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Abstract. We present a study of the oxygen abundance rel-
ative to hydrogen in the equatorial streamer belt of the solar
corona during the recent period of activity minimum. The
oxygen abundance is derived from the spectroscopic obser-
vations of the outer corona performed during 1996 with the
Ultraviolet Coronagraph Spectrometer (SOHO) in the ultra-
violet region. This study shows that the depletion of oxygen,
by almost one order of magnitude with respect to the photo-
spheric values, found in the inner part of streamers by Ray-
mond et al. (1997a) is a common feature of the solar min-
imum streamer belt, which exhibits an abundance structure
with the following characteristics. In the core of streamers
the oxygen abundance is 1.3×10−4 at 1.5 R�, then it drops
to 0.8×10−4 at 1.7 R�, value which remains almost constant
out to 2.2 R�. In the lateral bright structures that are ob-
served to surround the core of streamers in the oxygen emis-
sion, the oxygen abundance drops monotonically with he-
liodistance, from 3.5×10−4 at 1.5 R� to 2.2×10−4 at 2.2 R�.
The oxygen abundance structure found in the streamer belt is
consistent with the model of magnetic topology of stream-
ers proposed by Noci et al. (1997). The composition of the
plasma contained in streamers is not the same as observed
in the slow solar wind. Even in the lateral branches, richer
in oxygen, at 2.2 R� the abundance drops by a factor 2 with
respect to the slow wind plasma observed with Ulysses dur-
ing the declining phase of the solar cycle. Hence the slow
wind does not appear to originate primarily from streamers,
with the exception perhaps of the plasma flowing along the
heliospheric current sheet.

Key words. Interplanetary physics (solar wind plasma) –
Solar physics, astrophysics and astronomy (corona and tran-
sition region; ultraviolet emissions)

1 Introduction

The first systematic spectroscopic observations of the
streamer belt in the extended corona, above 1.5 R�, were
obtained during solar minimum with the Ultraviolet Corona-

Correspondence to:S. Giordano (giordano@to.astro.it

graph Spectrometer (UVCS) operating on the Solar and He-
liospheric Observatory (SOHO). During 1996, the first year
of SOHO operations, the streamer belt was very stable and
its plane of symmetry was roughly coincident with the solar
equatorial plane.

The UVCS observations showed at once a striking differ-
ence in the morphology of the quiescent equatorial streamers
as observed in the OVI 1032Å and HI Lyα 1216Å emission
lines. In the outer corona the structure of the HI Lyα stream-
ers, with maximum brightness on the axis, is roughly consis-
tent with a global dipolar magnetic configuration. The OVI

streamers, on the contrary, have a complex structure consist-
ing of multiple bright regions, according to a quadrupolar or
higher order magnetic configuration. The core is dimmed
and the elongated bright structures surrounding the dimmed
region converge further out at roughly 2.5–3 R� to form the
interplanetary current sheet.

The most likely interpretation of the dimming of the OVI

emission in the center of streamers is in terms of a local de-
pletion of the oxygen ions (Noci et al., 1997; Raymond et al.,
1997a). Raymond et al. have measured the oxygen abun-
dance in a quiescent streamer observed in the outer corona on
23–24 July 1996. Due to the quasi–static, quasi–isothermal
nature of this structure the ratio of the intensities of the oxy-
gen and hydrogen emission is proportional to the oxygen
abundance relative to hydrogen. The depletion of oxygen
in the core of the streamer at 1.5 R� is severe. The abun-
dance decreases by an order of magnitude with respect to the
photosphere. Also in the streamer branches the oxygen is
depleted although to a lesser extent. The relative depletion
of oxygen across the streamer is by a factor of 4 (Raymond
et al., 1997a). Feldman et al. (1998) and Feldman (1998)
found that close to the limb, at 1.03 R�, the streamer oxy-
gen abundance is close to the photospheric value. Therefore
the process that affects this quantity operates further out in
the atmosphere. The observed oxygen depletion in stream-
ers agrees with the tendency to find in the corona and in the
solar wind an underabundance of heavy elements with high
first ionization potential (FIP),≥9 eV, relative to elements
with lower first ionization potential (Meyer, 1985a,b). The
studies of solar composition based on the data obtained more
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recently with the SWICS/Ulysses instrument have revealed
however that in the solar wind there is evidence for an over-
abundance of low-FIP relative to high–FIP elements and the
effect is enhanced in the slow solar wind (see Geiss et al.,
1995; von Steiger et al., 1995; von Steiger, 1998).

The oxygen depletion in the streamer core has been related
to the origin of the slow solar wind by Noci et al. (1997). In
this model the slow wind originates in the streamer belt and
flows outward along open magnetic field lines which sepa-
rate the bright OVI features identified as sub–streamers. The
oxygen depletion in this case would originate from the nar-
rowing of the flux tubes before the wind reaches the critical
point. A decrease of the flux tube cross-section in the sub-
sonic region reduces the outflow velocity and consequently
the flux of protons. Therefore the force dragging the heavy
ions in the solar wind, proportional to the proton flux, is also
decreasing. When the dynamical friction decreases below the
minimum threshold, necessary to carry ions in the solar wind
(Geiss et al., 1970), a depletion of oxygen may indeed occur.

