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Tidal heating as a direct probe of strangeness inside neutron stars
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It has been discussed whether viscous processes in neutron star matter during a binary inspiral can damp
out the tidal energy induced by the companion and heat up the star. Earlier investigations concluded that
this tidal heating is negligible for normal neutron star matter. In this work, we suggest a novel effect of tidal
heating involving strange matter in the neutron star interior that can significantly heat up the star, and is
potentially observable by current and future gravitational wave detectors. We propose that this could serve

as a direct probe of strangeness in neutron stars.
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I. INTRODUCTION

Neutron stars (NS) are unique astrophysical dense
objects to study cold and dense matter under extreme
conditions. In the high density environment of the NS
interior, strangeness containing matter, e.g. hyperons,
kaons or deconfined quarks, can become stable compo-
nents and have important consequences for the equation
of state (EOS), structure and evolution of these compact
objects [1-5]. Various astrophysical observations e.g., the
measurement of high mass NS [6,7], radius measurement
from low-mass x-ray binaries [8,9], thermal evolution [10]
and gravitational wave (GW) emission from hot and
rapidly rotating newly born neutron stars due to unstable
r-modes [11-13] as well as binary neutron star merger
event GW170817 [14-16] by the LIGO-Virgo detec-
tors [17-19] have been used to constrain the hyperon
content inside their core [20-22]. The measurement of tidal
deformability from GW170817 [14] along with recent
NICER estimates of mass-radius posteriors from two
pulsars, PSR J0030 + 0451 [23,24] and PSR J0740 +
6620 [25,26] have significantly constrained the unknown
neutron star EOS [27-32].

During binary neutron star inspiral, tidal interaction due
to the companion transfers mechanical energy and angular
momentum to the star at the expense of the orbital energy
and the damping mechanisms inside the star convert this
energy to heat (“tidal heating”). This tidal heating could
potentially cause mass ejection in a radiation-driven out-
flow prior to the merger [33] or spin the stars up to
corotation before merger [34,35]. However this heating is
found to be negligible for viscosities arising from nucleonic
or leptonic weak processes, because of the long viscous
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timescale. Lai [36] found that shear and bulk viscous
damping of mode oscillations of normal NS matter could
only heat the stellar core to ~3 x 107 K. Recent work by
Arras et al. [37] considers heating due to direct Urca
reactions during inspiral and concluded that they are heated
up to T ~ 10 K, which is one order of magnitude higher
than the estimates by Lai [36].

Bulk viscosity originating from nonleptonic weak inter-
action involving strange matter in the neutron star core
have been studied extensively in the context of damping
of unstable —mode oscillations [11-13,38—43]. Hyperon
bulk viscosity is found to be several orders higher than
viscosity due to nucleonic Urca (x2108-10'° times the
canonical shear viscosity from e — e scattering in the
temperature range 10°-10% K) and strongly suppress
the r-mode instability below 10° K [11,41]. In this
article, for the first time we propose that this tidal
heating due to bulk viscosity from strange matter in
the neutron star core can sufficiently heat up the star
during the inspiral to temperatures much higher than
estimated from earlier studies. This effect is potentially
detectable by current and future generation GW detectors
as a deviation of the orbital decay rate from the general
relativistic point-mass result.

The structure of the article is as follows: in Sec. II, we
compute the hyperon bulk viscosity for several choice of
EOS models and compare the strength with canonical shear
and bulk viscosity sources inside neutron star cores. In
Sec. III, we describe the formalism to calculate tidal heating
in binary neutron star inspiral and estimate the temperatures
reached during inspiral due to dissipation from hyperon
bulk viscosity. Then in Sec. IV, we estimate the phase
difference introduced in the gravitational wave signal from
binary NS inspiral due to this viscous dissipation and argue
that it will be detectable in future generation GW detectors.
In Sec. V we discuss the main implications of this work and
also future directions.

