ l d - t y ~ e  ct strain. \ye found that the  sterll- 
ity coseqregated with t h ~ s  reduce~l pl~ero-  
lnolle production and that oc ste22-1 cells 
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ste22-1  nuta ants exh~h l t ed  a n  a-speciflc 
m a t ~ n q  defect that appeared to he caused hy 
reduced secretloll of actlve pheromone. 

LVe cloned STE22 hy complementation 
of the matlnq defect of ste22-1 cells, usinq a 
yeast genonlic lihrary. Four plasm~ds. 11'1th 
overlapping genonllc inserts, that comple- 
mented hot11 the s t e r ~ l ~ t y  and the  reduced 
a-factor productLon were ~solated. Suhclon- 
lng and sequence anal\-sls revealed that 
STE22 [vas ident~cal  to AXLl (14) .  Thus, 
AXL1 rescued the matlng defect of ste22-1 
cells (Fiq. 1R). T h e  AXL1 product 1s re- 
i lu~reJ  for generatloll of the  axla1 huddlng 
pattern displayed hy haploid cells (14) and 
shares sequence sl~lli lar~ty with ~nenlhers of 
a farn~ly of endoproteases whose archet\-pes 
are hIDE and Escherichii~ coli protease 111 
(15)-metallo~>roteases with a preference for 
slllall peptide s~lhstrates (16, 17).  In  v ~ v o ,  
hIDE is implicated In the  degradation of 
~ntracellular ~nsul in ,  whereas the ph\-s~olog- 
ical substrate of protease 111 remains un- 
knoa.n (16, 17).  Another  Inemher of the 
hIDE famil\-, rat hT-arginlne dlhas~c conver- 
tase (NRDC) ,  1s proposed to function as a 
prohormone processmg enzyme ( 18) .  A 
h~gh l \ -  conserved domain 1s present in 
hIL3E-l~ke sequences that 1s likely to he 
important hot11 for proteolysls and for metal 
h ~ n d i n q  (Fig. 2A) (1 7). 

A n  ax1 1 : : LTRA.3 disruptlo11 \\as co11- 
structeii (Fly. 2B) and ~ntroiluced into a 
d~plold  stram that was heterorygo~~s for 
ste22-1. Spor~llation and tetrad analysis re- 
vealed that ax11 ::CRA3 was tightly lmked 
to ste22-1 (1 9 ) .  Moreover, the ax11 : : LTRA3 
phenotype [vas co~nparahle to that of 
ste22-1 (Fig. 1A) .  These data confir~ned 
that ste22-1 was a mutant allele of AXLI. 
hjlutat~ons in AXL1 cause haploict cells to 
bud ~ v ~ t h  a hlpolar pattern that 1s nonnall\- 
displa\-ed hy diplo~d cells (14) .  Recause the  
genetic hackground of the strain we used for 
the mutant isolat~on is defective for hud site 
selection (ZC), \ye constructed an  ax11 dis- 
r u p t ~ o n  111 a haploid strain ~lornlal for axial 
hudding, EG 123. T h ~ s  ax11 :: CRA3 mutant 
shon,ed hot11 a hipolar huddlng pattern and 
a nlating defect associated with reduced 
a-factor secretion (19).  

Because ~ n s ~ ~ l i n a s e  homologs can func- 
tion as s p e c ~ f ~ c  endoproteases (18) ,  A x l l p  
may act as a prophero~none processing en- 
zyme. W e  tested a n  ax11 mutant for defects 
in COOH-terminal CAAX-proteolys~s and 
founcl it to he unatfectecl (21 ). T o  address 
the poss~txlity that A s l l p  1s ~nvolved in 
NH,- term~nal  processing, a-factor protelns 
were laheled u ~ t h  ['iS]cysteine 111 a pulse- 
chase protocol, then ~mmunopreclpitated 
from hot11 ~ntracellular and extracellular 
fractions and subjected to polyacrylanlide 
gel electrophoresis (PAGE).  Three d~ffer- 
ent  ~ntracellular a-factor peptliies were oh- 
served in cells c o n t a ~ n ~ n q  a f~lnctional 




