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The complex Langevin method is a promising approach to the complex-action problem based on a
fictitious time evolution of complexified dynamical variables under the influence of a Gaussian noise.
Although it is known to have a restricted range of applicability, the use of gauge cooling made it applicable
to various interesting cases including finite density QCD in certain parameter regions. In this paper we
revisit the argument for justification of the method. In particular, we point out a subtlety in the use of time-
evolved observables, which play a crucial role in the previous argument. This requires that the probability
of the drift term should fall off exponentially or faster at large magnitude. We argue that this is actually a
necessary and sufficient condition for the method to be justified. Using two simple examples, we show that
our condition tells us clearly whether the results obtained by the method are trustable or not. We also
discuss a new possibility for the gauge cooling, which can reduce the magnitude of the drift term directly.
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I. INTRODUCTION

Solving the negative sign problem or more generally the
complex-action problem is one of the most important
challenges in computational science. This is a problem
that occurs in an attempt to apply the idea of importance
sampling to multiple integration with a weight which
fluctuates in sign or in its complex phase. The complex
Langevin method (CLM) [1,2] is a promising approach,
which can be applied to a variety of models with a complex
weight albeit not all of them. For instance, it has been
applied successfully to finite density QCD either with
heavy quarks [3] or in the deconfined phase [4] using a new
technique called gauge cooling [5]. Whether it is applicable
also in the case with light quarks and in the confined phase
is one of the hottest topics in this field [6-10].

The CLM may be viewed as a generalization of the
stochastic quantization [11], which generates dynamical
variables with a given probability by solving the Langevin
equation that describes a fictitious time evolution of those
variables under the influence of a Gaussian noise. (See
Ref. [12] for a comprehensive review.) When one applies
this idea to the calculation of expectation values of
observables with a complex weight, one necessarily has
to complexify the dynamical variables due to the complex
drift term, which is derived from the complex weight.
Correspondingly, the drift term and the observables should
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be extended to holomorphic functions of the complexified
variables by analytic continuation. Then by measuring the
observables for the complexified variables generated by the
Langevin process and calculating their expectation values
at sufficiently late times, one can obtain the expectation
values of the observables for the original real variables with
the complex weight.
It has been known for a long time that this method does
not always work. Typically, the complex Langevin process
reaches thermal equilibrium without any problem, but
the results for the expectation values obtained in the way
mentioned above turn out to be simply wrong in some
cases. The reason for the failure was discussed in
Refs. [13,14] starting from the complex Langevin equation
with a continuous Langevin time. There, it was found that a
subtlety exists in the integration by parts used in translating
the time evolution of the probability distribution of the
complexified variables into that of the observables. In order
for the integration by parts to be valid, the probability
distribution of the complexified variables should have
appropriate asymptotic behaviors. By now, the following
two conditions are recognized.
(1) The probability distribution should be suppressed
strongly enough when the complexified variables
take large values [13,14]. Typically, this becomes a
problem when the complexified variables make long
excursions in the imaginary directions during the
Langevin simulation.

(2) The drift term can have singularities while it is
otherwise a holomorphic function of the complexified
variables. In that case, the probability distribution
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should be suppressed strongly enough near the
singularities [15].

In fact, both these conditions are relevant in applying the
CLM to finite density QCD. The condition 1 is an issue
because the link variable, upon complexification, becomes
an SL(3, C) matrix, which forms a noncompact manifold.
Here, the idea of gauge cooling turned out to be useful [5].
It is based on the fact that the SU(3) gauge symmetry of the
action and the observables is enhanced to the SL(3,C)
gauge symmetry upon complexification of the dynamical
variables. One can actually make a complexified gauge
transformation after each Langevin step in such a way that
the link variables stay close to the original SU(3) manifold
during the Langevin simulation. Using this technique, the
CLM became applicable to finite density QCD in the heavy
dense limit [5,16,17] and in the deconfined phase [4,8].

The condition 2 is also an issue in finite density QCD
because the drift term Tr[(D + m)~'d(D + m)], which
comes from the fermion determinant, has singularities
corresponding to the appearance of zero eigenvalues of
the Dirac operator D + m. This becomes a problem at low
temperature when the mass is small as demonstrated clearly
in the chiral random matrix theory (c(RMT) [6]. In the case
of cRMT, changing the integration variables in the original
path integral to the polar coordinates was shown to solve
the problem [7]. This is possible because the change of
variables in the original path integral leads to an inequi-
valent complex Langevin process.1 In our previous pub-
lication [10], we proposed that it should be possible to solve
this problem also by the gauge cooling with different
criteria for choosing the complexified gauge transforma-
tion. The results for the cRMT look promising.

The argument for justification of the CLM given in
Refs. [13,14] has been extended to the case including the
gauge cooling procedure recently [18]. This settles down
various skepticism on the validity of gauge cooling. For
instance, the gauge cooling uses the complexified gauge
symmetry, which is not respected by the noise term in
the complex Langevin equation. Despite such issues, the
argument for justification goes through as is shown
explicitly in Ref. [18].

In this paper, we revisit the argument for justification of
the CLM with or without the gauge cooling procedure. In
particular, we point out a subtlety in the use of time-evolved
observables, which play a crucial role in the argument. In
the previous argument, it was assumed implicitly that time-
evolved observables can be used for infinitely long time.
We argue that this assumption is too strong. In fact, we only
need to use the time-evolved observables for a finite but

'"The reason why it works in this case is rather trivial, though.
After complexification of the polar coordinates, the chemical
potential x can be absorbed by shifting the imaginary part of the
angular variables. Thus the complex Langevin equation reduces
to that for 4 = 0, which does not have any problem. Also it is not
obvious how one can extend this idea to finite density QCD.
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nonzero time to complete the argument for justification.
This still requires that the probability distribution of the
drift term should be suppressed, at least, exponentially at
large magnitude.

We also point out that the integration by parts, which was
considered to be the main issue in justifying the CLM,
requires a slightly weaker condition than the one we obtain
above. This conclusion is reached by reformulating the
argument starting with a discretized Langevin time® with
the step-size €. In this case, we can always define the time-
evolution of observables in such a way that it is equivalent
to the usual description with fixed observables and the
time-dependent probability distribution of the complexified
variables. However, an issue arises when one tries to take
the € — 0 limit. Thus the failure of the integration by parts
can be understood as the failure of the ¢ — 0 limit for an
expression involving the time-evolved observables. Based
on this understanding, we find that the integration by parts
can be justified if the probability distribution of the drift
term falls of faster than any power-law at large magnitude.
This is slightly weaker than the condition that the prob-
ability distribution of the drift term should be suppressed, at
least, exponentially at large magnitude. Therefore, we may
regard the latter as a necessary and sufficient condition for
justifying the CLM. In the case of the real Langevin method
[11], there is no need to consider the time-evolved
observables in justifying the method, which implies that
all the conditions encountered above are simply irrelevant.

We substantiate our argument by investigating two
simple examples. The first one is a model studied in
Ref. [15] to clarify the problem related to a singular drift,
while the second one is a model studied in Ref. [19] to
clarify the problem related to long excursions into the
deeply imaginary regime. In both models, there are two
parameter regions; the CLM works in one of them but fails
in the other. We measure the probability distribution of the
drift term and investigate its asymptotic behavior at large
magnitude. It is found that the probability distribution is
indeed exponentially suppressed when the CLM works,
while it is only power-law suppressed when the CLM fails.
Thus, our simple condition tells us clearly whether the
results obtained by the method are trustable or not in a
unified manner.

