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Abstract

The primordial abundances of °Be and !B are the most sensitive indicators of the impor-
tance of inhomogeneity in the early universe which have not yet been measured. Addition-
aly, their abundances in the oldest stars are a sensitive measure of the star formation and
cosmic ray spallation history of the early Milky Way. We report here the first determination
of the abundance of Be in a very metal-poor star, showing that such measurements are
possible, and opening the way to a new investigation of the structure of the very early uni-
verse and the evolution of the early Galaxy. The star HD140283, which has [Fe/H] = —2.6,
has a beryllium abundance of log(®Be/H) = —12.8 + 0.3, a factor of ~ 1000 greater than
the primordial value predicted in the standard model of light element nucleosynthesis.
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Abstract .

The primordial abundances of ?Be and !!B are the most sensitive indicators of the
importance of inhomogeneity in the early universe which have not yet been measured.
Additionally, their abundances in the oldest stars are a sensitive measure of the star for-
mation and cosmic ray spallation history of the early Milky Way. We report here the
first determination of the abundance of ®Be in a very metal-poor star, showing that such
measurements are possible, and opening the way to a new investigation of the structure of
the very early universe and the evolution of the early Galaxy. The star HD140283, which
has [Fe/H]=—2.6, has a beryllium abundance of log (*Be/H)= —12.8 & 0.3, a factor of
#1000 greater than the primordial value predicted in the standard model of light element
nucleosynthesis.

Introduction

The physics of the QCD phase transition from quark domination to baryon domination
in the early universe has recently been shown to have potentially observable consequences
for the abundances of several of the light elements. This new appreciation stems from a
realisation (Witten 1984) that the quark-hadron phase transition is likely to have been
first order, so that density perturbations would result. These density inhomogeneities
might have a significant effect on later nucleosynthesis (Applegate & Hogan 1985). Also a
reassessment of the nuclear reaction paths of relevance for ?Be and !'B (Boyd & Kajino
1989) showed that the primordial abundances of these two light elements were both po-
tentially many orders of magnitude larger than had been believed, and were also sensitive
to inhomogeneities on scales of interest. Measurements of the relative abundances of *Be
and 1B additionally allows discrimination between primordial and subsequent Galactic
production of these light elements.

Chiral perturbation QCD calculations (see e.g., Mariani & Bonometto 1990 for a re-
cent discussion) suggest that the phase transition occurred at a temperature of ~ 200MeV,
when the Universe was approximately 20us old. Any resulting density inhomogeneities
should survive to the epoch (T~ 1MeV, time ~ 1s) at which the initial conditions for
the nucleosynthesis period were fixed, and might have a measurable effect on the later
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nucleosynthetic yields (see Thielemann & Wiescher 1990 for a recent review). The effect
on nucleosynthesis occurs since neutrons are able to diffuse out of the high density regions
while (charged) protons are not. Most calculations suggest density contrasts with a char-
acteristic scale length within a few orders of magnitude of 1 metre at the phase transition.
This corresponds to a few km at the onset of nucleosynthesis and would be ~ 10 AU now,
though fluctuations of this scale are unlikely to survive until recombination.

Detailed predictions of the physical properties of the quark-hadron phase transition(s)
remain uncertain, and extant calculations of the predicted abundances of the (potentially)
measurable light elements (*H, *He, *He, 7Li, °Be, and !!B) in inhomogeneous models are
in significant disagreement. Many models have illustrated the sensitivity of the resulting
elemental yields to the amplitude and length scales assumed, and the details of neutron
diffusion adopted, with predictions of the Be abundance ranging from 3 orders of magni-
tude below that of the standard model to 4 orders of magnitude above. The ratio of °Be
to 1'B abundances expected is also uncertain. Most models predict an abundance of °Be
which is roughly a factor of ten greater than that of 1'B. Malaney & Fowler (1990), how-
ever, describe conditions where the primordial ratio mimics that of spallation production.
Recent work, particularly that by Terasawa & Sato (1990) has emphasised the extreme
sensitivity of the expected abundances to details of the late-time back-diffusion of neutrons
into the (formerly) proton-rich material. Their work shows that available models remain
schematic rather than rigorous in their treatment of the spatial and temporal properties
of the inhomogeneities and the neutron and proton diffusion, so that conclusions remain
suggestive rather than robust.

Thus there is no guarantee that primordial °Be is detectable even in a quite inhomo-
geneous universe. Were it detected however, parameter space for all models of primordial
nucleosynthesis would be severely restricted, the baryon density Qg would be known with
greater reliability than it is at present, and the physics of the phase transition at the end
of the quark-dominated era of the Universe would be available for study. We report here
the first measurement of the abundance of Be in a very metal-poor star, showing that

such measurements are indeed possible, and opening the way to a new investigation of the
evolution of the very early Universe.

