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I) Introduction

This program studied the dynamics of the solar photosphere and
chromosphere. Observations obtained by the Laboratoire de Physique
Stellaire et Planetaire's ultra-violet spectrometer onboard the 050-8
spacecraft were analyzed and two papers presenting results were
published. Three reviews on different topics concerning the theory
of stellar atmospheric dynamics were presented and published. Dynamical
models of the chromosphere and the emitted resonance line spectrum were
calculated, and one article has been accepted for publication and
another is in preparation. Three contributed papers were delivered

at scientific conferences. These publications are attached.



II) Discussion

Repeated spectral scans of strong, optically thick resonance lines
formed in the solar chramosphere were analyzed for indications of oscillatory
velocities and intensities. Figure 1 displays Lyman alpha data obtaired
during one orbit, which has had data losses replaced by interpolation. These
spectra were taken away fram active regions, near the center of the disk, with
a spatial resolution of 4 x 10 arcseconds. They show only the central
absorbtion reversal and one of the adjacent emission peaks, and succeeding
scans are displaced vertically for viewing "clarity". One can see the ceo~
coronal Lyman alpha absorbtion near grating position 898 and the blue peak
near 928 (wavelength increases to the left). A slow displacement of the
profile to the left can also be seen. Figure 2 shows the average profile
for this arbit, after the correcticon for the wavelencth drift has been applied.

Among other indicators of velocity which were studied, the blue peak
is reasonably well defined, and the position of a parabola fitted by the method
of least squares was used to define it. Figure 3 shows a series of spectra
and the fitted parabolae, and Figure 4 shows the resulting variation of the
peak's position. A sine wave, whose period equals the satellite's orkital
period, has been drawn through the measurements, and the positions of data
losses indicated by arrows. The residuals are shown on Figure 5, and (apart
fram the measurement at 560 seconds where the data was fit by a parabola with
a minimum, rather than a maximum) one sees the indication of a variation with
a period near one thousand seconds. All of the Lyman alpha data had this same
characteristic oscillatory behaviour. Figure 6 presents the variation of

the intensity of the blue peak and the curvature of the peak.



After the first flush of excitement over the disccvery of this “900
secord" oscillation - for that was it: mean period -~ had passed and references
to other observations of chramospheric oscillations with similar periods were
dredged ocut of the literature, the real discovery was made that the observed
periods corresponded precisely to the beat period between the repetition rate
of the spectra (10.24. seconds) and the rotation rate of the spacecraft (10
seconds on the average, with slow drifts of several seconds). The amplitude
of the intensity fluctuation is too large to be accounted for by displacements
of the pointing axis, and it appears that it results fram a modulation of the
transmission with the period of the spacecraft rotation. Extensive additional
observations and analysis by the P.I. team havedemonstrated that the effect
does not manifest itself in the other channels of the spectrameter, and the
intermittency of the effect and its lack of correlation with the operational
mode of the IPSP instrument suggests that it arises from another camponent
of the spacecraft. Efforts to identify and correct for the modulaticn have
been unsuccessful to date. X

More positive results using statistical methods are contained in
attachments B, C, and D.

A major effort of this program was devoted to the dynamical modeling of
the solar chramosphere with the dual goals of improving our understanding of
1) the dynamical processes themselves and 2) spectral line formation in the
dynamic chramosphere. As these lines provide the principal diagnostic tool
for chromospheric measurements, the calculation of the diagnostics combined
with the camplete knowledge of the physical conditions giving rise to these

diagnostics gives us a means of evaluating the efficacy (and veracity) of

the measurement techniques. The cambination of hydrodynamics and radiative



transfer in this way offers same exciting new insights into the behaviour of
the Sun as we see briefly below. The results of this work will be published
in two papers in collaboration with R.F. Stein of Michigan State University
and P. Gouttebroze of LPSP.

A one dimensional, non-linear dynamical model of the solar atmosphere
fram 1.6 megameters below the visible surface to 3 megameters above was
excited fram below by pulses or oscillations in a series of calculations
performed at LPSP. Figure 7 shows the velocity (solid lines) and pressure
(dotted lines) at a number of different altitudes as a function of time for
a typical calculation. The important points to note are the standing wave
{pressure and velocity 90° out of phase) formed in the lower atmosphere (the
zero of altitude corresponds to the visible surface) and the less regular,
shorter period, standing wave formed in the chramosphere (1200 to 2000
kilameters). The photospheric oscillation is the well known "300 second”
oscillation, and the chramospheric oscillation is the - slightly iess - well
known "200 second” oscillation. Variation of the structure of the chramosphere
and the amplitude of the motions has shown that the chromospheric oscillation
results fram a trapped, interfering wave - much as the 300 second oscillation
does - rather than fram a ringing at the cut-off for propagating acoustic
waves, as had been previously thought.

Figure 8 shows a series of magnesium resonance line profiles calculated
for a dynamical model similar to those in Figure 7. A rather low amplitude
motion was studied so that differences fram the better understood, static line
profiles would not be too great for an initial study. Displacements and intensity
fluctuations of the emission peaks as well as of the central absorption reversal

are evident. Figure 9 shows the variation of intensity at different wavelengths



as a function of time. The photospheric 300 second oscillation daminates
further than 0.5 Angstrams from line center, while closer to the center the
200 second oscillation daminates. The intensity variations of the emission
peaks as well as the displacements of the central absorbtion stand out clearly.
The intensity fluctuation at each wavelength has been expressed as a fractional
change about the mean at that wavelength, and the fluctuation at each wavelength
has been narmalised to unity. The fractional fluctuation at each wavelength
is indicated at the right. 1In the blue peak, the intensity varies by over a
factor of two, even for this model with its relatively low chramospheric
velocities.

Figures 10 and 11 show the results of fitting parabolae to the maxima
and minima of the profiles. The central absorbtion is referred to as K3
and the emission peaks as K2 (violet and red). Because of the standing wave
character of the dynamics, the perturbations remain in phase through a large
range of heights in the chramosphere, and thus the two emission peaks are
of equal intensity nearly simultaneocusly with the maximumcf K3, and the zero
crossing of the velocity. The very high vertical phase velocities result in
diagnosed velocities which are remarkably close to those at the heights of
formation of the spectral features. Perceptible differences in the phase of
the three diagnosed velccities are nonetheless apparent.

The contribution to the emergent intensity as a function of altitude
is shown in Figure 12, as a function of time, for a wavelength justly slightly
to the blue of line center, within the central absorbtion feature. The variation
in altitude of the emitting region results primarily fram the motion of the
matter up and down during the oscillation. Figure 13 plots the same contribution

functions against the average height of the matter, so that the abscissa is



just the mass depth transformed to read in kilameters. The emission arises
from essentially the same material independently of the time. One should
note that only a very, very small range of altitudes contributes. The
behaviour at the blue emission peak is slightly more surprising (Figure 14).
Reasonably large variations of the altitude of the emitting material occur,
which results fram the doppler shifts of the absorption profile with very
rapid wavelength dependence. Figure 15 shows another projection of the same

information. The depth above which 0.1, 0.2, 0.3 ... 0.9 of the emission arises
is plotted for the same wavelength as Figure 12, as a function of time. The

variations of the thickness as well as the altitude of the emitting regionare
striking.

Finally, Figure 1€ shows the contribution functions on the flanks of the
emission peak where a dramatic alternation of the emitting material by over
1000 kilameters occurs. This is but the beginning of the understanding of
this great wealth of information which pramises to not only increase our
knowledge of the formation of spectral lines and their use as diagnostics, but
also to enable us to make testable predictions on the bases of various
hypotheses concerning stellar atamspheric dynamics.

This work would not have been possible without the generous collaboration
of the staff of the laloratoire de Physique Stellaire et Plandtaire. Access
to the data, even after it had been taken, was possible only as a result of a
tremendous effort on their part. The non-linear, hydrodynamic calculations
and the radiative transfer calculations were carried out on the CDT 7600
canputer of the Centre National d'Etudes Spatiale. The data analysis
and analysis of the results of tt dynamical ard transfer calculations were
carried out within the Space Astronamy Group of IMSC and profited greatly
fram their expertise. Finally, I wish to thank NASA for its support of this

research program.
-6~
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Attacnment A

Published in the Proceedings of the November 1977 0SO-8 Workshop
Boulder, Colorado; pages 311~339

Theoretical Aspects of the 300 Sccond and Related Oscillations
of the Solar Atmosphere

John Leibacher
Space Astronomy Group
Lockheed Palo Alto Research Laboratory

Palo Alto, California

I. Introduction

It seems to me that only extremely rarely does our knowledge of the
behaviour of the Sun, and astronomical objects in general, advance in a nice,
clear fashion at all similar to The Scientific Method, whose virtues were
extolled back in high school physics courses. Only infrequently do real,
testable predictions emerge from hypotheses formulated te describe known,
but unexplained phenomena. Even less frequently is the physics sufficiently
simple that one effect dominates and the predictions are unambiguously confirmed.
Nonetheless, this has occurred recently in the interpretation of what for a
long time was known as "wiggly line spectra" - the spatially and temporally
resolved velocity field of the solar photesphere. It is thus with nostalgie
pleasure that 1 undertake a description of the denouement of ncarly twenty
years of research into the nature of the "five-minute' oscillation of the

solar atmosphere.

After briefly recalling what the problem was, I shall review the model
of the "five-minute" oscillation which has demonstrated this predictive
success - first, the atmospheric propertics which determine the resonant
frequencies, the variation of these frequencies with horizontal scale and the
vertical structure of the resonant motions; and second, the mechanisms which
have been proposed to drive these motions. While the detailed, numéricul
agreement between theoretical predictions of the resonant frequencies and
observation has not only confirmed the model but allowed its application as
8 diagnostic of sub-surface conditions ("solar seismology"), our idecas about

the excitation and damping mechanisms are in a much more preliminary scate,
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Then, I shall discuss the chromosph. ric concomitants of the obscrved photo-
spheric motions. (Given the input of the photospheric oscillations, what do
we expect to see in the chromesphere as a result ?) Although the mechanism
for the decrease in energy of the "five minute oscillation" Qnd the increase
in energy of tl: "three minute oscillation" appears to be understood, attempts
to model the temporal variation of optically thick lines have becn largely
unsuccessful. Although it is possible that our dynamical description is in
error, it seems clear that the proper combination of hydrodynamic models and
line formation diagnostics has nct yet been used to derive ar riate
predictiogs for comparison with observation. Finally, we ar. ~ed to
conclude that the most naive expectations of shock wave heati._, vs the solar
chromosphere and corona have not been fulfilled, and that while the observational
quest must continue - guided by more realistic theoretical predictions -

alternative heating mechanisms should be actively investigated.

II. Oscillatory Motions of the Solar Photosphere

Although the oscillatory métions of gravitationally stratified, compressible
fluids - atmospheres - have been "well understood" since the work of Lamb at the
beginning of the century, in the absence of specific problems posed by
observation, astronomers seem not to have considered the consequences of the
existence of such hypothetical motions. While Biermann and Schwarzschild had
conje -ured that ruaning waves generated in the convection zone could trans-
port the energy required to account for departures from radiative equilibrium
in the outer layers of the solar atmosphere, it was assumed that these waves
would span a broad spectrum of tewporal and spatial scales commcnsurate with
the "turbulent” convective motions thought to be responsible for gencrating
them. When Leighton actually measured the time variation of the velocity at
a point on the Sun, he found much to everyone's apparent surprisc that instead
of being a more or less random function, the velocity oscillated quite
regularly with a period ncar five minutes. What is so special about five
minutes? How does the Sun go about selecting just this one narrow range of
periods?
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It turas out, embarrassingly enough, that there are a lot of ways t;&
do it - none so much as suspected before Leighton's observations directed
attention to the problem - and within a decade half a dozen distinctly
different, but "credible" models for the five minute oscillation emerged,
(The f{nterested reader is referr:d to reviews by Michalitsanos(1973) ahd Stein
and Leibacher(1974)). Within the last two years observations have been obtained
(Deubner, 1975) and corroborated (Rhodes, Ulrich and Simon, 1977) which
confirm predictions made on the basis of one of these models, and thus in the
current order of things this model has been elevated to the status of
"astrophysical truth" - not to be confused with "astrophysical accuracy."”

Let me quilitatively describe the important aspects of this model.

The "truth" is that acoustic waves with periods greater thaan 200 seconds
will be trapped within a limited region, some tens of megameters thick, just
below the visible surface of the Sun where they couple to the t.ermal and
dynamic state maintained by the outward convective transport of the solar flux.
These trapped waves drive non-propagating, evanescent waves seen in the visible
atmosphere. To describe *his phenom=non, it behooves us to think a little
about acoustic waves.

A change in the density of a gas, brought about by pushing on one end
of it for example, generally causes a change in the pressure through the
conservation of energy Since the pressure {s just the internal energy densit.,
compressing the gas increases the pressure. Since the pressure has not
increased everywhere, only on the side where we pushed, a pressure gradient
now exists which will in turn acceleratc the gas towards the low pressure.
This acceleration compresses the low pressure gas and we've gone around the
loop and start once again: a density increase (via the conservation of energy)
causes a pressure increase, a pressure gradient (via the conservation of
momentum) causes an acceleration, an accelcration (via kinematics) causes
a displacement, a differential uisplacement (via conservation of mass) causes
8 density increase. This compressional disturbance is propagated by the
internal random, thermal motions of the particles at a speed ~ /KI/m, which
is referred to as the speed of sound.



Ia fact, in an iafinite,isoth-rnal, homogencous gas, the sound speed
represents the only characteristic dimensional quantity, and it is just the
signal propagation speed for small disturbances. If we look at a plane
’ttallél sound wave, the vave crests move at the sound speed. along thcrdircction
& propagation, and hence they must wmove faster than the sound speed along ary
other direction. (It's worth drawing a little sketch.) For example on a
plane nearly perpendicular to the direction of propagation, the crests will
wove sidevays at "nearly infinite" speed. The propagation spced of the crest
(or trough, or node) is often referred to as the phase velocity. Interesting
things occur at the interfate betwcern two regions of differing sound speccd
(f.e.diff .ent temperature). Waves which are ptopaginﬁ towards the region of highc
sound speed with an arbitrary period and wavelength (just the product of the
period and the sound speed) will waintain their period aud wavelength along
the interface (that is, the phase velocity along the interface is the same
on both sides of the:in;érface). But in the region of higher sound speed,
the wavelength corresponding to a given period must increase and hence the
wavelength perpendicular to the interface must increase (since the wavelenzth
parallel to the interface is fixed by continuity). This is just the same as
saying that the direction cof propagation changes, in the sense that the wave
}ropagates more n:arly parallel to the interface. VWhich is all just
e uivalent to Snell's law in optics - waves propagﬁting into a region of
decreasing index of refraction (increasing specd of light) are refracted away
from the normal. The "interesting things" happens when the temperature
increases so that the sound speed in the higher temperature region ecquals,
or excceds, the horizontal phase velocity of the incident wave. The wave
can no longer propagate perpendicular to the interface in the hot region, and
it i{s reflected ("total internal reflection™). 1In general, the wave doesn't
stop abruptly at the interface, but it's energy falls off exponentially into
the hot region. This "evanescent wave" is curious in that although at any
point the velocity varics sinusoidally in time, there is no phasc propagation
sway from the interface. The velocity rcaches a maximum ( or minimum) cvery-
vhere simultancously, so it might be more appropriate to think of the phase
velocity perpendicular to the interface as béing infinite. Furtherwore, in
contrast to the propagating wave ~here the pressure and velocity fluctuate

in phase - which is just what is requircd ‘c 2t a-punt of work to be done
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around onc cycle - the pressure and vclocity are nincty degrees out of phase,
80 that no cnergy is transmitted.

A vave propagating at some angle to the temperature stratification in the
direction of increasing temperature will eventually get to a region (temperaturc)
where the sound speed equals the horizontal phase velocity and the wave will be
turned around. It is worth noting that if we look at waves of the same
frequenty but varying.angle of propagation with respect to the temperature

"stratification, or equivalently varying horizontal wavelength if we think of

a "vertical" temporature stratification, the more nearly horizontally
propagating waves will be reflected first (&t the lowest temperature) and the
sound spped to which the waves can propagate is iust proportional to the
horizontal wavelength; or inversely proportional to the sine of the angle to
the vertical. Thus waves propagating “straight in", that is waves with infinite
horizontal wavelength, will never be reflected. The existence of such re-
flections is of intercst in that it can exclude waves from the high temperature
region (the deep interior.of the sun) and, more significantly in the present
context, in that two reflections will forwm:a cavity, or duct (an organ pipe

or cellé string) ia which interference will occur and certain frcqu¢nc{es will
be selected from a broad band excitation. For example, ore of the first
wodels for the "five minute oscillation” - proposed by F.D. Kahn but later
shown to be unacceptable on several points - was based upon the trapping of

sound waves npear the temperature minimum by the higher temperatures above and
below.

Other "interesting things' happen to sound waves when they propagate
in a reglon of changing density - such as occurs in the prescnce of a gravi-
tational field, but which would also occur if the mecan molccular weight were
stratified for example. If this "atmosphere" were displaced upwards or down-
wards "slowly"”, then sound waves would run back and forth, and after they damp out
and the atmosphere would return to its stratified equilibrium. That is all
well and good, but what is "slowly"? Whercas the isothermal gas we considered
above had only a characteristic velocit  associated with it, the density
stratification introduces a characteristic length - the scale height. If we
move the atmosphere periodically up and down with a period sufficicntly long



so that a small density fluctuation would travel many (“many" turns out to
equal 47) scale heights in one period, then the atmosphcre more or less stays
together and moves up and down in phase. However, if we jiggle the atmosphere
up and down very rapidly - more rapidly than the atmosphere éan respond -
then waves zip on up at the sound speed. Since the sound speed rcemains constant,
these waves propagate without reflection. However, since the atmospheric
density varies, the velocity amplitude must vary iaversely to maintain the
constant flux of energy (pvzc, where ¢ is the velocity of sound). Thus waves
propagating upwards, into less dense gaé will increase in amplitude as a'%.

As the period increases to that at which the atmospherc can respond in phase -
the cut-off period for propagation - the encrgy propagation velocity dccreases
to zero and the wavelength increases to infinity. For periods slightly longer
than the cut-off, the atmospheric fluctuations vary exponentially rather than

sinusoidally with height, and these waves are again referred to as “evanescent."

If the gas is stratified gravitationally, the scale hcight is inverscly
proportional to the temperature, so the time for a density disturbance to
propagatc a scale height is just proportional to T/'T or /T. Oncc again,
the ptopag;tion characteristics change with a change in temperature so
that when a wave propagates into a cooler part of the atrmesphere - with
a smaller scale height - waves of sufficiently long period will no longer
propagate, that is they will be reflected. Thus a sound wave propagcting
into a region of continuingly decreasing temperature will eventually reach
a region where its period times the sound specd equals 4~ timcs the density
scale height, at which point energy will be propagated no further. II sounZ
waves covering a range of pcriods propagate into a region of decreasin
temperature, the longest pericd waves will be reflected first a:ié the short
period high frequency waves will propagate down to low temperatures (small
scale height). Combining this bchaviour with the reflection that occurs
at high temperature (when the sound speed equals the horizontal phasc speed)
we see (I hope) that in an atmosphere there exists a range of temperatures
within which a given acoustic mode (specificd pair of period and horizontal
wavelength ) may propagate. Whereas we have already seen how a cavity capable
of trapping acoustic waves is formed at the temperaturc minimum, we now have

discovered that there exist additional cavities in the rising temperature



regions above and below the temperature minimum. In fact, the second model
for the "five minute oscillations" - proposcd by Bahng and Schwarzschild but
alas, also shown to be unacceptable on several points = suggested that waves

trapped in the chromosheric temperature rise could account for the observations.

There followed many other descriptions; some using running acoustic
unves,others buoyancy waves trapped in the tempcraturc minimum; before the
‘mportance of acoustic waves trapped in the temperature rise towards the
solar interior was pointed out by R. Ulrich and indcpendently by Bob Stein
and myself. As simple as this description now secems, it took an cmbarrassingly
long time to arrive at it. In my own case, 1 was considering a very different
aspect of the problem and was extremely annoyed that the model developed
beautiful five minute oscillations long beforc it had a chance to develop wnat
1 wanted to study. After a lot of hard work trying to make the oscillations
go avay, I conceded defeat and accepted what the model was trying to tell us.
Ulrich recounts a similar serendipitous experience, having originallyx thought
that the "overstability", or growing amplittde of the oscillatioans was a
aumerical difficulty of his computer program. But I am getting zhead of the
story. Let us consider in a little more detail the propertics of the sub-

photospheric cevity, before discussing how these trapped waves are excited.

For any given wave mode (period and horizental wavelenmgth), in a propagating
region, there exists two waves corresponding to upward and downward propagation.
1f a reflection exists somewhere, then the wave propagating away from the
reflection is just the wave propagating towards it, but turned around. Of
course, the wavc experiences a phase chance at the reflection. This would
be the situation in a semi-infinite uniform gas with a wall at onc end, for
example. If we introduce a second reflection the situation becomes much more
intersting. Consider an excitation opcrating within the cavity; a diaphragm
woving up and down for example. For an arbitrary periodic excitation, the
waves reflected back to the excitation will arrive somewhat out of phase
with it and will impede the excitor. Thus the gas may be moving upward at
the diaphragm while the diaphragm is trying to push thc gas back down. Not
s very efficient way to transfer energy, I hope we all can agree. For certain

periods of excitatiun, however, the reflected wave will arrive back at the



driving cxactly in phase with it and the excitor can put more cnergy into

the gas and the wave will grow in amplitude. That is, the gas would be toving
‘with the diaphragm. A slightly more concrete analogy, would be trying to push
a child on a swing. If you don't push in phase with his swinging, it dcesa't
work very well. These resonant modes, often rcferred to as "normal modes™,
are of interest to us here just because of their resonant response to broad
band excitation. That is, while waves spanning a broad range of periods ...l
borizontal wavenumbers will be trapp~’ in the sub-photospheric cavity, these
resonant nmodes should be prefercntially excited to large anpli:hdes.

In geoeral, a cavity formed by two reflections will have many resonant
modes, that is many wavelengths that caa satisfy the requiremer: that after
two reflections they arrive back at the "starting point"™ in phase. For example,
the cello string has as resonant modes all of those sine waves wihich go to
zero at both ends. Thus the longest wavelength, resonant mode consists of
a half cycle of a sine wave, but 1, 1%, 2, 24,..... cycles will aliso resonate.
Thus each successively higher order resonant mode has an additional zero
crossing along its lengcﬁ. Since the reflections at the end are indpendent
of the wavelength (ideally), this cavity possesses an infinite number of
resonant modes. In addition, for this simple system, the waveleagth and the
period of a wave motion are lincarly related so that thesc resonances have
a simple harmonic rclationship bectween the periods. Such systems, for which
vaves of all periods propagate at the same spced are said to be "dispersionless™,
a packet of enzrgy consisting of a range of wavelengths docs not disperse as
it propagates. As we have seen above, the propagation speud and refleciiva of
acoustic waves in the solar atmosphere depend both upon the period and the
horizontal wavelength. Hence they are dispersive. Thus while vertically
propagating waves with periods of 300 and 400 sccounds will be reflected down-
ward just bclow the visible surface because the scale height gets too short,
200 sccond waves will just propagate into the visible atmospherc and 100
second waves will propagate right past the temperature minimum and on up
fato the chromosphere. So in fact, the cavity does not exist for thesc short
period waves. Purely vertically propagating waves will go all the way in to
the center of the sua without being reflected, so the cavity will be extremely
thick for them, while waves propagating very obliquely will be reflected
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back upwards beforc they have penctrated very decply. Iﬁx)‘ngﬁgjgé?
At a fixed horizontal wavelecagth, the longest vertical wavelength

which resonates has the longest period, and higher harmonics have shorter
periods. Since the downward reflection no longer exists for sufficiently
short period waves, only a finite number of resonant modes exist below the
solar surface - in contrast to the situation for the cello string. In addition,
while for the nice, uniform cello string all of the higher order resonant modes
had the wave energy distributed more or less uniformly along the string which,
of course, has the same leangth for all of the harmonics, in the subphotospheric
cavity the lower order resonant modes propagate more ncarly horizontally than
the higher order ones and thus they propagate in a more limited range of
depths in the solar convection zone than the higher order (shorter vertical
vavelength, shorter period) resonant modes. Of course the resonance will
exist for other horizontal wavelengths, for which - because of the dependence
of the vertical wavelength on the horizontal wavelength and the period -
the resonant period will be different. The ensemble of resonant modes with
the same number of vertical wavelengths trapped in the cavity is often referred
to as a "vertical mode” and the number of zero crossing of the pressure
fluctuation - for example - used as an index. The longest vertical wavelength
wode - which has no zero crossings - is ralled the "fumdamental'. For a given
vertical mode, longer horizontal wavelengths penetrate dceper ia the solar
convection zone to higher temperatures; thus the cavity is meore extended,
the vertical wavelength longer and hence the period longer. The precise
functional depcndence of the period upon the horizontal wavelength results
from the detailed mathematical formulation, however the qualitative relationship
can be arrived at quite simply. At any temperature in the atmosphere, the
characteristic period - the acoustic cut-off period - is just proportional
to the squarc root of the temperature, while the characteristic length - the
scale height - is proportional to the temperature. Thus in an atmosphere
with a more or less smoothly varying temperature, by kceping the ratio of
the period to the characteristic period and horizontal wavelength to the
characteristic length constant, that is since



P ~ /1

then

P~ /A,

the resonant modes with the same number of vertical modes all "look the same",
with the longer period, long horizontal wavelength ones just being shifted to
higher temperatures - deeper in the convection zone. This square root depeadence
is, in fact, precisely the analytic result for an atmosphere consisting of

a linear temperature increase, and it obtains as the large herizontal wavelength
limit for the more camplicated temperature distribution in the solar sub-
photospheric cavity.

