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Summary: Chromospheres and coronae are hot shell-like layers around stars which
are characterized by strong Ha, Call, UV, IR and X-ray emission and by large spa-
tial inhomogeneity. Chromospheres of late-type stars have a unique physics, where
optically thick radiation fields with departures from thermodynamic equilibrium,
strong magnetic fields, mechanical heating and mass flows dominate. In this short
overview first the characteristic NLTE thermodynamics of chromospheres is dis-
cussed. Then the observational evidence for magnetic fields and their relation to
the chromospheric emission activity of the sun and of stars (e.g. the magnetic
field- radiative emission-, the rotation-activity-, the flux-flux- correlations, the two
component theory, the upper and lower limits of chromospheric emission and the
Wilson-Bappu effect) is summarized. A third unique feature of chromospheres and
coronae is that they need persistent mechanical heating. Proposed heating mecha-
nisms and in particular recent advances in acoustic heating are outlined. Finally the
role of chromospheres and coronae in the generation of eruptive flows is discussed.

1. Introduction
Ground based and satellite observations have shown that probably all stars with
the possible exception of A-stars have shells or regions in their outer atmosphere in
which the temperature is much higher than the photospheric value. These chromo-
spheric and coronal layers show a unique physics, distinctively different from the
underlying photosphere and the overlying interstellar medium, which for late-type
stars is characterized by four essential ingredients: 1. large departures from local
thermodynamic equilibrium (NLTE) occur in the presence of optically deep radia-
tion fields, 2. strong magnetic fields are present, 3. the energy balance is dominated
by mechanical heating and 4. eruptive-type mass flows which can lead to stellar
mass-loss are present. In the photosphere departures from LTE, magnetic fields
(except in concentrated field areas like sunspots) and mechanical heating are not
important, and one has only convective type flows. The interstellar medium has a
NLTE thermodynamics with optically thin radiation fields, weak magnetic fields,
no need of a persistent mechanical heating and exhibits different gas flows.

The physics of late-type chromospheres and coronae is also distinctively different
from that of similar layers or regions in early-type stars which is dominated by in-
tense radiation fields. The outer atmosphere of early-type stars is characterized by
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a NLTE thermodynamics, strong radiatively driven winds and by localized heating
due to radiatively amplified acoustic shock waves. In Section 2 the NLTE thermo-
dynamics of chromospheres and coronae is outlined, Section 3 deals with the solar
and stellar magnetic fields and their relation with the chromospheric and coronal
emission activity. Section 4 reviews the heating mechanisms and discusses why
heating is necessary, while Section 5 describes mass flows generated in the chromo-
spheres and coronae. The conclusions are presented in Section 6. Chromospheric
phenomena have been reviewed recently by Linsky (1988), Hammer (1987) as well
as Jordan and Linsky (1987), see also Linsky (1980) and Ulmschneider (1979).

2. Chromospheric NLTE thermodynamics
A characteristic property which is unique to chromospheres is encountered when
one tries to construct empirical chromosphere models. Detailed models of the chro-
mospheric temperature structure in the solar network and supergranulation cell
interior are derived from UV continuum observations obtained from the Skylab
space station (Vernazza et al. 1981). Assuming a run of temperature versus depth
and enforcing hydrostatic equilibrium, an empirical model is constructed and the
emergent intensity as function of wavelength is simulated. This run of tempera-
ture is subsequently varied such that the theoretical intensities optimally fit the
observed intensities of the CI, SiI and HI continua. A characteristic property in
this procedure is the strong departure from thermodynamic equilibrium (NLTE).

Assume two gas elements which have the same temperature: one deep in the photo-
sphere and the other in the chromosphere (Fig. 1). Consider the energy levels and
transition rates e.g. for the CI continuum. As for typical chromospheric tempera-
tures the stimulated emission can be neglected for the UV continua, the radiative

deep photosphere c hrom os phere

Fig. 1 Radiative and collisional transitions as well as the radiation field in chro-
mospheric and deep photospheric gas elements.
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recombination rate is given by n, = nK(ni/n'K) J al t: 2~~3 exp( -hll/kT)dll and
the radiative absorption rate by Rj = nl J al t:Jlldll. Consider now the frequency
integrals in Rl and Rj. As we have the same temperature the frequency integrals
for Rl are the same, but for Rj very different in the two gas elements. This is
due to the fact that in the deep photosphere the mean intensity Jv derives from an
isotropic radiation field, while in the chromosphere only from the outwardly directed
radiation field. With the collision rates Cj = nlnen1K,Cl = nK(ni/nK)nefhK
one finds for the departure coefficient

n n* Ja 411' 2hv3 e-hll/kT dll + n nb, = _1 --K = 1hv c2 e 1K
ni n« J a1 t: Jvdll + nenlK

where starred quantities are values in local thermal equilibrium (LTE). To enforce
a balance between the radiative rates valid for statistical equilibrium, the rate Rj
must increase by overpopulating n1 = b1ni(nK/n'K) with b1 ~ 20. An added
difficulty is that JII is not a local function of height but must be computed solving
the transfer equation using the NLTE source function Sv:

