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The cosmic abundance of the *He isotope has important implications for many fields of as-
trophysics. *He can be used to test the theory of stellar nucleosynthesis; it gives important
information needed to evaluate models of Galactic chemical evolution; it can help constrain
Big Bang Nucleosynthesis. Any determination of the cosmic *He abundance is therefore im-
portant to make. Here we summarize the 3He abundances derived using various techniques
with emphasis placed on observations of *He* in Galactic H1I regions and planetary nebulae.
We discuss the astrophysical implications of these abundances. In particular, the observed
lack of substantial 3He enrichment in the Milky Way interstellar medium means that the bulk
of solar mass stars do not return significant quantities of *He to the ISM. We argue that this
situation allows us to place an upper limit on the BBNS primordial baryon to photon ratio,
7, and, hence, on the baryon fraction of the closure density, 25.

1 Introduction: The 3-Helium Problem

Measurements of 3He in the Galaxy have led to what has been called “The 3He Problem”.! As
with all the light elements, the present interstellar 3He abundance is expected to result from
a combination of Big Bang Nucleosynthesis (BBNS)? and stellar nucleosynthesis. Standard
stellar evolution theory predicts that 3He is produced in significant quantities by stars of 1-
2 Mg and that planetary nebulae (PNe) with progenitors in that mass range should have 3He/H
abundances ~ 10~* by number.®%%6 Galactic chemical evolution models which integrate over a
range of initial masses predict that 3He is produced in prodigious amounts.”™® A survey of 6 PNe
produced a detection of 3He in NGC3242%10 and probable detections in two other sources'l
with He/H ~ 107%-10~3 as predicted by standard stellar evolution models. This PNe sample
was highly biased, however, and was selected to maximize the likelihood of a detection.



Observations of 3He in protosolar material,'? the local interstellar medium,!3:14 Jupiter’s

atmosphere,!® and Galactic HiI regions,'®17:18 all indicate a 3He/H abundance ratio of ~
2 x 1075, Although H1I regions are expected to be zero-age objects there is no evidence for
any stellar 3He enrichment during the last 4.5 Gyr.!? The observed abundances of 3He through-
out the Galaxy when combined with the observations that some stars do indeed produce 3He
strongly disagree with chemical evolution models.20:21,22,23,24,25,1

Standard stellar 3He nucleosynthesis predicts that the 3He/H abundance ratio should grow
with time and be higher in those parts of the Galaxy where there has been substantial stellar
processing. Specifically: (1) there should be a 3He/H abundance gradient across the Galac-
tic disk with the highest abundances occurring in the highly-processed inner Galaxy; (2) the
3He/H abundance should grow with source metallicity; and (3) the protosolar *He/H abundance
should be less than that found in the present ISM. None of these predictions is confirmed by
observations.!®
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Figure 1: Interstellar *He/H abundances as a function of Galactic radius. The [*He/H] abundances by number

derived for the “simple” H I region sample are given with respect to the solar ratio. The typical error for the

H1l region abundances (circles) is shown in the right hand corner. Also shown is the abundance derived for

the planetary nebula NGC 3242 (triangle), for the local interstellar medium (LISM-—square), and the protosolar

material (PSM--diamond). Note that there is no gradient in the *He/H abundance with Galactic position. To

be compatible with this result Galactic chemical evolution models?® require that ~ 90% of solar analog stars are
non-producers of *He.
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2 The Cosmic 3-Helium Abundance

We obtain the 3He abundance in Milky Way H I regions and PNe using measurements of the
8.665 GHz (3.46 cm) spin flip transition of 3Het. The source sample is currently comprised of 60
H 1l regions and 6 PNe. H 1I regions or molecular clouds are examples of zero-age objects which
are young relative to the age of the Galaxy. Therefore these abundance ratios chronicle the
results of billions of years of Galactic chemical evolution. PNe probe material which has been
ejected from low-mass (M < 2 Mg) to intermediate-mass (M ~ 2-5Mg) stars to be further
processed by future generations. Because the Milky Way ISM is optically thin at centimeter
wavelengths, our source sample probes a larger volume of the Galactic disk than does any other
light element tracer of Galactic chemical evolution.
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Figure 2: *He abundances compared with Galactic chemical evolution models. The *He/H abundances derived

for meteorites,'? Jupiter,'® the LISM,'*, and Hu regions '® are inconsistent with chemical evolution models

that use standard stellar yields. Note that this inconsistency is insensitive to the BBNS 3He production. The

BBNS models are parameterized by the primordial baryon-to-photon ratio, 7, expressed in units of 107!, This
figure adapted from Galli et al.?” and updated.

