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FOREWORD

This volume contains the proceedings of the XXth Meeting of the Brazilian
Astronomical Society, held at Hotel Orotur in Campos do Jordão, state
of SP, on August 1-4, 1994. This has been a special meeting given that
in 1994 the Society celebrated its 20th anniversary. In this occasion we
succeeded to gather most of our astronomers, including most of those who
had founded the Society in 1974.

In this volume only the invited talks given at the conference are inclu¬
ded, but a large number of posters were also presented, whose abstracts
have been published in a special volume of the Bulletin of the Brazilian
Astronomical Society.

The excellent conferences, and the large number of interesting results pre¬
sented during the conference, have made this an important meeting, where
the quality and strength of brazilian astronomy has been made evident.

We are very grateful to Fundação de Amparo à Pesquisa do Estado de São
Paulo (FAPESP) and Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq) for financial support.

Beatriz Barbuy
Nelson V. Leister
João Braga
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Section Is
SOLAR SYSTEM AND ASTROMETRY

DYNAMICS AND COSMOGONY OF ASTEROIDS IN RESONANCES

S.FERRAZ-MELLO
Universidade de São Paulo
Instituto Astronómico e Geofísico
sylvio @ vax.iagusp.usp.br

This paper is a short review of the dynamics of the main asteroidal reso¬
nances as currently determined from maps and simulations over 106 107 years. Recent
results concern the extensive exploration of the phase space to determine the occurrence of
close approaches to the inner planets, the origin of the gaps in the asteroidal distribution,
the topological dynamics of the planar Sun-Jupiter-asteroid problem and the differences
amongst the 2/1 and 3/2 resonances able to explain the observed existence of a gap in
the asteroidal belt at the 2/1 resonance and of a group of asteroids in the 3/2 resonance.
Current results point to a confirmation of purely gravitational theories for the formation
of the gaps by chaotic orbital diffusion and asteroid scattering by the inner planets.

Abstract.

1

-

—

Introduction

Several features in the distribution of the asteroids are associated with resonances. They
are groups and gaps appearing in plots where the horizontal axis displays the semi-major
axis or the mean motion. The gaps are located at positions corresponding to the 4/1,
3/1, 5/2, 7/3 and 2/1 commensurability between the orbital period of Jupiter and that
of the asteroid, while the groups are located in the neighbourhood of the 3/2, 4/3 and
1/1 commensurabilities (fig.l). The gaps were discovered by Kirkwood, in 1867, and are
known as Kirkwood gaps. The groups in the neighbourhood of the 3/2 and 4/3 resonances
have, respectively, 58 and 2 members currently known (EMP 1995); their two paradigms
- (153)Hilda and (279)Thule - were discovered by J.Palisa, an active asteroid discoverer
that discovered 83 of the 323 asteroids known by 1891.

The asteroids moving in the neighbourhood of the 3/1, 2/1 and 3/2 commensurabil¬
ities are considered in this review. Throughout the 20th century, several theories have been
formulated to explain the Kirkwood gaps. One of them, the statistical theory, claims that
the gaps are only apparent: asteroids near resonances oscillate about the exact resonance
value and expend most of the time far from the commensurabilities. This motion, known
as libration or er-libration, is characterized by the oscillation, around a fixed value, of the
angle
a = (r + l)Ajup rX w

—

—

(A and w denote, respectively, the asteroid’s mean longitude and longitude of the perihelion,
r is a rational number and (r + l)/r is the commensurability ratio). It was recognized since
the early work of Poincaré and notwithstanding having, for some asteroids, a very large
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Figure 1: Histogram of the number of asteroids vs. semi-major axis showing the location of the m
and groups (from Ferraz-Mello, 1994a).

amplitude (up to 0.15 AU, see Ferraz-Mello, 1988), it is not large enough to orig
statistical gap as wide as those observed in the actual asteroidal distribution. C
numerical simulations over 107 years do not show any larger oscillation able to
such an effect. On the contrary, they show that in the observed gaps, asteroids li
about the resonance are exactly the ones that are missing. Fig.2 shows the distribu
nonresonant numbered asteroids around the 3/1 and 2/1 resonances as well as the
indicating the boundaries of the libration regions.

All other theories assume that the gaps are real and either primordial or th
of the orbital evolution of the asteroids. Gravitational theories say that pure gravi
evolution is sufficient to explain the gaps. It is difficult to have a direct confirma
these theories, even using numerical simulations, because of the large time interval
since the origin of the asteroidal belt. However, they stand high in favor since W
work on the formation of the gap in the 3/1 resonance. Wisdom (1982, 1983) show
the chaotic diffusion of these orbits is able to drive an asteroid to orbits approachin
closely in a very short time-scale (105 106 years). Later results using more co
models, pointed out that these asteroids can, in fact, be driven to orbits diving dee
the inner Solar System and, even, coming close to the Sun.

—

Cosmogonic theories assume that the gaps were formed in the early stages of
tion of the Solar System. They are generally made plausible by assembling assumpt
the processes at work during the formation of the Solar System and consist in findin
scenario able to produce gaps in the early asteroidal distribution. To the extent t
gravitational theory becomes widely accepted as a general explanation for the sca
of asteroids in resonances, cosmogonic hypotheses becomes less important. Indeed
efficiency of gravitational evolution mechanisms is as large as pointed out by some
investigations, the present state of the asteroidal belt at resonances depends only
on its primordial state and can provide only a little cosmogonic information. Cosm
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Figure 2: Distribution of the numbered asteroids around the 3/1 and 2/1 resonances and boundaries of
these resonance regions in the planar case. In the right-side figure, the asteroids in the lower left region
were omitted (asterisks: * < 15°; squares i > 15°) (after Yoshikawa, 1990, 1991).

theories are not considered in this review.
The crucial point concerning Kirkwood gaps and Palisa groups is that, in spite of
their opposite distribution characteristics, they have very similar dynamics. For instance,
the theoretical models of the 3/2 and 2/1 resonances are identical and differ only in the
numerical value of one parameter (see, for instance, Henrard and Lemaitre, 1987; Lemaitre
and Henrard, 1988). Thus, in order to be fully accepted, a theory must explain both
the existence of gaps at the 4/1, 3/1, 5/2, 7/3 and 2/1 resonances and the existence of
groups at the 3/2 and 4/3 resonances. It must also explain the particular features of the
distribution in each resonance.

2

The

3/1 resonance

The first gap to receive an acceptable explanation was the 3/1 gap. Its depletion mechanism
started to be unraveled with Wisdom’s (1982, 1983, 1985) results showing the existence of
two regimes of motion indicated by (a) and (6) in fig. 3. (a) is the ordinary low-eccentricity
regime in whose most typical examples the perihelion retrogrades and the eccentricity has a
small periodic variation (for very low eccentricities, the perihelion may oscillate about the
position of Jupiter’s perihelion); (6) is the mid-eccentricity regime - discovered by Wisdom
- in which the asteroid’s perihelion oscillates about the position of Jupiter’s perihelion and
the eccentricity has large oscillations approaching values as high as 0.4 which allows the
asteroid orbit to cross the orbit of Mars. The chaotic dynamics of this resonance is such
that an orbit may alternate between these two regimes in a short timescale (much less
than 1 Myr). Wisdom’s simulations have shown orbits having a seemingly regular loweccentricity motion for long times and suddenly transiting to the mid-eccentricity regime
and crossing Mars’ orbit. In the mid-eccentricity regime, the asteroid can have a close
approach to the planet. This behaviour is intermittent and the orbit may transit back to
the low-eccentricity regime before a close approach to Mars happens. However, sooner or
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Figure 3: Poincare maps (<r
7r/2, & < 0 ) of the resonance 3/1 in the frame of the planar a
Sun-Jupiter-asteroid problem at two different energy levels. Coordinates are x e.cos(w — U7j„
e.sin(ts7 wjup). On the left side, the chaotic domain found by Wisdom is seen in the inner par
figure. It is confined by a bunch of almost regular motions (arrow). On the right side, these
no more exist and a heteroclinic bridge (arrow) allows the transitions between (6) and (c) (after
Melloand Klafke, 1991).

—

=

latter one close approach may occur and, as a consequence, the orbit suffers an imp
energy change and leaves the resonance. The occurrence of a phenomenon of thi
is consistent with the observed absence of permanent asteroids in the 3/1 resonan
fact the few asteroids currently observed in this resonance are believed to have com
recent captures and are bound to close approaches with the inner planets; see Mi
al., , 1989). The only doubts came from the fact that Mars is a small planet and
not know if this scattering process would have been efficient enough to expel all as
expected to be there after the formation of the Solar System, 4.5 billion years ago.
Anyway, Wisdom’s works set new paradigms in asteroidal dynamics and in
all subsequent investigations which generalized his results in several directions. In
concerns the 3/1 asteroidal resonance, Ferraz-Mello and Klafke (1991) have used new
els for the averaged potentials allowing to extend Wisdom’s results to high eccentr
They have shown the existence of a very- high-eccentricity regime (c) where the eccen
oscillates in a wide range reaching values close to 1 and the perihelion may perform
plete revolution before the eccentricity decreases again. In the energy range cons
by Ferraz-Mello and Klafke, this regime is almost always separated from the othe
by some regular motions (fig.3 left) able to avoid transitions between them, at lea
timescale as short as the one observed in the transitions between the regimes (a) a
However, FM and Klafke have shown that, decreasing the energy, these seemingly r
orbits cease to exist and a heteroclinic bridge appears allowing the solutions to go fr
to (c) (fig.2 right) and the eccentricity to grow to values close to 1. Decreasing the
still more, the regimes (a) and (6) become parted and direct transitions between (
(c) become possible (see Klafke et al. 1991).
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The intermittences associated with orbits going through (c) can drive the asteroidal
eccentricity to values close to 1 and back. In this case, the asteroid will not only cross the
orbit of Mars, but also those of the Earth and Venus, planets which are 10 times more
massive than Mars, and even approach the Sun and become liable to be disrupted by solar
tidal forces.
Orbits of fictitious asteroids going through heteroclinic bridges to high eccentricities
were actually computed by Saha (1992) and Farinella et al. (1993). In fact, they are very
common: the orbit of (4179) Toutatis lies in this region.

3

The

2/1 resonance

In the case of this resonance, the use of the existing expansions of the disturbing forces
potential is limited to small domains by the small convergence radius of these expansions.
Thus, techniques not involving expansions are mandatory.

One way of studying the dynamics of this resonance is to perform numerical integra¬
tions and to smooth the output by filtering out the high frequencies (Michtchenko, 1993;
Michtchenko and Ferraz-Mello, 1993, 1995). When the model is the planar Sun-Jupiterasteroid model, these smoothed integrations may be interpreted as solutions of an averaged
dynamical system with 2 degrees of freedom and allow the construction of Poincare maps
(Ferraz-Mello, 1994b). Figure 4 shows some of these maps obtained from 1 Myr numerical
integrations.
In the maps of fig.4, the motion regimes denoted (a) and (6) in the 3/1 resonance
are almost, absent; they are only seen in the last Poincare map corresponding to orbits with
very large libration amplitudes (Ac > 200°). Generally, these regimes are substituted by a
single chaotic low-eccentricity zone (Giffen, 1973; Froeschlé and Scholl, 1976, 1981; Murray,
1986; Wisdom, 1987).
Lemaitre and Henrard (1990) have shown that the origin of this chaotic zone is the
existence of resonances between the libration of the critical angle cr and the perihelion
motion. There is, in fact, a succession of microregimes of motion associated with each of
these secondary resonances and their overlapping allow an orbit to transit through them.
This chaotic zone is confined to low-eccentricities by regular motions starting near e = 0.2;
the maps of figure 4 show large regions of seemingly regular motions, even for eccentricities
as large as 0.5.

The regime denoted (c) in the 3/1 resonance has now two counterparts: One on the
left side (asteroid perihelion librating about Jupiter’s aphelion) and another in the right
side (asteroid perihelion librating about Jupiter’s perihelion). The motion in these regimes
are such that both the critical angle a and the perihelion are librating. The motions in
the right-side lobe are similar to the high-eccentricity regime of the 3/1 resonance: they
grow up from the exact stable corotation existing at the maximum possible energy: an
orbit where both the critical angle and the perihelion longitude are constant (see FerrazMello 1989, Morbidelli and Giorgilli, 1990; Ferraz-Mello et al., 1991). The motions in the
left-side lobe are similar but they do not emanate from a stable corotation: in this regime
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Figure 4: Poincaré maps (<r
0, & > 0) of the resonance 2/1 in the frame of the planar averaged
Sun-Jupiter-asteroid problem. Coordinates as in Fig. 3 (from Ferraz-Mello, 1994b).
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there are no solutions where both the critical angle and the perihelion longitude are both
constant. At higher energies, only the right-side lobe appears; as the energy decreases this
lobe becomes less important up to completely disappear; on the other hand, as the energy
decreases, the left-side lobe appears, increases and becomes the main high-eccentricity
feature of this motion.

Between the two lobes and the low-eccentricity chaotic zone there is always a wide
bunch of regular orbits making their communication impossible in the frame of the planar
Sun-Jupiter-asteroid model. This separation persists even when the long-period perturba¬
tions of the orbit of Jupiter are considered (Morbidelli and Moons, 1993) what led many
authors to find impossible to explain the Kirkwood 2/1 gap by the same mechanisms
explaining the 3/1 gap.

However, when Saturn is included in the model and inclined orbits are assumed
(z0 = 5°), all solutions become clearly chaotic (Ferraz- Mello, 1994b). Maximum Lyapunov
exponents were estimated from some fifty 5-7 Myr integrations, for initial eccentricities
in the interval 0.1 < e < 0.4 and initial semi-major axes ranging from the middle to the
border of the resonance region. The results are generally in the range 10-5 10-3-5 yr_1,
except for a few orbits starting from the very middle of the resonance (Ferraz-Mello,1994b).
These results show that Saturn triggers the destruction of the regular structures seen in
fig. 4. Even if KAM tori may exist, they are not expected to be important; Jupiter’s mass
is much larger than the most optimistic evaluations of the small-parameter values of KAM
and Nekhoroshev theories and, on the other hand, the number of degrees of freedom of
the considered models is high. Thus, intermittences allowing orbits to transit between low
and high eccentricities are expected to exist and were indeed observed in some numerical
integrations. Current researches (Michtchenko, 1993; Henrard et al., 1995; Ferraz-Mello,
in preparation) are devising intermittent mechanisms that may be responsible for large
eccentricity changes and, thus, be able to deplete the resonance at a time rate consistent
with the fact that only a few asteroids are observed librating about <r = 0 inside the 2/1

—

resonance.

4

The

3/2 resonance

The 3/2 resonance was studied using the same techniques used to study the 2/1 resonance.
Figure 5 shows two Poincare maps of this resonance. They differ from those of fig.4 in
several aspects. For instance, we devise only two regimes of motion: (a) the inner domain
of perihelion circulation and (b) the perihelion libration lobe on the left side. At variance
with the 2/1 resonance, no apparent chaotic activity exists in the region of perihelion
circulation (confirmed by Lyapunov exponents tending to zero in numerical integrations
over 10 Myr); the analysis of these solutions shows the same kind of secondary resonances
web responsible for the inner chaotic region in the 2/1 resonance, but the chaotic regions
associated with every secondary resonance in the web seem to be very narrow and they do
not overlap (Michtchenko 1993, Michtchenko and Ferraz-Mello, 1994). The only source of
appreciable chaoticity is bifurcation between the two modes of oscillation of the perihelion.
Strong chaos is visible spreading itself over a large part of the perihelion libration lobe
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chaotic and are bound to close approaches to Jupiter in short times. Orbits in the innermost part remains
regular for long terms even when inclined orbits and the perturbations of Saturn are taken into account.
The actual Hildas are in are in the inner region, (from Ferraz-Mello, 1994a)

and in the outer region around the two regimes. The non-existence of observed asteroids
with mean orbital eccentricities larger than 0.3 is due to the fact that the outer orbits
are scattered by approaches to Jupiter itself. The inclusion of Saturn only accelerates
this phenomenon allowing the orbits to be scattered in less than 1 Myr. The results
of Morbidelli and Moons (1993) for this resonance also show an extended chaotic region
surrounding seemingly regular motions with e < 0.25.

~

When the perturbations due to Saturn are taken into account and the asteroid is
left to move in an inclined orbit, the maximum Lyapunov exponents of the inner regular
orbits still tend to very small values. They are in the range 10“5’5 10_7yr_1. These
values are very small and coherent with the observed existence of about 60 asteroids in
this resonance.

—

5

Conclusion

We reviewed the main asteroidal mean-motion resonances. Whenever possible, we empha¬
sized the results concerning the topological dynamics of these resonances. The collected
results refer to current maps and simulations extending over 106 107 years. They show
that several conclusions, obtained in the past on the basis of simulations over 104 — 10s
years, were not correct. In the same way, we cannot assume the current conclusions as
definitive. They are certainly an improvement on the previous scenario but we do not know
what will be unraveled when our theories become able to show evolutions over as large as

—

10s — 109 years.

The current results point to many similarities in the dynamics of the

2/1 and 3/2
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resonances. In many respects, the 2/1-gap orbits appear as more regular than those of
the 3/2 resonance, at variance with the observational result showing almost no asteroids
in the libration zone of the 2/1 resonance and some 60 asteroids in that of resonance 3/2.
The only instance in which the results go in the direction shown by the observed truth, is
when maximum Lyapunov exponents are computed using the Sun-Jupiter-Saturn-asteroid
model. The fact that the maximum Lyapunov exponents of the orbits in the 2/1 gap
are 2 orders of magnitude larger than those in the 3/2 group is, likely, the reason for the
observed distribution differences. But the values of the Lyapunov exponents found in the
less stochastic regions show that we are dealing with very slow processes and the necessary
timespan to unravel all dynamical mechanisms at work in these resonances is of the order of
108 109 years (see Franklin et al., 1993), or even larger, making yet impossible a complete
exploration of the phase space by numerical integrations.

—
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General information on the discoveries, the physi
properties and the classification of natural satellites a
presented. Also some procedures related to the observations
astrometric positions of satellites and some results of o

ABSTRACT.

observations are presented.

1. DISCOVERIES AND SOME BACKGROUND

The discoveries of the natural satellites are close
to technological developments like improvement
related
optical quality and in spacecrafts and the
telescopes
detectors. Before the seventeenth century, the Moon was the on
known satellite. With magnitude -12.7 for the full Moon, it
the only satellite seen with naked eye. In 1610, Galileo point
his primitive telescope at Jupiter and discovered its fo
greater satellites: Io, Europa, Ganymede and Callisto w
magnitudes 5.0, 5.3, 4.6 and 5.6 respectively, which are known
Galilean satellites. Later, on the second half of the seventeen
century, C. Huygens and J.D. Cassini sighted the five greate
satellites of Saturn: Titan, Iapetus, Rhea, Tethys and Dione w
magnitudes 8.3, 11.0, 9.7, 10.2, and 10.4 respectively.

William Herschel discovered Uranus (mag. 5.5) in 1781 and aft
six years its outermost pair of satellites: Titania and Obe
with magnitudes 14.4 and 14.2. Two years later, he detected t
satellites of Saturn: Mimas (mag. 11.7) and Enceladus (m
11.7). In the middle of the nineteenth century, Lassel found t
Neptunian satellite Triton (mag. 13.6), the Saturnian satelli
Hyperion (mag. 14.2) and two Uranian satellites, Ariel (m
14.4) and Umbriel (mag. 15.3). In 1877, Hall discovered the t
known satellites of Mars: Phobos and Deimos with magnitudes 11
and 12.4. In 1892, Barnard detected a close Jupiter satellit
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14.1)
and in 1898, Pickering,
Saturnian satellite Phoebe (mag. 16.5).

Amathea

(mag.

the

outermost

In this century, before 1979, the 8 outermost satellites of
Jupiter were discovered: Himalia (mag. 15.0) and Elara (mag.
16.6) by Perrine in 1905; Pasiphae (mag. 16.9) by Mellote in
1908; Sinope (mag. 18.0), Lysithea (mag. 18. 2), Carme (mag. 17.9),
Ananke (mag. 18.9) by Nicholson between 1914 and 1951; and
finally, in 1974, Kowal found Leda (mag. 20.2). In 1948 and 1949
Kuiper detected the satellites Miranda (mag. 16.5) of Uranus and
Nereid (mag. 18.7) of Neptune and in 1978 Christy found Charon,
the close satellite of Pluto with visual magnitude 16.8.
In the beginning of the second half of the twentieth century, 30
satellites were known and today we know at least 60. After 1979,
the five closest satellites of Saturn were discovered by groundbased observations. These Saturnian satellites were discovered in
1980 when the Saturn's rings were nearly edge-on to the Earth and
so they scattered little sunlight. They are Janus (mag. 14.5) and
Ephimetheus (mag. 15.7) which are co-orbitals, Helene (mag. 18.4)
in the Lagrangian point of Dione, Telesco (mag. 18.7) and Calypso
(mag. 19), in the Lagrangian points of Tethys. After 1979,
Voyagers 1 and 2 detected 23 small satellites close to the outer
planets. They are: Thebe, Adrastea and Metis for Jupiter; Pan,
Atlas, Prometeus and Pandora for Saturn; Cordelia, Ophelia,
Bianca, Cressida, Desdemona, Juliet, Portia, Rosalind, Belinda
and Puck for Uranus; Naiad, Thalassa, Despina, Galatea, Larissa
and Proteus for Neptune.

At this moment the distribution of satellites for the nine
planets is: no satellite for Mercury and Venus, one for the Earth
and Pluto, two for Mars, eight for Neptune, fifteen for Uranus,
sixteen for Jupiter and eighteen for Saturn.

sizes, mass and densities of the satellites go through a
great range of magnitudes. The known radius of natural satellites
vary from 2500 km for Ganymede to 8 km for Leda, both satellites
of Jupiter. The mass of satellites related to their planet mass
-3
-2
for Triton, 10 -4 to
is 10-1 for Charon, 10
for the Moon, 10
and the Saturnian satellite
!0-5 for the Galilean satellites
6
greater
for all other satellites. Almost
Titan and not
than 10
-3
3
kg/m
all satellites have density about 1.5x10
Titan, Ganymede
kg/m
and Callisto have density 2x10
and the most dense
The

—

.
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-3
kq/m3 , whereas
satellites are the Moon, Europe and Io with 3x10
-3
kg/m3
the less dense satellite is Charon with 0.8x10

.

2. A CLASSIFICATION

Based on their orbits, sizes and perhaps on their origins the
natural satellites can be classified in four classes: the regular
satellites, the collisional shards, irregular satellites and the

special satellites.
2.1. Regular Satellites

This class comprises virtually all the major satellites. They
form miniature solar systems about their planets with circular
and equatorial orbits. Their densities decrease with their
distance from the planet like that of the planets from the Sun.
The regular satellites are thought to originate through processes
that have caused the solar system itself. Like planets which are
formed from the accretion of planetesimals ' disk (in circular
which
are
originated
proto-sun)
the
around
orbit
from
condensation of the dust from the primordial nebula, the regular
satellites are formed from accretion of the planetesimals in
circular orbit around their proto-planet.

The regular satellites are: the four Galilean satellites of
Jupiter, the eight classical satellites of Saturn and the five

classical satellites of Uranus.
2.2. Collisional Shards

They are the small satellites with circular orbits close to the
Most of these satellites have been discovered since
planets
1979, chiefly by Voyagers 1 and 2. They presumably are the
remanents of once-larger satellites, battered and ground down by
the on going meteoroid flux.

.

The larger of these satellites, with radius smaller than 100 km,
have sizes near the small regular satellites (Mimas with radius
equal 197 km and Miranda with 242 km)
These two satellites have
comparatively the most irregular orbits amongst the regular
satellites. They lie across the size transition where objects
disrupted by the collisional flux do not accumulate into spheres.

.
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Belonging to this group we place the small satellites close to
the outer satellites and the Martian satellites Phobos and
Deimos . These two satellites are too small (Phobos and Deimos
mean radius are equal 11 and 6 km respectively) to be considered
regular satellites and there are dynamical evidence that they
have not been captured.

2.3. Irregular satellites

This satellites have elongated and highly inclined orbits
(eccentricity larger than 0.1 and inclination larger than 27
degrees) . Often their orbits are retrogrades (larger than 148
degrees) . Their outer orbits are strongly perturbed by the Sun.
These satellites are, perhaps, the collisional debris captured by
the giant planets.
In this group we place the eight outer satellites of Jupiter and
the satellites Phoebe of Saturn and Nereid of Neptune. The eight
outer Jovian satellites can be distributed in two groups. For
every group we collect four satellites with almost the same
period and inclination. The first group has prograde orbit and
the second retrograde orbit

.

2.4. Special satellites

There are three special satellites, the Moon, Triton and Charon
which do not satisfy the criteria for any the above three
They are the largest satellites relative to their
classes
planets being almost binary companions and those that have
undergone extensive tidal evolution.

.

may have originated in a singular event: from a
circumplanetary nebula that itself was produced out of the
escaped ejecta of a nearly catastrophic terrestrial impact event.
The great distance from the Earth is probably the result of tidal
evolution.
The

Moon

Triton has a retrograde orbit around Neptune. This hints at an
origin by capture but its large size means that such an origin
would not have been accomplished.
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Charon is better considered as a binary object together with its
planet Pluto. Its origin was probably by a process similar to
that which originated the Moon.

3. POSITION OBSERVATIONS OF NATURAL SATELLITES

As we mention above, the knowledge of the orbital evolution of
natural satellites is very important for the determination of
their origin. Moreover many important physical parameters of the
planets and satellites, like the mass and its distribution, can
be obtained from orbital motion.

satellites were
parameters of
and
planets
physical
determined by the spacecrafts which explored the Solar System.
These parameters are mainly the satellite masses, the rotation
axes and period of planets and satellites and the osculating
orbital elements. However, some parameter determinations are
closely related to the distance and velocity of the spacecraft in
the planet or satellite's closest approach and so, more accurate
determination of many parameters must be done.
Many

The spacecraft missions are very expensive and so infrequent.
Therefore systematic and accurate observations of satellites must
There are two
be accomplished by ground-based observations.
kinds of difficulties occurring for these observations of natural
satellites. For the close satellites, they come from the great
differential magnitude between planets and satellites. For the
outer satellites they are related to their identification and
also to the determination of their positions related to the
planets

.

required accuracy in the reduction of satellite-planet
relative positions must be better than 0" .1. Indeed, for a semi¬
major axis equal to 10", if an error in the planet-satellite
distance is larger than 0" .1, then it corresponds to an error in
the eccentricity larger than 0.01 or in the inclination larger
than 0.5 degrees. These errors are unacceptable for satellite
orbits because the eccentricities and the inclinations of the
regular satellites are, in general, smaller than these values.

The

we started a systematic program of
astrometric
satellites
of
Jovian planets. This program was
observations of
motivated by the present southern declination of these planets,
In

1982
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which allowed observations close to the zenith from our lati
((j)~-23°) .

The observations were made at the Cassegrain focus of the 1
Ritchey-Chretien reflector (Perkin-Elmer ) of the Labora
Nacional de Astrofísica, Brazil. This telescope has the f
distance for the Cassegrain combination equal to 15.8 m, w
at focal plane. From 1982 to 1988
gives the scale of 13.0
using
photographic plates and since
observations were made
CCD devices have been used.

The reduction of satellites images consists in the determina
of the center of each satellite in an equatorial refer

system

.

We used photometric methods to determine the center position
our images. Therefore, all the images of planets, satellites
stars in photographic plates were digitized with the PDS 1010
the Observatório Nacional at Rio de Janeiro.

Related to the determination of the center, the images of na
satellites present some particular features.
Often,
f
satellites are close to bright planets and therefore, t
images are embedded in the planet's halo light. Moreover,
planetary motion during the observation
can elongate
satellites' image.

It is difficult to overcome the light diffused from the pla
Sometimes it causes the destruction of the maximum density
points out of the center of a satellite image and thus preven
good determination of its center when using traditional meth
Even when the maximum density survives, it can be affected
systematic errors generated by the addition of a non horizo
background to the satellite's two-dimensional Gaussian.

To remove the background gradient produced by the overexp
image of the planet, we assume that the planetary image
symmetric relative to one or two particular axes (both of w
contain the planetary center) The background is removed thr
the subtraction of counts measured at a position which
symmetric relative to the satellite image. Thus, the resul
the satellite's image without the background gradient. After

.
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procedure, the center of the image is found by a method referr
bellow.

For satellites images without background gradient, the cent
are found with a method presented in the literature
astrometric centering of stars. The choice of a particular meth
depends on the images characteristics. Applying these methods
our observations we concluded that the elliptic two-dimensio
Gaussian model with constant background is better than the oth
models.

satellites with background gradient, the elliptic tw
dimensional Gaussian with a sky background represented by
polynomial surface of degree two gives results equivalent to
method described above.
For

The usual method to obtain the position of the natural satellit
in an equatorial reference system is the same which is used
astrometric reductions of faint objects. It consists in
construction of a secondary astrometric catalogue of faint sta
in the neighborhood of the satellites using high qual
astrometric plates taken with small focal distance telescop
This procedure presents some problems such us the use
different instruments, the differences of magnitude and
catalogues errors which are responsible for the lesser quality
astrometric positions of many satellites.

However, the observations of satellites present some particu
features:
usually, many images repeat the same star field and for m
satellites, the image of the planet appears in every frame;
for every image, the position of the planet changes relative
the star field;
the astrometric positions of planets are known with g

-

accuracy.

Considering these features, we developed a method for
reduction of astrometric positions of natural satellites. T
method consists in the construction of a mosaic containing
complete set of plates of every mission using the common sta
presented on consecutive frames. Using the equatorial positio
of the planet (or a satellite) we find the direction of th
system and a scale for the mosaic and then the equator
reference system for every frame.
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4. SOME RESULTS

five greatest satellites of Uranus: Miranda,
Ariel, Umbriel, Titania and Oberon. Comparing 701 positions of
each satellite (641 for Miranda) with the ephemeris, we obtained
0" . 04 for the observed-calculated (o-c) standard deviation (0".07
for Miranda) . The larger residuals for Miranda are caused by the
difficulty in obtaining good measures of this satellite which is
faint and close to the planet.
We

observed

the

Many observations of the Neptunian satellites (Triton and Nereid)
were also accomplished. The 322 observations of Triton have the
(o-c) standard deviation equal to 0".07 and for the 48 positions
of Nereid it is 0".23. The bad accuracy in Nereid observations is
caused by the difficulty in the observation of this faint
satellite (mag. 18.7) and the small number of published positions
(less than 80)

.

For the Saturnian system, a special attention was given to the
faint satellites Helene, Calypso and Telesco. Almost 30 positions

satellites are obtained. These satellites are very
difficult to observe and their orbits are not well established.
Our internal error for these observations is about 1".
of

the

During 1995-96, as in every sixteen years, the Earth and the Sun
will pass through Saturn's ringplane reducing the light diffused
by the rings. Therefore we make an effort to observe the faint
satellites and also the mutual events between the other
satellites (occultations and eclipses) . With these observations
we expect to have more information about the family of the close
satellites (collisional shards) and the regular satellites of
Saturn.

5

.
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The results of the astrometric observational program of the Sun

Nelson Vani Leister
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01065-970 - São Paulo
Brazil

Abstract. The astronomical results contained in this publication represent a
continuation of the fundamental programme of the observation of the Sun
with prismatic astrolabe begun in 1974 at the Abrahão de Moraes
Observatory (Brazil) and Calern Observatory (France). The main purpose
of this program is to determine the orientation of the reference frame as
well as the correction of the orbital elements of the Earth. The
observational programmes include the FK5 and FK5 Supp's stars and some
planets of the solar system. However, the successive observation of the
transits of both limbs through the same altitude circle yields the solar
diameter well. I discuss here the results of the determinations of corrections
to the FK5 equinox and equator, the correction of the Earth's orbital
elements and the possible variations of the solar radius, which are of
interest because of their astrophysical significance and because their
potential relation to the terrestrial climate.
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Introduction. The studies of the celestial bodies motion as a function of position
and time, requires the adoption of the reference coordinate system that represents
the best empirical realization of an inertial system. The Fourth Fundamental
Catalogue (FK4), giving the positions and proper motions of 1535 fundamental
stars represented the reference coordinate system adopted for international use till
1984. The fundamental stars are brighter limited at the magnitude 7.5, and they are
uniformly distribution over the sky. It was adopted the Newcomb's value of the
general precession in longitude for to compute the mean place of date that defined
the position of the fundamental plane of the coordinate system, the equator, and of
the zero-point of right ascensions, the catalogue equinox (Fricke 1978).

Soon after the completion of the FK4, progress was made in disclosing various
deficiencies of this fundamental catalogue. A significant error in Newcomb's
precession was confirmed and its origin traced by Fricke (Fricke 1967). As a
consequence of this error, observations of the Sun, Moon and planets carried out
with respect to the FK4 should yield and equinox correction E(T) that is a function
of time. In 1976 the International Astronomical Union (IAU) adopted a new system
of astronomical constants, and concerning the FK5 the recommendations included
the time-scales and a new standard epoch.
The Fifth Fundamental Catalogue (FK5) replaced the FK4 system, and since 1984
the IAU adopted the FK5 for international use as fundamental system as close as
possible to dynamical reference frame. Particularly, observations of the Sun with
transit circle have been used to help stabiles the orientation of the fundamental
reference systems. The observational program with modified prismatic astrolabe,
permit to compare this results with different observational techincs usually used.

On the other side, the accuracy of the results obtained with prismatic astrolabe has
led us to investigate whether this type of observation could contribute to determine
the value of the Sun's diameter. The diameter value is obtained from the difference
between the zenith distance of the solar centers corresponding to the instants of
successive limb crossings by the same almucantar. This kind of observations has
the advantage that these measurements are not affected by effects caused by
direct refraction (Ribes et all 1991).
Observational basis of determinations of the Equinox and Equator. The
reference system defined by fundamental catalogues is that the earth's equator as
the fundamental plane from which declinations are reckoned, and the vernal
equinox as zero-point of right ascensions. Observations of the Sun and other
members of the planetary system have been used to determine both equinox and
equator. For this purpose the meridian circle have been used for a long time. The
principle of the determination may be explained by considering observations of the
Sun and the stars through the meridian and zenith distances are measured over a
period of several years. The positions of the stars may either be assumed to be

Proceedings of the

XX**1 SAB

23

known in the system adopted or determined independently within the program. In
both cases the observations of the Sun yield differences between the observed
positions of the Sun, and the position computed from an ephemeris. Their analysis
yields corrections to the elements of the earth's orbit used constructing solar
ephemeris, a correction AE to all right ascensions and a correction AA to the
observed declinations. The same results it is possible to obtain with prismatic
astrolabe by analysis direct of the zenith distance (Leister 1992, Leister and Poppe
1994)

In case of the meridian observations, the equations of condition are
Aa

= -AE + fi(AL,Afi,Ah,Ak) and AÒ = -AA + f2(AL,Afi,Ah,Ak),

where

f<l = cose sec2ô AL - cosa tanô As + 2sina secô Ah - 2cose cosa secô Ak
f2 = sine cosa AL + sina Ae + 2cosa sinS Ah - 2sine cos2a cosô Ak,
and

=

Ah COSTO + Ak sinro Ae
-Ah si no + Ak costu = eAw.
The unknowns are the corrections

AE,AA, to the RA and equatorial DEC of the FK4/5,
respectively,
AL to the mean longitude of the Sun,
Ae to the obliquity of the ecliptic,
Aw to the longitude of perigee of the apparent solar orbit,
Ae, to the eccentricity of the orbit.

Hence, we are dealing with six unknowns whose determination requires a
sufficiently large number of observations within one program. Such determinations
were made not only from observations of the Sun, but also from Mercury, Venus,
Mars, a number of minor planets, and Moon.

