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We consider in detail the effect of the emission of ‘“hadronic” invisible axions (which do not
couple to electrons) from the interior of stars on stellar evolution. To this end we calculate plasma
emission rates for axions due to the Primakoff process for the full range of conditions encountered
in a giant star. Much attention is paid to plasma, degeneracy, and screening effects. We reconsid-
er the solar bound by evolving a 1.0 M@ star to solar age and lowering the presolar helium abun-
dance so as to obtain the correct present-day luminosity of the Sun. The previous bound on the
axion-photon coupling of Gy 2.5 (corresponding to m, <17 eV R where R is a model-dependent
factor of order unity) is confirmed, where G, is the coupling constant G in units of 10~° GevV— L.
We then follow the evolution of a 1.3M @ star from zero age to the top of the giant branch. Heli-
um ignites for all values of G consistent with the solar bound; however, the core mass, surface
temperature, and luminosity at the helium flash exceed the standard values. The luminosity at the
helium flash is larger than about twice the standard value unless Gy 0.3 (corresponding to m, <2
eV R), in conflict with observational data, which are statistically weak, however. We find our
most stringent limits from the helium-burning lifetime. In the absence of axion cooling we calcu-
late a lifetime of 1.2 10® yr which corresponds well with the value 1.5x 10 yr derived from the
number of red giants in the “clump” of the open cluster M67 and with the value 1.3 10% yr de-
rived from the number of such stars in the old galactic disk population. We obtain a conservative
limit of Gy <0.3 which, at saturation, results in a helium-burning lifetime an order of magnitude
low. We believe that Gy 0.1 (m, $0.7 eV R) is a reasonably safe limit which, if saturated, leads
to a calculated helium-burning lifetime a factor of 2 below the observed value. Our results exclude
the recently suggested possibility of detecting cosmic axions through their 2y decay and probably
the possibility of measuring the solar hadronic axion flux which, according to our bounds, must be
less than 2X 1073 of the solar luminosity. There remains a narrow range of parameters
(0.01=Gy%0.1, m, =10~* eV) in which a recently proposed laboratory experiment might still
measure axionlike particles.
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I. INTRODUCTION

The issue of CP conservation in strong interactions
remains unresolved, the most elegant possible solution
still being the Peccei-Quinn mechanism.! In this ap-
proach a global chiral U(1) symmetry is imposed on the
fundamental interactions and is effectively used to ‘“ro-
tate away” the unwanted CP-violating phase angle ®.
This Peccei-Quinn symmetry is spontaneously broken by
a vacuum expectation value vpg of Higgs fields, thereby
giving rise to the existence of an (almost) massless, pseu-
doscalar Goldstone boson: the much-discussed axion.?2
The experimental or observational consequences of the
existence of this particle allow one, in principle, to test
the validity of the Peccei-Quinn scheme.

The identification of V'2vpq with the scale f yeax =250
GeV at which the SU[ (2) symmetry of weak interactions
is spontaneously broken leads to the notion of ‘‘stan-
dard” axions® and a recent variation of this scheme leads
to “variant” or “short-lived” axions,* all of which ap-
pear now to be ruled out by compelling experimental evi-
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dence.® Therefore, the focus remains on “invisible’-

axion models® which are characterized by a large value
Upq >>fweak- The requirement that the energy stored in
primeval oscillations of the axion field does not ‘“‘over-
close” the Universe leads to the upper bound’ vpg < 102
GeV. If this bound were saturated axions would be the
dark matter of the Universe and they would, in particu-
lar, constitute the dark halo of our own Galaxy.® Exper-
iments® to measure this hypothetical galactic axion flux
are under way, and first results have been reported.'®
However, the resulting upper bound on the axion-photon
coupling (assuming that galactic axions exist) is trivially
satisfied in all typical axion models. It will take several
years before the issue of galactic axions in the mass
range around 10> eV can be ultimately settled.

Lower bounds on the Peccei-Quinn scale can be ob-
tained from astrophysical arguments. If agreement of
the theory of stellar evolution, including the effect of ax-
ion cooling, with observational evidence is required,
upper bounds on the axion’s coupling strength to various
particles (electrons, photons, nucleons) can be derived.
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These bounds may then be translated into lower bounds
on vpg and on the axion mass m,. In contrast with the
cosmological upper bounds on vpq, these astrophysical
lower bounds strongly depend on details of the specific
invisible-axion model, or rather, on details of how the
Peccei-Quinn symmetry is implemented.

From a phenomenological point of view invisible-
axion models can therefore be subdivided into the classes
of “hadronic”® and Dine-Fischler-Srednicki-Zhitnitsky-
(DFSZ-) type!! invisible-axion models. The former term
generically refers to models in which the axions do not
couple to leptons at tree order, the main example being
the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model. ?
The coupling to nucleons through a small 7%y-axion
mixing is of similar strength in both types of models.
However, in the KSVZ model, axions decouple from
light quarks for conditions above the quark-hadron
phase transition because, in this model, quarks do not
carry Peccei-Quinn charges.

DFSZ-type axions would be emitted from the interior
of stars mainly through Compton-type photoconversion
processes and through bremsstrahlung processes, in oth-
er words, through plasma processes involving electrons.
In this case the best bound on the Peccei-Quinn scale is
Upg R 10° GeV, relying on observational evidence of
white-dwarf cooling times'® and on detailed evolutionary
calculations which indicate that the occurrence of heli-
um ignition in the post-main-sequence evolution of stars
would be suppressed due to excessive axion cooling of
their degenerate cores—contrary to compelling observa-
tional evidence (Ref. 14, to be referred to as paper I).

For hadronic axions one has to rely on processes in-
volving the two-photon coupling of axions, notably on
the Primakoff effect (Fig. 1). One of us has recently
shown (Ref. 15, to be referred to as paper II) that plasma
effects, and in particular Debye-Hiuckel screening of
electric charges, substantially reduce the emission rates
to values much below those previously considered.
Therefore, all bounds on hadronic axions previously
published, including the ones based on the helium-
ignition argument (paper I) are unduly restrictive. Then
the only available bound on hadronic axions from stellar
evolution is based on an argument involving the solar
age (paper II).

We write the effective Lagrangian density which de-
scribes the coupling of axions to photons as

G ~
__ = K — .
Lyyy= 4F;“,F a=GE-Ba , (1)
Photon Axion
3 s e s e . e e e £}
—_— —_—
Coulomb-field
AN N
1 > = 2
Ze 7 4 Ze

FIG. 1. Primakoff conversion of a photon into an axion in
the Coulomb field of a particle of charge Ze.
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with the electromagnetic field-strength tensor F, its dual
F, the axion field a, and a coupling constant G of dimen-
sion (energy)~!. Then the solar bound of paper II is

GS52.4%x107° GevV~!. )

We shall frequently use the notation G¢=G in units of
107° GeV~!. The axion mass is given as®

m,=6.9 eV RG, , 3)

where, in a large class of grand unified theories, R=1.
Then the solar bound corresponds to m, <17 eV R.

Most recently it has been pointed out'® that hadronic
axions slightly below the solar bound would have been
so abundantly produced in the early Universe that their
decay a —2y could produce an observable signal, al-
though their contribution to the overall cosmic mass
density would still be entirely negligible. In the relevant
parameter range, the dominant primordial production is
a thermal mechanism involving the Primakoff amplitude.
Relic axions would be detectable unless m, S2-5 eV
where R =1 has been assumed.

