Equation of state for neutron stars and binary neutron star

mergers

Domenico Logoteta

University of Pisa

EXOTICO: EXQOTlc atoms meet nuclear COllisions for a new
frontier precision era in low-energy strangeness nuclear
physics

20 ottobre 2022

UNIVERSITA DI PI1sA

Domenico Logoteta Equation of state for neutron stars and binary neutron star mergers



Results in collaboration with:

I. Vidafia (INFN Catania)

I. Bombaci (University of Pisa)

A. Perego (University of Trento)

D. Radice (Penn State University)
S. Bernuzzi (Jena University)

A. Prakash (Penn State University)

T e

Domenico Logoteta Equation of state for neutron stars and binary neutron star mergers




Outlook

o EOS for neutron star matter
o The nuclear many-body problem

o Interactions from ChEFT and nuclear matter
calculations

o EQOS for cold nucleonic and hyperonic matter

o Hyperon-puzzle in neutron stars and
connection with hypernuclei

o Strangeness in binary netron star mergers
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Equation of state (EOS)

o What do we mean by EOS?

o A relation between: (ng, T, P, ¢, { Xi})
o Ng: baryonic density

o [: temperature

o P: pressure

e €. energy density

o {Xj}: composition
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EOS for neutron star matter

o What do we mean by EOS of neutron star
matter?

o A relation between: (ng, T, P, ¢, {X;})
o Ng: range: (10713 —1.5) fm=3

o I:range: (0 — 100) MeV

o P: range: (~ 0 — 10%8) dyne cm™2

o c: range: (1 —10")gem=3

o {Xi}: n,p, e, u~, hyperons(?), quarks(?)
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Bethe-Goldstone expansion up to three-hole-lines

Ladder diagrams summation:
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The Brueckner-Hartree-Fock approach

@ Starting point: the Bethe-Goldstone equation
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NN chiral forces

Chiral 2N Force

B AL
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NNN chiral forces

Chiral 3N Force

LO A-less Additional in A-full
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E/A nuclear matter N3LO+N2LO

Pure neutron matter 5 = 1 Symmetric nuclear matter 3 = 0
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Esym nuclear matter N3LO+N2LO
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Equation of state for cold neutron stars (T=0)

Np—n
E/A(8,ng) = E/Aspm(nB) + Esym(r'B)B2 B = d b |
Np + Np
Esym(ng) = E/Apnm(nB) — E/Asnm(nB) J
8(nBE/A(/3, nB))
e Chemical equilibrium:
Kn — Hp = He He = Ky J
e Charge neutrality:
Np—n,—nNe=0. J
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EOS 3—stable nucleonic matter
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Hydrostatic equilibrium

@ Neutron stars have a very strong gravitational field = their structure is
described by General theory of relativity.

@ Equations of hydrostatic equilibrium in general relativity of
Tolman-Oppenheimer-Volkoff (TOV):

dpP Gpm P 4mPr® 2Gm\ '
= 1+ ) (1+—=) (1- :
ar r2 pc? mc? rc?

@ Fixed an EOS and a value of the central pressure value P; TOV
equations are solved numerically.

@ Output = Mg(R), Mg(Ps) (or Mg(Mg))

@ Mz =my [ ng(r)dV, my = (My + mp)/2
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Neutron stars based on (case of nucleonic matter)
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The problem of the maximum mass of neutron stars with microscopic

approaches

H.-J. Schulze et al. Phys. Rev. C 73, 058801 (2006)
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The problem of the maximum mass of neutron stars with microscopic

approaches

H.-J. Schulze et al. Phys. Rev. C 73, 058801 (2006)
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The problem of the maximum mass of neutron stars with microscopic

approaches

H.-J. Schulze et al. Phys. Rev. C 73, 058801 (2006)
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The problem of the maximum mass of neutron stars with microscopic

approaches

H.-J. Schulze et al. Phys. Rev. C 73, 058801 (2006)
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NNA force from ChPT

@ Following Petschauer (2013)

. @ Baryonic three-body forces from
I . - chiral effective field theory

@ Nonvanishing leading order
contributions at order NLO and
- N2LO

I
S
NLO R \ :

|

@ Same strategy used for nuclear
matter

@ Effective NA interaction from bare

@ Upto N2LO just 1 LEC = fixed tOJ NNA force

Un(k = 0) = (—28, —30) MeV

@ Low energy constants estimated
from decuplet saturation
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NNA force from ChPT

@ Following Petschauer (2013)

B >< >K @ Baryonic three-body forces from
chiral effective field theory

@ Nonvanishing leading order
o X B o contributions at order NLO and
A N1 A 1] N2LO
@ Same strategy used for nuclear
matter
@ Upto N2LO just 1 LEC = fixed to ) ) )
Un(k = 0) = (—28, —30) MeV @ Effective NA interaction from bare
' NNA force

@ Separation energies of heavy
hypernuclei improve!

