Tidal heating as a direct probe of strangeness inside neutron stars
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Neutron star : Astrophysical Laboratory to study Dense Matter

Neutron stars : Endpoint of stellar evolution of massive
stars (> 8M )

One of the densest objects in the Universe -
M~1-2 MO’ R ~10-14km, o~ 2-10 n,

Composition of the NS core still unknown.
Theoretical models to describe the dense matter behaviour.
Equation of State (EoS) : Pressure-density relation.

Uncertain because of the extrapolation to higher density,
finite temperature, and isospin asymmetry
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Neutron star : Astrophysical Laboratory to study Dense Matter

. . . . ATMOSPHERE
Neutron stars : Endpoint of stellar evolution of massive HYDROGEN, HELIUM, CARBON
stars (> 8M ) ; OUTER CRUST
S IONS, ELECTRONS

o . ) A\ INNER CRUST
One of the densest objects in the Universe . IONS, SUPERFLUID NEUTRONS
M~1-2 M@’ R ~10-14 km yO0~ 2-10 no .‘ { y | &= N OUTER CORE

\ X . | SUPERCONDUCTING PROTONS

Composition of the NS core still unknown. il AEh ORE

Theoretical models to describe the dense matter behaviour.
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https://svs.gsfc.nasa.gov/20267

Equation of State (EoS) : Pressure-density relation.
Uncertain because of the extrapolation to higher density,
finite temperature, and isospin asymmetry

Equation of state,
Composition of neutron
star core

Multi-messen ger observations >
of neutvon stars




Neutron star : Multi—messenger observations

© spinaxis” oo
. . magnetic
axis

» to-Earth

Magnetars : Giant magnetic flares

Low mass X—ray Binaries :
Thermal emission from
Accretion powered NSs

Pulsars : Radio Emission
from Magnetised rotating
neutron stars




Gravitational wave as a probe of neutron star interior

BNS merger event GW170817
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Gravitational wave as a probe of neutron star interior

BNS merger event GW170817
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5
A = 2/@ E BNS merger event GW170817
o 3 2 M Constraint on dense matter EOS from
mass & tidal deformability posterior.
Hinderer et al., PRD 81, 123016(2010)

Without Tides

VAN

With Tules

N

Gravitational Wave Strain

0 250 500 i 750 1000 1250
1

\/

Time

Abbott et al, PRL 121, 161101 (2018)



—_

<
N
W

P

Strain noise [1 / \/Hz]
—
o
|

10—25

Cosmic Einstein
Explorer Telescope
10 100 1000
Frequency [Hz]

Evan D. Hall, Galaxies 2022, 10, 90



10—23
T~
=z
——
Rl
2
2102
£
s
N
Cosmic Einstein
105k Explorer Telescope
10 100 1000
Frequency [Hz]

Evan D. Hall, Galaxies 2022, 10, 90

Signature of neutron star interior on gravitational
wave data beyond adiabatic tidal effects within the
reach of next-gen GW detectors?



> Adiabatic Tides : Parameterized as “Tidal deformability’; has the dominant contribution towards the
late inspiral

>  Dynamical Tides : Associated with individual mode (e.g., f,g-mode) resonances



> Adiabatic Tides : Parameterized as “Tidal deformability’; has the dominant contribution towards the
late inspiral

Dynamical Tides : Associated with individual mode (e.g., f,g-mode) resonances

YV

Dissipative Tides : | Dissipation of the oscillation modes due to GW emission and viscous dissipation.




Tidal interaction during binary neutron star inspiral

> Adiabatic Tides : Parameterized as “Tidal deformability’; has the dominant contribution towards the
late inspiral

> Dynamical Tides : Associated with individual mode (e.g., f,g-mode) resonances

> [Dissipative Tides :] Dissipation of the oscillation modes due to GW emission and viscous dissipation.

> Dissipative effects in inspiral :

Binary orbit

- Tidal Lag or dissipation

- Tidal torquing for spinning NS (tidal spin)

>  Dominant source at low temperature (T<< 1 MeV): Shear
viscosity from n-n/e-e scattering (Bildsten & Cutler, Ap]
400(1992))

[ TVisc > szspz'ral ]




Nuclear matter with hyperons
v-transparent regime, low T (neutrinos escape the star)




Nuclear matter with hyperons
v-transparent regime, low T (neutrinos escape the star)

Tidal perturbations will drive
the system out of equilibrium.

N\

[ Weak interactions ]

try to restore balance

/

[ Phase lag creates dissipation. ]




Nuclear matter with hyperons
v-transparent regime, low T (neutrinos escape the star)

Tidal perturbations will drive Relevant non-leptonic reactions
the system out of equilibrium.

\ n+n=p+3,
[ Weak interactions ] /

try to restore balance n+n=n+A.

