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Applying the tempered Lefschetz thimble method
to the Hubbard model away from half filling

Masafumi Fukuma ,1‘* Nobuyuki Matsumoto®,

" and Naoya Umeda™”*

1Department of Physics, Kyoto University, Kyoto 606-8502, Japan
2PricewaterhouseCoopers Aarata LLC, Otemachi Park Building,
1-1-1 Otemachi, Chiyoda-ku, Tokyo 100-0004, Japan

® (Received 13 June 2019; published 17 December 2019)

The tempered Lefschetz thimble method is a parallel-tempering algorithm toward solving the numerical
sign problem. It uses the flow time of the gradient flow as a tempering parameter and is expected to tame
both the sign and multimodal problems simultaneously. In this paper, we further develop the algorithm so
that the expectation values can be estimated precisely with a criterion ensuring global equilibrium and the
sufficiency of the sample size. To demonstrate that this algorithm works well, we apply it to the quantum
Monte Carlo simulation of the Hubbard model away from half filling on a two-dimensional lattice of small
size and show that the numerical results agree nicely with exact values.
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I. INTRODUCTION

The sign problem is one of the major obstacles when
performing numerical calculations in various fields of
physics. Typical examples include finite density QCD
[1], quantum Monte Carlo (QMC) calculations of quantum
statistical systems [2—4], and the numerical simulations of
real-time quantum field theories.

Among a variety of approaches, two algorithms have
taken attention as potential candidates to generically solve
the sign problem for systems with complex action: one is
the complex Langevin method [5], and the other is a class
of algorithms utilizing the Lefschetz thimbles [6-15].
Although both the algorithms make use of the complex-
ification of variables and analytic continuation of inte-
grands, their methodologies are fairly different; the former
algorithm attempts to replace the complex Boltzmann
weight by a real positive weight defined in the whole
complex space, while the latter deforms the integration
region in the complex space so as to reduce the phase
oscillation. At this stage, each algorithm has its own
advantage and disadvantage. The former is advantageous
in that it is relatively fast with computational cost O(N) (N
being the degrees of freedom), but it suffers from the so-
called wrong convergence problem [16—19]. The latter is
generally free from the wrong convergence problem if only
a single thimble is relevant in evaluating the expectation
values of physical observables of interest. The disadvantage
is its expensive numerical cost, which is O(N?) because of
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the need to calculate the Jacobian determinant. When
multiple thimbles are relevant, one needs to take care of
the multimodality of the distribution. The tempered
Lefschetz thimble method (TLTM) was thus proposed in
Ref. [14] to tame both the sign and multimodal problems
simultaneously, where the system is tempered by the flow
time of the antiholomorphic gradient flow (see also
Ref. [15] for a similar idea).

In this paper, we further develop the TLTM, proposing
an algorithm which allows the precise estimation of
expectation values with a criterion ensuring global equi-
librium and the sufficiency of the sample size. The key is
the use of the fact that the expectation values should be the
same for all flow times. To demonstrate that this algorithm
works well, we apply it to the QMC simulation of the
Hubbard model away from half filling.

The application of Lefschetz thimble methods to the
Hubbard model has already been considered by several
groups [20-22] (see also Refs. [23,24] for recent study),
and the relevance of the contributions from multiple
thimbles has been reported. In this paper, we consider a
two-dimensional periodic square lattice of size Ny, = 2 x 2
with the inverse temperature decomposed to N, = 5 pieces
and numerically evaluate the expectation values of observ-
ables as functions of the chemical potential with other
parameters fixed to some values. We show that the TLTM
(the implementation of tempering combined with the above
algorithm for precise estimation) gives results that agree
nicely with exact values, simultaneously resolving the sign
and multimodal problems.

We comment that the extent of seriousness of the sign
problem in the QMC simulation of the Hubbard model
depends heavily on the choice of the Hubbard-Stratonovich
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variables. In this paper, in order to apply the Lefschetz
thimble method, we exclusively consider a Gaussian
Hubbard-Stratonovich variable that leads to a complex
action. There, the sign problem is actually severe as we will
see below, and one needs to seriously consider a dilemma
between the sign and multimodal problems, which can be
solved by the TLTM as stated above. However, the
temporal size considered here is still small (N, = 5), and
for such a high temperature regime, one can resort to
methods other than the Lefschetz thimble methods with a
different type of Hubbard-Stratonovich variables (see dis-
cussions in Sec. III).

This paper is organized as follows. In Sec. II, after briefly
reviewing the TLTM [14], we give a new algorithm which
allows the precise estimation of expectation values with a
criterion ensuring global equilibrium and the sufficiency of
the sample size. This algorithm is applied to the Hubbard
model in Sec. III, and we discuss the obtained numerical
results. We also make a comment there on the sign averages
obtained by other methods. Section IV is devoted to the
conclusion and outlook. Five Appendixes are given for
more detailed discussions on various topics.

II. TEMPERED LEFSCHETZ
THIMBLE METHOD

Let x = (x') € RY be a real N-dimensional dynamical
variable with action S(x) which may take complex values.
Our main concern is to estimate the expectation values

v dxe™ SO (x
(000, = =2

(1)

We assume that e=5() and e=5()((z) are entire functions
over C¥ when x is complexified to z = (z') € CV. Then,
due to Cauchy’s theorem for higher dimensions, the right-
hand side does not change under continuous deformations
of the integration region as long as the boundary at infinity
is kept fixed so that the integrals converge. The sign
problem will get reduced if ImS(z) is almost constant on
the new integration region.

