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Abundances of elements of cosmological interest

By B.E.J. PAGEL
Royal Greenwich Observatory, Herstmonceux, Hailsham, Sussex, BN21 1RP, U.K.

Observed present-day or proto-solar interstellar mass fractions of relevant species are
X(*H) = 0.70; X(D) ~ 3x10-5; X(%He) ~ 6x10-5; Y(*He) = 0.28; X(°Li) ~
5x10~®%. Because helium is created but not (significantly) destroyed when matter
passes through stars, whereas the opposite holds for deuterium, we expect the corres-
ponding primordial values ¥, and X(D) to be smaller and larger, respectively, than
those given above. For deuterium no direct evidence is available yet; theoretically
X,(D) = fX(D) where 1.2 < f < 5, depending on details of stellar and galactic
evolution. For helium, observations of emission nebulae in irregular galaxies and
compact extragalactic Hu regions give ¥, = 0.23 +£0.01 (s.e.), consistent with in-
ferences from stellar evolution. Some data on lithium in very old stars suggest that
X,("Li) ~ 5x 10710,

The most severe constraint on standard three-neutrino Big Bang models comes
from Y, < 0.25, which implies a present-day average baryon density below 2.3 x
1031 g cm~3, compared with a closure density of 1.9 x 10-2%42, where 4, is the
lI-Iubble constant in units of 100 km s~ Mpc-1. D, 3He and Li are consistent with this
imit.

1. INTRODUGTION

The nuclear species of cosmological interest are 1H, D, 3He, ‘He and 7Li (Schramm & Wagoner
1977) and in this paper I shall try to explain what we know about their present abundances
- in the interstellar medium and what estimates of their primordial abundances we can make
when the effects of nuclear synthesis and destruction in stars are allowed for. The interpretation
of the resulting constraints on Big-Bang cosmology will largely be left to other papers in this
symposium, apart from a small final excursion designed to discuss the mutual consistency of
the constraints imposed by the various abundances within the framework of conventional Big-
Bang models (Yang et al. 1979; Olive et al. 1981).

2. DEUTERIUM

Ever since the early work of Gamov, deuterium has played an important role in cosmological
arguments because its terrestrial and meteoritic abundance is quite large, despite its extreme
nuclear fragility. Deuterium is destroyed in stars, rather than created, under most circum-
stances that can be imagined (see Schramm & Wagoner 1977), whereas the Big Bang provides
a natural source if the baryon density is sufficiently low. Because some of the interstellar medium
has been ‘astrated’, that is, has been inside stars and re-ejected with complete destruction of
its deuterium, we can assume that the abundance in the interstellar medium either now or
at the time of formation of the Solar System is a lower limit to the primordial abundance that
can be ascribed to the Big Bang, and this is still one of the most important constraints on cos-
mology although recently upstaged by ‘He.

Our knowledge of the abundances of the light elements, including D and 3He, has been
reviewed by Reeves (1974). Black (1971, 1972) and Geiss & Reeves (1972) estimated the
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20 B.E.J. PAGEL

proto-solar deuterium abundance on the assumption that a proportion of the *He in the solar
wind comes from pre-solar deuterium processed by D(p, y) ®He. By stepwise heating of gas-
rich meteorites, Black discovered a component with a low *He content that he attributed to
an ancient solar wind, together with other components having the normal solar wind ratio;
subtraction assuming He/H = 0.1 then leads to

D/H = (2.5+1.0) x10-5 or X, = 3.5x1075.

A similar value is deduced from an absorption line of HD in Jupiter, and it follows that deuter-
ium in terrestrial and meteoritic water is overabundant by a factor of about 6 owing to
fractionation.

In 1972, deuterium was also detected for the first time in the interstellar medium by radio
observations, particularly of DCN and other molecules, and HD absorption lines were found
in the ultraviolet with the Copernicus satellite (Spitzer & Jenkins 1975). Owing to fractionation,
again, these observations are not very useful for quantitative abundance determinations, but
Rogerson & York (1973) discovered atomic lines of deuterium on the line of sight to p Centauri
and since then D/H ratios have been measured from interstellar lines observed with Copernicus
in about a dozen stars at distances up to nearly 1 kpc (Laurent et al. 1979 and references
therein; York 1982) with varying degrees of precision, depending on the complexity or other-
wise of the velocity field resulting from multiplicity of clouds in the line of sight. In the best
cases the uncertainty is about 309, but despite this the measured values range over more
than an order of magnitude. Bruston ef al. (1981) attribute most of these variations to the
effects of radiation pressure and molecular fractionation, and they estimate the most probable
value of the abundance to be

D/H = (2.5+0.25) x105 or X, = 3.5 x1075,

which is very close to the estimates for the proto-solar system and thus probably reliable within
a factor of 2 or better.

To estimate the pregalactic value, it is necessary to correct for astration, and the result of
this procedure is highly model-dependent. Audouze & Tinsley (1974) have given numerically
computed evolutionary abundance curves for deuterium and other light elements on the basis
of specific galactic evolutionary models, but it is of interest to develop a simple analytical
theory based on the instantaneous recycling approximation because this gives a more direct
insight into the effects of different parameters assumed in the models. (The instantaneous
recycling approximation assumes that all the astration effects occur in negligible time compared
with the timescale of galactic evolution.)

We assume that evolution takes place in a system having a mass m(¢) consisting of inter-
stellar gas with mass g(¢) and stars with total mass s(¢) increasing with time, i.e.

m(t) = g(2) +s(2), (2.1)
with no stars at the beginning, i.e.
s(0) = 0, (2.2)
and with the deuterium abundance X, in the gas having initially its primordial value

X,(0) = Xy (2.3)

We assume, further, that, whenever a generation of stars is formed, a constant fraction @ remains
locked up in long-lived stars of low mass or compact remnants such as white dwarfs and neutron
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ABUNDANCES OF ELEMENTS 21

stars and the remainder, (1 —a), is returned to the interstellar medium with its deuterium
destroyed. Unprocessed material with the primordial deuterium abundance X, arrives from
the intergalactic medium at some rate dm/d¢. The abundance of deuterium in the interstellar
gas is then governed by the differential equation
d X, dm
T (Xpg) = —'f"'sz T’
with the initial conditions (2.2) and (2.3). It is of interest to look at the solutions of (2.4) for

three different sorts of galactic evolutionary model (cf. Tinsley 1980; Pagel 1981).
(1) A simple closed model with dm/ds = 0. Then

Xo/ Xy = (g/m)a—oa. (2.5)

(2.4)

Such a model is equivalent for this purpose to one that I have advocated for the solar neigh-
bourhood (Pagel 1981), based on models of dynamical collapse by Larson (1976) and Lynden-
Bell (1975). The ratio g/m is probably between 0.1 and 0.25 (Tinsley 1981) and o between 0.6

and 0.8 (Pagel 1981), whence 0.2 < X,/X,, < 0.7,

which indicates the wide range of uncertainty that exists.
(ii) An extreme inflow model (Larson 19%72) in which star formation is balanced by inflow
and g(¢) = constant, dm/ds = 1. In this case,

X, /X, = a+(1—a) e l/o-1/a o (2.6)

and the depletion is only by a factor of 0.7 £ 0.1. This model, however, is only of academic
interest because it does not predict the observed increase in stellar metallicity with time
(Pagel & Patchett 1975; Twarog 1980).

