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ABSTRACT

Using spectra obtained by the SUMER instrument on the Solar and Heliospheric Observatory (SOHO)
we have determined the composition of the bulk of the coronal plasma in the vicinity of the solar surface
over a polar coronal hole and an equatorial region. Our measurements show that although low first
ionization potential (FIP) elements are enriched by about a factor of 4 in the corona above the quiet
equatorial region, little or no enrichment exists above the north polar coronal hole. These observations
are in good agreement with the Ulysses in situ observations in both fast speed and slow speed winds.

Subject headings: Sun: abundances — Sun: corona

1. INTRODUCTION

Many solar wind composition studies have been done
from spacecraft moving in the equatorial plane, which,
therefore, primarily monitor the solar wind from equatorial
regions of the sun. This low-latitude component of the solar
wind is generally dominated by the slow-speed wind, which
is highly variable with velocities generally less than 450 km
s~ 1. In describing the composition of the solar outer atmo-
sphere, including the solar wind, it is convenient to intro-
duce the concept of FIP bias. This refers to the result that
elements with first ionization potential (FIP), less than
about 10.5 eV, are found to be relatively more abundant (by
a factor called the “FIP bias”) than elements with high
ionization potential, compared to the elemental distribution
of the solar photosphere. In this context the composition of
the slow-speed solar wind has been found to have a FIP
bias of 4-5 (Bochsler & Geiss 1989; Gloeckler & Geiss
1989; von Steiger, Geiss, & Gloeckler 1997; Garrard &
Stone 1993 from energetic particles). However, a second,
more steady component of the solar wind with velocities in
excess of 500 km s~ 1, the fast-speed wind, is known to have
a composition with a FIP bias of 2 or less (Gloeckler &
Geiss 1989). During the Skylab mission in 1973-1974 the
fast wind was shown to be correlated with coronal hole
regions on the Sun and, therefore, with regions of open
magnetic fields (Krieger, Timothy, & Roelof 1973; Nolte et
al. 1975; von Steiger et al. 1997). This also implied that the
slow-speed solar wind may originate from above closed
field equatorial regions.

These characteristics of the solar wind have been con-
firmed and displayed in greater detail with observations
from the Ulysses spacecraft. Ulysses contained particle-
monitoring capabilities and was placed in an orbit inclined
to the ecliptic in order to observe the solar wind from pro-
gressively higher solar latitudes. The observations showed a
variable solar wind at lower latitudes giving way to a faster
more steady wind reaching 750 km s~ ! velocity at the south
and north polar caps (Geiss et al. 1995; von Steiger et al.
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1997). Associated with this was a change in the composition
from a typical coronal FIP bias of 4-5 at low latitudes to a
composition with a FIP bias approaching 1 in the fast wind
from higher latitudes. This is best shown by a strong corre-
lation between the stream velocity and the Mg/O abun-
dance ratio (Geiss et al. 1995; von Steiger 1996). The
fast-speed wind which has a typical FIP bias of 1.5 is associ-
ated with an O*7/O ™ ® freeze-in temperature of 1.2 x 10° K
(corresponding to a height of 1.3 R) in the model of the
polar coronal hole given by Ko et al. (1997). The freeze-in
temperatures refer to the coronal electron temperature at
the altitude where the expansion time scale of the solar wind
overcomes the collision and recombination time with the
hot electrons, and the ionization state is “frozen-in” (von
Steiger 1996). The low freeze-in temperature in the fast solar
wind confirms its origin from the polar coronal hole. The
O*7/0*° freeze-in temperature in the slow speed solar
wind is higher and reaches a value of 1.6 x 10° K. Using the
C*S/C*5 freeze-in temperatures which are about 23%
lower, the fast-speed wind temperature is 0.98 x 10° K and
the slow-speed wind temperature is 1.3 x 10 K. The
C*6/C*5 fast-speed wind temperature of 0.98 x 10° K
compares to a height near 1.2 R, in the south polar
coronal hole model of Ko et al. (1997).

