CSQCD-IX-2022 IOP Publishing
Journal of Physics: Conference Series 2536(2023) 012005 doi:10.1088/1742-6596/2536/1/012005

Photon propagation in magnetized dense quark
matter. A possible solution for the missing pulsar
problem.

Efrain J Ferrer
Department of Physics and Astronomy, University of Texas Rio Grande Valley, 1201 West
University Dr., Edinburg, TX 78539, US.

E-mail: efrain.ferrer@utrgv.edu

Abstract. In this paper it is reviewed the topological properties and possible astrophysical
consequences of a spatially inhomogeneous phase of quark matter, known as the Magnetic Dual
Chiral Density Wave (MDCDW) phase, that can exist at intermediate baryon density in the
presence of a magnetic field. Going beyond mean-field approximation, it is shown how linearly
polarized electromagnetic waves penetrating the MDCDW medium can mix with the phonon
fluctuations to give rise to two hybridized modes of propagation called as axion polaritons
because of their similarity with certain modes found in condensed matter for topological
magnetic insulators. The formation of axion polaritons in the MDCDW core of a neutron
star can serve as a mechanism for the collapse of a neutron star under the bombardment of
the gamma rays produced during gamma ray bursts. This mechanism can provide a possible
solution to the missing pulsar problem in the galactic center.

1. Introduction

Determining the state of matter in the interior of neutron stars (NS) has attracted much attention
recently. Possessing that knowledge allows to obtain the corresponding equation of state (EoS),
which is instrumental in predicting together with the TOV equations the range of values of the
stellar observational parameters as its mass, radius, tidal deformability, etc. On the other hand,
this knowledge is also essential to know the properties of cold-dense nuclear matter under such
extreme conditions that can only occur inside NS.

It is of a general consent that at asymptotically high densities nuclear matter is deconfined
forming quark matter in the color superconducting color-flavor locked (CFL) phase, which is
the one energetically preferred at those densities [1]-[3]. Nevertheless, such asymptotically high
densities are probably not reached inside NS, but some intermediate densities where the CFL
phase ceases to be the favorite.

It has long been argued that the region of intermediate densities and relatively low
temperatures may feature inhomogeneous phases, many of which have spatially inhomogeneous
chiral condensates favored over the homogeneous ones. Such spatially inhomogeneous phases
have been found in the large-N limit of QCD [4]-[8], in NJL models [9]-[13], and in quarkyonic
matter [14]-[18].

On the other hand, in determining the properties of dense quark matter in the interior of NS,
it will be important to consider that magnetic fields permeate all the stellar compact objects
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ranging from 10% — 10'2 G [19] at the surface of some radio pulsars up to 10'* — 10'> G for
some special compact objects called magnetars [20]. Moreover, we should take into account that
because the stellar medium has a very large electric conductivity, it follows that the magnetic
flux is conserved and hence the inner core magnetic field can be even larger. They have been
estimated to range from 10'® G for nuclear matter stars [21] to 102° G for quark matter stars
[22]. The fact that strong magnetic fields have significant consequences for several star properties
has motivated many works focused on the study of the EOS of magnetized NS (see [23] and
references there).

In particular, there is a magnetized inhomogeneous phase that is gaining interest as a possible
candidate for NS interior. It is the Dual-Chiral-Density-Wave phase in the presence of a magnetic
field [24]-[29], which was then called the MDCDW phase (M for magnetic). This inhomogeneous
phase has the following interesting properties that can be of interest for the astrophysics of NS:
i) Although it is a single modulated phase, it does not suffer from the Landau-Peierls instability
[30]-[31]. This is so, because the asymmetry of the energy spectrum in the lowest Landau level
(LLL) creates new non-trivial topological structures that lead to a linear, anisotropic spectrum
of the thermal fluctuations, which lacks soft transverse modes [32]. Soft transverse modes are the
essence of the Landau-Peierls instability because they produce infrared divergences in the mean
square of the fluctuation field that in turn wipe out the average of the condensate at any low
temperature. This result makes the phase stable at finite temperature. 4i) The temperature
needed to evaporate the inhomogeneous condensate for fields ~ 10'® G is higher than the
stellar temperatures for the whole range of densities characteristic of NS [33], i) The maximum
stellar mass of a hybrid star with a quark-matter core in this phase satisfies the maximum mass
observation constraints (M ~ 2Mg) [34, 35], as obtained from the TOV equations in [36], and
iv) In [37] it was shown that if the NS core is formed by quark matter in the MDCDW phase, the
heat capacity will be well above the lower limit expected for NS (Cy > 1036(T/10%) erg/K). This
limit was established by long-term observations of NS temperatures in the range from months
to years after accretion outburst together with continued observations on timescales of years.

