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Wetutorially review the determinantal Quantum Monte Carlo method for fermionic systems, using the Hubbard
model as a case study. Starting with the basic ingredients of Monte Carlo simulations for classical systems, we
introduce aspects such as importance sampling, sources of errors, and finite-size scaling analyses. We then set
up the preliminary steps to prepare for the simulations, showing that they are actually carried out by sampling
discrete Hubbard-Stratonovich auxiliary fields. In this process the Green's function emerges as a fundamental
tool, sinceit is used in the updating process, and, at the sametime, it is directly related to the quantities probing
magnetic, charge, metallic, and superconducting behaviours. We also discuss the as yet unresolved ‘ minus-sign
problem’, and two ways to stabilize the algorithm at low temperatures.

1 Introduction

In dealing with systems of many interacting fermions, one
is generally interested in their collective properties, which
are suitably described within the framework of Statistical
Mechanics. Unlike insulating magnets, in which the spin
degrees of freedom are singled out, the interplay between
charge and spin is responsible for a wealth of interesting
phenomena (orbital degrees of freedom may also be in-
cluded, but they add enormously to complexity, and shall
not be considered here). Typical questions one asks about
a system are related to its magnetic state (Isit magnetic? If
so, what is the arrangement?), to its charge distribution, and
to whether it is insulating, metallic, or superconductor.

A deeper understanding of the interplay between spin
and charge degrees of freedom can be achieved through
models which, while capturing the basic physical mech-
anisms responsible for the observed behaviour, should be
simple enough to allow calculations of quantities compara-
ble with experiments. The simplest model describing in-
teracting fermions on a lattice is the single band Hubbard
model [1], defined by the grand-canonical Hamiltonian

H= -t Z (c;racjg + H.c.) +U ZniTniJ, —

(i’j>’ a

_MZ (niT + nu) , 1)

wheret is the hopping integral (which sets the energy scale,
so we take t = 1 throughout this paper), U is the on-
site Coulomb repulsion, p is the chemical potential con-
trolling the fermion density, and i runs over the sites of a

d-dimensional lattice; for the time being, we consider hop-
ping between nearest neighbours only, as denoted by (. . .).
The operators c;fa and ¢, . respectively create and annihilate
a fermion with spin o on the (single) orbital centred at i,
whilens, = ¢} ¢,,. The Hubbard model describes the com-
petition between opposing tendencies of itinerancy (driven
by the hopping term), and localization (driven by the on-site
repulsion). For a half-filled band (one fermion per site), it
can be shown [2] that in the limit of strong repulsion the
Hubbard Hamiltonian reducesto that of an isotropic antifer-
romagnetic Heisenberg model with an exchange coupling
J =4t?/U.

If we let the coupling U assume negative values, one has
the attractiveHubbard model. Physicaly, thislocal attrac-
tion can have its origin in the coupling of fermions to ex-
tended (through polaron formation) or local phonons (such
as vibrationa modes of chemical complexes) [3]. Given
that its weak coupling limit describes the usual BCS the-
ory, and that the real-space pairing is more amenable to nu-
merical calculations, this model has also been useful in elu-
cidating several properties of both conventional and high-
temperature superconductors[3].

The Hubbard model [even in its simplest form, Eq. (1)]
is only exactly soluble in one dimension, through the Bethe
ansatz; correlation functions, however, are not directly avail-
able. In higher dimensions one has to resort to approxi-
mation schemes, and numerical techniques such as Quan-
tum Monte Carlo (QMC) simulations have proven to be
crucia in extracting information about strongly correlated
fermions.

Since thefirst Monte Carlo method for classical systems
was devised in the early 1950's [4,5,6], several QMC al-
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gorithms have been proposed. Their classification is var-
ied, and depends on which aspect one wishes to single out.
For instance, they can be classified according to whether
the degrees of freedom lie in the continuum or on a lat-
tice; or whether it is a ground-state or a finite-temperature
framework; or whether it isvariational or projective; or even
according to some detailed aspect of their implementation,
such as if an auxiliary field is introduced, or if a Green's
function is constructed by the power method. Excellent
broad overviews of these algorithms are availablein the lit-
erature, such as Refs. [7,8], so here we concentrate on the
actual details of the grand-canonical formulation with aux-
iliary fields leading to fermionic determinants [9]. We will
pay special attention to the implementations and improve-
ments achieved over the years [10-14]. We will also have
in mind primarily the Hubbard model, but will not discuss
at length the results obtained; instead, illustrative references
will be given to guide the reader to more detailed analyses,
and we apologize for the omitions of many relevant papers,
which was dictated by the need to keep the discussion fo-
cused on this particular QM C implementation, and not on
the Hubbard (or any other) model.

In line with the tutorial purpose of this review, we intro-
ducein Sec. 2 the basic ingredients of Monte Carlo simula-
tions, illustrated for ‘classical’ spins. In this way, we have
the opportunity to draw the attention of the inexperienced
reader to the importance of thorough data analyses, com-
mon to both classical and quantum systems, before embark-
ing into the more ellaborate quantum formalism. Prelimi-
nary manipulations, approximations involved, and the nat-
ural appearance of Green’s functions in the framework are
then discussed in Sec. 3. In Sec. 4, we describe the updat-
ing process, as well as the wide range of average quantities
available to probe different physical properties of the sys-
tems. We then address two of the main difficulties present
inthesimpler agorithm presented so far: the still unresolved
‘minus-sign problem’ (Sec. 5), and the instabilities at low-
temperatures, (Sec. 6) for which two successful solutions
are discussed. Conclusions and some perspectives are then
presented in Sec. 7.

2 Monte Carlo simulations for ‘clas-
sical’ spins

Our aim is to calculate quantities such as the partition func-

tion (or the grand-partition function) and various averages,

including correl ation functions; these quantities are obtained

by summing over all configurations of the system. For defi-
niteness, let us consider the case of the Ising model,

H=-J) oo, )
(i’j>
where J is the exchange couplingand o = £1.

For a lattice with N, sites there are 2/V+ possible con-
figurations in phase space. Clearly al these configurations
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are not equally important: recall that the probability of oc-
currence of a given configuration, C, with energy E(C),
is « exp[—E(C)/kpT]. Therefore, from the numerical
point of view, it is not efficient to waste time generating all
configurations. Accordingly, the basic Monte Carlo strat-
egy consists of an importance samplingf configurations
[5,6]. This, in turn, can be implemented with the aid of
the Metropolis algorithm [4], which generates, in succes-
sion, achain of the most likely configurations (plus fluctua-
tions; see below). Starting from arandom spin configuration
C = |o1,02,...,0N,), ONe can imagine a walker visiting
every lattice site and attempting to flip the spin on that site.
To see how this is done, let us suppose the walker is cur-
rently on site i, and call C' the configuration obtained from
C' by flipping o;. These configurations differ in energy by
AE = E(C") - E(C) = 2Jo; Y_; 05, where the prime in
the sum restricts j to nearest neighbour sites of i. Theratio
between the corresponding Boltzmann factorsis then

,_ p(C)
p(C)

r =exp (—AE/kpT). 3)

Thus, if AE < 0, C" should be accepted as a new config-
uration in the chain. On the other hand, if AE > 0 the
new configuration is less likely, but can still be accepted
with probability r'; this possibility simulates the effect of
fluctuations. Alternatively [6], one may adopt the heat-bath
algorithm, in which the configuration C"’ is accepted with
probability

7,,1

= 4
rE T 4

In both cases, the local character of the updating of the con-
figuration should be noted; that is, the acceptance of the flip
does not influence the state of al other spins. As we will
see, thisis not true for quantum systems.

The walker then moves on, and attempts to flip the spin
on the next site through one of the processes just described.
After sweeping through the whole lattice, the walker goes
back to thefirst site, and starts attempting to flip spinson all
sites again. One should make sure that the walker sweeps
through the lattice many times so that the system thermal-
izes at the given temperature; this warming-upstage takes
typically between afew hundred and afew thousand sweeps,
but it can be very slow in some cases.