In analysis of the observations of a planet the number of unknowns is increased at
least by the corrections to the orbit of the planet. If such observations can only be
made near opposition, as in the case of Mars and of minor planets, correlations
between some of the unknowns must be expected which make a determination of
corrections to the coordinate system unreliable (Branham 1992).

In Figure 1 the raw determination of the equinox correction is given which has to be
analyzed for the calculation of the equinox of the FK5. Plotted are corrections AE to
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the FK4 equinox either as given directly by the observers or reduced to the FK4.
The standard deviation of each point is about 0.15". In some cases the relation of
the observer's instrumental system to the FK4 has still to be examined. Included in
Figure 1 are results from observations of the Sun (ÿ), planets (•), minor planets (ÿ
), lunar occultation (x) and observations of the Sun with prismatic astrolabe (*) at
the "Abrahão de Moraes" Observatory.

In particular, the analysis of the Sun's observations made with a prismatic
astrolabe, could to be made from directly by mean the equation of the condition:
Az

= gi(AE,AA) + g2(AL,Ae,Ah,Ak), where

g-|= cosÿsinZAE +
g2=

cosZAA

(cosSsin£COSa+sinScosesecô)AL+(cosSsinQ!-sinScosasinô)Ae+

+2(sin<$cosScosa+sinSsina)Ah-2(cosSsin£Cosôcos2o!+sinScosacosa)Ak);

where S is the paralactic angle and Z is the azimuth of the observation.
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Figure 1 . The equinox corrections

The equator's corrections of the FK4 is represented in Figure 2. The equator was
determined with an accuracy of +0.03" m.e., from fundamental observations in
which the Sun, Moon, planets, minor planets and asteroids were included. The
values obtained before 1950 refered to the FK3 was yours values modified in agree
with the expression:
AAFK4 - AAFK3 - (0.038+0.030)".
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Observational program with prismatic astrolabe. The results of the analysis of
the observations made with prismatic astrolabe depend both, the prism angles that
is used during the observation and the latitude of the site (Leister 1989, Poppe
1994).

From 1982 onwards, in Brazilian Observatory, two prisms reflecting cervit prisms, of
120° and 135° aperture, were substituted for the transmitting equilateral prism.
With the news prisms it is possible to observe at 30° and 45° zenith distance. The
use of two different prisms increased the interval of occurrence of transits from 8
months a year, at 30° zenith distance to 10 months at 45°. The same kind of
instruments situated at the "Calern" Observatory in France works with 11 zenith
distance and permitting increase the observational period of about 10 months for
year too.
For to eliminate the correlations between the unknowns, the zenith distances of
2,610 transits of the solar limbs, obtained in two centers, are analyzed. The
observations as a whole cover 5 yr. time span from 1988 to 1992, with a mean
epoch of 1989.8 (JD 2,447,740.87). The distribution of the observations by zenith
distances and by Observatory are in Figure 3 and 4, respectively.
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Figure 3. Distribution of the observations by zenith distances.
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The solution, together with the standard errors, were calculated in the usu
from the variance-covariance matrix, are display in Table 1. The variance
solution is 0.53", giving a standard error of 0.73" for an observation of unit
The values of latitude and the clock correction, that we utilized here, was p
from of the International Earth Rotation Service (IERS). The mean values
latitude and longitude were refered to the FK5 reference system, obtained
stars observations.
Solutionf)

AE
AA
AL
Ae
Ae
eA 7T

dispersion

N

+0.09±0.05
+0.08+0.07
-0.37+0.04
-0.47 ±0.08
-0.03+0.02
-0.36 + 0.10
0.73
2610

Table 1. General solution from the observations of the Sun.

Concerning the determination of the equator and equinox corrections the
obtained by least square method reveal the corrections 0.09"+0.05" and
0.07" to equinox and the equator, respectively, at the mean epoch of obser
1989.8. The precision obtained was 0.73" revealing a good quality of this
shows that the equator and equinox of the FK5 do not support a sig
correction.

Solar diameter variations. The possibility of variations in the solar ra
luminosity are important for understanding any Sun-Earth climate conn
Considerable effort has been devote to the observation of the solar radius o
past three centuries. Reviews describing the methods and assessin
limitations are available by Gilliland (1981), Brown (1987), Delache (198
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Ribes (1989). The solar radius has been measured with an accuracy of a few parts
in 10-4. Since the radius can be measured so precisely, it is natural to ask whether
this precision can be used to tell us something useful about the processes at work
within the Sun. The radius measurements present a large dispersion and there are
several reasons for this. Observations should refer to a standard definition of the
radius, for example the radius of a shell on which the tangential depth is unity. In
most cases, the limb is defined by a visual contact between an image and a wire, or
an edge, or a reversed image of the same limb, and does not conform to the
standard definition of the radius. The real motivation for observing the solar radius
is the suspicion that it might be variable, and the role of the results is to guide
theory, not to verify it.
Furthermore, the timing of the contact depends very much upon the observer. Some
new techniques have been developed to approach this ideal. However, all
measurements are sensitive to various distortions (instrumental and/or
atmospheric), thus making the interpretation of the apparent radius change difficult.
This chapter is devoted to discussions of the long visual time-series obtained with
prismatic astrolabe at the "Abrahão de Moraes" Observatory. A discussion of long¬
term variability is also possible. Comparison between independent observation it is
possible for confirmation some of the reported periodic signal.

The solar diameter problem is therefore one of the oldest problems in astrophysics
and the importance of any detectable change cannot be overemphasized. A change
in size would be indicative of a change in potential energy which could be driven by
such process as a change in the efficiency or precise location of the convective
process or the strength and configuration of the magnetic field. Thus a detail
knowledge of changes in the solar size and luminosity would have a profound
influence our current understanding of the solar interior.
The limb of the Sun does not appear as a sudden step but it has a well defined
limb-darkening function. All of the methods used up to the present have been
unable to define exactly where on this curve they have defined the edge. This made
inter comparison difficult and has led to the introduction of arbitrary correction
factors such as the correction for irradiation.

When discussing changes in either the solar semi-diameter or irradiance we are
most careful to distinguish a secular change, meaning a long-term, irreversible
change always having the same sign or going in the same direction (e.g. the
expansion due to main sequence evolution) from a variation which changes sign
regularly (i.e. periodically) or irregularly. If this latter case is sampled for less than a
complete cycle or sampled erratically the a pseudo-secular change can be derived
due to insufficient sampling.

It is also important to identify the possible source of systematic error in each
technique, some of which may not be immediately obvious. For example, observers
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all have a personal equation which involves such things as reaction
experiences in recognizing the phenomena under study, familiarity w

apparatus etc.

All of the methods used up to the present use some variety of marker to
points on opposite sides of the disk. Such pointers are a wire in the eyepie
telescope or astrolabe, the moon, which acts as an oversize occulting disk
planets Mercury on the rare occasions when it traverses the solar disk.

Methods for measuring the solar diameter. There are basically two appr
for measuring of the solar diameter. One consists in measuring directly an an
a distance on an image) between two opposite limbs. The other methods co
timing the duration between successive contacts of opposite limbs with
lines on the sky. The case of a vertical meridian line yields the horizontal
time meridian values, whereas a horizontal line (almucantar) defined by a m
bath and a constant prism angle corresponds to astrolabe transit times.

The type of observations available since the application of the lens to astron
research are essentially based on timings of the transit of the solar image.
debate has been going on, to decide whether or not meridian visual timi
sufficiently accurate to be used for the purpose of radius determination. As w
already pointed out, meridian observations are subject to defects which are
to control, such variability of the focal length, the reference system, and p
bias.

During the nineteenth century, observers focused their interest on the size
solar envelope as well as the solar disc shape. The variability of the ap
radius (both vertical and horizontal) has been made to link the variability wi
activity.

More recently, we have measured the apparent solar radius by means
prismatic astrolabe, to determine the Earth orbit parameters as we d
previously. Though the measurements are still visual, the instrument
adapted for metrology measurements.

For the solar work, the astrolabe was fitted with an objective filter, consisti
fused silica parallel plate, whose external surface is coated. The single equ
prism has been replaced by a series of vitro-ceramic prisms allowing obser
at various zenith distances, and hence better coverage of the apparent orbi
Sun.

The procedure consists of timing the point at which a directly received
coincides with one that is reflected off a level mercury surface (Figure 5), w
upper (or inner) edge of the Sun crosses the almucantar fixed by the prism
(Figure 6).
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Figure 5. Contact of two images at the astrolabe.
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Figure 6. The semi-diameter is derived from the timings of the two contacts.

Let At0 be the observed time interval between the lower and upper limb transits. L
Atc be the interval computed from the solar ephemeris for the given latitude an
zenith distance. Let C denote the sum of measured corrections arising from sma
refraction variations and geometrical effects. The correction D' for apparent sol
diameter can be written D'= 15 cos<f>sinZ(At0 - Atc)+C±2AF, where AF is th
unknown plate prismatic error, its sign depending on the initial plate position.

The above equation was solved for the unknowns D’ and AF at monthly interval
with an average of 20 transits each. The results for the period 1980.7 to 1992.9 ar
displayed in Figure 7 (Leister et Benevides-Soares 1990, Leister 1990).

The standard deviation of monthly means is about 0.3".A harmonic analysis revea
a significant term of period 1,000+20 days and amplitude 0.21"±0.04". Th
average observed solar semi-diameter turned out to be 959.41 ±0.03", which is
agreement with Laclare's results 959.37+0.02" (Laclare 1983).
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Figure 7. Monthly means of the semi-diameter obtained at the "Abrahão de Moraes
Observatory.
Remarks: Visual observations are subjected to various systematic errors, and
modern instruments tend to use electronic detectors that a two-dimensional digital
data offers advantages in the case of the Sun because their large angular sizes.
The observations of the Sun consists of observing a small region, and their limb
consists a fitting a parabola to the distribution of edge points at the time of the
observation. A better physical definition of the solar limb will permit comparison of
the results with those obtained with other instruments, whether they are similar or
different principle of the observations (Stone 1990).
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ABSTRACT

Very few measurements of solar emissions were done in the submm and far IR

continuum Attempts to measure flare emissions were inconclusive. It is now

recognized that the missing observational information in that wavelength range ca

bring essentia] contributions for the understanding of physical processes in the Su

(quiet, quiescent and explosive phenomena). Certain bursts exhibit spectra wit

flux rising for shorter mm wavelengths, suggesting maxima in the submm/IR range

At the other spectral end, nothing is known about white light flare emission trend

into the IR. Very fast time scales in bursts, shorter than 1 second, may becom

more pronounced in the submm/IR range, bringing serious difficulties fo

conventional interpretations. One explanation assumes inverse Compton action o

relativistic electrons on photons from compact synchrotron sources, shortenin

the emission duration in the submm/IR range, and producing rapid concurrent X

ray pulses. One unique project of a solar submm-wave telescope (SST project) wa

proposed four years ago to study these problems at two frequencies, with goo

sensitivity and high time resolution, using multiple beams for dynamic imaging o

solar flares The project is now in final phase of evaluation by FAPESP, and wi

receive collaboration from the solar groups of University of Bern, Switzerland, an

of IAFE, Argentina, for installation at El Leoncito Observatory, CASLEO, in th

Argentinean Andes.
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The solar emissions in the continuum remain nearly unexplored in the su
wavelength band (about 3000 to 20 microns). Some far-IR observations of the quiet

of quiescent regions were reported, on solar center brightness temperature (Eddy el al

Gezari

el

al., 1973); on limb brightening, emission above sunspots and proeminences (

eta!., 1981, Lindsey, 1994); and on solar active centers (Degiacomi el al., 1984).

Attempts to measure solar bursts in the submm/IR were few and incon

Exploratory observations were done by Hudson (1975) in the atmospheric “windows” c

at 350 and 20 microns. The sensitivity was poor and the time integration larg

observations were not enough to indicate upper limits for fluxes. Perhaps the first indic

a solar flare emission in continuum was reported by Clark and Park (1968), wh

significant variability in an active region at 1 200 microns, which was interpreted as bei

thermal (Beckman, 1968).

There are several evidences indicating that burst emissions may be significan

submm/IR and, in certain cases, more intense than at microwaves, as shown in Figure

event observed by Kaufmann el al. (1985), with high sensitivity and time resolution, w

intense at mm-waves compared to microwaves. Shimabukuro (1970) has shown a

spectrum for a solar burst Composite emission spectra, with possible independent com

at mm/submm, were obtained by several authors. Spectra which are flat in the micro

mm-wave range are not uncommon. From a sample of bursts spectral indices between

35 GHz observed by the University of Bern, it was found that 75% are flat or ex

intensity increasing with the frequency (Correia el al., 1994).

Figure 2 shows a simplified diagram for the whole electromagnetic spectrum

“typical” solar burst continuum emission (after Kaufmann, 1988). Various thermal a
thermal models can fit to the observed spectral features, at frequencies lower or higher

submm/IR range. Their study depends critically on the knowledge of the continuum em

in that interval of frequencies.
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The most critical boundary condition is set by the time scales observed in continuum
emissions. The event observed at mm-waves only, shown in Figure 1 (Kaufmann et al., 1985),
exhibited multiple pulses, very fast (lasting less than 100ms), and well correlated to time
structures observed at hard X-rays (Figure 3).
Such time scales (« 1 sec) are too short to be explained by synchrotron losses (at the
mm-submm range) or by bremsstrahlung (X-rays). One possible interpretation assumes that the

bursts are initially made of compact synchrotron sources, with emission spectrum peaking in
the IR, with a lifetime reduced by an efficient inverse-Compton action, producing concurrent

fast pulses at hard X-rays (Kaufmann et al., 1986). Indeed, recent observations of solar bursts
at hard X-rays, obtained with higher sensitivity and time resolution by BATSE experiment on

board of GRO satellite (Machado et al., 1993, Emslie et al., 1994), and by PHEBUS
experiment on board of GRANAT satellite (Vilmer et al., 1994), have shown that subsecond

time structures are common to most of the impulsive events.
The synchrotron/inverse-Compton model may be reconciled to current interpretations

of solar burst emissions by assuming a “pre-impulsive” phase for the event (Figure 4(a)). In

this phase, the primordial compact synchrotron source lifetime is shortened to less than 100ms
by the inverse-Compton action on the synchrotron photons, reducing the energy of the

relativistic electrons to mildly relativistic levels producing, as a byproduct, beams which
produce the well known manifestations, such as the gyrosynchrotron radio emissions and the
X-rays by bremsstrahlung in the denser levels of the solar corona and chromosphere (Figure

4((b)).

When spectra are derived in large time scales, compared to the typical lifetime of the
“pre-impulsive” bursting sources, they may exhibit the two components, at submm/IR and at

microwaves. The simplified resulting spectral composition is shown in Figure 5. Such

composite spectra are in fact suggested by various examples of bursts measured in the past, in
the range microwaves/mm, shown in Figure 1 . In addition to the striking examples shown by

Kaufmann et al. (1985) and Shimabukuro (1972), we draw the attention to the examples
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shown by Hachenberg and Wallis (1961), Shimabukuro (1972); Croom (1970) and Cogd
(1972), Akabane et al. (1973), Zirin and Tanaka (1973) and White et al. (1992).

One new and unique project for a solar submm-w telescope (SST) was conceived,

operate at two frequencies, 210 GHz and 405 GHz (Figure 6). It is in final phase of evaluat

by FAPESP and receives support of co-participating solar groups from University of Be
Switzerland, and the Institute of Astronomy and Space Physics, IAFE, Argentina, to

installed and operated at the El Leoncito Astronomical Complex, CASLEO, in the Argentin

Andes, where the atmospheric conditions are exceptionally good for submm transmissi

along nearly 300 clear days per year.
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Examples of solar bursts emission spectra indicating the importanc

contribution into the submm-w range There are indications of the freque

sensitivity considered for the new solar submm-w telescope project.

Proceedings of the XX*ÿ1 SAB

39

SST

EXPERIMENT
I

-10

—

V>1/ I
SYNCHROTRON

i

I

-

I

METRIC
DECIMETRIC

MODELS

1

i

*
\

/

//

:v

\V

i

V

V

/'/'

•,

\

/ /

l

s
V

/

1

Vi

\

V

-V--

-18

\

WHITE LIGHT FLARE CONTINUUM

MICROWAVES

/N'
X

\

\

\

rÿl

I

E

o

HARD X-RAYS

"efc
4>

THERMAL
MODELS

-22

X
D
-j

/

/

j

<
y

U-

O
O

1

I

BLACKBODY QUIET SUN

f

-14

!

-26

-J

SUB-MM AND IR

<ÿ

UNEXPLORED

\

\

V

—

> <£

RADIO

C

\

3»

\
<ÿ

>

UV AND SOFT
X-RAYS

-30

t

-34
8

T

!

T
10

12

GAMMA-RAYS

14

T
16

18

20

22

LOG FREQUENCY (Hz)

Figure 2 - The whole electromagnetic spectrum for continuum emissions produced by a
“typical” solar burst.

Proceedings of the

40

XXÿ SA

2000
24-219k«V

SMM-HXRBS

*
p
Z
5

1000

r coocKJoru1

„

nse times

rl

o
u

90 GHz
128 ms

h

0
S.F.U.
50 T

40
30
20

È
Z

w

10

o

g

90GHz
10 m«

•

-ÿ

-•

0 ±
*

0

1

«-lokJino

rise

2

time:30ms

3

4

SECONDS AFTER 1320:30 UT

Figure 3 - The main time structure of the solar burst of 21 May 1984, obtained a

(Itapetinga Radio Observatory), and at hard X-rays, obtained by the

experiment on board of SMM satellite (Kaufmann et al., 1985). The

output was simulated with the same time resolution of the hard X-ra

(128ms), showing a time coincidence better than 100ms (Costa and K

1986).

Proceedings of the

XXÿ SAB

41

i

I

7

ii
3

J

1

a

5 is

1

I

;§

ã

a
V)

Is

*

ii
*i
i

>

ii

|I

£

1

3
U
b.

•= i
-1
u5

7

:;;iu
C-.

5

;

% 2

l

\ >y7 * SI
=2

§ /

i

<

SM §

I?
U V

M

a.

S

1

U

cn

51

=* II SiIs
5

r

í

1
z
5

11

a

o-

8Í

x:nj

I
c

II

'2

I

0

:r

4§

Figure 4 - Sequence of burst phases suggested by the model for a simple impulsive event.

the pre-impulsive phase (a) a compact synchrotron source produces a continuu

spectrum maximizing in the submm/IR. The inverse-Compton effect in that sour

reduces the electrons’ energy in less than 100ms, producing a corresponding pu

at X-rays. Maybe in this phase there are also produced some of the gamm

radiation, metric and decimetric pulses (Benz, 1994), and white light emission. T

electrons’ energy is immediately reduced to mildly relativistic levels, producing t

impulsive phase (b), which physical description is well known.
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ODUCTION
to the ever changing scientific motivations and technological innovations, different types
irch have been carried out during solar eclipses in different periods of the scientific history. So
Newton's Principia, the value of eclipses was mainly regarded as affording information on t
sment of the Moon (Dyson and Woolley, 1937). Examining records of historic eclipses, Hal
>vered the secular acceleration of the mean motion of the Moon, ultimately traced to a lengtheni
e day due to the tidal friction.

tradition of scientific expeditions to observe solar eclipses began in 1842. The first astronomic
ograph, a daguerreotype, was obtained by Barkowski in the eclipse of 1851 July 28, in Kõnigsbe
i in 1860, doubts were dissipated on whether the red prominences and white corona were me
sal effects due to the Moon, or real appendages of the Sun. That year the radial polarization of t
jnetic vector of the coronal white light was put in evidence by the first time.

i spectrum of prominences with the red and blue lines of hydrogen, and a yellow line of unknow
lin at that time, was first obtained in the eclipse of 1868 August 18, observed in India and Malaya.

following day, Janssen in Meudon Observatory succeeded in observing prominences out of
pse. The yellow line was correctly interpreted as due to helium in 1895.

8 coronal spectrum with continuum plus the green emission line was observed in the eclipse of 18
gust 07, in USA; and with the dark Fraunhofer lines, in 1871. The eclipse of 1870 December 2
served in Mediterranean, disclosed the chromospheric flash spectrum. The statistical theory
lization developed by Meg Nad Saha in 1920 was crucial for its interpretation and further studies
I structure of the chromosphere.

ter the obtention of good coronal pictures in the eclipse of 1871 December 12, in the South of

Ind
1881,
a
suggested
by
Ranyard
shape
was
of
cycle
along
in
of the corona
the solar
8 variation the
hfirmed by Hansky in 1887. The radial distribution of the coronal brightness has been investigat
Ice 1878. Schuster (1879) computed the polarization of the white-light corona by Thoms
tattering, and applied the results for the observations of 1871.

j

ortable coelostats are common light feeders in eclipses. The first one was constructed in 1896.

I
he announcement by Einstein of the deflection of light by the Sun's gravitational field in 1911 in t
bmework of Newtonian dynamics, and twice its value in 1915, according to the General Theory
lelativity, raised up along the following years a series of expeditions attempting to confirm such
rediction. One successful observation was performed in Brasil (Sobral, CE) by Davidson a
irommelin in the eclipse of 1919 May 29.

h the subsequent eclipses, measurements were made on the variation of the influx of solar neutro
Ind cosmic rays, and geophysicists were interested in changes occurring in the Earth's ionosphere a

Magnetosphere.
[Since the end of the World War II, when radio

astronomers published the first detection of solar rad
by the realization that eclipses could provide a way of improving t
poor spatial resolution reached hitherto in measuring the distribution of radio-brightness over the Su
especially on active regions.
With today's CCDs, time series of two-dimensional white-light or monochromatic observations can
obtained. The image acquisition time is still long and constrains the time resolution. Also the smallne

waves, a new interest was raised
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of the chip of most CCDs available nowadays is another inconvenience. But the incr
widespread digital treatment of images offers new possibilities for the analysis of time evo
diverse phenomena occurring in structures of smaller scales in the solar atmosphere.

The imperative for the coming years is to decipher the structure and the activity at all leve
solar atmosphere down to 100 km (0.1 arc sec) resolution (Moore, 1990). This requires spac
as well as ground-based telescopes observing simultaneously. In the visible light, the telescop
be of aperture of a meter or more, and endowed with adaptive optics. A sensible guide for g
now the action of the magnetic field in the smaller structures, is to well resolve with current sta
instrumentation during eclipses, the action of the field in larger and magnetically stronger regio

Following the current trend of astrophysical researches in eclipses, this review will mainly fo
the studies of the varied coronal structures of magnetized plasmas. But a discussion on the
dust in the neighborhood of the Sun, and on the controversial secular variation of t
photospheric diameter will complement the next section.

CURRENT RESEARCHES
1. White-light observations. Structure and structural changes of the solar atmosphere
The low-beta plasma of K corona is a good tracer of the lines of force of magnetic fields. Spac
coronographs do not show the inner corona where the most dynamic processes take place. H
the eclipse pictures show the K plus F corona superimposed on the sky background and the
aureola. The last one is due to the atmospheric single scattering and optics. It can be repres
A(r), a function of the heliocentric distance only. Koutchmy and Koutchmy (1974) proposed a m
its calculation. Measurements of the solar aureola under similar conditions are necessary for
empirical scattering functions. For the eclipse of 1981 July 31, Lebecq etal. (1985) used a Bail
Under good observing conditions, the coronal aureola almost does not affect the F-corona eve
the latter one being brighter than the faint K-corona at heliocentric distances > 2.5 R®
minimum of solar activity. Under unfavorable conditions (small eclipse magnitude, high K
brightness at maximum of activity) the aureola may compete with the F-corona intensity. O
Moon's disc, the coronal aureola A is superimposed on the earthshine E, and the sky backg
Usually it is assumed that E 2.5x1O'10 <B®> ( <B®>: mean intensity of the solar disc) at
(Koutchmy and Laffmeur, 1970).

=

The sky background is polarized and due to the atmospheric multiple scattering. It can be rep
by S(z) where z is the zenith distance, and measured through wide-field pictures neglecting
heliocentric distances r > 3 R®,

Subtracting A(r) and S(z), the total intensity of (K + F) corona is left. The K-corona can be sepa
assuming that only K-corona is polarized and splittable into the tangential and radial componen
the F-corona is not polarized for r < 5 R® . An assumption should be made for the polarization
corona as function of the radial distance in different azimuthal directions, based on models of K
(Saito, 1972; Koutchmy et al.,1978). An alternative procedure is to subtract the F-corona, c
e.g. from the axisymmetric model proposed by Koutchmy and Lamy (1984).

Since long it is known that the global shape of the K-corona undergoes variations along the sol
In general, overlying the coronal holes the magnetic field lines are open. Conversely,
sunspots, active regions and filaments, the magnetic structure is closed in arches or loop
eventually disrupt, giving place to coronal mass ejections. The global morphological behavior a
solar cycle suggests a corona more dependent on the evolution of large-scale magnetic fields,
the local thermodynamical parameters assumed for a quasi-static magnetic field. According t
and Koutchmy (1989), the sectorial extent of the polar regions free of streamers, and the dev
the streamers from the radial direction, both follow the solar cycle getting larger at the min
sunspot activity, the time behavior of the last one being skew. The Ludendorfs (1934) flatteni
(at equatorial radius 2 R®) also follows the solar cycle, but its maximum and minimum occ
one year before the minimum and the maximum of the cycle, respectively. The integrated br
of the K-corona seems to follow the solar cycle of sunspot activity in phase (Lebecq et al

=
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Revisiting such questions is still valuable, as new features of the solar cycle have been established
(overlapping cycles, activity cycle of polar regions, torsional oscillations of the Sun, cycle of ephemeral
regions, etc), new features of the solar dynamo and of the solar global field are being predicted, and
new insights on the rotating corona can be inferred from helioseismology and solar-terrestrial relations
through the M-regions. The coronal structures are well observed with coronographs in the green
coronal line of Fe XIV. They show asymmetry between the N and S hemispheres and double-peaked
maximum. All these discoveries should be taken into account along the future analyses of the corona's
global shape.

The amount of free electrons along the line of sight can be derived from the white-light intensity of the
K-corona, since both are linearly related. Assuming a gaussian profile for several stars present on the
same coronal picture, with known magnitudes and with spectral class not too different from that of the
Sun, the half-width of each star image can be determined together with the relative peak intensity.
Then a pseudo-magnitude can be determined for each star. Of course, the transmission of the neutral
radial filter, if used, has to be taken into account. The pseudo-magnitude of the Sun can also be
expressed in terms of the mean intensity of the solar disc, <B@>, and of its radius. Then, by a single
constant, the pseudo-magnitudes can be converted into standard magnitudes of the stars and the Sun
and, finally, the coronal brightness can be expressed in units of <B@> (Koutchmy etal., 1978).

=

Up to r 3 - 4 R@, the observational data agree with an isothermal model in hydrostatic equilibrium
(Badalyan and Livshits, 1989) with T 1.6x10® K and electron density of 109 cm-3 at r = 1 R0, The
observed densities within the streamers drop faster with distance than the hydrostatic model predicts.
So, for r > 5 R@ a Parker-type outflow is assumed in a slowly diverging structure with a critical point
located at 7.6 R@. Analyzing a streamer observed in the eclipse of 1970 March 07, Koutchmy (1972a)
found a neck (a kind of Laval nozzle) in the cross section of the streamer at r « 3 - 3.5 R@. The density
dropped outwards almost monotonically but, according to the conservation of mass, the velocity which
increased quickly to 100 km/s until reaching the neck, increased afterwards much slowly. The absence
of a curvature in the streamer beyond r*3R0 means that the radial forces of magnetic origin were
still acting there, so that the plasma was not flowing freely (Koutchmy, 1992).

=

Independent observations of the eclipse of 1970 March 07 agree in evidencing a new type of coronal
structure (or component) designated diffuse external reinforcement (Koutchmy, 1972b). It appears
along the solar equator at r > 4 R0, and seems to be correlated with active regions underneath. It is
distinct from the K-corona since it is not polarized. At least its polarization does not reach the degree
expected from Thomson scattering. It is also distinct from the circularly symmetrical F-corona which
looses such a symmetry only at larger elongations, where the interplanetary dust is observed as the
zodiacal light in a belt. This component has not been confirmed so far, and the physical process giving
rise to the light coming from the diffuse external reinforcements still remains unknown.

The most important disadvantages of color films for general astronomical applications are the latent
image decay with failure of reciprocity, and the interimage effect. The first one can be reduced by
cooling, but in different amouts for different emulsion layers, so producing false colors. The interimage
effect in a filtered image can be expressed through coefficients of linear combinations giving account
of the influence of the other colors. Koutchmy (1978) found that such effect is considerably reduced if
the study is limited to the blue and the red filters. In solar eclipses the main advantage of color films is
the possibility of displaying the two-dimensional color distributions obtained simultaneously, over fields
larger than the present size of CCD chips. This advantage is most appreciated when objects are
studied which change in time. Color pictures allow easy colorimetric discrimination of cool prominence¬
like emissions, from coronal emissions recorded simultaneously (Koutchmy and Stellmacher, 1976).
The cool component of the solar plasma produces large color effects due to the line emission of low
excitation states. Also the blue sky background which dominates in the outer corona, produces a large
color effect. The original pictures with the calibration wedge marks and field stars, should be suitably
illuminated and filtered through broad band conventional filters, in order to render proper images for
colorimetric analysis.
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In the eclipse of 1973 June 30, Koutchmy and Stellmacher (1976) observed the corona near the solar
South pole. In polar regions the characteristic features are the chromospheric spicules associated with
polar plumes, both related to the chromospheric network. Koutchmy and Stellmacher (1976) disclosed
coronal spikes with half widths of only 1.67" and electron densities of 1010 cm'3. The true size was
derived by deconvolving the raw data with different point spread functions for different filters, to take
into account the chromatic aberration. A coronal temperature was inferred from the color-index, which
differed from that of chromospheric structures. Subtracting the emission of D3 helium line, and
neglecting the continuum in the red filter, the Ha emission of the chromospheric structures can be
expressed in terms of <B©> through the red filter. Then the Hp emission can be related to the Ha
emission, and expressed in terms of <B©> through the green filter. Taking into account the other
prominence lines falling in the bandpass of the green filter, and the different attenuation of the filters,
the continuum in the green filter can be estimated for the determination of the electron density. This
was found to be 10® cm-3. A spectrum of the same region taken simultaneously shows the Fe XIV
green line with broad asymmetric profile, implying an outward velocity of * 200 km/s, contrasting with
the behavior of the chromospheric Hp line. This result afforded an insight on the source of the high
speed solar wind. Such a thin stream suggests a non-orthodox view of the corona filled with fine
striations (< 1") in density, velocity and magnetic field. The analyzed polar region corresponded to a
disappearing coronal hole. It was also suggested that in polar regions, perhaps in the coronal holes, the
chromospheric macrospicules, the coronal spikes and the polar plumes are associated, and that
spicules, in some unknown way, play a key role in the acceleration of the solar wind.
Structural changes in the corona comprise proper motions of clouds, morphological changes of
structures, variations of brightness and oscillations. Total eclipses allow observations of the inner
corona at distances much closer to the solar limb than achievable by space-borne coronographs
(Koutchmy, 1988), not to mention the shadowing and vignetting in artificial eclipses. A neutral filter with
density decaying radially outwards allows the entire corona to be recorded photographically up to about
r » 5 R@ without overexposure. Several identical instruments installed along the path of totality, and
operated identically, allow to follow the time evolution of structural changes. Using such a method, the
solar activity can be covered over a time span longer than 03 hours. In some past attempts the
coordinated effort failedmainly because of unfavorable weather, although individual experiments have
succeeded. Such was the observation of the eclipse of 1981 July 31, by Stellmacher et al. (1986). At
the South polar limb a helmet-like streamer overlaid a prominence from the polar crown. Bright knots
from an eruptive prominence rose with velocities up to 160 km/s. From the amount of Thomson
scattered light, an electron density of 2x1 09 cm-3 was obtained for the bright knots, and of 6x10® cm"3
for the associated leg of the coronal helmet. As usual, the helmet appeared topped with a straight and
thin coronal ray, perhaps undergoing magnetic field reconnection and annihilation (Oliver and Kahler,
1991). The eclipse of 1990, July 22, was observed from the ground, and aboard a Falcon jet aircraft
(Koutchmy et al., 1992). The airborne experiments were partially hindered because frozen water
covered most of the optical window. Besides the absolute photometry and the determination of the
flattening index, the comparison of the white-light images with the synoptic data of the green coronal
line from the National Solar Observatory/Sacramento Peak Observatory showed correlation when the
prominence emissions are excluded from the white-light pictures. Long coronal rays were seen up to r
= 6 R© and, interestingly, several of them appeared to begin at a significant radial distance. Also
above faint prominences in the Eastern limb, several dark voids were seen revealing deficit of electron
density. They are not the cavities observed under the helmet streamers and their nature still remains
mysterious.

A partially successful coordinated observation was performed in the eclipse of 1991 July 11, within the
Multi-station International Coronal Experiment (MICE), with observing stations in Hawaii (Mauna Kea
and Kona), Mexico (La Paz and Baja California) and Brasil (Tefé and Manicoré) (Zirker et al., 1992).
The standard apparatus of MICE was described by Lebecq et al. (1985). A spatial resolution of 3.5"
was estimated from the FWHM of star images. From visual inspection, the following interesting results
were obtained: a) untwisting and alignment of coronal rays; b) streamers at unusually high solar
latitude; c) displacement of streamers along the eclipse by » 0.5°, possibly due to the global coronal
rotation; d) no evidence of nanoflares (Parker, 1988) for an exposure time of 20 s. The digital analysis
of the data was performed by Matsuura et al. (1993a), including an analysis of the color-indices of the
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global corona as well as of Its structures, through conventional B, V and R filters. The rather unusual
morphology of the global corona (large streams at high heliographic latitudes) was interpreted in terms
of the orientation of the magnetoheliospheric neutral sheet, in the framework of the model of Saito and
Akasofu (1987) proposing the rotation of the solar dipole magnetic field within the Sun along the solar
cycle. The color-indices showed to be much valuable for tracing hot coronal structures mingled with the
cool chromospheric gas. Further analysis of the existing data with finer spatial resolution is in progress,
and the preliminary results show subtle changes in the clumped material within the magnetic loops of
helmet streamers (Matsuura et al., 1993b). The morphological analysis of subtle and small scale
gradients can be better performed in image processing and visualization software environments
offered, e. g. by the Khoros system (Rasure et al., 1990) than by astronomical packages devoted to
specific branches of astronomy.

Matsuura et al. (1993a) also contributed for better characterizing the coronal rays as fine coronal
structures, and distinguishing them observationally from the polar plumes. Briefly, the designation
coronal rays referring usually and loosely to any type of coronal structure, was restricted (as here) to
the straight, thin, very long and almost radial very fine structures occurring over chromospheric active
regions. Measuring the electron density and estimating the cross section of the rays, a flow velocity of
50 to 400 km/s was derived assuming conservation of mass (Koutchmy, 1992). Some rays appear to
begin at a significant radial distance from the Sun. Are they neutral sheets in the top of invisible and
expanding helmets? Koutchmy et al. (1992) do not believe all rays have circular cross-section. The
sharp edge may correspond to a tangential discontinuity of the magnetic field.
Another interesting achievement of MICE experiment was the demonstration that the threedimensional (stereoscopic) structure of the solar corona can be derived from its images (Koutchmy and
Molodensky, 1992). The motivation for such work was the realization that large coronal structures
associated with the polar regions and the equatorial belt of magnetic activity, are direct counterparts of
the heliomagnetospheric sheet, more than the small-scale sunspots, prominences and filaments. The
attempts to use coronal images obtained by space-borne coronographs during a solar rotation failed
because of several reasons: lack of spatial resolution; vignetting effect; coronal changes along the
collection of the data; and lack of informations at r < 2 R@. The images from MICE can be considered
of a quasi-rigid corona. The rotational stereoscopic shift was applied to 7 structures in order to
determine their true positions.