(iii) An intermediate model favoured by the Yale astronomers (Twarog 1980; Tinsley 1981)
in which inflow occurs at a smaller rate such that

dm/ds = A,

where A is a constant of the order of 0.3. For this model,

X,  ad 1-a g A2/ al

Ko l—a'+1—a’(2tg+(1—A)m) T ia(ioA)y @7
where o = a(l-2A),
giving finally 0.37 < X,/X,, < 0.73,

so that a factor of 2 depletion is a reasonable estimate, but the uncertainties are again sub-
stantial. The conclusion, then, is that

Xp

2 & 5x1078
with an uncertainty by a factor of 3 or so.

There is one approach that may, in time, lead to a more accurate estimate of the primordial
deterium abundance. Sargent et al. (1980) have identified the ‘Lyman only’ absorption-line
systems observed in quasars of high red shift (Lynds 1971) with primordial hydrogen clouds
consisting of unprocessed and therefore unastrated material. In suitable objects, it should be
possible to make a search for deuterium lines and thereby obtain interesting limits for primor-

dial deuterium direct.
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3. HEL1UuM-3

Knowledge of the abundance of *He is quite limited. Black’s work and related arguments
lead to a proto-solar abundance (see Reeves 1974)

*He/H = (2+1)x107% or X; = 4x1075.

The 3.46 cm hyperfine line of 3He* has been tentatively detected in the Hir region W51 with
an intensity corresponding to twice this abundance (Rood et al. 1979). Ulrich (1971) suggested
a 10 times higher value on the basis of a tentative identification of a 3He-burning sequence in
young star clusters, but the balance of the evidence evidently favours something in the neigh-
bourhood of Black’s upper limit, and the problem is how to correct it for galactic chemical
evolution.

This question has been discussed by Rood et al. (1976) who calculate that astrated material
that has been through low-mass stars and re-ejected from them in planetary nebulae is en-
riched to X; ~ 1073 as a result of dredge-up from hydrogen-burning zones. Consequently, if
as little as 30 9, of the interstellar gas has been astrated, which is near our lower limit calculated
for deuterium, then this gas as a whole should have X; > 3 x 10~%, over and above any cos-
mological value, and our problem is to explain why so itile 3He is observed. Rood et al. conclude
from this that, even if the problem could be solved by bridging the various uncertain para-
meters, any cosmological contribution to 3He would be entirely swamped by stellar nucleo-
synthesis (cf. Tinsley 1977). However, the likelihood that astration will increase ®He rather
than destroy it permits some interesting cosmological conclusions to be drawn by taking the
proto-solar value as an upper limit (Schramm, this symposium; Yang et al. 1982). If, on the
other hand, we understand stellar evolution so badly that stars actually destroy 3He without
our realizing the fact, then only a much less stringent upper limit can be placed on X,(®He)
by the same sort of considerations as were used for deuterium, giving

X,(®°He) < 3x1074

This question is discussed further by Schramm (this symposium).

4. HELIUM
4.1. General comments on the abundance of helium

Helium is not only the second most abundant element in the visible Universe, but also the
one about which we have the most knowledge. Its abundance can be derived from absorption
lines in hot stars, from emission lines in gaseous nebulae and from global stellar properties:
the mass-luminosity relation, pulsation characteristics and location of the zero-age or evolved
main sequence in the luminosity-effective temperature plane; and also from certain statistical
properties like the relative numbers of red giants and horizontal-branch stars in globular
clusters. These methods do not all have the same precision, but in favourable cases (notably
H 11 regions) the precision can be better than 109, and possibly even 5 %. This contrasts with
the situation for other elements in astrophysical objects, where a precision of 209, can be
rarely, if ever, surpassed. Generally, the abundance of helium, by mass, in objects not greatly
affected by internal nuclear processing, is found to be in the range 0.2 < Y < 0.3, which is
within the range that is of interest for cosmology (Schramm & Wagoner 1977). The questions
that arise, then, are:
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(i) Is there any object that may lead us to doubt the existence of a universal pre-galactic
helium abundance of the order of 0.2.or more as required by canonical Big-Bang models? and

(ii) Can we discern a trend of helium abundance with the mass-fraction Z of carbon and
heavier elements synthesized in stars that will enable us to sort out the contribution of stellar
nucleosynthesis to the helium in any particular class of objects and thereby extract a primordial
value with sufficient precision to provide interesting constraints on current cosmological
models ?

The answer to the first question has been generally considered for at least 10 years to be
definitely no, for reasons that were succinctly summarized by Searle & Sargent (19724). Data
available at that time (see, for example, Danziger 1970) did indicate a few apparent possible
exceptions to a universal helium abundance of at least 0.2 by mass, notably (i) a supposed
weakness of helium lines in quasars (but see Williams 1971), (ii) weak helium lines among
the so-called subdwarf B stars in globular clusters and among field stars in the galactic halo,
and (iii) the large mass deduced from a supposed detection and separation measurement of
a faint companion to the nearby astrometric binary subdwarf p Cassiopeiae (Hegyi & Curott
1950; but see Faulkner 1971). Actually this last result now appears to have been spurious
because when the companion was eventually found later on (by a photographic technique)
it turned out to be much fainter than Hegyi & Curott could have detected and there is no
evidence for low helium in p Cas (Feibelman 1976). The same applies to the similar subdwarf
system 85 Pegasi (Smak 1960; Feierman 1971) although in both cases the uncertainties are
still considerable. The results for the subdwarf B stars, by contrast, are not wrong but they are
misleading in so far as they refer only to atmospheric layers, which are subject to gravitational
settling (Greenstein ef al. 1967). Sargent & Searle (1967) provided the first proof that the
atmospheric layers are unrepresentative by discovering phosphorus lines in the halo B sub-
dwarf Feige 86, which thus shows similarities to the young chemically peculiar star 3 Cen A,
which it also resembles in having an abnormally high ratio of 3He/*He (Hartoog 1979) ; similar
conclusions have since then been extended to several other B subdwarfs when observed with
sufficiently high resolution (Greenstein & Sargent 1974). However, by the same token we
should remain unimpressed by the normal helium abundances found in various halo objects
in an advanced evolutionary state where they can have been affected by hydrogen burning,
e.g. the luminous B star Barnard 29 in the globular cluster M13 (Auer & Norris 1974) and the
planetary nebula K648 in M15 (Hawley & Miller 1978). A further signal contribution made
by Searle & Sargent to this issue was the discovery that two of Zwicky’s compact galaxies,
I Zw18 and IT Zw40, have spectra characteristic of Hir regions with substantial deficiencies of
heavy elements (O and Ne) but near-normal helium (Sargent & Searle 1970; Searle & Sargent
1972b). Meanwhile, further studies of quasars have shown that, while He+ 14686 A is often
weak, the Her lines are in fact remarkably strong, which is explained by fairly intricate radiative
transfer processes combined with a more or less normal helium abundance (Davidson & Netzer
1979). Consequently there is no evidence that old objects exist with ¥ < 0.2 or so.

