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On the influence of axions on Mup

I. Dominguez!, M. Giannotti?, A. Mirizzi?, and O. Straniero*

! Departamento de Fisica Teérica y del Cosmos, University of Granada, 18071 Granada, Spain

e-mail: inma@ugr.es
2 Physical Sciences, Barry University, 11300 NE 2nd Ave., Miami Shores, FL 33161, USA
3 Dipartimento Interateneo di Fisica “Michelangelo Merlin” Via Amendola 173, 70126 Bari,
Italy
INAF, Osservatorio Astronomico di Teramo, Via Mentore Maggini, 64100, Teramo, Italy

Abstract. Axions and Axion Like Particles (ALPs) are weakly interacting particles that could
be produced by thermal processes in stellar interiors and escape, taking energy out. In this
way, ALPs could influence stellar evolution, modifying mainly evolutionary time scales and
local temperatures. We have considered stellar evolution models, including axions that couple
to photons and fermions, assuming the current stringest constraints for the corresponing axion
coupling constants. We have focused on the evolution of intermediate mass stars, in particular,
on those stellar masses which attain the physical conditions needed for carbon burning. Our
results show that Mup is shifted up by nearly 2 M, with respect to models without axions. This
is mainly due to the anticipation of the second dredged-up, that halts the increase of the carbon-
oxygen core mass during the early-AGB phase. Note that a value of Mup higher than the current
estimations, based on models without axions, may be in conflict with the semi-empirical initial-
final mass relation and with the observed progenitor masses of Core Collapse Supernova. Little
room seems to be left for axion production with the assumed coupling constants.
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1. Introduction

Axions are weakly interacting particles that
were introduced to explain the absence of CP
violation in the strong interactions (Pecceil &
Quinn| [1977; [Weinberg| (1978} [Wilczek! [1978).
Later on, these particles and, in general,
ALPs were proposed as dark matter candi-
dates (Sikiviel 2008). Up to now, none of
the dedicated experiments has detected them.
The search continues and it is remarkable
that the next generation of ALP experiments,
like ALPSII (Béhre et al. 2013) and IAXO
(Giannotti et al.[2016), will focus on the range

of parameters that is being tested by stellar
models.

Stars are known to be good laboratories for
fundamental physics. ALPs could be produced
in stellar interiors and escape, carrying energy
out. In case that a good, precise observable, is
modified by ALPs, it may be possible to estab-
lish an upper bound to the energy loss rate and
then, constrain ALP properties.

In the DFSZ axion model (Dine et al.[1981}
Zhimitskiil [1980), axions couple to photons
and fermions. These couplings are character-
ized by the corresponding coupling constants,
8ay and g, being the energy loss rate, in
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both interactions, proportional to the square
of the coupling constants. In stellar interiors,
axions that couple to photons are expected to
be produced by the Primakoff process and,
if they couple to electrons, mainly by the
Compton and Bremsstrahlung processes (see
Raftelt|[1990)

Moreover, there are several astronomical
observed properties that could be better ex-
plained including axions:

(1) The observed decrease of the pulsational
period of some white dwarfs (WD). Early
investigations by |Isern et al.| (1992) show
that the period decrease could be bet-
ter explained by axion cooling. In this
case, the most important process is the
Bremsstrahlung in degenerate conditions,
and the derived limit for the axion coupling
to electrons is gs,. ~ 5.0 x 107!3 (Isern et
al.[1992; |Corsico et al.[2012)).

(2) The shape of the observed WD luminosity
function seems to require an extra-cooling.
As in the previous case, the effect is due
to axions produced by the Bremsstrahlung
process in degenerate conditions. The de-
rived axion-electron coupling constant is
8ae = 1.4 x 10713 (Tsern_et al.|2008} Miller
Bertolami et al.[2014).

Other observed stellar properties allow to
impose upper bounds to axion energy loss
rates:

(1) The luminosity of the RGB tip derived
from globular clusters. Due to axion cool-
ing within the degenerate He-core, a
higher He-core mass is required to attain
the physical conditions for He-ignition. A
higher He-core mass implies a higher lu-
minosity at the tip of the RGB. This lumi-
nosity increase is limited by the observed
RGB tip luminosity in globular clusters.
Viaux et al.| (2013)) derived, based on pre-
cise models and observations of M5, g, <
4.3 x 107" at 95% CL.

