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ABSTRACT

The spin zero, very light bosons, like the pseudoscalar axion, are collectively
grouped into the term axion-like particle (ALP). These elusive particles qualify
as candidates for dark matter. ALPs also show their presence in higher dimen-
sional theories, as K.K. particles in Kaluza Klein theory, moduli in string theory
and chameleons in cosmology. They can interact with the photon via dimension-
five coupling. In this text we provide an alternative method for investigating the
signatures of the dark matter candidate particles (i.e., ALP) by estimating the ex-
pressions of the probabilities of conversion between different degrees of freedom of
interacting photons into ALP and into each other in presence of a stellar magne-
tized background. We have also tried to explain the contribution of pseudoscalar
ALP-photon mixing to the luminosity function of stars like red giants, supergiants,
white dwarfs, etc.

RESUMEN

Los bosones ligeros de espin cero, como el axiéon seudoescalar, se agrupan
con el término “particulas similares al axién (ALP)”. Estas particulas son can-
didatos para explicar la materia oscura. Los ALP muestran su presencia en teorias
de muchas dimensiones, como particulas K.K. en la teoria de Kaluza-Klein, como
modulos en la teoria de cuerdas o como camaleones en cosmologia. Pueden in-
teractuar con los fotones mediante un acoplamiento de dimensién 5. Presentamos
un método alternativo para investigar las senales de los ALP como candidatos a
materia oscura, estimando las expresiones para la probabilidad de conversién entre
varios grados de libertad de un fotén en interaccién con un ALP o de fotones entre
si, en presencia de un fondo interestelar magnetizado. Intentamos explicar la con-
tribucién de la mezcla seudoescalar ALP-fotén a la funcién de luminosidad de las

gigantes rojas, supergigantes, o enanas blancas.
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1. INTRODUCTION

For quite some time now the evidences in favour
of the existence of dark matter (DM) have been
mounting from astrophysical and cosmological ob-
servations (e.g. flatness of galaxy rotation curves or
the light spectrum from bullet clusters etc.). Accord-
ing to the current understanding, nearly twenty two
percent of the matter content of the universe is in the
form of DM, that needs proper identification. There
are many candidate particles to explain it, like neu-
trino, millicharge particles, dark photons, to name
a few. However, compared to them axions are more
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appealing because they were the ones initially postu-
lated to cure the strong CP and the U4(1) problem
of quantum chromodynamics (QCD). Owing to their
origin and connection to theories of unification, as
well as particle physics (Conlon & David 2013-Sikivie
2021), confirmation of their existence has remained
a sought after activity in laboratories, based as well
on astrophysics experiments.

Owing to their anomaly-related origin, the struc-
ture of the axion (¢’) and the photon (7 interaction
Lagrangian) when expressed in terms of the coupling
constant g4, and the field strength tensor F*,
turns out to be of the form,

1 [y
Lint = Zg(j)/’Y’Y(ZS/FHVFH .
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For L;,: to remain invariant under charge C con-
jugation, parity P and time T reversal symmetry
transformations, the axion field turns out to be CP
violating (CF) and PT preserving. As a result, in a
magnetized vacuum (i.e. vacuum with an external
magnetic field B), or in an unmagnetized medium,
only those photons having their polarization plane
parallel (7)) to B interact with ¢’ and the rest,
i.e., photons having a polarization plane orthogonal
(v.) to B remain free. Therefore, in a magnetized
vacuum or in an unmagnetized medium, only the
7 and ¢’ undergo conversion into each other and
back. Once converted, the axions residing in the
medium stream out almost freely due to their ex-
tremely small cross section o gi,e (i.e., due to
smallness of the e¢’ coupling constant gz, < 10713
GeV~! and the v ¢/ coupling constant gy, ~ 10711
GeV~1). Thus they turn out to be ideal candidates
as astrophysical cooling agents next to neutrinos (7,)
or other agents mentioned already. Therefore, stud-
ies of axion-aided cooling physics for multiple astro-
physical sources were initiated to vindicate their ex-
istence.

Sources like giants, supergiants, red giants, hor-
izontal branch stars or white-dwarfs (WD) have
shown a statistically significant amount of extra en-
ergy loss, which is difficult to explain using standard
physics arguments. Their existence has been inferred
from various phenomena, e.g., from the excess spin-
down rate of the WDs, from their luminosity func-
tion (Gianotti et al. 2016) (L, = CyLgunT3®) or
from the ratio of the number of stars in the hori-
zontal branch (HB) and the red giant branch (RGB)
existing in globular clusters (Gianotti et al. 2016-
Cho & Lee 2005). Labelling the ratio of these two
numbers as R, it was realised that its observed value
is smaller than the expected range, that is supposed
to lie between 1.44 to 1.5. So these observations
initiated a need to look for some extra cooling mech-
anisms operating in the stellar interior, so that extra
channels of energy transport open up that could, in
principle, compensate the mismatch between various
theoretical and observational estimates.

