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The phaseless Auxiliary Field Quantum Monte Carlo (AFQMC) method provides a well established
approximation scheme for accurate calculations of ground state energies of many-fermions systems.
Here we address the possibility of calculating imaginary time correlation functions with the phaseless
AFQMC. We give a detailed description of the technique and test the quality of the results for static
properties and imaginary time correlation functions against exact values for small systems. © 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861227]

. INTRODUCTION

Over the last decades the study of many body quan-
tum systems at zero temperature has been systematically
supported by ab initio Quantum Monte Carlo (QMC) calcu-
lations. QMC are methods relying on a stochastic solution
of the imaginary time Schrodinger equation of the system.
As far as bosonic degrees of freedom are considered, QMC
calculations allow static properties, energetics, and structure
functions, to be computed exactly'® even for strongly
correlated systems, for which analytic approaches yield
only approximate results. Furthermore, the possibility of
reconstructing dynamical properties of bosonic systems, like
excitation spectra and response functions, from imaginary
time correlation functions (ITCFs) has been explored with
remarkable results.>”~!3 On the other hand, for fermionic de-
grees of freedom the situation is considerably complicated by
the well-known sign problem:'*'> the computational cost in-
creases exponentially with the system size. The most widely
employed scheme to reduce the problem to polynomial
complexity is the Fixed-Node (FN) approximation:'®!7 FN
restricts the stochastic sampling of the configurational space
to regions where the sign of a reasonable approximation
for the ground state wave function, the trial wave function,
remains constant. Such approximation provides very accurate
estimations of ground state properties.'®"!° Nevertheless, FN
may give inaccurate results for imaginary time correlation
functions even when the nodal structure of the ground state
wave function is exactly known: as an example, in Fig. 1 we
show the comparison between exact and FN imaginary time
correlation functions of the density fluctuations (ﬁq(‘t)ﬁ;)
for a 2D system of 5 noninteracting spinless fermions. Such
mismatch arises from the imposition of the ground state nodal
structure as a subset of the nodal structure of all excited states.

It is thus very interesting to investigate the accuracy of
the imaginary time correlation functions calculated by QMC
using nodal restrictions different from FN.

In recent years alternative QMC methods have been con-
ceived, which simulate the imaginary time evolution with a
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suitable stochastic process taking place in the manifold of
Slater determinants.'®:21723:25 In the present work we consider
one of such QMC methods, the phaseless Auxiliary Field
Quantum Monte Carlo (AFQMC),2"-23-26 which is considered
less sensitive than FN to the quality of the trial function.!
However, the phaseless approximation is less known than
those characterizing configuration QMC methods, and its ac-
curacy in the calculation of imaginary time correlation func-
tions is unknown. We give a detailed description of AFQMC
and present its application to the calculation of imaginary time
correlation functions. To assess the accuracy of the phase-
less AFQMC we compute ITCFs for a class of interacting
fermionic models amenable to exact diagonalization of the
hamiltonian.

The phaseless AFQMC and its extension to the calcula-
tion of imaginary time dynamics are described in Sec. II. The
solvable fermionic systems are presented in Sec. III. Results
of numeric calculations are presented in Sec. IV, and conclu-
sions are drawn in Sec. V.

Il. THE PHASELESS AFQMC

As mentioned in the Introduction, Quantum Monte Carlo
are ab initio: this means that the starting point is the Hamil-
tonian operator of a physical system. We thus present the
phaseless AFQMC relying on a very general hamiltonian
operator:

M M

A At Afata

H = E Bija;a; + E Yijik 4; 4 ;axay. (D)
i =1 i jl=1

The creation and destruction operators appearing in (1) are
related to an orthonormal complete set of orbitals {|g0,~)}f‘i | 1In
the single-particle Hilbert space, which we will denote H . M
is the dimension of such Hilbert space; we will make the as-
sumption that M < 4-00. The above written Hamiltonian op-
erator acts on the fermionic Fock space, F, built upon the one
body space H . Throughout this paper, we will fix the number

© 2014 AIP Publishing LLC
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— exact

FIG. 1. FN result (points) and exact value (line) of the imaginary time corre-
lation function of g, with ¢ = 2T”(O, 1) for a 2D system of 5 noninteracting
spinless fermions. Details of the calculation are presented in Appendix B.

of particles N, which is a constant of motion for (1). Within
the N-particles subspace of the Fock space F, the operator H
has the spectral resolution:

H=Y e|)(Pul. @

where {€4}, are the eigenvalues and {|®,)}, the eigenvec-
tors. Naturally the above expression is N-dependent, but we
will not include an explicit label N to simplify the notation.
The sum over « ranges from O to the dimension of the N-
body fermionic space, equal to (%) While zero temperature
equilibrium properties of an N-particle system are completely
determined by the ground state of (1), |®,), the study of dy-
namic properties requires knowledge of the spectrum {€4 },.
Throughout the present work we shall make the technical as-
sumption that €y < €| < ..., i.e., the N-particle ground state
is non-degenerate.

