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Abstract

We present results from the May 1997 SOHO-Ulysses quadrature (SOHO-Sun-Ulysses
angle=90o), near sunspot minimum. Ulysses was at 5.1 AU, 10o north of the solar equator, and
off the east limb. It was also at the very northern edge of the streamer belt. Nevertheless, the
Solar Wind Observations Over the Poles of the Sun instrument (SWOOPS) detected only slow,
unusually smooth wind and there was no direct evidence of fast wind from the northern polar
coronal hole or of mixing with fast wind. The Large-Angle and Spectrometric Coronagraph
(LASCO) images show that the streamer belt at 10oN was narrow and sharp at the beginning
and end of the 2 week observation interval, but broadened in the middle. A related change in
density, but not flow speed, occurred at Ulysses. Under these conditions it was possible to show
that densities derived from the Ultraviolet Coronagraph Spectrometer (UVCS) in the lower
corona are closely related to those in the solar wind, both over quiet intervals and in transient
events on the limb. Density and velocity in one small transient observed by both LASCO and
UVCS are analyzed in detail.
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flow. This is true across all three intervals I1, I2, and
I3.

3. CMEs

The activity throughout the quadrature observing
interval, as deduced from LASCO C2 movies and indi-
vidual images, is summarized in Table 1. In that table
it is indicated that there were small CMEs on May 23
(DoY 142) and May 25 (DoY 144), and again on June
1 (DoY 152). The CMEs on May 23 and 25 are shown
in Figure 11. There is no counterpart to the CMEs
on May 23 and June 1 in the data shown in Figures
7 and 8, so these CMEs were probably located off the
limb and moving in an unfavorable direction. The C2
images in Figure 11 support this, showing that the
CMEs overlie the streamers, and Table 1 notes that
the streamer belt appeared unaffected by the passage
of the CMEs. Therefore it is likely that these CMEs
were erupting magnetic structures either in front of
or behind the visible disk and not directly above the
east limb.

Conversely, the small shock on DoY 144 (Figure 7)
is coincident with the CME on May 25. This raises
the question of whether that CME might have been
the source of this small shock and/or the fluctuations
in temperature, density, and field strength observed
in interval I2.

There are several interplanetary manifestations of
CMEs that are discussed in the literature. Some of
these relate to those CMEs which result in magnetic
clouds. A magnetic cloud is associated with a rota-
tion in the interplanetary magnetic field [Klein and
Burlaga, 1982] which is thought to indicate the pres-
ence of a magnetic flux rope that is the signature of
the filament that existed at the origin point of the
cloud on the Sun. We plot the meridional and az-
imuthal components of the IMF in Figure 12 (in Sun-
centered heliographic polar coordinates), and it is ob-
vious that there is a partial rotation of the IMF in
the BÁ component during interval I2. The field be-
gins turning eastward on DoY 145, is furthest east
on DoY 147, and returns to the radial direction on
DoY 151, so that the total duration of the eastward
turning is almost a week. Typically, clouds last a
day or so at 1 AU, and expand with increasing helio-
centric distance, so this duration is not inconsistent
with the model. Furthermore, it is fairly common for
a magnetic cloud to drive a shock in front of it and
this rotation corresponds to the low ion plasma ¯ in-
terval noted in Figure 6a. However, the flow vector

components suggest that this may not be a cloud at
all. The velocity components Vµ and VÁ are plotted
at the bottom of Figure 12. VÁ turns westward at
the shock and then rotates to the east. This is a typ-
ical CIR signature. Vµ turns strongly southward at
the shock and rotates back to the radial direction,
which is unusual for a magnetic cloud but is typical
for a flow being driven by a nearby CIR [e.g. Pizzo
and Gosling, 1994]. The low helium abundance in the
shaded area of Figure 6a, noted earlier, is also typical
of CIRs [Borrini et al., 1981, Figure 4].