The solar wind abundance ratio of H/O has been studied
extensively over several decades. Latest measurements indi-
cate that in the slow-speed solar wind H/O = 1890 + 600
and in the high-speed solar wind H/O = 1590 + 500
(Wimmer Schweingruber 1994). Since the ratio of H/
O = 1175 in the photosphere, the depletion in the solar
wind of O when compared to the photosphere, if it exists at
all, is 0.6 or less. For detailed accounts on solar wind obser-
vations see Bame et al. (1977), Gloeckler & Geiss (1989),
Schwenn (1990), Meyer (1992), von Steiger et al. (1995), and
von Steiger et al. (1997).

Spectroscopic instruments flown in the past were not
designed to provide optimal observations for determining
the coronal compositions above quiet and coronal hole
regions. Thus, only little was known about the average
plasma composition of these regions in the vicinity of the
solar surface. The only exceptions were measurements done
to determine the composition differences between polar and
equatorial regions in the 4.3 x 10° K temperature range
(Feldman & Widing 1993). This study made use of Ne vi
and Mg vI limb-brightened emission rings near 400 A sur-
rounding the full-disk images in Skylab spectroheliograms
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(Tousey et al. 1977). The relative intensities of the sharp
emission rings were used like the intensities from a slit spec-
trum to compare the abundance of the low-FIP Mg with
the abundance of the high-FIP Ne. In particular, the inten-
sity ratios of (Mg vi1-400.68)/(Ne vi-401.14) and of (Mg viI-
400.68)/(Ne v1-401.94) limb-brightened rings were used to
determine the Mg/Ne abundance ratios above polar
coronal holes and above a quiet region. Postulating that
Mg and Ne are good representatives of low- and high-FIP
elements their abundance ratio was used as a measure of the
FIP bias. Measurements of the rings above the polar
coronal hole showed enrichment of Mg when compared to
Ne with a FIP bias less than or equal to 2.5. In the bright
rings over the quiet limb the FIP bias was found to be less
than or equal to 2. In the quiet-limb region just outside the
coronal hole boundaries the composition was found to be
nearly photospheric. The findings show that the 4.3 x 10°
K plasma composition above coronal hole and quiet-Sun
regions does not agree with compositions of the slow and
the fast-speed winds observed by Ulysses. As suggested by
Feldman & Widing (1993), the difference may mean that the
unresolved fine structures (UFS) forming the Ne vi and
Mg VI emission rings are not the dominant source of the
solar wind which may rather be correlated with the mostly
open-field magnetic region surrounding the UFS.

The composition of equatorial coronal streamers at a
distance of 1.5 R, above a quiet and an active region was
recently studied using measurements obtained from the
UVCS instrument on SOHO (Raymond et al. 1997). In
general, they found that the enrichment of the low-FIP ele-
ments are consistent with values seen in the slow-speed
wind. The measurement at the limb of the streamer nicely
confirms that the slow wind flows around the streamer as
predicted by von Steiger et al. (1995). However, by using the
intensity ratios of the high FIP O vi resonance line and the
H Lg line they found that oxygen is depleted at 1.5 R, by as
much as 1 order of magnitude when compared with photo-
spheric abundances. This result is in contradiction to H/O
ratios derived from measurements of the slow-speed or the
fast-speed solar wind.

The aim of the present work is to determine the composi-
tion of the bulk of the coronal plasma in the vicinity of the
solar surface over a polar hole and an equatorial region. We
compare our measurements, which were recorded close to
the solar limb (h < 1.03 R) with the UVCS streamer taken
at 1.5 Ry, and the Ulysses measurements of the slow-speed
solar wind in the equatorial plane and the fast-speed solar
wind along the polar direction.