2. Observations in monochromatic light
2.1. Two-dimensional determination of line profiles
2.1.1. Residual depression of Fraunhofer lines in K-coronal spectrum
Observational information concerning the thermal structure of the lower corona is important both, for
confirming theories of coronal heating and for use in solar wind computations. For example, the
location of the temperature maximum in the corona has important implications for the coronal heating
mechanisms.
The temperature structure of the low corona (where the K-corona dominates the F-corona) can be
mapped by taking advantage of the high sensitivity of current CCD detectors, and using the hitherto
unused theoretical calculations of the Doppler-broadening of Fraunhofer lines due to three-dimensional
Thomson scattering by the electrons from the corona (Cram, 1976). The electron temperature is
determined from the residual depression of absorption lines from the K-coronal spectrum. These
calculations show that accurate measurements of the intensities at a selected set of wavelengths can
lead to the determination of coronal electron temperature independent of prior methods. Since the
corona is not in equilibrium, the determination of the coronal temperature by different methods is
important for understanding the coronal excitation and structure. By determining the ratio of the
intensities to an accuracy of 1%, the corona temperature can be determined within an accuracy of
200,000 K. The ratio for the hottest and the coldest temperature is maximum at 3900 A and 4100 Á
respectively. An additional measurement at 4000 A can provide the normalization and measurements
of polarization necessary for separating K- from F-corona. The filters to be used must avoid the
coronal emission lines, especially Fe XI (3987 A), Ca XII (4086 A) and Ni XII (4231 A). The potential
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results will be comparable to coronal electron temperatures deduced from space observations of
Lyman-a broadening (Withbroe et al., 1982) and from X-ray observations with a normal-incidence
telescope.

2.1.2. Fabry-Pérot interferometry
Besides the information on Doppler shifts, this method can provide high resolution profiles of the
forbidden emission lines from the corona. From these profiles the line equivalent width and the thermal
broadening can be deduced. The Fabry-Pérot interferometer is especially suitable in observations
involving low intensity source and requiring reasonably high spectral resolution. A disadvantage of the
single étalon Fabry-Pérot spectrometer for general astronomical use is the small free spectral range, /'.
e., the upper limit of the spectral breadth acceptable without confusion between orders. This
disadvantage is more serious when observing a continuum spectrum or absorption lines. If, as in the
solar E-corona, the source consists of one or two isolated emission lines, the addition of a narrow band
interference filter as pre-filter, allows unambiguous measurements to be made.

Jarrett and von Kluber (1955) described a successful attempt to photograph interference fringes with a
Fabry-Pérot interferometer from the green coronal line in the eclipse of 1954 June 30, near the
minimum of solar activity, in Sweden. They established the feasibility of investigating the corona in
eclipses with this method. The fringe half-widths decreased with increasing distance r between 1.05
and 1.3 R®. This was interpreted in terms of kinetic temperatures that ranged from 5x106 to 2.2x1 06 K,
with most values near 2.5x1 06 K. The same kind of observation was made again by the same authors
(Jarrett and Kluber, 1961) in the green and red coronal lines, in the eclipse of 1958 October 12, in the
coral atoll Atafu, South Pacific. The observations reached up to 0.8 R@ above the limb. The mean
temperature for the green line was 3.2x10® K, and for the red line 3.5x10® K, with an error of 10% in
each case. This eclipse came near to the maximum of solar activity.
Hirschberg et al. (1971) used a photographic Fabry-Pérot interferometer to measure the widths and
shifts of the green coronal line during the eclipse of 1970 March 07, in Mexico. The instrumental half¬
intensity width was 0.2 A.Observations attempted on the CaXV (5694 A) coronal line failed because
the line proved to be much weaker than expected. The center of the fringe system was set at r 1.1
R@ in the NW limb, near a large helmet streamer associated with a prominence and a filament.
Microdensitometer tracings were first reduced to intensities using a step-wedge calibration, then
corrected for the background continuum by assuming an exponential law. The Doppler shifts in the
neighborhood of the axis of the streamer suggested a vortex-like structure in the corona with a velocity
of 6 km/s at r 1 .5 R@. Doppler temperatures were 6.0x10® K in the core of the vortex, and 2.5x10® K
in the periphery.

=

=

Profiles of the green and red coronal lines were observed by Marshall and Henderson (1973) at
different positions in corona, using a photoelectric scanning Fabry-Pérot interferometer during the
same eclipse in Mexico. The photoelectric detection allowed observations further out from the limb
than possible with photographic multi-slit method. But radiation from only one spatial element is
detected at any one time. This means that the corona must be scanned spatially in order to obtain
profiles from different regions. The instrumental width was 0.2 A. In order to scan over one free
spectral range, the optical path between the plates was varied by a half-wavelength. In order to scan
quickly, the spacing was changed utilizing the piezoelectric effect. Useful profiles were obtained at r
1.05 and 1.1 R@. Other profiles were also obtained with the coronograph at Pic-du-Midi during October
1970 and September 1971, in some instances from as far as r 1.5 R@. The dominant noise was shot
noise of the signal and background (continuum from K- and F-corona plus scattered sunlight), not from
the receiver or varying atmospheric transparency. The type of noise being white noise, DC and AC
detection systems gave approximately the same result. The true line profiles were obtained by means
of a least square technique, fitting synthetic gaussian profiles convolved to the instrumental profile.
Observations with the coronograph provided temperatures from 1.12x10® and 6.32x10® K (overall
mean value: 3.7x10® K) in the green line, and from 1.76x10® and 4x10® K (overall mean value:
2.8x10® K) in red line. No systematic temperature variation was found, but possible fluctuations were
seen in the width of the lines within time intervals of 10 min. No large scale line of sight velocity

=

=
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components were detected, as the mean value of 1.16 km/s had a standard deviation 3 times larg
The temperature from the green line profiles in the eclipse was about 4x1 06 K, and from the red li
profiles, about 3.5x10® K. The eclipse results were the first ones obtained by a ground bas
photoelectric scanning interferometer. The temperatures obtained by Marshall and Henderson (197
are slightly higher in comparison to those obtained by other authors. This may be due to t
observations being made close to the maximum of the solar cycle. Assuming that the excess
broadening in the lines is due to a turbulent velocity, such a velocity would exceed 20 km/s. But the
large scale Doppler shifts should be observed, what was not the case.

Interferograms of coronal Hel D3 (5876 A), green and red lines were obtained in the eclipse of 19
July 10, in Russian Pacific coast (Kim and Nikolsky, 1975). The Hel D3 line was overexposed in t
chromosphere, but did not appear in corona. Detailed photometry with 3% accuracy was made for t
green line with an instrumental width of 0.31 Â. For r between 1.2 and 1.7 R®, no Doppler-sh
velocities exceeding 10 km/s were found. The half-width increased with height in almost all region
except in quiet regions. The excess broadening was attributed to turbulent velocities of 24 km/s at r
1.2 R®, increasing up to 34 km/s at r 1 .7 R®. A constant equivalent width found for almost all regio
was interpreted as due to the dominance of the radiative excitation of the line. In quiet regions, whe
the equivalent width decreased with the distance from the Sun, the collisional excitation was assume
to be dominant.

=

With an instrumental resolution of 0.23 A, photographic Fabry-Pérot interferometry was done by Des
and Chandrasekhar (1983) up to r 1.5 R®, during the eclipse of 1980 February 16, in the green lin
The accuracy of line-width measurements was limited by the grain noise of the film, what correspond
to an accuracy of ±10% in the temperature. A least square analysis indicated a tentative temperatu
maximum near r = 1.2 R®. The ratio of the line intensity (proportional to the square of electron densi
for a collisionally excited line) to the square of the continuum intensity (the continuum is proportional
the electron density) appeared to be inversely correlated to the temperature, instead of being constan
This anticorrelation may indicate a real change in the ionization temperature. Using this ratio
evaluate the ionization temperature, the observed line-widths showed peak turbulent velocities
about 10 km/s. The radial distribution of turbulent velocities did not show any systematic trend.

=

Both, green and red coronal lines were observed simultaneously by Chandrasekhar et al. (1984) in t
interferometric Fabry-Pérot experiment during the eclipse of 1983 June 11, in Indonesia. T
instrumental width was 0.33 A for the green line, and 0,21 A for the red line. Line-width temperatur
derived from the green line up to r 1.3 R® were appreciably lower than temperatures determin
similarly during the solar maximum eclipse of 1980. They conjectured that excess broadening caus
by turbulence may have been much less in the 1983 eclipse.

=

Analising Fabry-Pérot interferometric observations in the green and the red coronal lines with spati
resolution of a few arc seconds from five eclipses (1965 May 30, 1968 September 22, 1970 March 0
1972 July 10, 1981 July 31), Delone et al. (1988) found that the half width of the profiles increases w
the radial distance from the limb. They interpreted as features moving in the radial direction. O
exception occurred above an active region with very closed configuration in the eclipse of 1965. Ma
of the line profiles have complicated shapes (more complicated in red than in green line), what w
interpreted as evidence of many small moving features in the corona. The velocity ranged from 30
150 km/s. Such features have sizes between 10" and 30", and are more abundant in red than in gre
line. However, care must be exercized as complex profiles might also be caused by brightne
inhomogeneities of E- and K-corona. Line-shifts were also detected. They correspond to ascent
matter at up to 60-70 km/s (±10 km/s). But other 15 observations do not show evidence of movi
elements, what may be due to insufficient spatial resolution.

2.2. Periodic and non-periodic motions and intensity fluctuations
The chromospheric acoustic flux is insufficient for heating corona. If however acoustic waves devel
shock fronts in the chromosphere and transition region, very little energy reaches the corona. On t
other hand, ordinay Alfvén waves have a limited influence in heating corona because they a
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reflected back in the chromosphere and do not dissipate efficiently in the corona. Short period (< 10 s)
fast magnetoacoustic, and surface Alfvén, waves may play an important role in the heating process.

A tiny but explosive process of dissipating magnetic into thermal energy, designated nanoflares, was
proposed by Parker (1988) as an alternative process for heating the corona. Instead of a continuous
process of heating by hydromagnetic waves or DC currents, nanoflares should occur as discrete spark¬
like realeases of magnetic energy, short-lived and small-scale phenomena in a magnetically turbulent
plasma.
Koutchmy et al. (1983) performed a specific experiment out of an eclipse, in 1975 October 19, at
Sacramento Peak Observatory, looking for short period coronal waves. They obtained time series of
intensity fluctuations and Doppler velocity oscillations of the green line with time resolution of 5 s, with
a slit 40" above a faint facular area and small changing chromospheric features. The sky aureola
fluctuations were subtracted. The power spectra showed evidence of Doppler velocity oscillations with
periods near 300, 80 and especially 43 s, but no discernible intensity fluctuations.

At the eclipse of 1980 February 16, in India, Pasachoff and Landman (1984) searched photoelectrically
for high-frequency (0.1-2 Hz) fluctuations in the intensity of the green line in several portions of coronal
loops limited up to few arc seconds. The purpose was testing the theory of coronal heating via
magnetohydrodynamic waves. Power excess in the Fourier transform at 1-2% level of the total incident
power was detected between 0.5 and 2 Hz. Such fluctuations were attributed to Alfvén waves trapped
in loops a few thousand kilometers long, or to fast mode waves trapped in loops with a few thousand
kilometers in diameter. The power excess was detected again in the eclipse of 1983 June 15, in
Indonesia, with an instrument improved with a second channel for the continuum, to monitor
atmospheric and instrumental effects. The results, however, should be more indicative of fast
magnetoacoustic waves than Alfvén waves which produce no density (line intensity) fluctuations to first
order.

Frequent brightnenings of SilV and OIV ultraviolet lines, with amplitude between 20 and 100% and
lasting 40-60 s, were recorded aboard Solar Maximum Mission Satellite in active regions with spatial
resolution of 3”x 3" and 0.08 s sampling in time (Porter et al., 1984). This observation indicated an
intermittent heating of modest amplitude and suggested a stochastic heating mechanism produced by
magnetic reconnections. More recently the high resolution images of the Soft X-Ray Telescope, taken
in a quick succession on board the Japanese satellite Yohkoh, allowed to search for the nanoflares. By
recording the frequency of microflares (the faintest flashes and sparks), it is possible to extrapolate
downward for estimating the nanoflare frequency. The conclusion was reached that the transient
energy releases in active regions should not be a significant contribution to the heating (Shimizu,
1994). This poses a serious problem for the nanoflare concept, however a door is left open by
considering that the diffuse background might consist of nanoflares that run together because they
happen so often. The Normal Incidence X-Ray Telescope flown still more recently on sounding rockets
took only snapshots, but with a higher spatial resolution. The images suggest that strong electric
currents forced by magnetic activity near the surface play the relevant role in heating the corona. The
magnetic bundles are slim and tubular, what requires an electric current to generate azimuthal
magnetic fields that would wrap the bundles, preventing their bulging. The images reveal hot gases
outlining the bundles divided into fine threads (Glanz, 1994).

=

Monochromatic images of coronal loop structures overlying an active region at r 105 km were
obtained photographically in green and red coronal lines during the eclipse of 1980 February 16, in
Kenya, with resolution of 3" (Hanaoka and Kurokawa, 1988). Combined with images in the neighbor
spectral continuum, the temperatures and densities of the loops were derived. The matter at 2x106 K
(green line) is dominant in the active region corona forming diffuse loop structures. The cooler matter
at 1x106 K (red line) forms sharp and slender loops constituting the core of the hot loops. The diameter
estimated for a single cool loop is about 1000 km or less, so that they may consist on many
unresolvable fine threads with a small filling factor. It is conjectured that a cool loop is formed by the
radiative cooling when the heating is blocked in the core of the loop. The cool loops are at least 5 times
denser than the hot ones, and extend much higher than the expected pressure height scale, so they
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cannot be in hydrostatic equilibrium. The density in the interloop region is half that in the hot loops.
Similar observations were made in the eclipse of 1991 July 11, in Mexico, in coronal green, red and
CaXV (5694 A) lines, chromospheric Ha and continuum near 6100 A. The instruments and the
observational procedure were described by Kurokawa et al. (1992). Experiments able to collect a time
series of such monochromatic images can be helpful for the detection of intensity fluctuations and
proper motions associated to oscillations as well as to dynamic processes in the loops. Moreover such
experiments are suitable for testing the hypothesis of nanoflares,
The 1991 July 11 eclipse afforded the unique opportunity of using a modern and large telescope like
the 3.6m Canadian-French-Hawaiian Telescope (CFHT) in Mauna Kea, Hawaii. It was used to obtain
time sequences of small coronal fields reaching the finest structures so far attained (Koutchmy, 1992;
1993; 1994). It was found that the fine structures in emission lines formed at T > 1.5x106Kdo not show
obvious correlation with fine structures with lower temperatures. There are therefore small-scale
inhomogeneities in temperature. Since the correlation with white-light images is better noticed in Fe
XIV pictures (red line), it is concluded that the most probable coronal temperature outside active center
is 2x10® K. Since the kinetic pressure changes much slowly, the inhomogeneities of temperature are
compensated for by local variations of density. Thin loops with cross-section of 1 to 2" show blobs at
sub-arcsec, as well as irregularities along the loop, suggesting that some kind of heating is going on
along it. Coronal threads with sub-arc second cross section (0.4") after correction for smearing effects
were detected with lifetimes < 100 s. Threads with larger cross sections have longer lifetimes. They
show proper motions, but fade-out on an ever changing background. A particular plasmoid with initial
size of 3" split several times producing ephemeral thread-like structures and disappeared after 200 s.
The conventional cavity-like structure above a prominence channel could be resolved into dark loops
of large scale where matter was missing.
3. Polarization
3.1. Polarization of white light
Measurements of white-light polarization provides important complementary informations to the
measurements of the coronal brightness. First of all, as mentioned before, they allow to separate the
K-corona from the F-corona under the assumption that the latter one is unpolarized. Moreover, they
provide information in the coordinate of depth about the spatial distribution of the coronal density, as
they are sensitive to the extent of the structures along the line of sight. The measurements however
are difficult because the observed polarization refers to the total intensity which, beyond r 2 R@ can
be dominated by the light of the F-corona, the atmospheric and instrumental scattered light.

=

The pioneering work modelling and calculating the polarization of white-light corona was performed by
Schuster (1879) considering a generic type of scatterer. Accepting the suggestion by Schwarzschild in
1905 that the polarization was produced by the Thomson scattering of free electrons, and assuming a
simple power-law for the radial distribution of electrons, Minnaert (1930) derived an exact expression
for the scattered light and its polarization, taking into account the solar limb darkening, van de Hulst
(1950) computed his model corona based on several measurements of brightness and polarization of
white-light corona. He separated F- from K-corona assuming that Fraunhofer lines maintain their full
strength in the F-corona, but are completely obliterated in the K-corona. Hata and Saito (1966)
compiled observational data for flattening, integrated brightness, brightness distribution and
polarization of the white-light corona, in an attempt to define the most reliable description of the
corona. But along this discussion they did not separate F- from K-corona. Concerning the polarization,
they derived typical polarization values for the corona at minimum and maximum of solar activity.

An eclipse photoelectric polarimeter designed and built by Ney et al. (1960) operated successfully in
the eclipse of 1959 October 02, in two stations installed in Sahara Desert (Ney et al., 1961). The
polarization was measured simultaneously in 4750 and 8300 A once every 30 s out to r 2.5 R0 in
1000 raster points. Rejecting the hydrostatic corona model, Ney and Kellogg (1959) suggested that part
of coronal light could arise from synchrotron radiation of electrons trapped in Van Allen-like belts within
the solar magnetic field with energies of several GeV. Such high energy electrons should be injected
into the corona more likely at sunspot maximum, and the eclipse of 1959 was only shortly after the
maximum. For synchrotron mechanism, the visible light would be polarized with the magnetic vector

=
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parallel to the solar magnetic field, so being able to produce deviations from the direc
polarization expected from Thomson scattering. Indeed, four of five previous experiments had
confirming the prediction of radial polarization of the magnetic vector (Ney and Kellogg, 195
experiment by von Kluber (1958) was the only exception, confirming radial polarization with
Measurements of the polarization in magnitude and direction, and of the absolute intensity of
from the solar corona, were obtained by Ney et al. (1960). The spatial resolution was of 3'. I
the direction of the polarization of the magnetic vector was found to be radial within ± 1
precluded the presence of synchrotron radiation in the top of the magnetic loops. The absolute
of the intensities were good to ± 5%, and of the polarization, to ±1%. Also, no change in the
was observed within the time span of approximately 1/2 h separating the observations in two s
In addition, a small infrared excess was found in the F-corona, larger in the polar than in the eq
direction (see Section 4). Such excess however was much smaller than those previously obta
Allen (1946) and Blackwell (1952).

Nikol'skii and Sazanov (1971) made photographic polarimetry from 5000 to 7000 A during the
of 1968 September 22 in Southern Urals. The polarization varied from 30 up to 60% (± 10%) at
distances r < 1.25 R©. Sazanov (1973) made similar observations in the eclipse of 1970 Marc
Mexico, and measured polarizations as large as 67% at 1.1 < r <1.5 R@. Such a value is 1.3-1
larger than the maximum value expected from Thomson scattering.

Badalyan et al. (1993) analysed polarimetric data obtained in the eclipse of 1980 February 16,
The data consisted on six sets of three photographs obtained in three positions of the polaroid
by 120°. The solar cycle was then at its maximum, and the polarization of K+F corona reached
% near r = 1 .7 R©, not only in well defined streamers, but also in the overlapping faint an
streamers. Assuming Thomson scattering and spherically-symmetric corona in hydrostatic equ
the maximum degree of polarization can be calculated for the K-corona. Then, assuming a m
the F-corona, the theoretical upper limit for the polarization of K+F corona can be calculat
maximum does not exceed 45%. A higher polarization would be possible assuming a higher
density, but then, the corresponding brightness in white light would exceed the observed val
explain the discrepancy within the framework of Thomson scattering, they suggested that
coronal structures may produce the observed high degrees of polarization, not implying exce
high densities. The hydrostatic equilibrium applies well in quiet regions, but not above r
Arguing that the observed degree of polarization was not too far above the maximum allo
Thomson scattering, Badalyan et al. (1993) concluded that there was no reason enough to re
mechanism to explain the white-light corona.

=

Amquist and Menzel (1970) made photographic measurements of the polarization in the ec
1966 November 12, in Peru, with an improved resolution of T. In general the polarization
intensity, both increased and decreased together, but some exceptions were found. They
polarizations near the limb above and below the values predicted by the Thomson scattering
van de Hulst's model of corona, and suggested that the electron density could be muc
inhomogeneous than conceived so far. Pepin (1970) observed photographically the brightness
polarization of the white-light corona (r 3.5 to 13 R©) during a flight over Atlantic Ocean nea
in the eclipse of 1966 November 12. He reported anomalous polarization directions at r >
certain position angles. The same paper reported another directional anomaly of the pola
observed in the eclipse of 1965 May 30, in the Northern solar sector during a flight over South
Beyond r = 5 R©, the polarization was seen to increase above 5% in sectors where the low
displayed streamers and plumes. Such a polarization, unseen before at such great a distance f
Sun, was ascribed to the electrons from the solar wind. Koutchmy and Schatten (1971
photographic measurements of the polarization up to r = 6 R© in the eclipse of 1970 Marc
Mexico. They used neutral density radial filter and reported polarizations of magnetic vector
direction as high as 80% and 90% at r 2 R©. Polarizations > 80% are anomalous becau
degrees are higher than the maximum allowed by Thomson scattering considering electrons
The anomalies occur in radial filamentary structures, but not in discontinuities. Also one case
polarization of the magnetic vector in the tangential direction was found. Kulidzanishvili et al

=

=
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obtained photoelectric measurements of polarization of white-light corona in the eclipse of 1991 July
4 R@. In each ring,
11, in Mexico. The corona was scanned in 10 concentric rings up to r
measurements were made on 90 position angles separated by 4° each other. In the innermost ring the
spatial resolution was 1'. It deteriorates outwards, reaching 3' in the outermost ring. The Polaroid was
rotated to 16 different position angles. The polarization measured with 1% accuracy, first increased
radially outwards up to about 25% at r 2.8 R® in average, then decreased. Where the brightness is
larger, the maximum value of the polarization occurs farther from the limb, and vice-versa. The
polarization plane, determined with precision better than 1°, is mainly radial for the magnetic
component, with small but real deviations reaching ± 9°.

=

=

The deviation of the magnetic vector from the radial direction is unexplainable in terms of pure
Thomson scattering. Plasma oscillations or Cerenkov radiation are much below the optical frequencies
and also cannot explain the anomaly. Synchrotron radiation would require unconceivable 10 GeV
electrons (they should be, but are not seen at 1 AU). Molodensky (1973) proposed that electrons with
energies of « 5 keV may produce directional deviations of the polarization plane by about ± 10°,
because the scatterers moving perpendicularly to the radial direction see the incoming light with
aberration. On the other hand, the electrons moving radially see a larger solar angular diameter if they
move toward the Sun, and vice-versa. So the dilution factor depends on the motion of the electrons
and, accordingly, the degree of polarization. He argued that such suprathermal electrons can exist,
because the lifetime for synchrotron and bremsstrahlung radiation, and for collisional thermalization
with particles or photons, are all long. If this suggestion proves to be right, the research of anomalies
can give important information on the acceleration processes in the Sun. The anomalies of polarization
may be associated to the high coronal flares proposed by Oliver and Kahler (1991). A class of
impulsive events of low-energy (2-10 keV) solar electrons observed near the Earth by satellites is not
associated to Ha flares, neither to metric/decametric type III radio bursts, but to interplanetary
kilometric type III bursts. Indeed it constitutes the most common type of impulsive solar energetic
particles. The acceleration must occur high in corona at r » 1 .5 R®, where the transient temperature of
about 107 K is inferred from the high charge states of high-Z (Z > 6) ions. The high coronal flares have
not been observed directly, but have been conceived to explain the impulsive acceleration of the
electrons (and 3He ions) at places beyond r = 1 .5 R®. They may occur as a result of reconnection in
the open magnetic structure of neutral current sheets of coronal streamers.
3.2. Polárization of emission lines
Such a polarization results from the anisotropic excitation of coronal ions. The direction of polarization
is either in the direction of, or normal to, the projection of the coronal magnetic field onto the plane of
the sky. The theoretical maximum amount of polarization is determined by the Zeeman pattern of the
upper and lower levels involved in the transition. There are however several depolarizing processes
operating in the corona, and it is not easy to establish their identity. If the direction and the magnitude
of polarization are measured simultaneously in many emission lines at the same location, it is possible
to gain information on: the magnetic field orientation (but not strength); the Zeeman patterns of the
ions producing the lines (providing a new criterion for line identification); the temperature and density
through the effects on the radiative and collisional excitation rates; and the fine structure of the corona.
But the measurements are difficult to accomplish because the intensity and the polarization vary in
opposite fashion with distance from the solar limb. Also the polarization of the K-corona must be
carefully eliminated.

The 10747 A emission line of Fe XIII is the brightest feature of the coronal spectrum in the
photographic infrared. Its transition configuration is ideal for the resonance polarization, since for pure
scattering the apparent polarization of the incident radiation field in the corona is preserved in the
reemitted line. Hyder (1965) pointed out that this line could display a maximum linear polarization of
100% at asymptotic distances above the limb, in absence of collisions and coronal magnetic field
depolarization. The depolarization by the magnetic field is due to the precession of the scattering ion in
the magnetic field during the lifetime of the excited state. So the amount of polarization in this line may
compete with that of K-corona, although different in direction by 90°. House (1972) made a numerical
calculation of the polarization. Not far from the limb, the magnetic vector of resonance-polarized line
emission lies in the tangential direction. Photoelectric measurements of polarization in this line were
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first made in the 1965 May 30 eclipse, in Society Islands, by Eddy and Malville (1967). Po
with magnetic vector in tangential direction, between 8 and 30%, were obtained with lo
resolution at 1.2 < r < 1.72 R0. Eddy et al. (1973) repeated the observation in the eclipse
November 12, during a jet aircraft flight from Brazil to Uruguay intercepting the totality
complete description of the polarization could be derived from three images obtained th
interference filter, with a Polaroid analyser rotated 60° between exposures. After the subtr
undesirable polarizations, the instrumental one and from the continuum, it was found
polarization ranged from about zero at r 1 .08 R0 to 80% at r 1.6 R@, with the magnet
tangent to the solar limb in most of cases. The average polarization was largest outside the
regions, and beyond r= 1.2 R@, where pure radiative excitation of the line is expected. The de
of the polarization in the streamers can be interpreted as depolarization by collisional excitati
line. Directional departures occurred in non-radial magnetic fields of helmet streamers, w
magnetic vector has a tendency to lie perpendicularly to the field lines. The effect of the magn
on the amount of polarization seemed to be a second-order effect.

=

=

Mogilevsky et al. (1960) reported a very high degree of polarization, both in green and red
lines, below r 1 .6 R@. This result from the eclipse of 1 954 June 30, was not confirmed i
subsequent observations. They recorded photographically the spectra of the lines split into o
polarizations by means of a Wollaston prism. In the green line the polarization increased mono
from 22 to 53% as r increased from 1 .1 to 1 .6 R0. In the red line the polarization increased fr
80% from r 1.1 to 1.3 R0, but decreased afterwards to 47% at r 1.45 R0. The directio
polarization is not mentioned. Charvin (1965) made a thorough theoretical study on the polar
the green coronal line, and concluded that the polarization increases for larger distances from
but anyhow is weak. Hyder et al. (1968) observed the polarization of green and red lines in th
of 1965 May 23. The green line was observed during a flight over the South Central Pacific
red line, from the ground in Bolivia. The polarization of the green line below r 1 .5 R0 was >
25%, and its direction was tangential to the Sun for the magnetic vector. All these resul
agreement with the theoretical predictions. The red line presented a polarization smaller than
i. e., null according to the predictions.The polarization in red and green coronal lines was m
again during the eclipse of 1970 March 07 by Mogilevsky et al. (1973) in Mexico. The data

=

=

=

=

on spectra obtained simultaneously with two mutually perpendicular directions of the polariza
were used and both gave similar results. A polarization in the green line of ab
was found at r = 1.08 R0, while in the red line it was close to the errors of the measurement
not exceed 6%. By means of a photographic polarimeter, Beckers and Wagner (1971) obs
emission lines between 3400 and 9000 A in the inner corona (1.034 < r < 1,085 R0) in t
eclipse, in Mexico. They did not find any polarization > 1% in the green line, and > 1.8% in th
all over the limb. Other 17 lines did not show any polarization > 5%. The results of Mogilev
(1960, 1973) are in variance with the results of almost all other observers.

spectrographs

4. Circumsolar dust ring
The spectrum of F-corona displays the Fraunhofer lines. No flattening and no color effect is
the inner part (r < 2.5 R0) of the F-corona (Koutchmy et al., 1978). The interplanetary
producing the spherically symmetric F-corona are located between the Sun and the Earth.
such particles being far from the Sun, the sunlight is rather diffracted than scattered by the
consequence, the F-corona is almost unpolarized. If the white-light corona were due en
Thomson scattering, the polarization should continue to increase at larger distances from the
approach some relatively high asymptotic value. But the unpolarized light of the F-corona d
total polarization of the corona beyond several radii from the Sun.

Attempting to link the measurements of the zodiacal light, observed only when the Sun is abo
more below the horizon, with those of the inner F-corona, the brightness of which equals the
sky light at « 2° from the Sun, Ney (1963) made observations with balloon-borne cameras d
eclipse of 1962 February 4-5. The Sun was 12° below the horizon and, in spite of the ecl
atmosphere was still bright, so that the zodiacal light could be photographed no closer to the
19°. He planned another experiment to measure the inner solar corona during an eclipse fro
altitude, where the sky was free of light scattered by the atmosphere. This experiment was p
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in the 1963 July 20 eclipse. Ground-based equipments consisted on TV scanning telescopes. Th
were installed in two sites: Canada (Quebec) and USA (Maine). The data from Maine, where t
experiment was successful, confirmed the radial nature of the polarization. The crew there a
launched baloon telescopes prepared to observe the zodiacal light. The corona out to r « 35 R@ w

brighter than the background, and displayed a lemon shape with symmetry axis oriented along t
ecliptic. This suggested that outer corona is most F-corona, closely related to the zodiacal light. A
very long and straight streamers reached the edge of the pictures, seemingly connected with act
regions in the inner corona. After this experiment, a gap at elongations between 10° and 20° from t
Sun still persisted.

There are several claims that infrared color measurements disclosed a reddening at r > 2 R0, strong
that could be expected from the thermal emission of warm grains of zodiacal dust heated by the S
(Blackwell, 1952; Peterson, 1963 and 1969). The dust particles spiral towards the Sun due to t
Poynting-Robertson effect but, at a critical distance which depends on their composition, they start
sublimate. Belton (1966) suggested that, as the heliocentric distance decreases, the radiation pressu
acts more efficiently than the gravity, so that the inward spiraling can be slowed down, stopped, a
possibly reversed. Some grains can fly away in hyperbolic orbits, but most could oscillate in a narr
circumsolar dust ring. The grains accumulated in the postulated ring could reach temperatures of 10
to 1300 K, and emit thermal radiation peaking in near infrared wavelengths. Many attempts to confi
the existence of such a ring led to conflicting results. The few positive results are not convinci
because they rise serious conceptual difficulties. For example, Peterson (1967) and MacQueen (196
detected a so narrow ring with enhanced density of dust at r » 4 R0, that the explanation in terms
dynamics and composition falls in difficulties. Moreover, a peak in the visible should be observed t
never was seen. Peterson (1967) found also a secondary diffuse emission zone inside the narrow r
which he ascribed to dust in elliptical orbits undergoing less rapid vaporization. MacQueen (196
found rings apparently concentrated at r 4.0, 8.7 and 9.2 R0 in the ecliptic plane.

=

Grains from the elusive dust ring should be close to the Sun, and scatter the sunlight at nearly 9
producing a highly polarized component of the F-corona. The availability of large infrared HgCd
array detectors provided an unprecedented opportunity of mapping the brightness and the polarizat
of the dust ring in J, H and K bands. The experiment was conducted on Mauna Kea, Hawaii, during
eclipse of 1991 July 11 (Lamy et al., 1992). In spite of the bad weather prevailing along t
observations, the H- and K-band surface brightnesses showed the infrared light scattered by t
electrons of the streamers from the K-corona, as well as patches farther from the Sun of infrared li
scattered by the dust particles of F-corona. However there was no evidence of dust ring out to r
R0. Also no anomalous polarization ring was evidenced there. Similar results were reported also
Hodapp et al. (1992).

=

Isobe and Kumar (1993) collected the results of 23 observations aimed at detecting the dust ring sin
1966 until 1991. Most observations are in infrared, but some are in visible wavelengths attempting t
detection of anomalous polarization, or of radial velocity in Fraunhofer lines scattered by the grai
Isobe and Kumar (1993) found that the detection and non-detection of the ring occurred at
minimum and at the maximum of the solar cycle, respectively. They interpreted that Lorentz fo
acting on charged dust particles sweep them out near the maximum of the solar cycle, when the gra
acquire a higher positive potential and the magnetic field at low solar latitudes is stronger. The d
ring may be a transient feature modulated also by the injection of dust into near-solar space by a Su
grazing comet (Hodapp etal., 1992).

5. Timing of contacts
Analyzing measurements obtained with a meridian circle from the Royal Observatory at Greenw
since 1853 until 1953, a decrease of the solar angular diameter 27century was reported by Eddy a
Boomazian (1979). In order to check the validity of such a result, Dunham et. al. (1980) analysed
duration of the totality near the edges of the umbral path in the eclipses of 1715, 1976 and 1979, a
concluded that the solar diameter is shrinking by » 0.267century. Shapiro (1980) analysed the time
contact of 23 transits of Mercury in front of the solar disk occurred between 1736 and 1973, and
find no indication of any significant change in the solar diameter. Parkinson et al. (1980) reconsider
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the observations analyzed by Eddy and Boomazian (1979), and argued that they are unsu
investigating possible changes in the solar diameter, especially because of the personal b
observers. They examined over 2,000 timings of 30 transits of Mercury spread over the
years, and durations of 7 total solar eclipses between 1715 and 1925, all with a precision o
they did not detect the secular change claimed by Eddy and Boomazian (1979). On the othe
the spectrum derived from the transits of Mercury, a significant peak appeared with a per
years. The daily full-disk magnetograms of Mount Wilson obtained since 1974 were an
LaBonte and Howard (1981), searching for secular variations of the solar diameter. After corr
raw measures for all expected effects, it was found that the residuals have not a rando
systematic distribution: a clumping with 40 days period and an annual pattern in the spring. T
of such a distribution are still unknown. But any secular trend is within the 1/4"standard devi
single residual. Sofia et al. (1983) argued that the determination of the solar diam
observations made near the edges of the path of totality in eclipses are affected by timing e
than observations made near the path center. So they analysed numerous reports on the d
the totality of the eclipses on 1925 January 24, and 1979 February 26, determined from
locations. They found that the solar radius at the earlier date was 0.5" larger than at the l
even taking into account the systematic inaccuracies in the knowledge of the lunar fig
concluded that solar radius changes are not secularly monotonic.