Figure 1 displays the low order resonant modes calculatcd analyvtically
for a wmodel solar atmosphere consisting of an isothcrmal temperature minimun
of 600d°K, 1.5 Mn thick, between a linear rise of 100°/ km into the "corona"
and a rise of 10° / km into the interior. (It is gencrally more convenient
for theory and analysis to proceed using the Fourier transforms of the real
variables, so reciprocal pericds (frequencies) and reciprocal wavelengths
(vavenumbers) are most commonly used.) Acoustic waves can propagate above
the shaded band. The fundamcntal wmode is evanescent everywhere, and it lies
very close to the compressionless waves for which the divergence of the
velocity vanishes. "Internal gravity" waves - corresponding to the buoyancy
restoring force - exist in the lower shaded region, and the first three
internal gravity wave modcs are shown. Note the square root dependence of
the frequency on the horizontal wavenumber for small wavenumbers. The
observed oscillations correspond to horizoatal wavenumbers of the order of
several tenths of a Mm.l. and the higher horizontal wavenumber behaviour -
vhere the modal curves are open upward, rather than downward - which corresponds
to a constant number of vertical wavelengths in the temperature minimum-

region-has not been observed. The S - shaped bends in the higher harmonics
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occur as the mode crosscs a line corresponding to the same number of vertical
wavelengths in the isothermal temperature minimum as a lower order mode. The
detailed vertical variation of the energy density in the resonant modes is
unfortunately not so amenable to a simple qualitative discussion. But it

is interesting to note that while for horizontal wavelengths greater than 4=
times the scale height at the temperature minimum the oscillatory energy

of the fundamental mode is concentrated in the sub-photospheric cavity, for
smaller horizontal wavelengths the energy concentrates in the chromospheric
cavity - as suggested by Bahng and Schwarzschild. Furthermore, the maximum
smplitude of the higher order modes alternates from the convection zone to

the chromosphere from mode to mode.

Numerical calculations with temperature and density distributions given
by realistic solar models have been carried out by Ando and Osaki (1973,
1977) and Ulrich and Rhodes (1977). Both groups draw attention to modes
which are trapped in the chromosphere with a period near 240 seconds. As
mentioned above, analytic studies predict a whole series of such chromospharic
modes. Deubner has found some observational evidence suggesting the possible
existence of power at this frequency. However, quiie frankly, it would be
somewhat surprising were this mode to cxist because of the large amplitude
of the motion at chromospheric heights. 7That is, the wave will significantly
distort the resonating cavity. The least that one might expect is that the
modes with different horizontal wavelengths, instead of being completely
independent, would have their phases locked together. As we shall sce below,
the currently discussed excitation mechanisms all operate below the visible
surface and hence the excitation of the chromospheric mode is not expected
to be favored. However, it should be pointed out that for comparable amplitudes
near the visible solar surface, the chromospheric mode should be much more
visible in the chromosphere than the normal modes with their maximum in the
sub=-photospheric cavity. While the astounding coincidence with observations
served to establish the sub-photospheric cavity model, more recently small
remaining differences betwecen observation and theory have been exploited as
diagnostics of the thermal structure of the hydrogen convection zone. It
may be that no plausible choice of a mixing length would be capable of
prccisely matching the observations, thereby vitiating the mixing length

treatment of coavection. The different depth distribution of the cnergy in
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the differeant modes appears to be capable of providing a diagnostic of the
variation of the solar rotation rate with depth (Dcubner, Ulrich and Rhodes,
in preparation).

While in what has been said up to now, any horizontal wavelength was
as good as another; along a model curve, for every wavelength there corresponded
a period. tIf » however, the oscillations last for a very "long" time, where
now "long" is understood to be of the order of t'.c timec for the phase to
propagate around the.citcumference of the Sun; then even though there are
no reflections, the wave can interfere with itself after going all ol the
way around and once again only those modes with wavelengths which end up in
phase with themselves will resonate. The necessary observational resolution
to resolve the horizontal modes is not impossible to imagine, and the existence
or non-existence of this secondary modal structure should be an exciting
diagnostic of the lifetime of the modes. In any case, there are several
hundred thou;and modes which contribute to the observed "five-minute'
oscillation! .

While the fact that the observed structure of the "five minute" oscillations
coincides so impressively with the normal modes of the sub-photospheric cavity
gives us confidence in the appropriateness of the model, I haven't given
the reader any reason to suppose that there is any means of putting energy into
these modes; or in the lingo of the trade, to "excite" them. (Just because
unicorns could exist, one is not compelled to assume that they do.) As often
seems to be the case, there exist a plethora of mechanisms available and the
problem seems to be more choosing amongst them. The different mechanisms
differ not only in their dependence upon the period and horizontal wavelength
of the mode, but also in their dependence on the structure of the atmosphere.
Thus for other stellar types the relative importance of the diffcrent mechanisms
will almost certainly change.

Two fundamentally different ways of putting energy into a wave, or
oscillatory motion exist: {nternally or extcrnally, via the energy equation
or via the momentum cquation. By pushing on the gas in a cavity - mechanically
through a diaphragm; as discussed above, or via some other motion in the

atmospherec - at one of its resonant frequencieé.thc gas will be excited to an
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oscillation at the amplitude specificd by the pushing ("driving" is the more
commonly uscd lingo). The sound wave could exist at any amplitude in this
formulation, the non-linearitics having bcen neglected. Thus if a resonant
mode was oscillating away at some amplitude and the driving was turned on at
a8 lower amplitude, the driving would reduce the oscillation amplitude and thus
would really be dissipation. Lighthill has formulated this approach in
connection with the generation of sound waves by the turbulence in the exhaust
from jet engines, and it has bcen used in astrophysics - primarily by Stein -
to evaluate the flux of sound waves emitted by the "turbulent™ flow in the
hydrogen convection zone. "Turbulent flow" is the buzz word used to descrive
the velocities responsible for carrying the convective flux of energy - as
specified by the mixing length treatment of coavection. Given a characteristic
velocity, which depends upon an assumed numerical and functional form for the
mixing length, a turbulent spectrum of temporal and spatial scales is assumed.
Unfortunately, the emitted flux is very sensitive to all of these assumptions.
This flux is primarily at very short periods (less than 100 seconds) which

are not trapped. Although these high frequency waves do not contribute to

the "five-minute' oscillation, they may well be important in the heating of
the lower solar chromosphere. Recently Goldreich and Keeley (1977) and

Keeley (1977) have considered the same mechanism for the longer period,
resonant modes and they find that although the turbulence acts primarily to
dissipate the radial modes, it is capable of exciting the non-radial modes

to amplitudes comparable with observation. This mechanism arises primarily

in the upper parts of the convection zone where the convective velocitics

and the associated dynamical effects rise rapidly before falling to zero in
the convectively stable rliotosphere. While this pushing acts on the wave
through sources which appear in the momentum equation, periodic addition of
internal energy has also bcen suggested as a means of exciting the resonant

modes.

As the temperature and density of the gas vary throughout the oscillation,
the interaction of the gas with the wean atmosphere will also vary. Depending
upon the phase between the cnergy transfer and the temperature fluctuation, the
effect will increase or decrease the amplitude of the wave. For example, if

heat is lost when the gas is hot and gained when the gas is cold, the oscillatior
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will be damped. By reducing the encrgy density when it is high we reduce the
restoring force of the compresibility and hence the energy of the wave has
been reduced. If on the other hand, the gas could be made to absorb more encrgy
wvhen £t\was hot and léss encrgy when it was cool, the amplitude of the wave
would iﬁcteasc. This occurs quite generally for any thermodynamic cycle:

heat absorbed during the hot part of the cycle adds to the energy of the
oscillator, heat added during the cool part of the cycle reduccsithe cﬁetgy.
When the energy added is proportional to the amplitudc - often called a "linear
instability" - the amplitude will grow exponentially in time. An oscillator
whose amplitude increases exponentially in time is said to be "overstabie"

or “vibrafionally unstable'. The amplitude will continue to increase until
some process whose importance depends non-linearly on the amplitude grows to
dominate - a parabola, or higher order polynomial, starts rising from zero

more slowly than any straight line but eventually will exceed it. These non-
linearities may occur in the excitation or in the dissipation process. If

the amplitude of the wave in the driving region becomes large, over part of

the cycle the cxcitation may change to dissipation. Thus any further increase
in the ampiitude would increase the dissipation more rapidly than it increcased
the excitation and thus the growth of the oscillation would cease. This
limitation is often réferred to as a '"saturation' of the excitation. Leakage
from the cavity may also limit the amplitude. The sound waves penectrate
slightly through the temperature minimum region and will be dissipated at
greater heights. This dissipation increases rapidly in its cfficiency with
increasing amplitude; so that were nothing else occuring, the wave amplitude woul
increase until the energy dissipated above the temperature minimum just esqualed

the energy put into the wave by the overstability.

Such overstabilities have been invoked for years to account for the Cepheid
pulsation phenomenon. Although scveral cffccts are intimately combined, the
increasing opacity with increasing temperature (at constant density) which
prevails in the hydrogen and helium ionization zoncs of stecllar cnvelopes
takes energy from the outward thermal flux and transforms it to acoustic waves.
Rather than controlling the deposition of energy into the wave, the opacity
mechanism regulates the escape of energy through the wave; and, following
Eddington, this distinction between periodic injecction and periodic damming up
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of a continuous flux {s referred to as the "Eddington Value". This fluctuating
opacity mechanism is often referred to as the "X mechanism" in distinction to
the contribution made by the fluctuation in the internal energy brought about
by the fluctuating ratio of specific heats - the "} mechanism". At temperatures
above the maximum of ionization, further into the intefior, the situation
reverses and increasing temperature leads to a decreasing opacity, and thus
fluctuations deep in the stellar interior are damped. Since the driving
“changes sign" at high temperatures, as the temperature fluctuation in an
orcillation grows with amplitude,eventually the driving will saturate and the
amplitude will be limited. Resonant modes with large amplitudes in the damping
region will not be excited, while those with large amplitudes in the outer
regions, where hydrogen and helium are ionizing, will be excited. Thus, along
a modal curve for-say-the first harmonic, since longer horizontal wavelength
modes will resonate deeper in the interior they will grow less rapidly in
time than shorter horizontal wavelength modes; and very long horizontal
wavelength modes will most probably not be overstable. However, Provost (1973)
has cautioned against such "intuitive" reasoning. Ando and Osaki (1975, 1977)
have done extensive calculations of the variation of the growth rate with
horizontal wavenumber for the different modes.

While this overstability arises in the outer region of the solar convection,
zone, near the depths where the "Lighthill mechanism" is effective, the thermal
rather than dynamical coupling to the mean atmosphere should uncouple the
relative importance of these two mechanisms in other stars. Ando (197v)

has calculated growth rates of the overstability in other stars.

Another physically distinct overstability, suggested long ago by Cowling,
revived by Spiecgel and discussed recently in detail by Graff (1976), derives
energy from the super-adiaba.ic temperature gradient maintained oy convecti:n.
Because the mean atmospheric temperature gradicnt is greater than
that of the displaced gas in the sound wave, any dissipative mechanism - such as
radiative transfer - will add heat when the fluctuation is displaced towards
the interior; that is,compresscd and heated; and remove it during the other
half cycle. (This type of mechanism has also been suggested to generate MHD
waves, particularly in connection with the problem of cooling sunspots.

A recent article by Cowling (1977) is of interest here.) It appears that for
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the Sun, the K mechanism contributes much more than this “Cowling - Spicgel"
to the overstability of acouscic modes in the sub=photospheric cavity.

Because of the tremendous cfficiency of convection in the_Sun, the actual
temperature gradient exceeds the adiabatic gradient by less than a part in a
thousand throughout almost the entire convection zone. It is only in the outer
scale height or two that substantially super-adiabatic gradients exist, and
thus only a relatively small mass is available to participate in the driving.
However, in other stars where convection may be less efficient and extended

super-adiabatic zones present, this mechanism may contribute.

In concluding this section, let me repeat that the theoretical "action”
in the necar future appears to focus on the generation of these resonant modes
whose existence has been established. To evaluate the amplitudes attained
by the overstabilities for comparison with obscrvation and to evaluate the
energy loss by dissipation, a much more difficult non-linear problem must B¢
attacked. 1ln addition, having established a new paradigm, new obsecrvations
must continue to test it. In particular, the interaction of a magnetic field,
be it in a sunspot, an active region, or in the quiet sun network, with the
resonant modes is of great interest. The observations repofted on at this
meeting by Livingston (see also Giovanelli, Livingston and Harvey, 197§)

provide an excellent stimulus for this undertaking.
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II. Chromospheric Dynamics CH?I{%53L<RAGH?

One of the principe. progréms of the pointed iastruments onboard 0S0-8
has been the observation of velocity and intensity fluctuation ficlds through-
out the solar chromosphere and th~ transition to the solar corona. These
fluctuating fields are of interest not only as phenomena in their own right
but also because of their relation to the mechanical energy transport which
has been speculated tp be responsible for the heating of the chromosphere
and corona. Because spatial inhomogeneities are known to be much greater
in the chromosphere than in the photosphere and the effect of magnetic fields
more important, we may anticip-te that several processes may simultancously
contribute to the chromospheric dynamics and that the isolation and identi-
fication of the phenomenon may prove more difficult. Thus humbled, it
bghooves us to examine the apparent consequences for the chromosphere of
the model of resonant modes trapped in the sub-photospheric cavity. We shall
show that the ‘requencies which cannot propagate near the temperature minimum
and ace trapped in the convection znne, propagate once again in the higher
temperaturc chromosphere. 1In addition, waves at the cut-off period are generated
near’ the temperature minimum and these plav an important role in the chromos-
phere. Finally , even for resonant oscillat ions with .mp’itudes smaller than
those observed ncar the visible surface, the chromospheric amplitudes are
sufficiently larce that non-linecar eff..:ts become i—portant. These effccts
will be illustrated by the results of numerical calculation: of the one Jimension:

-

response of the chromosphere.

The resonant modes trapped in the subephotospheric cavity occur because
wvaves of the frequencies of these modes cannot propagate it Lhe temperature
wminimum where the scale height becomes too small. An evanescent, exponentially
varying wave extends into the photosphere and the energy density decreusces
upwards towards the chromosphere. Although the encrgy density decreases,
the velocity amplitude actually increases upwards, just not rapidly cnough
to overcome the effect of the rapidly decrecasing density. Although the velocity
becomes large, it is very difficult for these evancscent waves, with pressure
and velocity out of phasc, to dissipate, and they certainly will not form
shock waves in the normal sense of the term. At large amplitude, they presumably

couple to higher frequency waves which can propajyate and dissipate. 1f the
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low temperature region extended to infinty, the reflection would be perfect.
Nowever, after appfoui-ntely seQﬁnteen pressure scale heights, the temperature
rises and the resonant mode frequancies can once sgain propagatc. If the
amplitudes were very small; a resonant cavity similar to that in the hydrogen
ecoavection zone would exist - as-discussed above - and the two cavitics would
be coupled by the evansccent waves in between. As we shall see below, the
waves are sufficieantly strong to distort the high temperature reflection
region of the chromospheric éavity and the chromospheric resonance is
destroyed. Thus somevhat higher thar 2 megameters above the visible surfa

the five minute oscillation will start propagating once again, but the
smplitude of these modes is now quite large and as soon as they can propagate,
they start to dissipate their energy. i

Another process, whose existence might not have been anticipated from the
modal analysis, seems to be of greater importance however. Lamb ~ who I
fnd_ated earlier discovered practically all of the basic physics of atmospheres
over fity years ago - showed that when an isothermal atmospherc is subiected
to a pulse of energy, a wake remains after the pulsc,oscillating at the
acoustic cut-off period. This is about 200 seconds for the solar temperature
minimum region. Like the evansecent waves, this cut-off period wave transmits
very little energy, and the pressure and velocity fluctuations are nearly
ninety degrees out of phase. In contrast with the evanesceat wave, the eaergy
density does not decrcase with altitude in the atmosphere. This wave appcars
to be excited by the 300 second evanescent wavc in the solar photosphere, with
which ft enjoys a resonance - in that after two 300 second periods, three
200 second periods have e.apsed. This is illustrated in Figure 2 where the
non-linear response of a plane parallel solar atmosphere to a pdlsc started
1.6 megamcters below the visible surface has been followed for 1400 seconds.

A rigid lower boundary was raiscd about a kilomocter in 50 seconds, so that the
maximum upwarc velocity of the impulse was 0.05 km/scc. The resulting 300
second oscillation is rather wcak oanly 0.1 km/secc at the surface. In contrast
to the 300 second oscillation . at negative altitudes, above the tcemperature
minimum (550 km) a very regular 200 second oscillation has been established.
Above 1000 kilameters.the velocity oscillations become significantly asymmetric

in time, and the pressure pulses narrow so that by 2400 kilometers the pulse
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is only about twenty perceat of the pcriod. High in the chromosphere, the
pressure aore than doubles in these short pulscs, so that the atmosphere is
blasted upwards and then aearly free falls back dowa uatil the descent is
srrested by the next upward blast. As low down in the chromosphere as 1800
km, the particle excursions are of the order of 600 km, that is to say several
scale heights. Thus even for this rclatively low amplitude sub-photospheric,
resonant mode, there remains no semblance of a mean, equilibrium chrozasphere.
Another resonant mode, of infinitesimal amplitude, could no longer interact

vith aa equilibrium atmosphere, but rather it would scc drastic time changes.

Attempis have been made to understand the temporal evolution of strong
chromospheric lines such as the calcium K resonance line (Heasley (i9753),
Cram (1976)) and the hydrogen Lyman & line (Kneer and Nakagawa, 1976)
by calculating line profiles from the chrc :osphere as a puise, like the one
vhich initiates the wotions in Figure 2, propagates upwards. Durrant,
Grossman-Doerth and Kneer (1976) have argued that such an isolated puls:
with pressure and velocity in phase, is not capable of reproducing the
observed profile changes. 1In fact, one sees that the situation following the
initial pulse is distinctly different, in that ~he pressurc and velocity
fluctuations are significantly out of phase - nearly aineky dcgrees.  Thus
in a real, dynamical atmosphere the 200 second pulses are always moving iato
an atmc phere far removed from equilibrium by the passage of the previous
pulse. Of course, there may exist other sources of pulses with no special
phase with respect to the 200 second oscillation - those gencrated by exploding
granules for example. But these too will move into an atmosphere whose time
averaged properties bear little rescmblence to the equilibrium, static
atmospherc - thece is no way that a micro-turbulent pressure is going to model
even the mean state of an atmosphere with motions greater than the scale height.
Furthermore, because of the substantial motions of the atmosphere, the velocity
at constaat mass depth - that is, measured in a Lagrangian coordinate - which
bears a closer relation to what a spectral linc will "see" than the velocity
at a constant geometrical depth, contains striking differences for the upper
chromosphere. Figure 3 displays the Lagrangian fluctuations for the same
calculation presented in Figure 2. The phase velocities are reduced high in

the chromosphere because of the outward impulses. The pulses also tead to form
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pairs, vhich is seen most clearly in* w pressure flyctuation - the first pulse
slows dovn the existing infall and tin .econd re-accclerates the material
outward. The resulting outward motion moves this mass depth away from the

next outwardly moving pressure pulse, which as a result takes an incrcased
length of time to catch up.

Although the most striking aspect of chromospheric dymamics - the deercase
of the period of oscillation from 300 to 200 seconds - is easily accouated
for within our present understanding of sub-photospheric resonant modes and
propagation in the photosphere and chromosphere, the detailed evolution of
optically thick spectral lines, which (presumably) provide us with much
improved height resolution and a better constraincd diagncstic, has not been
satisfactorily described. wWhile those who expected 050-8 td obscrve beautiful
N wave shock profiles to confirm the shock wave heating hypothesis (and deliver
them their science on a silver platter) must feel someviw disappointed, it
certainly appears at this point that the ball has merely been placed back
in the theoretician's court: it is incumbent on "us" to provide a mecaningful
expectation of the observable consequences of the "astrophrsical truth" of
the photosphere.

1II. Chromospheric and Coronal Heating

The lack of unambiguous success in identifying propagating and dissipating
shock waves in the chromosphere has certainly impeded the solution of the problen
of chromospheric and coronal hcating; but in addition to the diagnostic problem
cited above, other theorctical aspects of a self-coatained shock wave heating
model remain.to be resolved: total flux gencrated, distribution of the flux
with period and horizontal wavelength, height distribution of the dissipation
again as functions of the period and horizontal wavelength, effect of changes
in the mecan atmosphere on the generation and dissipation; to list but 2 few.

It has been argucd that the Sun is the ideal stimulus for attacking these
questions not only because of the spatial and temporal resolution which its
propinquity affords, but also because of the relative weakness of the chromos=
phere/corona phenomenon. Because only a very small fraction of the total flux

appears to be required to heat the outer atmosphere above its radiative
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equilibrium temperature, oaly very small wodifications to the conditions in

the coavection zone - or wherever else the gencration of a propagating mechanical
energy flux from a thermal flux may occur - would scem necessary. That is, the
structure in the generation region may be calculated neglecting the mechanical
flux, wvhich is then just calculated as a perturbation - it exerts no effect
back on the local, thermally coatrolled structure, such as might cxist if

very efficient wave gencration refrigerated the atmosphere. However, because
of the weakness of the phconomenon it ray well turn out that no one cffect
dominates and ve may advance our understanding by studying the outor atmuspheres
of stars with more significant dyanamical effects: cepheids or stars with wore
vigorous convection zones. Currently the situation is embarrassingly reversed;
stellar astronomers seem to be taking unfounded solar hypothesis seriously and
are applying them out of context. (See Linsky and Ayres (1977) for a :ritique).

These hypothesis have not changed significantly in receat years. Let
me just outline them for the sake of completeness. Short period (less than
100 seconds) non-resonant waves generated by turbulence ia tha coavection zone
dissipate their encrgy vy non-linear processes after propagating a shorter
distance than the longer period, nearly resonant waves essentially because
the short period waves have shorter wavelengths. Quite simply, they dea't
have to go so far in order to break. In addition to the horrible uncertainty
in the power zencrated by this mechanism mentioned earlier, the short wave-
lengths - comparable to the region over which a spectral line is formed -
have posed problems to the direct observation of these waves. Deubner (1977)
has recently interpreted waviness in the temporal power spectra of photospheric
‘oscillation at these periods as an indication of the existence of these short
wavelengths. Ulmschneider aad Kalkofen (1977) argue strongly in favor
of the importance of this short wavelength heating, while Proderie and Thomas
(1976) contest the treatrent of radiative losses, Jordon (1976) supporis
Ulmschneider's position and Cram (1977) questions the whole edifice. These
short wavelength waves would be primarily of importaace in heating the low
chromosphere, where they dissipate the remaining small fraction of their
energy not lost by radiative damping as they propagate through the photosphere.
Essentially none of their energy remains to heat the corona.
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The model of heating by dissipation of sub-photostheric resonant modes
fn the corona has also suffered the difficulty of fundamental uncertainties
in the energy generation rate. However, this appears to be in the process
of being resolved. These modes have the advantage of being directly mcasured
in the photospherc so that an observational mormalisatiom {s available.

The direct calculation of the amplitude achieved by the overstabiliiy of non-
wvertically propagating modes is a challenging problem, which unfortuvnately
has not been challeaged. Since the amplitudes in the driving region are

' very small (less than one thousardth the sound speed), the oscillations will
find it difficult to saturate the excitation mechanism. Calculation of the
limitation of the amplitudc growth by shock wave dissipation roquires the
coupled treatment of the overstability and of two dimensional shocks. While
progress may be madc using existing one dimensional shock wave computer
programs, the determination of the importance of two dimensional effects must
await development of the appropriate programs. According to Bsb Stein,

several groups are attacking this problem via different techniques.

Several uuthors have calculated the thermal structurc to be expccted
from a3 balance between shock wave heating, radiative losses and thermal
conduction using analytical expressions for the dissipation of the mechanical
flux. Because the wavelengths are long compared to the scale height, approximate
treatment of the propagation and dissipation of these waves by methods which
assume the medium to be uniform are not valid. Nonetheless, a great deal
of work and even more publi.ations are based upon this invalid treatment.
Stein and Schwartz (1972) have demonstrated the inappropriateness of applications
of the "weak shock theory”, which makes additional assumptions essentially
equivalent to assuming that the shock doesn't exist, by compariang results with
the full non-linear treatment.

In closing, it is appropriate to point out that while there remain many
theoretical aspects of the hypothesis of shock wave heating of the outer solar
atmospherc which require development before the hypothesis can be accepted
or rejected, alternative hypotheses exist which may in time prove to be more
successful in describing stcllar chromospheres and coronae. Ia particular,

very strong (greater than 1000 gauss), very small (less than an arc-sccond)
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magnetic fields are known to exist in tle super-granulation nctwork boundarics
all across the “cuiet sun™, and these wili support magactic weve mades with
generation, propagation and dissi~ation properites quite distinect £rom the
pucrcly acoustic modes described here. 7lhe work of Defmma(j9§6), Piddington
(1973), Uchida and Kaburaki (1974), Weatzel (19274)

should be consuited. 1Ir addition , ote can imajince thst these Sielas ase
capable of dissipating their energy i: eithor very sz:all fiare-liks,
"catastrophic" evenrs, or more uaifernly Lo timse - 22 give plas=a shsiciszzs
an casy probdlem for s chang:. Ia 3ay case, I hope tXas fn is zlear glac
theorezicisas have before them a wide range of euciting, reiazisely )l Sa3{0-2
problens an.) they may take heart from the recent success in the pradizgina of
the modal structure of the five afnute escillation - some proviens actaiaity

do maaaze 0 get tlieaselves soulvad!