As is the case for any cosmic abundance determination, converting the measured 3He*
column density into an abundance ratio relative to hydrogen, 3He/H, is nontrivial. For the case
of 3He this. conversion depends on the density and ionization structure of each nebula. While
numerically modeling our 3He™ sources we discovered that a major advantage of large, diffuse
H1I regions is that they tend to be “simple,” i.e., the HII region has a relatively simple density
and ionization structure. This allows us to derive abundances from the observed He* emission
line parameters without recourse to the rather complex modeling required for most classic H 11
regions.!® Because the abundance corrections for simple sources are small, these sources can in
principle yield the most accurate 3He/H abundance ratios attainable. Sources that are “simple”
in the sense just described were especially well suited for observation with the National Radio
Astronomy Observatory (NRAQO) 140 Foot telescope, so during the last few years of its operation
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we worked to increase the size of our simple source sample. Our 3He H 1 region sample has 21
simple sources for which we can determine abundances. The remaining 39 sources are a mixture
of complex sources, *Het detections for which we do not yet have adequate continuum data to
determine the H column depth, and 3He* non-detections.
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Figure 3: *He™ emission from the planetary nebula NGC3242.%*° The thick curve is the spectrum taken with

the MPIfR 100 meter telescope. The thin curve is the spectrum taken with the NRAO 140 foot telescope with

the observed intensity multiplied by a factor of 4. The vertical line at —5.3 kms™ flags the 3He™* emission at the
LSR velocity of NGC 3242. The prominent feature in the MPIfR spectrum is the H171n recombination line.

3 Stellar and Galactic Evolution

The standard view of 3He chemical evolution is relatively simple. It is indeed dominated by the
net production of this element by low-mass stars thanks both to the destruction of D on the
pre-main sequence and to the pp-chains which build up a 3He peak inside the main sequence
star. This fresh 3He is then engulfed by the deepening convective envelope of the star during
the first dredge-up on the lower red giant branch (RGB). Once in the convective layers of the
red giant, 3He is preserved against nuclear destruction, and it is ejected into the ISM in the
late stages of stellar evolution both through the stellar winds and also the planerary nebula
ejection. A substantial increase of the 3He abundance in the Galaxy is thus expected as soon as
low-mass stars start to die and to pollute the ISM. As we previously mentioned, these standard
predictions are in conflict with the observational data (see Figs. 1 and 2).

A very elegant solution to the 3He problem based on nuclear physics was proposed,?® which
required an hypothetical low-energy resonance in the cross-section of the He + 3He reaction.
However this resonance has not been confirmed by experiments.?® In addition, this solution is
in conflict with the measurement of He in NGC 3242. For this PN the *He/H abundance ratio
is more than one order of magnitude larger than that found in any H1I region, the LISM or the
protosolar system. This 3He abundance, which is in fact in agreement with the standard stellar
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predictions, rules out the nuclear physics solution. Thus a process has to be found that destroys
3He in some stars and preserves it in others.

Rood et al.30 suggested that the problem could be related to striking chemical anomalies in
red giant stars. Over the years much observational evidence has accumulated which shows that
low-mass RGB stars undergo an extra-mixing event. This extra-mixing adds to the standard first
dredge-up to modify the surface abundances. In particular, observations of the 2C/'3C ratios
allowed us®!32 to determine that this process occurs just after the so-called “bump” on the RGB.
At this evolutionary point, the hydrogen burning shell crosses the discontinuity in molecular
weight built by the convective envelope during the first dredge-up. Before the discontinuity, the
molecular weight gradient probably acts as a barrier to mixing in the radiative zone. Beyond
this point, however, no gradient of molecular weight exists above the hydrogen burning shell so
the extra-mixing, whatever its nature, is free to act.

