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Abstract

The theta term reflects topological nature of gauge theories, and its effects are
genuinely non-perturbative. Recent studies by 't Hooft anomaly matching presented
some possible phase structures of 4D SU(2) gauge theory at § = 7, which can be
different from the known scenario at large N. It is an interesting challenge to
reveal the phase structure by first-principle calculation. However, the Monte Carlo
simulation of gauge theories with the theta term is known to be difficult due to the
sign problem. Thus, our goal is to develop methods to investigate such theories
avoiding the sign problem. First, we used the complex Langevin method (CLM)
to simulate the theory directly for 6 # 0. We applied the CLM to 2D U(1) gauge
theory, which can be solved analytically. We found that a naive implementation of
the method fails due to the topological nature of the theory. We circumvented this
problem by introducing a puncture and confirmed that the CLM can reproduce the
exact results even at large 6. We also proved that the punctured model is equivalent
to the infinite volume limit of the original model for |#] < m. Next, we applied
the CLM to 4D SU(2) gauge theory. We used the stout smearing to deal with the
contamination of the topological charge by short-range fluctuations. The effect of
smearing is included dynamically in the CLM. We found, however, that the CLM
becomes unstable due to topology changes. It seems to be difficult to study the
phase structure by this method. We also propose an alternative approach to 4D
SU(2) gauge theory based on analytic continuation of §. We can obtain information
of the phase structure at § = 7 indirectly by the hybrid Monte Carlo method
(HMC) with the imaginary theta term. We found that the result obtained in the
high temperature region indicates the instanton gas behavior. We also obtained the
result which is consistent with the spontaneous breaking of CP at low temperature.
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1 Introduction

We can explore the topological nature of quantum field theories via topological terms. Re-
cently, gauge theories with a theta term have been studied by 't Hooft anomaly matching.
In particular, there is a constraint on the phase structure of 4D SU(N) pure gauge theory
by a 't Hooft anomaly involving CP and center symmetries at # = 7 [I]. The constraint
is consistent with the known scenario at large N, where the theory at § = 7 is confined
with spontaneously broken CP at low temperature and then has a transition to deconfined
phase with restored CP at a finite temperature. However, it is highly nontrivial whether
this structure persists for small N, since there are various ways to satisfy the anomaly
matching condition. For example, the theory for small N at low temperature may be
deconfined or gapless as well as spontaneously broken CP. Therefore it is an interesting
challenge to investigate the phase structure by first-principle calculation at the smallest
N, namely N = 2.

Since the effects of the theta term on quantum field theories are genuinely non-
perturbative, the theory including the theta term should be analyzed by non-perturbative
calculations. However, ordinary Monte Carlo simulations based on the lattice gauge the-
ory is difficult due to the sign problem. The aim of this work is to develop a method to
simulate gauge theories with a theta term avoiding the sign problem. Then, we try to
reveal the phase structure of 4D SU(2) gauge theory and test the consistency with the
anomaly matching. In this work, we propose an approach using the complex Langevin
method (CLM) [2, 8], which turns out to be useful for 2D gauge theories on a punctured
torus. However, it is difficult to analyze 4D gauge theories by this method because the
topological property is affected by UV fluctuations. Thus, we propose an alternative
approach using analytic continuation of §. We can access the phase structure for real
6 from the simulations at imaginary . We found that this method can give us a lot
of information in spite of the restriction by the phase boundary. We briefly explain our
works in the following paragraphs.

First, we focus on the CLM, which is one of the approaches allowing us to avoid
the sign problem. The advantage of this method is that the calculation cost depends
just linearly on the system size, so that we can easily apply it to theories in higher
dimensions. However, the CLM has the drawback that it possibly gives wrong results
depending on the system and the parameter region. Fortunately, a practical criterion for
correct convergence was proposed in the recent study [4]. Therefore, the CLM is now
thought to be a useful method as long as the criterion is satisfied.

As a first step, we applied the CLM to 2D U(1) gauge theory with a theta term [5].
This model is suitable for the testing ground since it can be solved analytically for a
finite lattice spacing and a finite volume on an arbitrary manifold [6, [7, §]. We found
that a naive implementation of the CLM on the periodic lattice fails. We clarified that
the configurations which appear when the topology change occurs during the simulation
necessarily result in a large drift force. In fact, frequent appearance of the large drift
force violates the criterion for correct convergence. If one avoids this problem by sim-
ply approaching the continuum limit, then the topology change never occurs during the
simulation. It causes the other problem of the ergodicity.



In order to circumvent this problem, we introduced a puncture on the lattice, namely
removing a plaquette from the action. It makes the manifold non-compact, so that the
27 periodicity of 6 is lost. We obtained the exact results for this punctured model and
proved that it is equivalent to the infinite volume limit of the original model within the
range |0] < m. Thus, we can still extract the information of the original model from the
punctured model. Rather surprisingly, we found that the CLM works and reproduces
the exact results for the punctured model even at large . The topology change can
occur freely thanks to the degrees of freedom around the puncture. As approaching the
continuum limit, the large drift force does not appear because the problematic plaquette
(puncture) is removed from the action.

Next, We analyzed 4D SU(2) gauge theory with a theta term by using the CLM [9].
This work is motivated by the prediction for the phase structure of the theory at § =«
by 't Hooft anomaly matching. The methods free from the sign problem, such as the
CLM, allow us to calculate observables at 6 # 0 directly. We applied the CLM to the
theory with the topological charge defined by the clover leaf formula [I0] and found that
it works in some cases. However, the topological property of the theory is unclear since
the topological charge on the lattice is contaminated by the short-range fluctuations.
It means that the topological charge does not approach an integer. The #-dependent
observables do not show the 27 periodicity. In fact, the situation is different from the
case in 2D where the topological property is clear even on the finite lattice.

Then, we introduced the stout smearing [I1] into the CLM in order to suppress the
contamination of the topological charge. It successfully eliminates the short-range fluc-
tuations, and the topological charge becomes close to an integer. However, we found
that there is a relation between the topology change and the large drift force. They are
correlated with each other just as we found in the study of 2D U(1) gauge theory. Thus,
we need to modify the boundary condition of the 4D lattice to avoid this problem.

We are also studying 4D SU(2) gauge theory with an imaginary theta term. By
considering analytic continuation, we can see the behavior of observables at real 6 from
the calculations at imaginary 6. Thus, it is possible to investigate the phase structure of
the real 6 region indirectly. Since the sign problem is absent in the theory with imaginary
0, we use the hybrid Monte Carlo (HMC) method. We also apply the stout smearing to
the HMC in order to recover the topological property.

We found that the behavior of the topological charge density is consistent with the
instanton gas approximation at high temperature, namely in the deconfined phase. We
also obtained the result at low temperature, which is clearly different from those at high
temperature. This result implies the spontaneous breaking of CP at # = m in the confined
phase. However, analytic continuation of the observables is valid only within the same
phase. Thus, in this argument, we have to assume that the system remains in the same
phase for 0 < 6 < 7. In other words, the #-dependence of the deconfining temperature
should not be significant. In order to clarify this point, we are trying to investigate the
deconfining temperature in the imaginary 6 region. It is expected that the deconfining
temperature is an analytic even function of §. We are also trying to take the continuum
limit because we found that the results are sensitive to the finite lattice spacing effect.

There are some related works which attempt to investigate the phase structure of 4D



SU(2) gauge theory. For example, the so-called subvolume method is used to calculate the
free energy of the theory at 6 = 0 [12] [13]. The result at high temperature is consistent
with the prediction by the instanton gas approximation. On the other hand, the result
at zero temperature suggests the spontaneous CP breaking at # = 7, which is known to
occur at large N. In the analytic study [14], a softly-broken supersymmetric model is used
to access 4D SU(N) pure gauge theory at § = 7. Assuming the CP broken phase at § = ,
the constraint by 't Hooft anomaly matching on the relation between the CP restoration
temperature Tep and the deconfining temperature Tye.(7) at 6 = 7w is Teop > Tec(T).
Interestingly, the results of the work [14] imply that Tecp = Tyee(w) for any N > 3, but
Top > Thec(m) only for N = 2.

The rest of this paper is organized as follows. In Section [2| we briefly review 2D
U(1) gauge theory and 4D SU(2) gauge theory with a theta term, and then consider the
lattice regularization of them. In Section [3] we show the results of the complex Langevin
analysis of 2D U(1) gauge theory. This section is based on the published paper [5]. In
Section [4] we apply the CLM to 4D SU(2) gauge theory. The result was also reported in
LATTICE2021 conference [9]. In Section [f, we try to investigate the phase structure of
4D SU(2) gauge theory via the imaginary theta term. Since this work is still ongoing, the
refined results will be reported in the near future. Section [0]is devoted to a summary and
discussions. In appendix [A] we review the derivation of the exact partition function of 2D
U(1) lattice gauge theory. In appendix [B] we show the additional results of the CLM for
2D U(1) gauge theory using a different definition of the topological charge. In appendix
[Cl we show the detailed derivation of the formulae used to apply the stout smearing to
the CLM and the HMC. We discuss the effect of the stout smearing in Appendix [D]

2 Lattice gauge theory with a theta term

In this section, we review how to define the gauge theories with a theta term on the
lattice. We consider 2D U(1) gauge theory and 4D SU(2) gauge theory in the following
sub-sections.

2.1 2D U(1) gauge theory on the lattice

First, we review 2D U(1) gauge theory with a theta term on a Euclidean space. The
action of the gauge field A, (u = 1,2) is given by

Sy =-— [ &z (F,)*, (2.1)
where ¢ is the gauge coupling constant and F),, is the field strength defined as
F.=0.,A,—0,A,. (2.2)
We can add the so-called topological theta term
Sp = —10Q) (2.3)
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in the action, where () is the topological charge defined by

1
Q= E/de E,UVFMV7 (24)

and 0 is a real parameter. The topological charge takes integer values on the compact
space. The theta term is gauge invariant and renormalizable. It can be regarded as an
imaginary chemical potential of the topological charge.

Next, we put this theory on an L x L periodic lattice with the lattice spacing a. We
define the link variables U, , € U(1), where n labels the lattice site as x,, = an,. We also
define the plaquette

Py :=U,iUn12U, 5, Una s (2.5)

which is a gauge invariant object. Here we use the inverse U, ; instead of the Hermitian

conjugate UJW since we have to complexify the dynamical variables respecting holomor-
phicity in the CLM. The lattice counterpart of the field strength (2.2) can be defined
as

1
F,i2:=—logh,, 2.6
12 a2 0og ( )

where we take the principal value for the complex log; namely log z = log |z| 4 i arg z with
—m < argz < 7. Since the plaquette can then be written in terms of F;, ., as

P, = @z (2.7)

we define the lattice counterpart of the gauge action ([2.1)) as

S, = _§ > (Po+ P ==B> cos(a®Fr) (2.8)
which reproduces a natural discretization
1
g = 4_92 GQ(Fn,;w)Z s (29)

in the continuum limit up to an irrelevant constant with the identification

1
=—. 2.10
(9a)® 210)
In the present 2D U(1) lattice gauge theory, the topological charge can be defined as
1 9 i
Qlog 1= yp ;a ey = ~5- ;log P,, (2.11)

which gives an integer value even at finite a. This can be proved easily by using [[,, P, = 1
since each link variable appears twice in this product with opposite directions. We call
this definition (2.11)) the “log definition”. As an alternative definition, we also consider

' 1
Quni=—1= 2 (P = B) = = Y sin (¢*Frno) (2.12)
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which approaches in the continuum limit recalling . Note that the topological
charge on the lattice defined in this way can take non-integer values in general before
taking the continuum limit. We call this definition the “sine definition”.

Thus, we define the action of 2D U(1) lattice gauge theory as

S=25,+5,, (2.13)

where S, is given by and Sp is given by with @) defined either by or by
(2.12). Since this theory is superrenormalizable, we can take the continuum limit a — 0
with fixed g, which is set to unity throughout this paper without loss of generality. In
this unit, the physical volume of the 2D torus is given by

» _ L2

g
Note also that this theory has the 27 periodicity of the parameter 6 € R since the partition
function

Vonys = (La) (2.14)

7 = / D Ae~9Hi0Q (2.15)
is invariant under the shift 0 — 0 + 2.

2.2 4D SU(2) gauge theory on the lattice

In this sub-section, we review 4D SU(2) gauge theory with a theta term on a Euclidean
space. The action for the gauge field A% (a =1,2,3) (u=1,---,4) is given by

1 4 a a
Sg = 4—92 d xFlWFMV’ (216)
where F}j, is the field strength
Fi, = 0,A) — 9,A% — e AD A (2.17)

Here we define the basis of SU(2) generators as
=T (2.18)

where 0 (a = 1,2, 3) are Pauli matrices. The generators satisfy the following relations.

1
Tr [ro7"] = 56 (2.19)
[74, 7°] = ie®re (2.20)
e 1 1
Tikal = 5 (51[5#, — 55235kl) (221)



For the 4D gauge theory, the topological charge () is defined by

1 a a
Q= 612 /d%eul,ngWFpU, (2.22)
which takes integer values on the compact space. We define the theta term Sy = —i0(Q)

with the real parameter ¢, and the action is given by S = S, + Sp.
Next, we consider the lattice discretization of the theory. We introduce link variables
Uy, € SU(2) and define the plaquette

Pl = UpUniin Ul Ui (2.23)

n+o,u~ nw
where the index n labels the lattice site and fi represents the unit vector along the u-
th direction. Note that we use U, /i instead of UJL,# to respect holomorphicity, which is
necessary to justify the CLM. We define the plaquette action by

S, = —g > Tep (2.24)

n  pFv
with the lattice coupling constant 5. For the topological charge on the lattice, we apply
the simplest discretization [I0] given by the so called "clover leaf" formula.

+4

1 1 ~ v o

Qa=—57 > i > G Tr [PLP] (2.25)
n wov,p,o==%1

Here the orientation of the plaquette is generalize to negative directions. Correspondingly,

the anti-symmetric tensor €,,,, also has negative indices, for example

1 =¢€1234 = —€2134 = —€(_1ya34 = -+~ . (2.26)

The definition in 4D can be regarded as an analogy of in 2D.

