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The slow solar wind belt in the quiet corona, observed with the Metis coronagraph on board Solar Orbiter on May 15,
2020, during the activity minimum of the cycle 24, in a field of view extending from 3.8 R� to 7.0 R�, is formed by a
slow and dense wind stream running along the coronal current sheet, accelerating in the radial direction and reaching
at 6.8 R� a speed within 150 km s−1 and 190 km s−1, depending on the assumptions on the velocity distribution of the
neutral hydrogen atoms in the coronal plasma. The slow stream is separated by thin regions of high velocity shear from
faster streams, almost symmetric relative to the current sheet, with peak velocity within 175 km s−1 and 230 km s−1

at the same coronal level. The density-velocity structure of the slow wind zone is discussed in terms of the expansion
factor of the open magnetic field lines that is known to be related to the speed of the quasi-steady solar wind, and
in relation to the presence of a web of quasi separatrix layers, S-web, the potential sites of reconnection that release
coronal plasma into the wind. The parameters characterizing the coronal magnetic field lines are derived from 3D MHD
model calculations. The S-web is found to coincide with the latitudinal region where the slow wind is observed in the
outer corona and is surrounded by thin layers of open field lines expanding in a non-monotonic way.

I. INTRODUCTION

The UltraViolet Coronagraph Spectrometer (UVCS; Kohl
et al., 1995) on the Solar and Heliospheric Observatory
(SOHO; Domingo, Fleck, and Poland, 1995) was the first
coronagraph to observe the solar wind propagating in the at-
mosphere of the Sun and characterize the wind physical prop-
erties in its early development. This significant advance was
made possible thanks to the adoption of a novel spectroscopic
technique based on the Doppler dimming of the ultraviolet
light resonantly scattered by coronal ions and atoms (With-
broe et al., 1982; Noci, Kohl, and Withbroe, 1987). The main
UVCS results on the solar wind in the corona are reported in
several reviews over the past decades (e.g., Abbo et al., 2016;
Cranmer, Gibson, and Riley, 2017; Antonucci et al., 2020a).

UVCS was designed to prioritize observations at high spa-
tial and spectral resolutions of the corona in the ultraviolet
regions that include spectral lines, formed by resonant scat-
tering of the photons emitted by the chromosphere and transi-
tion region, and affected by Doppler dimming in an expand-
ing corona. In order to obtain the excellent spectroscopic ca-

pabilities of UVCS, data were collected in a narrow instanta-
neous field of view at different times and at different positions.
Hence UVCS maps of the wind outflow velocity in corona are
reconstructed under the hypothesis of quasi-steady conditions
from data necessarily lacking of spatial continuity and tempo-
ral simultaneity.

UVCS allowed the discovery of fundamental properties of
both proton and oxygen components of the solar wind. For in-
stance, by analyzing in the coronal hole regions the profiles of
the oxygen spectral lines – which allow to extend the Doppler
dimming diagnostics to higher outflow velocities than those
accessible by studying the hydrogen H I Lyα line – it was
possible to obtain compelling evidence for the presence of en-
ergy deposition across the coronal magnetic field (Kohl et al.,
1998; Cranmer et al., 1999; Cranmer, Field, and Kohl, 1999)
and to trace the oxygen component of the fast solar wind out
to 5 R� where a speed & 550 km s−1 is reached (Telloni, An-
tonucci, and Dodero, 2007a). In the case of the proton com-
ponent, the outflow velocity in the polar holes, discussed by
Cranmer (2020) on the basis of UVCS observations and so-
lar wind models, is within 300-400 km s−1 close to 4 R�.
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The analysis of the H I Lyα radiation detected during solar
minimum in June 1997 shows that the boundary between the
fast wind originating in the polar regions and the slower wind
zone is approximately at ±30◦ latitude from the solar equator
(Dolei et al., 2018).

The Metis coronagraph (Antonucci et al., 2020b) on the
Solar Orbiter mission (Müller et al., 2020), is based on the
UVCS heritage and it has been primarily designed to comple-
ment UVCS by prioritizing the study of the dynamics and evo-
lution the solar wind with unprecedented temporal and spatial
resolution over annular regions of the solar corona positioned
at a height above the limb varying according to the spacecraft
heliodistance.

This is achieved by imaging the full off-limb corona in po-
larized visible light in the band 580-640 nm and in the ultra-
violet H I Lyα line emitted by neutral hydrogen at 121.6 nm
in a field of view 1.6-2.9◦ wide, and by deriving from these
data acquired at high temporal cadence coronal maps of the
speed of the main component of the solar wind – the proton
component – at a given time.

The UVCS observations of the solar minimum corona
proved the interdependence of the geometry of the flux tubes
channeling the outflows in the solar atmosphere and the wind
velocity as proposed by Wang and Sheeley (1990), who
showed that the magnetic field lines divergence inferred at
coronal heights and quantified by the fluxtube expansion fac-
tor is anticorrelated with the wind speed measured in situ at
1 AU. The UVCS data (see, for instance, the reviews by An-
tonucci, 2006; Cranmer, van Ballegooijen, and Edgar, 2007;
Antonucci, Abbo, and Telloni, 2012) confirmed the results of
the semiempirical models developed and reviewed by Wang
(2012, 2020) and MHD models of the corona (e.g., Cohen,
2015). That is, the divergence of the open magnetic field lines
rooted in the solar minimum polar coronal hole rapidly in-
creases from the core to the hole boundary and as the areal
expansion of the flux tube increases the outflow speed of the
coronal plasma decreases. This implies that during solar min-
imum the large polar coronal holes are not only the sources of
the fast wind, emanating right from their core, but they signif-
icantly contribute to the slow wind originating in their periph-
eral regions and observed at lower heliolatitudes (Antonucci,
Abbo, and Dodero, 2005). Furthermore, the UVCS observa-
tions showed the relevance of magnetic field lines character-
ized by non-monotonic expansion factors in determining the
slowest solar wind component (e.g., Noci et al., 1997; An-
tonucci, 2006).

The release into the slow wind of coronal plasmoids is
considered an additional source of plasma altering the quasi-
steady conditions of the slow solar wind originating from
coronal holes. At sunspot minimum, plasma ‘blobs’ are
formed by magnetic reconnection processes at the interface
between coronal hole field lines and streamer loops and they
are well observed at the boundary or close to the cusp of
streamers (Sheeley et al., 1997; Wang et al., 1998; Sheeley
et al., 2009; Wang, 2012). These magnetic features are thus
confined to a narrow region around the plasma layer embed-
ding the coronal-heliospheric current sheet, and very likely
they provide only a limited fraction of the slow solar wind

(Wang, 2020). Density structures, formed ≤ 2.5 R�, flowing
near streamers with a periodicity of about 90 minutes have
also been observed in the inner Heliospheric Imaging data
collected with the STEREO/SECCHI suite (Viall and Vourli-
das, 2015). Structures with similar characteristics are then ob-
served in the heliosphere (Kepko et al., 2016; Kepko, Viall,
and Wolfinger, 2020; Viall, DeForest, and Kepko, 2021). In
the same line, Sanchez-Diaz et al. (2017) find quasi-periodic
bursts of activity at the streamer cusps due to intermittent
magnetic reconnection associated with the release of small
transients. Recently the coronal origin of magnetic switch-
backs, observed in situ in the solar wind as abrupt temporary
magnetic field reversals, has been identified with Metis as they
propagate across the solar corona. The release of this kind of
ejecta is ascribed to the occurrence of interchange reconnec-
tion and represents an additional contribution to the slow wind
(Telloni et al., 2022b).

