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The equation of state of high-density matter:
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* Calculations based on chiral effective field theory interactions

main focus of this talk
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* Calculations based on chiral effective field theory interactions
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* Functional Renormalization Group based on QCD
Leonhardt et al., PRL 125, 142502 (2020)



The equation of state of high-density matter:
Microscopic approaches

250: Quark-Gluon Plasma ALICE
> P 10%s VLR collaboration
= NER .

S o0l o3, (2015)
D \
% e — / f / . /
& 1501 . o
Q.
5
= 100-
Neutron Stars

Netbaryonic densty RSN

5 8 (normalised, d/dg)

* Calculations based on chiral effective field theory interactions

main focus of this talk

* Functional Renormalization Group based on QCD
Leonhardt et al., PRL 125, 142502 (2020)

e Perturbative QCD

Ghiglieri et al., Phys. Rept. 880, | (2020)



The equation of state of high-density matter:
constraints from neutron star observations

* observation of heavy neutron stars

Demorest et al., Nature 467, 1081 (2010)
Antoniadis et al., Science 340, 448 (201 3)
Cromartie et al., Nature Astron. 4, 72 (2020)
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Chiral effective field theory for nuclear forces

egrees of freedom:
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Chiral effective field theory for nuclear forces
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Chiral effective field theory for nuclear forces
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Chiral effective field theory for nuclear forces
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Development of nuclear interactions

(" )

nuclear structure and
reaction observables

- J
validation
predictions optimization
fitting of LECs
4 )

Chiral effective field theory

nuclear interactions and currents




Equation of state: Many-body perturbation theory
central quantity of interest: energy per particle /N

H(A) =T+ Van(A) + Van(A) + ...

L= O kinetic energy

+ @@:} + V:> Hartree-Fock

e (RN ) p—

3rd-order
R and beyond

* “hard” interactions require non-perturbative summation of diagrams
* with low-momentum interactions much more perturbative

* inclusion of contributions from 3N interaction crucial and challenging!



Equation of state of neutron matter
up to nuclear densities
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* EOS of neutron matter well constrained by chiral EFT up to nuclear densities

* results insensitive to choices of nuclear forces and many-body methods
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Equation of state of symmetric nuclear matter:
nuclear saturation
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 performed MBPT calculations up to 4th order (complete for NN interactions)

Results for symmetric and neutron matter at T=0

* fits to the empirical saturation point possible

* natural convergence pattern in MBPT and chiral expansion
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Results for symmetric matter at T=0

 performed MBPT calculations up to 4th order (complete for NN interactions)
* fits to the empirical saturation point possible

* natural convergence pattern in MBPT and chiral expansion

e comparison with Functional Renormalization Group (fRG) calculations
based on QCD and perturbative QCD
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Matter at finite temperature and general proton fractions
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Negative thermal pressure due to 3N interaction effects
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e thermal pressure: P, (1) = P(T') — P(1T' = 0)

* P.,(T') becomes negative at higher densities due to contributions
from 3N interactions

* robust for different chiral interactions, chiral orders and cutoff values



Neutron star matter

* incorporation of beta equilibrium

M + pn = (Myp + pip) + (Me + fie)
0 F
Nn_ﬂp:_%ﬁ

* comparison to uncertainty band (201 3):
»inclusion of interactions up to N3LO
»no RG transformations
»systematic EFT convergence
»No parametrisation in proton fraction
»no approximations in 3NF treatment in

MBPT diagrams
» calculations to higher densities
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Constraints on neutron star radii
constraints on EOS and NS radii from first NICER observations:
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Constraints on neutron star radii
constraints on EOS and NS radii from first NICER observations:
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additionally incorporating constraints from LIGO and mass measurements:
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chiral EFT
interactions
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model-independent
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perturbative QCD
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n > 50 ng

including
thermodynamic
relations:

n > 10ng

still under discussion to
what extend it provides

additional constraints for
EOS relevant for NSs

current data from GWV, NICER and HIC information are consistent with other
constraints, but do not lead to significantly improved EOS uncertainties (yet).
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EOS at high density and neutron star radius constraints
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parametrize our ignorance via piecewise high-density extensions of EOS:

* use polytropic ansatz p ~ pF (results insensitive to particular form)

* range of parameters Pl, 012, Fg, 023, I's  limited by physics




EOS at high density and neutron star radius constraints
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constraints lead to significant reduction of EOS uncertainty band



EOS at high density and neutron star radius constraints
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EOS at high density and neutron star radius constraints
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* low-density part of EOS sets scale for allowed high-density extensions
* current radius prediction for typical 1.4 M neutron star: 9.7 — 13.9 km



Constraints from multimessenger astrophysics and

heavy ion experiments

(A) Chiral effective field theory:
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(B) Multi-messenger astrophysics:

I I I I I I T I I T I I I I I I |‘J_—I’
102 - Prior -
7 - —— Astro
& i}
> - .-
o e
210 P
A - .
° N
— -
=
n -
n
et
A 100

_OO Lol
(en)

0.5 1.0 1.5 2.0 2.5
Number density n [nga

Huth at al., Nature 606,276 (2022)

Y

Y

(C) HIC experiments:
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