The rest of this paper is organized as follows. In Sec. 1I
we discuss the justification of the CLM, and point out that
the use of time-evolved observables can be subtle. This
leads to our proposal of a necessary and sufficient condition
for justifying the CLM. In Sec. III we investigate two
models, in which the CLM was thought to fail for different
reasons. In particular, we show that our new condition can

Some preliminary discussions for finite € are given already in
our previous publication [18] for the purpose of treating the case
in which the gauge cooling transformation remains finite in the
€ — 0 limit.
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tell whether the results are trustable or not. In Sec. IV we
extend the argument in Sec. II to the case of lattice gauge
theory. We also discuss a new possibility for the gauge
cooling, which can reduce the magnitude of the drift
term directly. Section V is devoted to a summary and
discussions.

II. THE CASE OF A 0-DIMENSIONAL
MODEL

In this section we revisit the argument for justification
of the CLM. In particular, we point out that the use of
time-evolved observables, which play a crucial role in the
argument, can be subtle, and this leads to a condition that
the probability distribution of the drift term should fall off
exponentially or faster at large magnitude. Our argument
starts with a finite step-size e for the discretized Langevin
time, which is different from the previous argument
[13,14], which starts from the complex Langevin equation
with a continuous Langevin time. The purpose of this is to
clarify the condition for the validity of the integration by
parts, which was considered the main issue in the previous
argument. In fact, we find that this condition is slightly
weaker than the one we newly obtain. Therefore, the latter
is actually a necessary and sufficient condition for the
CLM to be justified. Here we discuss a 0-dimensional
model for simplicity, but generalization to the lattice
gauge theory is straightforward as we show explicitly
in Sec. I'V.

We include the gauge cooling procedure to keep our
discussion as general as possible. This part is similar to
what we have already done in our previous paper [18]. The
readers who are not interested in the gauge cooling can omit
the gauge cooling procedure by simply setting the trans-
formation matrix g to identity in all the expressions below.
In Ref. [18], we have also reviewed the previous argument
for justification of the CLM, which may be compared with
our new argument.

A. The complex Langevin method

Let us consider a system of N real variables x;
(k=1,...,N) given by the partition function®

zZ= / dxw(x / dekw

where the weight w(x) is a complex-valued function of the
real variables x; (k =1,...,N).

When one considers the Langevin equation for this
system, the drift term

(2.1)

*In many examples, the weight is given by w(x) = ¢ 5®) in
terms of the action S(x), but we prefer not to use the action in our
discussion to avoid any ambiguities arising from taking the log of
the complex weight [6,7,20].
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1 Ow(x)
w(x) Oxy

vi(x) = (2.2)

becomes complex, and therefore, one necessarily has to
complexify the dynamical variables® as X2 = X + iy
Then, the discretized complex Langevin equation is
given by

21+ €)= 2 (1) + en(2) + V1), (2.3)
where the drift term wv,(z) is obtained by analytically

continuing (2.2). The probabilistic variables #;(7) in
(2.3) are, in general, complex

D

(1) = (1) + in" (1), (2.4)

and obey the distribution

x e 42 {Wﬂ]\ +Nlnk)< ) }

probability

, where we have to choose

Ngr —N;= 1. (2.5)
For practical purposes, one should actually use
Ng =1, N; =0, corresponding to real 7,(¢), to reduce
the excursions in the imaginary directions, which spoil
the validity of the method [13,14,19].

Let us define the expectation value (- -
n as

), With respect to

I
e A R (%)

P (17}

JDn--
fpne 42 {NR"k

(), = (26)

With this notation, we have, for instance,

(e (m (12)), = 2NROuB,
(e (" (12)), = 2N18u,, 1
e (e (1)), = 0.

When the system (2.1) has a symmetry under

(2.7)

Xy = g, (2.8)
where ¢ is a representation matrix of a Lie group, we
can use the symmetry to apply gauge cooling. Upon
complexifying the variables x;+>z;, the symmetry property
of the drift term and the observables naturally enhances
from (2.8) to

*In this respect, there is a closely related approach based on the
so-called Lefschetz thimble [21,22], which has attracted much
attention recently. See Refs. [23-27] and references therein.
There is also a new proposal [28] for generalizing this approach to
overcome a few important problems in the original idea.
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25 = gjezes (2.9)
where g is an element of the Lie group that can be obtained
by complexifying the original Lie group. The discretized
complex Langevin equation including the gauge cooling is
given by

(n)

e (1) = gkzzg”)(t), (2.10)

2t +€) = 2(1) + en, G0 (1)) + Ven(t).  (2.11)
Equation (2.10) represents the gauge cooling, where g is an
element of the complexified Lie group chosen appropri-
ately as a function of the configuration z(¢) before
cooling. We regard (2.10) and (2.11) as describing the

t-evolution of z,(c")(t) and treat Z,(j)(t) as an intermediate

object. The basic idea is to determine g in such a way that
the modified Langevin process does not suffer from the
problem of the original Langevin process (2.3).

We consider observables O(x), which are invariant under
(2.8) and admit holomorphic extension to O(x + iy). Note
that the symmetry of the observables also enhances to (2.9).
Its expectation value can be defined as

(1) = (O (1) + iy (1)),

- / dxdyO(x +iy)P(x.y;1),  (2.12)

1 i1 (R2 1 (12
P(x,y;t +¢) :N/dne el )
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where we have defined the probability distribution of
2 (£) and y{" (1) by

Plryin) =  TTotw )30 =o' 0)) . 213
k n
Under certain conditions, we can show that

lim lim & (1) :% / EOw(x),  (2.14)

t—o00 =0
which implies that the CLM is justified.

B. The t-evolution of the expectation value

Let us first discuss the 7-evolution of the expectation
value ®(¢), which is given by

Ot +¢) = (O (1 +e) + Y (1 +e))),
= /dxdy(’)(x+iy)P(x,y;t+€). (2.15)
Note that the z-evolution of P(x,y;f) can be readily

obtained from the complex Langevin equation (2.10)
and (2.11) as

« / d5d56(x — ¥ — eRev(3) — Var®)5(y — 5 — elma(3) — e ) P(E, 5: 1)

1 L (x — X — eRe(2))?
—W/dxdyexp [—{ 4eNg +

P(x,y;t 2.16
e &.5:0) (2.16)

@—y—dmwayH~

where NV = 27,/NgN; is just a normalization constant, and we have defined the probability distribution for z () in

(2.10) as

P& 3:1) = / dxdys (¥ — Re(z9))(F — Im(2@)) P(x, y: 1),

(9)

(2.17)

7 = gu(x, )z (2.18)

Using (2.16) in (2.15), we obtain

P(t+€) = /dxdy@(x+iy)/dxdyﬁ(sc,y;t)ejlvexp {—{

Here we make an important assumption. Let us note that
the convergence of the integral (2.12) or (2.19) is not
guaranteed because the observable |O(x + iy)| can become
infinitely large, and therefore it is possible that the

(x — X — eRew(2))?
4€NR

L= ;:;[IIIW(E))ZH . (2.19)

|
expectation value of O(x + iy) is ill-defined. We restrict
the observables to those for which the integral (2.12)
converges absolutely at any ¢ > 0. This is legitimate since
we are concerned with a situation in which one obtains a
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finite result, but it is wrong in the sense that (2.14) does
not hold.

