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Red-Giant Evolution, Metallicity, and New Bounds on Hadronic Axions
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We explore stellar cooling by nuclear axion emission, identifying those special isotopes that dominate
this process for temperatures —10'-10 K. We argue that such nuclear energy-loss mechanisms are
distinctive because the eAects track metallicity. Three observables associated with evolution of stars
along the red-giant and horizontal branches are shown to impose new and restrictive constraints on ax-
ions in the hadronic window.

PACS numbers: 97.20.Li, 14.80.Gt, 95.30.Cq, 97.10.Cv

The elegant solution to the strong CP problem pro-
posed by Peccei and Quinn ' has the consequence that a
new light pseudoscalar, the axion, should arise from
spontaneous symmetry breaking. A variety of laborato-
ry searches and astrophysical arguments restrict the ax-
ion mass to two possible ranges, the hadronic axion win-

dow of 1(m, (5 eV and a window of cosmological in-

terest, 10 & m, ( 10 eV. The first range exists
only for axions of the type discussed by Kim, where the
coupling to electrons vanishes at tree level.

The lower bound on the hadronic axion window results
from studies of SN 1987A. Axions produced by nu-

cleon-nucleon bremsstrahlung can contribute to core
cooling, thereby reducing the energy and duration of the
competing neutrino burst. As the burst from SN 1987A
was consistent with conventional supernova theory,
dramatic axion cooling did not occur. Thus either the
axion is so weakly coupled that few are produced
(m, (10 eV) or so strongly coupled that the trapping
is comparable to or greater than that for neutrinos. The
latter lower "ledge" on the hadronic axion window corre-
sponds roughly to m, —3 ~3 eV, with the uncertainty
due in part to approximations in supernova modeling and
in part to the absence of a precise relationship between

m, and the strength of the aNN coupling.
The upper ledge of the hadronic axion window is the

bound imposed by the helium-burning lifetimes of red-
giant stars. While the absence of a direct axion-elec-
tron coupling lessens the energy loss in the case of ha-
dronic axions, PrimakoA production still leads to the in-

teresting constraint

stars, a mechanism that has several interesting virtues.
First, it directly tests' the coupling of hadronic axions
to nucleons with a sensitivity that competes favorably
with the red-giant PrimakoA process. This is important
because, while the coupling to nucleons depends on at
least one poorly constrained parameter (the flavor-singlet
axial-vector matrix element 5), those couplings that lead
to weak nuclear emission tend to produce strong super-
nova limits (the opacity is decreased). Thus it becomes
more difticult to pry open the hadronic axion window.
We find that there is a substantial region in S where our
limits overlap those from SN 1987A. Second, the anom-
alous energy production is directly tied to stellar metalli-
city, an observable. Thus one can study variations in

bolometric magnitudes or stellar lifetimes as a function
of metallicity, constructing sound statistical arguments
for ruling out axions of a given mass or coupling. We
extract three such observables from RaAelt's recent anal-
ysis of red-giant-branch (RGB) and horizontal-branch
(HB) stellar evolution. ' ' Third, the nuclear physics
governing axion emission is strongly constrained by
known y-decay rates.

Kaplan and Srednicki ' have discussed the couplings
of hadronic axions to nucleons. The couplings depend on
the symmetric and antisymmetric reduced matrix ele-
ments for the octet axial current, which conventionally
are determined from neutron and hyperon P decay and
flavor SU(3) symmetry. We use the values F =0.48 and
D =0.77. Ignoring small corrections' depending on
the quark mass ratio w =m„/m„one finds that the aNN
coupling can be written as

( 1 V
072

E/N —1.95

This limit is somewhat uncertain due to the dependence
of the underlying ay@ coupling on the ratio of the coef-
ficients of the electromagnetic and color anomalies,
E/N. While in the simplest theories E/N =8/3 (so that
m, (1 eV), other choices yield a weaker mass limit. For
instance, Kaplan constructed a model where E/N=2,
which would then imply m, ~ 14 eV.

In this Letter we explore nuclear axion emission in

X—aNyq(go+ g3r3)N,

where go = —1.77 x 10 [m, /(1 ev)] (1+2.94S) and g3= —2.75 x 10 m, /(1 eV). The flavor-singlet axial-
vector matrix element S (=Au+Ad+As in Ref. 7) is

poorly constrained. The naive quark model (NQM)
gives S =0.68, while an estimate based on the European
Muon Collaboration (EMC) measurement of the spin-
dependent muoproduction structure function is S
= —0.09. We explore —

1 & S & 2 to encompass these
results and the broad range mentioned by Kaplan.
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Note that the coupling to neutrons, (go —g3)/2, vanishes
for S—0.2, a value between the NQM and EMC esti-
mates.