Usually the topological charge (). does not take integer values on the finite lattice
due to the discretization effect. We can recover the topological property of the gauge
field by eliminating short-range fluctuations. Some smoothing techniques, such as the
gradient flow, stout smearing and so on, make the topological charge close to integers. In
the analysis of 4D SU(2) gauge theory, we apply the stout smearing to the CLM, which
is discussed in section [4.4]

3 Complex Langevin analysis of 2D U(1) gauge theory

Since the theta term is purely imaginary, the Monte Carlo simulation of the gauge theory
with the theta term is extremely difficult due to the sign problem. We try to overcome
this problem by using the complex Langevin method (CLM) [2, [8 15, [16] 17, [4]. We
show the results of the complex Langevin simulation of 2D U(1) gauge theory with a
theta term, which suggest that a naive implementation of the method fails. The CLM
fails due to topological nature of the theory. We avoid the problem by introducing a
puncture on the lattice. Although the 27 periodicity of 6 is lost, the CLM reproduces the
exact result. This section is based on the published paper [5].
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3.1 Application of the CLM to 2D U(1) gauge theory

First, we review how to apply the CLM to 2D U(1) gauge theory. The dynamical variables
are complexified in the CLM. In the present case of U(1) gauge theory, we extend the link
variables U, , € U(1) to Uy, € C\ {0}, which corresponds to extending the gauge field
A, €Rto A, € Cin the continuum theory. Then we consider a fictitious time evolution
of the link variables U, ,(t) governed by the complex Langevin equation

Up u(t + AL) = Uy (1) exp [ —iAt D, + iVt nw(t)] , (3.1)

where 7, ,(t) is a real Gaussian noise normalized by (1, ,(t)1k,.(t)) = 20,k6,,6;r. The
drift term D, ,,S is first calculated by the differential operation with respect to the unitary
link variable (Lie group element)

D, .S = is (e"“Unp)

- , (3.2)

e—0

and then it is defined for the complexified link variables by analytic continuation in order
to respect holomorphicity. The drift term D, ,S, from the gauge action (2.8) can be
calculated straightforwardly.

B N _
Dn,ISg: _ZE <Pn_Pn1_Pn—Q+Pn_lé>
B _ _
DyaSy = i (Pn _Pplop 4 Pn_li) (3.3)

The drift term D, ,,Sp from the theta term depends on the definition of the topological
charge. If one uses the log definition , the drift term is identically zero except for
P, = —1, where it becomes singular due to the branch cut of the complex log. This
behavior comes from the topological nature of the log definition. In fact, one of the
plaquettes has to be P,, = —1 when the topological charge changes discontinuously.
It is not straightforward to define the drift term as a holomorphic function of U, , in this
case.

On the other hand, if one uses the sine definition , the drift term can be calcu-
lated straightforwardly.

0 _ _
Dy18p = —ir (Pn Y Pl_Pp P g)

0 _ _
DSy =i (Pn +Pl_p Pnfi> (3.4)
It may be viewed as an approximation of the d-function like behavior mentioned above.
Moreover, it can be readily extended to a holomorphic function of U, ,. For this reason,
we use the sine definition in this setup.

The criterion [4] for the validity of the CLM states that the probability distribution
of the drift term should fall off exponentially or faster. There are two cases in which
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this criterion cannot be met. The first case occurs when the configuration comes close
to the poles of the drift terms , , which correspond to configurations with P, =
0 for some n. If such configurations appears frequently during the Langevin process,
the criterion tends to be violated. This problem is called the singular-drift problem
[18, 19], which was found first in simple models [20, 21]. The second case occurs when the
dynamical variables make large excursions in the imaginary directions [I5]. This problem
is called the excursion problem. In the present model, this corresponds to the situation
in which the link variables have absolute values |U,, ,| far from unity.

These problems can occur since the link variables U, ,, are not restricted to be unitary
in the CLM. In order to avoid them, it is important to perform the gauge cooling. The idea
of gauge cooling [22] is to reduce the non-unitarity of link variables as much as possible
by gauge transformations corresponding to the complexified Lie group after each step of
the Langevin process. This procedure can be added without affecting the argument for
justifying the CLM as demonstrated explicitly in [I7, 4]. Recently, the mechanism of the
gauge cooling for stabilizing the complex Langevin simulation has been investigated [23].

The deviation of the link variables from U(1) can be measured by the unitarity norm

N = % 3 {U;;MUH,M (U Un) ™ — 2} . (3.5)

n,pn

The gauge cooling reduces this quantity by a complexified gauge transformation, namely
C\ {0} transformation in the present case, which is determined as follows.
First we consider an infinitesimal gauge transformation

OUp = (€n — €nti) Unpi (3.6)
with small parameters ¢, € R. The change of the unitarity norm due to the transformation
is given by

1 * * _
= 575 2 {2060 = s Ui WU = 2en = enss) Uy Vi) ™}

n,pn

1
=55 > 26,Gh, (3.7)

N

where we define the gradient GG,, as

G = Y AU U = Ui Un i = Ui V) ™+ UilUna) o (389)
w

Therefore, we find that the unitarity norm is reduced efficiently by choosing €, x —G,,.
Based on this result, we consider a finite gauge transformation

Un,u = gn Un,u g;_;l.ﬂ ; gn = € (39)
with a parameter a > 0. Applying this transformation, the unitarity norm turns out to
be

1

N(a):m

> {Un Ve 200G =60s8) 1 (U U, )26 =Gs) 2} (3.10)

n,u

11



depending on « in (3.9). We search for an optimal a that minimizes (3.10) and then

satisfies IN ()
a

——= =0. 3.11

o (3.11)

Note here that a should be a small number since the gauge cooling is performed after
each step of the Langevin process. We therefore expand (3.11])) with respect to o up to
the first order and obtain the solution

_ 1 >, G
2 Zn,u(Gn - Gn+ﬂ)2 [Uﬁ,uUn,u + (Uﬁ,uUn,u)fl} ‘

We use this value of o as an estimation of the optimal value that minimizes . We
repeat this transformation several times until the unitarity norm changes by a fraction
less than 107°.

When we solve the discretized complex Langevin equation , the drift term can
be extremely large, in particular during the thermalization process. This causes a large
discretization error, which either makes the thermalization slow or destabilizes the simu-
lation. We can avoid this problem by using a smaller step size At, but the computational
cost for a fixed Langevin time increases proportionally to (At)~'. The adaptive step size
[24] is a useful technique, which amounts to reducing the step size only when the drift
term becomes large.

In our simulation, we measure the magnitude of the drift term defined as

a (3.12)

u = max |D,, S| (3.13)
n,n

at each step, and choose the Langevin step size At in (3.1)) as

A Aty for u < vy, -
t= .
@Ato otherwise , ( )
u

where At is the default step size, and vy is the threshold for the magnitude of drift term.
In the present work, the default step size is set to Aty = 107°, and the threshold is set to
vg = 203, corresponding to a bound u < 2/ for § = 0.

3.2 Result of the CLM on the periodic lattice

In this section, we show our results obtained by the CLM implemented on the periodic
lattice. We adopt the sine definition of the topological charge since it gives the
holomorphic drift term . We have performed simulations at various 6 for (8, L) =
(3,10), (12,20) corresponding to a fixed physical volume Vpyys := L?*/8 = 10?/3 with
different lattice spacings. First, we discuss the validity of the CLM at # = 7 for example,
where the sign problem is most severe, but the situation is the same for any value of
0 # 0.

In Fig. [3.1|Left), we show the histogram of the magnitude u of the drift term defined
by (8.13). The distribution falls off rapidly for the fine lattice (8, L) = (12,20), but it

12



(B, L) = (12, 20)

10°f 10t
1072 8 G
6f .
107 4t i
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0 L \‘ L
1 -3 2 - 0 1 2 3
u Re Qsin

Figure 3.1:  The results obtained by the CLM on the periodic lattice using the sine
definition Qg, of the topological charge. (Left) The histogram of the magnitude u of the
drift term defined by is shown for (8, L) = (3,10), (12,20) with # = 7. (Right)
The histogram of Re Qg is plotted for (5, L) = (12,20) with # = w. The exact result
obtained for (5, L) = (12,20) with = 0 is also shown by the solid line for comparison.

decays slowly with a power law for the coarse lattice (3, L) = (3,10). Thus the criterion
for correct convergence is satisfied for (8, L) = (12,20) but not for (8, L) = (3,10) due
to the large drifts.

In Fig. 3.1 Right), we plot the histogram of Re Qg obtained by the CLM for the fine
lattice (8, L) = (12,20) with # = 7, which has a sharp peak at Re Qg = 0. In the same
figure, we also plot the exact result for (8, L) = (12,20) at § = 0 for comparison, which
exhibits some sharp peaks near integer values. This result indicates that the transitions
between different topological sectors are highly suppressed in the simulation on the fine
lattice, which causes a problem with the ergodicity. This problem occurs also at 8 = 0 for
large 3, and it is called the “topology freezing problem”. In fact, the results obtained by
simulations suffering from this problem correspond to the expectation values restricted
to the single topological sector specified by the initial configuration.

For the coarse lattice (3, L) = (3,10) with 6 = 7, on the other hand, the histogram of
Re Qgn obtained by the CLM has broad peaks that overlap with each other, which looks
similar to the exact result with 6 = 0. This implies that the topology freezing problem is
absent for (8, L) = (3,10). See also Fig. [3.3|

Below we define some observables investigated in our simulation. First, we define the

average plaquette by

10
w = VﬁlogZ. (3.15)

Hereafter, V = denotes the number of plaquettes in the action, which is V' = L? for the
periodic lattice. The topological charge density is defined by
Q) = —i——-log Z, (3.16)

which is zero at § = 0 and purely imaginary for 6 # 0. Finally, the topological suscepti-
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bility is defined by

X =3 (@)~ (@) =~ o og 7 (3.17)

which is real for any 6. Note that the topological susceptibility x is related to the topo-
logical charge density (3.16]) through

X = —i—=—(Q). (3.18)

This relation is general and independent of the definition of ). Thus, it should be satisfied
as long as the CLM works correctly.

In Fig. [3.2] we show the observables obtained by the CLM on the periodic lattice. We
also plot the exact results for comparison, which are derived in Appendix[A.4] In the left
column, we present our results for the coarse lattice (8, L) = (3,10), which suffer from
the wrong convergence. In the right column, we present our results for the fine lattice
(6,L) = (12,20), which suffer from the topology freezing problem. In either case, our
results do not reproduce the exact results as anticipated. Note that our results at 6 = 0
agree with the exact results for (8, L) = (3,10) but not for (5,L) = (12,20). This is
because the topology freezing problem occurs for large 8 even at 6 = 0.

Thus we find that the CLM with the naive implementation fails for both the fine lattice
and the coarse lattice for different reasons. For the coarse lattice, the topology change
occurs but the criterion for correct convergence is not satisfied due to the large drifts.
For the fine lattice, the criterion for correct convergence is satisfied, but the ergodicity is
violated due to the topology freezing problem. We could not find a parameter region in
which neither of the problems occurs. In fact, we will see in the next section that these
problems are related to each other at least in the present model.

3.3 Appearance of large drifts and topology change

In this section, we provide detailed discussions on the relationship between the appearance
of large drifts and the topology change no the periodic lattice. First, we define the notion
of topological sector by Re Q1o evaluated by for each configuration. It can be used
in the CLM since Re Qo takes integer values even for complexified configurations.

During the simulation, a transition between different topological sectors occurs when
one of the plaquettes crosses the branch cut. In other words, Re Qs increases by one
if the phase of the plaquette jumps from —n to 7, and vice versa. We found that large
drift terms can appear when this transition occurs. We can see the relation in Fig.
where we plot the histories of Re Qo and the magnitude u of the drift term in
the same Langevin time. There is clear correlation between the large drift term and
the topology change. We also confirmed that the large drift term appears for the link
variables composing the plaquette that crosses the branch cut.

In order to understand this observation further, we focus on the Langevin time evo-
lution of a particular link variable Uk ;. The drift term for this link depends on the
plaquettes Px and Py _5 sharing the link. For simplicity, we set Py_5 = 1 and consider

14



0.84

0.83 1

0.82 1

B.L)=(,10

081t

0.02 -

Im{ Qgin?/V

-0.02

0.02 —

0.00 -

-0.04 +

-0.06

Figure 3.2:

o
ol
[}

B, L) =(3,10)

0/n

15

0.01

-0.01

0.00fo

.
0/n

(B, L)=(3,10)

-0.02 -

Q- @@ -

)

0 05

:
0/m

15

Im{Qgin)/V

also shown by the dashed lines for comparison.

15

0.9584 —

0.9580 +

0.9576 -

0.006 —

0.003 -

0.000 e

-0.003

-0.006 -

0.004 —

0.000 -

-0.004

-0.008 -

-0.012

-0.016 -

6, L) = (12, 20)
® ®‘, o) [} @ ® ‘®
0 05 1 15 >
0/xm
(B, L) = (12, 20)

@ €] €] €] €] €] [SE ]
0 05 1 15 2
0/xm
(B, L) = (12, 20)
€] €] €] €] \“ €] €] O+
0 05 1 15 2
0/n

The results of various observables obtained by the CLM on the periodic
lattice with the sine definition Qg,. The average plaquette (Top), the imaginary part
of the topological charge density (Middle), the topological susceptibility (Bottom) are
plotted against 6/ for (8, L) = (3,10) (Left) and (12,20) (Right). The exact results are




Re Qlog
o

RLTRR

-2
100

sl WWM o

0 25

Figure 3.3:  The results obtained by the CLM on the periodic lattice with the sine
definition Qg for (8, L) = (3,10) with § = 7. The upper plot shows the history of the
topological charge Qo with the log definition, whereas the lower plot shows the history
of the magnitude u of the drift term in the log scale.

the drift term v as a function of Py

vzﬁsin¢—i%(cos¢—1) , (3.19)

where we have defined a complex phase of Pk by ¢ := —ilog Pg. In Fig. (Left), we
plot the drift term as a flow diagram for § = 6 = 1. Since the contribution of the drift
term v to the change of ¢ in the Langevin step is given by A¢ = —vAt, we actually plot
(—v) in the complex ¢ plane.

In what follows we assume that 8 > 6/27. Then we find from Eq. that there are
two fixed points corresponding to v = 0. One is ¢ = 0 and the other is ¢ = ilog[(6/27 +
B)/(0/2m — B3)], which is close to £m. As we can see from Fig. [3.4(Left), the fixed point
¢ = 0 is attractive, which confirms that Py tends to become unity when ( is large. The
other fixed point ¢ ~ 4 is repulsive, and the magnitude |v| grows exponentially as one
flows away in the imaginary direction. In Fig)3.4(Right), we plot the magnitude |v| as a
function of Im ¢ for Re¢ = £7. As we mentioned above, when the transition between
topological sectors occurs, one of the plaquettes crosses the branch cut Re ¢ = 7. When
this happens, the configuration can easily flow in the imaginary direction, which causes
a large drift.