Under the above assumption, we can exchange the order of
integration in (2.19) due to Fubini’s theorem, and rewrite it as

O(r+¢) = / dxdyO,(x + iy)P(x,y: 1), (2.20)

where we have defined

O.(z) = % / dxdy exp [_{ (= x E\i@ﬂ(@)z

5=y =emo(2) ] »y/= | o=
+ 4eN, H O(x+iy)

N / dne M 02 4 ev(2) + Ven).
(2.21)

Note that if O(z) and v;(z) are holomorphic, so is O,(z).
When we say “holomorphic,” we admit the case in which the
function has singular points.

In order to proceed further, we expand (2.21) with respect
to € and perform the integration over 5. After some algebra,
we get (See Appendix A of Ref. [18] for derivation)

(2.22)

where the expression e” is a short-hand notation for

[es]

1
el — _—nyn
e _;n!eL, (2.23)
and the operator L is defined by
a0\ 0
L=|[R NrR— | =—
( evi(z) + Rax]) o,
0\ 0
I Ni— | —. 2.24
i (mvk(z) i I(‘M) vy (2.24)

The symbol :...: in (2.22) implies that the operators are
ordered in such a way that derivative operators appear on the

right; e.g., : (f(x) +0)%: = f(x)? +2f(x)0 + 9%
Since O(z) is a holomorphic function of z, we have

0\ 00
LO(Z) == (Re?)k(Z) + NR a—zk> a—zk

0 .00
+ Imvk(z)—}—lea—Zk la_Zk

0\ 00
(Uk(z) + (Ng — Ny) 8_Z1<> o7,
L

O(z),

(2.25)
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where we have used (2.5) and defined

~ 0
L= (— . 2.26
(a0 o 220
Hence we can rewrite (2.22) as
O.(z) = 1eL:0(z) (2.27)
Plugging (2.27) in (2.20), we formally obtain
1 -
O(r+¢€) = —e”/dxdy (:L":0(z))P(x, y:1)
— n!
= 1 Il
= Z—'e”/dxdy (:L O(2))],wP(x, ;1)
n=0 n
2.1
:Ze"/dxdy O(2))P(x,y;1).
n=0 n
(2.28)

In the third equality, we have used the fact that : L": O(z)
are invariant under the complexified symmetry transforma-
tion (2.9). Thus we find [18] that the effect of the gauge
cooling represented by ¢ disappears in the 7-evolution of
observables invariant under the symmetry transformation
(2.9), although the t-evolution of the probability distribu-
tion P(x,y;t) is affected nontrivially by the gauge cooling
as in (2.16).

If the e-expansion (2.28) is valid, we can truncate the
infinite series for sufficiently small € as

Bt +€) = B(r) + / dxdy{LOG)}P(x, y: 1) + O(e?),
(2.29)

which implies that the € — 0 limit can be taken without any
problem, and we get

d

520 = / dxdy{LO(z)}P(x.y:1).  (2.30)

However, it is known from the previous argument
[13,14] using a continuous Langevin time that there are
cases in which (2.30) does not hold due to the failure of the
integration by parts. In the present argument, the reason
why (2.30) can be violated should be attributed to the
possible breakdown of the expression (2.28). Note that the
operator L" involves the nth power of the drift term v, (z) in
(2.26), which may become infinitely large. Therefore, the
integral that appears in (2.28) may be divergent for large
enough n.

We emphasize here that what we have done in this
section is just an alternative presentation of the known
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problem that (2.30) can be violated. In particular, the
previous argument using a continuous Langevin time is
absolutely correct since the discretized complex Langevin
equation approaches smoothly the continuum one in the
€ — 0 limit. Note also that the problem under discussion
cannot be solved by using a sufficiently small ¢ or an
adaptive step-size [29]. The advantage of our argument
using a discretized Langevin time is that we can interpret
the failure of the integration by parts in the previous
argument as the breakdown of the e-expansion (2.28)
due to the appearance of a large drift term. This makes
it possible to compare the condition required for the validity
of the expression (2.30) with the one discussed in the next
section.

C. Subtlety in the use of time-evolved observables

In this section we assume that the problem discussed in
the previous section does not occur and that (2.30) holds.
Repeating this argument for L"O(z), we obtain

d n ~
<E) O(r) = /dxdy{L”(’)(z)}P(x,y;t). (2.31)
Therefore, a finite time-evolution can be written

formally as’
[¢5) 1 ) <
d(t+1) = Z;ET dxdy{L"O(z)}P(x,y;1), (2.32)

which is similar to (2.28). In order for this expression to be
valid for a finite 7, however, it is not sufficient to assume
that the integral that appears in (2.32) is convergent for
arbitrary n. What matters is the convergence radius of the
infinite series (2.32). In the previous argument, the proof of
the key identity (2.14) was given assuming implicitly that
the convergence radius is infinite. This is actually a too
strong assumption, which is not satisfied even in cases
where the CLM is known to give correct results (See, e.g.,
our results in Sec. III.). Below we show that we can modify
the proof slightly so that we only have to assume that the
convergence radius 7.y, (¢), which depends on ¢ in general,
is bounded from below as 7., () > 79 > 0 for 0 < 1 < oo.
In order to show (2.14), we first prove the lemma

/ dxdy{L"O(x + iy)}P(x, ;1)

:/wﬂ%yammmn (2.33)

for arbitrary integer n and arbitrary ¢ > 0, where the
operator L is defined by

Subtlety of Eq. (2.32) for finite 7 at 7 = 0 was discussed
in Ref. [30] in a one-variable case with a complex quartic action.
We thank M. Niedermaier for bringing our attention to this
work.
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0 0

Lo=|—+4 v (x) | —,
0 (6)Ck k( )) axk

and the complex valued function p(x;¢) is defined as the
solution to the Fokker-Planck (FP) equation

(2.34)

o o (D
Ewwwgﬂwmy (2.35)

p(x;0) = p(x). (2.36)

Here the symbol L] is defined as an operator satisfying
(Lof.9) = (f.Lq g), where (f, g) = [ f(x)g(x)dx, assum-
ing that f and ¢ are functions that allow integration by
parts. The initial condition is assumed to be

P(x,y;0) = p(x)8(y), (2.37)
where p(x) > 0 and [ dxp(x) = 1, so that (2.33) is trivially
satisfied at = 0.

The proof of (2.33) is then given by induction with
respect to 7. Let us assume that (2.33) holds at r = 7. Then
we obtain

/dxdy{e”:@(x +iy) }P(x,y3 1)

_ / dx{e00(x) }p(x: 1), (2.38)

where 7 should be smaller than the convergence radius of
the r-expansion (2.32) at t = #;. [The z-expansion on the
right-hand side of (2.38) is expected to have no problems
due to the properties of the complex weight p(x;7)
obtained by solving the FP equation (2.35) for a well-
defined system.] Since taking the derivative with respect to
7 does not alter the convergence radius, we obtain

/dxdy{eTZI:”(’)(x +iy)}P(x,y; 1)

= / dx{e™0(Lo)"O(x) }p(x; 1) (2.39)

for arbitrary n. Note that
Lh.sof Eq. (2.39)

= / dxdy{L"O(x + iy)}P(x.y:1g + 7).  (2.40)

where we have used a relation like (2.32) for the observable
L"O(x + iy), and

114515-6



ARGUMENT FOR JUSTIFICATION OF THE COMPLEX ...

rhsof Bq. (2.39) — / dx{(Lo)"O(x) @) p(x: 1)

_ / dx{(Lo)" O p(x: 10 + 7),
(2.41)

where we have used integration by parts® in the first
equality, and (2.35) in the second equality. Thus we find
that (2.33) holds at ¢ = ¢y, + 7, which completes the proof
of (2.33) for arbitrary # > 0.

