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Mean field approach, although a generally reliable tool that captures major short-range correlations, often
fails in symmetric low dimensional strongly correlated electronic systems like those described by the Hubbard
model. In these situations a symmetry is almost broken. The problem is linked to the restoration of the symmetry
due to strong fluctuations (both quantum and thermal) on all scales. The restoration of symmetry in statistical
models of scalar order parameter fields was treated recently successfully on the Gaussian approximation level by
symmetrization of the correlators. Here the idea is extended to fermionic systems in which the order parameter is
composite. Furthermore, the precision of the correlators can be improved perturbatively. Such a scheme (based
on covariant Gaussian approximation) is demonstrated on the one dimensional (1D) and 2D one band Hubbard
models by comparison of the correlator with exact diagonalization and MC simulations, respectively.
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I. INTRODUCTION

Thermal and quantum fluctuations play a much larger role
in low dimensional condensed matter systems than in three
dimensional ones. As a consequence, phase transitions to
symmetry broken phases, exhibiting true long-range order
(LRO), like ferromagnet or antiferromagnet, are rare. In two
dimensions (2D) only systems possessing discrete symmetries
can undergo finite temperature spontaneous symmetry break-
ing, while in 1D they are forbidden altogether. The Mermin-
Wagner theorem [1,2] states that fluctuations for systems
that have a continuous symmetry like the SU(2) symmetric
Heisenberg model are strong enough to destroy LRO at any
nonzero temperature. The order parameter locally exists, but
averages out due to effective disordering of its phase over
the sample. To be specific, in Heisenberg ferromagnet, the
average of local order parameter, the spin density, (S'(r)) = 0.

The symmetry therefore is not spontaneously broken in
the low temperature phase (that strictly speaking there is
no symmetry breaking transition according to the Landau
paradigm), yet the strong short-range order (SRO) is crucial
for qualitative understanding of such systems ranging from
high T, cuprate superconductors to quantum magnets. Despite
vanishing expectation value (VEV) order parameter, the cor-
relator of the order parameter, P(r) = (S'(r)S/(0)), still char-
acterizes well the short-range order. Generally it describes the
spin excitations in the system although there are no Goldstone
bosons demanded by the continuous symmetry breaking (via
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so called Ward identities). At least naively, the symmetry is
almost broken in a sense that the correlator typically decreases
slowly (local order extends to large sizes). This contrasts with
that in true LRO phase in which the correlator approaches a
constant at large separation.

An approximate mean field description of such systems
having almost long range order very often results in various
spurious broken phases. Within the Ginzburg-Landau-Wilson
approach on the classical level, phase diagrams contain a host
of broken symmetry solutions. Very often it is considered to
be a failure of the approximation scheme, be it the classical
approximation, perturbation theory, or a variational approach
like the mean field. One declares that the approximation is not
capable or fails to capture the restoration of symmetry due to
fluctuations and is abandoned. Sometimes however an attempt
was made to repair such an approximation by symmetrization
of the Green’s functions (GF) calculated starting with the
symmetry broken solution.

In 2D statistical field theory of scalar fields the idea was
attempted in the framework of the shifted field perturbation
theory [3]. It worked well in models with discrete symme-
tries, but immediately ran into a problem with continuous
symmetric SRO. Infrared divergencies appear at low dimen-
sions due to Goldstone modes. However, it was shown that
these spurious divergencies generally cancel [4]. In condensed
matter physics a similar problem was encountered in the
context of thermal fluctuations of the Abrikosov vortex lattice
that appears in type II superconductors in a strong magnetic
field. While calculating the spectrum of thermal excitations
of the 2D Abrikosov vortex lattice within the Ginzburg-
Landau theory, it was noticed [5] that the gapless mode is
softer than the usual Goldstone mode expected as a result of
spontaneous breaking of translational invariance. At small k&
vectors the correlator of the superconducting order parameter
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field behaves as 1/k*. This unexpected additional softness
leads to infrared divergencies at higher orders. As a result, the
perturbation theory around the vortex state became doubtful
until it was realized that these divergencies are also spurious
[6]. After the cancellation was established, symmetrization of
the perturbative GF are a way to get reasonable results for
structure functions [7].

An interesting question is whether a similar approach can
be applied to strongly coupled electronic systems directly on
the microscopic level? The symmetry breaking in such models
(like the Hubbard, Heisenberg, etc.) is necessarily dynamical
in a sense that the order parameter like the spin density in
a ferromagnet mentioned above is quadratic in the electron
field (not linear as it appears in the Ginzburg-Landau bosonic
description). Physically it means that there is a condensation
of fermionic pairs (excitons, Copper pairs, etc.). Therefore,
generally these phases are not approachable perturbatively
and one has to either reexpress the theory in terms of a bosonic
field (bosonization) or use a nonperturbative method. The
simplest variational approach for which the (spurious) dynam-
ical symmetry breaking can be described is the Gaussian (or
Hartree-Fock) covariant approximation described in detail for
bosonic systems in Ref. [8] and fermionic many-body systems
in Ref. [9].

In this paper we propose a symmetrization method to study
strongly interacting electronic systems with strong LRO based
on previous experience with statistical physics expressed via
order parameter directly [8]. It is tested on the benchmark
models, the 1D and the 2D one band Hubbard models for
which exact diagonalization and Monte Carlo simulations are
performed. The symmetrization idea for almost broken phases
(sometimes qualitatively described as preformed correlated
domains of the low temperature phase or fluctuation domi-
nated situations) is not new in physics.

The paper is organized as follows. In Sec. II the problem
with the standard mean field type method in fermionic theories
(known under various names in different contexts as Hartree-
Fock, BCS, exciton condensation, etc.) is presented. The solu-
tion to the problem in the strong SRO case by symmetrization
is proposed in Sec. III. Section IV contains its application to
the half filled or not half filled Hubbard model in D =1, 2.
One can further improve the results expanding the self-energy
around the Gaussian solution (so called Gaussian perturbation
theory). This is done in Sec. V. The results are compared
with MC simulations in Sec. VI. Results are summarized in
Sec. VIIL.

II. SPURIOUS MEAN FIELD SYMMETRY BREAKING IN
FERMIONIC MODELS

A. Matsubara action for an interacting electron system

Let us start with a general model of interacting fermions
described by the Hamiltonian

1 .
H=Y" {_T;;Pa;‘*af, + 5vr_rfa:?'afai?*ca‘?«}, @)
IT

where the band (valley) and spin are denoted collectively by
index A. Summation over repeated indices is assumed. The
hopping amplitudes Ty typically extend to several nearest

neighbors. The interaction V is assumed to be of the two-
body (four Fermi) density-density variety, appropriate to an
effective description of many-body electronic systems.