It is a pleasure to thank Robert Stein and Pierre Gouttebroze for many
useful discussions and Lise Ouvrard for correcting the zrarmar. The non-
linear calculations were performed on the CDC 7600 of the Cenzre Yationzl de
Etudes Spatiales. This work was supported in part bv NASA contracts NiSw-3053
and NAS8-32356, and the Lockheed Indepeadent Research Program.
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Figure 1: Resonant modes for a plane parallel atmosphere with al.s meganeter
thick temperature minimum at 4000°K, a 100°/km temperature gradient above and
e IOPIkn‘gtadient below. Limits for propagating acoustic and internal zravity
waves in the temperature minimum region are shaded. The fundamental and

first three acoustic and .interpal gravity resonant modes are shown.

Figure 2: Velocity (solid lines) and relative pressure (dotted lines)
fluctuations as a function of time at various altitudes in a model solar
atmosphere. Altitude (in kilometers) is measured from a zero at 5000 = 1 in
the initial atmosphere. The energy equation is adiabatic with a constant

w= 1.4. The velocity and pressure normalisation at each altitude was chosen
to exhibit the fluctuations after the atmosphere had recovered from the

initial pulse, and points out of range have not been plotted.

Figure 3: Same as Figure 2, except the fluctuations are mezsured at constant
mass depths, corresponding (approximately) to the altitudes displayed in
Figure 2 for the initial atmnosphere.
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We haye observed sigultaneously the solar Cak (3933 A),
CaB (3969 A), Mgk (2796 A), Mgh (2803 A), and H-Lya 1216 A
solar lines with spatial, tempora] and spectral resolutions
of 1" x 10", 10 seconds and 0.02 A, over time secquences ranging
from 40 to 60 minutes,

When plotting as a functxon of time the integrated intensity
of the Mgk line (over 1.09 A), a clear quasi-pcriodic oscillation
is visible on 48 out of 50 time-sequences ; 16 of thc 48 measured
periods are shorter than 197 seconds, 16 betwecn 197 and 238
seconds, 16 greater than 238 seconds,

Within the 10 seconds resolution, the temporal ecvolutions
of the intensity of the blue cmission peak of the CaK and Mgk
lines are correlated without phase shift,

A study of thepower spectrum of the temporal evolution
of the intensity of the blue emission peak of the CaK and Mgk
linec for 12 time sequences, indicates that stiong, short
period oscillations (<200 scconds) occur over quiet areas of
the sun, such as the center of the supcrgranulation cells,
whereas weak, long period (>250 seconds) oscillations occur
over arcas with active CaK profiles. '

For 7 time scquences we have computed the average Lyman-a
profile corresponding to the "blue" and "red" phases of
the solar oscillations (i.e., for a time sequence of 300 spectra,
we add the 100 Lya profiles measured simultancously with the
100 Mgk profiles with the stronrgest blue peak, and repeat one
other Lya average corresponding to the 100 Mgk profiles with
the weakest blue peak), The resulting “blue" and "red"
Lyman a profiles have the same total intensity, the same
intensity at the emission peaks, whercas the corresponding
CakK and Mgk profiles are strongly diffcrent, The central
reversal of the average "blue" lLya profile is shifted to the
red with respect to the averapge "red” profile, indicating
that the part of the solar atmosphere where this central reversal
comes from oscillates somehow in phasce with the lower chromosphere
where the Mgk lines originaces,
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THE LPSP INSTRUMENT ON OSO &. 1I. IN-FLIGHT
PERFORMANCE AND PRELIMINARY RESULTS
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ABSTRACT

The in-flight performance for the first 18 months of operation of the rench. pointed instru-
ment on board OSO & are described. The angular and spectral resolution, the scattered light
level, and various other instrumental parameters are evaluated from the observed data and
shown 10 correspond mostly to nominal design values. The properties of the instrument are
discussed, together with their evolution with time. The distribution of the first 8363 orbits between
various observing programs is given. Preliminary results are alse deseribed. Thev include studies
of the chromospheric network, sunspots and active region.. pron nences, oscillations in the
chromosphere, chromosphere-corona transition lines, and aeronomy.

Subjecr headings: instruments — Sun: chromosp! re — Sun: prominences — Sun: spectra —
Sun: sunspots -— ultraviolet: spectra

1. INTRODUCTION

One of the major goals of solar phvsics is to under-
stand the nature, ongin, and evolution of the various
features present in the solur atm-sphere. Some, hike
the granulation, represent dynamical responses to the
convection zone. Others, like spots or the more dis-
persed magnetic flux tubes (¢.g.. network fragments),
represent symptoms of a magnetic process. Anv
advance in our understanding of such interior pro-
cesses must come from high angular and spectral
resolution observations of the line profiles of such
features.

The NASA orbiting solar satellite OSO 8, launched
on 1975 June 21, carnied in its pointed section two
instruments designed for the highest angular and
spectral resolution achieved by spacecraft to date. One
of these instruments was the responsibility of the
Laboratory for Atmospheric and Space Physics
(LASP) of the University of Colorado, the other was
that of the Laboratoire de Physique Stellaire et
Planétaire (LPSP) of the Centre National de la
Recherche Scientifique (France).

In this paper, we describe the performance achieved
in orbit and outline the main results obtained with 'ne
LPSP instrument after 18 months of successful
operation. Most of these results are in a preliminary
state. A complete description of the instrumentation
has been given in Artzner et al. (1977), hereafier
referred 10 as Paper I.

® Lockheed PPalo Alto Research Laboritory, Palo Alto, CA,

t High Altitude Odservatory, National Center for Atmos.
pheric Rescarch; and University of Colorado, Boulder The
NCAR s sponsored by the NS
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1. SUMMARY OF THE INSTRUMENT CAPABILITIES

Because of the limitations imposed by the size of the
spacecraft (although consderably large. than the
previous 0SOs), the LPSP tele .cope was a Cassegram-
tan with a duameter - . o ecm. Conmsequentiy we limnted
our observations (o ¢ most inter.: chromospheric
lines. Because the chromosphere is of imited denth,
the spectrometer was des:gned so as to simultaneously
observe sixlines:

CannH(396.9nm)and* 393.4nm);
Mg /1 (280.3nm)and & (279.6 ~m);
HiLe(121.6 am)and LB (10.5nn

A very rapid and versatile spectral scanner made it
possible to also study the lines of O vi(103.2 nm) and
Si m (120.6 nm) nearly simultareously with those
listed above and enabled us to study propagation
effects and to obtain height resolution from the upper-
photosphere 10 the lower corona. Table 1 summarives
the main characteristics of the spectrometer, which
operates with two different spectral resolutions.

Two metl .us were available 1o make specirohelio-
grams. One was by means of spacecraft rasters: two
image sizes were avzilable, 44’ x 40’ and 2:75 x 2.3
(nominal). The reaver is ,oferred 10 Paper | (Table 2)
for more details on these rasters. In adaition, the LPSP
telescope had an articulated secondary mirror which
was moved by a two-axis stepping mechanism.
Accordingly the so' 1ge could be moved step by
step. Each step wi. . .. the solar surface while the
maximum arei covered was 647 x 547,

A slit wheel mechanism, at th: focus of the tele-
scope, was used 1o select various slit sizes rar.ging
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LPSP INSTRUMENRT ON 0S5O 8 1033
TABLE }
Dency Cuanacrsnnsncs of TRE 030 § LPSP Soi-Cnannet. HiGk-RSOLUTION SPECTROMETER
R Y
Srecrral ResoLumion (nominal)
B High Mode SPECTRAL INCRUEMENT
Low Mode Maxmvun SrecTrat Rance rER GRATING STRP
Coeveraas Lrwr (o (any) (nm) Amg-? (nm) {nomunal) (nm)
Canitl .. Mo o 0020 1.8t WS 16l 39N 243 XL TR
Cauk....... AR (11153 V0020 1.52 IV .333-393 942 06y
Mgud .. . ... 0.1 0.0025 267 277.739-282 264 00021y
Mgnk....... 290 0.02 0.0025 268 277.005-281.551 0.002X0
Hile....... 1216 0.02 0.0020 49 120.569-122 291 0.00083
Hibp. ...... 1008 01} 0.0060 17.68 101 .686-103.229 000"

Nore.—Wavelength units are nanometers (am).

from1®° x 1°to1” x 40" as well as ~ = corresponding
106" x 2.

. IN-FLIGHT PERFORMANCE

Prior to launch, the instrument was submitted to
numerous tests and calibrations. the results of which
are given in Paper 1. Here we present the actua! per-
formance measured in flight.
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a) Angular Resolution

The ground tests of the telescope led us to expect
an instrumenta! profile with a full width at half-
maximum (FWHM) of 2°. Two methods have been
used to estimate the angular resolution in orbit:

i) 'mages of Limb Shape
Repeated scans of the solar limb. as observed with a
1° x 1° aperture using the internal raster mode in the

1 RELATIVE INTENS!TY

S 10 %
ANGULAR DISTANCE (REL-TIVE UNITS)

() Iternal raster scans across the funar ik an Ca K. The dots show the results one would obtain assuming the tele-

scope 10 be dilTraction limited. The triangles show the results one obtamns assuming the mstrumental profile to be that represented

on (h), the teleseope instrumental protile.
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far wings of the Ca n line, show a limb darkening with
a 507, decrease over an angular distance of 2°,

However, this method does not separate the resolu-
tion of the 1elescope from the jitter of the pointing
system. Rapid, one-dimensional scan ¢ the solar limb
as well as other mcthods allowed us to estimate the
amplitude of the rms jitter as 075,

i) Partial Solar Eclipses

On 1976 April 29 and October 23, two partial
eclipses of the Sun were visible from 0SO 8. Figure la
represents spatial scans laterally across the lunar
limb measured in relative intensity units. The actua!l
observations are compared with the results of a com-
putation assuming the 16 cm Cassegrainian telescope
to be diffraction limited, and to have an instrumental
profile as given in Figure 1b. The fit using the profile
of Figure 1b represents a good approximation. We
therefore conclude that the instrumental profile has a
FWHM of 27§ + 075.

b) Spectral Resolution
i) Le and L8 Channels

For these we take advantage of the narrow absorp-
tion line due to geocorona! hvdrogen. By applving a
method developed for the study of interstellar absorp-
tion lines (Vidal-Madjar et al. 1977), we obtain a
spectral resolution in flight of 0.002 = 0.0005 nm at
La, and 0.006 = 0.001 nm a1 L2

i) Calcium and Magnesium Channels

We compare the solar spectra obtained by our
instrument with ground based (Ca 1 channels) and
balloon- or rocket-borne observations (Mg channels).

In Figure 2 we show the full range Ca n K and
Mg 1 & spectra from OSO 8. The varauon with
wavelength of the sensitivity of the instrument has
been corrected for, and the spectra are deconvoluted
from the instrumental profile. The comparison with
the spectrum of the Kitt Peak Preliminary Solar Atlas
(Brault and Testerman 1972), which has a spectral
resolution of 0.0024 nm, shows that our resolution in
orbit 1s better than this value. In the case of the Mg u
channels, comparison with the spectra of Lemaire and
Skumanich (1973) and Kohl and Parkinson (1976)
yields a resolution of 0.0025 + 0.00025 nin. This value
1s equal to the nominal design value (cf. Table 1).

¢) Dispersion and Grating Mechanism
(Spectral Scanner) Stability

The dispersion law of the spectrometer was deter-
mined in orbit by measuring the position, in units of a
grating step, of 11 solar absorption lines of known
wavelengths in the Ca 1 and Mg n channels. For the
LB channel we used the O 1 lines at 130.48 and
130.6 nm and N 1 at 119.9 nns (which appear in the
I1th and 12th orders of diffraction).

Because of the lach of lines in the L« ¢channcl, we
deduce the dispersion law from that at LA. The absorp-
tion bine of geocoronal hydrogen provides an absolute

reference. This proved to be valuable due to the
appearznce of positioning uncertainties (& | grating
step) in the movable Le, LB exit slit mechanism. The
dispersion law was measured repeatedly to check for
long-term variations. Over | year we found tha: the
correspondence between absolute wavelength and
grating step number varied by no more than » 3 grat-
ing steps (cf. last column of Table 1).

To check the mechanism stability over one orbit,
we measured the position of the photospheric line
391.52 nm in the wings of Ca n K. Any departure
from the orbital Doppler effect could be attributed to
photospheric Doppler shifts and or changes in the
spectrometer. The result is shown on Figure 3. One
can easily recognize the 300 s phrtospheric Doppler
oscillations after removal of the orbital Doppler shift,
measured for the first time from space. The amplitude
of the residual noise on this curve amounts to
+ 30 m s~ 1. The stability of the mechanism over a full
orbit day is better than one grating step and exceeds
our design expectations. We are able to easily and
accurately measure Doppler shifts of photospheric and
chromospheric lines (see § Ve below).

d) Scattered Light Background and Dark Current

The level of scattered light in the telescope plus
spectrometer was determined from partial echipses of
the Sun. From Figure | we see that at 11" from the
lunar himb this level amounts 10 27, of the intensity
of the disk in the calcium channels. For Mg 11 it is
4%,. For La and L8 these figures become 107, and
207, respectively, which indicates that the scattered
light level may vary with wavelength, roughly as 1 A%,

No simple and unambiguous method was avaiiable
to measure separately and give an absolute vaiue for
the amount of scattered hght in the spectrometer due
to wavelengths well away and near ths wavelength of
interest.

In the case of the Ca 11 and Mg 11 channels, we could
compare the performance of our spectrometer with
those of other ground-based or rocket-borne instru-
ments. The result of this comparison appears in Table
2. where we give the ratio of intensities at Ca 1 H, and
K;, Mg /i, and k,, relative to those of the Ca 11 and
Mg 1 line wings. We notice that our performance is
excellent for the Ca 11 channels, for which these ratios
are smaller than those deduced from the Utrecht
(Minnaert, Mulders, and Houtgast 1940) and the Air
Force (Beckers, Bridges, and Gilliam 1976) atlases.
We also compare our values with those of Linsky
(1970) and of White and Suemoto (1968) who used
particularly good optical systems. The Utrecht Atlas
was used to evaluate the ratio of the H, and K,
intensitics relative to that of the continuum at 400.0 nm.
The results are:

s 0.053, s, E = 0.065, for 0SO8,
Ioono IcM\ o

while White and Suemoto (1968) find 0.071 + 0.0015
and 0.061 £ 0001, respectively, and Linsky (1970)
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TABLE 2
RATIO OF INTENSITIES AT TH.  "asimions K, H,, &,, aAND A, 7O INTENSITIES MEASURED
IN Tvc WINGS OF L. o AND Mg it LINES 15 THE OSO 8§ ChanseLs
Ko+l and
Urtrecht Atlac Air Force Atlas Parhinson
Channci Rate 0s0 § (\unnacrt 0wl 194N (Bechers or af 19780 (19
CanH....... K9S 13y IH) 0.08%3 0.085
[k BRIV (] 0077 0090 ..
CankK....... 1391 .47YHK,) 0.078 0088 0087
129385 KK,) 0.083 0.0% 0.095 ..
Mgnk....... Hkye) 2277 T3 0079 0028
NA ey 2282 O1Y 0.063 0 s
Ny 1(277.73) 0.046 [ X ind 1
Ihir) 128201 0.037 (028
Mgnk....... Nksr) 2™ T30 0048 00>
Ihe) 127773 0.03 0028+

N TE.—The results are compared with the same ratios evaluated from Solar Atlases or available published data r and r referred

10 the red and the bluc part of the lines.

® We are indebred to Dr. J Koh! for providing original records of his spectra
+ These values are probably uncertain due to the difficulty of measuring the solar intensity at k;,.

0.0409 + 0.0022 and 0.0434 + 0.001]1 for the same
rauios. Our results are intermediate between these two,
confirming the very pood performance of the Ca n
channels.

For Mg 11 we have used the spectrum of Kohl and
Parkinson for compar:ison. Excellent agreement is
obtamed in the & channei. our spectra indicating
nearly exactly the same amount of scattered hight as
in the comparison spectrum. The agreement is, how-
ever, poor in the case of the i channel. Both the hand &
lines can be observed in this channel together with the
reference wavelength at 277.73 nm, aliowing direct
comparison between the two channels. As a result, we
notice that the # channel has a much higher level of
scattered light. Tus might be the result of degraded
spectra! resolution, due to a defective adjustment of
the common coma and astigmatism corrector used in
the Mg n channels whose delicate adjustment was
optimized for the & channel.

For the La and L8 channels we have made computa-
tions using the instrumental profiles, determined by
ray tracing techniques, and the expected properties of
the baffiing inside the instrument ; and we find that the
level of scattered hight is approximately 37, of the
maximum flux in beth channcls.

Dark-current measurements were performed svste-
matically each orbit during the first year and every 2
or 3 days in the second year. The dark current was
found to be stable, with nearly no change during
IX months. The values are respectively 1.3, L1, and
0.] counts s~ for Mg 1, La, and LA. respectively.

The calcium channel dark current was typically
200 counts s ', This comparatively bad performance
v due to a leik in the enclosure system (skin).

e) Photometric Standardization

Photometric sensitivities  have  been  measured
regularly in orbit reliuvely to ther values at lannch,
Such measurements are nude every day or two with

the 1° x 107 entrance slit at disk center quiet Sun, in
the high spectral resolution mode for Ca 1 ancd Mgn
and low resolution mode for Le and L2. The numberof
counts at certarn standard wavelengths isee beiow)
measures the relatne efficiency, whose variation as a
function of ume is shown in Figure 4.

The :nterprezation of these curves may be of interest
to those who plan to utilize sinular instruments in
space. The telescope murrors, the collimator, the
grating, and all surfaces in the La. L3, and Mg 1
channels were coated at the Goddard Space Flight
Center, with Al- LiF (Bradford e al. 1969). Elaborate
precautions were taken in the storing and handling of
optics throughout the mounting and caitbration of the
instrument. In fact, a speciat 300 square meter facility
was built with air cleanliness and with temperature
carefully controlled and humidity alwavs kept below
307, (Sahvetat 1975). A loss of sensitivity such as the
one reported here is very unlikely due to a contamina-
tion 1n the instrument before the launch and should
rather be regarded as caused by the outgasung of the
spacecraft and the instrument once placed 1n the space
vacuu.n. In that case, the greater the number of reflec-
tions, the larger the degradat:on. The presence of steps
which appear at nearly the same time on all the curves
of Figure 4 is probably the signature of sudden out-
gassing periods. The significant differences noticeable
between the individui’ curves, however, are indicative
of causes of degradation proper 10 cach channel,
affecting either the mirrors, the filters, or the detectors,

The two Lyman channels show nearly the same
behavior, with the larger loss at La attributed to the
larger number of reflections an this channel (seven at
La versus five at LB). At day 540, v, I8 months
after launch, the sensitvaty at Lec and L3 was 10
and 5.10-7, respectively, of the valuc at launch.
Assuming that cach reflection is affected equally by
the contiamumation (which s certiundy a crude approse-
mation), thew numbers aindicate that cach retlection
has reached 3870 at Leoand 3775 at Lot s salue at
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day zero. Such results are not particularly dramatic
when compared with the photometric behavior of
other solar space instruments {Huber ¢r al. 1973).

However, the combined effect of outgassing and the
baking of the secondary mirror surface by a flux of
more than 1X “solar constants™ is hikely to be respon-
sible in a large proportion for the sensitivity lews, A
simulation made a few weeks prior to taunch at NASA
on Al+LiF coated samples illuminated by 17 “solar
constants” and placed in a normally outgassing
environment showed a decay in efficiency from 637,
o 587, and from 677, to 35, at Le and L2, respec-
tively, only 52 hours after pumpdown.

Obvious solutions, such as closing a shutter in front
of the telescope during the first orbits when outgassing
is high, were unfortunately not possible and would
have delaved the launch several months.

Assuming, arbitrarily. that the secondary mirror is
responsible for a loss of a factor 10 at both La and L8,
each surface would have reached an efficiency of 467,
of its value at launch. which is more or less normal.

Torally unexpected and more striking is the behavior
of the Mg and Ca channels. Although of vet unknown
origin, outgassing might also be responsible for the
degradairon observed n these channels. at least unt
day 160 when the sensitrvity reaches 1:40 and 1 20,
respectivels. of the value at launch. This corresponds
to an average loss per reflection of 487, and 557 After
day 160 the sensitivity in the 'wo Ca channels nises
again. At the same time a faster decay 1s cbserved in
the Mg channels. This peculiar behavior is attributed
1o interference phenomena. probably complementary,
in Ca and Mg within thin films of contaminant(s)
deposited on anv one of the optical surfaces. Deteriora-
tions of the interference filters which are used in all
these channels may aiso contribute. In the case of the
Mg channel it is also very likely that the detector itself
is responsible for the loss of sensitivity. This is
apparently not the case for the two Ca channels since
their sensitivity follows nearly the same variation with
time, which more likely reflects a varniation in the
optics used in common.

The overall loss of sensitivity compromised certain
aspects of the observing program. However, the
versatility of the instrument madc 1t possible to obtain
scientific data of high quality and value throughout the
mission.

J) Absolute Calibration

The calcium channels were calibrated by comparison
with the data of Linsky (1970) and Livingston and
White (1978} which represent average quiet Sun
condiions. The absolute intensity at our standard
wavelengths H,, and K_ were taken as 0.0751 and
0.0687, respectinely, 1n units of the continuum mtens:ty
at 400 nm.

For the magnesium channels we attempted to
improve Bonnet’s 1967 results (Bonnet 1968) and
designed a high spectral resolution instrument cah-
brated against a blachbody constructed by R. Pevturaux
at the Institut d'Astrophysique de Par:s. This instru-
men: was launched twice on the LASP roche!s number
21029 01 1978 July 28, and 21030 0n 1976 February 18,
but because of malfunctions in the electronics 1t did
not give reliable results. We prefer therefore to rely
on other recent measurements—e.g., those of Koh!
and Parkinson (1976). The absolute intensity at the
standard wavelengths &, and k., were taker as 8 and
6 x 10-2ergsem=-2s~isr~ em=?, respectively.

For the Lyman channels we also used the above
rocket program to carry packages consisting of § m
Ebert-Fastie spectrometers. measuring the integrated
solar disk : :zlibrate the LASP and LPSPinsiruments
separately. Unly the second fhght vielded good calibra-
tion data. The results are given 1n Table 3 and are
compared there with other measurements. The LPSP
values are somewhat high: howesver, theyv are in the
d-rection suggested by geophvsicists (Levasseur er al.
1. .%* To use these integrated intensities in Lz and L3,
we u.. Jiet Sun average profiles computed for the
whole disk (Fig. §). We have taken into account the
center-to-limb variation in an approximate way that
will ultimately be improved upon by means of entire
Sun raster-generated profiles (1.e., profiles constructed
from speciroheliogram,), when these become available
from the data tapes. The absolute flux at the standard
wavelength (core of the line) used to monitor the Le
relative sensitivity was taken to be 3 x 10'° photons
em-2s-inm-l

IV. REAL TIME OPERATION AND PROBLEMS

The various modes of operation of the instrument
have been described in Paper 1. Here we discuss the
*“real-ume’’ operation mode which allowed one, for

TABLE 3
INTEGRATED SOLAR FLUX MEASUREMENTS OBTAINED WITH CALIBRATION ROCKETS A™ La AND LB

CaUBRATION ROCKETS

1975 July 28 1976 Feb I8 1976 Fch 18 0So 5t AE'C?
Catwmrand Frux LASP® Lpese LASP® 1975 Aug 8 1975 Apr. 11
FOO2em) (10 2Wm 2412 "), .. .. 75.5 701 701 10
Flla)(ergsem 25 %) . L. 402 $46 + 20%, 4052 207, 4.28 none
F(LB) (ergscm-2s=%). .. .. .. ..... none 0.078 = 209, none none 0.050

® Rotimun 1977.
1 Vidal-Madhar 1977.
$ Phimtcregger 1970,
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the first time, to point from an orbiting observatory
with an absclute accuracy of nearly 1”. The LPSP and
LASP instruments were both operated from LASP
(Boulder, Colorado) with “resident™ LPSP scientists
and grest investigators involved in the dailv opera-
tions. . arget selection alternated dailv between LPSP
and LASP until 1976 April and then weekly. Fora more
complete description of the operations command
generation and quick-look facilities, see Jouchoux and
Hansen (1978).

a) Pointing System Problems

The pointing syste.n of the **sail** secticr of 0SO 8
uses either one of two Sun sensors (SEAS), designed
by Hughes Aircraft Company, mounted on cach instru-
ment. These devices coalign the SEAS pointing axis
with the optical axis of the associated telescope. This
corrects for drifts of the optical axis with respect to
the mechanical structure of the instruments,

Because ol an electronic problem, the SEAS on the
LPSP instrument failed afier 56 days in orbit ar. all
subsequent operations made use of the other SEAS,
Consequently thermal and other drifts between the
LPSP axis and the LASP axis had to be known. To
determine  these, we  measure  relative  posthions
(+ X, £ Y)of the solar limb (in the X- Y frame of 'he
satellite) during one orbit using images from the

interna! raster mode. We corrected for these dnfts by
programming the secondary mirror when it was neces-
sary o stay within 17 of the target.