In order to show (2.14), we only need to consider the
n = 0 case in (2.33), which reads

/dxdy(’)(x+ iy)P(x,y;t) = /dx(’)(x)p(x; t). (2.42)

Note that Eq. (2.35) has a f-independent solution

1

Ptime—indep ()C) - W<x)'

Z (2.43)

According to the argument given in Ref. [15], the solution
to (2.35) asymptotes to (2.43) at large ¢ if (2.42) holds and
P(x,y;t) converges to a unique distribution in the t — oo
limit. Hence, (2.14) follows from (2.42).

D. The condition for correct convergence

Let us discuss the condition for the validity of the
e-expansion (2.28) and the condition for the z-expansion
(2.32) to have a finite convergence radius. In fact, it is the
latter that is stronger. As we mentioned in Sec. II B, these
conditions are related to the behavior of the probability
distribution for such configurations (x, y) that make the drift
term v (z) large. More precisely, we are concerned with the
magnitude of the drift term, which may be defined as

u(z) = max max |v;(z19))], (2.44)

g 1<i<N

where ¢ represents a symmetry transformation (2.8) of the
original theory.” Note that u (z) thus defined is invariant under
(2.8). The integral that appears in (2.28) and (2.32) for each n
involves

/dxdyu(z)"P(x,y;t) = Aoo duu"p(u;t) (2.45)

as the most dominant contribution, where we have defined
the probability distribution of the magnitude u(z) by

®This is expected to be valid, as stated also in Refs. [13,14],
due to the properties of the complex weight p(x) obtained by
solving the FP equation (2.35) for a well-defined system.

"In the case of O(N) symmetry g € O(N), for instance, the
definition (2.44) is equivalent to u(z) = max;|n - v(z)|, where the
maximum is taken with respect to a unit vector 7 in RY.
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plust) = /dxdyé(u(z) —u)P(x,y;t). (2.46)

If p(u; t) is only power-law suppressed at large u, the integral
(2.45) is divergent for sufficiently large n. Therefore, in order
for (2.45) to be convergent for arbitrary n, p(u;t) should
fall off faster than any power law. This is required for the
e-expansion (2.28) or the z-expansion (2.32) to be valid.

Here we consider the case in which p(u;7) is exponen-
tially suppressed as p(u;t) ~e ™ at large u. Then, the
integral (2.45) can be estimated as

n!

/oo duu"p(ust) ~——. (2.47)
0 K

Plugging this into (2.32), we find that the convergence
radius of the infinite series can be estimated as 7 ~ x. This
implies that p(u; ) has to fall off exponentially or faster in
order for the convergence radius of the z-expansion (2.32)
to be nonzero, which is important in our argument given in
Sec. IIC.

Let us discuss the subtlety of the e-expansion (2.28) in
more detail. Note that ®(7 + €) defined by (2.19) is a finite
well-defined quantity for a finite ¢ under the assumption
made below Eq. (2.19). Nevertheless, the e-expansion
(2.28) can be ill-defined. This can happen because the
expansion parameter ¢ is multiplied to the drift term in
(2.19), which can become infinitely large in the integral.
In order to illustrate this point, let us consider a simple

integral
1 )
I = / dxe=¢/%,
-1

which is clearly well-defined for arbitrary € > 0. However,
if we expand the integrand with respect to €, we get

=1 a ! 1
1= Z;G (—1) /_ dxxj,

n=0 1

(2.48)

(2.49)

which is invalid because we obtain divergent terms
forn > 1.

We can evaluate (2.48) as follows. Changing the inte-
gration variable ¢ = \/e/x, we get

= 2\/5/;’ dttlze"z — 2fe¢ — /me(1 — Brf(v/@))
(2.50)

where we have performed integration by parts in the first
equality, and Erf is the error function. Expanding (2.50)
with respect to €, we obtain O(e"/?) terms, which are absent
in the formal expression (2.49).
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E. Some comments on the previous argument

In this subsection, we clarify the relationship of our new
argument and the previous one. Here we omit the gauge
cooling for simplicity. In Refs. [13,14], the quantity

F(t,7) = / dxdyO(z;0)P(x.yii—7)  (2.51)

was introduced with the time-evolved observable

O(z;7) = e’i(’)(z), and it was shown to be z-independent
for 0 < 7 <t by using the integration by parts

/ dxdyO(z;7)LTP(x, y;1 — 1)
—/dxdy{L(’)(z;r)}P(x,y;t—r). (2.52)

Note, however, that the quantity (2.51) has to be
evaluated as

F(t,7) = i%r" / dxdy{L"O(z)}P(x,y;1 — 1),
n=0 """
(2.53)

where the infinite series on the right-hand side may have a
finite convergence radius 7 = 7.,,,. In that case, (2.53) is
ill-defined for 7 > 7.,,,. Our argument in Sec. II C avoids
this problem by using (2.38) only for 7 < 7.,, and
employing the induction with respect to ¢ instead.

Let us discuss the validity of the integration by parts
(2.52). Expanding (2.16) with respect to €, we obtain

P(x,y;t+e€) = (:eL:)TP(x,y;1). (2.54)

In the ¢ — O limit, we obtain the FP-like equation

Q P(x,y;t) = LTP(x,y;1).

- (2.55)

Using this, we obtain

0 0
EF(I,T) = /dxdy(’)(z,f)aP(x,y,t—r)

= /dxdy(’)(z;r)LTP(x,y;t— 7),  (2.56)

which is the left-hand side of (2.52). On the other hand, our
argument given before (2.30) implies that

%F(t, 7) = /dxdy{i(’)(z;r)}P(x,y; t—1)  (2.57)

may or may not hold depending on the validity of the
e-expansion like (2.28). Note that the right-hand side

PHYSICAL REVIEW D 94, 114515 (2016)

of (2.57) is nothing but the right-hand side of (2.52) due
to (2.25). From (2.56) and (2.57), we therefore find that the
validity of the integration by parts (2.52) is equivalent to the
validity of (2.57), which requires that the probability
distribution of the drift term falls off faster than any
power-law at large magnitude. This condition is slightly
weaker than the one from the validity of the use of time-
evolved observables for a finite time. Note that a function
f(x) = e~VX, for instance, falls off faster than any power-
law at large x, and yet it is not suppressed exponentially at
large x. Therefore, we consider that a necessary and
sufficient condition for justifying the CLM is that the
probability distribution of the drift term falls off exponen-
tially or faster at large magnitude.

In the previous work [13,14], it was recognized that the
probability distribution of the complexified dynamical
variables should fall off fast enough at large absolute
values to make sure that the integration by parts used in
the argument is valid. However, the rate of the fall-off
required to justify the CLM was not clear. This was also the
case with the singular-drift problem [15]. How fast the
probability distribution should fall off near the singularity
was not clear. For this reason, while it was possible to
understand the failure of the CLM found by comparison
with correct results available from other methods, it was not
possible to tell whether the results of the CLM are trustable
or not without knowing the correct results in advance. The
advantage of our condition based on the probability
distribution of the drift term is that we can clearly state
that it is the exponential fall-off that is required for
justification of the CLM. This condition ensures not only
the validity of the integration by parts used in the argument
but also the validity of the use of time-evolved observables
for a finite nonzero time. As we demonstrate in Sec. III, the
condition indeed tells us clearly whether the results of the
CLM are trustable or not.

Let us also comment on the property

tlirg/dxdy{i(’)(z)}P(x,y;t) =0, (2.58)

which was proposed as a necessary condition for justifying
the CLM [14]. From the viewpoint of our new argument,
(2.58) follows from (2.30), which is true if the e-expansion
is valid. However, the quantity on the left-hand side of
(2.58) is difficult to evaluate since the history of the
observable I:(’)(z) typically has spikes with different phase
factors, and huge cancellations occur among configura-
tions. This limits the usefulness of (2.58) as a necessary
condition.