It is then very interesting to ask whether other astro-
physical arguments besides the solar age restriction yield
significant bounds on hadronic axions. An obvious pos-
sibility is the consideration of axion emission from the
compact stars which are believed to form in certain su-
pernova explosions and which are detectable, in many
cases, as pulsars. Usually these objects are identified
with neutron stars, and since hadronic and DFSZ-type
axions couple to nucleons, they would be abundantly
emitted through bremsstrahlung processes in nucleon-
nucleon collisions'”!® in the interior of these stars. Con-
sidering the cooling times of neutron stars it has been
shown!® that for m, 2 1072-1073 eV R the present-day
surface temperature of several young neutron stars
would be too low to be compatible with Einstein-
observatory measurements if these results are interpreted
as thermal x-ray signals from the neutron-star surfaces.

It has recently been claimed that axions emerging
from pulsars might be detectable through their conver-
sion into photons in the magnetosphere of these ob-
jects.20 It was later recognized,21 however, that the
relevant conversion rate sensitively depends on the pho-
ton index of refraction in strong magnetic fields such
that the axion-photon conversion is suppressed in the
relevant parameter range. Therefore, one has to rely,
indeed, on measurements of the surface temperature of
pulsars in order to gain observational insight into the
question of axion cooling of these compact stars.
Whether or not the Einstein measurements can be
identified with thermal surface emission can be resolved
only by future x-ray satellites which will hopefully be
able to establish the blackbody nature of the relevant
sources in supernova remnants. '’

Even then, however, there remain unresolved issues
concerning the inner structure of these stars which are
very important for the calculation of the expected axion
flux. If the nucleons are in a state of superfluidity,
bremsstrahlung emission would be strongly suppressed.
Furthermore, even the identification of pulsars with neu-
tron stars is uncertain. It has recently been recognized??
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that the ground state of bulk nuclear matter may possi-
bly be ‘“strange-quark matter,” and that pulsars may
possibly be strange matter stars, or shorter, strange
stars.?> From an observational point of view, these two
cases are hardly distinguishable, and it is not very likely
that the understanding of QCD will soon improve quan-
titatively to a precision where this issue could be
resolved on the basis of theoretical calculations.

Axion emission from strange stars would differ sub-
stantially from that of neutron stars. DFSZ axions
would be emitted mainly through bremsstrahlung emis-
sion in quark-quark collisions. In some hadronic axion
models, in contrast, axions decouple from quarks for
conditions beyond the QCD phase transition. Therefore,
in these models, axions would couple only to photons
and gluons for conditions as encountered in the interior
of a strange star. Photon- and gluon-conversion reac-
tions would be suppressed because the respective plasma
frequencies would far exceed the temperature. There-
fore, the dominant emission process would be the
“electro-Primakoff effect”’?* involving intermediate pho-
tons or gluons. Although this emission rate could be
very large, a reliable calculation requires detailed con-
siderations of correlation effects and is far beyond the
scope of our present discussion.

In the presence of these uncertainties it remains
worthwhile to study what can be learned about hadronic
axions from evolutionary calculations of main-sequence
and giant stars where well-established input physics in
connection with presently available observational data
can be used. It appears obvious that one should be able
to do better than is possible with the solar age argument
of paper II. We mention that the comparison in paper
II of the axion emission rate with a typical nuclear-
energy-generation rate of helium-burning stars shows
that axion cooling would be an important effect unless
G4 50.1, but we emphasize that this does not constitute
a bound on G as long as the effect of axion cooling has
not been related to observational data. It indicates,
however, that it may be reasonable to expect that, fol-
lowing the methods of paper I, helium ignition would be
suppressed in the post-main-sequence evolution of stars
for values of G which exceed this number.

In an attempt to confirm this proposition we have ex-
tended the calculation of the axion emission rates of pa-
per II to a regime of strong electron degeneracy as is en-
countered in the core of red-giant stars. Using these
emission rates we have numerically followed the evolu-
tion of a 1.3M star for various values of G, mainly in
order to compare the theoretical Hertzsprung-Russell di-
agram thus obtained with observational data concerning
the open star cluster M67 for which very detailed pho-
tometric measurements exist.?>2® We mention that we
have to focus on stars with masses below about 2.2M¢
because beyond this value the transition to helium burn-
ing is relatively smooth because of the absence of a
strongly degenerate core in their post-main-sequence
evolution. Therefore, the well-studied cluster M67
which contains Population I stars (i.e., stars of the most
recent generation) of very similar chemical composition
as the Sun,?° is an ideal candidate for our purposes.

It turned out, however, that contrary to our initial ex-
pectation the helium flash did occur in the whole range of
values for the axion-photon coupling compatible with the
solar age argument, i.e., for Gy =2.5. It occurred, how-
ever, at core masses, surface temperatures, and surface
luminosities exceeding the standard values by G-
dependent amounts. Therefore, the increased surface
luminosity at the helium flash can be used to set bounds
on axions if it is compared with the observed maximum
luminosity at the top of the giant branch in low-mass
stellar clusters.

Since helium does ignite in all cases of interest, we
also consider the helium-burning phase with the in-
clusion of axion cooling effects. The dramatic reduction
of the time spent in this phase can be translated into a
reduction in the number of stars expected in the
“clump” of giants which is observed in all open clusters
at an almost fixed location in the color-magnitude dia-
gram.?’ % Specifically for

Gys0.1, 4)
corresponding, with Eq. (3), to

m,50.7eVR , (5)

this number of stars would be reduced by more than
about a factor of 2. In view of the impressive agreement
between the observationally inferred helium-burning life-
time and stellar structure calculations in the absence of
axion cooling,??®3% such a reduction appears to be
unacceptable, rendering these numbers reasonably safe
bounds on the axion properties. For Go¢=0.3 the
relevant reduction would be about an order of magni-
tude such that the clump of giants would be entirely
unobservable in most or all open clusters. Therefore,
G4 <0.3 would be an overly conservative, but certainly
absolutely safe bound.

The actual occurrence of the helium flash in this
scenario is a very important result for the general
method of using stellar evolution as a probe for particle
physics. Since the helium ignition argument of paper I
offers the most stringent bounds on the properties of
such particles as Majorons which may have been detect-
ed in a recent BB-decay experiment,! it is important to
properly understand this approach so that the results
and conclusions can be relied upon—ideally with the
same degree of confidence as one can trust in laboratory
measurements.

The occurrence of the helium flash in our case then
specifically indicates that it is not sufficient to thermally
isolate the inner core of a giant star from the hydrogen-
burning shell in order to suppress the helium flash. The
exotic cooling mechanism under consideration must also
be efficient within the degenerate core such that gravita-
tional energy release—a local energy source—is
sufficiently balanced. This means that much attention
must be paid to the plasma energy-loss rates under such
extreme conditions; it is not sufficient to focus on the
much less exotic regime of the hydrogen-burning shell
and the region immediately behind it.