Independently of this cooling anomaly, it was
noted in earlier studies (Chaubey et al. 2024-
Ganguly et al. 2009) that the standard picture of sin-
gle channel ) — ¢’ oscillation undergoes a paradigm
shift once the parity violating correction to the pho-
ton self-energy tensor (PSET) is incorporated in the
effective axion-photon Lagrangian. With the incor-
poration of the parity violating piece, all the existing
degrees of freedom of the system (i.e. photon’s ||, L
and longitudinally (L) polarized states represented

by 7),7L and yr - and axion ¢’) would get coupled
with each other and hence they would be oscillating
into each other. Thus, these oscillations would initi-
ate a new (v, — ¢') channel of energy loss. The goal
of this study is to explore the role of this extra en-
ergy loss channel to explain the required anomalous
cooling of these stars.

2. EFFECTIVE LAGRANGIAN WITH
MAGNETIZED MEDIUM EFFECTS

In the interior of a compact star, pseudoscalar
axions are produced abundantly due to Compton,
Bremsstrahlung and Primakoff processes. The pres-
ence of a non-zero electron fraction (Y. > 5), a mag-
netic field B and a core temperature of the order
of 107° K, make an ideal physical situation for the
production of axion-like particles. The extent of
this magnetized medium introduces a parity violat-
ing part to the PSET that was estimated in Ganguly
et al. (1999).

The pseudoscalar ALP (¢')-photon(~y) mixing dy-
namics can now be studied by employing the effective
Lagrangian provided below:

1 1
Lepr = 5¢'[’f2 —mil¢ — 1l "

1 1 =
* §AHHHV(]C7 My T» eB)AV - Zg¢/77¢/FMVf#V7
(1)

where the term defined as A,II""(k, u, T, eB)A, cor-
responds to the photon self energy correction to
the effective Lagrangian of the pseudoscalar ALP-
photon system, g4, is the coupling constant of
pseudoscalar ALP-photon mixing. The other terms
have their usual meanings as found in the literature.

3. EQUATIONS OF MOTION

The equations of motion of an ALP-photon in-
teracting system are obtained by using the stan-
dard variational principle. They can be expressed
in terms of the form factors (v),v.,7r) of the gauge
potential A, in the orthonormal basis vectors v =
k Fmv 1V = (b — %(22)71”), u’ = (g™ — k’,:—fju)uu,
bR = kzﬂﬁ'w constructed out of the available four
vectors and tensors of the system. In matrix form,
they can be written as:

(
(W +o2)1—M] |1+ ((
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where I is an identity matrix and matrix M is the 4x4
mixing matrix. The symbols || and L correspond to
plane parallel and perpendicular to the direction of
the magnetic field.

The mixing matrix M in terms of the newly

2
defined variables II;, = w (17%>7 G =

gprywBsin(m/4), F = wpw? cos(m/4)/w and
L = gyyywpBsin(m/4) can be cast in the following
form:
w2 —iF 0 0
. 2 .
M= |Fow G0 (3)
0 —iG my —iL

0 0 L I

Here w, is the plasma frequency of the medium.
In order to get the dynamics of the available de-
grees of freedom of the system, the mixing matrix
M has been diagonalized by a unitary transforma-
tion UTMU = Mp (see Chaubey et al. 2024). The
matrix Mp is the diagonalized matrix that contains
four eigenvalues A1, Az, Az, and A4 of the mixing
matrix M. Matrix U, given by:
U1 ﬁg ﬁg 7.AL4
e 0

wyp W2 W3 W4

T1 B Iz Ia
is the unitary matrix constructed from the eigenvec-
tors of matrix M. The elements (for ¢ = 1,2,3,4)
are as follows:

it =[(wh = A (m2, = A) (I, = Ag) = (wh — i) (L)?
—(Op — M)(G)?] x N, (5)

0 = [(wh = A)[(mg = A) (I = X)) = (L)%]] % Ny,
(6)

w; = [( = A)[(wh = X)W = Xo) — (F)]] x NG,
(7)

f=[(wh — M)W — A)md — A)—(wh — A)(G)’
—(m2, = A)(F)?] X ;. ®)

Here N;’s are the normalization constants, which can
be obtained by the expression N; = L

2 2 2 2"
\ ug v twitxy

The mixing pattern that leads to the mixing ma-
trix M obtained in eq. (3) from the effective La-
grangian given in eq. (1) can be understood in the
following way. Due to the presence of PSET in L,
the two transverse degrees of freedom of the photon
(i.e., v and ) would mix with each other. Next,
due to the presence of the tree level interaction La-
grangian L;,:(in an external magnetic field) the L

component of photons and the one due to the un-
magnetized medium effect: the longitudinal compo-
nent of photon mix with ¢’. Thus, all four degrees
of freedom of the ALP-photon system mix with each
other. These mixings are represented by: v — ¢/,
YL =@y = ¢ v = v,y — v and v — .
The evaluation of probabilities of these mixings is
provided in the following section.

