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Abstract While it is certain that the fast solar wind originates from coronal
holes, where and how the slow solar wind (SSW) is formed remains an outstand-
ing question in solar physics even in the post-SOHO era. The quest for the SSW
origin forms a major objective for the planned future missions such as the Solar
Orbiter and Solar Probe Plus. Nonetheless, results from spacecraft data, combined
with theoretical modeling, have helped to investigate many aspects of the SSW.
Fundamental physical properties of the coronal plasma have been derived from
spectroscopic and imaging remote-sensing data and in situ data, and these results
have provided crucial insights for a deeper understanding of the origin and accel-
eration of the SSW. Advanced models of the SSW in coronal streamers and other
structures have been developed using 3D MHD and multi-fluid equations.
However, the following questions remain open: What are the source regions and
their contributions to the SSW? What is the role of the magnetic topology in the
corona for the origin, acceleration and energy deposition of the SSW? What are
the possible acceleration and heating mechanisms for the SSW? The aim of this
review is to present insights on the SSW origin and formation gathered from the
discussions at the International Space Science Institute (ISSI) by the Team enti-
tled “Slow solar wind sources and acceleration mechanisms in the corona” held in
Bern (Switzerland) in March 2014 and 2015.

Keywords Sun · Corona · Solar wind · Coronal streamers · MHD and kinetic
models
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1 Introduction

The solar wind is a continuous stream of charged particles (mainly protons, elec-
trons, and α particles, but also heavy ions) ejected from the Sun at an average
mass loss rate of (2 ∼ 3)×10−14 M⊙/year. At solar minimum, the identification of
two types of solar wind has been accepted for decades: fast wind originating from
coronal holes and slow wind related to the streamer belt regions (e.g., McComas
et al, 2008).

The present review focuses on the slow solar wind (SSW). The SSW (<500
km s−1) is in many ways different from the fast solar wind, such as
higher proton density, lower proton temperature, higher electron tem-
perature, larger temporal variability, higher heavy ion ionization states
and higher first ionization potential (FIP) bias in elemental abundances
(e.g., review by Schwenn, 2006; Geiss et al, 1995b; von Steiger et al,
2000, and references within). Such general properties of the SSW can be
derived from ensemble studies that group the solar wind from multiple
solar wind streams over a range of time periods.

The SSW tends to encompass the heliospheric current sheet (HCS), but it extends
up to 30◦ in heliocentric latitude (McComas et al, 2008; Wang et al, 2000). The
HCS often is not located in the middle of the SSW region, but near a stream
interface boundary (Burlaga et al, 2002) owing to the fast speed wind of
the next stream catching up from behind (Pizzo, 1978). In some SSW
streams, the location of the HCS is displaced from that of the magnetic
sector boundary (as indicated by the direction of the suprathermal elec-
tron flux relative to the interplanetary magnetic field), supporting the
occurrence of interchange reconnection at the streamer/coronal hole
boundary (Crooker et al, 2004). A portion of the SSW is not associated
with a HCS at the stream interface, indicating the presence of a pseu-
dostreamer at its solar origin (Neugebauer et al, 2004; Crooker et al,
2012).

The in situ solar wind measurements in the heliosphere have found that
some slow speed wind bears some signatures of the fast speed wind
(e.g., Zhao et al, 2009; D’Amicis and Bruno, 2015). Thus, clearly speed
is not the only indicator for the origin of solar wind. Since the ionic charge
states and elemental abundances are largely fixed in the inner corona
(generally below 10R⊙), as opposed to density and temperature which
change dynamically during the transit in the heliosphere, the heavy ion
charge state and elemental compositions are most intimately related to
the properties in the solar wind source region (see Sections 2 and 2.3).
Therefore these measurements provide important information, along
with remote-sensing observations, about the formation of the solar wind
and the SSW sources.

From spectroscopic data, important observational results have been obtained in
recent years (see, Section 2.1). In the low corona, persistent outflows at the edges
of active regions have been found by the analysis of data from several instru-
ments, and their contribution to the SSW has been investigated with magnetic
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field models of the large-scale coronal structures. Recent results link the outflows
further to the compositional data (see, Section 2.1.1). From the ultraviolet (UV)
spectroscopy of the extended corona, it has been found that a significant amount
of SSW originates outside the streamer/coronal hole boundaries, where the wind
velocity depends on the magnetic field topology of flux tubes. Moreover, some
indications about the SSW outflow velocity profile and consequently the acceler-
ation have been derived from UVCS observations (see, Section 2.1.2). White light
coronagraphic observations provide critical evidence linking the solar-minimum
streamer belt with the SSW: several small CMEs in the form of slow “streamer
blowouts” were observed and they were considered as tracers of the SSW (see,
Section 2.2). Some recent results based on UV and white light (WL) observations
of pseudo-streamers have shown that these multi-polar structures can contribute
to the SSW as well (see, Sections 2.1 and 2.2). Compositional data from in situ
observations at 1 AU and beyond provide clues on the origin of the SSW by relat-
ing the measurements to the coronal source regions (see, Section 2.3). It is evident
that important parameters such as the temperatures and charge states of heavy
ion species and in particular the oxygen ions and proton flux distributions are
fundamental for characterizing the SSW (see Section 2.3.1) in addition to the
widely used outflow velocity and variability features. Moreover, slow wind regions
with similar speeds can exhibit different physical parameters, which implies also
different source region properties (see, Section 2.3.2), providing a wealth of clues
that have to be considered in understanding how the SSW is formed.

Observational evidences provides important constraints for the solar wind
models (see, Section 3). The study of the solar wind and its global structure and
evolution is strongly linked to the study of the transition region and the chromo-
sphere, but modeling the transition region dynamics is quite complex (see Sec-
tion 3.1). From the theoretical point of view, in the solar corona, the ejection of
material may be caused by the loss of confinement due to pressure-driven insta-
bilities as the heated plasma accumulates or due to current-driven instabilities
(tearing, Kelvin-Helmholtz, and kink-type instabilities) in the sheared field of a
streamer. On small scales compared to the typical global streamer structures, 2.5D
(two spatial dimensions and three components of the velocity and magnetic field)
magnetohydrodynamic (MHD) models can account for the plasmoid blowouts ob-
served in helmet streamers: these are likely due to magnetic reconnection at the
current sheet above the cusp and are accelerated by the combined effects of the
tearing mode and Kelvin-Helmholtz instabilities (KHIs) triggered by the reconnec-
tion in the current sheet (see Section 4.4). The MHD approximation is appropriate
for large-scale (compared to the gyroradius), low-frequency phenomena in magne-
tized plasmas such as the solar corona. Using the photospheric magnetic field as
the primary driving boundary condition, single-fluid 3D MHD models can often
reproduce the Sun’s magnetic and emission properties on the global scale struc-
tures of the corona (see, Section 3.2). The global 3D MHD models solve typically
the ideal MHD equations, so the reconnection is not physically modeled, but re-
lies on numerical resistivity. Multi-fluid 2.5D and recently 3D models of the SSW
have been developed to simulate streamers that contain heavy ions (in addition to
protons and electrons). Nevertheless, only very few multi-fluid studies of the SSW
have attempted to reproduce the streamer observations by considering heavy ions
self-consistently (see Section 3.3).
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Our present review addresses the main SSW sources and their formation mecha-
nisms based on leading observations and modeling approaches. Scenarios discussed
in Section 4 include: expansion factor model (Section 4.1), interchange reconnec-
tion model (Section 4.2), the S-web model (Section 4.3), and magnetic reconnection
at the cusp of the streamers (Section 4.4). In sources where closed and open mag-
netic fields are in contact with reverse polarity, the energization of the SSW may
occur through reconnection. However, in open field sources reconnection cannot
explain the formation of the SSW, and a turbulence/wave mechanism is appar-
ently appropriate. Section 5 is dedicated to the discussion on the main physical
mechanisms for the SSW acceleration. Finally, in Section 6 we outline the main
conclusions and some suggestions for future observation planning in order to ad-
dress the still open questions of SSW formation and sources.

2 Observations

Crucial results on the origin of the solar wind have been derived from both remote
sensing and in situ observations. In this section we review a selection of important
observational aspects arising from the analyses of data from several instruments,
which provide constraints for the solar wind models. We start from the lower
corona, going through the extended corona and finally to the in-situ measurements
in the heliosphere.

2.1 Spectroscopic data: from the lower to the extended corona

2.1.1 Some results from Hinode/EIS - XRT instruments

In the last 7 years, there are several results from Hinode observations showing
that active regions, and particularly the edges of active regions, are good can-
didates for SSW sources. They have shown persistent upflows at the edges
of active regions. These had been seen in some examples pre-Hinode with CDS
and SUMER instruments onboard SOHO (e.g., Brekke et al, 1997; Teriaca et al,
1999). Upflows were initially observed with the X-ray telescope (XRT) and the
EUV Imaging Spectrometer (EIS) on Hinode by Sakao et al (2007). The X-ray
images showed pulsing features moving upwards at the edges of the active regions
in areas of relatively weak emission. This flowing plasma reached speeds of 100 km
s−1. The EIS measurements showed that this region has persistent blue-shifted
plasma (Fig. 1). It was estimated that this upflowing plasma could form around
25% of the SSW. This potential linkage to the solar wind triggered a series of
papers that aimed at confirming or denying this possibility and at understanding
more completely the physical attributes of these upflows.

Del Zanna (2008) showed that persistent blueshifts, stronger in the hotter lines
(typically 5-20 km s−1 in Fe XII and 10-30 km s−1 in Fe XV), were present in areas
of weak emission, in a sharp boundary between the low-lying ‘hot’ 3 MK loops and
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Fig. 1 EIS intensity image in Fe XII of an active region on the left. EIS Doppler velocity
image on the right. From Harra et al (2008).

the higher ‘cooler’ 1 MK loops. The physical characteristics of the upflowing ma-
terial were initially determined by Doschek et al (2008). They found temperatures
of 1.3 MK at low densities of 7× 108 cm−3 in these upflow regions. The Doppler
velocities and the excess line width measurements (non-thermal velocities) show
a positive correlation. Hence a range of velocities exists in these regions. The line
profiles are not always a single Gaussian profile, which is Doppler-shifted. Ugarte-
Urra and Warren (2011) found that the enhancements in the blue wing of the
emission line appear in timescales of 5 minutes - the process that creates the up-
flows is very dynamic. The upflowing features are coronal in nature being measured
at temperatures of around 1MK (Warren et al, 2011). The emission below 1 MK
in the transition region shows up as red-shifted plasma. Brooks and Warren (2012)
determined the chemical composition using Hinode EIS and found it to be consis-
tent with the composition measured by ACE of the SSW. They have extended this
work, analyzing together rasters of the full Sun. This took 48 hours to complete,
and resulted in a full Sun map of the Doppler velocity and plasma composition
providing a unique view of the whole Sun and contributions to the slow wind. The
solar wind composition plasma was found to exist on regions that, from magnetic
modeling, show open magnetic field lines. When these regions are summed up they
provide a significant fraction of the mass loss rate of the solar wind (see Fig. 2 in
Brooks et al, 2015). The plasma composition of the corona is key to understand-
ing these sources but little is known about how active region composition varies
with time. It was previously reported, based on Skylab results (Widing
and Feldman, 2001), that the FIP bias (abundance ratio of a low-FIP
element to a high-FIP element relative to their photospheric ratio) in-
creases from photospheric to coronal values following the emergence of
active regions. Baker et al (2015) further addressed this by studying an active
region as it decays and determining the change in the FIP bias during this time.
It was expected that the FIP bias would become more coronal-like as the active
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(a)
(b) (c)

Fig. 2 (a) EIS image of the solar corona at 2 MK from Fe XIII 202.044 Å spectral line
intensity, (b) Doppler velocity map; blue areas highlight plasma that is flowing towards the
observer; red areas highlight plasma that is flowing away from the observer, (c) full-sun plasma
composition map created from the ratio of the Si X 258.37 Å and S X 264.22 Å spectral lines;
darker areas correspond to regions with photospheric abundances; lighter areas correspond to
regions with enhanced (coronal) abundances. From Brooks et al (2015).

region ages. Baker et al (2015) found that the active region stayed coronal-like only
in the core region. The surroundings were affected by continuous small-scale flux
emergence, which changed the abundance in those regions to photospheric-like.

Quasi-periodic propagating disturbances (PDs) are seen in coronal polarized bright-
ness intensity image sequences, and there is evidence that these may be slow-mode
magnetoacoustic waves propagating into the corona (e.g., Ofman et al, 1997). The
PDs were also seen in Hinode/EUV Imaging Spectrometer observations, and inter-
preted as slow magnetosonic waves (e.g., Wang et al, 2009a). The interpretation of
the periodic disturbances in terms of slow magnetosonic waves was challanged by
the detection of asymmetric Doppler shifts (blue) in the source regions (De Pon-
tieu and McIntosh, 2010). Tian et al (2011) analyzed EIS and XRT data using EIS
sit and stare data to maximize the time cadence. They found that repetitive high
velocity upflows could be responsible for the oscillatory behavior observed. Fur-
ther observational studies using Hinode/EIS data related between Alfvénic waves
and flows (Tian et al, 2012). Evidently, the interpretation of the observed PDs
is not straightforward, and recent 3D MHD modeling helped understand the re-
lation between the chromospheric upflows and the slow magnetosonic waves that
can be produced by these quasi-periodic upflows in the very low corona and
propagate to higher altitudes in the corona (Ofman et al, 2012; Wang et al, 2013).
The modelling suggests that the observed propagating disturbances and
the associated upflows may be produced by nanoflares at the coronal
loops footpoints in the corona/transition region interface and hence
both waves and flows may contribute to the PDs at lower heights. This
idea was supported by a recent analysis of SDO/AIA data, where PDs were shown
to be closely related to chromospheric upflows (Jiao et al, 2015).

The origin of these upflows and their role in the mass supply to the corona is still
being debated (e.g., Klimchuk, 2012). The possibilities that have been put forward
are either from lower atmosphere in the chromosphere, or higher up in the corona.
De Pontieu et al (2009) found a correlation between the emission line asymmetries
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in the corona and the dynamics in type II spicules in the chromosphere. He et al
(2010) also found a relationship between chromospheric jets and coronal upflows.
Other studies have indicated that the source is more likely to be in the corona.
Harra et al (2008) found that there are large loops connecting from the active
region to a nearby bipole through magnetic modeling indicating that the upflows
are due to expansion of large loops. Boutry et al (2012) studied the same region
and found the connection between the regions concluding that upflows originate
from either large-scale loops or open magnetic field structures. Upflow regions
were found to lie along regions where the magnetic field displays strong gradients of
magnetic connectivity (quasi-separatrix layers) by Baker et al (2009). This suggests
that magnetic reconnection between these open and closed magnetic fields drive
the upflows. Comparisons have also been made between the upflows and radio
noise storms by Del Zanna et al (2011).