2. OBSERVATIONS AND DATA REDUCTIONS

The SUMER instrument is a high spectral and spatial
resolution slit spectrometer accommodated on SOHO. The
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wavelength range for the detector used to obtain the present
observations (detector B) is 660—1500 A in first order and
500-750 A in second order. The instrument radiometric
efficiency has been calibrated before and during the flight. It
is fairly constant over the 900-1200 A range; however,
outside this range it varies considerably. The spatial
resolution along the length of the slit is about 1” and the
spectral resolution is about 43 and 22 mA in first and
second orders, respectively. The instrument is described in
detail by Wilhelm et al. (1995) and Wilhelm et al. (1997). A
common SUMER data acquisition mode is the “reference
spectrum ” where the entire wavelength range is covered by
some 60 spectral images. In a reference spectrum mode each
of the images is shifted by ~13 A (in first order) from the
previous image. For our study we have selected two sets of
data recorded in the reference spectrum mode. In both cases
a4 x 300 arcsec? slit and a 300 s integration time were used
to acquire each image, i.e., a full reference spectrum was
acquired in ~ 5 h. The elemental composition of the corona
above the polar coronal hole was deduced from a reference
spectrum that was acquired on 1996 November 3. During
the exposures, the slit was oriented in the north-south direc-
tion. The slit’s lower edge was aligned to record spectra
emitted from a region 22" above the north polar limb. The
elemental compositon of the corona above a quiet equato-
rial region was acquired on 1996 November 21 and 22. At
that time SOHO underwent a 90° roll maneuver, and the
SUMER entrance slit was oriented on the solar equator
along the east-west direction. The slit’s lower edge imaged
coronal plasma that was located 24" above the limb. During
the time of the observations the corona along the entire
equatorial region was very quiet. For details see the 10° K
solar image of Figure 1 that was exposed on 1996 Novem-
ber 22 by EIT on SOHO.

Prior to obtaining the line intensities, the raw spectral
images were corrected for flat-field and image distortion
effects using standard SUMER programs. Sets of highly
ionized lines, one from high-FIP elements and a second
from low-FIP elements, were selected for analysis. The lines
used for studying the corona above the polar coronal hole
are listed in column (1) of Tables 1 and 2, and those selected
for studying the quiet corona above the equatorial region
are listed in the first column of Tables 3 and 4. For each line
the counts accumulated over the entire line width (A1) were
integrated. Similarly, we have integrated the counts over a
AZ width in an adjacent region devoid of spectral lines. The
net counts, which is the difference between the two measure-
ments, obtained through the lower edge of the slit are given
in column (2) of the tables. Line intensities have been
deduced using the radiometric calibration curves of
SUMER with the B-detector. Ratios between the instru-
ment efficiency at 1032 A (O v1) and at the wavelength of the

TABLE 1
HiGH-FIP LINES IN THE CORONA ABOVE A POLAR CORONAL HOLE REGION

Emissivity
A COUNTS EFFICIENCY log T, = 5.8 log T, = 5.9 log T, = 6.0 log T, = 6.1
(0 2 3) ® 6 Y
O vi 21032....... 58000 1.0 2.57—13 1.19—13 6.72—14 4.52—14
Ne v A895 ...... 1400 1.13 211—-14 322—15 4.59—-16 8.12—17
Ne vm A780...... 5000 2.70 1.68—13 8.78—14 3.72—14 1.67—14
S A871......... 75 1.30 5.90—17 2.53—16 3.56—16 1.94—16
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FiG. 1—EIT image of the 1 x 105 K solar corona taken at 171 A. Transitions of Fe 1x and Fe X are the most prominent contributors to the detected

emission.

lines under consideration are given in column (3) of each
table.

Theoretical emissivities for all the lines were obtained
from calculations or compilations done by either Raymond
et al. (1997) or by us. We have used statistical equilibrium
model ions, generally including 15-20 levels. Electron
impact collision strengths or excitation rates come from
various sources in the literature. These are either R-matrix
calculations including resonances or distorted wave results
that generally omit the effects of resonances in excitation
cross sections. In the latter case we have included an esti-
mate of the resonance contribution using the HULLAC
suite of codes (Klapisch et al. 1988) as described for the
N-like system in Laming et al. (1997). Where they are

appropriate, proton impact excitation rates have also been
included between fine-structure levels.

In detail, Raymond et al. (1997) compiled the atomic data
for H from Scholz & Waters (1991), Callaway & McDowell
(1983), and Hummer (1994). Atomic data for ions in the Be-,
B-, and N-like systems are identical to those used in Laming
et al. (1997). Collision strengths for N v are from Merts et al.
(1980) and for O v1 are from Zhang, Sampson, & Fontes
(1990). Data for the rest of the Li-like ions is taken purely
from HULLAC computations for n =2 and n = 3 levels.
The distorted wave approximation should be perfectly ade-
quate for the 2s—2p resonance transitions we observe. Data
for the C-like ion Mg viI are taken from Mason & Bhatia
(1978), for both electron impact excitation and radiative
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TABLE 2
Low-FIP LiINES IN THE CORONA ABOVE A POLAR CORONAL HOLE

