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THE STRUCTURE OF THE QUIET PHOTOSPHERE
AND THE LOW CHROMOSPHERE



PREFACE

From 17 to 21 April 1967 a Study Week was held in the hotel ‘De Bilderberg’ near
Arnhem, Holland, with the purpose to establish a new, and if possible, generally
acceptable working model for the quiet parts of the solar photosphere and low
chromosphere.

The organizers of the conference hoped that even if this latter goal appeared too
far to be reached, such a meeting would still be useful, if only for enumerating the
crucial problems in solar photospheric research, and for defining future subjects of
research. About twenty solar physicists from outside the Netherlands participated in
the Study Week, while some others, though prevented from actively attending, sub-
mitted their comments before the meeting.

The two above-mentioned goals were reached: a working model could be estab-
lished ; yet it became clear that not everyone would agree about this model, and it
became obvious too that future research is strongly needed, in particular in the field
of line formation (coherence, or non-coherence; local thermal equilibrium), while also
the motion field of the photosphere and chromosphere is insufficiently known, and
its influence on the formation of spectral lines hardly understood.

After the Study Week the preliminary results were circulated and provisionally
presented in a meeting of Commission 12 of the International Astronomical Union in
Prague. This preprint circulation offered one the opportunity to modify the model in
certain respects, while it also provoked some post-Bilderberg discussions, the results
of which may also be found in the present proceedings of the Study Week, reprinted
from Solar Physics 3 (1968), No. 1.

We gladly mention that the Study Week has been made possible by a grant of the
Leids Kerkhoven-Bosscha Fonds. We remember with thankfulness the efficient help
in the practical organization by Miss C. E. Boot and Mr. J. B. Vogel.

C.DE JAGER
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THE BILDERBERG MODEL OF THE PHOTOSPHERE AND LOW
CHROMOSPHERE

O. GINGERICH
Smithsonian Astrophysical Observatory, Cambridge, Mass., U.S.A.
and
C. DE JAGER
University Observatory ‘Sonnenborgh’ and Space Research Laboratory, Utrecht

(Received 25 September, 1967)

Abstract. From 17 through 21 April 1967, an international study week was held in the ‘Bilderberg’
near Arnhem, Netherlands, with the aim of obtaining an internationally acceptable model of the
solar photosphere and low chromosphere. It was found that such a model, based on observed
intensities and center-to-limb observations of the solar continuous spectrum, could indeed be es-
tablished. This model, henceforth called the Bilderberg Continuum Atmosphere (BCA), is shown
in Table I, which gives the temperature, gas and electron pressures, and other data as functions of
the continuous optical depth at 5000 A between 75000 = 10~7 and 25. The model is characterized by
a flat temperature minimum of 4600°K between 75000 &~ 10~2 to 10-4. The model is homogeneous,
and in hydrostatic equilibrium. A hydrogen-helium ratio of 10 has been assumed.

Much divergence remains in the interpretation of line-profile observations with regard to the
establishment of a photospheric model (Section 4). It proved to be as yet impossible to obtain reliable
information on the variation with depth of the following functions: temperature fluctuations,
turbulence velocities, convective velocities, and vibrational velocity amplitudes (Section 5). Pro-
visionally, it is assumed that vmacro =2 km/sec and vmicro =1 km/sec, isotropic and independent
of depth.

1. Introduction

In the course of the last twenty years, many models of the solar photosphere have
been constructed. These have been used with more or less success in predicting certain
aspects of the solar spectrum or for interpreting observations. Gradually it became
obvious that a generally acceptable model of the solar photosphere and low chromo-
sphere that could be used as a reference model by all the workers in the field might
be useful.

It was with a view to this need that the so-called Utrecht Reference Model of the
Photosphere and Low Chromosphere (URP; HEINTZE, HUBENET, and DE JAGER,
1964) was established. It fulfilled this requirement in the sense that it has been used
by several solar physicists for the intercomparison of results of their computations
based on their own photospheric model with the URP model; this proved to be
valuable.

However, after three years of service, it became obvious that the URP model
needed revision in several respects. To arrive at a model acceptable for many solar
photospheric workers, and in particular to take account of the heterogeneous mass of
observations of various kinds and their implications for our knowledge of solar
structure, a study week was convened for the construction of a new and possibly
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internationally acceptable model of the photosphere and low chromosphere. This
study week was organized by the Utrecht Observatory and held at the Hotel ‘De
Bilderberg’ near Arnhem, Netherlands, from 17 through 21 April 1967.

