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Abstract The oscillation of neutron n into mirror neutron
n′, its mass degenerate partner from dark mirror sector, can
gradually transform the neutron stars into the mixed stars
consisting in part of mirror dark matter. In quark stars n− n′
transitions are suppressed. We study the structure of mixed
stars and derive the mass-radius scaling relations between the
configurations of purely neutron star and maximally mixed
star (MMS) containing equal amounts of ordinary and mirror
components. In particular, we show that the MMS masses can
be at most Mmax

NS /
√

2, where Mmax
NS is a maximum mass of

a pure neutron star allowed by a given equation of state. We
evaluate n− n′ transition rate in neutron stars, and show that
various astrophysical limits on pulsar properties exclude the
transition times in a wide range 105 year < τε < 1015 year.
For short transition times, τε < 105 year, the different mixed
stars of the same mass can have different radii, depending on
their age, which possibility can be tested by the NICER mea-
surements. We also discuss subtleties related with the possi-
ble existence of mixed quark stars, and possible implications
for the gravitational waves from the neutron star mergers and
associated electromagnetic signals.

1 Introduction

The idea that there may exist a hidden particle sector con-
sisting of mirror duplicates of the observed standard par-
ticles was introduced long time ago for restoring parity as
a fundamental symmetry [1–3]. In this context, all known
particles: electron e, proton p, neutron n, neutrinos ν etc.
must have their mirror partners e′, p′, n′, ν′ etc. which
are supposed to be sterile to our Standard Model (SM)
interactions SU (3) × SU (2) × U (1), but have their own
SU (3)′ × SU (2)′ ×U (1)′ gauge interactions (see Refs. [4–
6] for reviews and [7] for a historical overview).
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More generically, one can consider theories based on the
direct product G ×G ′ of two identical gauge factors (SM or
some its extension), with the Lagrangian

Ltot = L + L′ + Lmix (1)

where L describes ordinary (O) particles, L′ describes their
mirror (M) partners and Lmix stands for possible cross-
interactions between the O and M particles. The identi-
cal forms of the Lagrangians L and L′ is ensured by Z2

symmetry under the exchange G ↔ G ′ of all O parti-
cles (fermions, Higgs and gauge fields) with their M twins
(‘primed’ fermions, Higgs and gauge fields). In view of chiral
character of the SM, this discrete symmetry can be imposed
with or without chirality change between O and M fermions.
Mirror parity corresponds to the former possibility, however
this difference will not be important for our further consider-
ations. If mirror Z2 parity is unbroken, then O particles and
their M partners are degenerate in mass, and the interaction
terms in L and L′ are exactly identical [2,3]. Also the case
of spontaneously broken Z2 symmetry has been considered
in the literature [8,9] in which case the weak scales in two
sectors can be different, and thus M particles and their O part-
ners are no more mass degenerate. In particular, this occurs
in the mirror twin Higgs scenarios [5,10].

Mirror matter, gravitationally coupled to ordinary matter
but dark in terms of our photons, could represent the part or
even entire amount of dark matter in the Universe, with the
abundance related to the mirror baryon asymmetry. The col-
lisional and dissipative properties of M baryons/nuclei/atoms
can have specific implications for cosmology [11–17] as e.g.
existence of M stars which can be detected as Machos of
different masses [18].

Lagrangian Lmix in (1) may contain cross-terms that
induce oscillation phenomena between O and M sectors.
In fact, any neutral O particle, elementary (e.g. neutrinos)
or composite (e.g. neutrons) can have mixing with its M
twin and oscillate into the latter. For example, the photon
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kinetic mixing with mirror photon [19] induces the positro-
nium oscillation into mirror positronium [20]. Oscillation
between the O and M neutral mesons, or between the muo-
nium and mirror muonium, can be induced by the gauge
bosons of a flavor symmetry interacting with the fermions of
both sectors [21,22].

Most interesting are the cross-interactions which violate
the lepton and/or baryon numbers of both sectors. Namely,
“active-sterile” mixing between ordinary νe,μ,τ and mir-
ror ν′

e,μ,τ neutrinos can be induced via effective operators
1
M ��′φφ′ + h.c. with a large cutoff scale M , where � and φ

are the lepton and Higgs doublets of O sector and �′ and φ′ are
their M partners [23–27]. These operators, violating B − L
as well as B′ −L′, also suggest a co-leptogenesis mechanism
[28–30] which creates comparable baryon asymmetries in
both O and M worlds, and can explain the relation �′

B ≥ �B

between the dark matter and baryon fractions in the Universe
[31,32].

In this paper we shall concentrate on the mixing between
the neutron n and its mirror partner n′ [33,34]:

ε n′n + h.c. (2)

In fact, the mixed Lagrangian Lmix may include effective
operators involving color-singlet combinations of ordinary
u, d and mirror u′, d ′ quarks:

1

M5
(u′ d ′ d ′)(udd) + h.c., (3)

(the gauge and Lorentz indices are omitted). These operators
violate both O and M baryon numbers by one unit, �B = 1
and �B′ = −1, but the overall baryon number B = B + B′
is conserved. In UV complete theories they can be induced
via a see-saw like mechanism involving new heavy particles,
colored scalars and neutral fermions, with masses ∼ M [33,
35]. Hence, for M at few TeV, the underlying theories can
be testable at the LHC and future accelerators [35,36].

Operators (3) induce n − n′ mass mixing (2) with

ε = C2	6
QCD

M5
= C2

(
10 TeV

M
)5

× 10−15 eV (4)

where C = O(1) is the operator dependent numerical factor
in the determination of the matrix element 〈0|udd|n〉.

The phenomenon of n − n′ oscillation is analogous to
that of neutron–antineutron (n − n̄) oscillation [37,38] (for
a review, see [39–41]), and in fact both phenomena can be
related to the same new physics [33,35]. However, n − n̄
oscillation is severely restricted by experiment. Namely, the
direct experimental limit on n − n̄ oscillation is εnn̄ < 7.7 ×
10−24 eV while the nuclear stability bounds are yet stronger,
εnn̄ < 2.5 × 10−24 eV or so [39]. As for n − n′ oscillation,
it is kinematically forbidden for neutrons bound in nuclei,
simply by energy conservation [33], and so nuclear stability
imposes no limit on n−n′ mixing. But for free neutrons it can

be effective, and may be even much faster than the neutron
decay [33,34].

Namely, n − n′ mixing can be as large as ε ∼ 10−15 eV,
corresponding to the characteristic time τnn′ = ε−1 ∼ 1 s
or even smaller. This possibility is not excluded by exist-
ing astrophysical and cosmological limits [33], and it can
have observable effects for the ultra-high energy cosmic rays
[43,44], for neutrons from the solar flares [45] and for pri-
mordial nucleosynthesis [46]. Its search via the neutron dis-
appearance (n → n′) and regeneration (n → n′ → n) exper-
iments can be perfectly accessible at existing neutron facili-
ties [33,47,48].

In normal experimental conditions n − n′ oscillation is
suppressed by environmental effects as e.g. mirror magnetic
fields at the Earth [34]. This can be the reason why the disap-
pearance of neutrons within few seconds so far skipped the
experimental detection. Several dedicated experiments were
performed searching n−n′ oscillations [49–55] in controlled
background conditions and they still do not exclude small
τnn′ . Moreover, some of these experiments show anomalous
deviations from null hypothesis indicating to τnn′ ∼ 10 s
or so [54,56]. New experiments for testing these effects are
underway [57–59].

Larger values of ε are also allowed if n and n′ are not
exactly mass-degenerate. Moreover, n − n′ oscillation with
ε ∼ 10−10 eV or so can solve the neutron lifetime problem,
the 4σ discrepancy between the neutron lifetimes measured
via the bottle and beam experiments, provided that n and n′
have a mass splitting mn′ − mn ∼ 100 neV [60]. Such a
small splitting can be naturally realized in models in which
Z2 parity is spontaneously broken [8,9] but with a rather
small difference between the O and M Higgs VEVs 〈φ〉 and
〈φ′〉 [61].

Although n − n′ transition is suppressed for neutrons
bound in nuclei by nuclear forces, it can be effective in
neutron stars (NS) where the neutrons are bound by grav-
ity. The transformation of neutrons into mirror neutrons
should decrease the degeneracy pressure, thereby softening
the equation of state (EoS) of the system. The gravitational
binding energy increases and thus the process is energetically
favored. In this way, a NS born after supernova explosions
should gradually evolve in a mixed star (MS) partially con-
sisting of mirror matter, and asymptotically in time could
even reach the maximally mixed star (MMS) configuration
with equal amounts of O and M components.

In the present paper we shall concentrate on the implica-
tions of n−n′ conversion for the NS. As was already noted in
[33], for ε > 10−15 eV (i.e. τnn′ > 1 s or so) the transforma-
tion time is several orders of magnitude larger than the age
of the Universe. Nevertheless, the NS transformation into the
MS with small mirror cores can have astrophysical signatures
for the pulsar dynamics and for the NS gravitational merg-
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ers. Some respective implications were recently addressed in
[62–67].

Here we estimate the n−n′ conversion time τε for the NS
and show that the range τε < 1015 year is disfavored by the
limits from the pulsar evolution dynamics, especially by their
heating due to n − n′ conversion. However, also rather small
values τε < 105 year can be allowed in which case the older
NS with the masses below some (EoS dependent) critical
threshold should be already transformed into the MMS. As
for the NS with the masses exceeding the threshold value,
n − n′ conversion produces a gravitationally unstable MS
that collapses to a black hole (BH). However, one cannot
exclude that the heavier compact objects are not the NS but
they are represented by quark or hybrid stars for which n−n′
mixing has quite different implications.

Our work is organized as follows. In Sect. 2 we discuss
effects of n − n′ mixing on the evolution and structure of
mixed stars, and derive the mass-radius scaling relations
between the NS and MMS. In Sect. 3 we discuss n − n′
oscillations in dense nuclear matter and estimate n−n′ trans-
formation time of neutron stars. In Sect. 4 we discuss possible
effects for the pulsar observations, and in Sect. 5 for the neu-
tron star coalescences and associated signals. We draw our
conclusions in Sect. 6.

2 Neutron star evolution into mixed stars

Neutron stars are presumably born after the supernova explo-
sions of massive stars. They are believed to have an onion-like
structure that schematically consists of a crust dominated by
nuclei and a liquid nuclear matter in the core whose dom-
inant component are neutrons, with some fractions of pro-
tons, electrons, muons and perhaps of heavier baryons too
(for reviews, see e.g. [68,69]).

The supernova core-collapse should produce a NS consist-
ing of ordinary nuclear matter. But then n → n′ transitions
will start to produce M neutrons in its interior and the orig-
inal NS will gradually transform into a MS, with the mirror
matter fraction increasing in time. We consider that this pro-
cess is rather slow, with the effective n → n′ transformation
rate being being less than the star cooling rate. Under these
circumstances the evolution should be adiabatic and it can be
described by the Boltzmann equations

dNO

dt
= −�NO + �′NM ,

dNM

dt
= �NO − �′NM (5)

where NO(t) and NM(t) respectively are the amounts of O
and M baryons in the star at the time t and � is the n → n′
conversion rate (to be estimated in next section), whereas
�′ 
 � is the rate of the inverse process n′ → n. Starting
from a newborn NS with NM = 0 and NO = N0 at t = 0,
NM(t) should increase and NO(t) will decrease in time. But

the overall amount of baryons remains constant, NO(t) +
NM(t) = N0, since n−n′ oscillation conserves the combined
baryon number B = B + B′.1

Then, neglecting the inverse reaction rate �′, Eq. (5)
reduce to a single equation

dX

dt
= � (1 − X), (6)

where X (t) = NM(t)/N0 is the fraction of M baryons at the
time t while NO(t)/N0 = 1 − X (t), and as initial condition
we have X = 0 at t = 0. The transition rate � = �(X) is not
constant: it depends on X which in itself evolves in time. It
can be presented as

�(X) = �0F(X) (7)

where �0 = (dX/dt)t=0 is the ‘starting’ rate of conversion
for a given star, and the functionF(X) normalized asF(0) =
1, comprises the dependence on the mirror admixture. Then,
by integrating Eq. (6), we obtain the MS age t as function of
mirror fraction X in its interior:

t (X) =
∫ X

0

dx

�(x)(1 − x)
= τε

∫ X

0

dx

(1 − x)F(x)
(8)

where the characteristic transition time τε = �−1
0 will

depends on ε as τε ∝ 1/ε2. Since F → 1 at x → 0, for
X 
 1 we have

Ẋ = 1/τε −→ X = t/τε (9)

meaning that in the younger MS the mirror fraction X
increases linearly with time t until t 
 τε. But with X grow-
ing the evolution should gradually slow down.

