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Nuclear many-body problem

Need to solve:
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where

5 Z V2+ngk+ Z Viki
j=1,N j<k j<k<l

si spin of i-th nucleon ( i% )

t isospin of i-th nucleon (+5 )

Quantum Monte Carlo: ¥(r — ) = lim e~=Fn)7y,,
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Continuum Quantum Monte Carlo

Rudiments of Diffusion Monte Carlo:

Start somewhere and evolve
VR7) = [ GRR7) (R 0) R

With a standard propagator
G(R,R/,7) = (R|e”(H-Eo)T|R’)

Cut up into many time slices

r E ’ 2
_VR)+V(R') m 2 _ m|R—R'|
GR,R/,AT)~e T e~ 2nZr
L 2wh2T

You probably also want to do importance sampling

- ) .
GR.R A7) = L (R)
vr(R)

G(R,R’, A7)



Nuclear Hamiltonian

Easier said than done. Complicated Hamiltonian:

5 Z V2+ngk+ Z Vik
j=1,N j<k i<k<l

Phenomenological approach:

High-precision fits to NN scattering (Argonne)
8

Vo = Z Vik = Z Z ’L’p(“f'j;g)O(p) (4, k)

j<k j<kp=1
OP=Y2(4,k) = (1,0 - 0k, Sjk, Lijk - Sj) ® (1,75 - 7k)

With tensor: Sjx = 3(7jk - 05)(Tjk - Ok) — 0 - Ok

h
And spin, orbit: S,z = E(ajJrak)
h
Ljr = 5 (rj—rg)x(V;— V)

21



Phenomenological Hamiltonian

Very successful program (Carlson, Pieper, Wiringa, ...)
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Quantum Monte Carlo

Enter Schmidt-Fantoni 1999: Auxiliary Field Diffusion Monte Carlo

Al
Z\(A— Z)!

{GFMC needs 24 numbers, AFDMC would like only 4A}

(also see: Sarsa, Fantoni, Schmidt, Pederiva, PRC 2003)



Quantum Monte Carlo

Enter Schmidt-Fantoni 1999: Auxiliary Field Diffusion Monte Carlo

Take V, = Z vix = Var + Vsp and split

i<k
Spin-independent: Vsr =) ~ [v1(rjx) + va(r51)]
j<k
Spin-dependent: Vgp = % Y " 050 Ajaik,p Ok,
Ly

For neutrons: 3N by 3N A matrix knows about spin-spin and tensor

Now diagonalize. Use eigendecomposition to create squares:

1 3N
_ 2
VQ — VSI —— 5 ﬂg_l(oﬂ) )\n



Quantum Monte Carlo

Auxiliary Field Diffusion Monte Carlo (continued)

Handle squares through a Hubbard-Stratonovich transformation:

Sl 2
d;ﬂe—%emﬁ—k.ﬁro
V 27 /—oo

This leads to the following short-time Green's function:

3A/2 _ R'|2
G(R; Rfjﬁ‘\’?') _ (2 i:;l& ) exp (?Tl'igﬁﬁ) , ) B—VSI(R)&T
Th2 AT h-Aq

H — / drne” 2 ¢tnV—AnATOn
S V2T J o

Use importance function (phase of walkers):

N
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Nuclear Hamiltonian: chiral EFT

How to go beyond in a systematic manner?
Exploit separation of scales: atg, = (11 MeV)™
my = 140 MeV

L~ m,~ 800 MeV

Chiral Effective Field Theory approach:

Use nucleons and pions as degrees of freedom

Systematically expand in Ag
X

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Kaiser, Meissner



Nuclear Hamiltonian: chiral EFT

» Attempts to connect with

2N Force 3N Force 4N Force underlying theory (QCD)
LO
(Q/A) >< « Systematic low-
N/ ]| A momentum expansion
NLO ff’:‘xx .
(Q/A,)? H ...... » Consistent many-body forces

» Low-energy constants from
experiment or lattice QCD

vio X
(Q/A,)! * ' ::'

 Until now non-local in
coordinate space (due to
H*H regulator and contacts), so
unused in continuum QMC
(see also: Lynn, Schmidt,
PRC 2012)

« Power counting's relation to renormalization still an open question




Nuclear Hamiltonian: chiral EFT

::_Q_fa:ﬂ'ix ::I:J 9 f'ﬂ_
L L (2) _ v, 2 2
NLO ffr"(fu_,» 1["1:1; — &4 q 2—|‘ Ca k :
(Q/A,)? l | ...... +(C5 ¢° +Cy k%) 01 - 02
Sl +i%(01 +0) - (ax 1)
NNLO ||| .- H +Cs(o1-a)(o2-q)
Q/A,)? * Hl * + Cr(01 - k) (o2 - k)
| Long-studied
| A% Hl two-pion exchange
N*LO  /\ = ]
@ Ll X [F
o *' ----- ' Contains couplings
from 1IN scattering
Regulator and dictionary: P = (p1—p2)/2 k = (pf +p)/2

. 2n s 2n
Fp.p!) = e~ @IB" (—(@' /) P'=(p1—pP2)/2  a=p -p



How to go beyond?

