
Quantum Monte Carlo study 
of the Hyperon-Nucleon interaction

INT, Seattle - October 25, 2012

Diego Lonardoni

Physics Department & I.N.F.N., University of  Trento, via Sommarive 14, 38123 Povo (TN), Italy

Collaborators:
F. Pederiva (Trento, Italy)
P. Armani (Trento, Italy)
S. Gandolfi (LANL, US-NM)
K. E. Schmidt (ASU, US-AZ)
G. Co’ (Lecce, Italy)



✓ Motivations: 

- theoretical & experimental interest

- the idea of the project

✓ The method: Auxiliary Field Diffusion Monte Carlo

✓ The interaction: Usmani 

✓ Results:

✓ Conclusions & Perspectives

Outline

B⇤, ⇢N , ⇢⇤

⇤N & ⇤NN



Motivations: theoretical interest





?⇤ ⌃ ⌅ ⇡c Kc qp

NS

R ⇠ 10 km

M ⇠ 1.4 M�

inner core: n p e µ
(0÷ 3 km)

outer core: n p e µ
(⇠ 9 km)

inner crust: Z n e
(1÷ 2 km)

outer crust: Z e
(0.3÷ 0.5 km)



Motivations: theoretical interest

?⇤ ⌃ ⌅ ⇡c Kc qp

NS

R ⇠ 10 km

M ⇠ 1.4 M�

inner core: n p e µ
(0÷ 3 km)

outer core: n p e µ
(⇠ 9 km)

inner crust: Z n e
(1÷ 2 km)

outer crust: Z e
(0.3÷ 0.5 km)

Q = �1 : µY � = µn + µe

Q = 0 : µY 0 = µn

Q = +1 : µY + = µn � µe

0.1 0.2 0.3 0.4 0.5

ρ [fm
-3

]

0

50

100

150

200

250

300

350

400

ch
em

ic
al

 p
o

te
n

ti
al

 [
M

eV
]

µ
n
+µ

e
-

µ
n

Σ
-

∆
-

Λ

courtesy of Stefano Gandolfi



Motivations: theoretical interest

?⇤ ⌃ ⌅ ⇡c Kc qp

NS

R ⇠ 10 km

M ⇠ 1.4 M�

inner core: n p e µ
(0÷ 3 km)

outer core: n p e µ
(⇠ 9 km)

inner crust: Z n e
(1÷ 2 km)

outer crust: Z e
(0.3÷ 0.5 km)

composition strongly affects the 
properties of the neutron star

EOS  &  M(R) relation
0.1 0.2 0.3 0.4 0.5

ρ [fm
-3

]

0

50

100

150

200

250

300

350

400

ch
em

ic
al

 p
o

te
n

ti
al

 [
M

eV
]

µ
n
+µ

e
-

µ
n

Σ
-

∆
-

Λ

courtesy of Stefano Gandolfi



H. Ðapo, B.-J. Schaefer, and J. Wambach, Phys. Rev. C 81(2010) 035803

Motivations: theoretical interest

⇢b = ⇢p + ⇢n = A/V

� =
⇢n � ⇢p

⇢b

8
<

:

E ⌘ E(⇢b, �)

P = ⇢2b
@E(⇢b, �)

@⇢b

P. Haensel, A.Y. Potekhin, D.G. Yakovlev, 
Neutron Stars 1, Springer 2007

hyperons: softening 
of the EOS

pure n matter

symmetric matter
⇢0 = 0.16 fm�3

E0 = �16 MeV

NS core

hyperons: softening 
of the EOS

model 
dependent



H. Ðapo, B.-J. Schaefer, J. Wambach, 
Phys. Rev. C 81(2010) 035803

Motivations: theoretical interest
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Fig. 1: Mass of neutron stars versus the radius for selected
EoS.