One further appealing hypothesis on the origin of the slow
solar wind has been put forward considering that the MHD
models predict the existence of isolated or narrowly connected
open field regions in the corona that form a web of quasi sep-
aratrix layers, named S-web (Antiochos et al., 2012; Scott
et al., 2018). The photospheric dynamics stresses the sep-
aratrix layers inducing current sheets and consequent recon-
nection processes with release of coronal plasma. Thus, the
outflows generated in the corona by these processes are pro-
posed to provide a significant contribution to the slow solar
wind plasma. Evidence for coronal web structures associa-
ble with slow wind streams has been recently presented in a
study of ultraviolet observations of the middle corona (Chitta
et al., 2022). The observational evidence and hypotheses on
the solar wind sources are discussed in several papers over the
past decade (e.g., Antiochos et al., 2012; Antonucci, Abbo,
and Telloni, 2012; Abbo et al., 2016; Wang, 2012, 2020;
Cranmer, Gibson, and Riley, 2017; Antonucci et al., 2020a).

The Metis observations are here analyzed in order to trace
the wind evolution in the outer corona, to study the depen-
dence of the wind properties on the magnetic field configu-
ration, and to investigate how the wind plasma is related to
the different sources invoked to explain the slow solar wind
and its properties which are known to be markedly differ-
ent from those characterizing the fast wind. That is, the
slow-speed solar wind, flowing in the heliosphere at veloci-
ties 6 450 km s−1, is characterized by higher temporal and
spatial variability, higher ionic charge states and higher abun-
dance of elements with low first ionization potential (e.g.,
von Steiger et al., 2000; Zurbuchen et al., 2002) than the
fast wind flowing in quasi-steady conditions at higher veloc-
ities > 550 km s−1. In addition recently, Ko, Roberts, and
Lepri (2018) proposed to consider the level of velocity fluc-
tuations observed in situ as a robust criterion to classify the
wind regimes, since in the slow wind the velocity fluctuations
are systematically lower than in the fast one.

In this paper, we analyze the Metis observations of the solar
corona obtained on May 15, 2020, during the sunspot mini-
mum of cycle 24 at a height of a few solar radii between 3.8
R� and 7.0 R�, in order to derive the fine structure of the solar
wind density and velocity as a function of latitude. These are
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the observations that provided the first map of the slow solar
wind (Romoli et al., 2021, hereafter referred as Paper I). On
May 15 at the East limb the streamer belt extended outward in
the form of a slightly warped, quasi-equatorial layer of denser
plasma surrounding the coronal current sheet. Hence because
of this simple quasi-dipolar magnetic configuration, the study
of the East limb represents a favorable test case to investigate
the coronal sources of the slow wind plasma.

Aims of the present analysis are: first, to study the structure
of the slow wind zone in the quiet corona out to the boundary
between slow and fast wind, and, second, to discuss the prop-
erties of the slow wind in terms of the magnetic field topol-
ogy, that is, of the expansion of the coronal magnetic field
lines and of the physical factor characterizing the separatrices
web in the solar atmosphere. In order to achieve these goals,
the analysis of the structure of the coronal wind has been per-
formed in an as detailed as possible way. For this purpose,
a refined approach of the Doppler dimming technique to be
applied to the Metis data is introduced, in such a way to take
fully into account the best approximation to the actual distri-
bution of the polarized emission and coronal density along the
line-of-sight, which is inferred using a 3D magnetohydrody-
namic (MHD) model of the solar corona.

II. OBSERVATION OF THE STREAMER BELT IN THE
SOLAR-MINIMUM CORONA

When the Metis coronagraph onboard Solar Orbiter imaged
the solar corona for the first time on May 15, 2020 (Figure 1,
see also Paper I), the quiet equatorial streamer belt character-
istic of the sunspot minimum was well observed only at the
East limb, whilst close to the Metis observation time a small
flux rope was released along the streamer at the West limb
(Wang Y.-M., private communication). The East limb corona
is thus suitable for studying the super-radial expansion of the
magnetic field lines as a modulator of the solar wind speed at
and in the vicinity of the outward extension of the streamer
belt where a layer of denser plasma embeds the current sheet,
as well as for relating the slow wind belt to the separatrices
web region. For statistical reasons the study is performed in a
region about ±30◦ wide in latitude across the solar equator.

The region selected for the analysis corresponds to the layer
where the coronal slow wind is expected to flow during the
solar activity minimum, according to the present knowledge
based on in situ and coronal observations. The in situ obser-
vations acquired during the first orbit with the Solar Wind Ion
Composition Spectrometer, SWICS/Ulysses (Gloeckler et al.,
1992), show that in the heliosphere the slow solar wind is
restricted to a helio-latitude range of ±21◦ centered on the
streamer belt. In addition, when the monitoring can be car-
ried on continuously through a solar rotation, the slow wind
is found to be confined in an even narrower region around
the equator, 13◦ wide. While, the fast wind is observed only
outside the ±29◦ latitude range (Woch et al., 1997). When
Ulysses was crossing the northern hemisphere, the coronal
outflows were monitored with UVCS. Dolei et al. (2018) in an
analysis of the UVCS data collected in June 1997 found that

the slow wind observed at mid-low latitudes is separated by
rather well-defined boundaries, at approximately ±30◦ from
the equator, from the fast wind emerging from the core of
the polar coronal holes with the speed of the proton compo-
nent approximately equal to 300 km s−1 between 2.5 R� and
3.5 R�. Based on an extended study of the oxygen ion com-
ponent of the coronal wind detected with the UVCS data from
May 1996 to August 1997, Telloni et al. (2022a) identify a
slow/fast wind boundary at ±35◦ by studying the correlation
of the oxygen kinetic temperature and velocity that is ascribed
to a possible development of Kelvin-Helmoltz instability. The
latitudinal extent of the zones characterized by the slow wind
is confirmed by the results obtained by Tokumaru, Kojima,
and Fujiki (2010) from the radio scintillation observations per-
formed over two solar cycles at heliocentric distances above
20 R�. These authors conclude that during solar minima the
fast solar wind is strongly predominant in the high-latitude re-
gions > |70◦| and the slowest solar wind flows within ±10◦

from the magnetic neutral line. However as can be deduced
from the velocity maps derived from the radio scintillation
data, the slow wind fills a wider region encompassing the cur-
rent sheet. The study of the heavy ion composition, measured
with the Advanced Composition Explorer, ACE, and used to
determine the origin of the solar wind at the Sun, leads to
the conclusion that the sources of ‘non-coronal-hole’ wind are
within a region of average width < 17◦ during the anomalous
solar minimum of cycle 23, smaller than that observed at the
end of the previous solar cycle (Zhao, Zurbuchen, and Fisk,
2009). The differences in the characteristics of two successive
solar minima point to a possible 22-year cycle dependence of
the coronal magnetic field configuration.

In the coronal region selected for the slow solar wind anal-
ysis, the outflow velocity of the plasma is derived on the
basis of the simultaneous Metis observations in the visible-
light (VL) and ultraviolet (UV) channels by adopting the most
likely distribution of the electron density along the line of
sight (LOS) in order to account for the moderate warping of
the equatorial plasma sheet. The velocity results are then dis-
cussed in terms of the expansion factor, f , measuring the di-
vergence of the magnetic field lines and the squashing fac-
tor, Q, which is a topological measure of the separatrices and
quasi-separatrix layers (Titov, Hornig, and Démoulin, 2002;
Titov, 2007), and allows to identify the zone covered by the
separatrix web (Antiochos et al., 2012). The parameters re-
lated to the coronal magnetic field topology as well as the
functional dependence of the distribution of the electron den-
sity along the line of sight, are inferred from a 3D MHD model
of the solar corona based on SDO/HMI synoptic map data
(Scherrer et al., 2012), as described in Sect. III.

