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OVI lines intensities at 3.5 and 4.5 ����. The OVI line intensity has been averaged

over the pixels lying within 1� about the radial to Ulysses, as we did for the Lyman-�

line. Values at 3.5 ���� are higher than those at 4.5 ����, as expected due to lower

outflow speeds at lower heights. Moreover, in reference to the scenario we decribed in

the previous section, values during the first part of the campaign point to a plasma

outflow ������ than on later days. The transition occurs at ≈ DOY 338, that is, on ≈

4–5 December, when the radial to Ulysses leaves the dark area and crosses into the

streamer region, in agreement with the conclusions we made on the basis of LASCO/C2

data in Section 2.

Because we have densities derived from LASCO/C2 pB data, and � is insensitive

to other parameters, including ��, we may build � vs. outflow speed ( �� �) curves and

find the OVI outflow speed that fits the observed ratios. As typical values we need

to reproduce, we separately choose the average of � over all the data points before or

after the transition from lower to higher � values in Figure 5. We thus end up with

four values which represent, at 3.5 and 4.5 ����, typical “dark” and typical “bright”

equatorial regions. We note in passing that the steep transition to higher � values

possibly occurs at 3.5 ���� earlier than at 4.5 ����, hinting there is a coronal hole which

is not as wide in longitude at 3.5 ���� as at 4.5 ����.

Typical “dark” area values turned out to be, at 3.5 and 4.5 ����, �=1.73 and

�=1.32, respectively; typical “bright” areas values are, at 3.5 and 4.5 ���� are �=2.65

and �=2.15, respectively. These are the values we need to reproduce, in order to

derive values for the outflow speed of OVI ions. Before describing the results of our

simulations, it is worth pointing out that, during the May 1997 quadrature campaign,

when Ulysses was immersed in slow wind from the streamer belt, we found � to be 2.69

and 2.24, at, respectively, 3.5 and 4.5 ����, essentially the same as the values derived in

the present campaign in “bright” areas. Values in dark areas are higher than those given

by ����	�� �� �
. [1999] in polar coronal holes (� = .95 at 3����) but are consistent
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with those of ����

�� �� �
. [2001] for equatorial holes (�= 1.7 at 3.15 ����), confirming

the latter to be sources of lower speed wind than from polar holes.

As we mentioned, the ratio of the total intensity of the OVI 1032 to the OVI 1037

Å lines depends mainly on densities and OVI outflow speed. However, because OVI lines

form both via radiative excitation (analogous to what happens for the H Lyman-� line)

and via collisional excitation, other parameters such as �� and the kinetic temperature,

�� (or, more precisely, its components normal, ��, and parallel, ��, to the magnetic

field direction), need to be known in order to evaluate � = ��	�� ���	�� . The kinetic

temperature �� may be derived from the OVI line widths, measured over the same

pixels we used for the intensity evaluation. OVI lines are too weak at the altitudes we

analyze to allow us to derive a clean profile, unless we make averages over larger spatial

extents and longer observing times. Keeping these uncertainties in mind, we derived the

OVI 1032 line width by summing over all the observations taken on a single day and

analyzing the resulting profile (we couldn’t make spatial averages, as the result would

not have been representative of the ambient along the radial to Ulysses). It turns out

that when the radial to Ulysses was crossing the “bright” areas, the kinetic temperature

at 3.5 and 4.5 ���� was, respectively, 1.5 10� � and 2. 10� �, values which differ by ≤

10% from those given by ���
 �� �
. [1997] for streamer kinetic temperatures.

Kinetic temperature estimates in dark regions are subject to larger uncertainties.

The value we derived with the procedure described above leads to �� ≈ 6�8 10� �,

with hardly any variation with altitude. ����	�� �� �
. [1999] give higher �� for polar

coronal holes; our estimate is, however, consistent with values given by ����

�� �� �
.

[2001] for �� in equatorial holes. The agreement of the kinetic temperatures we derive

with values found either for streamers or coronal holes, as appropriate, is a further

evidence that UVCS is observing first a hole and, later on, a streamer. In order to build

the � vs.  �� � curves, we used electron temperatures on the order of 10� K, and parallel

kinetic temperature values in between �� and ��. We postpone a discussion of these
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parameters to Sections 5.1 and 5.2, as they are not crucial for the � vs.  �� � curves.

Results from � vs.  ��� profiles give, as typical values for the OVI plasma outflow

speed in “dark” areas,  �� � �� �� �sun = 200 �� ��� and  �� � �� �� �sun = 230 �� ��� ;

for plasma outflows in “bright” areas,  �� � �� �� �sun = 65 �� ��� and  �� � �� �� �sun =

105 �� ��� . These values fully support the conclusion we drew from the qualitative

analysis of the Lyman-� that plasma, over the first days of the quadrature observations,

flows at higher speed than over the second half of the campaign and supports the

interpretation of dark areas in terms of coronal extension at low latitudes, and of bright

areas in terms of streamer plasma.