Variations in the SEAS scale factor and zero point
(Sun-center line of sight) proved to be more trouble-
some. A weekly determination of the absolute four
positions of the solar limb 1n the A-Y frame of the
satelinne was necessary. Using such data, from space-
craft and internal rasters, an eatrapolated scale and
zero point could be found for the paruicular day of
observation. This proved to be successful, and we were
able to position targets at the very center of our field
of view, often without the need for corrections. Finally,
the repeatability of the pointing system at the limb was
found to be within 1" or 2°, but with occasional jumps
of 5.

b) Target Acquisition

Nearly 807, of the orbits under LPSP control were
dedicated 10 studies of selected targets, often as small
as a few scconds of are. This mode of observation
from an unmanned observatory involves a fairly
complex nrocedure which requires considerahic care
and dispateh from the obsersc . We illustrate thesn
Figure 6 and desenibe the acquisition of the core of a
sunspot.
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As soon as a spot is visible on either a He picture
(taken daily by NOAA/NBS in Boulder)orthe Can K
picture transmitted by telephone from Sacramento
Peak Observatory, we determine its Stonyhurst
coordinates for the time of the photograph. These
coordinates are then transformed and onented inte
the satellite spin frame of reference for the projected
time of observation. Finally the scale distortion of the
pointing system is corrected for. The instrument
commands and associated pointing commands are
generated and sent to NASA on the day before the
date of observation. During the day of observation an
internal image of the spot, 64" x 64°, is executed in
the far wings of Ca 11 or Mg n during a real-time pass
of the satellite over a ground station, These real-time
data are received by telephone via GSFConthe PDP 11
computer at Boulder, where they are subsequently
decoded and displaved as an image. Any corrections
to the position of the spot are determined from the
image and are sent by telephone to NASA who uplink
the corrections to the spacecraft. The time delay
between the real-time pass and execution of pointing
corrections can be as short as the time interval between
two successive ground station passes, namely, 14 hours,
This apparently straightforward operation is made
more diflicult because of the need to extrapolate the
scale distortion parameters and to correct for the
drifts of the line of sight already mentioned.

¢) La Modulation

The Le signal was discovered to be occasionally
modulated with an amplitude which may reach 107,
of the signal at precisely the rotation period of the
spacecraft wheel except during the first 2 minutes
after sunrise when sometimes a period distinctly shorter
than the wheel period was found.

All attempts made to detect a similar phenomenon
in the other channels have failed, suggesting that it is
not caused by a pointing problem. Indeed we have
sometimes observed osciflations in the pointing axis
with periods equal to that of the wheel rotation and an
amplitude of 075, but these affect all channels at the
same time.

The phenomenon has to be taken into account when
analyzing time series and profiles of the La line. As
described in Paper 1, the duration of every individual
measurement is the product of 0.16 s gate time by a
power of 2, and the most commonly used values are
10.24 s (64 grating steps) and 20.48s (i28 grating
steps). The period of rotation of the wheel of the
spacccraft varies from 10.7 to 9.5 s and for spectral
scans with a time base equal to or larger than 10.24 s,
the modulation induces a **beat™ of period ranging
from infinity to 131 s,

Figure 7 plots the raw data for the first moment of
the wavelength of the line versus time. A strong 800 s
period is evident, If the individual data points are
corrected for the modulation with a period equal to
that of the wheel and the first moment is recomputed,
then the arrcles in Figure 7 show that the 800y
oseitlation iy suppressed.

BONNET ET AL.
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the B00s oscillations have vamshed. Abscisa 1s uime on
seconds); ordinate 1s gratng step number.

This proves without ambiguity that the phenomenon
is purely instrumenta! and that the possibihity of s
solar origin, should be definntels disregarded.

V. PRELIMINARY RESULTS

Spacecraft (playback) data are sent bv NASA to
Boulder by telephone line and recorded there on
magnetic tapes. Mass production tapes of this data are
prepared by NASA and mailed to the Centre National
d"Etudes Spatiales (CNES) (Toulouse, France). which
is in charge of the processing and distribution of the
final data tapes to the LPSP investigators and guest
investigators, The results presented below have been
obtained mostly from playback data at Boulder.

a) Observational Program

Table 4 presents a summary of the various types of
observations that were programmed during the first
8363 orbits. No distinction is made in the table with
regard to pointing control. Orbits with problems in
either the instrument, the spacecraft, or the command
system represent only 27, of the total.

The column headings in the table describe tne modes
of operation of the instrument while the rows indicate
the scientific question or the solar featurc under study.

Orbits labeled ** Line Profiles ™ usually correspond to
spectral scans ranging from 64 to 512 grating steps
centered at either the six chromospheric lines or the
O vi line at 103.2 nm. The * Others™* columns indicate
studies in either the wings of the Ca 11 and Mg 1 lines
or the O v and Si m lines at 121.8 nm, 120.6 nm,
respectively. Other lines such as O 1, N 1, etc., were
observed in the LB channel by making use of the differ-
ent grating orders. During these orbits the satellite
wis 1 the pomted mode,
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Under *Spectroheliograms*® we classify orbits for
which most of the time is spent rastering, using either
the internal or the satellite raster mode. Morphology
and long-term variability studies of solar features were
of interest here.

During orbits labeled * Velocity Fields and Oscilla-
tions™ we spent most of the time in the pointed mode
studving rather small arcas of the disk, not more than
64" x 17, Here, speand spectral scians were made. tor
example, short-period waves (77 < 40 s) were searched
for by scanning rapidly through the line profiles using
wavelength position separated by 16 grating steps.

Under *'Transients™ are grouped orbits observed
with the fast, low-resolution satellite rasters. The short
time constant of such modes allows one to observe
rapidly propagating shocks and any other rapid
phenomena.

**Large A Scans™ represent the full scanning capa-
bility of the grating and were performed either to study
lines in the low orders of the L2 channe! or tostandard-
ize the Mg 1 and Ca n line cores with respect to their
far wings.

For most orbits, sunset and sunrise experiments were
performed in order to measure atmospheric extinction
at various wavelengths of interest (see § Ve befow),

*Chromespheric Networh Studies™ include not
only morphology and time evolution but also line
profiles for center-to-limb and cell-networkh compari-
sons. *“Limb Studie " include orbits dedicated to the
shape of the l'mb, spicules, and the verucal extension
of the solar atmosphere in various lines.

*Photometric Cahbration™ has alrcady been des-
cribed in § I11; for these orbits the satellite 1s pointed
at disk center in a quiet region.

The last five rows of Table 4 inclu . scientific as
well as instrument or satellite calibratior, orbits, Also
included are orbits devoted to echipse observations, to
studies of the geocoronal hydrogen line, and to the
search for lines such as Fe xur 121.64 nm and He 1
102.5nm.

b) Quiet Sun and Chromospheric Studies

Figure 8 (Plate 21) represents an example of our
study of the network and the quiet Sun. Such internal
raster images along with associated profiles will permit
an intercomparison of cell and network properties.

Figure 9 compares profiles obtained at the center of
a cell and i1n a network fragment. One can notice the
strong variation in intensity, particularly in M_ n &
and Le, between the two regions. This is due partly to
a decreasing line background contribution as well as
differential temperature senwitivity, The asymmetry of
Le is always much less pronounced than in the case of
Mg it hand A, presumably because of smaller velocity
gradients at the La height of formation.

Mgure 10 shows average quiet Sun profiles of La
and LA tahen with a 6” x 2° sht at divk center and near
the Iimb (50 - 0.14). Notice the two lines of Ot
130.4K and 130.59 nm in the wings of Lg (observed in
the t1th order). By the insertion into the light beam
of o Mgl Witer one can Block out all photons below

115 nm and observe only the two O 1 lines. Differenc-
ing permits one to reconstruct the L8 profile. The
result of this procedure is shown on Figure 11. The
remaining slight anomaly at grating step 150, might be
due to the HZ line of He n (102.5* nm). Center-to-
Iimbh measurements at the corresponding wavelength
show appreciable hmb brightening Investigations are
under wayv to contirm this observation,

The vartation ot the distance between peaks of the
La and LB lines from center 1o hmb v apparent
together with the variation of the ratio of the peak to
core intensities (see Table 5). The values in Table § at
n = 0.14 are close 10 those calculated by Vernazza
(1972).

One noticeable feature is the reversed intensity
asymmetry beiween the Lz and ! < shortward and
longward peaks at the disk center. In Le the short-
ward peak is generally higher than the longward peak
while the reverse holds in L8 At the limb, both La
and L2 profiles become svmmetrical. It 1s possible
that this effect may not be intninsic but is erther an
instrumenta! effect or the efTect of unresolved lines at
L. The matter 1s under study.

To study the morphology T network fragments and
their evolution in time. monochromatic images have
been obtained simulianeously n the six lines aiter-
nately with broad-band images in O vi(103.2nm) for a
number of observing sequences (Fig. 12). Prehminary
analvsis of a 20 hr sequence shows that sigmficant
evolutionary changes can occur over a 12 hr perod.
The larger size A, fragments are easily identified in the
Le+ L8 (=H Lyman)and O vi images where they do
not appear as extended as indicated by the ATM data
(Reeves 1976). This 15 supported by an analysis of the
Le brightness distribution. Applying the method of
Skumanich, Smythe, and Frazer (1975) to both the
present 0SO § sequence and ATM data, one finds a
fractional La network area of 37, and 417, respec-
tively. The ratio of mean network to mean cell bright-
ness proved to be 1.9 and 2.1, respectively. For
comparison the 0SO & Ca 1 distribution yielded a
fractional area of 277, and brightness ratio of 1.2,

¢) Quiet Chromospheric Oscillarion and Transients

We have already mentioned in § Ilic (cf. Fig. 3) our
successful detection of the 300 s oscillation of photo-
spheric lines in the wings of Ca n H and K.

TABLE §

CeNTER-TO-LiMa COMPARISONS OF THE DISTANCE BETWEEN THE

BLut AND RtD PtaNs AND OF (HE RATIO BETWEEN THE AVERAGE

PeaK INTENSITY AND THE CORE INTENSITY OF THE Lo AND LB
LiNgS

SFPARATION OF

Pt AKS (nm) Toean'foore

| AL} p=10,0=014 p=l10 pu=014
La ........ 0031 008 1.3+ 500 22
18 .. 0mT  oon 14+ 59, 1§
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The Mgt k and Ca n K lines (Fig. 13) show oscilla-
tions of ~200 s period. We parametrize the profile of
Mg n & as a difference of two Gaussians:

1) = F; exp (A 2 I-.',)?[| - A, exp (:/-;—4-3)2] R
3 J

where £, and A, represent the intensities of the emis.
sion and absorption components of the profile, respec-
tively, and 22, and A, the average wavelength position
(or **lirst moment of the wavelength ™) of the emission
and absorption components. We should point out

that no physical meaning is 10 be attached 1o this
parametrization. The time behavior of thesc various
parameters is shown on Figure 14,

The oscillation of the parameter £, or average emis-
sion position covers a range of +0.001% nm or
#2kms ! For A, or average absorption position,
this value is doubled. This clear difference might be
interpreted as the amplification, with increasing height
in the atmosphere, of a wave, if one assumes, o, usual,
that the core of Mg n & is formed at o higher altnude
than the wings. The average *bluer™ position of L,
{enission) compared to A, Gabsorption) teflects the
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fact that the average Mg u k profile in the Sun is
asvmmetric, with Ajr stronger than A,r. This is
illustrated also on Figure 15, where we see that the line
shape varies from a strongly asymmetrica! profile
(k,t > kar) to a nearly perfect symmetrical profile
(ot = kor).
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In Figure 16 we see the variation over 40 s of the

Mg n and Ca u K profiles observed simultaneously.

Mg 1 lines exhibit the same periods as the Can
lines. We have a broad set of observations which con-
tain wave trains lasting in general no longer than a few
cycles with periods ranging from 250 s down to 130s.
A search for shorter periods was undertaken, in
particular by guest observers, but noe clear evidence
has yet emerged from these investigations at this early
stage of data analysis.

The good results obtained in Mg 11 encouraged us to
search for a possible oscillation of La. The large
contribution function of the line, which tends to
smooth out the effects of any wave on the profile,
together with the low photon count in this channe!
made this observation a particularly difficult one. We
first tried to detect intensity fluctuations by integrating
the number of photons over +0.025 nm from line
ce-zer. We did not find any obvious evidence of varia-
tions, other than random. 2 result in accord with the
previous attempts made from studies of Skyiab results
(Vernazza er al. 1975).

To overcome the low photon statistics problem, we
tried to correlate the shape of La with that of Mg n &
profiles. We definitely see evidence for a correlation,
the bluer k profiles corresponding to redshifted Le
profiles. The amplitude of the shift is of the order of 2
grating steps (3 kms~?). More work is under way,
but we may state at this stage that the oscillations seen
in Mg 1 k have an influence higher in the chromo-
sphere, at the altitudes where La is formed (Artzner
eral. 1978).

Several orbits were devoted to the study of oscilla-
tions in the O 1, S1 nt, and O vi1 lines, but have not vet
been analyzed. Transient and short time phenomena
have been observed. Numerous tachograms dedicated

s

ety H

€3 - A2

n—

o € ¢ DO S00SECONDS
40
200 ® 4 [ [N
K
| I S————
%"ozssoozssooz 0 25 %0
'
(o]
(8]
% ] 't "
0 25 S00 25 S00 25 S00 25 50
GRATING STEP

Fiu. 15.—Mg n £ profiles observed at the maxima and minima of the oscillations of the line center of gravity, showing obvious
occurrence of asymmetrical blue peaked profiles at maxima and symmetric~! or shightly asymmetrical red peahed profiles st mimma
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Call K Mg Dk

Yo .
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_ Fia. 16.—~Observation of a temporal event, simultaneously
in Ca n K and Mg u £ as 1t propagates through the line profile.
Wavelengths increase to the left. Vertical scale 1s in relative
units.

to the investigation of transients and other flows in the
chromosphere have been programmed and are under
study.

d) Srudy of Sunspots and Active Regions

Sequences of high.resolution images and spectra
taken 1° apart show the evolution of spot morphology
and profiles in space and time. Umbral flashes have
been observed as well as oscillations. Nearly simul-
taneous observations of lines from the photosphere to
the transition region should allow us to study the
vertical structure of spots,

A prehiminary analysis of spacecraft rasters made
with the 1° x 10" enirance slit, and LPSP internal
rasters made with the 1” x 17, 17 x 3" entrance slit,
show *' at regions of strongly enhanced O vi 103.2 nm
emiss, . very often tend to be distributed other than
directly ahove sunspot umbrae. This is the case hoth
for some unipolar single spots as well as multipoiar
spot groups. However, we do find circumstances when
single spots show the transition region “plume”

LPSP INSTRUMENT ON 0SO §
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d‘i;ctly over the spot as reported by Fouka! er al.
(1974). '

Figure 17 shows this phenomenon, where isophotes
are represented in photospheric light, Le, and O vi.

We have also found examples of steplike changes
in the distribution of the enhanced O vi emission
(Fig. 18). If we ansume that the enhanced O viemission
1s associated with a specific magnetic tield connectivity,
then our results imply ““step”” changes in tield connec-
tivity. The general O vi emission in the active region
was found to be approximately 10 times brighter, with
strongly enhanced features approximately 100 times
brighter, than the average quiet Sun. Simulianeous
observations in Le, L8, Mg 11, and Ca n also show
the genera!l active-region enhanced emission as wel! as
strongly enhanced features. The Le and L8 features
are identical, but show systematic horizontal displace-
ment with respect to the Ca 11 and Mg 1 emission
features. Little or no correlation is found with the O vi
structures. With regard to the profiles of the resonance
lines, the self-reversal is weak or absent above regions
as shown on Figure 19. Presumrably the hine-forming
region has reduced opacity.

e) Studies of Prominences

Temporal evolution of, and velocity field in, promi-
nences were studied with consecutive monochromatic
spacecraft rasters. Figure 20 shows, at the top, Cant
images at wavelengths ranging from ~0.012nm to
+0.03 nm from line center. The main loop is clearly
visible only at line center; this is confirmed by spectra
constructed from the different monochromatic images
of the prominence which show a single emission peak
with a FWHM of 0.020 nm which is typical of quies-
cent prominences (Engvold and Livingston 1971). This
is consistent with a mean turbulent velocity of
9kms-® and a temperawre 7, = 8500 K. At the
bottom of Figure 20 are two simultaneous Le and L8
images.

Several observations were made to study the thermal
structure and evolution of active and eruptive promi-
nences. Figure 21 shows an internal raster performed
with a slit of 1" x 1" above active region McMath
No. 14127.

The first three simultaneous images in La, L8, and
Ca n K,v show a lvop system with a rather faint
contrast in Kyv as compared to the plage at the limb,
but a higher contrast in L (and LB). The next three
images are separated by 11 minutes (raster repetition
rate) and are made in O v1 103.2 nm. They trace out
the high-temperature evolution of the region (O wi
being formed at approximately 350,000 K). The first
O vi image shows a faint high loop. the sccond some
residual brightness around the foot of the loop, and
the third an important enhancement at this same point.
Then within 20 min the loop disappeared, as can be
seen on the next three images in Le, LB, and Ca 1 K.

Many images and spectra have been obtaine ! that
will allow the study of temperature, density, and
velocity variations during loop evolution (Vial er al.
1978).
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Figure 22 represents observations of an active
region at the limb on 1975 July 7. The slic was paralie!
to the limb and probably intersected it slightly, as
indicated by the presence of scattered light in the
wings of the Ca n profiles. On the left portion of
Figure 22, full and dotied lines correspond to profiles
taken at positions separated by only 17 The emission
maxima i Canand Mgn are displaced shortward with
an amplitude corresponding (o about 20and 1S kms =1,
respectively. These maxima may in fact correspond to
K,v and &,v, while K,r and &.r are barcly visible and
show up only as asymmetries in the line profile. La is
not displaced and shows the geocoronal reversal with
no aprarent self-reversal. The distance between its
emission peaks is only 0.022 nm, leading to an optical
depth of only 500 at line center. On the right panel of
Figure 22, solid and dotted lines show temporal
variations for a 22 min interval. Orbital Doppler
effects have not been corrected for on the figure; but
if they are corrected for. a shift 1o the longward is
still found for Ca 1 and Mg n with an amphtude of
Skms-!. Moreover, Ca n and Mg 1 lnes have
essentially the same intensity while Le has increased
by a factor of 2.

J) C romosphere-Corona Transition Lines

The two lines Si m 120.65 nm (35 :S-3p:P°) and
O vi 103.19nm (25 2P-2p2P°) are formed in the
chromosphere-corona traasition region at 40.000 K
and 350.000 K, respectiveiv (Jordan 1969). Thev are
observed with the LPSP instrument with a spectral
resolution of 0.002 and 0.006 nm. respectively.

The shape of transition-region line profiles may
indicate whether there is any propagation of either
acoustic or magnetohydrodynamic waves (McWhirter
1977). The presence of such waves may te sympto-
matic of coronal heating mechanisms.

Figure 23 shows an average (single orbit) Si .n
profile at the center of the disk (quiet Sun) observed
with a resolution of 17 x 40". The FWHM is 6.015 nm
and, if we assume that the line is optically thin, the
rms (line-of-sight) nonthermal velocity is 22 kms~?,
This value is 4 km s~ higher than the values obtained
by Nicolas es al. (1976) for the Si 11 lines at 128.9 and
189.2 nm.

Quiet and active Sun profiles of the O vi line at the
center of the disk are given on Figures 24a and 24b.
This line is optically thin, and the FWHM is 0.021 nm
nearly identical for both quiet and active Sun; the
rms line-of-sight nonthermal velocity is 30 kms-1. A
departure from a purely Gaussian profile can be
noticed in both profiles. The line appears asymmetric
and may indicate the effect of a velocity structure in
the region of formation of the line.

Figure 24c shows a quict limb O vi profilc, averaged
over several positions above the mb (+2" + 67). The
FWHM is now 0.026 nm, cquivalent to a rms line-
of-sight nonthermal velocity of 38 kms-i This is
larger by 11 km s~ 1 than the value previously quoted
by Moe and Nicolas (1977).

The chromosphere and transition region heinht
distrsbution v shown on Figare 25 as denived from

TABLE 6

CHARACTERISTICS OF SPECIES IN THE EARTH'S ATMOSPHERE
OBSERVED WITH THE LPSP INSTRUMENT

Range of
Alutudes in
the Earth
0s0 & Atmosphere
Channel Component  Wavelength (nm) thnn
Mgu....... o1 277.7-2R2.3 60-%0
Mgu... ... OH 2816 >7s
Le......... o2 120.6-122.3 90-110
La......... H 1216 > 500
LB......... 02 101.7-103.2 150-200
L. ... ..... H 102.5 > 500

internal raster scans simultaneously in the wing of
Mgu/, Mguh, Ovi21.8nm and N1119.95 nm.

As is apparent from the figure, the /z; chromosphere
appears to have an additional contribution, which may
likely be due to spicules that appear to peak at about
the same height as the O vi component. Separate
measurements of O vi (and for the far wing of Mg n /1)
show a similar behavior as O v. These results would
argue for an inhomogeneous transition beiween
chromosphere and corona (cf. Doschek, Feldman, and
Tousey 1975).

g) Aeronomy Investigations

At orbita! sunsets and sunrises, the solar UV light
is absorbed by successivelv denser layers of the
Earth's atmosphere. Vertica! distribution of number
densities of several components may be studied by this
technique as indicated in Tabie 6. The light in the Ca
channels 1s not attenuated and provides a pointing
reference.

The measurement of the width and depth of the
hydrogen peocoronal absorption was undertaken
during several orbit days. This is a new and very
promising observational technique to measure simul-
taneously the exospheric temperature at each point
of the orbit and the atomic hvdrogen density at the
exobase, which may solve the question of what
mechanismis) control(s) the hydrogen distribution at
the exobase. The preliminary results of aeronomy
investigation have been published in Vidal-Madjar
et al. (1976).

Vi. CONCLUSION

We have described here the actual! performance of
one of the most complex solar physics instruments
launched into space and the main results obtained with
the first high-resolution multichannel UV and visible
spectrometer placed in orbit by OSO &. For the first
time, an absolute pointing accuracy of nearly 17
could be achieved in orbit with real time operations. It
undoubtedly represents the fargest and most compies
cxperiment of the French space program in solar
physics, Although the bulk of the data s not yet
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Fi1G. 19 —Profiles of Ca 1t K. Mg 11 &, Le, and L2 observed simuitaneously over an active region All lines are free from the central
self-reversal usually observed over quiet Sun areas The two peaks 1n the L3 profile are the :wo O lines. For conversion into A

units, see Table 1. Wavelengths increase to the jeft

been examined in detail, preliminary analyses show that
the performance of the instrument was nominal and
at times beyond nominal expectations. The results
presented here are only isolated samples of what has
been obtained in the first 18 months. The instrument
continues to perform nominally and has begun its
third year of operation. This will allow us to obtain
more data on active regions and particularly on flares
which were very rare during the first 18 months.
Indeed, only one flare, that of 1977 April 19, has been
obscrved so far (Jouchoux er al. 1977).

The operation of the instrument has been very
exhausting, and we have benefited from the assistance
of many people. Our experience with regard to the
remote management of an entirely automated complex
instrument is, we feel, of great value for similar
experiments in the future,

The accomplishment of this experiment would not
have been possible without the support of CNES and
particularly of Dr. A. Lebeau, former Director of
Programs and Plans, and Professor M. Levy, former
President. We would like to thank collectively the
NASA and CNES engincers who have contributed to
this experiment,

The operations of the instrument from Boulder
would not have been possible without the ki

hospitality of LASP, in particular of its Director,
Professor C. Barth. We also thank the LASP 0S50 8
staff for their contributions. We are indebted 1o NASA
and LASP for access to space on the American
calibration rockets. The excellent spirit of cooperation
and the dedicated service of the 0SO 8 Control Center
at the Goddard Space Flight Center was certainly a
key to the success of real time acquisition and of the
daily programming of observations in general. The
observations of sunspots, active regions, and flaring
regions could not have been done without the generous
assistance of NOAA, Big Bear Solar Observatory,
Meudon Observatory, Sacramento Peak Observatory,
and Lockheed Research Laboratory. We wish to
express our warmest acknowledgements to these
numerous and often anonymous people who played
such an important although thankless role in the
daily work required by the continuous observation of
the Sun during several years. Highly appreciated were
the contribution of Drs, P. Bruston and M. Malinovsky
o LPSP in the preparation and checkout of observing
programs. Invaluable and continuous support in the
dai'y operations was provided by M. Bruston (Mrv))
and N, Dionnau of LPSP. We also thank J. Borsen-
berger (Institut d’Astrophysique de Paris) and B.
Phissamay (LPSP) for their important contribution.
List but not the Ieast, all of the Guest Investigators
who have assisted our team an the operation and
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D. Dravins, 8. Dumont, E. Frasier, K, Predga, U,

the saluries of the seven LPSP scientists and programe-

Grossman-Doerth, M. Hersé, 8. Jordan, H, P, Jones, mers in charge of the operations ar Boulder. The

UL Kaeer, 1P MeWhirter, W, Maitip, D5 Multan, Guest Investizater Propram was funded m the USA
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F1a. 21~ Development and evolution of an eruptive prominence associsted with Active Region 14127 {McMath number) when

# crossed the west imb,
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ABSTRACT s
Observations indicate that .he temporal variations of wavelength of the reversal of the solar

H La and Mg £ lines are correlated.

Subject keadings: Sun: atmospheric motions — Sun: chromosphere — Sun: spectra

1. INTRODUCTION

The solar photospheric and chromospheric lines
exhibit ubiquitous quasi-periodic oscillations of inten-
sitv and wavelength. The presence or absence of
perindic fluctuations higher in the solar atmosphere has
veen investigated by measuring the intensity variations
of spectral lines formed between 1 Kand 1.3 X 10° K
(Vernazza of al. 1973), the micr wave emission of the
Sun around 10* K (Avery 1976), the intensity and
position of the C 11 1336 A line fornied around 20.000 K
(Chipman 1977, the intensity and position of the C 1v
1330 A jine formed around 100,000 K (Bruner 1977),
and the line profile of the Fe x1v AS303 corona! une
{Tsubaki 1977).,

We report here the first observations of the solar
HLa 1216 A lire formed near 25.000 K with temporal,
spectral, and spatial resolution adequate for the study
of solar velocity fields.