In Refs. [11,11-15], such a deformation x — z,(x)
(t > 0) is made according to the antiholomorphic gradient
flow:

2t = 10:8(z,)". Zio=x'. (2)

Equation (1) can then be rewritten as

Js, dze~590(2) i
(O(x))s = W &, =z(RY),  (3)
which can be further rewritten as a ratio of reweighted
integrals over RV by using the Jacobian matrix J,(x) =

(0zi(x)/0x7) [11]:

_ Jry dxdetJ,(x)e=SEWIO(z,(x))
Sy dx det J,(x)eSw)

<ei9’(x)0(zz(x))>s$ff

(O(x))s

- o (4)

Here, S¢(x) and 6,(x) are defined by
S = e~ReS@W)| det J, (x)], (5)
€i0(3) = =ilmS(z,(x)) piarg dets,(x) (6)

and J,(x) obeys the differential equation [11] (see also
Footnote 2 of Ref. [14])

Jo= HEE) I =1 (7)
with H(z) = (0;0;S(z)). Under the flow (2), the action
changes as (d/dt)S(z,(x)) = |9;S(z,(x))|* > 0, and thus
ReS(z,(x)) increases except at the critical points z,
(0;5(z,) = 0), while ImS(z,(x)) is kept constant. In
particular, in the limit t — oo, the deformed region will
approach a union of N-dimensional submanifolds
(Lefschetz thimbles) on each of which ImS(z) is constant,
and thus the sign problem is expected to disappear there
(except for a possible residual sign problem arising from
the phase of the complex measure dz and a possible global
sign problem caused by phase cancellations among differ-
ent thimbles). However, in the Monte Carlo calculation,
one cannot take the 7 — oo limit naively because the
potential barriers between different thimbles become infi-
nitely high so that the whole configuration space cannot be
explored sufficiently. This multimodality of distribution
makes the Monte Carlo calculation impractical, especially
when contributions from more than one thimble are
relevant to estimating expectation values. A key proposal
in Ref. [12] is to use a finite value of flow time that is large
enough to avoid the sign problem but simultaneously is not
too large so that the exploration in the configuration space
is still possible. However, it is a difficult task to find such
value of flow time in a systematic way, as we will discuss at
the end of Sec. III and in Appendix E.

The TLTM [14] is a tempering algorithm that uses the
flow time as a tempering parameter. There, the global
relaxation of the multimodal distribution is prompted by
enabling configurations around different modes to easily
communicate through transitions in ensembles at smaller
flow times. Among other possible tempering algorithms,
the parallel tempering algorithm [25,26] [also known as the
replica exchange Markov chain Monte Carlo (MCMC)
method; see Ref. [27] for a review] is adopted in the
TLTM [14] because it does not need to introduce the
probability weight factors of ensembles at various flow
times and because most of relevant steps can be done in
parallel processes.
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In the TLTM (see Appendix A for the summary of the
algorithm), we first fix the maximum flow time 7 which
should be sufficiently large such that the sign problem is
reduced there. A possible criterion is that the sign average
|<ei97'(")>sggf| is O(1) in the absence of tempering. This
process can be carried out by a test run with small statistics.
We then enlarge the configuration space from RY = {x} to
the set of A + 1 replicas, (RM)A*! = {(xq, x1, ..., x4) }. We
assign to replicas a (a = 0, 1, ..., A) the flow times 7, with
th=0<t; <---<ty=T. The action at replica a,
¢ (x,), is obtained by solving (2) and (7) with its own
initial conditions zi_, =xi, J,_o=1. We set up an
irreducible, aperiodic Markov chain for the enlarged
configuration space such that the probability distribution
for {(xg, x1, ..., x4) } eventually approaches the equilibrium
distribution proportional to

[ expl=s5"(x,)]- (8)

This can be realized by combining a) the Metropolis
algorithm (or the Hybrid Monte Carlo algorithm) in the
x direction at each fixed flow time and b) the swap of
configurations at two adjacent replicas. Each of the steps a
and b can be done in parallel processes. After the system is
relaxed well to global equilibrium, we estimate the expect-
ation value at flow time ¢, [see (4)] by using the subsample

at replica a, {xﬁ,k)} k=12, N, that is retrieved from the

total sample { (xék), x<1k), oo xip)} k=12 News'

<ei9m (x) O(Zra (X))>Sf£f
<€i9m (x) >S,eff

it explif, ()06, 0 _
Sopen expli6, (x)] ‘

The original proposal in Ref. [14] is to use (9) at the
maximum flow time, O,_,, as an estimate of (O)j.
Recall here that the left-hand side of (9) is independent of
a due to Cauchy’s theorem, and thus the ratio @, should
yield the same value within the statistical error margin if the
system is well in global equilibrium. In practice, this is not
true for small a’s due to the sign problem, where the estimate

of the sign average, |e%«| = |(1/Neonr) S € ()|, can be
smaller than its statistical error (=1/1/2N .onr, Which is the
value for the uniform distribution of phases). In this case, the
statistical error of the ratio O, cannot be trusted, which
means that such O, should not be used as an estimate
of (O)s.

