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MOTIVATIONS

- Quantum Monte Carlo based techniques have been providing an
efficient way of computing ground-state and low-lying
excitations of nuclei and nuclear matter (quasi-) exactly.

- Inorder to perform QMC calculations one needs a potential with
no momentum dependence. Argonne/Urbana - Tllinois
interactions are commonly used. But no use of inferesting
developments (V,,,.« or EFT-derived potentials) can be made.

- Main question is then: can we make use in any way of EFT at all
within a QMC scheme? Are we just stuck with AV18?
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OUTLINE

"Standard” Quantum Monte Carlo methods (VMC, GFMO):
results, limitations and problems.

Auxiliary Field Diffusion Monte Carlo (AFDMC).

AFDMC and pion-full Effective Field Theory.

Conclusion and future prospects
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"Standard” Monte Carlo methods :
VMC & GFMC

ﬁ2
Variational Monte Carlo (VMC) H=—>=> Vi+) v+ > Vy

Expectation values can be efficiently computed with stochastic methods:

(r[H[YT)
(OrlvT)

Er = > Eg

Use wave function with Jastrow correlations, up to 3 body

UT) = SH (ve(rip) + vo(riy)ai- oj+..) | [0)

Uy

[ Wiringa, PRC 43, 1585, (1991) ]
[ Wiringa, NPA, 543, (1992) ]



"Standard” Monte Carlo methods :
VMC & GFMC

Green's Function Monte Carlo
Project the ground state

O(R, t) = e~ T=ED5(R, 0)

O(R,t)= dR'G(R, R’ t)V(R',0)

Use Jastrow correlations as in VMC exponen.‘rlaol s.calmg with A
Spin-isospin states grow as ~_ A _ E> GFMC limit is (now) A=12
ZI(A - 2)!
. . . A Pairs Spin X Isospin
Local potential required like e 4 % ITO
.. ¥ 6 15 32%5
Argonne+Urbana/Illinois o1 o= 128 14
8Be 8 28 128 x 14
9Be 9 36 512 % 42
[ Carlson, PRC 36(5),2026, (1987) ] 1le€ 10 4 512 x 90
B 11 55 2048 x 132
[ Pudliner, Pandharipande, Carlson, 12¢ 12 66 2048 x 132
106
Pieper,Wiringa, PRC 56(4), 1720 , (1997)] e a0 reo aeeidl s eed 0
[ Pieper, NPA, 751, (2005) ] Sn 8 28 128x 1
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Auxiliary Field Diffusion Monte Carlo
(AFDMC)

Hubbard Stratonovich transform

1A 102 1 ' 2
e2AtO _ S / dxe 5 +xAtO
VLT .

2 bod Auxili 1 bod
oper'c?‘rc?lr's :> / fEiZlda;y i operoafzr
AFDMC = DMC + HS-transform
U(R, t) = e H=EDt(R, 0)

Sign-problem "treated" with Fixed-Phase approximation
[ Schmidt & Fantoni, PLB 446, 99 (1999) ]
[Fantoni,Sarsa ,Schmidt Prog.Part.Nuc.Phys. 44 2000)]
[ Gandolfi et al, PRL 99,022507, (2007) ]



Auxiliary Field Diffusion Monte Carlo
(AFDMC)

Capabilities and problems

Prus

-Only single particle spin-isospin space dimension required
(4A and not Z](AAi Z)!2A )
- Polynomial scaling (larger systems, up to ~ 150 nucleons)

MINUS
.So far inclusion of 3-body operatorial terms and nonlocal terms

except spin-orbit ones is problematic when protons and neutrons are
used (ok for pure neutron matter).



Auxiliary Field Diffusion Monte Carlo
(AFDMC)
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Eos of neutron matter compared with Akmal-Pandhariphande
results

Gap computed in low density neutron matter

8He I6o 40Ca
FP-AFDMC  -27.13(10) -23.6(5) -90.8(1) -272(2)
GFMC -26.93(1) -23.6(1) i ]
[ Wiringa & Pieper PRL 89, 18 (2002) ; Gandolfi et al. PRL 99, 022507 (2007) ]

Method iHe

(AV6' potential)




AFDMC with Effective Field Theory (EFT)

. Auxiliary fields of HS transform (= pion fields

g - 3-body potential ferm are generated (also) by
2nucleon-pion EFT terms

Fundamental EFT Hamiltonian used instead of
phenomenological potentials

Include explicitly pion fields regularized on a lattice,
assume a fixed nucleon number

Original 3-nucleon forces could be treated with AFDMC
as 2nucleon-pion terms

Hamiltonian can be improved systematically by adding
higher terms of the EFT chiral expansion, and eventually
other degrees of freedom (e.g. A baryon)
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Leading order Lagrangian