A. Metis observations on May 15, 2020

The first Metis image of the solar corona was obtained dur-
ing the Solar Orbiter commissioning phase on May 15, 2020,
in the time interval 11:39-11:41 UT when the coronagraph
was observing the Sun at a distance of 0.64 AU and at an angle
of 11.4◦ West relative to the Earth-Sun direction. The space-
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FIG. 1. Left panel: image of the solar corona H I Lyα intensity detected in the UV channel of Metis, from the vantage point of 0.64 AU on
May 15, 2020, at 11:40 UT, in the field of view ranging from 3.8 R� to 7.0 R�. The image is overlaid on the magnetic field lines resulting
from the PSI 3D MHD simulation traced near the plane of the sky. Middle panel: coronal polarized brightness detected within the visible-light
580-640 nm band of the Metis coronagraph, at the same time and in the same field of view as the left panel. Right panel: composite image
of the simulated magnetic field lines and polarized brightness. In all panels, coordinates are given in the Helio-projective Cartesian reference
frame and the vertical axis corresponds to the solar rotational axis.

craft was at 4.3◦ North relative to the solar equatorial plane.
The solar corona was observed in an annular region between
3.8 R� and 7.0 R� in visible light polarized brightness, pB,
in the wavelength band ranging from 580 nm to 640 nm, and
in the ultraviolet band 121.6±10 nm where the H I Lyα light
is emitted. The acquisitions used in the analysis are: the pB
sequence consisting of four polarimetric frames with detector
integration time equal to 30 s for the VL channel, and one set
of 6 UV images, averaged over 6 frames each with integration
time of 16 s for the UV channel. The VL and UV detectors
were configured to obtain an image scale on the plane of the
sky of about 4300 km and 8600 km, respectively. In this anal-
ysis we consider the region within ±30◦ from the equator at
the East limb where the UV signal-to-noise (S/N) ratio is & 3.

The simultaneous detection of the polarized brightness pB
in the VL channel and the H I Lyα emission in the UV chan-
nel allows a measure of the electron density and the outflow
velocity of the coronal wind in the coronagraph field of view.
The polarized brightness is due to the scattering of the photo-
spheric light by the free electrons of the K-corona. The ob-
served H I Lyα line is mainly emitted by the residual neu-
tral hydrogen atoms present in the hot corona through reso-
nant scattering of the H I Lyα exciting radiation coming from
the chromosphere (Gabriel, 1971). The emission is subject to
the dimming caused by the Doppler shift between the incident
chromospheric photons and the spectral absorption profile of
the coronal hydrogen atoms moving outward with the wind
flow. In the frame of reference of the plasma outflows, the
spectrum originating in the chromosphere appears to be red-
shifted and the radiative excitation rate depends on the wind
speed. The outflow velocity is thus derived by calculating
the Doppler dimming of the resonantly scattered UV emis-
sion relatively to the value expected for a static corona when
the adopted plasma electron density is that measured with the
polarized visible light data. The Doppler dimming diagnos-

tics (Beckers and Chipman, 1974) for deriving the wind speed
in the corona has been introduced by Withbroe et al. (1982)
and Noci, Kohl, and Withbroe (1987), and for what concerns
the hydrogen component of the wind this technique is appli-
cable in the outflow velocity range approximately from 100 to
350 km s−1. The high rate of charge exchange between pro-
tons and neutral hydrogen at the coronal heights under study
ensures that the neutral hydrogen can be used as a proxy for
the protons (Withbroe et al., 1982; Allen, Habbal, and Hu,
1998).

The data are calibrated according to the procedures dis-
cussed in Paper I, except for what concerns the UV radiomet-
ric calibration, which has been improved by considering the
detection of a larger set of standard UV stars transiting across
the Metis field of view. The stars selected for this purpose
are, in particular, α Leonis, ρ Leonis, observed on June 15
and 17, 2020, and ω Scorpii and θ Ophiuchi, on March 15
and 25, 2021, respectively. Their transits across Metis field of
view occurred in the coronal region approximately between
±30◦ in heliographic latitude, thus the measurement of their
UV fluxes is suitable to better characterize the region of inter-
est in the present analysis. Fluxes measured along the differ-
ent stellar trajectories, which in the region surrounding the so-
lar equator are more radially aligned, have been interpolated
in the radial direction and averaged over specific latitudinal
ranges in order to derive a 2D radiometric efficiency map cov-
ering the full range of heights in the Metis FOV, thus taking
into account the radial dependence of Metis optical vignetting
function and possible non-uniformities in the radiometric re-
sponse of the UV channel within the field of view above the
East limb. A more comprehensive analysis considering all the
UV stars observed by Metis is going to be finalized (De Leo
et al., in preparation), providing an average radiometric effi-
ciency map to be used to calibrate the full instrument field of
view. Lyα intensities resulting from the ad hoc calibration
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procedure adopted for the present work and the general one
considering the full set of UV stars are however consistent
within uncertainties . 20% on average. The adopted UV ra-
diometric calibration results in H I Lyα intensities higher than
those obtained in Paper I, particularly in the inner coronal re-
gions below 5 R�. This implies lower values for the outflow
velocity determined by the Doppler dimming technique and as
a consequence a significant outward acceleration of the wind
along the central axis of the considered streamer.

III. DOPPLER-DIMMING ANALYSIS OF THE H I LYα

EMISSION

The electron density and the speed of the hydrogen atom
outflows in the corona are derived from the pB data and the
Doppler dimmed H I Lyα emission, respectively, with a re-
fined version of the analysis procedure discussed in Paper I,
where the electron density used to compute the H I Lyα emis-
sion expected for a static corona has been obtained from the
Metis coronal pB measurements via the inversion method de-
scribed in van de Hulst (1950), assuming a cylindrical approx-
imation for the longitudinal density distribution.

In order to resolve the structure of the solar wind outflows
in the corona at a finer level, in this study a more detailed
description of the corona is adopted. That is, the functional
dependence along the LOS of the polarized emissivity and the
electron density taken into account is that returned by a 3D
MHD simulation of the corona considering the position of So-
lar Orbiter with respect to the Sun at the time of the Metis ob-
servations. In Figure 2a the LOS surface of the simulated po-
larized emissivity, which is used to compute the pB, highlights
the slightly warped equatorial plasma/current sheet that is out-
lining the extension of the streamer belt in the outer corona.
The magnetohydrodynamic model of the global corona used
here is the thermodynamic MHD model, MAS, developed by
Predictive Science Inc. (Lionello, Linker, and Mikić, 2009;
Mikić et al., 2018). This model uses a wave-turbulence-driven
(WTD) approach to specify coronal heating (see Mikić et al.
(2018) for a description of the 3D implementation and Boe
et al. (2021, 2022) for a benchmark of the exact WTD model
parameterization used here). In the present study, the choice
of the full-Sun magnetic data used to model the corona is op-
timized to better reflect the conditions at the time of the Metis
East limb observations; for this reason, the West limb condi-
tions are not represented at best as shown in Figure 1. The data
chosen to define the boundary conditions include the synoptic
maps for the Carrington rotations CRs 2230 and 2231 as well
as the daily magnetogram taken about 50◦ away from disk
center on May 20, 2020, to characterize the magnetic field
in the regions lying to the East of the limb considered in the
analysis.