It is convenient for our purposes to describe it via path
integral over a large number of Grassmanian variables 2.
To simplify notations, we initially lump position in space and
Matsubara time into a = {a =r, ag = t}. Translation invari-
ance in a is assumed. The Matsubara action corresponding to
the Hamiltonian therefore is

A=y AT W + Ly ydvAs iy b, )

V is symmetric under A <> B, a <> b. In modeling strongly
interacting systems in real space one typically considers hop-
ping on a lattice with periodic boundary conditions in each
direction. For simplicity we take a hypercubic lattice with
lattice spacing defining the unit of length and coordinates
being integers 1, ..., Ny, Matsubara time [discretized as ¢t =
1,..., N, with time step T = (TN,)~'] on the segment from
zero to T~!, where T is temperature. The fermionic field is
antiperiodic on the segment [10].

Symmetry group G (discrete or continuous) that might
be spontaneously broken consists of space-time independent
(unitary) linear transformations of the fermion field:

vy — Uyl 3)

As mentioned in the Introduction, a general question arises.
What happens when fluctuations destroy the long range order,
but an approximation incorrectly restores the LRO? In a
fermionic system the fermionic field cannot have nonzero
expectation value, (%) = 0, so to approach dynamical SRO
systems one can attempt to start with a mean field variational
solution of the order parameter quadratic in ¥*. An approxi-
mate Green’s function, the expectation value,

Gats = (W), @

is generally not invariant under the symmetry transformation,
in the sense of

Gk, # U™ U G, )

It is considered as a failure of the approximation scheme:
the approximation is not capable or fails to capture the restora-
tion of symmetry due to fluctuations. We try to take another
shot at these cases. The simplest variational approach for
which the (spurious) dynamical symmetry breaking can be
described is the Gaussian (or Hartree-Fock) covariant approx-
imation described in detail for bosonic systems in Ref. [8] and
fermionic many-body systems in Ref. [9].

B. Gap equation and its symmetry broken solutions

The HF variational GF is determined by the gap equation,

G, = T, — e L VIAGH + VG,
x,X

(6)
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where the Green’s function is a matrix with regard to indices
A, B and a, b. In momentum space, defined by

N M

T
I/ftf}r: ND Z

S ki,..okp=1 n=1

X exp [i(}%(Zn + 1)t + ?V—nk . r)}gﬁ,ﬁk, (7

s

the correlator is written as

T
=5 %exp [—i(%(Zn + 1)t —1)

b e —r)) |8
N. nk>

s

GAB

t—t',r—r’

T
GiE = — " expl—i(a — b) - x1g}", ®)
X

where, in the last line, shorthand space-time notations, » X =
Y and x ={F(n+1/2). 5k}, a={r}, b={r]}
were used, and a- y =1t X 1%,(2" + 1)+ i,—”k - 1. Similarly
it is convenient to define

1 .
T, = TNEND > explia —b) - x 12,
. ©
vAB — > expli(a—b) - xIvy".
X

TN?NP
Consequently the Fourier transform of the gap equation reads

oo T = =8 57 (a2 = 59, (10
Soox

where w is also a shorthand space-time notation of the Fourier
indices like x. As an example, let us consider the simplest
example of the quantum dot.

C. Spurious magnetic phase of the quantum dot
Let us consider the simplest Hamiltonian for a Pauli spinor
¥4, with spin projections A =1 (up) and |, (down):
H=—pd"'a* +Ua""aa" at. (11)
This corresponds to the Matsubara action:

N

A= WrTAByE oy ylut et

t,5=1

(12)
TAB = §28(8,41-5 — 81—s — 81T L),

where T = (TN,)~'. Comparing the interaction term to that of
the general action, Eq. (2), one identifies
VA = cUs,. (13)

The time translation symmetry is fully utilized by using the
Fourier transforms,

1 2

il = 8"en,  en= —(exp [i—”(m + 1/2)} - 1) - i,
T N,

v = U, (14)

The gap equation takes a simple form,

(6] = i 4 x84, (15)
where the self energy,

ZBA —UT Z (g’l;A _ SABgf(nX)’ (16)

X,m

is frequency independent. The equation for the self energy
thus becomes algebraic:

$AB _ U<8AB anx _ nAB)_ (17)
X

: AB __ B :
The four density components, n*” =T Zm ", are varia-

tional parameters. We can narrow the search if the residual
U (1) symmetry of spin rotations around the z axis is assumed
(of course any other direction can be chosen). This ensures
that n™ = n'" = 0, and only two parameters are left: n'" =
n' and n*' = n'. Therefore, one gets two equations

=

U (18)

where the bar means the spin A reversal: 1+ =| and | =1.
The gap equation in terms of densities subsequently be-
comes algebraic:

A 1 A
— _ [ — . 1
n 1 E . A Sn?) (19)

m

The last lines are the case of infinite &V, in which

Em = Wy — WU,

20
wp, =7T2m+1), (20)

and the summation results in the Fermi-Dirac distribution
1

AN __
10 = U — T+ 1

@

The nonmagnetic solution, n' = n', is trivial at half filling, for
which the electron-hole symmetry ensures n' +nt =1, u =
U/2, and nt = 1/2. As a result, the HF GF is independent of
coupling U:

g =, (22)
W
This (imaginary part is the horizontal green segment in Fig. 1)
deviates significantly from the exact value represented by the
red line.
The model at half filling has just one parameter u =
U/T. The magnetic solution with magnetization, M =
L' —nY) =n" — 1/2, of the gap equation,

124 M

12—-M 23)

expluM] =
exists above the spurious second order transition point, u, =
4. We will use this toy model to exemplify the symmetrization
idea in the following section.
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FIG. 1. Imaginary part of the correlator for quantum dot at half filling in a wide range of couplings u = U/T. Matsubara frequencies are
w=mnT and w = 37T with T = 1 in (a) and (b), respectively. The red line is the exact result, the green line is the Hartree Fock result, the
darker green line is the symmetrized Green function Eq. (32) for the magnetic phase, and the purple line is the perturbative correction to

Gaussian approximation (PCGA) Eqgs. (57) and (58).

