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4.1.1.5 Solar transition region and quiet corona

Kraus WILHELM

4.1.1.5.1 The transition region

The transition region (TR) is the interface between the solar chromosphere and the low corona.
The electron temperature, T}, increases in this region from about 2.5 x 10* K to 6 x 10> K. Despite
the detailed observations obtained over the last 40 years, the physical conditions, and even the
morphology, of the TR are not yet fully understood. Reconnection — the merging of oppositely
directed magnetic fields — is a major energy source in the TR, but the inherent spatial scales are
below the resolution of present-day instruments. The observations have mainly to be performed in
the vacuum-ultraviolet (VUV) wavelength range, in which most of the multiply charged ions of the
TR radiate. This range can only be observed by space instruments outside the Earth’s atmosphere
(cf., Sect. 4.1.1.3). The observations obtained until 1990 and the models developed are referenced
in [g, h]. Some of the main results were:

(1) The line widths are much wider than expected from the prevailing electron temperatures.
The temperature, T; of the emitting or absorbing particles (atoms or ions) and the speed of the
unresolved non-thermal motion, &, result in a line broadening with a Doppler width of

Arp =20 [P e (1)
€o mi

where )\g is the central wavelength of the line, ¢y the speed of light in vacuum, k the Boltzmann
constant, and m; the particle mass, cf., [1].
(2) The spatial structure is very inhomogeneous and dominated by the magnetic fields of the
chromospheric network. Spicules with chromospheric material pervade the TR as well as the lower
corona of the Sun. Macrospicules are observed in coronal holes (CH) (see Sect. 4.1.2.5.4).
(3) Although the TR is very dynamic with many short-lived events and significant plasma flows,
an average downflow seen as Doppler red shift of many emission lines persists and is shown in
Fig. 1. Hot coronal lines, however, are blue shifted on average.

The spectrum of the quiet-Sun (QS) TR contains thousands of emission lines (cf., Fig. 3 in
Sect. 4.1.1.3). Recent line lists are published by [d, c, b, e]. References to radiance spectra are
contained in Table 1. A comparison between a full-Sun spectrum and that of cool stars has been
made by [06Pet]. A compilation of the line lists in the VUV range published between 1958 and 2001
in given in [q]. The TR is optically thin for most of the spectral lines, but there are exceptions,
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Fig. 1. Average Doppler shifts of VUV emission lines. The line-of-sight (LOS) velocities (positive: red
shift, downwards motion) are taken from [76Dos2, 93Bre, 99Pet2, 99Dam]. The largest shifts occur in TR
lines at electron temperatures between ~ 1 x 10° K and 2 x 10° K.

Landolt-Bérnstein
New Series VI/4B
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Table 1. Selected solar radiance and irradiance spectra

Wavelength interval, A Data® Origin Reference
30.8 nm to 38.1 nm Ly, 1d. QS [c]
51.3 nm to 63.3 nm L, Id. QS [c]
46.5 nm to 160.9 nm Ly, 1d. corona [f] b
66 nm to 161 nm L, Id. corona [i]
66 nm to 161 nm Ly, 1d. QS composite [04KTre]
117.5 nm to 171 nm L,, Id. QS, CH, active region [86San)]
120 nm to 900 nm E [89Nic]
175 nm to 210 nm Ly Plage [76Bru]
225.2 nm to 319.6 nm Ly, E, K]
357 nm to 22 um L, 1d. Umbra [03Hin]©
409 nm to 857 nm Ly, E, Calculation [99Fon)]

& Id.: Line identification; radiance spectrum: L); irradiance spectrum: FE.
b An updated version is available from
http://www.mps.mpg.de/homes/curdt/coronal _atlas.pdf.

¢ A description of eight solar atlases is given. They can be obtained via
anonymous ftp from argo.tuc.noao.edu, cd pub/atlas.
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Fig. 2. Strong spectral lines emitted by the solar atmosphere at VUV wavelengths. The approximate
electron temperature ranges of the chromosphere, transition region, and corona are indicated as well as
the formation temperatures of the lines.

notably H1 Lya. The emission lines provide information on the physical conditions in the TR:
(1) Ratios of radiances of density-sensitive line pairs allow the deduction of electron densities, ne.
The method depends on metastable states of one or both excited ions that can be depopulated by
collisions, cf., [69Gab]. Applications gave typical values of n, ~ 1 x 10!% cm™3 for TR plasmas,
e.g. [00Lan)].