On the other hand, because of a certain similarity in the
drop of the oxygen abundance in the slow solar wind (Geiss
et al., 1995) and in the branches of quiescent streamers, Ray-
mond et al. (1997a,b) have proposed the streamer branches
as the sources of the slow wind. In this case the severe de-
pletion of oxygen in the center of streamers is explained as
an effect of gravitational settling in a closed magnetic field
structure. This occurs when the plasma is confined magneti-
cally in the core of a simple one–streamer structure for long
periods, of the order of at least a few days. Whereas, in the
lateral branches, the plasma would be allowed to flow out-
ward in a time shorter than the time of gravitational settling.
In this hypothesis the streamer branches might be channel-
ing some plasma outflow, thus contributing to the slow wind
(Raymond et al., 1997b, 1998).

These initial studies have underlined the importance of the
oxygen abundance structure within streamers in relation to
the understanding of the formation of the slow solar wind.
Interpretations by Noci et al. (1997) and by Raymond et al.
(1997a,b) are in support of the overall association of the slow
wind with streamers, suggested for instance by Gosling et al.
(1981), and would tend to exclude the slow wind forming pri-
marily at the interface between streamers and coronal holes.
The aim of the present study is to extend the analysis of
the oxygen abundance structure within quiescent streamers
to several cases in order to: i) assess whether the differ-
ence in the hydrogen–oxygen morphology can be ascribed
to an abundance variation as a rule, ii) investigate whether
the abundance value is fairly constant in quiescent solar min-
imum streamers, iii) establish the average abundance struc-
ture in the streamer belt in the altitude range from 1.5 R� to
2.2 R�. A further objective is the investigation of the oxygen
abundance in relation to the slow wind formation. The analy-
sis is performed considering 5 quiescent streamers observed
with the UVCS in the period April–June 1996.

Fig. 1. H I Lyα and OVI 1032 images of the 11 April 1996 equa-
torial streamer observed between 1.5 R� and 3 R� with UVCS.
The OVI streamer is certainly formed by two, possibly three, bright
structures. The external bright structures are elongated and con-
verge toward the interplanetary current sheet beyond 2.5–3 R�.

2 Observations

We have studied the OVI 1032, 1037Å and HI Lyα 1216Å
and HI Lyβ 1026 Å spectral lines detected in five quies-
cent equatorial streamers, observed during solar minimum
with the UVCS aboard the SOHO spacecraft, in order to de-
termine the oxygen abundance relative to hydrogen in such
coronal structures. The UVCS instrument and its capabili-
ties are described by Kohl et al. (1995, 1997). The equatorial
streamers selected for the analysis were detected on 11, 15
and 18 April 1996 and 2 and 5 June 1996 on the west side of
the Sun.

The oxygen and hydrogen spectral lines used in the anal-
ysis are detected in the same UVCS channel (the OVI chan-
nel), designed to cover the wavelength range from 945Å to
1123Å. This channel also includes a mirror to focus the HI

Lyα light on the detector of the OVI channel. The redun-
dant range covers the wavelengths from 1160Å to 1270Å.
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Table 1. Quiescent streamers used in the analysis

Date Start (UT) End (UT) h(R�)

11 April 96 01:00:42 01:10:02 1.5
11 April 96 01:10:56 01:37:42 1.7
11 April 96 01:38:39 01:51:28 1.9
11 April 96 01:52:23 02:10:26 2.2
15 April 96 23:18:16 23:27:33 1.5
15 April 96 23:28:29 23:55:17 1.7
15 April 96 23:56:15 00:09:01 1.9
16 April 96 00:09:57 00:28:01 2.2
18 April 96 01:19:02 01:45:49 1.7
02 June 96 00:44:53 00:54:07 1.5
05 June 96 01:53:54 02:03:09 1.5
05 June 96 02:04:05 02:30:53 1.7
05 June 96 02:31:51 02:44:38 1.9
05 June 96 02:45:33 03:03:37 2.2

All lines are observed in the same UVCS channel in order to
minimize calibration uncertainties. The streamers were im-
aged by scanning the corona at variable steps above 1.5 R�.
The UVCS instantaneous field of view (IFOW) is determined
by the slit of the spectrometer and the detector mask used
in the observation. The IFOW covers an area (l × w) wide
across the radial direction, wherel is the portion of the length
of the slit selected by the detector mask andw is the width
of the slit chosen for the observation. The quantityl is equal
to 2500 arcsec for the streamers observed in April and 2350
arcsec for those observed in June 1996,w is equal to 82.5
arcsec, and the position angle of the center of the slit,θ0
(counterclockwise from the North pole), is 270◦ in all cases.
The date, start and end time of the observation and the he-
liodistanceh of the center of the IFOW are reported in Table
I for each observation. Image distortion removal and wave-
length and radiometric calibration of the data are performed
according to standard procedures (Gardner et al., 1996). The
stray-light contribution is negligible in streamers.