F. The case of the real Langevin method

In order to appreciate better the situation in the complex
Langevin method, let us here consider the case of the real
Langevin method [11], which is a standard method for a
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real-action system based on importance sampling. In this
case, there is no need to complexify the dynamical
variables, and the probability distribution P(x;¢) and the
weight p(x;¢) are identical. The discussion in Sec. II C is
not needed, and therefore the expressions like (2.28) and
(2.32) do not have to make sense. Thus the issues
concerning the time-evolved observables become totally
irrelevant.

All we need to justify the method is to show that the
discretized r-evolution of P(x;t) like (2.16) reduces to
the FP equation (2.35) in the ¢ — 0 limit. Note that the
e-expansion of (2.16) gives (2.54), and the FP equation is
obtained if the expansion can be truncated at the order of e.
The problem occurs in the region of x, where the drift term
vi(x) becomes large. However, the integral of P(x;¢) in
that region is typically small, and it is expected to vanish in
the € — 0 limit. Therefore, we may expect that (2.16)
reduces to the FP equation (2.35) in the € — O limit. In
order to confirm this, we have studied a system

Z= / dx|x|~1/2e~12, (2.59)

where x is a real variable. The drift term is given by
v(x) = —5-— x, which diverges at x = 0. The probability
distribution of the drift term is only power-law suppressed
at large magnitude, but the distribution of x in the thermal
equilibrium approaches w(x) = |x|~"/2e=*/2
size € is reduced.

Applying the same argument to the case of the CLM, the
FP-like equation (2.55) should be obtained in the € — 0
limit. However, the e-expansion (2.28) can still be subtle,
and that is precisely the reason why the integration by parts

(2.52) can be invalid.

as the step-

III. DEMONSTRATION OF OUR CONDITION

In this section, we demonstrate our condition in
Sec. II D, which is required to justify the CLM. For this
purpose, we investigate two simple examples, in which the
CLM was thought to fail due to the singular-drift problem
and the excursion problem, respectively, in some parameter

FIG. 1.

PHYSICAL REVIEW D 94, 114515 (2016)

region. According to our new argument, however, these
failures should be attributed to the appearance of a large drift
term. We measure the probability distribution of the drift
term and show that it is only power-law suppressed at large
magnitude when the CLM fails, whereas it is exponentially
suppressed when the CLM works. Thus the failures of the
CLM can be understood in a unified manner. Our condition
is also of great practical importance since it tells us clearly
whether the obtained results are trustable or not.

A. A model with a singular drift

As a model with a singular drift, we consider the
partition function [15]

Z= /dxw(x),

where x is a real variable and a and p are real parameters.
For a # 0 and p # 0, the weight w(x) is complex, and the
sign problem occurs.

We apply the CLM to (3.1). Since there is no symmetry
that can be used for gauge cooling, we do not introduce the
gauge cooling procedure (2.10) or the probability distri-
bution (2.17) for the transformed variables. Otherwise, all
the equations in the previous section apply to the present
case by just setting the number of variables to N = 1.
The drift term in this model is given by

w(x) = (x + ia)Pe /2,

(3.1)

P

v(z) = e © (3.2)
which is singular at z = —ia.

The complex Langevin simulation is performed for
p =4 with various values of a using the step-size
€ =107, The initial configuration is chosen to be
z = 0, and the first 3 x 10° steps are discarded for thermal-
ization. After that, we make 10'° steps and perform
measurement every 10° steps. In Fig. 1 we plot the real
part of the expectation value of O(z) = z? against a. It is
found that the CLM gives the correct results for a = 3.7.

In Fig. 2 we show the scatter plot of configurations
obtained after thermalization for « =5 (Left) and a =3

0.2

01k exlact
: CLM —o—i
0 - .

0.1 F g
02 f g
0.3 | g
0.4 g
05F @ g
0.6 g

0.7 1 1 1 1
3.6 3.8 4 4.2

o

Re(z%)

(Left) The real part of the expectation value of O(z) = z? obtained by the CLM for p = 4 is plotted against a. The solid line

represents the exact result. (Right) Zoom-up of the same plot in the region 3.6 < o < 4.2.
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FIG. 2. The scatter plot of thermalized configurations (red dots) and the flow diagram (arrows) are shown for a = 5 (Left) and @ = 3
(Right) with p = 4. Filled circles represent the fixed points, and the filled triangles represent the singular points.

(Right). The data points appear near the singular point
7z = —ia for a =3 but not for @« = 5. This change of
behavior can be understood from the flow diagram in the
same figure, which shows the normalized drift term
v(z)/|v(z)| by an arrow at each point. The fixed points
of the flow diagram can be readily obtained by solving
v(z) = 0. For a > 2,/p, there are two fixed points at

(3.3)

+ a2 -4
(x.y) = (0,_w),

2

one of which (—) is attractive and the other (+) is repulsive.
Since we adopt a real noise in the complex Langevin
equation (2.3), the thermalized configurations appear near
the horizontal line stemming from the attractive fixed point,
and that is why no configuration appears near the singu-
lar point.

For a = 2,/p, the two fixed points merge into one at
(0,—a/2), and for a < 2,/p, there are two fixed points at

FIG. 3.
semi-log (Left) and log-log (Right) plots.

which are vortex-like. In fact, there is a flow on the
imaginary axis toward the singular point, which makes
the thermalized configurations appear near it. Thus the
property of the flow diagram changes qualitatively at
a = 2,/p, which corresponds to @ =4 in our case. This
is indeed close to the critical value of a found by
comparison with the exact result in Fig. 1 (Right).
According to our new argument given in the previous
section, the appearance of thermalized configurations near
the singularity of the drift term invalidates the CLM
because the drift term can become large with a probability
that is not suppressed exponentially. This is confirmed in
Fig. 3, which shows the probability distribution for the
magnitude of the drift term for various a within 3.6 < a <
4.2 in the semi-log (Left) and log-log (Right) plots. We find
that the distribution falls off faster than exponential for
a > 3.8 and that its dependence on « in this region is very
small. For a <3.7, the distribution follows the same
behavior as those for a > 3.8 at small u, but it starts to
deviate from it at larger u. From the log-log plot, we find
that the fall-off at large u is consistent with a power law.
This change of behavior occurs near the value of a,
where the CLM starts to give wrong results as shown in
Fig. 1 (Right). In fact, at @ = 3.7, we cannot tell only from

0=3.6 -

o=3.7
100 0=3.8 -

0=3.9 —-—--

o=d —--—-

107 F o=41 —— <

0=4.2 ———
102 | E
100 | E
10 F 1
10° | E
107

Il
10"
u

The probability distribution p(u) for the magnitude u = |v| of the drift term is shown for various a within 3.6 < @ < 4.2 in the
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FIG. 4. The quantity 2zr3¢(r), where ¢(r) is the radial distribution defined by (3.5), is shown as a function of 1/r for various a within

3.6 <a <£4.2 in the semi-log (Left) and log-log (Right) plots.

the expectation values of observables that the CLM is
giving wrong results presumably because the discrepancies
are too small to be measured. We consider this as a good
feature of our condition.