3.4 Introducing a puncture on the torus

Since the problem we found for the periodic lattice originates from the topological nature
of the theory, a simple remedy would be to change the topology of the base manifold
to a non-compact one. Here we consider introducing a puncture on the 2D torus. Once
we introduce a puncture, the drift term D, ,,Sy with the log definition of the topological
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Figure 3.4: (Left) A flow diagram representing —v defined by (3.19) is shown as a
function of ¢ for § =60 = 1. (Right) The absolute value |v(¢)| is plotted against Im ¢ for
Re¢ = .

charge has nonzero contributions for the link variables surrounding the puncture. Thus,
we can include the effect of the theta term correctly in the CLM up to the singular
behavior on the branch cut. We will discuss its validity in Section |3.6| For the rest of
this paper, we basically use the log definition to simplify our discussions. The topological
charge on the punctured torus is no longer restricted to integer values, and it can change
freely unlike the periodic case. Nevertheless, we found that the effect of the puncture
disappears in the infinite volume limit for |#| < 7 as we demonstrate explicitly in this
section using the exact results.

There are various ways to introduce a puncture on the periodic lattice. Here we
consider removing a plaquette simply. More precisely, we define the punctured model
by removing one plaquette Py at the site n = K from the gauge action and the
topological charge . There are many other way to put a puncture, and it is also
possible to use just the open boundary condition. But in any case, one can obtain exact
results for a finite lattice as explained in Appendix [A] In fact, the model with the puncture
(the open boundary) is equivalent to the non-punctured (periodic) model in the infinite
volume limit for |0 < 7.

We show the equivalence of the punctured model and the non-punctured model in
the infinite volume limit. Here we use the log definition of the topological charge, but
a similar statement holds also for the sine definition. [[|] The partition function for the
non-punctured model is given by

—+00

Znonpunc: Z [I(TL,Q,B)]V (320)

n=—oo

In the case of the sine definition, the equivalence of the two models in the infinite volume limit holds
for |0] < 0.(8), where 6.(8) ~ w{1+1/(25)} for large 5.
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for the non-punctured lattice with the volume V = L? as derived in Appendix where
the function Z(n, 0, 3) is defined by

1 [7 7
I(n,@,ﬁ):%/ﬁdgb exp {,Bcosgb—i—i(%—n) gb} : (3.21)
In the infinite volume limit V' — oo, the sum over n in (3.20]) is dominated by the term
which gives the largest absolute value |Z(n, 6, 3)|. This term corresponds to the n that
minimizes |~ — n|. Thus the free energy in the infinite volume limit is obtained as

o1 ~
Vll_rgo v log Zyonpune = 10g Z(0, 6, 3) (3.22)

where 6 is defined by 6 := 0 — 2wk with the integer k chosen so that —m < 6 <.
On the other hand, the partition function for the punctured model is given by

Zplmc = [1(07975)]V (323)

on the punctured lattice with the volume V = L? — 1 as shown in Appendix , which
implies that the free energy

élog Zyune = 10gZ(0,0, ) (3.24)
is actually independent of V. Hence all the observables derived from it has no finite size
effects. Note also that this model no longer has the 27 periodicity of . By comparing
and , one can see that the two models are equivalent in the infinite volume
limit as long as 0] < 7.

The observables defined in Section [3.2] can be calculated from the partition functions
and for the two models by numerical integration. The details of derivation
is explained in Appendix . In Fig. [3.5] we plot the average plaquette , the
imaginary part of the topological charge density and the topological susceptibility
for two different volumes L = 10, 20 with the same g = 12. The results for the
punctured model is equivalent to the results for the infinite volume limit of the non-
punctured model within the range |6] < 7.

We can obtain the free energy for the punctured model in the continuum limit
explicitly. The integrating over ¢ in Eq. is evaluated for > 1 as

Z(n,0,3) ~ 217T (5 m) (3.25)

5

then we get

1 1 62
—log Zoune ~ 7 — = log 213 — .
77108 Zpune = €7 — S log 21 — o3 3

From this result, we obtain various observables for the continuum limit of the punctured
model as

(3.26)

1 62

- % + W ) (3.27)

w~1
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(3.28)

x~1-— (3.29)

3.5 Application of the CLM to the punctured model

In this section, we discuss the application of the CLM to the punctured model using the
log definition @, of the topological charge. Our results reproduce the exact results as
long as the system is close enough to the continuum limit. We also show that the topology
freezing problem is avoided without causing large drifts thanks to the puncture.

3.5.1 Drift terms for the punctured model

We have discussed the drift terms in the non-punctured model in Section For the
punctured model, the drift terms for the four link variables surrounding the puncture,
namely Uk 1, Ug 51, Uk and Ug i ,, are modified.

—i5(Py— P, =P, 3+ P) forn#K, K+2
DpyS = —i5(—Pg s+ P') +ig forn = K (3.30)
ig(PK+Q - PI;IFQ) — it for n = K +2
~i8(—P,+ Py + P,_j —P) forn# K, K+1
DppS = —i5(Py_s — P.t.) — i forn =K (3.31)
—i8(— Py g+ Pgii) it forn =K +1

Here we have ignored the issue of the branch cut of the log definition discussed in Section
This is justified if all the plaquettes in the action never cross the branch cut. In
other words, the plaquettes should satisfy |Im log P,| < 7 for Vn # K during the Langevin
simulation. We will see that this assumption is justified for sufficiently large 5 in Section
3.0

Note that the drift term from the theta term appears only for the link variables
surrounding the puncture. and it is actually a constant independent of the configuration.
While these properties are peculiar to the log definition ()., similar ones hold also for the
sine definition @y, for large 5. We discuss the case with the sine definition in Appendix
[B] where we obtain qualitatively the same results as those with the log definition.

3.5.2 Distribution of the topological charge

As we have seen in Section [3.4] the punctured model is equivalent to the infinite volume
limit of the non-punctured model for |#| < m. However, the punctured model does not
have the 27 periodicity of 8, which exists in the original non-punctured model. In order
to understand this point further, we discuss the 6 dependence of the partition function in
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Figure 3.6: The topological charge distribution for § = 0 obtained by the Langevin
simulation for the punctured model using the log definition Q)i is plotted for (5, L) =
(3,10) (Left) and (5,L) = (12,20) (Right). The solid lines represent the exact results
obtained by evaluating ((3.33])) using the partition function (3.23)).

this section. Let us first note that the partition function for arbitrary 6 is related to the
topological charge distribution p(q) for § = 0 through Fourier transformation.

Z(e) :/dUeSg[U}Jr’iOQ[U]

e [ dges(QpU) - g

2(0) / dg ¢ p(q) (3.32)

Therefore, the absence of the 27 periodicity in 6 in the punctured model is directly related
to its property that the topological charge can take non-integer values even if we use the
log definition Qs By making an inverse Fourier transform, we can obtain the topological
charge distribution p(q) for # = 0 from the #-dependent partition function.

1 < db ibg
plq) = 700) /OO 27TZ(O) e ", (3.33)

We can calculate this quantity for the punctured model by the Langevin simulation
for 6 = 0. While the sign problem is absent for § = 0, the topology freezing can still
be a problem for large 8. In Fig. [3.6] we show the results for (8,L) = (3,10) and
(8, L) = (12,20), which agree well with the exact results obtained by evaluating
using the partition function . The agreement of these results confirms that the
topology freezing problem is absent in the punctured model at least for § = 0.

3.6 Validity of the CLM for the punctured model

In this section, we discuss the validity of the CLM for the punctured model. Fig.[3.7|(Left)
shows the histogram of the drift term for (5, L) = (3, 10), (12,20) with 6 = 7, which are
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Figure 3.7:  The results obtained by the CLM for the punctured model using the log
definition Qo of the topological charge. (Left) The histogram of the magnitude u of the
drift term defined by is shown for (8, L) = (3,10) and (12,20) with # = 7. (Right)
The histogram of Re Qo is shown for (8, L) = (12,20) with § = 7. The exact result
obtained for (5, L) = (12,20) with § = 0 is shown by the solid line for comparison.

the same parameters used in Section [3.2] for the non-punctured model. We find that
the criterion for the correct convergence is satisfied for the fine lattice (5, L) = (12,20)
but not for the coarse lattice (5, L) = (3, 10), similarly to the case of the non-punctured
model. On the other hand, the behavior of the topological charge is different from the
the non-punctured model. In Fig. [3.7(Right), we show the histogram of Re Q)j,, obtained
by the CLM for (5, L) = (12,20) with # = 7. It is widely distributed in contrast to the
plot in Fig. [3.1[Right) for the same (3, L) = (12,20) for the non-punctured model. In
fact, it turns out to be close to the exact result obtained for the same (8, L) = (12,20)
with 8 = 0, which is plotted in the same ﬁgureﬂ Thus we find that the topology freezing
problem at large § is avoided in the punctured model and then the CLM remains valid.

Next, we discuss the reason why the punctured model can avoid the topology freezing
problem without causing large drifts. The difference from the non-punctured model is
that one of the plaquettes, Pk, is removed from the action. Note that the topological
charge Qo for the punctured model satisfies

i

' )
ng'puncture - 27T log PK - _% Z log Pn = Qlog‘non—puncture ° (334)

The right hand side is the topological charge defined for the corresponding non-punctured
model, whose real part takes integer values. The phase of Px in the left hand side has a
real part which lies within the interval [—%, %) When the puncture Pk crosses the brunch
cut, its phase changes discontinuously, which causes the topology change. While ()i, for
the non-punctured model jumps by £1, Qs for the punctured model changes smoothly

in this process.

2Note that precise agreement is not expected here since the histogram of Re Q10g is not a holomorphic
quantity, for which the CLM does not allow a clear interpretation.
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As we discussed in Section for the non-punctured model, one of the plaquettes
needs to cross the branch cut in order to change the topological charge. When f is large,
this process is highly suppressed for all the plaquettes included in the action. This is the
reason why the topology freezing problem occurs in the non-punctured model. On the
other hand, in the punctured model, the plaquette Py is removed from the action, and
therefore it can cross the branch cut freely even for large (.

This is demonstrated in Fig. 3.8, where we plot the probability distribution of the
phase of the puncture Px as well as that of the other plaquettes P,.x for (8,L) =
(3,10), (12,20). We find that the phase of the removed plaquette Pk is almost uniformly
distributed for both (3, L). On the other hand, the distribution of the phase of the other
plaquettes depends on (3, L). It has a compact support for the fine lattice (8, L) = (12, 20)
but not for the coarse lattice (5, L) = (3,10). For the fine lattice, there is no distribution
at the branch cut, which means that the plaquettes P,.x does not cross the branch cut
at all. For the coarse lattice, there is a small but finite distribution at the branch cut,
which means that the value of 5 is not large enough to suppress the branch cut crossing
of the plaquettes P,k completely.

This is consistent with the fact that the histogram of the drift term in Fig. [3.7(Right)
fall off fast for (8, L) = (12,20) but not for (8, L) = (3,10) considering the discussion
in Section [3.3] In fact, we obtain a similar flow diagram to Fig. [3.4Left) for the log
definition of the topological charge. Therefore, large drifts can appear when one of the
plaquettes P, crosses the branch cut, which indeed occurs for (5, L) = (3, 10) also for
the punctured model. For (8, L) = (12,20), on the other hand, the topology change can
still occur because the removed plaquette Py crosses the branch cut freely. All the other
plaquettes included in the action are forced to stay close to unity because of large 3. This
justifies our assumption that the issue of the brunch cut can be neglected in deriving the
drift terms and (3.31). Since the plaquette Px does not contribute to the drift
terms, it never causes large drifts even if it crosses the branch cut frequently. This is
the reason why the punctured model can avoid the topology freezing problem without
causing large drifts.

3.7 Behavior of the unitarity norm

Next, we discuss how the unitarity norm @ behaves in our complex Langevin simu-
lations. As we can see from and @ , the link variables around the puncture
have a constant drift force in the imaginary direction due to the theta term. At each
Langevin step, these link variables are multiplied by e**2*/?7 and then the removed pla-
quette is multiplied by e26A%/™. Therefore, it is possible that the magnitude |U,, .| of these
four link variables increases or decreases exponentially, so that the unitarity norm grows
exponentially with the Langevin time.

In Fig. 3.9 we plot the history of the unitarity norm for various 6 with (5, L) =
(5,16), where the criterion for correct convergence of the CLM is satisfied. As long as it is
satisfied, similar results are obtained for other (5, L). Indeed we observe an exponential
growth at early time, but the unitarity norm saturates to a constant depending on 6 at
sufficiently long Langevin time. This saturation is caused by the propagation of non-
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Figure 3.8: The distribution of the phase of the plaquettes is plotted for the punctured
model with the log definition of the topological charge for (8, L) = (3,10) (Left)
and (3, L) = (12,20) (Right) with § = 7. We show the results for the plaquette (n = K)
removed from the action and those for all the other plaquettes (n # K') by different lines.

unitarity from the four links around the puncture propagates to all the other links. We
find that thermalization of various observables can be achieved after the saturation of the
unitarity norm.

In fact, we find that the unitarity norm of each link variable is not distributed uni-
formly on the lattice due to the existence of the puncture. In order to see the distribution,
we define the local unitarity norm by

1
/\/(n)zZ > AU U+ U U™ =2}, (3.35)

(k,p)EPy

which is an average of the unitarity norm for the four link variables composing each
plaquette P,. The unitarity norm defined by is an average of N(n) over all the
plaquettes including the removed one; namely N = >" N(n)/L% In Fig. [3.10(Left), we
plot N'(n) against n = (ny,ng) for (8, L) = (12,20) with § = 7. The puncture is located
at the center n = K = (10,10). We observe a sharp peak at the puncture, which goes up
to N(K) ~ 6 x 103. The plaquettes adjacent to the puncture have a local unitarity norm
~ 1.5 x 103. This implies that the unitarity norm is mostly dominated by the four link
variables surrounding the puncture.