Figure 2a shows the LOS surface of the modelled polarized
emissivity in the extended corona on a cylinder that describes
the LOS into/out of the plane of the sky at 5 R� at the East
limb, to illustrate the plasma longitudinal distribution at this
height. Figure 3 shows the comparison of the East limb lat-
itudinal profiles of the polarized brightness pB (obtained by

integrating the emissivity along the LOS) derived from the
Metis VL channel observations from 4.0 R� to 6.8 R� in steps
of 0.2 R� (upper panel), with the polarized emissivity in the
plane of the sky, POS, at 5 R� - plotted with the same quantity
averaged along the line of sight and weighted by the polarized
emissivity -, calculated by means of the MHD simulation of
the corona (lower panel). The weighted polarized emissivity
accounts for the presence of structures present at the limb with
a large longitudinal extension, structures out of the plane of
the sky, or multiple structures contributing to the observables.

The functional dependence along the LOS of the model
electron density is taken into account in the following way.
The values of the model electron densities along each selected
LOS direction are normalized by multiplying by a factor ob-
tained from the ratio between the pB measured by Metis and
that derived from the model polarized emissivity integrated
along the LOS. This factor ranges from 0.9 to 1.5 in the se-
lected latitudinal range at the East limb, and is nearly con-
stant along each radial direction considered within this range.
The model polarized emissivity is based on the local electron
density from the 3D MHD model and the polarized emissiv-
ity kernel, which depends on the scattering geometry between
the Sun and the observer for the plasma at each point along the
LOS (for example, see Howard and Tappin, 2009). The range
over which the integration is performed in order to get the
modeled pB depends on the heliocentric distance on the plane
of the sky. In fact, the data cube returned by the MHD sim-
ulation has a longitudinal extension of ±60◦ from the POS.
Therefore, the modeled pB for a given point on the POS at a
distance r from the Sun has been obtained by integrating the
modeled polarized emissivities along a total length with half-
width (HW) given by

LOSHW (r) = r · tan(60◦) = r ·
√

3. (1)

For instance, the minimum and maximum values of the LOS
half-width are 6.6 R� and 12.1 R� for r = 3.8 R� and r =
7.0 R� on the POS, respectively.

At this point, the synthetic coronal H I Lyα line intensity at
a fixed point on the POS can be calculated by integrating the
emissivity along the same variable LOS ranges used for the
integration of the polarized emissivity.

A. Doppler-dimming analysis assumptions

The input quantities for the Doppler dimming analysis are:
the observed Doppler dimmed intensity of the H I Lyα line
obtained from the Metis data, corrected for the interplanetary
H I Lyα intensity, and the intensity values estimated in the as-
sumption of a static corona. The physical parameters needed
as input to perform the Doppler dimming calculations are the
electron temperature, the hydrogen ionization fraction, the he-
lium abundance, the exciting chromospheric H I Lyα line in-
tensity and profile, and the hydrogen kinetic temperature.

The adopted interplanetary H I Lyα intensity is equal to
3.0×107 photons s−1 cm−2 sr−1 (Kohl et al., 1997; Suleiman
et al., 1999). The electron temperature, Te, is assumed con-
stant with latitude, within±30◦, and varies with heliodistance
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FIG. 2. The first image a) shows the polarized emissivity (indicated as pB emissivity), calculated with the 3D MAS WTD MHD model, on a
cylinder that describes the LOS into/out of the plane of the sky at 5 R� to illustrate the structures present along the LOS at this height. In order
to show the cylinder in the East limb view, the viewpoint is rotated of 45◦ in longitude from the Solar Orbiter position, and the direction is
indicated with the arrow. The field of view is ±8 R�. The LOS dependences of the expansion factor, log10 f , the signed log of the squashing
factor, slogQ, and the ratio of the maximum expansion factor relative to the expansion factor calculated at 5 R�, max( f )/ f , are imaged in the
panels b), c), and d), respectively.

according to the extrapolation of the temperature curve given
by Gibson et al. (1999). The hydrogen ionization fraction
is determined on the basis of the electron temperature val-
ues. The helium abundance is assumed to range from 2.5%
(equatorial latitude) to 10% at the boundaries of the consid-
ered latitudinal range, according to the observations obtained
by Moses et al. (2020) during the 2009 solar minimum. In
the alternative hypothesis of a uniform value of 10% of the
helium abundance over the latitude range analyzed the speed
derived at 6.8 R� varies of ∼ 3%. For what concerns the
H I Lyα chromospheric line, its intensity is assumed constant
and equal to 8.16× 104 erg cm−2 s−1 sr−1 (5.0× 1015 pho-
ton cm−2 s−1 sr−1), as in Paper I. The line profile is repre-
sented by the analytic function reported by Auchère (2005)

and is assumed to be uniform over the solar disk, since it is
proved that the non-uniformity of the shape of the H I Lyα line
profile observed in the chromosphere does not induce remark-
able effects on the estimate of the outflow velocity (Capuano
et al., 2021).

The most critical physical parameter to be adopted in the
computation of the outflow velocity is the kinetic tempera-
ture, Tk, of the hydrogen atoms, that, depending on the as-
sumptions, leads to a difference in the estimate of the velocity
value from few km s−1 at 4 R� to 40 km s−1 at 6.8 R�.
The assumptions on Tk and its degree of anisotropy thus sig-
nificantly affect the outflow velocity derived by applying the
Doppler dimming analysis. The UVCS observations have
shown that the velocity distribution of the hydrogen atoms and
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FIG. 3. Upper panel: latitudinal profiles at the East limb of the po-
larized brightness (indicated as pB) intensity, derived from the VL
Metis observations from 4.0 R� to 6.8 R�. The latitudinal profiles
are reported in steps of 0.2 R� (blue line at 4.0 R�, green line at
5.0 R�, orange line at 6.8 R�). Lower panel: polarized emissivity
(indicated as pB emissivity) at 5 R� in the plane of the sky (con-
tinuous blue line) and the same quantity averaged along the line of
sight and weighted by the polarized emissivity (dashed orange line),
calculated by the 3D MHD simulation of the corona. The shaded re-
gion indicates the standard deviation (±1 standard deviation) of the
weighted emissivity along the LOS.

ions, which is due to the combined effects of thermal motions,
non-thermal motions and outflow of coronal plasma into the
solar wind, turns out to be bi-Maxwellian at least in the po-
lar regions of the solar minimum corona. The kinetic tem-
perature, Tk,⊥, is directly derived from the width of observed
spectral lines and measures the spread of the velocity distri-
bution along the LOS, that is, perpendicularly to the radial
magnetic field lines. This same quantity, however, cannot be
directly measured across the LOS, thus the value of Tk,‖ is to
some extent uncertain. Constraints on the degree of the kinetic
temperature anisotropy, Tk,⊥/Tk,‖, can be put by applying the
Doppler dimming analysis.