As expected the EoS with hyperons reach lower maxi-
mum masses than the models without hyperons, except
the model QMC700 due to its large and unrealistic incom-
pressibility. The maximum mass obtained with hypernu-
clear EoS does not change much for different models. This
is due to a self-regulating compensation effect between the
softening of the EoS and the onset of the hyperonic degree
of freedom [7,8]. The maximummass of about 1.6M! pre-
dicted by the relativistic approach is slightly larger than
that of 1.4 M! found in Ref. [8]. The difference of 0.2 M!

is mainly related to the larger incompressibility of the rel-
ativistic models. It is also observed that the radii for the
Hartree models are smaller than that of the Hartree-Fock
ones, and that the predicted radii of the relativistic models
and that of Ref. [8] are comparable.

The abundances for nucleons and hyperons are shown
for various EoS in figure 2: with free hyperons (MC1-
H/NYFG) and with interacting hyperons (MC1-H/NY
and MC1-HF/NY). The order of appearance of hyperons
is different for these models and depends strongly on the
corresponding interactions. In the model MC1-H/NYF

with free hyperons, the Σ− is non interacting and appears
first. On the other hand, in the models MC1-H/NY and
MC1-HF/NY, the Σ− interaction is repulsive while the Ξ−

interaction is attractive, therefore the latter tends to pre-
vent the Σ− from appearing. In the model MC1-H/NY,
the Λ appears first followed closely in density by the Ξ−,
then at a larger density by the Ξ0, while for the model
MC1-HF/NY the Ξ− and Ξ0 appear first and push the
other hyperons to larger densities.

We have presented in this Letter different EoS for hy-
peron matter derived from both chiral and QMC models.
These models are thermodynamically consistent and treat
the Hartree and Fock terms on equal footing. We have
found that the different chiral parameterizations give a
maximum neutron star mass that does not exceed 1.6 M!

for HF models with K0 ≈ 270 MeV. Correcting the
QMC700 model [10] by including the complete relativistic
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Fig. 2: Particules abundances for the various models of table 3:
MC1-H/NYFG (top), MC1-H/NY (middle) and MC1-HF/NY
(bottom).

contribution to the Fock term, a correct incompressibility
and the experimental constraints for the hyperon mean-
fields, we found a decrease of the predicted maximummass
from 2.00 down to 1.66 M!. We additionally checked that
the effect of rotation with the period of 3.15 ms (as for PSR
J1614-2230) does not increase the maximum mass by more
than 0.02 M!. We therefore conclude that it is difficult
to reconcile any of the model presented in this work with
the observed mass of PSR J1614-2230 and the empirical
knowledge of saturation properties of nuclear matter. Un-
less an unexpected property of the hyperon interaction is
missing in the present model, as well as in the BHF models
of Refs. [6–8,20], our results tends to exclude hypernuclear
matter to be present in the core of massive neutron stars.
It reinforces alternative models such as for instance the
model of deconfined quark matter, for which experimen-
tal constraints are almost inexistent. We can therefore
conclude that the equation of state of dense matter in the
core of neutron star is still not even qualitatively under-
stood.
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Fig. 1: (Color online) Upper panel: β-stable matter EoS. Lower
panel: mass-radius relation for different EoS. Circles indicate
the central baryon number density, central pressure, mass and
radius of the maximum mass stellar configuration. Horizontal
lines show the masses of the pulsars PSR J1614-2230 [30], PSR
J1903+0327 [31] and the Hulse-Taylor one [36]. See the text
for details.

the Hulse-Taylor one (1.4414± 0.0002) [36]. The strong
softening of the EoS due to the presence of hyperons and
the consequent reduction of the maximum mass is clearly
seen. The maximum masses of hyperonic stars lay in a
narrow range from 1.27 to 1.60M!, that is still compatible
with the mass of Hulse-Taylor pulsar, but is well below
the masses of PSR J1903+0327 and PSR J1614-2230.
Summarizing, we use a model based on a microscopic