(2) Radiance ratios of temperature-sensitive line pairs can be used to probe electron temperatures.
In general, widely separated energy levels of excited states are required in this case, cf., [72Her].
Application of this method by [97Flu, 99Bre, 00Cha] yielded temperatures from 8 x 10* K to
8 x 10° K for TR structures.

(3) The formation temperatures of emission lines also give some indication on the electron tem-
perature of the source regions, cf., e.g. [04Wil]. Prominent emission lines of the solar atmosphere
in the VUV wavelength range are shown as wavlength-temperature diagram in Fig. 2.

(4) Line shifts can, in optically-thin plasmas, be interpreted as bulk motions and have been ob-
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Fig. 3. Non-thermal velocities of ions emitting spectral lines as a function of the formation temperature
(data from [75Bol, 76Fell, 76Dosl, 77Kje, 93Der, 98Chal, 98deB, 99Pet1, 04Xia, 04Cir, 05Aki]).

served extensively, e.g. [94Bre, 97Bre, 97Warl, 98Cha3, 99Gal]. A correlation of red shifts and
radiance increases was often observed, cf., [99Pet1, 03Brk].

(5) Based on the assumption T} = T, the non-thermal velocities, £, in the TR can be evaluated as
shown in Fig. 3. At TR temperatures, the highest & are between 30 km s~! and 40 km s~!. The
decrease towards higher formation temperatures might be caused by core and tail components of
the emission line profiles at the TR/corona interface [01Pet].

4.1.1.5.1.1 The magnetic network

The chromospheric network is seen in all TR lines formed between 2.5 x 10* K and ~ 4 x 10° K.
Typical network structures can be seen in Fig. 4. Observations by [74Ree, 76Fel2] showed that

Fig. 4. Structure of the chromospheric network at different formation temperatures (7r). a) The network
lanes are composed of small bright dots in the SiI continuum (= 7000 K) at 139 nm (size of area:
~ 144 Mm x 220 Mm). b) At Ty ~ 74000 K, the formation temperature of the Si1v line at 139.38 nm,
the structure of the network lanes (simultaneously recorded with the 139 nm continuum) is much more
pronounced. Small loop-like features straddle the lanes and some faint arches are crossing the internetwork
regions. c¢) In the O 70.38 nm line, the general network structure is very similar to that of SiIv,
although the formation temperature is about 100000 K. (The O 11 and 71.7 nm continuum observations
were obtained on the following day) d) The structure seen in the H1 Lyman continuum at 71.7 nm is very
different from that of the Si1 continuum.
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the contrast between network lanes and cell interiors had a maximum at lines emitted between
1x10% K and 2 x 10° K. A 2D model of the chromosphere, TR and corona by [76Gab] placed the
primary TR on expanding magnetic flux tubes above the network lanes and a thin secondary TR
above the cells. This model was extended by [86Dow]. The network seen on the disk is remarkably
similar in QS areas and CHs, but on the limb it has a greater vertical extension in CHs [74Hub,
78Boh, j, 04Wie, 06Mar2]. The width of the average network lane has a minimum of ~ 4 Mm
near 2 x 10° K. At temperatures below 1 x 10° K, the width increases to ~ 7 Mm [76Fel2, 98Gal].
The electron pressure is nearly constant in the low TR [98Dos]. The occurrence probabilities
of the radiance variations of TR lines are normally distributed, if plotted on a logarithmic scale
[97Lem, 98Will, 99Gri, 04Kre]. The widths of the distribution functions vary with the formation
temperature and have a maximum near 1 x 10° K.

The energy required to accelerate the solar wind is believed to stem from reconnection events
of entangled magnetic fields in or near the magnetic network leading to explosive events, blinkers,
microflares, and other small-scale events [92Axf, 94Mos, 97Inn, 97Har, 02Win, 02Ter].