In paper I no effort has been made to construct de-
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tailed energy-loss rates for the inner core of the star. In
the light of our present results it is then not entirely ob-
vious that the bounds on axions, familons, and Majorons
derived in this previous study are as reliable as was orig-
inally thought. We emphasize, however, that the dom-
inant emission process in the degenerate core for the
cases discussed in paper I is electronic bremsstrahlung.
It would not suffer from the e /T suppression at high
densities which is characteristic of photoconversion (or
rather plasmon conversion) processes—contrary to the
opposite statement implicit in Eq. (3) of paper I. It
would suffer, however, from a substantial reduction be-
cause of electron degeneracy effects when the tempera-
ture dependence of the bremsstrahlung rates, which
dominate in the core, would be'>!” as T'*, in contrast
with T?3 for the nondegenerate regime.!>3? More
specifically, the assumed bremsstrahlung emissivity of
paper I is

—w. /T
€ .Se pl ,

paper 1=4.2X 10% erg g~ ' s T layepe Ty

where a,s is the axionic fine-structure constant,
a,=g*/47 in units of 1072, pe=p/10® gcm3,
Ty=T/10% K, and wp is the plasma frequency given as
a)pl/T:2.4p60'5/T8 for a helium plasma. The correct

emissivity for a helium plasma is
e, =F(7?/15)a*a, T*m; *m; !,

where m, is the atomic mass unit and F is a numerical
factor of order unity which includes the effect of ion-ion
correlations.’> Hence paper I overestimates the emis-
sion rate by a factor

r Eepaper I/Eb
=(38.7/F)peT5 Pexp(—2.4ps>>/Ty) .

The precise value for F has not been calculated for the
relevant case of a helium plasma. However, for condi-
tions of a red-giant core before helium flash (pg=1 and
Tg~1) F=1.5 appears to be a good estimate.’> Then
r=~2.3, and we conclude that the bounds on the axion
mass and on symmetry-breaking scales given in paper I
are possibly too restrictive by a factor not larger than
about 1.5.

Returning to the case of hadronic axions we proceed
to present our results in detail by revisiting the solar
bound on these particles in Sec. II. We specifically dis-
cuss the connection between the inferred presolar helium
abundance and the effect of axion cooling. In Sec. III
we calculate the Primakoff-emission rate for the whole
range of conditions encountered in the interior of a giant
star, paying particular attention to plasma, degeneracy,
and screening effects. In Sec. IV we follow the evolution
of a 1.3My star from zero age to the helium flash for
various values of the axion-photon coupling strength G.
We establish, in particular, the dependence on G of the
core mass, surface temperature, and surface luminosity
at the helium flash. In Sec. V we follow the helium-
burning phase of these stars, and establish their helium-
burning lifetime. In connection with observational data
on the relative abundance of helium burning stars, these
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results are used to set new bounds on G. We summarize
the results of this work in Sec. VI and discuss some
consequences concerning several schemes proposed to
detect axions.

II. SOLAR BOUNDS ON HADRONIC AXIONS
AND THE PRESOLAR HELIUM ABUNDANCE

In paper II the axion-emission rate, due to the Pri-
makoff process (Fig. 1) from a nondegenerate, nonrela-
tivistic plasma, has been calculated with much attention
to screening effects of electric charges in such an envi-
ronment. Then the axion luminosity L, from the Sun
was calculated from a standard solar model under the
assumption that axion emission was only a minor pertur-
bation. The requirement that L, does not exceed the
surface photon luminosity L, was used to derive the
bound Eq. (2), and this requirement was justified by the
observation that otherwise the Sun would have turned
off the main sequence before its observed age of
to=4.5%x10° yr.

This argument, as presented in paper II, is somewhat
rough because for L,~=L; axion emission is a strong
effect and the structure of the Sun would substantially
differ from a standard model. Therefore, we presently
investigate this argument in more detail by numerically
considering the evolution of 1.0M, star from zero age to
to where we include the effect of axion emission as cal-
culated in paper II. To this end we have used the same
stellar structure code that has been described in paper L
We mention that the way we use this code is well adapt-
ed to follow the structure of a star from zero age up the
giant branch to the helium flash and beyond in an
efficient and economical way. We used a mesh of 150
points to solve the differential equations, and the zoning
was kept variable in order to accommodate such singular
conditions as thin-shell hydrogen burning. This pro-
cedure, however, is not well suited to model the Sun in
all its fine points, and it would be entirely inadequate to
study such questions as the solar-neutrino puzzle. In the
present case, however, we are only interested in gross
changes brought about by substantial axion cooling, and,
therefore, it appeared acceptable to use the same numer-
ical procedure as in the subsequent sections of this pa-
per.

We consider a solar model acceptable and consistent if
it reproduces the observed luminosity Lo =3.86x 103
erg/s at the age t5=4.5Xx10° yr. We use a metallicity
of Z=0.02. No attempt has been made to model the
convective surface layers such as to reproduce the solar
radius (or surface temperature). No attention has been
paid to the solar-neutrino spectrum, because, in spite of
the dramatic changes brought about by a substantial
modification of the standard solar model, it is well con-
ceivable that these changes could be compensated for by
neutrino oscillation phenomena such that present and
future measurements of the solar-neutrino flux cannot be
used to constrain properties of the solar interior in a
simple and straightforward fashion.

The only parameter which we vary in order to achieve
consistency of our models with the present Sun is the
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presolar helium abundance. This number cannot be
determined with any precision from a spectroscopic
analysis of the solar photosphere because of the ‘“invisi-
bility” of helium at the given surface temperature.
Therefore, the presolar hydrogen mass fraction X (or the
helium mass fraction ¥ =1—X —Z) represents the most
uncertain input parameter of solar structure calcula-
tions. In practice it is therefore an output result of such
calculations and is chosen to achieve consistency with all
other input information. Older calculations typically
found® Y =~0.27, while detailed solar modeling in the
context of the solar-neutrino puzzle’® leads to
Y =0.251+0.01. Recently other authors have disagreed
with this number and find®’ ¥=0.285 instead.

In Table I we display our results for some global pa-
rameters of a 1M star at age ¢t with various values for
X and the axion-photon coupling G. In the absence of
axion cooling (G=0) we find that X=0.706 (Y=0.274)
yields an acceptable solar model, but this value is not
claimed to be equally significant as the quoted results
from fine-tuned solar models. One of us and G. Fuller®
have recently developed a version of our code with a
much increased number of zones which reproduces the
solar-neutrino spectrum of Ref. 36 with X =0.75.

For a fixed value of X the effect of axion cooling leads,
somewhat counterintuitively, to an increase of the
present-day luminosity of the Sun. This effect can be
compensated by an increase of X, i.e., by an increase of
the presolar amount of hydrogen fuel. In the last
column of Table I we give the values AX = —AY neces-
sary to obtain the present solar luminosity. We obtain
these values from an interpolation between the entries of
Table I. We believe that our results for AX are much
more significant than our absolute values for X; they
should remain valid for the solar models of other au-
thors.
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For Gy=2.5 which just saturates the bound Eq. (2) an
increase of X by 0.05 is sufficient to make our model
“acceptable.” We note that at the present time the ax-
ion luminosity would be about twice as large as the pho-
ton emission, and hydrogen is almost exhausted in the
center. Although such a state of the present-day Sun ap-
pears to be just barely acceptable, we find it difficult to
exclude it by any simple argument. In particular, the re-
quired low presolar helium abundance, although certain-
ly somewhat extreme, is difficult to strictly exclude ob-
servationally. This applies even more to the case
Gy=2.0 where AX=0.03 suffices to achieve a consistent
Sun. For G¢=3.0, on the other side, it appears entirely
impossible to construct an acceptable Sun by variation of
X.

