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On hyperons in nuclei & nuclear matter
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Neutron stars: appearance of hyperons

� equilibrium:

softening of the EOS

higher mass lower kinetic energy

Q = �1 : µY � = µn + µe

Q = 0 : µY 0 = µn

Q = +1 : µY + = µn � µe
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Neutron stars: appearance of hyperons

� equilibrium:

softening of the EOS

higher mass lower kinetic energy

Q = �1 : µY � = µn + µe

Q = 0 : µY 0 = µn

Q = +1 : µY + = µn � µe

Σ- hyperons 
appear first in 
matter!
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Neutron stars: maximum mass

not sensitive to the details of nuclear interactionMmax

H. -J. Schulze, A. Polls, A. Ramos and I. Vidaña. Maximum mass of neutron stars. 
Phys. Rev. C, 73(5): 058801, May 2006

Tuesday, May 8, 12



Neutron stars: maximum mass

not sensitive to the details of nuclear interactionMmax

H. -J. Schulze, A. Polls, A. Ramos and I. Vidaña. Maximum mass of neutron stars. 
Phys. Rev. C, 73(5): 058801, May 2006

Tuesday, May 8, 12



Neutron stars: maximum mass

not sensitive to the details of nuclear interactionMmax

H. -J. Schulze, A. Polls, A. Ramos and I. Vidaña. Maximum mass of neutron stars. 
Phys. Rev. C, 73(5): 058801, May 2006

S. Gandolfi, A. Yu. Illarionov, K. E. Schmidt, F. P. , and S. Fantoni
Phys. Rev. C 79, 054005 (2009) 

Tuesday, May 8, 12



H. Ðapo, B.-J. Schaefer, and J. Wambach. Appearance of hyperons in neutron stars. 
Phys. Rev. C, 81(3): 035803, Mar 2010

On hyperons in nuclei & nuclear matter

Tuesday, May 8, 12



H. Ðapo, B.-J. Schaefer, and J. Wambach. Appearance of hyperons in neutron stars. 
Phys. Rev. C, 81(3): 035803, Mar 2010

On hyperons in nuclei & nuclear matter

Tuesday, May 8, 12



H. Ðapo, B.-J. Schaefer, and J. Wambach. Appearance of hyperons in neutron stars. 
Phys. Rev. C, 81(3): 035803, Mar 2010

On hyperons in nuclei & nuclear matter

Tuesday, May 8, 12



H. Ðapo, B.-J. Schaefer, and J. Wambach. Appearance of hyperons in neutron stars. 
Phys. Rev. C, 81(3): 035803, Mar 2010

On hyperons in nuclei & nuclear matter

Tuesday, May 8, 12



H. Ðapo, B.-J. Schaefer, and J. Wambach. Appearance of hyperons in neutron stars. 
Phys. Rev. C, 81(3): 035803, Mar 2010

On hyperons in nuclei & nuclear matter

Tuesday, May 8, 12



H. Ðapo, B.-J. Schaefer, and J. Wambach. Appearance of hyperons in neutron stars. 
Phys. Rev. C, 81(3): 035803, Mar 2010

On hyperons in nuclei & nuclear matter

P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E. Roberts and J. W. T. Hessels. 
A two-solar-mass neutron star measured using Shapiro delay. 
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A two-solar-mass neutron star measured using Shapiro delay. 

Nature 467: 1081-1083, Oct 2010

new maximum mass:

role of 
hyperons ?
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On hyperons in nuclei & nuclear matter
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On hyperons in nuclei & nuclear matter
PANDA @ FAIR
- anti-proton beam
- double �-hypernuclei
- �-ray spectroscopy

SPHERE @ JINR
- heavy ion beams
- single �-hypernuclei
- weak decay

BNL
- heavy ions beams
- anti-hypernuclei
- single �-hypernuclei
- double �-hypernuclei

ALICE @ LHC
- URHIC collider
- anti �-hypernuclei
- exotica?