4.1.1.5.1.2 Explosive events

Explosive events are small-scale, high-velocity phenomena in the TR, see, e.g. [83Bru, 89Der,
94Kje, 94Mos, 97Inn, 01Inn]. Spectral line profiles during the events consist of three Gaussian
profiles with one component at rest and the others shifted by ~ 10 pm to either red or blue [81Der].
Plasma speeds of up to and above 100 km s~! are observed along the line of sight (LOS) with
durations of a few minutes. Explosive events are caused by magnetic field line reconnection [94Der],
but are not associated with X-ray bright points (BP) (cf., Sect. 4.1.1.5.2.4) [94Mos]. Cancellations
of photospheric magnetic fields are observed in relation to explosive events [91Der, 98Cha2] as
well as bi-directional jets [97Inn]| and chromospheric upflow events [98Cha3]. The energy release is
estimated to be 1x 106 J to 1x 108 J per event [02Win]. Events observed in the TR at 1.8 x 105 K
do, in general, not show a signature in the corona [02Ter].

An electron density of ne ~ 7 x 101% ¢cm ™3 was obtained during an event by [91Der]. Line-ratio
studies indicated that there is a density increase by a factor of about three and, in some cases, a
significant electron temperature, T,, enhancement [01Ter, 05Men]. The average size is estimated
to be 1.8 Mm with a birth rate of 2500 s~! over the entire Sun. Despite this high rate, the events
do not seem to be directly important for the coronal heating process [04Ter].

4.1.1.5.1.3 Blinkers

VUV brightenings identified by [97Har| exhibited radiance enhancements by a factor of two to
three in TR lines. The characteristics of these “blinkers” are: (a) an average duration of 13 min,
(b) a size & 6 Mm x 6 Mm, and (c) no significant Doppler broadening [99Har]. No increase was
found in the electron density of a short-duration blinker. The line width of O VI nearly reached
thermal values at the maximum of a blinker event. The lack of substantial non-thermal velocities
and the missing signature of blinkers in the corona are used as arguments for a chromospheric
driver of blinkers, [01Brk, 03Pet]. Emissions formed at ~ 1 MK are co-spatial with H1 Ha at
~ 1x10* K, but not with C1v at 1 x 10% K [03DeP]. Explosive events and blinkers are not directly
related [03Har].

4.1.1.5.1.4 Microflares and nanoflares

These features are very small flares (cf., Sect. 4.1.2.7) with very low energy output. They are
mentioned here, because they are a common reconnection phenomenon in the magnetic network of
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the quiet Sun. The distribution of the energy released forms a power law with a slope of v ~ —1.8
as determined by [00Asc]. However, [00Par2] found values of | v | greater than two, which would
imply that the smallest events dominate the total flare-generated energy.

4.1.1.5.2 The quiet corona

Above the TR, the solar corona extends to large distances from the Sun. The structural changes of
the solar atmosphere from the chromosphere through the TR to the corona can be seen in Fig. 5.

Fig. 5. Structure of the magnetic network in the chromosphere, TR, and corona [02Wil2]. The observations
were made in the continuum near 154 nm, in the C1v line at 154.8 nm and the Ne vIiI line at 77.0 nm.
The size of the area shown is 155 Mm x 155 Mm.

The corona consists of three different components [p, g, h, n]:

(1) The F corona — scattered solar radiation by interplanetary dust.

(2) The K corona — scattered solar radiation by free electrons in the corona.
(3) The L corona — the sum of the coronal emission lines and continua.

The F and K components together are called white-light corona, which can best be seen during
solar eclipses (see [07Pas] for recent observations). The F corona shows sharp Fraunhofer lines,
whereas the K corona does not, because of the high thermal speeds of the scattering electrons.
The K corona is much brighter than the F and L components. The spectrum of the L corona is
very complex. The green, yellow, and red lines were identified as emissions from highly-ionized
iron and calcium indicating the high temperature of the corona with values of more than 1 MK
[37Lyo, 39Gro, 43Edl]. The corona eventually expands and transforms into the solar wind. Two
types of the solar wind can be identified: a quasi-stationary fast wind (see Sect. 4.1.1.5.2.3) and a
transient slow wind (see Sect. 4.1.1.5.2.6) [91Neu, 97Woc, 98McC].

The spatial structure of the corona is determined by the topology of the magnetic field: open
field regions corresponding to dark CHs and closed magnetic fields related to relatively bright areas.
Some of the closed loops are extending into so-called “helmet streamers” [97Mos]. Polarization
measurements can probe the coronal magnetic field via the Hanle effect [86Sah, 02Rao].