In this paper, by going beyond the mean-field approximation, we will discuss how the thermal
fluctuations of the inhomogeneous condensate of the MDCDW phase can affect the propagation
of electromagnetic waves inside this medium. Thus, it will be shown in this context that the
MDCDW medium is not transparent to photon propagation, but that the photons interact
with the phonon fluctuations due to the chiral anomaly in the electromagnetic sector, which
is activated in this medium in the presence of electromagnetic radiation [26]-[28]. Hence, the
photon mixes with the phonon creating two hybridized modes called axion polaritons (AP) by
analogy with similar phenomenology in condensed matter physics [38, 39]. One of the AP is
gapless and the other gapped, with a gap proportional to the applied magnetic field and inversely
proportional to the inhomogeneous condensate amplitude [40].

The AP becomes the eigenfields through which an incident electromagnetic field can
propagate inside the MDCDW medium. Therefore, the existence of the chiral anomaly in
the electromagnetic sector allows the transmutation of incident photons into gapped AP. This
mechanism can be of relevance for the astrophysics of NS under intense ~-ray radiation as we
will discuss below.

The plan of the paper is as follows. In Section 2, we will consider the MDCDW phase
beyond mean-field approximation. Thus, we will introduce the phonon field characterizing the
fluctuations of the inhomogeneous condensate of this phase. In this context, we will discuss how
an electromagnetic field is affected in this medium by its interaction with the phonons through
the chiral-anomaly vertex present in the medium. Then, we will show that as a consequence of
that interaction the phonons and photons become mixed giving rise in the presence of a magnetic
field to two hybridized fields called AP. One of them being gapped and the other gapless. In
Section 3, we will discuss how the possibility to transfer photons into gapped AP can serve
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as a plausible explanation for the so called missing pulsar problem in astrophysics. Finally, in
Section 4 we smmarize the main findings reported in the paper.

2. The MDCDW phase beyond the mean-field approximation

The MDCDW model describes a phase of two-flavor dense quark matter in the presence of a
magnetic field [24]. The ground state of this phase is characterized by an inhomogeneous chiral
condensate

() + il i Ts) = A expliaz) = — 5 Mo(), (1)

Without loss of generality, we choose the magnetic field B in the z-direction and thus the
condensate modulation is q = (0,0, ¢), since in the MDCDW a modulation vector parallel to
the magnetic field is energetically favored [24].

Then, assuming that the MDCDW order parameter is a single-modulated density wave
M(z) = me'?, with m = —2GA, the free energy becomes [32]

F = aQ,Om2 + b371qm2 + a4’0m4 + a4,2q2m2 + b5,1qm4
+ b53¢°m? + agom® + ag2¢*m* + agaq*m?, (2)
where as2 = aé(f% + af&%, ag2 = aé(g + aég, and we kept up to sixth order terms to ensure the
stability of the MDCDW phase in the mean-field approximation. The coefficients a and b depend
on T, and B. They are obtained from the MDCDW thermodynamic potential found in [28].
Their explicit expressions are not relevant for the present study.

In order to go beyond the mean-field approximation we need to consider the symmetry
breaking pattern in the MDCDW phase. The ground state of the MDCDW system spontaneously
breaks the chiral symmetry Ua(1) and the translation along z, reducing the symmetry group to
Uy (1) x SO(2) x R%2. Those symmetry breakings produce two Goldstone bosons: the neutral
pion 7 and the phonon &.