III. SYMMETRIZED GREEN’S FUNCTIONS APPROACH

A. Qualitative description of the symmetrization

It was shown [8] for the case of bosonic low dimensional
models that in the strong coupling regime, where within clas-
sical or Gaussian approximation the symmetry is spuriously
broken, the symmetrized nonsymmetric Green’s functions are
quite close to the exact or Monte Carlo calculated result. It
means that symmetrization of the GF effectively takes into
account highly correlated domains. Of course a more rigorous
approach would divide the degrees of freedom into two scales:
large distance correlations, LRO, and short distance corre-
lations, SRO. It can be performed for certain bosonic mod-
els using renormalization group ideas, especially when the
Berezinskii-Kosterlitz-Thouless transition is involved. How-
ever, such an approach is extremely complicated in fermionic
models in which the order parameter is quadratic in fermionic
operators (condensation of pairs). The simplistic symmetriza-
tion approach that does not involve the explicit separation
of scales, however, is still effective, as we demonstrate in
following sections. The symmetrization qualitatively takes
into account the largest available scale by averaging over the
global symmetry group.

Here we generalize the approach to a general interact-
ing fermionic model in which (on the mean field level) the
global (space and time independent) symmetry group G is
spontaneously broken down to its subgroup . The half filled
quantum dot of the previous section can serve as a toy model
in which for U > U, = 4T the symmetry group G = SU(2)
[all the spin rotations, Eq. (5)] is spontaneously broken to its
subgroup H = U (1) (rotations around an axis determined by
the breaking direction, in our case the z axis).

B. Formulation of the symmetrization approach

Generally an approximate GF is symmetrized using the so
called invariant Haar measure over the group G [11]:

*Ap

*A B B
<WI11 b an wb]] T I'”b:>sym

= /dU g gy B B

*X)
Xn

x(yrh .. Yol ). (24)

The mathematical definition of the measure dU for compact
Lie groups is available in literature where it is shown that
it is unique. We provide here simple examples starting from
G =U(1). In this case, the group elements are described
by a 2D rotation angle 6, and Haar measure is just an-

gle average, de flU] = % 9220 d6 f16]. In our case G =
SU (2), the integration over the group reduces to the follow-
ing integral over three Euler angles parametrizing rotations

of the spin [11]: [ dU f{U] = 5 [y d¥siny [j dfsin® 6

02” do fl¥, 0, ¢]. Actually the integration over the vacuum
manifold G/H only (just two angles) is sufficient for most
applications. For discrete groups the symmetrization becomes
a rather obvious summation over all the group elements.

We will need only the following basic G =SU (N ) integrals
[12] for the fundamental representation

/U*AXUBYdU _ lSABSXY (25)
N
and
/U*A]XIU*AZXZUBIYIUBZYZdU
1 SAIBI 4282 §X1Y1 §Xa¥s | §AIB> §AsB1 §X1Ya gXoYy
=1 {_1%(5A1325A2315x,y1 §X2Ya | §A1B1 542y §XiTa gXoYy )}.

(26)

As an example, let us symmetrize the one-body electron and
the spin correlator that is a two-body correlator in the single
band Hubbard model. The symmetrized correlator reads

(I/f:Awl?)sym — /U*AXUBYdU(w;X,(//Z>

laABSXY
2

1
= EaAB«w:WJ ) ().

(vaXuy)

27

The spin correlator has the following symmetrized form:

o 1
i QJ _ %Ay _Ai1By ) By .. %A2 __ABs 1 By
(SaSb)sym - 4(wﬂ 0; I/fa b Uj I/fb )sym
— %O.IAIBIO.}AZBZ/.U*AIXIUB]YIU*AZXZ

x UBqU (Y Xy iy oy ), (28)

a
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Using the group integral of Eq. (26), one obtains
(S0 = oo P (w2 0T i )
= v v v w)
= 87 (Wit v vy ) = Sl va vt ).
(29)

The density correlator on the other hand is already sym-
metrized:

<nanb> = (wa*AWaAw;ng)sym

a

— /U*AX]UAYIU*BXZUBYZdU(w*XIwY] I/fb*xz‘/be)

= (Vv vy ). (30)

Sometimes this is expressed in the Wigner-Eckart form that
only symmetric quantities like (¥*Ty 1) 4 (y*¥4¥) are the
ones that can be calculated using the symmetrization approach
[4].

Before applying the procedure to the Hubbard model, let
us exemplify advantages of the approach on the simplest
fermionic toy model in D = 0, where the symmetry restora-
tion phenomenon is expected to be the strongest.

C. Toy model example

The quantum dot at half filling of the previous section can
be exactly solved [9]. The correlator (all the energies like the
coupling U are in units of T')

. it2m+ 1)
Cm2Q2m+ 1)+ u2/4’

where Matsubara frequency is 2m + 1 (T = 1 now). The
symmetric (paramagnetic) solution result of Eq. (22), g, =
m, is independent of u and thus pretty bad everywhere
but close to u = 0. The paramagnetic (green line) and the
exact (red line) correlators are given as functions of u in
Fig. 1 for m = 0, 1 [that is, for Matsubara frequencies, & T
and 37 T, on Figs. 1(a) and 1(b)], respectively. The correlator
grossly overestimates the exact one at the spurious critical
point #, = 4, marked in Fig. 1 by a dashed black line.

The magnetic solution of Eq. (23), symmetrized according
to Eq. (27) above, takes a form

ng _ aABgm’

8&m =

gm 3D

ir(2m+1)

) 2
72Q2m 41 + u2(nb —1/2)? (32)

The value of density nt here was calculated numerically by
solving Eq. (23). It is given in Fig. 1 as the dark green line.
One observes that, while the large u asymptotics is exact, at
intermediate couplings the agreement is on the 10% level.
The perturbative correction is also presented and in Sec. IV
we will discuss how one can perturbatively improve the
approximation (perturbative correction leading to the result
represented by the violet line). The almost broken phase
symmetrized HF, Eq. (32), becomes asymptotically correct
at large couplings. As Fig. 1(b) demonstrates, for higher
Matsubara frequencies the approximation very fast becomes

excellent in the whole range of parameters. Of course, the
large m asymptotics is guaranteed.

Now we apply this method to more complicated solvable
models of strongly interacting electron systems. The prime
example is the one band Hubbard model that describes qual-
itatively well several manufactured 2D quantum magnets and
1D and 2D BEC systems.

