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Abstract. This study examines the physical conditions of the outer solar corona in order to identify the regions where the
slow solar wind is accelerated and to investigate the latitudinal transition from slow to fast wind during the minimum of the
solar cycle. The analysis is based on observations of six streamers obtained during the years of solar minimum, 1996 and 1997,
with the Ultraviolet Coronagraph Spectrometer (UVCS) onboard the Solar and Heliospheric Observatory (SOHO). The outflow
velocity of the oxygen ions and the electron density of the coronal plasma are determined in altitude ranging from 1.5 to 3.5 solar
radii (R ). The adopted diagnostic method, based on spectroscopic analysis of the O VI 1032 and 1038 Å lines, fully accounts
for the large expansion factor of the magnetic field lines expected in the regions surrounding the streamers. The analysis leads
to the conclusion that the slow coronal wind is observed (i) in the region external to and running along the streamer boundary;
and (ii) in the region above the streamer core beyond 2.7 R , where the transition between closed and open magnetic field
lines takes place and the heliospheric current sheet forms. Regions in the immediate vicinity of the streamer boundary can be
identified with the edges of the large polar coronal holes that characterize solar minimum. Results point to gradual variations of
the properties of a coronal hole from the streamer boundary to its polar core, most likely related to the topology of the coronal
magnetic field.
Key words. Sun: corona – Sun: UV radiation – solar wind

1. Introduction
One of the primary aims of the Ultraviolet Coronagraph
Spectrometer (Kohl et al. 1995) operating onboard the Solar
and Heliospheric Observatory (SOHO), a joint ESA–NASA
mission launched in 1995, is to identify the coronal sources
of fast and slow wind by means of spectroscopic analysis of
the ultraviolet line emission from the extended corona. The
most intense lines formed in this region are mainly due to resonant scattering of the ultraviolet photons emitted from the
chromosphere and transition region. In the expanding corona,
emission by resonant scattering undergoes Doppler dimming.
This eﬀect allows the detection of radial outflows in the plane
of the sky. Appropriate diagnostic techniques developed to
interpret Doppler dimming (Antonucci 1998; Dodero et al.
1998; Li et al. 1998; Zangrilli et al. 2002; Antonucci et al.
2004) have allowed identification of the region of acceleration and signature of the acceleration mechanisms of the fast
wind in polar coronal holes (Kohl et al. 1997, 1998; Antonucci
1999; Cranmer et al. 1999; Antonucci et al. 2000a, 2004). As
for the slow wind, UVCS observations of the streamer belt
at solar minimum have revealed an abundance anomaly (e.g.

Noci et al. 1997; Raymond et al. 1997; Marocchi et al. 2001;
Ko et al. 2002; Uzzo et al. 2003) that might be related to the origin of the low-speed streams. Quiescent streamers show a more
marked oxygen depletion in the core than in the streamer’s
bright lateral branches (Noci et al. 1997; Raymond et al.
1997). Noci et al. propose relating this dimming to the existence of open magnetic field lines inside magnetically complex streamers, thus channelling slow speed plasma into the
heliosphere. On the other hand, Raymond et al. (1997) propose gravitational settling to explain oxygen depletion in the
streamer core. Marocchi et al. (2001) point out that both gravitational settling acting inside sub-streamers and outflows along
open field lines between sub-streamers may coexist. Results
by Frazin et al. (2003) would, however, exclude significant
outflow velocities in the streamer core in contrast with the
Noci et al. interpretation. Direct observations of slow wind
in the proximity of streamers were recently carried out by
Strachan et al. (2002) and Abbo & Antonucci (2002a). Strachan
et al. estimate the outflow velocity via classical Doppler dimming analysis based on the ratio of O VI line emissivities
(Noci et al. 1987), provided the electron density is independently derived from the visible light emission observed with the
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Table 1. Coronal streamers observed with UVCS-SOHO.
Date

Polar angle
◦

Altitude range

Time interval

Θ( )

(R )

(UT)

135

1.5–3.8

17:49:12–04:14:36

22 Aug. 1996

45

1.5–3.8

20:55:24–05:55:58

30 Aug. 1996

225

1.5–3.8

16:27:47–02:37:36

01 Sep. 1996

285

1.5–3.8

16:50:04–01:50:23

30 Apr. 1997

288

1.5–3.5

20:58:33–06:41:28

05 May 1997

72

1.5–3.5

18:31:37–01:34:08

19 Aug. 1996

C2 coronagraph of LASCO (SOHO). The analysis is thus
restricted to the region above 2 R , the lower limit of the
LASCO C2 field of view. They find the insurgence of outflows
between 3.6 and 4.1 R along the streamer axis. The existence of slow wind at 80−100 km s−1 outside the streamer is
determined only at a fixed height, 2.3 R . Abbo & Antonucci
(2002a) adopt an improved version of the Doppler dimming
technique that derives both electron density and outflow velocity of the expanding corona from the O VI 1032, 1037 line
intensities, given constraint on the geometry of the flow tube
connecting corona and heliosphere (Antonucci et al. 2004).
This technique extends study of the dynamics of the corona
below 2 R in a region where space coronagraphs typically
fail to measure the polarized visible light. Abbo and Antonucci
observed coronal expansion all along the streamer boundary,
above 1.7 R , and above the streamer cusp, approximately at
2.3−2.7 R . Slow velocities from 50 to 80 km s−1 were observed. Where the plasma is expanding, higher levels of kinetic
energy of the O VI ions are found, indicating energy deposition occurring along the open field lines just outside streamers.
In the present paper we investigate the slow wind properties
by adopting, in the Doppler dimming analysis, large expansion factors of the flow tubes expected in the coronal regions
running along the streamer boundary (Wang & Sheeley 1990).
The streamers selected for this study were observed during the
last solar minimum (1996−1997), when the two regimes of fast
and slow wind were clearly detected in the heliosphere with
Ulysses and the coronal configuration was close to a dipole
(e.g. Phillips et al. 1995; McComas et al. 1998). The present
study also investigates the transition between the two wind
regimes in corona to verify if it is as abrupt as observed in
the heliosphere, where these regimes are characterized by quite
diﬀerent conditions of flow velocity, composition, and chargestate (e.g. von Steiger 2000). Preliminary results of the present
study are reported by Abbo et al. (2003) and Abbo (2002).

