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Strangeness in QMC calculations

Quantum Monte Carlo (Auxiliary Field Diffusion Monte Carlo)
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Quantum Monte Carlo (Auxiliary Field Diffusion Monte Carlo)
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v nucleon-nucleon phenomenological interaction: Argonne & Urbana
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Quantum Monte Carlo (Auxiliary Field Diffusion Monte Carlo)
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Quantum Monte Carlo (Auxiliary Field Diffusion Monte Carlo)
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Quantum Monte Carlo (Auxiliary Field Diffusion Monte Carlo)

—(%W(T» = (H — Ey)|y(1)) T =14t/h  imaginary time

|

(1)) = e~ H-E)T|4)(0)) T colpo)  projection

/

v nucleon-nucleon phenomenological interaction: Argonne & Urbana

v hyperon-nucleon phenomenological interaction: Argonne like

2 .
D; Z Z v use QMC to fit hyp. exp. data
i i<j i<j<k Ba=E“'2)-E(#2)

3B: no unique fit




Strangeness in nuclei
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>

3-body interaction

fit on symmetric hypernuclei

AN N force: no dependence on
singlet or triplet nucleon isospin state
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3-body interaction > fit on symmetric hypernuclei

AN N force: no dependence on
singlet or triplet nucleon isospin state

> —3PT=0 4 CppT

ISOSpIN projectors /

N control parameter:
Q strength and sign of the nucleon
Isospin triplet channel

* sensitivity study:
light- & medium-heavy hypernuclei
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Conclusions 18

v The observation of massive neutron stars reopened the debate about the
presence of hyperons in the inner core

»  NO general agreement among theoretical calculations

» hyperon puzzle not yet solved: new hints? A

v We developed a quantum Monte Carlo algorithm to study finite and infinite
hypernuclear systems:

» arepulsive three-body ANN force is needed to reproduce the
experimental A separation energies for light- and medium-heavy
hypernuclel

» the predicted neutron star equation of state and maximum mass
strongly depend upon the details of the three-body ANN force

v Need of more constraints on hypernuclear interactions before drawing
conclusions on the role played by hyperons in neutron stars

» accurate experimental investigation: medium-heavy
neutron-rich hypernuclei

USCSR
» accurate theoretical investigation 7]



19

Thank you!!



Backup: the hyperon puzzle
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Backup: the hyperon puzzle

&1 Hyperon puzzle
L2

A
v Interactions poorly known

v Approximated theoretical
many-body techniques

N

\Q' QMC —> YN interaction

21

scattering data:

NN : ~ 4300
YN :~ 52

binding energies:

A hyp :
AA hyp :
>, hyp:

nuc .

~ 3340
~ 41
~ D

~ (1)
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/npe __""""""'

-
R ~ 12 km Wcchp .

22

u (GeV)

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

1116 MeV _ B

1200 MeV Q=—1:pp- = pin + pic
Q= 0 :upo =puy

1300 MeV Q=41 : pp+ = ty — e
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Po
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Backup: the hyperon puzzle 25

Hyperon puzzle Problems

v Theoretical indication for hyperons in v Interactions poorly known
NS core: softening of the EOS

v Non trivial many-body problem: very
v Observation of massive NS: stiff EOS dense system, strong interactions

v Magnitude of the softening: strongly
model dependent

QMC ——> HNinteraction
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lack of experimental data !!
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binding energies:  scattering data:

nuc : ~ 3340 NN : ~ 4300

hyp : ~ 41 HN : ~ 52




Backup: terrestrial experiments
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205ty no theoretical
calculation gives a
constant S at low

~

7Li(e.'p)°He(J" - Argonne v, + Urbana IX - VMC Wave Functions

(] me——rr—— " 4
1 12
200 3H *n 1

i j-- o { 3| o 9
“He sy

60

1)