IV. APPLICATION TO THE ANTIFERROMAGNETIC SRO
IN THE HALF FILLED HUBBARD MODEL

A. Hubbard model

The single band Hubbard model for strongly interacting
electrons is defined on D dimensional hypercubic lattice
compactified in all directions into a circle of perimeter Nj.
The tunneling amplitude to the neighboring site is denoted
in literature by 7. We chose it to be the unit of energy ¢ =
1. Similarly the lattice spacing sets the unit of length a =
1 and 7 = 1. The Hamiltonian is (restricting for notational
simplicity to one band and D = 1, although generalization to
arbitrary D and other types of lattices is straightforward)

&

H=) {-(a¢a%, +Hc)—unc+Unlnt}. (33)

x=1

The chemical potential p and the on-site repulsion energy U
are therefore given in units of the hopping energy. The spin
index takes two values « =1, | . The density and its spin com-
ponents are n, = nl + n} with n® = a%'a?, respectively. It is
well known that at half filling u = % due to the particle-hole
symmetry [13]. Approximations we will use are covariant [9]
and thus respect this restriction.
The discretized Matsubara action is [10]

1
A=t Z ;(I/f;ﬁkl,xwﬁx —Uir)
1,x

1 o o o o
- 5( t,:wt,x-;—l + wt,:wt,x—l)

— Uy — UI//J; l/fti,; l[f),x l[ftl,x’ (34)

where n,, =Y iy . Generally for D <2 and the
non-Abelian symmetry group symmetry fluctuations
(quantum and thermal) destroy numerous mean field broken
phases, although previously attempted variational approaches
like the CGA at large coupling start from a broken phase
solution of the minimization equations and sometimes
give a much better result upon symmetrization. They start
from recounting the well known HF gap equation and its
paramagnetic solution [14].

B. Paramagnetic Hartree-Fock solution

The hopping matrix and interaction in frequency-
momentum space of the corresponding Matsubara action is

2w
t;l,i = (Saﬁtn,k’ ik = Em — 2 cos [Fk},

s

o = U, (35)
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Similar results are obtained for other physical quantities at

0.20f l o i 1 D = 1, while generalization to 2D gives results presented in
i 015 Fig. 8 that will be commented on below. The problem for U <
015 : 0.14 ! ] U. is easily remedied by a perturbative correction described in
° | o3 \ Sec. IV.
5 ! :
g 0.10 i 012 . C. Symmetrized antiferromagnetic Green’s function
o | 10 12 14 16 18 20 22 24
o ! 1. Spin rotation and translation spurious symmetry
0.05F ! ] breaking on the HF level
i half filling, k = 0 The spin SU (2) symmetry of the Hubbard model at half
0.0k Ue ! ) ) . ) . ] filling and large U is spontaneously broken on the HF level

to its U(1) subgroup chosen here as rotation around the z
0 2 4 6 8 10 12 L . . .
spin direction. Simultaneously the translation symmetry is
broken, so that two sublattices I = 1,2 appear. Therefore,
translational symmetry becomes smaller with unit cell index

/ ! xxr1 !/ set .
chain at temperature 7 = 0.2 with approximations in a wide range of x=1,...,N'with N’ = N,/2. The position for the sublattice

S . . . A
couplings for w = 7T, k = 0. The approximations include the CGA lis x = 2x L, Whlle for sub!attlce 2 it becomes x = 2x".
[green lines, the parasolution from Eq. (36); darker green lines from The Matsubara action therefore is rearranged as a folded one:

Coupling U

FIG. 2. Comparison of the exact correlator of a short Hubbard

Eq. (48)] that is symmetrized above the spurious transition at U, = Iox lox. 1 Io Iox 1 1 Jo
1.33 and perturbative correction to Gaussian approximation (PCGA, =T Z 1=1x Vrx T Y t,x’) T P Yx Yy
purple lines). X
1 Io* Jo 1 lox( _1J - _1J
The gap equation in paramagnet simplifies to 2 o o)l - K Viw (07" —io”)
U AR (I 1)
T ——nl4+U . 37
> = _Uﬁzgmk’ (36) wtx-&-l 2 I/I[X ‘ﬁ w[’x W,,X ( )
5 mk Here summation over sublattice indices 7, J is assumed. The
Fourier transform now takes a form
and is solved numerically (for infinite N;) for T = 0.2. For N N,
half filling, u = %, the solution of the above equation is 10* /
Y= % The results for the imaginary part of the correlator k’—l n= 1
mk are presented for. Ny, =4 in Elg. 2 as the green line f(’)vr 2tk 2n(n+1)2) .
couplings not exceeding the spurious critical value of U, ~ x exp |i| — ¥ i— N v (38
1.3335. Frequency is the lowest, n = 0 corresponding to w = !

7T, while quasimomentum k = 0 in Fig. 2 and k = N;/4 = 1 folded integer quasimomentum k' =1,...,N’. The action
[k-vector 7 /(2a) in physical units] in Fig. 3 but post-Gaussian becomes that of Eq. (2) with
correction, or the perturbative correction to Gaussian approx-

imation, PCGA, is good (PCGA theory will be presented in t =8¢, — (1 + cos |: —k :|> — sin [27k1| ol,
Sec. V A). As for the quantum dot, it (case for Ny = 4) also N ’
does not compare well with the exact diagonalization result P — st (39)
. . . nk’

(red line) for coupling that is not very small. The real part of
the correlator on the Fermi surface for k = 7 /2 is zero. where ¢, was defined in Eq. (14).

_ (a) (b) _ (c)

% g g 12

g 15 18 g1 13T S 1.0 12 ;

£ 12 £ . H 13 E 08 11

= 1.0 1.0 = 1.0 H 1% = Y. 1.0 :

S ° 5 08 1 ) 5 0.6 03 i §

b 05 1.0 15 2.0 = 0.6 = / 0.8

= 0.5 i} 0.4 ! 1.01.21.41.61.2.2.2.4 © 04 2.22.426283.03.2

2 half filling, k=rv/2 | £ o i S 02

5 ) 5 02f (y.=1.4 =0.25, k=71/2 50

8 0.0 S 0.0 3 0.0 =

0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Coupling U Coupling U Coupling U