To investigate further whether the eastward BÁ

shown in Figure 12 might have been a magnetic cloud,
we also looked for bidirectional streaming of energetic
electrons, a reliable signature of the presence of locally
closed magnetic field lines since the electrons will tend
to circulate in both directions along the field [Gosling
et al., 1987]. No bidirectional streaming was visible in
84-115 eV electrons (those corresponding to coronal
temperatures) on June 19, 20, and 21 (DoY 170, 171,
and 172 in Figure 6). On June 18 (DoY 169), the day
after the small shock, there was some weak counter-
streaming but no significant evidence of a magnetic
cloud. Typically, for a magnetic cloud strong bidirec-
tional streaming would begin with the eastward turn-
ing of the field and persist for anywhere from half to
the full duration of the cloud. Therefore, we suspect
that the weak events observed on 18 June do not show
the presence of a magnetic cloud.

The Fe XIV north polar coronal hole boundaries
from CR1922 and CR1923 are plotted in Figure 5.
This shows that the polar coronal hole that drove the
high speed streams in earlier rotations (shown in Fig-
ure 2b) has receded by CR 1923 and no high-speed
stream was seen at Ulysses during the preceding CR.
Moreover, the plots of Vµ, VÁ, and Bµ from CR1922
look exactly like those shown in Figure 12, and the
Fe XIV map shows the north polar coronal hole still
extending toward the equator in CR 1922, between
longitudes 0o and 160o. Thus it appears that the
eastward turning of the IMF was due to a high-speed
stream to the west and north of the Ulysses foot point
shown in Figure 4.

From this we conclude that the small shock on
DoY 168 in Figure 6 was associated with a CIR north
of Ulysses and driven by an equatorial extension of
the polar coronal hole that was the last vestige of
the large extension which produced the long series of
CIRs shown in Figure 2b.
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4. A UVCS Transient Event on May 26

Since Ulysses was immersed in exceptionally smooth
slow solar wind throughout the quadrature interval,
this presents an unusual opportunity to examine more
closely a small transient observed by LASCO C2 and
possibly identify the same transient at Ulysses. These
transients are common but far too small to be clas-
sified as CMEs. One such transient, shown in Figure
13, was observed on May 26 at the latitude of Ulysses.
In section 2 we concluded that the plasma at 10oN
moved very little in latitude between the outer edge
of the field of view of LASCO C2 and Ulysses at 5 AU
at this time, so it is possible this small event could
have been detected at Ulysses.

The event, as described above, shows up as a high
I Ly ® data point at 3.5 RSUN in Figure 9 on DoY
146 (boxed data point). In Figure 14 (top plot) we
show the temporal profile of the Ly ® line intensity at
3.5 RSUN , with a time resolution of the order of 15
min, and (middle plot) the temporal profile of the Ly
® line intensity at 4.5 RSUN , with a time resolution
of the order of 20-30 min. The figure refers to obser-
vations made over the time interval from DoY 146.66
to 146.98: Unfortunately, between 146.98 and 147.71,
we have only a single 5 min observation, which is too
short to be of any use. The bottom plot gives the
ratio of the OVI 1032 to OVI 1036 line intensities, at
3.5 (pluses) and at 4.5 (crosses) RSUN , averaged over
each observing interval.

The enhanced Ly ® intensity in the time interval
between DoY 146.95 and DoY 146.98 points to a den-
sity increase whose maximum must have occurred at
the time we were observing at 4.5 RSUN , possibly as-
sociated with the LASCO C2 transient. A density
larger than unperturbed densities by a factor ¼ 1.4
accounts for the observed Ly ® variation, and this is a
lower limit to the true density enhancement because
it was derived assuming Doppler dimming has not af-
fected the data. In the following, we try to give a
quantitative estimate of densities, prior to and dur-
ing this event, under the assumption that prior to the
transient the plasma flow speed, both at 3.5 and 4.5
RSUN , is negligible.