A wide class of QMC methods relies on the observation
that the imaginary time propagator

e >0 (3)

enables the ground state of an N-particle system to be recov-
ered. In fact, as long as a trial state |¥7) has non-zero overlap
with |®g) the following relation holds:

Tim e 79 |wr) = | o) (@0 W), @
where the unknown quantity €, is replaced with an adap-
tive estimate, according to a common procedure in Diffusion
Monte Carlo (DMC) calculations.'® QMC methods rely on
the observation that deterministic evolution driven by the fam-
ily of operators (3) can be mapped onto suitable stochastic
processes and solved by randomly sampling appropriate prob-
ability distributions.

Along with the typical approach in which (4) is asso-
ciated with a diffusion process in the configurational space
of the system,*>!¢ in a class of more recently developed
QMC methods, the so-called determinantal'®'%?1-23 meth-
ods, (4) is mapped onto a stochastic process in the abstract
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manifold, which we will denote ®(N), of N-particle Slater
determinants.

In AFQMC,2-2426.28-30 the association between (4)
and a stochastic process in ®(N) is made possible by a
discretization:

e*f(ﬁ*éo) — (678'[(1‘}760))}1’ (5)

with 67 = T, and by a combined use of the Trotter-Suzuki
decomposition of the propagator’>3? and of the Hubbard-
Stratonovich transformation®®3*35 on the factors e~7(H <),
The Hubbard-Stratonovich transformation is an operator
identity guaranteeing that

p—dt(A—c0) _ /dg(ﬂ) G(p) + O@BT?), (6)

with dg(n) standard 2M>-dimensional normal probability
measure, G(17) = eAM and A(y) = Z%’:l A(ﬂ)i,j&j&j a suit-
able one-particle operator, the structure of which is discussed
in detail in Appendix A 2.

Equation (6) establishes a formal correspondence be-
tween an interacting fermion system and an ensemble of non-
interacting fermion systems subject to fluctuating external
potentials. The coupling with these external potentials is con-
trolled by normally distributed parameters 3, called auxiliary
fields, integration over which recovers the interaction.

To quantitatively realize that (6) provides a random walk
representation of the imaginary time evolution, let us con-
sider the stochastic process defined by the succession of wave
functions:

W, = G(ai) - .. G(o)| ¥r), 7)

where the operators G(r]k) are functions of independent nor-
mally distributed random variables 5. It is known, and will
be shown in details in Appendix A 1, that, if | W) € D(N), all
the random variables |W,,) take values in ©(N). Furthermore,
their average is given by

N grome = GWa) ... G@O gy o VT)
= / dgu—1)...dgmo) Gu—1) ... G(o)|Wr)

_ e—nér(ﬁ—éo)l\yT> + 0(51'2). (8)

Expression (8) clearly shows that the solution of the imagi-
nary time Schrodinger equation (4) can be recovered as av-
erage of a suitable stochastic process, the structure of which
is suggested by (7). Combining (4) and (7) it is evident that
numerical sampling of such stochastic process provides a
stochastic linear combination of Slater determinants, repre-
senting an estimation of the ground state of (1). The most
natural choice of the trial function |W7), which we will use
throughout the present work, is the Hartree-Fock ground state
of the Hamiltonian, i.e., the lowest energy Slater determinant.

A. Control of the fermion sign problem:
The phaseless AFQMC

Despite its formal simplicity, the straightforward numeri-
cal implementation leads in general to an exponential increase
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in statistical errors with the imaginary time, due to the fact that
complex random phases appear during the evolution (4).

S. Zhang invented a modification of the stochastic pro-
cess through the introduction of an importance sampling
transformation?® that guides the random walk, closely resem-
bling the typical scheme adopted'’ in configurational DMC
simulations. The state e~"37(H—<) |Wr) is rewritten in the fol-
lowing form, detailed in Appendix A 3 and equivalent to (8):

e—m?‘[(ﬁ—ég) |\IIT)

~ /dg(nn—l)-~'dg(”0)

X w[”n—h En—l -« 7o, EO]

G-t = §u-1)... G0 — §0)|V7)
(Ur|GQn-1 — &n-1) ... Gno — £0)| 1)’
where complex-valued shift parameters &,_,...&y) and a

weight function have been inserted. The latter satisfies the re-
cursion relation:

©))

m["nvgn "'1’0550]
= WNu—1,8,-1-..70, &0l
X3y &y Gt — En—1) ... G0 — £0)|¥7)], (10)

where the following importance function:

et (VrIGa@ — §)|W)
(Wr|W)

I, & W) =e (1D
appears. The shift parameters are chosen to minimize fluc-
tuations in the importance function to first order in §7. The
importance sampling expression (11) clearly shows the mech-
anism responsible for the appearance of the sign problem in
the framework of AFQMC: when the overlap between one or
more walkers and the trial state vanishes massive fluctuations
in the importance function occur, determining drastic statis-
tical errors in the AFQMC estimate (9) for the solution of
(4). In the method conceived by S. Zhang, the exact complex-
valued importance function appearing in (11) is replaced®® by
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the approximate form:

T, &;|W)] =~ e T @(P)=€0) » max(0, cos(AB)),  (12)
where €;,.(¥V) = Re[%] is the local energy functional,
and