4.2. Helium in the solar neighbourhood

Before examining whether we can find a correlation between helium and heavy-element
abundances that can be extrapolated to pre-galactic or pre-stellar helium, we should first
satisfy ourselves that there is indeed a unique helium abundance in some astrophysical system
at a given time, and this is something that can be tested by looking at the Sun and at stars
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TaBLE 1. HELIUM ABUNDANCE IN THE SUN AND ITS NEIGHBOURHOOD

object method y Y references
Sun
solar interior, evolution models; 0.085 £ 0.009 0.25 + 0.02 1
envelope (Z = 0.02) oscillation frequency
prominences emission lines 0.100+ 0.025 0.28 + 0.05 2
flare particles plastic emulsion, etc. 0.06: 0.19: 3
solar wind counters 0.04 + 0.01 0.14+0.03 4
(fractionation)
young objects
B, A main sequence binary mass— 0.11+0.02 0.28 + 0.04 5
interiors luminosity relation
normal B stars: absorption-line profiles 0.10 +0.02 0.28 + 0.04 6
atmospheres in blue
Orion nebula optical recomb. lines 0.100 + 0.005 0.28 + 0.01 7
radio recomb. lines > 0.088 = 0.26 8

References: 1, Bahcall & Ulrich (1971), Gough & Weiss (1976), Christensen-Dalsgaard & Gough (1980); 2,
Heasley & Milkey (1978); 3, Crawford et al. (19753), assuming 12+1g (O/H) = 8.9; 4, Hundhausen (1972);
5, Popper et al. (1970); 6, Leckrone (1971); Norris (1971), Auer & Mihalas (1971); 7, Peimbert & Torres-
Peimbert (1977); 8, Thum et al. (1980), Thum (1981).

and Hi regions within a few hundred parsecs. Planetary nebulae are to be excluded because
in some cases at least they are appreciably self-enriched in helium (Torres-Peimbert & Peimbert
1977), and we should also note that the solar value could in principle be slightly different from
that found in younger objects because of time-dependence and large-scale spatial gradients in
the enrichment. A variety of data, based on several different techniques, are available for the
solar neighbourhood (table 1) and the results in the table are mutually consistent if we assume
that solar flare particles and the solar wind are affected by selective acceleration processes.
However, since the determination from the solar interior could be suspect until the solar
neutrino problem has been solved, the initial abundance of helium in the Sun largely rests on
the theory of radiative transfer in prominences, and the result is still only of low precision.
The results for hot stars that show absorption lines of helium in their optical spectra are also
of rather low precision because of small uncertainties arising from line-broadening theory and
departures from local thermodynamic equilibrium. Probably the most accurate value comes
from the study of recombination lines of hydrogen and helium in the Orion nebula, in which
three of the helium lines (AA 4471, 5876, 6678 A) have been shown to depart from optically
thin, purely radiative conditions by only about 5%, (Peimbert & Torres-Peimbert 1977). A
somewhat larger source of uncertainty is the correction for ionization, since the recombination
lines actually give the ratio y* of singly ionized helium to ionized hydrogen, weighted by
electron density in the line of sight. This leads to a position-dependent ionization correction
factor (i.c.f.) to allow for neutral helium, which can be estimated in optical observations by
looking at different areas and comparing with the O+/O?2* ionization balance (the i.c.f. is
virtually 1.00 close to the Trapezium). For radio data, the i.c.f. is more difficult to determine
because of the large beam width and because other ions are not available, and for this reason
only a lower limit is quoted. Doubly ionized helium, when present, is readily detected and
allowed for in the course of optical observations; it is absent or very weak in normal Hir regions.

Many nearby stars show unusually high or low helium abundances in their photospheres.
Large helium abundances can result from hydrogen burning, mixing and mass loss in the
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course of stellar evolution: examples are Wolf-Rayet stars, hydrogen-deficient carbon stars
and their hotter counterparts known as helium stars (Hunger 1975; Baschek 1979), the DB
white dwarfs (Weidemann 1975) and some planetary nebulae (Torres-Peimbert & Peimbert
1977; Kaler 1978). Such effects are, of course, entirely in line with what one would expect
from stellar nucleosynthesis. More ‘anomalous’ are stars with unusually low atmospheric
helium, which include not only the DA white dwarfs (Weidemann 1975) but also the large
group of so-called chemically peculiar (Bp, Ap and Am) stars, which are main-sequence stars
with effective temperatures between 7000 and 20000 K or so (Preston 1974). The photo-
spheres of these stars, some of which have strong magnetic fields up to 1 T, show an-extra-
ordinary variety of abundance anomalies in which rare elements such as phosphorus,
manganese, rare earths and mercury are enhanced, asare somewhat less rare elements like silicon
and chromium, while abundant elements like helium and oxygen are deficient, with different
sorts of anomalies occurring predominantly in different ranges of effective temperature. Most
are relatively slow rotators and many are spectrum variables in which the abundance anomalies
vary as different faces of the star are presented to the observer, which is one of several reasons
for believing that the abundance anomalies are only a skin effect, not representative of the
composition of the star as a whole; the most successful theory to account for them is that of
diffusion, i.e. gravitational settling modified by selective radiation pressure (Michaud 1970;
Vauclair & Vauclair 1979). Thus in relatively stable atmospheres with no deep convection
zone, only weak turbulence caused by rotation, and possibly a magnetic field to inhibit mixing
currents, helium sinks down below the atmosphere when the effective temperature is below
about 20000 K, while at higher temperatures it can be pushed up by radiation pressure in the
ionization continuum and stars then may appear superficially helium-rich, although in some
cases they are probably truly helium-rich as a result of nuclear processing (Hunger 1973).
Naturally all such chemically peculiar individual stars should be disregarded in assessing the
helium abundance in the solar neighbourhood, which then comes out at ¥ = 0.28 + 0.02.
However, significantly lower values have been reported from photoelectric spectrophotometry
of ten or more main-sequence stars in h and y Persei and the association Cepheus OB III
(Nissen 1976) and in the nearby Hyades cluster (Stromgren ef al. 1982) ; if these results cannot
be somehow ‘explained away’ then we shall have to accept the possibility of quite large varia-
tions in helium abundance at the present time.