Asymptotically in time the star can evolve to the final
equilibrium configuration with X = 1/2 (i.e. to the MMS
with equal amounts of the O and M components), pro-
vided that it remains stable during the evolution. The latter
depends on it total baryon number N0. The initial NS can
be stable only if N0 < Nmax

NS , where Nmax
NS is the maximal

baryon number which corresponds to the NS maximal mass
Mmax

NS affordable by the given EoS. As we show in next sec-
tion, only the stars with N0 < Nmax

NS /
√

2 can become the
MMS, with final masses M < Mmax

NS /
√

2. The stars with
N0 > Nmax

NS /
√

2 should instead collapse at the stage tcoll

when their mirror fraction reaches certain (N0-dependent)
value Xcoll(N0) < 1/2. In this case Eq. (8), integrated up to
X = Xcoll, will define the MS lifetime tcoll = t (Xcoll).

1 In principle, the neutron could have mixings both with the mirror
neutron n′ and mirror antineutron n′ [70]. In this case B would not be
conserved, but here we do not consider this possibility which will be
discussed elsewhere.
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2.1 Structure of mixed neutron stars

As far as the evolution is adiabatic, we can use a static “two
fluid” description in which the total energy density and pres-
sure can be decomposed as the sum of ordinary and mirror
components, i.e. ρ = ρO +ρM and p = pO + pM. Thus, the
total energy-momentum tensor Tμ

ν = diag(ρ,−p,−p,−p)
can be split as Tμν = TO

μν + TM
μν , where TO

μν and TM
μν respec-

tively are the energy-momentum tensors of O and M compo-
nents.

Assuming spherical symmetry, at any moment of time
the MS can be described as a static configuration of two
concentric O and M spheres respectively with the radii
RO ≡ R and RM ≤ R corresponding to the positions
where pO(r) and pM(r) vanish. Hence, we take the met-
ric tensor of the standard spherically symmetric form, gμν =
diag(−gtt , grr , r2, r2 sin2 θ), where

gtt (r) = exp[2φ(r)], grr (r) = 1

1 − 2m(r)/r
(10)

Here m(r) is the total gravitational mass within the radius r ,
and φ(r) is the gravitational potential. (In this section we use
geometrized units, c = 1 and G = 1.)

In hydrostatic equilibrium the density and pressure pro-
files in the star are determined by the Tolman–Openheimer–
Volkoff (TOV) equations [71,72]:

dm

dr
= 4πρr2 (11)

dp

dr
= −(ρ + p)

dφ

dr
(12)

1

ρ + p

dp

dr
= m + 4πpr3

2mr − r2 (13)

The first differential equation above is linear, and we can split
it between two components, m(r) = mO(r) + mM(r):

dmO

dr
= 4πρOr

2,
dmM

dr
= 4πρMr2 (14)

where mα(r) = 4π
∫ r

0 ρα(r)r2dr (α = O, M). There-
fore, the total gravitational mass of the MS is given by the
sum MO + MM = M = m(R). Since both components
are in hydrostatic equilibrium, ρ̇α, ṗα = 0, the continu-
ity equations for each energy-momentum tensor separately,
∇μT

μ(α)
ν = 0, give

− ∂rφ = ∂r pO

ρO + pO
= ∂r pM

ρM + pM
= ∂r p

ρ + p
(15)

where the last equality follows from the first two. At the
boundary r = R one has exp[2φ(R)] = 1 − 2M/R.

As for Eq. (13), it in fact couples the pressures and energy
densities of the two fluids. Using Eqs. (14) and (15), it gives

the coupled differential equations for the O and M compo-
nents:

∂r pO

ρO+ pO
= ∂r pM

ρM+ pM
= mM+mO +4π(pM+ pO)r3

2(mM+mO)r − r2 (16)

The above system can be solved once the EoS are given,
and the appropriate boundary conditions are chosen. In our
case, both components α = O,M should have the same EoS
pα = F(ρα) by mirror symmetry. Then one can find their
density profiles ρα(r) by fixing the respective central densi-
ties, ρO(0) = ρcO and ρM(0) = ρcM. Once the density pro-
files is found, the gravitational potential φ(r) can be obtained
directly from Eq. (15).

For initial configuration of NS composed exclusively of
O baryons, the system of Eqs. (14) and (16) reduces to the
standard one-component TOV equations:

dmO

dr
= 4πρOr

2,
1

ρO + pO

dpO

dr
= mO + 4πpOr3

2mOr − r2 (17)

Solving these equations with a given central density ρO(0) =
ρc, one can find the NS density profile:

ρ(r) = ρO(r) = ρc f (r) (18)

where the function f (r) is normalized as f (0) = 1 and
its shape depends on the EoS. The NS radius RNS ≡ RO

corresponds to the distance at which f (r) vanishes, while
the gravitational mass is

MNS(ρc) = 4π

∫ RNS

0
ρ(r)r2dr = 4πρc

∫ ∞

0
f (r)r2dr (19)

In fact, the integration can be extended to infinity since
f (r) = 0 for r > RNS.

An important feature is that, for any given EoS, there is
no gravitationally stable solution if ρc is larger than a cer-
tain critical value ρmax

c . This determines the NS maximum
mass Mmax

NS = MNS(ρmax
c ), also called the last stable config-

uration for a given EoS. Discovery of pulsars with gravita-
tional masses M � 2M� [73–76] challenged several EoSs,
and excluded the too soft ones. In this respect, as examples
we consider two possible EoS which allow sufficiently large
maximum masses.

One is the realistic SLy (Skyrme-Lyon) EoS [77], which
gives both the energy density and pressure explicitly as func-
tions of the baryon number density nO. The last stable config-
uration associated to this EoS has a mass Mmax

NS � 2.05 M�
(with the respective baryon number Nmax

NS = 2.91 × 1057),
and it corresponds to ρmax

c = 2.86 × 1015 g/cm3 (nmax
c =

1.28 fm−3) [77].
As a second example we choose two joined polytropes:

p =
{
K1ρ

γ1 for ρ > ρtr

K2ρ
γ2 for ρ < ρtr

(20)
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with γ1 = 3 for the inner part of the NS and γ2 = 4/3 for its
outer part, with transition at half the nuclear saturation den-
sity ρtr = 1.35 × 1014 g/cm3, for details see Ref. [68]. This
EoS allows the larger maximum mass Mmax

NS = 2.57 M�. For
the typical NS with M � 1.4 M� both of these EoS imply a
radius of about 12 km.

Although we shall restrict to these two EoSs, there is a
large number of possible EoS (for reviews see e.g. Refs. [78,
79]). For instance, the phenomenological EoS suggested in
Ref. [80] is stiffer, predicting the last stable configuration
with M = 2.6 M�, while the radii of typical NS can be
as large as 15 km. From a very fundamental point of view,
without appealing to a particular EoS but only requiring the
micro-stability and causality conditions 0 < dp/dρ < 1,
one can put an absolute upper limit on the NS mass, Mmax

NS �
3.2 M�, known as Rhoades–Ruffini bound [81].2

The baryon number density n = nO is directly related to
the energy density. The relation between the two densities,
n = n(ρ), depends on the chosen EoS. (For relevant densities
the ratio n/ρ is roughly constant but not exactly.) Hence, the
baryon density profile can be presented as n(r) = n[ρ(r)]
and, integrating over the NS volume, we get the total baryon
number:

NNS(ρc) = 4π

∫ ∞

0
grr (r)

1/2n
[
ρc f (r)

]
r2dr (21)

For fixed ρc, the shapes of f (r) and grr (r) depend on the
EoS. The total baryon number in the NS scales with its mass
nearly linearly:

NNS = κ (MNS/mn) = κN� (MNS/M�) (22)

where N� = M�/mn = 1.19 × 1057 is the amount of
baryons in the sun. E.g. the Sly EoS gives κ ≈ 1.1 for the typ-
ical NS masses MNS � 1.4 M�, which increases to κ ≈ 1.2
for heavy NS with masses approaching 2 M�. The equiv-
alent baryonic mass is MB = mnNNS = κMNS, and the
mass deficit MB − MNS = (κ − 1)MNS corresponds to the
gravitational binding energy.

Considering now the NS gradual conversion into a MS
with NM < NO, we find that ρO(r) > ρM(r) at any radius
and at any time, and so MO > MM and RO > RM. There-
fore, the radius of the mixed star coincides with the radius
of the ordinary component, RMS = RO. For this reason,
when solving the differential equations in Eq. (16), one has
to take into account that at r = RM ≤ RO the pressure of
M component vanishes meaning that its mass is saturated,
i.e. mM(r > RM) = MM. Thus, at radius RM one has to

2 Non of the hadronic EoS in Refs. [78,79] can describe the NS mass
2.74 M� attributed to the pulsar J1748−2021B [76]. However, the com-
pact objects of the heavy category can be the quark stars: the EoS of
quark matter could afford the masses up to (2.5 ÷ 3) M� or so. Nev-
ertheless, we first restrict our considerations to the NS and discuss the
role of quark stars later.

Fig. 1 Density profiles ρO(r) (solid) and ρM(r) (dashed) in a star with
the initial mass MO � 1.42 M� at different stages of its evolution from
χ = 0 (black) to χ = 1 (green) with intermediate values χ = 0.5 and
0.75 (respectively, blue and brown). The corresponding total masses of
the ordinary and mirror spheres, respectively MO and MM, are given in
the legend (in solar mass units M�). Computations are performed using
the Sly EoS [77]

stop the iteration for the differential equation of M compo-
nent while continuing the integration for the O component
up to the radius RO. The MMS configuration can be reached
only asymptotically in time (provided that the star is enough
light to remain stable up to this configuration, see below).
In this case the O and M density profiles should be identical
by symmetry, ρO(r) = ρM(r). So, for the MMS radius and
mass we should have respectively RMMS = RO = RM and
MMMS = 2MO = 2MM.

It is useful to characterize the MS configurations by the
ratio of M and O central densities, χ = ρcM/ρcO. As far
as the evolution is adiabatic and the total baryon number
is conserved, for a star with a total baryon number N =
NO + NM the value of χ = χ(X) is determined by the
mirror baryon fraction X = NM/N at a given stage of its
evolution. So an initial NS has χ = 0 at X = 0, then X and
χ(X) increase as the star evolves, and can approach χ = 1
(at X = 1/2) in the final MMS configuration.

In Fig. 1, as an example, we show the O and M density
profiles obtained using the SLy EoS at different stages of the
evolution at fixed baryon number (N = NO + NM = 1.88 ×
1057), starting from the NS (χ = 0) with the initial mass
MNS = MO ≈ 1.42 M� and radius RNS = RO ≈ 12 km.
With increasing mirror fraction the gravitational mass and the
radius both gradually decrease, and when the star becomes
a MMS (X = 1/2, χ = 1) its gravitational mass reduces
to MMMS � 1.32 M� while the radius shrinks to RMMS =
RO,M ≈ 8.5 km. Hence, in this evolution the star binding
energy has increased by about 0.1M�, and its radius has
decreased by about 4 km, with the increase of compactness
by 30% or so.
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Fig. 2 Mass-radius diagrams obtained with two different EoS: Sly
(upper) and joined polytropes (lower). Black solid curves correspond
to initial configurations (χ = 0) whereas blue, red, brown and green
dashed curves correspond to mixed configurations respectively for χ =
0.5, 0.6, 0.75 and 1. Horizontal dashed curves indicate the evolution of
a given NS with a conserved overall baryon number NO + NM = N0

Very massive neutron stars cannot evolve into the MMS,
since they collapse to BH when the ratio χ = ρcM/ρcO

increases to some critical value. This is illustrated in Fig. 2,
where we show the mass-radius relations for a mixed star
with different O and M fractions (from X = 0, solid black
lines, to X = 1/2, dashed green lines) for the two consid-
ered EoS. The nearly horizontal black dashed curves show the
star evolution tracks with increasing χ at fixed total baryon
number NO + NM = N0. Hence, they trace the time evo-
lution starting from the original NS (χ = 0), passing the
MS stage with intermediate χ ’s and eventually reaching the
MMS stage (χ = 1). Along the evolution tracks the gravi-
tational masses and the radii decrease making the star more
compact. At a certain stage of their evolution very massive
stars become gravitationally unstable forcing the collapse
to BH. The corresponding value of χ depends on the NS
initial mass and on the EoS. For example, in the Sly case
only the NS with initial mass MNS < 1.55 M� or so can
survive asymptotically in time (and approach the MMS con-
figuration with MMMS < 1.45 M�), while the more massive

stars are doomed to become BHs. E.g. a NS of initial mass
M = 1.8 M� collapses at χ ≈ 0.5.