EMissIviTy

A

(A) COUNTS EFFICIENCY log T, =5.8 log T, =59 log T, = 6.0 log T, =6.1

0] 2 3 ® (©6) Y
O vi 41032 ....... 58000 1.00 2.57—13 1.19-13 6.72—14 4.52—14
Na x 1681 ....... 420 4.6 1.03—-15 4.18—15 3.09—-15 143—15
Mg vi 4868 ...... 480 1.3 2.48—15 1.14—15 1.60—16 4.65—18
Mg vim A782...... 320 2.7 1.15-15 1.98—15 9.67—16 1.00—16
Mg x 2609 ........ 2400 33 2.01-16 6.93—15 428—14 4.05—14
Si vt 11049 ....... 300 1.0 1.60—15 6.99—16 1.52—16 1.81—-17
Sivim 1949 ....... 870 1.05 1.42—15 2.08—15 1.31-15 3.84—16
Six A950......... 350 1.05 7.18—17 3.88—16 6.96—16 4.70—16
Ca x A557 ........ 220 6.75 431—-15 2.86—15 142—15 7.06—16
Fe x 11028 ....... 350 1.00 1.87—16 597-16 8.89—16 4.55—16

decay rates. Proton impact excitation rates are taken from
Faucher, Masnon-Seeuws, & Prudhomme (1980) for the
ground 3P term, and calculated by us for the !D,—1S,, tran-
sition. The contributions of resonances to transitions
between different levels of the ground configuration are cal-
culated as outlined in Laming et al. (1997). At temperatures
lower than those corresponding to collisional ionization
equilibrium for Mg®*, good agreement is found between
our procedure and the R-matrix results of Lennon & Burke
(1994), adding to our confidence in applying this correction.
Si x is taken from Zhang & Sampson (1996). The O-like
ions Si vir and S 1x are taken from Lang & Summers (1994),
who tabulate electron impact excitation rates as a function
of temperature calculated from the cross sections of Bhatia,
Feldman, & Doschek (1979). Radiative decay rates are also

taken from this last reference. Proton and resonance rates
are calculated by us as described for other isoelectronic
sequences. The remaining ions Fe x and Fe xm are taken
from Bhatia & Doschek (1995) and Tayal & Henry (1988).
The Fe x data are calculated in the distorted wave approx-
imation but appear to be more reliable than more recent
close-coupling results (see discussion in Laming 1998, and
references therein).

The emission rates per ion calculated above are multi-
plied by the ionization fraction and by the photospheric
element abundance to give an emission rate per unit elec-
tron density (n,), per unit proton density (n,), and per unit
volume (cm~?), assuming H to be fully ionized. Ionization
fractions for all elements but Fe are taken from Arnaud &
Rothenflug (1985) and for Fe from Arnaud & Raymond

TABLE 3

HiGH-FIP LiNEs IN THE CORONA ABOVE AN EQUATORIAL QUIET REGION

EMissiviTy

A

A) Counts  EFFicENcY log T,=60 logT,=61 logT,=62 logT,=63

(0] ()] ©)] @) (6) ()
Lyp 241025........ 980 1.0 1.31-15 1.04—15 747—16 2.59—16
Ovi 11032 ....... 34000 1.0 6.72—14 452—-14 3.17—14 1.85—14
Nv1238........ 1300 14 3.52—14 2.24—15 1.07—15 3.54—16
Sx A11% ........ 900 1.1 9.83—16 7.66—15 2.63—16
Sx 21213 ........ 2000 1.2 2.18—15 1.66—15 446—16
Ne v 4895 ...... 60 113 4.59—-16 8.12—-17 1.88—17 545—-18
Ne vin 4780...... 2800 2.70 3.72—14 1.67—14 8.80—15 5.55—-15
S A871 ......... 180 1.30 3.56—16 1.94—16 522-17 7.00—18

