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Abstract.

From Ulysses observations of magnetic field and plasma properties during its rapid pole-to-

pole scan, we determine the causes of variations in the magnitude of the radial component of the heliospheric
magnetic field (HMF). We find that the ambient radial HMF in the slow solar wind is a combination of
the ambient radial HMF components of the two hemispheres with opposite polarities. It suggests that the

source region of the slow solar wind has the same magnetic topology as the source region of the fast solar

wind, i.e., both are open field regions.

INTRODUCTION

The slow solar wind, found near the heliospheric
current sheet, differs from the fast solar wind not
only in its plasma properties, but also in composition
and variability. The differences have been explained
as signatures of coronal streamers in the heliosphere
(4). However, comparison of Ulysses observations
with coronal hole observations and coronal magnetic
field models, indicates that almost all the wind with
speed less than 600kms~? originates in smaller coro-
nal holes at low latitudes or in open field regions near
the equatorward borders of polar coronal holes (see

Table 2 and Figure 5 of (6)).

The radial component of the HMF, B, , is a char-
acteristic property of the solar magnetic field (11).
According to the Parker’s HMF model the magnetic
flux for B,is a constant, i.e., R2B, = By14y. Here R
denotes the heliocentric distance in AU and B,and
Byr1gu the radial HMF components at R and 1 AU.
The Br1gy In slow solar wind is expected to be dif-
ferent from the B,14, In north and south fast solar
wind if the source of the slow solar wind is coronal
helmet streamers, rather than coronal holes. There-
fore comparing By14, in slow wind with Bq4, in fast
wind may provide some clue for determining whether
or not the slow solar wind originates in closed field
regions, open field regions, or within the bound-
ary layer between the northern and southern hemi-
spheres with opposite magnetic polarities.

The 3-rotation average of Ulysses B,14y in the
southern hemisphere is nearly the same as the 3-
rotation average of near-ecliptic IMP-8 B, that has
the same polarity as the B;q4, in the southern hemi-
sphere (9). The solar source of all the solar wind

near the ecliptic was implicitly assumed in that work
to be polar coronal holes.

The Ulysses data, with its very small measure-
ment error of 4.0 pT (2), observed during its rapid
latitude scan (Figure 1) provide a rare opportunity
to derive and compare the ambient B4, in the fast
and slow solar wind.

DATA

Panels A and B of Figure 1 on the following page
show the hourly proton bulk speed and the normal-
ized radial HMF, B,14,, during the rapid pole-to-
pole scan. All Ulysses data used in this paper were
downloaded from the COHOWeb. They were ob-
served by the ion and electron spectrometers of the
Ulysses solar wind plasma experiment (1) and by
the Vector Helium magnetometer (2). A few special
events are indicated by vertical lines in Panel A. In
the polar wind a coronal mass ejection (between the
two dashed lines) and two non-CME driven reverse
shocks (the outer dotted-dashed lines) were observed.
At lower latitude one non-CME driven forward shock
(the middle dotted-dashed line) was observed (7).

The observed B4, includes various temporal and
spatial variations. Solar cycle variations of both
the solar and the heliospheric magnetic fields are
expected to be negligible in an interval less than
a year near solar minimum (3). To avoid the ef-
fects of fast and slow stream-stream interactions, we
specifically define as “slow” the solar wind with pro-
ton bulk speed less than 450kms~! (7) and con-
sider wind speedier than 700kms~! “fast.” The two
vertical dotted lines in Panel B indicate the times
when Ulysses encountered the first and last slow so-



Ulysses pole—to—pole scanning

Ulysses Heliocentric Distance (AU)
2.35 175 152 139 1.34 1.35 143 1.60 1.99
T

800

~
3
3

Hourly V in km/s
<7>
2
S

500

-80 -60 -40 -20 Q 20 40 60 80

~3.165+1.662 (#3192
— —0.089+3.872 (#788)’
+2.97841.610 (#3473

Normalized hourly Br in nT
o
T T T T T T

-10 1 1 1 1 1
06Sep94 01Dec 08Jan9506Feb 04Mar 30Mar 26Apr  29May 26Jul95
Date
6F T T T |
E Wes 0ot E|
g to L gl E
: °F et T Tatt HestTes30 4 3
< > I Mot T 0ne1 3
s F . | E|
2 LB + Lo E
z F HsrTOse30 ~ i El
5ok ‘ ‘ Mt Onizo
=3 E W 3
E k1= Fet !" ‘W 3
s F o Hent E
S Mt~ Tst30 ~ T Y 3
% E [ Feni ™ Tnz0 3
z F {tes= Tepzo E|
s E Hesi™Osp ' ' B
g E st s _ -0 E|
< Vf@s - 57,% Fors= Oty E
3 F | El
) £ 3
PEC ]
OF [— b E
E I 3
E —-3.211+0.072 3,1i50i0,‘75 3.004+0.081 4§
-1C 1 1 1 1 1 I 1 1 1 |
—80 -60 —40 -20 a 20 40 60 80

Ulysses Heliographic Latitude (deg)

FIGURE 1. Ulysses observations of the solar wind ve-
locity (panel A), the normalized radial component of the
HMF Bjigu (panel B), and the 3-rotation averages of
Briau (panel C).

lar wind, as defined here. The field values are color
coded to indicate the wind speed. From Panels A
and B one can see that the non-CME forward shock
occurred in medium-speed solar wind and that the
two non-CME reverse shocks in the fast wind were

very weak; the change in B,14, associated with the
shocks was not dramatic and lasted only a few hours.