The following remark is in order. In the above analysis we
assumed that all considered objects are the NS described by
the nuclear EoS. However, one cannot exclude the possibility
that some fraction of the (non-BH) compact objects is rep-
resented by hypothetical hybrid stars with the quark matter
core, or quark stars entirely consisting of quark matter (for a
review, see e.g. [82]).

According to Bodmer–Witten hypothesis [83,84], at
extreme densities the energetically favored ground state can
be the strange quark matter. In this way, the NS consisting
of nuclear matter can be metastable and can be transformed
into the quark stars (QS) composed of deconfined quark mat-
ter. The mean lifetime of the NS is related to the nucleation
time τQ to form the critical size quark-matter bubble in its
central regions. Nucleation time very steeply depends on the
central baryonic density ncO and, at some threshold density
nth, it can sharply drop to values much smaller than typical
pulsar ages [85–87]. In particular, considering a pure NS in
which ncO increases (e.g. due to matter fall-back after super-
nova explosion or due to mass accretion from the companion)
and approaches nth, a critical bubble of quark matter can be
effectively formed and the star can be promptly transformed
into a QS. Such NS→QS transformation can also originate
the gamma-ray burst shortly after the supernova explosion
[85,86].

This picture implies that the heavier compact stars, in par-
ticular the ones with 2M� masses, are not the NS but they are
the QS. The quark matter EoS can be stiff enough to afford
the QS with rather large masses: a very general parametriza-
tion of this EoS [88] can allow the QS with masses up to
M = 3 M� or so, for reasonable values of two relevant
parameters, the bag constant B and the color-flavor lock-
ing superconducting gap � (the respective parameter space
is shown in Fig. 1 of Ref. [89]).

The deconfinement critical density nth is a crucial param-
eter which depends on the nuclear EoS, and it determines
the upper threshold M th

NS for the possible NS masses. A neu-
tron star with M > M th

NS will effectively transform into a
quarks star with the same baryon number, instead of collaps-
ing to BH. (Dynamics of NS→QS transition was studied in
details in Refs. [90,91].) As the NS mass approaches M th

NS, it
promptly transforms into the QS with smaller gravitational
mass, M th

QS < M th
NS. This is the minimal QS mass which

can further increase by accretion. Therefore, in this picture
(coined as two-family scenario in Ref. [92]) two types of
compact stars can exist represented by the NS and QS. The
NS mass distribution is limited by threshold value M th

NS while
the stars with M > M th

NS can be only the QS. In particu-
lar, a part of the population of the recycled pulsars which
accreted enough mass from the companion, or slow pulsars
which suffered substantial matter fall-back after the super-
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nova explosion, can in fact be the QS. Interestingly, the stars
with intermediate masses M th

QS < M < M th
NS can be the NS

or QS, depending on their evolution history, and only the
stars with M < M th

QS can be represented exclusively by the
NS family.

The exact value of nth (and respective values of M th
NS and

M th
QS) needs a precise calculation of the nucleation time τQ in

the context of the given EoS. For example, the nuclear EoS
(composed of nucleons and hyperons) considered in Refs.
[93,94], without considering the possible transition to QS,
would allow the maximum NS mass Mmax

NS � 2M�. How-
ever, taking into account the latter possibility, the threshold
mass was estimated in Ref. [89] as M th

NS � 1.6M�, by adopt-
ing a simple criterium that nth corresponds to a density at
which the hyperon fraction reaches 10 per cent. Analogously,
with the same criterium, the softer nuclear EoS of Ref. [95],
which includes nucleons, hyperons and Delta-resonances,
gives the lower value M th

NS � 1.5M�. Interestingly, in both
cases the corresponding baryon mass turns out to be of about
1.7M� and the QS with M th

QS � 1.3M� is produced while
the transition density, depending on the model, corresponds
to nth � (0.5 − 1) fm−3 [89]. Complete calculation of nth

in the context of possible realistic EoS could give perhaps
somewhat larger values of M th

NS and M th
QS.

Remarkably, n − n′ conversion in the QS should be inef-
fective, not only because of the absence of the neutrons in
the quark matter (multi-quark processes as udd → n′ could
work instead), but principally because the quark matter is
self-bound which makes this transition energetically incon-
venient. Therefore, in the two family scenario the stars with
M > M th

NS can be represented exclusively by the QS family
and should not manifest the effects of n − n′ transition. In
particular, M−R evolution tracks shown in Fig. 2 will not be
applicable for the (quark) stars with the initial masses larger
than say M th

NS = 1.6 M� or so. (Incidentally, the shape of
M − R diagram for the NS corresponding to the Sly EoS
(upper plot in Fig. 2) is rather similar to the shape predicted
by the nuclear EoS of Refs. [93,94].) In fact, the mass-radius
relation of the stars above this threshold should be described
by the quark matter EoS and have drastically different shape
(see Fig. 1 in [89]).

However, n − n′ transitions can have interesting conse-
quences also for the NS with the birth mass below M th

NS.
Namely, with the production of mirror neutrons in its inte-
rior, the NS shrinks and the central density ncO of (ordi-
nary) baryons increases. E.g. during the evolution of a NS
with initial mass M = 1.42M� (see Fig. 1) the central den-
sity increases from ρcO = 1015 g/cm3 (at χ = 0) to to
ρcO ≈ 1.5 × 1015 g/cm3 (at χ = 0.75) which in the context
of the Sly EoS corresponds to ncO ≈ 0.75 fm−3. Thus, in
heavier stars, after producing a significant amount of mirror
matter, ncO can reach the threshold value say nth = 1 fm−3,
and the ordinary nuclear component can be promptly trans-

formed into quark matter. As for mirror component, it will
remain in the hadronic form. In this way one could produce
the mixed quark stars with mirror nuclear matter cores in their
interior. The identification of the NS mass range in which this
phenomenon can take place requires a consistent numerical
calculation of the threshold density in the context of realistic
EoS which will be addressed elsewhere. In the following we
shall merely consider this as a possibility which, however,
should have no impact for n − n′ conversion for the NS with
M < M th

NS if the effective conversion time is much larger
than the Universe age.

2.2 Scaling relations between the neutron stars and
maximally mixed stars

The masses and radii of mixed stars depend on the central
densities of the two components, ρcO and ρcM. In fact, any
point in the mass–radius diagram is determined by the func-
tions MMS = M(ρcO, ρcM) and RMS = R(ρcO, ρcM). The
dependence on two parameters causes the mass/radius degen-
eracy in Fig. 2, meaning that stars with the same mass can
have different radii, depending on the composition.

The masses and radii along the dashed lines in Figs. 2,
describing the MS evolution at fixed total baryon number
N = NO + NM, are not related by a simple rule. However,
one can find simple scaling relations between the two extreme
configurations, meaning that the mass-radius trajectories cor-
responding to the MMS configurations (dashed green curves
in Fig. 2) can be mapped onto those of the NS (black solid
curves) by factor of

√
2 rescaling of masses and radii. In other

words, the radii, masses and (total) baryon numbers of stars
with ρcO = ρcM = ρc and stars with ρcO = ρc, ρcM = 0 are
related as

R(ρc, ρc)

R(ρc, 0)
= M(ρc, ρc)

M(ρc, 0)
= N (ρc, ρc)

N (ρc, 0)
= 1√

2
(23)

The MS configurations can be equivalently parametrized in
terms of total central density ρc = ρcO + ρcM and the ratio
χ = ρcM/ρcO, both depending on the mirror fraction X .
Since the NS and MMS configurations correspond to respec-
tively χ = 0 (X = 0) and χ = 1 (X = 1/2), we can con-
sider their radii as functions of total central density, denoting
R(ρc, ρc) ≡ RMMS(2ρc) and R(ρc, 0) ≡ RNS(ρc), and sim-
ilarly for the masses and baryon numbers. Thus, in configu-
rations related by

√
2 scaling (23) the central energy density

and pressure of the MMS are twice the corresponding values
of the NS.

The scaling relations are precise and they can be derived
directly from the TOV equations. Since MMS contains two
fluids with the identical EoS and with equal central densities,
we can set ρO = ρM, pO = pM and mO = mM in Eqs. (14)
and (16). Thus, both components satisfy identical differential
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equations:

dmα

dr
= 4πραr

2,
1

ρα + pα

dpα

dr
= 2mα + 8πpαr3

4mαr − r2 (24)

where α = O or M. By substituting

r = r̃/
√

2, mα = m̃α/
√

8 (25)

these equations can be rewritten as

dm̃α

dr̃
= 4πρα r̃

2,
1

ρα + pα

dpα

dr̃
= m̃α + 4πpα r̃3

2m̃α r̃ − r̃2 (26)

which have exactly the same form as the one fluid TOV
equations (17) for the ordinary NS. Therefore, Eqs. (17)
and (26) should have identical solutions under the same
boundary conditions. Namely, taking the central densities
as ρO(0) = ρM(0) = ρc, we obtain

ρO(r̃) = ρM(r̃) = ρc f (r̃) (27)

with exactly the same shape function as f (r) in Eq. (18) but
with the argument rescaled as r̃ = √

2r . The MMS radius
corresponds to the distance at which f (

√
2r) vanishes. Thus,

we obtain that the radii of the MMS with central density
ρcO + ρcM = 2ρc and of the NS with the central density
ρcO = ρc are related as

RMMS(2ρc) = 1√
2
RNS(ρc) (28)

On the other hand, by integrating the first equation (26) and
taking into account the redefinitions (27) we get m̃α(r̃) =√

8mα(r̃) = 4π
∫ r̃

0 ρα(r)r2dr . Thus, for the MMS mass we
have

MMMS(2ρc) = 4π√
8

∫ ∞

0

[
ρO(r) + ρM(r)

]
r2dr

= 4πρc√
2

∫ ∞

0
f (r)r2dr = 1√

2
MNS(ρc) (29)

where the last equality follows from (19). In addition, Eqs.
(28) and (29) show that the two configurations must have the
same compactness:

MMMS(2ρc)

RMMS(2ρc)
= MNS(ρc)

RNS(ρc)
(30)

Analogously, for the moments of inertia one can obtain:

IMMS(2ρc) = 1

2
√

2
INS(ρc) (31)

The following remark is required for avoiding the con-
fusion. The NS with ρcO = ρc and the MMS with ρcO =
ρcM = ρc are not on the same evolutionary track with the
conserved baryon number (dash lines in Fig. 2). In fact, the

baryon numbers of these configurations also obey to the scal-
ing law:

NMMS(2ρc) = 1√
2
NNS(ρc) (32)

which can be obtained in the analogous manner, by compar-
ing the NS baryon number (21) with the total baryon number
NO + NM = 2NO of the MMS, and taking into account
that upon redefinitions (25) we have 2mα/r = m̃α/r̃ in grr
component of the metric tensor (10). By this reason also
the volumes of two configurations rescale as VMMS/VNS =
(RMMS/RNS)3 = (1/

√
2)3, as it would occur in the case of

flat space.
An important implication is the following. If for given EoS

the last stable NS configuration corresponds to maximum
central density ρmax

c , Mmax
NS = MNS(ρmax

c ), then, for the same
EoS, the last stable MMS configuration would correspond to
Mmax

MMS = MMMS(2ρmax
c ). Hence, the maximum masses (and

respective baryon numbers) of the MMS and NS are related
as

Mmax
MMS = 1√

2
Mmax

NS , Nmax
MMS = 1√

2
Nmax

NS (33)

For example, for the Sly EoS we have Mmax
NS ≈ 2.05 M�

and Nmax
NS ≈ 2.91 × 1057, and so maximum mass and total

baryon number of the MMS must be Mmax
MMS ≈ 1.45 M�

and Nmax
MMS ≈ 2.06 × 1057. Since total baryon number

is conserved in the evolution, the MMS configuration can
be evolved only from the NS containing at most NNS ≈
2.06 × 1057 baryons, i.e. having initial mass at most MNS ≈
1.55 M� (see corresponding evolution tracks with conserved
baryon numbers shown by dash lines in Fig. 2). Stars with
larger initial masses collapse to BH at a moment of their
evolution when the ratio of central densities reaches a crit-
ical value. The Rhoades–Ruffini bound Mmax

NS < 3.2 M�
implies Mmax

MMS = Mmax
NS /

√
2 < 2.3 M�.

