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v AFDMC algorithm

» Imaginary time projection ——> exact ground state
» single particle wf + HS transformation —— large number of particles
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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

@ @' e @' AN N force: no dependence on

c G singlet or triplet nucleon isospin state

> —3PT=0 4 Cp Pt

/

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

sensitivity study:
light- & medium-heavy hypernuclel
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Conclusions

The extrapolation from finite size to infinte nuclear systems
can be non trivial: need for astrophysical constraints and/or
iInputs from medium-heavy systems

An accurate description of the physics of strange nuclear
systems seems to demand for more repulsion (why...?)

The presence of hyperons in the core of neutron stars cannot
be ruled out based on current information on hyperon-
nucleon forces

Accurate experimental information is needed, in particular for
medium-heavy neutron-rich hypernuclei (but also scattering
information)

Theoretical efforts: extend the progresses reached in AFDMC
calculations for nuclei and nuclear matter to the strange
sector
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Backup: the hyperon puzzle
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/npe __""""""'

-
R ~ 12 km Wcchp .

34

u (GeV)

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

1116 MeV 1

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

1300 MeV Q=41 : pp+ = ty — e




Sackup: the hyperon puzzle
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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




Backup: terrestrial experiments

v Charge conserving reactions
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Backup: terrestrial experiments

2
=TSR,

_FERXS
L@»@»’».»o»wnono

IS
=5
B

O ssetaretecel
doooooooo%o%%%\oo

=53

<
o0
__, ______ _____________,,____
=) <+ o — o0 e <t o]
— — — S S o S
(A ST°0-I1s/qm) Vo
>
N
O
o
N
,
S
S,
N S
| S|
x|
i =l g
+ S
Lk : I X
= g S a_u_
o]
S | 2 —
e} < P~ - - /
= X T S S
g N =
> | | =
S
m\nu < < .N dim
~ 5 9 = 3 < g
>< g 8 T + Z, — %
C— = al k 1__ < |- Lu_ I
Lo = =) < < —
L 9O __ __
K I I — J
> o x Z > 5 e T
an NARNTI < - = ~_ &
0 n X M I

‘B, (MeV)

., Phys. Rev. C 64, 044302 (2001)

H. Hotchi et al



Backup: hyperon-nucleon interaction 40

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
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v 2-body interaction: AV18 & Usmani USA
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v 3-body interaction: Urbana IX & Usmani

NNN
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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
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Backup: hyperon-nucleon interaction

vo(r) = ve(r) — v T (r)
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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 AFDMC propagation

45

(SR|Y (T + dr)) = / dR'dS’(SR| e~ H=Eo)d™ | R'G"N (S' R |opr (1))

final
walkers

diffusion (DMC): dt

*
@S\) dr
TN* P m—N
"“A* DNd_T

initial
propagator walkers

rotation (AF): vdr

‘D ’ branching: dr

> Vin ‘ : : ®
~ N\ : —7 8
‘ VAN E.”/ /‘\’
e o
®)- - Ce— e
dr + dr
i Vaa ‘
N o
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v AFDMC wave function: single particle representation

Yr(R,S) = Y7 (R, Sn)
(W5(Re, Si) = [ £55(rij) @0 (Re, S) k=N
< 1<J
(N ] _ Sp.orbitals
\q)fi(RKJ?SKJ) = A HSD?(T’MSZ) :det{gpg(riﬁsi)}
L 1=1 _

™ plane waves

STll— | = alp )i +bilp L)+ ciln M)+ dijn L)
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v AFDMC wave function: single particle representation

wT(Rv

\

(

(5(Ry, Si) =

(I)R(le SK,) —

S) =11 £2Y (rai) ¥F (R, Sn) ¥ (Ra, Sa)
AT

1] f77(ri;) @ (Rec, Sic) k=N, A
1<g

N
A K i, Si)| =d t{ :3 i\ S } 7
21;[1906 (7, 8:) etq e (ris i) ~ plane waves

S.p. orbitals

a; \

iz — ai’p T>z+bz‘p \L>z—|—C@|’n T>Z—|—dz‘n \l/>z
di ).

o ) = UAlA T)x +ualA )

A

A

47



Backup: AFDMC 48

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
(SR|w ( + dr)) — / AR dS' (SR e~ H—Ed™ | R/ S\ (SR o (7))

final ; initial
walkers propagator walkers

rhsTh, s 54,
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v diffusion Monte Carlo

imaginary time evolution: T = MdTt dr < 1

(SR|w ( + dr)) — / AR dS' (SR e~ H—Ed™ | R/ S\ (SR o (7))

final ; initial
walkers propagator walkers
04— T 00+ M
{rOasO}w <€ {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

D ~ e—%’}/dTOQ —S e—%’ydT(f)Q ® ‘S>z 7& ® ’§>z

Al
many Gy . 94 : components GFMC: A <12
body 5) (A—Z)Z! P B
single S) = ® S); : 4A  component AFDMC: A ~ 90
particle X . P > '

|dea: Hubbard-Stratonovich transformation

—LNdTO? _ %‘I—WCBO

e ! /d -
= — T e
V2T

rotation over spin-isospin

auxiliary field . .
configurations
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v auxiliary field diffusion Monte Carlo

diffusion (DMC)

d
eeeeeoeee —

"\ N_

rotation (AF)