The frequent occurrence of opposite polarity
Byigu in the fast wind intervals (see Panel B) implies
the existence of MHD fluctuations, specifically large-
amplitude Alfven waves. Thus, on the short term,
the ambient B,i4, will be contaminated primarily
by MHD fluctuations and occasionally disturbed by
CMEs.

The magnitude of the ambient By14y in the fast
solar wind is nearly independent of latitude (3). Thus
a part of the change in B4, must to some degree
be caused by variations with heliographic longitude.

Because of the various variations superposed on
the ambient or structureless Brig,, although the
measurement uncertainty is extremely small, the
standard deviation of observed hourly Byjgy 18 ex-
pected to be very large relative to the mean, as shown
in Panel B (The number of sample points used for
each calculation is shown in parentheses). No mean-
ingful comparison can be made between the ambient
Byr1qy in fast and slow solar wind. Any conclusion de-
rived in this simple way, would be questionable (5).
To infer the magnetic characteristics of the source
of slow solar wind, what we need to compare is the
heliolongitude-independent ambient B4, in the fast
and slow solar wind.

ANALYSIS AND RESULTS

The effects of both MHD fluctuations and he-
liolongitude dependence on the ambient B4, are
quasi-periodic. The longitude-independent ambient
Br1gu 1n the period studied here may be assumed to
be constant or changing linearly with time. Thus a
moving window averaging procedure (8) with a width
of three solar rotations may be used to filter out the
effects of those quasi-periodic variations with no bias
being introduced into the result. The effects of those
features on the Bri4u can be estimated as follows.

Panel C shows the results calculated using ob-
served hourly B,i4,. Data associated with the 3-5
February 1995 CME are excluded, as are all inter-
vals of intermediate-speed solar wind. The mean and
standard deviation, g and o, are calculated for a 3-
rotation window centered at each specified hour; at
least one third of hours in the window must have
data.

The southern fast-wind mean values, p,f, are

shown in green and lie to the left of the vertical
lines; northern fast-wind values in light blue are to



the right (gns). The spread is also shown by plotting
Hsp £ 0551 and pnp1 £ 0pp with a dotted line.

The longitude-independent ambient B4, value
is given by psr or p,y because the effects of the
major contaminating features mentioned above have
been removed. The spread between the dotted lines
indicates the variations within each 3-rotation win-
dow produced by MHD fluctuations, longitude de-
pendence, measurement uncertainty, and other short
term variations (9). The average o,¢1 (0nf1) 18
~ 1.64 nT (~ 1.56 nT) in the south (north) fast
wind.

The period of Alfven waves ranges up to 10 hours
(10). Averaging the observed hourly Byis, over 30
hours may effectively filter out the effect of MHD
fluctuations. The longitude-independent ambient
Br1qu may then be derived by computing the 3-
rotation moving window average of the 30-hour av-
eraged Br1gu. The longitude-independent ambient
Br1gu determined in this way should be the same as
the solid lines if there were no data gaps. The negli-
gible difference between them (not shown in Panel C)
is the calculation error produced by data gaps. The
dashed lines denoted by 5 ¢ 05 30 ( finpE0onss0) dis-
play the spread of 30-hour averaged B,14, around the
longitude-independent ambient B4, for the south
(north) fast wind. The average of 0,730 (0nf30) is
~ 0.56 nT (~ 0.50 nT) for the south (north) fast
wind. The spread resulting from MHD fluctuations
alone can thus be derived from o1 — 030, which is
~ 1.08 nT (~ 1.06 nT) for the south (north) fast
wind.

Sector-like structures are easily seen in the sign of
Br14u 1n the slow wind in Panel B. To avoid cancella-
tion of ambient B,1,4, with opposite polarity when fil-
tering out the effect of MHD fluctuations, averages of
the magnitude of By14y, as well as the signed B, 44,
must be used. However using unsigned B4, will
not completely filter out the effect of large-amplitude
Alfven waves, and will introduce some error (when
the Alfven fluctuation causes a change in polarity).
The dark-blue solid lines located just above the solid
lines denoted by p,¢ and gy, in Panel C show the 3-
rotation moving window average of unsigned B,1gqy-
The difference is the error mentioned above. The av-
erage of the unsigned values is about 0.075 n'T larger
for south fast wind and 0.071 nT larger for north fast
wind. We assume that the average of the unsigned
values is about 0.073 n'T larger for the low-latitude
slow wind.