In Ref. [15], the radial distribution

o(r) /P(x,y, 00)6( 2+ (+a)?- r) dxdy

(3.5)

" 2nr

around the singular point (x,y) = (0, —a) was introduced
to investigate the singular-drift problem. Since the magni-
tude of the drift term is given by u ~ 1/r, the probability
distribution of the drift term is given by p(u) ~ 2zr3¢(r) at
small r. In Fig. 4, we therefore show 2zr3¢(r) as a function
of 1/r in the semi-log (Left) and log-log (Right) plots. We
observe a clear power-law tail for @ <3.7. Thus, the
problem of the large drift term can also be detected by
the radial distribution around the singularity if it is plotted
in this way.

B. A model with a possibility of excursions

As a model with a possibility of excursions, we consider
the partition function [19]

Z= /dxw(x),

where x is a real variable and A and B are real parameters.
For B #0, the weight w(x) is complex and the sign
problem occurs.

We apply the CLM to the model (3.6). The drift term is
given by

iB) 21,4
A+iB)x*—3x ,

(3.6)

W(X) = e_%(

v(z) = —(A+iB)z - 23, (3.7)

which can be decomposed into the real and imaginary
parts as

Rev(z) = —(Ax — By + x3 — 3xy?),

Imv(z) = —(Ay + Bx + 3x%y — y?). (3.8)

Note that each component of the drift term can become
infinitely large with both positive and negative signs at
large |x| and |y|, which means that there is a potential
danger of excursions (or even runaways) in this model.

The complex Langevin simulation is performed for
A =1 with various values of B. The simulation parameters
are the same as those in Sec. III A except that here we
replace the step-size € = 107> by € = 0.01/|v(z)| when the
magnitude of the drift term |v(z)| exceeds 10°. The use of
such an adaptive step-size [29] is needed® to avoid the
runaway problem that occurs at B > 3. In Fig. 5 we plot
the imaginary part’ of the expectation value of O(z) = z2.
We find that the CLM gives correct results for B < 2.8.

In Fig. 6 we show the scatter plot of configurations
obtained after thermalization for B = 2 (Left) and B =4
(Right). The data points spread out in the large |y| region
for B = 4 but not for B = 2. This change of behavior can be
understood from the flow diagram in the same figure. In
fact, it was shown [19] that for B < /3, there is a striplike
region |y| < C in which Imv(z) <0 for y >0 and
Imv(z) <0 for y < 0. In that case, the thermalized con-
figurations are strictly restricted to |y| < C as far as a real
noise is used in the complex Langevin equation (2.3). For
B > /3, this does not occur. In fact, it was found that the
distribution in the large | x| and |y| region is suppressed only
by a power law [19] at sufficiently large B.

According to our new argument, this slow fall-off of the
probability distribution of x and y invalidates the CLM
because the drift term can become large with the probability

¥The probability of |v(z)| exceeding 103 is less than 10~* even
for the largest B =5 we studied.

The real part shows similar behaviors, but the discrepancies
from the exact result at B = 3 is less clear.
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(Left) The imaginary part of the expectation value of O(z) = z? is plotted against B for A = 1. The solid line represents the

exact result. (Right) Zoom-up of the same plot in the region 1.6 < B < 3.2.
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FIG. 6. The scatter plot of thermalized configurations (red dots) and the flow diagram (arrows) are shown for B = 2 (Left) and B = 4
(Right) with A =1 in both cases. Filled circles represent the fixed points. There is no singular point in this model.

that is not suppressed exponentially. This is confirmed in
Fig. 7, where we show the probability distribution for the
magnitude of the drift term for various B within 1.6 < B <
3.2 in the semi-log (Left) and log-log (Right) plots. We find
that the distribution falls off exponentially for B < 2.6
and that its dependence on B in this region is small. For
B > 2.8, the distribution follows the same behavior as those
for B < 2.6 at small u, but it starts to deviate from it at
larger u. From the log-log plot, we find that the fall-off at
large u is consistent with a power law. This change of
behavior occurs near the value of B, where the CLM starts

10 T
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107 B=2 —-—- 4
B=22 ——
B=2.4 ———
102 B=2.6 ——— e
B=2.8 ——
B=3
103 B=3.2 ------
5
=
107
10°
10
107

0 5 10 15 20 25 30

to give wrong results as shown in Fig. 5 (Right). In fact,
at B = 2.8, we cannot tell only from the expectation values
of observables that the CLM is giving wrong results
presumably because the discrepancies are too small to
be measured.

Since the drift term is given by (3.8) as a function of x
and y, it is clear that the large |x| and large |y| regions are
responsible for the slow fall-off of the probability distri-
bution of the drift term. In Fig. 8, we therefore show the
y-distribution for various B within 1.6 < B < 3.2 in the
semi-log (Left) and log-log (Right) plots. We observe a

10
B=1.6 -
B=1.8 ——--
100 H B=2 —--—- 4
B=22 ——
B=2.4 ———
107 F B=2.6 ——— e
B=2.8 ——
B=3
102 F B=3.2
B
=
103 F
1074 F
10° F
10-6 1
10° 10°

FIG.7. The probability distribution p(u) for the magnitude u = |v| of the drift term is shown for various B within 1.6 < B < 3.2 in the

semi-log (Left) and log-log (Right) plots.
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FIG. 8.
semi-log (Left) and log-log (Right) plots.

slow fall-off consistent with a power law for B > 2.8. Thus,
the problem of the large drift term can also be detected by
the y-distribution. However, the change of behavior is
clearer in the probability distribution p(u) for the drift term.

IV. GENERALIZATION TO LATTICE
GAUGE THEORY

In this section, we discuss the generalization of our
argument in Sec. I to lattice gauge theory, which is defined
by the partition function

Z = / dUw(U) = / [Tev.,w().

nu

(4.1)

where the weight w(U) is a complex-valued function of the
configuration U = {U,,} composed of link variables
U,, € SU(3), and the integration measure dU,,,, represents
the Haar measure for the SU(3) group. The only compli-
cation compared with the case discussed in Sec. II comes
from the fact that the dynamical variables take values
on a group manifold. The Langevin equation in such a case
with a real action is discussed intensively in Refs. [31-35].
Using this formulation, we can easily generalize our
discussions to the case of lattice gauge theory. In
Sec. IVD we discuss a new possibility for the gauge
cooling, which can reduce the magnitude of the drift term
directly.

A. The complex Langevin method

In the Langevin equation, the drift term is given by

(4.2)

v,mﬂ(U) = Da,mw(U),

w(U)

where we have defined the derivative operator D,
which acts on a function f(U) of the unitary gauge
configuration as

(Left) The y-distribution of the thermalized configurations

PHYSICAL REVIEW D 94, 114515 (2016)
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of z = x + iy is shown for various B within 1.6 < B < 3.2 in the

o . .
D f(U) = 5 f(eU,,) 43)

x=0

with ¢, being the generators of the SU(3) group normalized
by tr(z,t,) = 8,,- When the weight w(U) is complex, the
drift term (4.2) becomes complex, and therefore, the link
variables evolve into SL(3, C) matrices (i.e., 3 x 3 general
complex matrices with the determinant one) even if one starts
from a configuration of SU(3) matrices. Let us therefore
complexify the link variables as U,,—U,, € SL(3,C).
Then, the discretized complex Langevin equation is given by

USL)(I—I— €)

= exp it b0 + Vot (), U0

a

(4.4)

where the drift term v,,, (i) is obtained by analytically
continuing (4.2). The probabilistic variables #,,,(t) are
defined similarly to (2.4).