What actually matters for the validity of the CLM is not so much the local unitarity
norm N (n) as the absolute value | P,| of each plaquette, which we plot in Fig. [3.10(Right)
against n = (ny,ny) for the same parameters as in Fig. [3.10(Left). The absolute value
| Px| of the removed plaquette is close to (y/N(K))* ~ 3.6 x 107, which implies that
Ukl Ukl ’UI:rQ,I‘ and |U[_{712| are close to /N (K) ~ 77. Except for the removed
plaquette, the absolute value of the plaquette deviates slightly from unity for large 5. In
fact, this deviation of |P,| for n # K from unity has a physical meaning since Im (Q1og) =

— Yz {log |P]) /27 as one can see from (3.34)). From the exact result (3.28) obtained
for large 3, we can estimate |P,| ~ e=%2™) ~ 0.96 for § = 7 and = 12, which agrees
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Figure 3.10: The result of the CLM for the punctured model with the log definition
of the topological charge for (5, L) = (12,20) with § = w. (Left) The local unitarity norm
N (n) for each plaquette P, defined by is plotted against n = (ny,n2). (Right)
The absolute value of the plaquette P, is plotted similarly. The puncture corresponds to
n = K = (10,10) in this plot.
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with the value observed in Fig. [3.10[Right). If we flip the sign of 6, which corresponds to
the parity transformation, we find that |P,| + |P,|™! for all n.

Note also that Py never appears in the drift term, so that its absolute value can
be large without causing large drifts. We have confirmed that the criterion for correct
convergence is satisfied for sufficiently large 5, and the exact results for various observables
can be reproduced correctly as we will see in the next section. This remains to be the
case even for large 0 and/or large Vjnys, where the unitarity norm becomes large. Thus
the present model provides a counterexample to the common wisdom that the CLM fails
when the unitarity norm becomes large.

3.8 Result of the CLM for the punctured model

In this section, we present the observables for the punctured model obtained by the CLM
and compare them with the exact results. Note that, in the definitions ([3.15)),
and of the observables, V' denotes the number of plaquettes in the action, which
is V = L? — 1 for the punctured model. In contrast, we define the physical volume Vs
by not only for the non-punctured model but also for the punctured model, which
simplifies the relationship between 8 and L for fixed Vppys.

In Fig. [3.11] we show our results for the average plaquette w, the topological charge
density (@Q)/V and the topological susceptibility x against 6 for (5, L) = (3,10), (12, 20).
These parameters correspond to the fixed physical volume Vi = L?/8 = 10?/3. The
exact results obtained with the same parameters are also shown for comparison. We find
from our results, especially for the average plaquette, that the exact results are reproduced
for (B, L) = (12,20), but there is slight deviation for (5, L) = (3,10). This is consistent
with our observation in Section that the condition for correct convergence is satisfied
for (B, L) = (12,20) but not for (5, L) = (3, 10).

For the topological charge and the topological susceptibility, we find that our results
agree with the exact results also for (5,L) = (3,10). We consider that the agreement
observed here for (5, L) = (3,10) is accidental. On the other hand, the results for the
non-punctured model with the same (5, L) are far from the exact results as shown in
Fig. B.2(Left). This difference can be understood by considering that the effect of the
theta term is included correctly by the drift terms for the link variables around the
puncture. The frequent branch cut crossing of the other plaquettes spoils the validity of
the CLM.

4 Complex Langevin analysis of 4D SU(2) gauge theory

We analyzed 4D SU(2) gauge theory with a theta term, which attracts our interest since
a nontrivial phase structure at § = = is predicted by the 't Hooft anomaly matching.
We can apply the CLM to the 4D gauge theory straightforwardly since its calculation
cost depends only linearly on the system size. First, we apply the CLM to the theory
with the topological charge naively defined by the clover leaf formula [I0]. Then we
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Figure 3.11: The results for various observables obtained by the CLM for the punctured
model with the log definition Qios. The average plaquette (Top), the imaginary part of the
topological charge density (Middle), the topological susceptibility (Bottom) are plotted
against 6 for (8, L) = (3,10) (Left) and (12,20) (Right). The exact results for the same
(8, L) are shown by the dashed lines for comparison.
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found that it works in some parameter regions. However, the topological property of
the theory is unclear since the topological charge on the lattice is contaminated by the
short-range fluctuations. Namely, the topological charge does not approach an integer
simply by approaching the continuum limit. The situation is different from the case of
2D where the topological property is clear even on the finite lattice. We tried to deal with
this problem by using the stout smearing [I1]. We found that it successfully eliminates
the short-range fluctuations, but it seems to be difficult to obtain reliable results on the
periodic lattice. In fact, there are problems of the singular drift and the topology freezing,
which we encountered in the study of 2D U(1) gauge theory. The contents of this section
was reported in LATTICE2021 conference [9].

4.1 Application of the CLM to 4D SU(2) gauge theory

We briefly review how to apply the CLM to 4D SU(2) gauge theory. Since real dynamical
variables are complexified in the CLM, we extend the link variables U, , € SU(2) to
Un,u € SL(2,C), which corresponds to complexifing the gauge field A in the continuum
theory. Then we consider a fictitious time evolution of the link variables U, , described
by the complex Langevin equation

Un,u(t + €) = exp [—ieDy ST+ iv/eny ,u(t)] Unu(t), (4.1)

where 7% = ¢%/2 are SU(2) generators. We discretize the fictitious time ¢ by a small
step € < 1. The factor Dy, , represents the differential operation with respect to the link
variables (Lie group elements) which is defined by

d o
W= 5 U, : 4.2
de ( VM) 0 ( )
The term including Dy, S is called the drift term. We also have a real Gaussian noise
Np(t) = my ,(8) 70 normahzed by

<77gz,u(t)7721,1/(t/)> = 26nm5uu(5ab§tt’ . (43)

We use the action S = S, + Sy of the theory on the lattice defined by and Sy =
—i0Qq with (2.25).

In order to justify the result of the CLM, we need to confirm that the probability
distribution of the drift term falls of exponentially or faster. We can easily check this
criterion by plotting the histogram of the magnitude of the largest drift

: (4.4)

1
U= 7 max HDZ’“STQ
where the norm of the matrix A is defined by ||A[* := Tr [ATA].

As we did in the study of 2D U(1) gauge theory, we stabilize the complex Langevin

simulation by gauge cooling [22]. The condition of the correct convergence tends to be
violated if the link variables deviates far away from SU(2). The gauge cooling reduces
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the non-unitarity of link variables as much as possible. Thus, it helps the condition to be
satisfied. It was shown that this procedure does not affect any gauge invariant observable
[17, [4]. The procedure of gauge cooling for 4D SU(2) gauge theory is following. First, we
define the unitarity norm

1
N = S > T [Uf Unp—1] >0 (4.5)
n,p

which measures the non-unitarity of the configuration. If all the link variables are unitary,
the norm is minimized N' = 0. The gauge cooling is a SL(2,C) gauge transformation

Un,u — gnUn,,ugr:iu (46)

where g, € SL(2,C) is determined so that the unitarity norm can be reduced. Next, we
consider an infinitesimal gauge transformation

Gn = e = 1+ ALY (4.7)

with small parameters A? < 1 on each lattice site. The change of unitarity norm by this
transformation is given by

2 aa

where G is defied by

G, ="Tr

Z (UNVMU;;,N - Ug*u,uUn—mu) ta] : (4.9)
n

Since G2 indicate the direction of the gauge transformation in which N decreases, we use
it for the finite gauge transformation

G = 7" (4.10)

with a parameter o > 0. We choose the value of o which minimize the unitarity norm
N () after the transformation. The optimal value of o can be estimated by solving
dN («)
—— =0 4.11
o (4.11)
by expanding the left hand side up to the first order of a. As a result, we obtain the

explicit form of the solution as

2
o R 2 1Gnl - (4.12)
Zn,y HGnUn,u - Un,an-i-u”

We use this value of « for the transformation . In the gauge cooling procedure, we
repeat this transformation until the change of A' becomes less than 0.01%. We apply the
gauge cooling every Langevin step in order to suppress a rapid growth of non-unitarity.
We also use the adaptive step size, which is explained in the end of Section [3.1] In the
present case, we use the threshold

vo = ? (1+v2) (4.13)

which corresponds to the possible maximum value of u for § = 0.
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Figure 4.1:  The results of the CLM on the 16% x 4 lattice for various 8. (Left) The
expectation value of the Polyakov line is plotted against 5 for # = 0. (Right) The
histograms of the maximum drift term are shown for various § with § = 7 in log
scale. The horizontal axis is log;, u.

4.2 Result of CLM with the naive definition of the topological
charge

First, we show the results of the CLM with the naive definition of the topological charge
Qa defined in (2.25). In FIg. [4.1|Left), we plot the expectation value of Polyakov line
against 3, which is obtained for § = 0. It is zero for small 5 corresponding to the confined
phase, and it becomes finite as we increase § due to the deconfine transition. We also
show the histogram of the drift term in Fig. [f.I(Right) at 6 = 7 for various 5. From
these result, we found that the CLM works for § ~ 1.0 in the confined phase and g 2 2.6
in the deconfined phase. Although the reliable region of the CLM depends on 6 and the
lattice size, we typically obtain similar results for different parameters.

In order to see the dependence on #, we show the histograms of the drift term for
various 6 in Fig. with 8 = 1.0 (Left) and 8 = 2.7 (Right). For g = 1.0, the CLM
works up to 8 =~ m but not for large 6. It is natural behavior since the effect of the
theta term is significant for larger §. On the other hand, for § = 2.7 the validity of the
CLM does not simply depend on 6. It can depends on the random number seed in the
simulation, which indicates that there is a problem of ergodicity in the large [ region. It
will be clearer when we use the stout smearing as discussed Section [4.5]

We show the behavior of the topological charge density in Fig. obtained by the
CLM. We plot the dimensionless quantity (Q))/xoV, where xq is the topological suscep-

tibility at & = 0 defined by

Xo = l<<Q> -Q)? (4.14)

4 0=0
and V = L2 x L; is a lattice volume. The corresponding histograms of the drift term
are shown in Fig. 1.2 Thus some data points in this plot are not reliable. In fact, we
cannot see the 27 periodicity of 6 in this result. It behaves like (Q)/x0V = i6, which is
consistent with the relation (3.18)) at least for small 6.
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Figure 4.2: The results of the CLM on the 163 x 4 lattice for various . The histograms
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Figure 4.3: The results of the CLM on the 162 x 4 lattice. The imaginary part of (Q)/xV
is plotted against /7 for 5 = 1.0 and 2.7.
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In spite of the validity of the CLM, it is difficult to reproduce the 27 periodicity of 6
since the topological charge on the lattice does not approach an integer by increasing [
naively. The situation is different from 2D U(1) gauge theory. In that case, there is the
log definition (2.11]) of the topological charge, which gives an integer even on the finite
lattice. We can also obtain an integer value with the sine definition by taking the
continuum limit. The problem in 4D SU(2) gauge theory is that the topological charge is
contaminated by severe short range fluctuations. We discuss a method to overcome this
problem in Section [4.4

4.3 Analyticity of the complex theta

In this section, we discuss the analyticity of the complexified #, which supports the con-
sistency of the discussion in Section Although the CLM with the real 6 is severely
limited, it works at least around § = 1.0.E| We found that the topological charge density

(@) /V behaves as
(@)

A ixof (4.15)

for 6 € R as we can see in Fig. 4.3 This result is consistent with the general formula
in the theory with the theta term. We can try to see whether the relation (4.15)) is
extended to the complex plane of § € C. Namely, we can confirm the analyticity of the
complexified # at § = 1.0 by the CLM.

We parameterize the complex 6 by

= re'™ (4.16)

with 7 > 0 and « € R. The figure 4.4 shows the real/imaginary part of (Q)) /i6 obtained
by the CLM for various r and «. It is expected to satisfy

% ~ xoV €R. (4.17)

The value of xoV directly calculated at 6 = 0 is also plotted. We confirmed that the
criterion for the correct convergence is satisfied for these parameters. The results are
consistent with the expected behavior within the error bar. Therefore, the relation
seems to be extended to the complex # plane at least for 5 = 1.0.

4.4 Stout smearing in the CLM

The theory with a theta term has the 27 periodicity of # , which plays an important role
in the appearance of the nontrivial phase structure at § = . However, it is difficult to
retain this property on the lattice because the topological charge defined by the
naive discretization does not takes integer values. It approaches integers only for the
configurations sufficiently close to the continuum limit. In fact, it is difficult to suppress

3We cannot use the stout smearing for 3 = 1 since the unitarity norm quickly grows up during the
smearing.
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short range fluctuations enough simply by increasing 5. Thus, we need a smearing method
which makes the configuration sufficiently smooth even for small 5. In this work, we use
the stout smearing [I1], which is applicable to the CLM. In fact, its application to the
CLM was discussed in the analysis of QCD at nonzero baryon density [25]. In this section,
we review how to apply the stout smearing to the complex Langevin simulation of the
gauge theory with the theta term.
The procedure of the stout smearing is given by the iteration of the smearing step,
starting from the original configuration U, ,.
Uy =U0 U0 — o 5 UMD =0, (4.18)

M n,p

After N, iterations we obtain the smeared configuration U, ,. In one (isotropic) smearing
step from k to k -+ 1, the link variable U] € SL(2,C) is mapped to U™ € SL(2,C)
defined by following formulae.

Ut = ey ) (4.19)

iV, = —gTr [, 7° (4.20)

Jnp = UnySnyp — U, (4.21)

Q= Z (Un+ﬂ,oUn_Ji&,uUrz}r + Un_-l}ﬂ—&,UU;—I&,pUn_&ﬂ”) (4.22)
o(#m)

Q=D UnoUnionUplse + Uy oUn6uUniiio0) (4.23)
o(#n)

The parameter p > 0 should be chosen appropriately, depending on the system. 3
We use the topological charge 1) calculated from the smeared configuration U, ,

Q= Qu(0) (4.24)
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to define the theta term Sy = —i6() on the lattice. For the complex Langevin simula-
tion, we need to calculate the drift term D%MS@ from the theta term. Although Sy is a
complicated function of the original link variable U,, ,, it is possible to calculate the drift
force

Fo,=1mDy ,Se (4.25)
by reversing the smearing steps . We define the drift force for the link variables
U,S’il as

F¥) = ir* DSy, (4.26)
where fo;a represents a differential operation with respect to UkaBL As a first step to
calculate (4.25), the calculation of the drift force F,, = Féﬁ”) for the smeared link

Unw = UT(L{X”) is straightforward. Once we obtain the initial drift force Fn,#, the subsequent

ones are given by the map from F,Sk,i to F,gk,f 2 iteratively.