There is an experimental 10

claim of a bound tetra-

neutron (). Our Ham-

iltonian predicts at most

ikely very broad) reson-
V. The

3

izure shows attempts to
produce a *n with nega-
tive energy by changing
the Hamilionian. Modi.
fication of the 'S, poten-
al gives a bound
dineutron and signifi-
] cantly overbinds other
nuclei. Adding a T=312
NN potential doesn’t
effect 2n or *He but
very much overbinds
heavier systems; in fact
becomes the most
stable A=6 system! We
conclude that a bound
6, 4

pip,,) [(MeViey?]
2

Argonne v ¢
With Illinois-2
+ modifications

-8

g

Energy (MeV)

-100[ 1010

-120

He(0*) x 10

The shape and magnitude
of (e&'p) differential

~| functions have been used

n ‘mis very unlikely.

Il
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Py IMeVie]
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Neutron drops are systems of

interacting nucleons bound in
an artificial external well
‘which may be thought of as

Ext. well: V=-35.5, R=3,a=1.1
with
Argonne v ¢ + Illinois-2

0 .
12p0°

25, 3
3"

Vi which is much easier
than 12C our biggest

1), This figure shows
results for a well chosen to
mimic the protons in oxygen

values: the ¥n energies have
been shified to match 1o
160. One can clearly see
the effects of nn pairing.

N o, S—]/27

Constant density contours in *Be(0°)

S
P —

Argonne v ¢

without & with Vijk

GFMC Calculations

/2”

= Lm0t

5/2%

The density of *Be(0*)
in the laboratory frame.
is spherically symmetric

FBe(0° 2° 4% states.
consists of an alpha
particle and four p-shell
hucleons. But strong.
NN cortelations shape
p-shell nucleons into a

frame (right panel).

23 August 2012
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Solid and dashed lines

show the averages and
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in the main figure. The
d rapid change

states are being removed

I
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12C

GEMC acts on a rial wave

Green’s function Monte

nuclei

< 12
Carlo (GFMC

‘We use the 132,000-processor IBM Blue Gene/P of the Argonne Leadership Computing Facility under a DOE INCITE award
‘and computers at Argonne’s Mathematics and Computer Science Division and Laboratory Computing Resource Center
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-100
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Neutron drops are systems of
teracting nucl

10B(gs, 1%,2+,4%) - AVIS + Illinois-4 - (H)

i+ e atring - AV 18412 pia s Tt g Ext. well: V=-35.5, R=3,a=1.1 3 momhcarsicmi ol AI‘gOl’ll’le \" 18 -
- , o i ]
-5 2 o sk, Ofng . Argonne o+ Wlinois 2 i =-5
i, o ey AR : :

i ~ ooisf . 2 s —
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-10 ) @ .. Eo o . 3-10
o " T RS, GFMC Calculations .
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25 54 0B expl-(H-Eqr] where ©
- isthe n time
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states as functions of
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; ,
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Surfaces of density =0.24 fin” in polarized deuteron states. The distinctive.
Structures are induced by the strong tensor potentials which result from the
pion-exchange component of the nucleon-nucleon interaction.
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25 | ! ! ! | ! ! ! | ! ! ! |
—e— AVE’ 2.45(1) Mg
| —e— AV8’ + UIX 3BF NNN
20 | —m— AV8 +IL7
PNM
>
é 15 L 1.74(1) M, |
L
10 . .
7 light nuclei: not enough to
- G constraint the interaction
r
5 | . . . | . . . | . . . | . . . | . . .
0.04 0.08 0.12 0.16 0.20 0.24

op, [fmM™]

P. Maris, J. P. Vary, S. Gandolfi, J. Carlson, S. C. Pieper, Phys. Rev. C 87, 054318 (2013)
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A

Z| N Hypernuclear Chart
(2014)
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S. N. Nakamura, Hypernuclear workshop, JLab, May 2014
updated from: O. Hashimoto, H. Tamura, Prog. Part. Nucl. Phys. 57, 564 (2006)

O
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new experimental
proposals
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v Charge conserving reactions

AZ (K7 )\ Z

AZ (xt K). 2

v Single charge exchange reactions (SCX)

