NON-LTE MODELS OF SOLAR PROMINENCES

P. Heinzel
Astroncmical Institute.of the Czechoslovak Academy of Sciences,
- 251 65 Ondfejov, Czechoslovakia

J.C. vial, P, Gouttebroze
Laboratoire de.Physique Stellaire et Planétaire,B.P. 10,
F-91371 Verridres-le~Buisson.Cedex, France

B. Rompolt
Astronomical Institute.of the Wroclaw University,
51-622 Wroclaw, Poland

developed during the past decade.  Particular attention is devoted to. recenmt:interpretation
of hydrogen Lyman o line profiles in quiescent preminences and to the solution of the non-LTE
problem for moving active prominences. Finally, we outline some of the most important pro-
spects of prominence plasma diagnostics.

HE-JITP MOJEJM COJHEUYHHX [[POTVYBEPAHIEB. B HacTosmel} paGoTe npenaaraercs Ko-
poTku#t 0630p HEKOTOPHX NpeACTaBUTeJbHNX He-JITP Mmonmexeit COJTHEUHHNX NpoTyGepaHNEeB
KOTOpHE OHAM pas3pafoTaHH B TeUYEHMM HOCHeTHUX JecsaTu JxeT. Oco6oe BHuUMaHMe IOC-
Bnmgnohnwepnpemannm npoduxeit BomZopomHOR aumuHuy JlaliMaH~-o« B CHOKONAHNX HpoTyGe-.
paHnax w pemeHMD samauy He-JITP naa ABUXYDMXCA BKTUBHHX NpoTyGepaHUeB. B sak-
JADUEHNN NEePeyYnCAeHO HECKOJBKO HauMOoJee BaXHHX HanpaBaeHuit asabHefimero pasBuTHSA
IMArHOCTHKM IIASMH NPOTyGepaHnes.

NON-LTE -MODELY SLUNEXNTCH. PROTUBERANCT, V preci je poddn struny prehled.nSkterych re-
Zvlastni poscenost je.pritom wenowana. interpretaci. profilu vodikowé Giry Iyman o v klidnych
protuberancich a fedeni non=LTE. problm: pro. pohybujici se. aktivni protuberance. V zdvéru je
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o - -
naznaCeno nékolik nejdulezitéjsich smdru daliho rozvoje diagnostiky protuberancni plazmy.

1. INTRODUCTION

In the past decade, a significant effort was devoted to prominence non-LTE modelling,
both from a purely theoretical point of view and by using new space and ground-based observa-
tions. However, nearly all models published so far can be regarded as "first-order approxima-
tions" which do not account properly for the complicated gecmetrical structure of solar pro-
minences. We would rather deal with the class of "mean" models, as in most chromospheric
studies. There are two reasons for this: neither diagnostically important Uv-observations
fram space, nor some of the ground-based measurements provide sufficient spatial resolution
and, moreover, the theoretical multidimensional solutions require large computational facil-
ities which are only now becoming available. In addition, most attention has been devoted to
non-LTE studies of quiescent prominences which are assumed to be in a stationary state without
any considerable macroscopic motions. In the present contribution, we briefly review the most
important non-LTE computations, which have been carried out during the last decade, and then
concentrate on some results recently obtained in non-LTE synthesis of the prominence hydrogen
spectrum, both in quiescent and active (moving) objects.

