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o A study of hadronic matter with modern chiral
interactions...

motivations:

1) Strongly correlated to the physics of
hypernuclei

2) Determination of symmetry energy

3) Study of astrophysical systems: neutron
stars



Hadronic matter

@ System of A= N+ Z + Y hadrons in a volume V

@ Thermodynamical limit: A — +oco and V — +oo with é = p = const.

@ Asymmetry between number of N and number of Z = 3 = §-%,

strangeness fraction y = Y /A

How to study it?

@ Relativistic mean field (Hartree) = £ (QFT) = Eulero-Lagrange
equations solved in mean field approximation.

@ Relativistic mean field (Hartree-Fock) = £ (QFT) = Eulero-Lagrange
equations solved in mean field approximation.

@ Skyrme models = effective nuclear interaction

@ Ab initio approaches = Brueckner-Hartree-Fock,
Quantum-Monte-Carlo, Self-consistent Green function = start from
microscopic potentials explicitly including many-body forces.
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Goldstone expansion up to three-hole-lines
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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

Qg5
G(w)B,B,,8:8, = VB,B,,B:8, + ; Ve, 8,55 X == IEB,» +in G(w)s;8,.8,8,
iBj
Us (k) = Zzns(u« K'|G(Es, (k) + Eg (K')),6,.6:5 | KK') 4

h2K?
EB,-(k) = MB,- + — 2M + UB (k)

1 M h2k? 1 e (k
EBHF—sz B,+2MB_+§ 5, (K)
B, k<ke, i

@ We included the A, X hyperons in our calculations.
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NN chiral forces

Chiral 2N Force
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NNN chiral forces

Chiral 3N Force

LO A-less Additional in A-full
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Chiral interactions used in this work

o NN potentials: non local N3LO (Idaho-2003),
minimal local N3LOA (M. Piarulli-2014)

o N3LO (ldaho-2003) = in £ included N, =

o N3LOA (M. Piarulli-2014) = in L included
N, = and A

e Optimized N2LO (N2LOgpt), N2LOsz: (A. Ekstrom 2015) =
global fit including: NN scattering data, B. E. and radii of
light nuclei and selected isotopes of oxygen and carbon

o NNN potential: N2LO and N2LOA
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Comparison with momentum-space QMC calculations (PNM) (E.

Rrapaj 2016)
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Comparison with momentum-space QMC calculations (SNM) (E.

Rrapaj 2016)
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NNN forces in the BHF-approach

« BHF calculations with NNN forces =
very challenging

4

o NNN force is reduced to a NN density
dependent one

o In p-space:

Wer(1,2) = Trry, / dps 3" W(1,2,3) n(3)(1 — Prs — Pas)

cyc
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Momentum space average of N2LO TBF (J. W. Holt et al. 2010)
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Setting of low energy constants (cp, cg)

@ N2LO,y: fixed to reproduce the ®H and “He binding energy in CC
calculations

@ Following: L. E. Marcucci, A. Kievsky, S. Rosati, R. Schiavilla and M.
Viviani Phys. Rev. Lett. 108, (2012) 052502.
L. Coraggio, J. W. Holt, N. ltaco, R. Machleidt, L. E. Marcucci and F.
Sammarruca, Phys Rev. C 89, (2014) 044321.

.

@ N3LO+N2LO(500) = reproduces the *H binding energy and N-d
scattering length

@ N3LO+N2LO(450) = reproduces the *H binding energy and (*H-3He)
GT

@ N3LOA+N2LOA = parametrization N2LOA1 fitted to reproduce (po,
E/Ao); parametrization N2LOA2 fitted to reproduce ®H binding energy.
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E/A nuclear matter N2LO+N2LO

Pure neutron matter Symmetric nuclear matter
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E/A nuclear matter N2LO+N2LO

Pure neutron matter Symmetric nuclear matter
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E/A nuclear matter N3LO+N2LO

Pure neutron matter Symmetric nuclear matter
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E/A nuclear matter N3LO+N2LO

Pure neutron matter Symmetric nuclear matter
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E/A nuclear matter N3LO+N2LO
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E/A nuclear matter N3LO+N2LO

Pure neutron matter Symmetric nuclear matter
100 A AT AT \ \ T 30
— N3LOA+N2LOAIL I ]
- — N3LO+N2LO(500 g .
— N3LO+N2LOE450§ P07 T EIS3MEY g
80 _. E%&ASOO) ) [ p,=0.156 fn” [E=-14.33 MeV
" —. N3LO®450) B } 10
— Hp,=0.14 fm” |Ef=-12.1 Mev
E 60 - 0
< [ -
o 40 10
I NSe—(_ __ -~
- AN —-20
20 . SN T
~
B ~o 1-30
~
r N
0 \ \ \ _40
0 0.1 02 03 04
-3
p [fm "]

Logoteta et al. Phys. Rev. C 94, 064001

Domenico Logoteta Effect of hyperonic three-body forces in hadronic matter and neutron stars




E/A nuclear matter N3LO+N2LO

Symmetric nuclear matter

E/A [MeV]
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E/A nuclear matter N3LO+N2LO (2)

Symmetric nuclear matter: comparision between N2LOA1 and N2LOA2
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Symmetry energy N3LO+N2LO
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Symmetry energy N3LO+N2LO
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Equation of state for cold neutron stars

e Asymmetric matter = parabolic approximation:

E/A(B,p) = (E/A(p))snm + (E/A(p))symB> B = L1—LP
Pn+ Pp )
I(pE/A(B,
i = (pgw p=pn+pp
Pi )
e Chemical equilibrium:
Hn—lp=He  He= |
e Charge neutrality:
Np—n,—nNe=0. J
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From nuclear matter to neutron stars

e For a fixed equation of state (EOS): P = P(p) and
P = P(ng)

I

Neutron stars structure = TOV equations

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

P _ Gpm( P 1Jr47TPr3 ,_2Gm -
a  r? pc2? mc?2 rc2 ’
am(r)

ar

— 4nr?p.
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Neutron stars based on
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Neutron stars based on +

M/M
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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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o Recent

measurements:

° MJ1903+0327 1.67 M

MJ1614 2230
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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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1. Vidana, D. Logoteta, C. Providencia, A. Polls, I. Bombaci EPL 94, 11002 (2011)
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NNA force from ChPT

NLO

Following Petschauer (2013)

Baryonic three-body forces from
chiral effective field theory

Nonvanishing leading order
contributions at order NLO and N2LO

Same strategy used for nuclear
matter

Effective NA interaction from bare
NNA force

Low energy constants estimated from
decuplet saturation

Domenico Logoteta
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Effect of hyperonic three-body force NNA
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Effect of hyperonic three-body force NNA
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A simplified model of neutrons and A’s matter...
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A simplified model of neutrons and A’s matter...

~ N
— NN+NNN+NA
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Particle fractions for neutrons and A’s matter
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Particle fractions for neutrons and A’s matter
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Neutron stars merge
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Supernova explosions

e
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Conclusions

e New generation of interactions based on chiral perturbation
theory provide realistic results in nuclear matter and
hadronic matter = interesting connection to neutron stars.

e A combined and reasonable description of light nuclei and
nuclear matter is possible

e ...but...how work these interactions in medium mass and
heavy nuclei and hypernuclei?

e A study of j-stable hyperonic matter based on NY, NNY
chiral forces should be performed.

4

e Problem of maximum mass of neutron stars with hyperons.

e More experimental effort (PLEASE RAFFAELE AND
KRISTIAN) is required to improve the quality of NY, YY and

NNY interactions!!!
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Thank you!