Several attempts have been made to simulate the extra-mixingin RGB stars. Weinvestigated
the influence of rotation by taking into account recent analyses of the transport of chemicals and
angular momentum in stellar interiors.3® We showed that rotation-induced mixing can not only
account for the observed behavior of the carbon isotopic ratio but also explain other abundance
anomalies in low mass giants. Simultaneously, when this extra-mixing begins to act, 3He is
rapidly transported down to the regions where it burns by the 3He(c, )" Be reaction. This leads
to a decrease of the surface value of *He/H compared to the standard case. Under peculiar
mixing conditions, a thermal instability can occur, which transports the resulting “Be outwards
and leads to an increase of the surface 'Li abundance during a very short period. A few giant
stars with very high "Li abundance have been discovered at the RGB bump. These so-called
Li-rich stars are actually caught in the act of burning their 3He.3435

Stars with different rotation and mass loss histories are expected to suffer different mixing
efficiency and to display different chemical anomalies. Significantly, all the relevant data indicate
that the extra-mixing occurs in ~ 90 to 95% of the low-mass stars.36:37 This brings a solution
to the apparent inconsistency between the galactic constraints and the high ®He abundance
in PNe. NGC 3242 should then belong to the ~ 5 to 10% of stars which do not suffer from
extra-mixing on the red giant branch. Such “standard” PNe should also show “normal” carbon
isotopic ratios. This crucial test has already been verified for two PNe of the Balser et al.l0
sample. NGC 6720 has a 2C/'3C ratio of 23 which is in perfect agreement with the “standard”
predictions.3® Furthermore, NGC 3242 itself has an HST-based limit on its 12C/**C ratio which
suggests that it is the outcome of the evolution of a standard, 3He-producing, low-mass star.3°

Because models with rotation-induced mixing are not yet available for stars with-various
initial masses and metallicities, large uncertainties still remain on the actual ®He yields. In our
preliminary PopII models with rotation 3He decreases by a large factor in the ejected envelope
material, but low mass stars remain net producers of *He (although they are far less efficient
than in the case of models without RGB extra-mixing).

4 Big Bang Nucleosynthesis

In sum, observations of 3He (ours, PSM, & LISM), observations of the 12C/*3C abundance ratio
in red giant stars, and rotating stellar models all indicate that: (1) the stellar contribution to the
3He abundance evolution is positive (i.e., 3He increases), and (2) *He ISM enrichment is small
compared to the size of the present observational errors. We now believe that we can estimate
the primordial 3He abundance because the existence of “The 3He Plateau” for our sample of
large, diffuse Galactic H 11 regions suggests that there is a floor value to the 3He/H abundance.
If, as seems plausible, stellar processing enriches the ISM ®He abundance by a positive-definite
(but perhaps nearly zero) amount, this floor value provides an upper limit to the primordial
3He abundance produced by BBNS. A very conservative estimate for the fioor abundance can



be made by adopting the plateau value itself, He/H = (1.9 + 0.6) x 1075 (s.e.) by number,
which can serve as a strong upper limit to the BBNS production. In principle, one could set
an upper limit to the primordial 3He abundance from one well observed simple source at large
Ry, and with high helium ionization. The H 11 region 5209 is such a source. We observed 5209
during many epochs spread over 15 years; our total integration time is 133 hours. These data
allowed us to construct a detailed, high quality model'% showing that S209 is simple. The degree
of He ionization is high and our *Het data are good enough to allow us to make an ionization
correction. The nearby very low density H1I region, S209S, has an abundance that is the same
as 5209, within the errors. At this point after almost 20 years of work our best upper limit on
the primordial ®He abundance is (1.1 £ 0.2) x 1075 by number.

Primordial abundances can be directly related to the baryon-to-photon ratio of the Universe,
7.40 The amount of ordinary baryonic matter in the Universe, Q g, can be derived from n and
the current rate of expansion as measured by the Hubble constant, h, expressed in units of 100
kmsec™! Mpc~!. Our values for p and Qgh? are given in Table 1 together with some other recent
determinations. Because of its simple post-Big Bang evolution measurements of deuterium (D)
in high redshift quasars?® have the potential of giving the “cleanest” primordial abundance.
However, because the largest errors are systematic and hence poorly known, a truly robust
cosmological conclusion can be drawn only when concordance between different determinations
is achieved. The problem with systematic errors is illustrated by the debate over estimates of
the cosmological *He abundance in the last few years. To get 7 from *He requires very high
precision. Results split into two camps, one with low*! *He and another with high?? ‘He. Such
a dichotomy clearly indicates a systematic error much larger than the internal error.