The spectral range observed in the oxygen channel has
been separated into five spectral intervals, four relative to the
spectral lines to be examined plus an additional one chosen to
measure the background counting rate. The total intensity,I ,
of each line is obtained in each elementary area along the slit
by summing the pixel intensities over the spectral line profile
I =

∑
I (λ)1λ, after background subtraction. The line in-

tensities can be expressed as functions of the position angle
θ= θ0 + 1θ , whereθ0 corresponds to the center of the slit,
1θ is defined as arctg(±y/h), andy is the distance from the
central position of the slit. As an example, the intensity of the
H I Lyα 1216 and of the OVI 1032 emission of the streamer
observed on 11 April 1996 is imaged in Fig. 1. The analysis
of the oxygen abundance is limited to the interval between
1.5 R� and 2.2 R�, where the HI Lyβ line was observed
with sufficient statistics.

3 Oxygen abundance diagnostics

In the outer corona the OVI 1032, 1037 and HI Lyα 1216
and Lyβ 1026 lines are formed both by collisional excita-
tion and resonant scattering of transition region and chromo-
spheric photons, respectively. The importance of the radia-
tive relative to the collisional contribution increases with he-
liodistance since the radiative component varies as the den-
sity, whereas the collisional contribution decreases as density
squared. In the case of the HI Lyα 1216 line the resonant
emission is by far the predominant mechanism of line for-
mation in the corona.

In regions where the plasma flows are negligible, the oxy-
gen abundance relative to hydrogen can be derived either
from the ratio of the collisional intensities or from the ratio of
the radiative components of the OVI 1032 and HI Lyβ 1026
lines (Raymond et al., 1997a):
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where,NO/NH is the abundance of oxygen relative to hy-
drogen,IO VI,rad, IO VI,coll, ILyβ,rad, ILyβ,coll are the radiative
and collisional components of OVI 1032, and HI Lyβ 1026
intensities. The collisional and radiative components of the
two lines can be separated with a method which also makes
use of the observed intensities of the OVI 1037 and HI Lyα

1216 lines, as discussed in the Appendix. The quantities
nHI/nH and nO VI/nO are the concentrations of HI atoms
and OVI ions and their values depend on electron temper-
ature;bLyβ = 0.88 andbO VI = 1.0 are the branching ra-
tios for the absorbed photons to be re–emitted in the coronal
line; fLyβ = 0.0791 andfO VI = 0.131 are the oscillator
strengths;ILyβ,disk = 4.13 × 1013 ph cm−2 s−1 sr−1 and
IO VI,disk = 1.94 × 1013 ph cm−2 s−1 sr−1 are the disk in-
tensities measured with UVCS, used in the analysis by Ray-
mond et al. (1997a). The ratioδνO VI/δνLyβ of line widths
is computed on the assumption that the line broadening is
approximately thermal in regions of predominantly closed
magnetic field lines. The quantitiesqLyβ = 6.57×10−9 cm3

s−1 andqO VI = 1.85 × 10−8 cm3 s−1 are the collisional
excitation rates computed at logT=6.2. The parameters given
above all refer to the OVI 1032 line. The atomic parameters
are derived according to Landini et al. (1990); Mewe (1972);
Mewe and Gronenschild (1981).

The validity of the assumption of negligible plasma flow in
quiescent streamers is corroborated by the white light obser-
vations performed with LASCO (SOHO) on the coronal den-
sity enhancements that are presumably carried by the slow
solar wind. Their outflow velocity at about 2 R� is still below
50 km s−1 (Sheeley et al., 1997). Furthermore, during the
solar minimum the outflow velocity, determined in streamers
on the basis of the OVI 1037/1032 ratios, does not reach val-
ues of the order of 100 km s−1 out to 3–4 R� (Kohl et al.,
1997; Antonucci et al., 1997).
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In this analysis we have to consider the disk intensities
of H I Lyα and HI Lyβ, OVI 1032 and 1037, both to sepa-
rate the collisional from the radiative contributions to coro-
nal emission (see Appendix) and to derive the oxygen abun-
dance relative to hydrogen but, in the second case, only if
the radiative components of HI Lyβ and OVI 1032 lines are
used (Eq. 1). In the observation period considered here the
UVCS values used by Raymond et al. (1997a) for the HI Lyα

line are consistent with the average value,' 5.36 × 1015

ph cm−2 s−1 sr−1, obtained with the data of SOLSTICE
(SOLar STellar Irradiance Comparison Experiment) on the
Upper Atmosphere Research Satellite (Rottman et al., 1993;
Woods et al., 1993). The ratios of disk intensitiesILyα/ILyβ ,
IO VI 1032/IO VI 1037, ILyβ/IO VI 1032, measured by Wilhelm
et al. (1998) with SUMER/SOHO at solar minimum, differ
from the data used in this analysis by less than 2%, 5% and
30%, respectively. Therefore the separation of the radiative
and collisional components of the HI and OVI lines is neg-
ligibly affected by the uncertainties in the disk intensities of
the lines. On the other hand, the uncertainty in the absolute
value of the coronal oxygen abundance relative to hydrogen
is ≤30% but only when derived on the basis of the ratio of
the radiative components of HI Lyβ and OVI 1032 lines.

