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Neutron stars and hyperons

Thin atmosphere:

H, He, C.... ¢ Outer crust: ions, electrons

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Outer core liquid: e~, p-, SFn,
perconductmg protons
Inner core: unknown
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~2x nuclear density

2x10"gcm™
~nuclear density

4x10"gcm?
“neutron drip”

Gendreau et al., SPIE, 2012
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Neutron star matter at finite temperature
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Equation of state (EoS) of dense matter

- The necessary ingredient to
predict the properties of NSs AB INITIO PHENOMENOLOGY
1s the EoS of dense matter
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Thermal pressure & hyperon excess
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Scheme of a binary neutron star merger event

Sensitive to the cold,

’_! beta-equilibrated EoS
_ Final merged
Binary neutron star obj‘ect

QD . '\” ~ ‘ A — Tidal deformability

Time

Sensitive to the hot,
out-of-beta-equilibrium EoS

fpeak; Meja Mthresh
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Post-merger gravitational-wave spectrogram

Post-merger spectral features are
affected by the finite-temperature
part of the EoS

fpeak — dominant frequency peak

fspiral — secondary frequency peak

fa_o — secondary frequency peak

2
f [kHz]

Bauswein et al, J. Phys. G, 2019
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Frequency shift and tidal deformability

Moy = 2.8 M; Ml/M2 =1
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Frequency shift and tidal deformability
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3 Hyperonic EoSs do not follow the
nucleonic fpeak — /A relation
Pros:

2 3 - Indicates the presence of
Qg hyperons
é\ - Valid for any asymmetry

1 Y between the stars
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Frequency shift and tidal deformability

§20T ‘add “[v 12 psaoyunys0yy
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3 Hyperonic EoSs do not follow the
nucleonic fpeak — /A relation
Pros:
2 3 - Indicates the presence of
Qg hyperons
é\ - Valid for any asymmetry
B between the stars
Cons:
- Difficult to be measured
0 - Can be mimicked by other
types of exotic matter
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Frequency shift and maximum density

- Past works have found that the
empirical relation

pmax — pmaX(fpeak>

holds well in binary neutron star
mergers with nucleonic matter

- The relation breaks when quark
matter appears in the remnant
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With quark matter

6 X pat 14*14 1\’[@

7 1.54 Nucleonic matter only

E 5 X Psat +
g l2XPa M
o0 +

3 4 X psa

= === Psat s . S / =
=, L0+

Remnants with

2.5 3.0 3.5
f])(‘,ak [kHZ]
Bauswein et al., PRL, 2019

Blacker et al., PRD, 2020
CSQCD2026 13



Frequency shift and maximum density
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Frequency shift and maximum density

nucleons

hyperons
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3 The empirical relations can be used
even 1f hyperons are present!

()

PmaX / ponset

1. The GW measurement suggests that
hyperons appeared in the dense
matter
— Upper bound on Ponset

—_

2. The GW measurement suggests that

0 hyperons did not appear in the

dense matter
— Lower bound on Ponset
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Mass ejecta

- The amount of ejecta mass is X

+ nucleons
connected to the total amount of 0.03 7Rl N—
. %  hyperons+A
synthesised elements +

. . 9 (2
- It 1s related to the stiffness of the E ' Stiffer EoS

STOT 'AAd "IV 12 Bysaoyuvys0y

underlying EoS ~
Mej = Mej(Ry.4) -
The appearance of hyperons
could increase the amount of 12 13
mass ejecta Ry 4lkm]
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Average temperature

- The average temperature is
also related to the stiffness of
the underlying EoS

T=T(Ri4)

- Stiffer EoS induces lower
temperature

- Hyperonic EoSs yield a lower
temperature for a fixed R, ,
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Hyperons’ signatures in the cold-star observables

3.0
Nucleonic models o
S
2.5 g
s
R,
fr— _ — 3
EQ 204 ey s
S s
15 = NU
_ =
Hyperonic =
107 models / =
: ro
| | | | 1 1 O\
10 11 12 13 14 15
R [km]

The mass-radius curves of the two
categories are almost indistinguishable
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Hyperons’ signatures in the cold-star observables
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Conventional RMF models

- The conventional RMF models do
not have momentum-dependent
self-energies

S = JoNO
V = gunw + gonI3np
- This 1s reflected in the behavior of
the optical potentials

E 1
Upps = —S + =V + — (5% = V?)

m 2m
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This is a problem for both

nucleonic and hyperonic models
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Conventional RMF models

This is a problem for both

- The conventional RMF models do nucleonic and hyperonic models

not have momentum-dependent
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Q
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Non-Linear Derivative (NLD) model

- Solution: Introducing a derivative
operator, ), in the Lagrangian

_ -
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Non-Linear Derivative (NLD) model

- Solution: Introducing a derivative S(p) = 9gov0 Dop(p)
operator, [), in the Lagrangian V(D) = guswDun(p) + gopl36p D (p)
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Momentum-fragmented (MF) hyperons

- Due to the soft momentum dependence, the
in-medium energy of hyperons can have () ;-
several crossings with the Fermi energy

E(p) = v/m*2 + p2 + V(p)

Without MF

Nucleons only

e i ~20.31 hyperons/” with MF hyperons
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Conclusions and outlook

- The appearance of hyperons in dense matter softens both ) + mckons ’
the cold and the hot EoS 951 % peronera
£ ‘ 13
- The thermal pressure of hypernuclear matter is =] f
systematically lower than that of pure nuclear matter - L=
2.51
- The dominant frequency peak from the binary neutron 00 o !

star merger event shows systematically higher values
when hyperons are produced in the remnant

- Future multimessenger measurements may finally
answer the composition question of dense matter
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Threshold mass

3.61

nucleons
X hyperons

%  hyperons+As
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3.9 3.4 3.6

(@ Mmax +b- Ri6)[Mo)]

3.8

Hyperonic EoSs are scattered around

the nucleonic fit
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Finite-temperature behavior affects
the threshold mass!
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Dominant frequency peak shift
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Pmax / Ponset

Af = fpeak — f;eﬁ{

Hyperonic EoSs show a systematic
shift towards higher frequencies

Nucleonic models are scattered
around the reference values

If hyperons are present in matter
only in very small quantities, the
corresponding EoSs behave like
nucleonic ones
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Mass-radius relation in the NLD model

oeal — N
2.0 x\ —— NY (CFS)
— NY
1.81
2.05
:.516 2.00 1
= 1.95
1.41
1.90 1
1.2] Y0000 1125 1150 1175 1200
1.0 11.5 12.0 12.5 13.0
R (km)
Hristijan Kochankovski CSQCD2026

The mass radius curves are
insensitive to the different
matter composition
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