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In this work, we study for the first time the thermal evolution of twin star pairs, i.e., stars that
present the same mass but different radius and compactness. We collect available equations of state
that give origin to a second branch of stable compact stars with quarks in their core. For each
equation of state, we investigate the particle composition inside stars and how differently each twin
evolves over time, which depends on the central density/pressure and consequent crossing of the
threshold for the Urca cooling process. We find that, although the general stellar thermal evolution
depends on mass and particle composition, withing one equation of state, only twin pairs that differ
considerably on compactness can be clearly distinguished by how they cool down.

I. INTRODUCTION

There are many different observables that can be used
to probe the interior of neutron stars. Unfortunately,
common properties such as stellar masses and radii are
often not enough to distinguish between stars that have
a small deconfined quark matter core in their interiors
[1]. One exception, are stars that differ considerably (ob-
servation wise) from their original-branch counterparts,
creating the so-called twin-star configuration in the mass-
radius diagram. Since the original idea was discussed in
1968 [2], many works discussing this configuration ap-
peared in the literature including, for example, studies
of how they could be enhanced or suppressed by strong
magnetic fields [3] and rotation [4–7], and how they can
leave distinguishable imprints in gravitational-wave sig-
nals form compact-star mergers [8–10].

The main idea behind twins is that when the central
stellar density is above the threshold for a given strong
phase transition (where the speed of sound is zero or
low for an extended region of density) the sudden soft-
ness of the equation of state (EoS) destabilizes stars.
On the other hand, if the central stellar density is large
enough for a sizable core that contains this new phase,
which must necessarily be described by a very stiff EoS,
it can turn the second branch of the stellar sequence sta-
ble. This can happen, for example, through a first order
phase transition from hadronic to quark matter at stellar
cores. Studies also show that a third branch of stars can
arise from a second transition to CFL matter [11, 12].
But, more importantly, this new configuration is much
smaller. In this way, there can be two twin stars with the
same mass, the original one and the small, more compact
one due to them having different particles content.

In recent years, the observation of neutron stars has
achieved remarkable advances, such as the new results
from NICER [13–16] and the detection of binary neu-

tron stars mergers at LIGO and VIRGO [17, 18]. Both
electromagnetic and gravitational observational methods
seek finding, in particular, a more accurate way to de-
termine neutron star radii. Equivalent efforts were made
in the past to successfully measure the mass of neutron
stars. Looking for different observables to complemen-
tary probe the composition and structure of neutron stars
is crucial in order to obtain a complete understanding
of nuclear matter’s behavior in the high-density regime.
One alternative to the observables mentioned above is
the thermal evolution of neutron stars.

In this work, we explore the intriguing possibility of
twin star configurations under the context of thermal evo-
lution. The cooling of neutron stars is strongly dependent
on both micro and macroscopic properties [19–23], thus
serving as a powerful tool for probing the composition
and structure of neutron stars in the context of several
phenomena [24–36]. This study follows up on an investi-
gation done in Ref. [37], in which the role of strangeness
on the thermal evolution of neutron stars was investi-
gated. Twin star configurations were identified in this
previous work, but since the scope of that project was
to study strangeness, their thermal properties were not
investigated.

Here, we continue such study, focusing on the proper-
ties of twin star pairs, i.e., the hybrid stars in the sec-
ond branch with respect to their original-branch coun-
terparts. We look for possible thermal signatures that
may allow us to identify twin stars via their thermal be-
havior (and compactness). In order to deepen our anal-
ysis, we have extended our study to a second model that
also reproduces twin stars, although with different micro-
scopic properties. With this, we aim to identify trends
and differences in the thermal behavior of twin stars. To
achieve such goal, we perform a thorough investigation
of the cooling of twin stars pairs, taking into account all
possible thermal processes and different setups for pair-
ing in booth phases. To the extent of our knowledge, this
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FIG. 1. Particle composition given by equation of state 1.
The shaded region marks the baryon number density jump
across the phase transition.

is the first work in which the cooling of twin-star pairs is
investigated. We consider this to be a first step in better
understanding the properties of this intriguing possibil-
ity, which might be the first solid evidence for a strong
phase transition to stable quark matter in our universe.

The manuscript is organized as follow: in section II, we
discuss the relativistic mean field models used to describe
a twin-star configuration and their particle populations;
in section III, the macroscopic structure of stars is de-
termined; in section IV, we present the formalism used
for their thermal evolution; and, finally, in section V we
present a discussion and draw our conclusions.