Once the system has warmed-up, we can start ‘ measur-
ing' average values. Suppose that at the end of the (-th
sweep we have stored a value A for the quantity A. It
would therefore seem natural that after NV, such sweeps,
an estimate for the thermodynamic average (A4) should be
given by

o1 &
A:E;AC. ©)

However, the A¢’s are not independent random variables,
since, by construction, the configurations in the chain are
somewhat correlated. One can decrease correlations be-
tween measurements by forming a group of G averages,
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Ay, A, ..., Ag, leading to afinal average

1 &
(A) =5 A, (6)
g=1

Ideally, one should aternate N, sweeps without taking
measurements with NV, sweeps in which measurements are
taken.

Oncethe A,’s can be considered as independent random
variables, the central limit theorem [15] applies, and the sta-
tistical errorsin the average of A are estimated as

2 211/2
M] _ @

6A:[ e

In addition, systematic errorsmust be taken into con-
sideration, the most notable of which are finite-size effects.
Indeed, one should have in mind that usually there are two
important length scales in these calculations: the linear size,
L, and the correlation length of the otherwise infinite sys-
tem, & ~ |T — T.|~¥. A generic thermodynamic quantity,
X(T), then scales as [16]

XL(T)=L*"f(L/¢), ®)

where = isacritical exponent to be defined below, and f(z)
isascaling function with very specific behavioursin thelim-
itsz < 1and z > 1. Inthe former limit it should reflect
the fact that the range of correlationsis limited by the finite
system size, and one must have

X.(T) ~ const. - L*" for L < €, 9

sothat an explicit L-dependenceappears. On the other hand,
when correlations do not detect the finiteness of the system,
the scaling function must restore the usual size-independent
form,

Xp(T) = |T —T,|%, for L > & (10)

this defines the critical exponent z. This finite-size scaling
(FSS) theory can be used in the analysis of data, thus setting
the extrapol ation towards the thermodynamic limit on firmer
grounds.

As afina remark, we should mention for completeness
that the actual implementation of the Monte Carlo method
for classical spins can be optimized in several aspects, such
as using bit-strings to represent states [17], and broad his-
togramsto collect data[18].

3 Determinantal Quantum Monte
Carlo: Preliminaries

The above discussion on the Ising model was tremendously
simplified dueto the fact that the eigenstates of the Hamilto-
nian are given as products over single particle states. Quan-
tum effects manifest themselves in the fact that different
terms in the Hamiltonian do not commute. In the case of
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the Hubbard model, the interaction and hopping terms do
not commute with each other, and, in addition, hopping
terms involving the same site also do not commute with
each other. Consequently, the particles lose their individ-
uality since they are correlated in afundamental way.

One way to overcome these non-commuting aspects [9]
isto noticethat the Hamiltonian containstermswhich arebi-
linear in fermion operators (namely, the hopping and chemi-
cal potential terms) and aterm with four operators (theinter-
action term). Terms in the former category can be trivialy
diagonalized, but not those in the latter. Therefore, when
calculating the grand partition function,

Z="Tre P (11)

where, asusual, 7 r standsfor asum over all numbersof par-
ticles and over all site occupations, one must cast the quartic
term into a bilinear form.

To this end, we first separate the exponentials with the
aid of the Suzuki-Trotter decomposition scheme [19], which
is based on the fact that

CAT(A+B) _ (ATAATB | [(AT)?][A,B], (12

for A and B generic non-commuting operators. Calling
K and V, respectively the bilinear and quartic terms in the
Hubbard Hamiltonian, we introduce a small parameter At
through 8 = M AT, and apply the Suzuki-Trotter formula
as

e=BUCHY) = (gATK+ATV)M
= (A%eA M L 0 [(An)?U] . (13)

The analogy with the path integral formulation of Quantum
Mechanics suggests that the above procedure amounts to
the imaginary-timeinterval (0, 8) being discretized into M
slices separated by theinterval Ar.

In actual calculations at a fixed inverse temperature 3,
wetypicaly set A7 = /0.125/U and choose M = 3/Ar.
As evident from Eq. (13), the finiteness of Ar is dso a
source of systematic errorsthese errors can be downsized
by obtaining estimatesfor successively smaller valuesof At
(thus increasing the number, M, of time dlices) and extrap-
olating the results to A7 — 0. Given that this complete
procedure can be very time consuming, one should at least
check that the results are not too sensitive to At by per-
forming calculations for two values of A7 and comparing
the outcomes.

Having separated the exponential s, we can now workout
the quartic terms in V. We first recall a well known trick
to change the exponentia of the square of an operator into
an exponentia of the operator itself, known as the Hubbard-
Stratonovich (HS) transformation,

o0
e34 = \/271'/ dz e_%w2_””’4, 14
— 00

at the price of introducing an auxiliary degree of freedom
(field) =, which couples linearly to the original operator



Raimundo R. dos Santos

A; this result is immediately obtained by completing the
squares in the integrand. However, before a transformation
of this kind can be applied to the quartic term of the Hub-
bard Hamiltonian, squares of operators must appear in the
argument of the exponentials. Since for fermions one has
n2 = n, = 0,1 (here we omit lattice indices to smplify
the notation), the following identities — in terms of the lo-
cal magnetization, m = n4+ — ny, and of the local charge,
n = ny + ny —will suit our purposes:

1 1
niny = —§m2 +3m (15a)
1 1
niny = §n2 — 5 (15b)
1
nny = ZnQ - ZmQ, (15¢)

The following points are worth making about Egs. (15), in
relation to the HS transformation: (i) an auxiliary field will
be introduced for each squared operator appearing on the
RHS's above; (ii) the auxiliary field will couple to the local
magnetization and to the local charge when, respectively,
Egs. (158) and (15b) are used; (iii) Egs. (15a) and (15b)
are respectively used for the repulsive and for the attractive
models.

Instead of the continuous auxiliary field of Eq. (14), in
simulationsit is more convenient to work with discretel sing
variables, s = +1 [10]. Inspired by Eq. (14), using Eq.
(15a), and taking into account that s2 = 1, it is straightfor-
ward to see that

39
e UATnin, 16 Uarp Z efs)\m —
2
s==+1
= % @7(US>‘+ U2Ar)n”, U >0,
s=+1o=1,|
(16)

where the grouping in the last equality factorizes the con-
tributions from the two fermion spin channels, o = +, —
(respectively correspondingto o =1, ), and

cosh A = elVIAT/2, (17

In the attractive case, the coupling to the charge [Eq.
(15b)] is used in order to avoid a complex HS transforma:
tion; we then get

UlAtTnsny __ 1 s>\+M Ne—+
e‘| T¢_§Z H@( 2 )( 2)’U<0’
s=+1o=1,]
(18)
with X still being given by Eq. (17).

The HS transformations then replace the on-site inter-
action by afluctuating field s coupled to the magnetization
or to the charge, in the repulsive or attractive cases, respec-
tively. As a consequence, the argument of the exponential
dependsexplicitly on o inthe former case, but not in the lat-
ter. Aswe will see below, this very important differenceis
responsible for the absence of the ‘minus-sign problem’ in
the attractive case.

We now replace the on-site interaction on every site of
the space-time lattice by Egs. (16) or (18), leading to the
sought form in which only bilinear terms appear in the ex-
ponential. For the repulsive case we get

LM 1
Z= <1> ™Tr I II e2 > cloKijCje = AT, el VI (O, (19)

where the traces are over Ising fields and over fermion oc-
cupancies on every site, and the product from ¢ = M to
1 simply reflects the fact that earlier ‘times’ appear to the
right. The time-slice index ¢ appears through the HS field

1 U
7(0) = — \os; - =1, 2
VO =30+ (k-5). @
which are the elements of the N, x N, diagonal matrix
Ve (¢). One also needsthe N, x N, hopping matrix K, with
elements

(21)

K —t if 1 and j are nearest neighbours,
“ 0 otherwise

For instance, in one-dimension, and with periodic boundary
conditions, onehasan L x L matrix,

0o -t 0 0 —t
-t 0 -t --- 0 O

K=| 0 -t 0 0 01 . (22)
-t 0 --- 0 -t O

With bilinear formsin the exponential, the fermions can
be traced out of Eq. (19) according to the development of
Appendices A and B. From Eq. (124), with the spin in-
dices reintroduced, and with the identification e ~27"" () =
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e=ATKe=ATV(0) \ye have

1 LM
Z- <§> ;I;{l:[det [1+B%,BS,_,...BI], (23)

where we have defined

BZ’ = efATKefATV"(E)’ (24)

in which the dependence with the auxiliary Ising spins has
not been explicitly written, but should be understood, since
they comein through the matrix V7 (¢). Introducing

0°({s})=1+ByB%_1...BY, (25)

we arrive, finaly, at

- 1 LM R . _
z = <§> ;I'}[ det OT({s}) - det O+ ({s}) =

= I{ p({s}), (26)

where the last equality defines an effective ‘ density matrix’,
p({s}).