2. Streamer observations in the years of minimum
activity
In order to investigate the source and acceleration regions
of the slow solar wind, we select six streamers observed
at high spectral resolution with the Ultraviolet Coronagraph
Spectrometer (UVCS) during the recent solar minimum, more
precisely: in 1996 on August 19, 22, 30, and on September 1,
and in 1997 on April 30 and on May 5 (Table 1). The UVCS

field of view (FOV) is superposed on the images of selected
streamers. The composite images were obtained with the C1
and C2 visible light LASCO coronagraphs (Fig. 1), while
the disk images were obtained with the EIT/SOHO in the
Fe XII 195 Å line. UVCS scans covered a broad region of the
corona above 1.5 R and crossed at least one of the streamer
boundaries, in order to cover both the streamer, or part of it,
and part of the adjacent coronal hole, thereby encompassing
the transition region between the closed and open field lines.
Analysis is based on the O VI doublet at 1032 and 1038 Å
and the HI Lyman α line at 1216 Å. The slit of the UVCS is
centered on the radial direction at a given position angle Θ
(in degrees, counterclockwise from the North pole) and defines the instantaneous field of view (IFOV) of the observation. Streamers are observed by positioning the slit at increasing heights from 1.5 R to 3.5−3.8 R . The position angle,
altitude range of the UVCS, total field of view, and both initial and final times of the observations are reported in Table 1.
On August 19, 22, 30 and September 1, 1996, the corona was
observed from 1.5 R to 3.8 R , with the slit successively positioned at the following heights: 1.5, 1.6, 1.7, 1.8, 1.9, 2.0,
2.1, 2.3, 2.5, 2.7, 2.9, 3.3 and 3.8 R . The full scan of the
streamer lasted approximately 10 h. The corona was scanned
from 1.5 R to 3.5 R on the days April 30 and May 5,
1997 for approximately 8 h, and the observed heights were:
1.5, 1.7, 1.9, 2.2, 2.5, 3.0 and 3.5 R . The instantaneous
field of view in most of the observations was chosen to be
(37 arcmin × 14 arcsec) slit length and width, respectively, for
the observations on August 19, 22, 30 and September 1, 1996
and (38 arcmin × 14 arcsec) on April 30 and May 5, 1997.
Elemental areas (56 arcsec × 14 arcsec) wide were observed
along the IFOV on August 19, 22, 30 and September 1, 1996,
and (21 arcsec × 14 arcsec) wide on April 30 and May 5, 1997.
The spectral resolution is 0.18 Å, as determined by a slit
width of 14 arcsec. Observations beyond 2.9 R , performed on
August 22, 30 and September 1, 1996 are discarded since the
spectrometer slit was opened to 84 arcsec, thus degrading the
spectral resolution to 1.08 Å. Exposure time was chosen to increase with height to compensate for the concurrent decrease
in emission. In order to enhance the statistics further, nearby
exposures are summed resulting in the following average heliodistances: 1.6, 1.85, 2.15, 2.6, and 3.5 R for the streamers of August 19, 22, 30 and September 1, 1996; 1.8, 2.3, and
3.3 R and 1.7, 2.3, and 3.3 R for the observations performed
on April 30, 1997 and on May 5, 1997, respectively (Fig. 1).
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Fig. 1. Composite images of the Sun. The disk is imaged with EIT/SOHO in the Fe XII 195 Å line. The limb images are obtained with the
LASCO/SOHO C1/C2 coronagraphs. The slit (IFOV) of UVCS is superposed to the coronal images.

3. Data analysis method
Solar minimum streamers were first modelled by Pneuman &
Kopp (1971) by considering the steady expansion of a corona
overlying a spherical surface characterized by a dipolar magnetic field. The minimum solar atmosphere indeed appears to
be very similar to a dipole stretched by the coronal expansion
and thus to be formed by an equatorial annular structure where
the plasma is confined by the closed field that is surrounded by
the open field lines of the large polar coronal holes. The first
step in the analysis consists then in identifying the streamer

boundary on the basis of the ultraviolet emission detected with
the UVCS. When correctly defined, the boundary coincides
with the streamer-coronal hole interface. The second step consists in determining physical and dynamical characteristics of
the coronal plasma in the two regions separated by the boundary, namely, the bright streamer and the elongated dim region
externally adjacent to the streamer boundary. Due to the relative position of the scan and streamer axis, just one boundary
can be identified in most observations. In few cases, further out,
the slit covers only the region outside the boundary.
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3.1. Streamer boundary definition
We define first the streamer boundary on the basis of latitudinal
variation in the emission, and then we derive the plasma physical parameters from the core of the streamer outwards. From
the point of view of the magnetic configuration, the streamercoronal hole interface corresponds to the transition between
closed field lines, that confine the coronal plasma and the open
magnetic fields. In the absence of direct measurement of the
coronal magnetic field, the streamer boundary can be defined
according to several other physical parameters (Dobryzcka
et al. 1999; Zurbuchen et al. 2001; Abbo & Antonucci 2002b).
In coronal images the streamer/coronal hole interface is observed as a dimming of visible light and ultraviolet emission
(e.g. Dobryzcka et al. 1999). The UVCS data show that at
the streamer boundary, decrease in the ultraviolet intensity of
lines such as O VI 1032 and 1038 is correlated with a significant increase in the width of the oxygen ion velocity distribution along the line-of-sight observed as OVI line broadening
(Antonucci et al. 1997a,b). The O VI line width becomes extremely large as it approaches the polar corona (e.g. Antonucci
et al. 1997b; Kohl et al. 1997). This latitudinal dependence
of the O VI line width was confirmed by Dobryzcka et al.
(1999) and Zangrilli et al. (1999), who analyzed the corona below 2.25 R . In the proximity of the interface between closed
and open field lines we also expect insurgence of coronal outflows, as shown by the 0.5 contour level of the ratio of the
O VI 1038 and 1032 lines, which corresponds to 100 km s−1 in
speed and roughly outlines coronal streamers (Antonucci et al.
1997b; Giordano et al. 1997; Habbal et al. 1997). The streamer
boundary can thus be defined based on at least three parameters: (i) the intensity of the coronal emission; (ii) the kinetic
temperature of the oxygen ions; and (iii) the expansion velocity of the coronal plasma. In order to quantify these parameters, we consider the contour levels corresponding to: (i) the
1/e decrease in the O VI 1032 and 1038 emission (in our case
relative to the maximum value observed along the UVCS instantaneous field of view); (ii) the maximum gradient of the
kinetic temperature of oxygen ions as a function of position angle ∆T/∆Θ derived from line broadening; (iii) the O VI 1038,
1032 line intensity ratio ρ = 0.5, corresponding approximately
to an outflow velocity w of about 100 km s−1 . It turns out that
the last two contours (∆T/∆Θ)max and w ∼ 100 km s−1 are both
running externally to the 1/e emission boundary by approximately ≤10 degrees and ≤20 degrees, respectively (Abbo &
Antonucci 2002b). In this analysis the streamer border is, therefore, chosen to correspond to the inner contour level as defined
in terms of the 1/e value of the O VI 1032 maximum emission
along the slit. Figure 2 gives an example of streamer boundary determination, while Table 2 reports the spatial parameters
of the streamers and their adjacent dim regions. From 1.5 R
to 2.7 R , the width of the dim regions outside the streamer
boundary turns out to be on the average about 15 degrees.
It is worthwhile to note that, when defined in terms of the
1/e value of HI Lyman α maximum emission along the slit,
the streamer boundary remains roughly the same. Counts of
the O VI 1032 and 1038 lines are separately integrated over
the regions divided by the boundary/ies, namely, streamer and