Based on the observation above, we now propose an
algorithm which allows a precise estimation of (O) ¢ with a
criterion ensuring global equilibrium and the sufficiency

of the sample size. First, we continue the sampling until
we find some range of a [to be denoted by a =

Amin» -+ Amax (=A)] in - which |e%«| are well above
1/v/2N o and O, take the same value within the statistical
error margin. We will require that the 1o intervals around

le®«| be above 3/v/2Noon. Then, we estimate (O)g by
using the y2 fit for {O, Yazay _ with a constant
function of a. Global equilibrium and the sufficiency of
the sample size are checked by looking at the optimized
value of y?>/DOF = y?/(amax — @min)- Note that the param-
eters determined by this procedure (such as N onfs @mins
amax = A) can vary depending on the choice of observ-
able O.

We close this section with a few comments. First, in the
TLTM, a sufficient overlap of the distributions at adjacent
replicas is expected even for large flow times as long as the
spacings are not too large. This is because the distributions
at large a’s (e exp[—S51 (x)]) have peaks at the same points
in RY that flow to critical points in CV. This is in sharp
contrast with the situation in other tempered systems, in
which the distribution often changes rapidly as a function
of the tempering parameter so that enough of an overlap
cannot be achieved for realistically meaningful small
spacings. Second, the optimal form of ¢, is a linear function
of a when flowed configurations are close to a critical
point. This is because the optimal choice for the overall
coefficients in tempering algorithms is exponential (see,
e.g., Refs. [28,29]) and because the real part of the action
grows exponentially in flow time near critical points.
Finally, the computational cost in the TLTM is expected
to be O(N3~*) due to the increase caused by the tempering
algorithm [which will be O(N°~!)]. Note that this growth
of computational cost can be compensated by increasing
the number of parallel processes.

III. APPLICATION TO THE HUBBARD MODEL
AWAY FROM HALF FILLING

Let A = {x} be a d-dimensional lattice with N, lattice
points. The Hubbard model describes nonrelativistic lattice
fermions of spin 1/2 and is defined by the Hamiltonian
(including the chemical potential)

H = —K‘Z Z nycj(.o'cy,a - ﬂZ(nx,T + anL - 1)
Xy o X
+ U (i = 1/2)(nyy = 1/2). (10)

Here, ¢y, and cjw are the annihilation and creation
operators on site x € A with spin o(=1,]) obeying
the anticommutation relations {cy,. c;,,} = Oxy0,, and
{exorCye} = {cl,g, c;,,} =0, and n,, = c;,,cw. Kyy is
the adjacency matrix that takes a nonvanishing value (=1)
only for nearest neighbors, and we assume the lattice to be

114510-3



FUKUMA, MATSUMOTO, and UMEDA

PHYS. REV. D 100, 114510 (2019)

bipartite. k(> 0) is the hopping parameter, 4 is the chemical
potential, and U(>0) represents the strength of the
on-site repulsive potential. We have shifted ny , as ny , =
ny,—1/2 so that g =0 corresponds to the half-filling
state, > (nx, — 1/2) = 0.

We approximate the grand partition function tre?# by
using the Trotter decomposition with equal spacing e
(f = N,e), and rewrite it as a path integral over a
Gaussian Hubbard-Stratonovich ~ variable ¢ = (¢x).
Then, the expectation value of the number density
n=(1/Ng)> ((nxy +ng, —1) is expressed as (see
Appendix B for the derivation)

(n)s

[l ng 4 (1
Jdg)e="

de/;fx) (11)

S0 = ¢~V det MO[p] det M 4], (12)

Ma/h[¢] =14+ ei/inee‘KKeii\/é‘_Ul/)t” (13)
4
nlg] = (iVeUN,)~ fo’f 0.x> (14)

where ¢, = (s x0xy) and [], is a product in descending
order. Note that n[¢] in (14) can be replaced by
(iv/eUN,N;)™' >, ¢, which is more preferable in
Monte Carlo calculations because statistical errors will
be reduced due to the averaging over . The charge-charge
correlation, (nyny)s (ny =nys +ny — 1), can also be
evaluated as a path integral by simply replacing ny by
(iveU) 'p,_ox When x #y. As for the observables that
are not directly constructed from n,, the expectation values
can be evaluated by using the formula (B14).

We now apply the TLTM to the Hubbard model on a
two-dimensional periodic square lattice of size 2 x 2 (thus
N, =4) with N, = 5. We first estimate (n)g numerically
by using the expressions (11)—(14) for various values of fu
with other parameters fixed to be fx = 3, pU = 13. Note
that the physical quantities depend only on the dimension-
less parameters pu, px, pU for fixed N..