A

AZ (K~ 7)) 12 —1]
AZ (KO [Z - 1]

A7 (e,e’KJr)i[Z — 1]

v Double charge exchange reactions (DCX)
A+1
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AZ (K=, 7)) (2 -2

KAy N s
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v one boson exchange model v X-EFT (NLO)
Nijmegen & Julich

J. Haidenbauer, S. Petschauer, N. Kaiser,
Th. A. Rijken, M. M. Nagels, Y. Yamamoto, U. -G. MeiBner, A. Nogga, W. Weise,
Few-Body Syst. (2013) 54, 801 Nucl. Phys. A 915 (2013) 24-58

J. Haidenbauer, Ulf-G. Mei3ner,
Phys. Rev. C 72, 044005 (2005)

hyperon-nucleon
interaction ?

/ \

v effective - mean field models v phenom. pion exchange model
. A. A. Usmani, F. C. Khanna, J. Phys. G: Nucl.
E. Hiyama,Y. Yamamoto,
Prog. Theor. Phys. (2012) 128 (1) 105 Part. Phys. 35 (2008) 025105
» - Skyrme-Hartree-Fock k
good for QMC

H.-J. Schulze, E. Hiyama
Phys. Rev. C 90, 047301 (2014)
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v 2-body interaction: AV18 & Usmani USA

Argonne v-

tos s
"il.'l'l E!r
200000000001

_\
-
S
|
-
i
VR
=
S
N—"
o
S
photostamp

NN S =118

AN S

AT vertex
Note:

forbidden 27 exchange

NN
scattering

deuteron

Ap scattering

A=4 CSB
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v 3-body interaction: Urbana IX & Usmani

NNN

nucle
nuclear matter

ANN

VMC calc.
Nno unique fit

N | | |
N | | |
27T 9 P 27T ’ S
Vijk — A Oijk + A ) Oijk
N | | |
N | | |
o P |
U)\Z] — CP O)vz,g + CS O}\Zj

39




Backup: hyperon-nucleon interaction

v 2-body interaction

1
Uni = vo(Txi) + Z%Tﬁ(r,\i) o) O charge symmetric
v$OB = CLT? (ry) 77 charge symmetry breaking

(spin independent)

A. R. Bodmer, Q. N. Usmani, Phys.Rev.C 31, 1400 (1985)

v 3-body interaction

27, P 2w, S
UXij = U)\’Lj T v )\'Lg + U)\zj

;

C
2w, P P
U)xij — —?{Xz)\ X)\]} © Ty

Ui?j’s = 052(7“)\7;) Z(?")\j) g; - ’I/’\‘?)\ ;- ’f‘j)\ Ti " T;

I\

N

1 ~ -

\

use QMC to fit on
hyp. exp. data

360



Backup: hyperon-nucleon interaction

vo(r) = ve(r) — v T (r)

» Constant Value Unit
c = Well+ o
velr) = We(1+¢%) W, 2137 MeV
v = (Us + 3?}75)/4 Vg = Vs — Ut r 0.5 fm
v ( ) e_lL‘WTé_ ( ) a 0.2 fm
(r) = r
bt Ve 6.33.6.28  MeV
3 3 —HwT . .
T (r) = [1 A 2] e Er(r) Uy 6.09,6.04 MeV
par (7)) pinT v 6.15(5)  MeV
My _ 1 Mx0 4 21 v 0.24 MeV
,LLT(' = — = — g .
h h 3
12 , C 2.0 fm 2
Ey(r) =& (r)=1—-e" C. 0.050(5) MoV
7. (1) = % {Yﬁ(r) _ Tw(r)} Cp 0.5+25  MeV
CS ~ 1.5 MeV

Xni = Yr(rai)ox -0 +Tr(rai) Sxi
Wp 0.002 = 0.058 MeV

Sxi =3 (o Txi) (0 Tri) — O - Oy
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v diffusion Monte Carlo