@ Low energy constants estimated
from decuplet saturation
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Equation of state for cold neutron stars (case of

e Asymmetric matter:

E/A(B, p) calculated for several values of § = iy =1ty
Nn + Np
d(ngE/A(B, n
iy = (B /(B B)) Ng = Np + Np + Na
6n,~
e Chemical equilibrium:
Mn — Up = e He = My, Hn = KA J
e Charge neutrality:
Np—n,—nNe=0. J
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A-single particle potential
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Ux(k = 0) as function of baryonic density

30 P P e 30
- @ NSC97a+NNY, - @ NSC97e+NNY,
20~ w NSC97a+NNY, — m NSC97e+NNY, 20
T A NSC97a r 4 NSC97e
lﬂj — il()
—_ Oli -] [ ;0 —_
S K \ 1 >
() C ] I i (5]
2 -10F = N H-102
? B ] B ] c|>’|“
= ] r 1 =°
301 = .m . - ATy — 30
C N ] C N ]
40f N . - N A-40
C A : C RN
~
C - ] C ]
-50 | ~a__ - —-50
0 0.1 0.2 03 04 0 0.1 0.2 03 0.4
-3 -3
p [fm ] p [fm 7]

D. Logoteta, I. Vidana and |. Bombaci Eur. Phys. J. A, 55 11 (2019) 207

Domenico Logoteta Equation of state for neutron stars and binary neutron star mergers



Composition of hyperonic matter
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Neutron stars structure including A-hyperon
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Neutron stars structure including A-hyperon
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Neutron stars structure including A-hyperon

Similar result but several differences...
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Neutron stars structure including A-hyperon

The main ones: 1) PNM calculation
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Neutron stars structure including A-hyperon

The main ones: 2) solution of the hyperon puzzle = no hyperons at all
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A separation energies in hypernuclei

Improved description of the separation energies of A-hypernuclei )

iCa SiZr  209pp

NSC97a 23.0 31.3 38.8

NSC97a+NNA; 14.9 211 26.8

NSC97a+NNA, 13.3 19.3 24.7

NSC97e 24.2 32.3 39.5

NSC97e+NNA; 16.1 22.3 27.9

NSC97e+NNA, 14.7 20.7 26.1

Exp. 18.7(1.1) 23.6(5) 26.9(8)

D. Logoteta, I. Vidana and |. Bombaci Eur. Phys. J. A, 55 11 (2019)
207
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A separation energies in hypernuclei
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Improved description of the separation energies of A-hypernuclei J
TCa SZr  29pp
NSC97a 23.0 31.3 38.8
NSC97a+NNA; 14.9 21.1 26.8
NSC97a+NNA, 13.3 19.3 24.7
NSC97e 24.2 32.3 39.5
NSC97e+NNA4 16.1 22.3 27.9
NSC97e+NNA, 14.7 20.7 26.1
Exp. 18.7(1.1) 23.6(5) 26.9(8)

D. Logoteta, I. Vidana and |. Bombaci Eur. Phys. J. A.55 11 (2019)
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Numerical setup of BNSM simulations

@ EOS= P,e, T, ng, X;

@ TOV = gravitational masses M; and M, you want to use in your
simulation

@ Initial data: LORENE =- solves problem of the two (M; and M,) NSs
orbiting ~ 45 km away in quasicircular orbit

@ Evolution: Whisky THC = describes temporal evolution of the system:
solves Einstein equations coupled to hydrodynamics

Once all these stuff is done... J

Extraction of GWs signal, mass ejected, nucleosynthesis ...

...and very important:

Constraints on the EOS of neutron star matter
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Hyperons in BNSM
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1.5 Mg + 1.5 Mg
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Quark matter?

) Critical Point

Crossover 7

MeV ~-28c0n, | Quark-Gluon Plasma
First order
phase transition

Temperature (T)

Baryon Chemical Potential (ug)
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Construction of the EOS

@ Gibbs conditions for phase coexistence:

#n(Pu, Th) = pa(Pa, Ta),  Tw = Ta,  Pulpw, T) = Po(pa, T) = Pr. |

@ Charge neutrality is not imposed locally but globally.
@ Hadronic and quark phase are not separately neutral.
@ The whole system satisfies:

xpd + (1= x)pt +pt=0. J

@ Energy density and baryonic density in the mixed phase read:

<e>=(1—x)en—xe€q,
<n>:(1—x)nH—XnQ.
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Quarks in neutron stars: BLh vs BLh+eMIT 1.3 M-1.3 M,

placeholder box

Nedora, Ignazio Bombaci, Rahul Kashyap, Sebastiano Bernuzzi, and Andrea

Aviral Prakash, David Radice, Domenico Logoteta, Albino Perego, Vsevolod
Endrizzi Phys. Rev. D 104, 083029 (2021) J
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BLh_BLQ.mov
Media File (video/quicktime)


Quarks in neutron stars: BLh+eMIT 1.2 M-1.4 M,

placeholder box

Nedora, Ignazio Bombaci, Rahul Kashyap, Sebastiano Bernuzzi, and Andrea

Aviral Prakash, David Radice, Domenico Logoteta, Albino Perego, Vsevolod
Endrizzi Phys. Rev. D 104, 083029 (2021) J
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BLQ_UM_SR.mp4
Media File (video/mp4)


Conclusions

e The physics of hyperons and more in general of matter with
strangeness is crucial for a realistic description of
astrophysical system like NSs, BNSM and CCSNe

e Future GW detectors (ET, KAGRA, LISA) will provide the
chance to observe the postmerger GW signal = strong
constraints on the EOS of dense hadronic matter

e We need finite temperature microscopic EOSs with
hyperons based on realistic interactions between nucleons
and hyperons (and/or quarks)

e EQUALLY IMPORTANT: strong experimental efforts are
required to improve the quality of NY, YY and many-body
hyperonic interactions
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