The lattice gauge theory is invariant under the SU(3)
gauge transformation

U;m =9n Unﬂgy_hlLﬁv (45)
where g, € SU(3). When one complexifies the variables
U,,—~U,, € SL(3,C), the symmetry property of the drift
term and the observables naturally enhances to the
SL(3,C) gauge symmetry that can be obtained by com-
plexifying the original Lie group. Thus, instead of (4.5),
one obtains

uﬁw = gnunﬂg;—:-ﬁ (46)

with g, € SL(3,C).
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The gauge cooling [5] modifies the complex Langevin
equation (4.4) into

UL (1) = g, Uit (1) gL (4.7)

U+ e) = exp{iz@w@) T «ana,,ﬂa)wa}afgzm,

a

(4.8)

where g, is an element of the complexified Lie group
chosen appropriately as a function of the configuration

U (t) before cooling. We regard (4.7) and (4.8) as
describing the r-evolution of /) (f) and treat Ul (t) as
an intermediate object. The basic idea is to determine g
in such a way that the modified Langevin process does
not suffer from the problem of the original Langevin
process (4.4).

We consider observables O(U), which are gauge invari-
ant and admit holomorphic extension to O(i/). Note that
the symmetry of the observables also enhances to (4.6).
Its expectation value can be defined as

B(1) = (OUD (1)), = / QUOU)PALT),  (4.9)

where we have defined the probability distribution of

Uum (1) by

P(U; 1) = <H5(uw,uf,72(z)>> , (4.10)
ny n
using the delta function defined by
/ dUFU)SUy Uy) = FU) (4.11)

for any function f(I{). The integration measure di{ for the
complexified link variables is given by the Haar measure
for the SL(3,C) group normalized appropriately. Under
certain conditions, we can show that

lim Tim ®(7) :% / WOUWU),  (4.12)

t—00 €0

which implies that the CLM is justified.

B. The t-evolution of the expectation value

Let us first discuss the t-evolution of the expectation
value ®(r), which is given by

Bt +€) = (OUD (1 + ¢))), = / AUOU)PUs 1 +é).

(4.13)
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Note that the #-evolution of P({/; t) can be readily obtained
from the complex Langevin equation (4.7) and (4.8) as'’

Pl +6) = / e et (0" 1))

x / dzZ{(s(u, exp{iZ(evW(if)

a

VBl Tl )P0, (414

where ' = 27,/Ng Ny is just a normalization constant, and

we have defined the probability distribution for 24 () in
(4.7) as

P(U;1) = / dUS(U,UDP(U; 1), (4.15)

ul(l(;t) = gnunﬂg;}rﬂ' (416)

Using (4.14) in (4.13), we obtain
1 i1 R2, g 02 -
b+ =7 [ ane D [ o) [ ai

<o (Ueerp{ i a8+ Vet {1y

a

x P(U;1). (4.17)

Here we make an important assumption. Let us note that
the convergence of the integral (4.9) or (4.17) is not
guaranteed because the observable |O(U)| can become
infinitely large, and therefore it is possible that the expect-
ation value of O(l) is ill-defined. We restrict the observ-
ables to those for which the integral (4.9) converges
absolutely at any ¢ > 0. This assumption is legitimate since
we are concerned with a situation in which one obtains a
finite result, but it is wrong in the sense that (4.12) does
not hold.

Under the above assumption, we can exchange the order
of integration in (4.17) due to Fubini’s theorem, and rewrite
it as

Ot +¢) = / dUO(U)P(Us 1), (4.18)

where we have defined

"I the present case of lattice gauge theory, we cannot perform
the integration over 7 explicitly as is done in the second equality
of (2.16). The same comment applies also to Eqs. (4.17) and
(4.19). Clearly, this is just a matter of expressions, which does not
cause any practical problems.
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1 11 (R2, 1 (2
O.(U) = N/ dne U U

< O exp{ 15 (€vun ) + Vet 14y )

a

(4.19)

Note that if O(U) and v,,,(U) are holomorphic, so is
O.(U). When we say “holomorphic,” we admit the case in
which the function has singular points.

In order to proceed further, we expand (4.19) with
respect to € and perform the integration over 5. After some
algebra, we get

O.(U) = :eL:0U), (4.20)
where the operator L is defined by
L = (Revn, (U) + Nx i) D
+ (IMv,,, (U) + N Do) Dl (4.21)

In Eq. (4.21), we have defined the derivative operators

J .,

D f U) = 5 fley)| . (422)
X x=0
D) = 5 feth,)| L (423)
y y=0

where f(U) are functions on the complexified group
manifold, which are not necessarily holomorphic, and x
and y are real parameters. These derivative operators may
be regarded as analogues of dixk and aiy,{ used in Sec. II. For

later convenience, let us also define

1 ® .
Dtmy = 5 (DSML - lDEI}’)l,M)a (424)
= 1
Dany = 5 (DEEL + lDStIr)m)v (425)
which are analogues of 0% = %(d%k —i ﬁ) and d% =

%(%k—l— i%), respectivelz Note that for a holomorphic
function f(U), we have D,,, f(U) = 0, and hence

D,g),,,f(Z/{) = iDaz1yf(u)'
(4.26)

Dg‘liitf(“) = Danuf(u)’

Since O(U) is a holomorphic function of U/, we have

LO(U) = (Revanﬂ (Z/{) + NRDanM)Dan/lO(u)
+ (Imvy,, (U) + iN1D 4 )i Dy O(U)
= {Uanu(u) + (NR - NI)Dany}DanuO(u)

=LOW), (4.27)
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where we have used (2.5) and defined

Z = (Darm + Vanp (u))Danﬂ' (428)

Hence we can rewrite (4.20) as

(4.29)

dU(:L":OU))P(U;1).  (4.30)

In the third equality, we have used the fact that :L" : O(A)
are invariant under the SL(3, C) transformation. Thus we
find [18] that the effect of the gauge cooling represented by
g disappears in the r-evolution of the SL(3,C) invariant
observables, although the t-evolution of the probability
distribution P(U;¢) is affected nontrivially by the gauge
cooling as in (4.14).

If the e-expansion (4.30) is valid, we can truncate the
infinite series for sufficiently small ¢ as

Bt +€) = Bf) + / ALOUNPU: 1) + O(e),
(4.31)

which implies that the € — 0 limit can be taken without any
problem, and we get

%cp(t) _ / AU{LOUIPUs ). (432)

As we discussed in Sec. II B, Eq. (4.32) can be violated
because of the possible breakdown of the expression (4.30).
Note that the operator L" involves the nth power of the drift
term v,,,,, (1) in (4.28), which may become infinitely large.

Therefore, the integral that appears in (4.30) may be
divergent for large enough n.

C. Subtlety in the use of time-evolved observables

In this section we assume that the problem discussed in
the previous section does not occur and that (4.32) holds.
Repeating this argument for L"O(U), we obtain

<%>"¢>(;) = / dU{L"OU)}PU; 1). (4.33)
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Therefore, a finite time-evolution can be written formally as
00 1 . -
O(t+7) = Z;ET dU{L"OWU)YP(U;1), (4.34)

which is similar to (4.30). In order for this expression to be
valid for a finite 7, however, it is not sufficient to assume
that the integral that appears in (4.34) is convergent for
arbitrary n. What matters is the convergence radius of the
infinite series (4.34). Below we provide a proof of the key
identity (4.12) assuming that the convergence radius
Teonv (1), Which depends on 7 in general, is bounded from
below as 7eoy () > 79 > 0 for 0 < 7 < oo.
In order to show (4.12), we first prove the lemma

/ QUL OWU)}PU: 1) = / dU{(Lo)"OW)}p(U: 1)
(4.35)

for arbitrary integer n and arbitrary 7> 0, where the
operator L is defined by

LO = (Dany + ’Uany(U»Dan;u (436)

and the complex valued function p(U; 1) is defined as the
solution to the FP equation

0
_l‘p(U7 t) = L(-)rp(Ua t) = Danﬂ(Dany - vanﬂ(U))p(U; t)v

B)
(4.37)

p(U;0) = p(U). (4.38)

Here the symbol L] is defined as an operator satisfying
(Lo, g) = (f.Lg g), where (f,g)= [f(U)g(U)dU, assum-
ing that f and ¢ are functions that allow integration by
parts. The initial condition is assumed to be

PU,;0) = / dUp(U0)[ [6Wy- U,) (4.39)

with p(U;0) >0 and [dUp(U) =1, so that (4.35) is
trivially satisfied at t = 0.