2. Program of the Meeting

The general schedule of the meeting was as follows:

In a period of about five months before the meeting, many participants formulated
their opinions about the solar model. These contributions, in the form of some 30
preprints, were distributed prior to the meeting.

In the first two days of the conference, the participants discussed their preprints
for 10 to 15 minutes, and general discussions followed. On the third day, the results
of the previous sessions were reviewed and a first attempt was made to synthesize the
various contributions into a model of the photosphere.

On the fourth day, some general problems of methodology were discussed; in the
afternoon, three working groups were convened to discuss:

(a) the establishment of a photospheric model based on continuum measurements;

(b) the establishment of a photospheric model based on observations of line
profiles and equivalent widths;

(c) the variation with optical depth of the following functions: temperature
fluctuations, turbulent velocities, convective velocities, and vibrational velocities.

On the fifth day, the three chairmen of these groups reported, and a model of the
photosphere was established. This model appeared essentially to be based on the
continuum observations and hence was named the Bilderberg Continuum Atmos-
phere (BCA).

The detailed program of the study week is given in Addendum I. The composition
of the three working groups is shown in Addendum II.

3. The Bilderberg Continuum Atmosphere

In this and the two following sections, we briefly summarize some of the main con-
clusions of the three working groups. The establishment of a solar photospheric model
based on continuum observations proved feasible, and, in fact, the participants were
surprised to see how well the observations of the various parts of the solar spectrum,
including the ultraviolet and infrared ranges, agreed in producing one uniform model
of the solar photosphere. This model is outlined in detail here. A brief summary of the
results from line-profile observations is given in Section 4; in Section 5, a summary of
the meeting’s opinions on the temperature and pressure variations and on the velocity
fields in the photosphere will be given.

To determine empirically the run of temperature in the sun, we must examine the
emergent intensities that arise from various depths. This is accomplished in three ways:

(a) by investigating absolute intensities over an extended spectral range, exploiting
changes in opacity to cause different effective depths of formation;
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(b) by measuring the intensities close to the extreme limb of the sun;

(c) by studying the profiles of strong lines where great differences in the absorption
take place within a few angstroms.

Although the first method permits the simplest interpretation (provided the theo-
retical absorption coefficients are linked without systematic error throughout the
wavelength range), the ordinary visual continuum does not provide much leverage on
the solar temperature distribution, because the opacity changes very little between
4000 A and 10000 A. However, in both the micron and millimeter regions, as well as
in the ultraviolet, the absorption increases enormously and the emergent radiation
originates in higher layers of the sun’s atmosphere.

Until recently, there were too few observations to sketch a systematic picture of
the region of the solar temperature minimum and the low chromosphere by this
method, but in the past few years more observations from this extended wavelength
range have become available, and their significance for a solar model has been more
clearly appreciated. As a result, a number of new measurements were collected and
reported for the first time at the Bilderberg Conference and incorporated in the
BCA. This new empirical solar model defines the temperature throughout twice as
many orders of magnitude in optical depth as the previous URP.

Although the observations considered fall into place with remarkable consistency,
solar physicists should be aware that conflicting results from line-profile analyses
were completely ignored in the formulation of this model. Furthermore, the agreement
of the far-ultraviolet and infrared observations may point more toward the meagerness
of the data than to the certainty of our deduced temperature distribution.

Before the particular observations and the temperature regions they define are
discussed, some general remarks about the different spectral regions are in order.

In the far ultraviolet, calibrations rest primarily on the rocket results of DETWILER
et al. (1961). The ultraviolet opacities, although now much better understood through
the work of GINGERICH and RicH (1966, 1968), are still comparatively poorly known.
Nevertheless, they point to the spectral region between 1525 A and 1683 A as arising
from the solar temperature minimum, and since the minimum region is apparently
rather broad, even large errors in the opacity will not appreciably affect the emergent
intensity. Furthermore, because the Planck function is extremely sensitive to temper-
ature in this wavelength region, an order-of-magnitude error in the absolute intensity
calibration will make only a 400° difference in the emergent brightness temperature.

In the visible spectrum violetward of 4500 A, marked discrepancies still exist
between the observed intensities and the model-atmosphere predictions, as reported
to the Bilderberg Conference by CARBON, GINGERICH, and Kurucz (1968). In the
absence of any truly convincing explanation for this disagreement, it is best to omit
these wavelengths in constructing an empirical solar temperature distribution. This
near-ultraviolet region is increasingly blanketed by absorption lines, but these seem
to account only partially for the discrepancy.