1. OBSERVATIONS

The LPST instrument on hoard 0SO & is described
by Artzner 7 al. (1977 1. The observations reported here,
mostly at disk center, had . 17 X 3", 1" X 10”, or
1" % 20" spatial resolution, 2 spectral scanning incre-
ment of, respectively, 2.4, 2.3 and 1.6 km s=! for the
La, Mgt -1 Ca K lings, and a time resolution of from
10 to 40 s. A sequence of observations consists of 100 to
180 successive spectra scanning the La line over +0.53
A, the(\lg & linc over + 1.4 &, and the Ca K line over
+1.1 A

In order to discriminate between actual solar oscilla-
tions and pointing variations, we have measured the
pointing stability by three different methods (Bonnet
¢ al. 1978). As a result, we estimate that the pointing
drifts randomly at a rate smaller than 1”7 per 3 minutes
of time.

As a chedk of the instrumental stability over 1 hour
and of the procedure to compensate for the Doppler-
Fizea y component of the velocity of the space raft, we
have .veraged La speetra durl. g three consecutive 20
minute intervals of the 60 minute davlight portion of an
orbit, The constant position of the geotoronal line
demonstrates th t the wavelength drifts by Iess than

® Lockheed Rescarch Laboraturics, I"alv Alto.

LR3

4 m3 over one orbit. The observed spectra! resolution
does not vary, but the shape of the geocoronal absorp-
tion is wider during the third part of the orbit day than
during the ::rst part. This measured geophysical effect,
most likelv due to the heating of the terrestrial atmo-
s;t.ere between loca! sunrise and sumset, will be in-
vestipated elsewhere and gives us confidence in the
ability of the instrument to detect minor changes in the
shape and position of spectral lines uuring 1 hour.

The low measured dark current (1.1 counts s™!)
enables us to make use of data taken through orbit
380, when the sensitivity was 33 counts s~ at the blue
La peak with 0.01 A and 1" X 10” resolution.

Note that the simultaneously measured counting
rates may vary from 10 (Le wing) to 100,000 (K2v
peak of Ca K), because of the combined increase of
solar lux and instrumental sensitivity from 1216 to
4000 A

IIl. DATA ANALYSIS

Any plot of th_ data exhibits quasi-periodic oscilla-
tions of the C2 K, Ca H, Mg & 2795, and Mg h 2803 %
lines. Thesc are reported in Artzner e al. (1978). As
indicated by Bonnet ef al. (1978), the La signa! for a
constant solar input is moduiated in phase with the
rotation of the spacecraft wheel, with a period of the
order of 10 s. Therefore a mathematical procedure (as
used by Artzner cf al. 1978} applied to the raw, noisy,
unco:rected La data will fail to re ;al the true time
behavior of this line, because it wil! essentialiy reflect
the “10 second modulation” of the signal. As the mean
intensity of the La line, measured over 10.24 or 2048 5,
is much less sensitive to this modulation than the
velocity measurements, we have integratcd the La
profiles over +0.41 A and we have computed the aver-
age power spectrum (for 16 sequences) of the time
variation of this quantity (Fig. 1). The rcsult agrees
with the observations of Vernazza ef ol. (1973). For
eac'. sequence we have measured the standard deviation
of *he vadues of the integrated intensity (Table 1), For
the sequences with low average numbers cf counts per
profile, the intensity variation is found 1o be primarily
due to statistical noise, but for the sequences with
higher count rates, the standard deviation is consider-
ably larger than photon statistics alone weuld imply.
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e class I" La profile is equa! to the integrated intensity
L, ’ of the average “class 111" La profile. whereas the
integrated intensitv of the average “class 1" Mg &
H profile is stronger than for the average “class III”
g3 J  profile.
* We have fitted to the La and Mg £ line profiles a
-4 \ . e . . L .
° ‘,'/\'\MA’A ',“/\N\M six-parameter formula, /, he, We, .1, Ae, Wea,
- Ae 2
2 IS U 1 1 I) = ]exp [—()‘—l-'-_——)]
123458 10 20 ¢ .
"1} 4 (1)
- Aa¥
F1G. 1. —Temporal variations of the Lo intensity; bandwidth X ;1 - Aexp [_CTF) ]% .

$031 3 Average of 16 power spectra.

TABLE!
Lo 1216 A Lixe (bandpass £0.41 1)

F—

—

Average Standard
Number Deviation
Duration of Counts around

(minutes!  per Profile Average
0 . .. 200 23
49 .. .. 210 14
5. 230 16
2. .. 230 13
38........ 20 10
28........ 290 14
3. ... 2% 20
35 R 300 21
n 330 16
K X S 340 20
30 .. X0 25
$2.... 3o n
56 . . 400 24
E 430 2
3 ... 20 3
8§6........ 20 2

As of now, we have analyzed 21 orbits of the La data.
The analysis has been conducted in such a way as to be
insensitive to the 10 s modulation: we classify into three
classes the Mg & spectra according to the relative
strength of the k. peaks and then compare average Lo
spectra cotresponding to each of the taree classes. Class
1'has a high ratio of (Mg 4., intensity/Mg k, intensity),
while classes II and 111 have successively lower values
of this ratio. This procedure reduces statistical noise
and should reduce the effect of the *“10 second” modula-
tion, because the sola: oscillations observed in Mg &
and the spinning of the spacecraft should have a
random relationship. As a result, after correcting for
the Doppler component of the velocity of the space-
craft, average class 1, 11, and 111 profiles are computed,
not only for the Mg & line but ales for the simultancous!y
observed H La, Ca K, Ca H, and Mg / lines.

1. For the Mg £ channel. verage class I profile
actually has a strong (blue |-, red prak) ratio, as a
verification of the procedure.

2. A very similar effect is seen for the Mg &, Ca H,
and Ca K channels,

3. For the La ling, the average ciass § and class 111
profiles are identical in the wing, but shifted in the
ventral reversal, The integrated intensity of the average

The parameters Ae and Il'e refer to the wings anc the
parameters Aa and 11'a to the position and width of the
central reversal.

The data ,-oints within + 33 mA of the geocoronal
line were excluded from this fit. The 2ero of the wave-
.cngth scale is, for the La observations, fixed by the
geocorona! absorption {no correction for the solar rota-
tion is needed, as the observations reported in Tables 2
and 3 are at disk center). The zero of the wavelength
scale for the Mg £ line, at the present stage of data
reduction, may be affected by @ systematic error of
=0.01 A For the sake of comparison, the wavelengths
have been converted in meters per second. The numt ers
quoted do not imply that such velocitivs are presen: in
the solar atmosphere; the derivation of actual solar
velocities is bevond the scope of this Leiter.

Table 2 shows the resuits of these fits for the three

TABLE 2

PostTi0x AND INTENSITY OF SPECTRAL FEATURES
OF AVERAGE SPECTRA®

e

High Low
(Mgh,, Mghy'  Average (Mgh. Mghy,)

Ratio Ratio Ratio
Class 1 ase I1 Ciass 111
la

Aa-H telluric

(certrai

reversal) .. .. +3800ms™ 42300ms™  +950ms”!
Ae~He telluric

(wings) . ..... +1100ms™  4+1100m st +78) ™!
le............. 89 8.9 9.0

Mgk

Mcentral. ... .. +4150ms™  +2950ms? +1720 ms™
M emission . .. .. +330ms? 4730ms?'  +1350ms
Arbitrary units

le emussion . . . 315 283 269
Faint Mn 1

Fholospheric

ine zere

average ...... +78ms™ -25ms™ +50 m s~
H geocoronal

ahsorption

(2cro ascrage) =60 m 8™! 120 m s™! - st

® Classified according to the Ky, /Kg, ratio; theee equal classes
for cach time scquence.
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classes of profiles defined above, Frem the same set of
data, by averaging of faint and bright scquences. we
have computed typical La and Mg £ faint and bright
profiles, and applied the same fit with 2 six-parameter
formula (Table 3). From the comparison of Tables 2
and 3, it appears that, for the Le and Mg £ lines, if the
position of the central reversal is related to the atmo-
spheric velocity ficlds, the instantancous, time-resolved
velocity fluctuations are greater than the large-scale
(chromospheric network) permanent velocity features.

We have also computed three average profiles by

TABLE 3

Postriox AND INTENSITY OF SPECTRAL FEATURES
OF AVERAGE SPECTRA®

Average of § Average of §
Brightest Sequences Faintest Sequences
out of 16 out of 16
La

M-H telluric central

reversal .. ... . 2600 m s™* <2100 m s
Ae-H telluric wings. . <000 m 5~ +330 m 5™
e . .. .. ... 12,8 $.4

Mgk

M central reversal. .. 43000 m s +3060 m s—?
Ae emissior. . +1300 m s~ =450 m sec
e . ....... ..... 391 241

® Brightest sequence versus faintest sequence.
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sorting out at random the observed profiles into three
classes 10 derive an estimate of the statistical precision
of our measurements. We find the La, photospheric
line, and geocoronal line velocities are accurate to about
#1100 m 5%, while the Mg £ velocities are accurate to
+25 m 57!, The La intensity vilues are accurate to
4.1 in our units, and the Mg 2 intensitns to = 2

IV. CONCLUSION

At this stage of OSO & data reduction. we cannot vet
present the power spectrum of the spatially resolved
solar Le line velocity fluctuations; nevertheless, we
have demonstrated that the La central reversal! does
exhibit wavelength fluctuations positively correlated
with the oscillations of the chromospheric Ca K and
Mg k lines.

Temporal variations in the derived velocity of the
central reversa! feature of 2500 m s=! in Mg £ are
accompanied by variations in the same sense of approxi-
mately 2800 m s in the central reversal feature of La.

This Letter is the continuation of efforts of teams on
the OSO § project at Verrieres-le-Buisson, Greenbelt,
Los Angeles, and Boulder. Special acknow ledgn:e: . goes
to A. Jouchoux, who o' .:ned special observing se-
quences for this prograrmi. The computations were
carried out on the CDC 7600s of NCAK and CNES.
The CNES funded the fabrication and operations of the
instrument under contracts 70-220, 71-202. 72-202,
73-202, 73-202, 73-202, 76-202, and 77-202.
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ABSTRACT

w0 of the most representative chromospheric lines,
Mg II k and Ca II K are used to study the formation of optical-
1y thick lines in a time-dependent, one-dimensional model of
the solar atmosphere, which was discussed by Leibacher, Gouttebroze
and Stein . (1979). Time sequences of these line profiles
are calculated for two kinds of atmospheric motions : propagation
of a pulse through the atmosphere and free oscillations. The
mechanisms of formation (especially the displacements of the
emitting layers) are studied for different parts of the profiles.
Finally, the deformations of the profiles are analyzed using
methods also suitable for observations, and the resulting
parameters are compared to physical variables in order to

evaluate the diagnostic methods.



INTRODUCTION

Among the known motions of the solar atmosphere, the sec-
calied 300 second oscillations, which are now known to originate
from the sub-photospheric regions of the sun, have been the
object of numerous studies. On the contrary, while some early
observations of the Ca II K resonance line (Jensen and Orrall,
1963) showed periodic variations in the core, formed in the
chromosphere, with shorter periods (170 seconds), we remain far
from an understanding of these chromospheric oscillations.
Nevertheless, the observations of the Ca II K 1ine continued
to provide knowledge about chromospheric motions (see for
instance Wilson and Evans, 1971, Liu, 1974, Beckers and
Artzner, 1974, Cram, 1974). More recently, chromospheric motions
have been seen in other lines : especially U.V. emission lines
with the 050-8-Colarado experiment (see, e.g. Chipman, 1977,
1978, White and Athay, 1979a, b, Athay and White, 1979) Mg II
and L o lines with the 0S0-8-LPSP experiment (Bonnet et al.
1978, Artzner et al. 1978). Among the theories developed to
interpret these observations, the more detailed are probably
those of Heasley (1975) and Cram (1976) who studied the deform-
ations of the Ca Il 1ines during the propagation of a pulse
through the atmospeh. -. Recently, Durrant, Grossmann-Doerth
and Kneer (1976), discussed the temporal evolution of Ca II K
1ine profiles and concluded in favour of a8 mechanism of
chromospheric oscillations similar to that proposed by Leibacher
(1971). This encouraged us to undertake a more detailed study

of chromospheric hydrodynamics (Leibacher, Gouttebroze and Stein,



1979, hereafter Paper 1) and to compute the emergent intensities
for various spectral features relevant to chromospheric studies.
These features are continua {Lyman continuum or centimeter
microwaves), optically thin emission lines, and opticallj

thick 1ines. The other aim of this study was to provide the
framework for an interpretation of the optically thick lines

(Mg 11, Ca Il and L o) observed with the 0S0-8 LPSP experiment,
which is planned in a further paper of this series. In the
present paper, we investigate the Mg II k and Ca II K resonance
lines and discuss variations of these 1ines produced by either a

propagating pulse or free oscillations.

I1 - THE INITIAL SOLAR-TYPE ATMOSPHERE

As a first step in the computations, we must define a
solar-type atmospheric model in hydrostatic equilibrium,
providing a medium for the propagation of the waves. This
atmosphere must cover a wide range of depths in order to include
both the region where the five-minute oscillations originate in
the convective zone and photosphere, and the whole chromosphere,
which is the object of the present investigation, from the
temperature miniwJm up to the base of the corona. The definition
of such a model atmosphere is subject to two general constaints :
those arising from the frequencies and amplitudes of the actually
observed oscillations, which will be referred to as "hydro-
dynamical constaints", and those provided by the intensities
observed in the various 1ines and continua of the solar spectrum,

which may be summarized as "radiative transfer constraints”.



@ - Hydnodynamical constraints

First of all, the variation of the temperature with height
in the convective 2one is prescribed by the outwarc flux of
energy, following the mixing-length theory. Once this vaéiation
is known the position of the bottom of the atmosphere (assumed
rigid for computational purposes), is determined by the ive-
minute oscillations. Five minutes represent four times . the
time of propagation of the waves between the bottom and the top
of the convective zone (the top corresponding to the photospheric
Tayer whose acoustic cut-off period is shorter than five minutes).

A similar requirement exists for the chromosphere. As
explained in Paper I, the eigen-frequencies of chromospheric
oscillations are sensitive to the temperature structure of the
chromosphere. The observed periods of oscillation are not so well
defined for the chromosphere as for the photosphere or the
convection 2one, and range from about 150 to 250 seconds : For
instance, Jensen and Orrall(1963) found a period of about
170 seconds for the K 3 absorption feature of Ca II, Liu (1974)
a rather broad distribution about 180 seconds, and Beckers and
Artzner (1974) a repetition rate of 200 % 50 seconds. These
variations may be attributed to the inhomogenity of the solar

chromosphere.

b - Radiative trhansfer constraints
The solar spectrum is known with some accuracy over a
large range of frequencies, which allows the determination of the

average temperature structure of the photosphere and chromosphere,



through the use of semi-empirical models. These methods and
some recent models have been reviewed by Avrett (1977). Some
discrepancies remain between different semi-empirical model
atmospheres based on different kinds of data, which a1loﬁs
some degrees of freedom in the choice of atmospheric para-
meters. For instance, models based on continuum data, such as
those of Gingerich et al. (1971) or Vernazza, Avrett and
Loeser (1976) exhibit temperature minima between 4100 and

4200 K, On the other hand, atmospheric models derived from

the shape of the Mg II or Ca II resonance lines, taking into
account partical frequency redistribution effects, have a some-
what higher temperature minimum of about 4400 or 4500 K, as in
that of Ayres and Linsky (1976).

In the higher chromosphere, the increased importance of
inhomogeneities gives riseto larger variations between the
various temperature models. Above 9000 K (the upper chromosphere)
a constraint is provided by the non-LTE calculations of hydrogen
jonization required for the determination of electron and hydrogen
densities in hydrostatic equilibrium. These computations include
the determination of intensities in the Lymano and 8 lines,
which may be compared to observations (owing to inhomogeneities
in these regions, an agreement within a factor of 2 or 3 for
the integrated intensities may be considered as satisfactory).

In order to reproduce the observed width of chromospheric
lines (and especially the separation hezween the red and blue
peaks of the Mg II or Ca II lines), our atmospheric model must

include a non-thermal isotropic velocity field which increases



with altitude. These motions produce a "microturbulent" pressure
which must be included in the hydro-static or ~dynamic equations,
in order to get a self-consistent representation of the

. atmosphere. It should be noticed that the inclusion of this
effect may alter significantly the depth scales in the

chromosphere, and consequently the eigen~frequencies of oscillation.

¢ - Computational methods

Our atmosphere is defined by the electron temperature (Te)
and microturbulent velocities (VT) as functions of mass integrated
along a vertical line (m). From this basic set of parameters,
we obtain the corresponding altitudes, densities, pressures, and
electron-to-hydrogen density ratios by solving iteratively the
equations of hydrostatic equilibrium, hydrogen and metal ioniz-
ation. A difference-equation method is used to solve the equations
of hydrostatic equilibrium, taking into account the gas,
electronic and microturbulent pressures. To determine the
fonization of hydrogen, we consider a 3-level and continuum
atom, and solve self-consistently the equations of statistical
equilibrium and radfative transfer in the L o, L 8, Haand
Lyman continuum transitions. The photoionization rates in the
Balmer and Paschen continua are fixed by setting the rad’ *ion
temperatures to 5000 and 4800 K, respectively, in the parts
of the atmosphere which are optically thin in these transitions.
Deeper in the amosphere, they are assumed to be equal to -the
local electronic temperature. The effects of partial frequency

redistribution are taken into account in the computation of



the Lyman lines. The other elements contributing to the
electron density are treated in the LTE approximation
(their contribution is reaily importsat only in the temperature

minimum region, where hydrogen is scarcely ionized).

d - The adopted model

As explained abowe, the present hydrodynamical calculatiors
require a model atmosphrere zxtending from deep within the
convection 2one to the low corowms, which constitutes a range of
depths far more extensive than is usually the case for radiative
transfer computations. For this resson, the atmosphere used here
is a synthesis of several models frem cifferent origins, with
Tocal modifications. First, our convective zone is taken from
Baker and Temesvary (1966). Our photosphere and chromosphere
are similar to those of Vernazza, Avrett and Loeser (1973 and
1976) with the following modifica*ions : first, the temperature
minimum region is raised to 4500 K, following Ayres and Linsky
(1976), in order to get a better fit to the observed Ca Il and
Mg Il resonance line w'ngs. The temperatures are slightly lowered in
in the upper chromosphere (by less than 200 K) and the so-called
Lyman 8-plateau (by about 2000 K) for two reasons : first, the
large temperature excursion: , roduced by waves in these regions
give strongly non-1inear variations of the source functions, so
that the averaged intensity is higher than the intensity
corresponding to the average-temperature model ; secondly,
some dissipation of mechanical energy occurs in th>se regions

(provided that the waves have sufficient amplitudes) which



produces an increase of the average temperatures with time.

A similar lower L B-plateau was ~roposed by Lites, Shine

and Chipman (1978). The microturbulent velocities adopted here
are also lower (by about 20 percent) in the chromosphere than
those of Vernazza, Avrett and Loeser (1973), since an extra
broadening of the swerage profiles may be expected from the
atmospheric motions. A summary of the initial and cumpute-

atmospheric parameter. is given in Table 1.

111 - HYDRODYNAMICAL COMPUTATIONS

As described in Paper I, we have calculated the one-
dimensional, non-lingar dynamical state of this model atmosphere
for various excitations and boundary conditions, as well as for
different treatments of the energy equation and ionization balance.
We have included the effect of an isotropic, unresolved veiocity field
of "micro-turbulence" which is required for the radiative
transfer, in the hydrodynamic calculations. Vertical variation
of this velocity field, which remains constant in time, con-
tributes to the mechanical support of the atmosphere. Thus at a
given (gas) pressure in the atmosphere, the density is lower than
it would have been in the absence of the “"micro-turbulence".
To discuss the formation of optically thick chromispheric lines,
we have selected three time sequences illustrating : a) the
propagation of a pulse through an initially motionless atmosphere,

b) well established chromospheric and photospheric osciilations,
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whose amplitudes correspond to those observed, and c) a similar
set of oscillations, whose amplitude was reduced substantially
to investigate the effect of non-linearities upoh the hydro-
dynamic and line formation results. The puylse introduced it

the bottom of the atmosphere for experiment a) was one half
cycle of a sinusoid in velocity, lasting 100 seconds and reach-
ing a maximum velocity of 0.01 km/sec. That is to say the bottom
boundary of the atmosphere was raised by 318 metres. Experiments
b) and c) were excited by ffve cycles of a 300 second motion of
the bottom boundary, whose amplitude was respectively 6.7

and 1.05 m/c, ccrresponding to the total vertical motions of
640 metres and 100 metres,

Experiment a) might represent the impulse generated by a
granule and is of additional interest here to compare our
results with previous work (viz. Cram, 1976). The momentum transfer
and heating of the chromosphere result in a very substantial
difference between the mean state of the dynamical atmosphere
and the initial atmosphere, so that this excitation is not
appropriate for the study of the long term fluctuations of the
line formation process. Experiments b) and c¢) result in a much
more efficient transfer of energy to the resonant oscillationms,
so that for comparable resulting amplitudes in the oscillations
negligible heating occurs and the mean atmosphere remains very
similar to the initial atmosphere. Thus we have some hope that
the resulting line profiles bear some resemblance to the

-2

observations.
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As we concern ourselves here primarily with effects It‘lelldlqy
arising from simultaneous variations of the velocity and the
state variab’es and with the effect of non-linearities, we consider
a simplified energy equation to expedite the calculations.
Radiative transfer (and loss) are neglected in the internal
energy of the gas, and ionization variations are considered
to be small fluctuations about the mean state. Locally, the
state variables are related adiabatically, and the adiabatic
exponent v (theratio of specific heats) reflects the state of
collisionally controlled ionization in the initial atmosphere,
When the gas is completely ionized or completely neutral,
is 5/3. However, when an abundant species is partially ionized,
changes in the internal energy of the gas primarily dproduce changes
in the ionization -because of the large ratio of the ionization
energy to the thermal energy- and thus the temperature fluctuations
are substantially reduced. v 1is reduced to 1.1 in the
hydrogen convection 2one. Above the temperature minimum, where the
ionization is maintained by radiative, rather than collisional,
processes which are slow compared to the dynamical time scales
(Kneer and Nakagawa, 1976), we hold the ionization constant.

The dynamical aspects of these experiments have been
discussed in Paper I. We present in Figures la, b and ¢ the
variatior of the velocity and temperature for the intervals
during which we have investigated the line profiles. Two
essential points should be recalled. First, during the propag-
ation of energy, velocity and pressure (and hence temperature)

vary in phase, as is seen in experiment A. However, they vary



in quadrature for both trapped and evanescent oscillations. This
difference of relative phase has a significant effect on the
spectral diagnostics. Second, since for establishe? oscillations
the chromospheric velocity field is primarily non-propag;ting.
the chromosphere moves more or less in phase, without important
vertical velocity gradients, so that even though the particle
velocities are substantial fractions of the sound speed
mechanical dissipatfon is not significant. In addition, the
absence of large vertical gradients reduces the importance of
averaging along the line of sight inherent in spectral line
formation, so that there is good reason to suppose a priori

that line shifts will refliect the chromospheric velocities.

IV - COMPUTATION OF LINE PROFILES

Let us now study the temporal variations of the Mg II k
and Ca II K profiles corresponding to the atmospheric motions
described above. For that purpose, we compute temporal sequences
of profiles corresponding to the three hydrodynamical experiments.
In every case, the moving atmospheres are sampled every 10 seconds,
For experiment a), the computations are restricted to the interval
from 200 to 400 seconds, when the primary pulse travels through
the photosphere and chromosphere. For the "standing oscillations”
experiments b) and c), we concentrate our attention on the inter-
val from 1600 to 2600 seconds, where a sequence of typical
chromospheric oscillations occurs.

Because of the short time constants associated with the de-

excitation of atomic levels, especially for the resonance lines,



compared to the dynamical time séales. we use a quasi-static
approximation to compute the line profiles. On the other

hand, the photoionization rates depend mainly on the continuz,
and principally on the hydrogen Lyman continuum, which are
expected to vary slowly, as seen in the precedina section.

We thus take these intensities as constant, and equal to those
of the initial atmosphere.

The computation of line source fu~ctions and profiles
requires a simultaneous solution of the radiative transfer
equations for the l1ines and statistical equilibrium equations
for the atomic level populations. The radiative transfef
equations are expressed in lagrangian coordinates, as in our
previous computations (Gouttebroze, 1977, hereafter G 77). Methods
using this "comoving frame” formulation have been described by
Noerdlinger and Rybicki (1974) and Mihaias et al (1976). The
large numbers of profiles corresponding to long time sequences,
e.g. 100 profiles both for Mg Il and Ca Il in e:rperiment b),
Tead us to make some drastic simplications in order to keep the
computer time within reasonable 1imits. We make three principal
simplications : first, we reduce the frequency mesh, for
intensity integration to 25 points instead of the 39 used in
G 77 (for moving atmospheres, we must use symmetric frequency
meshes, so0 that these numbers correspond for a static atmosphere
to 13 and 20 points, respectively). This reduction is the main
source of uncertainty, but it allows a significant reduction
of the computer time used in matrix inversions. We use the

Eddington approximation for the integrations over direction.



