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Ignazio Bombaci (University of Pisa)

Isaac Vidana (INFN Catania)

[Very soon: results from the collaboration with the Ferraragroup!
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Outlook

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

o Interactions from ChEFT and nuclear matter
calculations

o EOS for cold nucleonic and hyperonic matter

o Hyperon-puzzle in neutron stars
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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




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) fm3

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(?)




quark=hybrid

fraditional neutron star
star

E{ﬁem” neutron star with
pion condensate

- Fe

strange g 3

quark 107 glem

matter 25C il 3

{u.d s quarks) 107 ghem
1014 @em g

== Hydrogen/He

atmosphere
strange star

nucleon star

R ~ 10 km
Domenico Logoteta Hyperons in neutron stars



EOS for neutron star matter

Which tools do we need? J

e A many-body method for low density matter: currently only
phenomenological approaches are available: Skyrme, Relativistic
mean field (RMF) or Density functional methods

e A many-body method for high density matter: Microscopic
approaches or phenomenological approaches

@ Our choice for low density matter: RMF

@ Our choice for high density matter: Microscopic
Brueckner-Hartree-Fock (BHF) approach

e BHF approach: required just the knowledge of the interactions
between particles == NO FREE PARAMETERS
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EOS for neutron star matter

o First task: anchor the EOS to what we
know...(not so much unfortunately...)

o E(np, B =0) = (—16 & 1) MeV.
o Ny =(0.16 £ 0.01) fms3 B="1""e

Np+Np

o Esym(no) = 37542 = (33 4 3) MeV

1924 — (220 + 30) MeV




EOS for neutron star matter

o First task: anchor the EOS to what we
know...(not so much unfotunately...)

o £(no, 3 = 0) = (—16 + 1) MeV
o Ny = (0.16 4+ 0.01) frm—3 8= Np—"p

Np+Np

o Egym(no) = 3754 = (33 + 3) MeV

o Koo(no) = 1ZELA — (220 + 30) MeV

on?

» How to derive these properties within a
microscopic framework?




EOS for neutron star matter

o First task: anchor the EOS to what we
know...(not so much unfotunately...)

o £(no. = 0) = (~16+ 1) MeV
) no e (016 :t 001) fm—3 B _ Np—Np

nn+np

o Eoym(no) = %32{5/*‘ (33 + 3) MeV

— (220 + 30) MeV

o How to derive these properties within a
microscopic framework?

o May we use a perturbation theory?




Bethe-Goldstone expansion up to three-hole-lines

Ladder diagrams summation:

i j PNk TN iNm N iNm AN i j
I ‘ -
O U ORD G s DD

1st-order, 2nd-order and 3rd-order contributions:

. . i -
Oroann )’ @ IQ N
i
(@ ®

ps

(c)
i i i AN j i AN j
ko aes ko1 AAX VKo n
j i i
(a) (e) (M
i N j i j\/k\cy\l/v i P j
i v@ ! A
/ VAV
(9 (h) (i)

Domenico Logoteta Hyperons in neutron stars



The Brueckner-Hartree-Fock approach

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

Chiral 3N Force
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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

1200 I

N3LOA+N2LOA1
1000 — — — N3LOA+N2LOA2
800

P (MeV/fm’)
N
g
T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T

400
200
O Il Il ‘ Il Il ‘ Il Il
0 500 1000 1500 2000
3
€ (MeV/fm")

|. Bombaci and D. Logoteta A&A 609, A128 (2018)
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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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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:

il — )
E/A(3, p) calculated for several values of 3 = ——*
Np + 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
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Composition of hyperonic matter
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Neutron stars structure including A-hyperon
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Conclusions

e A reasonable description of nuclear matter and NSs based
on ChEFT is possible

e From a microscopic point of view the hyperon puzzle is still
far to be completely solved ... but some step forward has
been made

e NOTE: if the light mass in GW190814 is a neutron star =
very unlikely to be a hyperonic star (see Talk by Alessandro
Drago)

o We would like to make a full self-consistent calculation
based on NY based on ChEFT...

o ...but VERY IMPORTANT: more experimental efforts are
required to improve the quality of NY interactions!!!
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Hypernuclei separation energies

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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Tidal polarizability
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