BHF approach of hyperonic matter supplemented with
additional simple phenomenological density-dependent
contact terms to establish numerical lower and upper
limits to the effect of hyperonic TBF on the maximum
mass of neutron stars. Assuming that the strength of
these forces is either smaller than or as large as the pure
nucleonic ones, our results show that maximum masses of
hyperonic stars lie in a narrow range from 1.27 to 1.60M!
which is still compatible with the “canonical” value of
1.4–1.5M!, but it is incompatible with the observation of
massive neutron stars, such as the recent measurements
of a mass of 1.97± 0.04M! for the millisecond pulsar
PSR J1614-2230, and a mass of 1.667± 0.021M! for the

PSR J1903+0327 one. We hope that this exploratory
work can serve as a motivation to perform more realistic
and sophisticated studies of hyperonic TBF and their
effects on the neutron star structure, since they have the
last word on this issue.
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FIG. 3. (Color online) Mass—radius and mass—central density
relations for different equations of state. Details are given in the text.

This is in fact confirmed by the composition of NS matter
shown in the upper panels of Fig. 2, where the results obtained
with the two models V18 + TBF + ESC08 and V18 + UIX′+
NSC89 are compared with those of purely nuclear matter,
V18 + TBF and V18 + UIX′, disregarding the appearance
of hyperons. It is striking to see how the roles of the ! and
"− hyperons are reversed with the two YN potentials: With
the NSC89 the "− appears first at about twice normal nuclear
matter density and the ! at about 0.6 fm−3, whereas with
the ESC08 the hyperon onset densities are nearly the same,
but ! and "− are swapped. Furthermore, with the ESC08
the ! concentration reaches much larger values than with the
NSC89, while the "− remains more suppressed, due to its
strong repulsion in neutron-rich matter; see Fig. 1.

Pressure and energy density of hyperonic NS matter, shown
in the lower panels of Fig. 2, are quite similar for both models.
This is in contrast to the purely nucleonic calculations, where
one observes a much stiffer nuclear EOS with the microscopic
TBF than with the UIX′, see also Refs. [6,9]. The proton
fraction is larger with the microscopic TBF, which would
favor also a larger "− concentration. Evidently this effect
is completely overcome by the strong "− repulsion with the
ESC08 potential.

These results allow to interpret easily the final resulting
mass—radius and mass—central density relations for the
different EOS that are shown in Fig. 3: Regarding the purely
nucleonic cases (thin curves), in accordance with the EOS

shown in Fig. 2 one obtains a much larger maximum mass
with the microscopic TBF than with the UIX′ (2.27 M# vs
1.82 M#) [6], while remarkably the introduction of hyperons
yields nearly the same maximum mass in both models
(1.37 M# vs 1.32 M#; thick solid and dashed curves). These
values are also very close to the result 1.34 M# that was
obtained in an approximate way in Ref. [6] by combining
the microscopic TBF with the NSC89 potential, i.e., V18 +
TBF + NSC89, and that we repeat here for completeness,
together with the result for V18 + UIX′+ ESC08 (1.36 M#),
obtained in the same way.

While the maximum masses of hyperon stars are thus
nearly identical, there are significant differences for the
corresponding radii that are linked to the maximum central
baryon density that is reached in the different models. In
any case, however, most current observed NS masses [26]
are superior to these theoretical values of hyperon stars.

IV. CONCLUSIONS

In this article the finding of very low maximum masses of
hyperon stars within the BHF approach is reconfirmed, using
very recent realistic nucleon-nucleon and hyperon-nucleon
interactions.

Compared to previous results based on the V18 + UIX′

NN force and the NSC89/97 YN models, both changes are in
principle able to stiffen the EOS and increase the maximum
mass (as clearly shown for purely nucleonic stars), but it is
amazing to see how well the self-regulating compensation
softening mechanism for the hypernuclear EOS works, finally
yielding nearly the same maximum mass of about 1.35 M# as
before.

This result reinforces once more the important conclusion
that in our approach massive neutron stars have to be hybrid
stars containing a core of nonbaryonic (“quark”) matter [27],
since the possibility of them being nucleonic stars is ruled out
by the early appearance of hyperons.