The second and third contacts of a total eclipse can be easily video-recorded nowadays with
time signals. The second contact can be defined as the disappearance of the last Baily's bead
diamond ring, and the third contact, as the first visibility of the post-totality diamond
uncertainty in timing is ± 0.2 s. Pasachoff and Nelson (1987) made one such measuremen
other hand, the best predictions of contacts take into account empirical corrections to th
ephemeris and figure. A discrepancy * 0.5 s was found by Pasachoff and Nelson (19
corresponds to 0.25" in the Sun. Dunham et al. (1980) reported that the Sun contracted secu
Sofia et al. (1983), within decades, in amounts comparable to such a discrepancy. More
eclipse measurements that can be obtained in coordinated campaigns with a standardized m
with the accuracy attainable today even with modest resources, may help to clarify this open q

CONCLUSIONS
There are global properties and processes affecting the large-scale corona, that still require c
detailed ground-based observations during eclipses for their full characterization. Such are
scale morphology, the North-South hemispherical symmetry and the colors of the K- and F-c
observational unfilled gap between the zodiacal light and F-corona, the rotation and t
dimensional structure of the K-corona, and the relationships with the solar cycle of act
knowledge of global properties are of key importance for the understanding of the dipole com
the general magnetic field of the Sun. Two-dimensional observations in the near infrared m
disentangle unambiguosly the K- from F-corona, for a better characterization of each one.

Connected to the global structures, there are some unconfirmed appendages needin
verification, like the excess of infrared radiation claimed by several authors and ascribed to a
the anomalies of polarization in white-light and emission lines of the corona, the dark voids
faint prominences, but distinct from the cavities surrounding filament channels inside th
streamers, and the ellusive equatorial diffuse external reinforcements. Coordinated ob
bringing complementary informations about the same object, may shed new light on such ob
uncertain observational problems.

There are also local properties and processes affecting only small-scale structures or fine str
the corona and chromosphere, that deserve further observations. The potential field approx
suitable for extrapolating the coronal magnetic field from photospheric measurements, b
satisfactory only for low-order harmonic components of the photospheric field. The solar coro
with very small-scale structures requiring non-potential magnetic components of correspondin
order to balance the lateral gas pressure. Accordingly, the determination of densities gives
average where the correction by a filling factor is always uncertain. Actual densities should
larger than usually assumed. Tangential discontinuities also are dramatically strong. The fine
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can interact producing reconnection phenomena over volumes with small-scale. No account of the
inhomogeneities in the corona has been made in theories of coronal heating and acceleration of the
solar wind. Theoretical works are essentially based on time and space averages. In this concern, it
seems more natural that the observational efforts should precede the theoretical ones.
Although limited by the diurnal seeing of » 3", it is clear that so far no full advantage has been taken of
the possibilities made available by the astronomical CCDs and packages for digital treatment of
images with high spatial and temporal resolution. With currently available techniques, much more can
be learned about the dumpiness of matter in small knots and threads, the thermal strudure of the
corona, the localized populations of suprathermal eledrons, the equivalent widths, Doppler shifts and
turbulent broadening of emission lines, the oscillation of strudures, the proper motion and splitting of
plasmoids, the occurrence of the postulated nanoflares, the high coronal flares, etc. Because the
small-scale strudures have shorter lifetimes and time scales, their observations should be made with
high temporal resolution and involve several observing stations along the totality path, in order to be
worthwile scientifically. Looking still farther to the future, one could think of observations with spatial
resolution of » 100 km over the Sun with resources of adaptive optics with last generation
coronographs with large and curved mirrors (Moore, 1990). Regions of magnetic neutral sheets and
sheared field lines are predidably prone to turbulent reconnedion or DC Joule dissipation, causing the
heating and the acceleration of coronal matter. They constitute the locations to be observed and
followed in eclipse experiments devoted to the study of small scale strudures.

One particular type of coronal strudure that deserves more attention are the coronal rays. Due to their
simple geometry of plane sheets or cylinders, their flow, stability and hydromagnetic oscillations can be
predided theoretically with relative easiness (Matsuura, 1994; Matsuura et al., 1994). A systematic
search of rays recorded in images of past eclipses is just starting. Rays rooted in condensations
suspended in the solar corona should be examined carefully in the future.
Obvious motions of matter can be seen within expanding loop systems of helmet-like streamers
(Matsuura et al., 1993b). A simple, but realistic one-dimensional model, has been proposed by
Stepanova and Kosovichev (1992) that can be applied for such existing data. The model considers that
a magnetic loop loses the hydrostatic equilibrium because a flare heats the plasma inside, or because
the magnetic field under the loop is increased by a coronal transient. The expanding magnetic loop
ads as a piston and produces a shock in the surrounding plasma. The shock waves can be computed
in the two-fluid approximation, taking into account the turbulent viscosity. If the expansion is strong, the
magnetic forces are dominant and the expansion is monotonic. If not, the magnetic forces can be
counteraded by the gravity, producing multiple shocks.

Current researches in eclipses will acquire a renewed scientific reach if, instead of being carried out
independently, should be coordinated in such a way to guarantee, besides the individual analysis of the
data of each experiment, a global analysis crossing the complementary data obtained in the same
eclipse by different experiments and different methods, from ground and space. The ground based
observations should involve several stations along the eclipse totality path, as well as the solar
observatories performing routine patrol of the solar adivity.
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ABSTRACT
The

chemical

composition

of

is

comets

reviewed

fr

observations made by in situ and remote measurements. The comet

gas is mostly composed of

NH-j .

N2

H20

followed by CO,

H2C0,

C02 , CH4 ,

a

is a minor species in comets. The elemental composition

Halley's dust consists of an inorganic (mineral) fraction, wh

appears to be essentially type 1 carbonaceous (Cl) chondrites, a

an organic fraction consisting essentially of highly unsaturat

hydrocarbon. The inorganic fraction forms a core which is embedd

in

essentially

organic material.

The

density

grains, called CHON particles, is near 0.3
be the origin of

g/cm3

the distributed source of

CO,

of

pure

organ

and is believed

H2CO,

CN,

and

found in the coma of Comet Halley. In general, the isotope rati

of N, 0, and S in comets agree with solar system values. The

ratio in Comet Halley is comparable to the corresponding
found

in

other

solar

system

objects

poor

in

D

D/H rati

hydrogen,

b

distinctly different from the protosolar nebula and objects th

accreted hydrogen gas. The ratio

12C/13C

< 89

(bulk solar system

found in the CN radical of Comet Halley indicates the presence
unaltered

interstellar

material

likely

preserved

in

the

du
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grains; however,

if

the ratio

situ

in

12C/13C
is

measurements

particles

by

different

nucleosynthesis

sites

>

has

found in some dust

89,
real,

been

then

from

carbon

in

incorporated

the

nucleus of Comet Halley.

INTRODUCTION
About 1011 small bodies (cometary nuclei) reside in the Oort

cloud - a cloud which surrounds the planetary system and extends to
about 50000 AU from the Sun (Lust, 1981; Oort, 1950)

. Their small

sizes, usually less than 20 km, and generally large distance from
the Sun, place them amongst the most primitive objects remaining in

our solar system. These objects are loosely bound by gravity to the
cometary nuclei is very small

Sun. The albedo of

them amongst
1990)

the darkest

objects of

the solar system

making

(Keller,

. The mean density and tensile strength of the material of

these nuclei are estimated to be < 0.5

g/cm3

lxlO3 dynes/cm2

1994)

1990)

(i 4%);

and

passages of

stars,

(Newburn,

which occur in average

(Rickman and Huebner,

respectively.

Close

intervals of

a few

million years, result in a few nuclei perturbed to move towards the
planetary system

(Lust,

1981)

. These small bodies can then be

captured by the massive planet Jupiter, causing them to move into

the inner solar system

(Marsden et

al . ,

1978).

When a cometary

nucleus comes close enough to the Sun, the outer layers are heated.
Material vaporizes by the sublimation process with a speed greater
than

the escape velocity at

the nucleus

(Singh,

1991)

,

and is

released into space. Fresh material on the nuclear surface is then

exposed

to solar

radiation.

The

sublimated

ices

(volatile

gas
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component - see below) streaming away from the nucleus carry alon

fine solid particles, called dust (dust component - see below) , an

together they form the familiar coma atmosphere and tails. Dus

representative of non-volatile material of the nucleus, is also

source

of

cometary

gas

in

coma

the

(see

below)

.

During

on

apparition, a comet looses a very small fraction of its total ma

in the form of gas and dust (Singh et al . , 1992; Singh, 1991) whic
stays in the interplanetary medium.
Comets with periods less

than 200 years are classified a

"short period" comets; and those with period more than 200 yea

are in the category of "long period" comets. Comets, which com
from the Oort cloud for the first time to the planetary system,

called

"new",

and those which have made many apparitions,

termed "old" comets (Lust, 1981)

studied

from

to

ultraviolet

.

ar

ar

The spectra of comets have bee

radio

wavelengths

and

spectra

analyses of comae and tails have yielded, to a greater extent, th

chemical composition of cometary nuclei (Wilkening, 1982; Newbu
et al . , 1991; Huebner, 1990)
of

.

The most complete compositional stud

cometary nuclei comes from fly-by missions to comets Halle

(Astron.

Astrophys.,

Giacobini-Zinner

(von

187,

Nov.

1987;

Rosenvinge

et

et

al . ,

1991

1986),

and

Grigg

Newburn
al . ,

Skejellerup (Astron. Astrophys., 268,L5-L13).
A) GAS COMPONENT:-

Photodissociation lifetimes of molecules at 0.8

AU distance from the Sun

are of the order of

cometary gas expansion speed of 0.8

km/s

Neubauer, 1987) the Giotto spacecraft

103

to

105

(Lammerzahl et al

came close enough

s. Wi

.,

1987

(600 km) t
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the nucleus of Comet Halley to record a fairly unaltered mix

"parent molecules" by its Neutral Mass Spectrometer NMS (Kra

et al . , 1986) . The NMS, having good resolution and capab

distinguishing differences in ionization potential, has n

in

successful

the

radicals because of

mass bins

(CO

and

some parent molecu

identification of
the overlap of

N2 ,

or

NH3

molecular weight in s

and OH) .

This problem ha

resolved by comparison with optical observations, and by s
the radial evolution of neutral and ionized fragments. The

surface of Comet Halley, formed by the balance between the p
of outstreaming gas, coupled with dust particles, from the
and the magnetic field pressure and ion-neutral friction

incoming solar wind from the Sun, was encountered by Giot

distance of 4660 km from the nucleus (Neubauer, 1987)

inside

the

contact

surface

.

The

containing the nucleus,

call

ionosphere, is characterized by very low temperatures (i 20
molecules

and

ions,

and

a hydrodynamic,

supersonic outf

partially ionized gas (Geiss, 1987; Lammerzahl et al .

,

1987

suprathermal ions are found in the outer ranges of the ion

which probably

cross the contact surface by the double

exchange

mechanism

probably

have

no

proposed

great

by

Goldstein

influence

on

al .

et

the

(1987

chemistry

ionosphere. With a gas speed of 0.8 km/s, cometary specie
the

ionosphere in less

yielding

the

neutral

than

gas

two

hours.

component

The

in

dominant

the

pr

ionosphe

evaporation, which is fast from ices and delayed from grain
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photodissociation in the gas phase that perhaps also occurs inside
grains. In the ionosphere, electron densities and energies are verylow to contribute significantly to ionization (Reme et al . , 1986) .
In table 1 we list effects of these dominant processes on relative

abundances of cometary species .
Table 1: Effects of Dominant Processes on Relative Abundances (see
text) :

Small molecules: Only a limited fraction is destroyed

Radicals :

Radial build-up

Ions :

Total ion content determined by photoionization
and dissociative recombination

Composition largely determined by ion-molecule

reactions

The

ionized

determined

by

component

the

of

photoionization,

gas

in

the

ion-molecule

ionosphere
reactions,

is
and

dissociative electron recombination processes and can be modelled
quite well

(Huebner

and Giguere,

1980;

Mitchell et

al . ,

1981,

Biermann et al . , 1982). It was expected that Particulate Impact
Analyzer
molecules.

(PIA)

data

would

be

useful

for

identifying

The data obtained in the vicinity of

cometary

Halley's Comet

confirm that NMS results and data on the ion composition give
additional information on the inventory of molecular species . In
table 2 we list a summary of the molecular abundances determined by

in-situ measurements and earth-based observations. In the ion mass

SAB
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spectra obtained by Giotto, evidence is found for the existe

molecules more complex and heavier than those listed in ta
however, it is premature to draw

definite conclusions about

parents from which they have been formed. Table 2 shows that
the most abundant parent species of

the nucleus whose dens

the coma of Comet Halley obeys very accurately a

=

R-2

power

distance from the nucleus in the coma) for R lying betwee

km and 10000 km (Krankowsky et al . , 1986)

.

This indicates th

evaporation takes place inside R < 1500 km or very near
nucleus (point source)

at least in part,
beyond)

. However, other constituents appear to

from an extended

source in the coma

(

. There is evidence that some evaporation from solids

place even several

hours after their release from the nu

Klavetter and A' Hearn (1994) and Singh et al . (1994) conclud
dust grains are responsible for increases in abundances of

C2
al .

in the coma of Comet Halley. Simpson et al . (1987), Vaisb
(1986),

and Combi

(1994)

have argued for disintegrati

conglomerate of grains in the coma which may be explained

loss of glue that held them together. Eberhardt et al .

noticed a spatial distribution of CO enhanced over a R

(1987
n

pow

for R < 20000 km and have argued the increase of CO as due

extended source (small grains) in the inner coma of Comet H
At heliocentric distance (r) =0.9 AU, small cometary grains

temperatures up to a few hundred degrees Celsius (Hanner,
and

hence

it

is

most

unlikely

that

CO,

whose

sublim

temperature is about 25° K, is retained as a parent in the
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for hours after their release from the nucleus. Formaldehyde, whose

photodissociation lifetime at 0.9 AU from the Sun is 3000 s, has
recently been identified to come from an extended source (Meier et
al . ,

1993)

in comet Halley's coma and accounts for

2/3

of

the

measured CO density within the ionosphere. Formaldehyde polymers,

coating dust grains and evaporating as monomers provide the most
likely explanation for the extended

listed the sum of

H2CO

H2C0

source. In table 2 we have

and CO abundances.

Methane and ammonia abundances in the coma of

Comet Halley

have been derived from Giotto Ion Mass Spectrometer (IMS) data by
Allen

et

al .

using

(1987)

an Eulerian model

of

chemical

and

physical processes inside the contact surface. The IMS data can be
best fitted if

NH2

and

CH4

abundances,

relative to H20, are £1.5

and 2, respectively. The J=l-0 rotational transition at 3.4 mm of
HCN has been observed between Nov.

Halley by Schloerb et al .

H20, is
the

. The HCN abundance, relative to

0.1 and is a major parent molecule of CN but probably not

sole

parent.

determined from
(1987)

(1987)

1985 and May 1986 in Comet

The

N2/C0

upper

limit

for

N2

in

Halley's

coma,

<0.1 (Balsiger et al . , 1986) by Allen et al .

, is less than 2% of H20, and hence

N2/NH2

< 1

(Table 2)

.

Solar UV radiation field breaks up the original molecules into

smaller radicals, atoms and ions until all components are dissected

into atomic ions that can easily be picked-up and identified by
instruments of fly-by missions. Hence, extended radial profiles to

distances of R

»

3 x

105

km helps to obtain elemental composition

in the volatile component of a comet. First estimates of elemental

XX**1 SAB
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abundances in the gas phase were made by Balsiger et al . (1986) who

N/0,

C/0,

found

respectively,

and

S/0

ratios

for Comet Halley.

solar value, the

S/0 ratio is

N/0 ratio is

The

0.33

and

sO.Ol,

C/O ratio

0.03,

is about half

the

much below the solar value, and the

close to the solar value (Anders and Ebihara, 1982)

.

A considerable fraction of nitrogen in the volatile component of a

comet could be present in the form of
Table

2:

Gas

Coma

of

Halley's

Source R < 15000 km)

N2 (Table
(Point

Comet

2)

.

source

+

Extended

see text.

Species

Abundance

Species

Abundance

H2°
C°2

100

CH4
nh3

2

2.5 (Refs: 1-4)

CO
15 (Refs: 5-8,2)

(Refs: 9,10)
(Ref: 9)

sl. 5

HCN

0.1 (Refs: 11,12)

N2

< 2

(Refs: 13,9)

H2CO
Refs: 1- Krankowsky et al .

Crovisier et al .
al .

8

(1993) ; 6

(1987); 4

(1986); 2

Encrenaz et al .

Eberhardt et al .

Festou et al.

Combes et al .

(1987); 7

(1986); 9 - Allen et al .

al .

(1987) ; 11

al .

(1987); 13 - Krankowsky and Eberhardt

Bockelee-Morvan et al .

(1988); 3

(1988); 5

Woods et al .
(1987); 10

(1986); 12
(1990)

Meier et
(1986);

- Drapatz et
Schloerb et

.

The problem of missing carbon in the volatile (gas) component
of comets has long been a mystery (Delsemme, 1985) ; however, it has
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recently been shown by in situ measurements that the missing carbon

is in the dust (see below) .
B)

DUST COMPONENT:-

carries

nucleus,

distribution

gas,

The

fine

along

10~17

to

down

streaming out

solid
g

from

particles

(McDonnell

et

cometary

the

(grains)
al . ,

of

mass

1987),

and

indications are of even finer grains. The composition of a large
number of dust particles of Comet Halley has been investigated in

the

mass

dust

spectra

(Jessberger et al . ,

obtained

1988; 1991)

km/s

Halley had been 70 to 80

energies

of

several

hundred

by

VEGA

and

Giott

spacecraft

whose encounter velocities with
al . , 1987)

(Grard et

per

eV

atom

.

The impact

in

resulted

grains

disintegrating to a large extent into atomic (ionic) species. The
dust

mass

spectra

high

show

yields

of

ions,

and

a

strong

variability in composition of dust particles whose masses are as
low as 10 -15 g. The elemental composition of Comet Halley's dust

consists of an inorganic (mineral) fraction, which appears to be
(Cl)

type 1 carbonaceous
consisting

of

highly

chondrites,

unsaturated

and

an organic fraction

hydrocarbons.

The

inorganic

fraction forms a core which is embedded in essentially organic
material

(Greenberg, 1982 )

called CHON particles

.

The density of

(composed of

pure organic grains,

almost entirely of

materials, presumably in polymerized form), is near 0.3

volatile

g/cm3

and

is believed to be the origin of the distributed source of CO, H2C0,
CN, and

average

compare

C2

found in the coma of Comet Halley. In table 3 we list

elemental
them

with

abundances
the

in

Comet

corresponding

Halley's

dust

abundances

of

where

type

we
1
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carbonaceous (Cl) chondrites (Anders and Ebihara, 1982 ) , whi
the least

metamorphosed

rocks from the early solar system

abundances of the condensible elements (Na to Ni in table 3)

chondrites represent, to an approximation, the abundances

solar photosphere and hence provide the basis for the "c

abundance of the elements. From Na to Ni, the elemental abun

in Comet Halley's dust and Cl are the same within a factor

which coincides with the uncertainty of the ion yields (Table
the

mass spectra of

elements

H,

C,

N,

situ measurements.

in

and

0

are enriched

in

relative to corresponding abundances in Cl
almost as abundant

The

Comet

light

Halley's
3),

an

(Palme

et

(Table

as in the solar photosphere

vo

1981) .

Table 3: Average Abundances of the Elements in Halley's Du
Type 1 Carbonaceous (Cl) Chondrites.

Element

Halley's

Dusta

CIb

Halley/CI

4 .1

H

2025

C

815

70.5

11 . 6

N

42

5.6

7.5

0

890

Na

10

Mg

=100

492

1.3

712

5.3

1. 9
1. 0

= 100
Contd .
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Table 3 Contd.

7.9

0.9

185

93.0

2 0

72

47 . 9

1.5

6.8

A1

Si
S

.

K

0.2

0.35

0.5

Ca

6.3

5 . 68

1.2

Ti

0.4

0.22

1. 9

0.9

Cr

0.5

Mn

0.6

0 . 88

0.6

83 . 7

52

Fe

0.7

1.25

Co

0.3

0.21

1.2

Ni

4 .1

4 .59

0.9

aThe

data on cometary dust are from 79, mode 0,

high-quality mass

spectra from PUMA-1 (Jessberger et al . , 1988).
from Anders and Ebihara (1982)
C)

.

THE BULK COMPOSITION OF COMET HALLEY'S NUCLEUS:- Ideally the

determination of the average chemical composition of a cometary
nucleus would be to sample different sites and different depths of
the nucleus and then unfold the composition of

samples with the

internal structure. This objective has been achieved to some extent
by the analyses of in situ measurements of many grains which come
from the nucleus from different sites and possibly from different

depths

below

the

immediate surface,

released in the form of

especially

when

they

are

jets (McDonnell et al . , 1987) . The gas-to-
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dust

mass ratio in the nucleus of Comet Halley can be est
gas (Table 2) and dust

from the derived composition of

assuming that the primordial C/Mg ratio of

1126/100

(Ta

(Ande

Ebihara, 1982) is preserved for the whole (gas and dust) com

cometary material in the solid phase we have 815 carbon atom

every 100 atoms of Mg (Table 3)
conserved

.

If

the primordial C/Mg ra

then for any 100 atoms of Mg in the dust, there a

carbon atoms in the gas phase. From table 2, these 311 C atom

accompanied by about 3849 H atoms, 1904 0 atoms, and 89 N ato
the gas phase. Thus a fraction of nuclear material of Comet
contains,
phase

for every 100 Mg atoms,

(Table

2)

and

42442

amu

total of

in

35559 amu in th

solid

the

phase

(Tab

resulting in a gas/dust ratio * 0.9. This is consistent wi

range 6.3 to 0.63 determined by McDonnell et al .

(1987)

different arguments.
Table 4

Abundances of C, H, 0, and N Atoms Relative to Mg

Material (Gas and Dust) Released by Comet Halley.

Element

Abundance

Geiss(1987)

H/Mg

32.6

39

C/Mg

11 . 3

12

N/Mg

0 7

O/Mg

.

0.4-0. 8
22 . 3

15

.

Systemÿ

Solar

25200

Cl b

4.9

11.3

0 . 71

2.3

0 . 06

18.5

N/C

0 06

0.03-0.07

0.2

0/C

1.3

1. 9

1.6

7.1

0 . 08

10 . 0
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abundances in the primordial solar system and in Cl chondri

are from Anders and Ebihara (1982) .
The

(gas plus dust)

total composition

cometary nucl

of

material containing C, H, 0, and N elements, relative to Mg, can
obtained from tables 2 and 3,

these are listed in table

and

together with the result of a study by Geiss (1987) which is ba

on

different

lines

of

arguments.

particles are listed in Table 3 .

volatile elements

(H,

cometary material

relative

C,

abundances

Table 4 shows

and 0)

N,

The

to Cl

non -CH

of

that

the lig

are strongly enriched in

chondrites and are simila

abundant to the primordial solar nebula.
D)

ISOTOPES:- Ratios of stable isotopes of the elements hydrog

carbon,

oxygen,

nitrogen,

magnesium,

sulphur,

and iron found

many comets are presented in table 5 where we compare them w
corresponding ratios found in the local interstellar medium and
solar system. The

D/H ratio derived in situ

Halley by Eberhardt et al .
4 . 8x10 ~4

and

the

(1987a)

average

of

from

HD0/H20

is in the range of

these

values

does

in Co

0.6xl0-4
not

diff

significantly from that found for the Titan atmosphere and ou
planets (Smith et al . , 1989)

standard mean

. It is almost the same as that in

ocean water. The enhancement of the D/H in comets a

outer planets is real.
Emission lines of
ground-based

spectra

13C14N
have

resolved for the first time, in

been

used

to

estimate

the

12C/1

abundance ratio in Comet Halley (Wyckoff et al . , 1989) . This ra
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is 65±9 [2.1a lower than the solar system value 89) and is evidence
for an enhancement in the 13 C abundance (Table 5)

. There is strong

evidence that a sizeable fraction of cometary CN comes from CHON

particles (Klavetter and A'Hearn, 1994) . If only 2% by number of
the

originated

CN

from

CHON

with

particles

12C/13C

*

4,

corresponding to the equilibrium value for CNO burning in stars

12c/13c ratio of CN is lowered from 89 to 66
The 12 C/13C ratio obtained from PIA ranges from

(Iben, 1975), then the

(Krankowsky, 1991) .

(Jessberger and Kissel, 1991) . Values smaller than 89

1 to 5000

suffer contamination with 12 CH, and

12C/13C ratios greater than 89
are real in Comet Halley. Higher 12 C/13C ratios have also been
found in other objects - for example, 12C/13C = 159 has been found
in a silicon carbide aggregate from the Murchison carbonaceous
chondrite (Ming et al . , 1989; Zinner et al . , 1989), and the ratio
reaches a value of

meteorite

(Zinner

isotopes of

4500

in graphite grains from the Murchison
1990)

and Wopenka,

elements heavier

. Abundances of the stable
including oxygen and

than carbon,

comets, appear to be

sulphur in the gas phase and in the dust of

identical

with

the

isotopic

ratios

conclusion can be extended to Mg,

in

Si,

the
Ca,

solar

system.

This

and Fe in solids of

comets .
The

D/H

data in Comet Halley neither rule out nor confirm an

interstellar origin of

(12C/13C

< 89)

Comet

Halley's

The 13 C

enrichment

discovered through CN lines (Wyckoff et al . , 1989)

indicates the presence of unaltered interstellar material likely
preserved in the dust grains. If

the ratios

-*-2C/13C

> 89

found in

Proceedings of the
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particles

are

sites

has

nucleosynthesis

then

real,

incorporated

been

from

carbon

to

different
Halley's

Comet

nucleus .
Table 5 : - Ratios of Stable Isotopes Found in Comets

Species

Solar

System3

ISMb

1.5x10 -5 c

2xl0"5

D/H

Local

Comets

(0.6 to 4 . 8 ) xlO -4 d

(l-lOO)xlO -4 e

D/H

12c/13c
12c/13c
12C/13C
14N/15N
18o/16o

43±4f
65±20h

89

12 to
250

«

0.002

«

110e

400h
0.0025h

65±99
70 to 130 i
< 100ÿ
>

200?9

0 . 0023±0 . 0006d

variableÿ

24Mg/25Mg

7.8

25Mg/26Mg

0.9

34S/32S
56Fe/54Fe

0 . 044±0 . 010

< 2=)

0 . 045±0 . 010ÿ

15 . 8

15

a -Encrenaz (1984) , b -ISM stands for interstellar medium, cFerlet
(1992), d

- data for Comet Halley by Eberhardt et al . (1987a), e -

range of observed values for dense interstellar clouds, f - Hawkins
and Jura

(1988)

, 9

Krankowsky (1991), b
(1984)

al .

for Halley by Wyckoff

- Combes

et al .

(1989),

and

(1980), Penzias (1983), Gerin et al .

, and Bastien et al . (1984)

;

- For several comets

(Danks et

1974; Vanysek and Rahe, 1978; Lambert and Danks, 1983);
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- Kronkowsky et al

.

(1986) ; Jessberger et al .

XX**1 SAB

.

(1988)

CONCLUSIONS

Analyses of in situ and remote measurements on cometary dust

and

gas show that: 1)

comets are within a factor of
abundances

(Table 3),

for

abundances

rock- forming

in

elements

two relative to the solar system

hydrogen in comets is strongly depleted

2)

relative to the solar system (Table 4) ,

3)

oxygen and carbon in

comets are in solar proportion (Table 4) , and 4) nitrogen in comets

is depleted relative to the solar system (Table 4) . The isotopic

D/H

data observed in Comet Halley probably suggest an interstellar

origin of Comet Halley's water. The
(Wyckoff

al. ,

et

1989)

12C/12C

indicates

<

89 discovered in CN

presence

the

of

original

interstellar material likely preserved in the dust grains; however,
the ratios

12C/13C

>> 89 found

in some dust particles (Jessberger

and Kissel, 1991) indicate incorporation of carbon from different

nucleosynthesis sites in the nucleus of Comet Halley (Table 5)

.
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Section 3:

STELLAR ASTROPHYSICS

'

The Use of Stellar Thorium Lines to Determine
the Age of the Galaxy *
Licio da Silva and Ramiro de la Reza

CNPq- Observatório Nacional
Rio de Janeiro, Brazil

1. Introduction

The use of “Radioactive Chronology” is one of the most powerful instruments to
obtain ages of stellar systems. Although its use is very difficult, its principle is very
simple: knowing the abundance of a chemical element in a body when it was created
and as it changes with time, by measuring its present abundance we can determine

the age of the body. If the element is destroyed by radioactive decay, its abundance
a is given by a = aoe~at, where Oo is the initial abundance and a is a constant
characteristic of the considered element, being the time r = 1/a the half-life of that
element. To have a sensitive clock, r must be of the order of the age that we want
to measure.
Inversely, by measuring the present meteoritic abundance of a radioactive el¬
ement, we can obtain its abundance when the solar system was formed, 4.6 Gyr
ago. Knowing this value, we can estimate, by means of models, how that abundance
changed with the evolution of the Galaxy, then it is possible to determine when
the process of creation of that element began. If we suppose that it began when
the Galaxy was formed, we can determine the age of the Galaxy. Several authors
have used the meteoritic relative abundances of the actinides, that is, the element
of the Uranium groupe,238U, 235U, 322Th, among others, to date the beginning of
nucleosynthesis in the Galaxy. Various authors have also pointed out how model
depending those estimates are (see Pagel (1993) and references therein). To have the
abundance of a given element in a time t° we must dispose of its production rate and
Observations collected at the European Southern Observatory, ESO, Chile
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the ejection rate from each possible star, the initial mass function and the net
of star formation for every time t < t° . Therefore, even supposing that the Gala
isolated (no infall or outflow), to determine its age from those measured abunda
is not a simple task.
The situation is less complicated if we compare two radioactive element a
dances formed by the r (rapid) nucleosynthetic processus, as is the case of the elem
above. A complete analysis of this problem (which is out of the purpose of the pre
article) can be seen in the nice article of Cowan, Thielemann and Truran (1991).
interesting also to note that, using data from Fowler (1987), Pagel (1993) find
according to the chosen Galactic evolution model, the age of the Galaxy ranges
6.5 Ga to 21 Ga, but even a infinity age is possible. The smaller value is base
the “pure initial-spike” model, wich has been defended by Butcher (1988) but
not however a general acceptance. By this model, a single nucleosynthetical in
explosion would have formed all the heavy elements of the Galaxy.

2- The Use of Stellar Th Abundances to Determine the age of

Galaxy

The importance of using 232Th as cosmochronometer came from the fact
its half-life of ~14 X 109 years is of the same order of the oldest stars of our Ga
The first convincing indentification of thorium lines, at A4019 and A4086,
made by Holweger(1980). Somewhat contrary to what we think today, he decl
“The primary significance of identifying thorium in stars of different age and m
licity does not arise from its role as a cosmochonometer, the 14 X 109 year hal
of Th 232 probably precluding adequate time resolution...”
It was Butcher(1987) who introduced the idea of using the stellar Th abunda
to check the evolutive ages and, in this way, to attempt to establish an indepen
radioactive time scale and age for the Galaxy. In his work he used the line o
ionized long lived isotope 232Th at 4019.129 Â together with the nearby line o
heavy element Nd II at 4018.823 À, taken as a reference. Measuring 18 dwarf a
giants stars of different low metallicities corresponding to different stellar evolutio
lives, he detected no variation of the Th/Nd ratio with the stellar ages, suggest
short lifetime for the Galaxy (9.6 Gy) or, what is similar, that the evolutionary
of stars are in error. Among the positive aspects of Butcher (1987)’s analysis we
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point out:

- Very good observational material, obtained with a Reticon detector at the CES
on the CAT of ESO, with a resolving power = 100,000 and high signal to noise
ratio.

-

Very careful image treatment.
The two Th and Nd analysed lines are very close.

- There are two “enough good” continuum windows of the stellar spectrum near
those lines.

But there are also some negative aspects:

- Nd (formed half by s and half by r-process) and Th (a pure r-process element)
have different nucleosynthetic histories. ( This is the main negative aspect that
brought us to use Th/Eu ratio as chronometer for the Galaxy.) Mathews &
Schramm (1988) also pointed out this problem in Butcher’s analysis.
- The stellar models used are too simples (just one shell).
- The stellar abundances of Th and Nd were not strictly measured, just the equiv¬
alent widths.
- He didn’t take into account the Col line at A4019.133 that is very close to the
Th line at A4019.136.
Using a “excessively naive model of Galactic chemical evolution” (Pagel 1990),
Butcher(1987) obtained an upper for the Galaxy age of 9.6 Gyr. This result is in
complete disagreement with the stellar ages of the globular clusters (~ 15 Gyr).
In their critical analysis of Butcher’s work, Mathews and Schramm (1988) argue
that his age result is model-dependent and find a possible range of galactic ages that
can reach even 20 Gyr.

Another fact that can be considered when using the Th clock is the possibility of
Th destruction by photofission in the stellar interiors. Malaney et al (1989) estimated
this effect and concluded that ages must be increased by nearly 30
Lawler et al (1990) deduced a new value for the Co line at A4019.126 and cor¬
rected the gf value of Simonsen et al (1988) for the Th line A4019. Their values differ
a little from those used by us in our previous analysis (see below). Using the equiva¬
lent widths given by Butcher (1987) and the gf values deduced by them, Lawler et al
(1990) found Th/Nd results that are in good agreement with Arnould & Takahashi
(1990)’s Galactic chemical evolution models for galactic ages of 15-20 Gyr.
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Morell, Kallander &; Butcher (1992) revised carefully the previous work
Th/Nd ratio, with the best possible available spectroscopic data. They also us
Uppsala Model Atmosphere Code developed by Gustafsson and collaborator
improve the fitting between the observed and the synthetic spectra they intro
some “fake lines” to substitute unknown lines (Fig. 1). Of course, it is very diffi
determine fake lines that work well for each star in the studied range of spectra
and in general, the fitting between both spectra is not perfect. But those fak
are not that necessary to determine the thorium abundance because they are no
close to the Th line. Their influence on the Nd abundance determination are
important, at least for the coolest stars. According to these authors, the major
previously found by Butcher (1987) is confirmed, but no conclusion concerni
age of the Galaxy was possible due to the scatter produced by the probable pr
of an unknown line at 4019.10 À.
3-The Use of

Th/Eu

Ratio to Estimate the Age of the Galaxy

In 1988 we began a study aiming to introduce a new clock based on the
Th/Eu, determining the Th and Eu abundances of about twenty stars, dwar
subdwarfs, of the Galactic Disk. The first results (of four stars) were presen
the symposium “Astrophysical Ages and Dating Methods” (da Silva, de la R
Magalhães 1990).
The main positive aspect of this analyses is that Eu is known as being f
mainly (at least 90%) by the r-process. Then it is a much better reference e
for Th, which is a pure r-process element. The observational data used are a
or better than that of Butcher(1987). They were obtained with a CCD de
at the long camera of the Coudé Echelle Spectrograph of the ESO Coudé Au
Telescope. The resulting resolving power is 100.000 and the signal/noise is
better than 200. The data were reduced by using a code especially developed
group of Observatório Nacional (Magalhães & da Silva, 1990). Tests made re
showed that this code gives, for data from ESO-CAT-CES, the same results
IRAF code. All the lines listed in Kurucz & Peytremann (1975) were conside
the synthetic spectrum calculation. This was made using a LTE code kindly pr
by M. Spite and the model atmosphere developed by Gustafsson and collab
(Gustafsson et al 1975 and ref. therein). In general (see below), the gf values u
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the very weak lines were taken in Kurucz and Peytremann, but for the lines strong
enough to be visible on the stellar spectra, the gf were determined from the solar
spectrum, observed in the same conditions as the stars.
The results presented in da Silva et al. (1990) were deduced taking into account
the influence of the almost coincident Co I line at 4019.126 À mentioned above,
using the gf value given by Holweger (1980). But for the final analyses, which will be
published soon, we have used the hyperfine structures determined recently for that
line and for the close Co line at A 4019.29 by Pickering & Semeniuk (1995). These
autors determined also the gf value of the V line A 4019.13. This line being the
main candidate which presence can explain the scatter found by Morell et al (1992)
for their abundances of Th and also for the fact that the Th abundance derived for
the solar spectrum is 40 % larger than the meteoritic abundance (Grevesse & Noels
1993). Pickering &; Semeniuk found that this line has a gf value five times larger than
the value calculated by Kurucz (1989) but it is equal to the value given by Kurucz
& Peytremann (1975), which was used by da Silva et al. (1990).
François, Spite &: Spite (1993) also measured the Th/Eu ratios but specially for
stars of very low metallicities. Their results show an increase of the Th/Eu ratio for
these very low metallicities. If this behaviour is true, it will be more difficult, but
not impossible (Pagel & Tautsaisiene 1995), to use of the Th/Eu clock. However,
other careful analyses are necessary to confirm these results, taking into account that
they were obtained for giant stars and not for dwarfs and the data have a smaller
resolving power than those, mentioned above, used for the dwarfs.
The data of da Silva et al. (1990), Morell et al. (1992), Lawler et al. (1990) and
Francois et al. (1993) were collected and used with simple galactic models by Pagel
(1993). He found that the Th/Eu clock, at least for moderate low metallicities disk
stars, produces a galactic age compatible with that of globular clusters.
4. The Use of the Thorium Line at A4086

All thorium analyses mentioned above were made using only the Th II line at
A4019.126. It would be interesting to look for another Th line that would be less
blended. For this reason we are trying since 1990 to use another Th II line at
4086.52Â, also detected in the sun and a few stars by Holweger (1980). Our analysis
of this line is based on observations made with CCD+CES+CAT of ESO, made in
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the same conditions as those for A4019 described above. The A4086 Th line is kno
to be much weaker than the A4019 line but it is placed in a less contaminated reg
For solar stars this line is well-defined enough (Fig. 2), but even for the modera
deficient stars it is very weak and its measurement is very delicate. For HR 3018,
ex., changing the continuum by 1% is enough to make the line to disappear (Fig.
Its equivalent width is only 1 mÁ.
There was another problem increasing the difficulty of measuring that line:
hyperfine structure of the line Col A4086.3, near the Th one, was not known. For
preliminary results, as for the synthetic spectrum presents on Fig. 3, we simula
their hyperfine structure by fitting the observed solar spectrum with the calcula
one. But to mesure the A4086 Th line with confidence, it is necessary to know
all the neighbouring lines, wich was not the case. Happily, as an answer to our cl
made in a workshop realized in Brussels in 1994 (da Silva & de la Reza 1995),
hyperfine structure of the line Col A4086.3 was recently measured by Pickering
Semeniuk (1995). Now it will be possible to measure this very weak line of Th
least for some solar type stars, to have a second value for the thorium abunda

~

determination.