Fop=F") = FN=) ... 5 FO = F,, (4.27)

The map of the drift force is given by the following formulae, where the final step from
F, = T(ng to Fy,, = ,Eol)L is shown as an example.

Fop=e"eE e 4 pTr [(Uny Moy + My, Uy )70 78 (4.28)

Mn,u = _QTWATW

+ Y [UnriasUnds wUnbhns + AutouUz )
v(#)
+ Uil Uil (Anfﬁ,,u - Anfﬂ,V)Unfﬁ,u

n+ia—v.w- n—o,u

~A i Unipn U s U AUt Ao Uy Uns] (4.29)

n+v,u - n,v n+i—v,v n—ru,u
Mn,u = _An,uQmu
+ Z [(An,uUn,u + Un,uAn+19,p)Un+f/,uU7;}ﬁ’V
v(#)
+ Un_,ll),l,(An—ﬁ,u - An—ﬁ,y)Un—ﬁ,uUn—&—ﬂ—&,y
_Un,uUnJrﬁ,uUn__iﬂ’l,AnJrﬂ,u + Un__l,}’l,Unfﬁ,uAnJrﬂfz?,uUnﬁ&fﬁ,u} (430)
Ap,=Tr [/A\m,,,Tb] 70 (4.31)
A L1 S ) [ iy ] i+ S iV g (4.32)
my — - 5. r motdmuy| Xmy ——€ Y m.v .
’ 2/@3,%,/ 2Km.u ’ ’ ’ [ ’

Ko =/ —detY,, (4.33)
Note that Y, ., Q,, and Q,,, are defined by (4.20)), (4.22) and (4.23) respectively. They

are calculated from U, , in this case. The drift term calculated in this way respects the
holomorphicity. The calculation time and the memory size required for the simulation
are proportional to the number of steps N,,.
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Figure 4.5:  The history of the topological charge defined by (4.24) in the Langevin
simulation for # = 0. The lattice size is 24 x 4, and the coupling constant is 3 = 2.5.
The horizontal axis is the fictitious time ¢ of the Langevin simulation.

4.5 Result of the CLM with the stout smearing

In this section, we show the results of the complex Langevin simulation. So far, we have
found that the CLM using the naive definition of the topological charge without
the smearing works in the high-temperature region (deconfined phase). As a first step,
we focus on the high-temperature region and try to see the effect of the stout smearing
on the topological charge.

Before introducing the theta term, we check the effect of the smearing by changing
the smearing parameters for ¢ = 0. The number of steps N, and the step size p should be
large enough to eliminate the short range fluctuations. However, it is difficult to increase
N, a lot since the calculation time and the memory size increase with INV,,. If p is too large,
the nontrivial topological excitation will be destroyed. For § > 2.4, which corresponds to
the high-temperature region in our setup, we find that N, = 20 is enough to recover the
topological property. In figure [1.5] we show the history of the topological charge defined
by in the real Langevin simulation for § = 0. There are three series of data with
p =10, 0.06 and 0.1. We plot the topological charge without the smearing namely p = 0
for comparison. The topological charge with p = 0 is noisy, and it is difficult to see the
topological property. Once we introduce the smearing, we can see the transitions between
the topological sectors clearly.

Next, we show the results of the complex Langevin simulation for § = 7/4. In this
simulation, the lattice size is 24® x 4, and the smearing parameters are N, = 20 and
p = 0.06. In figure [1.6], we show the histogram of the magnitude u of the largest drift
term defined in (4.4). The distribution falls off rapidly for § = 2.55, but it does not
for § = 2.5. Thus, the criterion for correct convergence is satisfied only for § = 2.55.
Typically, the coupling constant § should be large enough to satisfy the criterion. We
found that the CLM works if 8 2 2.55 for § = 7/4 on the 24® x 4 lattice.
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Figure 4.6: The histogram of the maximum drift term (4.4]) for 6 = 7 /4 in log scale.
The horizontal axis is log;yu. The lattice size is 243 x 4, and the smearing parameters
are N, = 20 and p = 0.06.

In figure we show the history of the topological charge for § = 2.55. Since the
gauge group is extended to SL(2,C) in the CLM, the topological charge has an imaginary
part in general. We plot both of the real part and the imaginary part. There are some
topological excitations in the history of Re(). The imaginary part vanishes after the
smearing in most cases, but it increases rapidly when the real part changes.

The expectation value of the topological charge has a nonzero imaginary part if CP is
broken. Since the theta term breaks CP explicitly for /7 ¢ Z, it is consistent that Im@
becomes nonzero in our simulation. We find that the fluctuation of Re@ is necessary
to obtain the nonzero Im{). Indeed, the imaginary part are close to zero while the
configuration stays in a single topological sector.

We also find that the rapid growth of Im() makes the simulation unstable. The
imaginary part originates from the non-unitarity of the configuration, which can be a
source of the large drift. We need to set f large enough to avoid this problem. However,
the fluctuation of @) is highly suppressed for larger 3, and the autocorrelation time of ()
becomes longer than the simulation time. It is the topology freezing problem, which we
encountered in the study of 2D U(1) gauge theory as well. Therefore, it is difficult to
avoid the large drift simply by increasing [ further.

4.6 Origin of the large drift

In this section, we investigate the origin of the large drift further. As we discussed in
Section for 2D U(1) gauge theory, the CLM fails if the plaquettes in the action cross
the branch cut frequently. We can possibly understand the failure of the CLM for the
4D SU(2) case in a similar way. Thus we investigated the probability distribution of the
phase of plaquette during the complex Langevin simulation.

First, we define the complex phase ¢ € C of the plaquette P € SL(2,C) by the phase
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Figure 4.7: The history of the topological charge for # = /4. The upper plot show the
real part and the lower plot show the imaginary part. The lattice size is 243 x 4, and the
coupling constant is 5 = 2.55. The horizontal axis is the fictitious time ¢ of the Langevin
simulation.

of the eigenvalues e**®. This phase appears in the trace pf the plaquette.

Tr[P] = Tr [ + e ] (4.34)

Note that we can set the real part of ¢ be Re¢p > 0 without loss of generality. The
eigenvalues of the SL(2,C) matrix P are given by solutions of the equation A\? — \Tr [P] +

1 = 0, namely,
1 1 ?
A= §Tr [P] £ §Tr [P]) —1. (4.35)

Thus we extract the phase ¢ by the complex log of A with Re¢ > 0.

¢ = —ilog A (4.36)

In fact, this definition is a natural extension of the phase of U(1) plaquette which we
discussed in Section 3.6l

In Fig. 4.8 we show the probability distribution of the phase on the complex ¢ plane
for 5 = 2.4 and 2.5. We plot the phase of the plaquette after the smearing as well as
that of the original plaquette. For § = 2.4, where the CLM fails due to the large drift,
there is a finite distribution around Re¢ = 7. In addition, the distribution widely spread
to imaginary direction. On the other hand, for § = 2.55, where the criterion for the
correct convergence is satisfied, there is no distribution around Re¢ = 7 especially for the
plaquette after the smearing. The distribution does not spread to the imaginary direction
a lot.

From these results, we can see an analogous behavior of the phase of plaquette to that
for 2D U(1) gauge theory, which is shown in Fig. 3.8, The large drift term appears when
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Figure 4.8: The distribution of the phase ¢ of the plaquette in log scale for § = 0.257
with 3 = 2.4 (Left) and 2.5 (Right). We use the 16 x 4 lattice and set the smearing
parameters (N,, p) = (20,0.06). The phase of the plaquette after the smearing is plotted
as well as that of the original plaquette.

the phase approaches the branch cut Re¢ = 7. Although it is not clear like the case of 2D
U(1), the topology change seems to be related to the branch cut crossing of the plaquette
also for 4D SU(2). Therefore, the problems of the large drift and the topology freezing
are correlated on the periodic lattice. Note that we may not realize this problem without
the stout smearing because we cannot see this behavior clearly from the naive topological
charge.

For 2D U(1) gauge theory, we can avoid this problem by putting a puncture on the
lattice. It is possible that we can avoid the problem also for the case of 4D SU(2) by mod-
ifying the boundary condition of the lattice. However, nontrivial topological excitations
will flow away from the boundaries during the smearing process. So, the implementation
of the smearing on the open lattice is not straightforward. It is a significant difference
from the case of 2D U(1), where the smearing is not necessary thanks to its milder UV
fluctuations.

In addition, since the CP symmetry at 6 = 7 is explicitly broken by the boundary
effect, it will be difficult to see the CP restored phase on the open lattice. Note that
there is no similar problem in 2D U(1) gauge theory, where the parity symmetry at § = 7
is never restored even in the high temperature region. Therefore, we think that it is
difficult to investigate the phase diagram of 4D SU(2) gauge theory by the CLM. Instead,
we discuss an alternative approach based on analytic continuation in Section

5 4D SU(2) gauge theory with an imaginary theta

We study 4D SU(2) gauge theory with an imaginary theta 6§ € iR, where the action
S =S, —10Q) is real. In the current situation, it seems to be difficult to investigate the
phase structure directly by the CLM. Instead, we can extract some information of the
phase structure by the theory with the imaginary theta. Since the sign problem is absent
in this case, we can use the ordinary HMC method. We apply the stout smearing, which
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is discussed in Section [4.4] to the HMC in order to make the topological charge close to an
integer. We found that the behavior of the topological charge density for the imaginary
theta is consistent with that of the instanton gas in the high temperature region. This
section is based on the ongoing project. The refined results will be reported in the near
future.

5.1 Conjectured phase diagram

First, we present one of the possible phase diagrams on the (6%, T)-plane in Fig. . We
extend the parameter 6 from the real region #? > 0 to the pure imaginary region 6% < 0.
In the real 6 region, CP symmetry is spontaneously broken on the line at # = 7, which
terminates at the CP-restoration temperature Tcp. It is predicted by 't Hooft anomaly
matching that Tcp is higher than or equal to the deconfining temperature Tye.(7) at
6 = m. There are similar CP broken lines at § = (2n + 1)7 for n € Z because of the 27
periodicity of 6.

For T' < Tgp, it is expected that, in the real 6 region within the range || < 7, the
topological charge density behaves as

@ _ .

AL~ iyl 0.1

v X0 (5.1)
where Y is the topological susceptibility at # = 0. The topological charge density changes
discontinuously at # = 7 because of the first order phase transition. In fact, this is a
natural expectation as an analogy to the behavior of (Q)/V in 2D U(1) gauge theory.
By analytic continuation to the imaginary theta # = i with 8 € R, the corresponding

behavior of the topological charge in the imaginary 6 region is given by

There is also a line of the deconfine transition, which is extended to the imaginary
0 region by analytic continuation. The deconfining temperature Tye.(6) depends on 6 in
general. It should be an even function of € since it is CP invariant. Thus the leading 6
dependence of Ty..() is expected to be 6%, namely,

Tdec (9>
Tdec (0)

with a parameter Ry. In Fig. 5.1 we show this line with the gradient Ry > 0. In fact,
some works on SU(3) gauge theory suggest Ry > 0 for SU(3) [26, 27]. We expect that it
is hold also for SU(2)[]

In the imaginary 6 region, we put a line indicating the end of instanton gas phase. For
the sufficiently high temperature, we expect that the dilute instanton gas approximation
(DIGA) is valid, in which we ignore the interaction of instanton. However, the topological
charge density (Q))/V increases with —i6, so that the interaction is no longer negligible

~1— RQ 02 5 (53)

4On the other hand, in the large N limit, it is expected that the gradient behaves as Ry oc 1/N2.
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Figure 5.1:  The possible phase diagram on the (62, T)-plane. The CP symmetry is
spontaneously broken on the orange line at ¢ = 7, which terminates at T = Tp. The
f-dependent deconfining temperature Tye () is described by the blue line. The dilute
instanton gas approximation will break down around the green line at sufficiently large
0] in the imaginary 6 region.

at some point. It is natural to expect that DIGA breaks down there, entering a different
phase. Although we do not know what kind of phase exists there, we can obtain some
indications from other models. For example, the study of 2D O(3) sigma model suggested
a liquid-like phase [28].

As long as DIGA is justified, the topological charge density behaves as

Q) ~ i sin 6 (5.4)

Vv
in the real # region. By analytic continuation, we expect that the topological charge
density behaves as
Q) L\, sinnd (5.5)
7~ “Xosin .
in the pure imaginary 6 region. This behavior will be observed up to the line where DIGA
breaks down.

5.2 Theta dependence of the topological charge density

We study 4D SU(2) gauge theory with the imaginary theta term by the HMC method.
We use the gauge action and the theta term Sp = —ifQ for 6 = if € iR with the
topological charge defined by . We apply the stout smearing to the HMC similarly
as we did to the CLM in Section ({4.4]).

We investigate the imaginary 6 dependence of the topological charge density (Q)/V .
We expect that it behaves linearly as in the deconfined phase T' < Tyee(m). On the
other hand, for the sufficiently high temperature T > Tep > Tyee(m), it will behave as
(5.5). In Fig.|5.2, we plotted the dimensionless quantity —(Q)/(xoV) against 8/7 = 0/ (i)
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Figure 5.2: The imaginary ¢ dependence of the topological charge density for various
temperatures. The results of —(Q)/(xoV) obtained by HMC on the V = 163 x 4 lattice
are plotted against 6/(im). We set the smearing parameters to N, = 40 and p = 0.15.
We also plot the expected behaviors and by solid lines.

for T/The.(0) = 0.9, 1.0 and 1.2. The lattice volume is V' = L? x Ly = 163 x 4 in this
calculation. Note that we determine the temperature by the equation obtained from [29]

= —exp log —c3 (5.6)

T 1 51 11 32 1843274

A L <ﬁ %8 5ms 1 1213 ) ’
where Ay, is a lattice cutoff scale and c3 = 5.529(63) x 10~*. The deconfining temperature
is given by Thec(0)/Ar, = 21.45(14). We set the smearing parameters to N, = 40 and
p = 0.15, which is discussed in Appendix

For T'/Tge.(0) = 0.9, the data points are consistent with the expected behavior ([5.2))
within the errors. We also confirmed that the Polyakov line remains almost zero for any
0 within 0 < 0 < 7, which can be seen in Fig. . It indicates that the system at
T /Tgec(0) = 0.9 is still in the confined phase at least in the imaginary 6 region.