The corresponding global transformations on the order parameter of these broken groups are
given by

M(x) — "M (z +€) = T M (2) (3)

From Eq. (3), one clearly sees that there is a locking between the chiral rotation and the
z-translation. Therefore, we can choose it as either the pion, the phonon, or a linear combination
of them. Henceforth, without loss of generality, we consider it to be the phonon.

We now subject the order parameter to a small phonon fluctuation u(x) and expand it about
the condensate solution up to quadratic order in the fluctuation,

M(x) = M(z + u(z)) ~ Mo(2) + My(2)u(x) + %Mé'(ZW(SU)v (4)

where My(z) = me'@ is the ground state (1) with m and g the solutions of 3.F/0m = 0,0F /0q =
0.

Inserting (4) into the GL expansion of the free energy, and keeping terms up to quadratic
order in u(z), we arrive at the phonon free energy [32]

FIM(x)] = Fo + v2(0:0)* + v (9.00)" + (*(920 + 016)%, ()

where we expressed the free energy in terms of the pseudo boson field # = gmu, and introduced
the notation Fy = F(My), (010)% = (9.0)? + (0,0)? and ¢? = ag 4.

The coefficients v?, vi are the squares of the parallel and transverse group velocities
respectively given by
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v, = a42 +m-ae2 + 6¢°as4s + 3qbs 3 (6)
1 1
vl = aso +miaga + 2¢%as.a + qbs 3 — CLZ(L% — mQaé_% (7)

Here, the dynamical parameters m and ¢ in (6) and (7) must be understood as the solutions of
the stationary conditions.
Thus, the corresponding low-energy phonon Lagrangian density is

Lo = 1(006)” — v2(0:6)* — 3 (0.6)" — (820 + 33 0)?), ®)

with energy spectrum anisotropic and linear in the longitudinal and transverse momenta
B~ \/v2k2 + v} k2, (9)
where k2 = k2 + kz

We should point out that the energy spectrum (9) is quadratic in both parallel and transverse
momenta, a property that ensures the lack of Landau-Peierls instability [32] in the MDCDW
phase. To accomplish this result the magnetic field plays a crucial role. This is due to the fact
that when evaluated the dynamical parameters in the stationary condition the transverse group
velocity (7) will be different from zero if the b coefficients are different from zero, what only
happens when B # 0. We call attention that the b coefficients originate from the non-trivial
topology of the LLL dynamics.

Now we are ready to switch on an electromagnetic field in the system. As shown in [26, 28],
this situation triggers the appearance of the chiral anomaly

Ly = géFWFW (10)

in the fermion effective action with # = mgz a background axion field linearly proportional to
the chiral condensate parameters m and ¢. In (10) the coupling constant is given by xk = 3—2‘1
Then, when light-matter interactions are taken into account, the low-energy theory of the

fluctuations in the MDCDW medium takes the form

Los= Lo+ L+ géFWFW n g@(:r)FWFW, (11)
where 1
La= (FuwF™ + ' A, (12)

is the conventional Maxwell action, with J# the (non-anomalous) electromagnetic four-current
found after integrating out the fermions in the original MDCDW effective action [28]. The
phonon fluctuation term (§6(x)F,, F'*") is introduced in the chiral anomaly through the shift
z— z+u(x)in 6.

Then, the Lagrangian density £4_¢ describes the low-energy theory of an axion field 6(x)
interacting nonlinearly with the photon via the chiral anomaly in the MDCDW medium. The
peculiarities of the medium are given through the group velocities (6)-(7) and the values of the
dynamical parameters m and ¢ satisfying the stationary conditions.

Let us now consider that a linearly polarized electromagnetic wave, with its electric field E
parallel to the background magnetic field By, propagates in the MDCDW medium [40]. The
field equations of this theory are:

V-E=J+5V6,-B+5V0-B,
VxB-0E/ot=J—5(%B+ V0 x E),
V-B=0, VXxE+0B/dt=0
930 — 02020 —v1 010+ 5B-E =0.
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We can notice that in these equations there are terms coupling the axion field with the
photon. In (13)-(16), B is the total magnetic field, meaning the background field plus the wave
magnetic field.