The above scaling relations can be straightforwardly
extended to scenarios with more than one mirror sector: if
ordinary neutrons have mixings with k “mirror” neutrons
n′

1, n
′
2, . . . n

′
k , and if all mirror components have the same

EoS as the ordinary one (E.g. such a scenario with k ∼ 1032

mirror sectors was discussed in Ref. [96]), then the NS and
MMS configurations can be related by analogous

√
k–scaling

rules. In particular, we would have Mmax
MMS = Mmax

NS /
√
k.

Let us remark that the issues discussed in this section, and
in particular the scaling relations, are not directly applicable
in the case of two-family scenario where the heavy stars are
represented by quark stars in which n−n′ transition is absent.
But they remain valid for the lower mass stars in which the
central density of ordinary baryons ncO will always remain
below the NS → QS transition density nth during the evolu-
tion to the MMS configuration.
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3 The time evolution of mixed stars

3.1 n − n′ oscillation in nuclear medium

Let us discuss n − n′ transition in the nuclear matter of the
neutron stars. Their liquid core is dominantly composed of
the degenerate neutrons while the protons constitute of about
10 % fraction. The outer part (crust) of the NS consists mainly
of the heavy nuclei, but contains also some fraction of the
neutrons. Thin rigid surface layer of the crust (outer crust)
is entirely built of nuclei and thus n − n′ transition should
be ineffective there. We assume n− n′ conversion time to be
much larger than the NS cooling time, so that at any stage
the temperature is much less than the chemical potential.

The oscillation n − n′ in a medium is described by the
Schrödinger equation with effective Hamiltonian

H =
(
E(p) ε

ε E ′(p)

)
(34)

where the off-diagonal term ε comes from n−n′ mass mixing
(2), and E(p) and E ′(p) stand for energies of n and n′ with
the momentum p (in this section we use natural units c = 1
and h̄ = 1). The free-particle dispersion relation E = (m2

n +
p2)1/2 is no more applicable since it is affected by the neutron
coherent interactions with the matter. Therefore, the energy
splitting �E = E ′ − E is generally non-vanishing in the
medium.

The Hamiltonian eigenstates are

n1 = c n − s n′ , n2 = s n + c n′ (35)

where c = cos θ and s = sin θ , with θ being the mixing
angle: tan 2θ = 2ε/�E . The probability of n−n′ oscillation
for free flight time t reads Pnn′(t) = sin22θ sin2(�E t/2).

In the limit �E → 0 we have sin2 2θ = 1 (maximal
mixing). But since the medium effects induce large energy
splitting, �E � ε, the mixing angle becomes small, θ ≈
ε/�E 
 1, and we get

Pnn′(t) ≈ 4ε2

�E2 sin2
(
t �E

2

)
(36)

For short flight times, fulfilling the condition t < �E−1,
this probability becomes �E-independent: Pnn′ ≈ (ε t)2.
In the opposite case t � �E−1 oscillations can be aver-
aged in time, and the mean oscillation probability is Pnn′ =
1
2 sin2 2θ ≈ 2θ2 ≈ 2(ε/�E)2.3

3 This can be interpreted in a simple way. Creating the neutron as initial
state means to create the eigenstates n1 and n2 respectively with the
probabilities c2 and s2. The eigenstates do not oscillate among each
other, and after freely propagating to some distance they can be detected
as n correspondingly with probabilities c2 and s2. Combining these
probabilities, we get Pnn = c4 + s4 and Pnn′ = 1 − Pnn = 2c2s2 =
1
2 sin2 2θ .

Thus, we have to evaluate the values t and �E . We con-
sider the NS interior as cold nuclear matter dominantly con-
sisting of the degenerate neutrons. In the case of ideal Fermi
gas we would have E(p) = (m2

n + p2)1/2. However, this
approximation is not sufficient for describing the observed
NS (such “ideal” EoS would give the maximum NS mass
Mmax

NS = 0.7 M� [72]), and one has to take into account
the (repulsive) nuclear interactions which stiffen the EoS of
the medium. In the case of strongly interacting particles, one
can discuss only the energy levels corresponding to the quan-
tum stationary states of the Fermi liquid in whole instead of
stationary states of individual particles. In other words, a par-
ticle state with given momentum has no precise meaning and
one considers only the elementary excitations of the ground
state (T → 0) described as quasiparticles. This makes dif-
ficult the interpretation of n − n′ oscillations in the Fermi
liquid. However, one can still consider a non-ideal Fermi
gas switching on the nuclear interactions, provided that their
‘Yukawa’ radius r0 � 1 fm is smaller than the mean dis-
tance between the nucleons, n−1/3

O � ξ−1/3 × 2 fm, where
ξ = nO/nS is the baryon number density nO in units of
nuclear saturation density nS ≈ 0.16 fm−3 ≈ (100 MeV)3.
In the NS interior ξ can be as large as ξ � 7 or so, and
the condition r0 < n−1/3

O can be only marginally satisfied. It
can be also written as pFr0 < 3 for the Fermi momentum
pF = (3π2XnnO)1/3 ≈ ξ1/3 × 1.5 fm−1 Xn ≈ 1 being the
neutron fraction.

Strong interactions of the neutron with the target particles
(mediated by single or multi-particle exchanges of the scalar
and vector mesons) can be described by the effective cou-
plings (nλn)(NλN ) where λ = 1, γ 5, γ μ etc. stand for the
possible Lorentz structures and N = n, p (N can be also
heavier baryons at supra-nuclear densities in the NS central
regions, or heavy nuclei in the NS inner crust). The coherent
scatterings with the medium components modify the neutron
dispersion relation as E(p) = [p2 + (mn − φ)2]1/2 + A0,
which means that it moves in the environment of the external
scalar φ and vector Aμ fields determined by the mean den-
sities of target particles: φ ∝ 〈NN 〉 and A0 ∝ 〈Nγ 0N 〉. (In
non-polarized matter one can set 〈Nγ 5N 〉 = 0.) In strong
coupling regime the precise values φ and A0 are difficult to
calculate and they can be estimated only by extrapolating the
phenomenological potentials describing the nuclei. However,
at relevant densities these values are smaller than neutron
mass, and the neutrons are non-relativistic (p < pF = ξ1/3×
330 MeV < mn). Then, considering e.g. only the repulsive
contributions, one can take E(p) = mn+φ+A0+p2/(2mn).
In other words, we take E = mn + V + p2/(2mn) where V
can be accounted as in-medium optical potential

V = 2π
∑
N

aN XN (1 + δnN )
nO

mn
(37)
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where aN is the neutron scattering length on the constituent
N which is present with the fraction XN in this medium, and
δnN counts for the identical particle scattering when N = n.
In the following, for the sake of simplicity, we take Xn = 1
neglecting the subdominant fraction of the protons and other
components. Thus, considering only nn scatterings, we have

V = 4πan
nO

mn
≈ ξan × 80 MeV/fm (38)

If mirror matter is also present, n′ state will have analogous
in-medium potential V ′ obtained from Eq. (38) by substi-
tuting nO → nM. Hence, taking energy splitting �E =
V − V ′ = (1 − β)V , where β = nM/nO, we get

θ = ε

�E
≈ εmn

4πannO(1 − β)
(39)

For simplicity, we consider exact degeneracy mn′ = mn .
However our results are applicable also when �E is con-
tributed by small mass splitting mn′ − mn 
 V − V ′. We
also neglect the Zeeman energy induced by the neutron mag-
netic moment μn since |μn B| < 10 keV even in magnetars
having magnetic fields as large as B ∼ 1015 G.

The neutron collisions destroy the coherence of n − n′
oscillation. Therefore, the rate of n − n′ transition can be
estimated as �nn′ = �n Pnn′(tn) where �n = 1/tn is the neu-
tron collision rate with the matter constituents, tn being the
mean time between the collisions. This means that for every
neutron collision the mirror neutron is produced with the
probability Pnn′(tn). Then in tn�E < 1 regime, we would
have Pnn′ = (εtn)2 and �nn′ = ε2tn . In Ref. [65] the colli-
sion time tn in the neutron core was considered as the time
needed to travel the distance between neighbouring nucleons,
n−1/3

O = ξ−1/3×2 fm, with a velocityv � pF/mn ≈ ξ1/3/3.
In this way, without considering the effects of the Pauli block-
ing, one gets

�nn′ = ε2tn = ε2
15ξ

−2/3 × 1.3 · 10−15 year−1 (40)

where we denote ε = ε15 × 10−15 eV. Since ξ is position
dependent (in the neutron core it can vary from 0.5 to 10,
depending on the nuclear EoS), this rate should be averaged
over the NS density profile. Namely, in Ref. [65] tn � 10−23 s
was taken, by considering nO � 1 fm−3 and v/c � 1/3 as
typical values over the star, and the mirror neutron production
rate was estimated as

� = 〈�nn′ 〉NS � ε2
15 × 0.6 · 10−15 year−1 (41)

However, if the condition tn�E < 1 is not applicable, one
has to proceed in other way, and discuss n − n′ process in
terms of the Hamiltonian eigenstates (35).

Although the ordinary and mirror nucleons have separate
strong interactions, the mixed interactions emerge in the basis
of the Hamiltonian eigenstates n1 and n2. E.g. the couplings
π0 nγ 5n+π0′ n′γ 5n′ with ordinary and mirror neutral pions

(give rise to non-diagonal terms

s
(
π0 n2γ

5n1 + π0′ n2γ
5n1

) + h.c. (42)

More generically, the neutron interactions with a target
nucleon (N = n, p) described by effective couplings
(nλn)(NλN ) (with λ = 1, γ 5, γ μ etc. as possible Lorentz
structures) in the eigenstate basis become(
c2 n1λn1 + s2 n2λn2 + cs n2λn1 + cs n1λn2

)(
NλN

)
(43)

which contain mixed entries between n1 and n2.
The mirror neutron production rate can be estimated as

follows. The stationary neutron state in the medium can be
viewed as the eigenstate n1. The processes n1N → n1N ,
N = n, p are Pauli blocked, but n1N → n2N are not.
Therefore, every n1n1 collision can produce n2 ≈ n′ with
a cross-section 2θ2σnn where σnn = 8πa2

n is nn scat-
tering cross-section.4 Taking the mean relative velocity as
v � pF/mn = (3π2nO)1/3m−1

n , the rate of n → n′ transi-
tion can be estimated as

�nn′(ξ, β) ≈ 2ηθ2 × 8πa2
nv nO ≈ ε2mnη(β)

(ξnS)2/3(1 − β)2 (44)

where for θ we used Eq. (39). Hence, the dependence on the
poorly known scattering lengthan cancels out in Eq. (44). The
Pauli blocking factor η(β) takes into account that the final
state n1 cannot have a momentum below the Fermi momen-
tum pF whereas the momentum of the produced n2 ≈ n′
state should be above p′

F = β1/3 pF . The blocking factor
as a function of E ′

F/EF = β2/3, where EF = p2
F/(2mn)

is the neutron “Fermi” energy, was estimated by a Monte-
carlo simulation of hard sphere scatterings, and the resulting
dependence is reported in Fig. 3. This function has a max-
imum η(0) ≈ 0.18 at E ′

F = 0, then it decreases and, as
expected, asymptotically vanishes when E ′

F → EF .5

For the younger MS with nM 
 nO we can set β = 0 and
Eq. (44) gives

�nn′(ξ, 0) � ε2
15ξ

−2/3 × 0.7 · 10−15 year−1 (45)

This rate depends on the baryon density, meaning that n −
n′ conversion should proceed somewhat faster in peripheral
(r � R) low density regions of the star rather than in central
(small r ) region where ξ > 1.