For T'/Tye.(0) = 1.2, the data points deviate from the linear behavior but it does
not agree with either. We expect that it approaches in the continuum limit,
which is discussed in Section 5.4 We also confirmed that the system is in the deconfined
phase at this temperature in the imaginary 6 region. The imaginary 6 dependence of the
Polyakov line is shown in Fig. 5.3

We obtained the results at T'/The.(0) = 1.0 as well. The data points of the topological
charge density in Fig. are between the results of the other two temperatures. The
results of the Polyakov line in Fig. [5.3] fluctuates a lot because the system is very close
to the deconfine transition point. In this temperature, we inevitably cross the line of the
deconfine transition if we try analytic continuation, as we can see in Fig. [5.1] Thus, we
cannot access the real 6 region from the imaginary € region in this case.
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Figure 5.3: The imaginary # dependence of the Polyakov line for various temperatures.
The results obtained by HMC on the V = 163 x 4 lattice are plotted against 6/ (im). We
set the smearing parameters to N, = 40 and p = 0.15.

5.3 Large volume limit

In this section, we consider the finite volume effect. We performed the simulations by
changing spacial lattice size for the fixed § and the fixed temperature T'/Tye.(0) = 1.2.
We use the V' = L3 x 4 lattice for Ly = 12, 14, 16 and 18. The results of the topological
charge density is shown in Fig. |5.4] The difference among the results of various spacial
volumes is as much as the size of error bars.

Next, we focus on the large 8 region, where the finite volume effect will be significant.
In Fig. we plot the result of —(Q)/(xoV) against 1/L3 for /7 = 0.75 and 1.0. We
cannot see a significant Ls dependence so far. Therefore, the finite volume effect seems
to be small even for the V = 163 x 4 lattice at least for @ < 7. It is also possible that we
can see some volume dependence when we increase statistics. It is still worth trying the
infinite volume extrapolation.

We expect that the finite spacing effect is more significant than the finite volume effect
as we will see in Section 5.4 In the continuum limit, indeed, the topological property
should be clearer, namely the topological charge on the lattice approaches an integer.

5.4 Continuum limit

In this section, we discuss the continuum limit. We performed simulations for two sets of
(6,V) without changing the physical volume nor the temperature. We show the results
of the topological charge density for V = 16 x 4 and 203 x 5 in Fig. 5.6l We found that
the result for the fine lattice V' = 203 x 5 almost agrees with the expected behavior
within the errors, although the size of the error bar increases with 0 as we discuss in
Section [5.5 It is expect that the results approach in the continuum limit.ﬂ Thus,

5Tt is also possible that the result deviates from 1) at larger 6 due to the end of instanton gas phase.
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Figure 5.4: The imaginary ¢ dependence of the topological charge density for various
spacial volumes. The results of —(Q)/(xoV') obtained by the HMC for T'/T4e.(0) = 1.2
are plotted against 6/(im). We set the smearing parameters to N, = 40 and p = 0.15.
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Figure 5.5: The Ly dependence of the topological charge density for §/7 = 0.75 (Left)
and 1.0 (Right). The results of —(Q)/(xoV) obtained by HMC on the V = L2 x 4 lattice
for T'/Tyec(0) = 1.2 are plotted against 1/L3. We set the smearing parameters to N, = 40
and p = 0.15.

43



T/Tgec(0) = 1.2

14 ; ‘
1 V=20°x5
12— v=16°x4
-0
~ 10+ sinh(-i6) {
o
X 8| ]
S f
N
S I 1
X
T4t
X
2 :
=3
oL =«

0 02 04 06 08 1 12
0/im

Figure 5.6: The imaginary 6 dependence of the topological charge density for different
lattice spacings. The results of —(Q)/(xoV) obtained by HMC for T'/Tye.(0) = 1.2 are
plotted against 6/(im). Two sets of data points correspond to the results for V = 163 x 4
and 20 x 5. The physical volume and the temperature are fixed by adjusting 3. We set the
smearing parameters to (IV,, p) = (40, 0.15) for the coarse lattice and (N, p) = (40, 0.09)
for the fine lattice.

these results suggest that the topological charge behaves as at T/Thee(0) = 1.2 in
the real 0 region. Namely, the dilute instanton gas approximation should be valid, and
the CP symmetry is restored at & = 7w at this temperature.

From the results above, we can constrain the phase structure of 4D SU(2) gauge theory
under an assumption. If we assume that the system remains in the deconfined phase at
T/T4ec(0) = 1.2 for 0 < 6 < 7, the CP symmetry at § = 7 should be recovered at
the same or lower temperature, namely Tep < 1.273..(0). We can continue the similar
analysis to make this constraint stronger.

Note that, in these calculations, we used different sets of the smearing parameters
because the appropriate one to obtain integer values of ) depends on the lattice sizeﬁ
We used (N,, p) = (40,0.15) for the coarse lattice and (N,, p) = (40,0.09) for the fine
lattice. To eliminate an ambiguity in the determination of these parameters, it will be
useful to consider the p — 0 extrapolation by using results with various values of p.

5.5 Problem in the large theta region

We fond that a problem of autocorrelation appears when we increase 6 in the simulations
with imaginary 6. Indeed, we have to decrease the step size of the leap frog in HMC to
keep a reasonable acceptance rate. This problem is different from the topology freezing
problem, which appears in the large 3 region. In fact, the autocorrelation is more severe
at lower temperature. We show the history of the topological charge for different values of

6The appropriate value of p depends on J3 itself as well, but the difference is not significant for the
present temperatures.
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0 at T /Tgec(0) = 0.9 in Fig. We can see that the autocorrelation becomes significant
as we increase 0. It makes the error bars large in the results above. Furthermore, since
we have to decrease the step size of the leap frog, we need a longer computational time
for larger 0 with the same tunvc. We need to avoid this problem in order to investigate
larger 6 region.

6 Summary

Recently, gauge theories with a theta term attract a lot of interest in the context of 't Hooft
anomaly matching. For instance, the phase structure of 4D SU(2) gauge theory at § = 7
is constrained by an anomaly matching condition, which can be totally different from that
of the large N theory. It is an interesting challenge to investigate the phase structure by
first-principle calculation. However, the sign problem prevents us from studying gauge
theories with the theta term by the Monte Carlo simulation. In this work, we developed
methods to investigate the phase structure of such a theory avoiding the sign problem.
We confirmed that the complex Langevin method (CLM) reproduces the exact results for
2D U(1) gauge theory with a puncture (or open boundaries). However, it turned out to be
difficult to extend this method to 4D SU(2) gauge theory due to severe UV fluctuations.
Then we proposed an alternative method using analytic continuation. We can investigate
the phase structure at § = 7 indirectly by the HMC with imaginary #. We summarize
the results in this section.

First, we have tried to apply the CLM to gauge theories with a theta term to overcome
the sign problem. We focused on 2D U(1) gauge theory, which is exactly solvable on a
finite lattice with various boundary conditions. We found that a naive implementation of
the method fails due to the topological nature of the theory. While the gauge configura-
tions are complexified in the CLM, one can still define the notion of topological sectors
by Re Qiog € Z. When a transition between different topological sectors occurs, one of
the plaquettes crosses the branch cut inevitably. It results in the frequent appearance of
large drift terms. This problem indeed happens at small 5, where we found that the cri-
terion for correct convergence of the CLM is not satisfied. By increasing 3, the large drift
terms do not appear, and the criterion for correct convergence is satisfied. However, the
topology change never occurs during the simulation, and then the ergodicity is violated.
This is known as the topology freezing problem. The results obtained in this case can be
regarded as the expectation values for an ensemble restricted to a particular topological
sector specified by the initial configuration.

In order to avoid this problem, we have considered the punctured model, which can be
obtained by removing a plaquette from the action. While the quantity Re Q1o is no longer
restricted to integer values, we can still formally classify the complexified configurations
into topological sectors by adding back the contribution from the removed plaquette to
Re Qiog- The removed plaquette is allowed to cross the branch cut easily even for large
[, which results in frequent transitions of topological sectors. Note that, as far as (8
is sufficiently large, all the other plaquettes are close to unity, and hence large drift
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Figure 5.7: The history of the topological charge in HMC for §/7 = 0 (Top), 0.5 (Middle)
and 1.0 (Bottom) at T'/Tye.(0) = 0.9 on the V = 16 x 4 lattice. We set the smearing
parameters to N, = 40 and p = 0.15.
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term never appears. Therefore, the criterion for correct convergence of the CLM can be
satisfied by simply approaching the continuum limit without causing the topology freezing
problem. Indeed the results obtained by the CLM for the punctured model agree with
the exact results even at large 6.

In fact, the punctured model is equivalent to the infinite volume limit of the original
model for |§| < 7. In this limit, the topological charge can take arbitrarily large values,
so the discretization of ) to integers is no more important. This equivalence can be
confirmed directly by the explicit form of the partition function. In fact, the exact results
also indicate the absence of finite volume effects in the punctured model unlike the original
model, which exhibits finite volume effects near the critical point # ~ 7. It is conceivable
that the smoothing of the topological charge distribution somehow removes finite volume
effects. If this is correct, a similar conclusion should hold more generally.

Next, we applied the CLM to 4D SU(2) gauge theory. We found that the criterion
for correct convergence is satisfied in some parameter regions. However, the naively
defined topological charge does not take an integer value due to the contamination by
short range fluctuations. For this reason, we introduced the stout smearing to the CLM
to recover the topological property. The effect of the smearing can be included in the
Langevin dynamics itself as well as in observables. We confirmed that the real part of the
topological charge becomes close to an integer after the smearing. On the other hand, the
imaginary part vanishes mostly, but it grows rapidly when the real part changes. This
behavior is consistent with the topological nature of the theory, although it is difficult to
deal with in the numerical simulation.

We need to increase [ to suppress the large drift. On the other hand, we cannot
increase it due to the topology freezing. It seems to be necessary to resolve either of the
topology freezing or the large drift in the CLM. However, the appearance of large drift
seems to be related to the topology change, as we found in the study of 2D U(1) gauge
theory. In that case, we need to modify the boundary condition or try some possible ways
to suppress the large drifts, such as improving the gauge cooling or the smearing method.

We also study 4D SU(2) gauge theory with an imaginary theta term. By considering
analytic continuation, we can see the behavior of the observables for real 6 via simulations
with the imaginary #. Then we can investigate the phase structure of the real 6 region
indirectly from the imaginary 6 region. However, analyticity of the observables should
be broken at the boundary of different phases. We can justify analytic continuation
only within the same phase. In spite of this restriction, it is still possible to give some
constraints on the phase structure, for example an upper limit of the CP restoration
temperature Tep at 0 = 7.

Since the sign problem is absent in the theory with the imaginary 6, we used the
hybrid Monte Carlo (HMC) method. We also applied the stout smearing to the HMC
as we did to the CLM in order to recover the topological property. We calculated the
topological charge density for various 6 = if € iR. The result suggests that it behaves as
@)V ~ —xo sinhf at T = 1.2T4e.(0), where xq is the topological susceptibility at § = 0
and Tgec(#) is the O-dependent deconfining temperature. The corresponding behavior in
the real 6 region should be (Q)/V =~ ixosin#, which agrees with the prediction by the
dilute instanton gas approximation. Since the CP symmetry is restored at § = 7 in this
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case, the CP restoration temperature Tcp should be equal to or lower than 1.2T}..(0).
Although we have to assume that Tgec() < Tgec(0) for 0 < 6 < 7, this is a feasible
assumption based on the studies of SU(3) gauge theory [27]. In fact, our result is consistent
with that obtained by the subvolume method [12], [13].

On the other hand, the topological charge density at 7" = 0.9T4..(0) behaves just
linearly as (Q)/V =~ —xof. The corresponding behavior in the real 6 region should
be (Q)/V ~ ixof up to § = m, which implies the spontaneous breaking of CP. However,
since we do not know whether 0.974..(0) is still below Tge.(7) or not, analytic continuation
within the same phase may not be possible. Therefore, it is important to clarify the 6-
dependent deconfining temperature Tye.(#). If we assume that it is a simple quadratic
function of 6, we can estimate the coefficient of #% by investigating Ty..(f) at imaginary
0.

We also found that the observables are sensitive to the finite spacing effect of the
lattice. It is important to take the continuum limit to obtain quantitatively more reliable
results. As a future prospect, we can use an improved action instead of the simple
plaquette action . It is expected that the short range fluctuations are suppressed,
and then the required number of the smearing step will be smaller. Thus, we can approach
the continuum limit easily.
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A Derivation of the partition function of 2D lattice
gauge theories

For the 2D lattice gauge theories, we can obtain the partition function explicitly on any
manifold at finite lattice spacing and finite volume [8]. Then we can calculate various
observables from the partition function. In this section, we review the derivation using
the so-called K-functional [7].
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A.1 K-functional

We consider a lattice gauge theory with a theta term on a 2D lattice manifold M. Here
we choose U(N) gauge group, which is a generalization of U(1) considered so far. Note
that the topology of the gauge field is trivial for SU(/V) in 2D gauge theories.

As a building block for evaluation of the partition function, we define the K-functional
K 4 for the region A C M by [7]

Ka(T) = / I avi] e, (A.1)

U, e A\C

where the integral goes over all the link variables inside A except those on the boundary
C = 0A. We show the schematic picture of the link variables considered here in Fig.
The action Sa of the theory used in (A.1)) is given by

Sa=Y Tt {—g (P+FY) - %log P,} , (A.2)

PiGA

where the sum goes over all the plaquettes P; included in the region A. Here we use the
log definition of the topological charge, but the results for the sine definition ([2.12))
can be obtained in a similar way as we mention at the end of Section [A.4]

Although the K-functional depends on the link variables on the boundary C', due to
the gauge invariance, the independent degree of freedom is

r=1Ju. (A.3)

U, eC

which is a consecutive product of link variables along the loop C'. Note that the final
result is independent of the starting point of the loop C' since a different choice sim-
ply corresponds to applying a gauge transformation to I', which leaves the K-functional
invariant.