KEK � J-PARC
- intense K� beams
- single and double �-hypernuclei
- �-ray spectroscopy for single �

HypHI @ GSI
- heavy ion beams
- single �-hypernuclei

at extreme isospins
- magnetic moments

FINUDA @ DA⇥NE
- e+e� collider
- stopped-K� reaction
- single �-hypernuclei
- �-ray spectroscopy
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HypHI @ GSI
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On hyperons in nuclei & nuclear matter

FINUDA 
@ DA  NE�

M. Agnello, L. Benussi et al. Evidence for Heavy Hyperhydrogen      . Phys. Rev. Lett. 108(4):1-5, Jan 20126
�H

HypHI @ GSI
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On hyperons in nuclei & nuclear matter
lack of data interaction ��N
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On hyperons in nuclei & nuclear matter
lack of data interaction ��N

• Nijmegen & 
Jülich

- one boson exchange model
- all the hyperons, only 2-body terms
- several parametrizations

• Phenomen. - phenomenological nature
- many-body effects hidden
- used in shell-model calculations

- diagrammatic contributions, due to 
pion exchange

- 2-body       and 3-body         terms�NN�N

• Usmani

- derived from chiral EFT
- 2-body and 3-body terms

•   -EFT
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On hyperons in nuclei & nuclear matter
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On hyperons in nuclei & nuclear matter
Usmani potential: 3-body �NN
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On hyperons in nuclei & nuclear matter
Usmani potential: + 3-body �NN2-body �N
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On hyperons in nuclei & nuclear matter
Usmani potential: + 3-body �NN2-body �N

�m(⇤,⇥) < �m(�, N)2 & 3-body:      exchange2�
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On hyperons in nuclei & nuclear matter
Usmani potential: + 3-body �NN2-body �N

�m(⇤,⇥) < �m(�, N)2 & 3-body:      exchange2�

3-body term important

N
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Λ
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Appendix A

Table of constants

A.1 Constants of ⇤N and ⇤NN potential

Constant Value Unit

m⇡± 139.57018(35) MeV
m⇡0 134.9766 (6) MeV
Wc 2137 MeV
r
0

0.5 fm
a 0.2 fm
" 0.1 ÷ 0.38 –
v̄ 6.15(5) MeV
vs 6.33, 6.28, 6.23 MeV
vt 6.09, 6.04, 5.99 MeV
v� 0.24 MeV
c 2.0 fm�2

WD
0.01 ÷ 0.05 MeV

CP
0.4 ÷ 2.0 MeV

CS ⇠ 1.5 MeV

93
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Auxiliary Field Diffusion Monte Carlo (AFDMC)

How we do it
Solve the many-body Hamiltonian ab-initio method
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Auxiliary Field Diffusion Monte Carlo (AFDMC)

How we do it
Solve the many-body Hamiltonian ab-initio method
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How we do it

P � e�
1
2�d⇥O

2 � ⇥
� A!
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4A terms
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How we do it
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How we do it
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Idea: Hubbard-Stratonovich transformation

auxiliary field

rotation over spin-isospin 
configurations

computational cost: � A! � A3
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Auxiliary Field Diffusion Monte Carlo
AV6: Op=1,6
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15A auxiliary fieldsgood for Hubbard-Stratonovich
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How we do it
AFDMC: from nuclei to hypernuclei

- modify the wave function

- add the kinetic and potential terms for the    particle

- take care of center of mass corrections

- modify the HS propagator & spin-isospin rotations

⇤
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How we do it
AFDMC: from nuclei to hypernuclei

- modify the wave function

- add the kinetic and potential terms for the    particle

- take care of center of mass corrections

- modify the HS propagator & spin-isospin rotations

⇤

ground state energy for nuclei & hypernuclei

B⇤ = BEnuc �BEhyp
• experiments

• Usmani VMC
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How we do it
AFDMC: from nuclei to hypernuclei

- modify the wave function

- add the kinetic and potential terms for the    particle

- take care of center of mass corrections

- modify the HS propagator & spin-isospin rotations

⇤

information about the 
hyperon-nucleon interactionHyp. : nuclear effects 

cancel at most

ground state energy for nuclei & hypernuclei

B⇤ = BEnuc �BEhyp
• experiments

• Usmani VMC
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Preliminary results
AFDMC for nuclei & hypernuclei

• nuclear potentials - Argonne V4’ & V6’
- Argonne V1’, V2’ & V8’(6), 

Minnesota (test)

• observables - nucl. & hyp. binding energy
-     separation energy
-    &    single particle density⇤ N

⇤

• wave function - Skyrme & HF single 
particle orbitals for SD

• hypernuclear potentials - Usmani 2-body & 3-body  
(         and               )� = 0 CSW

2� = 0
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Preliminary results
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Results