(2) The R parameters derived for Globular
Clusters. The R parameter is defined as
the ratio of the number of stars in the
HB divided by the number of stars in the
RGB phase. In this case, the main energy
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Fig. 1. Evolution along the E-AGB of the location
of the He-shell and the bottom of the convective en-
velope for a 7.5 My model, including (thick line)
and excluding (thin line) axions.

sink is due to axions that couple to pho-
tons through the Primakoff process within
the convective He-burning core. A faster
comsumption of He is needed to compen-
sate for the energy losses, decreasing the
Horizontal Branch time. The Primakoff en-
ergy loss rate, in non degenerate condi-
tions, depends on T7 and p and does not
affect the previous RGB phase. Ayala etai:
(2014) derived, based on the average R pa-
rameter obtained from the observations of
39 globular clusters (Sataris et ai.|2004),
8ay < 0.66 x 10710 GeV~! at 95% CL
(Straniero et ai;|2015).

Recently, the CAST collaboration (CAST
coltaboration et al | 2017) has obtained the ex-
perimental upper limit g,, < 0.66 X 10710
GeV~!at95% CL.

2. Numerical models

Our approach in this work is to assume that
DFSZ axions are produced through the men-
tioned processes (Primakoff, Compton and
Bremsstrahlung), adopting for the coupling
constants the previous limits, which are the
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Table 1. Early-AGB phase
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7.5M6G No axions Axions

Mco 1.07M, 094 M,

tE—AGB 222300 yr 77600 yr
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Fig. 2. Evolution of the maximum and central tem-
peratures as a function of the central density (g/cm?)
for models including axions (see text) closed to
Mup: the 9.0 My model (thick line) cools down
and the 9.2 M model (thin line) experiences carbon
burning (Mup). Note that in models without axions,
the 7.5 My model experiences carbon burning.

most updated and are also provided with a de-
tailed study of the uncertainties.

The FUNS code (Straniero et al.| 2006;
clude the corresponding axion processes, is
used for all the numerical simulations. The ax-
ion energy loss rate for the Primakoff is taken
Raffeit & Weiss|(1995), for the non-degenerate
Bremstrahlung from Raffeit & Weiss| (i995)
and for the degenerate Bremsstrahlung from
Nakagawa et at:|(1987] [988). Rates and inter-
polations have been revised by the authors.

All models are computed from the pre-MS
to the TP-AGB phase or up to C-burning.

First, we identify Mup for the standard, axion
free, models with initial chemical composition
Y=0.26 and Z=0.013. The obtained Mup, min-
imum mass that experiences carbon burning, is
7.5 Mg (0.1 Mg, resolution). Then, we compute
models including the axion energy loss rates.
Our results show that models in the range 7.5
to 9 My, do not ignite carbon. As it is shown
in Fig. Llthe main reason for that is the antic-
ipation of the 2nd dredge-up during the early-
AGB (E-AGB) phase. In Tab. Lihe correspond-
ing E-AGB times for a 7.5 My model with and
without axions are shown. Axions decrease the
E-AGB time by nearly a factor of 3, and change
the mass of the CO core (M¢o) at the end of the
E-AGB 0.94 M,, instead of 1.07 M.

The anticipation of the 2nd dredge-up is
due to the axion energy losses by Primakoff
and Compton within the He-shell. Nuclear en-
ergy rates have to compensate the energy car-
ried away by axions. As a consequence, the
evolution is faster (Dominguez et al. [999)

For models including axions, Mup is 9.2
Mg, as it is shown in Fig. T;]to be compared
with Mup=7.5 Mg, in models without axions.

There are only two previous works that
have analysed the evolution of stars in this
mass range including axions, however none
of them focus on Mup. One is our previous
work (Dominguez et ai. 1999), focused on the
AGB phase, and 1 which no change of Mup
was identified, and the other is by Friediand et
ai7](20613) in which they reported blue loops
supression for g, = 0.88 x 10719 Gev~.
Assuming the same g, and mass range we do
not obtain any change in the blue loops.
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4. Conclusions

When DFSZ axions, with the current coupling
constants, are included in stellar models, Mup
is shifted up by nearly 2 Mg, with respect
to models without axions. This is mainly due
to the anticipation of the second dredged-up
caused by Primakoff and Compton energy loss
rates operating within the He-shell.

Stars with masses smaller than Mup, 9.2
M, in models with axions, produce CO WDs,
potential progenitors of Type Ia Supernovae
(SNIa). Thus, axions may increase the num-
ber of systems contributing to SNIa and help
explainin the observed rates of SNIa. For the
same reason, the minimum mass for CCSNe
progenitors would be greater than 9.2 Mg, in
conflict with the observed progenitor masses of
CCSNe (Smartt [2015)). Considering also that
a mass interval over Mup is expected to pro-
duce ONe WDs and electron capture SNe, the
minimum mass for CCSNe progenitor would
be even greater.

Note that uncertainties in the '>C + 2C nu-
clear reaction rate (Straniero et al.|[2016) would
also shift Mup.
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