adjacent regions. Counts are then corrected for stray light and
transformed to intensity I(λ) by applying the standard radiometric calibration (Gardner et al. 1996). The spectral line profiles I(λ) are fitted with a Gaussian function, that represents
the solar line profile, convolved with a Voigt curve and an appropriate function that account for the instrumental broadening
and the width of the spectrometer slit, respectively. The function resulting from the convolution is added to a background
linearly dependent on wavelength. The best fit is obtained by
applying the least square method using the following as adjustable parameters: peak intensity I0 , standard deviation σλ ,
and mean wavelength λ0 of the solar profile, and slope and
intercept of the background. The parameters defining the instrumental Voigt function and the corrections for stray light are
those derived according to the method in Giordano (1999). The
line intensity is obtained by integrating over the solar line profile. Standard deviation σλ can be expressed in terms of the
kinetic temperature
of coronal ions T k along the line of sight:

σλ = λc0 kmBpTAk , where c is the speed of light, kB the Boltzmann
constant, mp the proton mass, and A the ion mass number. The
kinetic temperature then measures the width of the velocity distribution of the oxygen ions along the line of sight.

3.2. Spectroscopic diagnostics
Both electron density and outflow velocity of the coronal
plasma inside streamers and in the regions running along the
streamer boundaries are derived by analyzing the ultraviolet
lines emitted at 1031.91 Å and 1037.61 Å by the O VI ions.
The two lines are bright in streamers and suﬃciently intense
even in the dim regions of the extended corona surrounding
streamers. The diagnostic method we use fully accounts for the
Doppler dimming eﬀect in those regions where the solar wind
is accelerated and includes the simpler case of a static corona
(Antonucci et al. 2004). This method can be applied throughout the extended corona, even below 2 R where visible light
observations are lacking, thereby allowing us to obtain unique
information on the dynamics of the corona.
Doppler dimming derives from the fact that, in the frame
of reference of the expanding corona, the exciting spectrum
originating in the transition region is red-shifted relative to the
coronal absorbing profile. The dimming factor Φ(δλ) is defined
as the integral of the product of the exciting intensity Iex (λ)
and the normalized coronal absorption profile Ψ(λ) along the
direction of the incident radiation, expressed as a function of
wavelength λ
 +∞
Iex (λ − δλ, n) Ψ(λ − λ0 ) dλ,
(1)
Φ(δλ) =
0

where λ0 is the reference wavelength, δλ the shift of the disk
spectrum introduced by the radial outflow velocity w of the
coronal absorbing ions along direction n:
δλ =

λ0
w · n.
c

(2)

When the red-shift δλ of the exciting spectrum is suﬃciently
large, pumping of the O VI 1037.61 Å line by the two nearby
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Fig. 2. Top panel: intensity of the O VI 1031.91, 1037.61 Å lines along the slit of the UVCS, i.e., the instantaneous field of view (vertical
axis) across the radial direction at 1.85 R on August 30, 1996. The horizontal axis is along the spectral dispersion; the wavelength range,
from 1029.0 Å to 1039.5 Å, includes the O VI doublet. Vertical arrows mark the laboratory wavelengths of the O VI lines. The labels a
and b indicate the regions corresponding to the bright streamer and the dimmer region external to the streamer boundary, respectively. The
horizontal arrows correspond to the intensity peak of the O VI 1032 line and the streamer boundary, defined as the 1/e 1032 O VI peak
intensity level. Bottom panels: profiles of the O VI lines averaged over the regions a and b, as indicated by the corresponding labels in the top
panel.

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20047126

704

E. Antonucci et al.: Slow wind at solar minimum

Table 2. Position angles (in degrees) of the boundary Θb within each IFOV, as a function of height (in solar radii, R ). Θint and ∆Θint define the
central position and half width of the streamer extension defined by either the two boundaries or one boundary and one edge of the slit. Θext
and ∆Θext define the central position and half width of the external region, delimited by the boundary and the other edge of the slit.
19 August 1996
Height