4.3. Helium at other places and other times

We assume that massive stars synthesize both helium and heavy elements and supply them
to the interstellar medium. A simple, naive model of galactic chemical evolution akin to model
(i) in §2 then leads one to expect a linear relation

Y=Y, +ZdY/dZ (4.1)

between helium and heavy element abundances to hold at all places and times, if one ignores
possible differences in past rates of formation of stars of different mass, exchanges of material
with the surroundings and other complicating factors. The range of strict applicability of this
equation is quite narrow, but it has the saving grace that, when Z is sufficiently small, we can
still obtain interesting results from the more general assumption that ¥ — ¥, from above.

To extrapolate to Z = 0, we can go back in time by studying nearby metal-deficient objects
(subdwarfs) and globular clusters, which latter may also involve spatial gradients across the
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Galaxy. Alternatively we can study luminous young objects widely distributed in space, e.g.
Hu regions in our own and other galaxies in which the heavy-element abundances are different,
basically because of the relative youth of the underlying stellar populations.

(1) Globular clusters and field stars of the galactic halo population

In old stellar populations, the stars still on the main sequence are too cool to show helium
lines in their spectra, but the theory of stellar structure predicts a relation between the position
of the main sequence in the colour-luminosity (Hertzsprung—Russell (H-R)) diagram and the
abundance parameters ¥ and Z in the sense that increasing Z pushes the sequence up and to
the right while increasing ¥ does the opposite. In this way Carney (1979) has used the difference
of the order of half a magnitude in luminosity between extreme subdwarfs and main-sequence
stars of the Hyades cluster to estimate an average value of Y in the subdwarfs. This result
(table 2) is consistent with those derived earlier on similar grounds by Cayrel (1968), Dennis
(1968) and Eggen (1973). However, similar differences are expected between nearby field
stars differing in metallicity from the Sun by quite small factors of 2 or 3, and these are not
clearly perceived (Eggen 1973; Perrin et al. 1977). A strict cancellation of main-sequence shifts
can be estimated to result for such stars if d¥Y/dZ ~ 5, but most, if not all, of this factor can
be accounted for by inadequacies in the data, especially parallaxes (Cayrel 1978).

TABLE 2. HELIUM ABUNDANCES IN OLD STARS

globular clusters field stars
M 92 M3 M 13 47 Tuc subdwarfs references

[Fe/H]t -2.3 —-1.8 —-1.5 -0.9: -1.7

z 0.0002: 0.0005% 0.0005 0.002: 0.0008

T (RR blue edge) 0.2240.07  0.22+0.07 1
AT (instab. strip) 0.29 4+ 0.04 0.29+0.04 2
RR periods 0.3 0.3 3
HB/RG ratio 0.23 + 0.04 0.24 + 0.04 4
H-R diagram 0.26 +0.03 0.30+0.03 0.30+0.03 0.26 +0.03 5
main sequence 0.23+0.04§ 6

t [X] = lg X (object) —1g X (Sun).

+ Assuming [O/Fe] = 0.5.

§ Assuming ¥ = 0.30 in the Hyades.

References: 1, Sandage (1969), revised after Tuggle & Iben (1972); 2, Deupree (1977); 3, Castellani (1981);
4, Renzini (1977), cf. Buonanno et al. (1981); 5, Demarque & McClure (1980), Caputo & Cayrel de Strobel
(1981) (adapted); 6, Carney (1979).

Several methods exist for the determination of helium abundance in globular clusters, but
these are subject to rather uncertain systematic errors due to theoretical modelling of stellar
structure and evolution and to uncertainties in the abundances of C, N and O. Metal abun-
dances are still uncertain by factors of about 2, oxygen is usually deficient by smaller factors
than the metals, and C and N vary, often within a single cluster, by large amounts that may be
partly primordial in origin (see Kraft 1979; Pagel & Edmunds 1981; Freeman & Norris 1981).
The methods used involve one of the following: (i) effective temperatures and periods of
pulsating variables (RR Lyrae stars); (ii) morphology of the H-R (luminosity—colour) dia-
gram; and (iii) the population ratio of horizontal-branch stars to red giants. Helium abundances
differing by small amounts of the order of 0.03 from cluster to cluster also constitute one of
the many candidates for the ‘second parameter’ that is postulated in order to account for the
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existence of differing horizontal-branch morphologies in different clusters with the same
metallicity (Kraft 1979; Freeman & Norris 1981), but not necessarily the most promising one.
A number of estimates of helium abundance in a few well studied globular clusters are collected
in table 2.

Pulsation theory (Christy 1966) provides a useful method of estimating helium abundances
in stellar envelopes in those clusters where there are sufficient variables to define the boundaries
of the instability strip, the basic effect being the importance of Het as a driver of pulsation.
The results are relatively insensitive to mass, age and heavy-element abundance, within
reasonable limits, but they do depend critically on opacities and on the exact determination
of effective temperature or of its dependence on colour. Alternatively, if one can predict the
width of the instability strip (Deupree 1977) or the period distribution of RR Lyrae stars
(Castellani 1981), then the observational uncertainties are reduced at the expense of placing
heavier reliance on convection theory or evolutionary stellar models.

The effect of varying initial helium abundance on the morphology of the H-R diagram is
that, at a given heavy-element abundance Z, increasing ¥ pushes the unevolved main sequence
down and the ‘zero-age’ horizontal branch up. As a result, the relative luminosities of horizon-
tal-branch and main-sequence stars are altered by nearly 0.4 dex when Y changes from 0.2 to
0.3. Such differences are indeed found among the H-R diagrams, leading to a suggestion that
there could be significant differences between different globular clusters, and that they may
not be in a one—one correspondence with their metal contents in all cases (Demarque & McClure
1980, Caputo & Cayrel 1981; see also Sandage et al. 1981). This last result, however, is quite
critically dependent on the heavy-element contents, particularly for 47 Tuc, where further
revisions might well be enough to bridge the gap.