(1)

2h1l3 1
SII = ~ b1ehv/kT _ 1 (2)

The characteristic chromospheric difficulty thus is a twofold one, that one needs to
iterate between Eqs. (1) and (2) and that Jv depends in a complicated way on the
entire atmospheric structure. In the transition layer and the corona the thin plasma
approximation applies, that is, radiative absorptions and return collisions can be ne-
glected and Eq. (1) becomes a simple local function b1 = J al t: 2~~3 exp( -hll/kT)
di: /nenlK while in the interstellar medium, e.g. for planetary nebulae, the inten-
sity in Eq. (1) is given by an optically thin value Jv = WBv where W is a dilution
factor and BII(Teff) the Planck function of a very hot central star. Here with very
10"': collisi?n rates one then has b1 = J a1 t: 2~~3 exp( -hv/kT)dll/ J al t:WBvdv,
which again is a local function.

The described procedure was used to derive empirical chromosphere models for dif-
ferent solar surface regions from bright network elements to dark supergranulation
cell interiors and plage areas (Vernazzza et al. 1981, Avrett 1985). In all mod-
els a rapid outward temperature increase was found with an almost discontinuous
temperature rise in the transition region. Transition layer models have been con-
structed exploiting the thin plasma approximation discussed above and deriving.
emission measures from the transition layer line fluxes (Jordan and Brown 1981,
Jordan et al.1987). This way the chromospheric temperature structure can be fol-
lowed to layers of increasing height in the lines La near 104 K, He II 304 A near
2 . 104 K, C IV 1335 A near 105 K to MgX 625 A near 2 . 106 K, the temperature
maximum of the corona.

For stars other than the sun a large number of empirical chromosphere models have
been constructed by reproducing the Call K and MgIl h-l-k line observations (see
Linsky 1980), similarly as has been described above for the solar UV continuum
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observations. These models have the same characteristic difficulty with the NLTE
thermodynamics as the continuum models, with the added problem that the line
shape and the energy balance depend sensitively on the treatment of coherence
in the line-wings (PRD). These problems are even more severe in time-dependent
chromospheric wave calculations, for a review see Ulmschneider and Muchmore
(1986). It should be pointed out that the above procedures to infer chromospheric
temperatures depend on the assumption of a smoothly varying atmosphere and
could be different if a very wavy atmosphere is assumed in which the emission
occurs predominantly at the hottest parts of the wave (see Kalkofen et al. 1984).

The solar models of Vernazza et al. can be used to infer the chromospheric radi-
ation losses which give a clue to the amount of mechanical heating necessary to
support the chromosphere. As is shown in Section 4, persistent mechanical heating
is absolutely essential to maintain both chromospheres and coronae. Vernazza et
al. on basis of the empirical models identified the H- continuum, and the Ca II,
Mg II lines as the main chromospheric emitters. They also find, that the Ha losses
are essentially balanced by radiative heating in the Balmer continuum. Recently
Anderson and Athay (1989) have improved the computation of the net radiative
cooling rate, <I>R, by including Fell line losses. For the average chromosphere, Fig.
2, adopted from their work, shows <I>R (erg cm-3 8-1) as function of height together
with the mechanical flux FM which is obtained by integrating <I>R over height. It is
seen that a mechanical flux of about 107 erg cm-2 8-1 at 400 km height is needed
and that this flux at greater height decreases proportional to the gas pressure p,
roug~ly like FM ;:::::2.5 . 109 m ;:::::9.2 . 104 p, where m is the mass column density.
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It is interesting that observations of short period (compared to the acoustic cut-off
period PA, see Eq, (7)) acoustic waves find energy fluxes of the same magnitude
(Deubner et al. 1988) and that limiting strength acoustic shock waves have the same
pressure dependence (see Section 4). Fig. 2 shows a comparison of the empirical
FM dependence with the theoretical limiting shock strength results of Eq. (8) for
waves of period P = 44, 22 s, where one has FM = 9.2·104p, 2.4·104p, respectively.

3. Magnetic fields and chromospheric activity
Since about 10 years it is known that the solar surface is a two component medium
with nonmagnetic areas where hot granulation cells come to the surface, and intense
magnetic flux tubes concentrated in the intergranular lanes where the cool material
flows back into the solar interior (Stenflo 1978, Zwaan 1978). The magnetic flux
tubes are situated mainly on the boundaries of the supergranulation cells and in
plage regions. Whether there are also flux tubes inside the supergranulation cell is
presently controversial.