Secondly, we use average net radiative rates for transitions
other than the one computed. We first calculate the complete
sat ¢f line: corresponding to the average atmosphere, self-
consistently. We then compute the time sequence of profiles
for the transition under study, assuming that the net radiative
rates in other transitions remain equal to the average-
atmosphere rates. The computing time for an instantaneous
profiles 15 thus equal to that required by a 2-leve! atom
calculation. This change has negligible effects in the case
of Mg II, the k 1ine formation process being close to that of
a 2-level atom transition. The effect on the Ca II lines is
somewhat more important (although not essential), this
simplification being equivalent to neglect of the influence
on the K 1ine of variations in the Ca II infrared triplet.
Finally, we replace the exact redistribution RIIA (for the
scattered fraction which is coherent in the atom's frame)
by the RIIN function of Argyros and Mugglestone (1971), which
requires only the computation of an exponential and a Voigt
function. This procedure is particularly efficient when a fast
Voigt function routine is used. Our numerical experiments on
the Mg Il k line have shown that this change accounts for an
error of a few percent in the emergent intensities, much less
than from the first approximation.

For Mg II, we use a 3-level and continuum model atom
described in G 77. The Ca II model atom has 5 levels and a
continuum, and includes the H and K resonance lines, and the

infrarea triplet. The atomic parameters are taken from Shine



and Linsky (1974), except for the line broadening parameters
for which we use the empirical values of Ayres (1977).

Before looking at the results of these computations, it
may be useful to bear in mind some simple considerations about
the effects of the variations of the physical parameters
(velocity, temperature and density) on the lines. The velocity
acts by shifting the absorption (and emission) profile by the
Doppler effect. The relation between the frequency of a spectro-
scopic feature and the velocity at a given lagrangian al’. tude
is thus straightforward when this feature is formed in a limited
part of the atmosphere (which is the case for optically thin
lines or, as shown below, for the central reversals of the
Ca II and Mg II lines). The temperature and the density vary
generally in phase and both contribute to increase the intensity.
For a two-level atom (a situation not too far from that of our
resonance lines), the intensities depend upon two parameters :
first, the Pianck function B which, in the ultraviolet and at

chromospheric temperatures, is given by

3
By Ay exp (- 15)
o

(the symbols have their usual meaning) ;
secondly, the ratio € of collisional to radiative de-excitation

rates :



which depends mainly on the electron density N (and thus the
density p of the gas) provided that C21 does not vary rapidly
with temperature. As limiting cases, the emission in an opticaiiy
thin 1ine depends linearly on ¢B, the photon creation term,
while the intensity goes to B when one gets closer to L.T.E.
An interesting intermediate case is that of a semi-infinite
isothermal atmosphere (whose temperature and density vary in
phase everywhere) : the emergent intensity at line center then
varies as B/.

To evaluate the relative contributions of density and
temperature fluctuations to the intensity fluctuation, one
may consider an elementary isentropic pressure increase dp, for

which density and the temperature increase such that :

dNe de dp
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where nis 0, 1/2 or 1 depending on the problem under consider-

ation as discussed above.
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for ¥ = .g. Vo = 10'° Hz (%, = 3000 A), T = 6000 K, we obtain

°:=o.5“§
and

B 328,

B P
In chromospheric conditions, the effects of the temperature
variations on intensities are thus generally far more important
than those arising from density changes.

It should be emphasized that velocity and temperature
changes do not act independently. For instance, an increase of
temperature in an internal slab produces a more important increase
of intensity when it is coupled with a Doppler shift, because
the photons created escape more easily from the atmosphere.
Such an effect occurs during the passage of a pulse, as described

in the next section.

V - VARIATION OF LINE PROFILES ASSOCIATED WITH THE PROPAGATION
OF A SINGLE PULSE

The temporal sequences of profiles obtained between 200
and 390 seconds are shown in Figure 2a and b for the Mg II k
and the Ca II K line, respectively. The behavior of the two
lines is roughly the same : the profiles being initially
symmetrical, the blue peak begins to increase with respect to
the red pe k (around 250 s for Ca II, and 280 s for Mg II),

reaches a maximum (around 300s for Ca II, 330 s for Mg II),



after which the asymmetry reverses (around 330 s for Ca II,

360 s for Mg II). In the Ca II sequence, a new "blue asymmetry"
(i.e. with a ratio I(X2V) / I(K2R) larger than 1) appears

about 380 s, due to the passage of the secondary pulse. These
changes may be roughly interpreted as follows (with the help

of the "contribution functions" of Figure 5) : At rest, the

k2 peaks are formed principally in the low chromosphere (around
1000 km for Mg II k). The pulse travelling upwards through the
atmosphere produces an increase of temperature and density

(and thus photon creation) coupled with an upward velocity.

When the pulse has reached the formation region of k2 (at rest),
it begins to produce an emission of photons shifted to the

blue. Only the most blue-shifted photons then escane through

the motionless overlying atmosphere, with its centered absorption
profile, which produces an increase of the blue peak intensity.
On the contrary, the red peak continues to be formed principally
in the Tow chromosphere with small velocities and remains almost
steady, which produces a blue asymmetry. Before the pulse reaches
the k3 formation region, the central intensity begins to increase due to
the incoherent scattering within the 1ine core of photons created by the
passage of the pulse in underlying regions, When the pulse
reaches the "k3 slab", the wavelength of the reversal is shifted
to the blue with respect to the mean position of the peaks, which
results in a red asymmetry. These results are consistent with
those that Cram (1976) obtained for the Ca II K 1ine., The delay

of about 30 seconds between the events in the Ca 1l and Mg Il



lines corresponds to the time for the pulse to travel, from the
formation altitude of a part of the Ca II profile, to the
formation altitude of the corresponding part of the Mg II
profile.

In order to analyse these variations of profiles more
closely, we tried to determine more accurately the positions
and intensities of the peaks and central absorption of the
lines by fitting parabolae to these three features. The
variations of the three intensities for the Mg Il k line are
shown in Figure 3. The intensity increase resulting from the
passage of the pulse, the delay between changes in k2V and
k3, and the variation of asymmetries appear clearly,

Having simultaneously the values of the physical para-
meters (particularly the velocities, temperatures and electron
density) and the positions and intensities in the lines, we
investigated the correlations between these two kinds of para-
meters, in order to =stablish the diagnostic possibilities of
these "optically-thick" transitions, The correlation between
the shift of k3 and the velocity of the slab where the optical
depth at line center is equal to 1 in the average atmosphere
is remarkably good for Mg Il (Figure 4a), and not so good but
nevertheless reliable, for Ca II (Figure 4b). The central
reversal of these optically thick lines is thus a possible
diagnostic tool to determine the vertical velocities in some
parts of the chromosphere. On the contrary, we failed in our
attempt to find a similar relation between the position of the

k2 peaks and the velocity at a definite lagrangian altitude.



The reason appears more clearly when one looks at the contribut-
jon functions.

The contribution functions used here represent *"  -an-
tribution at geometrical depth z to the vertical -“erging

intensity, per unit of z :

c(z,v) = S(z,v) «(z,v) exp|- t(z,v)|
(S : source function ; v : frequency ; « : absorption coefficient,
T : optical depth). These functions for the central reversal and
the peaks are shown in Figures 5a and b, respectively, for the
Mg II k *ine. The contribution functions for k3 are sharply peaked
at a definite and rather constant lagrangian altitude, i.e.
the main part of the emission comes from a thin slab of the
chromosphere, which is always about the same. For Ca II K3,
these functions (not represented here, but similar to those of
Figure 12e related to oscillations) cover a wider, though 1imited
(about 500 km), range of depth, so that the Doppler shift of the
reversal is the result of an average of the velocities across
this region. For the peaks, on the contrary, the contribution
functions are spread over regions as thick as 1000 to 1500 km
(for Mg II as well as for Ca II), covering the main part of
the chromosphere, where the density varies by several orders
cf magnitude. This prevents us from using the displacements
of the peaks as a practical tool to determine chromospheric
velocities. Nevertheless, Figure 5b shows an interesting peculiar-
ity of the blue peak : its contribution function exhibits a sharp

peak whizh follows, during nearly 100 seconds, the passage of



the pulse, This might have applications in the diagnosis of
such pulses from spectroscopic data.

The phase difference between velocity and temperature
fluctuations represents an important characteristic that
distinguishes between different types of waves, As shown
above, the velocity in the k3 slab is closely related to the
Doppler shift of k3. Unfortunetely, the determination of the
temperatures from the intensities is not so straightforward :
due to the scattering effect mentioned above the intensity in
k3 depends on the temperatures and densities in a large
region of the atmosphere with a thickness corresponding
approximately to the thermalization length, Thus, the
temperature-intensity correlation is accurate only when the
temperatures are approximately in phase throughout the chro-
mosphere, as will be the case in the next section. In t*
case of a pulse propagation, the temperature and velo-i-.y
variations are approximately in phase, but the k3 intensity
begins to increase about 40 or 50 seconds before than the pulse
has reached the corresponding slab. This effect may be seen in
Figure 6, where we plot the reduced k3 intensity :

N 1(t) = Inin

I(t) =

Imax = Imin

and the corresponding reduced wavelength and temperature.



V1 - VARIATIONS OF LINE PROFILES ASSOCIATED WITH NON-PROPAGATING
OSCILLATIONS

Let us now examine the variations of the Ca II and M3 II
resonance line profiles emerging from the freelv oscillatina
atmospheres defined by the experimerts a) and c) of § IIl. The
profiles were calculated between 1600 and 2590 seconds, and thus
begin 100 seconds after the end of the excitation nhase. Figure
7a shows the whole sequence of Mg II profiles corresponding to
the large amplitude oscillations. The intensities are varying
with a quasi-periodicity of about 200 seconds, as expected: the
maximum corresponding to the minimum of the altitude (the
r-essure and the te~peratur~e of the gas then reach their
maxima). At this minimum altitude point, the velocity changes
quick.y, the gas moving downwards before beginning to move
upwards. For such general, one-dimensional motions, the
decrease of density wit altitude produces an increase of the
velocity amplitude, If the gas moves downwards, the formation
region of k3 is shifted to the red with respect to the under-
lying emitting layers, which results in a blue asymmetry.
Conversely, a similar upward motion produces a red asymmetry.
Changes of a blue to a red asymmetry associated with maxima
of intensity may be seen on Figure 7a around sequence numbers
169, 191, 209, 229 and 248, We obtain similar results with
other experiments, Figures 7b, ¢ and d show the last 20
sequences, corresponding approximately to a cycle, for large

amplitude oscillations (Mg II and Ca II), and sm:11 cscillations



(Mg II). 7b and ¢ show that the oscillations are practically
in phase in Mg II and Ca II, the change of asymmetry occurring
between sequence numbers 248 and 249 in each case. This con-
trasts with the result obtained for a pulse propagation.
Another feature visible on Figure 7c is the presence of profiles
with a single peak (sequences 243 to 245) which are associated
with large velocity gradients and relatively low chromospheric
emission. Profiles of this kind occur frequently on the Sun.
One may notice that both singly-peaked and doubly-peaked
profiles are explained by the same theory of line formation
without difficulty. (Nevertheless, we must recognize that
singly-peaked profiles are less frequent in our computations
than in the observations ; this might certainly be modified
through adjustments in the initial model atmosphere).

Applying the same method of least square fit to the peaks
and reversal as in the preceding section, we obtain the variations
of intensities shown on Figure 8a and b for the large and small
amplitude oscillations, respectively. In the case of large ampli-
tude, the variations of intensity are sharply peaked, with
positive excursions reaching an order of magnitude, while the
variations remain almost sinusoidal in the other case, (One
should notice that the variation of k3 is in phase with that
of the average of the two peaks).

As seen above, an important property ¢f non-propagating
oscillations is that velocities and temperatures vary in quadra-
ture. As the temperatures are approximately in phase throughout

the chromosphere, and thus the intensities, we obtain a similar



phase difference between the intensity and the Doppler shift
of k3. This isshown in Figure 9 which represents these two
quantities in reduced form : one may see that the instants of
maximum acceleration correspond 2pproximately to the extrema
of ._he intensity.

In data analyses, it is a current practice to use the Fourier
transform for *he determination of phase shifts. The results of
such an analysis for the variations of shift and intensity in k3,
are summarized in Figure 10 : the power spectra ¢f the shift and
the intensity have a8 peak at 5 mHz, as expected, and several
harmonics (the harmonic at 10 mHz is particularly strong in the
case of the intensity)., The phase difference between the components
of the Doppler shift and intensity is close to 90° for the
frequencies corresponding to the fundamental and the first
harmonic, in accordance with the direct comparison of the para-
meters in Figure 9,

In Figure 11, we compare the Mg II k profile emitted by
a "mean atmosphere" -obtained by averaging the physical para-
meters (temperature, density, velocity) over the 100 sequences-
with the average of the 100 profiles of the sequence. The first
aim of this comparison is to investigate the effects of non-
linear averaging of the intensities which is expected to be
important for the ultraviolet spectrum, This effect appears
clearly for the average intansity which is about 25% higher
in the peaks than that emitted by the :zverage atmosphere.

Another aim is to try to explain discrepancies between the

observed profiles and those computed from static atmospheres,



As a general feature, observed Mg II k profiles have broader
peaks and less deep central reversals than the calculated
ones. From that point of view, the motion-averaged profile

of figure 11 is far more satisfying than the static profile.
Another puzzling feature is the average blue asymmetry of

the observed profiles. Altnough our motion-averaged

profile has a blue peak slightly higher than the red

one, the difference is small and does not compare well

with the observations. In our one-dimensional scheme, the
addition of a mean downflow wouid be required to explain the
observed average asymmetry., Nevertheless, many effects,
arising in particular from multi-dimensional hydrodynamics

and radiative transfer, remain to be investigated before
concluding in favour of the reality of such a downflow. The
formation process of the peaks and reversal appears when one
examines the contribution functions, defined as in § V

(Figure 12). The atmosphere undergoes a series of short,

high temperature, contraction phases and long, low temperature
exapansion phases. The central reversals are fsormed, approximately,
at a constant lagrangian altitude (Figures 12d and e} with
sharp intensity maxima in the neighbcrhood of the minimum
altitude times. As was the case for the pulse propacation
studied above, the regions of formation of the k2 peaks move
over a range of lagrangian altitudes of about 1000 km. During
the "cool" expansion phase, the maximum contribution for both
peaks is located in the low chromosphere (around 1000 km for
Mg II K) (Figure 12b). As one gets closer to the maximum contraction

phase, the region of formation of the blue peak moves upwards with



increasing intensities (Figure 12a). At t' is point, the intensity
in the blue peak decreases rapidly and a red peak appears in

the high chromosphere, close to the furmation region of the

k3 reversal (Figure 12c). Then, the region of formation of

this red peak moves downwards with decreasing intensities,

wh™ :h is the beginning of a new expansion phase. As in the pulse
propagation experiment (§V), the central reversal is formed in

a narrow range of quasi-constant lagrangian altitudes and thus
produces a good correlation between the Doppler shift of these
reversals and the velocity in the corresponding layers. This is
valid for Ca I1 as well as for Mg II, which gives a diagnostic
tool to determine the velocities at two different altitudes

and thus discriminate propagating from non-propagating waves.

As seen in § V, the k3 intensity diagnostic - not so easy to

use : although some general correlation exists between temperature
and intensity, the latter is the resu.:t of a non-local transfer
process and thus depends on both temperatures and densities
throughout a wide range of altitudes. The fact that the oscillatory
motions are in phase throughout this range gives rise to a good

correlation, which however is of very limited diagnostic value.

VII - CONCLUSION
We have constructed a time-dependent, one-dimensional model
of the solar chromosphere satisfying radiative transfer (line
profiles) and hydrodynamical (oscillation periods in the range

150 to 250 seconds) requirements. The aim of computing Ca II
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FIGURE CAPTIONS

Figure 1
Normalized velocities and temperatures as functions of
time (seconds) for 15 selected lagrangian altitudes (kilo-
meters) indicated at the left of the figure. The extrema of
the velocities are written in the right side.
a) propagation of a pulse ;
b) large amplitude oscillations ;
c) small amplitude oscillations.

Figure 2
Time sequence of line profiles, computed every 10 seconds,
during the passage of a pulse through the atmosphere. The
sequence n° 21 corresponds to t = 200 seconds.
a) Mg II k line ;
b) Ca II K line.

(in abscissa : relative wavelength in angstroms).

Figure 3
Time variations of intensities in the Mg II k line
(time in seconds, intensity in erg s'lcm°zsr'1Hz'1).

Square symbols : central reversal (k3). Triangles :
blue peak (k2V). Crosses : red peak (k2R).

Figure 4
Comparison of time variations of the position of the
central reversal, converted into velocity (squares) with
the velocity of the slab corresponding to an optical
depth unity at 1ine center (velocities in km/s),
a) Mg IT k ;
b) Ca II K.



Figure §
Mg II contribution functions versus eulerian altitude
(in km) for 20 time sequences (pulse propagation).
a) k3 (the dots correspond to constant lagrangian altitudes) ;
b) k2 (solid 1ine : blue peak, dotted line : red peak),
The contribution functions are shown to 1% of their peak
value.
Figure 6
Time variations of reduced Mg II k3, intensity (squares),
Doppler shift (triangles) and reduced temperature
(crosses) in the k3 formation slab (pulse propagation).
Figure 7
Sequences of line profiles during chromospheric oscillations,
separated by 10 seconds. Sequence n® 161 corresponds to
t = 1600 seconds.
a) and b) large amplitude oscillations and Mg II k line ;
¢) large amplitude oscillations and Ca II K line,
Figure 8
Time variation of Mg II k line intensities in the k3
reversal (squares), k2V (triangles) and k2R (crosses)
peaks.
a) large amplitude oscillations ;
b) small amplitude osccillations,
Figure 9
Reduced intensity (squares) and wavelength (triangles)
versus time for the Mg Il k3 reversal (large amplitude

oscillations).



Figure 10
Fourier transform of the time variations of Doppler shifts
and intensity of Mg Il k3 (large amplitude oscillations),
Squares : power spectrum for Doppler shifts (arbitrary
units) ; triangles : power spectrum of intensity ;
crosses : phase difference between Doppler shift and
intensity components (degrees).

Figure 11
Comparison of time-averaged profi the Mg II k line

(squares) with the profile corresponding to the average

1 =2.-1.-1

atmosphere (triangles) (intensities in erg s”"cm “sr "Hz ",

wavelength in anstroms) (large amplitude oscillations).

Figure 12
Time sequences of contribution functions versus eulerian
altitude in kilometers (large amplitude oscillations).
The dots indicate constant lagrangian altitudes.
a) Mg II k2v ;
b) same as a) normalized at each time to show more
clearly the low chromospheric contribution which dominates
the "quiet" profile ;
c) Mg I k2R ;
d) Mg II k3 3
e) Ca II K3,
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€ “rgyv to the corona away from active regions anc its dissipation tiere,
has become increasingly attractive. While it is tempting to consicer
coronal mcdels that are scaled down aralogs of flate models where ererce
is released gradually, we should recall that it has been the requirzr.n:
of rapid euergyv release that has driven the search for flare meclanisn-
and that processes which are too slow tc describe flares, and fi.. reen
discarded, may be relevant for the quasi-steacdy neating ol the JIrinas.

L]

Although we are not discussing generation mecnanisns here, we £ .o
point out that the observed Jields are roughly in equipartition wii. t.¢
kinetic energy density at the top of hic conveltion Zohe (Jelnli.or o
Weiss, 1976). The secd field for amplification ¢, tne convective ~oilions
presumably results from the dynamo interaccion betweern rotation anc
convect.on in deeper lavers. Thus, the magnetic fi1eld associated . ioi=
ing will vary with the spindown time of 3 star, which in geéneral will
be unrelated to the evclutionary time scale deterrmined by nuclelisrnties.s

In the convection zone f(= gas pressure./masnetic NER RS
and convective velccities move the magnetic line- of il
resistance. Magnetic fields provide (a. least! tnvec PRSI
for transmitting energv {rom the convection zone to U
waves propagazing alcne lines of force, J) currents :
corong by wares, twists and motions of the magnetao I T no
33 emerging flux carrving storTel energy UpwiTLxr lissdifatlcn <D oToliut:

 Jissgipation of dncoiel Currenis : -

where the magnetic energy
and wave mode coujpiing a

a
& £

enerzy occurs primarily as
v
1

The field mav serve (mecr  or less pussivel' ) &S o TeliuT o7 Irans-
mitting the shaking or twisting of fiels lines (Wentzel, 1¢7e: 1 -
andé Kaburaki, 1974; Hollweg, 1950). Twisting cr Ziggling of @ noinetl..
line ¢f torce can be produced darectly by convecstive motions or -
thermal over-sta-ility in the convectively unstable laver. Tre clstur™-
ance will then propagate awav as & wave, or if slow enough, a5 o f.asi-
static cnange in the 1.cld., Several mMagnet0-acOuiIil=RTaviiy Wa o

modes exist. (ne carn understand the essence 0f Hegheil. wWaves b ~.i.-
sidering only Alfven waves. Their restoring force is magnetic tun=ao0n,
so they act like waves or a string—the magne.ic¢ field line—wit, rotaon
transverse to the field. The temperature, agcnsiiy, pPressure anc Tauneiis
field strength (B, + ¢(B) are constant. Enerypy vrepagate. along .o field
at the Alfven speed

a =B/ VAﬂo.

Because of its density dependence, the Alfven speed increases bhv
a factor of 103 between the photocphere and the corona, so that <. -
stantial reflection of Alfven waves will occur. Since the mugnct.
field in the coror: is inhomogeneous, the internal #lfven waves wilil
be slightly modified and propagate as surface waves wi'h the average
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SMALL SCALE DISSIPATIVE PROCESSES IN STELLAR ATMOSPHERES

J. W. Leibacher R. F. Stein
Space Astronomy Group Department of Astronomy and
Lockheed Palo Alto Research Astrophysics

Laboratory Michigan State University
Palo Alto, California East Lansing, Michigan

ABSTRACT

. - The outer stmospheres of stars must be heated by some non-thermal
energy flux to produce chromospheres and coronse. We discuss processes
which convert the non-thermal energy flux of organized, macroscopic
motions into random, microscopic (thermal) motions. Recent advances in
our description of the chromosphere velocity field suggest that the
8coustic waves observed there transmit very little energy, and hence
are probably incapable of heating the upper chromosphere and corona.
The apparent failure of this long held mechanism and the growing appre-
ciation of the importance of strong magnetic fields in the chromesphere
and corona have led to hypotheses of heating bv the dissipation of cur-
rents (both oscillatory and quasi-steady). This follows discoveries
in laboratory and ionospheric plasmas and work on solar flares, that
ingtabilities can concentrate currents into thin high current density
filaments where they dissipate rapidly.

INTRODUCTION

The major advances in understanding the Sun and other stars Juri-
the second half of this century have resulted from our appreciaticr of
violations of the paradigm: stellar structure (both interior and atmwi-
pheric) is determined by thermsl energy transport (i.e., radiation,
convection and to &8 much lesser extent conduction). It now appears
that the outer atmospheres of virr:ally all stars are substantially
hotter than radiative equilibrium would have predicted and that sticllar
winds are important energy losses for the oute~ atmosphere. The con=
ventional wigdom has become: a thermodvnamic engine converts internal,
thermal energy (maintained by thermal energy transport) to external,
macroscopic energy which then propsgates, or is transported, with
little interaction with the material through which it propagates, up-
wards into the corona. generally, production of propagating energyv is
not very efficient, §10™°. However, where the bulk of the total out-
ward energy flux escapes from the star, i.e., within the outer several



photon mean free paths, the macroscopic energy now represents a sub-
stantial proportion of the energy density, and diesipation of this
energy can substantially change the temperature structure. In addition,
the mechanical energy density directly contributes to the momeniur bale-
ance, and hence structure, of the overiving atmosphere. Dissipation of
the macroscopic energy results from microscopic pro-esses (viscosity,
conductivity and resistivity) which reduce gradier.ts and increase raindor
internal motions; i.e., increase entropv. By dissipation, we understand
the ultimate transformation of macroscopic, organized energy to micro-
scopic disorganized ones, and we don't discuss the transformation of one
propagation mode to another, which "dissipates' the mode, but not the
non-thermal energy.

We shall discuss the wave modes (acoustic, internal gravity and
Alfven) which have been considered, and the role thev appear to play in
the Sun, as well as the less fully studied hypothesis of heating by
current dissipation. We do not discuss the generation of this propagzu-
tion energy here, and the reader is referred to Stein and Leibacher
(1979, 1980).

Finally, we should point out that the identification of the variocus
candidates for propagating the required non-thermal emergy flux iizc pro-
ceeded from observations of the time dependent, horizontally inhomegen-
eous structure of the Sun. The Sun is where we learn the physics to
understand the stars. On the other hand, the variation of non-thernal
heating with stellar type provides a stringent test for all generation,
propagation and dissipation theories. We should note several recent
reviews of heating mechanisms: Cram (1977), Cram and Ulmschneider
(1978), Rosner, Tucker and Vaiana (1978)—particularly the Appendizx—
and Wentzel (1978).