The third method of estimating helium abundances in globular clusters relies on the fact
that, when there is more helium, the luminosity and the lifetime on the horizontal branch are
both increased, while the lifetime on the first ascent of the red-giant branch above any given
luminosity is decreased. Consequently the ratio of the number of horizontal-branch stars to
that of red giants more luminous than the horizontal branch is an indicator of helium abun-
dance (Iben 1968), although one that is subject to various theoretical and experimental
problems, chiefly semi-convection and completeness respectively (Renzini 1977). Finally,
Green (1981) has made a careful study of the luminosity functions of the red giants in many
globular clusters and compared them with theoretical luminosity functions for ¥ = 0.2 and
0.3. In most cases the agreement is good but, for the four clusters less than 6 kpc from the galac-
tic centre that were studied, she found a significant deficiency of stars near the tip of the red
giant branch compared with what was expected on the basis of a constant horizontal-branch
luminosity for all clusters. Relaxing this assumption leads to a tentative suggestion that the
horizontal branch is brighter than expected for these inner clusters, either because of an
enhanced core mass (e.g. due to rotation) or because of enhanced helium abundance, i.e.
Y > 03.

The end result of the data summarized in table 2 (and similar data for several other globular
clusters) is that the uncertainties just about cover the range of interest, which is encouraging
in a way, but is of no help in estimating Y},.
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(i1) Galactic and extragalactic Hu regions

Our reniaining hope of setting interesting limits on ¥, (and dY/dZ) is provided by obser-
vations of hydrogen and helium recombination lines in Hir regions, i.e. clouds of interstellar
material ionized by ultraviolet radiation from one or more hot stars newly formed from the
same cloud or cloud complex. These can be Hir regions in our own Galaxy, where the heavy
element fraction Z decreases outwards from the centre at a rate of 0.05 dex per kiloparsec or so
(see Pagel & Edmunds 1981); or in the Magellanic Clouds where Z is significantly lower than
in the solar neighbourhood ; or giant Hix regions in external spirals that have similar or in some
cases larger abundance gradients than are found in our own Galaxy; or gas-rich external
galaxies discovered in surveys such as those by Zwicky and Markarian, which have emission-
line spectra typical of Hi regions and cover a wide range of heavy-element abundance from
about 0.02 of the solar value upwards and which are referred to variously as extragalactic
Hu regions and as non-Seyfert emission-line galaxies. Many studies of abundances in all
these classes of H1r regions have been made (see Pagel & Edmunds 1981), but the determination
of ¥, makes such exceptional demands on precision of observations and data analysis that only
a handful of investigations, undertaken specifically with this purpose in mind, need to be
considered here.

An early attempt to correlate ¥ and Z and extrapolate to Z = 0 was made by Peimbert &
Torres-Peimbert (1974, 1976) in studies of the two Magellanic Clouds, which have the advant-
age of having many Hir regions, which are easily resolved so that the i.c.f. can be studied point
by point, and a more or less uniform abundance in each cloud (Pagel et al. 1978). By joining
the two clouds to Orion and assuming equation (4.1), they deduced ¥, = 0.228 + 0.014 and
dY/dZ ~ 2.7, but the result is open to question because of having only three data points and
because the chemical evolution of the solar neighbourhood including Orion may be quite
distinct from that of Irregular galaxies so that (4.1) need not apply to it. This reservation was
overcome in a subsequent investigation by the Peimberts and colleagues (Lequeux ef al. 1979)
in which the Magellanic Cloud data were combined with new data for six Irregular and
compact galaxies from which they deduced

Y = 0.233 +0.005 + (1.7 + 0.9) Z, (4.2)

where Z is taken to be proportional to the oxygen abundance. (Inclusion of Orion increases
dY/dZ to 2.8 while leaving ¥, virtually unaffected at 0.228.) The large dY/dZ ratio was
explained by computing galactic enrichment models in which massive stars are assumed to
undergo heavy mass loss in the core hydrogen and helium burning stages (Chiosi & Caimmi
1979; Chiosi & Matteucci 1982), which basically reduces the heavy-element yield while
leaving the helium yield unaltered (see Serrano & Peimbert 1981). However, Maeder (1981)
has challenged the theoretical basis of these computations.

Since then, there have been some other investigations reaching conclusions that agree with
those of Lequeux ef al. (1979). Thum (1981) has discussed the optical and radio recombination
line data in our own Galaxy and suggests that there is a helium abundance gradient corres-
ponding to the Z gradient, although its precise run is rendered somewhat uncertain by the
problem of ionization corrections. Assuming that dY/dZ ~ 2, Thum deduces

Y, = 0.22+0.02,
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but it is fair to say that the whole question of helium in galactic Hi regions remains to be settled
by further studies (Shaver ¢t al. 1982). Recently Rayo et al. (1982) have carried out an extremely
careful study of Hu1 regions in thé Scd spiral M 101 in which they allowed for underlying stellar
absorption and emission lines as well as radiative transfer effects and obtained helium abun-
dances for two Hi regions in which they were satisfied that they had adequate ionization
corrections and again found a helium gradient decreasing outwards. From the outer Hu
region, NGC 5471, they derive the pre-galactic value

Y, = 0.216 +0.010(30") +0.004(1.7—d¥/d Z),

which is certainly the highest precision ever claimed for an estimate of ¥},.

Other investigations of this problem have led to considerably less clearcut results, and in
some cases cast doubt on the whole idea of a straightforward single-valued relation between Y
and Z. Samples of Irregular galaxies and extragalactic Hir regions studied by French (1980),
Talent (1980), Kinman & Davidson (1981) and Kunth (1982) yield essentially a scatter dia-
gram in which no correlation between Y and Z can be discerned unless one includes Orion,
which is not permissible. If indeed the relation is a scatter diagram, then the most logical way
to proceed is simply to take a straight mean of the helium abundances as an upper limit, which

is what Kunth does, leading to
Yp < 0.245 +0.003 (10),

which is still an interesting result.

Why is there so much disagreement between the results of Lequeux, Peimbert and their
colleagues and those of the other workers? The problem is that the dY/dZ effect is so small
as to stretch the precision of the data to the limit, and it may be that the other investigations
simply do not have enough precision. Alternatively, there could be a systematic effect in the
ionization correction factors of Lequeux et al. Finally, there may be a real scatter and Lequeux
et al. could just have been lucky (or unlucky) in their choice of objects. This point is investigated
in table 3, where we examine the precision of the data both as claimed by the authors and as
emerges from the standard deviation relative to the simple assumption that y is constant. It is
clear that the errors in all except Lequeux’s and Kunth’s data are too large to reveal any
correlation even if it exists. The two latter data sets have comparable errors, with Kunth’s
data showing a slightly larger scatter; there is only one object in common, II Zw 40, for which
the agreement is excellent. These two data sets are shown in figure 1, together with weighted
least-squares regressions and their 1o errors; the two relations are not mutually inconsistent,
but the uncertainties in the d¥/dZ slope are evidently large. I conclude that the best estimate
that can be made of the primordial helium abundance at present is