Formulae 1 and 2 are valid for ionization equilibrium that
is a likely condition for the plasma observed in quiescent
streamers below 2.2 R�, since the density is relatively high
and flow speeds are either absent or low. The electron tem-
perature is assumed to be logT = 6.2 from 1.5 R� to 2.2 R�

(see Raymond et al., 1997a). This is justified by the fact that
the ratio ((nHI/nH)/(nO VI/nO)) does not vary significantly
in the range logT = 6.0− 6.2 that includes typical streamer
temperatures (see Gibson et al., 1999). Furthermore above
106 K the variation of the excitation ratesq with temperature
is quite small. In particular, in the logT = 6.0 − 6.2 range,
the ratio of the collisional coefficientsqO VI 1032/qO VI 1037 is
constant;qHI Lyα/qHI Lyβ varies no more than 1% andqO VI

1032/qHI Lyβ no more than 8%. The ratiosqO VI 1032/qO VI 1037
andqHI Lyα/qHI Lyβ are used to separate the collisional and
radiative line components (see the Appendix).

The oxygen abundance relative to hydrogen for a quies-
cent streamer is then directly proportional to the ratio of the
O VI to H I intensity through a constant factor containing only
atomic parameters which weakly depends on the local elec-
tron temperature. The abundance is determined independent
of electron density.

4 Oxygen abundance analysis results

According to the diagnostic methods illustrated in the pre-
vious section, for a static plasma at a given temperature the
oxygen abundance relative to hydrogen,NO/NH, is a linear
function of the ratios of the collisional/radiative line compo-
nents,IO VI,coll/ILyβ,coll andIO VI,rad/ILyβ,rad. Therefore, in
general, abundance variations are to be expected when the
O VI emission varies relative to the HI Lyβ emission. An ex-
ample of this correlation is given in Fig. 2, where the oxygen

Fig. 2. Top panel: oxygen abundance relative to hydrogen deter-
mined at 1.7 R� approximately across the axis of the equatorial
coronal streamer observed at the West limb on 15 April 1996 (polar
angle 270◦ corresponds to the equator at the West limb). Bottom
panel: relative intensity of the OVI 1032 to the HI Lyβ line mea-
sured at 1.7 R� on 15 April 1996.

abundance variation across the axis of the streamer observed
at 1.7 R� on 15 April 1996 is described. The instantaneous
field of view is divided in 11 equal sectors, 210 arcsec wide.
The uncertainty on the intensity HI Lyβ, the weakest line,
has a predominant influence on the statistical error of the
oxygen abundance.

The results obtained in Fig. 2 indicate that some of the
differences between the abundances obtained with the col-
lisional and radiative components are much lower than the
maximum uncertainty in the radiative abundance that might
be expected from the uncertainty in the ratio of the HI Lyβ

and OVI 1032 disk intensities. This fact implies that possible
systematic errors due to disk intensity uncertainties are much
lower than 30%.

For each of the five streamers selected for the analysis, the
oxygen and hydrogen line intensities are compared to iden-
tify regions of maxima and minima of the emission ratio of
the two lines (Fig. 3, right panels). The line intensities are
then integrated over these regions, or sectors, of the instan-
taneous field of view in order to decrease the statistical un-
certainty when deriving the average oxygen abundance. The
streamer boundary is defined as the site where the oxygen
intensity drops roughly by 1/e. The analysis is performed
in the sectors within the streamer where the intensity of the
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Fig. 3. In the left panels the oxygen abundance relative to hydrogen (averaged over the polar angle sectors reported in Table II) are plotted as
full dots and open circles when derived from the radiative and collisional components of the OVI 1032 and the HI Lyβ lines, respectively.
In the right panels the intensity of the OVI 1032 and the HI Lyβ lines are compared to show the regions of maximum and minimum O/H
relative intensity that have allowed the selection of sectors used to perform the abundance analysis.
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H I Lyβ is sufficiently high.
The abundance results obtained from the analysis of the

radiative and collisional emission components are plotted in
Fig. 3 (left panels). The heliocentric distance of the instanta-
neous field of view, the central position,θc, and width of the
selected sectors, the averageILyβ andIO VI 1032 line intensi-
ties, and the average oxygen abundance,

AO/H = log
NO

NH
+ 12, (3)

derived from the ratios of the radiative and collisional com-
ponents of the OVI and HI lines within each sector, are re-
ported in Table 2.

The 11 April and 5 June 1996 streamers are roughly sym-
metrical with respect to the equator (270◦) and in this case the
oxygen emission is weaker right in the center of the streamer.
The other streamers are less symmetrical, probably because
their symmetry plane is slightly inclined with respect to the
equator and line of sight effects play a role in shaping the
coronal structure as observed from SOHO. In all streamers,
however, we can identify two lateral branches; bright in OVI

although not always developed to the same extent and an in-
ner core region, not necessarily central, that shows a severe
oxygen depletion.