The derived presolar helium abundance can be com-
pared with the observational abundance of metal-poor
nebulae and to values obtained from models of the
chemical evolution of the Galaxy in conjunction with
the primeval helium abundance as obtained from big-
bang nucleosynthesis calculations (see the discussion in
Ref. 37). Although these numbers are roughly con-
sistent, a discrepancy of a few 0.01 cannot be easily ex-
cluded. A value of the presolar helium abundance as
large as’’ Y=0.285, however, would possibly present a
problem in the sense that it is too large to be easily
reconciled with the observational evidence.?’” Recently
it has been claimed,® furthermore, that the observed
helium abundances of extragalactic nebulae have been
systematically overestimated due to problems concerning
the translation of observed spectral line strengths into
chemical abundance ratios. Therefore, the possible
problem of too large a value for Y from solar evolution
calculations would be even worse than discussed in Ref.
37. Hence a decrease of Y below its standard value be-
cause of axion cooling (or other effects) cannot be easily

TABLE 1. Numerical results for a 1.0M@ star. It was evolved from zero age to te=4.5X10° yr
with a metallicity of Z=0.02 for the tabulated values X of the presolar hydrogen abundance and of
the axion-photon coupling constant Gy. The increase AX above our standard value X =0.706 is neces-
sary to reach L, =L@ at t =t@ which was obtained from interpolating the tabulated results. L, is the
surface luminosity in units of Lo, L, is the axion luminosity in L, T, is the surface temperature in
degrees Kelvin, and T, is the temperature at the center. For G,=3.0 it appears that the Sun cannot

be made consistent by variation of X.

Gy X logioLs logioL, log o7 logoT. X, AX
0.0 0.70 0.023 3.765 7.196 0.342
0.73 —0.090 3.750 7.159 0.441
1.0 0.70 0.056 —0.666 3.769 7.232 0.234 0.008
0.73 —0.060 —0.819 3.755 7.182 0.386
1.5 0.70 0.089 —0.204 3.769 7.275 0.214 0.018
0.75 —0.098 —0.467 3.751 7.186 0.377
2.0 0.70 0.200 0.299 3.766 7.336 0.001 0.033
0.73 0.032 0.061 3.761 7.283 0.225
0.75 —0.040 —0.044 3.758 7.253 0.270
2.5 0.70 Turns off main sequence at 3.5x 10° yr 0.050
0.75 0.021 0.308 3.748 7.314 0.136
0.80 —0.168 0.036 3.744 7.229 0.273
3.0 0.78 Turns off main sequence at 4.4 10° yr
0.79 —0.030 0.514 3.729 7.340 0.073
0.80 —0.077 0.464 3.736 7.311 0.180
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excluded and, on the contrary, would perhaps be quite
desirable and attractive.

We conclude that the solar bound Eq. (2) appears to
be firm, but that its near saturation cannot be easily ex-
cluded from the resulting decrease of the inferred preso-
lar helium abundance. The changes in the solar-neutrino
spectrum could, perhaps, be reconciled with present and
future experimental data by neutrino oscillation phenom-
ena. Therefore, we confirm the solar bound of paper II,
but we are unable to easily improve on it in any
significant way. We then proceed to consider the evolu-
tion of stars beyond their main-sequence phase.

III. PRIMAKOFF EMISSION OF AXIONS
FROM STELLAR PLASMAS

The Primakoff emission rates of paper II have to be
extended to a regime of extreme electron degeneracy,
which also implies a large value for the plasma frequen-
cy, in order to use them for an evolutionary calculation
of giant stars. Prior to helium ignition typical condi-
tions for a 1.3M, star range from p near 10 gecm ™3 at
T near 10® K in the center of the star to p around 1
gem ™3 at T around 107 K in the hydrogen- -burning shell,

e., from strongly degenerate to entirely nondegenerate
conditions (see Fig. 2). We remain, however, in the
realm of nonrelativistic physics. We emphasize that the
detailed calculations of Primakoff emission rates of Ref.
18, which appeared shortly after the publication of paper
I, do not take screening effects into account and, conse-
quently, cannot be used for our present purposes.

Since many of the approximations used in paper II do
not apply in the present context we begin our discussion
with the basic expression for the energy-loss rate €* per
unit volume (in ergcm *s~') because of the Primakoff
effect (Fig. 1) on targets of charge Ze (fi=c =kp=1):

4
6*= f(21T)484( 1—k2+k3_k H 2 |‘/nf1

where the indices 1 and 2 refer to the ingoing and outgo-
ing target particle, respectively; 3 refers to the (ingoing)
photon and 4 to the (outgoing) axion. The sum is ex-
tended over photon polarizations. A is the momentum
transfer in the reaction, and S is the dynamic structure
factor®® which accounts for the spatial correlation of the
targets and hence for screening effects in a plasma. n, is
the relevant occupation number in phase space for the
targets, and 1—n, accounts for Pauli blocking of final
states in the case of degenerate electrons as targets; for
nuclei we use n, =0. nj is the relevant blackbody pho-
ton occupation number. We shall always neglect n, be-
cause stimulation effects will not be important in the
present context.*!

In the rest frame of the target and neglecting the ener-
gy transfer in the Primakoff reaction we find

kyxky|?
Ej.ﬁ/Lf,jz (ZeGr2m, ) K22l

7
|Al*
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Fig. 7.

nid’k, (1—n,)d’k, nyd’k; (14n,)d’k,
(2m)} (2m)? (27)° (2m)}

f

where now A=k,—kj is the three-momentum transfer,
and consequently S is now the static structure factor, or
effective form factor squared (paper II), of the charged
targets. m, is the target mass which now equals w; and

@,. Furthermore the axion and photon energies are
equal so that
(ZeG)? (03 | k3xky|?
=" S(A)dk; ,
S INT ’

(8)

where for nuclei and nondegenerate electrons N4 is the
relevant number density. For degenerate, nonrelativistic
electrons it is the electron number density reduced by

the factor
© X e ~dx /fec
X —77+1 >

R
deg = 0 (ex _7’+1

9
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where 7 is the chemical potential in units of the temper-
ature. For strong degeneracy n=pz*/2m,T.

For nondegenerate electrons, when all targets can be
treated as classical sources of a static Coulomb field, the
static ion structure factor can be approximated to lowest
order by the Debye-Hiickel expression*

2
S(A)Z—IAI—— (10)

Knd2'+'|A|2 ’

where k4 is the inverse Debye-Hiickel radius for nonde-
generate conditions:

1 Ama

Knd' =~ 3 Z/N;, (11

J
with the number density N; of the target species j with
charge Ze (for electrons Z, = —1). Overall charge neu-
trality implies ¥ ; Z;N; =0.

