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Confronting neutron star

: Jérome Margueron m
equation of state to present  i2ityon bt
+ collaborators s b

observational data

I: Investigation of dense matter phase transitions
II: Impact of the crust.



Main questions:
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Probing extreme matter

How changes the nuclear interaction with density, isospin asymmetry, temperature?

Which new particles appear at supra-saturation densities (phase transition)?

Links between deconfinement and chiral symmetry restoration?
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Directly related How neutrinos propagate? What are the transport properties of extreme matter?

questions:

Are BNS the main astrophysical site for the r-process?



LIGO-Virgo GW observatory

2015: first detection of GW from BBH (O1). W

gravity and cosmology,
2017: first detection of GW from BNS (O2). e=——fpp dark matter and dark energy,
dense matter.

2019: first detection of GW from BHNS (O3).

Abbott et al., LVC, PRL 119 (2017),
Abbott et al., tVC, AplL 848 (2017),
Abbott et al., LVC,-PRL 121 (2018}

- L.

Catoclysric Collision Artist’s illustration of wo merging neutron stors. m rfppﬂruspm-rlmmd represents gravitational woves that trave! out from the collision, while the
narrow beams show the bursts of gammo rays that are shot out just seconds after the growtotonoel waves, Swirling clouds of material ejected from the merging stars ore olso
depicted. The clouds glow with visible and other wavelengths of light. Image credit: NSFLIGO/Sonomo State University/A. Simonnet



+NICER X-ray observatory

Tan, Dore, Dexheimer+ arXiv:2106.03890[astro-ph.HE]
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FoS [nuclear| <=> NS (M,R) |astro]
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EoS [nuclear] <=> BNS GW [astro

 Tidal field E;; from companion star induces a quadrupole

moment Q; in the NS

* Amount of deformation depends on the stiffness of EOS

via the tidal deformability A.

Post-Newtonian expansion of the waveform: Tidal effect

enters at 5th order.

LVC, Phys. Rev. X9, 011001 (2019)

Hinderer+ 2008, Blanchet, Damour

Qij = —A(EOS, m)ms&
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[Tews, JM, Reddy, PRC 2018, EPJA 2019]
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Confront EoS / GW

[Tews, JM, Reddy,
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New data from LVC and NICER

Data:
and NICER (J0030 + J0740).

EoS modelings:

- SLy4 (often used in GW papers).

- First order phase transition to exotic matter. ;
- Quarkyonic matter (McLerran & Reddy PRL 2020).

[Somasundaram+, arXiv 2021]

[ T T T T /\I =250 ] [ T T T T /\I — 250 ]
3-01 20 =2/3, 6nr0 = 1.0n4at 2w T 3.0 1o = 2.0n06, 670 = 1.0N5st wT a0
2.5+ Nucleonic /\ch =332 MeV i 2.5t Nucleonic Ach =332 MeV J
<20 520}
= =
9] %]
B 12 ? 1.5t
= =
1.0 1.0t
0.5 0.5
Radius [km] Radius [km]

—>First order phase transition softens the EoS



New data from LVC and NICER

Data:
and NICER (J0030 + J0740).

EoS modelings:

- SLy4 (often used in GW papers).

- First order phase transition to exotic matter. ;
- Quarkyonic matter (McLerran & Reddy PRL 2020).

[Somasundaram+, arXiv 2021]
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unless it occurs at low density —> masquerade Qyc



Comparison of sound speed: FOPT vs. Qyc
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Can we learn more about the sound speed in extreme matter?
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Sound speed structure from NS observations

Agnostic approach based on the sound speed approach. Damleindaam i
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Sound speed structure from NS observations

[Somasundaram+, arXiv 2022]
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Impact on the EoS

10 4_ . I[Slomalsundaramj arZ(iV 2022]
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—> astrophysical information to date do not necessarily require a phase transition to quark matter.



Implication of pQQCD
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Causality + Integral pQCD constraint

Komoltsev & Kurkela, PRL 128, 202701 (2022) .-
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[Somasundaram-+, arXiv 2022]

Sensitivity analysis:
Varying mu_pQCD
Varying internal cut-off
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Impact on the EoS

[Somasundaram+, arXiv 2022]

*7 mu_pQCD=2.6 MeV
— 10001 / mu_pQCD=2.4 MeV
f’? 1
£ 800+
B
s 600-
Y
S 400 7
n
0
- 200
A —> pQCD does not significantly
constrain the EoS, but it is on the
O - brink of becoming constraining.

250 500 750 1000 1250 1500 1750
Energy density [MeV fm~3]



Conclusions and outlooks

Neutron star observations have recently entered into the age of accurate measurement
of neutron star size extension.

ex.: radius, tidal deformability, moment of inertia.

—> it gives hope to constrain more accurately the dense matter EoS.
—> by combining theoretical and observational contraints.
—> + requires good understanding of the uncertainties originating from the crust.

New EOS (15 in total) are available on the CompOSE repository (https:/ /compose.obspm.fr)
under the name GMSR(i), with i=H], ..., SLy5, ...

Collaborators: IP2I Lyon: G. Chanfray, J.-E. Coupechoux, H. Hansen, R. Somasundaram.
ULB Bruxelles: G. Grams.
IJCLab Orsay: E. Khan.
IRAP Toulouse: S. Guillot, N. Webb.
Italy: R. Ciolfi (INAF Padova), B. Giacomazzo (Univ. Milano-Bicocca).
Yildiz TU Istanbul: K. Bozkurt, Hasim Given.
USA: S. Reddy (INT Seattle), A. Roggero (INT Seattle), I. Tews (LANL).
ITA Brazil: B. Carlson, M. Dutra, O. Lourenco.




