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Motivation

Neutron stars are a natural laboratory for
studying matter under extreme conditions

: Little is known about the composition of the core.
s e Non-nucleonic components can appear, such as
hyperons

A finite temperature treatment is necessary in

F. Weber order to understand the evolution of young
neutron stars, the collapse of supernovae or the
merger of a binary system of neutron stars

science.org

Finite temperature EoS depends (pp, T, Y )

T = (0 - 100) MeV

pg = (0.5 —6)pg

Yo =(0—-0.6)
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EoS and composition of the hot NS core: FSU2H* model

Z-l:b + L,
b

Wy iy, - qbyud - mp + 8obo + g0

8tV - 8ab1ud" - Lo pYuly 5"y,

I 122K A

55 odte - o0~ 5 (80N0 - M )
]
58,,0*5”0 - Em%,*(f i

1 1 [
ﬁ_lQ HQuy+ - 2 %Uwﬂw” - 4—!g“t)l\,(w#w”)2

Lawg 1o

[1R VRI“’+2 Mo +AwgpNPuP 8wN“’ﬂ‘””

1 1
PPt ¢¢u¢”'1FwFﬂv’

Need of an equation of state (EoS) that depends on
temperature (T), baryon density (pz) and charged fraction (Y,)
—> construct a relativistic mean-field model (RMF):

FSU2H* model

from the energy-momentum tensor
we extract thermodynamic properties

Etot, P, S, f

Euler eqgs. of motion
RMF approximation
— equilibrium with baryons

nservation of baryon and charge n

Kochankovski, Ramos and LT, MNRAS 517 (2022) 507, 2206.11266 [astro-ph.HE]
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FSU2H* model: nuclear properties

Parameters of the FSU2H*model (nucleon mass my=939 MeV)

Mo M m, Mo Mg 9z N 9z N g'p N K A ¢ Ay

(MeV)  (MeV) (MeV) (MeV)  (MeV) (MeV)

497.479  782.500 763.000 980.000 1020.000 102.72 169.53 197.27 4.00014 -0.0133 0.008 0.045

L [MeV]
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FSU2H*, FSU2H*U, FSU2H*L models: hyperon uncertainties

Parameters of the FSU2H* model
related to hyperons

Y RO'Y RJY(U) RJY(L) RU*Y RJ'Y(U) (L) uY RpY R«pY

A 06113 06048 06178 02812 02309 04954 2/3 0 —\/5/ 3
L 04673 04085 05132 02812 02309 04954 2/3 1 —\/5/ 3
E 03305 02038 02200 05624 05624 0998 /3 1 -2 /3

iy . 9q* 9
RiY=gY i =(0,w,p); Rory === quy—ﬂ

JiN doy JoN

- vector couplings from flavor SU(3)
symmetry, the vector dominance model,
and ideal mixing for the physical w and ¢
field

- scalar couplings fitted to hyperon potentials

Potential felt by a hyperon i in j-particle matter:

() _
Ui py) = | | o
= —g5i0) = gt5* D + g0pi @ + gpil3ipY) + ggi 9V

Hyperon potentials

FSU2H*U
(N) e
Uy~ (po) = (—=30,—25) MeV
variation
Uz(N)(Po) = (10,50) MeV allowed by
nuclear
UéN)(Po) = (—24,-10) MeV experimental
data

U (po/5) = (=6,0) MeV
/
FSU2H*L



M/M;

T=0: mass-radius, tidal deformability, moment of inertia...
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« in agreement with 2 Mg observations (except FSU2H*L), with NICER measurements on radii
and constraints from G\W170817 on tidal deformability
« fulfill less restrictive constraint on moment of inertia (not observed yet!)



EoS and composition: composition at finite temperature (I)

FSU2H*L (dashed lines)
FSU2H*U (solid lines)
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Low T (T=1 MeV)
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« appearance of hyperons strongly depends on hyperonic potentials

« proton abundance correlated to negative hyperons (increases @ low Y, no change otherwise)

* @ all Yq: abundance of neutrons reduced with density as more A appear

1

1 MeV

T =



EoS and composition: composition at finite temperature (ll)

FSU2H*L (dashed lines)
FSU2H*U (solid lines)

T = 80 MeV
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Large T (T=80 MeV)

« appreciable abundance of hyperons at any density

* @ all Yq: abundance of neutrons no longer decreasing monotonically

* hyperonic potentials strongly influence 2 appearance, while 2* quite abundant!