The complex action (12) gives rise to a serious sign
problem, as can be seen in the left panel of Fig. 1. However,
we should note that the extent of the seriousness of the sign
problem heavily depends on the choice of the Hubbard-
Stratonovich variables, and, actually, the sign problem can
be avoided for the above parameters within the
Blankenbecler-Scalapino-Sugar QMC method [30]. In fact,
the right panel of Fig. 1 shows the sign averages calculated
by using a public code called Algorithms for Lattice
Fermions (ALF) [31] that is based on the discrete variables

sign average sign average

1.0 1.000F « = e e e e e e
0.8
0.995

06} ,
04 0.990
0.2 0.985
00F * * = e o s s o =2 g "

0 5 10 155: 9% 5 10 15 fu
FIG. 1. (Left) The sign averages obtained by the reweighting

method (flow time 7 = 0) for the complex action (12) with the
Gaussian Hubbard-Stratonovich variable. (Right) The sign aver-
ages obtained by using ALF with the M, parametrization.

introduced in Refs. [32,33]. We see that the sign averages
are above 0.98 for all the range of fu studied here.!
Following the general prescription and writing x =
(x") = (¢psx) (i=1,....N) with N =N N, we intro-
duce the enlarged configuration space (RY)A*! =
{(xg, X1, ..., x4)}. Here, we brief the setup of the param-
eters relevant to the TLTM (see Appendix D for more
details). We set ¢, to be piecewise linear in a with a single
breakpoint of which the position will be tuned such that the
acceptance rates of the swapping process at adjacent
replicas are almost the same for all pairs (being roughly
above 40%).> For each value of pu, we make a test run with
small statistics to adjust parameters. This gives the values
T/(pu) =1/12-1/10, A = 8-12, Noope = 5,000-25, 000,
varying on the value of pu. We make a sampling after
discarding 5000 configurations, and from the obtained data
{Autuca . . o~ We estimate (n)g by using the y* fit.
As an example, let us see Fig. 2, which shows \eiaf«
n, at various replicas for fu = 5. The left panel shows that

the 1o intervals around |e?« | are above 3/v/2Nons for a =
5,...,11 (and thus we set a.,;, =5 and a,,, = 11). The
right panel shows that the data {7,} in this range give the
same value within the statistical error margin. The y? fit
gives the estimate (n)¢ ~ 0.221 £ 0.012 (the exact value is
0.212) with »?/DOF = 0.45.

Figure 3 shows the thus-obtained numerical estimates of
(n)g as a function of fu. We also display the estimates
obtained without tempering (at the same maximum flow
times 7) and those from the original reweighting method
(i.e., T =0), together with the values obtained by the
explicit evaluation of the trace under the Trotter decom-
position with N, = 5 and for the continuum imaginary time
(i.e., N, = o) (see Appendix C). We see that the exact
values are correctly reproduced when the tempering is
implemented, while there are significant deviations when
not implemented. As in the (0 + 1)-dimensional massive

'We thank a referee for suggesting that we investigate this
pomt

*This functional form of 7, is best suited to the case in which
the deformed region reaches the vicinity of all the relevant
Lefschetz thimbles at almost the same flow time and such a linear
form is effective also for the transient period.
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010 | 3/y/2 Negur l 0.20 i S
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' { l 0.10: « w/tempering
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0005 "% 6 8 1w0a 0 2 4 6 8 10a

FIG. 2. With tempering (fu = 5). (Left) The sign averages at
various replicas. The horizontal dashed line represents
3/V2Ncone = 0.017. (Right) The data 7,. The solid red line
with a shaded band represents the estimate of (n)g with a lo
interval. The gray dashed line represents the exact value.

(n)
1.0}

+ w/tempering (T>0)
x wj/o tempering (T>0)
0.8f| + reweighting (T=0)
— exact values

- exact values (N;=c0)

0.6

0.4

0.2

0.0

'I' +[lr‘

15 Bu

0 5 10

FIG. 3. The expectation values of the number density operator,
(n)g (N; =15). The results obtained with tempering correctly
reproduce the exact values. The exact values for N, = oo are also
displayed for comparison.

Thirring model [14], the deviation reflects the fact that the
relevant thimbles are not sampled sufficiently. In fact, from
Fig. 4, which shows the distribution of averaged flowed
configurations 2 = (1/N) >_, zi- at T = 0.5 for fu = 5, we
see that, although the flowed configurations are widely
distributed over many thimbles when the tempering is
implemented, they are restricted to only a small number of
thimbles when not implemented.

Three comments are in order. First, a larger value of the
sign average does not necessarily mean a better resolution

0.5 0.5
Imz
0.4 0.4
03 03
0.2 0.2
0.1 0.1
0.0 0.0 ReZ

1.0 -0.5 0.0 0.5 1.0 1.0 -0.5 0.0 0.5 1.0

FIG. 4. The distribution of Z. (Left) With tempering. (Right)
Without tempering.

(el

10f ‘ * —]
I « W/ tempering (T>0) 1

081 * % w/o tempering (T>0) ]
[ " + reweighting (T=0) ]

0.6 z ]
I & & 1
L b 4 x 1

04+ b 3 X x ]
[ 3 % :

0.2} ¢ ¥ PR &
I g
[ * i ¢ ¢ 3 3 % % d 1

0.0} LA I - T

FIG. 5. The sign averages at T, |(e/r(*)) g |.

of the sign problem, as can be seen from Fig. 5. In fact,
when only a very few thimbles are sampled, the sign
average can become larger than the value in the correct
sampling due to the absence of phase mixtures among
different thimbles.