The wavelength region extending from about 5000 A onward into the infrared
provides several distinct advantages for determining the solar temperature distribu-
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tion. The comparative paucity of absorption lines eliminates the difficulty of establish-
ing the true continuum. The opacity is well known, arising in the infrared regions
from the free-free absorption of negative hydrogen ions. Finally, at least some of the
non-LTE effects haunting the ultraviolet regions are absent here. Undoubtedly, future
models will place increasing reliance on this spectral region as more observations
become available.

The run of temperatures in the BCA can be roughly divided into three sections:
the photosphere, below log Ts900= — 1, the temperature minimum from log Tspp0 = —2
to —4, and the low-chromosphere temperature rise above log 75900 = — 4.

3.1. THE PHOTOSPHERE

A great wealth of limb-darkening data from the visible regions of the spectrum deline-
ates the shape of the temperature distribution between optical depth 0.1 and unity.
The models of SAUVAL (1968), HOLWEGER (1967), MUTSCHLECNER (1968), LAMBERT
(1967), and Elste (as presented by WITHBROE, 1968) differ from each other or from the
URP by less than 200°. Much of the existing disagreement derives from the various
values adopted for the absolute intensities of the continuum at various wavelengths.
It is clear that not all the values in the literature can be taken with equal weight, and
it should be noted that averages including the original, high results of Labs (such as
those given in Allen’s Astrophysical Quantities) are less trustworthy than the more
recent values given by LaBs and NECKEL (1962).

Some concept of the internal accuracy of measurements can be formed by com-
paring the temperatures derived from different wavelengths. For example, the results
of Sauval and Holweger show that either the opacities or their adopted continuum
intensities are incorrect in parts of the near-infrared. Since any opacity errors would
probably show their most conspicuous anomalies in the relatively transparent region
of the H™ absorption minimum at 16400 A, and since the results of Sauval and
Holweger were quite smooth in this particular spectrum region, we conclude that their
adopted intensities beyond 20000 A contain errors. The work of Lambert, which was
based primarily on the absolute intensities of Labs and Neckel and the relative intensi-
ties of Pierce scaled to the intensities of Labs and Neckel, did not show any such
anomalies in the infrared. Because the model of Lambert not only appeared internally
consistent but closely resembled the model of Mutschlecner and the middle column of
Elste’s three-column model, his model was adopted for the region log 75990= —1 to 0.
At the same time, the value for I5,0,(0,0) of 4.05x 10 ergs cm ™3 sec™! ster ™! was
adopted from the work of Labs and Neckel.

The temperature distribution below optical depth unity is rather poorly deter-
mined by the observations, since there is no particularly transparent region of the
spectrum that permits unambiguous observations of these depths. Models constructed
with the mixing-length theory of convection give some guidance to plotting the temper-
ature in this vicinity, and since the URP already reflected these convective trends, the
temperatures at greater depth were simply scaled from that model. In retrospect, it
appears that the temperatures below 540, =2 were pressed too low. It is perhaps this
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decision that has produced the lower predicted I5o00(0,0) of 3.91 x 10'* ergs cm™*

sec” ! ster~in the BCA rather than the desired value of 4.05 x 10,

3.2. THE TEMPERATURE MINIMUM

The value of 4600° adopted for the temperature minimum in the BCA rests on two
lines of evidence. First, this is close to the color temperature found by ToUSEY (1963)
and his colleagues for 1600 A ; the reasons for believing that radiation from this
wavelength region emerges from the temperature minimum have been given by
GINGERICH and RIcH (1968). Second, the work of RicH (1966) on the carbon monox-
ide spectrum in the solar ultraviolet presents a consistent picture if the lowest temper-
atures lie in the vicinity of 4600°. Because the carbon monoxide is formed preferen-
tially and with great sensitivity on the high-pressure side of the temperature minimum,
it provides a delicate indicator. Should a minimum of 4400° have been adopted, the
predicted carbon monoxide spectrum would have been much too strong.

With the temperature placed at 4600°, it was easier to draw a smooth transition
both to the deeper photosphere layers and to the overlying chromosphere than if the
minimum were 4400°.