4.1 11 April 1996 streamer

The streamer observed on 11 April 1996 (Fig. 1) is an ex-
cellent example of the morphological difference between the
H I and OVI emission in solar minimum conditions. The
H I Lyα intensity peaks at the equator, where the OVI 1032
emission drops, by a factor of 3–4 at 1.7 R� with respect to
the lateral branches (Fig. 3). The O/H intensity ratio there-
fore varies significantly with position angle, with a minimum
at the equator and two peaks almost symmetric around the
equator. The O/H abundance derived for the absolute maxi-
mum and central minimum in OVI intensity, from the colli-
sional and radiative O/H line ratios, is presented in the same
figure. The minima of the O/H intensity and abundance are
found in the core of the streamer. The abundance relative to
the second peak of O/H intensity ratio, north of the equator,
is not statistically significant. This streamer is well observed
out to 2.2 R�.

4.2 15–16 April 1996 streamer

The intensity of the OVI 1032 line measured across the axis
of the 15 April 1996 streamer, at 1.7 R�, shows the same bi-
furcation observed on 11 April 1996, although not symmetric
with respect to the equator. The bifurcation is, as expected,
not present in the HI Lyβ intensity (Fig. 3). The OVI min-
imum is located about 15 degrees south of the equator. The
abundance, derived as an average in the intervals around the
minima and the maxima of the O/H intensity ratio, confirms
that the O/H intensity maxima, around 280◦ and 245◦, are
characterized by higher oxygen abundance whereas the re-
gion in between is depleted of oxygen. The streamer is an-

alyzed out to 2.2 R� (the last scan was performed on April
16).

4.3 18 April 1996 streamer

The streamer observed on 18 April 1996 at a distance of
1.7 R� from the Sun, shows a dip in the O/H intensity ra-
tio displaced (15◦ S) from the center of the HI structure and
the southern lateral branch of the streamer is almost absent
(Fig. 3). If, however, two sectors, respectively 525 and 273
arcsec wide, the first positioned at 260◦ and the second north
of the equator close to around 277◦, are selected, we still
find a decrease of abundance in relation to the drop of OVI

intensity relative to hydrogen emission. The OVI dimming
is significant only at 1.7 R�.

4.4 2 June 1996 streamer

The equatorial streamer of 2 June 1996, whose HI Lyβ and
O VI 1032 intensities at 1.5 R� are shown in Fig. 3, is di-
vided into two sectors, 273 and 315 arcsec wide, both north
of the equator and centered on position angle 290◦ and 275◦,
respectively. The minimum of O/H intensity ratio at 250◦ is
neglected since the statistical error in this case is too large
due to the very weak intensity of the HI Lyβ line. The low-
est oxygen abundance is again found in the central part of the
streamer although not exactly at the equator.

4.5 5 June 1996 streamer

The 5 June 1996 streamer has been studied at four differ-
ent heights: 1.5, 1.7, 1.9 and 2.2 R�. The correspondence
between the maxima of oxygen emission and abundance is
also confirmed in this case. The OVI dimming is found right
at the equator. The results obtained at 1.9 R� are shown in
Fig. 3.

4.6 Average abundance values

In the core of streamers the oxygen abundance varies be-
tween 1.4×10−4 and 0.6×10−4 (Fig. 4). These values are
obtained by averaging over the regions that present a min-
imum in the oxygen to hydrogen line intensity ratio. The
abundance derived for the lateral branches is plotted versus
height in Fig. 5. In these structures the oxygen abundance is
larger than in the core and it shows a radial dependence with a
value varying from 3.9×10−4 to 2.1×10−4 in the range from
1.5 R� to 2.2 R� (Fig. 5). The streamers which contribute
most to the dependence of abundance on heliodistance are
the 11 April and 5 June 1996 (Table 1). Since these are the
two most symmetric streamers with respect to the equatorial
plane, with the maximum of hydrogen intensity at 270◦ and
symmetric bright lateral branches in OVI , the contributions
coming from the lateral branches and the core of streamers
are not overlapping when integrating the coronal emission
along the line-of-sight. The fact that Fig. 5 mostly reflects
the radial variation of streamers symmetric with respect to
the equator is confirmed by Fig. 6, where the abundance is
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Fig. 4. Average oxygen abundance relative to hydrogen as a func-
tion of heliodistance in the streamer core. Full dots and open circles
indicate the values derived from the radiative and collisional com-
ponents of the OVI 1032 and the HI Lyβ lines, respectively.

Fig. 5. Average oxygen abundance relative to hydrogen as a func-
tion of heliodistance in the streamer lateral structures. Full dots
and open circles indicate the values derived from the radiative and
collisional components of the OVI 1032 and the HI Lyβ lines, re-
spectively.

averaged only on the streamers of 11 April and 5 June 1996.
The results are obtained by averaging the values derived by
the two different methods. Therefore, we can conclude that
the dependence of the oxygen abundance on heliodistance
found in the lateral branches is real. In these structures, oxy-
gen becomes more rarefied with increasing altitude.