We have then expressed the grand partition function as
a sum over Ising spins of a product of determinants. If the
quantity under the Tr were positive definite, it could be used
asaBoltzmann weight to perform importance sampling over
the Ising configurations. However, the product of determi-
nants can indeed be negative for some configurations, giving
rise to the ‘minus-sign problem’; see Sec. 5.

]

Brazilian Journal of Physics, vol. 33, no. 1, March, 2003

In order to implement the above framework, the need for
another approximation is evident from Eq. (24): one needs
to evaluate the exponential of the hopping matrix, which,
in the general case, is neither an analytically simple oper-
ation, nor efficiently implemented numerically. By consid-
ering again a one-dimensional system, we see that different
powers of K, as given by Eq. (22), generate many differ-
ent matrices. However, we can introduce a ‘ checkerboard
break-up’ by writing

K=K® 4+ K, (27)

such that K(®) involves hoppings between sites 1 and 2, 3
and 4,. .., while K(*) involves hoppings between sites 2 and
3,4and5,.. .. We now invoke the Suzuki-Trotter decompo-
sition schemeto write

e~ ATK — o= ATKE = ATK) [(AT)?], (28)

which leadsto systematic errors of the same order as before.
With this choice of break-up, even powers of K Sf’) , a =
a, b, become multiples of the identity matrix, and we end up
with a simple expression,

e ATKE K sinh (A7t) + 1cosh (A7t),  (29)
which is very convenient for numerical calculations. The

breakup of Eqg. (28) can be generalized to three dimensions
asfollows

_ _ (a) _ (a) _ (a) _ (b) _ () _ (b)
e ATK:e ATKY e ATKy e ATK e ATKY e ATKy e ATK, +0 [(AT)z], (30)

where the separation along each cartesian direction is simi-
lar to that for the one-dimensional case.

And, finally, we must discuss the calculation of average
values. For two operators A and B, their equal-‘time’ cor-
relation functionis

(AB) = %;I;}rTr

AB H e—ATKe—ATV”(Z)] ) (31)
Lo

If we now define the fermion average — or Green’s function
—for agiven configuration of the HS fields as

1 -
AB) g, = Tr|AB[e 227V ,
Bk =5 it
(32)
the correlation function becomes
1
(4B) = Z T (4B) 5y p({5)). (33)

At this point it should be stressed the important role
played by the Green’s functions in the simulations. Firstly,

according to Eq. (33), the average value of an operator is
straighforwardly obtained by sampling the corresponding
Green's function over the HS configurations weighted by
p({s}). Secondly, as it will become apparent in Sec. 4, the
single particle Green's function, (c;, c;.f(I ){s}» Plays acentral
rolein the updating processitself. In Appendix C we obtain
this quantity as the element ij of an N, x N, matrix [11,8]:

(Cllo) s = [(1+BEBT BT T] . (39)

1)

which is, again, in a form suitable for numerical calcula-
tions. And, thirdly, within the present approach the fermions
only interact with the auxiliary fields, so that Wick's the-
orem [20] holds for a fixed HS configuratiori11,8,14];
the two-particle Green's functions are then readily given in
terms of the single-particle ones as

= (CL Cz‘2>{s} (C;'rgci4>{s} +
+ (c;fl ci4>{s} (ci2 c;;){s}’ (35)

T T
(Cil CiyCig Ci4>{s}
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where the indices include spin, but since the T and | spin
channels are factorized [c.f. Eq. (32)], these fermion aver-
ages are zero if the spins are different. All average values of
interest are therefore calculated in terms of single-particle
Green'sfunctions.

As will be seen, unequal-time correlation functions are
also important. We define the operator a in the ‘Heisenberg
picture’ as

all) =a(t) =eMae ™", 1 = (AT, (36)

so that theinitial timeis set to 7 = A7 with thisdiscretiza-
tion, and a' (¢) # [a(£)]. In Appendix D, we show that the
unequal-time Green’'sfunction, for £, > ¢, isgiven by [11]

Gfi(tiily) = (e, (0)cl,(6)) sy =
— [BZBY, 1...Bf. 187 (2 4+ 1)],(30)

in which the Green's function matrix at the /-thtime dliceis
defined as
g () =[1+A (0], (38)

with
A’(¢t)=BJ_B7_,...B{B%,...BY. (39

The reader should notice the order in which the products
of B’s are taken in Egs. (34), (37), and (39); in Eq. (37), in
particular, the product runsfrom ¢, + 1 to ¢, and not cycli-
cally asin Eq. (39). Also, for a given configuration {s} of
the HS spins, the equal-time Green’s functions do display a
time-slice dependence, as expressed by Eq. (38); they only
become (approximately) equal after averaging over a large
number of configurations.

For future purposes, we also define

gicg =[1- g]ij, and G, =[1 — G]ij. (40)

ij —

4 Determinantal  Quantum Monte
Carlo: The Simulations

The simulations follow the lines of those for classical sys-
tems, except for both the unusual Boltzmann weight, and
the fact that one sweeps through a space-time lattice. With
the parameters of the Hamiltonian, U and y, as well as the
temperature, fixed from the outset, we begin by generating,
say a random configuration, {s}, for the HS fields. Since
the walker starts on the first time-slice, we use the defini-
tion, Eq. (34), to calculate the Green’sfunctionat £ = 1. As
the walker sweeps the spatial lattice, it attempts to flip the
HS spin at every one of the N points.

At this point, it is convenient to picture the walker at-
tempting to flip the HS (Ising) spin on a generic site, i of a
generic time dlice, . If the spin is flipped, the matrices BE
and Bﬁ change due to the element ii of the matrices VT (¢)
and V*+(¢), respectively, being affected; see Egs. (20) and
(24). The expression for the change in the matrix element,
aSSi(f) — —Si(g), is

41

6‘/5(6) =Vy (é’ _5) - Vvl;r(ga 5) = _2/\05i(£) 6ij, (41)

1)

which alows usto write the change in B§ as amatrix prod-
uct,
Bf — [Bf) = B7AZ (i), (42)

where the elements of the matrix A7 (i) are

0 it j#k,
[A7 (D] = { 1 it j=k#i, (43)
e~2\osi(0) jf j=k =i

Let us now call {s}' and {s}, the HS configurationsin
which all Ising spins are the same, except for those on site
(i,£), which are opposite. We can then write the ratio of
‘Boltzmann weights’ as

,_p({s}) _ detO' ({s}) -desO' ({s}) _ ,,
p({s}) ~ detOT ({s})-det O ({s}) '%%

where we have defined the ratio of fermion determinants as

_ det 07 ({s})
Ro = 3etor ({s}) " (49)

r

It is important to notice that one actually does not need
to calculate determinants, since R,, is given in terms of the
Green's function:

_det[14+A7(0)A7(i)]
 det[L+A7(0)]

=det [(1+A7(0)A](1))g”(0)] =

— det [L+ (1—g7(0) (A7 () — 1)] =
=14 (1= g5(0) (2750~ 1) (28)

R,

The last equality follows from the fact that
re@i)=4a730) -1 (47)

isamatrix such that all elements are zero, except for thei-th
position in the diagonal, which is y¢ (i) = e=?A5(6) — 1,
Withthissimpleformfor R, the heat-bath algorithmisthen
easily implemented, with the probability of acceptance of
the new configuration being given by Eq. (4), with Egs. (44)
and (46).

If the new configuration is accepted, the wholeGreen's
function for the current time slice must be updated, not just
its element ii; this is the non-local aspect of QMC simula-
tions we referred to earlier. There are two ways of updating
the Green's function. One can either compute the ‘new’ one
from scratch through Eq. (38), or iteratethe ‘old’ Green's
function, by following along the lines that led to Eq. (46),
whichyields

) =[1+(1-g"(O)I@)] "g°(0). (49
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Anexplicit form for g7 (¢) is obtained, e.g., by first using an
ansatz to calculate the inverse of the matrix in sguare brack-
ets above,

[1+(1-g"(O)fH)] " =1+2(1-g"(O)7() (49

where z isto be determined from the condition that the prod-
uct of both matricesin Eq. (49) is 1. Using thefact that I" 7 (i)
isvery sparse, one arrives at

(50)

with R, being given by Eq. (46). The element jk of the
Green'sfunction is then updated according to

(65 — 95.(0] 77 ) 95 (0)
T+ 11— g5 (017 ()

Alternatively, one could arrive at the same result by solving
a Dyson’s equation for g5, () [8].