FIG. 3. Comparison of the exact correlator of a short Hubbard chain at temperature 7 = 0.2 with approximations in a wide range of
couplings for w = 7T, k = m /2 at §u = 0, 0.25, 1 from top to bottom. The approximations include the CGA [green lines, the parasolution
from Eq. (36); darker green lines from Eq. (48)] that is symmetrized above the spurious transition at U, = 1.33, and perturbative correction
to Gaussian approximation in (a) (PCGA, purple lines). The inset of (a) is an enlarged figure near the “critical coupling” region. In (b) and
(c) (b = 0.25, 1, respectively), the results for the CGA (green lines for parasolution and darker green lines from the symmetrized correlator)
are present; the exact results are plotted as red lines.
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The gap equation, Eq. (6), now takes the following form:
o ru o Kk 1B
o _ W(SIJZ@ Byl _3n15 )
nk'

— USIJ((SaﬂnIIKK _ nllﬂa)' (40)

As is well known, it is solved by the antiferromagnetic (AF)
ansatz
plt = 20— I = 20
nllTl, — nlLLT — n221\L — n22¢? =0. (41)
The resulting algebraic equations at inﬁnite N,are ny +ny =
1 and, defining magnetization, M = n; — 5,

N

1 , N;
Z — tanh [;—kT] = —,
=1 (9% U
2 2|27, 2
ey =4 cos Vk + (UM)". 42)

The spurious critical coupling therefore is

2 cos[2K]T)
U.(T) =2N; {; cos™! [%k} tanh [%:”
43)

For particular cases shown in Figs. 2, 3, and 5, we set N; =
4 and 24, respectively. The values of the critical coupling at
temperature 7 = 0.2 are U, = 1.3335 and U, = 2.017 at half
filling, respectively.

J

In sublattice notations this becomes (V! y,]) ~

om _ | 3 ex 2mk(x/ ")
G’ = gy Lo Ty

LWl o +

(Va2 V) + exp [ ]
+ex p[mk]<1//2(r*,¢,1(r) (wiz*w%{r/)

The nonsymmetrized correlator is diagonal in spin, g;Jk,N =
g{j{,” = 0, due to the residual U (1) symmetry, so we specify

the spin « once:

1 2r 2
Ja / I : apwey
= ——1{(1 “k —sin | =k
= | (oo [ o [
+ iw,8" — sgn[a]lUMa’ } (44)

Here sgn[a] = 0%, namely +1 for 1 and —1 for |. Recall
that we have chosen the direction of magnetization at large
coupling in the spuriously broken phase to be parallel to the
z spin direction. This should be symmetrized over all the AF
ground states.

2. Symmetrization

Then the symmetry breaking pattern for the SU(2) —
U(1) for the paramagnet to AF involves simultane-
ous translation symmetry breaking resulting in sublat-
tices. Taking trace over spins and dividing by 2, the
symmetrlzed frequency- quas1m0mentum GF is (y 1y} )~

LW wg) o = SR o+ Wk wk) ) (nis the Mat-
subara frequency; x, y are the lattice coordlnates),

symz_z [

(x — y)]w,;; yl) @9

il (x—y)]w Ye) L (46)

(wllx+lwﬂ}+l)AF)
M*wﬁ_&)}

{ (‘pn] mod(] ‘ﬁn mod[k]) +exp [ mk](‘/’nl mod(k] 1p;ffmd[k]) }
+exp [’”"](W,f mod[k]wn mod[k]> + (wlimod[k]wr%,%od[k])

L[ e 20 21 k 2’77]‘ 210
= 7| 8nmodtal + & modik] T €XP N, & “modik] T €XP &nmodk] (47
S

where mod[k] = mod[k, N'] = mod[k, N,/2].
Substituting the solution of the gap equation, one finally
obtains, for half filling,

] iw, + 2 cos [Zk
gsym — [Nx ] ) (48)
nk 2 2
i TS

An example of results is compared with exact diagonalization
for Ny =4,T = 0.2 for n =0 and k = 0, N;/4 (correspond-
ing to physical momentum 7 /2) in Figs. 2 and 3(a), respec-
tively. The symmetrized broken phase solution (the dark green
curve) for U > U.(T) provides a quite accurate approximant.
It approaches the exact result at large coupling although still
incorrectly indicates the second order transition (see the cusps
in insets of both Figs. 2 and 3). The most problematic values

(

of both the frequency, w = 7T, and the quasimomentum k =
0 and N;/4 (Fermi surface) are chosen. The other physical
quantities are discussed in Sec. VI.

A question arises. Since qualitative features are captured
quite well by the symmetrized CGA except near the spurious
transition, can one improve upon this using the CGA as a
starting point of a perturbation? This is attempted next.

V. PERTURBATIVE IMPROVEMENT OF
THE GAUSSIAN THEORY

A. General construction of the series

The covariant Gaussian approximation can serve as a start-
ing point for a perturbation theory around the Hartree-Fock
solution. In bosonic models the method was proposed in the
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context of strong thermal fluctuations in the mixed state of
superconductor under magnetic field [15]. One considers the
quadratic form,

= -y G s (49)

as a large part of the action, while the difference between
the models action Eq. (2) and it is small. The small part
is multiplied by a parameter o and the physical quantity is
expanded in « to a certain order. After the calculation is
completed one sets o = 1.

The Gaussian action for an interacting electron system is
(as before the space index combined with time)

A=A, +aAA,
AA = Iy ytvAB ypuf + yd (T + G2 )vE.
(50)

Integrands in the path integral are expanded as
e~ (Actadd) — o= Ae(] — g AA+ La2(AAP +---). (51)
The correlator therefore is expanded to « as

Jwirupe (1 —adA+ 30 (AA)

Ax 1 B\ __
Ve v) = Je (1 —aAA+ Ja2(AA))
2
~ GIf +aly vl AN, + S AAR),,
=G+’ AGEE. (52)

The (...).,, average is understood in a diagrammatic repre-
sentation of the Gaussian integrals as in perturbation theory
[10] (division by Z eliminates disconnected diagrams). Van-
ishing of the « term is tantamount to solution of the gap
equation, Eq. (6), as shown in Ref. [15] (no difference here
between bosonic and fermionic models). Gﬁf is the Green
function of Gaussian (Hartree-Fock) approximation.

The correction to the Gaussian correlator G2 is (setting
a = 1 and simplifying by repeated use of the gap equation)

AGYE = G VELGNE(GEN G — GEM GEN )V MN GMB
(53)

It is known that within Gaussian approximation the effective
action is calculated much more precisely compared to correla-
tors [16]. The cumulant (the inverse of the Green function that
is the second functional derivative of the effective action with
respect to field) within the first order is given by a simpler
formula:

[(G™)'10 = [G™'Tof + =0y,

Sop = VarGh (G GIY — GIYGIP VAN (54)
Here 4% is the self energy correction to the Gaussian cor-
relator and GP¢ is the Green function of post- (perturbative
correction) Gauss approximation (PCGA). Diagrammatically
it can be represented as summation of all the setting sun
diagrams with lines representing the Gaussian correlators; see
Fig. 4.