Ur |Gy — &)W
A = Im | log (Ur|G(n — &)|¥)) _ 13)
(Wr W)

The derivation of such approximate form is detailed in
Appendix A 3. The first factor corresponds to the so-called
real local energy approximation, which turns (11) into a real
quantity, avoiding typical phase problems arising from com-
plex weights. The second factor, together with the introduc-
tion of the shift parameters, has been argued in Refs. 23 and
26 to keep the overlap between the determinants involved in
the random walk and the trial determinant far from zero. In
fact, the angle A6 corresponds to the flip in the phase of
a determinant during a step of the random walk: the term
max (0, cos (Af)) is meant to suppress determinants whose
phase undergoes an abrupt change, under the assumption??2®
that such behavior indicates the vanishing of the overlap with
the trial state.

Equation (9), together with the choice (12) for the evolu-
tion of the weights attached to the Slater determinants, gives
rise to the so-called phaseless AFQMC method.

The underlying approximation is known to be good for
the ground state, but ITCFs require sampling of excited states,
related to the fluctuations around the asymptotic distribution
of the random walk: this issue is largely unexplored, and the
aim of the present work is to address its accuracy. There is
no a priori motivation for concluding that the approximation
(12) is better than the FN for the exploration of the manifold
of excited states. One of the topics investigated in the present
work is the verification of this important point for a model
system by comparison with exact results.

We stress that the complex weights and the vanishing of
the overlap with the trial state, responsible for the appear-
ance of the sign problem in AFQMC, occur even for very
small systems, such as two particles with opposite spins: for
those systems, it is notoriously absent in configurational QMC

-0.832 | T | T | T | T | T | -0.834 | | T T | 0.93 T | T | T | T | T |
- (@) . 08342 - (b) T _(c) il
__ 0833 ~ * 1 o092t .
EI_J,I 0.834 __ I __ @ -0.8344 _— —_ @ L |
z L 1 £ -0.8346|- { | - = 091 1 .
" 0835 I ]_ ¢ i }{ { - R 1
I : | -osses 7 0.9 1 1_

_0836 | 1 | 1 | 1 | 1 | 1 | _0835 | | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100 0 0.01 0.02 0.03 0 100 200 300 400 500
N, 5t (1/E,,,) m

FIG. 2. Steps of the convergence procedure for (N4, Ny, rs, M) = (1, 1, 1, 49): (a) AFQMC estimate of the ground state energy per particle for several values
of N, at fixed 8t = 0.001: N,, can be safely set to 80. (b) AFQMC estimate of the ground state energy per particle for several values of §t at fixed N, = 80:
8t can be safely set to 0.003. (¢) AFQMC estimate of Fn(0) for several values of m at fixed Ny, = 80, §T = 0.003: m can be safely set to 250.
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methods, since the spatial part of the wave function is sym-
metric and positive.

B. The algorithm

The so-far introduced observations give rise to a poly-
nomially complex algorithm for numerically sampling the so-
lution (4), the efficiency of which relies on the observation
that the walkers |\Il,£w) ) lie in ®(N) and can be therefore
parametrized with an M x N complex-valued matrix, as dis-
cussed in Appendix A 1. The algorithm can be resumed in the
following sequence of operations:

1. A collection |lIl(()l)) ... |\I'(()N‘“)) of Slater determinants,
henceforth referred to as walkers, is initialized to a trial
state |Wr).

2. For k =0...n — 1 an adaptive estimate of the ground
state energy is produced according to the formula:

(w) qufflq“”W

w09

€ =

ZNu m](w) Z

normally dlstrlbuted aux111ary field configurations
()]

. nk ) are sampled, and walkers and weights are
updated according to
(w) (w) (w) (w)
(W) = G - &) [w")

(15)
(w) (w)
m7k+1 =2, [

il

0.04 — —
0.02 |~ I
Lol

-o.oz—l J' l

-0.04 - —

<o |¥>

0 50 100 150 200
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3. An estimate for e (A=) W) is given by

(w)
_nﬁt(H EO)|\I’ ),\, Zm(w) |\IJ > (16)

= (e e)

The ground state average (<I>0| O|dy) of a many-body observ-
able O not commuting with A is the m, n — oo limit of the
following formula:

(lIJT |efm§r(l-?feg) OAefnér(ero)l\IJT>
<\IJT |ef(m+n)81:(1-ﬂ17€0) | \IJT>

for which manipulations analogous to the importance sam-
pling transformation, discussed in detail in Appendix A 4,
yield the following backpropagated®’ estimate:

a7

) Ay @
Z w QU(U)) <WBwP.m‘0|\p”u>
")

dM 0| ~
IO T

; (18)

with
(W) = Guet — Enm1) ... G(mo — £0)|W7),
|L111(9w[2m> = GT(ﬂn - ‘Sn) ce G-r(ﬂnvLm*l - E”*’"*l)'wT)'

19)

Notice that the backpropagation technique is necessary
to obtain ground state averages from the random walk. In the
absence of backpropagation, only mixed estimates of the form