11 =
+ N [1()0 — Fe;jkrﬁrjc)@?rk — My ’ N
2g? I,(T V !\,N
- = s ( N /v) ( N /\/) igherrdor bt v oop i
1 : :
-G (NimiN) (Ni7in)
[ Ordonez, Ray, Kolck, PRC 53(5), 2086, (1995) ]
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Regularized Hamiltonian
at leading order

H=H,;+ H.n + Hn

l s —mq2 7 a7 e
Hr = 5a Z M5 (D) + 52 > mi(l) K i)

—_

I .7
. A . .
Hoy = 223 70 ri(la=%m] +J) — wi(|la Rm]| — )
Afr f= 23
m=1
Hy = AMy — Z2m QZZO Xm — X )(C 4+ CTpy - Th)
m=1 m= 1n -1
« 13 1 |
_ 2 3 L :
Kiz = (m,~ + 322) 55 ~ 52 > 5 .
A=X.V.2
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AFDMC with Effective Field Theory (EFT)

[ EFT Hamiltonian & trial wave function ]

.Leading order Hamiltonian:

Hilbert space:

1-nucleon operator o HS auxiliary fields A =T & A,

, o _ a7 i

H = 02 + V() ++ V(NN) + V() @S
\ Y ) \ Y J :4 |
Pure pions terms Regularization counterterms Ty = @A 7

-Trial wave function:

Single nucleon
W) = J.Wo(m)Det [O(N)|x(N))] spin-isospin wavefunction
AN

Nt correlation

NN central Jastrow .. )
Pion vacuum wavefunction



Vacuum energy

It is possible to exactly solve the discretized Hamiltonian in absence
of nucleons.

The pion vacuum wavefunction is

1 > |
- i.].cv

where the kernel E; is given by:

an,

“m

E; —E\/— W i K= p.
iz 2 sin (2_711—{» u)

24 a n,

‘<

The corresponding eigenvalue E, is: 12 \/ m> +



Trial Wavefunction(al)

Trial wave function

W - H exp | —3 Z Q5 (n) E;; (3‘]‘(11 L eXp Z Q' (n)

1n t.].xx ..

Variational parameter!

2-nucleon correlator

Opn = S| felrig) (L + fr(rij)7i - 7)
(<]

Armani
Gandolfi
Faccioli

Pederiva




Eigenenergy [MeV]

80

60

40

20

-60

Nucleon Eigenenergy

5 pt lattice, 1.97 fm, 1 nucleon

| | | | | | | hew \I/MC |
10.2615 x° - 41.6331 x + 2.67768
“39.819 (old DMC) ------
I *=
+

* *
I e goernnrei N 1

| | | | | | | | |

1 0.5 0 0.5 1 15 2 2.5 3

a.rial/a,




Armani
Gandolfi
Faccioli
Pederiva

AFDMC with Effective Field Theory (EFT)

Problems (partially solved)

-Pion vacuum energy ~ 20 GeV

-Nucleon eigenenergy ~ 40 MeV

=

We need an accurate wavefunction
including nucleon-nucleon, pion-pion, and
pion-nucleon correlations in order to make
the variance of the energy as small as
possible

Because the Hamiltonian is regularizaion-
dependent, we also need to fit the
coefficient over some data. At present the
good candidates are the binding energy of
4He and Tritium (np, nn, and pp present
some unexpected (?) problem)

Preliminary results

-Nucleon bare mass computed

-Algorithm scales linearly with nucleon
number I:.'>m<adium size nuclei (10 ,49Ca)
study is feasible [*He example run of only
48 cpu hours]
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-Inclusion of higher Hamiltonian terms
does not change the scalability




np ENERGY AS FUNCTION OF DISTANCE

H2(dist)
-30 T
H2 5pt
H2 3pt .
| we 1 Plain GFMC
ol H23pt - = | (sum over states)
45} . Approximate np
correlation
0T ] (linearized in the
sl operators ot part)
60 ~ ‘ ' 1 Nucleon kinetic
| i term dropped,
nucleons on the
20k ] lattice sites at
different distances
75 F
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tempo [min] per passo MC per unita di numero di walkers

Scalability with nucleon number
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CONCLUSIONS & WISH LIST

AFDMC algorithm gives the possibility to study large systems
with the accuracy typical of few body methods, and with a
relatively limited request of computational resources.

AFDMC method has to be improved by including non local and
three body terms in the propagator.

The combination of EFT with AFDMC is very promising:

* implicitinclusion of 3-nucleons terms

* use of a fundamental and systematic improvable Hamiltonian
Convergence of Chiral expansion within EFT must be checked

Study differences between phenomenological potentials and
Effective Field Theory.