The structure of the corona changes with the solar cycle. Near the minimum, the equatorial
latitudes are occupied by closed magnetic regions and the poles by large CHs. During the maxi-
mum, the solar corona (cf., Sect. 4.1.2.6) is much more symmetric with many active regions (cf.,
Sect. 4.1.2.1) in between, see, e.g. [00Syk]. The response of the solar wind to the solar activity
cycle is reviewed by [06Marl].

An atlas of coronal VUV spectra has been compiled by [f]. Logarithmic radiance variations of
coronal lines are normally distributed at medium levels and change to a power-law distribution at
high radiances [00Ale]. The physics of the solar corona is treated in [a].
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4.1.1.5.2.1 Coronal holes

CHs (Koronalocher) in the solar atmosphere have first been identified by [o] in the green Fex1v
530.3 nm line. Their low electron density leads to a deficiency in the radiance of coronal emission
lines [72Mun]|. CHs are visible in the Hel and He1I lines, but not in most of the other TR lines
[73Tou]. CHs are the site of coronal plumes (see Fig. 7 and Subsect. 4.1.1.5.2.5) and the fast solar
wind outflow (see Fig. 6 and Subsect. 4.1.1.5.2.3).

An anomalous rotation — a rigid rotation and not a differential one as the photosphere — of large
north-south oriented CHs was found [75Tim, 77Boh, 78She, 99Zha]. The CHs can be identified
with the M regions introduced by [40Bar]. Low-latitude CHs during the solar maximum have been
studied by [04Mir].

4.1.1.5.2.2 Coronal plasma parameters in QS regions and CHs

The electron and the ion temperatures are not the same in the corona [97See, 98 Tuc, 99Gol].
Observations demonstrated excessive line broadening of the MgX lines at 60.9 nm and 62.5 nm
above the limb, indicating indeed high ion temperatures [90Has], see also [00Dos, 02Har, 05Wil,
06Zaq].

Near the limb, the electron density is ~ 2 x 108 cm ™3, decreasing to 6 x 107 cm ™3 at a height
of 70 Mm in CHs [99Flu]. The corresponding temperatures are 7.5 x 10> K and 8.5 x 10° K.
The electron density obtained at an altitude of ~ 7 Mm is typically 1 x 10® cm™ and ~ 5 x
105 em ™3 at 200 Mm height [97Dos, 98Wil2]. At greater altitudes, very high (anisotropic) ion
temperatures of much more than 10 MK have been detected by coronagraphs on rockets and
spacecraft [80Koh, 99Koh, 06Koh, 99Cral, 99Ess, 03Fra]. The electron density stratification may
have an influence on the observed line width and anisotropy [04Rao]. Because of the rotation of
the Sun, tomographical procedures can be used to determine the 3D electron density distribution
in the corona [02Fra).

Hydrogen and protons are coupled by charge exchange in CHs at heliocentric distances below
2 Re to 3 Rp [82Wit]. With this assumption and using the higher members of the H1 Lyman
series, [99Mar] found proton temperatures of 2 x 10° K at heights of 18 Mm above the limb, and
line-width contributions between 20 km s~! and 40 km s~! from turbulence. H1 Lya observations
obtained at greater heights indicate line widths of more than 200 km s~! [97Koh]. Above CHs,
bi-Gaussian distributions of H1 Lya, O vI, and Ne Vv1iI profiles with wide wings have been observed
by [96Koh, 99Wil].

The interaction of ion-cyclotron waves — generated in the lower atmosphere, for instance, by
microflares (cf., Sect. 4.1.1.5.1.4) — with the ions in the CH plasma is one candidate for heating
the corona and accelerating the fast solar wind. Observations of the effective temperature show
an increase with decreasing values of ¢/m, the charge-to-mass ratio of the ions, as expected for
ion-cyclotron heating [90Has, 98Tuc, 00Ban2, 02Pat].

Electron temperatures smaller than 1 MK — decreasing with height — were found in the corona
above a polar CH; much less than in the bright equatorial corona of the QS [98Dav]. The CH
plasma is not homogeneous: about 10 % of the gas is hot (= 2 MK) and the rest cooler at
~ 0.8 x 10% K [77Chi.