© 2024 American Physical Society
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II. HYPERONIC BULK VISCOSITY

In this work, we explore the effect by calculating the bulk
viscosity from hyperons within a simple model. During
binary inspiral, bulk viscosity arises due to the pressure and
density variations associated with the dynamical tidal
excitation of NS oscillation modes (e.g. f or g-modes)
that drive the system out of chemical equilibrium [38].
Weak reactions among the core constituents, having time-
scales comparable to the oscillation modes, bring the
system back to equilibrium. Among the possible hyperons
that may appear in the core, A hyperons contribute
dominantly to the bulk viscosity [11,38]. Nuclear experi-
ments indicate a repulsive X-nucleon potential [44-46]
that result in suppression of X-hyperons, while the
E-hyperons may appear at large densities [6] beyond the
maximum densities reached even in very massive NSs.
However, one must note that for certain parametrizations
e.g. FSU2H [47] and density dependent RMF parametri-
zations [48,49], the onset densities of A, X and = hyperons
are quite close. As a proof-of-principle, in this study we
consider the dominant nonleptonic weak process involving
only the A hyperon

n+p<p+A (1)

Though there may be other processes involving the A
hyperon and also other hyperon species (X and = hyperons)
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FIG. 1. Particle fraction as a function of normalized density(n,

is the nuclear saturation density) for the chosen EOS para-
metrizations given in Table I. The compositions considered here
are: n (dashed lines), p (dashed dotted line), e (dotted lines), u
(dense dotted lines) and A-hyperon(solid lines).

in NS core [50], this estimate provides a reasonable lower
limit on the rates and hence an upper limit on the hyperon
bulk viscosity [38,50]. To investigate the effect of the EOS,
we consider a diverse set of parametrizations within the
relativistic mean field (RMF) model [51-53] consistent
with recent multimessenger observations. The potential
depth of A hyperons in normal nuclear matter is set to

Detailed list of NS properties corresponding to different EOS parametrizations considered in this work. The potential depth

of A hyperons in normal nuclear matter is set to UY = —30 MeV [7] for all the parametrizations. Densities are given in terms of n, the
nuclear saturation density (~0.15 fm™ [55]). The phase difference A® in the last column denotes the total phase difference accumulated

at the end of inspiral around f ~ 500 Hz.

Max. mass A onset Mass Central Radius Hyperon core f-mode Max. temp A® = 2zAN
EOS M) density (Mg) density (km) radius(km) Freq.(Hz) (K) at D/R =3 (rad)
NL3 [52] 2.10 1.90n, 1.6 2.07n, 14.7 342 1847 9.7 x 108 0.001
1.8 248n, 14.6 6.19 1909 3.3 x 10° 0.08
2.0 3.35n, 142 8.10 2009 6.2 x 10° 0.3
T™M1 [56] 2.06 2.02ny 1.6 2.24n, 14.55 3.16 1873 8.7 x 108 0.0008
1.8 2.77ng 14.37 6.18 1947 3.4 x10° 0.09
20 4.06n, 13.6 8.15 2092 6.7 x 10° 0.34
TMA [56] 2.12 2.09n, 1.8 254n, 142 5.13 1948 2.3 x10° 0.02
2.0 3.35r, 13.89 7.36 1909 5.1 x 10° 0.16
HZTCS [57] 2.00 2.28n, 1.6 2.67ny 13.2 4.89 2108 2.3 x 10° 0.02
1.8 3.32n, 13.1 6.82 2171 4.7 x 10° 0.16
20 532ny 1225 8.17 2305 7.9 x 10° 0.44
FSU2 [52] 2.03 1.92ny 1.6 222n, 144 4.98 1898 2.1 x10° 0.03
1.8 2.72n, 14.2 7.07 1968 4.5x 10° 0.19
20 3.82n, 13.6 8.54 2099 7.4 % 10° 0.47
Stiffest EOS from 2.01 231lny 1.6 2.71ng 135 3.88 2047 1.4 x10° 0.004
Ghosh et al. (2022) [58] 1.8 3.39n, 134 6.34 2119 4.1 x 10° 0.11
20 5.5n, 125 8.05 2256 7.2 x 10° 0.37
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FIG. 2. Mass radius diagram for the different EOSs given in
Table I along with the mass-radius posterior from GW170817
[14] and 2-0 NICER posterior of PSR J0030 + 0451 [23,24] and
PSR J0740 + 6620 [25,26]. The 1-6 mass estimate of massive
pulsar PSR J0740 + 6620 [54] is shown in light green band with
the median value of 2.08M, shown in the deep blue line.