From observation one finds that the chromospheric emission e.g. in the CaII H+K
line cores is strongly concentrated in the magnetic areas above the supergranulation
boundaries and plage regions. By detailed comparison of a Call K spectroheliogram
and a magnetogram of an active region complex, Schrijver et al. (1989) have newly
quantified the relation between the Ca II flux and the magnetic flux. They find

f).FCaI I = 0.6 log < fB > +4.8 (3)

where f is the filling factor, B the magnetic field strength in G, and f).FCaIJ is the
CaII excess flux in erg cm-2 S-l. Here < fB >= cp/A where cP is the measured
average magnetic flux and A the area. The excess flux is computed by subtracting
from the observed flux FCaIJ the lower limit flux FCaIJ LL which consists of a
non-magnetic photospheric radiative equilibrium contribution and a non-magnetic
chromospheric basal flux contribution attributed to the heating by acoustic waves.
For FCaIJ LL a stellar lower limit flux (see Fig. 3) was taken. This stellar lower
limit is essentially identical to the flux FCaIJ LL observed from the supergranulation
cell interior.

The X-ray and transition layer line emission, although more diffuse, also depends on
the photospheric magnetic field. Similar as for the Ca II flux a correlation between
the coronal X-ray emission flux and the magnetic flux has been inferred by Schrijver
et al. (1985), Schrijver (1987a, 1989, Fig. 2) from a comparison of active regions of
different size, quoted here after Vilhu (1987):

(4)

Fig. 3 after Rutten (1987) shows the Ca II emission flux for dwarfs (dots) and
giants (crosses) as function of colour. Note that all dwarfs of a given colour in
a vertical slice in Fig. 3 are stars of the same kind, having the same effective
temperature Teff and gravity g. It is seen that these stars can have up to a factor
of ten different Ca II emission fluxes which implies a corresponding difference in
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the magnetic flux coverage. Similar stars are thus shown to have a considerable
chromospheric emission variability. Note, however, that towards small B-V this
variability decreases markedly. Vaiana et al. (1981) show in their Fig. 5 a similar
plot of X-ray emission flux versus spectral type for main sequence stars. Here the
X-ray emission variability of three to four orders of magnitude for stars of the same
Teff and g is considerably larger.
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As shown in Fig. 4 after Rutten (1987) this chromospheric emission variability
of late-type stars is due to the different rotation rates of similar kinds of stars.
An X-ray flux-rotation relation of the same kind is shown in Fig. 5 of Pallavicini
et al. (1981). These emission-rotation correlations are attributed to the dynamo
mechanism. In the convection zones of late-type stars the dynamo mechanism leads
to a greater magnetic flux generation the faster the stars rotate. In early- type stars
there is no X-ray emission - rotation correlation but an X-ray emission - bolometric
luminosity correlation as shown by Pallavicini et al. (1981, Figs. 2 and 3). Here the
X-rays are generated in the hot regions behind strong acoustic shocks which have
been amplified by the intense radiation field. For a recent review of the rotation-
emission flux correlation and the evolution of rotation see Catalano (1989, this
volume).
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different colour intervals after Rutten (1986).

An interesting idea by Oranje and Zwaan (1985) and particularly by Schrijver
(1987b) was to separate the chromospheric emission into two components: a non-
magnetic component which is independent of rotation and only depends on Tel I
and possibly slightly on g, and a magnetic field related component which depends
on rotation. For late-type stars the heating by the nonmagnetic component leads
to a basal chromospheric emission flux which is tentatively identified as due to the
heating by acoustic shock waves. This basal flux constitutes a low background
emission observable in stars of very low rotation rate but for faster rotating stars
usually is greatly exceeded by the more energetic magnetic heating component.

The question is how to disentangle the nonmagnetic from the magnetic component,
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both for the sun and for stars? Stepien and Ulmschneider (1989) as well as Hammer
and Ulmschneider (1989, see also Hammer 1989, this volume) show that pure acous-
tic wave heating either produces very weak coronae or no coronae at all. It thus
appears that the coronal X-ray emission can only be produced by the magnetic field
related heating component and should serve as an excellent indicator for the mag-
netic chromospheric emission component. It is thus not surprising that subtracting
from the measured emission flux at a given colour the lowest observed emission flux
from stars at this colour, Schrijver (1983) found that the correlation between the
observed X-ray flux and e.g. the Ca II emission flux is considerably improved. The
improvement of the magnetic field - Ca II flux correlation by subtracting a lower
limit flux FCaJI LL has already been discussed above.