Considering the small field of view of Hinode/EIS, it is challenging to make a
direct link to the solar wind and therefore to determine whether these upflows
actually become outflows leaving the Sun. Slemzin et al (2013) aimed to link
the EIS data to large-scale structures that are observed at more than one solar
radius. The location of the EIS upflows and the in-situ data of ACE were
found to be consistent, by using a potential-field source-surface model, with
the active region as a source of the solar wind. Modeling was carried out by
van Driel-Gesztelyi et al (2012) both on a local and a global scale to determine
which of the upflows could potentially form outflows seen in the solar wind. They
found that it was the upflows of an active region that had a coronal hole as a
neighbor. Edwards et al (2015) carried out a study of seven active regions along
with global potential magnetic field extrapolations. In most cases the upflows do
not correspond to a region of open field at all. The active region that did have
open field related to the upflows was located alongside a coronal hole. The other
regions of upflow were related to large-scale closed loops. All the upflows however
were intersected by separatrix surfaces associated with null points located high
in the corona, which could indicate important reconnection sites. Fazakerley et al
(2015) studied a full Carrington rotation (CR) to determine the sources of slow
and fast wind. There are three periods of enhanced velocity solar wind, which are
related to active regions located beside coronal holes. Evidence is accumulating
that a coronal hole located near an active region can affect whether the upflows
from the edges of an active regions can become solar wind outflows. There have
been detailed studies of an active region (Neugebauer et al, 2002) that also
show how upflows can become outflows even with no associated coronal hole. This
can occur through a more complex two-stage reconnection process (Culhane et al,
2014; Mandrini et al, 2014).

2.1.2 Some results from SOHO/UVCS instrument

UVCS spectroscopic observations have significantly contributed to our understand-
ing of streamers and slow wind since the beginning of the SOHO mission (see also
Antonucci (2006) and Kohl et al (2006) for reviews of UVCS results). The hydro-
gen Ly-α and O VI emission lines were used to study streamers (see,
e.g., Kohl et al, 1997; Noci et al, 1997b; Raymond et al, 1997; Stra-
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chan et al, 2002; Ko et al, 2008) and it was deduced that the properties
of the O5+ ions, such as their relative abundances and temperatures,
vary across the streamer structure in a qualitatively different way than
the properties of protons and electrons. In particular, one of the first re-
sults was the discovery that quiescent streamers have a marked heavy ion (such as
O5+, Mg9+ and Si11+) depletion in their cores with respect to their bright lateral
branches (e.g., Noci et al, 1997b; Marocchi et al, 2001; Uzzo et al, 2003). The core
dimming in the O VI 103.2 nm and Mg X 62.5 nm line has been recently analyzed
by using a 2.5D multi-fluid model that demonstrated the effects of heavy
ion gravitational settling, and cooling of the preferentially heated heavy
ions through the interaction with electrons and protons producing core
dimming (Ofman et al, 2011, 2013). Several different explanations for this fea-
ture have been proposed also related with the SSW origin (e.g., Noci et al, 1997a;
Raymond et al, 1997; Ofman, 2000; Frazin et al, 2003; Akinari, 2007). The present
review is not related directly to this point, but we would like to point out that
this important observable is not due to a temperature effect (Noci et al, 1997a).
In addition, the line width of the O VI emission is broader than the
Ly-α line width, and this difference is larger outside the streamer than
in the core (see Fig. 3). The outflow speed of the O5+ ions was studied
and found to increase from being negligible in the core to significant
values outside the streamer (see Fig. 4).

Important information on the SSW origin can derive from the microscopic velocity
distributions of the heavy ions in three dimensions. The velocity distribution along
the two directions perpendicular to the radial is assumed to be the same. The
kinetic temperature, Tk, inferred from the spectral line width observed by UVCS,
is a measure of the velocity distribution width along the LOS, so this is named in
the following as perpendicular (to the radial and also to the assumed magnetic field
direction) kinetic temperature. UV spectroscopy of streamers shows that heavy
ions such as O5+ have higher perpendicular kinetic temperatures than the protons
particularly in coronal holes (see Kohl et al, 1997; Cranmer et al, 1999b). While
the signatures of the protons cannot be measured directly, they are coupled to H
atoms by charge exchange up to several solar radii (e.g., Withbroe et al, 1982).
The kinetic temperatures of O5+ and H can be determined from the line widths of
the coronal O VI 103.2 nm and H I Lyα emission. These temperatures include the
line of sight thermal motions of the atoms/ions plus any unresolved non-thermal
motions caused by waves or turbulence. Therefore, in order to determine the ‘true’
kinetic temperature, the effects of the unresolved wave or fluid motions must be
subtracted (e.g., Ofman and Davila, 1997).

Figure 3 shows the results of SOHO/UVCS determinations of perpendicular kinetic
temperatures, T⊥, for H and O5+ inside and in the external parts of coronal
streamers. These measurements are from many observations mainly at the solar
minimum period from both helmet streamer and pseudo-streamer (Kohl et al,
1997; Poletto et al, 2002; Strachan et al, 2002; Frazin et al, 2003; Antonucci et al,
2005; Susino et al, 2008; Abbo et al, 2010a, 2015). It is clear that for heights above
2 R⊙, T⊥(O5+) is rapidly increasing while T⊥(H) is nearly constant or slightly
decreasing. Measurements along the streamer axis are color coded for each species
(green for O5+ ions and red for H neutral atoms). The electron temperatures
(blue symbols), Te, are calculated by Fineschi et al (1998) from the profile of the
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electron scattered H I Lyα component as derived from UVCS data, and by Li et al
(1998) from an emission measure analysis. At low heights, within the closed field
regions of the streamers, the plasma is isothermal with electrons, H, and O5+ all
having the same temperature. Along the streamer axis, the temperatures start to
diverge at 2 R⊙ and above. However, the temperatures of the different species are
already different at 1.5 R⊙ for the measurements in black that were sampled near
the streamer edges/coronal hole boundaries. The fact that the ion temperature
profiles are rising rapidly and the electron and H (or proton) temperatures are not
decreasing very fast suggests that continual, extended heating is taking place.

The main assumptions for the velocity distribution along the radial direction
are: an isotropic Maxwellian velocity distribution for the electrons and the ions
along the streamer axis with the width defined by the observed Tk, and a
bi-Maxwellian velocity distribution for the ions in the streamer edges. In this
last case, the ion kinetic temperature corresponds to the observed line width in the
plane perpendicular to the radial direction, and the ion kinetic temperature along
the radial direction is equal to the electron temperature (maximum anisotropy).
The ion temperature anisotropy assumption is dictated by the fact that
the line broadening in the streamer edges is about a factor 2-10 larger
than inside the streamer core, thus representing an intermediate state
between closed field regions and the cores of coronal holes, where the
ion velocity distributions are found to be highly anisotropic (e.g., Kohl
et al, 1998; Cranmer et al, 1999b). This determines another relevant point
which is the temperature anisotropy (T⊥/T∥) found not only in coronal holes (e.g.,
Cranmer, 2009), but also in the streamer edges and coronal hole boundaries with
values in the range of 1.3-2 (Frazin et al, 2003; Susino et al, 2008). In Fig. 3, the
fact that the O5+ perpendicular temperatures are rising rapidly and
the electron and H (or proton) temperatures are not decreasing very
fast suggests that continual, extended heating is taking place and that
the process that leads to large perpendicular heating may be important for the
acceleration of slow (as well as the fast) solar wind. Such preferential heating
process, could be the result, for example, of energy dissipation through
ion cyclotron resonance of high-frequency (left-hand polarized) Alfvén
waves (e.g., see the review by Ofman, 2010).

Figure 4 shows empirical measurements for coronal outflow velocities as a function
of heliocentric height obtained by applying the Doppler dimming technique based
on the ratio of O VI line intensities (Beckers and Chipman, 1974; Noci et al, 1987).
It is interesting to note that the outflow velocity measurements made along the
streamer axis (green symbols) are greater than zero in the region where there
are high ion kinetic temperatures. The same condition applies for locations that
are external to the streamer edges (black symbols). Almost every place where
there is a measurable outflow, the T⊥(O5+) is larger than T⊥(H). Antonucci
et al (2005) found that the kinetic temperature of hydrogen remains two order
of magnitude lower than that of oxygen in coronal holes and one order of
magnitude lower in equatorial streamers. Antonucci et al (2005), Susino et al
(2008), and Abbo et al (2010a) found that the main source for the SSW is the
coronal hole/streamer boundary region (black symbols in Fig. 4), where the wind
velocity depends on the magnetic field topology of flux tubes. Abbo et al (2010a)
adopted an improved version of the Doppler dimming technique that is used to
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derive both electron density and outflow velocity of the expanding corona from
the O VI 103.2-103.7 nm line intensities, given constraints on the geometry of flow
tubes connecting corona and heliosphere.
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Fig. 3 A summary of UVCS measurements of coronal temperatures (as a function of projected
height from Sun center) for H, O5+ and electrons, for different streamer regions. In general
O5+ kinetic temperatures are higher than those for H and electrons. Along the streamer axis,
the temperatures are color-coded: red for H, green for O5+, and blue for electrons. Tempera-
tures near the streamer edge/coronal hole boundary are shown in black. Solid symbols are for
helmet streamers and open symbols are for pseudo-streamers. Note that ion kinetic tempera-
tures include both thermal and non-thermal components. These results are for a collection of
streamers analyzed by different authors and observed from 1996 to 2008 close to solar mini-
mum periods. See the text for more details. Sources for data in this figure are given below.
Except where noted, all symbols are solid (filled). Abbo et al (2010a): green right triangles,
red right triangles, black circles, black up-triangles; Abbo et al (2015): green squares (open),
red squares (open); Antonucci et al (2005): green large diamonds, red large diamonds, black
stars, black down-triangles; Fineschi et al (1998): blue up-triangle; Frazin et al (2003): green
squares, red squares; Kohl et al (1997): green circles, black diamonds; Li et al (1998): blue
squares; Poletto et al (2002): green down-triangles, red down-triangles; Spadaro et al (2007):
dot-dash line; Strachan et al (2002): green up-triangles, red up-triangles; Susino et al (2008):
green narrow diamonds, black narrow diamonds.

Strachan et al (2012) used synoptic maps of electron density and coronal outflow
velocity at ∼2.5R⊙ to estimate flux tube expansion factors, f , as a function of lat-
itude at solar minimum. The novelty of this work shows that flux tube expansion
factors can be determined from the physical conditions in the corona, indepen-
dent of magnetic field measurements. Preliminary results show that large f is
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Fig. 4 A summary of UVCS O5+ outflow velocity measurements (as a function of projected
height from Sun center) for different regions: (1) along the streamer axis (green symbols), (2) at
the streamer edge/coronal hole boundary (CHB; black symbols),(3) along the pseudo-streamer
axis (red area). Mean blob speeds from SOHO/LASCO observations are added as a reference
for outflow velocities determined by other techniques. See the text for more details. Sources for
data in this figure are shown below. Abbo et al (2010a): green squares, black circles; Abbo et al
(2015): red squares (solid red region); Antonucci et al (2005): green stars, black stars; Frazin
et al (2003): solid green region; Poletto et al (2002): black squares; Strachan et al (2002): green
circles; Susino et al (2008): green down-triangles, black down-triangles.

found at the edges of streamers where the SSW is thought to originate. Antonucci
et al (2012) also found that, during solar minimum, when the coronal magnetic
configuration is rather simple, the open magnetic fields emerging from the wide
polar coronal holes channel both the fast and the slow wind: the fast wind flows
along flux tubes with lower areal divergence than in the slow wind which is guided
by flux tubes characterized by non-monotonic areal expansion functions (first a
divergence and then a convergence).

Some authors showed that equatorial streamers at solar minimum exhibit plasma
outflows along the streamer axis (green symbols in Fig. 4). Indeed, by determining
a lower limit of the outflow speed derived from the O VI line ratios in the streamer
region Noci and Gavryuseva (2007) found that SSW directly emerging from the
streamers is likely confined to a thin layer near the current sheet. Nevertheless,
the detection of multiple current sheets is not evident from present in-situ data
that would have been difficult with Ulysses measurements due to limited time
resolution. Moreover, Abbo et al (2015) showed with an analysis based on UV ob-
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servations of pseudo- or unipolar streamers that these structures can contribute to
the SSW in non-bipolar magnetic field configuration (red area in Fig. 4). There are
some clues that protons (which behave as neutral atoms due to charge exchange
at distances of up to several solar radii) flow with lower velocities in coronal holes
(e.g., Kohl et al, 2006) and in the external parts of streamers (Susino et al, 2008).
Another possibility is that these outflows are strictly connected with the ‘blobs’
seen in white light observations (see Section 2.2) but these events describe a spo-
radic and intermittent emission of plasma, whereas from the UVCS observations
the SSW is formed by a continuous outflow (although, the exposure time of UVCS
images could reach many hours, that average out variability on shorter time
scales).

In addition to providing plasma parameters (temperature, velocity, and density) in
the solar wind source regions, UVCS spectroscopy was able to determine elemen-
tal abundances. It is known that elemental abundances vary among the different
coronal structures with respect to photospheric values (e.g., see the review by
Raymond et al, 2001, and references within). The determining parame-
ter appears to be the FIP effect. This effect is much more pronounced in the
SSW than in the fast solar wind (von Steiger et al, 2000) and therefore it can be
very useful as a tracer of their sources. Measurements of enhanced abundances in
streamers for low-FIP elements provide a direct connection between streamers
and the SSW (e.g., Raymond et al, 1997). The enhancements of low-FIP elements
in the edges of coronal streamers is similar to those found in the SSW (FIP-bias of
∼ 3), which is a strong indication that at least some of the solar wind originates
from these regions (Uzzo et al, 2003). Other authors found that open magnetic
field regions outside streamers are characterized by oxygen ion abundance typical
of the heliospheric SSW (Abbo et al, 2006; Antonucci et al, 2006), confirming that
these regions are the dominant sources of the SSW. Ko et al (2008) provided 2D
maps of coronal elemental abundances of streamers derived from observations of
an east limb corona at 1.63R⊙ from 2000 September 20 to October 1, that were
compared with large-scale coronal properties of a 3D MHD model in order to in-
vestigate their possible association with open and closed field structures. They
found a good indication that the open field regions have lower density and higher
abundance values than the closed field regions (see also Section 2.3 for further
discussion on the FIP effect).