II. EQUATIONS OF STATE

In order to model the low-density portion of neutron
stars corresponding to the crust, we use a separate EoS,
which will be described in the next section. For the inter-
mediate and high density parts of the EoS, which make
up most of their radii, we make use of two distinct rela-
tivistic prescriptions described in the following.

A. EoS 1: Excluded-Volume CMF model

In this case, only one model is used to describe the
intermediate and high density regions of neutron stars.
The Chiral Mean Field (CMF) model, as described in
Refs. [38–43] contains the baryon octet and the three light
quarks interacting through a mean field of mesons (plus
free leptons). The field Φ, which works as an order pa-
rameter for deconfinement in this formalism, modifies the
mass of the fermions, suppressing the quark (or hadronic)
degrees of freedom at low (or high) densities. While the
hadronic part of the model has been fitted to reproduce
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FIG. 2. Same as Fig. 2 but for the equation of state 2.

nuclear and astrophysical properties, the quarks part has
been fitted to reproduce lattice QCD data.

Here, we use a different version of the CMF model
that also has a finite size for the baryons, included using
the excluded volume prescription described in Refs. [44].
This version of the model has already been used to inves-
tigate the effects of strangeness content [45] and strong
magnetic fields [3] in neutron stars.1 The appearance of
deconfined quarks, which had become a smooth crossover
(even at zero temperature) due to the excluded volume,
can turn into a strong first-order phase transition for cer-
tain values of the quark coupling to the strange vector
meson. This, in turn, can produce a twin configuration
in which the compact twin star contains a very large
of strangeness fraction of YS = 1.68 (when compared
to YS = 0.01 in the original branch). The strangeness
fraction is defined as the sum of hadronic and quark
strangeness normalized by the respective number den-
sities YS =

∑
i Sini/

∑
i ni.

The particle population reproduced by this prescrip-
tion is shown in Fig. 1, where the quark number densi-
ties were divided by 3. The x-axis corresponds to the
entire density regime inside the most massive compact
twin reproduced by the model. Stars in the less compact
branch of twins only reach densities to the left side of the
shaded region, which marks the density jump created by
the first-order phase transition. It can be seen that both
phases contain hadrons and quarks, even though the low
density phase is dominated by hadrons and the dense one
by quarks.

1 Note that an alternative version of the CMF model includes in
addition the chiral partners of the baryons [46–50].



3

EoS EoS 1 EoS 2
branch compact original compact original
M (M�) 1.68 1.68 1.97 1.97
R (km) 9.93 13.96 13.40 14.26

Λ̃ 9.39 324.68 66.38 122.84
C 0.26 0.18 0.22 0.20

nBc (fm−3) 1.47 0.36 0.69 0.56
Pc (MeV/fm3) 839.39 54.20 158.95 81.80

TABLE I. Characteristics of the most massive twin stars re-
produced by both equations of state investigated, which in-
clude stellar mass, radius, tidal deformability, compactness
M/R, central baryon number density, and pressure, in both
the original and compact branches.

B. EoS 2: MBF + vBAG models

In this case, we combine two separate models con-
nected through a first order phase-transition. For the
hadronic phase, we select the Many-Body Forces (MBF)
model including nucleons and leptons. In this relativistic
mean-field framework, many-body force contributions are
introduced through non-linear baryon couplings to the
scalar fields mesons, which are controlled by a parameter
ζ [51]. In this work, we choose ζ = 0.04, which is the
stiffest possible realistic parametrization of the model.
For the quark phase, we select the MIT Bag model with
vector interaction [52], which allows for a stiff EoS able
to describe massive hybrid stars. Values of the vector
coupling, bag constant and strange quark mass in the
MIT bag model that give rise to a second branch are
(gV /mV )2 = 1.7 fm2, B1/4 = 171 MeV, and mS = 150
MeV, respectively [3, 53]. The hadronic and quark EoSs
are connected by a Maxwell construction, reproducing a
sharp phase transition between the phases.

The particle population reproduced by this prescrip-
tion is shown in Fig. 2. The quark number densities
were once more divided by 3. This is a much more tradi-
tional setup, in which the low density phase only contains
hadrons (and leptons) and the dense one only contains
quarks. The jump in baryon number density across the
phase transition reproduced by EoS 2 is smaller than the
one reproduced by EoS 1, but still comparable. Such
behavior comes from a difference on the stiffness in the
hadronic and quark phases withing the two prescriptions.
Once more, the less compact stars of the twin pairs only
reach densities to the left of the shaded region, while the
more compact ones reach densities to the right.