2. NON-LTE MODELS

In a series of papers, Heasley et al. (1974, 1976a,b) use the technique of complete line-
arization to model quiescent prominences, approximated by one-dimensional (1D) vertically po-
sitioned slabs of finite thickness. The cbservable quantities, derived from these models, are
the integrated intensities of hydrogen and helium lines, The atomic models used are complex,
including many bound as well as cantinuum levels for which the excitation and ionization equi-
libria are treated simultaneously with the radiative transfer in several lines and continua.
However, although these models seem to be the most sophisticated so far published (from the
point of view of inherent non-LTE physics), they have several serious drawbacks: their geametry
is too simple, cawplete frequency redistribution (CRD) in resonance Iyman lines, only schematic
incident radiation fields have been used for some lines which strongly affects the emergent
line intensities, the energy balance is treated either via the radiative equilibrium (leading
to too low temperatures inside the slab), or isothermal-iscbaric models have been adopted. In
a subsequent paper, Heasley and Milkey (1978) performed more refined calculations also includ-
ing other atomic species for diagnostics, which led to a new set of low-pressure isothermal and
isobaric models. These models seem to agree in general with the optical observations of Land-
man and Illing (1977), but neither the ILyman lines, nor the Lyman continuum have been synthes-
ized fram such models. Only recently, Heasley and Milkey (1983) tried to compare the Lyman
continuum observed by Skylab with the synthetic continuum based on these low-pressure mcdels.
Other authors used much less camplex approaches to evaluate the prominence spectra, devoting
great attention to subordinate (Balmer) lines of hydrogen (see, e.g., Yakovkin et al,, 1979,
or Tsovookhuu, 1980, ar Morozhenko, 1984). However, there exists a categary of simpler non-LTE
models (two or three hydrogen levels, CRD, isothermal-iscbaric structure) which try to account
-~ at least in a schematic way - for the effects of multidimensional radiative transfer. Vvial
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(1982) has performed same two-dimensional (2D) computations for L o, Call and MgII lines, using
the code of Mihalas et al. (1978), a two-level model atom and CRD. Although these models give
line profiles camparable to those cbtained from the OSC-8/LPSP UV-spectrometer, they correspond
to ane 2D structure, while we typically observe camplicated filamentary structures which can be
responsible for important effects of lateral radiation transpart. The problem of radiative
transfer in inhomogeneous prominences was partly treated by Morozhenko (1978), Zharkova (1983),
or Fontenla and Rovira (1985). The emergent hydrogen-line profiles have been found to be dif-
ferent when compared to one-slab models, but these 1D multilayer representations still do not
account for the free penetration of the incident and diffusive radiation.

All the abovementioned papers deal with more or less sophisticated non-LTE modelling of
quiescent prominences, and try to develop satisfactory diagnostics. On the other hand, no sim-
ilar computations exist for active cbjects, presumably due to the presence of macroscopic veloc-
ities, which further complicates the solution of the transfer problem, and also due to the lack
of suitable observations which would stimilate such research. To fill this gap, fram a theoret-
ical point of view, we have performed several non-LTE computations for the hydrogen prominence
plasma moving in the corona; the results are discussed in Section 4. Returning to the quies-
cents, all important non-LTE studies, briefly mentioned herein (for a more comprehensive dis-
cussion, refer to Hirayama's review, 1985) are based on the assumption of CRD in all lines.
Since the prominences are generally low-density objects, we expect certain departures from CRD,
at least in strong resonance lines like the Lyman hydrogen lines. With the good line profiles
from the 0SO-8/ILPSP or SMM/UVSP instruments, we are now ready to assess the importance of such
departures. This particular problem is discussed in the following section.