In the polar regions observed at solar minimum and in the
case of lines emitted by heavier ions, such as the five-time
ionized oxygen, the ion velocity distribution turns out to be
bi-Maxwellian with the ion velocity distribution much broader

across than along the magnetic field lines, Tk,⊥ � Tk,‖. This
strong anisotropy has been interpreted as the effect of prefer-
ential energy deposition across the magnetic field in the fast
wind, as the result of damping of transverse waves due to
ion-cyclotron resonance (Kohl et al., 1998; Cranmer et al.,
1999; Cranmer, Field, and Kohl, 1999). The degree of ki-
netic temperature anisotropy of the oxygen component still
compatible with the data increases to a peak value at about
2.9 R� (Tk,⊥/Tk,‖' 14, lower limit) and then decreases toward
less anisotropic conditions around 3.7 R� according to Tel-
loni, Antonucci, and Dodero (2007b). Discussion on the five-
time ionized oxygen observations in a series of papers (e.g.,
Raouafi and Solanki, 2006), however, suggests that isother-
mal conditions for heavy ions, protons and electrons cannot
be completely ruled out.

For what concerns the hydrogen atoms, the Doppler-
dimming analysis of the H I Lyα lines does not provide strong
constraints on the degree of the kinetic temperature anisotropy
as it does for the lines emitted by heavier ions. The first anal-
yses of the H I Lyα lines indicate higher proton temperatures,
3.8 MK at 4 R�, perpendicular to the magnetic field (Cran-
mer et al., 1999). A more recent analysis by Cranmer (2020),
taking into account the UVCS measurements of the H I Lyα

lines in polar coronal holes out to 4 R� and a large ensemble
of empirical model results, concludes that there is evidence
for weak dissipation of Alfvén waves increasing with height,
with typical values for parallel and perpendicular proton tem-
peratures which are not much different, 1.8 MK and 1.9 MK,
respectively. In addition, these values do not exhibit much
variation between 1.4 R� and 4 R�. In any case, in the denser
low latitude equatorial regions, the conditions of isotropic ve-
locity distribution and thermal equilibrium between species
are more likely reached than in the polar holes (e.g., Vásquez,
van Ballegooijen, and Raymond, 2003).

The value of the H I kinetic temperature Tk,⊥ = 1.6 MK
along the LOS, assumed in this study, is derived from a large
database of H I Lyα line profiles obtained with UVCS during
solar minimum (Dolei et al., 2019). This value is also consid-
ered to be uniform over the region of interest. In the present
analysis both cases are considered: 1) isotropy (Tk,⊥ = Tk,‖)
over the entire region of interest ±30◦ wide around the equa-
tor, and 2) anisotropy (Tk,⊥ > Tk,‖ = Te), with protons in ther-
mal equilibrium with electrons across the line of sight.

B. Diagnostic technique

Starting from the physical parameters discussed in the pre-
vious sections as inputs, a synthetic value of the coronal H I
Lyα emissivity can be calculated in a given point in space.
The synthetic H I Lyα intensity is then obtained by integrat-
ing the Lyα emissivity calculated for all points along a given
LOS. The H I Lyα spectral line calculated only on the basis of
the density in the hypothesis of a corona in static conditions
and the H I Lyα line with intensity as measured in the Metis
UV channel, which is dimmed in the presence of wind out-
flows, are represented in Figure 4 with a line broadening con-
sistent with a neutral hydrogen kinetic temperature of 1.6 MK.



Slow wind belt in the quiet solar corona 8

FIG. 4. Profiles of the H I Lyα spectral line with intensity mea-
sured at 5 R� at the East limb on May 15, 2020, in the UV channel
of Metis and width consistent with a kinetic temperature of 1.6 MK
(continuous line) and of the synthetic H I Lyα line for a static corona,
calculated on the basis of the coronal density derived from the obser-
vations performed in the Metis VL channel (dashed line).

The comparison of the emission calculated for a static corona
and the observed emission – previously corrected for the inter-
planetary H I Lyα contribution that is not negligible relative
to the coronal values beyond ∼ 5 R� – is used to derive the
expansion velocity rate in the corona. The intensity depends
on the only free parameter, the outflow velocity, and due to
the Doppler dimming decreases as the velocity increases. The
outflow velocity value is returned iteratively until a satisfac-
tory match between the calculated and observed intensities is
reached. All the details concerning the numerical tools and
the outflow velocity determination algorithms are reported in
Dolei et al. (2019); Antonucci et al. (2020b); Capuano et al.
(2021); Telloni et al. (2021). The Doppler-dimming code
used in Paper I has been further validated by comparing the
results obtained with those derived with the code by Telloni
et al. (2021).

Before applying the Doppler dimming diagnostics, the UV
image is converted from rectangular to polar coordinates. The
selected sector at the East limb in polar angle goes from 60◦

to 120◦, counterclockwise from the North solar pole (that is
±30◦ with respect to the equatorial plane). In order to improve
the UV image statistics and increase the signal-to-noise ratio,
the calibrated UV images are further binned over 4×4 pixels,
corresponding to a polar angle resolution equal to 1 degree.
Finally, a mean over the polar angle with a step of 3 degrees
and over each radial profile with a step of 0.2 R� was per-
formed to further improve the S/N ratio.

IV. RESULTS

The wind outflow velocity and density, detected near the
Sun at the East limb on May 15, 2020 in the coronal zone en-
closing the current sheet, are reported in the next sections and
discussed in the context of the coronal magnetic field topol-

FIG. 5. Latitudinal profiles of the electron density derived from the
observed polarization brightness, pB, in the assumption of: 1) cylin-
drical symmetry of the coronal density (upper panel), and 2) longitu-
dinal dependence of this quantity resulting from the 3D MHD model
(lower panel). The latitudinal profiles are reported in steps of 0.2 R�
(blue line at 4.0 R�, green line at 5.0 R�, orange line at 6.8 R�).

ogy, which can be characterized by the divergence of the open
coronal magnetic field lines measured by the expansion factor,
f , and the presence of a web of magnetic field quasi separa-
trix layers quantified in terms of the squashing factor, Q. Both
factors are derived from the 3D MHD model of the global
corona.

A. Coronal density results

The observed polarized brightness latitudinal profiles (Fig-
ure 3), outlining the electron density structure of the corona,
show a well-defined quasi-symmetric layer of denser plasma
centered on the projection on the plane of the sky of the sur-
face (shown in Figure 2a) dividing positive and negative po-
larity field lines of the quasi-dipolar coronal magnetic field.
Within this layer the density decreases rapidly from the peak
to the 1/e value within a latitudinal span of approximately
±10◦ from the equator. The density profiles obtained in the
assumption of cylindrical symmetry (Figure 5, upper panel)
outline a well-defined plasma sheet showing not much evident
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lateral structures. On the axis of the sheet, few degrees North
relative to the equator, the density varies from 1.6×105 cm−3

to 0.45× 105 cm−3 at 4.0 R� and 6.8 R�, respectively. In
the lateral wings extending approximately from±10◦ to±30◦

the density flattens forming quasi-plateaus, with the northern
wing more structured than the southern one. If the electron
density is derived taking into account the polarized emissiv-
ity functional dependence along the LOS derived from the
MHD model (Figure 5, lower panel), the density radial gra-
dient along the axis of the plasma sheet is slightly less pro-
nounced (1.35× 105 cm−3 to 0.3× 105 cm−3 at 4.0 R� and
6.8 R�, respectively), and the lateral structures, approximately
at 10◦ from the axis of the plasma sheet, are more evident. The
second case should better represent the corona viewed by an
instrument integrating the signal along the LOS. In the north-
ern hemisphere, the negative density gradient is less steep. In
addition, the presence of an active region located at 30◦ lat-
itude East of the limb may in part contribute to this asym-
metric behavior. At the edges of the ±30◦ latitude range the
electron density reaches values approaching the coronal hole
ones. The core of the density layer close to the equator cor-
responds to the streamer plasma sheets which are seen at the
limb almost edge on beyond 6 R� with LASCO C3 and ex-
hibit a latitudinal width which can be as small as 3◦ (Wang
et al., 1998).