Second, whether the multimodality can affect the esti-
mates of expectation values depends on the choice of
observables. In fact, from the discrepancies of the sign
averages in Fig. 5, we see that the multimodality must be
severe in the region fu < 9. However, the estimates of (n)
almost agree between the two methods with and without
tempering in the range 7 < fu < 9. This means that the
operator n is not sensitive to the multimodality in this
range. To find an observable that is sensitive to the
multimodality, we estimated the nearest-neighbor charge-
charge correlation (nyny)g with the same sample.” The
results are shown in Fig. 6, in which we see a significant
discrepancy at pu = 9 between the two methods.

Such discrepancies become more manifest if we look at
the observables that are not directly constructed from the
number density operator n,. As an example, we show in
Fig. 7 the expectation values of the kinetic energy operator
(without the factor “~x”) K = 3°, /3", Kyy ¢k o€y 5, Which
are estimated for the same sample as above by using the
formula (B14). We notice two things there. One is that the
discrepancies between the two methods now become
significant for all the range 7 < fiju < 9. The other is that
the precision of the TLTM becomes worse compared to the
case for the observables that are constructed solely from .
In fact, those observables that are not directly constructed
from ny (such as K) contain matrix elements of M®/"[gp]~!
and may have divergently large values in the vicinity of
zeros of the fermion determinants det M“/?[¢]. In this case,
precise estimation will require a larger sample size and
more accuracy in integrating flow equations compared with

*We thank the referee for suggesting that we investigate the
expectation values of observables other than the number density
operator.
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(ny ny)

1.0f| o w/ tempering (T>0)
x wj/o tempering (T>0)
0.8l| + reweighting(T=0)
— exact values

- exact values (N,;=c0)

0.6

0.4t
0.2r

OIO»-- == - -
0 5 10

15 Bu

FIG. 6. The nearest-neighbor charge-charge correlations
(nyny)s (N, = 95).

(K

+ w/tempering (T>0)
x wj/o tempering (T>0)
1L+ reweighting (T=0)
[ | — exactvalues

- exact values (N,;=c0)

0 s — — — ——
0 5 10

FIG. 7. The kinetic energies (K)g (N, = 5).

operators constructed solely from n,. We expect that a
similar attention must be paid when one applies the TLTM
to finite density QCD. We leave a further investigation of
this point to a future investigation.

Finally, from Fig. 8, we see that it should be a difficult
task to find an intermediate flow time (without tempering)

|el'9[”| i i i i i 0.4 T,
0.4 i

« w/o tempering

03
0.3f | - 3/V2Neons H l l
02 L 02F [

0.1 t 0.1 I

0.0 0 2 4 6 8 10 a 00 0 2 4 6 8 10 a

« w/o tempering
-- exact value

FIG. 8. Without tempering (fu = 5). (Left) The sign averages.
(Right) The estimates 71,,. There is no such flow time that clearly
avoids both the sign and multimodal problems simultaneously (at
least for the present spacings).

that avoids both the sign problem (severe at smaller flow
times) and the multimodal problem (severe at larger flow
times) (see Appendix E for more detailed discussions).
Generically, flowed configurations get trapped to a fewer
number of Lefschetz thimbles several times, so there is a
large ambiguity in distinguishing the larger and smaller
flow times in the first place.

IV. CONCLUSION

In this paper, we proposed an algorithm for the TLTM
which allows a precise estimation of expectation values.
We confirm the effectiveness by applying it to the two-
dimensional Hubbard model away from half filling.

We should stress that our study in this paper is still at an
exploratory level. In fact, the lattice must be enlarged much
more in both the spatial and imaginary time directions to
claim the validity of our method for the sign problem in the
Hubbard model, revealing the phase structure of the model.
In doing this, it should be important to check whether the
computational scaling is actually O(N3*) as expected.

More generally, we should keep developing the algo-
rithm further so that it can be more easily applied to the
three major problems listed in the Introduction. There
should also be other interesting branches of fields in which
the TLTM may shed new light on the theoretical under-
standing through a numerical analysis, such as the Chern-
Simons theory [34] and matrix models that generate
random volumes [35].

Recently, there appeared an interesting paper [23] (see
also its detailed version [24]), in which the sign and
ergodicity problems are also studied for the Lefschetz
thimble method applied to the Hubbard model away from
half filling. In our method (TLTM), the two problems are
solved simultaneously by tempering the system with the
flow time, in which one does not need to know a detailed
structure of thimbles. In contrast, in Refs. [23,24], the
authors redundantly introduce two continuous Gaussian
Hubbard-Stratonovich variables with a parameter repre-
senting the mixture of the two variables (see also Ref. [22]).
With knowledge of thimble structures, they tune the
parameter in such a way that only a few number of
thimbles become relevant to the evaluation and obtain
results for a 2 x 2 hexagonal lattice (N, = 8) with N, =
384 and f = 30. It would be interesting to introduce such
redundant integration variables also in the TLTM so as to
reduce the global sign problem (possible cancellation of
phases among different thimbles), which we observe also
depends heavily on the choice of integration variables.
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APPENDIX A: SUMMARY OF THE ALGORITHM