We should consider a neutral medium for applications to NS. Hence, we assume that J°
contains an electron background charge that ensures overall neutrality

J0+gV90-B+gV9-B:O. (17)

The linearized field equations in the presence of the background magnetic field By and an
electric field propagating along By can then be written as

O*E/0t* = V2E + £(9%0/0t*)By (18)
820/0t* — v2(0%0/922) — v2 (82002 + 9%0/0y?) + 5By - E = 0. (19)

Their solutions describe two hybridized propagating modes of coupled axion and photon fields
that we call AP, borrowing the term from condensed matter [40]. Polaritons are hybridized
propagating modes that emerge when a collective mode like phonons, magnons, etc., couples
linearly to light [38, 39].

The energy spectrum of the hybrid modes are

wi=A-B, (20)
wi=A+B (21)
with ] .
A= 5[192 +¢ + (530)2]7 (22)
B = gyl + e+ (B0 — 42 (23)

and ¢* = vZp? +vip?.
From (20)-(23) we identify wq as the gapless mode and ws as the gapped mode with field-
dependent gap
ws(p— 0) =0 = aBy/mm (24)

The gap § exists as long as the inhomogeneous condensate of the MDCDW phase is not erased
(i.e., as long as m # 0). Notice that the gap does not explicitly depend on the modulation ¢
or the quark chemical potential. For a magnetic field value of B ~ 10'7 G, § is in the range
[0.06,0.5] MeV and m € [23.5,2.8] MeV for intermediate baryonic densities p ~ 3ps [33], with
ps being the nuclear saturation density.

Similarly, coupled modes of axion and photon have been found in topological magnetic
insulators [39]. This underlines the striking connection between matter in two very different
regimes: MDCDW dense quark matter and topological materials in condensed matter. A fact
whose origin lies in the similarity of their topological properties.

3. A possible solution for the missing pulsar problem

We should start by discussing an effect that is present due to the presence of the axion-photon
vertex §0(x)F,, F* in (11). In an external magnetic field, B, one of the two A, fields entering
in the vertex can be taken as the one giving rise to the external field B. Then, through this
vertex in the presence of a magnetic field an incoming photon can be transformed in an axion
field and vice versa. This is the well known Primakoff effect [41], which is a mechanism that
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can occur in theories with vertices between a scalar or a pseudoscalar field and two photons so
that via this vertex and in the presence of background electric or magnetic field, the photon
is transformed into a spin-zero field. In the case of the MDCDW phase under electromagnetic
radiation, the Primakoff effect allows an incident photon to be transformed into AP inside the
medium, since the axion field in this medium is split into the two AP eigenfields.

The fact that the MDCDW medium can create massive AP’s when it is bombarded with
energetic photons may have important implications for the physics of NS as we will discuss as
follows. In this sense, the first step will be to see how the incoming photons can reach the
quarks forming the inner region of NS. For this, we should take into account that ~-rays at
moderate energies (i.e. energies smaller than 2m,. = 1.02 Mev) are mainly attenuated by their
interaction with electrons through Compton scattering. Now, electrons are distributed in NS in
two different ways depending of the kind of NS we are considering. In hybrid stars, where the
quarks are confined into the star core, the electrons are mixed along several kilometers with the
hadronic matter that is surrounding the core; while in the so-called quark stars, where the star
contains only quarks, the electrons are forming a very thin electron cloud of approximately 300
fm depth around the surface [42].

Taking into account the high electron density in the outer core of hybrid stars, it can be
proved that the v radiation will be absorbed in a distance of less than a hundred of fm into the
mantle [43]. On the contrary, for quark stars it can be shown [43] that the ratio of intensities
is I/Iy ~ 0.983 after crossing the entire electron cloud, which shows that for 1MeV ~ rays the
attenuation is negligible. A similar calculation for the least energetic incident ~-ray, with 0.1
MeV, still shows small attenuation I/Iy ~ 0.64. Thus, we conclude that in the case of quark
stars the incident y-rays can be converted into AP inside the star.

