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Neutron stars

~ Neutronstarsare one of the densestmassiveobjectsin the universe

#+ A. Sedrakianet al.,PPNP 131, 104041 (202
r<13 km
Relativistic electrons, nucﬁA /p =0.5p,
Inner crust r<12km > 1 N

P = Psat
Neutron-rich nuclei, pasta phase,
unbound neutrons, electrons

p>2.0pgy

Outer core r<10km
Neutrons, protons, electrons
and muons

A 4

Inner core r<6km
Full baryon octet of spin-1/2 baryons,
non-strange spin-3/2 A-resonances,

mesonic Bose condensates, color superconducting phase of quark matter

Usuallyrefer to a star with a masson the order of 1-2 solarmassesa
radiusof 10-12 km.

The central density can reach severaltimes the empirical nuclear
matter saturationdensity(” F0.16 &l ).
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Observations of Neutron stars

~ Massmeasurements

Mass distribution of neutron stars in binary pulsar systems
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s+ Figure fromVivekV. Krishnan

# Theradiusandmasscanbe measuredoy the NICERollaboration
1 Raaljmakerset al., ApJ887, 122 (2019

# The gravitational wave signal provides
the astrophysicameasurementof tidal
deformabilities massesetc.

1t B. P Abbott, et al., PRL119, 161101(2017)

2+ Figure from NASA/Goddard Space Flight Ce
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Hyperon puzzle 3

# Someof the nuclearmany-body approachessuchasHartreeFock
and BruecknefHartree-Fock,predict the appearanceof hyperons
at adensityof ¢ o ” , anda softeningof the EoS implyinga

reductionof the maximummass

i H.Dapget al, PRC 81, 0358@3010)
#+ H.-J. Schulze andRijken PR(4, 035801 (201:

E A
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12 km

#+ Figure from DLonardoni
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E [MeV]

EoSwvith Hyperons from AFDMC
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In this work

The hyperneutron matter and neutron star properties are studied by
NuclearLattice Effective Field Theorywith a novel auxiliary field quantum
Monte Carloalgorithm
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The Hamiltonian for nucleons B

~ Hamiltonian

C — & -
H = Hyee + = )] -+ 72 [pr(@)]” « + VR + Veoutomb + Vann

the densityoperator” € isdefinedas

p(n) = Z ij(ﬁ) a; ;(1) + SL Z Z )

1,7=0,1 n—n’|?2=1 ,5=0,1

where ‘Gsthe spin index (s the isospinndex. Thesmeared
annihilation and creation operators are definad

dijj (ﬁ) = Q4 (’T_?:) + SNL Z aj j (ﬁ,)
|7’ —i|=1

the parameteri isalocalsmearingparameter,i isanonlocal
smearingparametero ando  givesthe strengthof the two-
bodyinteraction w  isthe three-bodyinteraction



Phaseshift for nucleons |

# Thed couplings are determined Hitting the phaseshift.

160 |\

—_
N
o

phase shift [degree]
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# The Galillean invariance restoration fsschchannel are obtained
bytuningd  ‘Q tiplt with the constraint

Ccir,0 +6Ccir,1 +12CgmR2 =0



Nuclear Matter and light nucle .

# The couplingsfor three-body interaction are determined by the
empiricalvaluefor nuclearmatter. Asa prediction,the compression
modulusv ¢ C8od MeV.

-10 ‘
| - Symmetric nuclear matter
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# Thegroundstate energiesof severallight nuclei(prediction).

Nucleus NLEFT Exp.
’H —9.21(4)(1) —8.48
“He —29.38(1)(4) —28.3
*Be —58.38(3)(7) —56.5
e —87.08(12)(11) —~92.2
150 —121.84(28)(52) —127.6




Pure Neutron Matter (PNM)
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NLEFTThe calculationsare performed for PNM by consideringup to
232neutronsin aboxto achieveseveraltimesthe saturationdensity
AFDMC AVBQ3N interactioninspiredby the UrbanalXandthe Illinois
models



The Hamiltonian for nucleons and hyperons

# For the hyperomucleon and hyperoimyperon interactions, we
utilize minimalinteractions. The Hamiltonian is defined as,

T
o CNN Cr~r=\12 . NN
H =Hgee + 5 E  p(nm)]” - + 5

—

n

+cNAZ . p(R)E(R) - +CA7AZ : [é(ﬁ)r ;

GIR GIR GIR
V V V + VCoulomb

+ Vnny + Vnva + Vvaa,

& M givethe strengthof the two-bodyinteractionsw  and
w  arethe three-body interactions The simulation of systems
with both neutronsand ®hyperonscan be achievedby usinga
singleauxiliary field.



AuxiliaryFieldfor HypernuclearSystems

# Adiscrete auxiliary field formulation for the SU(Aleraction,

:exp( a CNN "'2) Z Wg : exp \/—at CNN Sk /5) .

wherew isthe temporallattice spacing

# Thetwo-baryoninteractions,

Vo = CJ;N S C tena Z H(R)E(R) » 1A N [é(ﬁ)r :

— —

n n

this potential canbe rewritten in the followingform,
2

Vop = C];N Z 5 [ij(ﬁ)]Q : —l—% (CAA - CNA) Z : [é(ﬁ)r :

CNN

wherep =/ + z\\;—gf , the simulationsof systemsconsistingof both

arbitrary numberof nucleonsand¥i with a singleauxiliaryfield,

:exp( atCNN 2) Zwk exp \/—atcNNsk;é) :
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Scattering data with hyperons B

# 0 is determinedby fittingthe cross section, an@ by fitting the
chiral EFT phase shift

#+ J.HaidenbauerUI+G.Meil3ner and SPetschauemMucl Phys. A 954, 273 (201¢
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# Three sets of thredody forces are determineldy the separation
energies fory hypernuclel The* marks a prediction.
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