It seems difficult to avoid this conclusion, even in view
of the current uncertainties regarding hyperon-hyperon and
hyperonic three-body interactions. Only simultaneous strong
repulsion in all relevant channels could significantly raise the
maximum mass (see, however, Ref. [28]). Obviously it will
be an important task for the future to verify this by following
future experimental and theoretical developments in this field.

ACKNOWLEDGMENTS

We would like to acknowledge valuable discussions with
E. Hiyama, T. Motoba, M. M. Nagels, and Y. Yamamoto.

[1] P. B. Demorest, T. Pennucci, S. M. Ransom, M. S.
E. Roberts, and J. W. T. Hessels, Nature 467, 1081
(2010).

[2] S. L. Shapiro and S. A. Teukolsky, Black Holes, White Dwarfs
and Neutron Stars (Wiley, New York, 1983); N. K. Glendenning,

Compact Stars: Nuclear Physics, Particle Physics and General
Relativity, 2nd ed. (Springer, Berlin, 2000); H. Heiselberg and
M. Hjorth-Jensen, Phys. Rep. 328, 237 (2000); J. Schaffner-
Bielich, J. Phys. G 31, S651 (2005); Nucl. Phys. A 804, 309
(2008).

035801-5

H.-J. Schulze, T. Rijken, 
Phys. Rev. C 84 (2011) 035801

T. Miyatsu et al. / Physics Letters B 709 (2012) 242–246 245

Fig. 1. Nucleon self-energies, Σ s,0,v
N , in symmetric nuclear matter.

Fig. 2. Particle fractions in neutron matter.

Table 5
Neutron-star radius, Rmax (in km), the central density, nc (in fm−3), and the ratio
of the maximum neutron-star mass to the solar mass, Mmax/M" . The Hartree and
the Hartree–Fock calculation with (without) hyperons are denoted by npY (np).

np npY

Rmax nc Mmax/M" Rmax nc Mmax/M"

QHD + NL(H) 11.3 1.04 2.00 12.5 0.86 1.56
QMC(H) 11.5 1.01 2.05 12.5 0.86 1.60
CQMC(H) 11.8 0.92 2.20 12.5 0.88 1.66

QHD + NL(HF) 11.7 0.95 2.15 11.9 0.95 1.92
QMC(HF) 11.5 0.97 2.11 12.0 0.92 1.95
CQMC(HF) 11.9 0.90 2.23 12.3 0.87 2.02

In a neutron star, the charge neutrality and the β equilib-
rium under weak processes are realized. Under these conditions,
we calculate the EOS for neutron matter and solve the Tolman–
Oppenheimer–Volkoff (TOV) equation. In Fig. 2, we show the QMC
result of particle fractions in relativistic Hartree–Fock approxi-
mation. With respect to hyperons, only the Ξ− appears around
0.49 fm−3 and the other hyperons are not produced at densities
below 1.2 fm−3. In the case of QHD + NL, the Ξ− first appears
around 0.43 fm−3, and the Λ and Ξ0 are produced at densities
beyond 0.69 fm−3. In the present calculation, the time component
of the vector self-energy for hyperon is especially enhanced by the
Fock contribution. It makes the chemical potential high, and hence
hinders the appearance of hyperons at middle and high densities.
In Ref. [9], we can also see the suppression of hyperons at high
density. In contrast, as in Ref. [19], all hyperons are populated in
the present Hartree calculation.

We summarize the properties of neutron star in Table 5, and
show the mass as a function of the neutron-star radius in Fig. 3. As
known well, the inclusion of hyperons generally reduces the mass
of a neutron star. However, because the Fock contribution makes
the EOS hard, the maximum mass in the present calculation can
reach the recently observed value, 1.97 ± 0.04M" . If we ignore the
tensor coupling in the Fock term, the difference between the max-
imum masses in the Hartree and the Hartree–Fock calculations is
not large. Therefore, the tensor coupling (especially, in the high
density region) is very vital to obtain the large neutron-star mass.

Fig. 3. Neutron-star mass as a function of the radius. The left (right) panel is for the Hartree (Hartree–Fock) calculation. In solving the TOV equation, we use the EOS of
BBP [20] and BPS [21] at very low densities.