2.2 Imaging Data: some results from SOHO/LASCO and STEREO/COR
Coronagraphs

White-light observations from the LASCO C2 coronagraph on SOHO have shown
that helmet streamers are dynamical, non-steady structures with a strong ten-
dency to expand outward, giving rise not only to large-scale “streamer blowout”
CMEs, but also to small-scale plasma inhomogeneities (“blobs”) that are contin-
ually emitted from their cusps (see Sheeley et al, 1997; Wang et al, 1998; Song
et al, 2009). The streamer blobs are confined to the immediate vicinity of the
heliospheric plasma/current sheet, which extends outward from the cusp and ap-
pears to consist of fine ray-like structures. As shown in Fig. 5, their speeds increase
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gradually from ∼0–100 km s−1 near the streamer cusp (located at a heliocentric
distance of r ∼ 3 R⊙) to ∼300–400 km s−1 at r ∼ 30 R⊙ (the outer edge of the
LASCO C3 field of view). In the interpretation of Sheeley et al (1997), the veloc-
ity profile of the blobs (which resembles that of slow streamer blowouts) reflects
that of the surrounding SSW. Using the STEREO/COR1 coronagraph, Jones and
Davila (2009) have also detected and measured the speeds of small density en-
hancements inside r ∼ 2 R⊙; however, many of the features that they tracked are
likely to have been associated with CME eruptions rather than streamer blobs.
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Fig. 5 Scatter plot of speed vs. heliocentric distance for 80 streamer blobs, whose height-time
tracks were each fitted with a quadratic function. The sky-plane projected velocities increase
monotonically from ∼0–100 km s−1 at r ∼ 3–4 R⊙ to ∼200–400 km s−1 at r ∼ 20 R⊙. Also
plotted (red) for comparison is the Parker solution for a radially expanding, isothermal corona
at a temperature of 1× 106 K.

More recent observations that exploit the different viewing angles afforded by
STEREO have revealed that many, if not all streamer blobs are small flux ropes
(Sheeley et al, 2009). Illustrative examples may be seen in Fig. 6. Here, COR2A
looks down on the plasma sheet and sees arch-like structures, representing the
case where the line of sight is perpendicular to the plane of the helical flux rope;
COR2B looks edge-on at the plasma sheet and sees narrow, concave-outward struc-
tures, representing the case where the line of sight is along the axis of the flux
rope. These observations suggest that the blobs are created not by interchange
reconnection between streamer loops and open field lines, but rather by recon-
nection among the streamer loops themselves. In contrast, interchange reconnec-
tion provides a possible mechanism for maintaining the heliospheric plasma sheet
(along which the blobs propagate), as well as accounting for its ray-like structure.
STEREO/SECCHI observations show that the blobs may have quasi-periodic na-
ture and their acceleration and expansion is self-similar (Viall and Vourlidas, 2015).

The helmet streamers that are the source of plasma blobs separate coronal holes
of opposite polarity and extend outward to form the heliospheric current sheet.
However, a significant fraction of the white-light structure in the outer corona is
contributed by the plasma sheet extensions of “pseudo-streamers” which separate
coronal holes of like polarity and do not have current sheets (see Fig. 13 for the
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sketch of the magnetic field configuration). The cusps of pseudo-streamers
are usually located well below r ∼ 2.5 R⊙, unlike those of helmet streamers.
Pseudo-streamers are generally far more quiescent than helmet streamers, and
show fewer tendencies to expand outward unless an underlying filament erupts or
an active region emerges beneath it. As illustrated in Fig. 2 by Wang et al (2012),
pseudo-streamers do not normally emit blob-like ejecta.

The differing dynamical behaviors of helmet streamers and pseudo-streamers can
probably be attributed to the fact that, whereas the magnetic field goes to zero
above the cusp of a helmet streamer, it remains strong above the cusp of a pseudo-
streamer, where like-polarity open flux converges from both sides. As a result, the
underlying loops have much less tendency to expand outward and pinch off in
pseudo-streamers than in helmet streamers. This also makes it difficult to see
how pseudo-streamers themselves can be a major source of SSW, other than that
associated with their plasma sheets.

In summary, from recent papers on white light observations concerned with the
SSW, we can deduce that:

– Heliospheric plasma sheet (along which the blobs propagate) consists of narrow
rays formed by interchange reconnection at streamer cusps (Wang et al, 2012).

– Streamer blobs are mini flux ropes formed by pinching off closed loops in the
intrinsically unstable cusp region (Sheeley et al, 2009) with evidence of quasi-
periodicity (Viall and Vourlidas, 2015).

– Pseudo-streamers have plasma sheets (no current sheets) but do not emit blobs
(Wang et al, 2007a, 2012).

2.3 In-situ data: some results from Ulysses/SWICS and ACE/SWICS
instruments

More than four decades of space missions, e.g., IMP 8, ISEE 3, Helios,
Wind, Ulysses, SOHO, ACE and STEREO, have produced a wealth of
solar wind particle and magnetic field data measured in-situ. Planetary
missions such as Voyager and MESSENGER have also provided solar
wind measurements in-situ, covering a large range of heliospheric dis-
tance. These data have cumulatively contributed to our understanding
of the solar wind in many aspects. In this section, we focus on the solar
wind properties inferred from the Solar Wind Ion Composition Spec-
trometer (SWICS) instruments on Ulysses and ACE that measure the
heavy ion composition. As mentioned in Section 1, the solar wind heavy
ion charge states and elemental compositions are closely related to the
properties of the solar wind source region, thus providing the diagnos-
tics of SSW sources. The following two paragraphs further explain why
this is so.

The solar wind ions gyrate, and flow out of the Sun along open field
lines through the coronal environment where the density decreases
with height. The evolution of the ionic charge states with the flow
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Fig. 6 Streamer blobs observed simultaneously from COR2A (left panels) and COR2B (right
panels). In both the June 19 (top) and October 4 (bottom) 2008 events, COR2A looks down
at the heliospheric plasma sheet, while COR2B views it edge-on. Field of view is from 2 to 15
R⊙.

then undergoes a non-equilibrium ionization process that results in the
freezing-in of the ions, i.e., the ionic charge states stop changing be-
yond some distance. This freezing-in process depends on the electron
density, ion outflow speed and the ionization and recombination rates
(thus the electron temperature) of the ions, and was found to complete
within a few solar radii (e.g., Owocki et al, 1983; Buergi and Geiss,
1986). There are processes that can affect the ionic charge states in the
solar wind flow, thus the inference from the data, such as non-thermal
electron velocity distribution (Owocki and Scudder, 1983; Ko et al,
1996; Laming and Lepri, 2007) and differential ion flows (e.g., Ko et al,
1998; Esser and Edgar, 2001; Chen et al, 2003). Recently, there were
series of efforts further refining the diagnostics using the ionic charge
states (Landi et al, 2012a,d). It is worth noting that the coronal profiles
(i.e., electron temperature, density and ion outflow) usually cannot be
derived from the solar wind ionic charge states in a straightforward
manner and need to be calculated empirically (e.g., Ko et al, 1997),
preferably with as many constraints as possible provided by other data
sources, such as spectroscopic observations (Landi et al, 2012b,c). On
the other hand, solar wind ionic charge states provide stringent tests
of solar wind models since the predicted frozen-in ionic charge states
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forward-modeled with the modeled coronal profiles must agree with the
data (Zurbuchen et al, 2012; Landi and Testa, 2014).

The fact that the slow and fast solar wind exhibits different FIP biases implies that
this difference is set at the chromospheric level where the elements with FIP of less
than about 10 eV are photoionized by the solar Lyα radiation followed by certain
ion-neutral fractionation process such as neutral atom diffusion (von Steiger and
Geiss, 1989; Peter, 1998), wave heating of ions (Schwadron et al, 1999), or wave-
induced pondermotive force (Laming, 2004, 2009, 2015). Therefore the solar wind
elemental abundances, when combined with abundance observations at the Sun
can provide information on where and how the solar wind is formed. For example,
the similar FIP bias between the slow wind and coronal loops lends support for the
scenario that the slow wind is produced via interchange reconnection that releases
plasma in coronal loops into the solar wind/open field (Fisk and Schwadron, 2001)
(also see Section 2). This scenario would also introduce variations that should
relate to variations in coronal loops. For example, the location of the interchange
reconnection could affect the slow wind abundance, since the abundance can be
modified in coronal loops such as by gravitational settling (Raymond et al, 1997;
Ko et al, 2002; Weberg et al, 2015).

2.3.1 Ulysses

Ulysses was the first space mission to orbit the Sun on a high-inclination orbit
(Wenzel et al, 1992). Launched in 1990 and injected into its unique orbit by a
Jupiter fly-by in 1992, it operated for nearly three orbital periods until it was
switched off in mid-2009. Thanks to a fortuitous timing its first orbit coincided
with the solar activity minimum between sunspot cycles 22 and 23, the second one
with the solar maximum 23, and the third with the peculiar solar minimum 23-
24. It was no small surprise when it was found that the high-latitude heliosphere
at solar minimum is completely dominated by a remarkably uniform high-speed
stream emanating and superradially expanding from the polar coronal holes (Mc-
Comas et al, 1998). Results from the SWICS sensor (Gloeckler et al, 1992) firmly
confirmed the fact that the solar wind is a two-state phenomenon with a remark-
ably sharp boundary between them (Geiss et al, 1995b). In the meantime it was
demonstrated that it would be better, or more physical, to differentiate the two
states based on the temperature of their source regions as it is imprinted in the
charge states of heavy ion species such as C, O, or Fe (von Steiger et al, 2000).
It is important to recognize this aspect and the value of composition
instrumentation in future space missions.

One of the principal charge state ratios to separate “fast” and “slow” wind is
O76 = O7+/O6+, simply because oxygen is the most abundant heavy ion (A, the
mass number, > 4) and 6+ is its dominant charge state under most solar wind
conditions. This parameter has the (small) disadvantage that O7+ is very scarce
in “fast” wind from the cool coronal holes so it gets count limited. Therefore it is
a good practice to complement O76 with C65 = C6+/C5+. The two parameters
track each other very nicely as is readily evident from Fig. 7, which is a contour
plot of all daily averages during the entire mission. Obviously the data fall into two
very clearly separated categories, one at low C65 and low O76 that mark “fast”
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wind from cool coronal holes and the other at high values for the “slow” wind
from the streamer belt. The red separatrix between these categories is given by
the equation O76×C65 = 0.01 and we propose to use this as a robust measure for
solar wind category separation (von Steiger et al, 2010). However we must qualify
this statement to apply primarily to the Ulysses mission, which was dominated
by fast streams from polar coronal holes during two of its three orbits. A more
elaborate method may be needed for observations with dominance of equatorial
coronal holes such as the ones from ACE (see next subsection).

Fig. 7 Contour plot of all daily averages of the C6+/C5+ (C65) ratio vs. the O7+/O6+ (O76)
ratio obtained with Ulysses-SWICS. The two ratios are very strongly correlated and together
serve as ideal, physical parameters to separate the “slow” from the “fast” solar wind. The
dividing line (red) is given by O76× C65 = 0.01 (figure adapted from von Steiger (2008).

Closer inspection of Fig. 7 reveals that the two solar wind types are not equally
distributed: the “fast” wind seems to be more concentrated than its “slow” coun-
terpart. This was investigated in more depth by von Steiger et al (2010), who
analyzed the oxygen flux from the SWICS sensor in comparison to the proton
flux from the SWOOPS sensor (Bame et al, 1992). The comparison only became
sufficiently reliable once all systematic uncertainties of the heavy ion identifica-
tion in SWICS were understood and quantified, as documented in von Steiger and
Zurbuchen (2011). The daily values of the O and H fluxes were scaled to 1 AU and
separated in “fast” and “slow” as described in the previous paragraph. Their dis-
tributions are given in Fig. 8 as blue and red histograms for the “fast” and “slow”
wind, respectively. In particular, the top panel gives the velocity distributions of
the daily averages, indicating that for Ulysses data fast-slow and the charge state
classification of the two solar wind types are not all that different (this is much less
the case for ACE data, though); the middle and bottom panels show the O and H
flux observed with Ulysses-SWICS and SWOOPS, respectively. The Ulysses flux
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Fig. 8 Distribution of the daily averages of the solar wind speed (top), the flux of oxygen ions
observed with Ulysses-SWICS (middle), and the proton flux observed with Ulysses- SWOOPS
(bottom). The “fast” and the “slow” wind (blue and red, respectively) are both characterized
by smooth lognormals, but the “slow” wind is 3 times as variable as the “fast” one (figures
adapted from von Steiger et al (2010).

Fig. 9 Distributions of daily values of the H/O flux ratios in the “fast” (blue) and the “slow”
(red) solar wind. The latter is found to be about twice as variable than the former (figures
adapted from von Steiger et al (2010).

distributions are remarkably smooth log-normals (Burlaga and Lazarus, 2000) in
all cases with a striking difference in the widths between the “fast” and the “slow”
variant. Thus we may conclude that the “slow” solar wind is characterized not
so much by its low speed, but by its variability. Both for H and for O fluxes,
the “slow” wind distribution of daily averages is about three times wider than its
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“fast” counterpart. While the “fast” wind flux varies by 26% (H) or 33% (O), the
slow wind does so by a factor of 2.3 (H) or 2.6 (O), respectively.

Of course flux variability does not necessarily imply composition variability. We
have therefore calculated the daily averages of the oxygen abundance, or rather
the one of its inverse, H/O, for convenience, and we have plotted its distribution
in Fig. 9. Note that the width difference is a bit less than in the case of
the fluxes, but we still find that the O abundance is twice as variable in
the “slow” than in the “fast” wind. Likewise we find that Ne (Shearer
et al, 2014) and all other heavy element abundances that can be de-
termined with Ulysses-SWICS (von Steiger and Zurbuchen, 2016) are
significantly more variable in the “slow” wind.

2.3.2 ACE/SWICS

Beyond the general properties of the slow wind that separate it from the fast
wind, it is known that there are significant variations among individual solar wind
streams. Figure 8 shows that ion fluxes and the O/H abundance all exhibit a
distribution of values, much more so in the slow wind than in the fast wind. As
mentioned in the previous subsection, the clear separation between the slow and
fast wind measured from Ulysses based on the criterion of O76×C65 = 0.01 might
be partly due to large samplings of very high speed wind from the two large polar
coronal holes during the two polar passes in 1995 and 2007. Indeed, the distribution
from ACE data based on the same criterion yields a wider distribution of the
solar wind speed in the “fast” category with occurrences peaking at much slower
speed of 600 km s−1, and the overlap with the “slow” category is larger (Zhao
and Landi, 2014). As clearly shown in Fig. 10, there are substantial variations
in the solar wind charge states and abundances even at any narrow speed range.
Such variations must be largely caused by variations in the solar source region
properties and the processes that produce them, either from intrinsic differences
among coronal holes at one time or relating to long-term temporal trend in a solar
cycle.