Mirror neutrons can be produced also by other processes.
In normal conditions the mixed interaction terms (42) can-
not induce decays n1 → n2π(π ′) with the emission of neu-
tral (ordinary and mirror) pions, simply by kinematical rea-

4 The process n1n1 → n2n2 is not Pauli suppressed but its rate is
proportional to θ4 and thus it is negligible. The processes n1 p → n2 p
contribute with the rate ∝ θ2, but for simplicity we neglect them because
of small proton fraction in the NS interior.
5 Let us remark that the reverse process n2n2 → n2n1 is Pauli blocked
as far as EF > E ′

F . This justifies why we have neglected the inverse
reaction rate �′ in Eq. (5) to obtain Eq. (6).
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Fig. 3 Pauli blocking factor η as a function of E ′
F/EF

son. However, such decays become possible in dense nuclear
medium. (This effect is similar to the matter induced neutrino
decay [97,98].) Namely, at large enough densities, at which
the threshold condition V > mπ can be satisfied, the matter-
induced decays n1 → n2π(π ′) and n1 → p′π ′, can proceed
without Pauli blocking. The decay rate (again for β = 0) is

�n→n′π = θ2g2
πN (V − mπ )3

8πm2
n

= ε2g2
AV

8πF2
π

(
1 − mπ

V

)3
(46)

where the Goldberger–Treiman relation gπN = gAmn/Fπ is
used for the pion–nucleon coupling constant, with Fπ =
93 MeV being the pion decay constant and gA = 1.27
the axial coupling constant. However, the relevant densities
might not be available in the typical NS (moreover, if heavy
stars are represented by the QS), and in any case the rate (46)
appears to be smaller than (45).

The heavy eigenstate can also decay into the lighter one
with emission of the ordinary or mirror photons, n1 →
n2γ (γ ′), via the transitional magnetic moment (TMM) μ12

between the eigenstates [99]. The decay rates read

�n→n′γ = �n→n′γ ′ = μ2
12

π
V 3 (47)

In particular, the mass mixing (2) induces the TMM μ12 =
θ μn [64] between n1 and n2 states, from the magnetic
moments of n and n′, μn = μ′

n = −1.91μN , where
μN = e/2mN is the nuclear magneton. Then we get

�n→n′γ ′(γ ) = ε2μ2
n

π
V = ε2

15anξ × 10−51 GeV/fm (48)

which is by orders of magnitude smaller than (45). Hence,
n → n′γ decay cannot be the dominant effect if the TMM
is induced solely by n − n′ mass mixing (2). However, the
situation changes if there is a direct TMM μnn′ between
ordinary and mirror neutrons, in which case we would have
μ12 = μnn′ . In fact, while the TMM between the neutron

and antineutron is excluded by fundamental symmetry rea-
sons [100,101], it is allowed between n and n′, and it can
be induced in some models of n − n′ mixing [64]. Present
experimental limits imply the upper bound μnn′ < 10−5μn

or so [99]. Clearly, for the large enough TMM, μnn′ � θμn ,
the rate (47) can be much larger than (45), but we do not
discuss this case here.

The role of weak interactions is negligible. The Lagrangian
describing mirror neutron β-decay n′ → p′e′ν̄′

e, induces
n1 → p′e′ν̄′

e decay via the n1 admixture in n′. It produces
mirror protons and electrons without Pauli blocking but with
the rate θ2�(n → peν̄) which is vanishingly small as com-
pared to (45).

Therefore, in the following our estimations will be based
on the rate given by Eq. (45). (Accidentally, it agrees with a
naive estimation (40) used in Ref. [65] within the factor of 2.)
In any case, in view of several uncertainties in description of
n−n′ oscillation dense nuclear matter, this can be considered
only as an order of magnitude estimation.

Clearly, all these considerations can be directly applied
also to the mirror neutron stars which can evolve in mixed
stars via the reverse process n′ → n producing the ordinary
matter in their interior. Hence, if the conversion time is less
than the age of the Universe, the old enough neutron stars,
both ordinary and mirror, would end up as the MMS.

The following remark is in order. In the above we dis-
cussed n − n′ transition in the NS dominated by the dense
neutron matter. However, as we discussed in previous section,
one cannot exclude the possibility that the heavier compact
objects, and in particular the ones with masses close to 2M�,
are represented by quark stars for which n − n′ transition is
suppressed. In the case of hybrid stars, n− n′ transitions can
take place in the neutron liquid shell with the neutron density
dependent rate (45).

3.2 Estimating the evolution time

Let us consider the evolution track of a star with a given over-
all baryon number N0 = NO + NM, starting from its initial
(NS) configuration with NO = N0 and NM = 0. Since n−n′
transition rate (44) depends on ξ and β, these values should
be averaged over the density distributions in the star. As far as
the adiabatic evolution is assumed, at any time t the density
profiles nO(r) = ξ(r)nS and nM(r) = β(r)ξ(r)nS, as the
functions of radial coordinate r , and for a given star they are
fully determined by the mirror fraction X (t) = NM(t)/N .
Hence, the rate (44) should be averaged over the star vol-
ume, and we have 〈�nn′(ξ, β)〉X = �(X) = �0F(X) (c.f.
Eq. (7)), where the ‘starting’ conversion rate

�0 = τ−1
ε ≈ ε2

15 〈ξ 〉−2/3
X=0 × 5 · 10−23 s−1 (49)

is obtained by averaging Eq. (45) over the density distribution
in the initial NS (X = 0, i.e. β = 0), while X -dependent
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factor is

F(X) = 〈ξ 〉2/3
X=0

η(β = 0)

〈
η(β)

ξ2/3(1 − β)2

〉
X

(50)

where the parentheses mean the averaging over the profiles
of ξ and β in the star at given mirror fraction X .

For a given EoS, the mass M and radius R of a star is
determined by its conserved baryon number N0 = NO +
NM. For the initial NS, neglecting the GR corrections for its
volume, we have 〈nO〉X=0 = 〈ξ 〉X=0nS = N0/(4πR3/3),
and we get 〈ξ 〉X=0 � (N0/N�)R−3

12 , where R12 = R/12 km
and N� = 1.19 × 1057. Then from Eq. (49) we get

τε = �−1
0 � ε−2

15 R−2
12 (N0/N�)2/3 × 1.5 · 1015 year

� ε−2
15 R−2

12 (M/1.4 M�)2/3 × 2 · 1015 year (51)

where for the last step we used Eq. (22) taking κ ≈ 1.1
for the typical NS masses (1.2 − 1.6) M�. Using other EoS,
estimation (51) can vary within factor of few.

The time at which the mirror baryon fraction in MS
reaches a value X is given by Eq. (8). For X 
 1 the
dependence is linear, and we have t = Xτε (9). E.g. for
τε � 100 Gyr, the pulsar of a typical age t ∼ 1 Gyr
would accumulate the mirror fraction X ∼ 0.01 equivalent to
baryon mass ∼ 10−2M�. But with growing X the evolution
gradually slows down since F(X) decreases due to increase
of ξ and respective decrease of Pauli factor η(β).

The baryon number N0 of the initial NS is limited by the
maximal value Nmax

NS which depend on the EoS. (Namely,
in the case of Sly EoS one has Nmax

NS = 2.9 N� which
corresponds to Mmax

NS = 2.05 M�.) During the evolution
the central densities ρcM and ρcO both increase, as well
as their ratio χ = ρcM/ρcO, along with the M fraction
X . Therefore, the star shrinks and its gravitational mass
M(X) = MO(X) + MO(X) decreases with X growing:
see Fig. 1 for a NS with initial mass 1.4 M�). However,
the total baryon number is conserved during the evolution,
NO + NM = N0.

Asymptotically in time the star can approach the MMS
stage with X = 1/2 (i.e. NM = NO = N0/2), but this
depends on its baryon number. The scaling relations of
Eqs. (33) imply that only the stars with N0 < Nmax

NS /
√

2 can
reach the MMS configuration, having the final masses limited
as M(X = 1/2) < Mmax

NS /
√

2. A star with N0 > Nmax
NS /

√
2

should collapse to BH at a time tcoll = t (Xcoll) when the
mirror fraction reaches a critical value Xcoll corresponding
to critical χ above which the MS canon exist (see on Fig. 2).

Figure 4 shows the time evolution of the mirror fraction X
in a star in units of the characteristic time τε, also highlighting
the maximal possible mass that a MS can have at the age t .
(At the moment we assume that there are no transitions into
quark star.) The curves on Fig. 4, corresponding to our two

Fig. 4 Evolution of the mirror fraction X = NM/N in mixed stars as
a function of time in units of τε = �−1

0 . The black points on the solid
curves show the maximal possible mass of the MS at the corresponding
age

examples of EoS, Sly and joined polytrope, are obtained by
numerical calculations of factors F(X) (50) by averaging
over the density profiles of mixed stars containing a fraction
X of mirror baryons. For example, in the case of the Sly
EoS the NS with initial mass M ≈ 1.85 M� will collapse at
t � 0.1τε when its mirror fraction rises to X ≈ 0.1 (χ ≈ 0.5)
and at this moment its gravitational mass is reduced to 1.7 M�
or so. The stars with smaller mass can have larger lifetimes:
e.g. a NS born with M = 1.65 M� can survive for time
t � τε, and will collapse with mass reduced to 1.5 M�.
As for the stars with initial masses M ≤ 1.55 M� they do
not collapse during the evolution, and asymptotically in time
they can reach the MMS configuration with masses M(X =
1/2) < Mmax

NS /
√

2 ≈ 1.45 M�, gaining the gravitational
binding energy of about 0.1 M�.

The evolution shown in Fig. 4 assumes that all compact
objects, irrespectively of their masses, are the NS dominated
by hadronic matter. However, as was already mentioned, the
heavy stars, and in particular the ones of 2M� masses can be
quark stars in which n − n′ transition is ineffective. Namely,
in the two-family (NS + QS) scenario n − n′ oscillation,
by increasing the central density, can trigger the NS to QS
transition (instead of NS to BH transition). Interestingly, this
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can occur (without matter accretion) also for the NS with
M < M th

NS. The identification of the NS evolution track in
this scenario requires a special study in the context of realistic
EoS which will be addressed elsewhere. Obviously, no n−n′
conversion can occur after NS to QS transition when ordinary
component becomes a quark matter and no neutrons remain
in the star. As for mirror component produced before the NS
to QS transition, it can remain in the form of mirror hadronic
matter. In this case ordinary and mirror components in the
star are no more symmetric and they should be described by
the different EoS.

Let us now estimate the energy produced in a star by n−n′
transition. Since the process nn → nn′ takes place at the
momenta close to the Fermi surface, the typical energy of pro-
duced n′ should be about the Fermi energy, En′ � EF . There-
fore, the “starting” (at X = 0) rate of the energy production,
which is applicable if t 
 τε, can be obtained by multiplying
the baryon amount in the NS, N ≈ (M/1.4 M�)×1.8 ·1057,
on the rate of n − n′ transition �0 = τ−1

ε and on the aver-

age energy 〈EF 〉X=0 � 〈ξ 〉2/3
X=0 × 10−4 erg. Taking also

〈ξ 〉X=0 � (N/N�) � 1.5 × (M/1.4 M�), we obtain6

Ėnn′ �
(

1015 year

τε

)(
M

1.4 M�

)5/3

× 7 · 1030 erg/s (52)

The produced energy should be radiated away by cooling
in terms of M photons and neutrinos, and produced n′ will
form a mirror matter core. In fact, mirror neutrons produced
at very initial stages will decay as n′ → p′e′ν̄′ and cool-
ing can be due to mirror neutrino emission. At further stages
the nucleosynthesis processes involving p′ and n′ will begin
producing mirror nuclei. If by time t the density of M core
becomes sufficiently large, then it will undergo the ‘neutron-
ization’ forming the liquid of mirror neutrons. In addition,
with t approaching τε, the energy emission rate starts to drop
and it vanishes when t � τε, i.e. for stars that achieved final
MMS stage.

Eq. (52) can be compared to the energy radiation rate due
to the magnetic dipole field

Ėmagn = 1

6
B2

αR
6�4 � B2

9 R
6
12P

−4
10 × 3 · 1033 erg/s (53)

Here � = 2π/P is the pulsar rotation angular frequency
(P10 = P/10 ms) and Bα = B sin α, where B is the magnetic

6 This is a rough estimation since the additional energy produced by the
rearrangement of the density profile (shrinking) of the star is neglected;
mirror neutrons produced in the star in fact should gain additional kinetic
energy when they fall to the NS centre. Notice also that in this estimation
we did use Eq. (49) expressing �0 in terms of ε, since it was obtained in a
model dependent way, with strongly assumptions on the mechanism of
n−n′ conversion in dense nuclear matter. (In fact, by taking�nn′ (ξ, 0) ∝
ξ−2/3 from Eq. (45), we would obtain the product �nn′ (ξ, 0)EF (ξ) �
ε2

15 × 5 · 10−27 erg/s to be ξ -independent.) In other words, we consider
Eq. (52) which relates the energy production rate to the transition time
τε to be more robust than the relation (49) between τε and ε.

field strength at the pole and α is the angle between the pulsar
magnetic moment and its rotation axis (B9 = Bα/109 G).
If τε > 1015 year, then for typical pulsars one expects
Ėnn′ 
 Ėmagn. Let us note that Ėnn′ (52) is a rather regu-
lar quantity which depends only on the inferred value of τε,
while Ėmagn (53) depends on the pulsar rotation frequency
and its magnetic field which can vary by orders of magnitude
between different pulsars. Hence, for some pulsars the two
rates can be comparable and in some cases even Ėnn′ > Ėmagn

is possible.