As an example, we calculate the first correction (perturbed
or setting sun approximation) to the toy model of Sec. IL.
For the QD model, substituting Eq. (13) into Eq. (54), one

FIG. 4. Setting sun diagrams that contribute to PCGA. The
directed lines are Gaussian correlators, while the vertices are
“perturbative.”

obtains [using the property of both the paramagnetic and the
ferromagnetic solutions that G is diagonal in spin due to the
residual U (1) symmetry]

AA 2772 ~AA ~AA ~AA
o, =t UGG, Gy. (55)
Transforming to frequencies, one obtains

=T (56)

so that in paramagnet, Eq. (31), for infinite N,, [yCGA]AB =

SAB CGA with
-1
> 1
£t =i, +UT> Y ———— 1 . (57)
k=00 Wk+]—n Wk W]

The sum can be performed resulting in the exact expression
given in Eq. (31). The calculation of the setting sun correction
in the magnetic phase is more complicated; however, the result
is simple (after symmetrization):

2 2
i, . U /4 + v, 69
QUMo,)” + (2U?M? — U?/4 — »?)

pert __

&n

Here magnetic moment M is determined by the gap equation
(23). The correlator of Eq. (58) is plotted as the purple line in
Fig. 1. The most difficult case of w = T is given in Fig. 1.
One observes that it significantly improves the symmetrized
CGA near the spurious transition at U, (see inset), but is
not effective at higher couplings. If U < U, the perturbative
correction turns out to be exact. The asymptotics for large
coupling is correct and corrections are exponential. The im-
provement is dramatic for larger frequencies, as can be seen
from Fig. 1(b).

B. Perturbative correction to Gaussian approximation in the
Hubbard model

Applying the general formula for the setting sun corrected
self energy, Eq. (54) in the antiferromagnetic phase of the
Hubbard model, one obtains

2111 _ TZU Z G IJGUJGWI
a X1 Xi+x2—a>
X1, X2 (59)
Wl _ 117 ~NJT
Za - Gx1+)(7 —a
X1:X2
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where 7,J are sublattice indices and «, x indices are the
combined indices of frequency and wave vector. Substituting
the HF antiferromagnetic solution of Eq. (42) in the matrix
form the correlator is

1
w? + 4 cos? [2;—"] + M?2U?

iwn + (_)UMU
1+ exp[—4imk/Ni]

o _
Gnk_

1 + exp [4imk /Ny]
iw, — (=)°MU )’

(60)

where o is the spin index, and for spin up o =1 and
spin down o = 2. Using Eq. (54), the PCGA correlators are
obtained and the symmetrization of the PCGA correlators
follows. The symmetrized PCGA correlators are plotted in
the different figures of the present paper using purple lines
or points. The generalization to higher dimensions, differ-
ent dispersion relations/lattices, beyond half filling, etc. is
straightforward.

These results are systematically compared with exact and
Monte Carlo simulations in the 1D Hubbard model in the next
section and with the 2D Hubbard model in Sec. V.

VI. COMPARISON WITH EXACT DIAGONALIZATION
AND THE MONTE CARLO SIMULATION OF THE
HUBBARD MODEL

Exact solutions of strongly interacting electron systems are
scarce. This especially true for Green’s function at finite tem-
perature. We use exact diagonalization [17] in 1D for small
lattice at any filling (standard and thus not described here)
and then utilize the determinant quantum Monte Carlo [18]
(DQMC, briefly described in the Appendix) for half filling
only. Although the methodology has been extended recently
to approach electronic systems beyond the half filling, for the
benchmarks purpose we stay with the well established half
filling domain for which the sign problem was shown to be
nonexistent.

A. Coupling and quasimomentum dependence of the Green’s
function of half filled Hubbard chain

In this subsection our analytic results are compared with
exact diagonalization of the 1D half filling in the most trou-
blesome case of half filling (appears as red lines in figures).
Results beyond half filling are in far better agreement with
exact even for deviation as small as §u =u —U/2=0.1.
At half filling, the imaginary part of the Green’s function
at quasimomentum in the I' point, k = 0, and on the Fermi
surface k = 1 (corresponding to the physical wave vector
m/2) is shown on Figs. 2 and 3(a), respectively, for N; = 4.
The results are for fixed temperature (in units of hopping
energy t = 1), Ny =4, and at lowest Matsubara frequency
wy—o = T (by far the most difficult case, as an example
of the simpler model demonstrates; see Fig. 1). The range
of couplings U, < U < 12 is shown with inset magnifying
the region around the spurious critical value U, = 1.3335
marked by the dashed line for 7 = 0.2 in Figs. 2 and 3(a)
for T = 0.2, N; = 4. All the calculations here are for infinite

N;. In Figs. 3(a), 3(b) and 3(c) the imaginary part of the
Green’s function at quasimomentum k = 1 (corresponding
to the physical wave vector 7 /2) is shown respectively for
du =0,86n =0.25and . = 1.

Below the spurious phase transition HF (green straight
segment) deviates significantly from the exact diagonalization
result (red curve), especially near U,. However, well above
U, the symmetrized CGA result (green curve) compares well
with the exact correlator. On the Fermi surface, k = 7 /2, the
perturbative improvement over the symmetrized CGA [the
purple curve in Figs. 2 and 3(a)] is significant not just near the
spurious transition at U, but all the way to the large U limit.
The leading large U asymptotic, g = 43—; 21'/521 forT =0.2)
is captured correctly by both CGA and the perturbatively im-
proved CGA for both quasimomentum k = 0, 7 /2. However,
the coefficient ¢ of the subleading, c/U 4. correction (powers
are even due to the particle-hole symmetry) is different. The
exact one for k = 0 is ¢ = 40.6, while approximate are ¢ =
—24.1 and ¢ = —8.5 for CGA and the perturbatively corrected
CGA (PCGA), respectively. For k = w /2 the situation is
similar: exact ¢ = 86.0, while CGA and PCGA give ¢ = 29.8
and ¢ = —27.8 correspondingly. The conclusion is that for a
very strong antiferromagnetic state the dominant correlation
is antiferromagnetic and the long range symmetrization is less
important. The perturbation thus is not helpful in this respect.
Its main advantage is at intermediate couplings. The most
important positive observation is that the symmetrized mean
field works better beyond half filling. However, in the case
of QD, the large U limit expansion (polynomial expansion
U= k=1,2,...) of the correlator from Eq. (58) is the
same as the exact one, and the difference between them is an
exponential small factor (e7 03U,

For large N, the exact diagonalization is impossible and
thus DQMC was used as a benchmark. We present the
next comparison of the quasimomentum distribution for large
enough chain, so that the continuum limit is reached.