So far, SOHO data have allowed us to evaluate densities, kinetic temperatures

(��) and the OVI ion outflow speed. By using Ulysses �� ���� data, we can derive

other coronal plasma parameters, such as the proton coronal flow speed. With this

information, we may model the OVI and Lyman-� line intensities, at 3.5 and 4.5 ����,

setting stringent constraints to parameters which, unless �� ���� data are used, remain

ill defined. This will be shown in §5.

4. Ulysses SWOOPS, SWICS, and VHM/FGM

We would like to relate �� ���� solar wind plasma and magnetic field data as precisely

as possible to their coronal sources and thereby provide quantitative constraints on

coronal plasma properties. The mostly low level of solar activity, with the 4 December

CME marking the distinct transition from coronal flow to streamer flow, permits this to

be done very accurately. The first step is to extrapolate the �� ���� properties back to

the Sun, which will be done in two ways.

Figure 6 shows the one-hour averaged proton flow speed, proton temperature, and Figure 6

proton and alpha particle densities from SWOOPS, the one-hour averaged east-west

magnetic field (��) from VHM/FGM, and the three-hour averaged !�� �!�� density

ratio from SWICS. The dates at Ulysses are marked across the top of the plot. In
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making the extrapolation, we will assume radial flow. This is invalid below 2.5 ����

due to the diverging flow but appears valid above 3.5-4.5 ���� because the fast wind

stream in Figure 6 is 3-4 days wide and the high speed flow at 4�5 ���� deduced from

UVCS above is also 3-4 days wide. Equal widths are also found for the slow wind at

4�5 ���� and at Ulysses. We will use the difference in size of the coronal hole at 1.15

���� in Figure 2 and at 4.5 ���� and Ulysses to estimate the amount of divergence, or

spreading factor, in the flow. There can also be significant exceptions to the assumption

of radial flow at the front of corotating interaction regions (CIRs) [���
��
 ��� .����,

1999; .����, 1994]. The interaction region in Figure 6 is at the front of the fast wind

interface, on 19 and 20 December 1998, which we will avoid in our analysis.

The transit time of each solar wind parcel to Ulysses depends on the speed of that

parcel which, in turn, is generally not a constant so that a quantitative extrapolation is

an impossible inverse, nonlinear problem. However, simple approximations can be used

and then fine-tuned by matching with the observed coronal structure. The simplest

extrapolation is to map an interval of solar wind plasma back to the Sun using the

average measured speed of the plasma. The average speed on 19-27 December 1998 was

450 km/s. Combining this with the instantaneous distance to Ulysses gives the origin

dates shown at the bottom of the first panel in Figure 6 for an extrapolation back to 1

����. The corresponding DOY is shown along the bottom of the figure and we will use

the DOY when referring to specific dates and time intervals.

In the top panel of Figure 6 the “dwell” in the fast solar wind, beginning just

after the CIR, is highlighted. The dwell is a dynamic rarefaction region [���
��
 ���

.����, 1999; .����, 1994] for which relatively precise backward extrapolations can be

carried out [(��
�$���� �� �
., 1998]. The speed and density in a rarefaction always

fall from their peaks just after the CIR, on the back side of the fast wind stream. The

extrapolation for v=450 km/s suggests the fast wind originated at the Sun on DOY

335-338, centered at ∼DOY 337. The proton temperature is ∼ 5 × 10� K except near
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the end of the dwell and the sector boundary, just after the end of the dwell on DOY

339.3 is unusually distinct. The proton number density is 0.15 cm�� at the beginning

of the dwell and decreases until it reaches a minimum on ∼DOY 337. This is typical of

a rarefaction and 0.1-0.15 cm�� scales to 2.7-4.0 ���� at 1 AU. All of these properties

are typical of flow from a small, equatorial coronal hole [(��
�$���� �� �
., 1998]. The

O�� /O�� density ratio is relatively low from DOY 335 to the beginning of DOY 338,

indicative of coronal hole flow because of the generally lower electron temperature in

coronal holes. The large variability in this ratio is a real effect [/�

�
 �� �
., 1999] which

we suggest is due to the highly filamentary nature of coronal hole flow [����� �� �
.,

1998].