Combine power of Quantum Monte Carlo with
consistency of chiral Effective Field Theory

Write down a local energy-independent NN potential

4
» Use local pion-exchange regulator: fiong(r) = 1 — e~ ("/F0)

* Pick 7 different contacts at NLO, just make sure that when
antisymmetrized they lead to a set obeying the required
symmetry principles:

9 f
I”::(t) = C1¢° +Ca¢° 11 - T2

+(C3¢ +Cyq° 11 - T2) 01 - 09
G'I‘

+i75(ﬂ'1+ﬂ'2)'q><k

+Cg (01 -q)(02-q)

+C7 (o1 -q)(o2-q) 71 - T2



How to go beyond?

Combine power of Quantum Monte Carlo with
consistency of chiral Effective Field Theory

» Write down a local energy-independent NN potential

» Before doing many-body calculations, fit to NN phase shifts
(primum non nocere)
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A. Gezerlis, |. Tews, E. Epelbaum, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, arXiv:1303.6243



How to go beyond?

Phase Shift [deg]
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Fits currently being redone
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Chiral EFT in QMC

——— T » Use Auxiliary-Field

» Many-body forces will
emerge systematically

wn

20— — . .
- [e--o AFDMC LO M Diffusion Monte Carlo to
B AFDMC NLO . . .
- |e—o AFDMC N21L.O . handle the fU” Interaction
151 7§ e First ever non-perturbative
= 1 systematic error bands
> | ]
i ol | +Band sizes to be expected
m [ ]

U I I I I | [ [
0 0.05 0.1 0.15 NEUTRONS I
n [fm™]

A. Gezerlis, |. Tews, E. Epelbaum, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, arXiv:1303.6243




E/N [MeV]

Chiral EFT in lattice QMC

20+
- ¢ o AFDMC 1.O
AFDMC NLO
e—o AFDMC N2LO
15 - -0-'~‘

Dean Lee/nuclear lattice EFT collaboration

« Complementary Quantum
Monte Carlo approach that
has already been using
chiral EFT forces

* Preliminary results

NEUTRONS I




QMC vs MBPT

L T AL « Comparison with many-
body perturbation approach

« MBPT bands come from

10l diff. single-particle spectra

» Soft potential in excellent
agreement with AFDMC

E/N [MeV]

e—o AFDMC N’LO « Hard potential slower
0.8 fm (2™ order)| to converge

0.8 fm (3" order)
1.2 fm (2" order)
B .2 fm (3" order)

0 0.05 0.1 0.15 NEUTRONS
n [fm™] ;

A. Gezerlis, |. Tews, E. Epelbaum, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, arXiv:1303.6243




Now turn to lower densities
Simple interaction, rich physics




Lower densities

Neutron stars Cold atoms
* MeV scale e peV scale
« O(10 ®") neutrons « O(10) or O(10°) atoms

\— _/
Y

e Very similar E/FErq
* Intermediate to strong coupling

Reminder: Eyc =3/5NEp, Ep = 12k2/2m , p = gk /67



Hamiltonian: unity in diversity

Things are much simpler at low density

601~ — Argonne v18
B Cold Atoms | -

30+

-30

V(r) [MeV]

-60

-90

1 | 1 | 1 | 1 | 1 1
1205 0.5 I 15 2 25 3

Neutron matter Cold atoms
1SO scattering phase shift Near a broad Feshbach resonance

a=-185fm, r = 2.7 fm a = tunable, r_=infinitesimal



Equal Populations
Equation of state




Equations of state

-1
Kp [fm |
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A. Gezerlis and J. Carlson, Phys. Rev. C 77, 032801 (2008)

J. Carlson, S. Gandolfi, AG, Prog. Theor. Exp. Phys. 2012, 01A209

* Results identical
at low density

« Range important
at intermediate density
(dashed line: linear
dependence on range)

» Other channels start
to matter at larger density

NEUTRONS

NEUTRONS )
ATOMS I




Equations of state: comparison

-1
ki [fm | 5
0 0.2 0.4 0.6 0.8 1 * Lowest densities on the
— T T T ————— :
126k < edman-Fandharipande | market; agreement with
GFMC v6, v8’ _
—- Schv.-'en;—P;thick | Lee Yang trend
lrLee—Yang . %EEE}FNLO + At hiah d ey
. gher densities
@) - v Eepel?r—Schwenk I ” | | t _
E“* 0l o Kaiser | all calculations are in
o qualitative agreement
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A. Gezerlis and J. Carlson, Phys. Rev. C 81, 025803 (2010)



The DFT connection

Microscopic constraints for Skyrme functionals
(“Skyrme” basically means “contact”)

Take zero-range forces:

V192 :t0(1+;ngg)c5(r1 —I‘z)—{—... “ I
vi23 = t30(r1 —r2)d(r2 — rs) “. I
Simplest functional follows:

ht 3 1.
g = 1—’I"' + —tUQQ + ... —}— —tg_,OS

2m & 16



The DFT connection

Microscopic constraints for Skyrme functionals

50 l T T 7

:‘f -

 Large spread in o b /
predictions ! |
S [ :

» Dependable = | ',,
calculations are useful 20 |- G

0.3

neutron density

NEUTRONS I
B. A. Brown, Phys. Rev. Lett. 85, 5296 (2000).