Y, = 0.23+£0.01 (s.e.),
and that we can set a firm upper limit of
Y, < 0.25,

which is no different from the conclusions of Yang et al. (1979). To establish that the true
value is as low as 0.22 would, of course, provide a still more interesting constraint on cos-
mological models, but no firm conclusion can be reached on this point until we have more
numerous data of very high precision.
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TABLE 3. Y AND Z IN IRREGULAR GALAXIES AND EXTRAGALACTIC H1l REGIONS

Lequeux Kinman &
et al. Kunth French Talent Davidson
range in ZTmin 0.0004} 0.0008 0.0004 0.0018 0.0004
, § max 0.0063% 0.0049 0.0050 0.0064 0.0069
" number of objects 10 13 10§ 26 9
4 mean y 0.080 0.082 0.087 0.077. 0.096
— r.m.s. error (authors’) 0.005 0.0053 0.010 0.016 0.028
< sample standard deviation 0.0038 0.0054 0.016 0.009 0.031
>-4 >" Yy 0.242 0.246 0.257 0.235 0.277
@) : s.e.m. +0.003 +0.003 +0.012 +0.004 +0.024
=2 = 1 Assuming Z = 25 (O/H).
= QO + Temperature fluctuations taken to be zero in computing Z.
T O § Low-luminosity galaxies only.
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Ficure 1. Relation between Y and Z in extragalatic H regions, based on the results of (a) Lequeux ¢t al. (1979)
and (b) Kunth (1982). It has been assumed that Z = 25(O/H) and that temperature fluctuations in the Hu
regions are negligible. The least-squares regressions have the equations ¥ = 0.230 + 0.004 +(3.31 £ 0.95) Z
(Lequeux ef al.) and ¥ = 0.243 +0.010+ (1.4 + 3.8) Z (Kunth). Orion and NGC 5471 are shown with the
data of Lequeux ef al. for comparison; they are not included in the solution. Error bars are + 10
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5. LitHIUM-7

The abundance of ’Li in meteorites corresponds to X, = 5x 10~° (Cameron 1981), but in
stellar atmospheres lithium is usually depleted by an amount that increases with the age of
the star and with the depth of the surface convection zone because it is destroyed by hydrogen-
burning at the relatively low temperature of 2 x 108 K (see review by Boesgaard 1976). The
abundance in the youngest stars is consistent with that in meteorites, while in the interstellar
gas lithium is depleted by a factor similar to sodium and potassium, probably through being
locked on grains (see Snell & Vanden Bout 1981). On the other hand, very large lithium
abundances, up to 100 times the cosmic value, are found along with excesses of carbon and s-
process elements in certain cool carbon stars like WZ Cas and WX Cyg, which is accounted
for by the synthesis of its radioactive progenitor “Be through 3He(a, y) "Be (Cameron & Fowler
1971) in the interior, followed by dredge-up to the atmosphere when the outer convection zone
penetrates between helium shell flashes (Sackmann et al. 1974). This process, together with
others such as low-energy cosmic rays, probably leads to a net enrichment of 7Li in the present-
day interstellar medium over the pre-galactic value (Audouze & Tinsley 1974), which can
therefore only be estimated if one can find very old stars that at the same time have sufficiently
thin convective envelopes for surface lithium not to have been substantially depleted during
their lifetime.

Recently Spite & Spite (1981, 1982) have discovered lithium lines in the spectra of five
extreme subdwarfs deficient in metals by factors between 15 and 250 and with effective
temperatures between 5000 and 6000 K, with the coudé spectrograph of the new Canada-
France-Hawaii Telescope. The interesting features of their results are that (i) lithium is
actually quite abundant, with about one tenth of the cosmic value, and (ii) the abundance
found is the same in the four hotter stars, independent of their temperature or metallicity, and
significantly lower only in the coolest star (Groombridge 1830) of the sample, which they take
as tentative evidence that lithium destruction in the outer convection zone may not have been
effective in these four stars. (This contrasts with the situation in old metal-rich dwarfs, where
there is a systematic gradual decrease in surface lithium abundance with decreasing effective
temperature.) Spite & Spite conclude that they may well have identified the pre-galactic
lithium abundance with

X,("Li) = 5x10710,
and an error of perhaps a factor of 3. In any case they have established an interesting lower
limit.

6. SUMMARY AND CONCLUSIONS

Our estimates of present-day and primordial abundances of the relevant elements are
summarized in table 4 and plotted against the predicted Big-Bang values taken from Yang
et al. (1979), assuming three neutrino flavours, in figure 2 (the *He scale has been expanded
by a factor of 10 for convenience). The effect of increasing theoretical lithium production by
a factor of 3 (Olive et al. 1981) is also shown. With the error estimates I have used, all the
abundance data are consistent with a present-day baryon density (assuming 7" = 2.7 K)
that is below 2.3 x 103 g cm~3, this limit being set by Y, (*He) < 0.25. Lower limits to the
density come from the maximum primordial abundances of D, 3He and Li, all of which involve
rather more uncertainties, but suggest a limit somewhere near 10-31 g cm=3, If the helium
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abundance actually turns out to be ¥, = 0.22, the upper limit to the density is only 5 x 1032
and this would then be inconsistent with the upper limit adopted for deuterium. Should this
happen, the deuterium limit may need to be re-appraised ; the primordial deuterium abundance
would then be as high as 10-3 in the canonical model, and this should be relatively easy to
detect if it is actually present in the quasar Lyman systems.

TABLE 4. PRESENT-DAY AND PRIMORDIAL ABUNDANCES (BY MASS)

X X,
s A \
(now or lower preferred upper
proto-solar) limit value limit
hydrogen, *H 0.70 0.75 0.77 0.79
deuterium, 2H 3x10-8 2x 105 5x10-5 2x 104
helium, 3He 6x 105 0 ? 9x 10-5¢
4 %10~
helium, “‘He 0.28 0.21 0.23 0.25
lithium, "Li 5x10-? 2x10-10 5x10-10 5x10-°

t If there is no net destruction in stars.
1 If stars destroy *He completely.
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Ficure 2. Comparison of primordial abundance estimates of this paper with the predictions of the canonical
three-neutrino Big-Bang model (Yang ef al. 1979). The logarithm of X, is plotted against the logarithm
of the average baryon density when the microwave background temperature is 2.7 K. Solid and broken
lines for 7Li indicate the effect of an upward revision by a factor of 3 (Olive et al. 1981). The *He scale is
expanded by a factor of 10 for convenience. Open circles indicate preferred values and the corresponding
densities, with error boxes according to table 4. Vertical bars in the top right corner indicate closure densities
if the Hubble constant is 50 or 100 km s~ respectively, while the vertical mark on the He curve indicates the
effect of one neutrino flavour more or less.