Observations

The light elements of cosmological significance can be destroyed and (in some cases)
created during normal stellar evolution. Complications due to this are particularly acute
for "Li, where the observed abundance is a strong function of stellar temperature and
evolutionary state (see Boesgaard & Steigman 1985; Smith & Lambert 1989; Mathews,
Alcock, & Fuller 1990; Deliyannis, Demarque, & Kawaler 1990; and Reeves, Richer, Sato
& Terasawa 1990 for representative recent discussions). ?Be and !B are both more robust
to destruction during stellar evolution than is "Li, and are probably created in fewer
astrophysical environments. Thus, restricting the sample of stars utilised for determination
of the abundances of °Be and *'B to those stars in which 7Li is near to its primordial value
(here assumed to be (NL;/Nu) ~ 2 x 1071° following Deliyannis et al. 1990) will minimise
changes in the photospheric abundances of the light elements which are caused by the
specific evolutionary history of a specific star, and will maximise the likelihood that the
observed abundances truly represent the abundances of the inter-stellar medium at the
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7Li is created in the Big Bang, and also in cosmic ray spallation, as well as in several
other astrophysical environments (c.f. e.g., Smith & Lambert 1989 and Mathews et al.
1990 for recent discussions). It is destroyed by burning at ~ 2.5 x 108K. Thus it is more
sensitive to the rate of stellar destruction of the light elements than is Be ( see e.g.,
Boesgaard & Budge 1989). !B is created in small quantities in inhomogeneous Big Bang
models (Boyd & Kajino 1989; Malaney & Fowler 1989), and also is created with ?Be in
cosmic ray spallation (Walker, Mathews, & Viola 1985) and possibly with 7Li in supernovae
(Dearborn et al. 1989). Inhomogeneous Big Bang models typically predict that about
one order of magnitude more °Be than !'B is produced (Boyd & Kajino 1989, but c.f.
Malaney & Fowler 1989). Current spallation models, while both uncertain and at best a

moderate fit to observational data, predict about one order of magnitude more 1'B than

®Be. Additional production of !'B in other astrophysical environments can only increase
this relative overproduction.

It is apparent from these production and destruction rates that comparison of the
relative abundances of all of 7Li, ®Be, and !'B can provide a direct test of the primordial
or galactic origin of the °Be abundance in metal poor stars. Specifically, if one restricts at-
tention to stars in which "Li is observed to be at or near its primordial value then one may
assume that substantial net destruction of *Be has not taken place. If one then finds that
°Be is significantly more abundant than is 1B in that star, one may conclude that sub-
stantial net creation of Be has not taken place subsequent to primordial nucleosynthesis.
Additionally, if the measured °Be abundance is both primordial and significantly exceeds
a value of ~ 2 x 1076, then one has evidence that inhomogencities have had a detectable
effect on the physical conditions in the early universe during the time of nucleosynthesis.
!1B is measurable only from an absorption line at 24964, accessible in HD140283 uniquely
but straightforwardly with the Hubble Space Telescope.

The question then arises if HD140283 really does have the primordial abundance of
"Li? The Galactic evolution of "Li is a complex and unresolved problem (see Boesgaard
& Steigman 1985; Mathews et al. 1990; and refs therein). However, according to Rebolo
et al. (1988a), dwarf and subgiant stars with [Fe/H) < —1.5 and 5500K < Ter < 6300K
have an average Li abundance of NLi/Nu = 1.2 x 1071°, independent of their value of
[Fe/H]. The data of Rebolo et al. show a slight trend towards Ny; /Nu =~ 1.6 x 10710 at
Teqr = 6300K, which ratio is conventionally adopted as the primordial value. HD140283
has [Fe/H]=—2.6 and Nii/Nu = 1.1+ 0.5 x 10-1° (Rebolo et al. 1988a), which agrees
with the primordial value within the estimated uncertainty.

It is still possible that the abundance of *Be may be strongly enhanced over its pri-
mordial value, even though the abundance of 7Li is not enhanced, if there is a source of
®Be which does not create measurable Li. Such a source could exist, in cosmic ray spalla-
tion with an appropriate energy spectrum. Current calculations of the relative production
rates of 'Li, °Be, and !'B in cosmic ray spallation predict relative abundances of 6:1:12
for the energy spectrum which predicts the greatest relative amount of °Be (see Table 2
of Walker, Mathews & Viola 1985). Creation of a factor of 1000 more 9Be, to bring the
homogeneous Big Bang prediction up to the observed abundance in HD140283, would still
correspond to an immeasurably small increase (~ 1%) in the spallation abundance of Li,
as "Li is so relatively abundant already. [Any model of this type must be reconciled with
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the calculations of Dearborn et al. (1989), who show that the supernovae which create the
oxygen which will later be spalled, and which most likely also accelerate the cosmic rays,
would create significant quantities of "Li as well.] Thus no direct test of the primordial
abundance of ®Be is available from this single measurement. The abundance of B would
however also be increased from the homogeneous big bang prediction of !'B/°Be ~ 0.1 to
11B/9Be ~ 10. Determination of this element ratio in HD140283 is clearly of considerable
interest. .

A reliable determination of the primordial beryllium abundance will require extension
of the present results to include stars with a variety of [Fe/H] metallicities, to see if a
constant °Be/H ratio is reached, in the same way as is seen for "Li/H. Additionally it re-
quires measurement of 1! B/°Be ratios, to ascertain the relative contributions of primordial
nucleosynthesis and cosmic ray spallation to the abundances of the light elements in metal
poor stars. Attempts to observe additional Be lines, such as the Bel line at 2348.614,
could also be significant. Current attempts to generalize Galactic chemical evolution mod-
els to describe the evolution of *Be, even when explicitly allowing for the effects of cosmic
ray spallation (Vangioni-Flam et al. 1990) are considerably at variance with the observed
abundance in HD140283, in that the observed abundance exceeds the prediction by a large
factor. While this is not inconsistent with an enhanced primordial production of °Be, it
may well more prosaically identify limitations in current chemical evolutionary models.

Conclusion

An important consequence of the measurement of the abundance of °Be in HD140283,
of log(°*Be/H)= —12.8 + 0.3 at [Fe/H]=—2.6, is that it proves that one can detect mea-
surable quantities of light elements which are sensitive probes of the physical conditions
in the early universe and the early galaxy, in addition to those which have been exten-
sively studied to date. The additional information provided by beryllium and boron can
allow unambiguous tests of both the inhomogeneity generated in the early universe at
the quark-hadron phase transition and the chemical and cosmic ray evolution of the early
galaxy.
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