TABLE 4
Low-FIP LiNEs IN THE CORONA ABOVE AN EQUATORIAL QUIET REGION
EMISSIVITY

A

A) Counts  ErFiceNcY log T,=60 logT,=61 logT,=62 logT,=63

()] @ (©) @) (6) Q]
O vi 41032 ....... 34000 1.0 6.72—14 452—14 3.17—-14 1.85—14
Na x 1681 ....... 620 4.6 3.09—-15 1.43—-15 6.54—16 3.44—-16
Mg vim A782...... 60 2.7 9.67—14 1.00—16 7.01—18 6.39—19
Mg x 2609........ 20000 33 428—14 4.05—14 1.95—14 8.96—15
Si vir 1949 ....... 480 1.05 1.31-15 3.84—16 4.50—17 1.67—18
Six 1950......... 1000 1.05 6.96—15 470—16 1.06—16 6.75—18
Ca x AS57 ........ 350 6.75 142—15 7.06—16 2.69—16 6.11—-17
Fe x 41028 ....... 800 1.0 8.89—16 4.55—16 8.07—17 8.90—18
Fe xm 11242 ...... 7000 14 437—15 292—15 501-16
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Fi1G. 2—Plot of the effective FIP bias as a function of temperature for the corona above the polar coronal hole. (a) High-FIP lines; (b) low-FIP lines.

Li-Like Ne vi, Na 1x, and Mg X lines are not shown.

(1992). Photospheric abundances are taken from Feldman
(1992), which are based on Anders & Grevesse (1989). An
electron density of 1 x 10% cm ™3 was used in calculating the
emissivities of the corona above the polar coronal hole. For
the quiet corona an electron density of 2 x 10® cm ™3 was

used. Electron densities for the coronal regions we have
considered were determined from the 1445 A/1440 A Si vin
line ratios. (For details on the technique see Feldman et al.
1978 and Laming et al. 1997). Columns (4), (5), (6), and (7) in
the tables provide the calculated emissivities for each of four
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Fi1G. 3.—Plot of the effective FIP bias as a function of temperature for the corona above the quiet equatorial region. (a) High-FIP lines; and (b) low-FIP
lines. Li-like Ne v, Na 1x, and Mg x lines are not shown.

different temperatures. over a range of temperatures and attempt to find it by

We initially tried to derive an emission measure distribu- iterating an initial guess at the emission measure distribu-
tion for both the coronal hole and streamer data sets, using tion until the observed line intensities are reproduced.
the methods described by Laming, Drake, & Widing (1996). Unlike that work, where the emission measure converged

We assume that the plasma emission measure is distributed quite quickly to a stable distribution, we found a stable
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physically plausible result rather hard to find. In general,
our emission distributions eventually collapsed to a single
temperature. Often such a behavior is the result of the
ill-conditioned nature of such inversion problems; how-
ever, in these cases it appears that we are observing essen-
tially isothermal plasmas. In studying the streamer at 1.5
Ry, Raymond et al. (1997) also found that an isothermal
temperature of 1.58 x 10° K (log T, = 6.2) is the best repre-
sentation for the plasma they studied. Therefore, we too
make this assumption and derive “tentative coronal ele-
mental enrichment values” (effective FIP bias values) for
the four temperatures using the following relationship. We
first assumed that oxygen is a proper high-FIP element to
which the abundance of all other elements can be normal-
ized. Second, we normalized with respect to the 1032 A O v1
line the measured count rates as well as the calculated
emissivitites of all other lines. The effective FIP bias versus
temperature we derived is the ratio of the above two ratios,
ie.,

effective FIP bias {T,} =

[(Corrected count in line)/(count in O vI)]
[(emissivity in line)/(emissivity in O v)]{T,} -

The last four columns in each table provide the effective
FIP bias {T,}. Figures 2a and 2b are plots of the effective
FIP bias as a function of temperature for the corona above
the polar coronal hole, and Figures 3a and 3b provide
similar results for the quiet corona. For reasons that are not
clear to us, the Ne vi, Na 1x, and Mg X lines, all of which
belong to the Li-like isoelectronic sequence, appear to indi-
cate a systematic lower effective FIP bias value than the rest
of the lines. To avoid confusion we did not plot them in
these figures; however, we have plotted them in a later
display.