% can be obtained, which coincide with ground state

1 = T T T T E
=01 -
“E E

001 | | | | |
0 0.5 1
T(1/E,,)

1 E T T T T T T E
=01 -
- E 3

001 | | | | | | | |
0 0.5 1 1.5
T(1/E,)

FIG. 3. Left column: exact nonvanishing (red crosses) and reconstructed (blue columns) components of the ground state for systems with Ny, N, = (1, 1),
(5, 0) (top to bottom), relative to all elements of the basis except |¢;) = |Wr). Exact and reconstructed values of (¢ |V) are, respectively, 0.9937, 0.9939(2)
and 0.9926, 0.9885(3). Right column: exact (red line) and reconstructed (circles) imaginary time correlation function of the density fluctuation operator with n
= (1, 0) for systems with Ny, Ny = (1, 1), (5, 0) (top to bottom). When not visible, error bars are smaller than the symbol size.
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TABLE I. Exact (column 6) and calculated (column 5) ground state energy
per particle in Hartree units, and overlap between exact and reconstructed
ground state (column 7) for various systems (parameters are listed in columns
1to4).

Ny Ny rn M INAFQMC)  ep/N(exac) (Do)

1 1 1 5 —0.82255(5) —0.82259  0.99999(5)
1 1 1 13 —0.8315(1) —0.8313 0.9999(1)
1 1 1 21 —0.83338(6) —0.83307  0.9989(7)
1 1 1 49 —0.83476(7) —0.83441  0.9882(4)
1 1 2 5 —0.4282(1) —0.4282 0.9629(3)
1 1 2 13 —0.4351(1) —0.4330 0.9650(2)
1 1 2 21 —0.4359(3) —0.4339 0.9586(2)
1 1 2 49 —0.4362(3) —0.4345 0.9594(5)
1 1 3 21 —0.3020(3) —0.2972 0.9253(8)
1 1 4 21 —0.2320(4) —0.2272 0.904(1)

5 0 1 9 0.11327(2) 0.11247  0.99185(1)
5 0 113 0.10726(3) 0.10591  0.98600(7)
5 0o 2 9 —0.19485(1) —0.19751  0.9863(4)
5 0o 2 13 —0.19878(2) —020311  0.9683(3)

J. Chem. Phys. 140, 024107 (2014)

expectations (17) only if O commutes with the Hamiltonian
H.
C. Imaginary time correlation functions

In a well-established approach’~'>!° to the reconstruc-
tion of dynamic properties of many body systems, the dy-
namic structure factor of the single-particle operators A, B:

iwt

i p(@) = / dt 62— (@olA(1) B|®p) (20)
R /2

is recovered from their imaginary time correlation function:

_ (@l A(D)BIDg) (Dol Ae (1) Bpy)
Fapm = N - N
1)

though a numeric inverse Laplace transform. Being con-
structed with the imaginary time evolution operator, the ITCF
(21) is a natural quantity to be evaluated in QMC calculations.
Its evaluation in determinantal QMC methods, however, is
not as simple as in configurational QMC: straightforward
extension of the backpropagation technique to the evaluation
of (21) is in fact prevented because the single-particle

. + AFQMC
path integral ]

T (1/E,,)

FIG. 4. Imaginary time correlation function of the momentum shift operator relative to M = 5, 21, 49 at ry = 1 for Ny = 1, N, = 1. In the right lower box,
comparison between AFQMC and exact Path Integral QMC calculations is given. When not visible, error bars are smaller than the symbol size.
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operator B does not preserve D(N). To overcome this diffi-
culty, we generalize the clever approach conceived by Feld-
bacher and Assaad®* for the calculation of dynamical Green
functions: we introduce the Hubbard-Stratonovich representa-
tion (6) of the imaginary time propagator in (21) and move the
operators G(n) to the right of B = Zu 1 Bij Aj&j commut-
ing them with the operators al.T , 4;. As discussed in detail in
Appendix A 5, this procedure determines the appearance of

two random matrices in the estimator for (21):

1
FA’[;(I’(S‘L') = N Z Bkl / dg(nnfl) .. 'dg(”nfr)
ki
X (@l AG (1) . .. G(—r)af | Po)
= 5 S Bu [ dgtn.dgm.-)
l/kl
x (@olAala;G(na1) ... GWu-p)| o)
X D("nfh S ﬂnfr)ik D_l(nnfla cees nnfr)ljs
(22)
where D(p_1, ..., Qny) = e Al

Further application of the importance sampling transfor-
mation and of the backpropagation technique yields, as ex-
plained in Appendix A 5:

Ny

1 1
Fiprdn) > —————— > Y By W)
s w (w) m+n
N Eiw:l Qnr:zUJrz:—r w=1 ijkl

(. Al
(w) (w)
(lIJBPm‘\Iln )
(w) (w) (w) (w)
(nn 1 En oo My — "_r)ik
(w) (w) (w) (w)
xD~ (ﬂ”wl gnwl""’ nwr_ nuir)lj'