The MBF model has been successfully applied to in-
vestigate a broad range of neutron stars topics, such as
hyperonic stars [51], magnetic fields [54–56] and tidal de-
formability [53, 57]. The vBAg model is implemented in
a similar fashion as Refs. [58–61], and has been applied
to describe hybrid and twin stars [3, 43, 53, 62].
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FIG. 3. Top panel: Mass-Radius diagram for both equations
of state. Bottom panel: zoomed-in region from top panel
with circles representing stable configurations in which pairs
of stars with the same mass fulfill ∂M/∂R < 0.

III. STELLAR STRUCTURE

Given our goal to calculate the thermal evolution of
the twin stars generated by both of the EoSs presented
in the last section, our next step is to calculate and ana-
lyze their macroscopic structures. In order to do so, we
add the widely-used Baym-Pethick-Sutherland [63] EoS
for the neutron-star crust. It describes the crust as com-
posed of heavy ions sitting on a crystalline lattice, per-
meated by an electron gas, as well as a neutron gas for
densities above that of the neutron drip. From the mass-
radius curve of each EoS calculated using the Tolman-
Oppenheimer-Volkoff equations, it can be seen in the top
panel of Fig. 3 that the mass region that contains the
twin stars has both stable and unstable hydrostatic solu-
tions. As the thermal evolution of neutron stars occurs
over the period of several million years, we employ our
efforts in the evaluation of the stable structures. We refer
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FIG. 4. Top panel: tidal deformability vs. stellar mass for
both equations of state. Bottom panel: tidal deformability vs.
compactness M/R for both equations of state. The dashed
line shows the universal relation fit extracted from Ref. [65]

the reader to Ref. [64] for the discussion of the unstable
structures.

As can be seen in the bottom panel of Fig. 3, EoS 1
has a pretty sparse region in radius between stable twin
stars but, for the EoS 2, this difference in radius is much
smaller. This fact alone is already enough to infer that
the twins in EoS 1 will differ more in their thermal evo-
lution than in the case of the twins in EoS 2. The same
idea can be applied to the central stellar pressure imply-
ing that the differences generated by the change in com-
position of matter on the twins of the EoS 1 are much
larger than for the twins in the EoS 2. For properties of
twin stars pairs generated in each EoS, see Tab. I.

We also calculate the dimensionless tidal deformability
for both EoSs following the expression from Ref. [66]. We
plot the tidal deformability as a function of stellar masses
(top panel) and as a function of compactness R/M (bot-
tom panel) in Fig. 4. It can be seen in the top panel of
the figure how the compact branch of the twin stars (spe-

cially in EoS 1) has a much smaller tidal deformability
than the less compact one. In the bottom panel, it can
be seen how the more compact twin of EoS 1 deviates
from the lines formed by its original branch and both
branches of EoS 2. It can also be seen how all smaller
more compact twin stars deviate from the universal re-
lation fit for these quantities also shown in the figure.
The fit was extracted from Ref. [65] and calculated using
several hadronic EoSs. See Ref. [18] for a comprehensive
review on universal relations and Refs. [10, 53, 67–75] for
discussions of universal relations in the context of twin
stars.

IV. THERMAL EVOLUTION

A. Cooling of Twins

In this section, we focus on the thermal evolution of
twin stars, devoting special attention to the difference in
thermal behavior among the twin pairs presented in the
previous sections. Our goals is to identify whether these
stars exhibit different thermal behavior, despite possess-
ing the same gravitational mass. Here, we qualify the
difference in cooling and its origins, as well as investigate
if such behavior is shared among different microscopic
models exhibiting twin stars configuration.

We recall that the cooling of compact stars is governed
by the emission of neutrinos and photons from the stellar
surface. The equations that describe the thermal evolu-
tion for a spherically symmetric, relativistic star are given
by [76–78]

∂(le2φ)

∂m
= − 1

ρ
√

1 − 2m/r

(
ενe

2φ + cv
∂(Teφ)

∂t

)
, (1)

∂(Teφ)

∂m
= − (leφ)

16π2r4κρ
√

1 − 2m/r
, (2)

where the variables r, ρ(r) and m(r), represent the ra-
dial distance, the energy density, and the stellar mass,
respectively. The thermal properties are represented by
the temperature T (r, t), luminosity l(r, t), neutrino emis-
sivity εν(r, T ), thermal conductivity κ(r, T ) and specific
heat cv(r, T ). We also set appropriate boundary con-
ditions at the center of the star (where the heat flow
vanishes) and at the surface [21, 79, 80].