EoS and composition: EoS at finite temperature (l)

FSU2H*L (dashed lines)
FSU2H*U (solid lines)
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* hyperonic uncertainties quite visible
 at large density hyperonic uncertainties more important than thermal effects



EoS and composition: EoS at finite temperature (ll)

FSU2H*L (dashed lines)
FSU2H*U (solid lines)
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« larger differences between models for large densities and temperatures
@ low Yq larger differences between models (more hyperons appear)



EoS and composition: EoS at finite temperature (lll)

FSU2H*L (dashed lines)
FSU2H*U (solid lines)
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« plateau due to appearance of hyperons
* not strong dependence on the model



Thermal index of the NS core

Thermal index

5

e

I) 0

T(pg,T) =1+ -2 £

Eth -
Pth — P(pBaT)_P(pB’T=O)
en = €(pB,T)—€(pp,T=0)

Merger simulations usually use a I' that is constant.
However, this procedure can be inaccurate

Kochankovski, Ramos and LT, MNRAS 517 (2022) 507, 2206.11266 [astro-ph.HE]
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in this case, nucleons are the only
baryons considered
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Thermal index : - stable v free matter with FSU2H* ()

* the thermal pressure
experiences a sizable
drop when hyperon
abundance starts
being significant
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(considering leptons)




Thermal index : - stable v free matter with FSU2H* (ll)
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Thermal behavior as indicator for hyperons in NS mergers

Nucleonic models

 peak

Mipax R4 foe(3D) (T = 1.75) e
EOS [Mg] [km] Ays Aizs [kHz] [kHz] I [10% g/cm?]
APR 2.20 11.57  267.6 54.5 3.51 3.46 1.74 1.41
DD2 242 1322 6988 178.5 2.64 2.68 178 0.71
DD2 (g = 0.8) 242 1322 6988 178.5 2.68 2.69 1.74 0.73
DD2F 2.08 1240 4255 79.3 3.30 3.30 1.66 1.12
DSH Fiducial 2.17 1173 296.3 61.8 3.44 3.40 1.77 1.28
DSH Large Mmax 2.22 12.65 5139 119.9 2.93 2.91 1.79 0.85
DSH Large SL 2.16 1.76 2715 55.9 3.51 3.46 1.52 1.38
DSH Large R 2.13 1244 4376 87.3 3.16 3.18 1.72 1.08
DSH Small SL 2.18 1170 3358 70.3 3.31 3.33 1.76 1.21
DSH Smaller R 2.14 1129 2331 488 3.62 3.60 1.72 1.66
FSU2R 2.06 12.87  640.8 143.5 2.80 2.81 1.81 0.83
FSU2R (g = 0.8) 2.06 12.87  640.8 143.5 2.69 2.70 1.76 0.91
FTNS 2.22 1146 304.8 65.3 3.34 3.40 1.73 1.26
GS2 2.09 13.60 7213 160.6 2.73 2.70 1.76 0.73
LPB 2.10 1237 4299 79.9 3.23 3.23 1.68 1.01
LS220 2.04 1296 5419 94.2 3.09 3.06 1.54 1.00
LS375 2.71 13.95  960.1 257.7 2.44 2.44 1.63 0.59
SFHo 2.06 11.89 3335 63.5 3.43 3.45 1.62 1.42
SFHx 2.13 11.98  395.1 86.7 3.16 3.18 1.82 1.09
SRO(SLy4) 2.05 1172 303.7 54.7 3.51 3.50 1.78 1.43
T™I 221 1447 11490 257.7 2.38 2.40 1.82 0.55
TMA 2.01 1379 929.1 184.1 2.58 2.57 1.74 0.66
Hyperonic models ) ; ;