In the long-wavelength limit this coupling generates
M1 axion emission in nuclei. The rate relative to y de-

cay is'

AF
Isotope Abundance (keV)

B(M I)
(W. U. )

' Fe
"Mn
-'Na

3 26x10 -' 14 4 8 2x10 -' —
1 19 0 80

1.48 x 10 -' 126 4 3 x 10 -' 0.79 —3.74
4.00 x 10 -' 440 0.23 0.88 —1.20

TABLE I. Dominant metals, solar abundance by mass frac-
tion, and Ml transition properties for hadronic axion cooling,
O. I (Ts ( IO. (W.u. denotes Weisskopf unit. )

where 6 is the E2/Ml mixing ratio, po and pl are the
isoscalar and isovector magnetic moments, and the nu-

clear-structure-dependent terms are

&Ji IIX =iI «') r3(I ) IIJ, &

&&g I IX;=i~(i) r3(i) IIJ &

and

&Jj IIX =i ~(i)
I I

J, &

&Jg I Ig;=i a(i) r3I I I;&

As pa ——, —0.38 «p I
—4.71, the denominator (particu-

larly in the case of strong MI transitions) should be
dominated by pI. The transitions in odd-A nuclei of
present interest are characterized by P —+ I depending
on whether the unpaired nucleon is a proton or neutron.

The axion luminosity due to a particular nucleus will

depend on the abundance of that metal, the Boltzman
factor for populating an excited nuclear state, and the
M1 strength of the transition to the ground state. The
stellar temperatures of interest (TII- I, or kT —8.6 keV)
are low on the scale of typical nuclear transition ener-
gies: The cooling rate is optimized, for fixed B(MI), at
4kT —35 keV. From solar abundance tables and tabu-
lated transition energies and y-decay rates one can esti-
mate the axion emission rates for various metals. Stellar
axion emission over the range 0. 1 ~ Tz(10 is largely
governed by three nuclei, Fe, Mn, and Na. The
first is an odd-neutron nucleus, while the latter two are
odd-proton nuclei. The characteristics of the relevant
M1 transition in each nucleus are given in Table I, along
with the results of large-basis shell-model calculations of
the matrix element ratios p and tl.

' The respective
cooling rates (erg/gs) are

Z ma

Zo 1eV

' 2 0.91(1 —9.75) e '/(1+2e '), Fe,
x '5.6x IO (I+0.995) e '/(1+1.33e '), Mn,

7.2x 10 (I + 1.075) e '/(1+ 1.5e '), Na,
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FIG. 1. Hadronic axion emission rates as a function of tem-

perature for m„=1 eV and Z=Zo. The solid (dashed) lines
correspond to S =0.68 (—0.09), the NQM (EMC) value.

where Z/Zo is the metallicity relative to the solar value,

Pi (14.4 keV)/kT, P2 =(126 keV)/kT, and P3 =(440
keV)/kT (see Fig. I). Despite the relative weakness of
the ' Fe transition, its favorable Boltzman factor pro-

duces the largest rate near Tq —1.
RaAelt, ' ' in deriving an improved constraint on the

neutrino magnetic moment, discussed the theory and ob-
servational data for red-giant evolution before and after
the helium flash. A RG contains a dense helium core
(p —10 g/cm ) that supports itself by electron degen-
eracy pressure, surrounded by a thin shell, at the inter-
face with the hydrogen envelope, in which hydrogen
burning occurs. As additional helium is synthesized and
added to the core, the gravitational potential at the burn-
ing shell increases, thereby requiring a faster rate of hy-
drogen burning to maintain the necessary gas pressure.
Thus the star brightens. The core density must also in-

crease in response to its greater mass, eventually reach-
ing a point where 3e ' C burning can ignite. The re-
sulting "helium flash" at the tip of the red-giant branch
results in a quick expansion of the core. The star relaxes
into a new mode where helium burns at the center of the
helium core while hydrogen shell burning continues at a
much reduced rate due to its lower gravitational poten-
tial. The overall luminosity of the star is reduced after
the helium Hash, and the star begins its slow evolution
along the horizontal branch.
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Raff elt noted that absolute measurements of the
brightness of HB stars, MRR, have been made at the
RR Lyrae strip (surface temperature 10 " K) by the
Baade-Wesselink method. ' One can then compare this
with the stellar evolution prediction for the brightness of
stars entering the H B, provided one makes a small
correction for the brightness difference between RR
Lyrae and zero-age HB stars, ARR. In a given globular

cluster one can also determine the brightness difference
between stars at the tip of the RGB and the RR Lyrae
stars, and compare that quantity to stellar evolution re-
sults. Finally, one can employ the R method, the com-
parison between theoretical lifetimes of model stars on
the RGB and HB with the observed number ratio, R
=NHa/NRoa = r Halt RGa. The resulting equations used
in Ref. 11, together with modifications we will discuss
below, are

+ 73~Mi 0 59 3 5 Ye ~RR+ ~ 0

AM Rwt
—0.39Z* —4.06M, =4.13 —4.4 V,,

* —ARR,

logipR 0.029Z +0.706M, . +0.436„=0.151+2.29 Y;*+0.33ARR,

(4a)

(4c)

6M, . =0.015(BERo) ' (5)

where SFRo is in units of erg/gs, and is given in the
present case by Eq. (3), evaluated at (Ts ) —0.78. '6