I thank Daniel Kunth, Manuel Peimbert, David Schramm, Peter Shaver and their colleagues
and Monique and Frangois Spite for supplying details of their work in advance of publication;
John Barrow, Michael Edmunds and Dennis Sciama for helpful discussions; and Ken Wood

_for assistance in the analysis of published data.


http://rsta.royalsocietypublishing.org/

Y | \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

a
R

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ABUNDANCES OF ELEMENTS 33

REFERENCES

Audouze, J. & Tinsley, B. M. 1974 Astrophys. J. 192, 487.

Auer, L. H. & Mihalas, D. 1971 Astrophys. J. Suppl. 25, 433.

Auer, L. H. & Norris, J. 1974 Astrophys. J. 194, 87.

Bahcall, J. N. & Ulrich, R. K. 1971 Astrophys. J. 170, 593.

Baschek, B. 1979 In Les éléments et leurs isotopes dans I’ Univers (ed. A. Boury, N. Grevesse & L. Remy Battiau),
p- 327. Liége: Institut d’Astrophysique.

Black, D. 1971 Nature, phys. Sci. 234, 148.

Black, D. 1972 Geochim. cosmochim. Acta 36, 347.

Boesgaard, A. M. 1976 Publs astr. Soc. Pacif. 88, 353.

Bruston, P., Audouze, J., Vidal-Madjar, A. & Laurent, C. 1981 Astrophys. J. 243, 161.

Buonanno, R., Corsi, C. E. & Fusi-Pecci, F. 1981 Mon. Not. R. astr. Soc. 196, 435.

Cameron, A. G. W. 1981 In Essays in nuclear astrophysics (ed. C. Barnes, D. D. Clayton & D. N. Schramm).
Cambridge University Press.

Cameron, A. G. W. & Fowler, W. A. 1971 Astrophys. J. 164, 111.

Caputo, F. & Cayrel de Strobel, G. 1981 In Astrophysical parameters for globular clusters (IAU Colloguium no. 68),
p- 415. Dudley Observatory, Schenectady, N.Y.

Carney, B. W. 1979 Astrophys. J. 233, 8717.

Castellani, A. 1981 In Globular clusters (ed. D. Hanes & B. Madore), p. 65. Cambridge University Press.

Cayrel, R. 1968 Astrophys. J. 151, 997.

Cayrel de Strobel, G. 1978 In Astronomical papers dedicated to Bengt Stromgren (ed. A. Reiz & T. Andersen), p. 203.
Copenhagen University Observatory.

Christensen-Dalsgaard, J. & Gough, D. O. 1980 Nature, Lond. 288, 544.

Chiosi, C. & Caimmi, R. 1979 Astron. Astrophys. 80, 234.

Chiosi, C. & Matteucci, F. M. 1982 Astron. Astrophys. 105, 140.

Crawford, H. J., Price, P. B., Cartwright, B. G. & Sullivan, J. D. 1975 Astrophys. J. 195, 213.

Christy, R. F. 1966 A. Rev. Astr. Astrophys. 4, 353.

Danziger, 1. J. 1970 A. Rev. Astr. Astrophys. 8, 161,

Davidson, K. & Netzer, H. 1979 Rev. mod. Phys. 51, 715.

Demarque, P. & McClure, R. D. 1980 Astrophys. J. Lett. 242, L5.

Dennis, R. E. 1968 Astrophys. J. Lett. 151, 1L.47.

Deupree, R. G. 1977 Astrophys. J. 214, 502.

Eegen, O. J. 1973 Astrophys. J. 182, 821.

Faulkner, J. 1971 Phys. Rev. Lett. 27, 206.

Feibelman, W. A. 1976 Astrophys. J. 209, 497.

Feierman, B. H. 1971 Astr. J. 76, 73.

Freeman, K. C. & Norris, J. 1981 A. Rev. Astr. Astrophys. 19, 319.

French, H. B. 1980 Astrophys. J. 240, 41.

Geiss, J. & Reeves, H. 1972 Astron. Astrophys. 18, 126.

Gough, D. G. & Weiss, N. O. 1976 Mon. Not. R. astr. Soc. 176, 589.

Green, E. 1981 Ph.D. thesis, University of Texas at Austin.

Greenstein, G. S., Truran, J. W. & Cameron, A. G. W. 1967 Nature, Lond. 213, 871.

Greenstein, J. L. & Sargent, A. I. 1974 Astrophys. J. Suppl. 28, 157.

Hartoog, M. R. 1979 Astrophys. J. 231, 161.

Hawley, S. A. & Miller, J. W. 1978 Astrophys. J. 220, 609.

Heasley, J. N. & Milkey, R. W. 1978 Astrophys. J. 221, 671,

Hegyi, D. & Curott, D. 1970 Phys. Rev. Lett. 24, 415.

Hundhausen, A. J. 1972 Coronal expansion and the solar wind, p. 100. Berlin, Heidelberg and New York: Springer-
Verlag.

Hunger, K. 1975 In Problems of stellar atmospheres and envelopes (ed. B. Baschek, W. H. Kegel & G. Traving),
p. 57. Berlin, Heidelberg and New York: Springer-Verlag.

Iben, I. Jr 1968 Nature, Lond. 220, 143.

Kaler, J. B. 1978 In Planetary nebulae (IAU Symposium no. 76), p. 235.

Kinman, T. D. & Davidson, K. 1981 Astrophys. J. 243, 127.

Kraft, R. P. 1979 A. Rev. Astr. Astrophys. 17, 309.

Kunth, D. 1982 Ph.D. thesis, Paris University.

Larson, R. B. 1972 Nature, phys. Sci. 236, 7.

Larson, R. B. 1976 Mon. Not. R. astr. Soc. 176, 31.

Laurent, C., Vidal-Madjar, A. & York, D. G. 1979 Astrophys. J. 229, 923.

Leckrone, D. S. 1971 Astron. Astrophys. 11, 387,

Lequeux, J., Peimbert, M., Rayo, J. F., Serrano, A. & Torres-Peimbert, S. 1979 Astron. Astrophys. 80, 155.

3 Vol. 307. A


http://rsta.royalsocietypublishing.org/

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY [\

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

34 B.E.J. PAGEL

Lynden-Bell, D. 1975 Vistas Astr. 19, 299.

Lynds, C. R. 1971 Astrophys. J. Leit. 164, L.73.

Maeder, A. 1981 Astron. Astrophys. 101, 385.

Michaud, G. 1970 Astrophys. J. 160, 641.

Nissen, P. E. 1976 Astron. Astrophys. 50, 343.