3. PARTIAL REDISTRIBUTION IN HYDROGEN LYMAN-a

In a recent paper by Heinzel et al. (1986) (hereafter referred to as HGV), the problem of
the formation of the hydrogen Lyman a line in quiescent prominences was thoroughly investigated
by using the most up-to-date theoretical results for PRD in this line, on the one hand, and the
observed line profiles from the OSO-8/LPSP spectrameter, on the other. This exploratory work
was aimed at establishing the actual importance of the PRD effects in the formation of hydrogen
resonance lines and, therefore, HGV used isothermal-iscbaric slab models similar to those dis-
cussed previously (this selection avoids other competitive effects which could, in principle,
arise from a more realistic geametry, velocity fields, or a depth-dependent structure of the
physical variables). However, contrary to most previous studies, HGV devoted great attention
to as precise a specification as possible of the radiation fields incident at the prominence
surface boundary. The observed specific intensities of the photospheric and chramospheric radi-
ation fields have been ugsed to determine the mean incident radiation fields in all lines and
for all continua at a given height above the solar swrface. The coupled non-LTE problem of ra-
diative transfer and statistical equilibrium (for a five-level hydrogen atom with continuum)
was then solved numerically by a linearization method similar to that of Mihalas et al. (1975).
In order to acoowunt explicitly for PRD in Lyman o and also in Lyman 8, HGV applied, to an ad-
vantage, the modified equivalent-two-level-atom approach of Hubeny (1985). PRD in Iyman a was
treated according to Yelnik et al.. (198l1), which represents the most ocomplete thearetical at-
tempt to describe partially coherent scattering in this line. By varying the basic input para-
meters (total colum mass M, kinetic temperature T, total gas pressure p, and turbulent veloc-
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ity vt) , HGV cbtained a set of theoretical line profiles which were subseqguently compared
with the available data. It was demonstrated that the PRD Lyman a line profiles reproduce the
prominence profiles observed on board of OSO-8 quite well, On the other hand, the CRD pro-
files are in no case capable of explaining these cbservations. The most important feature of
the PRD Lyman o profiles is that they exhibit two well-pronounced peaks, located at wavelengths
roughly corresponding to those of the chromospheric Lyman o peaks. This behaviour is actually
observed; see Fig. 3 in HGV. Note that qualiatively the same observations also come from the
SMM/UVSP instrument (A. Poland - private communication). The double-peaked behaviowr of the
prominence Lyman o profiles is a consequence of quasi-coherent diffusion of the incident solar
radiation through the prominance slab. In fact, original chramospheric peaks are partly re-
produced by quasi-coherent diffusion of near-wing photons, while in the CRD case these photons
are spread over the absorption profile.

The integrated intensities of Lyman « and H o are also in reascnable agreement with the
cbservations reported by Heinzel and Vial (1983). However, the simple isobaric and isothermal
slab models with "standard" PRD (for the definition see Hubeny, 1985) give much lower integrat-
ed intensities of the Lyman 8 line than the 0SO-8 measurements. This discrepancy, found by
HGV, seems to be of a similar nature to that of chromospheric Iyman 8. This Iymang problem
requires further investigation in order to specify the conditions responsible for this discre-
pancy. )

To summarize, HGV have made the first direct camparison between PRD and observed Lyman o
profiles, and have concluded that PRD is a quite satisfactory approximation in this situation.

4;. HYDROGEN EMISSION FROM MOVING PROMINENCES

Heinzel and Rompolt (1986) (hereafter referred to as HR) have made the first more detail-
ed non-LTE camputations taking into account the macroscopic motions of prominences in the cor-
ona. They used simple 1D geometry with uniform temperature and pressure, and the same numer-
ical code as in HGV (CRD is assumed for the first approximaticon). The motion is then simulated
by prescribing the corresponding velocity-dependent boundary conditions. The radially moving
praminence exhibits important brightness variations which depend on the velocity, prominence
height, and plasma parameters M, T, p, vy (see preceding secticn). These variations can be ex-
plained in terms of the Doppler brightening and/or Doppler dimming effects (DBE, DDE) - see
Hyder and Lites (1970). Irrespective of height, we can summarize the following conclusions:
For lower electron densities n,, the line sowrce function is radiatively daminated and, there-
fore, DBE and/or DOE are most pronounced. If ng ~ 10!° am ®, the prominence H a brightness
(i.e. the integrated line intensity) can be three or more times greater than that correspond-
ing to the static case (for velocities around 160 km s-l) , while L o exhibits typical DDE for
all velocities. On the other hand, L 8 brightness increases in the same way as the H a for
radial velocities up to about 80 km s~', and. then rapidly decreases due to DDE in L § itself.
At higher electron densities, the line source function becames collisionally dominated and thus
much less sensitive to prominence motions. If n, v 1013 an™?, we cbserve practically no DBE
or DDE in hydrogen lines, AnincreaseofTani/orvtgenerallyleadstoenhancedlineemissim,
but this effect is diminished when the welocity increases. The H 8 line behaves like the H «,
and other Balmer lines exhibit less pronounced DBE. Note that the two-level approximation used
by Rompolt (1980a,b) overestimates the importance of DBE in Balmer lines.
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5. CONCLUSIONS