"

eeege ¥ -

branching

52




3NN
n=1
1 AR (o] o] 2
+ 5 Sj o )‘n Ona )
n=1 a=1
Nn 3
1 NG (@[71)2
9 DA () no
n=1a=1
1 Nar 3 5
- [m]( [m])
T 9 S: S: )‘n Ona
n=1a=1
1 NnNA 3 5
Z [a]( [am)
T 9 S: S: Bn Ona
n=1 a=1
Nn

Backup: strangeness in QMC calculations 53

[o]
Aia,jﬂ
diagonalization:
A[.O'T].
i, )\, eigenvalues
e WV, eigenvectors
i
Oy = on ¥y,
[o]
CM

direct calculation



Backup: strangeness in QMC calculations

»

4

4

computing time

10 nodes @ Edison (NERSC)

54

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

~\

—

55

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

55

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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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




Backup: strangeness In neutron stars

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

58



Backup: strangeness In neutron stars

- f :
40 - IIIIIIIIIIIIZ‘I‘IIIIII;! |

77]] LT 87
11771774

uw [GeV]

59

( 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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2-8 ! | ! | ! | ! | ! |
2.09(1) Mg
oql e PNM
\l 2.45(1) Mg
[ PSR J0348+0432 _
20 p---:----s-ss-SsSsssSssZszszszsxzz2essf-zzZEEEEEEREEREREEREREREERREREEEE R A
_ 16} -
2O 5 i
=. AN + ANN (1)
S
1.2 1.36(5) Mg )
0.8 | i
_ . AN _
: 0.66(2) M. -
0.4 | (2)Me -
0.0 1 | N | N | N | N |
0.0 0.2 0.4 0.6 0.8 1.0
o [fm™]

D. L., A. Lovato, S. Gandolfi, F. Pederiva, Phys. Rev. Lett. 114, 092301 (2015)
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B, [MeV]

Phys. Rev. C 89, 014314 (2014), arXiv:1506.04042 (2015)

0.0 T 7 T T u R /)/@
iy ¥ o _g--"
/ $ %4 9,//g/ _
s0F [/ / § - o’ s -
by / l/( e j
41/ f .4 s -
-10.0 r A J/ .
| ’* / é i v / :
L S S |
150 1 E g 7 / ]
| Il{ y/ // / 1
:,III/ }/ y /Hf/ / AFDMC '
i /
200 [li[ j i} , /
g &7 // / —o— AN
111/ y
-25.0 i/ Y <>’%7 / —0— AN + ANN (I)
I/ / / —o— AN + ANN (Il)
t// / /
300 , l ) | ) ) 1 /. ) | ) ) | ) ,
0.0 0.1 0.2 0.3 0.4 0.5
A-2/3

E, (MeV)

_‘IO_

_15_

_20 il

_25_

-30

0.00

o1

La G-matrix

010 015 0.20

A_2/3

0.05

Phys. Rev. C 90, 045805 (2014)
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3.0
2.8 -
: 25 NN-+NNN
2.4 PNM | -J 7 T T T T T
I ] e
L 1 7 7 BB+BBB
- PSR J0348+0432 - PSR J0348+0432
20 kzzzzzzzzzzzzzzzzzzzzzzzofizzzzzzzzzzzzzzzzzzzzzzzccd 2.0 5 R
| PSRJ1614-2230 AN + ANN (Il 1 ! y e T T

1.6 | 1 /e -
< - IE 1.5 -~ BB+NNN L.
— I AN + ANN (1) |5 .
= = ]

1.2 . .

[ '5 1.0 - " NN
0.8 . :
- AFDMC 1 - G-matrix
0.4 | 0.51/.-
0.0 . ! . ! . ! . ! . ! 0.0 | - | - | |
0.0 0.2 0.4 0.6 0.8 1.0

0.2 0.4 0.6 0.8 1.0

-3
pe [fm ]
Phys. Rev. Lett. 114, 092301 (2015) Phys. Rev. C 90, 045805 (2014)

pe [fm™]
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v 3-body interaction > fit on symmetric hypernuclei

27, P 2w, S
Uij _U>\’Lj T v )\’L] T v AZJ

ISOSpIﬂ prOJectors

v or P CP /

Nij _?{X?)\vX)\J}T’L -
< /2\:75 =CsZ(rxi) Z(rxj) O3 TixOj - TixTi - T;
OB = W T2 () T2 ()| L+ go-(oi 4 o)

control parameter:
<—— strength and sign of the nucleon
Isospin triplet channel

sensitivity study:
light- & medium-heavy hypernuclei
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nucleon-nucleon interaction

64

nucleus AV4 AV’ AVT  AV4A +UIX, exp
‘He (07) -32.83(5) -27.09(3) -25.7(2)  -26.63(2)  -28.295
0 (5 ) — - — -99.43(2)  -111.955
60 (0*) -180.1(4) -115.6(3) -90.6(4)  -119.9(2)  -127.619
9K (8T) - - - -360.8(2)  -333.724
0Ca (07)  -597(3)  -322(2)  -209(1)  -383.3(3)  -342.051
Ca (01) — - - -397.8(5)  -380.960
I preliminary
K (5) — — - -386.3(2)  -400.199
BCa (07)  -645(3) — — -413.2(3)  -416.001

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)