To this end, we need to complement observations
at 3.5 and 4.5 RSUN with data taken by the stan-
dard daily UVCS synoptic program. In the UVCS
synoptic program, radial scans are made at six he-
liocentric heights (from 1.5 up to 2.25 or 3 RSUN ,
depending on the observing latitude), moving the slit
around the disk in steps of 45o, thus providing ra-

dial profiles of the Ly ® and OVI line intensities over
the entire corona. Identifying the OVI line intensities
along the radial direction where the Ulysses-SOHO
observations were made, we get the OVI intensity pro-
file from 1.5 to 4.5 RSUN (ignoring possible tempo-
ral variations between the synoptic and the Ulysses-
SOHO observations) in the direction pointing to the
Ulysses spacecraft. The OVI intensities versus helio-
centric distance data allow us to derive the electron
density profile over that altitude range: We refer the
reader to Corti et al. [1997] for a description of the
technique we use to this purpose. Here, it suffices to
mention that OVI lines have a radiative and a colli-
sional contribution, and that the collisional contribu-
tion depends (among other factors) on the square of
the electron density, integrated along the line of sight.
Identifying the collisional contribution of the 1037 Å
line, and assuming a priori a power law profile for the
density versus heliocentric distance, electron densities
can be evaluated.

Figure 15 shows the electron density profile for
DoY 146 before the transient was observed: Density
values agree with those derived (from Van de Hulst
inversion of pB data) for the west limb streamers ob-
served in August 1996 by Gibson et al. [1999] and
are typical of the minimum equatorial corona [Allen,
1962]. This also agrees with the densities derived
from LASCO C2 pB analysis for the same locations in
the corona to within the size of the error bars shown
in Figure 15 (D. Biesecker, private communication,
1999). We will refer to this density profile as the un-
perturbed density profile, because it has been derived
from observations taken prior to the transient event.

Knowledge of the unperturbed electron density
versus height profile allows us to check whether the
unperturbed Ly ® intensities at 3.5 and 4.5 RSUN

can be reproduced by a steady plasma. In this case
we may move on and evaluate the plasma flow speed
and density during the transient event. We remind
the reader that the total (i.e., integrated over the line
profile) Ly ® intensity, as observed along the line-of-
sight (LOS) direction n is given by

I Ly ¡ ® =
hB12¸ 0

4¼

Z 1

¡1
N1dx

Z


p(' )F (±¸)d! 0 (1)

where h is the Planck constant; B12 is the Einstein co-
efficient for the line; ¸ 0 is the rest value for the central
wavelength ¸ of the Ly ® transition; N1 is the num-
ber density of hydrogen atoms in the ground level; the
unit vector n is along the line of sight x and the unit
vector n0 is along the direction of the incident radia-
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tion; ' is the angle betweenn and n0; p(' ) d! 0 (where
! 0 is the solid angle aroundn0) is the probability that
a photon traveling along the direction n was trav-
eling, before scattering, along the directionn0;  is
the solid angle subtended by the chromosphere at the
point of scattering; ±¸ is the red shift; I chrom is the
exciting chromospheric radiation and © is the coronal
absorption pro¯le. For the sake of simplicity, in the
following, we assume that the whole Ly® emission
comes, at 3.5 and 4.5RSUN , from a steady plasma
at uniform temperature and density, which extends
along the LOS over a lengthL . The parameter L is
estimated from the observations taken at 3.5RSUN

and used to evaluate theI Ly ® at 4.5 RSUN , to check
on the consistency of this simpli¯ed scenario.

If the Ly ® line originates from a slab at constant
temperature and density, with no plasma °ow, its in-
tensity is given by

I Ly ¡ ® ¼ (const)f (Te)F (Tk )NeL; (2)

where the kinetic temperature Tk is constrained by
the width of the line and Te is the electron tempera-
ture. The kinetic temperature Tk is rather well known
in streamers; see, for example,Kohl et al. [1997],
Miralles et al. [1999], and Maccari et al. [1999].
In the following we will assume Tk = 1 :6 £ 106 K,
in agreement with results from the previous authors.
We note that Tk values in the literature refer to tem-
peratures perpendicular to the magnetic ¯eld; paral-
lel kinetic temperatures are essentially unknown, and