B. Solar-wind velocity results

The expected anticorrelation of the speed and the electron
density of the coronal outflows, according to the solar wind
models and confirmed by the UVCS data, is clearly shown
in Figure 6, where the observed polarized brightness (upper
panel) is compared with the coronal wind velocity results ob-
tained in the slow wind coronal zone (lower panels). The
velocity is derived in the assumption of the electron density
profiles in case the model density longitudinal distribution is
adopted, for anisotropic and isotropic H I kinetic temperature
in the middle and lower panel of Figure 6, respectively. The
current sheet along the streamer axis near the equator is char-
acterized by the slowest densest wind component. Thin lay-
ers characterized by large velocity gradients delimit the core
plasma sheet and separate the slowest wind from two, rel-
atively faster and less dense wind flows at about 15◦N and
10◦S.

In the plasma sheet the wind accelerates from∼ 117 km s−1

to ∼ 150 km s−1 and from ∼ 115 km s−1 to ∼ 190 km s−1,
as it propagates from 4.0 R� to 6.8 R� above the disk sur-
face, for anisotropic (Tk,⊥ = 1.6 MK, Tk,‖ = Te) and isotropic
H I kinetic temperatures (Tk,⊥ = Tk,‖ = 1.6 MK), respectively.
The velocity curves show a rapid increase from the minimum
value in correspondence to the current sheet to a peak value
near 15◦N and 10◦S, that at 6.8 R� is of ≈ 175 km s−1 and
230 km s−1, in the H kinetic temperature anisotropic and
isotropic case, respectively. The wind in the two streams of
faster plasma reach similar peak velocity at 6.8 R�. In the
slow stream the coronal plasma is accelerating at a signif-
icantly higher rate (∆v ≈ 30-75 km s−1 in 2.8 R�) than in

the faster wind layers surrounding the plasma sheet (∆v≈ 15-
40 km s−1 and ∆v ≈ 20-60 km s−1 in 2.8 R�, in the northern
and southern higher velocity streams, respectively). The sec-
ond value of the ∆v range refers to the isotropic case. The
uncertainty on the speed due to calibration is estimated to be
. 13%. The uncertainty increases toward the borders of the
latitude belt under study since the signal to noise ratio de-
creases with distance from the equator.

Although the discussion of the Metis data in the frame of
the MHD model results has been envisaged in order to illus-
trate the magnetic context of the solar wind observations at
coronal heights, primarily in terms of expansion factor and
coronal S-web as discussed in the following sections V A and
V B, it is also possible to derive from the model an estimate of
the plane of the sky and pB weighted average radial velocity
as for the other modelled physical quantities (Figure 7). The
observational and modelled wind velocities are fairly consis-
tent within 20◦ North and 15◦ South in latitude from the equa-
tor. Whilst in the wings of the slow wind belt – that is beyond
the thin layers of sharp velocity shears surrounding the slow
wind stream that is embedding the current sheet – the wind
velocity continues to increase although at a much lower rate.
This difference likely stems from the relatively simplistic way
in which the solar wind is accelerated in the WTD approach,
illustrating how observations of flows in this important region
for solar wind acceleration can provide useful constraints for
MHD models. The latitude of the observed fast wind streams
would correspond in the case of the modelled wind to the site
of a sharp change in the rate of the increase of velocity with
distance from the current sheet. In the following section, the
remarkable correlation of expansion factor and the observed
wind velocity is however in favor of a slight decrease of wind
velocity in the wing of the slow wind belt, as indicated by the
observational results.

V. MAGNETIC-FIELD TOPOLOGY IN THE SLOW-WIND
ZONE

During sunspot minimum the slow wind is associated with
the quasi-steady configuration of the corona characterized by
expansion factors of the open magnetic field lines much larger
in the polar coronal hole boundary regions than in its core.
Hence at least during solar minimum, the bulk of the slow
solar wind is likely to originate mainly in the coronal hole pe-
ripheral regions. This view is also supported by the fact that
with the intensification of solar activity after sunspot mini-
mum, smaller coronal holes, located at lower latitudes, be-
come sources of slower wind.

A. Magnetic-field super-radial expansion

Let us first compare the wind speed results with the de-
gree of super-radial expansion of the coronal magnetic field.
In the present case, due to the limited extension of the East
limb streamer, the coronal hole open field lines defining the
streamer boundary are converging toward the current sheet
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below 4 R�, lower limit of the Metis field of view, as con-
firmed by the field lines computed with the MHD model that
are substantially radial when these are crossing the 5 R� con-
tour (Figure 8).

The expansion factor of the magnetic field is computed
by taking into account the magnetic field radial component,
Br (e.g., Wang and Sheeley, 1990; Riley, Linker, and Arge,
2015):

fs = (r0/r1)
2Br(r0,θ0,φ0)/Br(r1,θ1,φ1), (2)

where (r0,θ0,φ0) is the location from which the flux tube ex-
pands to another coronal location denoted by (r1,θ1,φ1).

The majority of studies that compute expansion factors do
so using relatively low-resolution potential field source sur-
face models (PFSS) and/or compute the expansion factor from
the inner boundary (r0 = 1.0 R�) to the source surface (typi-
cally r1 = 2.5 or 2.0 R�). Because the MHD model adopted
in this study uses a relatively high-resolution surface bound-
ary condition beneath the East limb, r0 = 1.02 R� is assumed
as the inner radius to effectively decay the higher order mo-
ments of the field and smooth Br(r0,θ0,φ0) to & 1◦ resolution
here. The heliodistance r1 = 10.0 R� is chosen as the maxi-
mum outer radius for the fs calculation in order to cover the
heights involved in the lines-of-sight of the Metis FOV, and
ensure to end well above the height where streamers open up
in the MHD model. Because the heights are normalized by
the r2 distance ratio, any open flux tube that is nearly radial
by r = 2.0 or 2.5 R� will have roughly the same expansion
factor at 10.0 R�.

The maximum expansion factor, fmax,Br , experienced by the
field lines between 1.02 R� and 10.0 R� is reported in the
3D plots of Figure 2b showing the surface of the LOS path
at the level of 5 R�. This figure illustrates how the expan-
sion factor changes rapidly on this surface. In Figure 9 (up-
per panel) this quantity is plotted at 5 R�, as a function of
latitude at half degree intervals both for the field lines lying
in the POS (continuous line) and for all field lines along the
LOS path, weighted by their contribution to the pB integral
(dashed line). The mean and standard deviation are computed
for the pB weighted average and the shaded area behind the
mean is ±1 standard deviation. The difference between the
two profiles – in the northern hemisphere the weighted expan-
sion factor is enhanced in a more extended region – is due to
the integration of this quantity along the line of sight.

The weighted expansion factors are largest in correspon-
dence to the polarized emissivity enhancement shown in Fig-
ure 6. The width of the latitude range exhibiting large
weighted fmax,Br is due to the slight warping of the almost
equatorial plasma sheet observed along the LOS and peak in
coincidence with the slower wind flowing at the center of the
plasma sheet. Both the maximum expansion factor and the
weighted maximum expansion factor latitudinal profiles at the
level of 5 R� (Figure 9, upper panel) show a remarkable anti-
correlation with the profiles of the wind outflow speed, plotted
in Figure 9 (middle panel). In addition to the feature centered
at 86◦, coincident with the density peak of the plasma sheet
shown in Figure 5, the deepest minimum of the outflow veloc-
ity is found at 92◦. This double structure observed in the wind

velocity at helio-distances . 5 R� corresponds to the extended
equatorial region of high expansion factor. In the model calcu-
lations the polarized brightness and density of the plasma are
necessarily related to the expansion factor; however, in the
present analysis the density returned by the model has been
weighted with a factor accounting for the polarized brightness
observed with Metis at a given latitude. This should ensure
that the inherent correlation of flow speed and density implied
by the model is not influencing the results and that the anti-
correlation shown in Figure 9 has a physical meaning.