After the walker tries to flip the spin on the last site of
the /-th time dlice, it moves on to thefirst site of the (¢ + 1)-
th time slice. We therefore need the Green’s function for
the (¢ 4+ 1)-th time slice, which, as before, can be cal culated
either from scratch, or iteratively from the Green’s function
for the ¢-th time slice. Indeed, by comparing [g” (¢ + 1)]
with [g7 (£)]™", as given by Eq. (38), it is easy to seethat

I (0) = g5 (€) — (51)

g’ (0)[B7] (52)
which can be used to compute the Green's function in the
subsequent time slice.

While the computation from scratch of the new Green's
function takes ~ N2 operations, the iterations [Eq. (51) and
(52)] only take ~ N2 operations. Hence, at first sight the
latter form of updating should be used. However, rounding
errors will be amplified after many iterations, thus deterio-
rating the Green’s function calculated in this way; see Sec.
6. A solution of compromiseis to iterate the Green’s func-
tion while the walker sweeps all spatial sites of ¢ (~ 10)
time dlices, and then to compute a new one from scratch
when the (¢ + 1)-th time slice is reached. This *refreshed’
Green’s function will then be used to start the iterations
again. Clearly, one should check g for accuracy, by com-
paring the updated and refreshed ones at the (¢ + 1)-th time
slice; if the accuracy is poor, £ must be decreased.

For completeness, we now return to the situation de-
scribed in the beginning of this Section, in which the walker
attemptstoflip the HS spinson every spatial siteof the/ = 1
time slice. Whenever the flip is accepted, the Green’s func-
tion is updated according to Eq. (51). After sweeping all
spatial sites, and before the walker moves on to the first
site of the ¢ = 2 time dlice, we use Eqg. (52) to calculate
g7 (2). Thewalker then sweeps the spatia sites of thistime-
dice, attempting to flip every spin; if theflip is accepted, the
Green's function is updated according to Eq. (51). As men-
tioned above, this procedure is repeated for the next ¢ time

g”(0+1) = B]
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slices. After sweeping the last one of these, a new Green’s
function is calculated from the definition, Eq. (38). For the
subsequent 7 time slices the iterative computation of g is
used, and so forth.

Similarly to the classical case, one sweeps the space-
time lattice several times (warm-up sweeps) before calculat-
ing average values. After warming up, one starts the ‘ mea-
suring’ stage, in which another advantage of the present ap-
proach manifestsitself in the fact, already noted, that all av-
erage quantities are expressed in terms of the Green’s func-
tions. This brings us to the discussion of the main quantities
used to probe the physical propertiesof the system, and how
they relate to the Green’s functions.

We start with the calculation of the occupation, n. Itis
given by

n MN, 4
M o ZZ — gt (53)

where thefirst equality illustrates that the ensemble average
(i.e.,over both fermionicandHS fields) (ni4(¢) 4+ nsy (€)) is
itself averaged over all M N sites of the space-time lattice.
In the second equality the fermion degrees of freedom have
been integrated out (hence the Green's functions), and the
average over HSfields, represented by double brackets, isto
be performed by importance sampling over N, HS configu-
rations [c.f. Eq. (33)]. We then have

((g(¢ Z g5 (54)

It should be reminded that since these are grand-
canonical simulations, the chemical potential must be cho-
sen a priori in order to yield the desired occupation. The
chemical potential leading to half filling in the Hubbard
model (with nearest-neighbour hopping only) is obtained by
imposing particle-hole symmetry [2,21]: onegetsn = 1 for
w="U/2fordl T and N,. Away from half-filling, one has
to determine . by trial and error, which must be done repeat-
edly, since the dependence of n with . (for given N, and U)
itself varies with temperature. Overall, the dependence of n
with y indicates that the Hubbard model is an insulator at
half filling in any dimension: indeed, the compressibility

1 /ov 1 (0n
“Z‘V(a—zﬂﬁ;ﬁ(@); 9

where V and P are the volume and pressure, respectively,
vanishes at u = U/2, so that no particles can be added to
the system; see, e.g., Ref. [22] for explicit data for n(u) in
two dimensions.

The magnetic properties are probed in several ways.
Since the components of the magnetization operator are

mi = c;rTcu + chiT, (56a)
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Y=—i (c;chil - chiT) , (56b)
= Nip — Niy, (560)

Wick’s theorem [Eq. (35)] allows one to obtain the equal-
time spin-density correlation functions as

(mim3) = (g} g% + 3% o — 31 3
—G% gk + gk ah Ak el ), (57a)
(m¥m?) = (3] gt + 35 g, (57b)

and a similar expression for the yy correlations. It is under-
stood that the g's are to be evaluated at the same time slice
asthem’sonthe LHS.

If spin rotational symmetry is preserved, as in the case
of asinglet ground state, Egs. (57a) and (57b) should yield
the same result. Thisis indeed the case for average values,
but, in practice, transverse (i.e., zz and yy) correlations are
much less noisy than the longitudinal ones [23]; this can be
traced back to the discrete HS transformation, which singles
out the z component by coupling the auxiliary fields to the
m?’s. It should aso be pointed out that a possible ferromag-
netic state (either saturated or just a non-singlet one) would
break this symmetry.

Setting i = j in Egs. (57) leads to the local moment,

(mf) = (m})* + (m})” + (mi)?) (58)
which measuresthe degree of itinerancy of thefermions. For
instance, considering again the Hubbard model at half fill-
ing, <(m;’)2>, v = z,y, z, decreases from 1, in the frozen-
chargestate (i.e.,when U — o), to 1/2, inthe metallic state
(U =0).

One can collect the contributions to the spin-spin corre-
lation functionsfrom different sites, and calculate the equal -
time magnetic structure factor as

S@= 5 Y et iss), (69
1)
where Sy = mY /2, since = 1. S(q) shows peaks at val-
ues of q corresponding to the dominant magnetic arrange-
ments. For the Hubbard model in one dimension, S(q)
has peaks at ¢ = 2kr = mn, corresponding to quasi-long
range order (i.e., algebraic spatial decay of correlations) in
the ground state; one refers to this as a state with a spin-
density wavé24]. In two dimensions, and at half filling, the
pesk located at q = (w,7) [25] signals Néel order in the
ground state; away from half-filling, the system is a param-
agnet [11,25] with strong AFM correlations at incommen-
surate 's [22].
The non-commutation aspects imply that the suscepti-
bility is given by [20]

1 .8
X(@) = 5 S e /0 dr (Si(r)-Sy).  (60)
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In the discrete-time formulation, the integral becomesa sum
over different time intervals, which is carried out with the
aid of the unegual-time Green’s functions. Focusing on one
of the components of the scalar product above, say z, we
have

mims(2)) = 3 [ (2000 = 1) (303G (©2)))

oo (GGt )G (05 )))]
(61)

Similarly to the magnetic properties, one can aso in-
vestigate whether or not there is the formation of a charge
density wave [26,27]. With n; = n4 + n;y, the equal-time
correlation function is given by

(ming) = 3 [((GR35)) + 0o (G 97))].  (62)

o0

in terms of which the charge structure factor becomes
1 (i
Cla) = 3= D e {niny). (63)
ij

It is also useful to define a charge susceptibility as
1 (i) B
— q-(1—]) . .
N@ =5 S e [Car urm), (64
1)
where, in the discrete time formulation, the above average

values are given in terms of the unequal-time Green’s func-
tions as

mi(e)ng(€2)) = X,00 [((FR(E)3G (€2))) +

)

o (G (03 6)GG (015 )))] (65)

it should be noted that the uniform charge susceptibility is
proportional to the compressibility, defined by Eq. (55).