Now a question that follows is: Can the gapped AP be trapped inside the star? To answer
it, we need to show that the velocity of the created gapped AP is smaller than the star’s escape
velocity ve/c = /2G Mgar /% Rspar. For a star with My, = 2Me and Rgqr = 10 km, we have
ve = 0.8¢. The velocity v4p that an AP of mass § can reach depends on the energy F it acquires
from the incident ~-rays

c25

vap/c=14/1— (E>2 (25)

For instance, for ¢?6 = 0.3 MeV, all the AP with energy E < 0.5 MeV cannot escape. Similarly,
if ¢20 = 0.06 MeV, the AP’s with energies £ < 0.1 MeV will be gravitationally trapped. This
implies that gapped AP in the energy interval (0.1,0.5) MeV will always be trapped. The
use of 2Mg, stars in the escape velocity formula is motivated by recent indications [44] that
the heaviest neutron stars, with masses ~ 2Mg, should have deconfined quark-matter inside.
Another important factor to consider is that the number density of AP is conserved as it was
demonstrated in [40]. Thus, if they cannot scape their number will be conserved.

On the other hand, if the number of gapped AP’s that accumulates in the star’s center is
higher than the Chandrasekhar limit for these bosons, the AP’s will create a mini black hole in
the star center that will destroy the host NS, leaving a remnant black hole. The Chandrasekhar
limit that determines the number of AP’s required to induce the collapse is given by [45, 46]

My \? MeV\?
NGh = ((;’l) —1.5x 104 (§V> (26)

where M, = 1.22 x 10! GeV is the Planck mass. Then, for the AP mass, § = 0.3 MeV,
corresponding to the magnetic field B = 10'7 G field, we find Ngh = 1.7 x 10%.

The Milky Way galactic center (GC) is, on the other hand, a very active astrophysical
environment with numerous y-ray emitting point sources [47]. Extragalactic sources of gamma-
ray burst (GRB) display an isotropic distribution over the whole sky flashing with a rate of
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1000/year. The energy output of these events is ~ 1056 MeV, with photon energies of order
0.1 — 1 MeV [48], meaning that each one of these events can produce 10%% or more photons. If
we assume that only 10% of these photons reach the star, which is a conservative estimate if
the star is in the narrow cone of a GRB beam, about 10%° of those photons can reach the NS.
This implies that if just 1078% of the 10°® photons reach the star with energies ~ 0.3 MeV or
larger, they can in principle generate a large enough number of AP’s to produce a mini black
hole in the star’s center and induce its collapse. Similarly, for an AP mass 6 = 0.06 MeV, we
find Ng}% = 4.2 x 10% 50 in this case 1077% of the total number of photons will have to reach
the star to create the conditions for the collapse.

Let’s see now how the mechanism to create AP inside quark stars can serve to give a plaussible
solution to the so called missing pulsar problem, which is a long-standing puzzle in astrophysics.
This problem refers to the failed expectation to observe a large number of pulsars within 10 pc
of the galaxy center. There exist indications that there are more than 103 active radio pulsars in
that region [49], but these numbers have not been observed. This paradox has been magnified
by pulse observations of the magnetar SGR J1745-2900 detected by the NuSTAR and Swift
satellites [50]-[52]. These observations revealed that the failures to detect ordinary pulsars at
low frequencies cannot be simply due to strong interstellar scattering, but instead should be
connected to an intrinsic deficit produced by other causes.

In addition, the detection of the young (T ~ 10* yr) magnetar SGR J1745-2900 indicates high
efficiency for magnetars formation from massive stars in the GC, as it was pointed out in [53].
This is because it will be unlikely to see a magnetar unless magnetar formation is efficient there.
In fact, it has been argued that the detection of SGR 1745-2900, with a projected offset of only
0.12 pc from the GC, should not have been expected unless magnetar formation is efficient in the
GC with an order unity efficiency [53], and that the missing pulsar problem could be explained
as a consequence of a tendency to create short-lived magnetars rather than long-lived ordinary
pulsars. Furthemore, there is evidence that several magnetars are associated with massive stellar
progenitors (M > 40Mg) [54], a fact that supports the idea that magnetars formed in the GC
could be very massive compact objects made of quark matter.