It is evident that: 1) there are substantial range of variation in the heavy ion
composition among the solar wind streams at any time in a solar cycle, more so in
the SSW (e.g., Lepri et al (2013), cf. Figs. 8 and 9). The O76 ratio (also
the charge states of C, not shown here) has a clear correlation with the solar
wind speed, but not for the case of the average charge of Fe and the Fe/O
abundance ratio (the middle and right panels). 3) There are long-term trend
in a solar cycle (cycle 23 in this case) that, from solar maximum to minimum,
the mean ionization states decrease across all solar wind peed. However, for
the slowest speed of 300-400 km s−1, the Fe/O ratios in solar minimum still
retain similar occurrence in high values as in the solar maximum. It is
worth noting that the slow wind He/H abundance ratios analyzed in Kasper et al
(2012) exhibit a different temporal behavior between these sub-groups of the slow
wind. In contrast to the FIP bias, the abundance ratio of Ne/O (both are high-
FIP elements) in the slow wind exhibits an opposite temporal trend in the solar
cycle that Ne/O increases from solar maximum to minimum (Shearer et al, 2014).
We also want to point out that the general notion of higher Fe/O (thus larger
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Fig. 10 Contours of ‘fraction of occurrence’ for the O7+/O6+ density ratios (left panel),
average charge of Fe (center panel) and Fe/O elemental abundance ratios (FIP bias) versus
the solar wind helium speed for years 1999-2000 (in solar maximum, red contours) and years
2008-2009 (in solar minimum, blue contours). In order to compare between the two time
periods, the contour levels represent the same fractions for both. The plots are constructed
from ACE/SWICS 1.1 level-2 1-hour data excluding ICME-type periods as identified in the
released data. The linear Pearson correlation coefficients (calculated from the 1-hr data for
each periods) are noted on the top of the plots.

FIP bias) in the slow wind than in the fast wind is only valid when averaging
over a large ensemble of solar wind streams. There are many slow speed winds
that have low FIP bias (i.e., Fe/O close to its photospheric ratio of ∼ 0.06).
The distribution of the Fe charge states also has this similar behavior. This is in
contrast to the O7+/O6+ ratio which exhibits a clear anti-correlation with the
solar wind speed. Such variation is a reflection of the coronal condition
where the solar wind is formed. To understand the SSW sources, the
next sensible step would be to investigate how these ion composition
properties in individual streams relate to their respective source regions.
One obstacle in achieving this goal that still remains is the uncertainty
of present coronal field models, that can not accurately pinpoint the
footpoint locations of particular solar wind streams.

Figure 11 shows a specific example for how different individual SSW streams can
be. The two consecutive solar wind streams originated from two coronal holes of
opposite polarity about 60 degrees apart in longitude, and were separated by a
heliospheric current sheet. It is apparent that the slow solar wind properties from
these two coronal hole sources are very different even though they are at a similar
speed. The first slow wind stream (DOY 313-315, blue-shaded), as compared
to the second one (DOY 315-320, yellow-shaded), has similar proton density,
lower proton temperature, smaller interplanetary magnetic field (IMF) and
photospheric field strengths, higher O7+/O6+ ratios and Fe charge states, smaller
Fe/O abundance ratios but larger helium-to-proton ratios (He/H). Variations
seen in these properties, whether from individual source regions or from a long-
term trend in a solar cycle, provide a wealth of clues and should all be taken
into account in understanding how the SSW is formed. See, Neugebauer et al
(2002); Liewer et al (2004) for additional examples.

Zhao et al (2009) categorized the slow wind by the O7+/O6+ ion density ratios of
0.145 and above, excluding ICME periods when very high ionic charge states are
common. This work was based on the ACE/SWICS measurements during solar
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Fig. 11 Top two rows: solar wind data during November 2005 (DOY305-324) showing two
consecutive solar wind streams (between the dashed lines) from two coronal holes separated by
∼60 degrees in longitude. Panels in the top row from left to right are: proton speed
(np), proton density (np), proton temperature (Tp), and the IMF strength (|B|)
(black) and its component BT (red) in the RTN coordinate. The sign change in
BT on DOY 315.0 and 322.5 indicates a crossing of the heliospheric current sheet,
thus the likely change from one solar source CH to the other CH with opposite
polarity. There is a data gap in np and Tp between DOY 320 and 323. Panels in
the middle row from left to right are: the O7+/O6+ ratio, average charge of Fe,
Fe/O elemental abundance ratio, and the helium-to-proton density ratio (He/H).
Intervals in blue and yellow shades are the two slow wind intervals (DOY313-315 and DOY315-
320) for comparison. Bottom panels: SOHO MDI (left) and EIT λ195 (right) synoptic maps
for the corresponding CR #2036. The blue and yellow circles mark the approximate footpoint
locations for the first and second slow wind streams, respectively, based on the PFSS model.
The footpoint magnetic field strength (also based on the PFSS model) for the second slow wind
stream is about 5 times stronger than that for the first stream. Data are from the ACE/MAG,
ACE/SWEPAM, and ACE/SWICS level-2 1-hour data. The MDI synoptic map is obtained
from http://soi.stanford.edu/magnetic/index6.html.

cycle 23 (1998-2008). It is then realized that during the deep minimum of cycle
23 (2009-2010), many of the slow wind streams have O7+/O6+ ratios lower than
this 0.145 threshold. Schwadron et al (2011); von Steiger and Zurbuchen (2011);
Lepri et al (2013); Ko et al (2014) all reported that the solar wind ionization
states in both the fast and slow wind were decreasing during the declining phase
of cycle 23, which should be in some way related to the decreasing solar magnetic
field (as well as the IMF) since less magnetic energy would be available for
coronal heating (Schwadron et al, 2011). Ko et al (2014) further showed that
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this trend of decrease in the solar wind ionization states is different between
polar coronal hole sources and equatorial coronal hole sources. They selected
27 solar wind intervals that originate from polar coronal hole sources (including
the low-latitude extension) during 2004 –2008 and investigated the correlation
among the solar wind ion charge states and the coronal hole properties such as the
photospheric magnetic field and coronal electron temperature. They found that
C and O ions that freeze-in low in the corona have better correlation with the
photospheric magnetic field strength (both signed and unsigned) and the coronal
electron temperature in the slow wind. On the other hand, Fe ions that freeze-in
higher in the corona have better correlation with the two parameters in the fast
wind instead. Such correlations with the photospheric magnetic field exist whether
it is inside the coronal hole or at its outer boundary. However, good correlation
with the coronal electron temperature only exists at the outer boundary of the
coronal hole (Ko et al, 2014).

The above results indicate that the heat deposition would be at lower
(higher) height for the slow (fast) wind, assuming that the amount of
energy to heat the solar wind is positively correlated with the strength
of the photospheric magnetic field. This agrees with Withbroe (1988)
that the slow wind is associated with heating near the coronal base
along rapidly diverging flux tubes, while the fast wind is associated
with heating over an extended distance beyond the sonic point (≳ 2R⊙)
in open field regions with small field expansion factor. However, the work
of Ko et al (2014) could not judge whether the slow wind originates from the
inside or outside of the coronal hole. Landi and Testa (2014) analyzed the electron
density and temperature at the base of 60 quiescent streamers during 1996 to 2013
and found no temporal variation like that in the ion charge states. Regardless of
the scenarios for the slow wind formation, this insensitivity of coronal properties in
both coronal holes and streamers to the long-term trend of solar wind charge states
in the solar cycle requires further work to reconcile. We caution that the charge
state evolution with the solar wind flow is dictated by coronal properties in the
open field lines, while the line emission from which the density and temperature
were derived in the above-mentioned studies may be dominated by close loop
sources which could mask the emission from the adjacent open field lines.

Recently, Fu et al (2015) identified the coronal sources of the solar winds sampled
by the ACE spacecraft during 1999 – 2008 and examine the in situ solar wind
properties as a function of wind sources on the basis of their speeds and O7+/O6+

ratios. This statistical study indicates that during the maximum phase, the ma-
jority of the solar wind as measured by ACE originates from active regions and
that quiet Sun regions are the primary supplier during the minimum phase. This
may imply that during the minimum phase, there are many small coronal holes
(i.e., open fields) embedded within the quiet Sun regions. Such small coronal holes
would only produce SSW and are too small to be seen by the EUV imaging in-
struments as “traditional” coronal holes with a clear boundary with the quiet Sun
region. Ko et al (2014) showed that the coronal holes in the declining phase tend
to be more bi-polar (i.e., larger fraction of small coronal loops) toward the solar
minimum (see Fig. 9 of that paper). They speculate that these small slow wind
source coronal holes may, alternatively, have brightness close to that of the small
closed loops carpeting the quiet Sun, thus they are not easily distinguishable.
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D’Amicis and Bruno (2015) have recently studied the Alfvénic fluctuations of the
SSW, common feature in the solar wind but found especially in the trailing edges
of fast wind streams. The slow wind usually has a lower degree of Alfvénicity, being
more strongly intermixed with structures of non-Alfvénic nature. They showed the
first evidence in the interplanetary space of two different kinds of SSW: one coming
from coronal streamers or active regions and characterized by non- Alfvénic struc-
tures and the other one being highly Alfvénic and originating from the boundary
of coronal holes. Similar conclusions have been obtained by Wang et al (2009b) by
comparing ACE solar wind data during 1998-2007 with extrapolations of the ob-
served photospheric magnetic field. They identify two main components of the slow
wind. One emanating from small coronal holes near active regions (at solar max-
imum) characterized by particularly strong low-coronal heating, high O7+/O6+

and Fe/O ratios, large expansion factors, strong footpoint fields, and high mass
and energy flux densities at the coronal base. The other (at solar minimum) coming
from just inside the polar-hole boundaries and characterized by weaker low-coronal
heating and intermediate O7+/O6+ and Fe/O ratios.

3 Numerical modeling

How can the solar wind numerical models help us understand the sources and the
acceleration mechanisms of the SSW, and how can the interaction between models
and observations help to achieve these goals? This complex question is the topic
of this section and we provide a brief overview of some present-day numerical
modeling of the SSW from the transition region to the corona up to 10-20R⊙,
discussed during our ISSI Team meetings.

3.1 Connecting transition region and coronal models

The importance of the transition region between the chromospheric mass reser-
voir and the corona to the properties of the solar wind has been known for some
years now (e.g., Lie-Svendsen et al, 2002; Hansteen and Velli, 2012, and reference
cited therein). The coupling between these regions rests on the connection between
the transition region pressure and the inward heat flux from the hot corona. In
summary a high transition region pressure implies a dense corona, leading to high
mass flux slow wind. Conversely, for the same energy input in the corona, a low
transition region pressures lead to small mass flux but fast winds. As shown by
Hansteen and Leer (1995) the density and temperature cannot be set indepen-
dently in advance, but are indeed set by consistent solutions of the solar wind
outflow that include some model of the chromosphere and transition region. This
coupling can be understood by considering the energy transport between the
chromosphere, corona and solar wind. Assume for a moment that energy is solely
dissipated in the corona. Some of this energy must be transported down towards
the chromosphere, there to be radiated away and to be used in heating and lifting
particles as they flow up into the hotter corona. The remainder of the energy is
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expended in expelling particles from the gravitational pull of the Sun and accel-
erating them to solar wind speeds. (Radiative losses from the corona itself play
a lesser role unless the corona is quite dense.) Using expressions for a collision-
dominated heat flux, proportional to T 5/2∇T , Hansteen and Leer (1995) found
that in the vast majority of models roughly 10% of the energy deposited went to
the transition region corona, the remainder being available to accelerate the coro-
nal plasma out of the Sun’s gravitational field. In these solutions an excess heat
flux is compensated by a greater transition region pressure until the density grows
high enough to radiate all downflowing energy. Thus, to a good approximation

P0 ≈ Cqe

where P0 is the transition region pressure, C is a constant, and qe the electron
heat flux density. Furthermore, with only of order 10% of the injected mechanical
energy flux, Fm0, going back into the transition region to be radiated away it is
easy to show that the mass flux in the wind, M , is to a very good approximation
proportional to Fm0 (Hansteen and Leer, 1995)

M =
(Fm0 − Fr,E)
1
2 (v

2
g + v2E)

.

where vg is the escape speed from the solar surface, vE is the asymptotic solar
wind speed and Fr,E ≈ 0.1Fm0 represents the total radiative losses. The system
functions as follows: with heating close to the transition region the percentage
of energy flowing back to the transition region qe is large (though still of order
O(0.1)Fm0) leading to a dense low speed wind. Conversely, heating further from
the Sun will result in smaller qe, a lower density corona, and therefore more energy
per particle to accelerate a faster wind.

The analysis above is based on the assumption that the heat flux, and in particu-
lar the proton heat flux, can be described through classical heat conduction. The
models described in Hansteen and Leer (1995) and Lie-Svendsen et al (2002) show
that this may not always be the case: when heating goes into protons only, the
proton temperature is predicted to be very high, of order 3− 4 MK, casting into
doubt whether the protons can be described as a collision-dominated gas. Using
gyrotropic transport equations it was found that in super-radial coronal holes pro-
tons quickly became nearly collisionless and that the downward proton heat flux
in the corona and transition region was much smaller than predicted by classical
transport theory (Lie-Svendsen et al, 2002). In this case the connection between
the corona and transition region was nearly broken, resulting in a very low-density
corona and a very high asymptotic solar wind speed. This state of affairs is exacer-
bated in heating models where protons are heated perpendicular to the magnetic
field and the mirror force causes most of the protons to mirror before they reach
locations where energy must be deposited in order to maintain the mass flux or
where they can transfer energy to the electron fluid which remain classical.

To achieve realistic solar wind mass fluxes and terminal velocities, especially for
models of the SSW, the high-density solutions where the transition region density
is proportional to the downward directed electron heat flux seem preferable. This
type of solution is arrived at in cases where coronal heating is not solely going
into the perpendicular component of the proton fluid, but rather also is heating
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the parallel directed protons or electrons, where the areal expansion factor is close
to radial, or if the energy is also deposited directly into the transition region.
Recent 3D numerical simulations constructed to model coronal heating through
the braiding of the photospheric field (Hansteen et al, 2010) show that the latter
possibility may indeed be the case and that heat deposition indeed is predicted in
or close to the transition region, this in addition to any heat dissipation through
Alfvén waves or similar that occurs at greater heights. Thus, for solar regions
that are a mix of magnetically closed and open field configurations such as those
proposed to be the site of SSW outflow, we expect a tight coupling between the
properties of the wind and the transition region between the chromosphere and
corona. When constructing models one should then either set the bottom boundary
in the chromosphere to capture this process, or if a bottom boundary in the corona
is desired, set the electron density as determined by the energy balance including
both radiative losses and enthalpy flux into account (Lionello et al, 2001; Endeve
and Leer, 2001).