%'e now depart from Ref. 11 both in the physics and
the analysis. As RaA'elt's y vv cooling is —p for p(10 g/cm, the anomalous losses cease when the star
enters the HB. In contrast, the nuclear axion emission
depends only on temperature and is therefore somewhat
stronger on the HB [(Ts ) —1.25 (Ref. 16)l. The HB
lifetime shortens in proportion to the axion losses, '

where V,*=V,—0.25, Y, is the envelope helium abun-
dance, and Z*=3+logipZ. Thus solar metallicity is

Zo = 1.3. A fixed value of Y, -0.27 is thought to
characterize globular clusters in our galaxy. '' Measured
metallicities for the stars we will consider lie in the range—0.9 (Z* (1.1. In (4a) s represents a (possibly large)
systematic error'' in determining the absolute magni-
tudes MRR. Our analysis only requires a knowledge of
relati i e magnitudes.

The quantity 6M, represents the excess helium core
mass, in units of Mo, that would result from anomalous
cooling during RG evolution: Cooling delays helium ig-
nition. Raffelt evaluated 6M, . for plasmon decay into vv
via a neutrino magnetic moment ply. His result (in
terms of piq) can be rewritten in terms of the anomalous
cooling

dius shrinks in response to core axion losses, increasing
the gravitational potential, but again ' 6R/R —6,„/v.
Thus we tentatively assume both eA'ects are su%ciently
small to be ignored, with the understanding that future
calculations are needed to verify this.

In the analysis of Ref. 11 the metallicity dependences
of Eqs. (4) were eliminated by averaging over various
globular clusters, and the resulting equations combined
to eliminate V„* and ERR, thereby isolating 6M, Be-
cause nuclear axion emission is explicitly dependent on
metallicity, our analysis is very much simplified: We will
obtain three independent constraints on m, by consider-
ing only the relative metal dependence for each of the
variables in Eqs. (4). For example, given some hy-
pothesis about 5 and m, stellar evolution then predicts
that MRR —0.16Z*+7.36M, . is a random variable in-
dependent of metallicity. We can subject this hypothesis
to a standard variance test: Using A measurements
of MRR with specified (statistical) errors, we evaluate

I5

6tH
6'lnt H p

= ln 1+
tH

6tH
0

~HB

——7. 1 X 10 6EHg—= —6„, ,
30

where tHq is the HB lifetime in the absence of anoma-
lous energy loss, E3, is the 3a burning rate, and 6'EH& is
given by Eq. (3). Thus this term appears in Eq. (4c).
Equations (4) will also be aft'ected by associated HB
luminosity changes. Frieman, Dimopoulos, and Turner'
argue that the fractional increase in the helium-burning
contribution to the HB luminosity is —6'.„„/v, where E3,—T' with v —30-40. The energy-generation rate in the
hydrogen-burning shell will also increase as the shell ra-

FIG. 2. Mass limits on hadronic axions from the metallicity
dependence of MRa, IogioR, and AMRg as a function of S. The
shaded regions above the solid lines are excluded at 99% C.L.
The region below the dashed line is excluded by SN 1987A, ac-
cording to the parametrization of Ref. 11.
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the weighted mean (MRR —0.16Z*+7.386M, ) and the
weighted variance from the scatter of the data about the
mean. This is an unbiased estimate of the known statist-
ical (i.e. , experimental) variance and should be distribut-
ed as g with N —

1 degrees of freedom. Thus one can
increase m„ for a given choice of 5, until the calculated
variance allows us to reject our hypothesis with a con-
fidence of 99%. More details of this analysis, which
remains valid even if PrimakoA production oIT He or oth-
er metal-independent anomalous cooling mechanisms are
operating, will be given elsewhere. '

Using the data of Tables II, IV, and V of Refs. 11 and
15, we obtain the hadronic axion mass limits shown in

Fig. 2. The most restrictive of the constraints are those
from log~OR and MRR. For the HB cooling leads to a
linear dependence or energy loss (ccZm, ) through 6.,„,
compared to the gentle log i OZ dependence that arises
from stellar evolution. The variable MRR tests m, JZ
and the corresponding limit is impressive in view of the
limited data set (seven RR Lyrae stars over a limited
metallicity range). Because our analysis is statistical, all
three limits can be improved by expanding the data
bases. Our 99%-C.L. limits merge with those from the
SN 1987A, as parametrized in Ref. 11, for large and
small 5 at points, coincidentally, that roughly correspond
to the NQM and EMC values for S.

As the Fe transition is approximately neutron in

character, the coupling vanishes for 5-0.1. Thus, for a
band in 5, a window appears between our limits and that
from SN 1987A. The logioR curves closes at m, —18
eV because Mn, with its odd-proton transition, is of
some importance at HB temperatures. At only slightly
higher temperatures, Tq —1.5, both Mn and Fe
would contribute equally, eliminating the window. Thus
it would be interesting to identify stellar conditions
where the much stronger transitions in Mn or Na
could be exploited, and where similar metallicity argu-
ments could be formulated. One possibility would be a
comparison of stars on the HB and asymptotic giant
branch.
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