We can calculate the K-functional for any region A by gluing the K-functional for
each plaquette P one by one, which is given by

K(P)=-expTr g (P+P')+ glogP . (A.4)
s

Note that the K-functional (A.4)) is a function of the group element P € U(N), which is
invariant under the gauge transformation

P — gPg™t; g€ U(N). (A.5)

It is known that any function having this property can be expressed by the character
expansion

K(P)=> Ax.(P), (A.6)
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Figure A.1: An example of the region A, which has a boundary C' = 0A. The K-
functional for this region is defined by integrating out internal link variables represented
by the dashed lines. The result depends on I' defined by (|A.3)) for the loop C' represented

by the solid line with arrows.

which is analogous to the Fourier expansion of a periodic function. Here x,(P) is the
character of the group, which is defined by the trace of the group element P for the
irreducible representation r, and it satisfies the orthogonality relation

[0 W 0) = (A7)
Using this relation, the coefficient A, in the expansion (A.6) can be extracted as
A = /dUXT(U‘l)K(U). (A.8)

As an example, let us obtain the K-functional Ks,; for a 2 x 1 rectangle by gluing
two neighboring plaquettes P, = U;Q and P, = Q7'U, as shown in Fig. [A.2] Here the
group elements U; and U, are the products of three link variables, and {2 represents the
link variable shared by P, and P,. Integrating out the shared link variable ), we obtain

K1 (UhUy) = /dQK(Pl)K(Pg)

= A / dQ X, (U1Q) X0, (27 1U5)

1,72 )\ )
=> d, <d—) X (U102) (A.9)

where d, = x,(1) is the dimension of the representation r. We have used a formula
1
/ dS2 Xry (UIQ)sz (Q_IUQ) = d_XTl (Ul U2)5T17T2 (AlO)
T1
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Figure A.2: The K-functional Ky for a 2 x 1 rectangle is obtained by gluing the K-
functional for the two plaquettes P, = U, and P, = Q~'U, by integrating out the shared
link variable €.

to combine two characters. Iterating this procedure, we obtain the K-functional for any
simply connected region A as

|A]
Kar) =Y d, (2—) (). (A1)

where |A| represents the number of plaquettes in A, and I is defined by (A.3).

In the case of U(1) gauge theory, the representation can be labeled simply by the
charge n € Z, and the dimension of the representation is d,, = 1 for any n. Since the
character for the plaquette P = ¢ is given by x,(P) = e™?, the K-functional for a single
plaquette reduces to the Fourier series

K(P)=> Xe™. (A.12)

ne”L

The coefficient ), is a function of 6 and 3, which is given explicitly by an integral

A =Z(n,0,05)
LT e _ b
= _Wd<be K(P—e )
T 0
:%/ﬂdqﬁ exp {/Bcosgzﬁ—l—i(%—n) gb} (A.13)

using with P = €. Note that this function reduces to the modified Bessel function
of the first kind for 6 = 0.

The character expansion for the U(N) group is much more complicated, so we show
the results only here. The detailed derivation can be found, for example, in the appendix
of [30]. The representation of the U(/V) group is labeled by N integers

p=(p1,p2,-- ,pn) €LY (A.14)

satisfying p; > p;+1, and the dimension of the representation p is given by

d, = x,(1) = ﬂ (1 - u) . (A.15)

Z' _
i>j J
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The coefficient A, for the representation p in the character expansion (A.6)) is expressed
as a determinant

Ay, = det M(p, 8, B) (A.16)
of the matrix M(p, 8, 3), which is defined by
1 [T (0 .
o= [ oafromo (L omes i)

This matrix can be regarded as a generalization of ((A.13)).

A.2 Partition function for the non-punctured model

First, we evaluate the partition function of the 2D U(V) lattice gauge theory on a torus.
We first consider the K-functional K, 1, for a rectangle composed of V := L; x Lo
plaquettes, which can be expressed as . As shown in Fig. , we identify the top
and bottom sides represented by U~! and U, respectively, and also identify the left and
right sides represented by W= and W. By integrating out the group elements U and W,
we obtain the partition function for the non-punctured model as

Znonpunc :/dUdWKleL2(UWU_1W_1)
ANV
=> d, (d—) / AUdW x,(UWU W 1)
A\ .
/\ 174
— o A.18
(i) (18

where we have used the orthogonality relation (A.7)) and a formula

[ wawe ) = W v). (A19)

For the U(1) gauge theory, the partition function (A.18]) reduces to

Znonpune = Y [Z(n,0,8)]" . (A.20)

neL

As we can see from ({A.13)), the integral Z(n, @, ) has a property
I(n,0 + 21k, B) = Z(n — k.9, §) (A.21)

for Vk € 7Z, which indeed guarantees the 27 periodicity of 6 in the partition function

(A-20).

52



Ufl

A

>
>

U

Figure A.3: The partition function of 2D U(N) gauge theory on a torus is obtained
from the K-functional for the rectangle by integrating out the group elements U and W
corresponding to the identified sides.

Then let us consider the continuum limit, which corresponds to taking the V' — oo
and § — oo limits simultaneously with the fixed physical volume Vs := V/F. In this
limit, the integral (A.13]) can be evaluated as

V2 B % o

Substituting this expression into (A.20]), we obtain the partition function of the continuum
theory

I(n,0,8) ~ —— exp [5 ! (9 n>2] | (A.22)

1 0 2
_é%hys <% - n) ] ) (A23)

omitting the divergent constant factor.

A.3 Partition function for the punctured model

Nest, we extend the calculation in the previous section to the punctured model. As a
building block, we calculate the K-functional for a rectangle with a hole shown in Fig. [A.4]
It can be divided into two regions A; and Ay by cutting along two segments §2; and 2.
The outer and inner boundaries of the rectangle are divided into two segments (Uy, Us)
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Figure A.4: The K-functional for a rectangle with a hole is obtained by gluing the two
regions A; and A;. Then, the K-functional for the punctured torus is obtained just as
we did in Fig. [A.3] By integrating out the link variables surrounding the puncture, we
obtain the partition function of 2D U(/NN) gauge theory on a punctured torus.

and (wq,ws), respectively. Then, the K-functional for each region is given as follows.

Ay |A1]
KAl(U192W191) == Zdrl (d—> Xrl(UIQ2WIQI) (A24)
)‘T 4 1 1
Koy (7 w21 0) = dy, ( y ) Xrg (7 w510, (A.25)

By gluing the two regions A; and As together at €; and €25, we obtain the K-functional
for the rectangle with a hole as

KA1UA2 = /dQldQQ KAl(UlQQWlQl)KA2(Ql_lCUQQQ_lUQ)

Ar |A1‘ )\r |A2‘
= Z d d,, (d—1> (d 2) /dQldQQXn<U192w191)X1"2(Ql1w2921U2)
T1 T2

A\
_y 4, (d_) (d_) / A2, (U Qw0025 ' U)
T >\ V

where we have defined V' := |A; U Ay| = |A1| + |As|.

Let us introduce the group elements U and W for the outer boundary as we did in
Fig. so that U;Uy, = UWU'W~!, and define w := wjw, for the inner boundary.
By integrating out the group elements U and W, we obtain the K-functional for the
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punctured torus as

Kpue(w) = (E)er(w)/dUder(UWUlWl)
= Z (%)er(w)/dUlexr(U)Xr(U_l)

-2 (3) v e

Finally, we have to integrate out the remaining degree of freedom w around the puncture.
Then we obtain the partition function for the punctured model as

1A\
Zpunc = /dw Kpunc(w> = Z d_ (d_) (sr,o = ()\O)V ) (A28)

where r = 0 corresponds to the trivial representation with the dimension dy = 1.
In the case of U(1), the partition function reduces to

ZPuHC - [Z(O7 076)]‘/ ) (A29)

which does not have the 27 periodicity of 6 as expected.

We next consider taking the continuum limit, namely V' — oo and § — oo limits
simultaneously with the fixed physical volume Vppys := V/B. Similarly to the case of the
non-punctured model, which is discussed in Section [A.2] we obtain

ef \" V [0\’
o= (5) |35 (3)
1 0\’
gV (57 ] , (4.30)

omitting the divergent constant factor. This coincides with the infinite volume limit
Vohys — 00 of (A.23)) within the range |§] < m. Note, however, that the equivalence
between the punctured and non-punctured models does not hold for finite physical volume

~ exp

Vi)hys-

A.4 Evaluation of the observables

We can evaluate the expectation values of various observables defined in Section from
the partition function derived above, namely for the non-punctured model and
for the punctured model. Since the latter case is straightforward because of the
absence of an infinite sum, we only discuss the former case below.

The average plaquette w defined by (3.15)) is given by
1

w =

> " A(n.0,5)[Z(n,0,8)]" . (A.31)

Znonpunc nez
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where we have defined

A(n,8,3) = % logZ(n, 6, )

= m%/ d¢ cos ¢ exp [Bcosqb—i—i (% —n) gzﬁ}

—T

_Z(n—1,6,8)+Z(n+1,6,5)

2L(m.0, ) ' (A.32)
Similarly, the topological charge density defined by (3.16|) can be obtained from
1%
(Q) = —i > B(n.6,5)[Z(n.6,5)]" , (A.33)
nonpunc nEZ
where we have defined
1 0
=7
B(”? 07 /8) I(n’ 9’ 6) 86 (n’ 97 /3)
1 1 T (0
Finally, the topological susceptibility defined by (3.17)) can be obtained from
VX
Q) =-- > [c.6.5)+ (V= 1)Bm. 6.5 [L(n.0,5)]",  (A.35)
nonpunc n=—o00
where we have defined
C,6,8) ==~ 7(.6.p)
WP = T e, gy o0
=— L L /quﬁ(fe Bcosd+ i b _ o) (A.36)
- I(n,0,8)8m3 ), P “\og " ' '

Note that Z(n, 6, 8) and the functions (A.32), (56) and derived from it are all
real-valued, and we can calculate them by numerical integration with sufficient precision.
When we evaluate the infinite sum in the expressions , and , we have
to truncate it at some n. Note here that |Z(n, 0, 5)| decays quickly as |#/2m —n| increases.
We can therefore evaluate the infinite sum with sufficient precision by keeping only a few
terms when the volume Vs is sufficiently large.

So far we have derived the exact results for the log definition of the topological
charge. As is clear from the derivation, we can obtain the exact results for the sine

definition (2.12)) by simply replacing Z(n, 6, 5) by

Z(n,0,p) := 1 /7r d¢ exp [ﬁ cos ¢ + z% sing — ing| . (A.37)

2 J_,
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B The punctured model with the sine definition (),

In Sections and [3.5] we have discussed the punctured model with the log definition
(2.11]) of the topological charge for simplicity. In fact, we also obtained the results by
using the sine definition for the punctured model. Here we show the results, which
are qualitatively similar to those with the log definition.

The drift terms for the sine definition are given already for the non-punctured model
in Section When we consider the punctured model, the only modification from the
original model appears in the drift terms for the four link variables surrounding the
puncture, namely Ug 1, U 5., Uk2 and U, j,. Thus, the drift terms are given as
follows.

(—i8(P,— P =P+ P ) — il (Po+ P = P,y — P
D. .S forn # K, K+2 B.1)
n, 10 = . _ . _ .
—Z§<_PK,Q + PKiﬁ) + Z%<PK,Q + PKiﬁ) forn=K )
(—i8(=Pu+ Pi'+ Poy = PY) = (P = P + Py + P
f K, K+1
Dn,2S = -3 -1 ) 1 o ?é ’ * (B.Q)
_ZQ(PK—i - PK_i) - ZE(PK_i + PK—i) forn=K )
_i§<_PK+i + P;;Jlri) + i%(PKJri + szii) forn=K+1

At large 3, all the plaquettes except the removed one Py approach unity. The drift
term from the theta term therefore vanishes for all the link variables except for those
surrounding the puncture, which have constant drifts ii%. Thus, in the continuum
limit, the drift terms for the sine definition agree with those for the log definition given
by and (3.31). This relation makes it easier to understand why we can safely ignore
the singularity in the drift term for the log definition discussed in Section [3.1]

It is therefore expected that the results of the CLM for the sine definition are essentially
the same as those for the log definition for large 5. In Fig. [B.I| we show our results for
the punctured model with the sine definition for the same (5, L) as those in Fig. [3.7| with
the log definition. For the fine lattice (8, L) = (12,20), we found that the histogram of
the magnitude u of the drift term falls off rapidly. In addition, the histogram of Re Qg
obtained by the CLM is widely distributed. Hence, the topology freezing problem is
circumvented without causing large drifts similarly to the situation with the log definition.

On the other hand, for the coarse lattice (8, L) = (3,10), we find that the histogram
of the magnitude u of the drift term falls off fast. It means that the condition for the
validity of the CLM is satisfied unlike the case of the log definition. As a result, all
the observables are in complete agreement with the exact results for all values of 8 even
for (8,L) = (3,10). This can be seen from Fig. where we show the results for the
punctured model with the sine definition for the same values of (3, L) as the ones used in
Fig. . For coarser lattice (8, L) = (1.92,8) with the same Vs = L?/3, however, we
actually found that the histogram has a power-law tail. Therefore, the difference between
the two definitions is merely a small shift in the validity region of the CLM.
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Figure B.1: The results obtained by the CLM for the punctured model using the sine
definition of the topological charge. (Left) The histogram of the magnitude u of the drift
term is shown for (5,L) = (3,10) and (12,20) with § = 7. (Right) The histogram of
Re Qgin for the punctured model is shown for (5, L) = (12,20) with § = 7. The exact
result obtained for (3, L) = (12,20) with § = 0 is shown by the solid line for comparison.

We also show the exact results for the punctured model with the log and sine definitions
for comparison. They tend to agree with each other as 3 is increased with fixed Vjpys,
which corresponds to the continuum limit.

C Derivation of the formulae for the stout smearing

The stout smearing was first proposed in [IT] for the HMC simulation of QCD. It was also
applied to the complex Langevin simulation of QCD at finite baryon chemical potential
[25]. In this section, we review the derivation of the formulae for the stout smearing
focusing on the case of SU(2) gauge theory.

The procedure of the stout smearing is given by the iteration of the smearing step,
starting from the original configuration U, ,.

