A new Constraint on the Axion-Photon Coupling
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We show that the emission of axions coupled to photons with g, > 0.8 x 107 °GeV !
would eliminate the blue loop stage for stars in the mass window ~ 8 — 12 M. This is
excluded by observations of the blue sequences and of Cepheid stars.

1 Introduction

Stars are efficient laboratories to study the properties of light, weakly interacting particles.
Observations require, in fact, that the energy drain cannot be too different from the Standard
Model (SM) predictions [1]. This has provided a great deal of understanding in different sectors
of particle physics beyond the standard model, including nonstandard neutrino properties [2,
3, 4], majorons [5], novel baryonic or leptonic forces [6], and more recently unparticles [7] and
extra-dimensional photons [8].

An interesting example of light, weakly interacting particle is the axion [9, 10, 11, 12]
and, more generally, Axion Like Particles (ALPs). These are pseudoscalar particles coupled to
photons through the interaction term

Loy = —g%aFF. (1)

Current experiments are probing the region of g,, ~ 107'1°GeV ™! and it is common to mea-
sure the coupling strength in terms of the dimensionless parameter gi9 = ga,/(107°GeV™1).

Astronomical observations can provide very useful insights in our knowledge of this coupling.
In particular, the analysis of globular cluster stars in the Horizontal Brunch (HB) in comparison
with the number of stars in the Red Giant (RG) phase leads to the strong bound g19 < 1, valid
for masses below a few 10 GeV, that is for axions light enough to be efficiently produced in the
stellar core [13, 14].

A slightly stronger bound, valid however in a quite smaller ALP mass range, is derived from
the terrestrial experiment CAST (Cern Axion Solar Telescope) [15], which has excluded the
region g9 > 0.88 for an ALP mass below 0.02 eV.

The strongest bound to date, however, is derived by the analysis of the evolution of massive
stars [16, 17]. These stars, while burning helium in their core, evolve into a stage called the blue
loop during which they contract and expand again. In the Hertzsprung-Russell (HR) diagram,
this appears as a loop which extends toward the left (see Figure 1), in the region of higher
surface temperature (blue) before turning back in the colder (red) region to the right side of
the diagram.
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The existence of the loop is corroborated by astronomical observations. In particular, the
loop is essential to account for the observed Cepheid stars.

In [16] it was shown that the additional cooling induced by axions coupled to photons would
eliminate this evolutionary stage for stars of mass between 8 and 12 Mg, unless g19 < 0.8.

Here we will discuss this new constraint on the axion-photon coupling and provide some
insight on how the blue loop stage can be used as a sensitive probe for exotic processes and
weakly interacting particles.

2 Blue loop and particle physics

At the end of the H-burning stage (main sequence)

stars expand and cool down. During the following 4.5 e
stage the star burns helium in the core and hydro- 44
gen in a shell.

Figure 2 (top curve) shows the surface tem-
perature evolution of a 9.5M, star from the main §
sequence to the end of the He-burning stage. The ED
transition from H- to He- burning happens at 38
tms ~ 23.8 Myr and corresponds to the (relatively E
fast) migration toward the right of the HR dia- gsbnliin oo dondbon Lo,
gram shown in Fig. 1 (pre-blue loop stage). 44 42 4 3836

As shown in Fig. 2, at tp, ~ 25.4 Myr the Log(Zer[KD
surface temperature rapidly increases and the star
contracts. This is the start of the blue loop stage,
a migration toward the left of the HR diagram.
Simulations have shown that this happens when
the hydrogen has burned enough in the shell and
the H fraction has reached an almost step-like pro-
file 18, 19, 20].

Finally, after another 1 Myr or so, the surface temperature begins to decrease again and the
star starts its journey back to the right of the HR diagram. Physically, the end of the stellar
contraction and the turning back in the HR diagram, say at t = tpack, is caused by the dropping
of the helium content in the core below some threshold value [18].

It is quite remarkable, for our analysis, that the set and the end of the blue loop stage are
determined by the physics of the shell and of the core respectively. Consequently, an exotic
process which is efficiently produced in the core but not in the shell would cause a shortening
of the blue loop stage without significantly changing ¢py, (see Fig. 2).

Observationally, the shortening of the blue loop stage corresponds to a reduction of the
number of blue with respect to red stars of a given luminosity (see [21] for a recent analysis of
the observations).

More significantly, if the ratio of the time scales of the core and shell burning changes
enough, the blue loop stage may disappear altogether [22] and that would have the additional
consequence of leaving us without an explanation for the observed Cepheid stars at that par-
ticular luminosity. Given the good level at which the Cepheid stars are known, the complete
disappearance of the blue loop stage, even for a small range of luminosities, is observationally
forbidden.

w
~

Figure 1: Evolution in the HR diagram of
a 9.5 Mg star. The region between the two
dashed lines is the instability strip, where
the Cepheid variables are found.
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Figure 2: Surface temperature evolution of a 9.5 Mg star for three different values of the
axion-photon coupling.