3.2 3D MHD single fluid models

The MHD approximation is appropriate for large-scale, low-frequency phenomena
in magnetized plasmas such as the solar corona. Using the photospheric magnetic
field as the primary driving boundary condition, single-fluid global MHD models
can often reproduce the Sun’s magnetic and emission properties during both quiet
(e.g., Riley et al, 2001; Riley et al, 2006; Riley and Luhmann, 2012) and active (e.g.,
Riley et al, 2003, 2007, 2008) periods. In particular, most current formulations are
based on some variant of the following set of viscous and resistive MHD equations:

∇×B =
4π

c
J, (1)

∇×E = −1

c

∂B

∂t
, (2)

E+
v ×B

c
= ηJ, (3)

∂ρ

∂t
+∇·(ρv) = 0, (4)

1

γ − 1

(
∂T

∂t
+ v · ∇T

)
= −T∇ · v +

m

2kρ
S (5)

ρ

(
∂v

∂t
+ v·∇v

)
=

1

c
J×B−∇(p+ pw) + ρg +∇ · (νρ∇v), (6)

S = (−∇ · q− nenpQ(T ) +Hch), (7)

whereB is the magnetic field, J is the electric current density, E is the electric field,
ρ, v, p, and T are the plasma mass density, velocity, pressure, and temperature,
g = −g0R

2
⊙r̂/r2 is the gravitational acceleration, η the resistivity, and ν is the

kinematic viscosity. Equation (7) contains the radiation loss function Q(T ) as in
Athay (1986), ne and np are the electron and proton number density (which are
equal for a hydrogen plasma), γ = 5/3 is the polytropic index, Hch is the coronal
heating term, and q is the heat flux.
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Fig. 12 A selection of meridional slices from a global MHD simulation of CR 2060, which
occurred between 14 August 2007 and 10 September 2007. Grey-scale images are simulated
polarized brightness (pB) images and the colored lines are magnetic field lines drawn from
equally spaced points in latitude on the solar surface. The field lines have been color-coded so
that blue/red lines are field lines that open into the heliosphere and are inwardly/outwardly
directed, while green field lines connect back to the Sun at both ends, i.e., they are closed field
lines. From Riley and Luhmann (2012).

Current global MHD models rely on several techniques to reproduce the observed
values and variability of the solar wind. The simplest is the so-called polytropic
approximation, where the energy equation is replaced by a simple polytropic rela-
tionship between density and pressure (i.e., S = 0), and γ is set to 1.05 to mimic
the near-isothermal nature of the corona (e.g., Linker et al, 1990; Riley et al,
2001). Whilst this simplifies the simulations tremendously, it results in plasma
properties, or at least their variability, that do not match observations very well.
Alternatively, a semi-empirical, variable polytropic index is used with
somewhat better results (e.g., Cohen et al, 2007).

In the more sophisticated “thermodynamic” approximation, energy transport pro-
cesses are included more explicitly (Lionello et al, 2009). Coronal heating is treated
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Fig. 13 An illustration of the salient features of the expansion factor and boundary layer
models for: (a) a dipolar streamer and (b) a unipolar streamer. From Riley and Luhmann
(2012).

in an ad hoc manner; however, these semi-empirical formulations are designed to
mimic the types of processes we believe are responsible for heating the corona.
Moreover, detailed comparisons with EUV and X-ray emission measurements sug-
gest that they have captured the essential properties of the heating profiles, in
spite of them circumventing the underlying physical processes.

Most recently, global MHD models have attempted to incorporate self-consistent
theories of coronal heating and solar wind acceleration using waves and turbulence
(e.g., Lionello et al, 2013; van der Holst et al, 2014). Such approaches can, in
principle, be used to support, refute, or constrain theories for the origin of the
SSW on open field lines based on turbulent fluctuations (Cranmer et al, 2014).

Interestingly, global MHD models have only occasionally been used to assess the
contribution to the SSW from interchange reconnection (e.g., Lionello et al, 2005),
the other leading idea for the origin of the SSW. In part, this is because it has
proven difficult to develop reliable time-dependent synoptic (or, more strictly, syn-
chronic) maps. Additionally, such time-dependent calculations can lead to nu-
merical issues. Recently, with the development of flux-evolved, time-dependent
synchronic maps, such as those produced by the Air Force data assimilative pho-
tospheric flux transport (ADAPT) model (Arge et al, 2010), we have begun to
develop time-dependent model solutions. We anticipate that these results will pro-
vide a unique way to differentiate between wave-turbulence models and interchange
reconnection models for the generation of the SSW.

The declining phase of cycle 23, leading to the prolonged solar minimum of 2008/2009
has provided a unique opportunity to investigate the origin of the SSW. In par-
ticular, the extended presence of pseudo-streamers has allowed us to distinguish
between two leading theories for the origin of the SSW (Riley and Luhmann, 2012);
the expansion-factor model, which predicts fast solar wind at pseudo-
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streamers due to the small value of the expansion factor, and “boundary
layer” models that predict slow solar wind in these regions. Observa-
tions consistently show that wind emanating from pseudo-streamers is
not fast. For illustration, Fig. 12 shows four views of the corona during
CR 2060, which occurred between 14 August 2007 and 10 September
2007.

The underlying physical origins of these structures are drawn in Fig. 13, which
shows the main features of the expansion factor model (presumably driven by
waves/turbulence alone) and boundary layer models (“interchange reconnection”
being the most promising candidate mechanism). For helmet (dipolar) streamers,
both models predict SSW on either side of the HCS. The width of the slow-flow
band is determined in the boundary layer model by the details of where the re-
connection is taking place, or the scale over which instability is occurring, but is
presumably limited to some distance away from the closed loops. The boundary
of the slow-flow band in the expansion factor model is determined by an interest-
ing property of the time-independent Parker equations, namely, that for rapidly
expanding flux tubes, there may be more than one location for the critical point
(Cuperman et al, 1990), the most stable of which is that one furthest from the
Sun (Cranmer et al, 2007).

3.3 2D and 3D MHD multi-fluid models

Since the launch of SOHO, coronal streamers have been imaged by UVCS in
multiple emission lines as discussed in details on Section 2.1.2. These observations
cannot be adequately modeled with a single fluid MHD model. Therefore, a self-
consistent 2.5D multi-fluid model of coronal streamers was developed (Ofman,
2000, 2004a; Li et al, 2006; Ofman et al, 2011, 2013). Another approach was to
use the flux tube geometry obtained from 2D MHD model of streamers
to calculate the minor ion (O5+) outflow (Chen and Li, 2004; Chen
et al, 2004). However, this approach is not well applicable to models
with He++ ions due to the significant effect of these ions on the solar
wind outflow. One of the first comparisons between UVCS observations and a
2.5D multi-fluid model has been published by Ofman (2004a) and in more details
by Abbo et al (2010b); Ofman et al (2011, 2013). Recently, the multi-fluid model
was extended to full 3D and applied to the tilted dipole solar magnetic field (Ofman
et al, 2015).

The multi-fluid equations are obtained by approximating the electrons, protons,
and other ions as collisionally, and electro-magnetically coupled fluids of charges
(with overall quasi-neutrality) (Braginskii, 1965; Li et al, 1997; Ofman, 2004b) that
are used to model the SSW in coronal streamers. In the derivation the electron
inertia is neglected, leading to an expression for the electric field - the generalized
Ohm’s law. With the standard notation the normalized equations can be written
as

∂nk

∂t
= −∇ · (nkVk) , (8)
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In the above equations the index k indicates ion species, and the normalization pa-
rameters are the Lundquist number S, the Euler numbers Eue,p = (kbT0,e,p/mp)V

2
A,

Eui = (kbT0,i/mi)V
2
A, the Froude number Fr = V 2

AR⊙/GM⊙ where G is the uni-
versal gravitational constant and M⊙ is the solar mass, b = cB0/(4πene0R⊙VA),
and the Bolzmann constant kb. The Alfvén speed VA is defined by B0/

√
4πmpne0.

The details of the Coulomb friction terms between the species in the momentum
equation Fk,coul, and the energy exchange terms Ckjl can be found in Ofman
(2004b). Furthermore, Ωk is the ion gyro-frequency and is determined by the pa-
rameters Ak (mass number) and Zk (charge number). The normalizations of the
magnetic field B0, electron density ne0, and temperatures Tk are used to calcu-
late the above parameters. In the energy equations (12) the Sk terms represent
the heating and cooling terms in the coronal plasma, which may include wave
heating and heat conductions. The radiative cooling term Sr,e only enters in the
electron energy equation. A variation on the three-fluid equations applicable to
1D models is available at Li et al (2006).

Below, we review some of the results of modeling the SSW obtained by solving
the 2.5D and 3D multifluid equations with electrons, protons, and other ions.

Ofman (2000) and Ofman et al (2011) solved Equations (8) - (12) in 2.5D (i.e., with
the assumption of azimuthal symmetry) with O5+ as the third species, and found
good agreement with UVCS spectroscopic observations of quiescent streamers at
solar minimum. While Ofman (2000) used a single quadrant of a quadrupole
field with isothermal coronal plasma to initiate the streamer modeling, Of-
man et al (2011) extended the model by using the dipole field for the corona to
initiate the modeling of an equatorial streamer belt, which approximates
the conditions at solar minimum, and an exponential empirical heating term for
the O5+ with the parameters chosen to match the kinetic temperature from UVCS
spectroscopic observations. It was found by detailed comparison with observations
that the results of the three-fluid model are in good agreement with the observed
streamer density, temperature, and velocity structure of the SSW close to the Sun
as seen from UVCS spectroscopic data. Moreover, the calculated synthetic emis-
sion images based on the model output are in good agreement with the observed
emission of Lyα and O VI.

The dynamics and the effects of He++ ions (α particles) on the SSW in
a three-fluid 2.5D model were first considered by Ofman (2004a). Also incor-
porating α’s into a (quasi-)steady, 2.5D, three-fluid model of the solar
corona and solar wind, Li et al (2006) provided a detailed examination
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on how α particles affect the solar wind parameters as well as the coro-
nal magnetic field configuration. For simplicity, protons and α particles
are heated by an empirical energy flux, whereas electrons are heated
only by thermal conductive flux and their Coulomb coupling with ions.
Fig. 14 presents the solar wind parameters hence derived as a function
of heliocentric distance from the coronal base out to the orbit of the
Earth. Two flow tubes, anchored at colatitudes 2◦ (left column) and
57.5◦ (right) on the Sun, are followed to show the solutions representa-
tive of the modeled fast and slow winds, respectively. A comparison is
made with a number of observations, as represented by the error bars
in Figs. 14a and 14c as well as the diamonds in Fig. 14d. The tem-
perature ratios of the protons and α’s and the expansion factor f are
shown in Figs. 14e-f. Furthermore, the model results are also compared
with some measurements made in situ. Such comparisons yield that
for realistic proton−α particle speed difference at 1 AU to be achieved,
α particles need to be heated preferentially over protons in the inner
corona. In addition, varying the α particle abundance at the base from
0.015 to 0.15, some further computations by Li et al (2006) indicated that
α’s play a negligible role in determining the magnetic field distribution.
However, due to the substantially larger mass relative to protons, α
particles can heavily impact the solar wind parameters. Actually they
are also important in determining the thermal structures in streamers:
a preferential heating of α particles can result in increased proton and
electron temperatures (Ofman and Kramar, 2010). It should be noted
that in both Li et al (2006) and Ofman and Kramar (2010), a cross-
streamer structure similar to O5+ is also seen for the α particles, as far
as their densities and flow speeds are concerned.

The results of the 2.5D multifluid model of a quiescent streamer with Mg9+ as
the third ion obtained by Ofman et al (2013) are shown in Fig. 15. The density
of Mg9+ is shown on a logarithmic scale in Fig. 15a, and the proton density on
a logarithmic scale is shown in Fig. 15b. It is evident that the Mg9+ is depleted
in the center of the streamer, and in the stalk compared to the exterior of the
streamer. This is due to the gravitational settling of the heavy ions in the core of
the streamer. Outside the streamer core the Coulomb friction with the outflowing
protons and electrons leads to increased Mg9+ density in the SSW. Protons show
an opposite behavior with their densities enhanced in the core of the streamer, due
to confinement and the Lorentz force that arises from pressure balance between
the core and the streamers’ exterior.

Recently, Ofman et al (2015) used the above multi-fluid equations (8)-(12) and
extended the model to full 3D, allowing one to study the SSW in 3D tilted dipole
configuration of the solar magnetic field that may be applicable during solar ac-
tivity minimum conditions, as well as more realistic magnetogram-based field. In
Fig. 16 the 3D magnetic structure of the tilted dipole streamer belt obtained by
Ofman et al (2015) is shown. The field lines are stretched by the expanding SSW
and form the typical helmet streamer configuration. The right panels show the cuts
of proton and O5+ densities in the ϕ− θ plane at r = 1.5R⊙. The inverted density
structure of O5+ with respect to protons is evident as well in 3D configuration,
with additional detail due to the tilt. It is evident that 3D modeling is important
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Fig. 14 The radial profiles of the proton and He++ ion (α particles) fluid variables
at two flux tubes (2◦ near the polar region and 57.5◦ along the streamer edge)
obtained with the 2.5D three-fluid model in an equatorial streamer belt. (a) and
(b) the densities and velocities, (c) and (d) the temperatures of the ions and
electrons, (e) and (f) the temperature ratios and the expansion factors of the two
flux tubes. In (c) H Lyα line width measurements are plotted with error bars
(Kohl et al, 1998), and in (d) the limits from similar measurements in streamers
are shown (Frazin et al, 2003). In this three-fluid model the ion species are heated
by an empirical energy flux, whereas the electrons receive no external heating
apart from electron heat flux and energy exchange due to Coulomb coupling with
the ions. Adapted from Li et al (2006).
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(a) (b)

(c) (d)

Fig. 15 The results of the 2.5D multifluid model with Mg9+ of a streamer at the (quasi)
steady state. (a) Normalized Mg9+ ion density, and (b) normalized proton density (log10
scale). The corresponding temperatures in Kelvin of (c) Mg9+ ions, and (d) protons. Adapted
from Ofman et al (2013).

in order to account for line-of-sight effects even in a tilted dipole configuration at
solar minimum. The 3D modeling is crucial for understanding multiple streamer
images in various ion emission lines during solar maximum, as well as for address-
ing the physical effects that arise from azimuthal derivatives of the variables that
are neglected in the 2.5D model.