Θb

Height

Θint

∆Θint

Height

Θext

∆Θext

1.52

139

1.61

119

20

1.74

161

22

1.82

133

1.91

118

15

1.98

155

22

2.16

129

2.24

119

10

2.27

150

21

2.74

122

2.80

118

4

2.75

143

21

3.50

136

35

22 August 1996
Height

Θb

Height

Θint

∆Θint

Height

Θext

∆Θext

1.55

34

1.61

59

25

1.67

21

13

1.83

38

1.91

59

21

1.93

26

12

2.15

40

2.27

61

21

2.24

29

11

2.67

49

2.78

60

11

2.69

39

10

3.48

50

3.59

59

9

3.48

42

8

30 August 1996
Height

Θb

Height

Θint

∆Θint

Height

Θext

∆Θext

1.52

219

1.58

246

27

1.64

204

15

1.82

221

1.92

244

23

1.91

208

13

2.18

228

2.38

245

17

2.21

213

15

2.80

243

2.91

248

5

2.70

228

15

1 September 1996
Height

Θb

Height

Θint

∆Θint

Height

Θext

∆Θext

1.59

302

1.60

275

27

1.81

316

14

1.83

292

1.89

273

19

2.02

309

17

2.14

285

2.22

271

14

2.29

303

18

2.68

280

2.75

272

8

2.77

297

17

30 April 1997
Height

Θb

Height

Θint

∆Θint

Height

Θext

∆Θext

1.76

302

1.72

287

15

1.95

316

14

2.36

284

2.43

274

10

2.47

302

18

3.30

278

3.35

275

3

3.33

295

17

5 May 1997
Height

Θb

Height

Θint

∆Θint

Height

Θext

∆Θext

1.84

61

1.87

81

20

1.93

52

9

2.36

70

2.45

85

15

2.43

59

11

3.27

77

3.38

86

9

3.29

66

11

chromospheric C II lines at 1037.02 Å and 1036.34 Å is induced (Noci et al. 1987; Dodero et al. 1998 and Li et al. 1998).
However partial pumping can take place even in the static case,
w = 0, when the absorbing profiles are aﬀected by large broadenings, as occurs in the open magnetic field line regions of the
polar solar minimum corona. The exciting spectrum along the

direction of the incident radiation is given by the disk intensities of the O VI doublet lines derived by Raymond et al. (1997)
and of the C II 1037 and 1036 lines measured by Wilhelm et al.
(1998). The disk intensities are corrected to account for limb
brightening of the transition region O VI lines by considering
a non-uniform distribution over the disk that approximates the
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one observed with the SUMER spectrometer (A. H. Gabriel
& J.-C. Vial, private communication). This aspect of the analysis, although more important in the inner corona, cannot be
neglected in the extended corona.
The density of the coronal plasma averaged along the lineof-sight is proportional to the ratio of the collisional Ic and
radiative Ir components of a line (e.g. the O VI 1032 line) according to the equation


Ic h ν0 B12 
F(w) p(ϕ) dω ,
(3)
ne  ∼
Ir qcoll 
Ω
where F(w) = λc Φ(δλ) and, therefore, depends on the mean
velocity w of the coronal ions. Function p(ϕ) takes into account the geometry of the scattering process, where ϕ is the
angle between n and the l.o.s., dω the infinitesimal solid angle
around n, and Ω the solid angle subtended by the solar disk at
the point of scattering. B12 is the Einstein coeﬃcient for absorption. Integration of the emission due to photons approaching
the point of scattering along diﬀerent directions within the solid
angle Ω is essential in order to fully account for the fact that
the Doppler shift and the absorbing profiles (for bi-maxwellian
distributions of the absorbing coronal ions) depend on the direction of the incident radiation. Departures from ionization
equilibrium do not aﬀect the density results, since both the collisional and radiative component are proportional to the ion
column density and, therefore, to the oxygen ionization fraction. The radiative and collisional components of each line can
be separated by taking into account: (i) the observed line intensities of the two OVI lines (indicated as a and b); (ii) sum
of the two components; and (iii) the ratios R1 and R2 of the
radiative and collisional components of the two lines, respectively. R2 depends only on the atomic parameters of the lines
and the electron temperature. Ratio R1 is a function of the ratio of the Doppler dimming factors of the lines (e.g. Antonucci
et al. 2004):

Ir,a
ba B12,a λ0,a  Ω Φa (δλ) p(ϕ) dω

= R1 ∼
·
(4)
Ir,b
bb B12,b λ0,b  Φb (δλ) p(ϕ) dω
Ω
2

The outflow velocity then determines the relative importance
of the radiative and collisional components derived from the
observed total intensity.

3.2.1. Geometry of coronal streamers
For an axis-symmetric corona the density derived by using
Eq. (3) approximates the local value on the plane of the sky.
During solar minimum, the outer corona is axis-symmetric
since it approximates a dipole as the streamer belt is close to
the equator. This technique, however, can also be applied when
the streamer is symmetric with respect to a plane parallel to
the equator in a limited longitudinal interval. Since the radiative emission is linearly proportional to density, the local scale
height that measures the 1/e fall in density can be assumed to
represent the portion of the line of sight that is dominant when
determining the observed intensity of the radiative component.
The relevant region is then confined to a longitudinal range on
the order of ±∆ψ ∼ arctn Hr , where H(r) is the scale-height
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and r the heliodistance. The collisional component proportional to n2 falls even more rapidly than the radiative component; therefore, the spatial scale set for the radiative component
also applies to the collisional one. Angle ∆ψ is ∼6 degrees
at 1.65 R and ∼10 degrees at 2.7 R with the electron density derived by Gibson et al. (1999).
The streamers selected for the present analysis are approximately symmetric to the equatorial plane. Symmetric conditions exist when the neutral line of the coronal magnetic fields,
extrapolated from the Wilcox Observatory data for a radial
model with the location height of the source surface at 2.5 R
(http://quake.stanford.edu/∼wso/coronal.html), is
running close to the equator (e.g., <±5 degrees) at the
streamer Carrington longitude. Only the streamer observed on
August 22, 1996 is not equatorial, but in this case the tilt of
the streamer symmetry plane relative to the equatorial plane is
roughly ±5 degrees in a longitudinal range ±∆ψ ∼ 10 degrees
at 2.7 R . Hence, the selected quiescent streamers can be reasonably assumed as either axis-symmetric or quasi-symmetric,
relative to a plane parallel to the line-of-sight in the longitude
range where the coronal emission is predominantly coming
from.

3.2.2. Ion velocity distribution
As previously discussed, resonant scattering depends on the absorption profile in the direction of incident radiation, which can
be expressed in terms of kinetic temperature T k in this direction. Inside streamers, either the plasma is static, or low speed
outflows can be present as suggested by Noci et al. (1997). As
a result, the velocity distribution of coronal ions is well represented by an isotropic Gaussian function with width inferred
from the observed line broadening. In the dim regions adjacent to the streamer, we assume a bi-maxwellian velocity distribution. Since these regions are aﬀected by enhanced kinetic
temperatures (Antonucci et al. 1997a,b), an anisotropic distribution, as observed in the core of polar coronal holes where
kinetic temperatures are extremely high (e.g., Antonucci et al.
1997a; Kohl et al. 1998; Dodero et al. 1998; Cranmer et al.
1999; Antonucci et al. 2000a, 2004), is presumed to be more
appropriate. Just outside the streamer, however, the anisotropy
ratio (if less than unity) has to be much lower than in the polar
regions, since line broadenings are not as large as at the poles.
In this case therefore, the assumption of anisotropy is not as
crucial for studying the expansion of the coronal hole plasma
as at the poles. To analyze the dim regions we then assume
the observed kinetic temperature T k,l.o.s. = T k,obs in the plane
perpendicular to the radial direction and equal to the electron
temperature T k,r = T e along the radial radiation.