In the present context axions can be considered to be
effectively massless and hence |k,| =ws=w; while for

hotons | k; | =V w;’—w,* where the plasma frequen-
p p!

cy is
wp|2=41TaNe /m, , (12)

with the electron number density N, and electron mass
m,.
Then we find with y =w3/T, yo=w,/T, y=kKy/T,
and x =cos(ks,k,) the following result for the axion
emission rate per unit mass e=e€*/p (in ergg”'s™!),
where we have summed over all target species:

aG? T
end=_4;—7 IEZJZNJ f(yo,yl) N (13)
J
where
2.2 24172
1 © y (y —JYo )
fooy=r [ dy—————Tyoy)  (14)
and
+1 1—x?
I= d. , 15
f—l x(r~x)(r+s —x) (15
with
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r :(zyl_yol)/zy (y2__y02)l/2 ,

(16)
s =y /29 (p2 =y
Function f is defined as in paper II; however, it includes
now the dependence on the plasma frequency and is
therefore now a function of two variables. In the
present context we may not neglect the plasma frequen-
cy because in the core of giant stars w, may well exceed
the temperature T as is illustrated in Fig. 2. For the in-
tegral I we find

—-2.

r—1 (r +s)2—1 s4r+1
In
r+1 s s+r—1

(17)

The case discussed in paper II where the plasma fre-
quency has been neglected corresponds to » — 1 so that

I-52(1+45/2)In(1+2/5)—2, (18)

which reproduces the result of paper II with the nota-
tion s =2£2. Another limiting case which turns out to be
of much interest occurs for s >>1 when

I—2r/s . (19)

The remaining quadrature has to be performed numer-
ically. In order to save computation time in a stellar
evolution code it is therefore necessary to use a tabulat-
ed form of f. To this end we have used the parametriza-
tion

100 14y’
14+y,? 1+e”®

fyoyi)= g Woy1), (20)
where g is now a slowly varying function for which nu-
merical values are tabulated in Table II. In our stellar
evolution code we have then interpolated between these
tabulated numbers.

The procedure adopted so far is valid only for nonde-
generate electrons. In the general case of arbitrary de-
generacy, it is very difficult to determine the exact form
of the structure function S(A) even in the static limit.
It appears reasonable to assume, however, that little

TABLE II. Numerical values for the function g(yo,y,). Note that the values for y, <y, in the
upper right part of the Table are never needed in practice because k > w, always (see Fig. 2).

logio(yo)

logio(y1) —1.0 —0.5 0.0 0.5 1.0 1.5
—2.0 0.167 0.121 0.060 0.019 0.007 0.000
—1.5 0.164 0.121 0.060 0.019 0.007 0.003
—1.0 0.147 0.118 0.060 0.019 0.007 0.003
—0.5 0.118 0.109 0.062 0.021 0.008 0.004
0.0 0.126 0.125 0.085 0.034 0.014 0.006
0.5 0.281 0.285 0.216 0.116 0.070 0.035
1.0 0.591 0.603 0.472 0.304 0.361 0.292
1.5 0.770 0.786 0.595 0.416 0.758 1.598
2.0 0.808 0.831 0.680 0.493 1.232 3.045
2.5 0.809 0.833 0.685 0.524 1.608 14.47
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correlation between electrons and nuclei exists. From
the point of view of the nuclei (or ions) the degenerate
electron sea is a “‘stiff background” which cannot be
easily polarized. Therefore, electrons do not contribute
to the screening of nuclear charges which then will be
screened only by the relative displacement of other ions
against the uniform electron background. Therefore, in
this regime, ion targets should be treated with exactly
the same procedure as above, but dropping electrons
from all summations:

aG T
€ions = 47 p loznsz 2N ]f(a)pl/T,Kio,,s/T) , 21
where
4
Kion52= _‘;:ﬂ E Z (22)

ions

In Fig. 3 we have plotted the axion emissivity of a
pure helium plasma at temperature T =3x10" K as a
function of density. Curve (a) represents €,4 as in Eq.
(13) where the effect of electron degeneracy is ignored
throughout, while curve (b) represents €;,,s from Eq. (21)
in which electrons are assumed to form a uniform back-
ground of negative charge throughout. It is apparent
that the two curves asymptotically approach each other
at high densities, i.e., at strong electron degeneracy.
This effect can be understood by observing that at high
densities the plasma frequency becomes larger than the
temperature such that the blackbody photon spectrum is
strongly peaked at energies slightly above, but of the
same order as w,. Then the parameter s is
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FIG. 3. Energy loss of a stellar plasma due to axion emis-
sion. The rates have to be multiplied by G2 in order to obtain
the actual losses. Curve (a) is the case for a nondegenerate
plasma as given by Eq. (13). Curve (b) is for the case where
electrons are treated as a homogeneous background of negative
charge as in Eq. (21). Note that curves (a) and (b) merge at de-
generate conditions as discussed in the main text. Curve (c) as-
sumes perfect electron degeneracy and treats the ions as a
homogeneous background of positive charge. The kink in this
curve is due to the approximation Eq. (28). Curve (d) is the
compound rate as in Eq. (26). Note that at low densities curve
(d) is identical with (a).
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2 2
K K e
= =~ ~ >1, (23)
0@ -0, oy T

where the approximations are valid up to factors of or-
der unity. Therefore, Eq. (19) is a valid approximation.
This means that f(w,/T,x/T) approximately depends
on K only through a factor 1/k* which contains a factor
(z,Z j N;) )~! which then cancels against the corre-
sponding factor in front of Eq. (13). Hence for oy, >>T
the axion emission rate does not depend on the number
densities of various charged-particle species: The reduc-
tion of € brought about by the removal of some of the
charged particles is exactly compensated for by the cor-
responding reduction of screening effects for the remain-
ing targets.

Although degenerate electrons are much weaker
correlated with the ions of the plasma and with each
other, they are not entirely uncorrelated; the relevant
length scale being the Thomas-Fermi wave number

k1 =4am,pp /T . (24)

This expression is valid only in the nonrelativistic re-
gime. It is derived and its relevance as a screening
length scale is discussed, e.g., in Ref. 42. When we ar-
gued that degenerate electrons did not contribute to the
screening of ions we really meant ktr <<K;jopns, @ condition
which precisely characterizes the fact that the electrons
are degenerate and cannot be squeezed into an arbitrari-
ly small volume. The electron contribution to the axion
emission in the degenerate regime is then approximated
by the same procedure as above with some obvious
modifications:

2 4
€= RagNof 0/ Tre/T) 25
where the reduction factor, due to Pauli blocking, has
been defined in Eq. (9). In this treatment we have
neglected all correlations between electrons and ions.
For the ions, we have treated the electrons as an inert
uniform background of negative charge, and for the elec-
trons we have treated the ions as a uniform background
of positive charge.

It is not at all obvious whether in a regime of strong
electron degeneracy the electrons or the ions are the
dominant targets for the Primakoff conversion of pho-
tons. The electron contribution is enhanced by the
reduction of screening effects because kg <<Kijqns Dut it
is reduced by the Pauli blocking of final states, and the
tradeoff is not easily estimated. In Fig. 3, curve (c), we
have plotted €, for the same conditions as above. Nu-
merically it turns out, then, that electrons never are of
dramatic importance in comparison with ions for condi-
tions relevant to our study, but that under degenerate
conditions they contribute almost as much as the ions.

We have made no attempt to calculate € in the inter-
mediate regime of onsetting degeneracy, but rather have
taken recourse to an interpolation between the cases of
nondegenerate and strongly degenerate conditions. To
this end we have used the expression

=(1—w)epg+w (€jons+€e) » (26)
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where w is a weight which we have chosen as a function
of the parameter £=(37°N,)*’3/2m,T which at high
density approaches the Fermi energy in units of the tem-
perature, pp?/2m,T. We have arbitrarily chosen

w(§)=—arctan(§—3)+ 1, 27

1

T

and we have approximated the Pauli-reduction factor as
R =1.50/max (1.50,8) . (28)

Curve (d) in Fig. 3 illustrates the compound emission
rate.