We note that important extension to the multifluid model can be made by in-
corporating species temperature anisotropy. Spectroscopic measurements made
by SOHO/UVCS have demonstrated that at least for the O VI ions, the per-
pendicular temperature tends to considerably exceed the parallel one beyond a
fraction of a solar radius. This is true not only for the nascent fast solar wind
above coronal holes (Cranmer et al, 1999a, 2008), but also for the near-Sun slow
wind immediately adjacent to coronal streamers (see Section2.1.2). To address the
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Fig. 16 Left panel: the 3D magnetic structure of the coronal field in the steady state solution
using the 3D three-fluid model. The formation of the tilted streamer belt configuration is
evident. Right panel: The proton and O5+ ion density in the ϕ− θ plane at r = 1.5R⊙ of the
streamer belt. Adapted from Ofman et al (2015).

ion temperature anisotropy in a multi-fluid framework involves modifying both
the mathematical and physical ingredients of the current model. Mathematically,
one may start with the classic 16-moment transport equations (e.g., Barakat and
Schunk, 1982) and treat the ion energetics in the perpendicular and parallel de-
grees of freedom on an equal footing, resulting in separate equations governing the
parallel and perpendicular ion temperatures. In addition, the pressure gradient
force in the ion momentum equations will appear as the divergence of a pressure
tensor. Physically, one may proceed with the same empirical fashion as in Ofman
(2004a); Li et al (2006) by replacing the source term Sk in Eq. (12) with separate
ad hoc parallel and perpendicular heating functions. Alternatively, for describ-
ing the heating terms one may invoke mechanisms based either on ion-cyclotron-
resonance (see the review by Hollweg and Isenberg, 2002) or on a perpendicular
turbulent cascade (Chandran et al, 2011, and references therein). However, while
both mechanisms have been incorporated in multi-dimensional global models to
account for proton temperature anisotropies (Li et al, 2004; van der Holst et al,
2014), a 2.5D or fully 3D model has yet to be developed to address the anisotropy
of a second ion species. This advance seems imperative as far as the O5+ ions
are concerned. One must bear in mind, however, that any fluid description can-
not model the underlying processes that lead to temperature anisotropy from
first principles. These kinetic processes require at least hybrid modeling approach,
where the protons and other ions, such as He++ and O5+ are modeled as parti-
cles, while the electrons can be still modeled as a background fluid in the 2.5D
expanding solar wind model (see, recently Ofman et al, 2014; Maneva et al, 2015;
Ozak et al, 2015). Although the primary focus of these hybrid models was the fast
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solar wind - similar kinetic processes are likely important in the slow wind open
field acceleration regions.

4 Which are the main SSW sources and their formation mechanisms?

Currently, it is believed that the formation and sources of the SSW are associated
with several scenarios that combine the physical effects of magnetic topology,
source regions in the corona, and acceleration/heating mechanisms. In general
we can classify the SSW into three scenarios. The first scenario (SSW1) is that
the slow wind is governed by the same acceleration and heating process as the
fast solar wind where it is associated with open magnetic field regions that have
larger expansion factor and/or field line curvature (as compared to the fast wind
regions) resulting in slower solar wind velocity (e.g., Wang and Sheeley, 1990;
Li et al, 2011). This can be understood schematically by the fact that the input
momentum and energy flux in the low corona spreads rapidly over increasing area
of a magnetic flux tube, resulting in lower wind speed. A wave-driven wind model
that has been applied extensively, mostly to fast solar wind models can also drive
the slow wind accounting for the variability and the effects of expansion on wave
acceleration were investigated in the past (e.g., Ofman and Davila, 1998), while
kinetic (resonant) waves can provide the differential heating of ions often observed
in the solar wind plasma (see the review, Ofman, 2010). In open field regions the
acceleration of the wind can occur through direct momentum transfer from low
frequency large amplitude MHD waves or shocks (e.g., Ofman and Davila, 1998;
Nakariakov et al, 2000; Suzuki, 2004).

In the following scenarios the source of momentum and energy that produces the
SSW is the magnetic reconnection and the Lorentz force produced by the resulting
currents and fields. The second scenario (SSW2) is associated with interchange
reconnection between open field in the coronal hole with nearby closed coronal
loops. This process may release the closed-field plasma into the open field/solar
wind (e.g., Fisk and Schwadron, 2001), or with complex coronal magnetic field
topology with inversed polarity (separatrics) that favors magnetic reconnection
and channel the accelerated plasma that ultimately is released into the open field
lines expanding into the heliosphere (e.g., Antiochos et al, 2011; Titov et al, 2011).
The third scenario (SSW3) is related to the weak magnetic field at the streamer
cusp which makes it possible for the material in the underlying closed-field regions
to be released into the solar wind through magnetic reconnection, diffusion or
thermal instabilities (e.g., Suess et al, 1999; Einaudi et al, 1999). It should be
noted that waves and turbulence can heat the plasma in closed magnetic field
configurations as well, and this can provide the source of energy through thermal
pressure that accelerates the plasma in closed field as it is injected into open field
regions through the above reconnection scenarios.

For illustrative purposes we show schematically the various SSW source regions
and formation mechanisms in Fig. 17 by combining the composite image of the
2006 March 29 eclipse, edge-enhanced SOHO/LASCO image adapted from Fig. 4
of Wang et al (2007a) with EIT EUV image of the corona, and inserts that sum-
marize the different hypotheses of the SSW formation at the various sources:
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(a) expansion factor/curvature of the magnetic topology adjacent to the helmet
streamer, (b) interchange reconnection between open field and closed loop in a
helmet streamer, (c) interchange reconnection between open field and closed loop
in a pseudo-streamer, (d) complex magnetic structure with quasi-separatrix layers
creating a favorable environment for reconnection (S-web model), (e) releasing of
closed loop material as plasma blobs at the cusp of a helmet streamer, and (f) that
points to turbulence/waves solar wind heating and acceleration mechanism, that is
important in open field structures. Case (a) is related to the above SSW1 scenario,
while (b), (c), (d) to SSW2 scenario; case (e) refers to SSW3; case (f) refers to
SSW1 scenario that is likely important in open field regions (with high expansion
factor for the SSW). In principle, the wave and turbulent heating can energize the
plasma in closed fields as well - as has been studied for decades, and this energy
can be channeled into open field as a result of interchange reconnection, providing
additional source of SSW acceleration.

In the following, the general hypotheses for the SSW formation mechanisms, which
are expansion factor model (see section 4.1), interchange reconnection model (see
section 4.2), S-web model (see section 4.3) and magnetic reconnection at the cusp
(see section 4.4) are described in more details.

4.1 Expansion factor model

The simplest hypothesis is that the bulk of the solar wind comes from long-lived
open field regions or coronal holes (e.g., Suess, 1979; Leer et al, 1982; Withbroe,
1988; Cranmer, 2009). For example, using OSO-7 Goddard Space Flight
Center X-Ray and EUV Spectroheliograph data Bell and Noci (1976)
found that bright coronal regions in Fe XV (284Å) emission line possess
magnetic fields of closed configuration, thus reducing particle escape,
while coronal holes possess open magnetic field lines favorable to par-
ticle escape or enhanced outflow of the solar wind. In this type of model,
variations in the properties of the solar wind are determined by differences in
the flow geometry or in the deposition of energy and momentum along open field
lines. One of the key parameters is fss, defined as the factor by which a given
flux tube expands in solid angle between the coronal base and the source surface
(r = Rss ∼ 2.5 R⊙), where the field is assumed to become radial.

Since the Skylab era, it has been recognized that the areal cross sections of coronal
holes diverge much faster than radially (Munro and Jackson, 1977). This has led to
a widespread misconception that high wind speeds are correlated with rapid areal
expansion (e.g., Kopp and Holzer, 1976; Kovalenko, 1981). In fact, however, com-
parisons between photospheric field extrapolations and solar wind measurements
at 1 AU show the opposite to be the case (Levine et al, 1977; Wang and Shee-
ley, 1990): the faster a coronal flux tube expands, the slower the asymptotic wind
speed v. In general, low-speed wind originates from just inside the boundaries of
coronal holes, where fss has its largest values, whereas very fast wind is associated
with the interiors of large holes, where fss is relatively small (but still greater than
unity). Major sources of the slow wind during the solar cycle include the edges of
the polar coronal holes and—especially near sunspot maximum, when the polar
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Fig. 17 An illustration of the scenarios for SSW formation at the various sources. The back-
ground image shows the white light 2006 March 29 eclipse image of the corona, edge-enhanced
SOHO/LASCO image adapted from Fig. 4 of Wang et al (2007a), and an EUV SOHO/EIT
corona. The sources/formation mechanisms are (a) expansion factor/curvature of the mag-
netic topology adjacent to the helmet streamer, (b) interchange reconnection between open
field and closed loop in a helmet streamer, (c) interchange reconnection between open field
and closed loop in a pseudo-streamer, (d) complex magnetic structure with quasi-separatrix
layers creating a favorable environment for reconnection (S-web model), (e) releasing of closed
loop material as plasma blobs at the cusp of a helmet streamer and (f) that points to turbu-
lence/waves solar wind heating and acceleration mechanism, that is important in open field
structures.

holes disappear—the small open-field regions/holes that form at the peripheries
of active regions.

The physical basis for the inverse correlation between wind speed and the flux
tube expansion factor is easily understood, if one assumes that the heating rate in
coronal holes depends on the local magnetic field strength (see Wang et al, 2009b).
When the field strength falls off rapidly with height (i.e., when fss is large), the
heating will necessarily be concentrated near the coronal base. In that case, most
of the energy will be conducted downward into the transition region, increasing
the mass and enthalpy flux, while reducing the energy available per proton and
thus the asymptotic wind speed. On the other hand, when the magnetic field falls
off slowly with height, the energy will be deposited over a large distance extending
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out toward the sonic point, and more of it will go into accelerating the wind and
less into increasing the mass flux (see the discussion of Leer and Holzer, 1980).

The tendency for slow wind to have higher oxygen freeze-in temperatures than
fast wind can be explained similarly. Because of their low collisional ionization
rates, the oxygen charge states decouple from one another just above the coronal
base. Along rapidly diverging flux tubes, the temperature maximum occurs close
to the coronal base, because that is where most of the energy is deposited; thus
slow wind will be characterized by high O7+/O6+ ratios. These ratios will be
especially enhanced in active region holes, where the field is very strong at low
heights and the temperatures are correspondingly high. Depositing the energy at
low heights may also cause easily ionized elements to be dragged out from the
chromosphere by evaporating protons, producing a low-FIP enhancement in the
slow wind.

By combining near-Earth solar wind measurements with the conservation of mass
and energy along a flux tube, it can be shown that the mass and energy flux den-
sities at the coronal base increase almost linearly with the footpoint field strength
B0 (see Wang, 2010). This empirical result has a number of important implica-
tions. First, it supports the assumption that the magnetic field is the basic source
of the heating in coronal holes. Second, because B0 may vary by more than two
orders of magnitude, the heating rate in coronal holes varies over a very wide
range, with active region holes being characterized by much stronger heating and
larger mass-flux densities than the polar holes. Third, the variation of the mass
flux density at 1 AU remains very modest because the mass flux density at the
Sun and the net flux tube expansion both increase almost linearly with B0, so
that the two effects offset each other. The expansion factor model thus provides a
mechanism for regulating the solar wind mass flux (see Fig. 18). It is unclear how
such regulation could be achieved if the bulk of the slow wind were generated by
(e.g.) the transient opening of coronal loops.

A characteristic property of the flux tube expansion factor is that it increases
rapidly near the edges of open field regions, but varies slowly otherwise, remaining
roughly constant in the interiors of large coronal holes. This property may at least
partially explain the observed tendency for fast wind to be far steadier than slow
wind. In addition, the large holes that are the source of high-speed streams tend to
have rather uniform and slowly evolving footpoint fields, unlike the small active-
region holes that appear to be the source of much of the slow wind near sunspot
maximum. It should also be emphasized that the slow wind has multiple sources,
including streamer blobs, the heliospheric plasma sheet, slow CMEs, as well as
coronal holes and their boundary regions.

Cranmer et al (2007) have argued that non-steady solar wind solutions exist even
for completely time-independent flux tube geometry and energy/momentum input.
In contrast, MHD simulations invariably find a well-behaved steady-state solution
for the wind irrespective of the expansion factor and, hence, of the wind speed
(e.g., van der Holst et al, 2014).

The great majority of coronal flux tubes undergo monotonic expansion out to the
source surface r = Rss, where the expansion factor attains its maximum value. An
important exception occurs in the vicinity of pseudo-streamers, which separate
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Fig. 18 Scatter plots of (a) proton flux density at the coronal base (log10(n0v0)) versus
footpoint field strength (log10(B0)); and (b) proton flux density at Earth (log10(nEvE)) versus
proton flux density at the coronal base (log10(n0v0)). Here, mass conservation and source
surface extrapolations of the observed photospheric field have been used to derive n0v0 from
solar wind measurements at ACE during 1998–2009 (see Wang, 2010). The mass flux density at
the coronal base increases almost linearly with the footpoint field strength, but the mass flux
density at Earth undergoes relatively little variation. This is because the increase in the heating
rate and mass flux density with B0 is offset by a corresponding increase in the expansion factor.

coronal holes of the same polarity. The open flux tubes rooted alongside pseudo-
streamers initially diverge rapidly with height, but then re-converge as they ap-
proach the source surface; the local expansion factor f(r) = (R⊙/r)2(B0/B) thus
reaches its maximum value fmax > fss at some heliocentric distance r < Rss. Com-
parisons with near-Earth solar wind measurements indicate that the wind speeds
associated with pseudo-streamer crossings are lower than predicted using the in-
verse correlation between v and fss (see Riley and Luhmann, 2012; Wang et al,
2012). This suggests that the empirical model should be amended by replacing the
parameter fss by fmax, defined as the maximum value of f(r) along an open flux
tube; fmax is identical to fss for monotonically expanding flux tubes, but exceeds
fss for flux tubes near pseudo-streamer boundaries.

A recent study by Pinto et al (2016) has tested whether the flux-tube
expansion is the controlling factor of the wind speed at all phases of the
cycle and at all latitudes (close and faraway from streamer boundaries)
using a very large sample of wind-carrying open magnetic flux-tubes
created by numerical MHD simulations of the corona and wind coupled
to a dynamo model. This study confirms that the asymptotic speed of
the solar wind depends very strongly on the geometry of the open mag-
netic flux-tubes through which it flows, but specially for the SSW, the
speed is also strongly dependent on field-line inclination and magnetic
field amplitude at the foot-points.
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4.2 Interchange reconnection vs. expansion factor models

The interchange reconnection model (Fisk et al, 1998; Fisk and Schwadron, 2001;
Fisk, 2003; Zurbuchen, 2006; Fisk and Zhao, 2009) discussed above as scenario
SSW2 for the slow solar wind formations, in which the small-scale dynamics of the
photospheric magnetic field, as in the so-called magnetic carpet (e.g., Schrijver
et al, 1997), play the central role. In many respects, the interchange reconnection
model can be considered to be the diametric opposite of the expansion factor sce-
nario. Unlike the expansion factor model, which assumes a quasi-steady field, the
magnetic field is inherently dynamic in the interchange model, and this dynamics
are the essential feature of the model. Also, unlike the expansion factor model in
which the slow wind originates from the open-field coronal holes, the slow wind
in the interchange reconnection model is postulated to originate from throughout
the closed-field region via continuous interchange reconnection between open and
closed flux. Note that in the interchange reconnection model the closed field re-
gions are not truly closed in that open flux is assumed to diffuse throughout these
regions via reconnection.