ACOUSTIC (PRESSURE) WAVES

Propagating pressure fluctuations were the first non-radiative flux
suggested to account for the corona's high temperature. These steepen
to form discontinuities due to the dependence of their propagation speed
on temperature: the upwardly moving, hotter part of the wave propagates
faster than the downwardly moving cooler part. The steepening is accel-
erated in e stellar atmosphere, since the wave amplitude increases as
the density decreases, to keep the energy flux constant in the absence
of dissipation and refraction. When the steepening progresses to the
point that the wave changes appreciably over a collision mean-free-path,
diffusion (viscosity and conductivity) acts against further stecpening,
converting the organized motion of the wave into thermal motions, and
a shock wave is said to exist. In stellar coronae, the high thermal
conductivity of the hot plasma is generally more important than viscosity.
As the pressure jump across the wave increases, the dissipation (or
entropy increase) grows very rapidly: initially as the third power of
the pressure jump. It is important to note that it is the sharp gradient,
or discontinuity, produced by the wave which produces the dissipation;



ORIGINAL, p
OF Poog QUAAGIEWIS

the existence of large velocitiaes (comparable with the sound speed) is
not sufficient. 1In particular, long period vertical motions will raise
and lower the atmosphere more or less in phase, with the velocity vary-
ing exponentially——not sinugsoidellv with height—and even at large amp~
litudes "phase" is not propagated vertically. Radistive exchange (losses
from hot, compressed gas and gains by the cool, rarefied gas) alsc will
dissipate the flux of an acoustic wave.

Short period waves (10 - 100 seconds), created by turbulent motions
in the convection zone, should be capable of providing the heating re-
quired near and immediately above the temperature minimum (Ulmschneider,
Schmitz, Kalkofen and Bohn 1978, and references therein). However,
"they rapidly dissipate their energy and do not appear capable of any
heating higher up. These waves lose a very substantial part of their
energy by radiative damping in the photosphere befcure forming shock
waves. Thus, the flux available for heating is & small number which
is the difference of two large numbers (the generation and radiz:iive
damping), & situation which amplifies numerical as well as physical un-
certainties.

Although the dissipation of these waves is fairly well understood,
the total power emitted and its temporal spectrum remains unceriein.
Extrapolations to other stars have been suggested (Renzini, Caccicri,
Ulsechneider and Schmitz, 1978), but the predicted, very rapid increase
in the chromospheric emission with luminosity for sc.ar tvpe stars does
not appear to occur (Linskv and Ayres, 1979). Short period waves
remain "unobservable' because their wavelengths are comparable to the
widths of the regions emitting the spectral lines used as diasgnes:tics,
however they do contribute to the non-thermal width of spectral lines.

Longer period acoustic waves are seen as spatially resolved cis-
placements of photospheric and chromospheric lines. Theory and obser-
vation have achieved rare agreement in the description of the '"five
minute oscillations" as acoustic waves trapped within certain ranges
of temperature (Leibacher, 1977; Zirker, 1979). These standing waves
transmit virtually no energy: neither in the cavity where upward and
downward propagating waves, of equal flux, interfere constructively,
nor outside the reflecting boundaries of the cavity where the mode may
continue to exist by "tunneling" as an evanescent wave. Thus, although
+i.e velocity amplitudes may be substantial, since pressure and velocity
vary nearly in quadrature, little energy would be propagated. In addi-
tion, since there is no vertical phase propagation, the large vertical
gradients required for diffusive dissipation do not occur.

The radiative losses of the upper chromosphere and corona appear
to exceed the most optimistic estimates of the acoustic flux (Athay
and White, 1978; Bruner, 1979): assuming that the total mon-thermal
width of chromospheric lines is due to acoustic waves propagating up-
wardg at the maximum possible energy propagation (group) veloci:iv.
For other stars, the situation is likely to be similar: short period
waves lose a majority of their flux by radiation and dissipate the



remainder in a relatively short distance. Longer period waves develop
substantial amplitudes only if they are trapped, and propagate little
energy. -

INTERNAL GRAVITY (BUOYANCY) WAVES

Buoyancy restoring forces, in a convectively stable atmospnere,
will drive predominantly horizontal motions known as internal gravity

waves (IGW). These waves are abundant in the earth's atmosphere, and
will be generated by slow motions, such as penetrative convection. ani

velocity shear, such as that associated with the variation of the super-
granulation veloscity with altitude. Because of their short vertical
wavelengths, they are not prominent in the observed macroscopic mctions
of the Sun, but they presumably make a significant contribution to the
unresolved, "microscopic" velocity field. Dissipation through ordinary
viscosity an. conductivity will occur, and as they propagate upwarde

and their amplitude grows, the waves will "break" and produce sheorter
wavelength IGW turbulence along their fronts—like whitecaps. Llarge
amplitude waves can drive mean flows, and conversely Tok's can be
absorbed by a steady flow whose velocity equals the wave's phase velocity.
The wave energy goes into the mean flow, and it is not dissipate. in the
gense of returning to thermal energy. Radiative damping tends to make

8 wave isothermal, which destroys the buovancy driving force, ani lLience
is particularly effective in dissipating IGw's.

The energy propagation speed for IGW's is < the sound speed. so
the arguments of Athay and White (1978) for the energy flux carricd if
the excess line broadening were all taken as propagating mechanical
energy, also apply for IGW's. However, because their velocity is rri-
marily horizontal, only a small part of their amplitude contributes to
line broadening at disk center.

MAGNETIC FIELDS (CURRENTS)

Recent observations have vastly increased our appreciation ¢l the
importance of magnetic fields on the Sun, and hence other »tars. Strong
fields have been found away from active regions: the super-granulation
network consists of strong (greater than 1000 gauss), concentrated (less
than a magameter horizontal extent) fields, and flux emerges at 3ll
latitudes. X-ray observations indicate that the corona consists almost
entirely of filamentary and loop structures which have been identified
as magnetic flux tubes. The role of magnetic fields in heating solar
and stellar flares has long been known, as has their importance in
maintaining the enhanced emission of active regions. ile the impor-
tant physical processes are becoming clearer, we are still far from an
accepted model for these phenomena (Spicer and Brown, 1980). Nonethe-
less, as the difference between a spherically symmetric, one dimensional
chromosphere or corona and reslity becomes more obvious, the idea that
the magnetic field plays an essential role in the transport of mechanical



ORIGINAL PAGE 8
OF YOOR QUALITY

€ >rgy to the corona away from active regions and itg dissipation there,
has become increasingly attractive. While it is tempting to consicer

coronal models that are scaled down analogs of flare modéls where energv
is released graduslly, we should recsll that it has been the requirsment
of rapid euergy release that has driven the search for flare mechanisns,
and that processes which are too slow to describe flares, and have been
discarded, may be relevant for the quasi~steady heating of the cerona.

Although we are not discussing generation mechanisms here, we shouid
point out that the observed fields are roughly in equipartition witi the
kinetic energy density st the top of che convection zone (Peckover and
Weiss, 1978). The seed field for amplification bty the convective motions
presumably results from the dynamo interaction between rotation and
convectson in deeper layers. Thus, the magnetic field associated heat-
ing will vary with the spindown time of a star, which in general will
be unrelated to the evolutionary time scale determined by nucleosvntuesis.

In the convection zone £ (= gas pressure/magnetic pressure) is large
and convective velocities move the magnetic lines of force with litile
resistance. ‘agnetic fields provide (ar least) three broad mechanisms
for transmitting energy from the conve.tion zone tco the corona: 1)
waves propagating along lines of force, 2) currents induced in ti.e
corona by waves, twists and motions of the magnetic foot pcints, and
3) emerging flux carrving stored energy upwards. Dissipation of nmaznetic
energy occurs primarily as the lissipation of induced currents. Althouzn,
where the magnetic energy is in the form of Aliven waves, viscous damping
and wave mode coupling also occur.

Alfven Waves

The field may serve (mecr or less passivel ) as o« medium for trans-
mitting the shaking or twisting of field lines (Wentzel, 197&; Uchida
and Kaburaki, 1974; Hollweg, 1980). Twisting or jiggling of a magneti.
line of force can be produced directly by convective motions or bw
thermal over-stability in the convectively unstable laver. Tne disturb=
ance will then propagate away as & wave, or if slow enough, as a juasi-
static change in the field. Several magneto-acoustic-gravity wave
modes exist. One can understand the essence of magnetic waves by con-
sidering only Alfven waves. Their restoring force is magnetic tension,
so they act like waves on a string—the magnetic field line—wit., motion
transgverse to the field. The temperature, density, pressure and nragnetic
field strength (B, + éB) are constant. Energy vropagate. along tie field
at the Alfven speed

as= B/vlmp.

Because of its density dependence, the Alfven speed increases by
a factor of 103 between.the photosphere and the corona, 8o that sul-
stantial reflection of Alfven waves will occur. Since the magnetic
field in the cororna is inhomogeneous, the internal 21fven waves will
be slightly modified and propagste as surface waves wi*h the average
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Alfven speed. Uhere the local Alfven speed equals this sverage Alfven
speed a resonance occurs, &t which the transverse velocity and electric
field becene large.

The Alfven speed is independant of Alfven wave amplitude, since
the density and magnetic field remain congtant. Hence, Alfven waves
do not steepen and shock. However, ~tey can dissipate by microscopic
processes (viscosity and resistivity). The damping lengths for bo:in
vigcous and Joule heating increase as the cube of th~ magnetic field
and the square of the wave period.

Viscous damping is more important than Joule heating in the corona
_and vice versa in the photosphere and chromosphere. 1n the corona the
problem is turned around. The damping lengti:s are so long thar Jissi-
pation is very small and attention has fccussed on coupling to ctier
modes which dissipate more rapidly. Surface Alfven waves have very
large amplitudes at their resonant point, so most of their enercy will
be dissipated by Joule &nd viscous dissipation in the thin resonant
iayer. The damping rate is determined by the rate at which enercy can
propagate into the resonent laver. Mode coupling occurs when the
Alfven wsve amplitude becomes large, and a compressible, sound wsve is
formed which can dissipate efficiencly (Derby, 1976). Coupling alss
occurs in the presence of inhomogeneities, by producing an uncerzaintv
in the wave number, of the order of the reciprocal ¢I the inhocmogencity
scale size. For two waves of the same frequency and wavenumbers gdiffer-
ing by Lk, the coupling will be of order

1/Ljak! (Melrose, 1974).

In particular, Alfven waves propagating nearly along the field czn couple
efficiently to fast mode waves.

Current Dissipation

Slow motions of the magnetic foot points in the convection zone
. 1v force flux tubes against one another in the corona, which will induce
currents between them perpendicular to the field direction. If the maz-
netic fields are oppositely directed, a neutral sheet will be produced.
Buffeting of magnetic flux tubes in the photosphere by granule and
supergranule motions will produce twists and Alfven waves which propa-
gate up into the corona and induce currents there. Emerging magnetic
fields may also carry energy stored as twists (J x B 7 0) up into the
corona, where B is small. Any unbalanced magnetic torce (J x B) -:ill
cause the tube to move and relax (Parker, 1974). Field aligned urren's
can remain in the relaxed coronal flux tube (Parker, 1974; Hollweg, 19d0).

Current or magnetic field dissipation is a diffusive process due
to sinsle or collective particle collisions. The heating rate is
Q = nJ4, where J is the current density and n is the resistivity. The
characteristic resistive diffusion time scale is 1p = 4nL2/nc2.
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Por typical coronal parasetérs tp ~ 10% yra; too long to be significant.
This Joule dissipscion time can be reduced either by reducing the width
L of the reogion through which the currents flow or by isncreasing the
repgistivity by fncreesing the effective collision rate. To get signi-
ficant current dissipation by any mechanism, the dissipstion must occur
in such small volumes that the transfer of the resulting heat to tie
rest of the corona is & serious problex.

Tearing Instability

The size of the current region can be reduced by the tearing
instability in & sheared magnetic field. Parallel currents atiract one
another and tend to clump. The cluzping of curren: produces a fluid
flow that forces the sheared magnetic field into X-tvpe neutral points
Filamented currents are produced with small enough length scales so that
the clagsical Couiomb collision resistive diffusion time becomes small
and the magnetic field can tear and reconnec:, and the currents can
Gissipate (Drake and Lee, 1977; Batexzan, 1976, chapter 10).

This mechanism has been fnvoked for the viclent energy release in
flares. (See Spicer and Brown, 1980.) However, short wavelengii tear=-
ing modes release less energy than the long waveiength instabilirv thought
to occur in flares, and so mav produce a more tranquil heating apr-opri-
ate ‘or coronal flux tubes. The shorter wavelength modes dis:cr: the
field lines more, which produces a greater restoring force, ani alsc
have a smaller volume of magnetic energy they can release. The tearing
instability has a lower threshold than the current driven instabilities
which lead to anomalous resistivity (discussed below).

Thermal Instability

Thermsl instabilities can also reduce the si-e of the curren: regicn
by producing current filamentation, because Coulomb resistivity decreascs
with increasing temperature. Hence, Joule heating will increcse the
temperature, which reduces the resistivity, which increases the current
density, which leads to enhanced heating. Current filaments paral.cl
to B result. This instability can act as a trigger for other instadbili-
ties.

Anamolous Resistivity

When the current densitv, J = ne e Vdrifr. becomes large enouch
that the drift velocity approaches the electron thermal velocityv, then
substantial numbers of electrons will tend to run away and generate
several different types of electrostatic waves. These waves bunch the
ions, so that the electrons collide with the electric field of a large
collective charge rather than that of a single ion. This scattering of
electrons by the waves increases the e«ffective collision rate, the rate
of momentum transfer and hence the resistivitvy. The enhanced resistivity
due to electron scattering by plasma waves is called "anomalous resist-
ivity", and since it occurs in conjunction with current filamentation
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_villrihnttan the resistive diffusion time tremendously (Papadopolous,
1977; Rosasr, Colub, Coppi and Vajana, 1978).

CONCLUS 10MS

Short period scougtic waves (period < acoustic cut-off period, still
appedr to be the most satigfactory mechanisr for heating the low ciiromoe
sphere. These waves shock before reaching the corona, so increasing
thefr flux only increases the tempersture of the lov chromosphere.
Longer perfod waves are trapped by temperature gradients, and al:iicuzh
their amplitudes can increase by constructive interf{erence, ther iransmit
1ittle energy.

Inzernal : waves are probably present in stellar atzmospheres,
and while they aay he important dymamically (line broadening, acceciera~-
tion of steady flows), they probably do not contribute directly tv heate
in‘. )

Magnetic fields have recently received a grza: deal of intercst,
largely 8s & result of the discovery of very strong fields and the
inhomogeneous structure of the corona. Progress has proceedes hy in-
voking mechanisms previously considered for solar active regions aul
flares: Alfven waves dissipating motions excited by convective dulfez-
ing of flux tubes, anomalous resistivitv dissipating fiel3 alignel cur-
rents induced by twisting of the field in and below the photosplere,
and reconnection of field linas in regions of strong field gradienis
produced by the flux tube twisting and relative motions of dififerent
flux tubes.

For the new, magnetic field associated hea:iing mechanisms, éeven
more than the older, wave heating mechanism, small spatial structures
sre of fundamental importance and we must rely on solar observations
and theory to lesd the way to applications to other stars.
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F 19628-77-C~0068, NASA grant NSG-7293 and NSF grant AST-76-2247%.
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I. IRTRODUCTION

Ladies and Centlemen, we novw reveal to you the secrets of how to create chaos
out of order. The existence of a chromosphere or corona requires the sxistence of
motions. A chromosphere or corona requires some non-radiative heat input. There
has to be some kind of motion, either oscillatory or quasi-static, to transport the
energy up te the chromosphere or corona. This ordered motion may be ob:erved as
chaog: microturbulence, macroturbulence, line asymmetries or shifts. Of course, it
is necessary to actually compute the effects of motions on line profiles in order tc
see what will really happen.

We review the propcrties, generation and dissipation mechanisms of three kinds
of waves: acoustic, gravity and Alfven waves. These are not the only kinds that can
exist, but they will give you some idea of most of the range of wave properties, a:
least for the low frequency waves f~r which plasma cffects are unimpertant. They
are pure cases. These different wave modes are distinguished by their different
restoring force--pressure for acoustic waves, buoyancy for gravity waves, and magnetic
tension for the Alfven waves. Their properties are summarized in Table I. From an
observational viewpcint, the most important properties are the relation between tem=~
perature and density variations (which change the intensity) and fluid velocity (which
shifts the line). Acoustic waves are compressive: 1In propagating waves the tempcr-
ature and density vary in phase with the velocity, which is parallel tc the energy
flux. Howaver, for standing or evanescent waves the temperature and density are 90°
out of phase with the velocity. Gravity waves are slightly compressive: The temper-
ature and density vary oppositely to each other and 90° out of phase with the velocity,
which is parallel to the energy flux. Alfven waves are not compressive: The temper-
aturé, density, pressure and the total magnetic field strength remain constant and
the motion is transverse to the energy flux. We will come back to thege properties
in more detail later.



- G .

!hete';ig'inéieally two kinds of generation mechanisms: One is direct éoupliag
from the convective motions to the wave motions, either inside the convection zone or
penetrating into the photosphere; and the other is thermal overstability. There are
only a few basic dissipatiom mechsnisme also: Radiation can destroy the restoring
force and damp a wave. The other major dissipation processez occur by collisions
which diffuse momentum and energy, and produce viscosity, thermsl conductivity, and
resistivity. Sometimes, instabilities can clump Ehe particles so that collisions
occur with a large collective "particle" rather than an individual one. This in-
creases the effective collision rate and enhances the diffusion of momentum and
energy. These diffusive transport procesges dissipate acoustic waves in shocks,
gravity waves in shear layers, and Alfven waves by viscous or Joule heating.

I1. ACOUSTIC WAVES
A. PROPERTIES

This materfa] is well-known, so let us quickly run through the basics. As we
said, the restoring force for acoustic waves is the pressure. The energy flux is

2
Fe= = puy V ,
Py g
and the group velocity is
vV = s(l-N2 I:..z)!s
8 ac ’
vhere s is the sound speed. The acoustic cutoff frequency is
LI 8/2H = yg/2s.

Acoustic energy propagation can occur only for . > Nac (2r/200s for the sur). In
the absence of dissipation or refraction the flux must be constant, and the sound
speed is roughly constant throughout the photosphere and chromosphere and increases
by a factor of 10 going up to the corona, hence the velocity amplitude will scale
roughly as i

Acoustic waves can propagate or be evanescent or standing. The essential difference
is that propsgating waves transport energy, but evanescent or standing waves don't.
In propagating waves with vertical wavelength small compared to the scale height,
» the pressure, temperature and density vary in phase with the velocity:
£ .2 B Ryt
In standing or evanescent waves although the pressurc, temperature and density fluc-
tuatione are of the same order as in propagating waves, they vary 90 degrees out of

phase with the velocity

u
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gince the mtgr ﬂux is the average over o period of the pressure times the veloc-
ey, meAaveiage flux will be zero. Alse the vertical phase velecity of .evanee-
eeht vaves will be infinite, so that the motions vill be 4n phase all the way up and

- @oun through the atmosphere. Figure 1 shows a portion of the diagnestic diagram
that Jacques Beckers showad yesterday, to remind you that the acoustic waves occur
in the high frequency region. Later we will come to gravity waves, which occur in
the low frequency region. (For more details, see Lighthill, 1978.)
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1.
Acoustic waves ma)y ove generated directly oy the turbulent convective motions.
This i8 what is usually called the Lighthill mechanisn.
the energy density in the turbulent motions divided by the time scale for the turbu-
lent motions, times some efficiency factor.

Direct Generatjon by Turbulent Motions
The radiated power is roughly

The turbulent energy density is cuz.

the time scale is the eddy to turn over time, which is the length scale of the cddics
divided by their velocity, T = £/u, and the efficiency factor ia the wave number of
the wave times the size of the eddy to some power, (ki)2"+1.
Thus, the radiated power is

2n+}

3
P =£‘-‘;— (k&)
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The 4uponent u depends on the kind of emmissiont If there is monopole emmission,
'iﬁi&h'é&tﬁes’éhés‘co'a mass source, then r ® 0} there is no mass source in the con-
vection sone. If there is dipole emission, which corresponds to a momentum source,
which correspoads te anh external force, then n = 1; in a uniform mediui there would
be no external force and no dipole emission, but in stars there is an external gravi-

tational field so there is some dipole emission. _Finally, for quadruple emission,
which corresponds to the action of the Reynolds stresses, n = 2, and that i{& the dcr-
inent process (Stefn, 1967). For acoustic waves:

k= w/s and w = 1.1 = u/k,

kR = u/s = M,

the Mach number of the turbulent motions. What you get is the familiar result that
the radiated power is proportional to the eighth power of the turbulent velocity:

pol(g)

The turbulent velocity that one chooses is very sensitive to the model that one takes
for the turbulence, and therefore the emission is very uncertain. But if one mahes
some crude estimatr~s for cthe sun,

6

o - 105 & - 10% us - 174,

then 7 2
F- PL ~10° ergs/cm“s.

One can algo use mixing length theory to see how the flux will depend on stellar

properties. From mixing length theory
u - (% ﬁ)k £,

AT~ 8%,

and

wvhere
g = - [d'r/dz - (d1/dz) AD]

is the superadisbatic temperature gvadient. Hence

F - pcP ATu - pcp (é/T)& 83/2 lz,

1/3
" ~( gFﬂ.) _
pcpT

From hydrostatic equilibrium
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This means that the flux decreases very rapidly as you come down the msin sequence,
and increases rapidly as you go up to the giante and the supergiants. There are some
problems with this. Linsky and co-workers find that the MgIlIl flux is & good measure
of the chromospheric emission end they claim that the ratio of the Mgll flux to the
total flux of the star is independent of g, which is contrary to what the Lighthill
mechanism predicts (Basri end Linsky, 1979). Also if you look at the cool main
sequence stars you find that the predicted flux is puch less than the scaled chrorco-

>spbet£c losses. The predicted wave flux may be increased by including effects of

molecular hydrogen en the specific heats and the adiabatic gradient. Just how much
is not known. Ulmschneider and Bohn are working on that now. But as e¢f the moment
there is still over an order of magnitude discrepancy in those results (Schmitz and
Ulmschneider, 1979).

The turbulent motions may also directly excite the “five-minute" oscillation.
In & steady state the amplitude of a given mode will be determined by the balance
between turbulent generation by the Lighthill mechanisz and dissipation by turbulcn:
viscosity (Goldreich and Keeley, 1977):

.3
oYy

by

x1)° = vk €y

where
v e uA)..

Hence, the energy density of an oscillation mode k will be

€ * 913 uA2 k3,

whete A is the size of the eddy whose turnover time equals the oscillation period,

“A,A = w. For & Kolmogorov turbulence spectrum, where

e (%)1/3’

and H 18 the scale height, which is Assumed to be the sizé of the largest turbulent
eddies which contain most of the turbulent energy, the oscillation mode energy density

11/2 ~5/2
€ -puuz (?—) (T“’—) .
ac

2. Thermal Overstability ,

Overstability is an oscillating, thermal instability. There are several kinds
of thermal instabilities. The onc that works for acoustic waves is the r~ mechanis:.
or the Eddington Valve. 1If you have an opacity vhich increases with temperature, then
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when the gas ts emressed. tt gets hotter, the opacity goes up, it blocks the flow
of radistion, so heat accumulates which raises the gas pressure, which tweans there is
wote pressure expanding the gas than would be obtained from just compressing the gas,
and so0 it will have a stronger expansion than its compression anu the amplitude

will increase. WUhen you actually calculate the growth rates as Ando and Osaki (1975)
did, you find that they are very slow. The time gscale for a mode to grow is about a
thousand periods, and that is so long that the turbulent viscosity has a chance to
destroy the overstability. On the other hand, as we have seen, the turbulent motion
may also direectly excite the modes. And since we certsinly see ther in the sun, we
know something is exciting them. It ought to be pointed out that the calculations
show that the fundamental mode is stable. It is, however, seen on the sun, although
at a somewhat smaller amplitude than the higher modes. 1If the calculations are right,
at least the fundamental mode must be excited by sote other mechanism besides therral
overstability. So thermal overstability msy or may not work for the five minute oscil-
lation. Some people have proposed a mechaniem of Doppler shifted line opacities as

a generation mechanism for sound waves in stellar winds.

C. DISSIPATION
What about the dissipation of acoustic waves?

1. Radiation

In the first place photons can transfer energy frem the hotter to the cocler
regions of a wave which will reduce the restoring force and damp the wave. Calcula-
tions show that about 90% of the wave energy of the acoustic waves is removed in the
photosphere. Radiative damping also alters the phase of the terperature and densitw
relative to the velocity (Noyes and Leighton, 1963).

2. Shocks

The other damping mechanism, of course, is shocks. / the wave propagates {ts
front stecpens, and when the thickness of the wave front becormes comparable to the
mean free path of the parti&les. one gets & shock. It should be remarked that a shock
has to do with the steepress of the gradient, not with the size of the velocity. You
can have & shock where the velocity amplitude is small compared to the sound specd.
The distance a wave must travel for a crest to overtake a trough and a shock develop
is

A8
82=2H1n (1 +52 2 _’ﬂ)

Short period acoustic waves will dissipate ncar the temperature minimum, but longer
period waves with periods around the acoustic cutoff period (200 sec) will dissipate
higher up. And the five minute oscillation which is evanescent doesn'.’steepen at
all until it getse high enough to become nonlincar. The dissipation length is

L {A/(M-l) weak shocks
A strong shocks,
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and the Sérenééh of weak shocks varies as
- -1/4
¥ Vahou.-.k’s ce

(Stein and Schwartz, 1972).

111. GRAVITY WAVES

A. PROPERTIES

In gravity waves the restoring force is buoyancy, which is similar to convecticn.
The different thing about gravity waves is that, while for acoustic waves ther: is 2z
natural speced, the sound speed, for gravity wavos there is a natural frequency, the

buoyancy or Brunt-Vaisala frequency at which a blob will oscillate if displaced:

b
N=(-¥a),
where £ is the superadiabatic temperature gradient. 1In an isothermal atmesphere

L

K~ (y - 1)%/s.

Gravity waves only propagate at frequencies less than this natural buovancy frequen:y,
and the buoyancy frequency is only real and nonzerc in convectively statle regions.
You cannot have gravity waves propagating in a convectively unstable region. Thex
cannot propagate or bu generated inside the conveoction zone, only by motions in the
stable photosphere. Gravity waves propagate energy in a particular direction, whicl.

depends on frequency. The cosine of the angle between the flux and the vertical is
cos 6 = u/X.