For the one-dimensional Hubbard model, the presence
of a charge-density wave (CDW) is signalled by a cusp in
C(q) and by adivergence (asT' — 0) in N'(q). While the
insulating character at half filling preventsa CDW from set-
ting in, away from half filling there has been some debate on
whether the position of the cuspisat ¢ = 2k, as predicted
by the Luttinger liquid theory [28], or a& ¢ = 4k, as evi-
denced by QMC data and Lanczos diagonalizations[29]. In
two dimensions, and away from half filling, the situation is
even less clear.

We now discuss superconducting correlations. The
imaginary-timesinglet pair-field operator is ageneralization
of the BCS gap function [30],

Ac(r) = <= 3 Felleg (P 4y (). (69
S 3



where the subscript ¢ in the form factor, f.(k), labels the
symmetry of the pairing state, following closely the nota-
tion for hydrogenic orbitals; for instance, in two dimensions
one has

s —wave: fs(k) =1, (67a)
extended s — wave: fs- (k) = cosk, + cosk,, (67D)
dy2y2 — wave :fq, (k) =cosky —cosky, (67c)

dyy — wave : fq, (k) = sink, sinky, (67d)

and several other possibilities, including triplet pairing, as
well as linear combinations of the above. Ignoring for the
time being any T-dependence, and introducing the Fourier
transform of the annihilation operators, Eq. (66) can be writ-
ten as

A =
¢ /NS

with the site-dependent pair-field operator being given by

S A (69)

Aci) = % > fe(a)eircigay, (69)

where the sum runs over lattice sites neighbouring i, with
range and rel ative phase determined by

fe(a) = Ni > felk)e*eo, (70)
5k

For thed,>_,»-wave, for instance,

~ 2
fd 2_,2 (a) = F (5a,x + 6a,7x - 5a,y -

==y

Oa,—y), (71)

wherex andy are unit vectorsalong the cartesian directions.

Similarly to the magnetization, simple averages of pair-
field operators vanish identically in a finite-sized system,
SO one again turns to correlation functions. We define the
equal-time pairing correlation functioras

Pc(i,j) = (ALG)A () + H.c), (72)

whose spatial decay is sometimes analysed asaprobefor the
superconducting state [31]. Its uniform (i.e.,q = 0) Fourier
transform,

P, = Ni > (ALHALG) +He), (73)
ij

has also been used, together with finite-size scaling argu-
ments, to probe superconducting pairing [32,21,33]. As be-
fore, it is a straightfoward exercise to express the above av-
eragesin terms of HS averages of Green’s functions.
Restoring the 7-dependence, another useful probeisthe
uniform and zero-frequency (w = 0) pairing susceptibility

B
HC:N%Z/O dr (ALG,T)AG) +He),  (74)
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A considerable enhancement of II: over its non-interacting
counterpart may be taken as indicative of a superconduct-
ing state; see, e.g., Refs. [34] and [35]. In fairness, there
has been no real consensus on which is the best numerical
probe of a superconducting state. It may be argued, for in-
stance, that P, should be compared with the corresponding
nonvertex correlation function; see, e.g., Refs. [13,36].

While the above probes for superconductivity assume a
given symmetry for the pairing state, there is an alternative
procedure which is free from such assumption [37]. The
Kubo linear response to a vector potential A . (q,w) isgiven
by the z-component of the current density,

(Jo(a,w)) = —€*[(-=Ko) = Aso(q,w)] Az (q,w), (75)

where
(K,) = < — tz (chacia + c;raci+xa) > (76)

is the kinetic energy associated with the x-oriented links,
and

B e
Aes(@in) = X [ (G Gr)in(0,0) e
i 0

(77)
is the imaginary-time and space Fourier transform (w,, =
2mm3 is the Matsubara frequency [20]) of the current den-
sity correlation function,

Apa(i,7) = (42 (i, 7)J2(0,0)), (78)

with

Ja (ia T) =et llt Z (c;reracia - c;rcrciera) e .
’ (79)
As an exercise, the reader should express the current den-
sity corréelation function in terms of HS averages of Green’s
functions.

The superconducting properties of the system are asso-
ciated with its long wavelength static response (i.e.,q —
0,w = 0), but with a careful distinction in the way in which
the order of the limits ¢, — 0 (Longitudinal) and g, — 0
(Transverse) are taken:

AP = lim Auu(ge,qy = 0,iwn = 0), (80)
q.—0
and
AT = lim Au,(g = 0,qy,iwm = 0). (81)
qy—0

Asaresult of gaugeinvariance[37], one should always have

A = (-K,), (82)
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which can be used to check the numerics. On the other hand,
the superfluid weight, D, (which is proportional to the su-
perfluid density, p) turns out to be [37]

Dy

J) =ps = (—K) — AT: (83)

so that a Meissner state is associated with AL # AT, In
practice, (—K,) is calculated independently from A7, and
one checks whether the latter quantity approaches the for-
mer as ¢, — 0. Since the calculations are performed on
finite-sized systems, one should examine the trend of the
data as the number of sitesisincreased; see Ref. [37].

If the system is not a superconductor, the current-density
correlation function still alows us to distinguish between
a metalic and an insulating state. Indeed, the limit q =
0, w — 0 (note the order of the limits, which is opposite
to that used in relation to the superfluid density!) of the
conductivity determines whether or not the ground state of
the system has zero resistance [37]. The real part of the
zero temperature conductivity can be written in the form
Oze = DO(w)+08(w), where o8 (w) isaregular function
of w, and the Drude weight, D, describes the DC response.
The latter can be estimated at low temperatures by [37]

% ~ [(—K,;) — Apo(q =0, iwy, — 0)], (84)
which amounts to extrapolating discrete non-zero w,,, data
towardsw,, = 0. Thiscanlead to asubtleinterplay between
the energy scales involved; see Ref. [37] for examples.

The above-mentioned criteria to determine whether the
system is metallic, insulating, or superconducting are sum-
marized in Table 1. The reader is urged to consult Refer-
ences [37,38,39] for illustrative discussions on the many as-
pectsinvolved in the data analyses.

Table 1: Criteriato determine whether a system is a super-
conductor, ametal, or aninsulator, from the behaviour of the
current-current correlation function.

Nature of thestate D, [Eq. (83)] D [Eq. (84)]
Superconducting #0 #0
Metallic 0 #0
Insulating 0 0

At this point one should already be convinced that avery
wide range of probes is available to scrutinize most of the
possible physical properties of a model system. However,
two technical problems must be dealt with, which will be
analysed in turn: the minus-sign of the fermionic determi-
nant, and the instabilities appearing at low temperatures.

5 TheMinus-Sign Problem

As mentioned before, the product of fermionic determinants
is not positive definite, apart from in afew cases. The best
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known instance is the repulsive Hubbard model at half fill-
ing. To see why thisis so, we employ a particle-hole trans-
formation,

el - d;,, = (—l)icJr

ic io?

Ciy = d;rg = (—1)ic.

10

(85)
such that

ni(,chr c. =1—dl d

ic "o ioc o

=1— N (86)

and consider the fermionic determinant at the symmetric
point, u = U/2. Onethen has

det ()T = T’r’ H eiATKT €>\ > si(O)niy —
L

— T’r‘ He*ATRTe*AZi si(l)ﬁiTe*AZi si(0) —
ta} 1

= e M iesilh) det OY, (87)
where the tildes denote hole variables. Therefore,

det OT-det Ot >0, forn=1,U >0.  (88)

<sign>

<sign>

<sign>

[ e——e 4x4x4
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Figure 1. The average sign of the product of fermionic determi-
nants as a function of band filling, for the Hubbard model with
U = 4: (a) 4 x 4 square lattice, for inverse temperatures 3 = 6
(circles), 8 (squares), and 10 (triangles); adapted from Refs. [8]
and [13]. (b) 6 x 6 (circles) and 8 x 8 (squares) square lattice,
for fixed inverse temperature, 8 = 6; adapted from Ref. [13]. (c)
4 x 4 x4 (circles) and 6 x 6 x 6 (squares) simple cubic lattice, for
fixed inverse temperature, 8 = 7. Lines are guides to the eyein all
Cases.

For the attractive Hubbard model, the lack of o-
dependencein the discrete HS transformation [ see the com-
ments below Eq. (18)] leads to OT({s}) = O*({s}), s0
that the product of determinants is positive for all fillings.
Similar argumentsapply to show that the fermionic determi-
nant is always positive for the Holstein model for electron-
phonon interactions [40,41].