In constructing this emission rate we have aimed at a
maximum deviation from the true value of less than a
few tens of percent. The true error, of course, is impos-
sible to assess on the basis of the foregoing discussion.
We believe, however, that the emission rate thus con-
structed is about the best one can do without having to
devote a disproportionate amount of effort to this calcu-
lation, an effort that would not reflect in the precision or
significance of the final result of this study.

IV. EVOLUTION TO THE HELIUM FLASH

We begin our discussion with a brief summary of the
major evolutionary stages of stars with masses near
IMg; for a detailed discussion see Refs. 43 and 44.
After such a star has contracted to the zero age main se-
quence, hydrogen ignites in its center and it spends the
major part of its lifetime quietly burning hydrogen to
helium. It remains at an almost fixed location in the
Hertzsprung-Russell (HR) diagram (see Fig. 4) where we
have displayed the evolution of a 1.3M star with a
metallicity of Z=0.02 and an initial hydrogen abun-
dance of X=0.73. We have chosen this composition be-
cause it has been pointed out that the stars of M67 are
very similar to the Sun and surprisingly homogeneous in
composition.2® After the exhaustion of hydrogen in its
center the star moves horizontally away from the main
sequence, performing a little “jump” in the HR diagram
at the beginning of this phase which observationally cor-
responds to a gap in the color-magnitude diagram (see
Fig. 4 and Ref. 43). Internally this phase of subgiant
evolution corresponds to hydrogen burning in a thick
shell which is supported by an increasingly degenerate
helium core and surrounded by a constantly expanding
envelope.

The track in the HR diagram then bends over and the
star enters the red-giant branch where the luminosity in-
creases while the surface temperature further decreases.
Internally this corresponds to hydrogen burning in a
very thin shell. The helium core is now entirely degen-
erate and practically isothermal. The density profile
displays, with good approximation, a step-function be-
havior and drops within the hydrogen-burning shell
from around 10° gcm™? in the core to less than 10~
gcm ™3 in the envelope. During that period the core
mass constantly grows and its radius decreases; hence,
gravitational energy is released directly in the core and
constitutes an important energy source for the heating of
the core—not for the overall luminosity of the star.
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The core mass keeps growing as the burning front
moves outward. It becomes hotter and denser until the
triple-a reaction commences. It has a very steep depen-
dence on temperature (> T°) and density because it is
effectively a three-body reaction. Nuclear burning in a
nondegenerate region is self regulating in that an in-
crease in the energy production rate raises the tempera-
ture and pressure. This results in expansion, cooling,
and reduction of the energy production rate to a steady-
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FIG. 4. Evolution of a 1.3M@ star (Z=0.02, X=0.73) from
zero age to the asymptotic giant branch. No mass loss has
been implemented during the red-giant phase. (a) shows age vs
surface temperature. (b) is surface luminosity vs surface tem-
perature, i.e., the usual Hertzsprung-Russel diagram. (c) is the
ratio of neutrino luminosity (from the interior) over surface
luminosity vs surface temperature. At the given arrangement
of these figures one can directly read from (a) the time spent in
each evolutionary phase shown in (b). It is evident, for exam-
ple, that the star spends most of its time at the main sequence,
the end of which is marked by “hydrogen exhaustion,” refer-
ring to the center of the star. The inset in (a) gives increased
time resolution for the phases immediately before and after the
helium flash. It is evident, in particular, that the star spends
about 1.2 10% yr at the location marked clump in the HR dia-
gram. From (c) it is obvious that at the helium flash the neu-
trino luminosity decreases by practically the same factor as the
surface luminosity (because of the lowered density of the core)
so that L, /L, remains virtually constant.
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state value. In a star in which degeneracy pressure pro-
vides the support, the temperature may increase without
an immediate self-regulating response. Therefore, once
the energy-generation rate is large enough to balance the
neutrino losses, a thermal runaway reaction occurs: The
helium flash. Helium typically ignites somewhat off
center because neutrino losses are largest in the center of
the star [see, e.g., Fig. 7(e)]. The runaway is checked
once the core degeneracy has been lifted and the usual
self-regulation sets in. Then the star settles in a new
equilibrium position with a nondegenerate, helium-
burning core and a hydrogen-burning shell. The core
mass, surface temperature, luminosity, and age at which
the helium flash occurs are given for a 1.3M and for a
1.0M star in the first row of Table III. Our core
masses are slightly larger (by about 0.01) but still in good
agreement with those derived from Eq. (3) of Ref. 44.

Including the effect of axion cooling as calculated in
the previous section we find that the helium flash occurs
delayed, depending on the choice of the axion-photon
coupling G. For a 1.3M, star it did occur for all values
of G which satisfy the solar bound. For a 1.0Mg star it
was not quite clear whether or not it occurred at
Gy=2.5 because the numerical solution became quite
unstable. For G¢=1.0 and below, it unquestionably oc-
curred for both masses. The relevant results are listed in
Table III. It is apparent that the core mass and surface
properties at the time of the helium flash are quite in-
sensitive to the initial mass of the star. Specifically the
maximum luminosity at the top of the giant branch is a
rather universal value for a relatively wide range of stel-
lar masses.

In Fig. 5 we display the Hertzsprung-Russell diagram
for G¢=0.3 and in Fig. 6 for Gy=2.5, both for the
1.3M s case. We also display the relative luminosity in
axions and neutrinos, and for the case of Gy=2.5 (Fig.
6) it is apparent that during the main-sequence evolution
axion losses are substantially above any other energy-loss
mechanism of the star. It is very interesting to observe
the dramatic drop in the axion luminosity during the
subgiant evolution and beyond: it effectively ‘“‘switches
off” in the core. Even the remaining cooling is strong

TABLE III. Properties of stars at the helium flash for
different values of the axion-photon coupling G. The mass M
of the star and the core mass M, at helium flash are in units
of the solar mass M©. The surface luminosity, temperature,
and core radius are understood as logarithms. L; is in units of
L@, T; in degrees Kelvin, R .. in centimeters, and the age in
10° yr.