The idea, that in the heating of chromospheres two components, a basal nonmag-
netic, probably acoustic component and a magnetic, rotation dependent component
are at work, can explain several other observations. We have already seen that for
vanishing rotation only the nonmagnetic component survives which leads to the
basal chromospheric emission. For Ca II after adding the unavoidable photospheric
background line core and wing emission, one then finds the observed lower limit of
the Ca II emission. For Mg II where the photospheric background is very weak the
basal chromospheric emission is directly observed as lower limit flux. In the C IV
and X-ray emission, arising in the transition layer and the corona, respectively, the
observed lower limits are detection limits as shown by Schrijver (1987b).

Consider in Fig. 3 the low variability of the F-stars (see also Fig. 1 of Walter and
Schrijver 1987). The theoretical acoustic energy generation computations of Bohn
(1984) shown in Fig. 5 exhibit a strong increase towards higher Teff. Although this
calculation has been criticized, the general result, that earlier type stars as well as
giants have more acoustic energy generation is not affected. This is a consequence
of the fact that the acoustic energy generation depends on a high power of the
convective velocity u. In fairly efficient convection zones one has aT;1f ~ pu3, that
is, the total stellar flux is carried mainly by the convective flux. As the convective
velocity of stars is greatest near the surface where the densities are lowest, the
acoustic energy generation is large only in the surface layers. Consequently acoustic
energy generation does not depend on the depth of the stellar convection zone.
Despite the fact that F-stars have shallow convection zones, the fact that in these
stars Tel I is largest, before the convection zones disappear towards earlier spectral
type, ensures that F-stars have the largest amount of acoustic energy production.
Going towards earlier type stars, one thus adds an increasingly stronger acoustic
heating component to a given variable magnetic heating component, which results
in a reduced variability of the total emission.

By the same token as seen in Fig. 5, the acoustic energy generation increases when
going from dwarfs to giants, because the density in the atmospheres of giant stars
is much smaller than in dwarfs, and thus requires larger convective velocities to
transport the same total flux aT;ff' From this one would expect a higher basal
flux limit for giants than for dwarfs. Actually observations show the opposite, that
the dwarfs appear to have a slightly higher basal flux limit than the giants (Schrijver
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et al. 1989). U1mschneider (1988, 1989) has shown that this can be explained by
greater radiation damping of the acoustic waves in the giants and by the limiting
shock strength behaviour of the acoustic waves, which leads to a lower limiting
acoustic flux due to the lower gas pressure in giant star atmospheres.

Red giant stars, due to their low rotation rate resulting from angular momentum
conservation during the large evolutionary increase in radius and from angular mo-
mentum loss by massive stellar winds, are another class of stars, where the two
component chromospheric heating theory can be tested. Midde1koop (1982, Fig.
4a-c) showed that the chromospheric emission variability decreases very much to-
ward late spectral type and there becomes a low basal emission. The same was
found by Judge (1989) who studied late-type giants with peculiar chemical abun-
dances. These are highly evolved stars in their red giant and AGB evolutionary
state. Judge finds that these late M- and C-stars (the latter after correction for
the Mg II circumstellar shell absorption) all fall on the same emission versus Tef!
relation and do not show a chromospheric emission variability, consistent with the
fact that in these stars only the nonmagnetic acoustic heating component seems to
be present.

If one now considers the other extreme, the very quickly rotating stars, it is found
that these stars approach an upper limit of the chromospheric emission. In Fig. 6
after Vilhu (1987) it is seen that this limit (dashed) is populated by different types
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Fig. 6 Upper limit of the chromospheric emission flux FMgII versus colour after
Vilhu {1987}.

of binaries where, the fast stellar rotation is apparently produced by tidal interac-
tion between the binary stars. From the chromospheric emission - magnetic flux
correlation it is clear that there must be a saturation, where the surface of the
star is nearly completely filled by magnetic fields, that is, where the filling factor
of the magnetic field is nearly one. This is supported by X-ray observation which
also show a distinctive upper limit for rapidly rotating stars. Vilhu (1987, Fig. 5)
showed that this X-ray flux agrees well with the solar relation found by Schrijver
given above (Eq. 4) for a filling factor f = 1 and a field strength B = 2000 G.

It is interesting that Fig. 6 shows stars with Mg II emission larger than the upper
limit. These stars are T-Tau stars where the emission comes from the innermost
part of an accretion disk around these young stars. Here the energy which balances
the chromospheric radiation losses is derived from mass accretion and not from the
stellar convection zone inside the star. Note that the naked T-Tau stars, which
apparently have lost their accretion disk, fall again on the upper limit for rapidly
rotating stars.

Another interesting chromospheric effect is the well known Wilson-Bappu effect.
Wilson and Bappu (1957) discovered that there is a tight correlation between the
width of the Ca II K line emission core and the absolute visual magnitude of the
stars which extends over roughly 15 magnitudes and is nearly independent of the
emission strength of the line. A similar Wilson-Bappu relation has been found for
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the MgII kline (Elgarey 1988). Hammer (1987) has recently reviewed the discussion
on the origin of the Wilson-Bappu effect and concludes that several processes could
produce this effect and that therefore the effect appears unpredictive as far as the
heating mechanisms are concerned.