(23)

lll. A CLASS OF SOLVABLE SYSTEMS

We test the accuracy of the AFQMC results on a class
of simple systems for which exact numeric expression for the
spectral decomposition (2) of the Hamiltonian operator A can
be given. Let us consider the Hamiltonian of the 2D electron

gas,
VN
Jar, | e re

Sn, —M M=l At

|nr - nm|

2 |nm| s
maamg

H=

AT A A
m,aan.a’asﬁ'al‘ﬁ’

+ZZW

o,0" mnrs

(24)

J. Chem. Phys. 140, 024107 (2014)

02— —

T(1E,)

FIG. 5. Imaginary time correlation function of the momentum shift operator
relative to ry = 2, 3, 4 (top to bottom) for Ny = 1, N, = 1 at M = 21. When
not visible, error bars are smaller than the symbol size.

where the single-particle Hilbert space H is spanned by the
plane wave orbitals |n;0) with n; € Z2, |n;|*> < n,q, for
some integer n,,,, and o = £1. The parameter r; € (0, c0)
controls the relevance of the interaction part and N stands
for the number of particles, and the constant § = —3.900265
arises from an Ewald summation procedure.?” For small num-
ber of particles N and low kinetic energy cutoff n,,,, the above
Hamiltonian defines a simple model which can be solved
exactly.’%3

Knowledge of eigenvalues {e,}, and eigenvectors
{|®4)}o Of H allows exact calculation of the imaginary time
propagator:

e—r([:I—eo) — Z e—f(fa—éo)|q)a)(q>a|, (25)

o
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of the projector |®Pg)(Py| onto the minimum energy
eigenspace, of backpropagated ground state averages:

(Wyle 3t (H=<0) O|dy)
(Wy|e~mT(H=<0) | @)
Y, (W7 | Dy )e ) (b, | O] D)

= 26
(Wr|Po) 20

and of backpropagated imaginary time correlation functions
(21):

Fj 3(t)
1 (q}T|e—ln8r(ﬁ—5())A"e—rér(ﬁ—eo)é|(D0>

N (Wr|emmr (=) | @)
1Y, 5 (Wr|®y)e morcac=rities =) (@, | A|Dy) (D] B| Do)

N (W7 |®Po)
27

and the comparison of such quantities with AFQMC results.

0.5 —— . o
0.4
0.3
0.2

0.1

J. Chem. Phys. 140, 024107 (2014)

We focus on the ITCF F,(t) = %(\Ilom,,(r)ﬁ,nhllo) of
the density fluctuation operator:

Pu=D D Sumndtl iy 28)
i,j

o

and of its adjoint A} = p_p.

IV. RESULTS

The phaseless AFQMC method represents the ground
state as a stochastic linear combination of Slater determinants
(16) from which accurate estimates of the ground state en-
ergy can be obtained.?>2° However, much more information
can be obtained from the simulation. Here we present results
for the components of the ground state on the chosen basis
of the Hilbert space and for the imaginary time correlation
functions.

Each of the simulations presented below is character-
ized by two sets of parameters: (N3, Ny, r;, M) define the
system under study, whereas (8t, m, N,) control the details
of the simulation. In particular, Ny (N,) is the number of
spin-up (spin-down) fermions, ry controls the strength of the

(1/E,,)

FIG. 6. Imaginary time correlation function of the momentum shift operator relative to M = 9, 97 at ry = 1 (upper panel) and to M = 13, 97 at ry = 2 (lower
panel) for Ny =5, Ny = 0. In the right box of each panel comparison between AFQMC and FN calculations (green crosses) is given. When not visible, error

bars are smaller than the symbol size.
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interaction, M fixes the order of the matrices with which the
algorithm deals, while m corresponds to the number of back-
propagation steps.

Apart from the basis set size M, which we keep small to
allow comparison with exact diagonalization, and we extrap-
olate to the joint limit 87 — 0, N, — 00,°® and m — oo to
eliminate sources of systematic errors.

As an example, we show in Fig. 2 the extrapolations for a
calculation with (N4, Ny, ry, M) = (1, 1, 1, 49). Discrepancies
with respect to the exact results are therefore due to the only
uncontrolled approximations of the method, namely the real
local energy and the phase approximations (12).

A. Assessment of the accuracy

In Fig. 3 we show results relative to the simulation of sys-
tems with r, = 1, M = 13, for some values of Ny and N,. The
left panels of Fig. 3 show the components of the stochastic
solution on the Hilbert space basis functions. The little statis-
tical fluctuations around the x axis show that the random walk
visits a large number of states, while the significant compo-
nents of the AFQMC solution match those of the exact ground
state with good accuracy. The ITCF F, () of the density fluc-
tuation operator (28) for n = (1, 0) is reported in the right
column of Fig. 3. The wave vector n has been chosen in the
lowest energy shell since it gives rise to nonvanishing ITCFs
even for small M. The agreement with exact values is remark-
able, in particular if compared with the discrepancy observed
for the FN result, Fig. 1: this constitutes the central result of
the present work.

For all these systems we computed also the ground state
energy per particle, and the overlap between exact and re-
constructed ground state: the results are listed in Table I, the
bias of the energy resulting of the order of 1073Ey,, which is
smaller than the FN bias using a Slater-Jastrow trial function
with plane-wave nodes.*!