We summarize the algorithm of the TLTM (we partially
repeat the presentation of Ref. [14]):
Step 0.—We fix the maximum flow time 7', which should
be sufficiently large such that the sign problem is reduced
there. A possible criterion is that the sign average
|<e"‘9’1'(")>sgff is O(1) in the absence of tempering. This
can be carried out by a test run with small statistics. We
then pick up flow times {z,} from the interval [0, 7] with
th=0<t <---<ty=T. The values of A and ¢, are
determined manually or adaptively to optimize the accep-
tance rate in step 3 below. Practically, once A is determined,
t, can be chosen to be a piecewise linear function of a [see
the argument for (D1)].
Step 1.—For each replica a, we choose an initial value
x, € RV and numerically solve the differential equa-
tions (2) and (7) to obtain the triplet (x,.z, =z, (x,),
J,= Jta (xa))-
Step 2.—For eachreplica a, we use the Metropolis algorithm
to update the value of x,. To be explicit, we take a value x/,
from x, using a symmetric proposal distribution and
recalculate the triplet (x/,, zJ,, J,,) using the x}, as the initial
value. We then update x, to x/, with the probability
min(1, e™25), where

AS, = S5 (x,) = S (x,)
= (ReS(z,) —In|detJ]|)

— (ReS(z,) — In|detJ,]). (A1)

We repeat the process sufficiently many times such that local
equilibrium is realized for each a. Steps 1 and 2 can be
performed in parallel processes.

Step 3—We swap the configurations at two adjacent
replicas a and a + 1 by updating (x,,x,,;) = (x,y) to
(x. X)) = (y.x) with the probability

~SH0)=S T, WS, 0))

w,(x,y) = min(1, e % (A2)

One can easily see that this satisfies the detailed balance
condition with respect to the global equilibrium distribution
(8) because

S-S5 -ST0)-Si, (0

wa(x,y)e e 0) = wa(y, x)e . (A3)

We repeat the process several times so as to reduce
autocorrelations. This procedure can also be performed
in parallel processes by choosing a set of independent pairs.
Step 4—By repeating steps 2 and 3, we obtain a sequence
of triplets,

k k k
(20 TN o s (A4)

for each a, with which we estimate the expectation value at
flow time 7,:

(%D O(z, (x))) s 22/:1“[- o0k O(ng))

. ~ = @a
(e (x>> s ZkNinlnf eieg“
0% =0, (x{)). (A5)

a

Here, N, 1is chosen to be large enough so that
we find some range of a (to be denoted by a =
Ains - - with  ag, =A) in which the lo
intervals around |/ | = |(1/Negnr) >y € ()| are above
3/v/2N o and O, take the same value within the statistical
error margin.

Step 5.—The expectation value of (O) is estimated by the
x* fit from the data {O,},_, ., with a constant
function of a. Global equilibrium and the sufficiency of
the sample size N, is checked by looking at the
optimized value of y?/DOF = y?/(amax — Amin)-

In the above algorithm, we have implicitly assumed that
the action at 7, = 0 does not exhibit multimodality. If this is
not the case, we further introduce other parameters (such as
the overall coefficient of the action) as extra tempering
parameters or prepare flow times {z,} with 7, < 0 [14].

* amax

APPENDIX B: DERIVATION OF EQS. (11)-(14)

For a bipartite lattice, we specify which sublattice x
belongs to by the sign (—1)* = 1. We first make the
so-called particle-hole transformation, ¢y = ay and

Cx,| = (=1)*b}. Then the one-body part H, and the
two-body part H, of the Hamiltonian (10) are rewritten,
respectively, as

Hy==3 (<K+pl)yaray = (K —pl)ybiby,  (B1)
Xy Xy

Hy==UY (ng—1/2)(nk - 1/2)
= (U/2)) (ng —nk)? = N,U/4.

X

(B2)

In the last equation, we have used the identity
né(=agay) = (n%)? and nl(=biby) = (n?)2. Note that
the number density operator is written as
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n= I/N)Z nxT+nX¢—1)
=4UM§]@—%)

X

(B3)

To perform a Monte Carlo simulation, we appro-

ximate e in the grand partition function by using
the Trotter decomposition with equal spacing ¢
(ﬂ = NT€)5

oPH — (e_g(Hl+H2))N, o (e=cHig=cH2)N:, (B4)

and rewrite e~¢/> at the #th position from the right to
the exponential of a fermion bilinear by using a

Gaussian Hubbard-Stratonovich variable ¢, :
|

o—€Hy — oN,cU/4 ,=(€U/2)} 7 (n§=n})?
— eNs eU/4H/d¢fX —(1/2) ,_x-‘ri\/e_Uzﬁf‘X(nQ—nﬁ)‘
(BS)
Then, the approximated grand partition function takes
the following path integral form:

Zamc = tr[(e et )Ne]

= (U2, / dgleS. (B6)

Here, [d¢] =[], d¢s . and the action S[¢] is given by

S[¢] — e fo 1/2) §Xtr He . (kK+pul) “axuy Z (ive ¢(4xg ay

X trbHe

where [ [, is an ordered product ([, fr = fy.-1--- f1f0)
and tr, (or trj,) represents the trace over the Fock space

created by al (or by bi). The fermion trace in (B7) can be
evaluated explicitly by using the following formulas that

hold for the operator A = D oxy Axya}:ay constructed from

an N, x N, matrix A = (Ayy):
eheB = eC = eheB = oF, (BS)
tred = det(1 + e?). (B9)

(The first equation can be readily proved by the fact that
A A is a Lie algebra homomorphism. The second
equation can be easily understood by moving to a diagonal-
izing basis for A.) We thus find that the action becomes

oS0 = o~/ s det M) det MP[g],  (B10)

MY [P =1 + eif}f‘Hee"Keii‘/e_U‘/'f, (B11)
/

where ¢, is a diagonal matrix of the form ¢, = (¢ x0yy).
Note that, while the action is real valued for the half-filling
case (u = 0) due to the identity M”[¢]|,_o = (M*[#]],—)",
it is generically complex valued when p # 0.