T. Miyatsu, T. Katayama, K. Saito,
Phys. Lett. B 709 (2012) 242-246
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Fig. 1: Mass of neutron stars versus the radius for selected
EoS.

As expected the EoS with hyperons reach lower maxi-
mum masses than the models without hyperons, except
the model QMC700 due to its large and unrealistic incom-
pressibility. The maximum mass obtained with hypernu-
clear EoS does not change much for different models. This
is due to a self-regulating compensation effect between the
softening of the EoS and the onset of the hyperonic degree
of freedom [7,8]. The maximummass of about 1.6M! pre-
dicted by the relativistic approach is slightly larger than
that of 1.4 M! found in Ref. [8]. The difference of 0.2 M!

is mainly related to the larger incompressibility of the rel-
ativistic models. It is also observed that the radii for the
Hartree models are smaller than that of the Hartree-Fock
ones, and that the predicted radii of the relativistic models
and that of Ref. [8] are comparable.

The abundances for nucleons and hyperons are shown
for various EoS in figure 2: with free hyperons (MC1-
H/NYFG) and with interacting hyperons (MC1-H/NY
and MC1-HF/NY). The order of appearance of hyperons
is different for these models and depends strongly on the
corresponding interactions. In the model MC1-H/NYF

with free hyperons, the Σ− is non interacting and appears
first. On the other hand, in the models MC1-H/NY and
MC1-HF/NY, the Σ− interaction is repulsive while the Ξ−

interaction is attractive, therefore the latter tends to pre-
vent the Σ− from appearing. In the model MC1-H/NY,
the Λ appears first followed closely in density by the Ξ−,
then at a larger density by the Ξ0, while for the model
MC1-HF/NY the Ξ− and Ξ0 appear first and push the
other hyperons to larger densities.

We have presented in this Letter different EoS for hy-
peron matter derived from both chiral and QMC models.
These models are thermodynamically consistent and treat
the Hartree and Fock terms on equal footing. We have
found that the different chiral parameterizations give a
maximum neutron star mass that does not exceed 1.6 M!

for HF models with K0 ≈ 270 MeV. Correcting the
QMC700 model [10] by including the complete relativistic
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Fig. 2: Particules abundances for the various models of table 3:
MC1-H/NYFG (top), MC1-H/NY (middle) and MC1-HF/NY
(bottom).

contribution to the Fock term, a correct incompressibility
and the experimental constraints for the hyperon mean-
fields, we found a decrease of the predicted maximummass
from 2.00 down to 1.66 M!. We additionally checked that
the effect of rotation with the period of 3.15 ms (as for PSR
J1614-2230) does not increase the maximum mass by more
than 0.02 M!. We therefore conclude that it is difficult
to reconcile any of the model presented in this work with
the observed mass of PSR J1614-2230 and the empirical
knowledge of saturation properties of nuclear matter. Un-
less an unexpected property of the hyperon interaction is
missing in the present model, as well as in the BHF models
of Refs. [6–8,20], our results tends to exclude hypernuclear
matter to be present in the core of massive neutron stars.
It reinforces alternative models such as for instance the
model of deconfined quark matter, for which experimen-
tal constraints are almost inexistent. We can therefore
conclude that the equation of state of dense matter in the
core of neutron star is still not even qualitatively under-
stood.
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Fig. 1: (Color online) Upper panel: β-stable matter EoS. Lower
panel: mass-radius relation for different EoS. Circles indicate
the central baryon number density, central pressure, mass and
radius of the maximum mass stellar configuration. Horizontal
lines show the masses of the pulsars PSR J1614-2230 [30], PSR
J1903+0327 [31] and the Hulse-Taylor one [36]. See the text
for details.

the Hulse-Taylor one (1.4414± 0.0002) [36]. The strong
softening of the EoS due to the presence of hyperons and
the consequent reduction of the maximum mass is clearly
seen. The maximum masses of hyperonic stars lay in a
narrow range from 1.27 to 1.60M!, that is still compatible
with the mass of Hulse-Taylor pulsar, but is well below
the masses of PSR J1903+0327 and PSR J1614-2230.
Summarizing, we use a model based on a microscopic