CH temperatures can also be estimated from the so-called “freeze-in” temperatures of charge
states of ions in the solar wind. A temperature of ~ 1.5 MK was obtained in a CH at 1.4 R
by [97Koy]. However, non-Maxwellian electron velocity distributions with an enhanced supra-
thermal tail are required in the inner corona to account for the observed charge distributions
[830wo, m, 03Che].
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4.1.1.5.2.3 Fast solar wind outflow

The fast solar wind is emanating on open magnetic field lines from CHs [73Kri]. Direct outflow
from the Sun with speeds a little above 10 km s~! was found for Mg®+, Mg%*, and Si'* ions with
Doppler observations [76Cus, 77Cus]. Outflows of O** and Mg®* ions with speeds of 7 km s~!
and 12 km s~!, respectively, were observed in CHs, if the remainder of the solar disk is at rest
[82Rot, 97War2]. Concentrated outflow of Ne”* ions occurred near the intersections and boundaries
of the network [99Has, 99Dam, 04Pop, 05Aio]. The outflow is strongest in the dark regions of CHs
[00Wil2, 00Gio, 00Pat, 05Wie, 05Tuc], and could be related to so-called magnetic funnels, in
which outflow speeds of ~ 10 km s~! were observed at a height of ~ 20 Mm at a temperature of
T, = 600000 K. A small coronal hole and the initial outflow of the solar wind is shown in Fig. 6.

Fig. 6. (see color-picture part, page 614) A small coronal hole seen on the solar disk in the MgIx
(70.6 nm) line (middle panel). In the continuum near 71 nm (on the left) the magnetic network structure
is the same inside and outside the coronal hole. The Doppler image shows LOS velocities of £30 km s~ !
with outflows (blue shifts) in the hole area.

Doppler dimming is another method for measuring flow speeds in the corona [70Hyd, 82Wit]. It
depends on the variation of the resonantly scattered radiation as a function of the flow speed of the
plasma relative to the source of the irradiation. The results obtained showed that the acceleration
of the fast solar wind to a2 400 km s~! occurred within 2 Re [99Cra2]. Speeds of about 70 km s~!
can be found in dark regions of polar CHs at altitudes of 35 Mm [00Pat]. These interplume regions
are the acceleration areas of the fast solar wind also according to [03Ter], but [03Gab] concluded
that the outflow speed in polar plumes was significantly higher than in interplume regions (cf.,
Sect. 4.1.1.5.2.5). Linear polarization measurements of the O VI line at 103.2 nm by [02Rao]
provide constraints on the magnetic field and solar-wind flow in polar CHs.

4.1.1.5.2.4 Bright points

Small bipolar magnetic features in the corona are called BPs [73Tou, 74Gol, 90Gol]. They have
a mean lifetime of 8 h in X rays and 20 h in the extreme ultraviolet (EUV) [01Zha]. Radiance
variations with time scales of &~ 6 min were observed in sub-structures of BPs [79She, 81Hab)].
In a review of BP observations, [92Hab| emphasizes their arcade structure of loops with different
temperatures and emission variations on the time scale of minutes.

Observations by [03Mad] confirmed the results of [93Web, 94Mos| that BPs were related to
the cancellation of magnetic flux. Electron densities in BPs range between 1 x 10° cm™2 and
1 x 10%° cm =2 at formation temperatures of 1.3 MK to 2 MK [05Uga]. Doppler velocities above a
BP of £15 km s™! (He1r) and +35 km s~! (Fe xv1) have been observed by [07Bro]. Although BPs
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are a signature of coronal activity (cf., Subsect. 4.1.2.6), they are included here, because they are
present even at very low solar activity levels.

4.1.1.5.2.5 Coronal plumes

Polar coronal plumes are prominent features of CHs in the visible and at VUV wavelengths in
spectral lines with formation temperatures < 1 MK (see Fig. 7) [50Van, 74Boh, 95Fis, 97DeF,
97Koh, 98Wil2, 98Wan, 99Lit]. On the disk, a density of n, ~ 1.2 x 10° em~3 is typical for
a plume, about twice the value of the surrounding CH plasma [03Del]. A density ratio of ~ 5
between plumes and interplume regions was found by [06Wil], with plume material occupying less

Fig. 7. A section of the north polar cap of the Sun seen in three emission lines with very different formation
temperatures from 1.1 x 10° K down to less than 3x 10* K [00Wil1]. The MgX line at 62.494 nm (top panel)
shows the dark CH region with bright points and some polar coronal plumes on open field lines. Small QS
regions were present near the southern edge. The O v (62.973 nm) line in the middle panel is characterized
by the chromospheric network and spicule activity. Spicules are absent in the C1 (124.941 nm) line in the
lower panel, but the network is clearly defined.
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than 8 % of the intervening space along the LOS. Coronal plumes are often associated with BPs.