Dy (K1) blby BN

(=iv/eUdb x)bxby (B7)

The expectation values of such observables that are made
solely from the number density operators ny = ny 4 +

ny, — 1 =ng —n? can be evaluated as a path integral

over ¢ by simply replacing n, by (iveU) '¢s_ox as
easily proved by using the operator identity

/ dpe= (/P +IVeUP(ni=—n3) (pa _ pb
:/d¢e—<1/2)¢2+i\/e_U¢(n$—n£)¢/(i,/GU)_ (B12)

For example, the expectation value of the number density
operator, (n)g, can be rewritten to a path integral form as
in (11).

As for observables of general form, one can resort to the
Wick-Bloch—de Dominicis theorem,

twletay - ay, Ll i, .al:w/]
1+ eA);lx; e (T+et)
= 8y det(1 + ) : : ,
1+ (1+eh)ty
(B13)

to obtain the expression
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tr[(e~Hre=H)Negy - ay, Ll ma’T‘L,/by" by, b;,l -~-b;;/]
tr[(e—sHl e—eHz)N,]
a .. a b - b
Axlx/l Axlen AYIY/] AYlYZ
6mm’6nn’ — -
St fagese| oo s (2= faes). ey
A, oo A L LIAL o0 AL
XmX] XnXm ynyl Yu¥n
where AYP[p] = M/P[p] 1. {|X) ® |Y)}, (C8)
APPENDIX C: EVALUATION OF THE TRACE where the states
UNDER THE TROTTER DECOMPOSITION
The Hilbert space V of the Hubbard model after the 1X) = af,al, -~ a} |0) € Ve, (C9)
particle-hole transformation is the tensor product of two
Fock spaces, V = V¢ ® V2, each constructed by acting ay
or b} on the Fock vacuum |0). In this Appendix, we give |Y) = b;l b;z e b;,, 0) € V* (C10)

the explicit forms of the matrix elements that appear in the
trace under the Trotter decomposition:

(n)s = tr[(e=H1e=cH2)Nep) _ tr[(T,T,)"n]
s tr{(e—eHle—eH2>N,] tr[(T]Tz)Nr] ’

(C1)

Here, the one-body part H; and the two-body part H, of the
Hamiltonian are given by [see (B1) and (B2)]

H=H'®1+1Q H}, (C2)
H{ = Zhgyaiay = —Z(KK +,u1)xyaiay, (C3)

Xy Xy
HY = "hhbiby == (kK —pl) bib,.  (C4)

Xy Xy
Hy=-U) (n$—1/2) ® (n§ —1/2). (Cs)

The number density operator is given by

n:Niszxj(nzégl—l@nﬁ), (Co)

and we have introduced the transfer matrices corresponding
to H, and H,:

- _eH _opb
T]E€€H1266H1®€€HIET?®T,),

T, =e M,

(C7)

We first introduce a one-dimensional ordering to the set
of all spatial coordinates, A = {x}, and take a basis of V
to be

are labeled by the subsets of ordered coordinates, X =
{X1, X2, ..., X, } CA (With X; <Xy <---<X,), ¥V=
{¥1,¥2, --,¥n} CA (with y; <y, <--- <Yy,). We will
denote their sizes by |X| =m, |Y| = n.

The matrix elements of 7¢ = e~/ are then given by the
determinants
(€™ )y (€™ )xyx,
(T1)xx = : Ol
e N G NS
N
= e Y
(€"F)y x (€")x, x,
(m = [X] = |X"]), (C11)

as can be easily proven by investigating the action of 7 on
the state |X’)

T

al|ly!\ — ,~€ ,h;y“;“y i
T{|X') = e " &x Ay - Ay

= Z|X>(T?>Xx”

0)
(C12)

where the coefficients do not vanish only when |X| =

|X'|(=m). The matrix elements of 7% = ¢~H! can also be
given in the forms of the determinant,
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(eEKK)ylyl/ (eEKK)ylyil
(T})yy = e Sy
(egKK)y,,yl’ (eEKK)y,,yL
(n=1Y|=Y"]). (C13)

We thus obtain the explicit forms of the matrix elements

(Tl)xy,x/y' = (T?)XX’(T?)YY'-
As for T, = e~*M>, we note that H, acts on |X) ® |Y)
diagonally:

H,X)® |Y) = —UZZ: <aiaz - %) 1X) ® (bibz - %) 1Y)

= (ha)xy|X) ® [Y). (C14)

The coefficients (h,)y, can be calculated easily to be

(o) gy = —%sz €X)0(z€Y)-0(z € X)0(z ¢ Y)
-0(z¢X)0(zeY)+0(z&X)0(z & Y)]

U -
IXnY|+2|Xn¥|-Ny),

- (C15)

where () is the logical step function and X stands
for the complement of the set X, X = A\X. The
matrix elements of T, are then given by (T;)yyyy =
e—e(hz)xyéxx,éyy,.