—({%W(T)} = (H — Ey)|y(7)) T =14t/h  imaginary time
l o
(7)) = e~ H=EIT [y (0)) $(0)) = [¢r) = ) calion)

o0
= Z e_(E”_EO)Tcn\gon> T colwo)  projection

n=0
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v diffusion Monte Carlo

imaginary time evolution: T = MdTt dr < 1
(SRI(T + dr)) = / dR'dS'(SR|e™H=F0)dT| RS\ (S' R |y (7))

final ; initial
walkers propagator walkers

sty 154,
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v diffusion Monte Carlo

imaginary time evolution: T = MdTt dr < 1
(SRI(T + dr)) = / dR'dS'(SR|e™H=F0)dT| RS\ (S' R |y (7))

final ; initial
walkers propagator walkers

{T‘O’So}w < O <— T OO%M {’T‘,S}w

propagator: H =T > diffusion in coordinate space

+ V(r) >  branching of configurations

+ V{(s) > poroblem !!
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v auxiliary field

!
gfgg ]S} . o4 (A AZ')'Z' components GFMC: A < 12
single 5) = ® S); : 4A  components AFDMC: A ~ 90
particle X o P |

D ~ e—%7d702 — e—%WdTOQ ® ‘S>z 7& ® ’;§>@

|dea: Hubbard-Stratonovich transformation

2/ rdrzO

Z N

rotation over spin-isospin
configurations

o~ %q/dTOQ _

auxiliary field
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v auxiliary field diffusion Monte Carlo

diffusion (DMC) rotation (AF) branching

Q

3 ®)-

T Q—>Q*’£

V()

Yo()

d o d
eeeeee — ee0gOe M — oo0@eo@
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v auxiliary field diffusion Monte Carlo

» Imaginary time projection > exact ground state

» stochastic method > error estimate: o ~ 1/VN

H = ZZmN | ZUUJFZ Vijk +ZQmA . ZUAi+Z U\ij

1< j i<j<k W A,1<g

non-strange strange

v extended wavefunction: nucleons + hyperons

v new propagation:
» hyperon diffusion

» nucleon & hyperon spinor rotations
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v auxiliary field diffusion Monte Carlo

» Imaginary time projection > exact ground state

» stochastic method > error estimate: o ~ 1/VN

1 1<j 1<g<k A AT

non-strange strange

By =F (A_lZ) —F (f\‘Z) > (0 <«—> fitonexp.values

ex: By (1He) = E (*He) — E (3 He)

44
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(Y5 (R, S,

= L1 2% (1 03 (v S) v (Ra, S

= Hfs:m(r’“ij) P (e, Sk)

< '~ k= N,A
\CIDR(RK,SR):A Hgof(ri,si dei:/gpe\r:,sz }
S.p. orbitals  plane waves
(a0
Si = CZ_ = a;|p 1)i + bilp L)i +ciln )i + diln 1)
\ d; )z
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[o]
Aia,jﬂ
diagonalization:
A[.O'T].
i, )\, eigenvalues
e WV, eigenvectors
i
Oy = on ¥y,
[o]
CM

direct calculation
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»

4

4

computing time

10 nodes @ Edison (NERSC)

47

5000 configurations, 3 time steps: nucleus & hypernucleus

—> 240 processors

2 socket 12-core Intel "lvy Bridge" processor @ 2.4 GHz

AFDMC scaling @ Mira (ANL)

SyStem CPU tlme B A error 0.25 32,768 configurations, 25 steps, 28 nucleons in a periodic box, p=0.16 fm”
. [ ' [ ' [ ' [ ' [ ' [ ' [ ' [
1Ca-4Ca  ~30khrs ~0.75 MeV o 10N ranks pernode
49 48 0.21 i
1 Ca -*°Ca ~ 55k hrs ~ 0.75 MeV
9/1\21‘ -7y ~ 350k hrs ~ 0.75 MeV ~0.151 -
200Pb -20%Ph  ~4.2M hrs  ~ 0.75 MeV 2
= 0.1 -
AFDMC ~ A3 o~ 1/VN
osl ~128000
J Drocessors
calculation accessible 00 1024 2048 3072 2096 |dSl|20|61|44|71|68|81|92|
# nodes