B. Computational issues

Although our primary interest is the assessment of the
accuracy of AFQMC in calculating the ITCFs addressed in
Sec. IV A, we explored the behavior of the method for larger
values of r; and M.

As r increases, the interaction becomes more and more
important, and the overlap of the exact wave function with
the trial function becomes smaller. Also the increase in M,
which is required for the study of realistic models, makes the
stochastic exploration of the Hilbert space more difficult: in
particular, the calculation of ITCFs is further complicated by
the need of multiplying many exponentials of large matrices,
see (23), which induces instabilities at large imaginary time.
This problem is already known in the literature.?*>

In Fig. 4 results appear relative to systems with Ny =1,
N, = 1, showing that AFQMC estimations of static and dy-
namic properties remain in satisfactory agreement with exact
values even if M is raised to 49. For M = 49 we are also in
good agreement with exact Path Integral QMC calculations,
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(AFQMC),_\ 2 )
L @ F@I for the various

o

TABLE II. Values of x* = 3~ ¥\,

i
systems presented. N; is the number of imaginary time instants.

Ny N, rs M x?

1 1 1 5 1.02
1 1 1 13 0.02
1 1 1 21 0.09
1 1 1 49 0.04
1 1 2 5 0.97
1 1 2 21 0.90
1 1 2 49 0.32
1 1 3 21 0.05
1 1 4 21 0.70
5 0 1 9 0.69
5 0 1 13 2.87
5 0 2 9 1.09

providing the exact result in the limit M — +o0, which can-
not be explored via exact diagonalization.

The algorithm is able to reproduce exact values even at r
=2,3,4 and M = 21, as shown in Fig. 5. Since it is known
that the degree of correlation in the uniform electron gas is
significantly higher in 2D than in 3D for given ry, the range of
densities covered well represents the typical realistic density
values in 3D (up to r; ~ 5).

We complete the study with calculations relative to sys-
tems with Ny, Ny = (5, 0). Results are shown in Fig. 6. For
M = 9 the quality of AFQMC calculations is still satisfac-
tory, even if we observe a small overestimate of Fu(t). Fi-
nally, for M = 97 we compared our results with FN calcu-
lations. We observe good agreement between the estimates of
the static property Fn(0) yield by both algorithms. As far as fi-
nite T ITCFs are concerned, we found that the discrepancy be-
tween the two results qualitatively resembles the discrepancy
between exact solution and FN in the case of noninteracting
particles in Fig. 1: an encouraging result.

To quantify the quality of the presented results, the reader
may refer to Table II, where we report an average reduced
chi-squared.

V. CONCLUSIONS

In the present work we gave a detailed description of the
phaseless AFQMC algorithm, we proposed a scheme for its
application to the calculation of dynamical properties of zero
temperature fermion systems and we tested the methodology
against exact diagonalization for interacting few fermion sys-
tems. Such tests revealed that it is actually possible to com-
pute imaginary time correlation functions with satisfactory
accuracy, at least for systems with moderate number of par-
ticles and interaction strength. This is a very interesting re-
sult since it is known that there exist situations when the well
established and widely employed FN approximation scheme
provides inaccurate results for ITCFs. The present work indi-
cates that the AFQMC algorithm can become an accurate tool
to calculate dynamical properties of few body systems. We
hope that the accuracy of our results will encourage the devel-
opment of technical tools necessary to study larger systems,
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such as the numeric stabilization*>*? of the products of ma-

trix exponentials involved both in the backpropagation?’ and
in the calculation of imaginary time correlation functions. In
perspective, an accurate calculation of ITCFs is a prerequisite
for the analytic continuation’ leading to real-time dynamics
of quantum systems.
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APPENDIX A: ALGORITHMIC DETAILS

The aim of this appendix is completing the description of
the extended AFQMC outlined in Sec. II.

1. Properties of Slater determinants

For a generic Slater determinant |¥) there exist
single-particle orbitals [)...|¢¥y) € H for which |W¥)
= |¥1...¥N)—. As a consequence the state

=Y {pil).

iy

Aviy U @iy . wiy) -

Yl .al 10)

Z ]\/_ ll"' N

PN

(A)

is completely and uniquely described by the M x N matrix
Vi = (il)).

In the light of such parametrization it can be proved*’ that
for a generic V- particle Slater determinant |W) and a generic
one-body operator O = Z 054, fa; ; the state e0|‘~11) is still
a Slater determinant, descrlbed by the matrix W, so that
the manifold ©(N) of Slater determinants is closed under the
action of exponentials of single-particle operators.