A consistent picture is now emerging from experiments attempting to constrain the param-
eters of Big Bang cosmology. Table 1 shows that the values of # derived from our S209 result
and that from quasar D are in excellent agreement and clearly fall on the side of the higher
“He abundance. Measurements of fluctuations in the cosmic microwave background radiation
can also give estimates for Qph2. Recent results from the DASI experiment*? are also listed in
Table 2. These different estimates for the primordial baryon density expressed as a fraction of
the closure density are in excellent agreement and give for h = 0.72 £ 0.08** a value Qp = 0.04.

Table 1: Determinations of the Cosmological Baryon to Photon Ratio, 7.

Method Abundance n Qph?

Primordial *He/H
(based on S209)

1.1 £0.2x 1073

5.4%%% x 10710

0.00
0.020+5:063

3He/H Plateau 1.9+0.6 x 1075 | >24%38 x 10710 | > 0.00973%%%
Quasar D 30402 x107% | 56 £0.5 x 1071% | 0.020 + 0.002
High ‘He 0.244 + 0.02 4.0%39 x 107 | 0.01513:9%
(Yp mass fraction)

Low *He 0.234 £ 0.02 18733 x 10719 | 0.007 + 0.001

DASI CMB Experiment

0.004
0.02279:003




5 Summary

e — The 3He isotope is expected to be produced both during the era of primordial nucleosynthesis
and also in the course of the normal evolution of stars of roughly solar mass. Because these
stars return mass to the ISM during their planetary nebula phase, the primordial abundance of
3He is thus expected to grow with time and be higher in those parts of the Milky Way where
there has been substantial stellar processing.

s — The cosmic 3He abundance in the Milky Way has been derived from experiments which
count atoms directly in the Local ISM, in lunar material, and in the Jovian atmosphere. It
has also been determined using spectroscopic measurements of the 3.5 cm spin-flip transition of
3He™' in Galactic H1 regions and planetary nebulae. Contrary to the predictions of standard
3He evolution, there is no evidence for significant enhancement of the 3He abundance since the
formation of the solar system and there is no evidence for significant 3He enrichment in Galactic
regions that have undergone substantial stellar processing.

e — Nonetheless some Galactic planetary nebulae have 3He abundances that are compatible with
standerd models of stellar evolution. This confusing situation—stars are observed to produce
3He but then this 3He does not show up elsewhere—is called “The 3He Problem”.

e — These results strongly constrain Galactic chemical evolution models. All realistic Galactic
evolution models which match both the 3He abundance and also all the other observational
constraints must adopt alternative nucleosynthesis with a strongly reduced 3He contribution
from low- and intermediate-mass stars.

e — The 3He produced during the main sequence can be depleted during the red giant phase by
extra internal mixing driven by stellar rotation above some critical value. Observed 2C/!3C
ratios suggest that ~ 90% of evolved low-mass stars go through this stage and deplete at least
some of their He.

o — Even those stars with a low 12C/*3C abundance ratio and depleted 3He still have a 3He abun-
dance which is comparable to or slightly larger than the initial value at stellar birth. Regarding
chemical evolution such stars are non-producers rather than destroyers of 3He.

e — Since stellar processing enriches the ISM 3He abundance by a positive-definite (but perhaps
nearly zero) amount, then the Galactic HII regions with the smallest 3He abundances provide
an upper limit to the primordial 3He abundance produced by Big Bang Nucleosynthesis.

e — The best upper limit on the primordial 3He abundance comes from the HII region S209:
3He/H = (1.1:£0.2) x 1073 by number. This gives an estimate for the primordial baryon density
expressed as a fraction of the closure density: g = 0.04 for a Hubble Constant of A = 0.72+0.08.

Acknowledgments

TMB and RTR are supported by the U.S. National Science Foundation (AST 97-31484 and
AST 00-98047). CC acknowledges support from the French Programme National de Physique
Stellaire and Programme National Galaxies. All of us like to party with the international light
elements community.

References

1. Gallj, D., Stanghellini, L., Tosi, M. & Palla, F, Ap. J. 477, 210 (1997).

2. Walker, T. P., Steigman, G., Schramm, D. N., Olive, K. A. & Kang, H. S., Ap. J. 376,
51 (1991).

. Iben, I., Ap. J. 147, 624 (1967).

. Rood, R. T., Ap. J. 177, 681 (1972).

5. Vassiliadis, E., & Wood, P.R., Ap. J. 413, 641 (1993).

> W

1877



[o BN B =)

13.
14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.