BHF approach of hyperonic matter supplemented with
additional simple phenomenological density-dependent
contact terms to establish numerical lower and upper
limits to the effect of hyperonic TBF on the maximum
mass of neutron stars. Assuming that the strength of
these forces is either smaller than or as large as the pure
nucleonic ones, our results show that maximum masses of
hyperonic stars lie in a narrow range from 1.27 to 1.60M!
which is still compatible with the “canonical” value of
1.4–1.5M!, but it is incompatible with the observation of
massive neutron stars, such as the recent measurements
of a mass of 1.97± 0.04M! for the millisecond pulsar
PSR J1614-2230, and a mass of 1.667± 0.021M! for the

PSR J1903+0327 one. We hope that this exploratory
work can serve as a motivation to perform more realistic
and sophisticated studies of hyperonic TBF and their
effects on the neutron star structure, since they have the
last word on this issue.
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FIG. 3. (Color online) Mass—radius and mass—central density
relations for different equations of state. Details are given in the text.

This is in fact confirmed by the composition of NS matter
shown in the upper panels of Fig. 2, where the results obtained
with the two models V18 + TBF + ESC08 and V18 + UIX′+
NSC89 are compared with those of purely nuclear matter,
V18 + TBF and V18 + UIX′, disregarding the appearance
of hyperons. It is striking to see how the roles of the ! and
"− hyperons are reversed with the two YN potentials: With
the NSC89 the "− appears first at about twice normal nuclear
matter density and the ! at about 0.6 fm−3, whereas with
the ESC08 the hyperon onset densities are nearly the same,
but ! and "− are swapped. Furthermore, with the ESC08
the ! concentration reaches much larger values than with the
NSC89, while the "− remains more suppressed, due to its
strong repulsion in neutron-rich matter; see Fig. 1.

Pressure and energy density of hyperonic NS matter, shown
in the lower panels of Fig. 2, are quite similar for both models.
This is in contrast to the purely nucleonic calculations, where
one observes a much stiffer nuclear EOS with the microscopic
TBF than with the UIX′, see also Refs. [6,9]. The proton
fraction is larger with the microscopic TBF, which would
favor also a larger "− concentration. Evidently this effect
is completely overcome by the strong "− repulsion with the
ESC08 potential.

These results allow to interpret easily the final resulting
mass—radius and mass—central density relations for the
different EOS that are shown in Fig. 3: Regarding the purely
nucleonic cases (thin curves), in accordance with the EOS

shown in Fig. 2 one obtains a much larger maximum mass
with the microscopic TBF than with the UIX′ (2.27 M# vs
1.82 M#) [6], while remarkably the introduction of hyperons
yields nearly the same maximum mass in both models
(1.37 M# vs 1.32 M#; thick solid and dashed curves). These
values are also very close to the result 1.34 M# that was
obtained in an approximate way in Ref. [6] by combining
the microscopic TBF with the NSC89 potential, i.e., V18 +
TBF + NSC89, and that we repeat here for completeness,
together with the result for V18 + UIX′+ ESC08 (1.36 M#),
obtained in the same way.

While the maximum masses of hyperon stars are thus
nearly identical, there are significant differences for the
corresponding radii that are linked to the maximum central
baryon density that is reached in the different models. In
any case, however, most current observed NS masses [26]
are superior to these theoretical values of hyperon stars.

IV. CONCLUSIONS

In this article the finding of very low maximum masses of
hyperon stars within the BHF approach is reconfirmed, using
very recent realistic nucleon-nucleon and hyperon-nucleon
interactions.

Compared to previous results based on the V18 + UIX′

NN force and the NSC89/97 YN models, both changes are in
principle able to stiffen the EOS and increase the maximum
mass (as clearly shown for purely nucleonic stars), but it is
amazing to see how well the self-regulating compensation
softening mechanism for the hypernuclear EOS works, finally
yielding nearly the same maximum mass of about 1.35 M# as
before.