Equation (A1) also enables the concrete calculation over-
laps and matrix elements of one-body and two-body oper-
ators. In particular, if |W), |®) are generic non-orthogonal
N-particle Slater determinants the following properties?® 444
hold:

() = det[®TW]
NI
ala; | _
% =[v[olv]o] =G; (A2
(®lalalawa|w)
% = GuGjx — GG

2. The Hubbard-Stratonovich transformation

It is well known that the coefficients y;y describing
the interaction part of (1) satisfy the relation yi’]‘.lk = Vikij
and can be consequently cast in a hermitian matrix I' )
= vy of order M?. Due to the spectral theorem Cirein
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2
= 2?4:1 U gy T¢ Uejiy for some real-valued coefficients I';
and some unitary matrix U of order M>. As a consequence,
(1) can be put in the form

M? 2 - A - AT\2
a R (0+0) (i0; —1i0,)
A=H— E [ ‘ + 42 C},

(A3)

with

A=Y

il

B + Z Vijlj &,-Tflz,
g (Ad)

A _ AT’\
O, = Z Uejny a;a.
jl

Notice that the interaction part of (A4) has been replaced with
a sum of squares of single-particle hermitian operators. In-
serting such expression in e~7(f-«) and applying a Trotter-
Suzuki decomposition:

MZ
et (H—e0) _ dt(Hy—co) 1_[e%r;(0(+0;)2e%’[‘;(io}—iég)z.
=1
(AS5)
To each of the factors appearing in (AS) the Hubbard-
Stratonovich Transformation applies, yielding (6) with

" 8T A~ . A
A = = (Fo — €0) + Y V6Tl (e +im)O; + hec.,
¢
(A6)
which can be compactly written as
o 0T A A
A(p) = 7(Ho—€o)—v5le~77- (A7)

3. The importance sampling transformation

We now explain in detail the derivation of Eq. (9). First
we introduce in the expression (8) n arbitrary and possibly
complex-valued shift parameters & .. . &,_; obtaining

e =) |y ) ~ f dg(u_1 — En1)...dg(no — &o)

G(no — £0)|Wr).
(A8)

X G(']nfl - Enfl) v

Then we recall that

dg(n — &) = dg(n)e™ > % (A9)
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and obtain (9) inserting the identity

Gyt — En1) ... G(po — £0)|Wr)
_ G — &) Gno — §0)Wr)
(Wr |Gyt — Ene1) ... G(o — E0)W7)

n—1

(Wr G — E1) ... G(no — E0)¥r)
o (Wr1G(ne—1 — &—1) ... G(no — E0)Wr)

(Wr |Gy — E0)¥r)

(Wr|Wr)
G — &) - Go — §0)|¥r)
(WGt — Ear) ... Gno — Eq)Wr)
X W1, Enct - - - M0, Eo)- (A10)

So far, the shift parameters are arbitrary. We subsequently fix
their values to contain fluctuations in the importance function
and therefore in the weight function. To this purpose, we ex-
pand G(y — &) up to /37 obtaining

G—&=1—-ivér(n—§ -B+0@1). (Al
Introducing this approximation in (11) leads to
1§17 . (Wr|B|W)
log[J[ |¥) ]]_——+ 0T ——
glJln, & n-&—iv U0
-(n — &), (Al12)
where the operation ((\1:11, ll‘\llfy) shall be henceforth abbreviated

with (*). Imposing 9, log[J[#, &; |¥)]] = O fixes the value of
the shift parameters to

5t(B). (A13)

g()pt = -

Insertion of (A13) into (11) yields the stabilized expression
for the importance function. A straightforward expansion of
this quantity in powers of /47 leads to

I, Eopes [W)] = 1 = 8T((H) — &)
(B)1M]

(Al4)

8T ~ P N
- 7[<In (B —(B))|I") —(IB —
+ 0O,

The real local energy approximations (12) are suggested by
the observation that the term in square brackets in (A14) has
zero average over auxiliary field configurations, and it con-
sists in neglecting all terms of order §7 in (A14) except for
the real part of (H). The imaginary part of (H) is neglected
because it vanishes for |W) equal to the ground state. Em-
pirical evidence shows that it is a reasonable approximation,
but to our knowledge it is not supported by mathematical
arguments.

4. The backpropagation technique

We now discuss the emergence of the backpropagated es-
timator (18). We express all imaginary time propagators ap-
pearing in (17) with (A8) and obtain the following represen-
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tations for the numerator and the denominator:
(‘IJT |e—(m+n)(31(H—€0) | \IJT)

m+n—1

= / dg(en—r) - .dgn0)(¥r| ] Galwr),
i=0
A A (A15)
(‘IJT |e—m8T(H—EU) OAe—n(ST(H—Eg)'lIJT)

_ f dg(min-1). .. dg(mo)(Wr |

m+n—1 n—1
x [T 6ano ] émrvr),

i=n i=0

where the symbol []i —i G(n;) stands for the product

G(mz) . G(n,, ). Further application of the importance sam-
pling transformation and of identity (A10) yields

<“IJT |€7(m+”)67:(1:}760) |“IJT)

= / dg(nm-Ht—l) <o dg(”O)m["m-}—n—l s Em-}—n—l ... 1o, EO]y

) A (A16)
<‘~I]T |e—m5‘[(H—€U) OAe—nST(H—e())PIIT)

= /dg(ﬂm+;1—l) o dgMo) W Mman—15 Eman—1 - - N0, &0l

wrm"“*" "G — ENO T2 Gy — E)IYr)
(W T G — E0)1Wr)

the estimator for which is obviously (18). Notice that the same
weights appearing in (15) are involved in (18).