26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

. Weiss, A., Wagenhuber, J., & Denissenkov, Astron. Ap. 313, 581 (1996).
. Rood, R. T., Steigman, G. & Tinsley, B.M., Ap. J. 207, L57 (1976).

. Dearborn, D.S.P., Schramm, D.N., & Steigman, G., Ap. J. 302, 35 (1986)
. Rood, R. T., Bania, T. M. & Wilson, T. L., Nature 355, 618 (1992).

10.
. Balser, D. S., Bania, T. M., Rood, R. T. & Wilson, T. L., Ap. J. 483, 320 (1997).
12.

Balser, D.S., Rood, R.T. & Bania, T.M., Ap. J. 522, L73 (1999).

Geiss, J. in The Origin and Evolution of the Elements, eds. N. Prantzos, E. Vangioni-Flam,
& M. Casse (Cambridge: Cambridge University Press, 1993).

Gloeckler, G. & Geiss, J., Nature 381, 210 (1996).

Gloeckler, G. & Geiss, Sp. Sci. Rev. 84, 275 (1998).

Mabhaffy, P. R., Donahue, T. M., Atreya, S. K., Owen, T. C., & Niemann, H. B., Sp. Sci.
Rev. 84, 251 (1998).

Balser, D. S., Bania, T. M., Rood, R. T. & Wilson, T. L. Ap. J. 510, 759 (1999).

Bania, T. M., Balser, D. S., Rood, R. T., Wilson, T. L. & Wilson, T. A., Ap. J. 113, 353
(1997).

Rood, R. T., Bania, T. M., Balser, D. S. & Wilson, T. L., Sp. Sci. Rev. 84, 185 (1998).
Bania, T. M., Rood, R. T., & Balser, D. S., Nature 415, 54 (2002)

Steigman, G., & Tosi, M., Ap. J. 401, 150 (1992).

Steigman, G., & Tosi, M., Ap. J. 4, 5 (3)1731995.

Dearborn, D.S.P., Steigman, G., & Tosi, M., Ap. J. 465, 887 (1996).

Prantzos, N., Astron. Ap. 310, 106 (1996).

Fields, B. D., Ap. J. 456, 478 (1996).

Scully, S. T., Cassé, M., Olive, K. A., Schramm, D. N., Truran, J., & Vangioni-Flam, E.,
Ap. J. 462, 960 (1996).

Tosi, M. in The Light Elements and Their Evolution, eds. da Silva, L., Spite, M. & de
Medeiros (ASP: San Franciso, 2000).

Galli, D., Palla, F., Ferrini, F., & Penco, U., Ap. J. 443, 536 (1995).

Galli, D., Palla, F., Straniero, O., & Ferrini, F., Ap. J. 432, L101 (1994).

Junker, et al., Phys.Rev.C 57, 2700 (1998)

Rood, R. T., Bania, T. M. & Wilson, T. L., Ap. J. 280, 629 (1984).

Charbonnel, C., Astron. Ap. 282, 811 (1994)

Charbonnel, C., Brown, J. A. & Wallerstein, G., Astron. Ap. 332, 204 (1998).
Charbonnel, C., Ap. J. 453, L41 (1995).

Charbonnel, C., & Balachandran, S., Astron. Ap. 359, 563 (2000)

Palacios, A., Charbonnel, C., & Forestini, M., Astron. Ap. 375, L9 (2001)

Charbonnel, C. & do Nascimento Jr., J. D., Astron. Ap. 336, 915 (1998).

Charbonnel, C., Sp. Sci. Rev. 84, 199 (1998).

Bachiller, R., Forveille, T., Huggins, P.J., & Cox, P., Astron. Ap. 324, 1123 (1997).
Palla, F., Galli, D., Marconi, A., Stanghellini, L., & Tosi, M., Ap. J. 568, L57 (2002).
Burles, S., Nollett, K. M., & Turner, M. S., Ap. J. 552, L1 (2001).

Olive, K. A., Steigman, G., & Skillman, E. D., Ap. J. 483, 788 (1997).

Tzotov, Y. L. & Thuan, T. X., Ap. J. 500, 188 (1998).

Pryke, C., Halverson, N. W., Leitch, E. M., Kovac, J., Carlstrom, J. E., Holzapfel, W. L.,
& Dragovan, M., Ap. J. 568, 46 (2002).

Freedman, W. L., Madore, B. F., Gibson, B. K. et al., Ap. J. 553, 47 (2001).