The abundance values obtained from the collisional and
radiative line components are plotted separately in Figs. 4
and 5. They only differ significantly in the streamer core at
1.7 R� and 2.2 R� (Fig. 4). This could be due to uncer-
tainties in the disk intensity of the lines used in the anal-
ysis (see Sect. 4). However, since the collisional compo-
nents weight denser regions, a difference in the abundance
derived by means of the two methods might also reveal an

Fig. 6. Oxygen abundance relative to hydrogen as a function of
heliodistance obtained by averaging the results from the 11 April
and 5 June 1996 data. The streamer core and lateral structures are
denoted with full and open triangles, respectively. The values are
averages of the results obtained with the ratio of the radiative and
collisional components.

Fig. 7. Oxygen abundance relative to hydrogen as a function of
heliodistance in the streamer core and lateral structures, denoted
with full and open triangles, respectively. The values are averages
of the results obtained with the ratio of the radiative and collisional
components.

anti-correlation between electron density and oxygen abun-
dance (Raymond et al., 1997a). Therefore, in the inner part
of streamers there might be denser regions characterized by
a slightly larger oxygen depletion.

Finally we obtain the characteristic values of the oxygen
abundances for core and lateral branches of streamers ob-
served during solar minimum, by averaging the results de-
rived with the two different methods (Fig. 7).
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Table 2. H I Lyα and OVI 1032 Intensities and Oxygen Abundance in Selected Portions of Solar Minimum Quiescent Streamers

Date Heliocentric θc sector sector ILyβ IO VI 1032 logAO/H logAO/H
distance width (radiative) (collisional)

(ph cm−2s−1sr−1) (ph cm−2s−1sr−1)

11 April 1.5 R� 267◦ 263◦–271◦ 1.05 109 5.68 109 8.19 7.82
11 April 1.5 R� 252◦ 249◦–255◦ 4.61 108 1.09 1010 8.66 8.67
11 April 1.5 R� 288◦ 286◦–290◦ 6.29 108 7.74 109 8.60 8.06
11 April 1.7 R� 270◦ 268◦–273◦ 4.35 108 1.47 109 8.01 7.46
11 April 1.7 R� 259◦ 253◦–264◦ 2.98 108 3.73 109 8.46 8.23
11 April 1.9 R� 272◦ 269◦–276◦ 2.29 108 6.79 108 8.03
11 April 1.9 R� 285◦ 281◦–289◦ 6.55 107 1.42 109 8.61 8.64
11 April 2.2 R� 278◦ 276◦–279◦ 5.76 107 6.32 108 8.45 7.92
11 April 2.2 R� 271◦ 269◦–273◦ 8.03 107 3.58 108 8.06 7.59
11 April 2.2 R� 265◦ 264◦–266◦ 8.30 107 7.12 108 8.36 7.76
15 April 1.5 R� 252◦ 248◦–256◦ 6.50 108 5.42 109 8.06 8.47
15 April 1.7 R� 257◦ 255◦–260◦ 3.23 108 1.67 109 8.16 7.62
15 April 1.7 R� 249◦ 246◦–251◦ 1.35 108 2.85 109 8.62
15 April 1.7 R� 279◦ 272◦–288◦ 2.97 108 3.75 109 8.42 8.31
15 April 1.9 R� 277◦ 272◦–283◦ 1.42 108 1.69 109 8.40 8.21
15 April 1.9 R� 260◦ 259◦–261◦ 1.54 108 8.22 108 8.05 7.94
16 April 2.2 R� 276◦ 271◦–280◦ 5.94 107 6.53 108 8.28 8.48
16 April 2.2 R� 263◦ 261◦–265◦ 6.12 107 3.66 108 8.05 8.06
16 April 2.2 R� 256◦ 253◦–259◦ 3.57 107 5.32 108 8.35
18 April 1.7 R� 260◦ 255◦–265◦ 3.30 108 2.08 109 8.18 7.98
18 April 1.7 R� 277◦ 269◦–283◦ 3.36 108 3.46 109 8.43 8.09
2 June 1.5 R� 290◦ 286◦–295◦ 3.45 108 4.77 109 8.54 8.23
2 June 1.5 R� 275◦ 269◦–282◦ 8.46 108 4.58 109 8.19 7.76
5 June 1.5 R� 293◦ 289◦–296◦ 3.37 108 7.42 109 8.61 8.66
5 June 1.5 R� 282◦ 278◦–287◦ 7.06 108 3.29 109 8.12 7.68
5 June 1.5 R� 251◦ 247◦–255◦ 3.30 108 9.90 109 8.55
5 June 1.7 R� 288◦ 286◦–290◦ 1.79 108 3.11 109 8.57 8.44
5 June 1.7 R� 275◦ 269◦–280◦ 3.62 108 1.40 109 7.96 7.75
5 June 1.7 R� 255◦ 251◦–258◦ 1.83 108 4.28 109 8.59 8.86
5 June 1.9 R� 274◦ 270◦–278◦ 1.61 108 6.79 108 7.91 7.91
5 June 1.9 R� 285◦ 283◦–286◦ 8.11 107 1.29 109 8.47 8.51
5 June 1.9 R� 261◦ 259◦–263◦ 1.57 108 1.93 109 8.38 8.36
5 June 2.2 R� 282◦ 281◦–284◦ 4.42 107 4.74 108 8.32 8.40
5 June 2.2 R� 274◦ 270◦–278◦ 6.38 107 3.03 108 8.05 7.48
5 June 2.2 R� 261◦ 259◦–263◦ 4.88 107 7.31 108 8.43 8.54