In this study, we consider the widely accepted neutrino
emission processes that may take place in compact stars,
namely: direct Urca process (DU), modified Urca process
(MU) and Bremsstrahlung (BR) process (for the stellar
core), whereas in the crust we consider plasmon decay,
in addition to the Bremsstrahlung process. Analogous
quark processes are also taken into account wherever ap-
propriate. We refer the reader to references [81–83] for a
detailed review of the neutrino emission processes in the
cooling of neutron stars.

Initially we do not consider any sort of pairing, nei-
ther for the hadronic nor for the quark phases. We note
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FIG. 5. Thermal evolution for the most massive twin stars
reproduced by EoS 1.

that this is not realistic, as most results seem to indicate
that observed neutron-star thermal data is most likely de-
scribed for objects with pairing to some level. Nonethe-
less, we begin our analysis this way to properly probe
qualitative differences between the cooling of twin stars
pairs. Pairing effects will be discussed in the following
subsection.

We begin our analysis by showing the thermal evo-
lution of the most massive twin pair of EoS 1 (whose
properties are displayed in Tab. I). The cooling of these
stars are shown in Fig. 5 - where each star is represented
by their respective compactness, C. This result shows
a prominent difference in the thermal relaxation time
of each star (characterized by the sudden drop in sur-
face temperature [84, 85]) with the less compact object
(C = 0.18) thermalizing about 40 years later than their
more compact counter-part. The difference in observed
surface temperature at older ages, when the star interior
is already isothermal, is explained by the gravitational
redshift, which is modulated by surface gravity. In this
case, the less compact star has a slightly cooler surface
temperature, which can be understood by their signifi-
cantly larger radius and, thus, lower surface gravity.

As for the twin pair of EoS 2 (see once more table
I), their thermal evolution is shown in Fig. 6. For this
EoS the difference in cooling is less pronounced, with
both stars exhibiting a very similar thermal behavior,
and only a ∼ 10 years delay on their thermal relaxation
time. Nevertheless, the trends are the same as the ones
discussed for EoS 1.

These results show that for the models studied, quali-
tatively, there is not much difference in the thermal be-
havior shown by the twin pairs. Both stars exhibit fast
cooling, as indicated by the large temperature drop at
the thermal relaxation age – this can be understood by
the high density of these stars that guarantees the DU
process to be present, thus leading to a fast cooling sce-
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T
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FIG. 6. Same as Fig. 5 but for EoS 2.

nario. There is, however, a quantitative difference in the
thermal relaxation time of the twins. This can be un-
derstood by analyzing the compactness of each star. For
the twins of EoS 1 we see a relatively large discrepancy in
their compactness, with the most compact twin having
C = 0.26 while the less compact has C = 0.18. On an-
other hand, the twins of EoS 2 have a much more similar
compactness (C = 0.22 and C = 0.20 respectively). This
result seems to be in line with the analysis of the thermal
relaxation of neutron stars done in [84–86], which have
found that the thermal relaxation of a neutron star can
be well described by

tw = t1 ×
(

∆RC
1km

)2

(1 − 2C)
−3/2

. (3)

One should note that in the studies mentioned above,
twin-star configurations were not considered. Their re-
sults show, however, that the relaxation time mostly de-
pends of macroscopic properties, namely the mass (M),
radius (R) and crust thickness (∆RC). The microscopic
information is carried by the constant t1 which varies
according to the microscopic model. Based on this, we
believe that regardless of the model, the difference in
relaxation time for twin stars depends mostly on the dif-
ference in their compactness, rather than the difference
in their inner composition. However, this should be re-
garded with care, as we have only studied two models
that allow for twin stars. We intend to test in the future
more such models (as they become publicly available)
in order to perform a systematic study to infer if such
behavior is general.

B. Pairing Effects

Having studied the general aspects of the cooling of
twin stars, we now devote our attention to more realis-
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FIG. 7. Critical temperature as a function of neutron Fermi
momentum for both triplet and singlet neutron pairs.

tic cooling behavior, taking into account pairing in both
phases. We recall that the thermal evolution of stars
under EOS 1 was thoroughly studied in ref. [37], and
here we are focusing only in the cooling of twin pairs,
and their potential differences. For the hadrons, we con-
sider neutron-neutron pairs that may form a singlet or
a triplet. As discussed in Refs. [83, 87], neutron sin-
glet pairing takes place in low density regime, mostly
in the stellar crust, whereas triplet may extend into the
core. We have applied a pairing model previously used
to model the cooling of neutron stars [88]. We show in
Fig. 7 the critical temperature for the different neutron
pairing patterns, used across the different EoS’s studied.