Very Unequal Populations
The Neutron Polaron




The neutron polaron

O o O
One impurity in a ® ‘. ® ® ®
sea of fermions ®

Neat way to address: Chevy Ansatz

W) = ¢o|FG)|p) + > orqapidgFG)p + q — k)

k>kgr
q<kr

Take a Hamiltonian of your liking and minimize with
respect to the ¢o and ¢k,q parameters

Calculate the binding energy of a single impurity



The neutron polaron

Check Ansatz with Quantum Monte Carlo
Behavior identical to free gas

(exception: N =7:L =~ 4r,) ol ]
0.77—— . . . Y o g ]
- 1 ;E 1_ . ]
0.76 - o o 2 ¢ 098 e
I ] = 0.96]- o ¢ -
[ -
& L.
=5 075 s . i 0.94 -
B I
B § 0 920 Zlﬂ 4|'[] Eli] SllJ
N,
0.74 - N

0% 10 60 8 NEUTRONSI
Ny

M. M. Forbes, A. Gezerlis, K. Hebeler,
T. Lesinski, A. Schwenk, to be submitted to PRL (2013)



The neutron polaron

Different many-body method benchmarking

e o s s - g * Low density universal
—0.1 - N - dEFT I
0a | T  omc | * Chevy Ansatz captures
" —03- 39 orderpp | | large part of the physics
N - S ppresummed | : : :
7 ] ~ | - Diagrammatics quantify
=05 N~ - - ._o | beyond s-wave contribs
' (ditto for AFDMC)

NEUTRONS I

M. M. Forbes, A. Gezerlis, K. Hebeler,
T. Lesinski, A. Schwenk, to be submitted to PRL (2013)




The neutron polaron

New constraint from neutrons

Only four densities: Quasi-standard density dependence:
P = Pt + Pl CcP = Cp,D 4 Cp,Dp’}*
=gl o

s __ s,0 s,
T=T++T] ¢t = 7+
T=m—7
52
Resulting functional: &pnm = el (o L0,
-+ 03 PT

-+ O4SQ+C5SQJO
+ CE,S-T



The neutron polaron

New constraint on density functionals

0.0 4=

—0.1 -
=

—0.3 -

Ep()l /E.F

—0.4 -
=

—0.6 -

—0.7 -

M. M. Forbes, A. Gezerlis, K. Hebeler,
T. Lesinski, A. Schwenk, fto be submitted to PRL
(2013)

» Microscopic input

» Most functionals are way
off the Schroedinger
equation output

« Green curve: playing
around with time-even
and time-odd exponents

NEUTRONS I




Fermions at unitarity
Explore effective-range dependence and finite-size effects




0.43

0.42

0.41

0.40 -

Ak 5

New QMC results

M. M. Forbes, S. Gandolfi, and A. Gezerlis,
Phys. Rev. A. 86, 053603 (2012).

Carefully extapolated to zero effective range

We have:

« analyzed dependence
on particle number
for the first time

* re-optimized the
variational wavefn

e carefully extrapolated
to zero range




DFT for superfluids: SLDA

Bogoliubov-de Gennes + normal state interactions

+2)2/3
Superfluid Local Density Approximation: & = 0— + 33(3T )

5/3 1
i) + gr'v
mo 10 g

Three densities: n (number), 7 (kinetic), v (anomalous)
Three parameters: & (effective mass), 3 (self-energy), g (pairing)

Fit parameters in the continuum, make predictions on trapped systems




(€ =)
0.40

0.38
0.36
0.34
0.32
0.30

0.28

New DFT results

QMC + SLDA in a box

| ]
20 40 60 80 100 120 (= Ny)

M. M. Forbes, S. Gandolfi, and A. Gezerlis,
Phys. Rev. Lett. 106, 235303 (2011).

* No gradient corrections
to be accounted for

* Allows us to reach the
thermodynamic limit

* No pairing term in the
functional leads to
large shell corrections




Conclusions

e Chiral EFT can now be used in continuum
Quantum Monte Carlo methods

» We can directly test the perturbativeness
of different orders

« Cold-atom experiments can constrain
nuclear theory

* Neutron matter calculations impact both
neutron-star phenomenology and heavy
nuclei fits
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