5. Conclusions and Recommendations

The nucleochronological determination of the age of the Galaxy based on ste
ratios of Th/Nd and, specially, Th/Eu can give very important and interesting resu
Therefore, since the stellar Th lines are very weak and are in two crowed spec
regions, it is a technically difficult research. But as radioactive chronology produ
an independent scale of time, this gives us an independent way of determining
age of the Galaxy and to compare with the constraints established by Solar Sys
data, it is worth the effort.
In da Silva & de la Reza (1995) are listed some “technical problems” to
resulted for getting a correct solution for this question. The aim was to call attent
to the “spectroscopic community” which solutions will be most helpful for solv
this problem. That claim receive an important help (Pickering &: Semeniuk 19
but there are some remainder points not yet resolved:
Identification or missing lines problems
- Morell et al. (1992) and Grevesse and Noels (1993) suspect the presence
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an unknown line at about 4019.lOJl. The V I line measured by (Pickering &

Semeniuk 1995) is not strong enough to resolve this problem because it is smaller
than the value (log gf=-1.30) used by Morell et al. (1992).
- Butcher (1987) mentions the possibility of a Tb II contamination at 4019.14Ã.
Grevesse (privated communication) says that this line is too weak to change the
synthetic spectrum.
- What are the real lines replaced, by some authors, by fake ones?
Hyperfine structure

It is very important to know accurately the hyperfine structure of the following
lines:

- Eu II at 4129.72Ã and Ba II at 4130.66Â, to determine accurately the stellar
abundances of those elements.
Other Lines
- Are molecular lines involved?
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FIGURE CAPTIONS

Figure 1 - Observed spectrum of a Cen A together with the synthetic spect
calculated with the same atomic data (element, excitation potential and gf) of Mor
et al. and da Silva et al. The difference of the calculated spectrum with that o
of Morell et al. can be due to the use of different LTE codes or values of CHI vsi
etc. Our main goal here is to show that even using the fake lines of Morell et al., t
fitting is not perfect even in an almost solar star as a Cen A.

Figure 2 - Fitting of the observed and the synthetic spectra of a Cen A, for t
A4086 region.
Calculations: a) without the Th line; b) with the Th line.
(observed spectrum: solid line; synthetic spectrum: dotted line)

Figure 3 - Fitting of the observed and the synthetic spectra of HR 3018, for t
A4086 region.
a) With the best fitting of the continuum, b) Changing the continuum by 1%.
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Figure 2
Th4086 Alfa Cen A
T

T

i

i

I

4oJe.0 1

+ 4007 +

Th

l

a)
•\

0.0

:
0.6

0.4

0.2

—

+

h

1

40ÿ6.2 ' H-1-40ÿ6.4

1

-h 40flOT1

+

Th

1

b)
0.0

0.6

0.4

0.2

4006

4006.2

L

4006.4

1

4006.6

Wavelength (angstroms)

[

j

4006.0

4007

Proceedings of the

100

XX**1 SAB

Figure 3
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Figure 3
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Star Formation by Impact of High-Veiocity Clouds
on the Galactic Disk
Jacques R.D.Lepine, IAG-USP

Introduction
Many groups of OB stars in the Galaxy seem to belong to aligned structures extending
over scale-sizes of a hundred parsec or more. Typical examples are found in Orion and
p Oph. In the last 20 years, the generally accepted interpretation was a mechanism
known as sequential star-formation (Blaauw, 1964, 1991, Elmegreen and Lada,
1977). According to that model, when a first group of OB stars forms at one extremity of
an interstellar cloud, an H II region is formed which expands and produces a shock
wave in the surrounding medium. Compression of gas in a layer between the shock
front and the ionization front triggers gravitational collapse and gives rise to the birth of
a new group of OB stars. This cycle repeats itself, resulting in a sequence of OB
clusters. This process was compared by Hubert Reeves to a fire propagating in a
forest, until it is completely consumed.

In spite of the great appeal of this model, and of its acceptance, mostly due to the lack
of an alternative, a detailed analysis shows that it is wrong. The model is qualitative,
and in the cases which were considered as obvious cases of sequential star-formation,
it does not explain striking aspects of the morphology, such as the displacement of a
large mass of gas with respect to the middle of the galactic plane, and the existence of
filaments connecting the main clouds to the plane. A series of questions are left without
answers. What triggers the formation of the first OB group? If there is a different
mechanism for the first group, why would not it also be responsible for the other
groups? Why the first group does not appear in the middle of the star-forming clouds,
and propagates in different directions? According to Wynn-Williams, infrared
observations show that groups of massive protostars can be found in regions far
enough from the nearest OB cluster, that there would have been no time for the
propagation of a shock wave. On the other hand, clusters of small mass (T Tauri) stars
of are found in some molecular clouds, with geometry similar to OB clusters. However,
T Tauri stars are unable to dissipate molecular clouds nor to induce star formation.
The oldest open clusters belonging to aligned sequences of clusters have ages of the
order of 20 million years. Such ages are comparable to the half-period of oscillation of
a star perpendicular to the plane, under the action of the gravitational field of the disk,
which is about 35 million years in the solar neighborhood. The displacement of a
cluster which was born at 100 or 200 pc from the plane is not negligible in such a time
interval. The forces which act on stars and on gas are not the same, since stars are not
sensitive to pressure gradients or to shock waves. As a consequence, stars are
gradually removed from the gas from which they formed. It is expected that old stars
should be farther from their birth-place than younger ones. Aligned groups of stars
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form naturally in a sequence of ages, without need for one group to trigger th
the other.

A new model: the effect of high-velocity clouds

High-velocity clouds have been observed in many directions and cannot be
Complete maps of their spatial distribution are presented by Bajaja et al.(1985
Hulsboch & Wakker (1988). We are interested in the effect of their collisions
galactic disc, without worrying whether they are of extragalactic origin or
produced locally in a process like corrugation waves of the gas of the disk
other. We performed hydrodynamic simulations of such collisions, taking into
the gravity of the disk (Lepine and Duvert, 1993). The model predicts the form
structures which are very similar to those observed in the solar neigh
examples of which are shown in Figure 1. This similarity stimulated us to ad
parameters of the model in order to fit more precisely these structures.
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Figure 1. Large-scale distribution of CO emission in the galactic plane, adap
Bloemen et al. (1990). The Orion and Taurus molecular cloud complexes can b

An hydrodynamic model of a HVC collision:

We consider a simplified model of a spherical cloud of constant density fallin
gas of the galactic disk, represented by a Gaussian distribution of dens
thickness of the disk is about 100 pc and the maximum density 1 cm'3. In the
the galactic gas, the cloud presents both parallel and perpendicular compo
velocity. Typical velocities are a few hundred km s'1.

disco galatico

0

Figure 2 : Schematic HVC collision
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We studied the evolution of the accretion layer or shock layer, which is being fed
one side by the HVC gas and on the other side by the gas of the disk. The m
hypotheses are:

1 ) conservation of mass and of momentum. The velocity of the layer is obtained a
function of time by integrating the momentum per unit area of the gas that accreted
layer from both sides, and dividing by the integrated mass.

2) isothermal shock: the cooling mechanism is considered to be very efficient in
shocked layer, due to rotational and vibrational transitions of molecules. Since
cooling function increases with the square of density, the layer almost does not exp
although its density increases by orders of magnitudes as it sweeps the galactic disk

3) stars begin forming when the density in the layer reach a critical value, given
Jean’s criterion. The new stars have initial velocity equal to the velocity of the laye
the position and instant of formation.

4) gas and stars move in the gravitational field G(z) of the disk. For small z , G(z
pc'1 . For stars, this gravity law produces an oscillat
az with a = -2.6 10'16 km
galactic
plane,
with a period of 70 million years. The velocity compon
across the
parallel to the plane is not affected by the z component of the disk gravity; a
consequence, the trajectory of stars look like a sine function, in a simplified treatmen
which rotation around the galactic center is ignored. This approximation is valid if
time interval spanned by the experiment is small compared to the rotation period.

s'*

Results

An example of a good fit that we obtained is the molecular cloud complex of Orion,
we shall discuss in detail. All the important parameters are known ( the distance of
complex, its size, its morphology, the distance to the galactic plane, the position a
age of the associated clusters of OB stars). A good fit of the overall morphology of
complex is obtained by the following choice of parameters:
radius 62 pc
p (HVC )/p (gal) 1/10
z init = 600 pc
Vz init -1 50 km s'1
Vy init
40 km s'1
present time, since the instant of crossing the plane: 33 My
threshold density for star formation attained when 70% of the column
density of the disk is swept.

=

=

=
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It should be stressed that almost all the parameters are determined by observ
For instance, the radius of the HVC is fixed by the two parallel strings of small
observed in CO, which are left after the passage of the shock (Figure 1 ). If we co
a spherical infalling cloud, the column density of FIVC gas that is mixed with gas
disk is smaller on edges of the FIVC. Due to conservation of momentum, a cyl
wall of low-velocity gas is left behind, forming the observed strings. The angle
strings with respect to the disk tells us the ratio of the velocity components Vy a
The height reached by the shocked layer before falling back towards the plane
the initial momentum in the z direction.

Since the parameters that describe the FIVC are fixed by fitting the morphology
cloud complex, there are no arbitrary parameters left to fit the relative positions
clusters with respect to the gas, nor the direction of the age gradient of the OB
The prediction that the OB groups should be in a sequence almost parallel to the
as observed, was a grateful surprise and a confirmation of the self-consistency
model. This situation corresponds to a very precise instant, since for instanc
million years the direction of alignment of the OB groups will be very different from
The observed and predicted ages of the OB groups are found to be in agreemen
time elapsed since the beginning of the collision which explains the morphology
complex is the same which produces the observed direction of alignment of t
groups. Furthermore, the observed mass of the Orion cloud complex is the sam
we would obtain by sweeping a cylindrical hole with 62 pc diameter across the d

Applying the same model to the Ophiuchis complex we obtained equally good r
The morphology of the Ophiuchis clouds, with the relative positions of the Scorpi
Centaurus open clusters, considered by Blaauw as a typical case of sequenti
formation, are well reproduced by our model. The predicted proper motions of th
of these clusters are also in perfect agreement with observations. We conclud
the simulations that the Ophiuchis complex correspond to a more evolved stag
that of the Orion complex. In roughly 10 million years the OB clusters of Ori
present a spatial distribution with respect to the galactic plane similar to th
Ophiuchis today.

The Taurus-Auriga-Perseus molecular cloud complex is also explained. The Pl
are a galactic cluster 70 million years old, situated almost on the sam
perpendicular to the galactic plane of the cloud complex, but at larger distance fr
plane. Both the cloud complex and the Pleiades are estimated to be 130 pc dista
the Sun; the proper motion of the Pleiades is directed towards the plane. The p
situation is the result of the infall of an FIVC which reached the galactic plane fr
southern galactic hemisphere. This FIVC crossed the plane a first time, formi
Pleiades, and both the Pleiades and the molecular cloud formed by this first co
crossed the plane a second time, reaching back the southern hemisphere. New T
stars, presently observed in the complex, were formed in the second collision.
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Conclusions

The impact of HVCs is able to induce star formation, since it is a process which
squeezes the gas until it reaches self-gravity. It also explains the morphology of a
number of prominent cloud complexes, and predicts the direction of aligned OB groups
and their age sequence. This is already much more than the sequential star formation
model was able to do. This model is rich in consequences and also in possibilities of
observational confirmations.

It is surprising that all the main star formation regions which lie within a radius of about
500 pc of the Sun, like Orion, p Oph , Taurus and Chamaeleon, can be fitted by the
HVC collision model. We have not yet attempted to explain the morphology of other
clouds of the solar neighborhood like those in Lupus, Norma, etc. These clouds bear
many similarities with the sample that we studied, like filamentary structures or
cometary aspect. The rate of mass accretion to the disk that we derive for the solar
neighborhood, if extrapolated to the whole galactic disk, is about 0.5 solar mass/year.
This is the same rate estimated by F. Mirabel from the 21 cm observations of HVCs.

We shall now discuss some of the prospective possibilities of this model. It could
explain Anomalous” scale-heights of stars. One anomaly is the presence of a small
quantity of young stars of spectral type A or B at large distances ( 1 kpc or more) from
the galactic plane; another one is the existence of many open clusters outside the
normal scale-height of the gas distribution. The open clusters formed by HVCs spring
into existence with a non-negligible velocity component perpendicular to the galactic
plane. It is usually believed that stars start their life with a very small scale-height, and
that scáttering processes like collisions between stars and molecular clouds increase
the scale-height as a function of time. However, such collisions would tend to disrupt
open clusters. Star formation by HVC offer a new way of understanding the normal
scale-height distribution of stellar populations. If we suppose that the quantity of gas in
the disk has been increasing as a function of time (in a billion years time scale), then
the scale-height must have decreased as a function of time. The reason is
conservation of momentum. HVCs have collided with increasing column density of gas,
resulting in decreasing velocity in the z direction and decreasing scale-height.
As another kind of prospective consequence, we can imagine that most molecular
clouds are thin sheets, because they are the result of a sweeping process like the one
that we described. All kinds of shocks produce thin sheets, and spiral arms are
another possible source of shock waves. In this hypothesis, molecular clouds would
only survive due to shock pressure, and dissipate when they reach a velocity close to
zero with respect to the surrounding interstellar medium. In a sense, molecular clouds
would be a transient phenomenon. They are accreting mass on the side that is
sweeping the medium, and this is the process that gives them stability due to excess
external pressure, and also produces turbulence. Other authors already reached the
conclusion that molecular clouds are geometrically thin, by comparing observed column
densities, for instance in the CO lines, with theoretical densities required for the
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excitation of energy levels. It is possible that all those who are thinking in te
almost spherical molecular clouds are mistaken.

Finally, we predict that the first stars formed in the collision process are th
massive ones. According to the simulations, the parts of the shocked layer whic
the largest velocity are those which originate from the central regions of the pr
area of the HVC, which have large column densities. These parts of the layer ar
which travel a larger distance across the galactic disk and sweep more matter
slowing down. A slow velocity is a condition to reach Jean’s instability. This pre
seems to be supported observationally; for instance in p Oph only T Tauri st
being formed at present, but the first groups formed contained OB stars.
considerations are certainly important to understand the initial mass function.
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The discovery of Krypton, Xenon, and other heavy elements

in the planetary nebula NGC 7027
D. Péquignot

Laboratoire d’Astrophysique Extragalactique et de Cosmologie
DAEC, Observatoire de Paris-Meudon
F-92195 Meudon Principal Cédex, France

An important aim of nebular spectroscopy is the identification of new elements. Sin
the pioneering work of Bowen (1928), who identified the ’’nebulium” lines with forbidd
lines of abundant elements, most elements in nebulae have been discovered thanks
forbidden lines. The number of elements known in nebulae grew from 5 to approximate
15 between 1927 and 1939. By 1960, forbidden lines from 28 ions of 13 elements (N,
F, Ne, Na, Mg, S, Cl, Ar, K, Ca, Mn, and Fe) were known in HII regions and planeta
nebulae (Bowen, 1960). A dozen more ions of H, He, C, N, 0, Si, and perhaps Ne we
also known from permitted lines only, leading to a total of 17 elements.
Subsequent detections in classical nebulae included Cu and Ni in Orion (Thackera
1975) and P in NGC 7027 (Kaler et al., 1976).
Meanwhile, objects such as the slow nova RR Telescopii, in which refractory elemen
were presumably not much depleted, provided many lines from iron-peak elements, addi
about 10 ions of Fe, Cr, Co, Ni, and Cu (Thackeray, 1977).
Thus, despite extraordinary improvements of equipment, the identification of new e
ments in the optical spectrum of nebulae, especially classical nebulae, did not significan
progress for one third of a century, that is since the end of Bowen’s scientific activi
The last new detection goes back two decades. Altogether no more than 22 elements a
presently detected, the heavier one being Copper (Z=29).
Apparently a serious search for elements beyond the Iron peak - Z > 30, hereaf
’’heavy elements” - has not been undertaken in nebulae. One possible explanation
that solar-system abundances of heavy elements look discouragingly low (no more th
~10-9 and 10-1° by number relative to H on the fourth and fifth rows of the Period
Table respectively), when compared to iron-peak elements (~10-5 to ~10-7) which alrea
proved difficult to detect.
Understandably a forseeable difficulty of trying to detect heavy elements in nebulae is
distinguishing a weak forbidden line from any ’’anonymous” permitted line of an abunda
element. The fact very few new elements were discovered in classical nebulae since the 6
may be paralleled with a general stagnation of the process of line identification. The li
of lines - identified or not - currently available for the optical spectra of classical nebul
differ very little from those established until the mid-60’s. Considering for example t
optical spectral survey performed by Aller et al. (1955, 1963) for the reference planeta
nebula NGC 7027, the next surveys by Kaler et al. (1976) and Keyes et al. (1990) a
mere updates of line intensities.
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Nonetheless iron-peak elements are often hard to detect in galactic nebulae be
they are partly locked into dust grains. Certainly not all heavy elements are refra
Also the strongest forbidden lines are generally produced by np* rather than 3dfc
In fact 4pfe and 5pfc ions of elements Z ~36 and ~54 provide a wealth of forbidde
fine-structure lines in the optical range.
More importantly, it was suspected for several decades (Burbidge et al., 1957), a
is now well established, on both theoretical (e.g., Iben, 1991) and observational (e.g.,
bert, 1991) grounds, that low- and intermediate- mass stars (M < 8M5) are importan
of heavy-element synthesis by slow neutron captures on 56Fe seeds, during the Asym
Giant Branch (AGB) and post-AGB phases. Free neutrons would be mainly releas
reactions 22Ne(o:, ra)25Mg and 13C(a, ra)160. The 22Ne source is activated at high tem
atures (T > 3xl08), generally more apropriate to relatively massive stars, while th
source is activated at temperatures achievable in low-mass stars (M < 3MW). 22Ne is
product of the destruction of HN in the He-burning zone. Production of 13C involv
injection of small amounts of protons in the 12C-rich zone built up by incomplete h
burning.
Low-mass stars ascending the AGB eventually evolve into carbon stars which e
carbon-rich planetary nebulae after expelling their envelope. In these stars, freshly
thesized carbon is brought to the surface by the so-called ’’third dredge up”, which
accepted consequence of thermal pulses occuring in the helium-burning shell alon
AGB (e.g., Iben, 1991). According to present views, these pulses may provide favou
conditions for the operation of the so-called ’’main s-process” of neutron capture v
(Lambert, 1991; Busso et al., 1992, 1993), corresponding to the synthesis of s-nuclide
atomic mass A > 85, that is Krypton and beyond (Kappeler et al., 1989).
The enrichment of typical s-elements observed in AGB stars can reach a factor of
more (Lambert, 1991) and perhaps as much as 30 in carbon stars (Utsumi, 1985).
the search for heavy elements in planetary nebulae does not seem as hopeless as
believed since even more extreme enrichments may be expected in a more advanced
of evolution.
In this context, the bright carbon-rich planetary nebula NGC 7027 appears as a
target.
Deep spectra of NGC 7027 were secured in the range 400.0-1050.0 nm at a reso
of .10 or .05 nm/px, using the CARELEC spectrometer attached to the 193 cm tele
of Observatoire de Haute-Provence (Péquignot & Baluteau, 1988; Baluteau et al.,
Péquignot et al., 1995, in peparation). Hundreds of new lines were recorded and iden
particularly in the near infrared, superseding the intensity limit and the identificatio
achieved even in classical optical surveys. Most identifications correspond to perm
lines from abundant elements, notably lines arising from large angular momentum
not recorded by means of laboratory spectroscopy.
This effort towards full identification of permitted lines was a prerequisit to est
with some confidence that many of the lines left unidentified were not due to com
elements.
A systematic search for new forbidden and fine-structure lines was undertaken, le
to many new convincing identifications. As a result the number of elements detec
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nebulae was brought up from ~22 to ~30.
In particular, elements with atomic number Z > 30 were detected for the first time i
nebula (Péquignot &; Baluteau, 1994, PB94 ). Based on a total of 20 undoubtful emiss
lines, 14 ions belonging to 8 different elements are considered as certainly or proba
detected: [XeVI], [Pbll] in p\ [Selll], [KrV] (2 lines) in p2, [Brill], [KrIV] (3 lines), [Xe
(2 lines), [BaV] in p3, [Krill], [RblV], [Xelll] (2 lines) in p\ [SrIV], [BalV] in p5, an
permitted multiplet of the 6s ion Ball (2 lines). In this list, the identifications of [B
and [Pbll] are the most fragil.
Half a dozen more weak lines affected by large uncertainties may provide identificati
for [BrIV] in p2, again [Brill], [RbV], [SrVI] in p:‘, [YV] in p3, and again Ball. A do
more features quoted by PB94 should be regarded as interesting targets for future stud
rather than genuine identifications.
It is concluded that elements Krypton, Xenon, Bromine, Selenium, Rubidium,
Barium are certainly or probably detected in NGC 7027. Strontium is quite proba
detected, while Lead and Yttrium are suspected.
The strength of the newly identified lines almost certainly implies that these eleme
are at least ten times more abundant in NGC 7027 than in the solar system, confirm
that the capture of neutrons onto iron-peak seed nuclei is very effective in progenitor st
of planetary nebulae and showing directly that the by-products of this nucleosynthesis
injected into the interstellar medium.
At first view, the nature of the elements detected is paradoxical in that:
1/ Xenon, predominantly an r-element, was copiously synthesized in a low-mass star,
2/ Krypton and Xenon, predominantly synthesized in very different sites, are enhanced
similar proportions,
3/ Elements typical of the so-called ’’main s-process component” (Sr, Y, Zr, Ba) are
selectively enhanced in NGC 7027: Rubidium for example seems to show up more th
Strontium.
However, these results can be reconciled with current ideas about the slow capture
neutrons in stars after noticing that, by some strange coincidence, all of the a priori m
enhanced elements are likely to be selectively locked into refractory dust grains. Then
enrichment of NGC 7027 in pure s-nuclides of the main component may approach a fac
of a hundred.
It is foreseen that the study of heavy elements in planetary nebulae will provide n
important insights into final stages of stellar evolution and chemical evolution of gal
ies since several kee elements (particularly Kr and Xe), undetectable in stars, are ea
observed in nebulae.
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RADIAL ABUNDANCE GRADIENTS
IN THE GALACTIC DISK:
OBSERVATIONS AND THEORY
W. J. Maciel
Instituto Astronómico e Geofísico da USP
Av. Miguel Stefano 4200, 04301-904 São Paulo SP
e-mail: macielSiag.usp.ansp.br

Abstract
The radial abundance gradients observed in the disks of the Galaxy
and other spiral galaxies axe reviewed, in the context of the chemical
evolution of these galaxies. A detailed account is given of the main
observational evidences for the gradients, both in the Galaxy and other
galaxies, on the basis of observations of HII regions, planetary nebulae,
and stars. The origin of the gradients is discussed according to the
main physical processes proposed so far. The so-called “simple model”
is invoked in order to obtain some physical insight on the origin of the
gradients.

1 Introduction
Radial abundance gradients in the disks of spiral galaxies are made evident from
observations of photoionized nebulae (HII regions and planetary nebulae) and stars in
the Galaxy and in other neighbouring galaxies. They have been observed for several
chemical elements, and their presence can be considered as an established fact, despite
some inconsistencies and incompleteness of the results. Therefore, these gradients have
become an additional constraint to models of the chemical evolution of galaxies, in the
same sense as the age-metallicity relation or the metallicity distribution of the G-dwarfs.
In this paper, we stress on the importance of abundance gradients in the framework
of the chemical evolution of the Galaxy and galactic evolution in general (section 2).
The main observational evidences for radial gradients are reviewed in section 3. The
models proposed to explain the gradients are briefly discussed in section 4, especially the
so-called “simple” model in its original form and including later developments, in order
to stress the physical insight that follows from its application.
Previous reviews on abundance gradients include Peimbert (1979), Pagel and Ed¬
munds (1981), Shaver et al. (1983), Giisten and Mezger (1983), Diaz (1989), Dinerstein
(1990) and Pagel (1992). Recent work on chemical evolution models both for the Galaxy
and spiral galaxies in general are discussed and referenced by Audouze and Tinsley
(1976), Pagel (1979, 1987, 1991), Tinsley (1980), Twarog (1985), Giisten (1986), and
Rana (1991).
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Abundance gradients and chemical evolution

Galactic evolution generally comprises the dynamical evolution, the chemic
lution, and the evolution of the photometric properties (cf. Tinsley 1980). Al
frequently considered separately, these aspects basically refer to the same pheno
- galaxy evolution - so that the usual treatment is largely a matter of convenienc
interplay of dynamical and chemical processes is made clear for example by th
known two phase evolution of the Galaxy, which gave origin to the spheroidal an
components, respectively. Or, as confirmed by recent models, by the influence o
from the halo and radial flows within the disk.
The structure of chemical evolution models includes a series of characteristics
times called “ingredients” (cf. Pagel 1979, 1987, 1991, 1992). In the following
consider the most important of these ingredients, emphasizing the application to th
neighbourhood and the galactic disk, where radial abundance gradients are obser

(a) Initial conditions

These refer to the pregalactic - often primordial - abundances. The main
considered are D, 3He, 4He, and 7 Li, and the observed abundances must be interpr
terms of galactic evolution effects in order to determine primordial values, thus pro
a link with theoretical models. Of particular importance is the 4 He pregalactic
dance, which is claimed to be known to the third decimal place (Pagel et al. 1992
and Kazlauskas 1992; Chiappini and Maciel 1994). Recent determinations, base
on helium vs. oxygen and helium vs. nitrogen correlations in galactic and extrag
HII regions and planetary nebulae, indicate that the He pregalactic abundance b
is Yp = 0.233 ±0.003 (Chiappini and Maciel 1994). A related parameter is the hel
metals enrichment ratio, AY/AZ = 5.2 ± 1.1, according to the same source. It is
esting to note that this ratio does not seem to be very sensitive to the evolutionar
of the data, implied by a metallicity range from the metal poor blue compact g
to the type lib planetary nebulae. This is an indication that these objects (an
galaxies) have undergone similar evolutionary processes (cf. Maciel 1988; Chiappi

Maciel 1994).
The heavy element abundance by mass is originally small, Z ft! 0, but very
evolution models include some kind of initial enrichment, which brings the metal
dances to values up to [Fe/H] ~ -2 to -3, where [Fe/H] is the logarithmic differ
the iron abundance by number of atoms relative to the solar abundance.

(b) The initial mass function

(IMF)

From the pioneering work of Salpeter (1955) to the extensive study by Scalo
this is a relatively well known function of the stellar mass, derived from prese
luminosity function and a mass-luminosity relation. However, there is a long st
controversy on whether time and space variations are important. Results from
gions, HII galaxies, and stellar clusters are consistent with some mild variations
function. On the other hand, a dip in the luminosity function can be interpreted
evidence for a bimodal IMF.
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ÍSFR)

This is a rather complex function, which is still largely unknown, basically beca
processes involved in stochastic star formation are not adequately kno
physical
the
(cf. Larson 1977). Therefore, different approximations are frequently used. From
work of Schmidt (1959), a dependence with some power n of the surface gas density
interstellar material is often assumed, SFR ex gn. Current work include self-regulati
bimodal and non-monotonic time dependence of the SFR, which is supported by grow
evidence on starburst galaxies and in the solar neighbourhood itself.

(d)

Nucleosynthesis yields

A basic ingredient of chemical evolution models is the stellar yield, or the fraction
processed material returned to the interstellar medium relative to that stored in stars a
remnants. The determination of the yields requires detailed nucleosynthetic calculatio
involving stars in the mass range M 0.1 IOOMQ. Basically, low mass stars (M < IM
live longer than the age of the Galaxy, and do not return a significant amount of mass
the interstellar medium. Intermediate mass stars (1M© < M < 10M©) eject planet
nebula material that has had some secondary processing, which implies some enrichm
in He, N and C, but not of oxygen and other heavy metals. The massive (M > 10 M
stars eject the primary nucleosynthesis products, built from H and He during stel
evolution. Elements such as 0, Ne and Ar are produced this way.
The basic equations are given by Tinsley (1980), and recent results have been
tained by Henry (1990) and Kõppen and Arimoto (1991). These results depend stron
on the adopted mass limits, the IMF/SFR functions, and also on physical processes a
parameters of nuclear reaction rates, opacities, mass loss, convection, etc., apart fr
the adopted chemical composition.

~

(e) Contamination

—

processes

These may include infall of largely unenriched gas from the halo, as well as rad
flows into the concentrical cylindrical zones in the disk itself. The inclusion of th
processes may account for most of the constraints (see below), but generally introdu
several parameters such as the metallicity of the infalling gas or the velocity of the
flows, which are difficult to determine observationally, so that the problem of uniquen
of solutions still remains (cf. Tosi 1988).

(f) Constraints

Stellar populations: These include stars and gas observed in the galactic halo, th
•disk,
distributi
thin disk, and bulge, as defined by their chemical composition,

space
consequence,
important
and kinematics. As a
relationships such as the metallicity dis
bution are often different for each of these populations. For example, the average sc
height from the galactic plane increases according to the sequence of HII regions a

planetary nebulae of types I (population I old), II (population I old), III (population
intermediate) and IV (population II extreme), indicating the population differences
these objects (cf. Maciel and Dutra 1992).
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models,
• Metallicity distribution: This is the main constraint to the chemical evolution
metallicity

which originated the (in)famous G-dwarf problem, namely, the lack of low
stars as compared to the predictions of the simple model (cf. Pagel 1991). Recent work
is able to solve this problem, at least partially, with widely differing processes, such as
infall, radial flows, presence of remnants, as well as modifications of the structure of the
simple model (“bells and whistles”). Also, the observational data itself is subject to some
controversy, as the adoption of a expansion law for the stars in the 2-direction can alter
the number of stars in a given metallicity bin, so that the general metallicity distribution
is modified.

•

The age-metallicity relation: The “metallicity index” [Fe/H] is often a convenient
way to measure stellar abundances other than H and He, in contrast with the oxygen
abundances (log 0/H + 12) better determined for gaseous nebulae. Adopting [Fe/H] as
representative of the stellar metallicity at a given time, several age-metallicity relations
have been proposed for the disk, all of which include a relatively steep initial metallicity
increase followed by a slower, nearly constant plateau (cf. Twaxog 1980; Nissen et al.

1985).

•

The [O/Fe] vs. [Fe/H] relation: As discussed by several papers (cf. Pagel 1991),
some heavy elements display variations with the [Fe/H] ratio, which places important
constraints on chemical evolution models. The ratio [O/Fe] vs. [Fe/H] is particularly
important in this respect, and a different behaviour is observed for older, subsolar objects,
and high metallicity, younger stars (cf. Nissen 1992).

• Radial gradients:

Radial gradients are the most important large scale trend in the
galactic disk, and are probably related to the distribution of gas and stars in the Galaxy.
In the following section, a detailed account of the observational evidences will be given,
followed by a brief discussion of the main theoretical models.

3 Observational evidence of abundance gradients
(a)

Spiral galaxies

Radial abundance gradients in spiral galaxies are well established, at least for the
ratios O/H, N/H and S/H (cf. Villa-Costas and Edmunds 1992, 1993). The first study on
the systematic variations in the spectra of HII regions located near or far from the galaxy
centre was that by Aller (1942), who have considered 18 HII regions in M33. It was noted
that the ratio [OIII]/H/? increased with the distance p to the centre. A more detailed
study was made later by Searle (1971) on several galaxies like M33, M51, M101, etc.,
where the excitation gradient was further observed. Among the possibilities to explain the
gradient, Searle (1971) assumed that the cooling rates were higher in the inner regions,
so that the electron temperature was lower there, and the oxygen abundance was higher.
This would explain the higher excitation seen in the outer HII regions, and predict an
electron temperature gradient in the same direction as the excitation gradient. Later
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work developed and extended these ideas (Shields 1974; Shields and Searle 1978), a
gradients of 0/H, and N/H were determined, remaining some doubts on a S/0 gradie
A temperature gradient of the order of 500 K/kpc was quoted in the last reference.
The past five years have witnessed an increase in the amount and quality of
data, especially with the advent of CCD detectors. Not only the number of HII regio
observed in a given galaxy increased (cf. Vilchez et al. 1988). but also the spect
range, which produced new data on elements such as Ne, Ar and S. Coupled with H
region model or empirical calculations, these investigations led to well defined abundan
gradients, which also include some data from supernova remnants, apart from HII regio
Newly determined O/H gradients have been given recently by Kennicutt et al. (199
and Zaritsky et al. (1994), with average slopes of -0.10 dex/kpc. It seems that
galaxy types can have rather steep gradients except pure barred spirals, which seem
show small or no gradients at all. A recent work on environmental effects on abundan
gradients in galaxies in the Virgo cluster has produced some very interesting results,
shown in figure 1 for O/H (Henry et al. 1992, 1994), to which we will return later. H
we have used in the abscissa the quantity peff, the effective galaxy radius, that is,
radius at which half of the optical emission is contained.
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O/H gradients for spiral galaxies (Henry et al. 1994).