U = =30 MeV [7] for all the parametrizations. In Fig. 1,
we plot the particle fraction of all the constituents(npeu &
A) for chosen set of RMF parametrizations and also
mention the density for appearance of A hyperon in
Table 1. We see that for all the parametrizations, A-hyperon
appear first around twice the nuclear saturation density
(~2ng) and their fraction increase with increasing
density. For the chosen EOSs, we also plot the mass-radius
in Fig. 2 along with the astrophysical constraints from
binary NS merger event GW170817 [14] and NICER
estimates of PSR J0030 + 0451 [23,24] and PSR J0740 +
6620 [25,26]. The maximum mass reached by all the
EOSs are >2M; as also mentioned in Table I and
consistent with the observed massive pulsar PSR J0740 +
6620 [54]. In our study, to consider significant hyperon
fraction we choose a couple of stiff EOSs (e.g. NL3, TM1)
for which radius just extends(~1 km) beyond the 90%
confidence interval of GW170817 estimates but they are
still well within the limits of NICER estimates of
PSR J0030 4 0451.

Now, we calculate the hyperon bulk viscosity analyti-
cally for these chosen EOSs, whose details are provided in
Table I along with hyperon potentials and onset densities.
Given an EOS, the real part of the bulk viscosity coefficient
(&) can be calculated in terms of relaxation times (z) of
weak processes [11,12]

oP dn, T
ng————0,
Bon, dng 1 + (wr)?

{= (2)

where P is the pressure, np the total baryon number density,
n, the neutron density and @ the frequency of the
oscillation mode. The rates 1/7 of these reactions are
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FIG. 3. Relative strengths of various sources of viscosities

inside NS matter as a function of temperature for n = 2.5n,
(ng = the nuclear saturation density). The bands correspond to
hyperon bulk viscosity coming from different EOSs given in
Table I with the black solid line corresponding to HZTCS EOS.
The standard neutron matter shear viscosity coming from e — e
scattering and bulk viscosity from m-Urca reactions at f = 1 kHz
are also plotted along with their temperature dependence.

calculated from tree-level Feynman diagrams involving
exchange of a W-boson [11,38,42]. In Fig. 3, we display
the bulk viscosity due to the process (1) as a function of
temperature for the equations of state in Table I, for typical
characteristic values of mode frequency: 1 and 2 kHz for
f-mode [59] and ~100 Hz for g-mode oscillations [60].
Depending on the mode oscillation frequency, we see that
the resonances occurs in the temperature range of
108-10° K and the resonant maximum value of ¢ can
reach values of 10°'-1032 gmcm™' s~!, which are several
orders of magnitude higher than the canonical shear and
bulk viscosity [61] in this temperature regime.

III. TIDAL HEATING IN BINARY NS

To investigate the effect of this hyperon viscous damping
on heating of the NS, we first analyze the timescale for
mode damping. The mode damping rate is given by

1 .
Yvisc,a = 2—EaEvisC.a (3)
where a denotes the particular eigenmode, E,, is the energy
of the mode and Eviwa is the energy dissipation rate. In the
adiabatic approximation, the effect of the tidal potential
due to the companion star is measured in terms of the
Lagrangian fluid displacement vector &(r,t) from its
equilibrium position. This displacement can be analyzed
in terms of the normal modes of the NS. In this work, we
only consider the dominant / = m = 2 fundamental (f)
mode contribution to the tidal heating. We determine the
Jf-mode frequency via the Cowling approximation [59] and
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the normalized mode eigenfunctions are used to calculate
the tidal coupling [62]. Although general relativistic effects
can modify f-mode frequencies by up to 30% [63], we
restrict ourselves to Cowling approximation to be consis-
tent with the Newtonian description of tidal heating used
in this work. The bulk viscous dissipation rate is expressed
as [36]

OE" 1\ 2
}’bulk:12/ zd"C(f‘F & =11+ )%) 4)

where { is the bulk viscous coefficient, R is the radius of the
star, & and &+ are radial and tangential component of the
displacement vector respectively.

We compare this viscous dissipation timescale given by
inverse of the rate 7y, = 1/7puk, With the inspiral time-
scale to confirm whether the hyperon bulk viscous dis-
sipation can effectively drain energy from the decaying
orbit during the inspiral. We consider leading order
gravitational radiation where the GW emission takes energy
from the orbit at a rate of

. -32MQ
ng - ? (GMQ>7/3 (5)
c
Here the chirp mass is given by M = M (71 +q)1/ > with the

primary star mass is M and the companion mass is gM. Q

denotes the orbital frequency which is given by Q? =

% where D is the separation between the masses. In

this evolution dynamics, the orbital timescale is given
as [62]

1 Q 96
— = Q)13Q.
PR —=(GMQ) (6)

In Fig. 4, we plot this inspiral timescale for the
LIGO-Virgo-KAGRA (LVK) frequency band of 20-
500 Hz [17-19,64] with the viscous dissipation and tidal
heating timescale for the case of equal binary mass of
1.8M, for all the EOSs given in Table. I. We see that both
the hyperon bulk viscous dissipation and tidal heating
timescales are smaller than the inspiral timescale, confirm-
ing that unlike shear viscous dissipation, hyperon bulk
viscous dissipation and heating happens faster than the
orbital evolution and can efficiently damp out the tidal
energy to heat up the star during the inspiral.