3.2.3. Electron temperature
As electron temperature T e of a solar minimum streamer we
assume the one derived by Gibson et al. (1999) (Fig. 3, dashed
line), which in turn assumes a single temperature for electrons and protons, a condition verified for static plasma. In this
case the electron/proton thermal equilibrium is established in
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a period on the order of 104 s (from ∼5 × 103 s at 1.6 R
to ∼7 × 104 s at 3.5 R ). The expected outflow velocities are
suﬃciently low above the streamer cusp to imply that electron/proton equilibrium is still valid. The curve derived by
Gibson et al. at 2.7 R is consistent with the value obtained
by Fineschi et al. (1998), T e = (1.1 ± 0.3) × 106 K, by measuring with UVCS the profile of the electron scattered HI Lyα
at 1216 Å in an equatorial streamer.
It is reasonable to expect that the temperature in the dim
regions along the streamer boundary falls between the temperatures of the pole and the streamer. Since at 1.5 R these two values do not diﬀer more than a factor 2, we then assume the same
temperature measured at the poles for the regions adjacent to
the streamers, and extrapolate it to the extended corona as
shown in Fig. 3 (dotted line). According to David et al. (1998),
the polar hole temperature never exceeds 1×106 K and declines
toward the interplanetary value above 1.3 R . Recently, these
results were confirmed by analysis of the intensities of Fe VIII
and Fe XIII lines (Ben El Hadj 2004) emitted from the same
polar hole studied by David et al. The Fe line analysis fully
accounts for departure from ionization equilibrium due to the
coronal hole’s plasma expansion. The diagnostics used to derive electron density and outflow velocity is independent of the
ionization fraction. Electron temperature, therefore, influences
only the collisional coeﬃcient of line excitation and the radial
profile of the absorbing ions in the case of bi-maxwellian velocity distribution. In any case, the modest excursion of electron
temperature found in the extended corona means that the results
of electron density and outflow velocity are fairly independent
of its value.

3.2.4. Magnetic topology
The streamer plasma confined by closed magnetic field lines is
studied assuming static conditions. However, the analysis has
also been performed for dynamic conditions with the intent of
identifying the site where slow wind forms along the streamer
axis. In the region outside the streamer border where the field
lines are likely to be open, the results are derived in the dynamic
case.
The electron density and ion outflow velocity are inferred
from the ne (w) curves (Eq. (3)) derived from the observed
OVI doublet intensities, as long as a constraint on mass flux
conservation is applied. The electron flux can thus be extrapolated to 1 AU (ne × w, w)1 AU , by assuming the geometry of the
flow tube connecting the coronal region to the heliosphere and
by applying the continuity equation in the flow tube:
w(r) ne (r) A(r) = const.

(5)

Intersection of the extrapolated curve with the electron flux
observed “in situ” in the slow wind streams with Ulysses instrumentation during the activity minimum 1996−1997 (3.5 ×
108 cm−2 s−1 , McComas et al. 2000) then determines the solutions for the coronal density ne and outflow velocity w of
the coronal plasma. In order to assign an appropriate geometry to the flow tube running along the boundaries of the large
solar minimum coronal streamers, in the absence of any direct
measurements of coronal magnetic fields, we assume a simple

Fig. 3. Kinetic temperature of the O VI ions as a function of heliodistance for streamers (full dots), for regions external to the streamer
boundary (circle-dots) and for coronal holes (open circles, from the
December 31, 1997 and January 1, 1998 observations; Antonucci
1999). Kinetic temperature of the HI atoms for streamers (full diamonds), for regions external to the streamer boundary (diamond-dots)
and for coronal holes (open diamonds; Antonucci 1999). The values
are compared with the streamer electron temperature of Gibson et al.
(1999) (dashed line) and with the coronal hole electron temperature
extrapolated from the David et al. (1998) measurements obtained in
the inner corona (dotted line).

magnetic model to illustrate the quiet Sun conditions (Wang
& Sheeley 1990). The coronal field is calculated for a dipolar
photospheric distribution in the potential approximation. The
source surface, where the field lines become radial, is set at a
radius 2.5 R . The model is then modified to account for an
equatorial current sheet above the source surface to make it
compatible with the existence of the heliospheric current sheet
(see Fig. 4 by Wang & Sheeley 1990). The inner boundary of
the current sheet is then set at 2.5 R . In this model the magnetic tube expansion factor is defined as
 r 2  B (r , θ )
0
r 0 0
F(r, θ0 ) =
,
(6)
r
Br (r, θ)
where Br (r0 , θ) = cosn θ is the radial component of the photospheric field, θ the co-latitudinal position of the flux tube, and n
a flux concentration index, assumed n = 7 to approximate the
expansion of the field lines observed in polar holes near sunspot
minimum (e.g. Munro & Jackson 1977; Dobryzcka et al. 1999).
In this model the flux tube formed by the open magnetic field
lines adjacent to the streamer exhibits an extremely large expansion factor near the source surface as suggested by the visible light and UV coronal images. In this analysis, the regions
outside the observed 1/e-intensity boundary are 15 degrees
wide on the average. Due to the rapid decrease in intensity outside streamers, however, a thinner layer close to the boundary
is predominant in the emission, making the relevant flux tube
narrower than the observed geometrical one. We then assume
that the boundary lies close to the first open field lines outlining the current sheet, and characterize the layers immediately
outside the boundary by the expansion factor computed for the
first open field lines outlining the current sheet, with a maximum value F(r, θ0 )max ∼ 13.5 near 2.5 R and a heliospheric
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Fig. 4. Electron density as a function of height for the individual streamers listed in Table 1: diﬀerent colours indicate diﬀerent streamers. The
results are compared with the streamer electron density derived by Gibson et al. (1999) (dashed line) and by Guhathakurta et al. (1999) for
coronal holes (dotted line). In the left panel, full triangles indicate the streamer results obtained for a static plasma and the asterisks for an
expanding plasma. The right panel shows the results for the region outside the streamer boundary.

value ∼5 (Fig. 4b by Wang & Sheeley 1990). For comparison,
the expansion factor calculated for the core of the coronal hole
is ∼5 at the same coronal height. The flux tube geometry and
relative expansion factor used in the analysis are derived with
the code provided by Dr. Y. H. Wang.