4. PROBABILITIES OF CONVERSIONS

The amplitude of the evolution of a state corre-
sponding to one degree of freedom [say |y, (w,0))] of
an ALP-photon system into another (say |¢'(w, 2)))
with respect to the photon path length z is obtained
by (vL(w,0)|¢’'(w, z)). The probability of this evolu-
tion is estimated from the square of the modulus of
the obtained amplitude, that is given by:

Py sy = (7L (w,0)|¢' (w, 2))I%. (9)

Since due to the photon self-energy correction intro-
duced in the effective Lagrangian, the pseudoscalar
ALP-photon system has four physical degrees of free-
dom (i.e., v1, 7, 7z and ¢') that can produce
C (Qiﬁ) number of combinations of such evolution
amplitudes, and hence the corresponding oscillation
probabilities represented by: P, _,4 for oscillation
between perpendicularly polarized photon to ALP,
P, - for oscillation between parallel polarized pho-
ton to ALP, P,, .4 for oscillation between longitu-
dinally polarized photon to ALP, P, _, | for oscil-
lation between parallel polarized photon to perpen-
dicularly polarized photon, P, _,,, for oscillation
between perpendicularly polarized photon to longi-
tudinally polarized photon and lastly P, ., for os-
cillation between parallel polarized photon to longi-
tudinally polarized photon - are generated.

Using the exact solutions of the equations of mo-
tion for an ALP-photon system, the full expressions
of the probabilities of conversion can be written as
follows.

Defining the variables A = |01|w1], B = |02|w2],
C = |03|w3] and D = |04]w4| from eqns. (5)-(8), the
probability of conversion of the perpendicular polar-
ization state of the photon v, into the pseudoscalar
axion ¢’ turns out to be:

P,Mﬁqy = (A2+BQ+CQ+D2)+2AB COS((QH 7QL)Z)
+2BC COS((QL—QW)Z)—FQOD COS((Q¢/ —QL)Z)
+2AC cos((Q — Qg¢r)z) +2BD cos((2L — Qp)z)

+2AD cos((Q) — Qr)2),
(10)
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S = N W

Fig. 1. Plot of oscillation probability P, ) —¢/ Versus pho-
ton energy w (in units of 107° GeV) and magnetic field
eB (in units of 10" Gauss). The probability Iy
has been scaled by the factor 1077, Plasma frequency
wp is taken to be & 107'% GeV, mass of axion my =~
10" GeV and coupling constant o'y R 1071 GevV~h
The colour figure can be viewed online.

where the variables ), 1, 2, and Q4 in terms of
photon energy w are defined as:

It is to be noted that P, _,4 is the only probability
(out of six) that survives in absence of any back-
ground medium. The other probabilities would van-
ish.

The oscillation between the parallel polarization
state of photon into the pseudoscalar ALP is possible
due to the presence of PSET introduced due to mag-
netized medium effects in the effective Lagrangian.
We have numerically evaluated and show in Figure 1
the dependence of it on the magnetic field strength
eB and photon frequency w in the 1 — 10KeV range.

Defining a new set of variables, E = |dq|w1],
F = ‘fLQ"Lz)2|, G = |’ll3|l[)3| and H = |1:L4|71)4| the pI’Ob—
ability of finding the ALP ¢’ evolved from the par-
allel polarization state of photon v after travelling
a distance z turns out to be:

Py g =(E*+F?+G*+H?)+2EF cos(( —1)z)
+2FG cos((21 — Qg )z) +2GH cos((Qyr — Q1)2)
+2EG cos(() — Qgr)z) +2F H cos((2L — Q1)z)
+2EH cos((Q — Qr)2).