B in all waves, A 4

-1

S. Gandolfi, unpublished
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7

.

no bound

3 1+
(3

~\

—

48

System B B A B AB™
1 H (%*) 0.23(9)  0.13(5)

4 +

AH (07) | 1.95(9) 2.04(4) 0.42(11)  0.35(6)
AHe (07) | 2.37(9)  2.39(3)

D. L., A. Lovato, S. Gandolfi, F. Pederiva, arXiv:1508.04722 (2015)
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a4 N
no bound

3 1+
(3

\. _J

( problem J

48

System B B A B AB™
1 H (%*) 0.23(9)  0.13(5)

4 +

AH (07) | 1.95(9) 2.04(4) 0.42(11)  0.35(6)
AHe (07) | 2.37(9)  2.39(3)

e

CSB interaction not compatible with
A =7 systems (4He, jLi, }Be)

E. Hiyama et al., Phys. Rev. C 80 (2009) 054321

~
~~~
\~~~
~

J

L

new experiments:

“H @ MAMI, JLab

1He @ J-PARC

D. L., A. Lovato, S. Gandolfi, F. Pederiva, arXiv:1508.04722 (2015)
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5 He AFDMC NSHH

NN Minn | E -37.69(8) | E  -37.77(10)
+AN | By 6.95(9) | Ba  6.99(10)

NN AV4 | E  -39.46(12) | E -39.54(10)
+AN | Ba  6.70(16) | By  6.84(10)

preliminary F. Ferrari Ruffino

( benchmark: validation interactions + methods 1 i
_ =0

I —

D. L., A. Lovato, S. Gandolfi, F. Pederiva, arXiv:1508.04722 (2015) & :

3

® e
o\
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By=E(""'Z)-E(4 2)

\dea: nuclear effects cancel at most vV~

NN potential > He YO
Van  Van + Vanw Van  Van + Vawnw
Argonne V4’ 7.1(1) 5.1(1) 43(1) 19(1)
Argonne V6’ 6.3(1) 5.2(1) 34(1) 21(1)
Minnesota 7.4(1) 5.2(1) 50(1) 17(2)
Expt. 3.12(2) 13.0(4)
D. L., S. Gandolfi, F. Pederiva, Phys. Rev. C 87, 041303(R) (2013)

50
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double A hypernuclei

3

k _ (k)2
Vap = E (v(() )+ vgk) o) Uu) e  HTau
k=1

E. Hiyama, et al., Phys. Rev. C 66, 024007 (2002)

51

System E Ba(a) ABpA
‘He -32.67(8) — —
5 He -35.89(12) 3.22(14) —
ASHe -40.6(3) 7.9(3) 1.5(4)
ASHe Expt. 7.25+0.1970-18 1.01 +0.207918

D. L., F. Pederiva, S. Gandolfi, Phys. Rev. C 89, 014314 (2014)
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AV4'  AVALUIX,  AVE AVT exp

‘He -32.83(5)  -26.63(3)  -27.09(3) -25.7(2) -28.295
160 -180.1(4)  -119.9(2) -115.6(3) -90.6(4) -127.619
0Ca  -597(3) -382.9(6) -322(2)  -209(1) -342.051
)

¥Ca  -645(3) -414.2(6 - - -416.001
Hamiltonian AFDMC  GFMC
AV4 -32.83(5) -32.88(6)
AV4'+UIX, -26.63(3)  -26.82(8)
e AV6’ -27.09(3)  -26.85(2)
AVT -25.7(2)  -26.2(1)

N2LO (Ry = 1.0 fm) -24.41(3) -24.56(1)
N2LO (Ry = 1.2 fm) -25.77(2) -25.75(1)

S. Gandolfi, A. Lovato, J. Carlson, K. E. Schmidt, Phys. Rev. C 90, 061306(R) (2014)
F. Pederiva, F. Catalano, D. L., A. Lovato, S. Gandolfi, arXiv:1506.04042 (2015)
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strangeness in nuclel

single particle densities and radi

17
A0 —
17
___________________ AO — —]
0.15
o Nucleons
£ .