4. Data analysis results

4.1. Oxygen ion kinetic temperature in streamers
and adjacent regions
The coronal kinetic temperatures of oxygen ions inferred from
the width of the O VI 1032 line are plotted in Fig. 3. The
results are obtained for the six individual streamers and then
averaged. The figure statistically confirms the existence of
a significant variation in oxygen kinetic temperature T k,O VI
across the streamer boundary out to 3.5 R (e.g. Antonucci
et al. 1997a,b; Dobryzcka et al. 1999) and shows an increase
of this quantity with height. In streamers, T k,O VI increases
from 3.5 ± 0.2 × 106 K at 1.65 R to 9.3 ± 0.1 × 106 K at 3.5 R
(full dots). The error bars result from propagation of the statistical uncertainties of the observed O VI 1032 line intensity. The low error bars ensure that the plasma conditions are
similar in the six streamers analyzed. In the dim regions outside streamers, T k,O VI is higher than inside streamers and increases from 0.9 ± 0.2 × 107 K at 1.8 R to 3.7 ± 0.7 × 107 K
at 3.5 R (circle-dots). The increase across the boundary is
larger at higher altitudes by a factor ∼2 and ∼4, at 1.8 R
and 3.5 R , respectively. Since the coronal electron temperature lies between the streamer and coronal hole values (dashed
and dotted line, respectively, Fig. 3), the derived kinetic temperatures imply an oxygen velocity distribution broader than
expected for thermal equilibrium, and this eﬀect is significantly
enhanced outside streamers. In Fig. 3 the oxygen kinetic temperature results are compared to those obtained at the poles
(open dots in Fig. 3, Antonucci 1999). The latitudinal increase
in kinetic temperature suggests that the ion velocity distribution anisotropy across the magnetic field observed at the poles

(e.g. Kohl et al. 1998; Dodero et al. 1998; Cranmer et al. 1999;
Antonucci et al. 2000a) may also exist at lower latitude in the
corona where field lines are open. For this reason, we assume a
bi-maxwellian distribution in the analysis of the regions outside
the streamer boundary (Sect. 3.2.2). The velocity distribution
of the hydrogen atoms, reflecting that of protons, is also shown
in Fig. 3. In streamers, the kinetic temperature of the hydrogen atoms, as derived from the HI Lyman α line broadenings,
is higher than outside streamers below 2 R (full diamonds in
Fig. 3), as pointed out by Zangrilli et al. (1999). The opposite,
however, occurs in the outer corona at about 3.5 R , where the
hydrogen kinetic temperature shows instead a tendency to increase outside the boundary. As in the case of oxygen, the highest hydrogen temperature is found at the poles (open diamonds
in Fig. 3). The kinetic temperature of hydrogen remains, in any
case, two orders of magnitude lower than that of oxygen.

4.2. Density and outflow velocity results
In this section we discuss the electron density and outflow velocity results obtained for the two regions separated by the
streamer boundary. These results are obtained individually for
each streamer and then averaged.

4.2.1. Density results
Density of individual streamers, shown in the left panel of
Fig. 4, is derived from analysis of the OVI doublet assuming
magnetically confined plasma and isotropic oxygen velocity
distribution. Figure 5 and Table 3 report the average results.
Below 3.5 R density (full triangles) is generally lower than
that inferred from the visible light observations (dashed line,
Gibson et al. 1999). This tendency is also maintained further
out, if the hypothesis of static conditions is relaxed by allowing
for plasma expansion (asterisks in Figs. 4 and 5). If the analysis
is performed assuming expanding plasma at all heights,
unreasonably low values (of the same order as densities found
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Table 3. Average electron density ne inside streamers and in the dim regions outside the streamer boundary.
Streamer
Heliodistance

1

Streamer adjacent region
ne
−3

Heliodistance

ne

(R )

(cm )

(R )

(cm−3 )

1.65

4.1 ± 0.4 × 106

1.80

5.7 ± 0.6 × 105

1.80

1.9 ± 0.3 × 106

1.95

2.8 ± 0.2 × 105

2.30

8.5 ± 0.6 × 105

2.30

1.8 ± 0.3 × 105

2.70

5

4.0 ± 0.6 × 10

2.70

1.1 ± 0.2 × 105

3.50

3.3 ± 0.6 × 105

3.50

7.0 ± 1.8 × 104

3.501

1.1 ± 0.6 × 105

In this case, the corona is allowed to expand.

Fig. 5. Plasma electron density as a function of heliocentric distance (in solar radii), averaged over the sample of observations, for:
a) streamers (full triangles, at 3.5 R the value of electron density
derived by allowing coronal expansion, is denoted by an asterisk);
b) dim regions outside the streamer boundary (triangle-dots). The
electron density derived with the same technique for a polar coronal hole (Antonucci et al. 2004, open triangles), from visible light
observations for streamers (Gibson et al. 1999, dashed line) and for
coronal holes (Guhathakurta et al. 1999, dotted line) are reported for
comparison.