4. Mechanical heating
Stellar chromospheres and coronae are layers with persistent mechanical heating.
Let us first discuss why chromospheres and coronae constantly require mechanical
heating. Consider a chromospheric gas element. Due to the solar wind this element
will slowly move and also exchange energy with its surroundings. A powerful book-
keeping quantity for monitoring energy exchange is the entropy S [erg g-l K-1],
which in chromospheres changes mainly due to mechanical heating and radiation.
In transition layers and coronae, thermal conduction, viscous- and Joule heating as
well as other mechanisms described below are at work. From the second law of ther-
modynamics the energy equation describing the heat addition to a chromospheric
gas element can be written

pT (a: + v . yoS) = <I>M - <I>R

where p is the density, T the temperature, v the flow speed, <I>M[erg em-3 S-l] the
mechanical heating rate and <I>R the radiative cooling rate. For illustration let us
assume grey radiation, then we have <I>R = 47rK(B - J), where K is the absorption
coefficient, .B the frequency integrated Planck function and J the mean intensity.
Other expressions for <I>R are given by Ulmschneider and Muchmore (1986).

(5)

Since the chromosphere has not changed much over millions of years we can consider
it as a steady state phenomenon and have as/at = O. The entropy gradient can
be approximated by dS/dx = g/T, valid for an isothermal atmosphere. For the
heating due to the potential energy flux one then gets pTv . yoS = pvg ::::::8 .
10-7 erg em-3 S-l. Here p::::::4.10-11 g/em3 and v::::::0.75 em/ s, were used for the
middle chromosphere. Compared with the value <I>R :::::: 0.3 found by Anderson and
Athay (1989) (see Fig. 2), the left hand side of Eq. (5) can thus be safely neglected
and there remains a balance between mechanical heating and radiative cooling.

Let us suppose for a moment that there is no mechanical heating. Then radiative
equilibrium prevails, and one has in the grey case B = J. With B = aT4/7r and
J = taT;ff/7r, where the factor 1/2 takes into account that there is only outgoing
radiation, one finds T4 ~ tT:ff or T ~ 0.8Teff. This is the well known result
that grey radiative equilibrium atmospheres have a boundary temperature with
T < Tej i: From the empirical chromospheric and coronal temperature distributions
of Section 1 with T > > Tej j it is thus clear that mechanical heating is absolutely
essential and that in Eq. (5) one can neglect the radiative heating term 47rKJ,
and has a balance of mechanical heating and radiative cooling, <I>M = 47r KB. The
heating moreover must be constantly applied, because if it were switched off, then
the chromosphere would rapidly cool down to the boundary temperature at a time
scale of the radiative damping time trad = pev/(16KaT3) ::::::200 s. Here Cv is
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the specific heat at constant volume. For the corona one finds trad = pCvT /(7 .
1O-17T-1n2) ~ 4.3.103 S ~ 1 h for the radiative damping alone, while thermal
conduction decreases this time further. Here we have assumed the thin plasma
approximation with T ~ 2.5 . 106 K and n ~ 2 . 109 cm -3.

The mechanisms which have been proposed to heat the chromosphere and corona
have recently been summarized by Narain and Ulmschneider (1989). Tab. 1 gives
a list of these mechanisms.

mechanism dissipation

current heating

shock dissipation
shock dissipation
Landau damping
mode-coupling
resonant heating
turbulent heating
Landau damping
phase mixing"
resonant absorption *
Joule heating
reconnect ion
turbulent heating

acoustic waves
slow-mode mhd waves
fast-mode mhd waves
Alfven waves

Table 1 Chromospheric and coronal heating mechanisms and their mode oj dissi-
pation. Dissipation modes labeled * depend on transverse Aljven speed variations.

We first discuss the acoustic heating mechanism. Here acoustic waves generated
in the stellar surface convection zone run down the steep density gradient of the
outer stellar atmosphere and, due to energy conservation, grow to large amplitude
and form shocks. Acoustic wave heating is due to shock dissipation, while direct
viscous and thermal conductive heating is unimportant. There are two effects which
severely influence the behaviour of acoustic waves. First, the acoustic wave energy
flux is strongly affected by radiation damping, when the wave propagates through
the radiation damping zone, which in the sun extends to heights of about 200 km,
but for other stars can be much more extended (Ulmschneider 1988). Second, it is
a persistent result of time-dependent acoustic wave calculations that acoustic shock
waves, once formed, tend to quickly reach limiting shock strength.