This fact can be used to constraint new physics, in particular novel cooling mechanisms
which are strongly dependent on the temperature and efficient at relatively low densities.

As a simple criteria, we require that an additional cooling mechanism must always satisfy
thack = tL to guaranty the existence of the blue loop. This may be more conveniently restated
in terms of the He-burning stage lifetime as follows: an additional cooling is phenomenologically
forbidden if

the/tue < (tBr — tms)/ (thack — tas) - (2)

The exact value for the right hand side should be determined by numerical simulations
and depends on the star mass and, possibly, other stellar parameters. Our simulations with
the publicly available stellar evolution code MESA [23] show that a value of 0.8 is a fairly
conservative choice for stars of initial mass around 10 M. A more detailed analysis is in
preparation.

3 Discussion and conclusion

The blue loop criteria described above is very efficient in constraining the axion-photon cou-
pling [16].

Axions (and, more generally, ALPs) can be produced in stars through the Primakoff process,
v+ Ze — a + Ze, which is efficient at relatively low densities and high temperatures, that is,
in an environment typical of the core He-burning stars. After being produced, they freely
stream out of the star carrying energy away and providing, therefore, a very efficient cooling
mechanism. This results in a shortening of the He-burning stage.

In the case of low mass HB stars, it is possible to show that, under reasonable assumptions,
tho/te =~ 1/(1 + 0.4g%,) [1]. Preliminary simulations indicate that the above scaling formula
is reasonably correct also in the case of more massive stars.

From the discussion in the previous section we know that a 20 % reduction of the (central)
He-burning time would eliminate the blue loop stage for stars in the 10 Mg mass range and
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is, therefore, observationally forbidden. This corresponds to the requirement that g;9 > 0.8, a
result confirmed by the numerical simulation shown in Fig. 2.

This bound is somewhat more stringent than the one from HB stars. In addition, since

the core temperature of more massive stars is higher than that in low mass stars, the bound
extends to higher ALP masses.

Only recently massive stars have been considered to study particle physics [24]. This work

shows that they may be quite efficient laboratories.

References

1]
]
]
]

]
]
]
(10]
(11]
(12]
(13]
(14]
(15]

[
[2
3
[4
(5
6
[7
8
9

[16]
(17]
(18]
(19]
20]
(21]

(22]
23]

(24]

76

G. G. Raffelt, Chicago, USA: Univ. Pr. (1996) 664 p.

J. Bernstein, M. Ruderman and G. Feinberg, Phys. Rev. 132, 1227 (1963).

P. Sutherland, J. N. Ng, E. Flowers, M. Ruderman and C. Inman, Phys. Rev. D 13, 2700 (1976).
D. A. Dicus and E. W. Kolb, Phys. Rev. D 15, 977 (1977).

H. M. Georgi, S. L. Glashow and S. Nussinov, Nucl. Phys. B 193 (1981) 297.

J. A. Grifols and E. Masso, Phys. Lett. B 173 (1986) 237.

S. Hannestad, G. Raffelt and Y. Y. Y. Wong, Phys. Rev. D 76, 121701 (2007) [arXiv:0708.1404 [hep-ph]].
A. Friedland and M. Giannotti, Phys. Rev. Lett. 100, 031602 (2008) [arXiv:0709.2164 [hep-ph]].
R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).

R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791 (1977).

S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).

F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

G. G. Raffelt, Phys. Rev. D 33, 897 (1986).

G. G. Raffelt and D. S. P. Dearborn, Phys. Rev. D 36, 2211 (1987).

M. Arik, S. Aune, K. Barth, A. Belov, S. Borghi, H. Brauninger, G. Cantatore and J. M. Carmona et al.,
arXiv:1307.1985 [hep-ex].

A. Friedland, M. Giannotti and M. Wise, Phys. Rev. Lett. 110, 061101 (2013) [arXiv:1210.1271 [hep-ph]].
G. Raffelt, Physics 6, 14 (2013).

D. Lauterborn, S. Refsdal and A. Weigert, Astron. Astrophys. 10 (1971) 97.

D. Lauterborn, S. Refsdal and M. L. Roth, Astron. Astrophys. 13 (1971) 119.

R. Kippenhahn and A. Weigert, Berlin: Springer (2012) 668 p.
K
B
E
B

. B. W. McQuinn, E. D. Skillman, J. J. Dalcanton, A. E. Dolphin, J. Holtzman, D. R. Weisz and
. F. Williams, Astrophys. J. 740, 48 (2011) [arXiv:1108.1405 [astro-ph.CO]].

. Hofmeister, Zeitschrift fiir Astrophysik. 65 (1967) 164.

. Paxton, L. Bildsten, A. Dotter, F. Herwig, P. Lesaffre and F. Timmes, Astrophys. J. Suppl. 192, 3
(2011) [arXiv:1009.1622 [astro-ph.SR]].

A. Heger, A. Friedland, M. Giannotti and V. Cirigliano, Astrophys. J. 696, 608 (2009) [arXiv:0809.4703
[astro-ph]].

Patras 2013