The zone of large magnetic field expansion is delimited by
two fmax,Br dips, at approximately 10◦S and 15◦N of the equa-
tor, close to the latitudes corresponding to the two fastest wind
streams. Where the expansion factor is smaller, much of the
5 R� connectivity is to weak quiet-sun fields that are equa-
torial extensions of the polar coronal holes, or, in alternative,
might be related to disconnected equatorial patches. In the
wings of the latitudinal zone here considered, the expansion
factors show a moderate increase which is again related to a
moderate decrease in the wind velocity. A small active region
was present on the solar surface at approximately 340◦ lon-
gitude and 30◦N, and a flux concentration was present at the
same longitude at −25◦S from the equator. Hence the pres-
ence of the active region and the southern flux concentration
are presumed to be at the origin of the fmax,Br increase, since
expansion factors are larger near the small active regions and
where the quiet-sun flux concentrations are strong. On the
basis of the model results, however, the computed expansion
factor does not decrease toward the poles as it would be ex-
pected according to the literature which is predicting the mini-
mum field line expansion in the core of the polar holes. In this
model, the polar caps are filled by adding many small-scale
flux concentrations to represent the typical high-resolution
character of surface flux, while simultaneously matching the
net polar flux derived from observations (Mikić et al., 2018;
Boe et al., 2021). This difference might lead to an expansion
factor that is slightly higher at the poles than expected from
the classic papers, which use smooth polar data.

The expansion factor results are also compared with the
outflow velocity resulting from the density analysis adopting
the approach used in Paper I which does not account for the
warping of the plasma sheet and uses cylindrical symmetry in
the computation of the electron density derived from the ob-
served polarized brightness. In this case the velocity results
(Figure 9, lower panel) show that the more pronounced dip in
velocity is found in a narrow zone in coincidence with the axis
of the plasma sheet at 86◦ (Figure 5). A second minor dip is
present at least at lower heliodistances at about 95◦. In this
case, the outflow velocities are better anticorrelated with the
expansion in the plane of the sky only (blue line in Figure 9).

The ratio of the maximum expansion factor of the magnetic
field lines, fmax,Br/ fBr , relative to the expansion factor calcu-
lated at 5 R� (Figure 10) shows that the effect on the wind
speed of the non-monotonic expansion ( fmax,Br/ fBr > 1) of
the field lines is not so clearly delineated by the comparison
of the model results and the observed wind speed. The ra-
tio remains always below the value 1.16 all along the East
limb, indicating that the wind flux tubes are moderately non-
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monotonic. At 68◦ and 108◦ (approximately ±20◦ from the
equator) the effect is larger, in correspondence to the negative
gradient of the flow speed present in the wings of the region
under study, where the speed decreases to 150 km s−1 (Fig-
ure 10). This might be related to the presence of the small
active region and the magnetic flux concentration at the East
of the limb that is suggested to cause a moderate increase in
the field expansion and a speed decrease (Figure 9).

B. Separatrix web – squashing factor

The slow solar wind is also predicted to originate in the nu-
merous open field regions or corridors in the corona, that form
a web of quasi-separatrix layers, named S-Web. The photo-
spheric dynamics stresses these layers inducing reconnection
processes with release of coronal plasma. This hypothesis is
supported by the MHD model of the corona proposed by An-
tiochos et al. (2012). The separatrix web can be visualized by
computing the squashing factor, Q, which measures the pres-
ence of separatrix and quasi-separatrix layers in corona, and
extends up to about 30◦ from the coronal-heliospheric current
sheet according to the paper by Titov, Hornig, and Démoulin
(2002).

The plane-of-the-sky/line-of-sight surface of the quantity
logQ at 5 R� (Figure 2c) shows the separatrix web exist-
ing during the Metis May 15 observations. According to
Figure 10 (lower panel), the most significant features of the
squashing factor are developing within a ±20◦ coronal layer
around the equator (see also Figure 11) and the most promi-
nent peaks appear at 80◦ and 95◦ (blue line). These are the
latitudes affected by the positive gradients of the wind speed
delimiting the slow stream located at the center of the plasma
sheet. The contribution of the S-web to the slow wind is
clearly confined in the wind region considered in this work
and in particular, at least in terms of relative position, high
levels of the squashing factor can be related to the increase of
the outflow speed, which is however, also coinciding with the
lowest expansion factors of the magnetic field lines.

The surface illustrating the distribution of the squashing
factor at 5 R� bears some resemblance to the surface showing
the ratio of fmax,Br/ fBr at the same coronal height (Figure 2c
and d, respectively). At least the main structure frame is sim-
ilar in the two cases, suggesting the existence of open field
lines originating in the quasi-separatrix layers which are char-
acterized by divergent-convergent behavior. It is interesting
to note that the peaks of the ratio fmax,Br/ fBr , denoting the re-
gions where the divergence-convergence behavior of the field
lines is more significant, are located roughly at the boundaries
of the separatrix web region (Figure 10). That is, the S-web
is limited by regions where the wind flux tubes divergence
shows the largest non-monotonic behavior.

VI. CONCLUDING REMARKS

The observations obtained with Metis-Solar Orbiter on May
15, 2020 during the activity minimum of cycle 24 reveal the

structure of the slow wind in the solar corona, shaped at that
time by a magnetic dipole with axis nearly perpendicular to
the heliographic equator, and allow to assess the role of the
degree of expansion of the open magnetic field lines in deter-
mining the wind speed.

The solar wind is analyzed in a latitudinal belt ±30◦ wide
of the outer corona centered on the almost equatorial streamer
belt. This zone corresponds with good approximation to the
region where the slow wind is expected to flow according to
the knowledge arising from the out-of-ecliptic heliospheric
measurements of the Ulysses instruments and from the coro-
nal observations obtained with UVCS-SOHO at the time of
the first orbit of Ulysses around the Sun at the end of the so-
lar cycle 22. Outside this slow wind belt, in the polar coronal
holes, the neutral hydrogen/proton component of the fast wind
is known to flow at a speed of 300-400 km s−1 at about 4 R�
(e.g., Cranmer et al., 1999). At the end of cycle 22 the outer
solar corona, characterized by a magnetic dipole aligned with
the rotation axis, was closely resembling that observed with
Metis during the cycle 24 minimum, a full solar magnetic cy-
cle later.