This behaviour, where the wave amplitude becomes essentially constant with height,
and independent from the initial amplitude, results from the balance of shock dissi-
pation which decreases the wave amplitude and amplitude growth which is caused
by the steep density gradient (Ulmschneider 1970, Cuntz and Ulmschneider 1988,
Ulmschneider 1989). In an isothermal atmosphere the limiting shock strength is
given by (Ulmschneider 1970)

MLim = 1+ 19 P
s 4cs

(6)
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where, = 5/3 is the ratio of specific heats, cs(Teff) the sound speed and P the
wave period. After the calculations of Bohn (1984) the acoustic wave spectrum
generated by the turbulent motions in the stellar convection zone extends from
the acoustic cut-off period PA roughly 1.5 decades to shorter wave periods with a
maximum near PA/10. This maximum shifts towards PA/5 and longerwards for
late type dwarf stars. Thus acoustic waves typically have wave periods of

P = ~ PA = ~ 47rcs
10 10 ,g

From Eqs. (6) and (7) one has Miim = 1.3,1.6 for P = PA/10,PA/5, respectively.
Note that this result is roughly valid for all late-type stars, independent of gravity
and Teff. Consequently the velocity-, temperature- and pressure amplitudes of
limiting acoustic shock waves are also roughly the same for all late-type stars.
With v ~ 2cs(Jvliim -1)/(, + 1)~ 0.23cs one finds

(7)

(8)

for P = PA/10, or ru: ~9.2.104 p for P = PA/5. These limiting acoustic wave
fluxes, which are roughly valid for all late-type stars, have been plotted in Fig. 2.

Slow-mode mhd waves in homogeneous fields and longitudinal mhd tube waves in
magnetic flux tubes, in situations where the Alfven speed, VA > cs, are essentially
acoustic waves propagating along the magnetic field (Herbold et al. 1985). They
very likely are an important heating mechanism for the lower and middle chromo-
sphere (see Ulmschneider 1986). In addition to the direct generation of these waves
in the convection zone they are also generated in the chromosphere and corona from
transverse or torsional Alfven waves by mode-coupling. Like acoustic waves, they
heat by shock dissipation. From the acoustic nature of these waves it is clear that
they suffer radiation damping and show the limiting shock strength behaviour (Her-
bold et al. 1985), when they travel along magnetic flux tubes with slowly varying
cross- section (e.g. tubes where the field has fully spread over the available space).

Fast-mode mhd waves due to the strongly increasing Alfven speed in the upper
chromosphere are thought to be strongly refracted away from the high chromosphere
and thus do not form shocks. However, the generation by mode-coupling of these
waves in the corona, their property to refract away from regions of high Alfven
speed and to dissipate by Landau damping could be important for the explanation
of coronal loops with cool cores (Habbal et al. 1979).

Transverse and torsional Alfven waves are pure shear waves and to first order do not
show temperature or density fluctuations. Consequently they do not suffer from
radiation damping. They are also not easily dissipated in the chromosphere by
simple Joule heating, viscous- or ion-neutral collisional heating. As they are thought
to be efficiently generated in the convection zone (Ulmschneider 1986), these waves
should carry a considerable energy into the upper chromosphere, corona and the
solar wind (Withbroe 1988). A surprising number of more complex, nonlinear
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processes, some of which derived from heating experiments in plasma fusion, have
been proposed to dissipate Alfven waves (Tab. 1). Yet most ofthese very promising
dissipation mechanisms have presently not been investigated enough to give detailed
predictions in specific chromospheric or coronal loop situations. Only order of
magni tude estimates are presently available for most mechanisms showing their
viability (see Narain, and Ulmschneider 1989).

Mode-coupling is an efficient and very general method by which mhd waves in the
complex coronal magnetic field geometry generate other types of mhd waves. Fig.
7 from Ulmschneider et al. (1989, see also Zahringer and Ulmschneider 1987) is
an illustrative example. Here a thin, vertically directed solar magnetic flux tube
has been excited at the bottom by purely transverse shaking. The restoring forces
are due to the tension of the magnetic field and are directed towards the center of
curvature of the magnetic field distorted by the wave (c.f. Fig. 7). The curvature
forces can be divided into vertical and horizontal components of which the horizon-
tal components drive the pure transverse Alfven wave and the vertical components
lead to compression and expansion of the gas in the flux tube, that is, generate a lon-
gitudinal tube wave. It is easy to visualize related situations where mode-coupling
should occur: bent magnetic loops (Wentzel 1974) or magnetic loops. meeting ad-
jacent magnetic fields must lead to deformations of the gas columns or sheets and
thus give rise to acoustic-type waves which subsequently are easily dissipated by
shocks.
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Resonant heating lives from the reflection of Alfven waves at the foot points of a
coronal loop which is very analogous to the situation in an electric resonant circuit
(Ionson 1984). From a wide spectrum of Alfven waves generated in the convection
zone, similarly to an electric circuit, only those waves which are in a narrow band
around the resonant frequency get absorbed.