3. DISCUSSION AND CONCLUSION

3.1. FIP Bias in the Corona above the Solar Pole

As seen from Figures 2a and 2b, the effective FIP bias of
most lines intersect each other at a temperature of log T, =
5.92 (T, = 8.3 x 10° K). Accepting T, = 8.3 x 10° K as the
plasma temperature of the corona above the polar coronal
hole, the FIP bias value for each of the lines is plotted in
Figure 4. The Li-Like Ne vi, Na 1x, and Mg X lines are
represented in the figure with open circles, while the rest are
represented using full circles. As seen from the figure, the
FIP bias in the corona above the coronal hole is very close
to 1. It appears that the coronal plasma did not undergo
any composition modification after emerging from under
the photosphere. The south polar coronal hole model of Ko
et al. (1997) predicts that the freeze-in temperature (T, = 1.2
x 10° K) of the fast-speed solar wind occurs at a height of
1.3 R,,. Since the spectroscopic measurements of the polar
coronal hole composition reported here refers to a much
lower coronal altitude (h < 1.03 Rg), it is not surprising
that a lower temperature (T, = 8.3 x 10° K) is derived.

3.2. FIP Bias in the Corona along the Equatorial Plane

Figures 3a and 3b show that both the high- and low-FIP
lines intersect each other at a temperature of log T, = 6.13
(T, = 1.35 x 10° K): the high-FIP lines cross each other at
a FIP value of slightly above 1, while the low-FIP lines

CORONA ABOVE SOLAR EQUATOR AND NORTH POLE 1005
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F1G. 4—FIP bias vs. FIP for the corona above the polar coronal hole.
Li-like Ne vim, Na 1x, and Mg X lines are represented with open circles.

cross at a value which is closer to 3 or 4. The Li-like Ne v,
Na x, and Mg x lines are represented in the figures with
open circles, while the rest are represented using full circles.
Accepting T, = 1.35 x 10° K as the plasma temperature of
the corona in the equatorial direction above the quiet limb,
the FIP bias value for each of the lines is plotted in Figure 5.
As can be seen from the figure, all high-FIP elements
including H have a FIP bias of 1, while the low-FIP ele-
ments have a FIP bias value of about 4. The spectroscopic
measurements above the quiet region refers to a fairly low
coronal altitude (h < 1.03 Ry), while the freeze-in tem-
perature most likely occurs at much higher coronal heights.
It is, therefore, not surprising that the spectroscopic deter-
mined temperature is some 15% lower than the freeze-in
temperature measured from the O*7/O " ¢ ions ratios.
Again, although the coronal temperature above the
equatorial quiet region determined by spectroscopic
means is 15% lower than the slow-speed solar wind value
(T, = 1.6 x 10° K) obtained from the O”*/O°* freeze-in
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Fi1G. 5—FIP bias vs. FIP for the corona above the quiet equatorial
region. Li-like Ne vim, Na 1x, and Mg X lines are represented with open
circles.
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ratio, the C®*/C>" freeze-in value (T, = 1.3 x 10° K) is
similar.

3.3. H/O Abundance Ratio in the Equatorial Plane

The H to O abundance ratio that we have obtained from
the spectroscopic measurements above the equatorial
region is H/O = 1500 + 400. This result falls within the
limits of the present measurements and theoretical calcu-
lation uncertainties of the slow-speed solar wind values. In
contrast, the result is markedly different from the results
reported by Raymond et al. (1997). In discussing their H/O
abundance results, Raymond et al. (1997) suggested that
elemental settling may be in part responsible for the large
depletion of O they detected at a height of 1.5 Rg. Our
observations confirm that the large depletion of O when
compared with the much lighter H, which was detected by
Raymond et al. (1997), is due to elemental settling. To prove
that indeed elemental settling occurs at large coronal
heights we display in Figure 6 the intensity versus height
above the limb of Ne vm, Mg x, Si x1, Si x11, Fe X, and
Fe xu. The displayed intensities are taken from the set of
spectral images that were also used to derive the composi-
tion of the quiet Sun. Notice that the intensity falloff of the
Ne, Mg, and Si lines which have about the same mass is
quite similar; however, the falloff of the twice heavier Fe is
much faster. At about 400” above the limb (~ 1.4 R) the Fe
intensity has already fallen by about a factor of 2.

We would like to thank John Raymond for providing us
with atomic data compilations of some of the solar abun-
dant elements. We would also like to thank Catherine
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