The other way we extrapolate solar wind back to the Sun is to use the “constant

velocity approximation” in which the speed of each sample of plasma is assumed

constant for computing the transit time. Applying this extrapolation to the dwell, in

particular, generally gives a qualitative estimate of the size of the originating coronal

hole. The result of this approximation is shown in Figure 7. The top panel in this figure Figure 7

reproduces that in Figure 6. The second panel is the flow speed extrapolated back to 1

���� and the third panel is the extrapolated O�� /O�� density ratio. This figure shows

that all of the plasma in the dwell appears to originate from a longitude range at the Sun

which is only one day in width. This is the same as the width of the FeXIV coronal hole

shown in Figure 2. Figure 7 places the center of the high speed wind source at ∼DOY

337, just as did the extrapolation using v=450 km/s. This differs from the location of

the coronal hole in FeXIV at DOY 335.5 in Figure 2. The FeXIV coronal hole coincides

with the dim regions in LASCO/C2 and UVCS data so we are assured this is the true

location of the hole. Therefore, we deduce that the extrapolation back to the Sun

using either v=450 km/s or the constant velocity approximation requires an additional

∼20 �of rotation, or 1.5 days, to match with the observed morphology. (��
�$���� ��

�
. [1998] found that an additional 22� of rotation had to be added, on the average,
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to extrapolations from Ulysses back to 2.5 ���� in a study of source regions for the

solar wind during the Ulysses “fast latitude scan” in 1994-1995. They attributed this

additional rotation to a failure of the extrapolation to accurately take into account solar

wind acceleration near the Sun and the adjustment should be approximately the same

for the November/December 1998 quadrature. The time difference in extrapolating

to 2.5 or 1.0 ���� is less than 1 hour so he 1.5 day adjustment in the extrapolation

that we find, to match with coronal morphology, is supported by independent evidence

and we have identified and separated the coronal sources of fast and slow wind with

considerable confidence.

One observation we can make from Figure 7 is that all of the solar wind plasma

in the dwell appears to originate from the same one day range in longitude at the

Sun. This apparently includes a portion of plasma with enhanced O�� /O�� density

ratio ≡ ��, which has been identified with filled triangles, as well as the low �� value

plasma plotted as open squares. A low �� would normally be used to identify coronal

hole as this correlation has been well documented with Ulysses/SWICS using data from

inside 2.2 AU [����� �� �
., 1995]. Doing this for the data in Figure 6 would imply

the boundary between coronal hole and streamer flow occurs at DOY 338.0 at the

time of the CME, which is in the dwell on the back of the fast wind where there is no

obvious alternative way to separate coronal hole flow slow wind. The constant velocity

approximation implies that all the plasma from the dwell originated from the same

narrow range in longitude, including some of the plasma with an elevated ��. The

simplest interpretation is that the plasma on DOY 338.0-339.3 in Figure 6 comes from

the small and slow (300 km/s) CME that actually occurred on DOY 338.8. Enhanced

O�� /O�� and alpha particle to proton density ratio are strongly associated with CMEs

[-������ ��� ���
��
, 2001; ��
���, 1997; �& "��$�����’ ����& ��		&
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altitudes), but in streamers, at ≈ 4.5 ����, we had to adopt about the same �� as at

lower levels to be able to reproduce the Lyman-� intensity - which might be taken as

an indication that Hydrogen is frozen-in at that level. Calculations analogous to those

outlined above for OVI ions, however, show that Hydrogen is still far from freezing-in

conditions. The reason for this discrepancy is not clear, but it should most probably be

interpreted as hinting to a temperature decrease with altitude much slower than in the

streamer region analyzed by ��$��� �� �
. [1999].

We would like to conclude the paper by again reminding the reader of the benefits

we get from making use of quadrature observations. The low latitude wind mass flux is

highly variable [����	�� �� �
., 2000] and at a latitude of ≈ 15�(which is ≈ the latitude

of Ulysses at the time of the fall 1998 quadrature), it can easily change by a factor 5.

It is a tempting, and often adopted, technique to derive the coronal proton flow speed

by assuming mass flux conservation, coronal densities, and an a priori magnetic field

geometry. However, this procedure gives correct results only in the steady polar wind.

In the highly variable low-latitude wind, the average �� ���� mass flux value allows one to

derive coronal outflow speeds only when uncertainties by a factor of 2-5 are acceptable.

At the time of quadratures, however, the precise connection between coronal and �� ����

plasma limits the risk of such large errors.
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Figure 1. SOHO/LASCO C2 negative, contrast-enhanced images of the west limb of

the Sun on four days representative of the different conditions met along the directions

Sun–Ulysses, at the time of the November/December SOHO–Ulysses quadrature. The

inner circle defines the limb of the Sun, the edge of the gray circle gives the size of the

C2 occulting disk, and the outer circle is at ∼ 6 ����, the outer edge of the aperture.