Turbulent heating possibly is a very promising method for the dissipation of Alfven
wave energy but also for the magnetic energy stored at much slower time scales
(see current heating below). Here the magnetic field perturbations in the closed
or open coronal flux tubes are supposed to be dissipated by turbulence developing
perpendicular to the tube axis. Dahlburg et al. (1988) have recently performed
three-dimensional time- dependent numerical simulations in a vertical coronal gas
column, which show this effect and the ensuing formation of current sheets where
reconnection takes place and vortex structures where viscous dissipation occurs.

Phase-mixing and resonant absorption are processes which live from a transverse
Alfven speed gradient of the coronal flux tube. After coherent transverse shaking at
the foot point of the tube, the transverse Alfven speed variation leads to a variation
of the phase speed (phase-mixing) in adjacent field lines resulting in the build-up of
transverse magnetic field gradients which results in current sheets and reconnective
heating (Heyvaerts and Priest 1983). Resonant absorption occurs, when at a certain
magnetic field line the Alfven speed matches the phase speed of the Alfvenic surface
wave which travels in the loop boundary region where there is a transverse Alfven
speed variation. In a narrow layer around the resonant field line considerable energy
dissipation occurs (Ionson 1978). Resonant absorption should not be confused with
resonant heating discussed above, which is due the constructive interference from
waves reflected at the photospheric foot points of a coronal loop. While resonant
heating occurs only in loops, resonant absorption also occurs in open structures. In
realistic situations loop resonances and resonant absorption occur simultaneously
as has been shown by Grossmann and Smith (1988), who studied the resonant
absorption of a photospheric spectrum of Alfven waves in coronal loops.

Slow photospheric footpoint motions with timescales much longer than the loop
transit times cales can store large amounts of magnetic energy in coronal loops
which is thought to be dissipated by currents flowing along the magnetic field. In
addition these motions lead to interweaving and winding magnetic field filaments
(Van Ballegooijen 1986). In both cases the currents are unsteady and associated
with reconnection and turbulent heating as discussed above. It is widely assumed
that the current heating processes correspond to micro- and nanoflare events (see
Section 5).

5. Mass flows
The fourth essential characteristic of chromospheres and coronae is that they are
layers where mass flows and mass loss originate. A well known mass flow phe-
nomenon on the sun are the spicules (Beckers 1972). Observed mainly on the solar
limb, spicules are jets of cool plasma with temperatures of Tap ~ 1.5.104 K protrud-
ing into the hot corona, which rise with velocities of vap ~ 20 kmj s. The lifetime of
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spicules is about 1/2 hr. Athay and Holtzer (1982) estimated that with a density of
nsp ~ 6.1010 cm-3 and an area filling factor of Asp ~ 0.01 a particle flux density of
Fsp = nspvspAsp ~ 1.2.1015 cm-2 S-1 of cool spicular material enters the corona.
This is about a factor 100 more than the particle flux density of the solar wind
of Fwind = 1.4.1013 cm-2 s-l, which shows that most of the spicular mass must
return to the sun. The question is how. As there is little doubt that the spicular
flow is along magnetic loops, the question is whether the spicular flow goes up one
leg of the loop and comes down the other leg, as is proposed by the so called siphon
flow models, or whether it comes down the same leg as is supposed by the eruptive
flow models. In any case the spicular material is rapidly heated and comes down
as gas of transition layer temperature.

Systematic downflows with velocities of v ~ 4 -17 km/ s have been observed in UV
lines by Doschek et al. (1976), Brueckner (1981), Gebbie et al. (1981) and Feldman
et al. (1982) particularly in the transition layer line C IV at temperatures of T ~
105 K. Athay and Holtzer (1982) assuming a downflow velocity of Vd! ~ 4 km/s,
a particle density nd! ~ 6.109 cm-3 and an area filling factor of Ad! ~ 0.45, find
a particle flux density of Fd! = nd!vdfAd! ~ 1.1 . 1015 cm-2 S-1 in the downflows
which agrees well with the spicular mass flow. The observation of double neutral
lines in C IV dopplergrams moreover shows that the eruption model appears to be
the correct picture with siphon flows occurring only occasionally (Athay et al. 1983,
Athay 1987).

Mass flows do not depend on collimating magnetic fields, but as a result of a stochas-
tic production of acoustic energy, can also occur in nonmagnetic situations over cer-
tain areas of the stellar surface. Cuntz (1987) describes episodic mass loss events in
late-type giant stars which are caused by the nonlinear interaction of a stochastic
field of acoustic shock waves. Fig. 8 shows how a slightly faster shock of small
amplitude from a spectrum of acoustic shock waves catches up with the shock
propagating in front and thereby strengthens to a larger shock. The now even more
quickly moving shock eats up more shocks in front and eventually by cannibalizing
a large number of shocks grows to large amplitude which leads to episodic mass
loss.