BE
no ⇤ BE2B BE2B+3B B2B

⇤ B2B+3B

⇤ Bexp

⇤

4
⇤H -8.64(2) -11.22(5) -10.27(6) 2.58(5) 1.63(6) 2.04(4)
4
⇤He -8.63(2) -11.16(3) -10.18(4) 2.53(4) 1.55(4) 2.39(3)
5
⇤He -32.56(2) -39.54(4) -36.77(3) 6.98(4) 4.21(4) 3.12(2)
6
⇤H -2.11(5) -6.43(6) -5.18(6) 4.32(8) 3.07(8) 4(1)
6
⇤He -28.05(6) -36.72(6) -33.69(5) 8.67(8) 5.64(8) 4.2(1)
7
⇤He -29.62(3) -40.07(3) -34.17(4) 10.45(4) 4.55(5) 5.23(*)
13
⇤C -78.35(8) -105.66(9) -93.23(8) 27.31(11) 14.88(10) 11.7(1)

16
⇤O -147.9(2) -188.5(3) -164.3(2) 40.6(3) 16.4(3) 12.5(4)

17
⇤O -180.7(2) -224.7(3) -197.0(2) 44.0(4) 16.3(3) 13.59(*)
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BEexp

nucl

[MeV] BEexp

hyp

[MeV]

3H -8.482 4
⇤H -10.522

3He -7.718 4
⇤He -10.108

4He -28.296 5
⇤He -31.416

5H -2.744 6
⇤H -6.744

5He -27.406 6
⇤He -31.606

6He -29.269 7
⇤He -34.499

12C -92.162 13
⇤C -103.862

15O -111.956 16
⇤O -124.456

16O -127.619 17
⇤O -141.209
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Preliminary results
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Conclusions and perspectives
• AFDMC algorithm can be used to study hypernuclear systems: 

information about the       interaction

• the 3-body         interaction is fundamental for the computation 
of the hyperon separation energy, but a fine tuning of the 
parameters is needed

• the 3-body         interaction is repulsive in hypernuclei: 
extrapolating to nuclear matter we might be lead to expect 
qualitatively different predictions of the NS properties

• the inclusion of a 2-body      interaction in the AFDMC 
algorithm is also possible: deeper investigation of     
hypernuclear potentials

�NN

�NN

��

�

�N
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Thank you

Usmani hypernuclear potentials:

A. A. Usmani, Steven C. Pieper, and Q. N. Usmani.  Variational calculations of the   –separation 
energy of the         hypernucleus. Phys. Rev. C, 51(5): 2347–2355, May 1995. 

A. A. Usmani and S. Murtaza.  Variational Monte Carlo calculations of        hypernucleus. Phys. 
Rev. C, 68(2): 024001, Aug 2003. 

A. A. Usmani.   N space–exchange correlation effects in the      hypernucleus. Phys. Rev. C, 
73(1): 011302, Jan 2006. 
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Appendix A

Table of constants

A.1 Constants of ⇤N and ⇤NN potential

Constant Value Unit

m⇡± 139.57018(35) MeV
m⇡0 134.9766 (6) MeV
Wc 2137 MeV
r
0

0.5 fm
a 0.2 fm
" 0.1 ÷ 0.38 –
v̄ 6.15(5) MeV
vs 6.33, 6.28, 6.23 MeV
vt 6.09, 6.04, 5.99 MeV
v� 0.24 MeV
c 2.0 fm�2

WD
0.01 ÷ 0.05 MeV

CP
0.4 ÷ 2.0 MeV

CS ⇠ 1.5 MeV

93

Usmani hypernuclear potential
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Diffusion Monte Carlo

� =
it

� � ⇤

⇤�
⇥(R, �) = H⇥(R, �)

⇥(R, �) = e�(H�E0)�⇥(R, 0)

=
⇥�

n=0

cne
�(En�E0)�⇤n(R)

�(R, 0) =
��

n=0

cn⇥n(R)

lim
��⇥

⇥(R, �) = c0⇤0(R)

DMC = projection method
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Diffusion Monte Carlo

⇥(R, � + d�) = �R|⇥(� + d�)⇥

=

⌅
�R| e�(H�E0)d�

⇤⇤R⇥⇥
⌥ ⌃⇧ �

G(R,R�,d�)

�
R⇥|⇥(�)

⇥
dR⇥

walkers

potential term

d� d�

kinetic term

d�
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