We now consider the slow-wind interval between
the vertical lines in Panel C. The 3-rotation moving
window average of signed hourly B,14, is slightly less
than 0 (solid black) with an average value of ~ -0.089

nT, as shown in Panel B. If the field in the slow solar
wind comes from episodically opening coronal hel-
mets underlying the helmet cusps, it would be highly
unlikely to produce the sector-like structure seen in
the sign of B4y, though it is not impossible for the
ambient B,1,4, to be zero.

The solid dark-blue line denoted by pes is the
3-rotation moving window average of the unsigned
hourly Brigy. The mean value for the slow-wind in-
terval falls between the corresponding mean values
of the averaged unsigned hourly B4, of the south-
ern and northern fast solar wind intervals. The g
curve is slightly higher than the solid green and light-
blue lines (the fast-wind interval averages of signed
Byriau). The corresponding calculated 051 and oes30
for the slow wind (shown in blue) are much greater
than those of the fast wind. The difference is mainly
associated with the smaller number of data sam-
ples in the slow wind. The red dotted and dashed
lines are obtained by multiplying oes30 and o571 by
(788/3473)%5. The two slow-wind curves are much
closer, showing that the contribution of MHD fluc-
tuations to the spread of B,i4y in slow wind is less
than in fast wind. Furthermore, the normalized o430
is about the same as 0,30 and 0,30, thus the con-
tribution of the longitude-dependence (and probably
other unknown features) to the spread of Brigy is
basically the same in slow wind as in fast wind.

The means and standard deviations of p,; and
Hny are shown at the bottom of Panel C. Since the
normalized variance of B, in the equatorial band is
similar to that in the high latitude regions (see Figure
7 of (3)), the effect of MHD fluctuations on B, in the
slow wind may not be neglected, though the effect
is much less than in the fast wind and the Alfven
wave power averaged over a solar rotation decreases
abruptly below ~ 30° latitude (10). The red solid
line in Panel C denotes p.; — 0.073. Its average is
3.150 nT, just in between 3.211 for the south fast
wind and 3.00 nT for the north fast wind.

The pollutive effect of CMEs on B,14, can also
be estimated. Unfortunately the effects of transient
CMEs can not be removed completely, even by aver-
aging over three solar rotations. The local effect of a
CME is expanded to half of the window size around
the time of the CME on each side due to the mov-
ing window averaging procedure. The mean B,lau
is increased locally by 0.036 nT for the 3-5 February
1997 CME. The effect of CMEs will be significantly
increased if several CMEs occur in an averaging in-
terval and must be taken into consideration.



SUMMARY AND DISCUSSION

The major sources of variations in the normal-
ized radial HMF component, B4y, in the high speed
solar wind are MHD fluctuations, specifically large-
amplitude Alfven waves. Their contribution to the
spread of observed B4, 1n the fast solar wind 1s es-
timated to be of order 1.1 nT, more than two thirds
of the whole spread of 1.6 nT. The effect of longitude
inhomogeneity and other short term variations (9) on
B, are estimated to be 0.5 nT, about one third of the
whole spread.

After the effects of MHD fluctuations and
longitude-dependent variations of B,14, are filtered
out using 3-rotation moving window averaging, the
standard deviation of the longitude-independent am-
bient B,14, becomes small relative to the ambi-
ent Brigy itself, making it possible to compare
the longitude-independent ambient Bji4, 1n fast
and slow solar wind. We find that the structure-
less Brigy 1n the fast southern hemisphere wind
in 1994/95 was —3.21 & 0.07 nT, greater than the
3.00£ 0.08 nT seen in the northern hemisphere fast
wind by -0.2 nT. The difference is significant com-
pared to the standard deviations. The ambient B;144
of 3.15 £ 0.08 nT in slow solar wind is just between
the two values in fast wind. In addition, the aver-
age of signed By1q4y in slow wind (see Figure 1) is
-0.09, about half of the -0.2 nT difference between
the north and south.

It 1s not 1impossible to explain an ambient B4y
value near zero if the field comes from episodically
opened coronal helmets underlying helmet cusps.
However, 1t is certainly hard to see why an episod-
ically opening coronal helmet would produce the
sector-like structure observed in the sign of B4y .

These results strongly suggest that the ambient
Byr1au 1n the slow solar wind is simply the combina-
tion of the ambient B,14, 1n south and north wind.
Thus the source of slow solar wind is the same as the
source of fast solar wind in magnetic nature.

Comparison of the observed B,i4, with the he-
liospheric current sheet inferred from WSO photo-
spheric field observations also support this conclu-
sion, because the change in sign of B, in the slow
wind is simply due to crossing of the heliospheric
current sheet from one polarity region to another.

The profiles of plasma properties in the slow solar
wind show the same relationship among the veloc-
ity, density and temperature as is observed in the
fast solar wind, i.e., the density decreases and the
temperature increases as the velocity increases. This
may explain the difference of the density and tem-
perature in the slow and fast solar wind.

The slow and fast solar wind also differ in com-
position and variability. A real challenge remains for
solar wind modelers to reproduce these differences
within coronal holes.
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