Un = U8 = U= U0 = o)

After N, iterations we obtain the smeared configuration U, ,. In one (isotropic) smearing
step from k to k -+ 1, the link variable U] € SL(2,C) is mapped to U™ € SL(2,C)
defined by following formulae.

k4+1) . iYaurr(k
Ui = e uh) (C.2)
Y., — pT JB)pa] e p JB) 1 T [JB] 1 C.3
Znu__§r[n,ut}t__§ nu_ﬁr[n,u] ()
I = Up Qi — QU (C.4)
Qg = Y (UninoUplopUne + Uil 0 s Uiy Uno) (C.5)
o(#n)
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Figure B.2: The results for various observables obtained by the CLM for the punctured
model with the sine definition Qg,. The average plaquette (Top), the imaginary part
of the topological charge density (Middle), the topological susceptibility (Bottom) are
plotted against 0/m for (5, L) = (3,10) (Left) and (12,20) (Right). The exact results for
the punctured model with the log and sine definitions are shown for the same (3, L) by
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Q= > UnoUnsonUpiis + Uno sUn-ouUni—oc) (C.6)
o(#n)

In the update (C.2), the matrix exponential of the traceless 2 x 2 matrix Y, , can be
calculated by

eV = cos ki 1+ f (K )iV (C.7)

where £k, , are the eigenvalues of Y, ,

1
Ky =/ —detY, , = \/§TrYn27M (C.8)

and f(x) is the analytic function of x € C.

f(z) = Sizx =1- éﬁ + O(z%) (C.9)

Next, we consider the calculation of the drift term for the action S[U(U)] which is

calculated from the smeared link variables. Although S[U(U)] is a complicated function
of the original link variable U, ,, it is possible to calculate the drift force

Fop =D S (C.10)

by reversing the smearing steps. We define the drift force for the link variables Uﬁk& as

F®) = jrapkag, (C.11)

(
n,p n,

where Dﬁf}f represents a differential operation with respect to Uqgk; Once we obtain the
drift force F, , = F,gf,\ip) of the smeared links, the subsequent ones are given by the map
from Fﬁkg to Fflkﬁf Y iteratively.

Fn,u — Fr(zzp) N Fézpfl) Y Fé?g = Fn,,u <C12)
In order to derive the formulae of the map FT(Lk,Z — F,(L{L_l), we focus on the first smearing

step Uy, — U{) =: U’ and calculate the drift term Dy SIU'(U)] of the original link

n,pn
variable. First, we define the variation of U’

ARy = —2Te [(Ds U ) Ui ot (C.13)
which satisfies
iYL =2y (D U, ) Uit 80 = o (Dg U L) Ui, (C.14)

for any a* € R (a = 1,2, 3). This equation can be show by using the formula

Tr (W] ¢ — % <W _ %Tr ] 1) (C.15)
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for the SU(N) generators, which is based on the identity

1 1
t%til = 5 (5il5jk - N&ﬁkl) .
Note that the trace part vanishes in this case.

Tc (D, U) Uil

n,u~ m,v

Tr Dy, (e Up,) Uy e ]

m,v

—tYm,y Da i Ym,w -1 Ma
|:e Dn#]‘e + Um’yDn7MUm,l/:|

=i

o L0 (1Y 0] 4 860,60 T [t]

Il
<9

[eiiYm’” (DZ7MiYm,y) eiYm,V + ian,m(su,VU%}VtaUm’”}

(C.16)

(C.17)

By using (C.13), the small change of U, ,, can be rephrased by that of U;, , up to the first

order in o®.
U, (€ Upp) = U, + o [%U,’W (e Uw)]
= [1+a* (D} Unw) U] Un

n, - m,v

e=0
~ ZO{GA ;b- tb !
~ e T, 3,V l Zm y

a ! d !/ iet®
Dn,uS [U'(U)] = Z &S [Um,v (6 ' Un»#)}

d i Aasb b
— -9 |: €AY m vt U/ :|
Z de € m,v

m,v
d 11b

_ E a;b ie't /

- A?’L,/,L;m,l/ dE/S |:e Um’y]

= Z AZ;,Z;m,VD:z,VS [UI]

e—0

e—0

e/—0

(C.18)

(C.19)

In the third line, € is rescaled to ¢ = eA%® Then, the relation between the drift

n,um,v*

F,, = it"De S[U (U)]
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of the smeared link and the drift F;, , of the original link is obtained.

F,, =it"De S[U (U)]
=it"y A Db S [U]

n,pm,v

m,v

=ity (=2i) Tr (DS, U,,) Unit’] DS U]

n, U~ m,v

m,v

= —2it" Y " Tr [{(Dg ) ey 4 e (D8 Upy) Uphe™ e} B, ]
— _ 94t Z {TI‘ [efiYm,yFé%VDzyueiYm,y] + iénmduyTI‘ [eiYm,ytaefiYm,uFé%V} }

= —2it° Z Tr eV F), Do eVmv] e ey et (C.21)
m,v

In the last line, the trace part vanishes since F, , is traceless.
Tr [e""me F) e"mu] = TeF, , =0 (C.22)
The derivative Dy "™ in the first term of (C.21)) can be decomposed as follows.
Tr [e~"mvFy, Dy ]
=Tr [e""™F) D% (€08 kmpl + f(Kmw)iYim)]
=Tr [e "™ F , {(f' (kmw)iYmy = $i0 Ky 1) Do by + [ (Fmw)iDe Y }]  (C.23)

The first term in this trace part can be further simplified by using the property Y,iyl, =
tim, , 1 of the 2 x 2 traceless matrix and TrF}, , = 0.

Tr [e_iYm’”F,/n’V (f'(Kmw)iYom,, — sin Iimﬂ,ﬂ)}
=Tr [(cos Empl = f(Kmw)iYmy) Ffm, (f'(Fmy)iYo,, — sin /fmﬂj]l)}

= (/ffnvyf(/fmﬂ,)f'(/ﬁ:m,y) — COS Ky, SIN /€m7l,) TrF,, ,
+ (f'(Kmw) €OS Ky + f(Kmw) SN Ky ) Tr [F, iV ]

_ |:(COS Rm,v . Sin:m,l/> COS Km,v + w} Tr |:F7{l7/ ViYm7”:|
/fmyy Hm,l/ K/m,l/ 7
1 — f(2Kmu ~
_ 1= f@hm) [F, Y] (C24)

Since the derivative of k,,, can be converted to the derivative of Y,,, ,,

1
D¢ Ky = D2 -TrY?2 = —
T ) s\l 9 m,v 2/€m,y

Tr [Y0iDg Y] (C.25)

n,u = M,V
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all the derivatives in the trace part of (C.21)) are reduced to D;, Y,

n,u = M,y

Ym0 P iYm,u]
Tr [e F Dy e

1-— f<2/€m,z/) . . . na —1 - a
= —TTr [ iYoo) T [0V iDyy Y| + f (Kmw) T [e meF,;WzDWYm,V]
1 — f(26m,) . . A a
=Tr {{—T%WTI [y iYomn| Yoo + f (k)™ Fy 6 iDs Vi,
— Tv [Am,uiDZ,qu,u] (C.26)

Thus we the formula (C.21)) is now rewritten in the following form.

Py = =20t* > T [AiDs Yoo | + 0 B e (C.27)

A 1— f(2kmo . , .
Ay = —%Tr () Y] ©Yw + f(Emy)e” ™ F) (C.28)

K“m,u 7 '
For later convenience, we define the traceless matrix A,,, by subtracting the trace part
from A, .
- 1/ 1 -

Ay =Tt [Am,ytb] =2 (AW L [Am]) (C.29)

We can replace A,,, by A, in the trace part of (C.27) since the trace part of A,,, does

not contribute.

=20t 3 T (MDY | = itp 30 T R e { D T2} 1

m,v

—it*p > T {Tr Ayt 10Dz, I}
=it'p» Tr [Am, D, T (C.30)

Then the drift force

n,u m,v

Fpy=e " F, ™ 4it'p> " Tr [A,Ds T (C.31)

is completely determined by calculating the derivative of the Jéﬁ )

a B
Dn,ujﬁn,)y

= Dg,# (Um,l/Qm,V - Qm,uUn_%ly)
= 10O (£ U Qi + Qi Up 1) + Uy (D Q) — (D Q) Uy, (C.32)
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and also the derivatives of ,,, and ,,,.

Dy, Sy
=i(1 = ) Onmsst Un Ui s Un ot = OnimUngwUn U ot

Ntp—V,V T =1, N,V L

—bnmtv—pUnpt"Un ) Unvpi 4 Onm—pU L, U tUn )

n, n—uv,v n+v,u -~ n,v

— 6, (Onam+oUnsp—oaUn it Up o o 4 Onm—oUpnly oUn 1tUnso) (C.33)

n—o,o n+p,o = N,
o(#u)

D?L#Qm,y
= i<1 - 5#1/) (5n,mtaUn,uUn+u,VUr;iu,u - 5n’m+'/U"*V:uUnJru*VvVUT;lltta

_5n,m—uU;;taUn,VUn+V,u + 5n,m+l/—uU_1 Un—V,I/taUn,u)

n—v,u

+i0u Y (OnmsoUnoot UnpUply o+ nim—oUp it Un yUni o) (C.34)
o(F#u)

By substituting these expressions, the trace part of (C.31)) is evaluated as follows.

> Tr [Aw,Ds )

=1Ir An,u (taUn,uQn,,u + Qn,MUn_,;lLta)

a —1 —1 —1 —14a
+ Z (An*VvVUn*Vth Un,#Un-i-u—l/,VUn—l/,u - Anv’/U":VU”+V7“UH+M7VUn7Nt
(#1)

_An+u—1/,VUn+u—V,l/U_;taU_l Un—u,u + An+u,yUn+u7VU_1 U_ltaUn,u)

n, n—uv,v n+v,u~ n,v

- Z (An—o,uUn—muUn+u—cf,oUn_,;1¢taUn_—la,a + An+0,uUn+U,uUJiu,aU;}LtGUn,a)
(#n)

- Z (An,ytaUn“u,Un—i-p,,uU_l U_l - An—y,uUn—u,uUn—l—,u—u,VU;;lLtaU_l
(#1)

n+v,u -~ n,v n—uv,v

—An+u,,,U,;/1Lt“Un,,,Un+l,,uU*1 + MUt Uy tUn WUY )

n+p,v n—u,u n+u—v,v

= (MonlUnootUnuUpl o sUn s 4 Mo U iU yUng s U )

n+pu—o,0 - n—o,u n+o,u
o(#n)
(C.35)

We can combine the sum over v and o. By reordering the matrices and factoring out t¢,

64



the trace part is further simplified.

> Tr [Aw,Ds )

= ZTI“ Un7uQn7uAn,u + A?’L,/LQH,MU’I’L—,;];/

+ Z (Un,uUil Uil Anfu,VUan,u - An,uUn,VUn+u,,uU71 Uil

n—"_/”’_VJ/ n—v,u TL+/,L7V n,p
v(F#p)

—1 -1 -1 -1
-U Un—V,uAnJru—V,VUn+u—v7vUn,u + Un,uAnJru,VUnJru,VU U

n—uv,v n+v,u -~ n,v

1 -1 -1 -1
- U An—u,uUn—V,uUn—i-u—y,VUn# - Un,l/An+u,uUn+V,uU U

n—uv,v n+p,v = n,u

-1 -1 -1 -1
- Unnu‘UnJﬁuﬂl/U U An71’ + U’I’L*V,VAn_szUn_l’uu‘UnJ’_:u_VvVUTLHU,

n—+v,u " n,v

—1 —1 —1 —1
+ UTL,I/Un+l/,,LLU AnJr,u,l/Un’M - Un,uU An+,ufu,sz Unfz/,u

n+p,v n+u—v,v n—u,u

~UnUp i Un s M viUnmvy = Un Ui Uil MU ) 0

n+pu—v,v= n—u,u n+uv,u
(C.36)
Finally, we obtain the explicit formula of the map F}, P
Fop= e YL e ity Tr Ay, D2, 0]
— @_"Y"’“Fé#eiy"’“ + pTr [ X, 8] t°
, , 1
- e*lYn,y.F?{L’uezYn,u _'_ g (Xny,u - §Tr I:XTL,’LL]> <C.37)

65



Xy = —Un Ny — My, U

U~ n,u

—1 —1 —1 —1
+ Z (UTL7},LU7"L+M,I/UTL+V7MUTL7VATL,V + ATL,VUTL,VUTL+V7MUn+M7UUn7M
v(#p)

+ UnuUntin Uty DUy + Unw A Unsn UL UL

n+uv,p n+tp,v = n,u

-1 -1 -1 -1
- Unv#An""lLvl’Un"'_.“':VU U - Unvl/UnJ'_VnuU ATL+H,VUn,,LL

n+v,u -~ n,v n—+p,v

-1 -1 —1 -1
+ Un,,uU AnJr,ufz/,z/U Unfu,zx + Unfy’yUTL*V“LLA?’L+/L*V,VU’I’L“rlu*l/,VUn“u

n+u—v,v n—u,u

—1 —1 —1 —1
+ Un#U U, A”*”:HU"*V»V + Un—V,I/ATL*VvﬂUn*Va#UnJFN*VvVUm/L

n+u—v,v~- n—v,u

_Un,uU_l U_l An—l/,l/Un—I/,V - U_l An—V,VUn—V,uUn+u—V,VU_1) <C38)

n+pu—v,y = n—u,u n—uv,v n,u

D Topological charge after the smearing

We can define the topological charge which is close to an integer by using the stout smear-
ing as discussed in Section [4.4, We present how the distribution of the topological charge
depends on the smearing parameter p. For simplicity, we fix the number of smearing steps
N, = 40 in this discussion. Note that we can see similar behaviors for different values
of N, as long as it is large enough. If N, is too small, we cannot obtain an appropriate
distribution of the topological charge for any p.

In Fig. we show typical distributions of the topological charge defined by
for various values of p at ¢ = 0. The number of smearing step is fixed to N, = 40. The
lattice volume is V = 16 x 4 and the temperature is T/Tye.(0) = 1.0. The distribution
looks like the Gaussian distribution for p = 0.05, which means that the effect of smearing
is not enough. For p = 0.10 we can see some peaks of the distribution, and they become
clearer for p = 0.15. Thus, the topological property of the gauge field is recovered for
p =~ 0.15. The distribution suddenly collapses to the single peak for larger p as we can
see in the result for p = 0.20.

We also tried some other values of p and decided to use p = 0.15 for the actual
calculations on the 163 x 4 lattice. Since the appropriate value of p depends on the lattice
size, we use the different value p = 0.09 for the 203 x 5 lattice. In fact, there is an
ambiguity in the determination of the smearing parameters. One of the possible ways to
eliminate this ambiguity is the p — 0 extrapolation of observables in the scaling region
of p.
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Figure D.1: The distribution of the topological charge defined by (4.24) at T'/Tye.(0) =
1.0 for 6 = 0 on the 16 x 4 lattice. We set the smearing parameters to N, = 40 with
p = 0.05 (Top Left), 0.10 (Top Right), 0.15 (Bottom Left) and 0.20 (Bottom Right).
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