This result reinforces once more the important conclusion
that in our approach massive neutron stars have to be hybrid
stars containing a core of nonbaryonic (“quark”) matter [27],
since the possibility of them being nucleonic stars is ruled out
by the early appearance of hyperons.

It seems difficult to avoid this conclusion, even in view
of the current uncertainties regarding hyperon-hyperon and
hyperonic three-body interactions. Only simultaneous strong
repulsion in all relevant channels could significantly raise the
maximum mass (see, however, Ref. [28]). Obviously it will
be an important task for the future to verify this by following
future experimental and theoretical developments in this field.
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Fig. 1. Nucleon self-energies, Σ s,0,v
N , in symmetric nuclear matter.

Fig. 2. Particle fractions in neutron matter.

Table 5
Neutron-star radius, Rmax (in km), the central density, nc (in fm−3), and the ratio
of the maximum neutron-star mass to the solar mass, Mmax/M" . The Hartree and
the Hartree–Fock calculation with (without) hyperons are denoted by npY (np).

np npY

Rmax nc Mmax/M" Rmax nc Mmax/M"

QHD + NL(H) 11.3 1.04 2.00 12.5 0.86 1.56
QMC(H) 11.5 1.01 2.05 12.5 0.86 1.60
CQMC(H) 11.8 0.92 2.20 12.5 0.88 1.66

QHD + NL(HF) 11.7 0.95 2.15 11.9 0.95 1.92
QMC(HF) 11.5 0.97 2.11 12.0 0.92 1.95
CQMC(HF) 11.9 0.90 2.23 12.3 0.87 2.02

In a neutron star, the charge neutrality and the β equilib-
rium under weak processes are realized. Under these conditions,
we calculate the EOS for neutron matter and solve the Tolman–
Oppenheimer–Volkoff (TOV) equation. In Fig. 2, we show the QMC
result of particle fractions in relativistic Hartree–Fock approxi-
mation. With respect to hyperons, only the Ξ− appears around
0.49 fm−3 and the other hyperons are not produced at densities
below 1.2 fm−3. In the case of QHD + NL, the Ξ− first appears
around 0.43 fm−3, and the Λ and Ξ0 are produced at densities
beyond 0.69 fm−3. In the present calculation, the time component
of the vector self-energy for hyperon is especially enhanced by the
Fock contribution. It makes the chemical potential high, and hence
hinders the appearance of hyperons at middle and high densities.
In Ref. [9], we can also see the suppression of hyperons at high
density. In contrast, as in Ref. [19], all hyperons are populated in
the present Hartree calculation.

We summarize the properties of neutron star in Table 5, and
show the mass as a function of the neutron-star radius in Fig. 3. As
known well, the inclusion of hyperons generally reduces the mass
of a neutron star. However, because the Fock contribution makes
the EOS hard, the maximum mass in the present calculation can
reach the recently observed value, 1.97 ± 0.04M" . If we ignore the
tensor coupling in the Fock term, the difference between the max-
imum masses in the Hartree and the Hartree–Fock calculations is
not large. Therefore, the tensor coupling (especially, in the high
density region) is very vital to obtain the large neutron-star mass.

Fig. 3. Neutron-star mass as a function of the radius. The left (right) panel is for the Hartree (Hartree–Fock) calculation. In solving the TOV equation, we use the EOS of
BBP [20] and BPS [21] at very low densities.