in the dim external regions) are obtained below 3.5 R .
At 2.3 R , the present results are consistent with the density
obtained by Strachan et al. (2002) along the streamer axis,
whereas they are lower at higher heliodistances. The above
results indicate that inside streamers, ≤2.7 R , density values
agree with closed magnetic field lines that confine the coronal
plasma in the bright regions delimited by the 1/e O VI intensity contour line; whereas beyond 2.7 R , the plasma slowly
expands along the streamer axis. Hence we can set the transition to within 2.7−3.5 R between closed and open field lines
in streamers.
In the coronal layers outside the streamer boundary, the
plasma is allowed to flow in a flux tube with a large expansion
factor (see Sect. 3.2.5). The density is obtained by intersecting
the inferred electron flux as a function of the outflow velocity

and extrapolated to 1 AU with the value measured “in situ”. An
example of this method is given in Fig. 6, where for instance
at 1.9 R two solutions are found: the first consistent with a
static plasma, within the statistical uncertainty, the second consistent with an expansion at a velocity of about 90 km s−1 . Also
in this case, the regions adjacent to streamers are analyzed individually (right panel of Fig. 4) and then the results are averaged
(triangle-dots, Fig. 5, Table 3). The density used by Strachan
et al. (2002) at 2.3 R in the vicinity of the streamer is consistent with the results obtained at the same height in Fig. 5. If
the hypothesis of expanding plasma is dropped, unrealistically
high density values are obtained, which then excludes any possibility that the plasma remains confined in these regions. In
the analysis we have assumed a coronal temperature extrapolated from the coronal hole measurement of David et al. (1998);
however the results remain unchanged within statistical errors,
if a temperature equal to the streamer temperature is assumed.
These results prove that the external layer along the streamer
boundary is indeed characterized by open magnetic field lines
that can allow wind flow. Thus we conclude that the 1/e intensity boundary is a good approximation of the interface between
closed and open field lines in the extended corona. In other
words, this boundary represents the interface between coronal
hole and streamer well. It follows that we can identify the dim
regions around the boundary as equivalent to the far edges of
the large solar minimum coronal holes, for which density values fall midway between the streamer values and those found
in the core of holes (open triangles), as shown in Fig. 5. The
density of the hole edge below 2 R remains very close to that
of the core. This strengthens the suggestion that the open field
lines running along the streamer boundary originate in the same
unipolar magnetic region lying at the base of a polar coronal
hole, which is approximately uniform in density. Further out
in the corona, in contrast, density varies significantly from the
core to the edges of the hole. This means that the derivative of
density with height is diﬀerent if the flux tubes driving the solar wind originate in the core or at the edge of a coronal hole.
In the first case the density falls oﬀ very rapidly, whereas close
to the hole boundary it declines less rapidly and, at 3.5 R , it
reaches a value close to that observed above the streamer cusp.
This indicates that the factor regulating the density along the
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Fig. 6. Electron flux of the coronal region outside the streamer boundary observed on May 5, 1997, as a function of outflow velocity, extrapolated
to 1 AU, derived for each heliocentric distance. The horizontal line corresponds to the electron flux value of 3.5 × 108 cm−2 s−1 obtained by
Ulysses measurements during the minimum of solar activity (McComas et al. 2000).

flux tubes is the geometry of the magnetic tube, that is, its expansion factor which is lower in the core of coronal holes and
higher close to the hole-streamer boundary interface.

4.2.2. Outflow velocity results
In the dim regions that lie in the immediate vicinity of streamers, identified as the far edges of polar coronal holes, the speed
ranges approximately from 90 km s−1 at 1.8 R to 110 km s−1
at 3.5 R . Flows are already formed when observed at the lower
limit of the UVCS field of view. Above the streamer cusp, the
plasma expands at 90 km s−1 (Table 4). Outflow velocities derived by applying the magnetic topology proposed by Wang
and Sheeley are higher than those previously derived using
an average coronal hole expansion factor (equal to 7, Abbo
& Antonucci 2002a). We then expect that when assuming a
more accurate flux tube geometry for the region adjacent to
streamers, analysis of Doppler dimming becomes more sensitive to lower velocities than the present one. Velocity values
derived for the oxygen component of the solar wind are consistent with the speed of the small coronal inhomogeneities
detaching from the streamer cusp, as observed with LASCO,
which does not exceed 100 km s−1 at 3–4 R (Wang et al.
2000). The oxygen outflow speed is representative of the proton outflow speed, since the expansion time locally does not
exceed the proton/oxygen thermal equilibrium time. The inferred coronal outflow velocity might be underestimated below 2.5 R due to deviations from radial expansion, since
Doppler dimming measures only the radial component of outflows. Expansion is expected, however, to become predominantly radial with increasing heliodistance (see Fig. 4 by Wang
& Sheeley 1990). Therefore at approximately 3.5 R where
field lines are close to radial, the outflow velocity should be accurately derived with Doppler dimming techniques. The fact
that at this height the speed is on the order of 100 km s−1
ensures lower values lower down as was indeed observed
(see Table 4), provided that the velocity gradually increases
along the flux tube. When considering that the fast wind expands much more rapidly in the core of a coronal hole, with
a speed that varies from about 100 km s−1 to 400 km s−1

between 1.8 R and 3.5 R (e.g. Kohl et al. 1998; Cranmer
et al. 1999; Antonucci 1999; Antonucci et al. 2000b, 2004),
the value of approximately 100 km s−1 found near streamers
clearly indicates a regime of slow flow. The observed slow
wind, with speed far from the asymptotic heliospheric value
of approximately 400 km s−1 , is then still in a region of acceleration. The present analysis suggests the existence of two
components in the coronal slow wind. The wind adjacent to
the streamer boundary flows along the flux tube formed by the
open field lines delimiting the layer of the heliospheric current
sheet. An additional component of slow wind forms above the
streamer cusp roughly corresponding to the heliospheric current sheet formation and tends to flow more slowly than in the
layers along the streamer boundary. The two components, however, have very similar properties at 3.5 R . The component of
the slow wind streaming along the boundary originates in the
polar coronal hole, and is guided by open field lines that are
characterized by a much higher expansion factor at the edges
of a hole than in the core, according to the Wang and Sheeley
model; whereas the fast wind flows along the field lines emerging at the center of a solar minimum coronal hole. Slow and
fast winds thus have similar initial density conditions. At lower
heights, e.g. 1.8 R , outflow velocity varies from the edge to the
core of the coronal hole to a lesser degree than do the electron
density and the ion kinetic temperature. Significant diﬀerences
arise, however, further out. At 3.5 solar radii, the outflow velocity (e.g. Antonucci et al. 2000a, 2004), kinetic temperature
of the ions, and electron density (Figs. 3 and 5) vary significantly from the edge to the core of coronal holes, thus showing
a clear dependence on latitude of the height-derivative of these
quantities. This translates into a dependence on the magnetic
topology of the extended corona.