G9 M Ls Ts Mcore R core Age
0.00 1.0 3.39 3.523 0.489

1.3 3.34 3.543 0.477 9.25 5.4
0.10 1.3 3.42 3.534 0.491 9.25 5.3
0.30 1.0 3.66 3.499 0.542

1.3 3.68 3.510 0.546 9.21 5.3
1.00 1.0 3.98 3.477 0.644

1.3 4.00 3.484 0.648 9.10 4.5
2.50 1.3 4.18 3.474 0.744 9.02 2.1

enough, however, to substantially delay the occurrence
of the helium flash. The overall evolutionary time scale
is reduced —see Table III for the age at the helium flash.
For G4=1.0 and below, the time scale remains practical-
ly unchanged from the no-axion case, and in the case of
Gy=0.3 the HR diagram as displayed in Fig. 5 is virtu-
ally indistinguishable from the no-axion case (Fig. 4)—
aside from the extension of the giant branch to larger
luminosities and the evolution beyond the helium flash.
In Fig. 7 we show the internal structure for a 1.3M g
star with axion losses at the Gy=1.0 level just prior to
the helium flash. The axion emission is most dramatic
just behind the burning front and strongly decreases to-
ward the center of the core, while for neutrinos the op-
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FIG. 5. Evolution of a star as in Fig. 4, now with the in-
clusion of axions at Gy=0.3, about an order of magnitude
below the solar bound Eq. (2). The main modification of the
HR diagram is the extension of the giant branch to larger
luminosities (delayed helium flash) and the dramatic decrease
of the helium-burning lifetime. In (c) we also show the relative
axion luminosity. It is important to note that at the helium
flash it jumps to substantially larger values and becomes the
dominant energy-loss mechanism for the star. This is direct
evidence that axion losses are most important during the
helium-burning phase as anticipated in previous work.
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posite is true because they are emitted dominantly
through the plasma decay process [Fig. 7(e)]. The tem-
perature profile in the core displays marked differences
between the two cases [Figs. 7(b) and 7(c)]. In the
neutrino-only case it has a minimum in the center and a
maximum somewhere halfway out to the core boundary.
For the neutrino-plus-axion case it has a distinct max-
imum at the burning front, a shallow minimum just
behind it, and a maximum at the center of the star.
Consequently, the rate for the triple-a reaction is max-
imum in the center [Fig. 7(e)] such that the helium flash
occurs from there. In the neutrino-only case, in con-
trast, it occurs from a shell off center.

Our computer code uses the “classical” neutrino emis-
sion rates of Beaudet, Petrosian, and Salpeter45 (BPS), al-
though recently, new numerical studies of the emission
rates in the standard weak-interaction model have ap-
peared.*® However, for the conditions of interest in our
discussion, the plasmon decay emissivity dominates. Be-
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FIG. 6. Evolution of a star as in Figs. 4 and 5, with axions
now at Gy=2.5 which just saturates the solar bound Eq. (2).
The changes brought about by axion cooling are similar as in
Fig. 5, but now even the main-sequence lifetime is substantially
reduced.
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cause of the peculiar value sin’@®,, ~1 of the weak mix-
ing angle, the electron neutral current is almost entirely
axial so that the plasmon decay rate remains virtually
unchanged from the BPS results.

The luminosity as a function of the radial mass coor-
dinate is in some regions within the core negative, imply-
ing inward energy flow—see the dashed parts of the
curves in Fig. 7(d). Considering the situation just prior
to the helium flash, it is apparent that in the neutrino-
plus-axions case a substantial heat flow from the burning
front into the core exists. It is stopped, however, by ex-
cessive axion emission such that the core can be thought
of as being thermally isolated from the burning shell.
An outward heat flow from the center where no net en-
ergy generation takes place also exists. The triple-a re-
action is still far below neutrino plus axion losses [Fig.
7(e)]. The center of the star, however, slowly heats; a
fact which emphasizes the importance of gravitational
energy as a heat source for the core.

The effect of gravitational energy release is also illus-
trated by the values for the core radii at helium flash in
Table III: They shrink with rising values for the core
masses (associated with larger values of G)—a well-
known behavior for the mass-radius relationship of de-
generate stars.*? It indicates that substantial amounts of
gravitational binding energy are released which heat the
core unless the cooling by neutrinos and other particles
is efficient enough to balance this effect.

Our results allow to set interesting bounds on G be-
cause of the increased surface luminosity at the top of
the giant branch. For G¢=0.3 the luminosity at the
helium flash is increased by Alogo(L /L )=0.34, corre-
sponding to an increase in luminosity by more than a
factor of 2, or, in astronomical units, to a decrease of
the magnitude (increase in brightness) of Am
= —2.5Alogo(L /Ls)~= —0.8. In all open clusters, stars
are observed near the theoretically expected locus of the
giant branch in the color-magnitude diagram,?® and in
some cases, up to the expected top of the giant branch,
but no stars are ever seen in the range corresponding to
the ‘“‘axion-induced” extension of the giant branch.
Even in view of all the uncertainties involved in translat-
ing the observational photometric quantities into abso-
lute surface temperatures and luminosities, it appears
that a discrepancy of Am on the order of unity would be
too large to be absorbed in these errors. Therefore, we
argue that the observational absence of an anomalous ex-
tension of the giant branch establishes the bound
Gy=0.3.

Unfortunately, this argument suffers from the statisti-
cal uncertainty inherent in the small number of stars po-
pulating the giant branch in open clusters (typically a
few tens of stars). It is therefore, perhaps, not entirely
excluded that the observational absence of stars in an ex-
tended giant branch is just a statistical small-number
effect. This uncertainty would not pertain to the case of
globular clusters which typically are much more popu-
lous than open clusters. There, too, a sharp cutoff at the
top of the giant branch is observed, supporting our argu-
ment for the case of open clusters. We concede that, in
order to make our present argument absolutely unrefut-
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able, we would have to go through the same numerical
procedure as before for the case of less massive, metal-
poor stars typical for globular clusters (Population II
stars). Since a much more interesting bound can be ob-
tained, however, from the helium-burning lifetimes of
our present stellar models, we proceed to consider the
evolution beyond the helium flash.

V. HELIUM-BURNING PHASE

Considering the helium-burning phase we mention
that it is very difficult to follow the helium flash numeri-
cally. Calculations of Hirm and Schwarzschild*’ of this
phase found a hydrostatic expansion of the core followed
by the establishment of a core helium-burning con-
figuration. This expansion is very quick and the preflash
composition profile of the star is maintained during this
process. We have expanded the core of our preflash
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models “by hand” to this position in order to avoid the
numerical difficulties of following the helium flash.
More recent hydrodynamic models of Deupree and
Cole*® have found a range of possible behaviors during
the helium flash. Depending on the initial helium core
model they can closely resemble the behavior found in
the hydrostatic calculations or, on the other side of the
spectrum of possible behaviors, they can show complete
mixing and a second main-sequence phase. We believe
that the observed chemical composition of the clump gi-
ants?®* indicates that most stars expand in the hydro-
static manner. We have neglected the possibility of mass
loss and have chosen a total mass of 1.3M ), a metallici-
ty Z=0.02, and core masses according to the values list-
ed in Table III for our “zero age” helium-burning stars.
We then follow their evolution with the strength of ax-
ion cooling appropriate for the different core masses.

For the no-axion case the relevant evolution is shown
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FIG. 7. Internal structure of a 1.3M@ star (X=0.73, Z=0.02) just prior to the helium flash, with and without axion emission.
“Just prior” means that helium-burning commences, but still is of only minor importance and, in particular, far below the neutrino
and axion losses. It is noticeable, however, that for no axions the flash will take place from a shell off center, while for axions at
the given interaction strength of Gy =1.0 it will take place from the center. This is confirmed by later models of these stars. Note
that in both cases the core will grow considerably before the helium flash actually occurs, so that the present core masses are well
below the values given in Table III. In (d) the dashed parts of the curves refer to negative values of L (which are difficult to plot on
a logarithmic scale) and which refer to inward heat flow. In (e) the dashed curves refer to energy losses (axions, neutrinos), while
the solid curves refer to (nuclear) energy generation. For other details see the discussion in the main text.
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in Fig. 4: The star spends a little more than 10® yr at an
almost fixed location in the HR diagram, quietly burning
helium in its center and hydrogen in a shell. After the
exhaustion of helium in its center, it quickly moves up
the asymptotic giant branch, with a much faster time
scale than the helium-burning lifetime and also much
faster than the giant branch evolution. This implies that
many stars should be observable at the location in the
HR diagram labeled clump in Fig. 4(b). This clump of
giant stars is indeed observed in all open clusters.?’