The PN galactic gradient is a

plotted (straight line).

The S/H and S/O ratios have been subject to some controversy, especially regardi
the existence of a S/O gradient in spiral galaxies. An anticorrelation of this ratio w
O/H has been reported (cf. Diaz et al. 1991), which can be seen for the 5 HII regio
studied in the high metallicity spiral M51. In principle, several HII regions should
selected at different distances from the centre, but in practice those close to the nucle
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are difficult to measure, either due to the nuclear contamination, or to the fact that
the abundances are higher, so that the electron temperature and the excitation of the
nebulae are too low. As shown by Diaz et al. (1991), this anticorrelation is apparent

in the merged plot including the Galaxy, M33, M101 and M51. However, this does not
necessarily mean that S/O decreases as p increases, since the individual galaxies have
different metallicities. On the other hand, the evidence for an S/H gradient in external
galaxies is becoming more clear, as shown by Vilchez et al. (1988). This can be associated
with the negative results for an S/0 gradient, suggesting that the S/H gradient is similar
to the O/H one (see also Diaz 1989).
The shape of the gradients is still subject to discussion. Some flattening in the outer
regions of the spiral disks has been proposed (Diaz 1989; Vilchez et al. 1988), but recent
work seems to indicate an exponential gradient with constant slope (Henry and Howard

1994).

(b) The

Galaxy:

HII

regions

As it is often the case, evidences for large scale trends in the Galaxy are more
difficult to understand than for nearby, face on spirals. The basic evidence for abundance
gradients in the Galaxy comes from direct oxygen data and indirect electron temperature
gradient determinations in galactic HII regions. The basic reference is Shaver et al.
(1983), where reasonable gradients for the 0/H, He/H and N/H ratios were established,
amounting to about - 0.06 dex/kpc. More recent work on the oxygen gradient from HII
regions are given by Edmunds (1992), and the derived gradient is of the order of -0.07
dex/kpc (figure 2, squares).
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gradient from HII regions and stars (Edmunds 1962).

Galactic HII regions also show evidences for an electron temperature gradient, ob¬
served from radio recombination lines (Churchwell and Walmsey 1975). Although other
processes may affect the nebular temperatures, such as the stellar effective temperatures,
both HII and planetary data suggest similar gradients, which are further consistent with
the abundance gradients.
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Galaxy: planetary nebulae

Evidences of abundance gradients from planetary nebulae have been hampered in
past basically due to (i) the existence of a mixed population of planetary nebulae in
Galaxy, and (ii) the lack of a reliable distance scale that could be applied to a statistic
large number of nebulae. Earlier work include D’Odorico et al. (1976) and Aller (19
and references therein. The first detailed determination of abundance gradients of
main chemical elements in galactic planetary nebulae was given by Faúndez-Abans
Maciel (1986, 1987), where it was established that 0, S, Ne and Ar had gradients sim
to the HII region gradient. These results were confirmed by the determination o
electron temperature gradient of the order of 600 K/kpc, from the same data, which
interpreted as a mirror image of the abundance gradients (Maciel and Faúndez-Ab
1985). This work has been completely revised and expanded to include a larger samp
nebulae and chemical elements (Maciel and Kòppen 1994; Maciel and Chiappini 19
The main results have been recently reviewed (Maciel 1994), and can be summarize
follows: all disk nebula, which comprise Peimbert types I, II and III, display measur
gradients of the order of -0.04 to -0.07 dex/kpc. The small differences in the gradi
have been interpreted in terms of a chemical evolution model, for the elements that
not produced by the progenitors of the central stars, namely O, S, Xe, Ar, and Cl (figu
from Maciel and Kòppen 1994). In other words, the gradients have become steeper w
time, so that type I planetary nebulae have generally steeper gradients than type II,
these relative to type III. Therefore, the planetary nebula gradients that best resem
those of HII regions are those derived from type I and II objects. This can be see
figure 4, where we plot the O/H gradient for type II objects using two different dista
scales. The first panel uses basically the distance scale developed by Maciel (1984), w
the second uses the new Cahn et al. (1992) distance scale. The gradients are essenti
the same, namely - 0.06 dex/kpc, and should be compared to the HII region gradien
figure 2. A similar conclusion can be observed in figure 1, where we have included
type II nebulae (straight line) from Maciel and Kòppen (1994) with the galaxies stud
by Henry et al. (1994). We have used pe// = 5.98 kpc for the Galaxy (Henry et al. 1
de Vaucouleurs and Pearce 1978). An idea of the intrinsic dispersion of these plots
be obtained by studying a ratio such as Ne/O. This ratio is expected to be constan
planetary nebulae, so that a comparison with the O/H, etc. gradients shows clearly
the gradients are real.
Another confirmation of the gradients can be observed in figure 5, where we h
plotted the electron temperatures of type II planetary nebulae in the sample of Ma
and Kòppen (1994). The derived gradient is now of the order of 500 K/kpc, somew
lower than the original result by Maciel and Faúndez-Abans (1985), and closer to
HII region value.
Regarding the elements that are produced during the evolution of the progen
stars, namely, He, N and C, the situation is less clear (Maciel and Chiappini 19
“Raw” abundances for N and C seem to suggest similar gradients as for O/H, etc.,
detailed calculations must take into account the contamination of the nebular gas by
central star (cf. Chiappini and Maciel 1994).
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Finally, although independent analysis have confirmed the existence of radial
ents from planetary nebulae (cf. Acker et al. 1992; Kõppen et al. 1991), the sepa
of the PN classes still produces some inconsistencies (cf. Pasquali and Perinotto
as well as the use of different classification systems, which are sometimes diffic
compare (cf. Amnuel 1993).
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- The Ar/H gradient from galactic PN (Maciel and Kõppen 1004)

(d) The Galaxy: stars

Other indicators than photoionized nebulae also give some information on ga
abundance gradients, such as cepheid variables, supergiants (cf. Pagel 1985, 1992
open cluster stars (cf. figure 2, triangles). Some discrepancies are apparent from
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surveys of red giants (Neese and Yoss 1988; Lewis and Freeman 1989), and B stars in
young associations (Fitzsimmons et al. 1990; cf. figure 2, dots), which seem to indicate
small or no measurable gradients. Some of these results may be explained by other causes
such as the time evolution of the gradients (see section 4), so that the general conclusion
on the existence of the gradients remain positive.
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4 Theory of abundance gradients
(a) Causes of abundance

gradients

The connection of the abundance gradients with the chemical evolution of th
galaxy was recognized from the earliest studies (cf. Shields 1974). However, the ph
processes causing the abundance variations are not well determined, despite the
number of possibilities in the literature. According to recent reviews (cf. Pagel
about half a dozen possibilities can be considered, which in practice can be increas
some of the hypotheses involved can be interchanged:

• Variations in the gas distribution in isolated concentric zones;
• Variations in the distribution of the ratio gas/stars
• Variable or bimodal IMF
• Infall of unprocessed material
• Ejection of processed material in galactic winds, etc.
• Variable yields
• Variable or self regulated star formation

In view of the multiplicity of models and associated parameters used to expla
abundance gradients, it is perhaps more instructive to investigate some consequen
the simple model of chemical evolution (cf. Searle and Sargent 1972: Tinsley 1980

(b) An

application

of the simple model

In the framework of the simple model, we will assume an interstellar medi
uniform composition, no infall and the instant recycling approximation (IRA). Ca
the metal yield, the heavy element abundance Z is given as a simple fmiction of t
fraction ji = Mg/M (cf. Tinsley 1980; Maciel 1992), where Mg is the total surfa
mass and M is the total (gas + stars) mass:
Z = y\nn
where

Ma

1

= y ln(l + Mg

is the mass in stars. Therefore, we can write

dZ

d r

Ma

-|

so that a convenient radial dependence of the yield or the gas to star mass ratio
produce abundance gradients similar to the observations. Both have been propo
the literature, but let us assume for a while that the yield is constant. Accord

Pagel (1979), a larger fraction of the gas has turned into stars in the inner regi
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the Galaxy as compared to the outer regions, which implies abundance variations in the
right direction. From the calibration of Maciel (1992), we have

1+

Ma
~
——
Mg

(3)

C exp(—aR)

~ 4.6 and a ~ 0.3.

Adopting Z = 26 O/H for type II planetary nebulae
(cf. Maciel 1992; Chiappini and Maciel 1994), we can calculate from (1) the oxygen
abundances as a function of R for a given yield, as shown in figure 6 (Maciel 1992). The
curves are labelled 1 to 6 according to the yield, from y = 0.002 to y = 0.012. It can be
seen that the agreement is better for 0.004 < y < 0.010, and some variation of the yield
itself is implied from the data points, unless some flattening occurs, as proposed for some
galaxies (cf. Diaz 1989). These yield values are close to the “canonical” value of 0.01,
and agree with recent determinations of the oxygen yield for reasonable IMFs (Kõppen
and Arimoto 1991).
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- Results from the simple model applied to the O/H gradient (Maciel 1992).

How can we be sure about the gas/stars variations implied by equation (3)? this
is a difficult question, which is confirmed by some recent work both on the Galaxy
and in other galaxies. Although the gas surface density cannot be considered constant
throughout the disk (it decreases as R increases), the stellar mass decreases faster, so that,
at least qualitatively, equation (3) holds. This can be seen from the recent calculations
by Henry et al. (1992) for NGC 4303. As can be seen from figure 7, the HI gas density
does not change appreciably in the inner parts of the galaxy, while the H2 density steadily
decreases, so that the total gas density also decreases. From the total disk mass variation
given, the stellar mass can be obtained, which shows that the ratio Ms/Mg decreases as
p increases. From the data on this galaxy, we can determine the ratio 1/p, = M/Mg ,
which is also plotted against p/ peff in the figure (broken line). Also, we can calculate
1/p for the simple model from equation (3), adopting again peff = 5.98 kpc for the
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Galaxy. The results are also plotted (solid line), showing that a steady decrease
ratio l//u is observed, although not as strong as implied by our exponential rela

the inner disk.
Apart from the yield values and implicit radial variations, other conclusio
be drawn from the application of the simple model to the observed gradients,
some information on the stellar mass above which black hole formation takes pla
possible variations of the IMF.
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- Disk surface density
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et al. 1002). Results from the simple model as applied to the Galaxy are also included.

(c) Time variations of the

gradients

Some recent models have been calculated for the chemical evolution of the
which include the effects of infall, radial flows and different gas density dependence
star formation rate (Gõtz and Kõppen 1992; Kõppen 1994). According to these
the existence of the radial gradients can be predicted, and also their temporal var
Recent models by Kõppen (1994) show that the initial gradient is determined b
variations of the metal yield and the star formation timescale, and the depend
the SFR on the gas density. Later on, this gradient can be modified by radial ga
depending on the infall timescale. For convenient values of the radial flow velociti
km/s), the gradients are expected to steepen with time. This can be seen in f
(Maciel and Kõppen 1994), and places some important restrictions on the SFR
sense that the index n of the density dependence should be 1.5 > n > 1.0. Some
results have been obtained with the chemical evolution models reported by Mol
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(1990). Their results indicate a definite increase of the O/H gradient in the last few Gyr,
from calculations of three galactic rings located at different distances from the centre.
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Abstract

Some physical processes ranging from primordial gas to supermassive systems where local anisotropies can develop are presented. The influence of anisotropy
in analytical models, dynamical instability, Jeans’ mass and cracking of selfgravitating systems with astrophysical importance are discussed. We show that
anisotropy can change dramatically the evolution of self-gravitating objects com¬
pared to systems where only isotropic processes are allowed.

Introduction
Local isotropy, meaning local equal principal stresses, is a common assumption
in astrophysics for studying the evolution of self-gravitating objects. However
strong theoretical evidence suggests that for certain density ranges different kinds
of physical phenomena may take place, giving rise to local anisotropy. We shall
discuss now some of these processes that intervene in astrophysical scenarios.
The pioneering work on these processes was done by Jeans (1922) where
he considered local anisotropies originated by anisotropic velocity distribution in
spherical galaxies. More receift results for these same processes were obtained
by Binney (1982). Other low density astrophysical scenarios producing local
anisotropies have been studied in collisionless systems by Michie (1963), Gliddon (1966), Kent & Gunn (1982), Mellot (1983), Binney & Tremaine (1987) and
Guddeford (1991). Anisotropies appearing in galactic halos of fermionic dark mat¬
ter have been considered by Madsen & Epstein (1985), Ralston (1989) and Ralston

& Smith (1991).
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For highly dense systems locally anisotropic configurations can occu
exotic phase transitions during gravitational collapse as studied by Itoh (1
Migdal (1971), Sawyer (1972), Collins & Perry (1975) and Sokolov (1980). Par
larly noticeable are the transitions to a pion condensed state producing anisotr
which softens the equation of state, considered by Hartle, Sawyer &: Scal
(1975), providing an enormous release of energy, Sawyer & Soni (1977), w
have important implications in the evolution of collapsing configuration. Sa
& Scalapino (1973) pointed out that, because of the geometry of the 7r~ m
anisotropic distributions of pressure could be considered to describe a pion
densed phase configuration. The anisotropic part of the stress tensor assoc
with the flux lines in a type II superconductor, and its relevance for a neutron
configuration has been discussed by Jones (1975) and Easson & Pethick (19

Anisotropic matter representing these and others interesting physical s
tions, e.g., the existence of solid core considered by Ruderman (1972) and Cam
& Canuto (1973), the presence of type P superfluid, the use of two fluid m
for non interacting perfect fluids, as considered by Letelier (1980), or boson
studied by Ruffini &; Bonazzola (1969) and Gleiser (1988), is now thought
the constituent of more realistic compact objects.

Since we restrict ourselves to review anisotropies in astrophysics, we
mention, for historical reasons, that Lemaitre (1933) was the first to conside
influence of anisotropy in cosmology.

After the pioneering work of Bowers & Liang (1974), the influence of
anisotropy in general relativity has been extensively studied. Analytical
solutions were considered by Bayin (1982), Cosenza et al. (1981), Heintzma
Hillebrandt (1975), Herrera &; Ponce de Leon (1987), Florides (1994), Aherk
Asgekar (1990,1991), Maaxtens & Maharaj (1990) and Bondi (1992). Anisot
stresses in charged configurations were considered by Bonnor (1960) and
recently by Herrera & Ponce de Leon (1985c) and Herrera &: Varela (1994).
problem of stability of anisotropic matter has been considered by Hillebran
Steinmet (1976), Herrera et al. (1979) and Chan et al. (1993a, b). The evoluti
anisotropic fluids under different conditions was studied by Cosenza et al. (1
Esculpi & Herrera (1986), Ibanez (1984) and Bayin (1982). Ibanez & Mi
(1985) pointed out the influence of anisotropy upon white dwarfs collapse.

Some geometrical aspects of spacetime with local anisotropy and it
drodynamical implications were presented by Duggal (1987), Duggal & Sh
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(1986), Herrera et al. (1984) and Maartens, Mason & Tsamparlis (1986). The role
played by anisotropy in the context of other gravitational theories was treated by
Ram & Pandey (1986). The propagation of discontinuities in a composite sphere
with different anisotropic phases has been modelled by Herrera & Nunez (1989).
Energy conditions for anisotropic fluids were considered by Kolassis et al. (1988),
and further aspects of anisotropic matter was studied by Magli & Kijowski (1992)
and Magli (1993). Finally the relevance of local anisotropy in the occurrence of
cracking in compact objects was recently pointed out by Herrera (1992).
Now we review the main theoretical results concerning the equilibrium, sta¬
bility and evolution of anisotropic self-gravitating systems.

Analytical models
The first analytic model for superdense static anisotropic matter was studied by
Bowers & Liang (1974). They demonstrated that the condition for hydrostatic
equilibrium for a spherically symmetric distribution of anisotropic fluid with Pr
the radial pressure, P± the pressure orthogonal to the radius, fj. the energy density,
m(r) the total mass inside the radius r is
m -f- 4TT PRR3

dPr

r(r

dr

—

where 4/ = P± Pr and
limit of equation (1) is

— 2m)

+ 2-,
r

(1)

n* = fi + Pr is the effective energy density. The Newtonian
dPr

m

<2

+ 2-.

(2)

From equation (2) the anisotropy term in (1) is thus of Newtonian origin. This
fact justifies that the effective relativistic energy fx* is increased only by Pr, and
not by P± . Furthermore, this fact suggests that anisotropy can be important in
the behaviour of self-gravitating systems.
For different equations of state some properties have been obtained for
anisotropic spherically symmetric hydrostatic systems. If $ > 0 the critical mass
of the sphere, when PT becomes infinite at r = 0, can be up to 20% bigger than
the corresponding isotropic system. However if $ < 0 the critical mass becomes
smaller than the corresponding isotropic value. The redshift at the surface of the
sphere increases with increasing > 0 independently of the equation of state. It
can be bigger than 2, which is the maximum redshift value for the critical isotropic
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mass distribution. One can say that redshifts larger than 2 may be of anisotr
origin and may explain certain large redshifts of quasars. For some equatio

state it has been proved that for small perturbations when
> 0 the syste
more unstable than for the corresponding isotropic configuration, while for
the fluid becomes less unstable for the same perturbations.

Dynamical instability for anisotropic collapse

In order to study the dynamical stability of an anisotropic spherically symm
fluid the equilibrium equation (1) is perturbed and we look for the range of v
of the ratio of specific heats T, where the perturbations grow exponentially. A
long calculations, we obtain that up to the post Newtonian order the uns
range of T is
4ÿ1
87T /zPr

r<5 +

Tiÿi + 3]7ji;

max

where the prime denotes the r derivative and the expression inside the brac
has its maximal value.

The inequality (3) tells us the following. The first term on the right i
typical Newtonian term of an isotropic perfect fluid (for radiating fluid see Bo
et al. (1989)). Thus for all values of T smaller than 4/3, the Newtonian isot
perfect fluid will collapse, since the increase of pressure after a small compre
will not be enough to withhold the gravitational force.

The second term on the right contains the relativistic correction to the
tonian perfect fluid. Being a positive quantity, it increases the unstable range
leading to more unstable configurations than the corresponding Newtonian
It arises because the effective energy density /z* of the system is increased by
pressure from the relativistic point of view.

The third term gives the Newtonian contribution due to local anisot
Surprisingly there is no post Newtonian correction due to the anisotropy.
fact arises because only P,., yid not Pj_, contributes to /z*.

An important consequence emerging from equation (3) is related with
possibility of $ to change sign within the sphere. Of course, this possibility
ultimately depend on the specific origin of local anisotropy in an astrophy
body. Let us assume, as an example, that
changes from positive to neg
values as r varies from 0 to its value at the surface. This would imply tha
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inner core, with $ > 0, becomes more unstable, whereas the stability of outer
regions, Vt < 0, increases. In order to visualize the consequences derived from this
vanishes at r = 0 as rn, 1 < n < 2. In this case,
situation, let us assume that
the innermost layers, r & 0, are absolutely unstable which means that the unstable
range of T for those layers is T < oo. These layers will collapse if $ > 0, whereas
the fate of the outer layers will depend on the profile of W. In particular, if
becomes negative, these regions may bounce, leading to a fragmentation of the
sphere.

Another fragmentation scenario may result if \fr changes from negative, in
the inner region, to positive, in the outer regions.

All these results, concerning the effects of local anisotropy on the stability of
the sphere, are in good agreement with those presented in the analytical models.
However our conclusions here are almost completely model-independent.
There are proposed mechanisms to explain the ejection of the outer mantle
in the supernova event (Arnett 1987; Bethe et al. 1978; Bethe & Wilson 1985;
Burrows 1987; Colgate & Johnson 1960; Wilson 1985). For instance, after the
gravitational collapse of the core of a highly evolved, massive star, a shock wave
will be formed which propagates outward. At the same time, neutrinos from the
inner core are absorbed by the outerlayers producing their ejection. We can expect
described above, $ > 0 at the inner core and < 0 at
then that in the
the outer layers, the ejection of the outer mantle in the supernova event, would
certainly be enhanced.

scenario

Jeans’ mass for anisotropic matter
We saw that local anisotropy can drastically change the stability of matter. Moti¬
vated by this result we extended the instability criterion of Jeans to interstellar gas
that can produce anisotropies during its evolution. First we consider the Jeans’
criterion for isotropic gas and then we compare to the anisotropic case.
Isotropic

Jeans’ mass

To obtain the instability condition for an isotropic interstellar gas, Pr = Pj_ = P,
we consider an isothermal sphere of finite radius R imbedded in a medium of
pressure P* > 0. The structure of the sphere can be assumed to be an isothermal
polytrope. Since this sphere is in equilibrium with the exterior medium then
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P(R)

= P*.

XX

From the balance of energy of this system we obtain

pw =

-% +

The first term in the right hand side of equation (4), with ag > 0, is the pre
due to the selfgravity of the sphere trying to contract it. The second term,
ai > 0, is the internal gas pressure trying to expand the sphere. We have P
for small R and P > 0 by increasing R. At R = Rm the pressure has its maxi
oo
value and then diminishes approaching zero from positive values for R

—

Suppose now that the sphere is in equilibrium with the surroundings. I
case P(R) = P* . For R < Rm the surface pressure P(R) decreases with decre
R. Therefore after a slight compression P(R) < P* , the sphere will be compr
even more, being unstable. On the other hand, for R > Rn , the pressure
increases during compression, P(R) > P* , and the sphere will expand ba
equilibrium, being stable.

Considering the temperature 102 K and mass density 10-24<7 cm-3, whic
typical conditions in interstellar clouds of neutral hydrogen, we obtain for J
mass Mj
Mj « 105M0,

where M© is the solar mass. Clouds M > Mj start collapsing and since
p”. Thus the Jeans’
process is isothermal, it can be proved that Mj
decreases with the cloud mass density fi. It results that while the cloud
together, fragments of it become unstable and collapse faster than the clo
a whole. This process is called fragmentation and it proceeds until the th
adjustement of the cloud is of the order of free fall time of the particles,
the smaller fragments are formed. For the interstellar gas considered in (5
fragmentation stops when
Mj % MQ.

~

Thus fragmentation terminates if the fragments are of the order of the solar
not of the order of planetary masses or a whole star cluster mass.
Anisotropic

Jeans’ mass

Considering now that local anisotropies can appear in the evolution of inters
gas, from the balance of energy, instead of equation (4), we obtain for a sph
gas of radius R,

A [R $r2dr .
R*

Jo
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The third term in the right hand side of (7) with = Pj_— Pr, due to the anisotropy
of the system, tries to expand or contract the sphere if the net constribution of $
is positive or negative.

Considering, as an example, the anisotropy of the cloud arising from a slow
rotation, then we have
1
$

where

u;

= g/xw 2r 2,

(8)

is the angular velocity. Substituting (8) into (7) we obtain

(9)
From equation (9) we have Pr < 0 for small R and becomes Pr > 0 by increasing
R and arrives to a maximum at R = Rmax. Then, for still increasing values of
R , Pr diminishes to a positive minimum at R = Rmin. For bigger R > Rmin, Pr
steadily increases for increasing values of R.
Suppose that the sphere of gas is in equilibrium with the surroundings, then
Pr{R) = P*. For R < R max the surface pressure Pr(R) decreases with decreasing
R. Therefore after a slight compression Pr(R) < P*, and the sphere will be
compressed even more, being unstable. However, for R max < R < Rmin the
pressure Pr(R) increases, Pr(R) > P* , during compression and the sphere will
expand back to equilibrium, being stable for that range of values of R. But for
R > Rmin the surface pressure Pr(R) decreases with decreasing i£, consequently
after a slight compression Pr(R ) < P*, the sphere will be compressed even more.
Hence anisotropy has built a new unstable range for the radii.

If we assume the interstellar gas of neutral hydrogen rigidly rotating and
basically homogeneous, then we obtain that the anisotropy introduced by the slow
rotation is of the same type as the one considered in our example. Using the same
values for the physical quantities as given in the isotropic scenario and the angular
velocity of the cloud of the order of magnitude of the sun around the center of our
galaxy, w & 10-las-1, the fragmentation terminates with fragments of the order
Mj % 10

2

M-.

(10)

But these fragments are of the order of planetary mass, or in any case, much
smaller than 0.08M©, which is the minimum mass required to start the ignition of
hydrogen. Thus the collapse of interstellar gas with anisotropy may, in principle,
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lead to fragments with masses even smaller than the typical value for brown dwa
1M© > M > 10 ~3MQ (Daly & MacLaughlin 1992).

Cracking of self-gravitating compact objets

Anisotropy can deviate, in a very peculiar way, some fluids configurations f
equilibrium or slow evolution once perturbations are introduced in the syst
This arises because it can appear non vanishing total radial forces with diffe
signs in different regions of the fluid configuration. We say that there is crack
whenever this radial force is directed inward in the inner part of the sphere fo
values of the radial coordinate r between the center and some value, say r =
beyond which the force reverses direction.

One of these situations refers to an anisotropic fluid (AF) which is ei
static or slowly evolving and the other kind of situation is a slowly contrac
and radiating perfect fluid (RF). Although physically very different, both sit
tions share the common feature that the principal stresses are unequal. It is
surprising since the superposition of a perfect fluid plus null fluid is formally
resented by an anisotropic fluid. By slow contraction we mean that terms of
order of the square of the velocity of contraction of the system can be neglect

For both fluids AF and RF, static and slowly contracting, we have
dr

—

m+
r(r

4ÿ+2«
2m)

—

(

where tP = P±_ Pr for AF and 'P = e, e being the radiation density travellin
the radial direction and Pr = P± for RF.

For integrating (11) we assume an equation of state as used for studying
dynamical stability of neutron stars (Misner & Zapolsky 1964),

K

'“'i*

where if is a constant or a function of time depending which case we consi
static or slowly evolving. Introducing a positive perturbation in the density,

K - K + k,

where 1 > 1: > 0. Thus our system will depart from equilibrium or slow evolut
a fact which is originated by the appearence of a total, non vanishing, radial fo
on every fluid element.
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Integrating (11) by using (12) and (13) we obtain the following interesting
results.

For a perfect fluid, $ = 0, S does not change sign inside the fluid, meaning
that all parts of the fluid will collapse. However, for AF and RF cases, assuming
perturbed test functions, unlike the perfect fluid case where can occur cracking, the
inner part collapses while the outer part of the system expands. The characteristics
will depend upon the specific magnitudes of the perturbations. Thus let us suppose
for example, that the inner core in the collapse of a supermassive star reaches a
configuration like the one just considered. In this case the inner core becomes
anisotropic or, alternatively, the inner core radiates in slow contraction. Then
perturbations of this configuration produced by the fall-in of outer regions of the
star onto the core, might lead to its cracking. The inner part will tend to collapse
while the outer part will tend to expand. Under these circumstances it is clear
that any of the proposed mechanisms to explain the ejection of the outer mantle
in a supernova event could be considerably enhanced.

Conclusion

We presented some astrophysical processes ranging from primordial gas to supermassive systems where local anisotropies can develop. These processes suggest
that anisotropy may be important in the equilibrium, stability and evolution of
self-gravitating astrophysical systems. We reviewed the main theoretical results
on the influence of anisotropy concerning analytical models, dynamical instability,
Jeans’ mass and cracking of compact systems. The theoretical results show that
even small traces of anisotropy can drastically modify the picture described by
isotropic systems. Further, anisotropic systems opens a wide field of open theo¬
retical problems. Thermodynamics of anisotropic systems is practically unknown;
the Cauchy problem and the consequent wave propagation study for anisotropic
mediums has not been solved. These are just some examples of open fields of
research with fundamental importance for the study of astrophysical scenarios.
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CHEMICAL EVOLUTION OF THE GALAXY
J. A. de Freitas Pacheco*

Observatoire de la Côte d’Azur
B.P. 229-06304 Nice, Cedex 04 France
Abstract. We review some aspects of the chemical evolution of the Galaxy. In
particular, we discuss the production of light elements in the early Galaxy and the
metallicity distribution in the halo and in the bulge. The temporal evolution of
the metallicity in the halo suggests that the onset of type la supernovae is about
2.7 Gyr. The chemical evolution of C, 0, S and Ar in the galactic disk is modelled
and compared with available data.

1. Introduction

The Galaxy is a huge and complex stellar system. For our present purposes,
we recognize three main sub-systems: the halo, the bulge and the disk. Both
the halo and bulge are constituted by old stellar populations (ages between 13-15
Gyr), with the latter being substantially more metal-rich than the former. The
disk, on the average is younger, with stellar population ages ranging from 0.1-1.0
Myr up to 10-12 Gyr.
In order to discuss the halo metallicity distribution, we should make clear
possible differences between data gathered from field stars and clusters. First, it
is important to point out that halo subdwarfs and clusters with galactocentric
distances RGC > 6 kpc have similar kinematic properties (Norris & Ryan 1989;
Carney, Latham &; Laird 1990). The analysis of Laird et al. (1988), who compared
the metallicity distribution of those halo subdwarfs with globular clusters, suggests
that both have nearly the same mean value, namely, [Fe/H]=-1.6. Notwithstand¬
ing, one should have in mind the claim by Carney (1993), who argues about
the presence of chemical substructures in the halo. On the other hand, clusters
with RGC < Qkpc have kinematics and metallicities comparable with those of the
thick disk stellar population (Armandroff 1989). These similarities are consistent
with dissipation having played a role in the formation of structures at distances
RGC < 40 kpc.
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The metallicity distribution of the bulge was studied, among others, by Rich
(1988) from a sample of 88 K giants in the Baade’s window. The abundances
range from [Fe/H]=-1.0 to 0.8 with a mean of twice solar. Some disk population
clusters are found inside the bulge volume with metallicities comparable to the
solar value (Ortolani et al. 1990, 1993), but presently it is by no means clear if
they can be classified as a true bulge population.
In the following sections we will discuss some simple models, aiming to ex¬
plain some major characteristics of the chemical evolution of the above mentioned
galactic stellar systems.
2. The Chemical Evolution of the Halo

2.a Model Parameters and Iron Enrichment

The star formation in the halo reflects the activity of the early Galaxy. The
modelling of such a system must be able to satisfy at least three observational
constraints: 1.) the observed metallicity distribution; 2.) the age dispersion among
clusters and stars <Tage & 2Gyr and 3.) the nearly constant O/Fe ratio.
The first constraint refers simply to the observed metallicity distribution of
halo stars (Ryan & Norris 1991). The second, the age dispersion (not to be
confounded with the age spread), is a consequence that analyses of isochrone
fitting to colour-magnitude diagrams (CMD’s) of globulars indicate that significant
differences in theirs ages may exist. Similar age scatter, of the order of 2 Gyr is also
present in halo field star samples (Schuster & Nissen 1989). Chemical analyses of
halo stars indicate that for metallicities [Fe/H] < —1.0, the oxygen- to-iron ratio
remains nearly constant, [O/Fe]«+0.35 (Barbuy 1988; Kraf et al. 1992). This
suggests that the medium was enriched by the yield of massive stars, imposing also
a further constraint related with the time scale of the onset of type la supernovae.
As we shall see, this time scale is of the order of 3 Gyr.
In our model, the total gas consumption is regulated by the rate at which the
gas is converted into stars and by the rate of gas transfer into the disk (’’infall”).
We assume that both rates are proportional to the available gas mass, but with
different time scales. Under these conditions, it is easy to show that the age
dispersion is given by
Page

V3
—a

where a is defined by the equation
a

=

i
Tdyn

<i T*

In the above equation, rdyn is the ’’infall” characteristic time scale, R is the mass
fraction returned to the interstellar medium by evolved stars and r* is the star
formation time scale.
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Figure 1 - Theoretical metallicity distribution computed by Idiart for the halo
model discussed in the text. Data points are from Ryan & Norris (1991)
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Figure 2 - Theoretical (O/Fe) ratio as a function of metallicity for the halo. Data
points are from Barbuy (1988) and Kraft et al. (1992)
Numerical calculations of the chemical evolution of the system were performed
by Idiart (1994). She computed chemical yields from Arnett’s (1990) tables and
solved the equations without the so-called ’’instantaneous recycling approxima
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tion” .
In fact, different pairs of (r*,Tdj,n) are able to explain the observed metallicity distribution. The age dispersion fixes the pair of parameters as: r* « 6.39
Gyr and Tdyn ~ 1.19 Gyr. Figure 1 shows the computed metallicity distribu¬
tion compared with the actual distribution. We note the quite good agreement
between both distributions, excepting for the ”high-metallicity” tail, where the
data seems to indicate a small fraction of metal-rich halo stars, not present in
Idiart’s calculations. We cannot exclude the possibility that these stars are real
halo objects and not disk stars which contaminate the sample. In this case, type
la supernova are required to enrich the halo. Idiart’s computations require that
the onset of type la supernovae is about 2.7 Gyr, if they contribute to the yield
for [Fe/H] > —1.2 . Figure 2 shows the ratio [O/Fe] vs. [Fe/H]. We observe
that for [Fe/H] < —3.0, the oxygen-to-iron ratio increases as a consequence of
the contribution by short-lived oxygen rich stars. This is an important theoretical
prediction although difficult to verify due to the scarcity of very metal-poor stars
and the faintness of the absorption features.
2.b The Light Elements

The most common light elements, 2H, 3 He, 4He, and 1Li have relative abun¬
dances determined by primordial nucleosynthesis. Their observed values are in
adequate agreement with the predictions of the standard model (Walker et al.

1991).
Beryllium and boron are produced in observable amounts only in inhomoge¬
neous Big-Bang models (Kajino & Boyd 1990), although recent calculations by
Teresawa & Sato (1990), taking into account effects of back-diffusion of neutrons
into proton-rich regions, indicate that the enhancement in those elements is not
so important.
The uniformity of the lithium abundances in metal-poor halo stars with
Teff > 55007ÿ (Spite & Spite 1982) supports a cosmological origin for most of
the observed lithium. On the other hand, recent data on the beryllium abundance
in metal-poor stars (Gilmore et al. 1992; Boesgard & King 1993) show a clear
correlation with metallicity, suggesting enrichment by processes that occurred in
the early Galaxy. The same trend is verified for boron in three halo stars studied
by Duncan, Lambert & Lemke (1992).
These results imply that on the average Be/Fe = 1.4 x 10-G in halo stars
and B/Be fa 10. Another important observational constraint is the isotopic lithi¬
um ratio recently measured in some halo stars (Smith, Lambert & Nissen 1993;
Hobbs & Thorburn 1994). Upper limits and detections are consistent with a ratio
6
Li/1Li fa 0.05 independent of metallicity. Since the beryllium abundance is near¬
ly proportional to metallicity, a cosmological origin is excluded and its production
is probably related with the activity of the early Galaxy. On the other hand, the
observed isotopic lithium ratio suggests that ’’alpha-alpha” reactions played an
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important role in their production.
Li, Be and B may be produced by cosmic rays (CR) interacting with the ambi¬
ent interstellar medium (ISM). In fact, the observed abundances of those element
in population I stars, ISM and in the solar system may entirely be accounted by
spallation reactions (Reeves, Fowler & Hoyle 1970; Meneguzzi, Audouze & Reeve
1971). The production of light elements by spallation of CNO nuclei by diffusing
CR in the early Galaxy has been explored by many authors in the last few year
(Vangioni-Flam et al. 1990; Steigman & Walker 1992; Fields, Schramm & Truram
1992; Freitas Pacheco &: Barbuy 1993). The modelling of CR propagation in the
early Galaxy is a matter of debate and different assumptions can be made concern¬
ing their production rate and confining time scale in the collapsing halo. However
the resulting Li/Be ratio in this model is quite high (« 2000). The reason is tha
the lithium production is dominated by the ’’alpha-alpha” reactions while most o
beryllium is produced in a dilute CNO medium. As a consequence, the predicted
Be and B abundances are quite small. Another possibility is to consider that the
light elements are mostly produced in or near the supernova ejecta, during the very
early evolutionary phases of the remnant. This scenario has also some difficulties
since it predicts 3 < (6 Li/9 Be) < 8, quite less than the required ratio necessary
to explain both the Be abundance and the Li isotopic ratio.
Here we explore a hybrid scenario where the light elements are produced by
spallations in the ISM and ”in situ”.
Our basic assumptions are: a) CR have a power law spectrum in total ener¬
gy; b) lithium isotopes are produced in the ISM (mostly) and ”in situ”; c) Be and
B have negligible production in the ISM. The parameters of the model are fixed by
the observed (0 Be/ Fe) and ( 6 Li/7 Li ) ratios. If the exposure time in the remnan
is of the order of 100 yr (required to avoid dilution of the oxygen-rich ejecta with
the ISM material), then the average cosmic ray energy per event is about 3 x 105u
erg. This value is comparable to the power requirement per SN to mantain the
present CR density in the disk. On the other hand, the average cosmic ray energy
density during the halo evolution is about 5eV.cm~3 , a few times higher than th
present value observed in the galactic disk. Our theoretical predictions based on
these assumptions are:
(7Li/6Li)CR « 1.6 ; (6Li/°Be)CR » 46; (nB/luB)CR 2.3 and B/Be %
11.6
This hybrid model explains the near linear correlation between Be and B
abundances with metallicity, the observed B/Be ratio and the required isotopi
lithium ratio in metal-poor stars.
Other possibilities are certainly possible. Deliyannis k Malaney (1994) re
vived an old idea concerning the production by active stars. They found from
roughly computations that low-metallicity dwarfs and subgiants may produce ob¬
servable amounts of 6 Li by flare activity. Further theoretical and observationa
work are still necessary, face to the consequences for the history of the early Galaxy
and cosmology.