Regarding proton pairing, the current picture is less
clear. It is generally accepted that protons may form
singlet pairs in the core of neutron stars, however, the
extent and magnitude of the pairing gaps is still subject
to much debate. Most of observed data seem to indicate
that some level of proton pairing is necessary, otherwise
most neutron stars would cool down much too quickly
[31, 89, 90]. To remedy some of the uncertainty with re-
gards to proton pairing, we explore two pairing models,
covering a moderate (SFA) and a more extensive (SFB)
proton pairing. The critical temperature as a function of
the proton’s Fermi momentum is shown in Fig. 8. Note
that the presence of hadronic pairing leads to the pair-
breaking-formation process (PBF) [81], which is a tran-
sient neutrino emission mechanism that takes place near
the onset of hadronic pairing. Such process is appropri-
ately taken into account in our calculations.

Finally, we also consider the possibility of quark pair-
ing. We allow quarks to be in a Color-Flavor-Locked
(CFL) [27, 36, 91] state and study the possibility of pair-
ing gaps of ∆ = 10 MeV. Note that pairing of this mag-
nitude should not affect the EoS in any appreciable way
[92]. Due to the quark pairing uncertainties, we have
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FIG. 8. Critical temperature as a function of the proton Fermi
momentum for pp singlet pairs in both proton pairing models
considered.

considered the prescription of Ref. [25], in which the CFL
critical temperature is given by Tc = 0.4 ∆. Quark direct
Urca processes are thus suppressed by a factor e−∆/T ,
whereas the modified Urca and Bremsstrahlung processes
by e−2∆/T . Finally, the quark specific heat is modified
by a factor f given by [25]

f = 3.2

(
Tc
T

)(
2.5 − 1.7

T

Tc
+ 3.6

(
T

Tc

)2
)
e−∆/T . (4)

The thermal evolution of the twins in the EoS 1 model,
with pairing taken into account, can be found in Fig. 9.
Our results indicate that the presence of pairing not only
slows down the cooling of all stars, but also makes the dif-
ference in the thermal behavior among twins pairs more
distinguishable. For both proton pairing models con-
sidered, the less compact twin cools down more slowly,
which is consistent with suppression effects that pairing
has on the neutrino emission processes - as pairing drasti-
cally reduces the neutrino emission from the DU process.
This leads to an interesting phenomenon of two stars with
the same mass exhibiting largely distinct thermal evolu-
tion. This phenomenon can only be observed in twin
stars - and to the extent of our knowledge has not been
reported before. We also note that the thermal relax-
ation age is not modified (since pairing does not change
macroscopic properties of the stars) - only the slope of
the cooling curve at the thermal relaxation changes. This
is consistent with thermal relaxation theory, as superflu-
idity is expected to change the parameter t1 for Eq. (3)
in a microscopic model.

We now show the results for the twins of EoS 2 under
the effects of pairing in Fig. 10. As expected, once more
the presence of pairing leads to a substantial slow down
of the cooling in all stars. For this model, however, the
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FIG. 9. Thermal evolution of the most massive twins of EoS
1. Each twin is identified by its compactness. We show both
proton pairing models used, identified by SFA and SFB. All
curves consider the presence of CFL pairing for quark matter
with gap ∆ = 10 MeV. Also shown is the previously studied
case (Fig. 5) with no pairing, indicated by the NO SF label.

presence of pairing does not affect the cooling of one twin
star in the pair more prominently. This is due to the
fact that this particular model exhibits twins with similar
(and relatively high compactness) - thus subjecting them
both to the same consequences of pairing.

V. CONCLUSIONS

We have performed an in depth analysis of the cooling
of twin pairs for two different available equation of state
(EoS) models. Note that for thermal evolution studies
one needs to know the particle population, thus only EoSs
that are generated by microscopic models can be used,
which excludes parametrized EoSs (of which consist most
of the descriptions that reproduce twin stars). We have
used in this work two different microscopic models with
substantially different physical motivations and compo-
sitions. As a consequence, each model leads to a twin
configuration with very different properties. While EoS
model 1 has twin stars with masses ∼ 1.67M�, the second
model studied has much more massive twins ∼ 2.0M�
(although both models can reproduce ∼ 2.0M� stars).
Furthermore, due to the different nature of the micro-
scopic models studied, the two sets of pairs cover very
different ranges of central densities, with the twins of EoS
1 having central number densities of 0.4 – 1.5 fm−3 and
the twins of EoS 2 having 0.6 – 0.7 fm−3. This behav-
ior is reflected in compactness of each twin set, with the
twins of EoS 1 having a large difference in compactness,
while those of EoS 2 being much more similar.