4 Comparison with astrophysical observations

Let us discuss now the possible astrophysical implications of
n−n′ conversion in the neutron stars and derive limits on the
transformation time τε which in turn can be translated into
the bounds on ε. Most of these effects are model dependent,
and one should be careful in their interpretation. Namely,
they can depend on the EoS, and for some stars they can
depend on the evolution history and/or specific environmen-
tal conditions . For the sake of simplicity, we shall discuss
two possible situations. First we discuss the case when the
NS transformation time τε is larger than the age of the uni-
verse tU . In this case all observed NS should be still under
evolution, being dominated by normal nuclear matter and
hosting only a small mirror fraction proportional to their age
t , X = t/τε. We shall discuss effects of n − n′ transfor-
mation for the pulsar mass loss and heating. Then we shall
concentrate on the possibility of τε being much smaller than
tU , in which case the old stars with t > τε should be already
converted into the MMS.

4.1 Effects of slow n − n′ transformation: τε > tU

The pulsar ages can be estimated assuming that the spin-
down rate of the pulsar rotation is dominated by the energy
radiated by a rotating dipole magnetic moment. If this is the
only braking mechanism, the pulsar age t is given by the
relation

t = P(t)

2 Ṗ(t)

[
1 −

(
P(0)

P(t)

)2
]

(54)

where P(t) is the rotation period at the time t and P(0) is
the rotation period at the star birth t = 0. The measurable
value τc = P/(2 Ṗ) = −�/(2�̇), usually called the pulsar
characteristic (or spin-down) age, coincides with the true age
if the pulsar rotation period at birth was much smaller than at
present, P(0) 
 P(t), and if the magnetic dipole emission
was always dominant over other slowing down processes. For
most of known pulsars, more prominently for those which
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Table 1 Some of most massive pulsars, with their measured P and Ṗ values and derived characteristic ages τc = P/2 Ṗ

PSR M [M�] P [ms] Ṗ[10−20] τc [Gyr]

J1614−2230 [73] 1.97(04) 3.1508 0.962 5.2

J0348+0432 [74] 2.01(04) 39.123 24.07 2.6

J0740+6620 [75] 2.14(09) 2.8857 1.219 3.8

J1748−2021B [76] 2.74(21) 16.760 −32.91 −1.1

were observed with large spin-down rates Ṗ/P , the true age
t can be rather close to their characteristic age τc.

The heaviest ‘old’ pulsars observed up to now, with their
characteristic ages, are listed in Table 1. The masses of first
three pulsars in this Table are compatible, within the error
bars, with the Sly EoS (Mmax

NS = 2.05M�). Thus, for this
EoS these pulsars would collapse n − n′ in very short time
t < τε/200 or so, as its is shown on upper Fig. 4. while for
our second EoS their lifetime can be ∼ τε/2 or so. Thus, if the
true ages of these pulsars correspond to their spin-down ages
τc, typically of few Gyr, the very existence of these pulsars
would imply that τε > tU = 14 Gyr.

The case of the globular cluster pulsar J1748−2021B (or
NGC 6440B) is most challenging. In spite of large errors
in the mass determination: M = (2.74 ± 0.21) M� [76],
already its existence excludes the SLy EoS. (However, con-
servatively thinking, there is 1% probability of low enough
inclination in which case the pulsar mass can be below 2M�
[76].) Within 1.5σ error its mass can be 2.4 M� which is com-
patible with our second example, the piecewise polytrope.
Now, from lower Fig. 4 we see that star of this mass had to
collapse within the time t = τε/20 or so. Unfortunately, the
true age of PSR J1748−2021B cannot be determined since its
measured Ṗ value is negative: instead of spinning-down, this
pulsar seemingly spins-up. It is also possible that this pulsar
is rather young, created e.g. by the gravitational merger of
two typical NS. More radically, in the context of two-family
scenario, all heavy pulsars as in Table 1 should be the quark
stars and thus they should be insensitive to n − n′ mixing.

Let us notice that in the presence of n − n′ conversion the
NS true age and its characteristic age are no more related via
Eq. (54). In fact, the latter equation is obtained by integrating
the pulsar evolution differential equation

�̇ = − B2
αR

6

6I
�3 (55)

which is obtained by equating the energy radiation rate (53)
with the time derivative of the pulsar rotational energy Erot =
I�2/2, and assuming that the moment of inertia I remains
constant in time: Ėrot = I��̇. From this equation, using the
measurable values � and �̇, one can also determine the pulsar
magnetic field and the energy loss rate (53). Let us remark,
however, that these are derived parameters obtained under
assumption that the loss of rotational energy is dominated

by the magnetic dipole radiation. E.g., for millisecond pulsar
J1614−2230 the derived values of surface magnetic field and
spin-down luminosity were evaluated respectively as B �
2 × 108 G and Ėmagn � 1034 erg/s [73].

In the presence of n − n′ conversion I is not constant.
Hence, Ėrot = I��̇ + İ�2/2 and the pulsar evolution dif-
ferential equation should be modified as

�̇ = − B2
αR

6

6I
�3 − İ

2I
� (56)

The value İ/I = Ṁ/M + 2Ṙ/R is negative as far as in the
process of n − n′ transformation the star mass and radius
both decrease. If the second term in Eq. (56) is significant,
then Eq. (54) becomes invalid and the pulsar age t is no
more related to its spin-down time τc. This suggests that
some pulsars could have low spin-down rates not because
they are very old and posses very small magnetic fields, but
because of partial cancellation between the first (negative)
and second (positive) terms in (56). In addition, the actual
values of magnetic fields can be larger than the derived ones,
and the true ages of these pulsars can be less than their spin-
down ages.

Moreover, if the positive contribution −( İ/2I )� is dom-
inant in Eq. (56), then we would have �̇ > 0. In partic-
ular, it is tempting to propose that the negative Ṗ of PSR
J1748−2021B in Table 1 is originated from this effect, mean-
ing that this pulsar is spinning-up instead of slowing down
(though this effect could be mimicked also by the gravita-
tional acceleration in globular cluster). Interestingly, globu-
lar clusters NGC6440 and NGC6441 contain other pulsars
with Ṗ < 0, one with a light companion :J1748−2021F, and
two isolated ones: J1748−2021C and J1750−3703C [76].
If future observations will find the isolated spinning-up pul-
sars, with the intrinsic value Ṗ/P being confidently negative
after subtracting the acceleration effects, then this could be
interpreted as the effect of the star contraction due to n − n′
transformation.

The interesting observation of Ref. [65] is that the star
mass loss due to n − n′ transition should gradually increase
the orbital period Pb in pulsar binaries, as

Ṗnn’
b

Pb
= −2(Ṁ + Ṁc)

M + Mc
(57)

123



Eur. Phys. J. C          (2021) 81:1036 Page 15 of 23  1036 

where M is the NS mass and Mc is the mass of its companion
which can be e.g. a white dwarf of another neutron star. In
this way, the observational data on the orbital period decay
Ṗb/Pb can be used to obtain the limits on the evolution time
τε.

In fact, several pulsar binaries have positive measured
values of Ṗb. However, apart of positive contribution Ṗnn′

b
by n − n′ transition, there are other dynamical effects to
be considered. Namely, the observed value should be cor-
rected for the contributions related to the system acceleration
in the galactic gravitational potential, kinematic Shklovskii
effect of apparent acceleration and, for compact systems, also
for the quadrupolar emission of gravitational waves (GW):
Ṗb = Ṗnn′

b + Ṗgal
b + Ṗkin

b + ṖGW
b . For example, binary system

J0437−4715, containing one of the most stable pulsars with
M ≈ 1.4 M� and its light companion with Mc ≈ 0.25 M�,
has Pb = 5.741 days and Ṗobs

b = (3.73 ± 0.06) × 10−12

[102]. Hence, after subtracting the above effects, and tak-
ing into account that the GW emission is negligible for this
system, one obtains

Ṗnn′
b

Pb
= Ṗb − Ṗgal

b − Ṗkin
b

Pb
= (1.0 ± 1.8) × 10−11/year

(58)

which is compatible with vanishing effect: we have Ṗb/Pb <

2.8×10−11/year within 1σ error. Assuming Ṁc = 0 (mean-
ing that the companion mass loss is negligible), from Eq. (57)
we obtain |Ṁ/M | < 1.7 × 10−11/year.

Somewhat stronger limit can be obtained from the Hulse–
Taylor pulsar B1913+16 known as a perfect binary system
for testing General Relativity. The masses of the pulsar and
its companion (presumably another NS) were determined
with a great precision: M = 1.4398(2) M� and Mc =
1.3886(2) M�, as well as the orbital period and its derivative:
Pb = 0.322997 days and Ṗb = −2.423(1) × 10−12 [103].
For this compact binary, the GW contribution is predicted to
be large, ṖGW

b = −2.402531(14)×10−12, which almost sat-
urates the observed value. After subtracting also the galactic
correction Ṗgal

b = (−0.027 ± 0.005) × 10−12, one obtains

Ṗnn′
b

Pb
= Ṗb − ṖGW

b − Ṗgal
b

Pb
= (7.4 ± 5.6) × 10−13/year

(59)

Then, assuming that both companions are the NS and, having
nearly equal masses, both suffer identical mass losses, from
(57) we get Ṁ/M ≈ (Ṁ + Ṁc)/(M + Mc) = −(3.7 ±
2.8)×10−13/year. We interpret this result as an upper bound
|Ṁ/M | < 6.5 × 10−13/year.

The above limits can be translated to the lower bounds on
the evolution time τε. Namely, assuming that τε > tU , the

mass loss rate by the NS can be estimated as

Ṁ

M
= Ẋ

M

dM

dX
≈ −0.19 × τ−1

ε (60)

where we plugged Ẋ = 1/τε (9). The value (dM/dX)X=0

was found by numerical calculation using the Sly EoS for a
star with initial mass 1.4 M�. Namely, we computed the mass
difference �M(X) = M(X) − M(0) between the mixed
star with small mirror fraction X and the original NS, and
extrapolated the value �M(X)/X to X → 0. Configurations
of this star corresponding to larger values of X are shown in
Fig. 1.

In this way, the above limit on PSR B1913+16 translates
into a lower bound τε > 300 Gyr. Using Eq. (51), it can be
translated into upper bound ε < 8 × 10−14 eV or so. PSR
J0437−4715 gives a weaker limit τε > 13 Gyr, i.e. ε <

4 × 10−13 eV, which nicely coincides with the result of Ref.
[65]. Since the above pulsars belong to a light category with
well determined masses M � 1.4M�, it is rather improbable
that they can be quark stars. Therefore, the limit from the
mass loss argument ε < 10−13 or so, which was obtained in
Ref. [65] and which we confirm here, should be robust.

Energy production due to n−n′ transition can lead to other
interesting effects. As it was discussed in Sect. 3, per each
nn → nn′ process the mirror neutron n′ is produced with
typical Fermi energy EF = ξ2/3 × 60 MeV. For τε > tU
all neutron stars can be considered as young, and the energy
production rate Ėnn′ is given by Eq. (52). This energy will
be radiated away in terms of mirror photons γ ′ and neutri-
nos ν′. At first instants the mirror matter in the NS has very
small density and the produced n′ will preferably decay as
n′ → p′e′ν̄′ producing a hot plasma of mirror protons and
electrons gravitationally trapped inside the neutron star. At
later stage, with increase of mirror density, various nucle-
osynthesis processes start to proceed in hot medium of mir-
ror nucleons. In this way, ordinary NS should be visible for
mirror observers via the mirror photon emission. Recipro-
cally, n′ → n conversion will produce ordinary matter in the
interior of mirror NS, so that it can becomes visible for us as
a source of hard photon emission, in the far UV and X-ray
ranges.

