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Introduction

e Compact stars, (NS/HS)

<« NSs are the exciting natural astrophysical laboratories to study the behaviour of matter at
extreme densities.

<« Macroscopic properties of such NS like mass, radius, moment of inertia, tidal deformability
depend on the equation of state of matter of NS.
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<+ Non-radial oscillations can unveil the NS matter: :m o
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Introduction

<+ Some recent studies have shown that quark-matter core can appear in massive NS, and the

presence of a first-order phase transition from hadronic to quark matter can imprint
signatures in binary NS merger observations.

<« The binary NS merger events have recently emerged as a new tool for probing the beyond
standard-model (BSM) particles, such as axions.

Axions are the hypothetical elementory particles introduced to solve the strong CP
problem.

<« To address the strong CP problem, physicists Peccei and Quinn proposed the “Peccei-Quinn
mechanism” in 1977.

<« This mechanism introduces a new global symmetry called PQ symmetry. When it is
spontaneously broken, it gives rise to a new pseudo-Nambu-Goldstone boson, the axion.

<« Here, we are taken the Nambu--Jona-Lasino (NJL) mode to study low energies.

3
Z = q4(ir'o, — g + G, ). [(a4"9)* + (Girsi"q)’]
A=0
—K|edet{g(1 + y°)q} + e ?det{g(l — )q}| — G, |@r'"9)* + @r'r’9)*| .



Equation of state (NJL model)

 Thermodynamic potential
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Equation of state (RMF model)

M Walecka's mean field model

<« Relativistic nucleons interact through exchange of mesons

e scalar meson exchange = Attraction ¢ vector meson exchange = Repulsion

< Adjust the couplings and the masses so that B.E. per nucleon at saturation densities is reproduce.

<+ More terms/parameters are introduced to describe other properties of nuclear matter.
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Equation of state (RMF model)

<+ Equation of state (T # 0):
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where,
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< Gibbs construction for the hadron-quark

phase transition
Pup(g> Hg) = Pop(Hgs HE) = Pvp(Hps HE)
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Equation of state (Hybrid matter)

T — e SUN e 1.0+ = v
| —— NL3wp (npe) R ] | —— NL3wp (npe) - 0=1, G,=0
| —=- NL3wp (npeA...) e : 08L~—"" NL3wp (npeA...) == 0=m, G 1Gs
/7 .
;"\300‘—- 6=0, G,=0 /7 T [ - 6=0, G,=0
|  — 06=0, G,=0.1G;, | — 0 =0, G,=0.
‘-Ig :—— 9:]'[’ GV=0 NQJO.6__ ”””_ -
> 200r —. 6=n, G,=0.1G O j -
Y 0.4 -
= ol
> T
2100¢ ‘ 0.2 R
Y L O
———
% 300 60 900 1200 0.0 0.2 0.4 06 0.8 1.0
£ (MeV - fm™3) np (fm=3)
3.0m7ém—mm ———,,
:— NL3wp (npe) —-- 0=m, G,=0.1G; - NL3wp (npe) —— 06=m G,=0
S _ S NL3wp (npeA...) —— 6=m, G,=0.1G;
2.5_-— 6=0, G,=0.1Gs . 2'50__—-—- 6=0, G,=0 ]
[ —=- 0=1,G,=0 e _ N - —— 9=0, G,=0.1G. :
P L _ N r
© - : I \\ :
= 2.0F Riley20 i ~ 2.25 l .
s - e 3 !
Miller14
[ GW170817 il - i
1.5 — 7 2.00 4 -
- ___- S " Riley14 :




Summary and Conclusions

® NSs are the exciting natural astrophysical laboratories to study the behaviour of matter at
extreme densities.

® We discussed that the f mode non-radial oscillation frequencies are more sensitive to the low
density part of equation of state.

® The presence of quark matter in the core of the neutron stars enhances the f-mode
oscillation frequencies.

® The presence of axion enhances further the f-mode oscillation frequencies.

® [n the future detectors like advanced LIGO/Virgo, Einstine telescope etc may give some light
on the presence or absence of axions/dark matter in the core of neutron stars, if they are able

to detect f mode of NS.
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Equation of state (NJL model)

 Thermodynamic potential and effective mass

_ 400
. L —_— ,LlQ=3OO MeV _— 9=r[/2
S "7 HMo=350 MeV > 300¢ — 6=n
G : ---- Ug =355 MeV g S N _
50.003_ . L= 360 MeV = e T
af Y A A z 200_
| /S S 3251 -
D 0.002¢ s [
G : 3" 100+
S S I S —
O_OOOO T T L R e Ll EEEE T T b 2’-[ O ........3.4|-.O....:.,.L..J.L.,..3léJO.LI.J-l-.J-l-1--3.80




