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Why study neutron stars?
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The mass-radius relation

How to get a mass-radius relation:

— get an equation of state p(¢)

dr

—le(r) + p(r)]

M(r)+4nrdp(r)

r2—2M(r)r

— start with a specific central density: g, p., M(0) =0

— integrate the TOV equations until p(R) =0 — R is

the radius of the NS
— M(R) is the mass of the NS

— change ¢, and repeat — M-R relation
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How to get a mass-radius relation:

— get an equation of state|p(¢)

— start with a specific central density: g, p., M(0) =0

— integrate the TOV equations until p(R) =0 — R is
the radius of the NS —

-

— M(R) is the mass of the NS

— change ¢, and repeat — M-R relation
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Astrophysical measurements

Credits: Norbert Wex
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Astrophysical measurements
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Source: LVC, Phys.Rev.Lett. 121, 161101 (2018)
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Hybrid stars

Hybrid stars also have a hadronic crust and
quark matter core:

» at low densities we use hadronic EoSs:
o the SFHo E0S as a soft hadronic EoS
o the DD?2 as a stiff EoS

» effective quark-meson model consistent
with meson phenomenology and lattice QCD

» we connect the two phases smoothly:

< g(ng) interpolation with polynomial

Janos Takatsy

Observations — Bayesian statistics

p(datal9)p(9)

p(vY|data) = (data)

p(data|9) = p(Muax |9)p(NICER|9)p(A]9)
o Lower limit on maximum mass from
massive pulsars
o NICER mass-radius constraints

< Tidal deformability measurement
from GW170817

< Upper mass constraint from
hypermassive neutron star hypothesis
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Speed of sound and conformality
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Source: I. Tews, et al. In: Astrophys.J. 860, 149 (2018)

Janos Takatsy

150

Important measure:

& =

speed of sound

dp

de

In the conformal limit (high density):

P — €

1
3

Empirical conformal
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o |3
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Speed of sound and conformality
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Speed of sound and conformality

Source: M. Marczenko, et al., Phys.Rev.C 107, 025802 (2023)
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Speed of sound and conformality
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Thank you for your attention!
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Backup slides




x, K, f§ included

The quark-meson model =

no mesonic contribution
—a—i |aftice
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We use the (axial)vector meson extended linear 2|
sigma model o
< three-flavour constituent quark-meson model with e e e e e
the complete (pseudo)scalar and (axial)vector meson e T
nonets
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Source: P. Kovacs, et al. In: Phys.Rev.D 93, 114014 (2016)
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The eLSM Lagrangian

The eLSM Lagrangian is
constructed based on
linearly realized global
U(3), xU(3) chiral
symmetry and its explicit

breaking

L =Tr[(D,®) (D, ®)] — m2Tr(dTd) — A [Tr(dTd)]? — Mo Tr(dTd)?

4 1
+ c1(det d + det dT) + Tr[H(® + dT)] — 1Tr(wa +R2,)

o [(m?%ﬂ+ A) (L}, + Ri)] + i%(Tr{LMV[L“, LT} + Tr{Ruv [R*, R"]})

h
- ?T‘r(d)fd))Tr(Li + R2) + hoTr[(L, ®)? + (PR,,)?] + 2h3Tr(L, ORH 1)

+ \T-ff"yHD'“‘\U — grV (ds + insPps) V—gy W (Y (Vu + AL W

DFo
LAY
RHY
DHwW
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D — igy (LFD — DRM) — ieAL[ T, 9],

OMLY — ieAH [T, LY] — {0V L* — ieAY[Ts, LM},
O*RY — ieAF[T3, RY] — {8” R* — ieAY[ T3, R*]},
QP — iGHW,  with GH = g.GMT,.
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Large-N, limit and finite volume effects
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< large-N, solution can be very different
from N.=3 solution
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Source: P. Kovacs, et al. In: Phys.Rev.D 106, 116016 (2022)
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Mass measurement

— Pulsars in binary systems + Doppler shift

— Degeneracies — only projected semi-
major axis is measured

( 27 )2 (anssini)®  (Mcsini)®
Porb G M%

M (acsini)?
T= M. ™ (anssini)?

— Observation of the companion object:

another pulsar, white dwarf (+X-ray binaries)
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Credits: HyperPhysics
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Mass measurement

Two other measurements:
1) Projected semi-major axis of the
companion star — mass ratio

a) White dwarf — optical measurements
b) Another pulsar

2.1) Eclipses — observed edge-on

2.2) Independent mass measurement of the
companion: Shapiro-delay

2.3) Relativistic effects: precession,
gravitational radiation
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Constraints on concatenation parameters
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