Therefore, considering that the GC is mainly populated by massive magnetars, probably
being quark stars because of their large masses, and the high GRB activity of the region, the
possibility that the huge conversion of ~-rays into gapped AP can attain the Chandrasekhar
limit to finally create a mini black hole in the star center that will devour the whole star. This
could be the reason of the scarce number of pulsar found in that region.

It is important to attract attention to the fact that the presence of a magnetic field is crucial
for the AP mechanism to work since the AP gap is proportional to the magnetic field value.
However, it is worth to mention that the AP mechanism does not require unrealistically large
magnetic fields to be viable. Fields of magnitude 107 —10'® G are enough to make the MDCDW
phase energetically favored over the chirally restored one at intermediate densities and to produce
the needed AP mass to make viable the formation of the mini black hole via the Chandrasekhar
mechanism. These are, on the other hand, plausible fields commonly considered for the interior
of magnetars, whose surface magnetic fields can be as high as 10'°G.

4. Concluding remarks

In this paper, it is considered the MDCDW phase of quark matter at intermediate density beyond
the mean-field approximation. In particular, it is analyzed how the low-energy fluctuations
about the inhomogeneous ground state of the MDCDW phase affect the propagation of
electromagnetic waves in this medium. In this regard, it is shown how due to the chiral
anomaly, which is a natural ingredient of the system, an incoming photon mixes with the phonon
fluctuation to produce two hybridized fields called AP, by analogy with condensed matter similar
phenomenology. The AP fields become the eigenfields in this medium, one with a gapless energy
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spectrum and the other with a gapped one. The gap being proportional to the magnetic field
and inversely proportional to the inhomogeneous condensate amplitude. The number density of
AP is a conserved quantity as it was shown in [40]. Hence, the linearized photons that penetrate
the MDCDW medium produce, through the Primakoff effect [41], a number of AP’s that will be
conserved. If the number of photons is equally split into massless and massive AP’s, a significant
part of the photon energy will be converted to mass, what can have consequences for the physics
of NS under v-ray radiation.

Precisely, in the second part of this paper we discuss how the large number of AP that can
be stored inside a NS under the bombardment of photons produced in GRB can produce a mini
black hole, once its mass exceeds the Chandrasekhar limit, with the capacity to produce the star
collapse. This scenario serves to give an alternative explanation to the so-called missing pulsar
problem in the GC.

Acknowledgments
This work was supported in part by NSF grant PHY-2013222.