5. Discussion
This analysis of electron density and ion outflow velocity in the
streamer belt of the minimum corona – based on the O VI 1032
and 1038 emission observed with the UVCS and performed
by assuming that the coronal magnetic topology can be illustrated by the model of Wang & Sheeley (1990) – leads to the
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Table 4. Outflow velocity derived for the streamer and for the regions external to streamers, as a function of height.
Streamer

Streamer adjacent region

Heliodistance

Outflow velocity

Heliodistance

Outflow velocity

(R )

(km s−1 )

(R )

(km s−1 )

1.65

–

1.80

92 ± 4

1.80

–

1.95

87 ± 5

2.30

–

2.30

87 ± 9

2.70

–

2.70

93 ± 7

3.50

94 ± 5

3.50

113 ± 16

conclusion that the dim regions in the immediate vicinity of
the streamer boundaries are sites of outflows at low velocities
and therefore likely sources of the slow wind. In addition, coronal expansion at low speed is observed along the streamer beyond 2.7 R , presumably where the transition between closed
and open magnetic field lines takes place and the interplanetary
current sheet forms.
The slow wind observed above the streamer cusp might be
due to merging of the wind flowing along the streamer boundaries. Alternatively it might be of a diﬀerent nature than that
flowing along the streamer boundary. For instance, this slow
wind component might originate either in flux tubes between
sub-streamers (Noci et al. 1997) or in the regions between the
core of the streamer, delimited by closed field lines and the
first open field lines, namely the streamer stalks, as suggested
by Raymond et al. (1997). According to the Raymond et al.
hypothesis, these areas, bright in oxygen when observed in
quiet equatorial streamers, might also be slow wind sources.
Due to their brightness, however, such regions lie within the
1/e boundaries and are not resolved in this analysis of streamers, since the emission inside the boundaries is averaged. A
two-component slow wind is inferred by Wang et al. (2000)
by studying the flow of small inhomogeneities, or coronal
blobs, forming at the streamer cusp and moving along the
plasma/current sheet (Sheeley et al. 1997). The speed of the
slow wind observed above the streamer cusp is consistent with
the speed of coronal blobs.
That the regions just outside the streamer boundary are sites
of plasma outflows proves that they are characterized by open
field lines and, therefore, can be identified with the far edges
of the large polar coronal holes existing during solar minimum.
Hence, the boundary defined in terms of the 1/e emission of the
O VI lines and assumed in the present analysis is a fairly good
definition of the transition between open and closed magnetic
field lines. Oxygen ion kinetic temperature, outflow velocity,
and electron density results, all point to a gradual variation of
the physical and dynamical conditions of a coronal hole from
the edge, limited by the equatorial streamer boundary, to the
polar core. The gradient in latitude of these quantities is, however, rapidly increasing with height, at least up to 2.3−2.5 R .
It is to be noted that fast and slow wind share approximately the
same density lower in the corona. In this scenario the sharpest
transition in the extended corona is indeed observed to correspond to the streamer border. This contrasts with the in situ

measurements of speed, charge-state composition, and elemental composition of the heliospheric solar wind (e.g., Von Steiger
et al. 2000), all of which change abruptly from slow to fast wind
streams, thus defining a sharp boundary between the two wind
regimes. This analysis thus indicates that the sharp heliospheric
interface between fast and slow wind is not detectable at coronal level and is then most likely formed further out when the
wind propagates through the heliosphere.
The gradual variation of the physical parameters in the
corona characterized by open magnetic field lines points to a
correlation of plasma conditions and magnetic topology and,
in particular, to a correlation of plasma parameters and the expansion factor of the flux tubes that is monotonically changing from the hole center to the edges below 2.5 R . Therefore,
the most likely interpretation is that divergence of the open
field lines is regulating the parameters of the expanding coronal plasma. The faster wind would then originate in the center
of the unipolar magnetic region at the base of the coronal hole,
where the field lines are less divergent, and the slower wind
forms at the edges of the unipolar region, where field lines become highly divergent in the outer corona. All of this leads
us to suggest that the physical conditions in the open field line
regions of the outer corona depend on the local magnetic topology, which agrees with the lack of clear evidence of the sharply
abrupt variation between fast and slow streams found in the heliosphere.
The enhanced broadening of oxygen ion velocity distributions across the magnetic field at the edges of coronal holes is
very likely of a similar nature to that observed in the polar hole
regions. We suggest to interpret this eﬀect as a signature of energy deposition, although to a lesser degree than in the center
of coronal holes. The same mechanism might, therefore, act in
the core and at the edges of a coronal hole. We suggest in this
case, too, that along this line there is energy dissipation through
ion cyclotron resonance of high-frequency Alfvén waves, that
is, the process proposed as the mechanism that heats the ions
preferentially across the magnetic field and thus causes the fast
solar wind acceleration in the core of coronal holes (Kohl et al.
1998; Cranmer et al. 1999). If this is the case, the present results then point to a gradually increasing energy deposition
from the streamer boundary to the core of polar holes, accompanied by a gradual increase in velocity. It is interesting to note
that also inside streamers, where plasma is mainly confined by
the magnetic field, we observe an increase in oxygen kinetic
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temperature above that acquired by protons and electrons, although the eﬀect is lower than in the open magnetic field regions (see Frazin et al. 2003). This would point to the fact that
is also active inside streamers energy deposition, although at a
much lower level than in coronal holes; in this case energy is
not transformed into acceleration of the oxygen component of
the solar wind, as occurs in open field line regions due to the
field topology.
This scenario agrees with the suggestion of Wang &
Sheeley (1990) that the velocity of solar wind is regulated by
the magnetic topology of the solar wind, which flows more
rapidly in flux tubes with a smaller expansion factor. This leads
to a fast wind in the less divergent flux tubes of the core of a
polar coronal hole, where the expansion factor is low, and to a
much slower wind in the highly divergent flux tubes surrounding the streamer closed field lines, where the expansion factor
is likely to be about 3 times higher. However, the present results indicate as well that the ion velocity distribution across the
magnetic field lines also varies according to the field’s topology. If interpreted in terms of ion acceleration across the field
lines – due to energy dissipation through, for instance, ion cyclotron resonance of high-frequency Alfvén waves – the implication is that this eﬀect is more eﬃcient in less divergent flux
tubes, leading to a higher acceleration in these zones. Therefore
not only is particle flux regulated by the field geometry, but the
geometry is also regulating the energy dissipation due to the
high-frequency waves that have been suggested to be driving
the fast wind.
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