In other cases, the fermionic determinant becomes neg-
ative for some configurations. In order to circumvent this
problem, recall that the partition function can be written
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as a sum over configurations, ¢ = {s}, of the ‘Boltzmann
weight', p(c) = det OT({s})det O*+({s}). If we write
p(c) = s(c)|p(c)|, where s(¢) = %1 to keep track of the
sign of p(c), the average of a quantitity A can be replaced
by an average weighted by |p(c)| as follows

y, — Ser@AQ T pOlEAE) _
v > p(0) > Ip(e)[s(e)

(X, ()]s A@] / . p(e)] _
[, (@] / . Ip(o)

2 2'(0) s AW©)] _ (s4)y
RACICCRRC

where p'(c) = |p(c)|. Therefore, if the absolute value of
p(c) is used as the Boltzmann weight, one pays the price
of having to divide the averages by the average sign of the
product of fermionic determinants, (sign) = (s), . When-
ever this quantity is small, much longer runs (in comparison
to the cases in which (sign) ~ 1) are necessary to compen-
sate the strong fluctuationsin (A) . Indeed, from Eq. (7) we
can estimate that the runs need to be stretched by afactor on
the order of (sign)~2 in order to obtain the same quality of
dataasfor (sign) ~ 1.

InFig. 1(a), we show the behaviour of (sign) asafunc-
tion of band filling, for the Hubbard model on a4 x 4 square
latticewith U = 4, and for three different temperatures. One
sees that, away fromn = 1, (sign) is only well behaved
at certain fillings, corresponding to ‘ closed-shell’ configura-
tions; i.e., those such that the ground state of the otherwise
free system is non-degenerate [13]. For the case at hand,
the special fillings are 2 and 10 fermions on 4 x 4 sites,
leading to n = 0.125 and 0.625, respectively. At any given
non-special filling, (sign) deteriorates steadily as the tem-
perature decreases, rendering the simulations inpractical in
some cases. Further, Fig. 1(b) shows that for a given tem-
perature, the dip in (sign) gets deeper as the system size
increases. One should note, however, that the position of the
globa minimum is roughly independent of the system size,
which, for fillings away from the dip, alows one to safely
monitor size effects on the calculated properties. In thisre-
spect, the three-dimensional model is much less friendly, as
shownin Fig. 1(c): for 0.3 < n < 1, (sign) is never larger
than 0.5 at the same filling for both system sizes.

Itisasoinstructive to discuss the dependence of (sign)
with temperature, keeping fixed both the system size and the
band filling. In Fig. 2 we show In{sign) vs. 5 for the4 x 4
lattice at the closed-shell filling n = 0.625. (Actualy, these
data have been obtained in Ref. [40] by means of a ground
state algorithm, but they follow atrend similar to those ob-
tained from the determinantal algorithm discussed here.) As
U increases, the sign deteriorates even for this special fill-
ing. For other fillings the average sign also decreases with
U, and confirms the general expectation [40] that

e—BNs'v’ (90)

(89)

(sign) ~

where v depends on n and U. While for a given n, the de-
pendenceof v on U ismonotonic, for agivenU, v issmaller
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at the specia fillings than elsewhere.

The fundamental question then is how to prevent, or at
|east to minimize, this minus-sign problem. While onecould
be tempted to attribute the presence of negative-weight con-
figurations to the specia choice of Hubbard-Stratonovich
transformations (HST's) used, it has been argued [42] that
even the most general forms of HST's are unable to remove
the sign problem. It therefore seems that the problemis of a
more fundamental nature.

0je—e ° g L —o
uU=4
n=0.625, 4x4
A =2}
c
=
]
Vv
= U=8
_4 L
_6 L L L L
0 20 40 60 80
B

Figure 2. The logarithm of the average sign of the product of
fermionic determinants as a function of inverse temperature, for
the Hubbard model on a4 x 4 square lattice with n = 0.625, and
for different values of the Coulomb repulsion: U = 4 (circles) and
8 (squares). Lines are fits through the data points. Adapted from
Ref. [40].

In order to pinpoint the origin of the problem, let us
change the notation sightly and write the partition function
as

Z= ZTr H B7(Sa)B? (Sam-1)---B7(S1),  (91)
where a generic HS configuration of the /-th time dlice is
now denoted by S, = {s1(¢),s2(¢),---sn.(f)}; the set
S = {851,85,,--- Sy} defines a complete path in the space
of HSfields. Instead of applying the HST to all time slices
at once, one can apply it to each time dlice in succession,
and collect the contribution from a given HS configuration
of thefirst £ time dicesinto the partial path [43],

Py ({S1,S2,- - ,5¢})
BU(Sl) )

(92)

=Tr |BB---B]][B"(S:)B(Se—1) -+

where there are M — ¢ factors of B = e~27" which have
not undergone a HST. Clearly, Py = Z sinceit corresponds
to the situation in which no HS fields have been introduced



Raimundo R. dos Santos

yet; it is therefore positive. When HS fields are introduced
in the first time slice, a “shower” of 2™V+ different values of
P1 emerges from Py; see Fig. 3. Each subsequent intro-
duction of HS fields leads to showers of 2= values of P,
emerging from each P,_;. In Fig. 3, we only follow two
representative partial paths: the top one is always positive,
while the bottom one hits the /-axis at some /. In the latter
case, subsequent showers lead to both negative and positive
values of the partial paths. According to the framework dis-
cussed in Sec. 4, the ssimulations are carried out after per-
formingthe HST on all sites of all time slices. In the present
context, this amounts to sampling solely the intersection of
all possible paths with the vertical lineat ¢ = M; see Fig.
3. If one were able to sum over all HS configurations, we
would find that the number of positive P ,’s would exceed
that of negative P,,’s by an amount which, at low tempera-
tures, would be exponentially small. Sincein practiceonly a
limited set of HS configurationsis sampled, it is hardly sur-
prising that we find instances in which configurations lead-
ing to negative weights outnumber those leading to positive
weights. This perspective also helps us to understand why
simply discarding those negative-weighted configurationsis
not correct: the overall contribution of the positive-weighted
configurations would be overestimated in the ensemble av-
erages.

P,

Figure 3. Schematic behaviour of partial paths (see text) as a func-
tion of their length. Only two representative paths emerging from
the “shower” at £ = 0 are followed: one (full curve) leads to a
positive contribution when it reaches ¢ = M, whereas the other
(dashed curve) reaches P = 0 at some 4p.

The analysis of partial paths is at the heart of a recent
proposal [43] to solve the minus-sign problem. It is based
on the fact that when a partial path touches the P = 0
axis, it leads to showers which, when summed over all sub-
sequent HS fields, give a vanishing contribution; see Fig.
3. In other words, a replacement of al 5’sin Eq. (92) by
ZS%HM [I, B7(Se+1) - -+ does not change the fact that
P, = 0. Therefore, if oneis able to follow the ‘time’ evo-
lution of the partial paths, and discard those that vanish at
¢ < M, only positive-weight configurations end up con-
tributing at ¢ = M. However, though very simplein princi-
ple, this programmeis actually quite hard to implement due
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to the need to handlethe B factors without using aHS trans-
formation. Zhang [43] suggested the use of trial B’s, and
preliminary results seem encouraging. Clearly, much more
work is needed along these lines in order to fully assess the
efficiency and robustness of the method.

Likewise, other recent and interesting proposals to deal
with the minus sign problem need to be thoroughly scru-
tinized. In the meron-cluster approach [44], HS fields are
introduced in al sites as usual, but during the sampling
process (1) the configurations are decomposed into clus-
ters which can be flipped independently, and (2) a match-
ing between positive- and negative-weighted configurations
is sought; see Ref. [44] for details, and Ref. [45] for another
grouping strategy. Another approach [46], so far devised for
the ground-state projector a gorithm, consists of introducing
a decision-making step to guide walkers to avoid configura-
tions leading to zero weight; it would be worth examining
whether the ideas behind this adaptive sampling approach
could aso be applied to the finite temperature algorithm.
In this respect it should be noted that Zhang's approach
is closely related to the Constrained Path Quantum Monte
Carlo[47], in which the ground-state energy and correlation
functions are obtained by eliminating configurations giving
rise to negative overlapswith atria state.