References
[1] Buballa, M 2005 Phys. Rep. 407 205
[2] Fukushima K and Hatsuda T 2011 Rept. Prog. Phys. 74 014001
[3] Alford M G, Schmitt A, Rajagopal K and Schafer T 2008 Rev. Mod. Phys. 80 1455
[4] Deryagin D V, Grigoriev D Y and Rubakov V A 1992 Int. J. Mod. Phys. A 7 659
[5] Shuster E and Son D T 2000 Nucl. Phys. B 573 434
[6] Park B'Y, Rho M, Wirzba A and Zahed I 2000 Phys. Rev. D 62 034015
[7] Rapp R, Shuryak E, and I. Zahed I 2001 Phys. Rev. D 63 034008
[8] Gubina N V, Klimenko K G, Kurbanov S G, and Zhukovsky V Ch 2012 Phys. Rev. D 86 085011
[9] Nakano E and Tatsumi T 2005 Phys. Rev. D 71 114006
[10] Nickel D 2009 Phys. Rev. Lett. 103 072301
[11] Nickel D 2009 Phys. Rev. D 80 074025
[12] Carignano S, Nickel D and Buballa M 2010 Phys. Rev. D 82 054009
[13] Abuki H, Ishibashi D and Suzuki K 2012 Phys. Rev. D 85 074002
[14] Kojo T, Hidaka Y, McLerran L and Pisarski, R D 2010 Nucl. Phys. A 843 37
[15] Kojo T, Hidaka Y, Fukushima K, McLerran L and Pisarski R D 2012 Nucl. Phys. A 875 94
[16] Kojo T, Pisarski R D and Tsvelik A M 2010 Phys. Rev. D 82 074015
[17] Kojo T 2012 Nucl. Phys. A 877 70
[18] Ferrer, E J, de la Incera V and Sanchez A 2012 Acta Phys. Polon. Supp. 5 679
[19] Livingstone M A and Kaspi V M 2011 Astrophys. J 742 31
[20] Tiengo A , et al. 2013 Nature 500 312
[21] Dong L, Shapiro S L 1991 Astrophys. J. 383 745
[22] Ferrer E J, de la Incera V, Keith J P, Portillo I, and Springsteen P L 2010 Phys. Rev. C 82 065802
[23] Ferrer E J, de la Incera V, Manreza Paret D, Perez Martinez A, and Sanchez A 2015 Phys. Rev. D 91 085041
[24] Frolov I E, Zhukovsky V. Ch. and Klimenko K G 2010 Phys. Rev. D 82 076002
[25] Tatsumi T, Nishiyama K and Karasawa S 2015 Phys. Lett. B 743 66
errer and de la Incera ys. Lett.
26] F EJand delal V 2017 Phys. Lett. B 769 208
[27] Ferrer E J and de la InceraV 2018 Universe 4 54
[28] Ferrer E J and de la Incera V 2018 Nucl. Phys. B 931 192
eng B, Ferrer and Portillo s. Rev.
29] Feng B, Fi E J and Portillo I 2020 Phys. Rev. D 101 056012
[30] Peierls R 1934 Helv. Phys. Acta 7 (1934) 81
Peierls R 1935 Annales de I’Institut Henri Poincaré 5 177
andau s. 4. Sowjet Union
31] Landau L D 1937 Phys. Z. Sowjet Union 11 26
Landau L D 1937 Zh. Eksp. Teor Fiz. 7 627
[32] Ferrer E J and de la Incera V 2020 Phys. Rev. D 102 014010
ory W and de la Incera s. Rewv.
33] Gy W and de la I V 2022 Phys. Rev. D 106 016011
[34] Demorest, P B, Pennucci T, Ransom S M, Roberts M S E, Hessels, J W T 2010 Nature 467 1081
Z. Arzoumanian, et al. 2018 Astrophys. J. Suppl. 235 37
[35] J. Antoniadis J et al. 2013 Science 340 6131
[36] Carignano S, Ferrer E J, de la Incera V and Paulucci L 2015 Phys. Rev. D 92 105018



CSQCD-IX-2022 IOP Publishing

Journal of Physics: Conference Series 2536(2023) 012005 doi:10.1088/1742-6596/2536/1/012005

Ferrer E J, de la Incera V and Sanson P 2021 Phys. Rev. D 103 123013

Mills D L and Burstein, E 1974 Rep. Prog. Phys. 37 817

Wang R Li J, Qi X L and Zhang S C 2010 Nature Physics, 6 284

Ferrer E J and V. de la Incera V 2020 Axion-Polaritons in the Magnetic Dual Chiral Density Wave Phase
of Dense QCD, Preprint hep-ph/2010.0231}

Primakoff H 1951 Phys. Rev. 81 899

Alcock, C.; Farhi, E.; Olinto, A. 1986 The Astrop. Jour. 310 261

Ferrer E J and de la Incera V 2021 Universe 7 458

Annala E, Gorda T, Kurkela A, Nattila J, Vuorinen A 2020 Nature Physics 16 907, and extended data

Ruffini R, Bonazzola S 1969 Phys. Rev. 187 1767

Goldman I and Nussinov S 1989 Phys. Rev. D 40 3221

Nolan P L, et al. 2012 (Fermi-LAT Collaboration) Astrophys. J. Suppl. Ser. 199 46

Meszaros P 2006 Rept. Prog. Phys. 69 2259

Macquart J P, Kanekar N, Frail D, Ransom S 2010 Astropys. J. 715 939

Mori K, et al. 2013 ApJ 770 L23

Kennea J A et al. 2013 ApJL, 770 L24

Spitler L G et al. 2014 ApJL 780 L3

Dexter J and O’Leary R M 2014 ApJL 783 L7

Figer D F, Najarro F, Geballe T R, Blum R D and Kudritzki R P 2005 ApJL 2822 1.49