Since we only consider the dominant mode [ = m =2
f-mode contribution, the energy dissipation rate can be
estimated from the mode amplitude [36]

122GM?

Em’sc:T R q( +C]>(U04Qo< )27bu1k <7)

where Q, tidal coupling strength of the f-mode and w, the
normalized frequency of the f-mode. The heat content of
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FIG. 4. Estimated timescale for the different processes as a
function of GW frequency compared against the inspiral time-
scale (tp) for a NS binary of equal mass 1.8M . Shear viscous
and hyperon bulk viscosity dissipation corresponds to the
dominant f-mode dissipation by shear viscosity from e —e
scattering [36] and bulk viscosity from hyperons respectively.
The tidal heating corresponds to the heating timescale from the
hyperon bulk viscous dissipation. The different bands indicates
uncertainties due to the choice of different EOSs given in Table L.

the star due to the degenerate fermionic gas in the core can
be given as U ~ 4.5 x 10*2T2J [36]. During the inspiral,
the timescales for cooling due to neutrino emission and
surface photon luminosity are very high compared to the
binary inspiral timescale as shown in Fig. 4, and therefore
negligible [33]. After integrating the thermal evolution
equation ¢ dU = E,;. + E.,; from D — oo when the stars
were far apart and at a very low temperature (10°-10° K),
we can get an estimate of the temperature reached as a
function of their separation D

r BIn(T A
[?“L n )] 21870 ST
2 3p2
() () (B)- @
GM G D

where A and B are parameters fitted to the functional
dependence of yy,, on the temperature (7), Ypux = éi—T;
coming from the temperature dependence of timescale for
hyperon bulk viscosity. In Table I, we provide the estimates
of the temperature reached at a separation of D = 3R when
the stars are about to merge. We find temperatures
~10°-10'° K, which are two orders of magnitude higher
than the earlier estimates [36,37].

IV. PHASE ERROR ESTIMATION
AND DETECTABILITY

The energy loss due to tidal heating during the binary
inspiral will lead to a change in the number of wave cycles
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FIG.5. Estimated phase shift accumulated in the GW signal for

equal mass binaries as a function of GW frequency. The different
bands indicate uncertainties due to the choice of different EOSs
given in Table I corresponding to different masses of equal mass
binaries considered and the solid lines define their boundaries.

(AN) or equivalently, a phase shift A® = 2zAN in the
observed frequency range of the GW detectors. This is
crucial to accurately guess the phase of the signal, other-
wise the GW template can destroy a possible detection
using matched filter technique [65]. This additional torque
to the viscous dissipation of energy will lead to a total
change in the number of cycles given by

157 [ 2R\ © 1 R\2 [/
AN =—|—) o*0?——— [ — df.
N =38 <GM> “0 QOCI(1+61) <C> /f o]
)

where f, is the frequency when the signal first enters the
detector band, and f},, when it dives into the noise again.
Since, f-modes are not resonantly excited, we need to do
the integration over the whole frequency range unlike the
cases for resonantly excited g-modes or r-modes where
additional energy loss is associated with the particular
mode frequency [62,66]. In Table I, we demonstrate the net
phase difference accumulated at GW frequency of 500 Hz
for all the different EOSs and different values of equal mass
binaries. In Fig. 5, we display how this phase difference
grows as a function of GW frequency, taking into consid-
eration uncertainties due to the EOSs. For equal 1.6M
binaries, we see that the net phase difference is of the order
of 1073~1072 rad and for higher masses of 1.8M, or 2M,,
we get a net phase difference in the order of 0.1-0.5 rad.