In summary, at the time of this writing, QMC simula-
tions are till plagued by the negative-sign problem. Many
ideas to solve this problem have been tested over the years,
and they require either some bias (through resorting to trial
states) or quite intricate algorithms (which render smula-
tions of moderately large systems at low temperatures pro-
hibitive in terms of CPU time), or both. We hope these re-
cent proposal's can be implemented in an optimized way.

6 Instabilitiesat low temperatures

When the framework discussed so far is implemented into
actual simulations, one faces yet another problem, namely,
the fact that the calculation of Green’s functions becomes
unstable at low temperatures. As mentioned in the para
graph below Eg. (52), the Green's functions can be iterated
for about ¢ ~ 10 time slices, after which they haveto be cal-
culated from scratch. However, as the temperature is low-
ered, i.e., for 5 > 4, £ must be decreased due to large errors
in the iterated Green's function (as compared with the one
calculated from scratch). One soon reaches the situation in
which the Green’s function hasto be cal culated from scratch
at every time dlice (i.e,, / = 1). It should be noted that this
corruption only occurs as one iterates from onetime slice to
another, and not in the updating stage within a given time
dlice [13]. Worse still is the fact that as the temperature is
lowered further, the Green’s function cannot even be cal-
culated from scratch, since 07 = 1 4+ A%(¢) becomes so
ill-conditioned that it cannot be inverted by simple methods.
For instance, in two dimensions and for U = 0, the eigen-
values of 07 range between ~ 1 and ~ e*?; for U # 0 we
therefore expect the ratio between the largest and smaller
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eigenvalues of O to grow exponentialy with M, thus be-
coming singular at low temperatures.

Having located the problem, two solutions have been
proposed, which we discuss in turn.

A. The Space-time Formulation

The approach used so far can be termed as a space for-
mulation, since the basic ingredient, the Green's function
[or, equivalently, the matrices A° and O7, c..f. Egs. (26),
(38), and (39)] isan Ny x N, matrix. However, within a
field-theoretic framework, if space is discretized before in-
tegrating out the fermionic degrees of freedom [9], the ma-
trices O areblown up to

1 o 0 -- 0 BYr
-Bf 1 0 --- 0 0
o7 — 0o -By 1 --- 0 0 , (93
0 0 0 -BY,_; 1

which is an (N,M) x (NsM) matrix (since each of the
M x M entriesisitself an Ny x N, matrix); onestill has[9]

det 07 = det [1 + B, ---B{], (94)
asin Eq. (23), and

1 LdMT At o
Z= <§> {S]i: det O"({s}) - det O*({s}). (95)

]

1 0 0

—B%, B, - BY 1 0

0%, (1) = 0 =B, Bl 1
0 0 0
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Taking the inverse of O7 yieldsimmediately the space-time
Green's function matrix,

87 = [O"]_l. (96)

This space-time formulation has the advantage of
shrinking the range of eigenvalues of O7: the ratio between
its largest and smallest eigenvalues now grows only linearly
with M, thus becoming numerically stable [12]. Though
this approach has been extremely useful in the study of mag-
netic impurities [47], it does slow down the simulations
when applied to the usual Hubbard model [34]. Indeed,
dealing with (N M) x (NgM) Green's functionswould re-
quire (N M )? operations per update, N 2 M2 operations per
timeslice, and, finally, (N, M)? operations per sweep of the
space-time lattice. Sweeping through the space-time lattice
with g7 is then a factor of M2 slower than sweeping with
g’

A solution of compromise between these two formula-
tionswas proposed by Hirsch [12]. Instead of using onetime
slice asanew entry in 0° [Eq. (93)], we collapse My < M
time dicesinto anew entry. That is, by taking My = M/p,
with p an integer, one now dealswith (Np) x (Nsp) matri-
ces of theform

0 BZMo o B((Tp—l)Mo-H

0

0 0 ,
_B?pfl)Mo T B(p—Q)Mo+1 1

(97)

in terms of which the partition function is calculated as in Eq. (95). The label 1 of 63\’/[0 indicates that the product of B's
start at the first time dlice of each of the p groupings. As a conseguence, the time-dependent Green's function sub-matrices,
G7 (¢1; £5), connecting thefirst time slice of each grouping with either itself or with thefirst time slice of subsequent groupings,

arereadily given by [12]

G(1,1)
G(Mo +1,1)

G((p— )Mo+ 1,1) G((p— )Mo + 1, Mo + 1)

where the spin indices in G have been omitted for simplic-
ity. The Green’s functions connecting the /-th time slices of
the p groupings are similarly obtained from the inversion of
Oar, (£), which, in turn, is obtained by increasing al time
indices of the B’'sin Eq. (97) by £ — 1.

In the course of simulations, one starts with the time-

G(1,Mp +1)
G(My +1, My +1)

G(L (p - 1)M0 + 1)
G(MO + 1, (p — 1)M0 + 1)

G((p— )Mo + 1, (p — 1)Mp + 1)
(98)

expanded Green's function calculated from scratch through
Eqg. (98), and sweeps all sites in the first time slice of each
of the p groupings. Each time the move is accepted, the
Green's function at that time slice is updated according to
Eqg. (51). After sweeping over these sets of lattice sites,
one iterates the Green's functions to obtain the elements of
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g, (2) through [12]
G(ly + 1,0, + 1) = By, G(£1,£2)B,. 1. (99)

We then sweep through all sites of the second time dlice of
each of the p groupings, and so forth, until al timedicesare
swept. Note that since Eq. (99) is only used M, times (as
opposed to M times) it does not lead to instabilities for M
small enough.

Each Green's function update with Eq. (51) requires
~ (N4p)? operations; sweeping through all spatial sites of
one time dlice in each of every p groupings therefore re-
quires ~ (N,p)® operations. Since there are M, slices on
each grouping, one has, finaly, atota of ~ N 2Mp? opera-
tions per sweep, which sets the scale of computer time; this
should be compared with N 3 M for the original implemen-
tation, and (I, M )? for theimpurity algorithm. The strategy
is then to keep My ~ 20 and let p increase as the tempera-
tureis lowered. With this algorithm, values of 5 ~ 20 — 30
have been achieved in many studies of the Hubbard model;
see, e.g., Refs. [25,35,37,21,33,48,49,50,29]. It should also
be mentioned that since the unequal-time Green’s function
is calculated at each step, this space-time formulation is es-
pecially convenient when one needs frequency-dependent
quantities [37].

B. Matrix-decomposition stabilization

Let us assume that M, of the B matrices can be multi-
plied without deteriorating the accuracy. One then defines
[13,14]

Af (e) = B?—FMO B?—FMQ—I T B(Z’ (100)

which, by Gram-Schmidt orthogonalization, can be decom-
posed into 3
A7 (¢) = UTDYRY, (101)

where UJ is a well-conditioned orthogonal matrix, D{ is
a diagonal matrix with a wide spectrum (in the sense dis-
cussed at the beginning of the Section), and R{ isaright tri-
angular matrix which turns out to be well-conditioned [13].

Using the fact that U{ is well-conditioned, we can mul-
tiply it by another group of Mo matrices,

Q= B?+2M0 B?+2M0—1 e B?+Mo+1 U(f, (102)

without compromising the accuracy. We then form the prod-
uct
Q' =QD7, (103)

which amountsto asimplerescaling of the columns, without
jeopardizing the stability for the subsequent decomposition
as

Q' = UZD3R, (104)

where the matrices UZ, D, and R satisfy the same condi-
tions as in the first step, Eq. (101). With R = RJR3, we
conclude the second step with

A3 (f) = UJD3RS. (105)
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This process is then repeated p = M /M, times, to finally
recover Eq. (39), inthe form [13]
A’ (f) = A7 = USD?RY. (106)
The equal-time Green's function is therefore cal culated
through Eq. (38), as before, but care must be taken when
adding the identity matrix to A, since the latter involves the
wide-spectrum matrix D,,. One therefore writes

o o -1 a o -1
1=U; [Up] R» [Rp] ) (107)
so that the inverse of Eq. (38) becomes
[87(0)] " = Up PR, (108)
with ) )
P =[U7] " [R7]™ +DJ. (109)

We now apply another decomposition to P, the result of
which is multiplied to the left by U7, and to the right by
R7, in order to expressthe Green's function in the form [13]

[g7(0)] " =U"DR". (110)

In the course of simulations, one proceeds exactly asin
Sec. 4, by updating the Green’s function through iterations,
which takes up ~ N3M operations. Again, the iteration
from one time slice to another is limited to about 7 time
dlices, and it turns out that a significant fraction of the com-
puter time is spent in calculating the Green's function from
scratch. Indeed, a fresh g is calculated M/ / times, each
of which involving p decompositions, each of which taking
about N3 operations. Therefore, taking { ~ p, the dom-
inant scale of computer time is ~ N3p? instead, which is
about a factor of M faster than the space-time agorithm,
though without the bonus of the unequal-time Green’s func-
tions. This matrix decomposition algorithm has also been
efficiently applied to several studies of the Hubbard model,
and values of # ~ 20 — 30 have been easily achieved; see,
eg., Refs. [13,22,40,32,36,37,38,39,51].