5 Discussion

The results obtained in the analysis of a few quiescent stream-
ers observed during solar minimum shows that, in an altitude
range from 1.5 R� to 2.2 R�, the oxygen abundance struc-
ture within the streamer belt follows a regular pattern. The
inner part of the streamers is depleted relative to the pho-
tospheric value of oxygen by almost an order of magnitude
with respect to the photosphere, in agreement with Raymond
et al. (1997a). The oxygen abundance relative to hydrogen
in the streamer core is close to 1.0×10−4 while in the photo-
sphere its value is 6.76×10−4, that is,AO/H=8.83±0.06 (see
Grevesse and Sauval, 1998). In the lateral branches of the
streamers the abundance decreases monotonically with he-

liodistance from 3.5×10−4 (8.54) to 2.2×10−4 (8.34), that
is, oxygen is depleted by a factor of 2 and 3 at 1.5 R� and
2.2 R�, respectively.

The oxygen abundance of streamers can be compared with
the value observed in the slow solar wind in the ecliptic
plane by Bame et al. (1975), 5.3 (+1.4

−1.0)×10−4 (8.7). This
value was confirmed by the recent SWICS/Ulysses data
(5.3 (+2.4

−1.3)×10−4) (von Steiger et al., 1997) during a period
of declining activity, between mid-1992 and mid-1993. In
this period the solar wind speed was observed to vary peri-
odically between 400 km s−1 and 800 km s−1. von Steiger
et al. (1995) point out that in the same period of declining
activity at the magnetic sector boundaries (detected when a
crossing of the current sheet formed by the extension of coro-
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nal streamers in the heliosphere occurs) the oxygen abun-
dance can be lower than 4×10−4. In the fast wind streams,
on the other hand, the oxygen abundance, 6.3 (+2.9

−1.5)×10−4

(8.8), is close to the photospheric value (Wimmer Schwe-
ingruber, 1994; Geiss et al., 1995; von Steiger et al., 1995,
1997). Hence, according to the interplanetary observations,
the slow wind material found in the ecliptic plane, or within
30◦ from the equator (in the case of the Ulysses measure-
ments), is richer of oxygen than the solar minimum equa-
torial streamers observed with UVCS. The difference in the
abundance of the slow solar wind and the lateral structures of
quiescent streamers might be not significant only at 1.5 R�

if possible systematic errors (≤ 25%) are taken into account
(see Sect. 4). Since the highest depletion of oxygen is found
at the heliospheric current sheet, the composition of this layer
is the one that differs less from the streamer composition.

Let us assume that the depletion of oxygen in the core
of streamers is due to magnetic confinement of the plasma
with negligible contribution to the solar wind, according to
the suggestion put forward by Raymond et al. (1997b). In
this case the plasma is trapped in the closed magnetic field
lines of the core region for periods of several days and there-
fore gravitational settling can occur with a consequent local
drop in the abundance of heavy ions. However, the model of
a quiescent one–streamer structure where gravitational set-
tling and diffusion of the oxygen ions operate, described
by Raymond et al. (1997b), cannot reproduce the observed
streamer abundance structure since the drop of oxygen abun-
dance should be larger in the lateral branches.

In fact Raymond et al. (1997b), in order to reconcile the
model prediction and the observations, suggest that in the
lateral branches gravitational settling does not operate effi-
ciently since the plasma might be confined there for shorter
times than in the core and a leakage of mass might occur. In
any case, according to the present results, the plasma form-
ing these regions cannot contribute significantly to the slow
solar wind flow since the abundance values found at 2.2 R�,
2.2×10−4, are lower by more than a factor of 2 than those
found in the interplanetary slow wind. Only the tendency,
predicted by this model, to find, higher depletion with in-
creasing heliolatitude in closed–magnetic regions is qualita-
tively consistent with our results.