onset J peak J peak

Mupax  Ria (T =0) Pinit. 3D) (I'y, = 1.75) P
EOS [Mo]l [km] Ay Aygs [10% g/em’] [10% g/em’]  [kHz] [kHz] i Vhyp 110" g/cm?]
BHBA¢ 2.10  13.21 695.2 160.1 0.56 0.59 2.76 2.68 137 0.018 0.79
DD2Y 2.03 1321 694.8 150.9 0.56 0.60 2.82 2.73 1.08  0.022 0.80
DD2Y (g = 0.8) 2.03 1321 6948 150.9 0.56 0.68 2.76 2.63 1.04  0.050 1.00
DNS 2.09 14.04 9577 208.3 0.77 0.55 251 2.54 1.69 0.003 0.66
FSU2H* 2.01 13.18 7788 192.1 0.57 0.55 2.63 2.59 1.52  0.012 0.75
FESU2H* (g = 0.8) 2.01 13.18 7788 192.1 0.57 0.60 2.76 2.69 137 0.025 0.87
FSU2H*L 191 13.16 7844 1776 0.56 0.54 2.68 2.62 124 0018 0.76
FSU2H*U 2.06 13.17 7844 205.7 0.58 0.54 2.62 2.56 1.51  0.008 0.70
QMC-A 1.99  12.89 574.8 126.0 0.93 0.66 291 2.98 1.65 0.003 0.91
R(DD2YDelta)l.1-1.1 ~ 2.04 12,96 586.8 114.0 0.46 0.69 3.03 2.93 1.08  0.083 0.95
R(DD2YDelta)l.2-1.1 ~ 2.05 1227 3973 854 0.37 077 3.26 3.14 1.18  0.185 1.16
R(DD2YDelta)l.2-13  2.03 13.21 696.1 150.8 0.56 0.60 2.82 2.72 099  0.029 0.84
SFHOY 199 11.89 3336 619 0.97 0.85 3.60 3.46 138 0.015 1.54

is there a clear signal of the presence of hyperons in NS?

not straightforward to tell from a measured
mass-radius relation if EoS contains hyperons

nucleonic

—— hyperonic

1.0

Blacker, Kochankovski, Bauswein, Ramos and LT,
PRD 109 (2024) 043015, 2307.03710 [astro-ph.HE]



foeak USINg finite-temperature
nucleonic and hyperonic EoSs

foeak'7° taking these EoSs at T=0 and
assume a “nucleonic” thermal behaviour
with Iy, = 1.75

calculate Af = f .y = frear’ "

conclusion

hyperonic models lead to systematically higher
frequencies with Af ~ 100 Hz, being small but
potentially sizeable

similar behaviour of hyperonic models with a tiny

Af [kHz]

amount of hyperons (in blue) to nucleonic models
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presence of hyperons linked to two directly measurable quantities

X
3.50 = +
*
3.20 - o0
3.00 =
2.75 =
2.50

nucleons

hyperons

hyperons+A
q=0.8

100
A1.75

200

black line: least-squares quadratic fit

to the purely nucleonic models
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conclusion

the presence of hyperons seems more
likely if the postmerger frequency is high
compared to the fit

models with tiny amount of hyperons
or hyperonic models with nucleonic f,..
in the lower edge do not stick out



also..

Af vs average thermal index Ty,

conclusions

hyperons lead to a reduction of the
thermal pressure (smaller thermal index)
compared to nucleons

a frequency shift larger
for hyperonic models

[, = 1.75 is a good choice for
“nucleonic” thermal behavior

Af [kHz]

o X
v
0.10 4* %
%
0.054 - Kook -
+ _h‘!'_-|_|-
0.00 e
4+ nucleons + X# :l:
- hyperons +
_0'05-'* hyperons+A =~~~ "~~~ 5 7 7]
® ® =038 X
—0.10 =*= | | | E—
1.00 1.25 1.50 1.75

Cen

)
max
:0 / ponset

-



some caveats..
« enough statistical power in GW measurements
« T=0 EoS carry information on hyperons

« dependence of our results on abundance of hyperons
and hyperon threshold density

« other exotic degrees of freedom softening the EoS and leading to a
frequency shift

..and prospects
experimental and theoretical advances on two and three-body interactions

with hyperons and nucleons would lead to further constraints for future
analyses




Summary

» We have constructed the hyperonic FSU2H* model at finite finite temperature including
hyperonic uncertainties to be used in early stages of neutron star evolution and
in neutron star mergers

« The temperature effects have been analyzed in terms of the thermal index I', showing that
thermal effects with I' constant when hyperons are present would be inaccurate and
should be taken with caution in merger simulations

« We have discussed the thermal behavior of hyperonic EoSs as an indicator for
hyperons in neutron star mergers. There is a characteristic increase of the dominant
postmerger gravitational-wave frequency by Af ~ 100 Hz compared to purely nucleonic
models. These findings are important as a new route to answer the outstanding question
about hyperonic degrees of freedom in high-density matter
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