B. Distribution of momenta in 1D Hubbard model

In Fig. 5 the coupling dependence of the distribution
function n; of the Ny =24 Hubbard chain are compared
with determinant quantum Monte Carlo simulation (red line);
see the Appendix for details. Temperature is again fixed at
T = 0.2, while couplings are U = 1,4, 6, 10. The spurious
transition occurs at U, = 2.017 very close to the value mean
field transition point U, = 2.0186 in the thermodynamic limit
N; = 00, so that it essentially represents the continuum limit.
We use the infinite N, limit for the symmetrized HF (green
points) and PCGA (purple points).

One observes that at the weak coupling (U = 1) the agree-
ment is excellent and the perturbation improves significantly
the Gaussian result. The weak coupling limit comparison
means that the MC simulation time slice corresponding to
N, =40 is precise enough. For an intermediate coupling
above U, (U =4,06) there are deviations of up to 10%
at certain momenta, that are only modestly corrected per-
turbatively. Finally at strong coupling (U = 10) the agree-
ment is good, but the perturbative correction does not help
much.
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1.0f
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quasi-momentum k

FIG. 5. Quasimomentum distribution function n =
2T Y, g(m, k) in a half filled 1D Hubbard model (N; = 24).
Factor 2 is due to spin summation. Horizontal axis as k is
quasimomentum and quantized as in unit 277 /N;, and the plot range
of k is from zero to . The results for CGA (green dots) and PCGA
(purple dots) are plotted along with MC results (red lines).

C. Charge and spin correlators in 1D Hubbard model

In this subsection more complicated correlators of the
fermionic fields are compared with exact results on small
lattice and Monte Carlo simulations of the half filled model
on larger ones.

In Fig. 6 the coupling dependence of the charge density
correlator an ¢ = (Rnxn_, i) of the Ny = 4 Hubbard chain at
half filling is compared with the exact diagonalization (red
line). The subindices n, k of n,; correspond to Matsubara
frequency w, = nT(2n + 1), k is the quasimomentum, and
n,« 1s the Fourier transformation of the density n.,. Tem-
perature is fixed at T = 1, frequency at n = 0, and momen-
tum at k = 0, while the coupling range is U = 0-12. The
spurious transition occurs at U, = 4.541. The symmetrized

0.35F

1.7

0.30F XPIXP exact

0.25F

0.20f
%

0.15F

0.10f

0.05F
Ue

0.00E.

Coupling U

FIG. 6. Charge density correlator x” = X,f), « dependence of U
at T = 1, for frequency n = 0 and momentum at k = 0. The green
curve is the Lindhard diagram result and the purple curve contains
in addition the next order correction to the Lindhard diagram. The
green curve and the purple curve in the inset are the ratios between
the Lindhard result and the result including the next order correction
to the exact value, respectively.

0.6}

0.5F .

0.3f ]

0 5 10 15
Coupling U

FIG. 7. Spin correlator x; = (?M . ?,M.) dependence of U
at T =1 for frequency n = 0. The green curve is the Lindhard
diagram result and the purple curve contains in addition the next
order correction to the Lindhard diagram.

density correlator (the customary Lindhard diagram with
propagators given by the HF approximation, green lines)
deviates from the exact result near the spurious transition,
although it has a correct asymptotics at both weak and strong
couplings.

The one vertex corrected symmetrized density correlator
(purple points) does better. It is within 1% in the unbro-
ken phase (including the spurious transition point) and im-
proves the intermediate region. The inset demonstrates the
ration of an approximate and the exact correlator at large
coupling.

Another interesting correlator is the spin correlator x;, , =

(?n,k . TS‘)_,,,_k). The subindices n, k of TS’)M correspond to

Matsubara frequency w, = 7T (2n + 1), k is the quasimo-
mentum, and ?n,k is the Fourier transformation of the spin

= .
S ;. Parameters N;, T are the same as for the density corre-
lator, frequency still at n = 0, but instead of quasimomentum

we take the coincident point correlator x, = (?n,x . ?_M)
for n = 0. The results are presented in Fig. 7 as functions
of the coupling in the range U = 0-16. The approximation
quality is approximately (a little worse than density correlator)
the same as in the previous case of the density correlator.
For results of large N;, we will present the results in future
works.

D. Comparison of MC simulation with CGA
in 2D Hubbard model

Calculations for the half filled Hubbard model in 2D are
completely analogous to those in 1D. In Fig. 8 the coupling
dependence of the Matsubara Green’s function at the point
k = (m,0) on the Fermi surface is plotted as a function of
Matsubara time. As was demonstrated in the previous sub-
section, momenta on the Fermi surface are most difficult to
describe. The temperature is fixed at 7 = 1, and only half
of the period 0 < ¢ < 1/(2T) is shown since the other half
is dictated by the symmetry. The number of space points
was 144 with N; = 12 in the DQMC simulation (red line),
while the time slice corresponds to N, = 8; see more detailed
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FIG. 8. Imaginary part of the Green’s function G(z, k) of a half

filled 2D Hubbard model at k = (7, 0). The results for CGA (green

dots) and PCGA (purple dots) are plotted along with MC results (red
lines).

description of the methodology in the Appendix. The cou-
plings, U = 1,4,6, 8, 12, were taken below and above the
spurious mean field transition at U, = 4.90. We use the infi-
nite N; limit for the symmetrized HF (green points) and PCGA
(purple points).

One observes that at the weak coupling (U = 1, 4) below
U. the agreement is excellent only if the HF (the green vertical
line) is perturbatively corrected as in 1D. The weak coupling
limit comparison means that the MC simulation time slice
corresponding to N, = 8 is precise enough. For an interme-
diate coupling just above U. (U = 6) there are significant
deviations of up to 15% that are not corrected perturbatively.
Finally, at stronger couplings (U = 8, 12) the agreement is
good, but improvement (perturbative correction) does not help
much.