The widths of VUV emission lines are narrower within plumes than outside [95Koh, 97Ant,
97Cor, 97Has, 00Ban2|. Plume structures between 1.1 R and 3 R exhibited super-radial expan-
sion and were episodic in nature, lasting ~ 24 h, but recurring at the same location with respect to
the Sun [01DeF]. Coronal plumes occur on field lines of the dominant polarity in contact with the
minority polarity, but most of the open flux does not carry plume material and, therefore, plumes
are not the main source of the fast solar wind [97Wan)].

Radiance increases propagate outwards along plumes (with speeds of about 100 km s~!) and
recur quasi-periodically on time scales of ~ 10 min [98DeF]. They are interpreted as slow magne-
tosonic waves by [990fm|. Other waves with periods of 10 min to 25 min (and even longer periods
in interplume regions) were found by [00Ban1, 01Ban].

The Mg IX line pair at 70.6 nm and 75.0 nm resulted in an electron temperature near 8 x 10° K
between polar plumes and even lower values inside plumes [98Wil2]. A Differential Emission
Measure (DEM) (cf., [05Lan]) analysis of polar plume peaked at 7.8 x 105 K. A plume in an
equatorial CH had very similar temperatures [03Del], but somewhat higher values of ~ 1.0 MK
have been reported by [99You]. Plumes are, however, not seen in Fe X1I at a formation temperature
of 1.4 MK [00Fel]. An increase with height was observed, e.g. by [06Wil].

4.1.1.5.2.6 The equatorial corona, coronal loops, and the slow solar wind

Coronal loops are defining the magnetically-closed corona. There is little temperature variation
along the loops [99Len], and filamentation seems to be of importance to maintain a rather constant
temperature [00Rea].

Plasma flows in coronal loops were first observed by [78Fou]. Short-lived siphon flows with
speeds of 120 km s~! in loops have been seen by [06Doy]. Loops with constant cross-sections are
much more typical than those with wider cross section at the top, where temperatures have values
of = 4 MK, cf., [96Kan]. QS coronal loops with heights of 700 Mm can survive for days. Since
the electron density greatly decreases between the base and the top, differential settling of the
elements will occur, and iron is by a factor of two to three less abundant relative to neon or silicon
at 1.5 Rg than near the photosphere [97Ray, 99Fel].

An isothermal electron temperature of 1.3 MK in the equatorial streamer plasma between
1.05 Ry and 1.5 Rg was found by [97Ray, 99Fel, 00Parl, 02War]. Closer to the limb, an increase
of more than 1 x 10° K was measured starting near 1.1 MK. The quiet equatorial corona at low
altitudes is cooler (= 1 MK) than the corona at mid-latitudes (=~ 1.5 MK). Near the equator
high-density (n. ~ 5 x 10° cm™3) TR plasma and low-density (n. ~ 2 x 10% cm™3) coronal
plasmas are present at the same height of 5 Mm [02Will]. The iron lines Fe1X to Fe Xv observed
in streamers yielded higher temperatures during the solar maximum (A7 = 0.8 MK) than under
minimum conditions [02Fol]. A quiescent streamer has been studied in detail by [06Uzz], including
its elemental abundance. The composition of the solar atmosphere is strongly influenced by the
First Ionization Potential (FIP) effect, cf., e.g. [98Fel, 07Fel]. Compared to the photosphere (cf.,
Sect. 4.1.1.4 ”Solar photosphere and chromosphere”, see also Fig. 3 of Sect. 4.1.2.1), elements with
a FIP bias of less that 10 eV are overabundant in the corona by a factor of about four relative
to high-FIP elements, but large variations can occur. A spectrum of the equatorial corona from
50 nm to 161 nm has been observed by [i].

Relatively little is known about the slow solar wind that is originating from closed magnetic
regions. Small coronal features tracked by [97She] in the slow solar wind indicate a source at 3 Rg
and an acceleration of ~ 4 m s™! to a speed of 300 km s~! near 25 R,. The outflow providing
the mass flux for the slow solar wind starts near the boundaries of closed and open magnetic field
regions [97Hab, 97Woo, 02Str, 05Ant].
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