Finally, the matrix elements of n are given by

1
nNyyx'y = ﬁ (|X| - |Y|)5XX’5YY’- (C16)

With the matrix elements given above, (n)g can be
expressed as

i >_x.real(T Tz)N’]XY,XY(\X| - 1Y)
N ZX,YCA[(TITZ)NT}XY,XY '

(n)s =

(C17)

APPENDIX D: SUMMARY OF THE
PARAMETERS IN THE COMPUTATION

We summarize the parameters relevant to the TLTM in
the estimation of (n)g. We order the termination times 7,
for replicas a as th=0<t; <--- <ty =T (T is the
largest flow time) and set 7, to be a piecewise linear
function of a with a single break point at a = a,, by
assuming that the deformed region reaches the vicinity of
all the relevant Lefschetz thimbles at almost the same flow

time and that the linear form is effective also for the
transient period:

. :{tca/ac (0O<a<a)
‘ tc+(T_tc)(a_ac)/(A_ac) (ac <a SA)
(D1)

Each Monte Carlo step consists of 50 Metropolis tests in
the x direction and Ny, swaps of configurations at
adjacent replicas, and the flow equations (2) and (7) are
integrated numerically by using the adaptive Runge-Kutta
of 7th—8th order. For each value of fu, we make a test run
with small statistics and adjust the parameters A, ¢., a,. in
such a way that the acceptance rates of the swapping
process at adjacent replicas are almost the same for all pairs
(being roughly above 40%). After this, we make another
test run of 1000 data points to adjust the width of the
Gaussian proposal in the Metropolis test in the x direction
so that the acceptance rate is in the range 50%-80%.
This width varies depending on replicas a and the values of
pu. Using the adjusted parameters, we get a sample of
size N oy after discarding 5000 configurations and analyze
the data by using the Jackknife method, with bins of
which the sizes are adjusted by taking account of auto-
correlations. Finally, from the obtained data {7,} (a =
Amins -+ Amax (=A)) [see (9)], we estimate the expectation
value (n)¢ by using the y? fit with a constant function of a.
We confirm that the system is in global equilibrium and the
sample size is sufficient by looking at the optimized value
of ¥?/DOF with DOF = a,,,, — @pn. The obtained results
are summarized in Table I.

TABLE I. TLTM parameters and the results.

Pu 1 2 3 4 5 6 7 8
T/(pu) 1/10 1/10 1/10 1/10 1/10 1/11 1/11 1/12
A 8 9 10 11 11 11 11 11

t,)T 07 06 06 06 06 05 05 05
a, 5 5 6 6 6 5 5 5
Nowap 0o 10 12 12 12 12 12 12
Neont sk 5k 10k 10k 15k 25k 15k 15k
in o o0 2 3 5 5 6 7
¥2/DOF 053 043 047 012 045 039 1.07 0.72

Bu 9 10 11 12 13 14 15 16
T/(Bu) 1/12 1/12 1712 1/11 1/11 1/11 1/11 1/11
A 1112 12 12 12 12 12

t,)T 05 055 055 06 06 06 06 06
a, s 5 6 6 6 1 1 1
Nowap 12 12 14 14 14 14 14 14
Noont 10k 10k 10k 10k 5k 5k S5k 5k
nin 8 8 10 8 9 10 9 9
¥2/DOE 009 092 021 174 040 0.7 075 020
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APPENDIX E: MORE ON THE FINE-TUNING
OF FLOW TIME WITHOUT TEMPERING

To understand the difficulty of finding such an inter-
mediate value of flow time that avoids both the sign and
multimodal problems (without tempering), let us see the
right panel of Fig. 8, which is the counterpart of Fig. 2 (with
tempering) for the same fu = 5. We see that the estimated
values have large statistical errors at smaller flow times
(due to the sign problem), while they have small statistical
errors around incorrect values at larger flow times (due to
the trapping of configurations at a small number of
thimbles). The best flow time must be at the boundary
between the two regions, but it should be a difficult task to
find such a value out of the set of flow times with finite
spacings. In fact, if one takes a flow time from the smaller
region, then, although the obtained estimate may happen to
be close to the correct value, it must have a large statistical
error. On the other hand, if a flow time is taken from the
larger region, it will give an incorrect value (but with a
small statistical error because only a small number of
thimbles are sampled).

To understand Figs. 2 and 8 as reflecting the extent
of the sign and multimodal problems, let us see Fig. 9,
which depicts the normalized histograms of phases 6, (x)
for pu =5 with tempering (top) and without tempering
(bottom). We see that at smaller flow times the histograms
are almost flat for both cases (giving rise to the sign
problem), but at larger flow times, those without temper-
ing become almost unimodal (reflecting the trapping
at a small number of thimbles), while those with temper-
ing correctly come to have various peaks (which may not
be so obvious from the figure because there are many
peaks and each peak is broadened by the Jacobian
determinant).
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o005} "/ tempering, a=0 0.005 =1 0005} 472
0.004 0.004 0.004
0.003 0.003 0.003
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0.006 00067 =5 0.006
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FIG. 9. Normalized histograms of 6, (x)/z for fu = 5. (Top)
With tempering. (Bottom) Without tempering.
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