Implementing axion cooling at the G¢=0.3 level, far
below the solar bound, substantially alters this picture.
In this context we emphasize the important difference
between the neutrino and the axion track in Fig. 5(c):
The neutrino luminosity drops dramatically after the
helium flash because of the much reduced core density
so that the ratio L, /L, remains virtually constant, while
for axions the opposite effect occurs. This underscores
the fact that axion emission is most dramatic in the
helium-burning phase of stars. The time scale for this
phase is now reduced by about an order of magnitude
(see Table IV) so that one would expect only a tenth of
the standard number of clump stars to be observable in
open clusters. On the asymptotic giant branch, the star
reaches a maximum luminosity very quickly and then
reverses its track.

We emphasize that a reduction of the number of
clump giants by an order of magnitude would render the
clump entirely unobservable in most or all open clusters
because it consists only of a small number of stars to be-
gin with,?” e.g., 4 in NGC 752, 5 in M67, 20 in NGC
6939, and 41 in NGC 7789. Therefore our previous
bound G4 0.3 is confirmed in an extremely conservative
manner.

We believe that one can do substantially better by
comparing the total number of clump giants with the
number of other stars (particularly near the turn-off
point on the main sequence) in the cluster. As previous-
ly stressed, the time scale for the phases preceding
helium-burning remain virtually unchanged for G4y=1.0
and below, while the helium-burning lifetime is substan-
tially reduced. This behavior becomes particularly
graphic by comparing Fig. 4(a) with Fig. 5(a), and is also
indicated by the entries in the last column of Tables III
and IV. Therefore, the axion cooling effect would
directly affect the ratio of the number of clump giants
versus stars in any previous evolutionary phase.

From star counts in the cluster M67 Cannon?’ derives
a clump lifetime of ty,=1.5X10% yr with a statistical
V'N uncertainty of about 50% because of the small
number of clump giants, N=5. Tinsley and Gunn®
derive ty,=(1.27£0.29)x 10® yr from low mass giants

TABLE IV. Time scale for helium burning for a 1.3M @ star
for various values of G.

G, tye (yr)
0.0 1.2x 108
0.1 6.9 107
0.3 1.6 107
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of the old galactic disk population. Our result of
the=1.2X10% yr for the no-axion case is in very satis-
factory agreement with these numbers. We mention that
Cannon similarly derives for M67 a time scale 6 10® yr
for the red-giant lifetime, excluding the clump and the
subgiant phase. In contrast to the clump, this latter gi-
ant sequence is not entirely well defined theoretically in
that it is not obvious where precisely the line between
subgiants and giants should be drawn. Therefore, we
derive from our calculation for the no-axion case, a
somewhat uncertain giant branch lifetime of 4-5x 108
yr, a number which again is in very good agreement
with Cannon’s result and underscores the reliability of
the calculation.

We believe that in view of the impressive agreement of
observations with calculations for the no-axion case, a
reduction of the helium-burning lifetime by a factor of 2
is, at best, marginally consistent with the observational
data. We therefore argue that Gy 0.1, corresponding
with Eq. (3) to m, 0.7 eV R, is a reasonably safe upper
bound. We mention that even an uncertainty in our cal-
culations of the axion emission rates of a factor 2 would
relax these bounds only by a factor V'2.

These limits are numerically similar to the bound
offered in paper II, but we emphasize that our present
result is directly linked to observational data which is
the major improvement over previous work.

VI. CONCLUSIONS

We have considered in detail the effect of hadronic ax-
ion cooling on stellar evolution. To this end we have
confirmed the solar bound Eq. 2) G 2.5 107° GeV !
(m, <17 eV R) from the evolution of 1.0M stars to so-
lar age and adjusting the presolar helium abundance Y
such as to achieve consistency with the observed solar
luminosity. The effect of axion cooling is to decrease the
inferred value of Y, a result that cannot easily be exclud-
ed from observational evidence which, on the contrary,
possibly favors a lower value for Y than is obtained from
standard solar models.

In order to follow the evolution of stars up the giant
branch to the helium flash, we have constructed new Pri-
makoff emission rates for a stellar plasma and have at-
tempted to take plasma, degeneracy, and screening
effects properly into account because of the large variety
of conditions encountered in a giant star. The emission
rates are strongly suppressed at high densities. In the
post-main-sequence evolution, and particularly on the gi-
ant branch, this manifests itself as an effective switch off
in the stellar core of axion emission although the residu-
al effect is strong enough to delay the occurrence of heli-
um ignition.

The main reason for the actual occurrence of the heli-
um flash for all values of the axion-photon coupling per-
mitted by the above solar bound is the excessive release
of gravitational energy in the core which grows in mass
beyond its standard value, but shrinks in size. Helium
ignition can only be suppressed by an exotic cooling
mechanism if it is efficient enough to shield the core
from the hydrogen-burning front and balance the release
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of gravitational energy in the core.

The helium flash occurs, however, at a much increased
surface luminosity. The requirement that it not be in-
creased by more than a factor of 2—which would be in
disagreement with observational evidence concerning the
luminosity at the top of the giant branch in open
clusters—translates into a bound of G S0.3x107°
GeV~! (m, $2 eVR). This bound is statistically some-
what uncertain because of the small number of stars on
the giant branch in open clusters. This argument could
be improved by considering Population II stars typical
for globular clusters which are generically much more
populous than open clusters.

Our strongest bound is obtained from star counts in
the open cluster M67 and the old galactic disk popula-
tion which can be translated into lifetimes of clump gi-
ants. The impressive agreement between these observa-
tional numbers and our calculated helium-burning time
scale for the no-axion case establishes the bound

GsS1071°Gev! . (29)

If this bound were saturated a severe conflict between
observations and calculations would occur.

We conclude that the detection of cosmic axions
through their 2y decay as envisaged by Kephart and
Weiler and by Turner!'® is excluded. The influence of ax-
ion cooling on the Sun would be very small. From paper
II we find that the flux of axions from the Sun, for which
now a standard model can be assumed, is L,
~0.17G4*Lg so that L, <0.002Ls for Gg<0.1. The
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maximum of the axion spectrum would be at 4-5 keV,
much in excess of the internal temperature of the Sun
(see paper II). It is not obvious whether a recently pro-
posed detector™ for the solar axion flux could operate at
this low flux level and below. Recently several laborato-
ry experiments have been suggested which would be sen-
sitive to the axion-photon coupling. In these experi-
ments a laser beam would be propagated through an
external magnetic field, and axions could be detected by
either measuring the changes in the polarization state of
the beam,’! or else by “shining light through walls.”?
There remains a narrow window of parameters
(0.015G¢ 0.1, m, S10~* eV) in which these experi-
ments might be sensitive and which is not excluded by
our bounds.

Besides the new bounds on hadronic axions provided
by our work, we hope to have contributed to a better un-
derstanding of the method of using stellar evolution as a
probe for particle physics. We are confident that this
knowledge will prove useful in other cases besides the
specific problem discussed here.
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