—~ 0.10 [
[
0.05
0.00 — — — —
0.0 1.0 2.0 3.0
r{fm]
unpublished

4.0

~ ~
0.20-— ///,, \>\\\ ———-NoU,,
\ ———— WithU
e 160
01s+- N 7/ X TTT== 0,

Nucleons

0.05 +

0.00 -

r (fm)

A. A. Usmani, S. C. Pieper, Q. N. Usmani,
Phys. Rev. C 51, 2347-2355 (1995)

p (*°0) =2.50(2) fm —> exp:2.79 fm

rms : p(l

A
A (*10) =2.2(1) fm

O) = 2.52(3) fm
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Sackup: strangeness in neutron stars

54

hyper-nuclear matter
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hyperon s €nergy per

PNM —> . .
fraction particle

equilibrium condition: chemical potentials

HA(Pbs TA) = pn (P, TA)

lambda-neutron matter

Fanme = Fuanm(ps) . (MR
EOS Eunm = Eunm(ps) TOV < Y
Panvy = Panm(pw) )

AFDMC calculations

Eunm = EHNM(pb7 33A) A neutrons + lambdas
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neutrons Po = Pn T PA ( Pn = (1 —2xA)pp
+ _ PA <
lambdas A = ’s _PA = TAPY

Eunm (o, TA) = [EPNM((l — TA)py) + mn} (1 —xp)

+ [Ef(fI?Apb) + mA} ra + f(py, TA)

Problem1: limitation in A due to simulation box
Problem?2: finite size effects

Problema3: fitting procedure

cluster PAPn PAPnPn

PAPAP
f(pbv 331\) :

) i p pb

expansion oy Ob
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- f :
40 - IIIIIIIIIIIIZ‘I‘IIIIII;! |

77]] LT 87
11771774

uw [GeV]

57

( OF %,
,un(pba ZUA) — EPNM(/On) + Pn al;NM =My, 1 f(,Ob, CUA) + ﬂb%
< mn mn
OB+ 0
in(onzn) = EF(on) + palZh fma 4 Flowzn) + pp—t
\ Opa OpA

,an(,Ob, CUA)

equilibrium condition:

HA(Pbs TA) = pn (P, TA)

th

pr Q@ xp —0

rA = xA(pp)
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140 | | | |
_ :'"Ir;'----...__l__'___' -_100
120 | c PNM -
T AVS4HUIX
F 1107 =
100 ¢ L o) _
i A ¢ _g
. S
! , o
L . 44102 _
= 80| : 10
GJ | N | |
2 L WP @
woeor  oeplml S 1
I AN
40 | ]
20 | : ]
O N | N N | N : N | N N | N N N | N N
0.0 0.1 0.2 0.3 0.4 0.5 0.6
-3
Pp [fm 7]

D

. L., A. Lovato, S. Gandolfi, F. Pederiva, Phys. Rev. Lett. 114, 092301 (2015)
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140 1 1 1 | I
| | ! | ! | ! 0
| _n_—.#--m..h..._-r‘h.—é‘lo
120 | /,.—--' 5 PNM
oy 8 AVSHUIX
i B Pie 41 =
100 | ) / O o
- A s | A =
©
. | Q
I ' _ -2
= 80 : | 10
q) | | L | |
S 02 03 04 05 06 —
W 60 t pplm® e ]
' = AN
40 | 7~ ]
- P =0.24(1) fm ™ :
ol : + pth = 0.34(1) fm™® ]
O L L L | L L L | L : L | L :. L | L L L | L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

op, [fmM™]

D. L., A. Lovato, S. Gandolfi, F. Pederiva, Phys. Rev. Lett. 114, 092301 (2015)
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v 3-body interaction > fit on symmetric hypernuclei
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control parameter:
<—— strength and sign of the nucleon
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sensitivity study:
light- & medium-heavy hypernuclei