7 Conclusions

We have reviewed the Determinantal Quantum Monte Carlo
technique for fermionic problems. Since the semina pro-
posa by Blankenbecler, Scalapino, and Sugar [9], over
twenty years ago, this method has evolved tremendously.
Stabilization techniques allowed the cal culation of a variety
of quantities at very low temperatures, but the minus-sign
problem still plagues the simulations, restricting a complete
analysis over awiderange of band fillings and coupling con-
stants. In this respect, it should be mentioned that other im-
plementations of QM C, such as ground-state algorithms (see
Ref. [8]), also suffer from this minus-sign problem. An effi-
cient solution of this problem would be amajor contribution
to thefield.

Most of the discussion was centred in the simple Hub-
bard model, but advances have been made in the QM C study
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of other models, such as the extended Hubbard model [52],
the Anderson impurity model [47], and the Kondo lattice
model [53]. The first applications of QMC simulations to
disordered systems have appeared only recently; see, eg.,
Refs. [38,39]. With the ever increasing power of personal
computers and workstations, one can foresee that many
properties of these and of more ellaborate and realistic mod-
elswill soon be elucidated.
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A Grouping products of exponentials

One frequently needs to group products of exponentialsinto
a single exponential. Here we establish a crucial result for
our current purposes: the product of bilinear forms can be
grouped into a single exponential of a bilinear form.

To show this result [8], let the generic Hamiltonian be
expressed as (we omit spin indices)

M= clhije;, (111)
i,j
where h is a matrix representation of the operator 7. The

‘time’ evolution of Heisenberg operators|[c.f., Eq. (36)], sat-
isfies a differential equation, whose solution can be found to

be
CI(T) = Z [e_Th]ij c;r. (112)
i
If we now take the linear combination
cfh =3 Baicl, (113)
we see that

(A7) =

ZZ [e_ATh]ij Baj ¢l =
ij

> Baicl, (114)
i

where the last passage has been used as the definition of B.
Now we introduce the product over time slices, through

U=J[e ™", (115)
4

so that the h’s now acquire /-labels, and we have

relp

Baj CIZ/{ =
ji

SEl e s

Uel, =
[
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where, again, the last passage has been used to define h. We
can then write

UclU™ = Z Z {e_ATH]ji B,; CI, (117)
i g

so that ¢ indeed behaves as a single exponential of the &f-
fective bilinear Hamiltonian #, whose elements are defined

by
[H e—Arh(f)]
4

= [e27] (118)
ij

ij

B Tracing out exponentials of
fermion operators

We now use the results of App. A to show that the trace
over the fermionic degrees of freedom can be expressed
in the form of a determinant. Given that 7 is bilinear in
fermion operators, it can be straightforwardly diagonalized
[9,11,8,14]:

H= Zsacgca, (119)

where, for completeness, the relations between ‘old’ and
‘new’ fermion operators are

ca =Y (ali)es, (120)
and

ol = Z(ﬂa)cz; (122)
theinverserelations are

c;i = Z(i|a>ca, (122
and

¢l = Z(aﬁ)c:&. (123)

Given the diagonal form, the fermion trace is then im-
mediately given by

Tr He‘ATH(l) = Tre ATH =
[

= H (L+e 7)) =

[e%

= det [1 + e‘ATﬁ] =

1+]] eATh(Z)] .(124)

4

= det
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C Equal-time Green’sfunctions

The equal-time Green's function, defined as the fermion av-
erage for a given configuration of the HS fields, is (we omit
the fermion spin |abel)

1
=T e el (125)

(et sy
where one assumes, for the time being, that ¢, and c;f. carry
no time label.

As in the caculation of the partition function, Eg.
(19), we write exp(—f8#H) as a product of M factors
exp(—A71H). We then introduce the matrix representation,

Dy = e AT el Kije; o= AT S el Vi(0e; (126)
to write
Tr Dp -+ Dic;ch
> _ i 127
(CZCj>{S} Tr Dy -+ Dy ( )

In order to evaluate 7r , wefirst change to the diagonal rep-
resentation through Egs. (122) and (123), to write

T _ N Tr Ca a” o Dl
<Cz‘cj>{s} B afza:uma Hals) TT Dy -- Dl -
(128)

]

Gij (Ui50s) = (ci (Zl)c;‘ (82»{3}

Asin the calculation of the partition function, we write
the first exponentia to the right of the 7r as a product of
M factors e=27™, o that there are, in effect, M — ¢, of
these factors before ¢;; by the same token, thereare £1 — />
such factors between ¢, and c}, and ¢, factors to the right

of c;f.. We then use the cyclic property of the 7r to bring

1
Gz](£1,£2) = gTT'D[z DlDM

1 _
= —Tre PHehdmHe e

D¢y1Dy---
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When we take the 77 on the diagonal basis, ¢!, act on
the bra to the left, so a nonzero contribution only occurs for
o' = ", Then, al states but |a") contribute to the product
with (1 + exp(—ATe,)) [see Eq. (124)] which cancel swith
the same term in the denominator. We are then left with

= Z|a

(c;ch) sy i)' =

1 _+_ e—ATE’

1
[m] o [gli;-  (129)

We can generalize the aboveresult and write the Green's
function at the ¢-th time slice as

g’(l) =

The reader should convince himself/herself that the average
of g(¢) over all HS configurations should be independent of
L.

[14+B; 1By 5...B1By...BJ]™" .  (130)

D Unequal-time Green’sfunctions

The unequal-time Green’s functions are defined as (we omit
the spin indices, for simplicity)

7€1ATH6£2ATHC}67£2ATH- (131)

these latter factorsto the front, and introduce ¢ — ¢ factors
of e~ 27" followed by the same number of e2™* factors
before ¢;. The Suzuki-Trotter decomposition is then used
to break the kinetic energy and interaction terms, and the
discrete HS transformation is applied to the exponentia sin-
volving the interaction; this adds a time-slice label to the
resulting group of exponentials, and we can write

where D, is given by Eq. (126). The product of D’s can be expressed in its diagonal representation, {|a)},

Dy, -+ Dyypq = e2al®alol

which can also be used to express ¢;, asin Eg. (122). Since

efsacf c

—e&q
cy e—eacica _ { € Cy

we have

> (i) Dy, ---

~

DZ2+1]_1 Cy [Df1 T

D52+1 [D‘ﬁ T D52+1]71 & [D‘ﬁ T D52+1] C;r, (132)
(133)

if =1+,
aCac, if a#7, (134
Dpia]l = (ilyy e =1, (135)

~
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Thus, sincel — n, = 0, 1, we can write

whi

6787(1in7) = <’Y|Bf1 T sz+1|7>,

chleadsto

[De, - 'D52+1]71 ¢i[De, -+ Deyy1] = Z (i[Be, -+ - Beyy1k) cx,

wherethe sumisin site indices.

With (137), Eqg. (132) becomes
1

Gij(ly; o) = =
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> (ilB¢, -+ Beo41|k) Tr Dy, -+ D1 Dy -+ Dy acycl,
k

(136)

(137)
k

(138)

which can, finally, be expressed in terms of the equal-time Green’s functions, Eg. (130), as

Gij(f1;€2) = [Bgl Bél—l - Bl2+1 g(fg + 1)]ij R

(139)

The reader should check that an analogous calculation, still for £1 > /-, leads to

Gij(li;6z) = (el (lr)e; (L)) sy =
[[1—8(62 + )] (BruBe,—1 - Brayr) ™!

j

(140)

In the main text, the Green’s functions given in Egs. (139) and (140) acquire a spin index.
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