On the other hand, some part of energy produced in the NS
will be emitted in terms of ordinary photons and neutrinos.
Namely, disappearance of the neutron in the reaction nn →
nn′ leaves the “empty” level in the Fermi see which will
be filled by transition of the neutron from the higher level.
Once again, since nn → nn′ reactions take place close to
the Fermi surface, the transition energies should be by an
order of magnitude smaller than the Fermi energy EF . Thus,
the ordinary component should get somewhat less heating
than the mirror one, and we consider that energy emitted
in in terms of ordinary photons corresponds to a fraction
x � 0.1 of total luminosity Ėnn′ given by Eq. (52). Then the

123



 1036 Page 16 of 23 Eur. Phys. J. C          (2021) 81:1036 

NS surface temperature can be estimated as

T �
(

1015 year

τε

)1/4(
M

1.4 M�

)5/12

× 1.5 · 105 K (61)

simply by equating x Ėnn′ = 4πR2 · σT 4, with σ being the
Stefan-Boltzmann constant, and taking R ≈ 12 km for the
NS radius.

The standard cooling mechanisms predict sharp drop of
the temperature with the age of the star, implying T � 104 K
after 107 year and T � 103 K after 108 year. Interestingly,
observations of some old pulsars detect that they are still
warm, with the surface temperatures 105 K or larger. For
example, above discussed PSR J0437−4715 is the bright-
est millisecond pulsar in UV and X-rays. Its characteristic
age is τc = 3.2 Gyr but its UV spectral shape suggests a
thermal emission with T = (1.5 ÷ 3.5) × 105 K [104]. A
solitary 5 ms pulsar PSR J2124−3358, with τc = 3.8 Gyr,
has a thermal spectrum with T = (0.5÷2)×105 K [105], as
well as an younger pulsar B0950+08 (τc = 1.8 × 107 year)
with T = (1 ÷ 3) × 105 K [106]. These temperatures are
much higher than predicted by standard cooling models,
which means that some heating mechanism operates in the
NS, which in the context of our model can be related to
n − n′ transformation with τε ∼ 1015 year. Using Eq. (51),
we obtain corresponding n − n′ mass mixing as ε ∼ 10−15

eV or so. It should be noted, however, that the determination
and interpretation of the NS surface temperatures are model
dependent. They depend on interstellar extinction and the
models of pulsar magnetosphere, accretion from the partner
and non-thermal emission. In addition, there are also other
possible heating mechanisms related e.g. to Urca processes
with vortex friction and rotochemical reactions.

On the otter hand, observations of slow pulsar J2144−3933
(P = 8.5 s) with τc = 3.3 Gyr imply solely an upper bound
T < 4.2 × 104 K [107] which disfavors some of heating
mechanisms but still remains compatible with n−n′ transfor-
mation with τε > 6·1016 year or so. However, the suppressed
thermal spectrum in PSR J2144−3933 can be related also to
uncertain environmental factors, and it would be premature to
derive any serious conclusion. Moreover, one cannot exclude
the possibility that this isolated pulsar, with unknown mass,
is in fact the quark star in which case n− n′ transition would
have no effects for it. Therefore, the limit on τε obtained from
PSR J2144−3933 on the basis of just one non-detection can
be taken with a proper caution.

4.2 Fast n − n′ transformation: τε < 105 year

Let us discuss now the situation when the NS transformation
time is rather small, say τε < 105 year. Then the old stars with
the ages t > 105 year should be already transformed into the
asymptotic MMS, with (almost) equal amounts of ordinary

and mirror baryons inside. So old stars would not not manifest
effects of n − n′ transformation. The transition times larger
than 105 year are disfavored by the arguments discussed
in previous section. Namely, the limit on the orbital period
decay in the case of PSR J1141−6545, relatively young pul-
sar with τc ≈ 2 × 106 year, excludes the transition times
in the range 106 < τε < 1011 year or so. The pulsar heat-
ing is also important: according to Eq. (52), for τε = 105

the energy luminosity of a pulsar with t < τε exceeds the
solar luminosity by seven orders of magnitude. However, for
pulsars younger than 105 year the cooling should be rather
fast, with the produced energy radiated away dominantly by
the neutrinos while the photon emission can be by orders of
magnitude smaller. Hence, one cannot directly exclude the
possibility of τε < 105 year or so, though the determination
of an exact upper limit on τε from the pulsar heating requires
a special study.

A clear phenomenological implication of the gravitational
mass scaling (33) is that (for any nuclear EoS) the maxi-
mal possible mass of the MMS should be

√
2 times smaller

then the maximum mass of pure NS. As far as old stars with
t � τε should be the MMS, then their masses all should be
below Mmax

MMS = Mmax
NS /

√
2. For example, our first example

(SLy EoS, Mmax
NS ≈ 2.05 M�) implies Mmax

MMS ≈ 1.45 M�,
while for the second example (piecewise politrope) gives
Mmax

NS ≈ 2.57 M� and respectively Mmax
MMS ≈ 1.81 M�. Sim-

ilar bounds emerge from various realistic EoS reviewed in
Refs. [78,79]. Thus, non of these EoS (as well as various
realistic EoS reviewed in Refs. [78,79]) can afford the exis-
tence of the MMS with M > 1.8 M� or so.

On the other hand, old pulsars with masses ≥ 2 M� do
exist (see Table 1) which constitutes a challenge. E.g. PSR
J0740+6620,with M = (2.14 ± 0.09) M� could be MMS
only in the context of very stiff EoS allowing Mmax

NS ≈
3 M� which almost saturates the Rhoades–Ruffini bound
Mmax

NS < 3.2 M�. As for PSR J1748−2021B with M =
(2.74±0.21) M�, its interpretation as MMS is clearly incon-
sistent with the Rhoades–Ruffini bound which for the MMS
maximum mass implies Mmax

MMS < 2.3 M�. However, as was
already mentioned, the determination errors are large the
apparent large mass of this object can be related to the uncer-
tainties in the inclination etc. [76]. In addition, this pulsar
could in fact be rather young (recall that it has a negative Ṗ
and so its age remains unknown) so that can speculate that it
was born in relatively recent time e.g. by gravitational merger
of two typical neutron stars. Anyway, the possibility of fast
NS conversion into the MMS of 2 M� masses is in tension
with the existing nuclear EoS, and requires unrealistically
stiff one practically saturating the Rhoades–Ruffini bound.

The two family (NS+QS) scenario fully avoids this con-
troversy since the compact stars with masses above M th

NS all
should be the quark stars. This picture has two advantages.
First that the quark matter EoS can be stiff enough to afford
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rather heavy stars, with masses up to (2÷3) M�. Second that
in quark stars n − n′ transformation should be suppressed
for two reasons: first because there are not much neutrons
to transform, and second because the quark matter is self-
bound (as standard nuclei). Therefore their transition to mir-
ror nuclear matter should give no energy gain, in particular
if quark matter is in color superconducting phase [108,109].

However, for lighter stars the two family scenario offers
interesting possibilities for n − n′ transition. In this case the
NS can be only the stars having the central baryon density
below a (nuclear EoS dependent) threshold value, ncO <

nth, which in turn determines the NS highest possible mass
M th

NS and respective amount of baryons N th
NS. (As already

discussed, the heavier objects, with baryon number N0 >

N th
NS, all should be the QS.) However, an initially stable NS,

with N0 < N th
NS and say R = 12 km, during its evolution can

accrete an sufficient amount of mass to increase its baryon
number to N th

NS (and correspondingly its mass to M th
NS). But

at this point it would undergo the phase transition to a more
tightly bound quark matter and this NS with a mass M th

NS
will promptly transform into the QS with much smaller mass
MQS � 0.8 M th

NS (but with larger radius [110]), irradiating
the huge amount of energy corresponding to the mass deficit.

If the NS does not accrete the mass, N0 < N th
NS remains

conserved, and it can evolve as a MS by n − n′ transitions
producing mirror baryons in its interior. With the increase of
mirror fraction X in time, the star gradually shrinks and its
central density ncO increases. Correspondingly, as depicted
in Fig. 2, the star radius decreases during the evolution pro-
cess and its mass becomes somewhat smaller with respect to
the initial value, due to the gain in the gravitational binding
energy.

In view of scaling relation (33), in the absence of the NS
→ QS transition the stars with N0 < Nmax

NS /
√

2 can evolve
to a MMS stage X = 1/2, whereas the stars with larger N0

should collapse to BH at smaller X . However, considering the
possibility of the NS→QS transition, the star, even having
N0 < Nmax

NS /
√

2, can approach the MMS stage only if ncO

remains smaller than nth for all its configurations from X = 0
to X = 1/2. E.g. for a MS evolution shown in Fig. 1 the
central baryon density increases from nOc = 0.55 fm−3 to
nOc = 0.75 fm−3 during its evolution from the NS (X = 0)
to the MMS (X = 1/2). Thus, if the NS→QS transition
threshold density is say nth ≈ 1 fm−3, this star with the
initial mass MNS = 1.4 M� and radius RNS = 12 km can
evolve to an asymptotic MMS configuration with a final mass
MMMS ≈ 1.3 M� and radius RMMS ≈ 8.5 km.

However, if meantime, at some time before reaching the
MMS stage X = 1/2, the central density nOc reaches the
threshold density nth then the MS will be transformed into a
less compact mixed QS in which ordinary component will be
in the form of quark matter, and the produced mirror fraction
X < 1/2 will remain in the form of nuclear matter. Hence, the

hadronic matter transition to quark matter can be triggered by
n − n′ conversion even for the NS having masses somewhat
below M th

NS. E.g. for nth ≈ 1 fm−3 this can be the case for
the NS with MNS > 1.5 M� or so.

The young stars (with t < τε) should still be under
n − n′ transformation process. Thus they must gradually
shrink decreasing their radii. This can manifest in observa-
tional phenomena as e.g. pulsar “glitches”, sudden increase
of the rotation frequency caused by irregular transfer from
the NS interior to the crust and by the post “star quake”
rearrangement of the crust. In fact, n − n′ conversion which
proceeds adiabatically in the NS liquid inner parts is not fol-
lowed by the adiabatic shrinking of the rigid crust which
instead ruptures in discrete events. Depending on the situa-
tion, such effects can cause also pulsar “anti-glicthes”, events
of a sudden spin-down. It is tempting to think that also the
phenomena of soft gamma repeaters or intermittent pulsars
can be related to the effects of n − n′ conversion during the
evolution.

Reassuming, in the two family scenario all stars with
masses M larger than threshold mass, say M th

NS � 1.6 M�
can be only the QS, with the radii that can vary in the range
R = (13 ÷ 15) km for M varying from 1.6� to 2.5� or so
(for concreteness, we take reference values as in Ref. [89]).
The QS should be stable against n − n′ process which is
ineffective in quark matter. The young stars (t 
 τε) with
M ≤ 1.4 M� should be the NS with R = 12 km, while
the older stars of the same mass can be the MS with radii in
the range (8.5 ÷ 12) km with lower value corresponding to
the MMS (if t > τε). However, also the mixed QS can exist
dominantly consisting of ordinary quark matter and partly of
mirror nuclear matter. These configurations can be obtained
from MS→QS transformation triggered by n−n′ conversion
which can increase central density nOc to the phase transition
threshold nth. The possibility of such transformation depends
on the NS birth and evolution history, and it can be the case
for the NS with the initial masses in the range (1.5÷1.6) M�
or so. Paradoxically, such mixed QS can be rather light, with
masses perhaps as small as 1.1 M�, and with radii of about
12 ÷ 13 km.

Unfortunately, for the compact stars whose masses are
known with a high precision, the radii remain practically
unknown. Few cases when masses and radii are both deter-
mined have very poor precision [78]. But if the precise mea-
surements by the NICER mission, see e.g. in Ref. [111], will
detect very different radii in the wide range 8 ÷ 13 km irre-
spectively of the objects mass, this could be interpreted as a
possible manifestation of fast n − n′ conversion.

The double neutron star (DNS) binaries represent an inter-
esting case for studying the effect of the n → n′ conver-
sion on the mass distribution of compact stars. These NS are
thought to have received little or no accretion, thereby reflect-
ing the NS stellar mass at birth with a direct link to the super-
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nova mechanism. The observed DNS masses can be nicely
fitted with a gaussian with a central value at ≈ 1.35 M� and
rather small dispersion, σ ≈ 0.05 M� [78], though it is not
quite clear why a general supernova explosion should lead to
such a central mass and to such a peaked mass distribution. In
fact, the gravitational masses for collapsed cores could have
much wider distribution which can be further altered by the
matter fall-back or subsequent mass accretion.