1 0 - 1 1 0 0 1 0 1 1 0 2 1 0 3 1 0 4 1 0 5 1 0 6 1 0 71 0 5

1 0 6

1 0 7

T in
f (K

)

A g e  ( y e a r s )

 ∆ =  1 0  M e V  +  S F A  -  C  =  0 . 2 2
 ∆ =  1 0  M e V  +  S F B  -  C  =  0 . 2 2
 ∆ =  1 0  M e V  +  S F A  -  C  =  0 . 2 0
 ∆ =  1 0  M e V  +  S F B  -  C  =  0 . 2 0

N O  S F

FIG. 10. Same as Fig. 9 but for equation of state 2.

In order to investigate whether such characteristics
have any effect on the stellar thermal behavior, we have
performed a thorough investigation of the cooling of the
most massive twin pair for each of the models investi-
gated. Our first analysis consisted of a simple study of
the thermal evolution of each pair, taking into account
only the thermal processes allowed by each microscopic
composition. This study showed us that the most dis-
tinguishable difference between each twin for each set
is the thermal relaxation time. Such difference is most
evident for the twins of EoS 1, with thermal relaxation
taking place 40 years a part. The twins of EoS 2 have
a much more similar behavior, with thermal relaxation
only 10 years apart. We conclude that such differences
are associated with the macroscopic properties of such
stars, particularly their compactness. The twins of EoS
1 that have substantially different compactnesses present
a most prominent discrepancy in the thermal relaxation,
whereas the twins of EoS 2, that have similar compact-
ness, exhibit a much more similar thermal behavior.
This results are in agreement with the general proper-
ties of thermal relaxation in neutron stars, as studied in
Refs. [84–86].

With the goal of performing a complete study of the
cooling of twin stars, we have also investigated how pair-
ing affects the thermal evolution. For that, we have in-
cluded neutron, proton, and quark pairing. We consid-
ered the possibility of neutron singlet and triplet pairing,
covering regions respective to the stellar crust, as well as
the core. For proton pairing we have considered singlet
pairs. Due to the current uncertainties regarding the ex-
tension and magnitude of proton pairing, we have opted
to consider two proton pairing scenarios: a moderate and
a more pervasive one. For quark pairing, we considered
the possibility of CFL.
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Our results show that, as expected, pairing signifi-
cantly slows down the cooling in both models. Differ-
ently than the case without pairing, however, the cooling
of the twins of EoS 1 exhibited significant difference, be-
yond that of the thermal relaxation age (which is still
present). Due to the large difference in compactness be-
tween each twin of EoS 1, pairing has different effects on
each twin, having less of an impact on the most compact.
As for EoS 2, in which the twins are much more similar,
pairing affects them mostly similarly, thus leading to no
additional noticeable difference in the thermal behavior
among the twins. We believe that this is due to the fact
that in this model the twins have a very similar compact-
ness; As for the impact of different scenarios of proton
pairing, not surprisingly, the most pervasive proton pair-
ing leads to slower cooling in all cases studied.

Our results allow us to draw a few conclusions. The
first is that this study is in agreement with previous anal-
ysis of the thermal relaxation of neutron stars, in which
the thermal relaxation age seems to be directly connected
to macroscopic properties [84–86], namely the mass and
radii (represented by the compactness), even though the
original study did not consider the possibility of twin
stars, our study seems to indicate that such results are
still valid in this case. Our investigation shows that other
than the thermal relaxation age, the cooling of the twins
studied are qualitatively very similar. We have noted
that two conditions need to be met for the twins to ex-

hibit significantly different thermal evolutions: 1) sub-
stantial difference in compactness, and 2) pairing. The
combination of these two phenomena may lead to the
interesting phenomena of two stars with the same mass
to exhibit qualitatively different thermal behavior. This
can be understood as a novel way to study stellar com-
pactness, quark deconfinement, and phase transitions,
even in extremely magnetized and/or isolated stars, in
which case techniques used for observations of NICER
and LIGO/VIRGO could not be applied. Evidently, our
study is limited to currently available twin-star models,
thus we cannot generalize this assessment to all twin
stars, although it seems reasonable to believe that this
will always be the case considering how distinct the mod-
els studied were.
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