VII. DISCUSSION AND CONCLUSIONS

To summarize, a mean field (Hartree-Fock) type approach,
covariant Gaussian approximation, is adapted to include
strongly interacting low dimensional electronic systems in
which symmetry is restored due to long range correlations.
Instead of using a complicated (typically renormalization
group type) scale separation method, simple symmetrization
of correlators is employed to a covariant (preserving Ward-
Takahashi identities) variant of the mean field (Gaussian)
approximation. The short-range correlations captured by the
mean field are thus kept, while symmetry gets restored.
The solution can be systematically improved by addition of
corrections to cumulant that are based on expansion around
the Gaussian approximation. There are different variational
Hartree-Fock methods [19] which were applied to study the
strong correlated model, for example, the Hubbard model
with success. However, here we offered the traditional (simple
analytic) Hartree-Fock methods to calculate the correlators.

To test the scheme, it was applied to the correlator of the
1D and the 2D one band Hubbard models and compared to
exact diagonalization of relatively small systems (ED) and
MC simulations at the half filling, where they are known to
be reliable. The comparison demonstrates the typical mean

field precision of order 10% for all couplings. It is better
for weak and strong couplings (correct asymptotics) away
from the Fermi level and higher frequencies. It should be
noted that the method generalizes well beyond the half filling
Hubbard model. The 2D Hubbard model beyond the half
filling is being intensely studied recently in connection to
strange metals and high 7. superconductivity (including by
the determinantal quantum Monte Carlo [18] used here at
half filling only). Apart from straightforward generalizations
to different symmetry groups describing for example Ising
or XY quantum magnets, possible applications include mod-
els describing phonon induced interactions like the Holstein
model. For disordered matter, one can combine the replica
field theory method with the method used in the present paper.

A natural question arises whether the symmetrization
scheme can be applied to finer approximations beyond the
Gaussian. Recently, the covariant approximation method was
generalized to include higher cumulants beyond the quadratic

[9].
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APPENDIX: DETERMINANT QUANTUM
MONTE CARLO

The determinant quantum Monte Carlo (DQMC) method
is an exact numerical tool to treat the correlated system.
To apply DQMC simulations in a fermion system, a major
obstacle is the notorious sign problem, which prevents DQMC
simulations from achieving a good numerical precision at
low temperature and high interaction strength. However, in
the half-filled Hubbard model on a square lattice, the sign
problem disappears due to the particle hole symmetry and this
provides a wonderful opportunity to use the data of DQMC as
the benchmark for our method.

The DQMC method that we use is based on the
Blankenbecler-Scalapino-Sugar (BSS) algorithm [18]. In this
Appendix, we present a brief introduction following previous
work on the Hubbard model [20]. The Hamiltonian Eq. (33)
can be separated into H = Hy + H;, where H is the hopping
part and H; includes the rest of the terms in Eq. (33). In order
to calculate the grand partition function Z = Tre /T, one
needs to use the Suzuki-Trotter decomposition scheme [21]
to cast the quartic term into a bilinear form and introduce a
small parameter T = (TN)™,

87(H0+H[)/T — (etH(rH.’H[)N, — (eTHoeII'l[)N, 4 0(T2U)

(AD)
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Having separated the exponentials, we can decouple the
quartic terms in H; by the Hubbard-Stratonovich (HS) trans-
formation,

1 ¢
e*UT”T’W — Eef%n § efsé(anm)
s=%1

_ ! Z 1‘[ o~ (senlolss+ 5 n,
2 ’

s=x1lo=1,]

(A2)

where n = n; +n; and the parameter & = arccosh[e!V!7/2].
One can notice that the quartic terms are decoupled at the
cost of introducing an auxiliary field at every site and time
slice. Upon replacing the on-site interaction on every site of
the space-time lattice by Eq. (A2), we obtain the sought after
form in which only bilinear terms appear in the exponential,

N,

1 NPN,
Z = <§> '{[S‘{l_[ l_[ exp [—TtHop]

t=1 o=%,]

(A3)

X exp |:—r Zc;’TVi“(t)cfj|,

1

where the traces are over auxiliary Ising fields and over
fermion occupancies on every site. The time-slice index ¢ is
manifested in the HS field s;(¢) by

U
VI = Sgn[U]ész‘(I) +u— (A4)

E )
which are the elements of the N; x N; diagonal matrix V° (¢).

With bilinear forms in the exponential, the fermions can be
traced out explicitly,

z= (5> H]:[det[lJrB (NOBY (N, — 1)...B7(1)],

(AS5)

with B (t) = e ™Xe=™V"@_in which the auxiliary Ising spins
are implicitly included. The hopping terms in the exponential

are represented by an N; x N; matrix K, with elements

—1

The equal-time correlation function of the creation and the
annihilation operators is

o 0 1 o o _ _y°
(c7 ¢ M) = E"{I;{T r|:ci cj1 E[e KotV <’):|. (A7)

Considering the fact that the fermions only interact with the
auxiliary fields, it can be proved that Wick’s theorem [22]
holds for a fixed HS configuration [20,23,24]. Hence the
interesting physical expectations can be calculated in terms of
single-particle Green’s functions. In the Heisenberg picture,
the time-dependent ¢ operator is defined as

if i and j are nearest neighbors,

otherwise. (A6)

H —ttH

ct)y=eMce ™, (AB)

with the initial time set to be = 7 and ¢'(¢) # [c(¢)]". Fur-
ther, the unequal-time Green’s function, for #; > f,, is given
by [20]

Gi(thi;h) = (C?(II)C;T(IZ»{S}
=[B7@)B (/1 — 1)...B7(t, + 1) 9° (12 + Dljjs
(A9)

in which the Green’s function matrix at the fth time
slice is defined as g’(r) =[1+ A° O]™" with A%(r) =
Bt —1)B%(r —2)...B°(1)B°(N;)...B(¢).

In our simulations, 8000 sweeps were used to equilibrate
the system. An additional 30000 sweeps were then made, each
of which generated a measurement. These measurements were
split into ten bins, which provide the basis of coarse-grain av-
erages and errors estimates based on standard deviations from
the average. In the determinant QMC method, a breakup of
the discretized imaginary time evolution operator introduces a
systematic error proportional to 72U [with T = (T'N;)”! being
the imaginary time step]. We have used 7 = 0.125, which
leads to negligible systematic error (within a few percent).
One of the authors had succeeded in using this technology
to explore interesting physical properties in various electronic
systems [25].
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