The characteristic ages of stars in DNS systems are larger
than 108 year or so, and thus for τε < 106 year they can be
considered as the MMS stars. The effect of n → n′ conver-
sion process is to shift the peak of the mass distribution at
birth towards lower values [63]. Therefore, if one could prove
that the NS mass distribution at birth is wide, extending up to
values 1.6 M� or more, then their narrow distribution in the
DNS systems could manifest either the NS→MMS transfor-
mation or the NS→QS transition, both processes leading to
smaller final masses.

In the above we discussed n → n′ transformation of ordi-
nary NS into mixed stars. However, reciprocally via n′ → n
transition also mirror neutron stars should evolve into mixed
stars, with the same transformation time τε Thus, the final
MMS configuration can be obtained starting either from ordi-
nary NS or mirror NS. As far as for τε < 105 year most
of the stars with M < 1.4 M� should be the MMS which
essentially are configurations of superimposed neutron stars,
ordinary and mirror, bounded to each other by gravitation, in
principle they can be ‘visible’ for both ordinary and mirror
observers.

In first approximation, the observed old pulsars, with
τc > τε, should be those MMS which were originated from
the ordinary NS possessing the ordinary magnetic field, and
thus are visible via their electromagnetic radiation. How-
ever, also the mirror-born MMS could be visible for us and
they can be detectable as ordinary pulsars. provided that by
some mechanism they can acquire the large ordinary mag-
netic field.

This can naturally be induced by kinetic mixing term
between ordinary and mirror photons (ε/2)FμνF ′

μν [19]
which effectively makes mirror electrons and protons mini-
charged (with ordinary electric charges ∼ ε), with interesting
implications for the dark matter direct detection [112,113].
The cosmological bounds imply ε < 5 × 10−9 or so [114]
while the experimental limit from the positronium decays is
yet weaker: ε < 5 × 10−8 [115]. The neutrons produced in
a mirror NS via n′ → n transition at first stages of its evo-
lution, will decay into electrons and protons. Subsequently
the nuclear reactions will take place producing the nuclei but
some fraction of electrons will always remain in the star.
Then the mirror NS rotation, via Rutherford-like scatter-
ings due to the photon kinetic mixing, will drag the elec-
trons rather than protons and ions, inducing circular electric
currents which can give rise to substantially large magnetic

fields by the mechanism suggested in Ref. [116]. In this way,
it can become a complicated task how to distinguish between
the old pulsars initially originated from ordinary and mirror
NS since they should also have comparable surface tempera-
tures. One possibility is that “mirror-born” pulsars will dom-
inantly accrete mirror matter, since their companions in bina-
ries should be M stars, and so they should be active in terms
of mirror X-rays rather than in ordinary X-rays. However,
the pulsars in the DNS systems (as well as their companions)
in principle could have ordinary or mirror origin.

5 Neutron star mergers and associated signals

Let us briefly discuss the implications on n − n′ transitions
for gravitational wave (GW) bursts from the NS mergers and
the associated electromagnetic signals as gamma ray burst
(GRB) and kilonova events which are also known as the main
source of production of heavy (trans-iron) elements in the
Universe.

LIGO Collaboration detected two candidates. The first
event GW170817 [117] is considered as a clear signal of
the ordinary NS merger, with masses of two stars M1,2

compatible with � 1.4 M� and their total mass Mtot =
(2.75±0.02) M� typical for the DNS binaries. Remarkably,
the GW signal was accompanied also by a weak GRB as well
as by electromagnetic afterglows in different diapasons.

The second candidate GW190425 [118] is rather unusual.
While the best fit masses of individual components (M1 �
1.8 M� and M2 � 1.6 M�) are within the mass range of
the observed NS, both the source-frame chirp mass (1.44 ±
0.02) M� and the total mass (3.4 ± 0.2) M� of this system
are significantly larger than those of any other known DNS
binaries. In addition, no confirmed electromagnetic event has
been identified in association with this GW signal which sug-
gests that this event could be originated by the merging mirror
NS [119–121].

The possibility of n − n′ conversion adds new features to
the picture. Namely, if the conversion time τε is short, then the
old neutron stars should exist today in the MMS form, with
equal amounts of the O and M components inside. Therefore,
the MMS mergers should have potentially observable elec-
tromagnetic counterparts irrespectively of their origin (ordi-
nary or mirror). In fact, one cannot exclude the possibility
that GW170817 event was induced by coalescence of the
stars which were initially born as the mirror NS and later
evolved into the MMS.

As for GW190425, the location of this merger is practi-
cally unknown since the GW was essentially detected only
by the LIGO Livingston interferometer: the LIGO Hanford at
this moment was off-line while the signal of Virgo was at the
level of noise. Thus, the non-detection of the associated elec-
tromagnetic counterpart does not really exclude that it was a
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merger of the two MMS. In addition, one can also speculate
on the unusual mass parameters of this system and consider
that GW190425 was a coalescence of the mirror quark stars.
In quark matter n − n′ transition is suppressed, and coales-
cence of the mirror QS, with null or small amount of ordinary
matter inside, should not have any potentially detectable elec-
tromagnetic association. In fact, the quark stars can be rather
typically produced after the collapses of mirror stars, due
to its their (helium dominated) chemical content [15] which
renders their evolution and pre-collapse conditions different
from those of ordinary stars [18].

The enhanced compactness of the MMS with respect to
NS can have implications for the GW signals. Namely, the
GW waveforms from the coalescence are sensitive to the
tidal deformations that each components gravitational field
induces on its companion, and thus it can give relevant infor-
mation about the EoS and the radii. In particular, the anal-
ysis of GW170817 signal favors the softer EoS as e.g. Sly
[77], and the limits on tidal deformability for the component
masses 1.4 M� implies their radii R > 10 km [122]. This
is larger than the MMS radii RMMS = 8.5 km predicted by
the scaling relation (28). However, it would be premature to
make strong conclusions before a solid statistics is achieved
on the GW signals. For example, this DNS system could be
rather young and its components are still in evolution, so that
their radii could be larger than 10 km. Moreover, other inter-
pretations were also discussed with different implications for
the identity of this system [123].

If the transition time is larger than the age of the universe,
τε � tU , no MMS can be formed and only a small frac-
tion of mirror matter can be produced in the neutron stars
during their lifetime. Thus, all coalescing stars should have
the radius R ≈ 12 km. The mirror matter forms a small
core which is bound inside the NS by gravity, without hav-
ing material friction with the dominant ordinary component.
Therefore, every sudden collision with external bodies or
fast accretion of a large chunk of matter could cause relative
vibrations between the two components, which may mani-
fest as some sort of glitches. Therefore, when the dominant O
components of a merging binary hit each other and coalesce,
the small mirror cores can be kicked out from the merger site
by a sling-like effect and, having masses smaller than the
evaporation limit 0.1M� or so, they should explode due to
decompression. This can give rise to the kilonova-type events
which can be seen by mirror observers.

The gravitational mergers of mirror neutron stars can
have different and intriguing implications in the case when
τε � tU . In the absence of n − n′ mixing, the mirror NS
wold contain no ordinary matter, and thus the mergers of
the mirror DNS binaries would produce gravitational wave
signals without being accompanied by any standard electro-
magnetic counterpart. In other words, these mergers would
look as ‘invisible but not silent’. But in our scenario n′ → n

transitions will produce small ordinary cores inside the mir-
ror NS. Therefore, when the dominant mirror components of
a merging binary hit each other and coalesce, their ordinary
cores will be kicked out and will explode due to decompres-
sion. This explosions give rise to a hot neutron-rich cloud
around the coalescence site undergoing intense r-processes.
In other words, we suggest that the observed kilonova events
as well as weak gamma ray bursts, or at least some of them,
could originate from the merging of the mirror neutron stars
with a small fraction of ordinary nuclear matter in their inte-
riors.

Another intriguing possibility is that mirror matter has
the baryon asymmetry of the opposite sign relative to ordi-
nary matter, so that mirror neutrons inside transform into
the standard anti-neutrons rather than into the neutrons,
n′ → n̄ [124]. Such a situation can be naturally realized
in co-baryogenesis models between O and M sectors dis-
cussed in Refs. [32,125]. In this case the cores of the mir-
ror NS should consist of ordinary antimatter, so that their
gravitational mergers and decompression of their antimatter
cores can be at the origin of anti-r processes produce ordi-
nary anti-nuclei. Electromagnetic signals cannot distinguish
between the kilonova and anti-kilonova events. However, the
produced anti-nuclei can be hunted by the AMS2 Collabora-
tion in the spectrum of cosmic rays.

6 Conclusions

We have discussed the possibility that the ordinary neutron
stars, via n − n′ conversion, can develop the mirror matter
cores which gradually increase in time. Only the stars with
masses less than some (the EoS dependent) critical value
can survive asymptotically in time reaching the maximally
mixed configuration: the heavier stars should collapse into
black holes or quark stars.

To distinguish from other works, let us remark that the neu-
tron stars with small mirror cores formed by the dark matter
accretion was discussed in Refs. [126,127]. However, dark
matter accretion cannot be very effective and it can destabi-
lize only heaviest pulsars with masses already very close to
maximum mass for the given EoS. In fact, the neutron star
with a bigger rate should accrete the normal matter in which
interior it was born, as it is the case for the recycled neutron
stars.

The neutron star conversion into dark neutron star induced
by the neutron–dark neutron mixing was discussed in Refs.
[128,129]. The dark neutron was considered as an elementary
particle, without significant self-interaction, and with mass
close to the neutron mass. It was shown that the masses of
such dark stars cannot be larger than 0.7 M�. (In fact, this
result is known since the seminal work of Oppenheimer and
Volkoff [72] where the maximum NS mass was determined as
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MNS = 0.7 M�, assuming a simplest (but non-realistic) EoS
of the ideal Fermi-degenerate neutron gas.) For stabilizing
these objects, the dark neutron self-interactions were ad hoc
introduced in Ref. [130], which possibility for dark matter
stars was previously studied also in Ref. [131].

In our case, once the concept of mirror matter is adopted
which has the same EoS as the ordinary matter, there is no
need for complementary hypotheses for guaranteeing the sta-
bility of the mixed stars. Therefore, the existence of the max-
imally mixed stars, with evenly distributed O and M compo-
nents, implies only the upper limit on their maximum mass
(33). This limit also depends on the chosen EoS, and it can
be avoided if the heavy pulsars are considered as quark stars
in which n − n′ transition is ineffective.

We have discussed various astrophysical implications of
this scenario. First we discussed the situation when the NS
transformation time is larger than the universe age, τε > tU ,
in which case all existing NS should be under the evolution
processes. We have shown that the limits on the pulsar tim-
ings, orbital period changes in binary systems and the pulsar
surface temperatures, yield the lower bound τε > 1015 year.
This in turn implies an upper limit on n − n′ mass mix-
ing, ε < 10−15 eV or so. For free n − n′ oscillations,
which is the target of several ongoing and planned experi-
ments on the neutron disappearance (n → n′) or regenera-
tion (n → n′ → n), this corresponds to characteristic times
τnn′ = ε−1 > 1 s.

On the other hand, the possibility of rather fast transfor-
mation cannot be excluded, with τε < 105 year or so. In this
case for the NS of typical ages 106 ÷ 1010 year are already
transformed into the equilibrium configuration of the MMS
and so they should no more manifest effects of n − n′ tran-
sition. The younger pulsars with t < 105 year still should be
under evolution and can have a substantial heating by n − n′
conversion. In this case there can exist compact stars of the
same mass but with the radii varying in wide range, from 8 km
to 12 km or so. This possibility can be tested by the NICER
radius measurements. The transition time τε ∼ 105 year cor-
responds ε ∼ 10−10 eV. In this case n − n′ oscillations can
be of phenomenological interest for explaining the neutron
lifetime problem provided that n and n′ have a small mass
splitting ∼ 100 neV [60]. Several experiments are underway
for testing this possibility.

The evolution times in the intermediate range τε = (105÷
1015) year are excluded, though more careful analysis is
needed to more accurately determine both the lower and
upper edges of the excluded area.

We have also briefly discussed the effects of n−n′ conver-
sion for quark stars, and shown that also mixed QS can exist
with some admixture of mirror nuclear matter (or reciprocally
mirror QS with an admixture of ordinary nuclear matter). We
also discussed implications for the gravitational mergers in
binary systems. Interesting possibility is that also the coa-

lescence of mirror-born neutron stars could give rise to the
weak GRB and associated kilonova events.
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