We have reviewed same of the attempts to solve the non-LTE radiative transfer prob-
lem in solar prominences. Each of these approaches concentrated on one or two particular as-
pects, i.e. multilevel interlocking (Heasley et al.; Yakovkin et al., 1979; HGV), multidimen-
sional effects (vial, 1982; Zzharkova, 1983; Fontenla and Rovira, 1985), PRD (HGV), energy bal-
ance (Heasley et al.; Fontenla and Rovira, 1985), prominence motions (HR), but none of these
studies treated all these important aspects more camprehensively. The most important problems
to be solved in the future seem to be the following: the problem of global energy balance (esti-
mates of cooling rates), multidimensional-multilevel transfer through the prominence filament-
ary structure (the effect of He-line polarization, the explanation of L 8 emissivity), diag-
nostics of the temperature structure of the praminence-corona transition region and of the
interfillar medium (see also Heinzel et al., this volume), PRD-interlocking, inclusion of more
realistic MID equilibria. Further development of radiative hydrodynamics for moving objects is
also highly desirable. As regards cbservations, we need simultaneous cbservations in as many
lines as possible, as well as in some UV continua made with high spatial (filamentary structure),
spectral (coherent scattering, motions, etc.) and time (rapidly developing objects) resolution.

REFERENCES

Fontenla, J.M., Rovira, M.: 1985, Sol. Phys. 96, S3.

Heasley, J.N., Mihalas, D., Poland, A.I.: 1974, Astrophys. J. 192, 181.

Heasley, J.N., Mihalas, D.: 1976a, Astrophys. J. 205, 273.

Heasley, J.N., Milkey, R.W.: L976b, Astrophys. J. 210, 827.

Heasley, J.N., Milkey, R.W.: 1978, Astrophys. J. 221, 677.

Heasley, J.N., Milkey, R.W.: 1983, Astrophys. J. 268, 398.

Heinzel, P., Vial, J.C.: 1983, Astron. Astrophys. 121, 155.

Heinzel, P., Rompolt, B.: 1986, in Coronal and Prominence Plasma, NASA Conf. Publ., in press.
(HR)

Heinzel, P., Gouttebroze, P., Vial, J.C.: 1986, in Coronal and Praminence Plasma, NASA Conf.
Publ., in press. (HGV)

Hirayama, T.: 1985, Sol. Phys. 100, 415.

Hubeny, I.: 1985, Bull. Astron. Inst. Czechosl. 36, 1.

Hyder, C.L., Lites, B.W.: 1970, Sol. Phys. 14, 147,

Landman, D.A., Illing, R.M.E.: 1977, Astron. Astroph. E, 103.

Mihalas, D., Heasley, J.N., Auer, L.H,: 1975, NCAR Technical Note NCAR-TN/STR-104, NCAR, Boulder.

Mihalas, D., Auer, L.H., Mihalas, B.R.: 1978, Astrophys: J. 220, 1001.

.Morozhenko, N.N.: 1978, Sol. Phys. 58, 47.

Morozhenko, N.N.: 1984, Spectrofotametricheskie issledovaniya spokojnykh solnechnykh protube-
rantsev, Naukova dumka, Kiev.

Rompolt, B.: 1980a,b, Hvar Cbs. Bull. 4, 39 and 49.

Tsovookhuu, Ch.: 1980, Izv. Krym. Astroph. Cbs. 62, 154.

vial, J.C.: 1982, Astrophys. J. 254, 780.

Yakovkin, N.A., Zeldina, M.Yu., Pavlenko, Ya.V.: 1979, Astron. Zhurnal 56, 1037.

Yelnik, J.B., Burnett, K., Cooper, J., Ballagh, R.J., Voslamber, D.: 1981, Astrophys. J. 248,
705.

zharkova, V.V.: 1983, Inst. Theor. Phys. Preprint ITF-83-141R.

187

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System