The proof of (4.35) is then given by induction. Let us
assume that (4.35) holds at r = #y. Then we obtain

/ QUL OWU)} P 1) = / dU{e0O(U) }p(U: 1o).
(4.40)

where 7 should be smaller than the convergence radius of
the r-expansion (4.34) at t = f,. [The r-expansion on the
right-hand side of (4.40) is expected to have no problems
due to the properties of the complex weight p(U;t)
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obtained by solving the FP equation (4.37) for a well-
defined system.] Since taking the derivative with respect to
7 does not alter the convergence radius, we obtain

/ dU{eLL"OWU)YP(U; 1)
— [avtetzrowpvsn)  @an
for arbitrary n. Note that

Lh.sof Eq. (4.41) = / dU{L"OU)YP(U; 1y + 7).,
(4.42)

where we have used a relation like (4.34), and
rhsof Eq. (4.41) = / dU{(Lo)"O(U)}e" =) p(U; 1)

:/dU{(Lo)”O(U)}P(U;lo+T)v
(4.43)

where we have used integration by parts, which is valid
because the link variables U, take values on the compact
SU(3) manifold. In the second equality, we have used
(4.37). Thus we find that (4.35) holds at t = ¢, + 7, which
completes the proof of (4.35) for arbitrary t > 0.

In order to show (4.12), we only need to consider the
n = 0 case in (4.35), which reads

/ AUOU)PU: 1) = / dUOW)p(Us1).  (4.44)
Note that Eq. (4.37) has a t-independent solution

ptirne—indep(U) i W(U) . (445)
According to the argument given in Ref. [15], the solution
to (4.37) asymptotes to (4.45) at large ¢ if (4.44) holds and

P(U; ) converges to a unique distribution in the 7 — oo
limit. Hence, (4.12) follows from (4.44).

D. The magnitude of the drift term
Let us consider how to define the magnitude of the drift
term, which is important in our condition for correct
convergence discussed in Sec. IID. Corresponding to
(2.44), we may define it as

u(U) = max max |0, (U9)], (4.46)

g anu

where g represents an SU(3) gauge transformation (4.5) of
the original theory. Note that u(1/) thus defined is invariant
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under (4.5). This definition is not very useful, however,
because taking the maximum with respect to the gauge
transformation is not easy to perform. We would therefore
like to propose an alternative one below, which is similar to
(4.46) but much easier to deal with.

First we note that (4.46) can be rewritten as

w(Ul) = \/max max |0, (U, (4.47)
u

g an

Next we replace the maximum with respect to the index a
by the summation over it and define

8
u(U) = U9 |2
U) = \ [ maxmax > o, (9)

g n,
a

8
= U, 4.48
max Z [z (4.48)

a=

where the maximum with respect to the SU(3) gauge
transformation can be omitted because the sum is gauge
invariant. Since u(U) < w(U) < 2v/2u(U) holds, (U) may
be considered a reasonable approximation to u(l{) for our
purposes. If the probability distribution of #(l{) is sup-
pressed exponentially at large magnitude, so is the prob-
ability distribution of u({/), and vice versa.

The magnitude of the drift term defined by (4.46) or
(4.48) is not invariant under the complexified SL(3,C)
gauge transformation. Therefore, we may try to make it
smaller by the gauge cooling. In fact, the components of the
drift term transform as an adjoint representation under the
gauge transformation. Namely, if we define a 3 x 3 matrix
U (U) = 38, 04, (U)1°, it transforms as

vn/,t (u(q)) = Gn Un/t (u)g;1 ’

where g, € SL(3,C). Therefore, we can use the gauge
cooling to reduce the magnitude of the drift term associated
with each site n defined as

uy(U) = max tr(vn (U) 0, (U)).

(4.49)

(4.50)

Note that this can be done site by site unlike the gauge
cooling with the unitarity norm [5], for instance, because of
the transformation property (4.49) of the drift term.

V. SUMMARY AND DISCUSSIONS

In this paper we revisited the argument for justification
of the CLM given originally in Refs. [13,14] and extended
recently to the case including the gauge cooling procedure
in Ref. [18]. In particular, we pointed out that the use of
time-evolved observables, which are assumed to be justi-
fied for infinitely long time in the previous argument
[13,14,18], can be subtle. In fact, we only have to use
the time-evolved observables for a finite but nonzero time if
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we employ the induction with respect to the Langevin time
in the argument. This still requires that the probability
distribution of the drift term should be suppressed, at least,
exponentially at large magnitude.

We also clarified the condition for the validity of the
integration by parts, which was considered the main issue
in the previous argument. Starting with a finite step-size ¢
for the discretized Langevin time, we found that the
integration by parts is valid if the probability distribution
of the drift term falls off faster than any power law at large
magnitude. Since this is weaker than the condition obtained
from the use of time-evolved observables for a finite time,
we consider that the latter gives a necessary and sufficient
condition for justifying the CLM.

Our condition based on the probability distribution of the
drift term was demonstrated in two simple examples, in
which the CLM was thought to fail due to the singular-drift
problem and the excursion problem, respectively. We
showed that the probability distribution is suppressed only
by a power law when the method fails, whereas it is
suppressed exponentially when the method works. Thus,
our condition provides a simple way to judge whether the
results obtained by the method are trustable or not.

The gauge cooling procedure can be included in our
argument as we did in this paper extending our previous
work [18]. Originally the gauge cooling was proposed to
avoid the excursion problem [5], and recently it was used to
solve the singular-drift problem by adopting different
criteria for choosing the complexified gauge transformation
[10]. Since the two problems are now understood as the
problem of a large drift term in a unified manner, we may
also choose the complexified gauge transformation in such
a way that the magnitude of the drift term is reduced. In the
lattice gauge theory, such gauge cooling can be done site by
site due to the transformation property of the drift term. It
would be interesting to see if the new type of gauge
cooling, possibly combined with the previous ones, is
effective in reducing the problem of a large drift term.

To conclude, we consider that the present work estab-
lishes the argument for justification of the CLM with or
without gauge cooling. The crucial point for the success of
the CLM turns out to be extremely simple. The probability
of the drift term should be suppressed exponentially at large
magnitude. Now that we have such a simple understanding
of the method, we may also think of a new technique other
than gauge cooling, which enables us to enlarge the range
of applicability of the CLM further.
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Note added.—The present version of the paper has been
changed significantly from the first version put on the
arXiv, where we stated that the zero step-size limit is subtle.
Through discussions with other people, we noticed at some
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point that this subtlety actually occurs only in the expres-
sion for time-evolved observables but not in the Fokker-
Planck-like equation. We reached this understanding
after reconsidering the case of the real Langevin method,
in which the correct Fokker-Planck equation with a
continuous Langevin time can be obtained even if the
probability distribution of the drift term is suppressed
only by a power law. These points are emphasized in
Secs. II B and ITF.
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