In the scenario discussed above, the lateral bright branches
are at the interface between closed and open field lines. If,
however, the morphology suggested by Noci et al. (1997) is
representing the real situation, each of the two lateral bright
structures would be a sub-streamer characterized by a closed
magnetic structure where the plasma could be confined for
relatively long time and sub–streamer would be separated by
open field lines along which the plasma can flow. If this is
the case, only two of the three substreamers needed to form
an interplanetary current sheet would extend outward suffi-
ciently to be clearly observed in the extended corona; then
the oxygen abundance found in the lateral branches is an
average over the closed field line regions where the mech-
anism of gravitational settling can operate. The observed
heliodistance dependence of the oxygen abundance is then

consistent with the gravitational settling model by Raymond
et al. (1997b) when independently applied to the two sub–
streamers surrounding the core. In the core region, at the
site of open magnetic field lines the drag force due to ion–
proton collision would be acting and the depletion of oxygen
in the core of streamers could be ascribed to the mechanism
invoked by Noci et al. (1997). The magnetic topology of the
open flux tubes, whose cross-section is variable within the
streamer, can in fact produce a flow speed smaller than in the
radial case while the density remains the same. The proton
flux would then be reduced. Since the ions are dragged into
the solar wind mainly by Coulomb collisions, the dragging
force, proportional to the proton flux, drops. A decrease in
proton flux below a certain threshold can, in principle, deter-
mine a decrease in the oxygen abundance (Geiss et al., 1970).

It is interesting to note that the material flowing along the
flux tube separating substreamers is mainly contributing to
the layer where the current sheet forms, a layer that has a
magnetic sector boundary as interplanetary signature. von
Steiger et al. (1995) have suggested that the material form-
ing the slow wind near sector boundaries shows little sign
of static gravitational stratification and is consistent with dy-
namical stratification. In fact, in the case of gravitational
stratification, the drop in the abundance of a heavy ion such
as oxygen relative to that of helium would be larger than ob-
served. Helium is light and less affected by the gravitational
effect, whereas its drag factor is the least favourable. If grav-
itational settling is not important to explain the fractionation
in the slow wind at the sector boundary, the low oxygen abun-
dance observed with SWICS/Ulysses in proximity to the he-
liospheric current sheet could then correspond either to the
composition of the plasma flowing along the current sheet it-
self or to that of the plasma in the flow tubes immediately
surrounding the coronal streamers and, further out, the cur-
rent sheet. In the first case, the reduction of proton flux re-
sponsible for the oxygen depletion might be due to the mag-
netic field topology of the open flux tubes within the coronal
streamer as suggested by Noci et al. (1997). In the second
case, the slow wind might be dynamically fractionated be-
cause of the low proton fluxes associated with large geomet-
rical expansion factors of the tubes surrounding the coronal
streamers (von Steiger et al., 1995; von Steiger, 1998).

Therefore, we suggest that, in the cases we have analyzed,
a complex magnetic topology of quiescent coronal streamers,
formed typically by two dominant sub–streamers beyond 1.5
R�, is in better agreement with the streamer abundance struc-
ture derived from the UVCS observations. Gravitational set-
tling operates in the closed magnetic field regions surround-
ing the core of the streamer. In the core itself the open mag-
netic field lines are channeling a slow flow responsible for
the depletion of oxygen. In this case the only signature of
streamer material in the interplanetary space would be found
close to the heliospheric current sheet and presumably inter-
spersed with the slow wind. The alternative scenario, with
a closed magnetic field right in the core of streamers, would
be consistent with the observed oxygen abundance structure
only if the times of magnetic confinement were different for
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the core of the streamer where the material would be confined
longer, and for the lateral branches whose material would
mix more easily with the plasma flowing along the streamer
borders. In both cases, however, the slow solar wind would
not originate primarily from streamers but rather from the
layers of open field lines surrounding the streamers, where
the plasma is flowing outward channeled in flux tubes with
large expansion factors.

Appendix Collisional and radiative line
intensity components

In order to separate the collisional and radiative contributions
to OVI 1032 and HI Lyβ line intensities, the OVI 1037 and
H I Lyα lines must also be considered. The observed HI line
intensities are the sum of the collisional and radiative com-
ponents

ILyα,rad + ILyα,coll = ILyα,obs, (A1)

ILyβ,rad + ILyβ,coll = ILyβ,obs (A2)

whereILyα,rad, ILyα,coll andILyβ,rad, ILyβ,coll are the radiative
and collisional components of the HI Lyα and HI Lyβ line
intensity, respectively. The ratios,R1 andR2, of the radiative
and collisional components of the two lines

ILyα,rad

ILyβ,rad
= R1, (A3)

ILyα,coll

ILyβ,coll
= R2, (A4)

are functions of atomic parameters only

R1 =
bLyα

bLyβ

λLyα

λLyβ

fLyα

fLyβ

ILyα,disk

ILyβ,disk
, (A5)

R2 =
bLyα

bLyβ

qLyα

qLyβ

, (A6)

wherebLyα = 1.0 andbLyβ = 0.88 are the branching ra-
tios for the absorbed photons to be re–emitted in the same
line, fLyα = 0.416 andfLyβ = 0.0791 are the oscillator
strengths,ILyβ,disk = 4.13 · 1013 ph cm−2 s−1 sr−1 and
ILyα,disk = 5.24 · 1015 ph cm−2 s−1 sr−1 are the disk in-
tensities measured with UVCS (Raymond et al., 1997a). The
collisional excitation rates,qLyα andqLyβ depend on electron
temperature. The four equations (3-6) relating the radiative
and collisional components of the two HI lines are sufficient
to determine them. Four analogous equations for OVI allow
us to determine the OVI 1032, 1037 radiative and collisional
components.
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