=
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2.c The Structure of the Halo
We feel interesting to say, in this section, a few words about the halo structure
and the nature of dark matter.
The study of the globular cluster kinematics (Borges & Freitas Pacheco 1989
and references therein) indicate a halo mass of 4 x 10nM© within a radius of 33
kpc. This mass is considerably higher than that under the form of stars. Moreover,
recent ” gravitational scintilation” experiments of LMC stars (Alcock et al. 1993;
Aubourg et al. 1993), suggest that objects with masses consistent with those of
brown dwarfs may be the major constituent of the halo.
During the early activity period in the halo, single stars and globular clusters
were simultaneously formed (in fact, this is actually observed in the LMC). The
idea that only complex structures (105tol08M©) were initially present and partial
or totally evaporated, originating ’’single” stars, seems to lack of observational
support. Excepting for six stars in direction of the north galactic pole (Majewski, Munn & Hawley 1994), which apparently constitute part of a halo moving
group, no other bona fide structures that could be derived from evaporation of
stellar aggregates, have been found. On the other hand, computations by Hut &:
Djorgovsky (1992) indicate that the present GC population is being destroyed at
a rate of about 3% per Gyr. If these calculations are realistic, then the present
number of GC’s represents a significant fraction of the original population, and
the view that all halo stars came from desintegrated clusters can be ruled out (van
den Bergh 1994).
Face to these facts, we assume that during the early activity of the Galaxy,
objects in the mass range 0.01 < M/M© < 80 were formed. All objects with
masses less than 0.1 M© will constitute our (baryonic) dark halo. We assume also
that the initial mass function in the halo is slightly steeper than Salpeter’s law,

i.e.,

From our model, it is easy to show that the mass M* of alive stars is

M* =

X1M0{1-R)
CCT*

where M0 is the total initial halo mass, Ai is the mass fraction of alive stars (those
in the mass interval 0.1 - 0.8 M©), and the other symbols were already defined.
% 0.013. If we take for the initial halo
Under these conditions, one obtains
mass the value derived dynamically, one gets M* s; 5.3®109M;.. The estimated
mass of the GC population is about 4zl07M©. The field stars are estimated
to have a total mass of about 100-150 times higher than the cluster population,
namely, (4 6)a:lO0M©, which is quite comparable to our naive estimate.

—
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3. The Chemical Evolution of the Bulge

The central region of our Galaxy is characterized by a diversity of stellar
populations: late M giants, RR Lyr and faint carbon stars are found in the same
volume. The discovery of long period variables in the bulge (Harmon & Gilmore
1988) raised the speculation that a relatively young metal rich population may be
present in the bulge. On the other hand, Lee ,(1992) based on the HB morphology
of ’’bulge” globulars compared with those in the halo, sustains that the bulge is
older than the halo. His interpretation of the morphology vs. metallicity diagram
was questioned by Catelan & Freitas Pacheco (1993), who showed that age is
not necessarily the (second) parameter fixing the HB morphology. More recently,
Paczynsky et al. (1994), from the ratio of the HB clump to RGB stars in the bulge,
argued that a population younger than 10-12 Gyr must be present. However,
such a ratio may be interpreted in terms of a high He abundance (0.30-0.35) as
suggested by Renzini (1994). Therefore, the age distribution in the bulge is still
rather uncertain.
The chemical composition of bulge giants (McWilliam & Rich 1994) suggests
enrichment by massive stars. A simple model able to reproduce the observed star
metallicity distribution (< Fe/H >«2 < Fe/H >Q) and an age dispersion of w 2
Gyr requires a returned gas mass fraction of about 23.6%, and a charateristic star
formation time scale of 0.88 Gyr. This implies an efficiency of forming stars about
7 times higher than in the halo. Figure 3 shows the He abundance vs. metallicity.
We remark that stars of solar metallicity have He mass fraction of about 0.36,
required to explain the ratio of HB to RGB stars without invoking the presence
of stars younger than 10 Gyr.
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Figure 3 - Helium vs. metallicity for the bulge model discussed in the text

Ratag (1992 and references therein) performed a detailed study of a sample of

148

Proceedings of the

XX4ÿ SAB

about 100 planetary nebulae in the direction of the galactic bulge. The abundance
distribution of these objects poses some problems if indeed these planetaries are
members of the bulge population. Some questions to be answered are:
1. the average metallicity deduced from K giants is about twice solar. If
only massive stars contributed to the enrichment, then we would expect that the
average oxygen abundance will be e(0) « 9.6. However the observed value is one
order of magnitude smaller, comparable to the disk value.
2. If we select only planetaries with e(0) > 9.0, their He abundances are,
in fact, compatible with the evolutionary predictions, but their high N/O ratios
imply self-enrichment.
3. Neon, sulphur, and argon have distributions similar to the disk, which
had a different evolutionary history.
Face to these facts, the membership of these objects to the bulge population
may be questioned. Are those nebula an ’’intrusion of the disk” into the outer
bulge ? Has the bulge an outer metallicity gradient ? In this case, the time
scale to form the outer parts is larger (the central regions collapsed faster), the
star formation rate is reduced and type la supernovae may also contribute to the
enrichment. This could be a plausible scenario to explain the PN data, although
no definitive conclusion can presently be draw.
4. The Chemical Evolution of the Disk

Models developed to explain the metallicity distribution of the disk were al¬
ways plagued by the ”G-dwarf problem”, namely, the paucity of metal-poor dwarfs
in the solar vicinity. Different solutions were proposed to solve this problem and
some ’’infall” models are able to account for such a failure in detecting those stars.
Another constraint should now be added to the ”G-dwarf problem”. There
are presently different set of data on stars and nebulae which seem to support
an underabundance of oxygen in the ISM, with respect to the solar value. These
evidences are:
1.) The analysis of the oxygen abundance in intermediate mass F-K supergiants
having main sequence B stars as progenitors, indicate an average value e(O) % 8.70
(Luck & Lambert 1985)
2.) B stars in associations and young clusters were studied by Fitzsimmons et al.
(1990) and their results imply e(0) & 8.75, suggesting an average deficiency of
about 0.17 dex with respect to the sun.
3.) Unevolved B stars were also analyzed by Gies & Lambert (1992), who obtained
similar results. They found an average value e{0) ~ 8.68, pointing to a similar
oxygen underabundance.
4.)
Cunha & Lambert (1992;1994) studied the oxygen abundance in unevolved
B stars in the Orion nebula, concluding that their average value is compatible
with that of the associated HII region. This result says that, in fact, oxygen is
underabundant in the ISM and it is not ’’condensed” into dust.
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The average oxygen abundance in HII regions is e(0 ) «8.76 (Shaver et al.
1983), compatible with the results derived from young stars.
6.) Oxygen abundances in planetary nebulae are less sensitive to model parameters
as those required to model stellar atmospheres. The analysis od type I planetaries
which are originated from progenitors with masses higher than 2.5 MQ and belong¬
ing to the young disk population, have an average oxygen abundance e(O) « 8.72
(Freitas Pacheco 1993), entirely compatible with the former results.
I
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Figure 4 - Relative number of SN la and SN II vs. metallicity in the galactic disk
and LMC
If the behaviour of the (O/Fe) ratio with metallicity for disk stars can be
interpreted in terms of a relative contribution variation of both SN’s la and II
then the evolution of other elements can be computed (Freitas Pacheco 1993)
Figure 4 shows the relative contribution of type II SNe to the chemical yields
derived from the (O/Fe) ratio vs. metallicity measured for disk stars (Barbuy &
Erdelyi-Mendes 1989). For comparison, the same curve for the LMC derived by
Barbuy, Freitas Pacheco & Castro (1994). In these computations, we used the
theoretical yields of Arnett (1990) for type II SN, averaged by a Salpeter’s initial
mass function, and the yields by Nomoto, Thielemann &; Yokoi (1984), for type la
SN. Inspection of Figure 4 shows that in the LMC, the relative number of type la
SNe was larger than in the Galaxy. However, we emphasize that these curves must
be looked ’’with a grain of salt”; in our Galaxy, the variation of the parameter r
(see Freitas Pacheco 1993) with metallicity represents a true temporal evolution;
in the LMC case, most of the sampled objects are young (ages < 1-3 Gyr) and the
observed spread reflects probably chemical inhomogeneities in the ISM.

Proceedings of the

150

9

8

XXÿ SAB

_e(X)

C

i

7
S

6

Ar
[Fe/H]

5
1
-1.0

Figure 5

-0.5

0.0

0.5

- C, S, Ar vs metallicity for the galactic disk

Figure 5 shows the variation of carbon, sulphur and argon as a function of the
metallicity, while Table 1 shows a comparison between predicted elemental ratios
and data at the epoch of the solar system formation. The agreement between data
and predictions are quite good, but theory seems to predict a slightly higher carbon
abundance than observed. In fact, we have to consider that yields for C are still
uncertain and contribution from intermediate stars was not included. It is worth
mentioning that our computations predicts presently, also a small decrease in the
carbon abundance. We emphasize that in the Orion nebula, recent determination
of the carbon abundance by Rubin et al. (1993) gives e(C) % 8.45, which is about
0.11 dex lower than the solar value. Again we may argue that the observed C
deficiency is due to depletion into grains. However, the stellar data {e(C) % 8.39)
by Cunha & Lambert (1994) confirm that both values agree, supporting a small
carbon under abundance. A similar picture is found for nitrogen. The B star data
by Gies & Lambert (1992) indicate a N/O ratio similar to the sun, suggesting that
also N is slightly deficient in the ISM. The CNO deficiency could have effects in the
theoretical study of the chemical reactions involving molecules and their computed
abundances. Also, it could affect the gas-to-dust ratio, the chemical composition
of the grains, and the cooling of the ISM. These are certainly problems which
merit further investigations.
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Table 1 - a-elements abundance ratios
Bat,in

PrprH rt. pfi

Observed

log(Mg/Fe)
log(Si/Fe)
l°g(Ca/Fe)
l°g(Ti/Fe)

+0.01
+0.21

+0.08
+0.05

-1.13

-1.14
-2.48

-2.60

4. Conclusions

In this paper we reviewed some particular aspects of the evolution of the main
structures of the Galaxy.
The metallicity distribution of halo stars can be explained in terms of a simple
model, where gas ’’infall” into the disk is included. The age dispersion of halo
objects depends on both the gas conversion into stars and ’’infall” time scales.
The former is about 6.4 Gyr, while the latter is of the order of 1.2 Gyr. The
computations of the temporal behaviour of metallicity by Idiart (1994) indicate
that the onset of type la SNe is 2.7 Gyr, considerably longer than usually assumed.
. The stellar data on light elements are consistent with the predictions of a hy¬
brid model: most of the lithium isotopes are produced in the ISM, where ’’alphaalpha” reactions dominate, while Be and B are produced in a ”oxygen-rich” en¬
vironment existant in the ejecta of type II SNe. The Be and B correlation with
metallicity, and the isotopic Li ratio are explained by this model.
If an initial mass function £(m) oc m-3 is assumed to be valid in the interval
0.01 to 80 Mg, then the amount of dark matter in the halo, evidentiated by
dynamical effects, is consistent with the presence of a large amount of brown
dwarfs.
The central bulge requires an efficiency of star formation about 7 times higher
than that of the halo, in order to reproduce the metallicity distribution and an
age dispersion of about 2 Gyr.
The variation of the (O/Fe) ratio with metallicity in the disk allows the es¬
timate of the relative contribution of both type la and II SNe to the chemical
enrichment and to predict the evolution of some primary elements with metallici¬
ty.
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Mergers of Dissipationless Systems - Clues about the
Fundamental Plane *
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August 1994

Introduction

1

The last decade has witnessed the growing of our understanding of the global properties of
galaxies. In particular, the accumulation of high-quality photometric and kinematic data for
ellipticals has revealed that these systems form a two-parameter family in the space defined
by radius (R), surface brightness (I) and velocity dispersion (a) ([8, 13, 10]). The relation
involving such quantities is called the “Fundamental Plane”, FP. The observed FP can be
described as R~ erAIB, where A~1.4 and B~ —0.9 ([11]). Assuming homology, for a pure
virial theorem we should have R~ <TAIB(M/L)-1 from which follows (M/L)~M1ÿ6 ([15, 9]).
One of the possible consequences of this result is that the formation of elliptical galaxies was
partly dissipative, otherwise we should not expect any relation between (M/L) and mass.
Other possibilities like the presence of dark matter or varying IMF can also be claimed as
reasonable explanations for such dependence [24, 12]. A basic assumption common to all
of these analysis is that ellipticals can be understood as homologous systems. However,
a more carefull inspection of the major-axis luminosity profiles of early-type galaxies [4],
shows that this may not be the case. This poses a serious problem for the study of the FP
as a fundamental tool to probe mechanisms of galaxy formation.
In this talk I will discuss the results of a series of numerical experiments of mergers of
elliptical galaxies which shed a new light on the question of the origin of the FP correlations
[5]. Based on these results I will discuss whether or not the nonhomologous nature of the
merger remnants can at least partly explain why the FP deviates from a pure virial theorem.
In the next Section I will describe the basic elements of our numerical experiment; Section
3 presents the main results we obtained regarding the properties of the FP. Finally, Section
4 discusses the nonhomologous nature of the remnants of the simulations studied here.

Simulations setup

2

The initial model galaxies used in the experiments reported here are 4096 particle Monte
Carlo realizations of a spherical isotropic King model [18] generated with central potential
W0 5 (concentration c = log rt/rc = 1.03,. Although the concentration parameter is too
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low compared to real elliptical galaxies we expect that such a value does not restrict any
our results.
Mass and length units were set as 1O1OAÍ0 and 1 kpc, respectively; these values, togeth
with G 1, fix our time and velocity units as 4.72 Myr and 207 km s-1, respectively. T
initial models have total mass M 10 (which means that the particle mass, mp, is ~0.0024

=

—

=

and half-mass radius
2 in these units. The CT, parameter, characteristic of the kine
temperature of the King models, amounts to 1.086 (225 km s-1). Note that scaling
different values of M and rh does not change any of our units but does change <7, by
factor (ill/rj,)1/2.
The simulations were made using a C translation of the Barnes and Hut TREECOD
[1, 20], running on SUN Sparc2 machines. The code parameters were set as: tolerance p
rameter, 6 0.8; timestep At 0.025; potential softening e 0.05. The force computati
includes quadrupole correction terms following Dubinski [14].
We have approximately followed the formulation of Binney and Tremaine [2] to chara
terize the initial orbital conditions of the encounters. We define the dimensionless ener
and angular momentum of the initial orbit as: Ê = Eori/(l/2)prr* and L
LOTi / firh<
where cr, = (cr,! a*?)1!2 and r/,
( r • r;,,)1/2, the indices staying for each of the init
galaxies; fj. is the reduced mass of the system. For initial models other than King’s the
definitions must be applied by substituting the u, parameter by some characteristic intern
velocity dispersion of the model.
To fully determine the orbital elements of the encounter, a further dimensionless param
eter must be defined:

=

—

=

=

=

,

2G(M1+M2)

W2

Given a set of values of Ê, L and A, the two-body orbit equation may be straightfo
wardly obtained by writing the orbital energy and angular momentum as a function of t
center-of-mass positions and velocities of the pair, thus allowing the choice of the init
conditions for the encounter. We note in passing that the parameter A depends unique
upon the internal structure of the initial interacting galaxies. In this paper, we restra
ourselves to the plane defined by A 16.96, given by the initial galaxy model describ
above.
We have determined the initial separations and velocities for the encounters from a gr
of values previously fixed in the ( Ê, L,A= 16.96) plane. For bound initial orbits these init
conditions were always taken at the apocenter position in order to maximize the dynamic
effects of tidal forces between the companions; for unbound orbits the initial conditions we
taken such that the separations were about 2 times the tidal radius of the galaxies, whi
amounts to 10.7 Kpc.
We have runned about 17 different numerical simulations of encounters producing mer
ers where the initial galaxies were the King model galaxy described in the beginning of th
section (the standard model). The remnants of these encounters have been called the “fi
generation” mergers. However we have also runned four simulations of encounters ocurri
among the merger remnants produced by these former experiments, thus producing a “se
ond generation” mergers. Three further simulations using different initial model galaxi
were also performed.
Our simulations do not explicitly include a luminous stellar component and an extende
dark matter component. There are several arguments for this approach. First, we wish
establish the scaling properties of single component dynamical systems before going on
two component ones. An eventual goal is to do more general simulations with initial cond
tions drawn from larger scale cosmological simulations. The minimal goal of the simulatio
discussed here is to establish whether the merging of simple one component systems w
destroy any pre-existing FP relation. Second, these one component systems are initiated

=
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sufficiently close orbits that the physical interpretation is that they have already spiralled
through the bulk of their dark halos. Furthermore the effect of dark halos on the visible
bodies is, crudely, equivalent to the visible bodies alone but arriving in contact on orbits
which have been altered by the dark halos. Consequently, we conclude that investigating
the merging of single component systems with “vacuum” exteriors will be a useful guide to
the question of how the FP transforms under merging.

3

The Fundamental Plane of the merger remnants

The merger remnants were analyzed so as to reproduce the quantities related to the observed
FP of elliptical galaxies. Each remnant was projected in 100 random directions and, for each
projection, the barycenter of the distribution was found and quantities like the effective
radius rt (defined as the radius of a circle encompassing half of the particles, Np/2, where

Np/2 is the net number of particles after removing the escapers) and the mean surface density
inside re, Êe = Npmp/27TTÿ, were measured. We defined a mean “surface brightness” as
(He) = -2.5 log Êe + C, the value of the constant, C 29, is such as to allow this quantity
to assume values about the same order as those typically measured in real galaxies. A
projected central velocity dispersion, <T0> was measured inside a square “slit” of side / • re,
as the mean square projected velocity of all particles inside the “slit”. The median of these
projected quantities (taken from the 100 projections) were then calculated and attributed
to the remnant. The corresponding errors are standard deviations based on the quartiles of
the distribution of each quantity. The characteristic parameters, re, cr0 and (fie) (measured
for a slit with / = 0.2), for the end-products of the 17 first generation mergers were then
combined in the same way as in Djorgovski and Davis [8] and are shown in Figure 1 as open
circles. The factor 0.2 was established by looking at what observers usually take to measure
the central velocity dispersion [8, 3]
The solution which optimizes the correlation coefficients and the orthogonal least squares
is (dotted line in Figure 1):

=

log rt

= (1.36 ± 0.08) [log cr0 + 0.2(/ze)] + C

(1)

These coefficients are remarkably similar to those found for real elliptical galaxies in
K-band [23]. Our simulations trace the counterpart of the observed elliptical galaxies not
significantly affected by dissipative processes as star-formation induced by merging, that
is why we compare our results with the infrared fundamental plane. The open square in
Figure 1 represents the initial King model for the 17 first generation experiments and it was
not included in the fit. We found the solution for the FP slightly dependent on the size of
the slit used to measure £r0. For instance, for a slit with f
0.5 the coefficient 1.36 changes
to 1.52 , increasing to 1.95 for a slit covering the whole system. The dependence of this
coefficient with the slit size noted before reflects the nonhomologous nature of the velocity
dispersion gradient and mass distribution in the central parts of the remnants.
Figure 1 displays the solution in the homologous case as a solid line (pure virial theorem)
and it is quite evident that it does not match the FP solution obtained above.
It is important to emphasize that the set of these 17 first generation mergers occupy a
region of the ( rt,<r0 , (AO) space which corresponds to the locus of the compact galaxies in
the observed FP. In other words, the covered portion of the (Ê,L) plane does not exhaust
all the possibilities. In fact, there is a limit to the initial orbital energy of the progenitors,
above which there would be no merger within a Hubble time. Therefore, we may not expect
to reproduce the observed range of the FP with the initial model galaxy uBed in this work.
In order to fulfill the observed FP, from compact to giant ellipticals, we have de¬
signed three other simulations representing an hierarchical scheme in which some of the

=
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end-products of the former simulations merge with themselves to produce a more massive
-“second generation”- object. The representative points of these mergers are shown in Fig¬
ure 1 as a solid triangle, a solid circle and a solid pentagon, respectively. As can be seen,
these secondary mergers are close enough to the solution of the FP obtained using only first
generation end-products. This result supports the idea that with such a scheme we might
be able to reproduce the global properties of elliptical galaxies.
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Figure 1: This figure shows the FP of the first generation of mergers remnants. Each
remnant is plotted as an open circle; the open square (designated by an arrow marked
“progenitor” Represents the initial model galaxy for these runs, as described in the text.
Second generation remnants are shown with filled symbols (the solid pentagon represents
the remnant of a merger between the “standard” King model galaxy ( W0 = 5) and one of
the first generation merger remnant) The solid line represents the virial relation and the
dotted line the best fit line to the points corresponding to the first generation remnants.

As already noted by several authors [11] the observed FP has a remarkable small scatter
around it, which is probably associated with some regularity in the process of making
elliptical galaxies. Therefore, we should expect that any simulation starting from different
initial model galaxies should move by merging to the same FP defined before.
The open triangle in Figure 2 refers to a progenitor which is homologous to our standard
initial model but with mass equal to 2M and half radius 2t‘j„ which keeps crt unchanged .
The remnant result by merging this progenitor with itself is displayed in Figure 2 as an open
hexagon. The short line which connects these points was taken parallel to the FP solution
found before. As can be seen, there is a hint that this progenitor and its remnant in fact
define approximately a parallel sequence to the fitted FP.
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Figure 2: This figure shows the locus of the remnants for the runs starting from different
progenitors than the “standard” one (see text). The open triangle represents an homolo¬
gous progenitor with W0
5, but with the mass and half-radius doubled; its remnant is
represented by the open hexagon. The open star represents a less compact progenitor with
Wa = 8 and mass and half-radius identical to the standard one; its remnants are repre¬
sented by asterisks a second generation merger is represented by the solid circle. We also
plotted the “standard” progenitor (open square) together with some of its remnants having
the same initial orbital conditions ( Ê, L) as the other runs represented in this figure. The
dotted lines starting from the three progenitors are parallel to the FP solution shown in
Figure 1. The two dashed lines give the observed lcr upper and lower bounds of the FP, as
estimated from the FP solution obtained for cluster sample. The solid line represents the
virial relation passing by the “standard” progenitor.
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The same seems to be true in the case where the progenitor is non-homologous to ou
standard one. These are the cases of the two runs displayed in Figure 2 which start from
a less concentrated King model with W0
8, while maintaining the other parameters th
same as before (except the a, parameter, which in this case values 1.117). Notice that in
contrast to our basic model, this initial model may be more realistic when compared to rea
elliptical galaxies. This model is shown in Figure 2 as an open star whereas its remnant
are represented by an asterisk. Also, we can see in this figure the point representing
second-generation merger for this initial model galaxy (solid circle) which exhibits the sam
trend as seen before (See solid circle in Figure 1). As in the case discussed above, it can b
seen that the line joining this progenitor and its remnant also defines a parallel sequence to
the fitted FP. It is clear from this figure that the observed fundamental plane has a scatte
around it which is roughly twice as big as the scatter we measured in our simulated FP
Such discrepancy could be reflecting the physical constraints on the central potential (W0
and the mass of the primordial units from which galaxies were formed. Varying W0 and
mass we can increase the scatter of the FP and in such case the “observed” scatter restrict
the range of variation of these quantities.
Two-body relaxation is a concern in most numerical simulations of gravitational system
and particularly in our case for it acts toward contracting the central parts of the system
and thus goes in the same sense as the deviation shown by the merger remnants relativ
to the expected virial relation for homologous systems. We have performed various test
and found strong evidence that 2-body relaxation do not play any significant role in the FP
correlations discussed before.
That the FP correlations we found are not affected by binary relaxation was furthe
confirmed when we perform the same analysis which was made before at Ti = 30*Tcr +Tper
where Tper is the time interval before the first pericenter, but now for the mergers taken a
T2 15 * T„ + Tptr. Consistently with the discussion above, we find practically no chang
between the results found at T2 and Ti: the same tight linear correlation is found, with an
angular coefficient of 1.42 ±0.08 for the / 0.2 slit. It is interesting to note that this resul
shows that the FP developed well before the completion of the merger. We have also made
some robustness tests in order to measure how sensitive our results were to the number o
particles in the simulations. We have then re-runned two of the first-generation simulation
but with the total number of particles doubled and tripled. We found that the position
of the remnants of these simulations were fully consistent with that obtained before. Thi
shows that the result reached in this work is not an artifact of the low resolution, since rea
galaxies have a much higher number of particles.

=

=

=

4

On the homology between progenitors and merger
products

We found that simple dissipationless merging can partly explain the observed fundamenta
plane for elliptical galaxies, as we described in the previous section. An important question
to be addressed as a natural follow-up of this finding is about the nature of the deviation
observed in the FP of elliptical galaxies with respect to the virial theorem and in what way
we can use our simulation to learn about it. Indeed, under the dissipationless assumption
used here such deviation is clearly associated to the fact that merger remnants are neither
not homologous among themselves nor with their progenitors.
This deviation from homology may be more quantitatively stated by writing the scalar
virial theorem in terms of the observed quantities er„, re and (fie). We find:
Tt

= (Cr • Cv)/(2xG) K E:*]2
•

(2
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where the coefficients Cr and Cv are defined as
Cv = (v2)/al and CT = Ro/re
with ( v 2)1/2 and RG being respectively the 3-D velocity dispersion and the gravitational
radius of the system.
For a given family of equilibrium models, these two coefficients are constant so that
equation (2) defines families of homologous equilibrium systems depending on the product
Cr Cv. Note that this equation applies equally to the merger remnants as for their pro¬
genitors, since both are found in states of dynamical equilibria. In contrast the observed
relation, equation (1), may be written as:
rt

= CPP

[<T0 • 2, *]“

(3)

where a ~1.6 and the constant Cpp depends on the initial equilibrium models which have
been merged.
By taking into account the mass and energy variations of the merger remnants relative to
their progenitors it is straightforward to relate the initial and final values of the coefficients
CT and Cv . Figure 3 shows the run of the initial-to-final ratios of the two homology coeffi¬
cients as a function of Ê and L, the normalized initial orbital energy and angular momentum
of the mergers. The FP variables are also plotted. The first thing to note in this figure is
the lack of any obvious dependence of these quantities on L. This is due to the fact that
most of the initial angular orbital momentum of the colliding galaxies is transferred to the
outer parts of the merger remnant. Indeed, we found that the remnants of our simulations
display negligible rotation velocity in their central regions (r < rt ) and that all the angular
momentum is carried by the outlying material. This is consistent with results from other
merger simulations [17]. We have also verified that there is no significant dependence of
these quantities on the structure parameter A, although the small range of variation of this
variable in our simulations precludes any firm conclusion on this respect. We are thus forced
to conclude that the physical parameter driving the observed values of the coefficients of
the FP correlations is the initial orbital energy of the pair.
It is interesting to note that the mass distribution ( CTm/CTr ) seems to follow homology
much better than the velocity distribution (CVm/CyT). This is even more true for the most
bound initial orbits for which the ratio ( CTm/CrT ) 1, as it can be seen in Figure 4. Since
it is the combination of these two non-homologies that produces the FP correlation, they
somehow reflect how the merger remnants accommodate the input energy in their central
parts. In this sense the specific value of a should be viewed as a result of the details in the
merging process and we may conjecture that it is also related to the distribution of the Ê at
early epochs when the first galaxies started to coalesce to build hierarchically the galaxies
we know today.
An independent way to study the homology question is to parameterize the major axis
profile of the remnant so that possible correlations between structural parameters and the
initial conditions can be investigated. In fact, it has been noted that it is possible to obtain
better fits to the major-axis luminosity profiles of elliptical galaxies by using an r1/" law,
instead of the ususal r1/4 law [4]. The best values for the parameter n for their fits vary from
2 to 20, and are correlated to the effective radius of the galaxies. An important caveat is that
such methodology should be applied with some precaution since SO galaxies (r1/4 bulge +
an exponential disk) could be fit to an r1/" law with different values of n reflecting probably
different disk/bulge ratios instead of nonhomology. However, it is still an important result
for it shows that the traditional view by which elliptical galaxies are homologous objects
(at least in their luminosity distribution), described by an r1/4 law may not be the case. In
order to see if a similar effect was present in our merger remnants (and in this case we are
not polluted by a disk component) we fit the r1/" law to the mean major-axis mass density

~
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Figure 3: The various projected quantities related to the FP of remnants from equal pro¬
genitor mergers plotted as a function of the initial orbital energy (left panels) and the initia
orbital angular momenta (right panels). Filled diamonds correspond to first generation
mergers coming from the standart model progenitor; asterisks to those first generation com¬
ing from the Wa 8 model. The open diamonds correspond to second generation merger
and the open circle to the merger remnant having an homologous progenitor with W0 = 5
but with the mass and half-radius doubled.

=

profile. As before this mean profile was obtained from 100 profiles taken from randomly
distributed directions. The fitting interval chosen was from 0.5 kpc (~10e) to 1 re. Th
parameter n obtained from these fits varies from 1.2 to 3.4 and it correlates with re. In
other words, n is correlated to the deviation between the FP and the virial relation in th
sense that large deviations correspond to large n. This last result is also consistent with
those reported in the litter ature [4].

5

Conclusions

In this work we aimed to measure the usual set of quantities which constitute the so called
Fundamental Plane (FP) correlations of elliptical galaxies (e.g. re, cr0,
for a sample o
N-body simulations of mergers of identical galaxies. In doing so we have shown that merge
remnants obey a relation which is very close to the observed FP correlation. Actually, by
merging remnants of a merging first generation with themselves we found that the FP i
still preserved. These results suggest an hierarchical merging scheme, where remnants are
merged among themselves to produce successive merger remnants generations, extending
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the FP relation over the entire (re, <70, (Me)) space of observed elliptical galaxies.
These results indicate that the FP correlations may be originated by pure gravitational
processes rather than by dissipative gas processes as is commonly accepted ([15, 9]. Indeed
we found that for our dissipationless merger remnants, it is the non-homologous nature of
both the velocity and mass distributions in their central region (r < rt) that is responsible
for the small departure from the homology prediction, which is characteristic of the observed
FP correlation.
We emphasize that it is the central velocity distribution and not the mass (luminosity)
distribution that strongest deviates from homology. Thus, although there is some obser¬
vational evidence (also seen in our simulations) that the central luminosity distribution of
elliptical galaxies is not homologous [4], it is the observation of their central velocity distri¬
bution that may fully reveal this effect. This would be however, a much harder observational
task. It is interesting to note that we found no significant homology deviation when we use
the global projected dispersion velocity of the merger remnant instead of its central value:
this reinforces the view that non-homology effects concern only the central parts of the rem¬
nants. Besides, we also find that the non-homologous deviation of a merger remnant from
its progenitor is nearly exclusively a function of the initial orbital energy of the pair.
We find that different initial progenitors produce different families of merger remnants,
all of them obeying relations similar to the FP correlation but displaced by different amounts.
This could be indicative that the central potential and mass of the primordial units did not
have a wide distribution, otherwise the scatter of the observed FP would be much larger.
We argue that under the assumptions presented along this paper, elliptical galaxies (or
at least those living in clusters of galaxies), could be generated in a dissipationless hierar¬
chical merging scheme. However, it is important to emphasize that although we explain the
coefficients involved in the FP definition, the observed scatter in this relation is still not well
understood. We could either claim for a constraint on W0 and mass of the first generation
galaxies or that dissipation processes contributed to the increasing of the scatter without
changing the general trend.
As stressed before, our experiments do not explicitly include any dark matter compo¬
nent. The simulations presented here correspond to galaxies which have already spiralled
in through their common dark matter halo, so that at the initial conditions their visible
parts are nearly touching. However, as we have shown, the variation of orbits leaves the
end-products on the same fundamental plane as they began. It is likely that adding some
dark matter at large radii would mainly act to change the effective orbital parameters but
in anyway the outcome of the collisions would leave the remnant on the FP. In this sense we
are confident that there is indeed no loss of generality in neglecting the effects of any dark
matter halo component. We are currently investigating the effect of dark matter on the FP
but under different initial conditions and this will be subject for a future contribution.
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Abstract
Spectroscopic observations have been used to probe star formation in tidal tails
and to test model predictions on the formation of dwarf galaxies during the in¬
teraction of large disk galaxies. Two advanced stage of mergers (NGC7252 and
NGC3256) and one younger interaction (UGC4703) have been observed. NGC7252
presents HII region-like emission at the tip of a tidal tail but not at its base. Strong
condensations at the base of a tidal tail in NGC3256, do not show any trace of
recent star formation. These results favour a scenario where star formation takes
place more likely near the tip of tidal tails, contradicting recent numerical results,
where star formation should occur on tidal tails preferentially near the merging
galaxies. The « 0.1 to 0.2 Gyr old interaction of the system UGC4703 presents
similar characteristics than older merges. It shows that star formation at the tip of
tidal tails takes place actively from the very beginning of the collision. The mass
in stars within the tidal knots is dominated by the stars tidally removed from the
colliding disks. The stars formed ”in-situ” on a knot in 1 Gyr amount 10-20% of
the original knot mass.
keywords: Galaxies: general - merge: NGC 3256, NGC4038/39, NGC7252,
UGC4703 interstellar matter - dwarf galaxies in tidal tails

—

Introduction
The study of condensations on tidal tails of merging disk galaxies is a matter of growing
interest(van den Bergh, 1993).
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The observation that the emitting knots on the tidal tails of antennae-like galaxies
become bluer towards the far-end (Schombert, Wallin and Struck-Marcell, 1990; Mirabel,
Lutz and Maza, 1991) pointed out that a segregation of stellar population occurs along
the tails of interacting galaxies. Van der Hulst (1979) discovered a pool of 109 M® of HI,
which surround the tip of the southern tail of NGC4038/39. Later on Mirabel, Dottori
&; Lutz (1992) have shown that a dwarf galaxy have formed at the tip of the southern
tail of the classical antena (NGC4038/39), where three HII region were detected, which
indicates the presence of massive stars, younger than 10 Myr, which demonstrate that
star formation occurs actively in the tidally formed knots.
After the pioner work of Toomre and Toomre (1972) many authors faced the problem
of galaxies interaction, mainly trying to understand the evolution of the merging galaxies
rather than that of the tidal tails. More recently, Barnes and Hernsquist (1992, BH)
and Elmegreen, Kaufman &; Thomason (1993, EKT) performed numerical simulations of
encounters of disks containing stars and gas. EKF models, in which the disk of gas is
more extended than the one of stars, reproduce well the accumulation of gas at the tip
of tidal tails. BH predicted that more robust dwarf galaxies and a larger activity of star
formation should occur at the base than at the tip of t
In the next section we present the observations. In section 3 we discuss the spectrum
of tidally formed Knots associated to NGC3256, NGC7252 and UGC4703. In Section 4
we give the onclusions.