5. The phaseless AFQMC estimator for ITCFs

We now explain in detail the derivation of Egs. (22) and
(23). The last passage of (22) is a manipulation of the opera-
tor product G(n,l,l) ... G(n,,,,.)&,tézl. First, we observe that if
A=Y, A; jala; is a one-body operator:

erAaTefrA Z[ r.A]lka
(A17)
e’ aze —vA Z[e lija;.
As an immediate consequence:
e’ akal Z[etA],ka ajle” A lije’ (A18)

showing that the exponentlal of a one-body operator can be
moved to the right of a product &Z&, at the cost of introduc-
ing the matrix ¢ and its inverse. Iterated application of for-

mula (A18) to the operator product G(r],,,l) ... G(nn,,)&,fd,

yields
G(”n—l) cee G(”n—r)a}:&l
— Z[e.A(ﬂn—r) . eA(rln-l)]ik [efA(nn_]) o ng(ﬂ”_,)]lj
ij
X alele(anl) cee G(”nfr) (A]9)
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and justifies the last passage of Eq. (22). To obtain (23) we
observe, as in the backpropagation technique, that

1 1
Fji p(rét) = — 7
4.5(rd7) N (qu|ef(m+n7r)5f(H*€0)|\llT)

. <\I,T|e—m6r(l~7—eg)Ae—r8r(ﬁ—eo)

x Be~n=nst(A—a) |y, ). (A20)

notice that, unlike in (17), at the denominator of the previous
equation only m + n — r integrations over auxiliary fields
configurations are involved. Expressing all imaginary time
propagators appearing in (A20) with (AS), recalling (22),
and applying the importance sampling transformation to both
numerator and denominator of the previous equation lead to

(lIJT |ef(m+nfr)5t(1:1760) | \I”T)

= / dgMmsn—1) -..dgM,)dgM,—,) . ..dg(no)

m+n—1 n—r—1

x(wrl [] 6an [] Galwr),

i=n i=0

(A21)

<\IJT|6717151’(1:1760)AA67VSI(H760)Befn(ST(I:[fE(])|\IJT)
= ZBkI/dg(nm+n—l)~--dg(ﬂo)
ijki
m+n—1

n—1

< (wr| ] Gandala; TT6mwr)
i=n i=0

X Dt -+ W)t D Wt « W ij (A22)

Further application of the importance sampling transforma-
tion and of identity (A10) yields

(\IJT |ef(m+n7r)8r(flfeg) | \IJT)

= /dg(nm+nfl) o dg("n)dg(nnfr) e dg(’?o)
~ <‘_I,T|e—m5r(ﬁ—eo)Ae—rh(l:[—eo)Ee—nét(ﬁ—eo)|\I,T>
= Qﬁ[’7m-‘rn—l, gm-‘rn—l <o My Enﬂn—rv Sn—r ... 1o, EO]
x <\I’[T |efm51(1:1760)A"efrér(ﬁfeo)éefnér(lflfeo)|\I,T>
(A23)
expanding the propagators involved in (A23) we find
<\I,T|ef(m+n7r)81:(ﬁfeo)|\p7‘>
= ¥ Bu [ detasa)...dgt)
ijkl
X QH[nnﬂ-n—l ) §m+n—l ... 1o, SO]
A T G —80Adfa; T2 G —§0)1¥r)
Wrl [T G — §)1r)
X D(nnfl - Enfl oo Mp—r — gnfr)ik

X D_l(nnfl - gnfl sy — Enfr)lj (A24)
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an estimator for which is precisely (23). Notice that the
numerator (A24) of the estimator (A20) involves an integra-
tion over n + m auxiliary fields configurations, whereas the
denominator (A23) involves an integration over n + m — r
auxiliary fields configurations. Due to this circumstance, the
weights Qﬂﬁ,ﬂn appearing in the numerator of (23) coincide
with those appearing in (18), whereas at the denominator
other weights Qﬂsﬂrn _, appear, which are constructed with a
slightly modified recursion relation:

(w)
mk

if n—r<k<n-1
wzw) 3[775(10),8;(1”);

w")]  otherwise

(A25)

APPENDIX B: ITCFs FOR THE IDEAL FERMI GAS

In the case of a noninteracting system, the ITCF Fq(t)
takes the form

1
Fy(r) = N(‘I’olﬁq(f)ﬁfql‘l‘w

1 K . . .
= 5 22 D W0l o (Dip oDty g gy o0 Wo).
p.p oo’
(B1)

For a spin polarized system, using Heisenberg representation
and Wick’s theorem, formula (B1) can be reduced to

1
Fy(m) =5 3 e "™ Okr — |p — gD O(Ip| - k).
p

(B2)
Numeric evaluation of (B2) yields Fq(t). For Ny = 5, N,
=0,r,=1,and q = 2T’T(l, 0) the nonvanishing contribu-
tions to (B2) come from p = 2T’T(l, 0), (0, 1), 2T”(O, —1).
Consequently,

[ 2
e~ 5T 25T
+

5

Fy(t) = (B3)
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