_or the sun, for values that are appropriate for the granulation,
= - N, . = -
Tgtanulation 10-20 min and \Tmin =0.03= 2-/3zin,
the direction of gravity wave energy propagation is

cosS = 1/5, 6= 75°,

Figure 2 shows what you would see if you lookcd at a schlieran photograph of grawvity
waveg produced by an oscillating source. The solid lines are the wave crests and the
dashed lines are the wave troughs. The lines inttrsect at the source. Energy

is propagating radially outward at the angle theta and the velocity of the fluid is
also radial, parallel to the energy flux, but the phase propagates perpendicular to

the energy,
v/l EL k

You sec different waves moving across the fan, while the fan c¢xtends out further ané
further with time as the energy gets out further and further. The group velocity of

gravity waves is
V8 = sin 6.

x|
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Figure 2: Gravity Wave Crests (—) and troughs (==-).
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Figurc 3: Group Velocity for gravity and acoustic waves.
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.-figure 5 ;héds fﬁe group velocity for gravity

For solar granuiati&n Nk - 1 km/s.
(and acoustic) w-ves as a function of frequency and direction. Notice that one would
observe low frequency, long wavelength waves first. The phase relations between tem-
perature, density, pressure and velocity for low frequency gravity waveé are gimilar

to evanescent acoustic waves:

S v 8T , ,u S, s oy M
[ =4 s T i s* p = sPH s 8

Pressure fluctuatiorns a.2 in phase with velocity but very small, while temperature and
density are 90° out of phase with velocity (Pittway and Hines, 1965; Lighthill, 1978,
Chapter 4).

B. GENERATION

Gravity waves are ubiquitous in the atmosphere of the earth; they are produced
by any slow motion. Therefore, they should also be present in the Sun. There are

~ two common generation mechanisms.

1. Penetrative Convective Motions

One of the main ways gravity waves will likely be produced is by the penetrative
convective motions. ™e can think of Lhe penetrative convection as blobs pushing
on the boundary of the stably stratified laver. The amplitude of the wave produced

will be comparable to the amplitude of the penetrative motion,

| ! .

This has been verified in laboratory experimen.s (Townsend, 1966). However, since

Ywave * lgpenetratior
only frequencies that are less than t.e huoyancy (Brurt-Vaisala) frequency can Profas
gate, only that part of the penetrative convective power that satisfies . = k. V < X
will contribute .o the production of gravity waves. This mechanism is similar to the
Lighthill mechaniem, but with an efficiency r "r one.

If you make a rough estimate for the so.ar granulation, taking a velocity of
1 km/sec and the appropriate length scales, then

F - "“2ng - 31077 % 1010 & -;— 10° . 10° erg/en’s.

This flux wili, howeve», be greotly reduced by the strong radiative dissipatin =°

gravity waves, which we discuss below.

2. Shcar

Gravity wavee xan also be produced by the shear that will -rise from th. super-
granule motion:. Supergranule fl~+s have a ccllular structure. Conservation of mass
requires that a gradient of the vertical momentum flux produces a horizontsl momentun
flux. Braking is large fn the photosp’wre 1d produccs a large horizontal flow there.
Even though the horizontal momentum flux is small in the chromosphere, the chromo-

spheric horizontal velocity is large, b cause of the small dcnsity. The horizontal
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supergranule flow is observed t-o de:rease tro; ~M0-:8 km/s in -the lovw photosphere to
~.0.4 kn/s in the low chromosphere and then increase to - 3 ka/s in the mid-chromo-
sphere (November, et al. 1979). Where the size of shear becomes comparable to the

buoyancy frequency,

4u, (2)
| o Wl
7 2> nin[ N, N tcool ]

(vhere Tcool is the radistive cooling time) the shear layer becomes unstable and

radiates gravity waves. Most of the energy is radiated near

k= NIJ 2 U“.
and the growth times are of order
v =107 au /e

(Lindze-, 1974). This mechanism wi .. operate in the low photosphere where the coolin;

time is short and in the high chromosphere where the shear is large.

C. DISSIPATIOXN
How do gravity waves dissipate?

1. Wave Bresking

Gravity waves steepen, but instead of forcing a shoc:. front they form a thin
shear layer, vhere the fluid velocity changes direction over a very shert distance.
When that shear becomes comparable to the btuoryancy frequency, dU/dz = X, turbulen:-
will develop along that wave front. Small scale motions are produced which dissipatc
the wave motion and dazp the wave. To find the condition on the wave emplitude fer
breaking to occur, we need to calculate du/dz. Llet u = (u, 0, w) where u is the to-i-
2ontal and w the vertical component of the velocity. For gravity waves the Boussircsg

approximation hoiJs, so

V. u=0,
which implies that

dw

az -ikau.

The wave equation for gravity waves is
2 2
dv (E _, 2 .= 0,
2 2
dz w

i‘.’-ei—g-z—wg-i ﬁ-l k.w
dz k 2 2 R

80

B dz w

Hence, the condition for gravity wave breaking is

N-l d—"l .-N—z -1 ﬁ‘: ~ 1
w2 13
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2. Radiative Damping
As ve mentioned, there is very severe radiative damping of the gravity waves.

Radiation tends to make a wave isozhéml, wvhich destroys the buoyancy restoring

force. The radiative cooling rate is

3
-1 16xaT x -1 &
Y * g oc, (1 - ¢ot k)

1~ 7 E optically thin
3
o+ 16xoT X
Dcv
1 (&Y
3 (:) optically thick.

vhere « is the inverse of the photon mean free path (Spiegel, 1957). The opticall:

thin damping time :*cllG-'c‘l". increases rapidly with height and exceeds 10 min above

10’

FLUX

10°

1"

) 1 L L L] L) L 2 L) v L A T L]

RLDIATIVE DAMPING

o2 04 06 08 1o 1e t4
HEIGHT (Mm)



o 1D

. —a—ae - e e

700 kn above ‘5000-- 1. Demping is severe when the radiative cooling time is shot:er
than the wave period. The leong period, short wavelength waves are thg most highly
damped. Pigure 4, from Barbera Mihales® thesis (1979), shows ihe fraction of flux
remaining at each height for several wavelengths and periods. 1In order of magnitude,
the flux decreases by 103 batween the bottom of the photosphere and the mid-chromo-
sphere, for parameters appropriate to granule produced gravity waves. On the other
hand, gravity waves generated by penetrative metions a8 few hundred kilemeters above
the botton of the photospherc suffer reduced radiative dissipation and can trarnsrci:
<X of their flux to the chromosphere. Since the radiation wiich produces the dacpir:
of gravity vaves also allows for easier penetration of the convection, the wave flos
reaching the chremosphere froc penetrative convective motions high up in the phote-
sphere is only slightly less than that from the bottom of the photosphere with its
severe radiative damping.

3. Critical Layers

Gravity waves have one other property which is very different from sound waves:
they can interact very strongly with the mean horizontal fluid flow. In particular,
they can give the fluid a horizoatal accelcration. A layer vhere the horizontal
fluid flow velocity is equal to the herizontal phase speed of the wave, is a “criti::z:
layer." Here in the fluid frams, the doppler shifted frequency goes to zero,
w-k.uy + 0, 8o thc waves propagatc along the critical laver, cosi = (.-k.u)/X - C,
and their energy is absorbed. Such a critical laver can arise from the herizontal
supergranulation flow or may be produced by absorption of horizontal gravity wave
momentum. For the sun, the horizontal graviiy wave phase speed is about 1.5 km/s,
which will match the horizontal supergranulation flow somewhere in the zid-chromo-

sphere. The transmission through a critical layer is

F ]
T= ______Ftrans. =  exp {- 2- (.i - % },
inc.

Ri = Nzl(drfdz)z »

where the Richardson number,

is the order of 50. Hence, the absorption at critical layers is very large (Econ.s
and Bretherton, 1967; Acheson, 1976). Such critical layers will occur in the chrcro-
sphere and will produce localized dissipation of gravity waves there.

The important thing to ~mphasize about gravity waves is that because they pro-
pagate energy mostly horizontally and becausc of radiative damping, one does not
expect too much heating from them. But they are a source of chaos and may contrit.:te
substantially to any microturbulence, becsuse they are certain to be there. Their
horizontal wavelengths are comparable to granules, < 1Mm, and their vertical wave-

lengths are only 1/4 as large, which is comparable to the scule height or sraller.



IV. ALFVEN WAVES
A. PROPERTIES

Moving on apace, we now come to Alfven waves. Here the restoring force is
magnetic tension. The group velocity is the Alfven velocity,

\’s e a = BA] ‘4rc.

Unlike the sound speed, the Alfven speed increases substantially batween the photo-
sphere and the corona, by a factor of 103. The flux is

2
F=puza-6—B—a.

4n

and is parallel to the magnetic field. In the absence of dissipation or refraction.
the flux remains constant, so the velocity awplitude sczles as

I VG V2

The velocity is perpendicular to the magnetic field, i.e. transverse to the directi::n
of emergy propagation. Hence Alfven waves act like a vibrating string. There is =e
comprassion,

¢T = é&p = & =0,

s¢ there are no opacity changes. Only Doppler shifts sffect the line prefiles.

The total magnetic field strength, :go + B}, is constant, so the wave is polar-
ized in part of the arc of a circle, along which the magnetic vector swings back and
forth (see e.g., Bazer and Fleischman, 1959; Barmes and Kollweg, 1974).

Most people up until recently have considered uniform magnetic fields. But we
know that in the corona the magnetic field is very inhomogeneous. Luckily it turns
out that waves in inhomogeneous fields are rather similar to the internal waves in =
uniforn field. 1If you consider a thin flux tube surrounded by plasma in a weaker
field, several different modes occur (Roberts and ¥ebt, 1578; Wilson, 1979; Wentzel.
1979a). First, there is an axisymetic mode which is just the torsional] Alfven wave,
propagating along the flux tubte zt the Alfvea speed inside the tube, ¢ = a,. Secer:,
there is another axisymmetic mode which is like the slow mode, a sound uav; propagoi~
ing along the flux tube with

c2 = aiz sizl(ai2 + siz).
It has a short wavelength and its amplitude is concentrated at tne surface of the tube.
For these waves to excite waves outside the tube, th: phase velocity inside the t-.b.
would have to be greater than the sound or the Alfven speecd outside. In general that
18 only possible for these modes when the inside density is less thnn;the outside
density. Third, there are other modes which are not axisymmetric, and act like vi-
brating string modes. Their phase velocities are essentially an average of the Alf-en

specd inside and outside the tube,
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These wodes can have a resonance where the phase velocity of the tube mode equals

" the local  ‘ven speed. At that resonant point the amplitude of the perpendiculsr
(to the magnetic field) velocity and electric field becomes large. Other perturbed
quantities are unaffected by the resomance. Thus, even in an inhomogeneous corona
the wvaves are similar, although not fdentical, to those in a homogeneous corona. The
wain difference is that for thése tube or surface wave modes there exists a resonance

at places in the flux tube vhere ¢ = 3.

B. GENERATION
%hat about Alfvemn wave generation?
1. Convective Motions

_ Alfven waves can be generated by the convective motfons, similar to the Lighthill

mechanisz for the sound waves. But, because the magnetic field channels the motions,

monopole rather than quadrupole emission occurs. The radiated power is

“3
. ra"T(k:).
For Alven waves,
kag- b"!
a’ [
so u
ki = Py B“B'
Thus

L 2

(Kulsrud, 1965: Rato 1968). Rough estimates for the sun p. 10

predict an Alfven wave flux from strong field regions of

F-Pi- 108 erg/cm?s.

-6. u - 105, a - 106

However, anything which jiggles & magnetic field line will also generage Alfven
waves, 80 granules will generate Alfven waves and Supergranules will generate Alfven
waves. OCranules have larger velocities and so are more important. They produce a
flux 2
F = pu'a.
For typical granule velocities of 1 km/s,

10

F= 3x10-7 %x 107 x 106 = 33109 ergs/cmzs.

(See, however, Hollweg, 1979.) .

What we are really interested in is the aversge flux, so we have to include the
fact that the flux tubes will spread with height and that the Alfven speed increases
with height. The waves produced by granular motions have fairly long wavelength so
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;§e§'§;€ tﬁ;-éhange in~A1£ven speaed roughly as s éiscontinn;:y. In tﬁis case th;
trancuission coefficient is

4a.a a
te L2 .4 2 .03
(al +a 8
The average flux is A a
FeF photo 4 photo
1 ]
° Acorona 8corona

vhere A is the flux tube area. Since the magnetic flux is constant along a flux

tube, BA = constant, 80 Aa =p -1,2. Thue, the average flux vill be

Fe= Fo (°coronal°photosphere)1/2

=104 F_

= 3x10s erglcnzs.

which is fairly substantial, enough to heat the corona.
1 have not rmade a distinction between Alfven waves and magretohvdordrnamic waves.
In a8 strong field the Alfven and the fast mode are similar and the slow mode is an

acoustic wave propagating along the flux tube.

2. Thermal Overstability

Alfven waves may also be genersted by thermal overstability. This is not the -
mechanism, but the Cowling-Spiegel mechanism (Cowling, 1957; Moore and Spiegel, 1866).
Here buoyancy acts as a driving force which tends to destabilize the sys:en and make
it depart from equilibrium, Magnetic tension acts as a restoring force which tends
to bring it back to equilibrium and radiative transfer decreases the destabilizing
effect of the buoyancy force. Since there will be less destabilizing effect on the
way back than there was on the way out from equilibrium, the magnetic tension will
return the systerm to equilibrium faster than it departed, and the wave amplitude
will grow. Becausc the buoyancy must be destabilizing this mechanisz works only in
convectively imstable regions. One can calculate the grow ' rate by equating the
tate of working of this buoyancy force with the kinetic energy of the waves (Parker,
1979). The buoyant force is

Fp = bog = ¢g %-

The tempcrature fluctuation is the temperature difference between the adiabatically
displaced fluid in the wave and mean temperature at its displaced level, reduced by
diffusive radiation cooling:

0T = Mg ——,

cool

Where A is the wave amplitude, ) is the wave length, £ is the superadiabatic tempera-
turc gradient, t is the period, and the diffusive radiatfon cooling tire is
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cool cl.“p E‘, ad ¢ at‘ <oT ..

which is assumed to be much greater than the period. The growth tine-y’l

it takes the buoy;nt work, vF_, to supply the wave energy %- ovz. vhere v = Aa = Aj/t:

» 18 the time

B
v3v Fg = %-pvz.
Thus ¢ 2
ye gs . 98¢ 5 .
Tw Teool teddy Teool

HBow does this growth rate depend on stellar properties? For an opacity

cmp laph? o

nfp <P

hydrostatic equilibrium gives

The wave frequency is

and the cooling rate i

-1 &F -1.6.11 -2
1 « T X
cnol oc Txkz ’
P
From mixing length theory,
2/3
1., 2. B8 .feF
eddy T 2
ocPTL

o g1+6 1325

where i = H @ T/g. Hence the growth rate varies with stellar gravity, surface temper-
ature, and magnetic field as

v = g3/51%25 g2

C. DISSIPATION

1. Viscous and Joule Heating

How do Alfven waves dissipate? Alfven waves don't steepen and form shocks,
becauge the Alfven speed is independent of wave amplitude, since the magnetic field
strength is constant and they are not compressive. They can still dissipate by par-

ticle collisions which produce Joule or viscous heztingz. However, the damping lengths
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are.i;rge, although they may be comparable to coronsl loop dimensions. The Joule and

viscous heating rates are

e, = n 3 e nch? (68)%1(am?

and
2 2

Qv = pk u.

The damping rate is

¥ = Q/2E,
where
E=pu’ = 6B2/4n ,
and the damping length is
’ L = aly.

For Joule heating

LJ = 87 aslnczuz

. 2020 320312 3.2

vhere the resistivity is
m v 2 1)2
e coll me'm n A = 10-7 -3/2

T .
nez (kT)Blz

ne

For viscous heating
Lv = Zpasluuz

23 n-l/ZT -5/2.3.2

= 10 B"P cm,

where the viscosity is

p= % n mpvezlvcon = 10—151 5/2.

Viscous damping is more important than Joule heating in the corona and visaversa in
the photospheire and chromosphere. 1f the fields are weal, then the Joule dissipaticn
will be significant in the photosphere. Hence Alfven waves can only get through from
the photosphere up into the corona in strong field regions. That used to be a serious
problem before we knew that fields come in little patches of high field strength.

Now it is not. For typical coronal loop parasmeters (n-lolocm-3.1~2x106°:, B ~100G,

L ~101°cm) the viscous damping length is
Lv - lﬂachm,

which ig comparable to the loop length for short period waves,
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Because the corona is inhomogeneous, the Alfven waves are really tub

"and have a resonance where the tube phase speed i{s equal to the local Alfven speed.
In this resonant region the wave amplitude is large. Hence large currents and large
Joule heating will occur in the narrow resonant layer. The rate of heating i2 con-
trolled by the rate at which energy can flow intc that resonant region, and has been
calculated by Ionson (1978) and Wentzel (1979b):

y = mok Ar (Aazlaz) 2 +p,/n, + pe/pi?-l.
They thought this was the rate at which waves were radiating energy away. It isn't.
1t 1s the rate of energy flow into the resonant region (Hollweg, 1979). There is a
problem of how the energy released in this very small resonant region volume is
transferred to the rest of the large coronal volume where it is needed. Nobody has
figured out how that is done. This is a problem for just about every type of Alfvenm
wave dissipation, except for the Joule aud the viscous dissipation. The reason is
" “that in order to rapidly dissipate the Alfven wave energy the currents must be clumped,

and so the dissipation occurs in a small regio:.

2. Mode Coupling

In the presence of inhomogenieties the Alfven wave will couple to other wave
modes. Coupling will be large between wave modes whose wave vectors' difference is
comparable to the inverse of the inhomogeniety scale length. The coupling ratio

between two modes is roughly
fake |72,

where Ak is the difference in k between the two modes and L is the length scale of

the inhomogeniety (Melrose, 1977). In a strong field the major coupling occurs be-
tween Alfven and fast tode waves that are propagating in the direction of the magnetic
field, because both of them are propagating nearly at the Alfven speed, so they will

stay together. The difference in wave vector is

k=a(¥)- & 2,
C [ c

where ¢ is the phase speed of the mode. For propagation close to the magnetic field

direction

c, = az + sz 62,
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bc . S+ Ca 182 2 2
"‘c‘ a ‘(14‘2‘—29 -\1- 87/2
= 92/2.
and

ak/k = 62/2.

Thus the coupling ratio is

-2 L) o7

When 6 < (mlﬂi)k. where Ri

increase Ak. So the maximum coupling occurs at this critical angle and is

is the ion-cyclotron frequency, jon cyclotron effects

| akL I'l e L)) (2479

(Melrose, 1977). There will not be much coupling if the waves are not propagating
aleng the ficld direction, nor will there be much coupling between the Alfven and
slow modes. The fast mode, if it gets any energy, will form shocks and dissipzate,

so that this is a round about way in which the Alfven waves can dissipate thoir encrev.

3. Alfven Wave Decay
The Alfven waves can also decay. 1f a set of waves satisfy the resonance condi-

tion,

which is essentially energy and momentum conservation, then one wave can decay into
two. In this case a forward moving Alfven wave can decay into a Lackward moving

Alfven wave and a slow mode pressure wave, at the rate

SOLIC)

(Kaburaki and Uchida, 1971). For a broad spectrum of incident waves, only those that

stay in resonance for a decay time, i.e. have sk/k ~ du/u < /. , cen decay. So

e (5 (%)

(Sagdeev and Galeev, 1969). There seems to be some disagreement between the calcu-

the decay rate is

lated ducay rates and the fact that one sees the Alfven waves in the solar wind at

the ecarth,



4. Current Dissipation
- Finally, 1 want to talk a little about ~urrent dissipation. Currents are pro-
‘duced not only by. Alfven waves, but by ar: twisting motion of the magneric flux tubes,
for instance a quasi-static twisting motion. Current or magnetic field dissipation
is a diffusive process due to single or collective particle collisions. The charac-
teristic resistive diffusion time scale is

2
YR - % - —l% = Aanlncz.
J 8anJ

For typical coronal parameters B NIOA yrs, too long to be significant. This Joule
dissipation time can be reduced either by reducing the width L of the region through
which the currents flow or by increasing the .esitivity by increasing the effective
collision rate. If some instability or resonance filaments the current so the current
“density is high in a small region, then there can be significant dissipation of the

currents. 1f that occurs and if the current density J = n.ev becomes large

enough so that the drift velocity approaches the electron therm:;iSZIOCIty then sub-
stantial numbers of electrons will tend to run away and generate several different
types of electrostatic waves. These waves bunch the ions,.so that the electrons
collide with the electric field of a large collective charge rather than that of a
single ion. This scattering of electrons by the waves increases the effective colli-
sion rate, the rate of momentum transfer and hence the resistivity. The enhanced
resistivity due to electron scattering by plasma waves is cslled "anomalous resis-
tivity," and eince it occurs in conjunction with current filamentation will shorten
the resistive diffusion time tremendously (Papadopolous, 1977; Rosner et al, 1978;
Hollweg, 1979). Also if the current density becomes large it will develop large
shears or gradients in the magnetic field, which will lead to tearing mode insta-
bilities. Parallel currents attract one another and temd to clump. The clumping

of current produces a fluid flow that forces< the sheared magnetic field fnto X-iype
neutral points. Filamented currents are produced with small enough length scales

so that the classical, Coulomb collision, resistive diffusion time becomes small and
the magnetic field can tear and reconnect and the curremts can dissipate (Drake and
Lee, 1977). This mechanism has been invoked for the violent energy release in flares
(see Spicer & Brown, 1980). However, shorter wavelength: tearing modes distort the
field 1lines more, which produces s greater restoring force, and also have s smaller
volume of magnetic energy they can release, so they may produce a more tranquil quasi-
static heating appropriate for coronal flux tubes. The tearing instability has a
lower threshold than the current driven instabilities which lead to anomalous resis—
tivity, To get significant current dissipation by any mechanism, the dissipation
must occur in such small volumes that the transfer of the resulting heat to the rest
of the corona is a serious problem,



V. CONCLUSION

In conclusion, there are many kinds of different wave motions 1n.the sun; acous-
tic, gravity, Alfven waves, and other kinds of magneto—acoustic-gravit& wave modes;
maybe even higher frequency waves like whistlers. All of these ordered motions may
contribute to the chaos observed in stellar armospheres. In order to develop diag-
nostics, somebody has to take self-consistent calculations of these waves with the
right velocities, temperatures, densities and pressures and calculate the effects
on the line profiles of each wave mode.

To summarize the major roles of the waves we have discussed today: Acoustic
waves can heat the low chromosphere but not the corona. The evidence is partly ob-
servational: the observed nonthermal line widths due to waves in the upper chrome-
sphere are too small, and also theoretical: increasing the driving amplitude at the
bottom of the atmosphere only increases the dissipation of the acoustic waves in the
chromosphere, but doesn't increase the flux through the transition region to the
corona.

For gravity waves the motion is mainly horizontal. Their amplitudes will be
comparable to the amplitudes of the penetrative convection (granulation). They mav
contribute to the observed microturbulent velocities, but they are unlikcly to be
important in the heating.

Alfven waves will dissipate primarily by highly clumped currents in very snall
regions, 0 there is the problem of how to get that emergy from the small volume
where the dissipation occurs to the larger volume of the corona. The nice thing about
Alfven waves is that they are observed in the solar wind, and they seem to be impor-
tant in providing an energy and momentum input to the wind. Someplace between the
photosphere and the earth, where the wind is observed, those Alfven waves must be

produced.
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- TABLE 1.
WAVE MODE ACOUSTIC‘ GRAVITY ALFVEN
PROPERTIES Pressure Buoyancy ' Magnetic Tension
u //EIK w//lF Lk ulF, F//B
vV . s
g
Propagating: cos® = w/N Vg = a
& . .8 .u/s p. w u §T = 68p = 4&7: 0
T p P P kﬂs [ <<u/s
| B, + §B| = conmst.
Evanescent
S .8 -8 .48 S - 8T . ;
T o P i s 0 T iuws
GENERATION Convective Motions Penctrative Convective
Convection Motions
Thermal Thermal
Overstability Overstability
DISSIPATION Shocks Shear Viscous and
Joule Heating
by single or radiation Critical Plasma
collective Layers Instabilities
partical
collisions
Radiation Mode Coupling
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ATTACHMENT .
SOME ETFFECTS OF STRONG ACOUSTIC WAVES ON STRONG SPECTRAL LINES

Pierre Gouttebroze (Labnoratoire de Physique Stellaire et Planetaire,
Verriéres-le-Buisson, France)

John Leibacher (Lockheed Palo Alto Research Laboratory, Palo Alto, CA)

We have studied the formation of optically thick lines in time
dependent, non-linear hydrodynamic model of the solar chramosphere.
Models of the 200 second, chromospheric oscillation indicate that the
emission peaks of self-reversed profiles such as those of MglI and
Call are fcrmed at very different depths depending on the phase of the
oscillation, while the central absorbtion feature is emitted at a very
nearly constant mass depth. The figure shows the MgII k line emitted
by the mean atmosphere, including "microturbulence” (triangles) and
the mean profile (squares). In addition to the substantial intensity
increase interior to the emission peaks, one should note that the peaks
are broadened only towards line center; i.e. the intensity fluctuations
are symmetric outside of the peaks and strengthen more than they weaken
within the peaks. A more detailed version has been submitted to the
Astrophysical Journal.
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5-23758.
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