To be able to measure this phase difference using
the current or future generation GW detectors, the
phase uncertainty of detected GWs must be smaller
than this extra phase shift. Recent analysis [67] have
shown the phase error to be around A¢ ~ £0.1 rad for
fow < 300 Hz inclusive of calibration uncertainties for the

GW170817 signal analyzed using GW waveform model
IMRPhenomPv2_NRTidal [68]. More recently, Read
(2023) [69] compares a number of GW waveform models
and shows that the uncertainty due to waveform differences
is ~+0.02 rad for A+ [70] and £1073 rad for Cosmic
Explorer (CE) [71]. So, from these estimates, we see that a
binary neutron star event with signal-to-noise ratio(SNR)
like GW170817 would produce enough tidal heating to be
detectable using the current LVK detectors if it has a
heavier component mass > 1.8M . In the 3G detectors, we
can measure evidence of tidal heating due to hyperons even
for much lower mass NS components.

V. DISCUSSION

In this work, we propose a novel effect of tidal heating in
NSs during binary inspiral due to bulk viscosity originating
from nonleptonic weak interaction processes involving
hyperons in the NS core. We demonstrate the effect by
calculating the bulk viscous dissipation of the dominant f—
mode oscillations excited due to the tidal interaction during
the inspiral. We consider several state-of-the-art EOSs
including the hyperonic degrees of freedom consistent with
multi-messenger observations. This dissipated energy can be
effectively converted to thermal energy during the inspiral
timescale and can heat up the stars upto 0.1-1 MeV during
the last orbits before coalescing. Although these estimates are
higher by orders of magnitudes than earlier estimates by Lai
[36] and Arras et al. [37], they are not sufficiently high to
demand inclusion of thermal effects which are very relevant
for postmerger studies [72], in the EOS during inspiral [73].
The induced phase shift in the GW signal due to this tidal
heating is ~0.1 rad for component masses > 1.8M 5 which s
potentially detectable by current and future generation GW
detectors.

This work suggests for the first time that tidal heating can
be used as a probe of strange matter inside NS core, and
opens up the possibility of exploring the out-of-equilibrium
effects of NS matter on the GW signals. These findings
pave the way for more sophisticated analyses as followup
of this work, including a consistent general relativistic
formulation of tidal heating and f-mode calculations, other
EOS models including the contribution from other species
of hyperons, other forms of strange matter (e.g. quarks) in
order to get a more quantitatively accurate estimate of the
observable effects. There are various other directions in
which our work can be further developed. First, a detailed
investigation of the post-Newtonian(PN) order at which
the tidal heating becomes relevant will have to be per-
formed to confirm the conclusions related to the qualitative
Newtonian inspiral discussed in this work. Second, reso-
nant g-mode contribution to tidal heating can also be
as significant [36] since the hyperon bulk visocity value
is one order of magnitude order higher than those of
f—modes (see Fig. 3). Third, bulk viscosity from the
dominant channel in unpaired strange quark matter is
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~10?-10*° gmcem™' s around 108-10° K [74,75] and
could also contribute to the tidal heating. Finally, the effect
of superfluidity on the hyperon bulk viscosity should be
investigated since they are known to reduce the rates of the
weak interactions and are also effective below the critical
temperature of 10° K [41]. Several of these followup
studies are currently in progress and will be reported in
forthcoming publications.

We are currently developing a detailed Bayesian analysis
using post-Newtonian waveform including the effect
of viscous dissipation to accurately determine the bulk
viscosity as well as estimate any possible degeneracy with
other intrinsic parameters of binary NS inspiral. Con-
sidering the recent order-of-magnitude post-Newtonian
estimate [76] of the direct effect of bulk viscosity on the
orbital motion at f = 100 Hz, when the bulk viscosity is
~10* gmem~!'s7! (from Fig. 3), one would require
SNR of 100 to get a 10% measurement on the bulk
viscosity, which is achievable using the third generation
GW detectors. Recent observations of binary neutron
star merger GW190425 [77] or neutron star-black hole
merger GW200105 [78] having component NS masses

m% = [1.6,1.87|M¢, and m, = 19703 respectively, sug-
gest that there might be other formation channels for higher
mass NS in binary systems which can have sufficient
hyperons in their core to contribute significantly to the tidal
heating that can be detectable. A future detection of this
high bulk viscous effect originating from nonleptonic weak
interaction processes involving hyperons either in terms of
deviation in the orbital motion or tidal heating would
strongly indicate the presence of strange hyperons in the
NS interior, having a great significance in nuclear astro-
physics. Even a nondetection of this effect can place an
upper limit on the bulk viscosity and the hyperon fraction in
the NS core, with important implications for understanding
of dense nuclear matter.
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