Limb-darkening measurements both in the infrared and in the ultraviolet provide
evidence for the broadness of the temperature minimum. The observations by LENA
(1968) at 20.4 and 24.2 u and by NoYEs, BECKERS, and Low (1968) at 22.5 and 24.3 u
show a center-to-limb intensity variation going from definite darkening at 20 p
to an essentially flat distribution at 24 . This is in distinct contradiction to the URP,
which predicts definite limb brightening because its temperature-minimum region is
too narrow. The BCA model, on the other hand, yields infrared predictions in satis-
factory agreement with the observations. Unfortunately, these infrared measurements
are as yet only relative, and consequently, they offer no information about the actual
temperature in the minimum region.

In the ultraviolet, the spectral region between 1525 A and 1683 A shows neither
darkening nor brightening toward the limb. As pointed out in the paper by Gingerich
and Rich, the URP predicts considerable limb brightening throughout this region,
whereas the BCA is much more satisfactory in this regard.

The transition between the photosphere and the temperature minimum (i.e., the
region between —1 and —2 in log 75000) is comparatively poorly determined. The
URP reaches a minimum value of 4500° at an optical depth of 0.025, whereas the
models of Lambert and Mutschlecner show at the same point a temperature of about
4800°. The evidence for a comparatively sharp dip in this region comes largely from
intensity measurements at the extreme limb made during eclipses (HEINTZE, 1965).
Such measurements inevitably carry a rather low degree of confidence because of the
difficulties in correcting for the geometry of the eclipse and because of the rough and
spiculed nature of the sun’s limb. It would be far preferable to determine the temper-
atures in this transition region from absolute intensities and limb-darkening measure-
ments in some suitably opaque spectral region, for example, from 1900 A to 2800 A.
The BCA satisfactorily represents the central intensities determined by BONNET and
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BLaMONT (1968), but it has not been possible to achieve a satisfactory interpretation
of their limb-darkening observations. Consequently, in the BCA the temperature
distribution in this transition region is simply a smooth curve connecting the points
atlogtsgoo=—1and —2.

3.3. THE LOW CHROMOSPHERE

Absolute-intensity measurements from the millimeter region as compiled by NOYES;
BECKERS, and Low (1968) and from the far ultraviolet as interpreted by SAUVAL (1968)
established the temperature rise from log 75¢9o= —5 to —6. The results from these
two extremely diverse spectral regions showed such remarkably good agreement as to
border on the unbelievable. If the interpretation of these observations is correct, then
inhomogeneities must have comparatively little influence on the model in this region —
otherwise, the temperatures derived from the ultraviolet should have been higher than
those derived from the infrared because of the non-linear increase in the Planck
function for high frequencies.

Given the run of temperatures established for the vicinity of the low chromosphere,
an interpolation between this region and that of the temperature minimum was
comparatively unambiguous. For shallower layers, however, the millimeter-region
observations implied a steeper rise in temperature. Although these temperatures are
not well determined, we decided to specify them in the BCA as a warning that the
temperature distribution between log 7509o=—5 and —6 should not simply be
extrapolated outward.

3.4. NOTES ON THE COMPUTATION OF THE MODEL

The model is homogeneous, and is in hydrostatic equilibrium. The abundances are
those of GOLDBERG, MULLER, and ALLER (1960), except that the ratio of hydrogen to
helium by number is 10. The electron contributions of six elements (Si, Mg, Fe, C,
Na, and Al) have been considered explicitly; as can be seen in Table I, these
elements contribute over 80%, of the electrons throughout the intermediate regions
of this model. It is necessary to perform detailed calculations of the ionization of
these elements that contribute significantly to the electron pressure, because
throughout the intermediate regions of the model the negative hydrogen ion is the
predominant opacity source at 5000 A. Our studies show that the six elements
considered explicitly constitute a sufficiently extensive set.

Tables I to IV have been calculated on the Control Data Corporation 6400 com-
puter at the Smithsonian Astrophysical Observatory with the program described by
GINGERICH (1963). In Table I, the monochromatic opacity at 5000 A is tabulated. The
sources of opacity used in the calculation are neutral H, H~, H}, metals, and Rayleigh
and electron scattering. The abundances of Si, Mg, and Al affect the opacity, and they
play a very important role in the ultraviolet rather than at 5000 A. The treatment of
the opacities has been described by GINGERICH (1964) and GINGERICH and RicH (1966).

The optical depth/geometrical depth relation has been independently calculated by
Linsky, with the conclusion that this integration is quite stable, even at shallow optical
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