The Observations
NGC 7252 has been observed spectroscopically with the EFOSC at the 3.6 mts ESO
telescope in June 1991. We have got two one hour spectra with a 1.5 arcsec slit. The
weather conditions were below the standard photometric night at ESO.
NGC 3256 and UGC 4703 have been observed spectroscopically and imaged during
february 1993 with the EMMI attached to the NTT ESO telescope. We have got 1800 sec
spectra under very good weather conditions. A 1.5 arcsec width long slit has been used to
perform the spectroscopy in both cases. The spectra have been calibrated through Stones
and Baldwin (1985) spectrophotometric standards. Through the discussion all quantities
are expressed in terms of the Hubble constant h=H/100.

Results and discussion

NGC 7252
It is one of the 11 Toomre’s original candidates to colliding galaxies. Schweizer (1982)
proposed that this galaxy will relax into an elliptical galaxy. Borne and Richstone (1991)
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simulated the collision event, reproducing the present morphological and kinematical as¬
pects of the galaxy. They obtained an age of 0.8-1.0 Gyr h~l for the age of the interaction.
The high surface brightness knots on the tip of the tidal tails of NGC 7252 are excellent
candidates to look for HII region like emission to confirm if ionizing stars (stars younger
than 1 Myr), are also present in these objects. We have chosen the E tail (Fig. 1) to
perform optical spectroscopy. The slit was set along the two high surface brightness
condensations, at the tip and at the base of the tidal tail.
We obtained the spectrum of a 700 h-1 pc width slice of the small condensation at the
tip of the E tail. Although weak, the spectrum shows Ha, [OIII] 5007 Àand [Oil] 3727
Áemission. The total Ha luminosity is h-2 Lna = 1 1038 erg s-1, which is slightly weaker
than the weakest region in NGC 4038/39 ( Mirabel, Dottori &; Lutz 1992). Comparison
with galactic HII regions (Kennicutt, 1984), shows that it is sih-2 LÿGC 224- The mass of
O-B ionizing stars necessary to fuel the HII region is h_2M(OB)=300 M0 and the star
formation rate (Kennicutt,1983) is SFR=h_28.8 10-4 MQ yr_1. It is a lower limit for the
SFR, since the projected size of the HII region is larger than the slit one (Hibbard et al.,
1994). The SFR/area > 5 10_1° M0 yr_1 pc-2, similar to that of dwarf irregular galaxies
(Hunter and Gallagher, 1985). If the rate of star formation at the tip of the E tail of
NGC 7252 has been sustained since the beginning of the collision (1 Gyr) it had add 106
M0 of new formed stars to those already stripped out from the galactic disk. The mass
of HI at the tip of the E-tail is h25.4108 M0(*0t (Hibbard et al., 1993), which can sustain
the derived SFR.
The photometric mass of a slice of 0.7x2.5 kpc of the condensation at the tip of the
E-tail is 6.4 107 M0. The population is well represented by Bica(1988) template S7.
If the HII regions are free of absorption, the ratio [OIII] 5007 Â+ [Oil] 3727 Â/
Modót = 1-7 ± 0.2 lead to 12 + log [O/H] = 8.6±0.2. It is 1/2 Solar and twice the LMC.
This value is higher than that obtained for the less massive Dwarf galaxies in the Local
Group (Skillman et al., 1989) but comparable to similar objects in Hunter and Gallagher’s
(1985) sample of Irregular galaxies.
The condensation at the base of the E tail do not show line emission. The continuum
is too weak to infer on stellar populations.

NGC 3256
NGC 3256 presents a strong activity of star formation within the merging body (Graham
et al., 1984, Casoli et al., 1991). NGC 3256 tails look larger and more diffuse than those
of NGC 7252. As shown in Figure 2a the strongest condensations on the tidal tails are
in an elongated strip, located where the W arm connect tangentially the border of the
merging body. The rest of the tails do not show conspicuous condensations. According to
BH92 models, candidates like this are more likely to be the more massive bound objects
in tidal tails. According to BH92, they might contain up to 25% of the mass in gas, and
consequently might present star formation activity.
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The spectrum in Figure 2b has been obtained by adding all the light comming from
the whole set of knots at the base of the W tail ( Figure 2a). No emission lines have been
detected in this spectrum. H as well as Na and Mgl absorption lines can be distinguished
in the spectrum. The S/N is very low to perform a qualitative spectral synthesis. Bica’s
(1988) template S2 fits reasonably the observed continuum. It is contributed by 85% of
old population, 10 to 15% of a 1 to 5 Gyr old one and traces of an even younger population
(100 to 500 Myr). Translated into mass content the oldest population contribute 93% to
95% and the intermediate plus the youngest one the rest. So we can conclude that there
was not stellar formation at the basis of the W tail of NGC 3256 from the beginning of
the merge. This result favours EKT models against BH91 ones.
The Total mass of the h-2 0.4x18 kpc slice covered by the slit was calculated by
com paring the absolute flux at 5840Â of the tail base with that of the nose in UGC4703,
since both spectra are very similar (Fig. 3b). We obtained a mass of 2.6x10s M©.

UGC 4703
This system ( Figure 3a) is constituted by a couple of galaxies of similar projected di¬
ameters, separated by about 4-5 galactic diameters. They are connected by a bridge like
structure. The bridge appears constituted by two thin, parallel tails. The northern tail
appear connected to the NW galaxy and the southern one to the SE galaxy. Particularly,
the northern tail presents at the tip a well dettached bright knot ( Knot in Fig. 3a) fol¬
lowed by a series of condensations along the tail, towards the NW direction ( cond’s in
Fig. 3a). Others structures such as faint loops and ripples appear around both galaxies.
Particularly interesting is a elliptical like condensation crowded to the NW galaxy (Nose
in Fig.3a), whose tidal nature is unclear.
The optical pair is about two magnitudes fainter than NGC 7252 and NGC 3256.
Nevertheles, as revealed by the HI data (Gordon and Gottesman, 1981), the relative
velocity of both pair members is Avw=320 km/sec, which under equilibrium conditions
lead to a total mass of the system of 3 1011 MQ. The total HI mass is M#/ = 1.1 109 M©.
Both numbers are of the same order of magnitude as those found for NGC 7252 and
NGC 3256. It seems that there is a large amount of hidden mass in UGC 4703.
The redshift of knot and the nose give "VR 3500±300 km/sec and 3700±300 km/sec
respectively. Current models (e.g. Barnes 1988) indicate a very young interaction with a
high ellipticity orbit, having experienced its first fly-by. If the present one is the largest
separation attained by the pair, simple calculation set the interaction time in 0.1-0.2 Gyr,
that is 1/10 to 1/5 that of NGC 7252 and NGC 3256.
The knot spectrum shows H lines to the noise level. HQ in emission, H/j, H7 and Hi
in absorption.
The knot continuum, although bluer, is well represented by B88’s S7 template. S7 has
strong emission lines. A better fit can be reached by adding a small contribution of HII
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region and by increasing that of a 50 myr old population (Y2 in Bica &; Alloin’s library,

1986).
The contribution of the different stellar populations to the light at 5870Á in the
modified B88’s S7 template is: trace of HII region like continuum (about 1-2%); «33%
of 50 Myr old stars; «39% of 100-500 Myr old stars (age of the interaction) and « 28%
of stars older than 1 Gyr.
Translating the previous figures into mass content « 93% is contributed by stars older
than 1 Gyr,« 5% by stars as old as the interaction (100 to 500 Myr) and a very small
fraction (« 0.2%) by stars younger than 50 Myr. So at the present time the largest amount
of matter in form of stars within the knot, has been stripped out from the colliding disks
by the tidal forces.
Since the SFR derived from the 100-500 Myr old component and that for the stars
younger than 50 Myr are much the same, we can conclude that within the Knot, stars
are formed at a constant rate after the beginning of the collision. Consequently, in 1 Gyr
(present age of NGC 7252 and NGC 3256) it was added about 15-25% of mass to the
Knot initial. The new formed stars do not change significantly the mass in stars of the
tidally ejected Knot.
The continuum of the Nose was compared to the S2 template. It is constituted by
population older than 5 Gyr. The photometric mass derived for this dwarf galaxy is 1.1E8

M®.

The comparison interpolated continua of Knot, Condensations and nose and the disk
of the SE component of the colliding pair (Fig. 3b) shows undoubtly that the Knot and
the condensations have similar continua. They have a younger stellar population than
the disk and the Nose. The similarity between the spectra of Knot and condensations
indicates that the SFR/luminosity is similar in both objects. This property is also found
in Irregular galaxies (Hunter and Gallagher, 1985).
Using Chiosi’s (private communication) new evolutive tracks of a burst of star forma¬
tion, the nose colors can be explained with a 16 Gyr old population of Z=0.1 Z® without
absorption or with a « 3 Gyr old one, of Z= Z® , and Ay=0.66mg. We recall that the
Milky Way absorption in the region is Ag=0.13 mag.
The Nose brightness Myÿose = -14.3 mg has been compared with that of the galactic
globular cluster NGC 6624, ( (B-V)=l.l, Harris & Racine, 1979) which has a modern
mass determination (M=1.5 105 M®, Grabhorn et al., 1992). The comparison give Mnose
= 1.1 108 M®.
In order to obtain MKUOI we have splited its total brightness in the old, intermediate
and young stellar population according to the proportions quoted in the previous para¬
graph. The brightness of the intermediate and young population were ’’aged” by applying
Chiosi’s (1993) fading lines. The reduced Knot absolute brightness is MvKnot = -12.4 mg,
which lead to Mxnot ~ 2.0 107 M®.
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Conclusions

The mass in stars within tidal condensations is dominated by the stars tidally rem
from the colliding disks. The stars formed ”in-situ” in one of these condensations i
Gyr, amount w 20% of the condensation total mass. The brightest condensations
a mass

> 108 M©.

Stars formation occurs more likely at the tip of the tidal tails, although large co
trations of mass can also be found at the base of tidal tails.
The triggering of stars formation depend more on the position of the conden
along the tidal tail than on the mass of the condensation.
The SFR in star forming condensations in tidal tails is similar to that of dw
regulars . The SFR/Luminosity is constant for condensations of UGC 4703 with
luminosity differences.
The metallicity of condensations in tidal tails is higher than in similar objects

Local Group but similar to dwarf Irregulars.
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Figure 1 a) - N top, E right. V image of the eastern tail of NGC 7252, taken
with the ESO 3.6m telescope. The tail shows a condensation at the tip and another at
the base, b) - Spectrum of the E-tail tip condensation. It shows weak but clear Ha,
[OIIIJ5007Á and [OII]3727Á emission lines.

Figure 2 a) - N top, E left. NTT V images of NGC 3256. The series of knots at the
base of the W-tail are by far the brightest feature on the tails, b) - Composed spectrum
of the series of knots at the base of the w-tail. Absorption lines appear to the level of
noise. The spectrum is compared to B88’ template S2.

Figure 3 N top, E right, a) - NTT V image of the interacting pair UGC 4703. The slit
position is shown trough the disk of the E-component of the interacting pair, the Knot ,
the condensations and the Nose, b) - Relative continuum of the different features.

Proceedings of the

•
»

175

XXÿ SAB

—

**

"’•.V

-

:v -S*V

•:-4-

fc*’\ •

*

-.'i
'

'
•
*

msk
m

.*

•

;

"•

,

í. •..

JfSa
V

"

.....

s

t.

.

ftrrp-s,

M«
rifai ív-

.4

|*
•

Figures la, 2a, 3a

- see captions in previous page

.*ÿ

f'T

Proceedings of the XX

176

T

I

T

T

I

T

i
5500

i
6000

6500

T

1.50E-17

1.00E-17

5.OOE-10

\
2

I

o
3500

s
L

1
4000

4500

5000

L
7000

Wavelength (angstromsl

F [fig] I 1 2

1.60

-

T

"'I

1.33

1

to

-

1.07
0.80

0.53
0,27

4'
1j

_y

3;

0.00

i

3800 4191 4582 4973 5364 5755 6145 6536 6927 7318 7709 8100
i

T

I

1.4

-

1.2
1

\ di-ik.
8
N

sCoT\dÿ

6

W-¥.o|

i
5000

i

i

6000

7000

8000

Wavelength langstromsl

Figures lb, 2b, 3b

- see captions in

previous page

Chemical Abundances at High Redshift

Sueli M. Viegas
Instituto Astronómico e Geofísico

Av. Miguel Stefano 4200, 04301- São Paulo, SP, Brazil

Summary

In this paper, a brief review of the nature of the QSO absorption line system

given in order to discuss results concerning the chemical abundances of young galax

The absorbers show undersolar abundances and depending on the location of the gas

the galaxy the values obtained may indicate that we are seeing gas in the outskirts
an evolved galaxy or in the inner parts of a very young galaxy.
1. Introduction

Until recently, data on early time abundances were obtained from halo stars a

from low metallicity extragalactic HII regions (see, for instance, Boesgaard & Steigm
1985, Wheeler, Sneden &; Truran 1989).

A good determinaton of young galax

elemental abundances is very important both for the study of galactic chemical evolut

as well as for the primordial nucleosynthesis and, consequently, for the standard mo

of the universe. In the last few years, improvements in high resolution observations

the QSO spectra are allowing the determination of the chemical abundances at ea

epochs from the observed absorption lines (Fan & Tytler 1994, Gruenwald & Vie

1993, Petini et al. 1994, Petitjean et al. 1994, Steidel 1990, Viegas & Gruenwald 199

The absorption line systems, associated with intervening objects, show HI colu

densities from 1012 to 1022 cm-2. Those with N(HI) < 101' cm-2 are optically thin
the Lyman continuum and low ionization absorption lines are weak or inexistent. On

other hand, absorbers with N(HI) > 1020 cm-2, which are optically thick, correspo

to the so-called damped Lya systems that show mainly low ionization lines and m

be associated with disks of galaxies. Among the absorption line systems, the damp
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Lya systems may provide good determinations of the chemical abundances beca

hydrogen is mainly neutral and no corrections must be made to account for uno

ions. However there are few of them compared to systems with lower HI column d

(Petitjean et al. 1993). Thus, for most of the absorption systems, in order to ob

chemical abundances ionization correction factors must be calculated. These co

factors are necessary to take into account the ionization states that are presen

gas but show no absorption lines in the observed spectrum. The ionization co

factors depend on the origin of the absorbers since their values rely on the

radiation reaching the absorption line systems.

In this paper, the methods for determining the chemical abundances of th
absorption line systems are revised. In §2

,

a short review of the nature of th

absorbers as well as of the corresponding ionizing radiation field is presente
chemical abundances are discussed in §3, and the final remarks appear in §4.
2. The Nature of the Absorbers

Following the velocity of the absorption line system, relative to the QSO, W

et al. (1979) suggested that systems with

v/c >

0.05 are associated with inte

galaxies (or proto-galaxies). For many years, the current interpretation for these

has been that (Sargent et al. 1979, 1980, Wolfe et al. 1986):

(a) Lyman a systems (no metal lines and N(HI) < 10l0 cm-2) origina
intergalactic clouds;

(b) metal-line systems ( 1015 < N(HI) < 102u cm-2), from galactic haloes; this c
includes a sub-set called Lyman limit systems (LLS), for which the optical depth
Lyman continuum is close to unity,

(c) damped Lyct systems (DLAS, with N(HI) > 102u cm-2), from galactic disk
Therefore, the ionizing radiation field should be similar to the interstelar ra

field for the damped Ly a systems, while the QSO background radiation shoul

the Ly a systems and metal-line systems. More recently, it has been suggested t

metal systems and the Ly a systems should have the same origin (young inte

galaxies). Metal lines are not seen in Ly a systems probably because the column
of the ions of the heavy elements is too low. It may be do to the fact that these
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and/or the gas has undersolar abundances.

In f

< 1015 cm-2; thus, even assuming solar abundances, the column den
ion is lower than 1012 cm-2 and the corresponding absorption line is

they have NHI

of a heavy

weak to be detected. Undersolar abundances would make the detection still harder

More recently, an alternative origin of the metal-line systems has been propo

Based on the similarities of the absorption line spectrum of gas-rich dwarf irreg

galaxies with that of QSO absorption line systems, it was suggested that these Q

absorbers are associated with star forming regions (York et al. 1986). In this c

the metal absorption lines are produced in the associated HII region ionized by the

stars. The study of 20 CIV absorption systems and an equal number of Mgll syst

favored the star forming region origin (Gruenwald & Viegas 1993, Viegas & Gruenw

1991).
On the other hand, absorption systems showing high column densities of

ionization states of C, N, O as well as of Hel ruled out the ionization by the Q

background radiation (Vogel & Reimers 1993, Reimers & Vogel 1993). It has b

suggested a local origin for the radiation. These systems should be associated wi

two-phase halo, where clumps of cold gas are ionized by the radiation from the hot

present in the early stages of galactic evolution (Viegas & Friaça 1995). The ioni

radiation has the appropriate shape to explain the observations.
3. Chemical Abundances

In order to calculate the chemical abundances of the absorbers, the column dens

of the ions of a given element must be known and added up. The column densities

obtained from the observed equivalent width of the absorption lines using the curv

growth method. Two main difficulties occur: (i) the absorption line may be satura

so that the relation between the equivalent width and the column density depend

the b-parameter; (ii) there are ions present in the gas with no observable lines.

The problem of determining the b-parameter may be solved with high resolu

data that are becoming available, allowing different line components to be identified.

the other hand, in order to account for the ions with no observable lines, the sum of

column densities of the ions showing absorption lines must be corrected by the so-ca
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icf can be obtained from photoionization

models of the absorbing gas. They depend on the ionizing radiation spectrum, as well
as on the other input parameters of the photoionization models, i.e., gas density and

chemical composition. Adopting an ionizing continuum, the icf for different ions may
be obtained from a grid of photoionization models. Thus, for each observed system, the

better icf value may be chosen from the grid. Another possible way to overcome the
problem of unobserved ions is to model a given absorption system, fitting the observed

lines. The best fit determines the best model corresponding to a set of elemental

chemical abundances. This method may give better results although it seems more
appropriate for the analysis of a small number of absorbers. If one is interested in

determine the chemical abundances of a large number of systems, the former method

(using the ionization correction factor) is suitable and it is certainly faster.
The DLAS systems are mainly neutral; thus

H+

is negligeable and the correction

factor for the N(HI) is practically unity. Thus the chemical abundances depend only on
the icf of the ions of the other elements. If these systems are associated with galactic

disks, the ionizing radiation must be similar to the UV background of the Galaxy

(Draine 1978), and the correction factors for 01, NI, CII, Mgll, Sill are also close to
unity (Viegas 1995). On the other hand, if the DLAS are ionized by the QSO integrated

background radiation, the correction factor of the heavy element ions may be significant.

An important point is the [N/0] abundance ratio. Since N comes from low mass
stars and 0 from high mass stars we expect [N/O] smaller than solar in young galaxies.
This is the trend observed in halo stars (Wheeler et al. 1989). In addition, the average

[N/0] ratio in metal poor extragalactic HII regions is 4.6 smaller than the solar value.
Although the 01 and NI resonance lines are in the Lyman a forest (wavelengths shorter
than 1216 Ã), their detection is now becoming possible (Pettini et al. 1995). A good

determination of the abundance ratio will depend on the NI/OI correction factor ratio.
This ratio is less than unity for the UV galactic background and is higher than unity
for a harder ionizing radiation, as the QSO background radiation or stellar radiation

(Viegas 1995).
As pointed out previously, absorbers with lower HI column densities are
probably
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ionized by a radiation harder than the UV galactic background (i.e, QSO integr

background radiation, hot stellar radiation or hot halo gas radiation), and the ioniza

correction factors are likely to be important. In this case, the ratio of column dens

of ions of the same element is used to determine the intensity of the radiation f

Let us recall that this intensity is generally expressed by the ionization paramete
relating the density of the ionizing photons to the gas density. With the value

and NHI obtained from the observations, the icf are determined and then the chem
abundances.

The correction factor method has been used to compute the C, 0 and Si abunda
of some observed absorption systems. For 8 systems with z

~ 3 (Steidel 1990), th

parameter was obtained from the N(CII)/N(CIY) and N(SiII)/N(SiIV) ratios.

results are in the range -2.6

<

solar value, are in the ranges:

< -2. The elemental abundances, relative to
10-3 < [C/H] < 10-2, 10-2 < [O/H] < 10“ 1 and
log U

10-3 < [Si/H] < 2 x 10“2. Using photoionization models to reproduce the obse

column densities, Steidel (1990) obtained similar results. In addition, for the absorp
system z

= 2.318 of the QSO 2116 -358 (Wampler et al. 1993), the abundances obta

using the ionization correction factors are higher: [C/H] is about 0.1 and [Si/H] is a
0.3 of the solar values.
4. Final Remarks

The determination of the elemental abundances at high redshift is a difficult

Chemical nderabundances in absorbers have been pointed out previously for absor
with redshift in the range 1.3 < z

< 2.7 from photoionization models assuming the Q

integrated background radiation or a stellar radiation field (Gruenwald & Viegas 1

Viegas & Gruenwald 1993). In this case the underabundance factor was considered
same for all the elements

(10-3 < Z/ZC; < 10-2). Recent observational results for

absorption systems of two QSOs have been fitted using photoionization models w

all the chemical abundances also vary by the same factor with respect to the

abundances (Petijean et al. 1994). Two intervening systems show underabunda

of the order of 3 x 10“2 and one of them is probably associated with an HII reg

However, these results are only indicative since the chemical enrichment of the
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depend on the element. Thus, calculating the abundance of each element is a b
approach.

The results presented in §3 indicate that metallic absorption systems show
low chemical abundances.

These results were obtained for several objects by

empirical method using ionization correction factors. They corroborate the indic

underabundances obtained previously.
galaxies.

The absorbers are associated with y

Evolution models of galaxies indicate that in the central regions

abundances are reached in less than 1 Gyr whereas in the outer regions it takes l

(Friaça & Terlevich 1994). Thus, metal poor gas may indicate that we are seein

outskirts of the galaxies (outer shells or halo) of a galaxy or the inner regions of

young galaxies. The analysis of the absorbers abundance and location may pr

clues on the galaxy formation and evolution.

Acknowledgements: I am thankful to Ruth Gruenwald and Amâncio Friaça fo
friendship, discussions and collaboration.
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PLASMAS IN STARS, GALAXIES AND THE EARLY UNIVERSE

Reuven Opher

Instituto Astronómico e Geofísico, Universidade de São Paulo
Av. Miguel Stéfano, 4200, CEP 04301-904 São Paulo, SP, Brasil

ABSTRACT

Many very interesting problems exist in plasma astrophysics. I started
a research group in plasma astrophysics at the University of São Paulo with
my students a few years ago and take the opportunity of this 20th anniversary
of the Brazilian Astronomical Society to review the results of this research
that have been published in the international journals.

* Invited talk on the 20th anniversary of the Brazilian Astronomical Society
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I. INTRODUCTION
Some major problems in plasma astrophysics are:

1.
2.

3.
4.
5.

6.

7.
8.

9.

10.

11.
12.

13.
14.

15.

How do we make a solar wind with the right mass loss rate and terminal
velocity, satisfying all the observational data?
How do we make solar flare explosions of less then a second duration?
How do we produce the MHD structure of the interstellar medium?
What is the radiation mechanism of pulsars?
How do we produce a supernova II (when a massive star blows itself
apart) since the shock produced from the collapse of the iron core has
difficulty of blowing off the outer layers of the star?
What produces a nova (recurrent explosion of a white dwarf) since we
need
10' 4 M@ of accreted matter on the white dwarf to ignite the
accreted hydrogen but only ~ 10'6 M0 is seen in the explosion?
How do we produce a supernova I (when a white dwarf blows itself
apart) and what differentiates a supernova I from a nova?
What produces the highly polarized optical radiation of magnetized
white dwarfs (AM Herculis stars)?
How do we produce a wind in a hot star (such as a Wolf-Rayet) whose
momentum is ~ 4-50 times the radiation field which is supposed to be
pushing it?
What acceleration mechanism produces the cosmic rays with energy
orders of magnitude greater than the highest energy particle accelerator
on earth?
How do we produce the jets emanating from almost all newly bom stars?
How do we collimate extragalactic jets which are collimated over five
orders of magnitude (e.g., from 1 pc to > 105 pc) when laboratory
supersonic jets are dispersed in one order of magnitude (e.g., a 10 cm
radius jet is dispersed in one meter)?
How do we produce filaments in extragalactic jets and in the radio lobes
at the ends of the jets?
How do we produce the superluminal bright radio blobs near galactic
nuclei with velocities greater than ten times the velocity of light?
How do we produce the extragalactic jets emanating from galactic
nuclei?
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16. How do we produce the first stars and galaxies starting from density
perturbations produced in the primordial universe?
17. What is the physical structure of these first collapsing objects?
18. What produced the enormous voids observed in the universe?
19. What mechanism produced the magnetic fields which observations
indicate existed in the early universe?
20. Since fluctuations existed in the hot dense primordial plasma, what are
the effects of these fluctuations on primordial nucleosynthesis and the
large scale structure of the universe?
I have worked recently on some of the above problems and take the
opportunity of the 20th anniversary of the Brazilian Astronomical Society to
review in the following sections the results of my research in plasma
astrophysics with my students at the University of São Paulo.

II. PLASMAS IN STARS

II.1 The Sun
Alfvén plasma waves can play an important role in driving the solar
wind. We have direct evidence for Alfvén waves in the solar wind. Waves are
observed in the solar wind with large perturbations in the magnetic field and
with negligible density perturbations, indicating the presence of Alfvén
waves. Coronal holes are the source of the high speed solar wind stream at
the earth’s orbit. The observational data on the sun put strong limits on
possible flow geometries:
a) solar mass loss rate ~ 2 x 10'14 M@ /yr;
b) coronal holes occupying an area of ~ 10 - 20% of the solar surface;

c)
d)
e)
f)
g)
h)
i)

- -

coronal base pressure (nT) 2 4 x 1014 cgs ;
solar wind passing through a critical point ;
coronal hole field ~ 5 10 G;
velocity at the critical point > 100 km/s ;
coronal temperature > 106 K ;
coronal hole area increasing by a factor 4-8 in a height
observed Alfvén wave flux at 0.3 AU.

-

~ 1 R0 ; and
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We found that an Alfvén wave flux ~ 5 x 105 ergs cm'2 s'1 can pro
the observational data. We showed that the observational data requ
combination of both a slow divergence in a coronal hole in a distance 0
0.1 R@ followed by a rapid divergence up to a height ~ 1 R0 (Refs. 1,2).

II.2 Old Stars

Late-type giant and supergiant stars exhibit cool massive winds
showed that an Alfvén wave flux can explain the observed data (Ref. 3).

II.3 Hot Stars

Hot Wolf-Rayet stars have winds with momentum ~ 4-50 time
radiation fields which are supposed to be pushing them. We can prod
strong hot wind with a photospheric Eddington ratio rÿd ~ 0.4 and a rEd
goes up to l~Edd ~ 0.8 inside the photosphere. However, no theory of s
interiors produces such rÿd values. We showed that a flux of Alfvén w
can solve this “momentum problem” in Wolf-Rayet stars (Refs. 4,5).

II.4 New-Born Stars

Jets emanate from newly bom stars. We showed that Alfvén wav
produce these jets (Ref. 6). We showed also that clumps in these jets c
produced by a plasma thermal instability (Ref. 7).
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II.5 White Dwarfs
The AM Herculis binaries possess a white dwarf, with a strong
magnetic field (> 107 Gauss), as one of the stars of the binary. The notable
optical properties of these binaries are the very high linear (- 10%) and
circular (~ 35%) polarizations observed. The optical polarization is
interpreted as being caused by cyclotron emission in the harmonics ~ 5-20 in
a magnetic dipole accretion column. We studied the emission from these
objects using cyclotron absorption coefficients which include the effects of
collisions and scattering. We reproduced well the observed spectra of a
number of AM Herculis binaries (Ref. 8,9). We also reproduced the spectra
of DQ Herculis binaries, where the white dwarf possesses a weaker magnetic
field (Ref. 10).

III. PLASMAS IN GALAXIES

III.1 Jets from Active Galactic Nuclei

Extragalactic jets are not freely expanding and are collimated from
~ 1 pc to > 105 pc. The motion of these highly ionized jets in a magnetic field
will, in general, excite MHD waves on their borders by the Kelvin-Helmholz
instability. We studied the damping of magnetosonic and surface waves in
these essentially collisionless plasmas. We showed in general, that transit¬
time magnetic damping of these low-frequency compressive MHD waves
produces appreciable electric currents which can be dynamically important.
Typically, for a relativistic electron density n«, we obtain a current density
J * D (iwec) (c/Vpc)2 %3, where Vph is the phase velocity of the surface or
magnetosonic wave, e is the electronic charge, c is the velocity of light,
k = BMHD/BO with BMHD the magnetic field of the MHD wave, B0 the
ambient magnetic field and D a factor -100 for a relativistic power-law
distribution. Using indicated values from observations of jets, we obtain
£, ~ 10'5 to be necessary to produce a sufficiently strong collimating electric
current. The model predicts that a distributed generator acts along the jet

I

I
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length and avoids problems of previous models requiring a current gen
at the galactic nucleus (Ref. 11).
We showed also that kinetic Alfvén waves can produce the e
currents in jets (Refs. 12,13) and that the jets can be produced by A
waves (Refs. 14,15).

III.2 Extended Radio Sources

We investigated whether the filaments observed in extended
sources (e.g., supernova remnants, jets, radio lobes at the ends of jets)
produced by a thermal instability. Using luminosities, pressures
expansion rates indicated by observations of extended radio source
made a linear and nonlinear analysis of thermal instability in these so
We studied a model in which the unknown (as yet) process which c
approximate equipartition in extended radio sources does not act contin
but ceases for time intervals R/VR where R is the radius of the ext
radio source and VR is the radial expansion velocity. We showed th
maximum value of q = (VA/VS)2 under isobaric conditions for th
instability is q,™» = F/G where F = [-2v + (3x/4) (2r|-l)] and
[(2v/3) + (2/t)] with VA (Vs) the Alfvén (sound) velocity, v = VR/
3P/Lgc, Lsc the total synchrotron and inverse Compton losses,
+ 8 n Urad/B2]"1, Urad the energy density of the background radiation,
magnetic field and P the pressure due to the relativistic electrons. We sh
that the filaments observed in extended radio sources can be produce
thermal instability (Refs. 16, 17, 18). We also showed that the superlu
bright blobs near galactic nuclei with velocities greater than ten tim
velocity of light can be produced by a thermal instability (Ref. 19).

-

III.3 Cosmic Rays

We studied the acceleration of particles in supernova shock wav
mechanism for producing the observed cosmic rays. The shock str
equation and the corresponding jump conditions were deduced for o
shock particle acceleration, taking into account wave effects
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hydrodynamic approximation. Numerical results were obtained for diverse
upstream conditions showing the modifications of the shock structure and
energetic particle acceleration efficiency due to the wave pressure and the
wave energy flux. The effect of wave dissipation was also investigated. The
study was based on first order Fermi acceleration near the shock. A particle is
scattered by magnetic irregularities across the shock many times between the
upstream and downstream regions. The kinetic energy of the background
plasma is redistributed in the shock between a thermal and a turbulent
component, the latter being dissipated downstream over a much wider region
than the shock itself. Energetic particles returning upstream from the
downstream region are super Alfvénic and consequently excite Alfvén waves
via the streaming instability, generating a turbulent region in front of the
shock. Both upstream and downstream regions act as scatterers for energetic
particles which are able to cross the shock many times gaining energy in a
secular manner due to the relative motion between the upstream and
downstream media. In the simplest linear theory for plane shocks and a
monoenergetic initial distribution of particles, a power law momentum
spectrum is obtained whose spectral index is a function only of the
kinematical parameters of the shock. The simple linear theory is in fair
agreement with the observational data. For strong shocks, however, the
compression ratio tends to 4 and the particle pressure diverges. This indicates
the necessity of a nonlinear theory which takes into account the effect of the
particle pressure on the background flow. The most remarkable result of the
nonlinear treatment is the formation of a precursor of smooth compression
followed (or not followed) by an MHD subshock. We studied the case of
oblique shocks where all four components - background plasma, magnetic
field, energetic particles and waves are put on an equal footing. We found
that: 1) Nonlinear saturation of the waves increases the compression of the
shock and decreases the particle acceleration efficiency, q; 2) The efficiency
increases with greater far upstream nonthermal fraction of the particle
pressure; and 3) The transition between discontinuous (with a subshock) and
smooth (without a subshock) solutions moves towards higher M as 0
decreases from 90°, where M is the Mach number far upstream with respect
to the total sound velocity and 0 is the angle between the magnetic field far
upstream and the normal to the surface of the shock (Ref. 20). We also
studied distributed cosmic ray acceleration by supernova remnants in the
Galaxy and showed that observed features of the cosmic ray spectrum can be
reproduced (Ref. 21).

-
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III.4 X-Ray Sources

We showed how the X-ray spectrum of Galactic sources can determine
the temperature and the density of the source (Ref. 22).

IV. PLASMA IN THE EARLY UNIVERSE
IV.l Quasars

Quasars are observed to redshifts z ~ 5 which corresponds to less than
10% of the age of the Universe. The high redshifts are identified by the
spectra from their broad-line emission clouds, which exist close to the center
of the quasar. Since the center of the quasar is a very intense radiation source,
the existence of relatively dense emission clouds near the center for a long
time is a mystery. We showed that Alfvén waves can create a two-phase
region where dense clouds of temperature 104 K exist in an ambient hot low
dense region of temperature ~ 107 K (Ref. 23).

-

IV.2 Primordial Magnetic Fields
Magnetic fields comparable to the Galactic magnetic field (~ 10'6 G)
has been identified in the Ly-a forest clouds at redshifts z
2-3. The
identification of a mechanism for creating magnetic fields in the early
Universe is of great importance. We suggested that the confining electric
currents in jets produced by quasars and active galactic nuclei in the early
universe were the origin of the magnetic field in the early universe (Ref. 24).

-
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IV.3 The First Objects Formed

Starting from the recombination era (z ~ 1000) (~ 0.001% the age of
the universe), we investigated the cooling and collapse of Population Dl
objects (the first objects that collapsed in the universe, which did not contain
Mj, where Mj is the Jeans mass at the
heavy elements) for masses M
beginning of the recombinations era. We took into account not only the
internal pressure of the cloud but also photon cooling (from the background
radiation), photon drag, photoionization by the background radiation,
collisional ionization, a complete set of equations for the formation and
destruction of hydrogen molecules, as well as dark matter (Refs. 25, 26, 27,
28, 29). We studied the role of nonspherical collapse and rotation on the
epoch of galaxy formation [Ref. 30] as well as collisions of the first clouds
[Ref. 31].

V. CONCLUDING COMMENTS
Research was reported in the above sections on only some of the
problems discussed in section I. The other problems are presently being
investigated and I hope at the 25th silver anniversary of the Brazilian
Astronomical Society, I will be able to report results of these investigations.
I would like to thank the organizers for inviting me to give this talk and
my colleagues and the University of São Paulo who granted me the conditions
for performing the research reported.
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