(12)

The unique feature of the presence of a medium
is the activation of the longitudinal component of
the photon. This interacts directly with the pseu-
doscalar ALP at the tree level of the effective La-
grangian.  Defining the variables I = |&|wy],

J = |.f32|’lf)2|, K = |.f33|’lf)3| and L = ‘CE‘4|UA)4|, the pI‘Ob-
ability of conversion of the longitudinal polarization
state of photon into an axion or pseudoscalar ALP
can be written in terms of the variables defined above
as:

Py, g =P+ J°+K*+L*)+21J cos((Q—Q1)2)

+2JK cos((21 — Qg )z) + 2K Lcos((y — Qp)2)

+21 K cos((2 — Q¢r)z) +2J Lcos((2L — QL)z)
+2IL COS((Q” )Z)

(13)

It needs to be emphasised here that this prob-
ability of conversion is absent in the case of scalar
ALP-photon interaction, and when the mixing back-
ground of ALP(scalar or pseudoscalar)-photon is a
vacuum.

The other three oscillations happening between
the photon (which is initially in a particular polar-
ization state) and the photon of a different polariza-
tion state after travelling a path of length z, denoted
by v — Y1, v — 7L and v1 — 71 - imply a trans-
formation in the plane of the photon’s polarization
state. The expressions of their oscillation probabili-
ties turn out to be:

Py oy, =(M?+N?+0%+P?)+2M N cos((—Q21)2)
+2NO0 cos((Q1 — Ny )z) +20P cos((y — Q1)z)

+2MO cos(( — Qgr)z) + 2N P cos((Q2L — Qp)2)
+2M P cos((2) — Qr)z),
(14)

Py oy, =(Q*+R*+ 57 +T%)+2QR cos(( —Q1)z)
+2RS cos((2L — Qyp)2) + 25T cos((Qy — Q)2)
+2QS cos(( — Qg )z) + 2RT cos((2L — Qr)2)

+2QT cos(() — Q1)z),

(15)

Py =0+ V2 W24+ X?) 42UV cos((—1)2)
+2VIW cos((2L — Qg )z) + 2W X cos((Qg — Q1) 2)
+2UW cos((2) — Qgr)z) + 2V X cos((QL — QL) )
+2U X cos((2) — Qr)2),

(16)

where we have defined the variables (in terms of vari-
ables present in eqns. 5-8) as follows M = |y|04],
N = "LAL2|’IA}2|, 0 = |ﬁ3|f)3| and P = |’LAL4|’IA)4‘7 Q =
|’LAL1|:1A31|7 R = |’&2|i‘2|, S = "LAL3‘LIAZ'3| and T = |’IAJ,4|{1A34|,
U = |ﬁ1|.’f71|, V = |@2|i‘2‘, W = ‘@3|i‘3| and X =

z

z
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|04]Z4]. The nonzero magnitudes of the last three
probabilities verify the prominent contributions of
magnetized medium effects on the ALP-photon os-
cillation.

5. ASTROPHYSICAL APPLICATIONS AND
CONCLUSION

To conclude, in this work we noted that the hot
dense core of WDs is capable of providing a suit-
able environment for the photon axion conversion
due to the presence of a non-zero fraction of charged
fermions and He ions. Axions produced in this en-
vironment, would stream out from the core of the
WDs carrying a non-trivial amount of energy from
the WD interior.

These streaming axion-flux from the core of WDs
would contribute not only to the cooling of the star
but in turn may also affect the same in two ways.
First, by a reduction of mass, hence increasing the
extent of the radius (since they are connected by
the mass radius relationship). Hence the star pe-
riod is likely to slow down. G117-B15A, a WD,
has been noted to spin down at a rather fast rate,
P~ (12.0 £ 3.5) x 10~ "%sec. (sec.)™! (c.f. Gianotti
et al. 2016 and references therein). If the same hap-
pens due to axionic energy loss, it would leave open
possibilities of explaining other phenomena (like the
electromagnetic torque decay) due to axion physics.

Second. A change in the effective surface tem-
perature of the star, because the total luminosity
(Ltot = Lphoton + Lneutrinos) would undergo a mod-
ification through axion luminosity (Lazion). As a re-
sult, the characteristic cooling time (7., o Li\)
of the star would be modified. Therefore one may
expect to see changes in the luminosity distribution
curve obtained from the expressions provided in Is-
ern et al. (2018).

In this work we have presented some of the pos-
sible ways that the magnetized media present in the
environment of any compact star can render some
observable effects, prominently due to axion medi-
ated interactions, those predicted in the past. We
have numerically shown that the presence of mag-
netized media causes oscillations between the axion
and the parallel component of the photon, which are
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absent when the effect of a magnetized medium is
not considered. The amplitude of the probability of
this oscillation increases with an increase in eB and
w (see Figure 1).

We expect that, with the availability of more ob-
servational data, the significance level of some of the
past predictions can be improved.
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