Two different types of flows called turbulent events and high velocity jets have been
observed by Brueckner and Bartoe (1983) in the corona above the quiet sun. Tur-
bulent events are confined to small areas « 1500 km) and have average lifetimes
of 40 s. The average energy of a turbulent event is 7· 1023 erg. With 753 events
per sec one has a heating flux of 9.103 erg cm-2 s-1 for the whole sun in turbu-
lent events. High-velocity jets have moving material with velocities (~ 400 km/s)
exceeding the sound speed (~ 120 km / s) and are confined to areas < 3000 km. A
single jet with an energy of 3 . 1026 erg carries a mass of 3 . 1011 g to an altitude
of 4000 - 16000 km and has a maximum lifetime of 80 s. With 24 jets per second
one finds a heating flux of 1 . 105 erg cm-2 s-1 over the whole sun.

Parker (1983, 1986, 1988) suggests that the turbulent events and high velocity jets
are only the tip of the iceberg ofa large number of events which are associated with
the heating of the corona by reconnective dissipation at many small current sheets

16



T(J~1 logp(dynem-2)r-----~~--~--------~~
1.4.3 10'S
Ib
\p

40 t: Os
la

20 \p
'-. / c • '.'

e..... .....~ .

o

-20

I {
I

'-_ I
. '---..<~t/

T /~'\/ ---------_
~1/---- ..-~ P

-- .•._-------

'0
r---~~------~--~--~~40
1=10.8 100S
ld

\ p u /:....

" c.' I.....:.> ~ /
u /

I
T/
/
I

----f-- pT ,/ ----------............----------

o
•........

20

- 20

-40 '- :---- ---~-----.
o -8r-----~~--------~--~~r-~--~~--~~------~~40 4

hl'.110'S
If

\~,
o

/
/

---______ T //
---- -- ,/

VA_-""_T ;.,..",c ••• p-----
-20

-40
'--~ ~ __ ~~ __ ~ ___J 0 -8

2 3 , 1

Eulerian height (10" em)
2 3

30

-6

o

20 -2

-4
10

o -8

30

4

2

o

20 -2

-4

10
-6

30

-6

2

o

20 -2

-4

Fig. 8 Shock overtaking for a spectrum of acoustic shock waves in late-type giant
star atmospheres after Cuntz (1987).

which are formed all the time as tangential discontinuities between interweaving
and winding magnetic filaments. The individual reconnect ion events are called
nanofiares. From SiIV and OIV emission line fluctuations and using an estimate of
the heating flux of 1 . 107 erg cm-2 s-l for active regions by Withbroe and Noyes
(1977), Parker estimates that there are about 8.106 nanofiares per see over the whole
sun with powers of 1023 erq]» each and a lifetime of 20 s. The largest nanoflares
reach the powers 1027 er q]» of micro flares and produce the isolated turbulent events
and high velocity jets observed by Brueckner and Bartoe (1983). Parker suggests
that the observed X-ray corona is simply the superposition of a very large number
of nanoflares.

In addition to the above discussed individual small scale or intermittent flows the
chromospheres and coronae are the seat of systematic large scale persistent stellar
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wind flows which emerge from the open magnetic field configurations in coronal
holes. These winds in solar-like stars are thermally driven, that is, the escape
speed is close to the sound speed of the high-temperature coronae. For non-solar
late-type giant stars, Alfven wave driven winds are important. Even for the sun
the momentum deposition due to Alfven waves at distances greater than 15R0
(Withbroe 1988) is necessary to explain the observed interplanetary solar wind
speed. For a review of late-type stellar winds see Dupree (1986) and Hammer
(1989, this volume).

6. Conclusions
We have seen that chromospheres and coronae are layers with a unique physics.
The uniqueness is due to their basic energetic support by mechanical heating, to
the dominant influence of the magnetic fields, to their special geometry as stellar
boundary layers with an NLTE thermodynamics, and to their function as source
of eruptive type flows. Unfortunately the details of the mechanical heating are
presently not well understood. Acoustic waves appear to play a significant role in
stars of low rotation rate and as weak general background. The chromospheres and
especially the coronae of more rapidly rotating stars are dominated by magnetic
type heating: by acoustic-like slow-mode and Alfven waves as well as by unsteady
currents. Similarly, the role of the acoustic and magnetic mechanisms in driving
eruptive flows is poorly known. Here more detailed stellar and particularly high-
resolution solar observations are needed, together with more detailed theoretical
developments of the various proposed heating mechanisms.
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