The interchange reconnection model has obvious advantages in accounting for slow
wind observations: it naturally produces a highly variable wind with closed-field
plasma composition, located around the HCS but with large extent. The primary
challenge for the model is to verify that interchange reconnection induced by pho-
tospheric dynamics does, indeed, enable open flux to diffuse deep into closed-field
regions. Simulations have found that the open-closed boundary remains smooth
and well defined, even during interchange reconnection (Edmondson et al, 2009,
2010; Linker et al, 2011). Furthermore Antiochos et al (2007) have proposed semi-
analytic theorems that severely constrain the possible topologies of the Sun’s open
flux. To this hypothesis, the SSW originates from an interface region between nar-
row coronal holes and closed field lines (S-web model, see Section 4.3; Antiochos
et al, 2011) in according to the boundary layer scenario described by Riley and
Luhmann (2012). On the other hand, all the calculations, to date, have lacked
the topological complexity of the observed photospheric flux; therefore, it remains
to be seen whether interchange reconnection in a sufficiently complex magnetic
topology can produce effective mixing of open and closed flux.

Rappazzo et al (2012) showed that reconnection can occur continuously in unipolar
magnetic field regions with no neutral points: photospheric motions induce an
MHD turbulent cascade in the coronal field that creates the necessary small scales,
where a sheared magnetic field component orthogonal to the strong axial field is
created locally and can reconnect. They propose that a similar mechanism operates
near and around boundaries between open and closed regions inducing a continual
stochastic rearrangement of connectivity, originating the SSW.

4.3 S-web model

S-Web model of the SSW contains elements of both the expansion factor and inter-
change reconnection scenarios. Given its associations with the HCS, its variability,
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Fig. 19 Distribution of Q-factor on a heliospheric surface at 10 R⊙ for a CR centered about
August 1, 2008, during the middle of solar minimum. The HCS appears as the thick black line
and the contours of high Q as red (log10 scale). The HCS has infinite Q. From Antiochos
et al (2011).

and especially its composition, an appealing scenario is that the slow wind is due
to the release of closed field plasma onto open field lines at the open-closed bound-
ary (e.g., Suess et al, 1996; Endeve et al, 2004; Rappazzo et al, 2005, 2012). This
is the underlying hypothesis of the interchange reconnection model (see the pre-
vious section), but in the S-Web, the magnetic topology is assumed to be smooth
as in the expansion factor model, with well-defined open and closed field regions.
The release of closed field plasma is postulated to occur only in a narrow layer
about the open-closed boundary. The model, therefore, is dynamic rather than
quasi-static, but the dynamics are confined to this narrow layer.

According to the S-Web model a dynamic interface layer about the open-closed
boundary is the source of the slow wind. Note also that the other two models
depend heavily on the properties of the open-closed boundary; consequently, this
boundary is critical for determining heliospheric structure and dynamics. It might
seem that the open-closed boundary would have only limited impact on the helio-
sphere, however, because it is simply the boundary of coronal holes. The field lines
at this boundary define the edges of the streamer belt and extend out into the
heliosphere as the heliospheric current sheet (HCS). Therefore, other than some
narrow region about the HCS, one might expect that any dynamical evolution of
the open-closed boundary would have minimal effect in the heliosphere, especially
during solar minimum when the streamer belt and the HCS are confined near the
equatorial plane and have relatively simple geometry.

Figure 19 shows that this picture is completely incorrect. Plotted in the Figure
are contours of the so-called squashing factor Q (Titov et al, 2002) for the field-
line mapping from a heliospheric surface at 10 R⊙ down to the photosphere. The
magnetic field is from a quasi-steady model calculated by a MHD code, with
SOHO/MDI measurements of the photospheric field during a CR centered about
August 1, 2008 as input (Mikić et al, 2007). Note that Fig. 19 is model-independent;
identical results would be obtained if one were to use a high-resolution source
surface model instead of MHD.
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Q is a measure of the gradients in the field line mapping. At a high Q region,
a small circular area, for example, on the 10 R⊙ surface is mapped by the field
lines into a highly distorted ellipse on the photosphere. At separatrices where the
mapping becomes singular, as in the HCS, Q is infinite. Note, however, that the
HCS clearly is not the only high Q curve in Fig. 19; instead we see a dense web of
high-Q curves indicating the location of separatrices or quasi-separatrices in the
topology of the heliospheric field. This is the S-Web (Antiochos et al, 2011).

The key point of the S-web in Fig. 19 is that every high-Q curve (including the
HCS) maps down to the open-closed boundary or passes extremely close to such
a boundary. Therefore, any dynamics associated with the open-closed boundary –
field line opening and closing and interchange reconnection (Crooker et al, 2002) –
will affect a broad swath of the inner heliosphere, not just a narrow region about
the HCS. This result seems paradoxical, because we know that the open-closed
boundaries of coronal holes must map directly to the HCS; however, Fig. 19 shows
that the HCS can lie far from some of the high-Q curves. On the other hand, the
conclusion that the high-Q arcs are due to open-closed boundaries is inescapable,
because this is the only way to obtain topological structure in the open field
mapping. The magnetic topology is essentially smooth in the heliosphere where
all flux is open, so any topological singularities in the mapping can only be due
to the effect of closed flux. For example, the HCS has singular Q only because the
helmet at its base surrounds closed field.

Recent works (Antiochos et al, 2007, 2011, 2012) resolve the paradox of the high-Q
arcs in Fig. 19, where the field is both near the open-closed boundary and yet far
from the HCS. The critical new insight is that seemingly separate coronal holes
must be topologically connected by magnetic flux (Antiochos et al, 2007). We show
below that such flux will connect to the coronal hole boundary in the corona, but
diverge far from the HCS in the heliosphere.

4.3.1 The origin of S-web arcs

In some phases of the solar cycle, a major form of open-closed topology in the
corona is a pseudo-streamer (Wang et al, 2007b), originally identified by Hund-
hausen (1972) and referred to as a plasma sheet or unipolar streamer (e.g., Riley
and Luhmann, 2012). The topology of the open-closed boundary of a pseudo-
streamer is vital for understanding the inner heliosphere, because it produces al-
most all of the high-Q arcs of the S-Web. There is generally only one streamer
belt on the Sun and, therefore, only one HCS in the heliosphere, but as Fig. 19
shows, the high-Q arcs of pseudo-streamers can fill a large fraction of the inner
heliosphere. The pseudo-streamer Q signature appears as a finite-length curve,
perhaps of finite width, that starts and ends on the HCS. These arcs are prevalent
in Fig. 19 and in Q-maps of other CRs (e.g., Titov et al, 2012).

Because all high-Q arcs of Fig. 19 begin and end at the HCS, their origin must
involve the coronal hole. In fact, the most insightful approach to understanding
these arcs is to consider the interaction of the coronal hole boundary with closed
field regions due to nearby parasitic polarity. One example of such an interaction
is shown in Fig. 20. The field sources are a global dipole that gives rise to the
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Fig. 20 The magnetic field of a PFSS model in which a low-latitude coronal hole extension
is connected to the polar hole by a finite width corridor. The left panel shows the front view
and the right panel the side view. Dark gray shaded regions indicate open flux. Contours at
the inner surface indicate radial field magnitude at the photosphere. Black lines are polarity
inversion lines at the photosphere and at the source surface (the start of the HCS); green field
lines are traced from a latitudinal line segment spanning the narrowest part of the corridor.
Their footpoints on the source surface trace out one of the high-Q arcs evident in Fig. 19.
From Antiochos et al (2011).

polar coronal holes and an equatorial near-surface dipole that creates a frequently
observed “elephant trunk” extension of the polar coronal hole (Timothy et al, 1975;
Zirker, 1977). The addition of two near-surface dipoles at high latitudes produces
two parasitic polarity regions (indicated by the two high-latitude polarity inversion
lines, PILs) on either side of the elephant trunk. Note that these parasitic polarities
always produce closed flux surrounding their PILs; consequently moving the two
parasitic polarities closer together causes their fan surfaces to “squeeze” the open
field region into a narrow corridor connecting the polar hole with its equatorial
extension.

These connections between a polar coronal hole and its equatorial extensions are
the topological structures that give rise to pseudo-streamers and to the S-Web
arcs of Fig. 19 (Antiochos et al, 2011; Titov et al, 2011). The high-Q arcs are not
due to some fractal complexity of the coronal-hole boundary itself. The coronal
hole boundary, no matter how complex, maps only to the HCS, and hence cannot
account for the high-Q arcs far from the HCS. However, by simply mapping the
open-field corridor flux of Fig. 20 onto the 10 R⊙ surface, we find that it forms
a high-Q arc exactly like those of Fig. 19. This arc would appear as a pseudo-
streamer in a coronagraph image.

An important point is that the width of the corridor, and consequently the width of
the high-Q arc in the heliosphere, can be infinitesimal, i.e., a separatrix singularity.
For example, if the high latitude dipoles of Fig. 20 moved so close together that
their PILs at the photosphere merged, then the resulting topology would consist
of a polar coronal hole with an equatorial extension that is linked to the polar one
via separator curves connecting multiple null points in the corona (Titov et al,
2011). It may seem that such multiple null points with separator lines nor the
narrow open field corridors of Fig. 20 would form often on the Sun, but in fact,
they are common, especially during solar maximum (e.g., Crooker et al, 2012). In
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the so-called “rush to the poles” of trailing polarity flux during the solar cycle,
long tongues of opposite polarity often cut into coronal hole regions, leading to
the pseudo-streamer structures illustrated by Fig. 20.

In summary, the S-web model can account for the large angular extent of the slow
wind about the HCS, once the complexity of the coronal magnetic topology is
fully included in the model. Furthermore, it provides a straightforward explana-
tion for all the temporal and compositional differences between the slow and fast
winds; the slow is due to the sporadic release of closed field plasma onto open
field lines, whereas the fast is the quasi-steady wind of Parker on long-lived open
flux. It should be emphasized, however, that the studies to date have focused only
on the quasi-static topological properties of the S-web, such as the results shown
in Figs. 19 and 20. A great deal more work needs to be done in order to deter-
mine whether fully dynamic models of the S-web do reproduce all the observed
properties of the SSW.

4.4 Magnetic reconnection at the streamer cusp

Magnetic reconnection (Priest and Forbes, 2000) is a key process in many scenarios
that have been proposed to explain coronal processes. Focusing on SSW origins,
the process at the cusp of helmet streamers (Lapenta and Knoll, 2005a), the forma-
tion of plasma blobs in the SSW (Einaudi et al, 2001) and the interaction between
open and closed field lines (Antiochos et al, 2011) all involve reconnection. The
question is: what type of reconnection is likely to be actually happening there? The
recent research on reconnection has identified different regimes depending on the
parameters of the physics problem. Figure 21 summarizes the different regimes in
a diagram of the Lundquist number SL = µ0LVA/η versus the thickness of the re-
connecting layer normalized to the ion inertial length δi = L/di (Ji and Daughton,
2011; Baalrud et al, 2011). At the largest scale, the single fluid MHD description
is valid. The Sweet (1958)- Parker (1957) (SP) and the Petschek (1964) steady
regimes have been identified early in the history of the research on reconnection.
Somewhat later, a third unsteady regime has been suggested (Bulanov et al, 1979)
as a consequence of the destabilization of a SP layer by a modified tearing insta-
bility. The reconnecting layer being itself a thin current can be subject to tearing,
but the presence of a flow of plasma around the current alters the stability and
growth rate of the pure tearing mode (Loureiro et al, 2007). This regime (lower
right of the diagram) is accessible only to relatively non-collisional, high SL plas-
mas. The reconnection process becomes fast and insensitive to resistivity but also
unsteady and characterized by secondary plasmoids (Lapenta, 2008; Cassak et al,
2009; Samtaney et al, 2009; Huang and Bhattacharjee, 2010). Only recently, this
regime has become accessible to direct numerical simulation (Lapenta, 2008). Its
existence required SL values that became possible only in the days of massively
parallel computers. The transition between the SP and the plasmoid regime has
been predicted (Loureiro et al, 2007) and shown in practice (Skender and Lapenta,
2010; Bhattacharjee et al, 2009; Uzdensky et al, 2010) to happen at a critical value
of the Lundquist number SC = 104.
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At the smallest scales, when the ion inertial length di is larger than the current

sheet thickness predicted by Sweet-Parker model δSP = LS
−1/2
L (upper left of the

diagram), the kinetic regime of fast reconnection develops (Birn and et al., 2001).
This regime is characterized by a separation of scales between ions and electrons.
In an outer ion diffusion region, the ions become decoupled from the field lines and
in an inner electron diffusion region, the electrons become also decoupled. While
single fluid MHD completely misses this regime, some aspects can be captured by
two-fluid and hybrid (fluid electrons and kinetic ions) models. Only full kinetic
models can capture this regime fully. In the kinetic regime, the presence of the
plasmoid instability is still possible. The electron diffusion region forms elongated
jets (Karimabadi et al, 2007) and tearing is possible leading to the formation
of plasmoids and the transition to an unsteady rate of reconnection (Wan and
Lapenta, 2008a). Additionally, a current layer can tear in multiple points with
the formation of several interacting islands (Markidis et al, 2012, 2013; Eriksson
et al, 2014). The subsequent evolution is characterized by merging of the primary
structures formed by tearing (Karimabadi et al, 2005; Wan and Lapenta, 2008b).

At intermediate scales when δPL < di < δSP Ji and Daughton (2011), where the
resistive skin depth for plasmoid is δPL = δSP (VA/L/γ)

1/2, and γ is the plasmoid
growth rate, an intermediate regime is present where secondary plasmoids are
formed even though the ion-electron separation of scales is present. In all regimes,
for sufficiently low collisionality, unsteady chaotic reconnection is promoted by
plasmoid formation due to the tearing on the thinner layers formed in earlier
phases of the reconnection process.

Determining the location of the regions of origin of the SSW on the diagram in
Fig. 21 is not unambiguous. In the regions of the corona where the SSW forms,
classical collisional resistivity is very small. However, it could be argued that ki-
netic micro instabilities provide an effective collisionality that produces anomalous
resistivity and lowers the Lundquist number. Based on pure collisionality, in the
diagram in Fig. 21, the position of the corona is well above the threshold for
plasmoid instability, making it likely that the true nature of the reconnection
processes ranges from plasmoid to Hall plasmoid to even fully kinetic reconnec-
tion. A similar ambiguity is present for determining the position on the horizontal
axis. When considered in their visual scales (Einaudi et al, 1999), the regions of
formation of the SSW are larger than the ion skin depth, making the plasmoid
regime at first sight the most likely scenario. However, there is a whole range of
features hidden inside the large scales that can be determined for example from
a LASCO coronagraph image (see Section 2.2). The presence of turbulence and
current filamentation might hide the presence of thinner current layers embedded
within the macroscopic structure (Bemporad et al, 2006; Bemporad, 2008). This
possibility cannot be fully determined from remote sensing and a final answer will
come only from in situ detection via probes. The presence of sub scale features is
of great importance. The research on turbulent reconnection (e.g., Lazarian and
Vishniac, 1999; Matthaeus and Lamkin, 1986) has shown that even very thick re-
connecting strata can evolve very quickly compared with the SP scenario (Eyink
et al, 2011), favoring the mechanisms that lead to SSW formation (Lapenta and
Restante, 2008). Even in absence of pre-existing turbulence in the ambient plasma,
the plasmoid regimes of reconnection are insensitive to resistivity (Bhattacharjee
et al, 2009) and derive their much faster rates (Lapenta, 2008), when compared to
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the SP reconnection process, to the presence of smaller features within the recon-
necting layers (Lapenta and Lazarian, 2012): the ion and electron scales of kinetic
reconnection or the plasmoid scales of the plasmoid regimes.