The solar equator and the Sun–Ulysses direction 17.4� south of the equator are shown

by the black lines from the center of the image and the locations of the UVCS observing

slit are shown by the thinner black lines crossing the direction to Ulysses at direction at

3.5 and 4.5 ����.

Figure 2. NSO/Sacramento Peak Fe XIV map for Carrington rotation 1943, covering

the November/December 1998 days when the Ulysses-SOHO quadrature observations

have been made. The data are E+W limb contours: 5, 7, 15, 25, 35, 45, 55, 65, 75,

85, and 95 millionths of I� at 1.15 ����. Coronal holes are shown as white bordered by

black. The Ulysses footpoint, 90� west of central Earth central meridian passage (CMP),

is shown as a gray bar extending 3� north and south of the footpoint. The beginning and

ending DOY are shown above the gray bar.

Figure 3. UVCS Lyman-� intensity profile along the slit, during 8 days of the SOHO–

Ulysses quadrature campaign, from observations at 3.5 ����. Units along the abscissa

are given in arcsec, the zero position (see the arrow) lying along the radial through

Ulysses; North is on the left (negative abscissa values). Units along the ordinate axis

are in 10
 �
���� �����. The transition from streamer activity north of the Sun–Ulysses

direction (negative slit values) to streamer activity along and South of the Sun–Ulysses

direction (positive slit values), is clear from the figures.
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Figure 4. Lyman-� intensity vs. time, from November 29 to December 7, measured

by UVCS at 3.5 (diamonds) and 4.5 (asterisks) ����, along the radial to Ulysses. The

plotted intensities have been averaged over pixels included in about 1�, about the radial

to Ulysses. Values at 4.5 ���� have been multiplied by 3.1 to facilitate the comparison

between the intensity behavior at the two altitudes. Data have been averaged over 2700

and 5400 s, at, respectively, 3.5 and 4.5 ����.

Figure 5. UVCS OVI ��	�� ���	�� ’̊ ratio at (top) 3.5 and (bottom) 4.5 ���� vs. time,

from November 29 to December 7. � values have been averaged over pixels included in

about 1�, about the radial to Ulysses. A transition to high � values occurs an DOY

338–339, hinting to a decrease of the OVI ions outflow speed. Data have been averaged

over 2700 and 5400 s, at, respectively, 3.5 and 4.5 ����. Horizontal lines are drawn at

ratios corresponding to the average values of � over bright and dark regions.

Figure 6. Ulysses SWOOPS measurements of the proton flow speed, proton tempera-

ture, and number density of protons and alpha particles, VHM/FGM measurements of

B�, and SWICS measurements of the O�� /O�� density ratio. The time interval corre-

sponds to the expected arrival time of the plasma at Ulysses for the November/December

SOHO-Ulysses quadrature. Assuming a solar wind plasma speed of 450 km/s, the ex-

trapolated origin date is shown at the bottom of the top panel and the origin day of year

is shown on the bottom panel.
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Figure 7. Top panel: Ulysses SWOOPS proton speed, from Figure 4.1. Second panel:

speeds extrapolated back to the Sun making the constant velocity approximation. Bot-

tom panel: SWICS O�� /O�� density ratio extrapolated to the Sun using the constant

velocity approximation. The origin dates are shown as DOY in the bottom panel. Plasma

in the dwell of the fast wind stream are highlighted in the top panel. This same data is

plotted as boxes in the second panel to show that all of the plasma in the dwell originates

from the same narrow band of longitudes on the Sun - the coronal hole. The O�� /O��

density ratio data in the dwell is plotted as boxes or filled triangles depending on whether

the ratio is typical of fast wind or slow wind.

Figure 8. Top panel: Ulysses SWICS alpha particle speed (solid line) and Oxygen

speed (open triangles). Second panel: Daily averages of the O/H absolute abundance

ratio. The DOY at Ulysses are shown across the bottom and the corresponding dates in

1998 are shown across the top.

Figure 9. Full symbols: squares, proton outflow speed at 3.5 and 4.5 solar radii, from

the present study, for the 1998 low-latitude streamer and coronal hole we analyzed;

diamonds: same as above, for OVI ions. Open symbols: squares, polar proton flow speed

from Cranmer et al. [1999] minimum corona models. The plotted values comply with

mass flux conservation and are calculated with an anisotropic temperature distribution

((�� = ��). Open diamonds: Oxygen flow speed, in equatorial holes, from Miralles et

al. [2001], and, in polar holes, from Cranmer et al. [1999]. The range of values given by

the authors – which correspond to different choices of the free parameter �� and of other

model parameters – are shown in the Figure. These would be constrained, if the Oxygen

mass flux would be known.