/

[ Phase lag creates dissipation. ]

nt P pt




Nuclear matter with hyperons
v-transparent regime, low T (neutrinos escape the star)

Tidal perturbations will drive Relevant non-leptonic reactions

the system out of equilibrium.
Citp=ptAD

\ e S e oD
[ Weak interactions ] /

try to restore balance n+n=n+A.

Dominant contribution to the

[ Phase lag creates dissipation. ] viscosity at low temperatures
(Lindblom & Own, PRD 65,063006 (2002))
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e For harmonic oscillations OP dn,, T
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Equation of State Framework

MiCI‘OSCOpiC description: Ghosh, Pradban, Chatterjee, Schaffuner-Bielich, Front. Astron. Space Sci. 9:864294 (2022)
> Phenomenological Relativistic Mean Field (RMF) model.
> Strong interaction mediated by scalar(o), vector(w) & isovector(p) mesons.
>> Interaction among hyperons is mediated by the exchange of strange vector (¢) meson.
> Coupling constants are determined by fitting them to the nuclear saturation properties.
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EOS Max. mass|A onset | Mass(Mg ) | Central | Radius |Hyperon core| f-mode |Max. temp(K)|A® = 2rAN

(M) |density density | (km) | radius(km) |Freq.(Hz)| at D/R =3 (rad)

NL3 2.10 [ 1.90n¢ 1.6 2.07no | 14.7 3.42 1847 9.7x10% 0.001
[47) 1.8 | 248no| 14.6 6.19 1909 3.3x10° 0.08

2.0 |3.35n0 | 14.2 8.10 2009 6.2x10° 0.3
TM1 2.06 | 2.02ng 1.6 2.24n, | 14.55 3.16 1873 8.7x10% 0.0008
43 1.8 2.7Tno | 14.37 6.18 1947 3.4x10° 0.09

2.0 4.06no | 13.6 8.15 2092 6.7x10° 0.34

TMA 212 [ 2.09n, 1.8 2.54ng | 14.2 5.13 1948 2.3x10° 0.02
48] 2.0 3.35n0 | 13.89 7.36 1909 5.1x10° 0.16
HZTCS 2.00 | 2.28n¢ 1.6 2.6Tno | 13.2 4.89 2108 2.3x10° 0.02
[49] 1.8 3.32no | 13.1 6.82 2171 4.7x10° 0.16

2.0 5.32n¢ | 12.25 8.17 2305 7.9%10° 0.44

FSU2 2.03 1.92n¢ 1.6 2.22n0 | 14.4 4.98 1898 2.1x10° 0.03
147) 1.8 | 2.72no | 14.2 7.07 1968 4.5x10° 0.19

2.0 3.82ny | 13.6 8.54 2099 7.4x10° 0.47

Stiffest EOS 2.01 | 2.31ng 1.6 2.71ng | 13.5 3.88 2047 1.4x10° 0.004
from Ghosh et al. 1.8 3.39n0 | 134 6.34 2119 4.1x10° 0.11
(2022) [50] 2.0 5.5n0 | 12.5 8.05 2256 7.2x10° 0.37
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> Lagrangian fluid displacement vector can be decomposed in terms of normal modes.
Sa(r) = [Gu(r)er + rGu(r) V] Yin (0, ¢)
> The energy dissipated due to viscosity is given by (Lai, MNRAS 270(1994))
e = / d3xo'z-j’l}i,j where 0;; =1 (vi,j + v — %%V.v) + (0;;V.v

> The mode damping rate is given by (Lai, MNRAS 270(1994))

_1<z+|m|>!/R ) o 2, =\’
f)/b’ulk - 2 (l . |m|)! 0 r dTC a,r _|_ 7"5 l(l _|_ 1) r

> Leading order gravitational radiation energy

: —32 M)
Egw = 5Hed

(GMQ)7/3



>  The heating rate is given by dU

5, E’Uisc Ecoo )
dt T Eeool

> Assuming degenerate Fermi gas, final temperature can be obtained
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Phase Error Estimation and Detectability

Additional torque to the viscous dissipation of energy will lead to a total change in the
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Summary and Future Outlook

> Tidal dissipation effects in binary neutron stars inspirals ‘will not be negligible’ it
hyperons are present in neutron star cores.

> With next generation GW detectors, with increased sensitivity, detecting this effect is possible for
high SNR events.

> If not accounted for in GW waveform models, this might lead to biased estimation of tidal
deformability and thus biased equation of state inference (Ghosh et al., MNARS, 2025).

> A detection would provide “smoking-gun” signature for presence of exotic phases of dense matter
inside neutron-star cores since nuclear matter does not have any source of high viscosity at low
temperatures.

Future work : Developing a inspiral-merger waveform model incorporating fluid and gravitation
radiation reaction dissipation accurately and constraining fluid viscosity (out-of-equilibrium behaviour
of dense matter) from GW merger events.