Whether turbulence is assumed to be present already or not, the end state is
nevertheless one of chaotic reconnection with multiple reconnection sites, on a
range of different, possibly fractal or self-similar scales with large layers breaking off
in smaller layers further breaking off into yet smaller layers, until the kinetic limit
of reconnection is reached when the current sheet thickness on the smallest scales
reaches the local ion inertial length scale (Daughton et al, 2009). In the specific case
of the models for the SSW formed at the cusp of helmet streamers (Einaudi et al,
1999, 2001), the process of reconnection is intertwined with momentum exchange
across field lines. The state includes both magnetic shear and velocity shear. At
the cusp, the plasma frozen into the closed field lines of the helmet streamer is
stationary while that frozen into open field lines emerging from coronal holes is
moving at the speed of the fast wind. A strong velocity shear is then present along
with the magnetic shear typical of the helmet topology. This state is subject to both
tearing and Kelvin-Helmholtz instability (Ofman et al, 1991; Einaudi et al, 1999;
Ofman et al, 1993; Knoll and Chacón, 2002). The presence of the flow can itself
promote the rate of reconnection because the flow acquires a converging nature
and drives the process of reconnection pushing the field lines together. The KHI
and the cusp topology divert the flow from its direction parallel to the field lines
driving reconnection (Lapenta and Knoll, 2005b). The transition to the chaotic
plasmoid reconnection regimes speeds up the rate of reconnection, promoting a
faster exchange of momentum from the surrounding fast solar wind to the plasma
released in the reconnection above the helmet streamers (Lapenta and Restante,
2008; Bettarini and Lapenta, 2010).

4.5 Discussion

Figure 17 describes several scenarios for the SSW formation. The implementa-
tion of these scenarios in quantitative numerical models should give predictions
on plasma properties such as densities, temperatures, non-thermal heating of the
plasma constituents, magnetic field fluctuations and ultimately the velocity distri-
butions of the plasma components. This implies a challenge to the theorists and
space weather modelers in the field.

From the observational point of view, at the Sun, one would expect that expansion
factor scenario (SSW1 relative to Fig. 17) should relate to properties of the coronal
hole close to but inside the coronal hole boundary and carry kinetic signatures
of nonthermal heating, if any. If interchange reconnection is important (SSW2
relative to Fig. 17) then the in-situ measurements in the heliosphere would relate
to the closed-loop properties just outside of the coronal hole boundary. At 1 AU,
SSW2 plasma would be found around the narrow plasma sheet between two solar
wind streams, while the SSW1 plasma can have a certain spatial extent away from
the plasma sheet (Wang et al, 2000). Moreover, both SSW1 and SSW2 scenarios
postulate that the source is ∼ 30,000 km wide layer about open-closed boundary,
but expansion states layer is in open field only, while interchange reconnection
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Fig. 21 Diagram of different reconnection scenarios versus normalized reconnecting current
layer thickness δi = L/di, and Lundquist number SL. Other designations in the figure are the
following: δSP – current sheet thickness predicted by Sweet-Parker model; δPL – resistive skin
depth for plasmoid; SC – critical value of the Lundquist number for the onset of plasmoid
instability. Also shown are typical parameter ranges for a few plasmas of interest in space
research: the Earth magnetotail, the solar chromosphere and the solar corona. The different
simulation methods best suited to study each scale are also set in the diagram according to
their domain of applicability.

model claims dynamic opening and closing. SSW3 hypothesis (relative to Fig. 17)
is linked to events describing a sporadic and highly fluctuating emission of plasma.
Questions remain whether the SSW2 and SSW3 scenario can represent the bulk
SSW, or whether they only partially account for the solar wind outflow that is
transient in nature.

The above scenarios do not need to be mutually exclusive and may very well co-
exist. Observations show signatures consistent with all of these scenarios, and so
far none are excluded. The SSW1 scenario is a natural consequence of the global
coronal magnetic field model. Its empirical prediction of the solar wind speed
at 1 AU provides a certain level of support (Wang and Sheeley, 1990; Arge and
Pizzo, 2000). Results from SOHO/UVCS observations of streamers and coronal
hole boundaries (see Section 2.1.2) also are compatible with this picture. The SSW2
scenario provides several predictions that are consistent with observations. Crooker
et al (2004, 2010) found evidence of interchange reconnection in the suprathermal
electron properties at the heliospheric plasma sheet/current sheet and the sector
boundary, as compared to the interplanetary magnetic field data. Jets and tran-
sient brightenings at the coronal hole boundary implies occurrences of magnetic
reconnection caused by the interaction of the dynamic field transport as well as
emerging close loops with the open field in the coronal hole (Madjarska et al, 2004,
2012; Madjarska and Wiegelmann, 2009; Subramanian et al, 2010). The observa-
tional evidence from a large number of Hinode data analyses indicates
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that the continuous expansion of active regions and its interaction with
nearby open field can lead to the process of interchange reconnection,
and therefore such outflows represent a possible contribution to the
SSW2 (see Section 2.1.1). Blobs flowing along streamer stalks (e.g., Shee-
ley et al, 1997) and depleted elemental abundances near the heliospheric current
sheet (Suess et al, 2009; Weberg et al, 2012) support the idea of streamer material
released by field pinching at the top of the streamer cusp/current sheet (SSW3
scenario).

5 Which are the main physical mechanisms for the SSW acceleration?

There are many differences between slow and fast wind in heliosphere such as,
for example, velocity, proton flux density, temperatures, heavy ion relative abun-
dances, α’s content and variability degree that suggest different heating and accel-
eration mechanisms for the slow and fast solar wind. The velocity distribution of
the protons as measured in situ by Helios spacecraft at ∼ 0.3 AU and farther from
the Sun, shows that the SSW plasma is generally more Maxwellian, and does not
exhibit significant temperature anisotropy and beams, contrary to the fast solar
wind proton velocity distribution (e.g., Marsch, 1991). But, there are also some
important similarities such as the momentum flux and the total energy flux that
provide likely clues to the physical processes for the formation and acceleration
of the solar wind (Le Chat et al, 2012). The possibility of wave-driven wind has
been applied extensively mostly to fast solar wind models (see the review, Ofman,
2010), and in principle, it can be applied also to the SSW.

At present, several physical mechanisms that can produce the solar wind are con-
sidered as the main candidates: MHD and kinetic waves, shocks, turbulence, energy
release by reconnection, and direct acceleration by the Lorentz force of plasma-
carrying ejected magnetic flux (e.g., plasmoids, as deduced from SOHO/LASCO
white light observations by Sheeley et al (1997), and recently by STEREO/SECCI
by Viall and Vourlidas (2015)). MHD waves can drive the slow wind as well ac-
counting for the variability, while kinetic (resonant) waves can provide the differ-
ential heating of ions often observed in the solar wind plasma. In particular, MHD
waves can heat and accelerate the SSW in the open field regions surrounding a
helmet streamer. The wave driven wind model is closely connected to Alfvénic
turbulence driven wind in the low frequency domain (e.g., Cranmer and van Bal-
legooijen, 2005). It is evident that most of these mechanisms could be related, for
example, the broadband Alfvén waves and weak Alfvénic turbulence are similar,
the small-scale kinetic Alfvén and ion-cyclotron waves can results from turbulent
cascade starting from large (MHD) scales, reconnection can produce shocks, waves,
and jets, while the later can produce turbulence and waves leading to the plasma
heating.

The relation between the proton temperature anisotropy and the parallel tempera-
ture of protons as observed by ACE and WIND spacecraft show that the solar wind
plasma parameters are in a range bound by the threshold of various kinetic insta-
bilities, providing important clues on the possible kinetic processes involved in the
formation of the solar wind plasma (Bale et al, 2009; Maruca et al, 2011, 2012).
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The magnetic fluctuations spectra in the solar wind as observed in situ by the
various spacecraft often exhibit power law scaling with turbulent spectrum in the
inertia range that agrees with Kolmogorov turbulence scaling of −5/3, and steeper
slope in the high frequency (above the proton gyroresonat frequency) dissipation
range (see the review Bruno and Carbone, 2005), suggesting that turbulence plays
a role in transferring magnetic fluctuation energy from large scales to small scales
and leading to the heating of the solar wind plasma in the (ion) kinetic scales. It is
often suggested in the literature that the high perpendicular temperature and the
temperature anisotropy of O5+ ions deduced from UVCS/SOHO spectroscopic ob-
servations in coronal holes provides evidence of ion-cyclotron wave heating in the
extended solar corona (e.g., Cranmer et al, 1999b). Frazin et al (2003) and Susino
et al (2008) showed that temperature anisotropy of O5+ is also present in coro-
nal streamers, albeit at a lower degree than in coronal holes. In-situ observations
by WIND spacecraft show a link between proton-He++ differential streaming and
the degree of heating of the solar wind ions suggesting ion-cyclotron wave heating
(Kasper et al, 2013). Thus, it is plausible that ion-cyclotron waves can heat the
ions in the SSW plasma, but to lower kinetic temperatures.

It has been suggested decades ago that low-frequency MHD (Alfvén) waves can
provide significant momentum to accelerate the fast solar wind in open field re-
gions of coronal holes (see the review by Ofman, 2010). However, the SSW can be
accelerated to the observed velocities just by the thermal pressure gradient of the
hot solar wind plasma, as was shown in the original work by Parker (1958). Thus,
additional momentum input by wave pressure is not required to produce the SSW.
However, whether MHD waves are involved in the heating and the acceleration of
the SSW is still an open question. Measurement of possible observational signa-
tures of the various mechanisms in the acceleration region of the solar wind close
to the Sun such as planned by the future missions Solar Probe Plus (SPP) and
Solar Orbiter (SO) may provide the necessary evidence to pinpoint the heating
and the acceleration processes that produce the solar wind.

6 Conclusions

In this review, we have presented insights on the main SSW sources and their
formation mechanisms based on leading observations and modeling approaches
arisen during the discussions at the International Space Science Institute (ISSI)
by the Team entitled “Slow solar wind sources and acceleration mechanisms in
the corona” held in Bern (Switzerland) in March 2014 and 2015. From the remote
sensing observational results in the corona, it seems that there are different contri-
butions to the SSW outflow due to the large and small scale structures in corona
and with both sporadic and continuous fluxes. In-situ measurements are available
from 0.3AU and beyond, and provide the bulk quantities data such as outflow
velocity, density, and temperature of the solar wind, together with the magnetic
fluctuations, ionic composition, and in some cases velocity distribution functions.
We propose to classify the SSW not only on the basis of the outflow velocity and
coronal sources but considering also the elemental composition and the heavy ion
charge state which are fixed in the inner corona and therefore intimately related to
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the properties in the solar wind source regions. The main question is to quantify
the mass and energy budgets of these different SSW components.

There are two main general classes of solar wind acceleration and heating mech-
anisms supported by observations: reconnection and waves/turbulence, where the
waves could range from MHD to kinetic dissipation scales. It is convenient to clas-
sify the SSW formation and origin theories using three general hypotheses
that combine the source regions, magnetic topology, and relate to the above accel-
eration and heating mechanisms: (a) SSW produced in regions of open magnetic
field with large expansion factor that leads to smaller solar wind speed than in
open field regions with smaller expansions factor, in this case the acceleration and
heating by turbulence and waves is favored. This mechanism is similar to the fast
solar wind formation mechanism that is often associated with coronal holes, but
the open field has higher expansion factor, and the source of the plasma is in the
streamer/coronal hole boundary regions. The reconnection driven SSW in-
cludes the (b) interchange reconnection, which relates to the interaction of emerg-
ing closed field region with open field. In this case the reconnection provides the
heating and the acceleration of the solar wind emerging from closed field plasma.
The S-web model is a distinctive scenario where reconnection occurs
in closed field region along separatrices in the lower corona. This mecha-
nism can also take place in streamers and pseudo streamers through reconnection
at cusp. Plasmoid eruption is also related to this scenario since reconnection and
the resulting Lorentz force accelerate the wind. The combination of the heating ac-
celeration mechanisms, the source regions, and magnetic topologies provides the
SSW formation scenarios (SSW1, SSW2 and SSW2, as defined above in
Section 4). These hypotheses may explain many but not all the observational
aspects of the SSW as discussed in Section 4.5.

Given these scenarios, the next sensible step would be to investigate how the solar
properties at the solar wind source regions dictate the properties of the solar wind
in order to find out likely mechanisms and processes responsible for the solar wind
formation and further constrain solar wind models. To do so it would be ideal if,
for a given solar wind parcel, the location of its footpoint at its source coronal hole
could be identified. Unfortunately, specific footpoint locations are still very difficult
to identify with acceptable level of confidence. This measurement gap may be filled
with appropriately detailed, physics based numerical models, while the quests for
observational evidences of slow wind formation will continue. More investigations
are needed to look for causal relationships between solar wind properties and that
in its source regions.

The SSW origin is an open issue in the post SOHO era and forms a major ob-
jective for planned future missions such as SO and SPP. In particular, the SPP
mission will provide solar wind measurements close to the sun up to ∼9.5Rs in the
unexplored acceleration region, and may confirm or refute the SSW formations
scenarios discussed in the present review. The proposed hypotheses need to make
predictions on the plasma and magnetic properties that SO and SPP will be able to
measure. Since these measurements will include kinetic data in addition to bulk
fluid properties, MHD modeling alone is not sufficient to address the physics of
the anticipated measurement of the SSW, and multi-fluid and kinetic approaches
must supplement the modeling efforts. SO observations, performed during quasi-



Slow solar wind: observations and modeling 51

corotation and out-of-ecliptic, will provide major contribution to the study of the
SSW sources and association with large-scale magnetic structures. They will allow
analyzing the evolution of the streamer belt and global corona (large-scale struc-
tures) separating the rotational effect and intrinsic evolution. Quasi-corotation
allows observing the streamer belt on time scales > 2-3 days, which is the pas-
sage time of structures at the limb and to study the role of the coronal magnetic
field topology in guiding the wind and regulating speed and physical parameters
through the solar cycle. The quadratures between SO and SPP can provide clues
for identifying SSW coronal sources with composition and dynamics measurements
and thus improve our understanding of the acceleration and heating mechanisms.
There are still many open questions on SSW sources and acceleration but we hope
that this review can be useful for future observation planning with SO and SPP.
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