T. Miyatsu, T. Katayama, K. Saito,
Phys. Lett. B 709 (2012) 242-246

TOV equations mass-radius relation & maximum mass

NS obs: 2 M�hyperon-nucleon interaction ?
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information about the hyperon-nucleon interaction

nucleus

-hypernucleus�⇤

n

n

p
p

n

n

p
p
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stochastic ab-initio method with microscopic interaction

The method: Auxiliary Field DMC

Auxiliary Field Diffusion Monte Carlo (AFDMC)

⌧ =
it

~ � @

@⌧
 (R,S, ⌧) = H (R,S, ⌧)

 (R,S, ⌧) = e�(H�E0)⌧  (R,S, 0)

= e�(E0�E0)⌧ c0'0 (R,S)

+
X

n>0

e�(En�E0)⌧ cn'n (R,S)

c0'0 (R,S)

⌧ ! 1



The method: Auxiliary Field DMC
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Idea: Hubbard-Stratonovich transformation

auxiliary field

rotation over spin-isospin 
configurations

The method: Auxiliary Field DMC
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AFDMC for nuclei & hypernuclei

• wave function - SD made of nucleon single particle orbitals 
(Skyrme & B1) x     single particle orbital 

- Jastrow correlation functions

The method: Auxiliary Field DMC

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

⇤
⇤ N

Note1:     single particle orbital
Note2:  center of mass corrections

⇤

⇤

• interactions ? - local interactions in coordinate space



The interaction

• nuclear potentials - Argonne V4’, V6’, V8’(6)
- Minnesota
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The interaction

• nuclear potentials - Argonne V4’, V6’, V8’(6)
- Minnesota

✓ diagrammatic contributions due to pion exchange
✓ 2-body       and 3-body          terms�NN�N

• hypernuclear potential - Usmani interaction
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The interaction
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good for Hubbard-Stratonovich

The method: Auxiliary Field DMC
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possible charge symmetry breaking term:

from            
 hypernuclei

A = 4

more attractive

less attractive

(
⇤p :

⇤n :

Q. N. Usmani, A. R. Bodmer, Phys. Rev. C 60 (1998) 055215

The interaction
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no quadratic 
operator
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Figure 2. Curves show the set of strengths giving B
exp
! . The dashed, long-dashed and dot-dashed

lines represent ε = 0.1, 0.2 and 0.3, respectively. The thin and thick lines differentiate between v1
and v3. The open circles, filled circles and squares respectively, represent ε = 0.1, 0.2 and 0.3 but
for v2.

Table 5. Variation of the slope, ∂WD/∂ε, with CP and v.

CP (MeV) v1 (MeV) v2 (MeV) v3 (MeV)

0.5 −0.016 (1) −0.017 (1) −0.017 (1)

1.0 −0.017 (1) −0.019 (1) −0.019 (1)

1.5 −0.019 (1) −0.022 (1) −0.023 (1)

2.0 −0.021 (1) −0.023 (1) −0.024 (1)

2.5 −0.022 (1) −0.025 (1) −0.026 (1)

clarification of the role of QCD in determining the potential strengths. New results expected
from the Japan Hadron Facility would help to sort out these questions in the near future.
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Conclusions & Perspectives

• AFDMC algorithm can be extended to hypernuclear systems: 
study of the hyperon-nucleon interaction

�NN• 3-body         interaction fundamental 
for the computation of the hyperon 
separation energy

• CSB interaction needed

⇤⇤• possible inclusion of a     interaction: 
AFDMC hypernuclear code ready

work in progress

fine tuning of the 
parameters

⇤

�NN• 3-body        interaction repulsive in 
hypernuclei: extrapolation for nuclear 
matter            NS EOS with 

next step
( LANL )

future work

• possible application to neutron drops: 
study of exotic systems  ( future work )



Thank you for your attention



The interaction

T

⇡

(x) =

✓
1 +

3

x

+
3

x

2

◆
Y

⇡

(x)⇠(r)

Y

⇡

(x) =
e�x

x

⇠(r) ⇠(r) = 1� e�cr

2

Z

⇡

(x) =
x

3
[Y

⇡

(x)� T

⇡

(x)]

X⇤i

= (�⇤ · �
i

)Y
⇡

(m
⇡

r⇤i

) + S⇤i

T

⇡

(m
⇡

r⇤i

)

S⇤i

= 3 (�⇤ · r̂⇤i

) (�
i

· r̂⇤i

)� �⇤ · �
i



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
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Strangeness exchange reaction

Associated production reaction
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Motivations: experimental interest
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