The detailed analysis of the Metis data complemented by
the 3D MHD model calculations, show that the slow wind
zone consists of a central denser and slower wind stream sep-
arated from two lateral streams of faster wind by steep veloc-
ity gradients. In the dense core layer, < 10◦ wide, running
along the surface that separates opposite magnetic polarities,
the wind flows at the lowest speed and undergoes an acceler-
ation significantly higher than in the surrounding layers. At
6.8 R� in the core of the streamer belt the wind speed reaches
a value within 150 km s−1 and 190 km s−1, depending on
the adopted kinetic temperature of the neutral hydrogen across
the line of sight. The wind speed and the areal expansion of
the open magnetic field are clearly anticorrelated: the denser
slower stream is found at the latitude where the expansion
factor is larger. The existence of the slowest wind along the
streamer axis is consistent with the observations of the very
slow wind component (e.g., Wang et al., 2000; Antonucci,
Abbo, and Dodero, 2005; Susino et al., 2008) ascribed to the
presence of the non-monotonic divergence of the field lines in
the core of the streamer belt formed by multiple sub-streamers
(Noci and Gavryuseva, 2007) as well as to the contribution of
plasmoids released in magnetic reconnection processes at the
streamer cusp and moving along the current sheet (Sheeley
et al., 1997). The Metis data show that even in the case of a
single dipole streamer and in absence of observable reconnec-
tion processes, the densest and slowest feature of the coronal
wind is formed by the plasma flowing along the current sheet.

The slow wind core layer is limited by thin layers, few
degrees wide in latitude, sites of a steep gradient where the
velocity increases up to a peak of 175 km s−1-230 km s−1

(depending on the hydrogen kinetic temperature) at 6.8 R�,
forming two faster wind streams at about 15◦N and 10◦S.
Along these lateral streams the wind radial acceleration is sig-
nificantly lower than in the dense and slow quasi-equatorial
stream. The faster streams are observed where the maximum
expansion factor computed along the magnetic field lines,
fmax,Br , attains its minimum value. In correspondence to the
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dips in the expansion factor latitudinal distribution, much of
the 5 R� connectivity is to weak quiet-sun fields that are equa-
torial extensions of the polar coronal holes, or, in alternative,
might be related to disconnected equatorial patches. Beyond
the faster wind streams, in the wings of the slow wind zone,
the speed is moderately decreasing as the field line expansion
is moderately increasing, with a slightly different behavior
in the two hemispheres. This effect is probably due to the
presence at the surface of the Sun of a small active region at
30◦N and a magnetic flux concentration at 25◦S at East of the
limb itself, exhibiting a larger expansion of the magnetic field
lines. Future ad hoc observations of the regions of high veloc-
ity shear between streams of solar wind flowing at different
speed, as those here identified in the slow wind belt, might
cast light on the energy transfer from the higher to the lower
speed streams that is likely to occur and might explain the
higher acceleration observed in the slow wind flowing along
the current sheet.

In summary, the Metis observations show that the quasi-
steady conditions of the solar wind in corona, and as a con-
sequence the structure of the slow wind belt, are essentially
regulated by the degree of the open magnetic field expansion
in the corona. Indeed, the slowest wind in the plasma sheet
is spatially related to the regions of maximum super-radial di-
vergence of the wind flux tubes. This region is surrounded
by thin streams characterized by the fastest wind observed
within the zone object of the present analysis, related to the
least divergent flux tubes. The effect on the wind speed of the
non-monotonic expansion of the field lines is not so clearly
delineated by the comparison of the MHD model results and
the observed wind speed.

According to the model results on the squashing factor, a
measure of the presence of quasi-separatrix layers where re-
connection processes are likely to occur in response to the
photosphere dynamics with consequent plasma release, the
quasi-separatrix web extends over a latitude range coinci-
dent with the ±30◦ zone where the slow wind is observed to
flow. Furthermore, the separatrix web is delimited by mag-
netic flux tubes with the highest degree (maximum value of
fmax,Br/ fBr ) of non-monotonic expansion. Hence, in the slow
wind zone where the wind speed is regulated by the magnetic
field areal expansion, we would also expect a significant con-
tribution of plasma ejected during reconnection processes oc-
curring both within the open field corridors characterizing the
quasi-separatrices web (e.g., Antiochos et al., 2012) and in
the form of plasmoids detaching close to the cusp of coronal
streamers (e.g., Wang et al., 2000; Viall and Vourlidas, 2015;
Sanchez-Diaz et al., 2017) or in the form of magnetic switch-
backs (Telloni et al., 2022b) due to interchange reconnection.
According to this scenario, even in quiet conditions of the so-
lar corona, when the active region contribution to the slow
wind is limited or quite localized, the characteristic temporal
and spatial variability of the slow wind, and its ionic and ele-
mental composition, are ensured by the plasma ejected in the
background quasi-steady slow wind during the reconnection
processes. It is interesting to note that in this case the plasma,
due to magnetic reconnection events, is injected into the quasi-
steady slow wind approximately in the region where the areal

expansion of the magnetic field is such to give origin to the
slow wind. The assessment of the relative importance of the
contributions by part of the different processes involved in the
genesis of the slow wind is deferred to future ad hoc studies
on the basis of combined remote sensing observations of the
corona and in situ measurements of the coronal/heliospheric
plasma obtained with instruments exploring the wind plasma
close to Sun.
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FIG. 6. Upper panel: latitudinal profiles of the polarized bright-
ness, indicated as pB intensity, observed with Metis. Middle panel:
latitudinal profiles of the wind speed derived in the assumption of
anisotropic distribution of the H I kinetic temperature (Tk,⊥ > Tk,‖ =
Te). Lower panel: latitudinal profiles of the wind speed derived in
the assumption of isotropic distribution of the H I kinetic temperature
(Tk,⊥ = Tk,‖). The latitudinal profiles are reported in steps of 0.2 R�
(blue line at 4.0 R�, green line at 5.0 R�, orange line at 6.8 R�).
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FIG. 7. Latitudinal profiles of the wind velocity resulting from the
MHD model: radial velocity on the plane of the sky, POS, (grey
lines), and pB weighted averaged radial velocity along the line of
sight, LOS, (blue line at 4.0 R�, green line at 5 R�, and orange line
at 6.8 R�). The latitudinal profiles are reported in steps of 0.2 R�.

FIG. 8. Modeled magnetic field lines traced from the Metis corona-
graph on the plane of the sky at the East limb on May 15, 2020; the
intersection with the 5 R� surface is shown. For perspective the view
is again rotated of 45◦ with respect to the Metis plane of the sky.
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FIG. 9. Upper panel: magnetic field line expansion factor, fmax,Br ,
at 5 R�, as a function of latitude at half degree intervals both for
the field lines lying in the plane of the sky (continuous blue line)
and for all field lines along the line-of-sight path, weighted by the
polarized (pB) emissivity (orange dashed line). The shaded area rep-
resents the ±1 standard deviation. Latitudinal profiles of the wind
speed derived in the hypothesis of anisotropic distribution of the H I
kinetic temperature (Tk,⊥ > Tk,‖ = Te) for electron density derived
in the assumption of a longitudinal dependence of this quantity re-
sulting from the 3D MHD model (middle panel), and of cylindrical
symmetry (lower panel), respectively. The latitudinal profiles are re-
ported in steps of 0.2 R� (blue line at 4.0 R�, green line at 5.0 R�,
orange line at 6.8 R�).
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FIG. 10. Latitudinal profiles of the coronal wind speed (upper panel),
compared with the ratio of the maximum expansion factor of the
magnetic field lines, fmax,Br/ fBr , relative to the expansion factor at
5 R� (middle panel), and the squashing factor, Q, in the plane of the
sky (blue line) and the same factor weighted by the polarized (pB)
emissivity along the line of sight (lower panel). The shaded area in
the lower panel represents the ±1 standard deviation.
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FIG. 11. Squashing factor, Q, as a function of latitude from the North
Pole (0◦) to the South Pole (180◦), in the plane of the sky (blue line)
and weighted by the polarized (pB) emissivity along the line of sight
(orange dashed line). The shaded area in the lower panel represents
the ±1 standard deviation.
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