Norris, J. 1971 Astrophys. J. Suppl. 23, 193.

Olive, K. A., Schramm, D. N., Steigman, H., Turner, M. S. & Yang, J. 1981 Astrophys. J. 246, 557.

Pagel, B. E. J. 1981 In The structure and evolution of normal galaxies (ed. S. M. Fall & D. Lynden-Bell), p. 211.
Cambridge University Press.

Pagel, B. E. J. & Edmunds, M. G. 1981 A. Rev. Astr. Astrophys. 19, 77.

Pagel, B. E. J., Edmunds, M. G., Fosbury, R. A. E. & Webster, B. L. 1978 Mon. Not. R. astr. Soc. 184, 569.

Pagel, B. E. J. & Patchett, B. E. 1975 Mon. Not. R. astr. Soc. 172, 13.

Peimbert, M. & Torres-Peimbert, S. 1974 Astrophys. J. 193, 327.

Peimbert, M. & Torres-Peimbert, S. 1976 Astrophys. J. 203, 581.

Peimbert, M. & Torres-Peimbert, S. 1977 Mon. Not. R. astr. Soc. 179, 217,

Perrin, M.-N., Hejlesen, P. M., Cayrel de Strobel, G. & Cayrel, R. 1977 Astron. Astrophys. 54, 799.

Popper, D. M., Jorgensen, H. E., Morton, D. C. & Leckrone, D. S. 1970 Astrophys. J. Lett. 161, L57.

Preston, G. W. 1974 A. Rev. Astr. Astrophys. 12, 257.

Rayo, J., Peimbert, M. & Torres-Peimbert, S. 1982 Astrophys. J. 255, 1.

Reeves, H. 1974 A. Rev. Astr. Astrophys. 12, 437.

Renzini, A. 1977 In Advanced stages of stellar evolution (ed. P. Bouvier & A. Maeder), p. 213. Geneva Observatory.

Rogerson, J. D. & York, D. G. 1973 Astrophys. J. Lett. 186, L95.

Rood, R. T., Steigman, G. & Tinsley, B. M. 1976 Astrophys. J. Lett. 207, L57.

Rood, R. T., Wilson, T. L. & Steigman, G. 1979 Astrophys. J. Leit. 227, 1L.101.

Sackmann, I. J., Smith, R. L. & Despain, K. H. 1974 Astrophys. J. 187, 555.

Sandage, A. 1969 Astrophys. J. 157, 515.

Sandage, A., Katem, B. & Sandage, M. 1981 Asirophys. J. Suppl. 46, 41.

Sargent, W. L. W. & Searle, L. 1967 Astrophys. J. Leit. 150, L33.

Sargent, W. L. W. & Searle, L. 1970 Astrophys. J. Lett. 162, L155.

Sargent, W. L. W., Young, P. J., Boksenberg, A. & Tytler, D. 1980 Astrophys. J. Suppl. 42, 41.

Schramm, D. N. & Wagoner, R. V. 1977 A. Rev. nucl. Sci. 27, 31.

Searle, L. & Sargent, W. L. W. 1972a Comments Astrophys. Space Phys. 4, 59.

Searle, L. & Sargent, W. L. W. 19725 Astrophys. J. 173, 25.

Serrano, A. & Peimbert, M. 1981 Revta mex. Astr. Astrofis. 5, 109.

Shaver, P. A., Danks, A. C. & Pottasch, A. R. 1982 (In preparation.)

Smak, J. 1960 Acta astr. 10, 153.

Snell, R. L. & Vanden Bout, P. A. 1981 Astrophys. J. 250, 160.

Spite, M. & Spite, F. 1981 In Astrophysical parameters for globular clusters (IAU Colloquium no. 68), p. 59.

Spite, M. & Spite, F. 1982 Nature, Lond. 297, 483.

Spitzer, L. & Jenkins, E. B. 1975 A. Rev. Astr. Astrophys. 13, 133.

Stromgren, B., Olsen, E. H. & Gustafsson, B. 1982 Publs astr. Soc. Pacif. 94, 5.

Talent, D. L. 1980 Ph.D. thesis, Rice University.

Thum, C. 1981 Vistas Astr. 24, 355.

Thum, C., Mezger, P. G. & Pankonin, V. 1980 Astron. Astrophys. 87, 269.

Tinsley, B. M. 1977 Astrophys. J. 216, 548.

Tinsley, B. M. 1980 Fundam. Cosmic Phys. 5, 2817.

Tinsley, B. M. 1981 Astrophys. J. 250, 758.

Torres-Peimbert, S. & Peimbert, M. 1977 Revta mex. Astr. Astrofis. 2, 181.

Tuggle, R. S. & Iben, L. Jr 1992 Astrophys. J. 178 455.

Twarog, B. A. 1980 Astrophys. J. 242, 242.

Ulrich, R. K. 1971 Astrophys. J. Leit. 165, L95.

Vauclair, S. & Vauclair, G. 1979 In Les éléments et leurs isotopes dans I'Univers (ed. A. Boury, N. Grevesse & L.
Remy Battiau), p. 389. Li¢ge: Institut d’Astrophysique.

Weidemann, V. 1975 In Problems of stellar atmospheres and envelopes (ed. B. Baschek, W. H. Kegel & G. Traving),
p- 173. Berlin, Heidelberg and New York: Springer-Verlag.

Williams, R. E. 1971 Astrophys. J. Lett. 167, L.27.

Yang, J., Schramm, D. N., Steigman, G. & Rood, R. T. 1979 Astrophys. J. 227, 691.

Yang, J., Turner, M. S., Steigman, G., Schramm, D. N. & Olive, K. A. 1982 Preprint.

York, D. 1982 Astrophys. J. (In the press.)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

ABUNDANCES OF ELEMENTS 35

Discussion

G. R. Isaax (Department of Physics, University of Birmingham, U.K.). Our value (Claverie ef al.
1981) for the spacing between successive / = 0,/ = 1 or / = 2 modes in the acoustic spectrum
of global solar oscillations with periods near 5 min is 135.2 pHz, and not 136.0 pHz as used
by Christensen-Dalsgaard & Gough (1980) on the basis of observations of Fossat and colla-
borators. Our value has, in the meantime, been confirmed by Hudson & Woodard (1982)
using data from solar irradiance studies on the Solar Maximum Mission. Our spacing, inter-
preted in terms of the standard solar model of Iben & Mahafly (1976), gives a very low
(Z < 0.005) heavy element and helium abundance (¥ < 0.16). Similar results follow from
the dirty solar model of Christensen-Dalsgaard et al. (1979). A modified version of the latter
model (1980) still gives a ¥ = 0.19 for a spacing of 135.2 pHz.
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