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Glueball spectroscopy in lattice QCD using gradient flow
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Removing ultraviolet noise from the gauge fields is necessary for glueball spectroscopy in lattice QCD.
It is known that the Yang-Mills gradient flow method is an alternative approach instead of link smearing or
link fuzzing in various aspects. In this work we study the application of the gradient flow technique to the
construction of the extended glueball operators. We examine a simple application of the gradient flow
method, which has some problems in glueball mass calculations at large flow time because of its nature of
diffusion in space-time. To avoid this problem, the spatial links are evolved by the “spatial gradient flow”,
that is defined to restrict the diffusion to spatial directions only. We test the spatial gradient flow in
calculations of glueball two-point functions and Wilson loops as a new smearing method, and then discuss
its efficiency in comparison with the original gradient flow method and the conventional method.
Furthermore, to demonstrate the feasibility of our proposed method, we determine the masses of the three
lowest-lying glueball states, corresponding to the 07", 27", and 0~ glueballs, in the continuum limit in

pure Yang-Mills theory.
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I. INTRODUCTION

The existence of composite states consisting solely of
gluons, called glueballs, is one of the important predictions
of QCD. Since none of them have been identified in
experiments as a glueball state, the lattice QCD results
play an essential role in studying properties of the glueball
states including their masses. However, ultraviolet noise
from the gauge fields makes it difficult to calculate the
glueball spectrum in lattice QCD. Therefore, noise reduc-
tion techniques such as the single-link smearing or the
double-link fuzzing procedure plays an increasingly impor-
tant role in the construction of the extended glueball
operators.

Various smearing techniques such as APE smearing [1],
HYP-smearing [2], and stout smearing [3] are developed
for many purposes, while the fuzzing approach is proposed
for a specific purpose that requires a significant improve-
ment of having a better overlap with the glueball ground
states [4]. In several previous works on the lattice glueball
mass calculations [5-8], some sophisticated combinations
of both the single-link smearing and the double-link
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fuzzing schemes are conventionally adopted (denoted as
the conventional approach).

Recently, it was found that the Yang-Mills gradient
flow method [9] is an alternative approach instead of the
smearing in various aspects (e.g., the computation of
topological charge [10]). Indeed, the gradient flow equation
can be regarded as a continuous version of the recursive
update procedure in the stout-link smearing with the small
smearing parameter [9,10]. Therefore, in this study, we
investigate the application of the gradient flow technique to
the glueball calculation and also demonstrate its effective-
ness in comparison to the conventional approach.

This paper is organized as follows. In Sec. II, after a brief
introduction of the original Yang-Mills gradient flow, we
describe our proposal of “spatial gradient flow” as a new
smearing method. In Sec. III, we give a short outline of how
to construct glueball two-point functions based on space-
like Wilson loops. In Sec. IV, we first briefly summarize the
numerical ensembles used in this study. Then we present
results of the static quark potential computed with the
spatial gradient flow on every ensemble. Section V gives
the features of the spatial gradient flow in glueball
spectroscopy. The results of glueball masses obtained by
the spatial gradient flow are summarized in Sec. V1. Finally,
we close with summary in Sec. VIIL.

II. CALCULATION METHOD I:
GRADIENT FLOW METHOD

In this section, we first provide a brief review of the
original Yang-Mills gradient flow, which makes the Wilson
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flow diffused in the four-dimensional space-time, in
Sec. II A. As reported in Ref. [11], a simple application
of the gradient flow technique to the glueball calculation
has some problem in measuring the glueball mass from the
two-point function. We thus propose the “spatial gradient
flow” as a new smearing method, which is described in
Sec. IIB.

A. Original gradient flow

The Yang-Mills gradient flow on the lattice is a kind of
diffusion equation, where the link variables U, (x) evolve
smoothly as a function of fictitious time 7 (denoted as flow
time) [9]. The associated flow V,(x,7) of the link variables
(hereafter called the Wilson flow) driven by the gradient of
the action with respect the link variables [9]. The simplest
choice of the action of the link variables U,(x) is the
standard Wilson plaquette action,

wm—%iﬁ@—m&mwm+m

x Uji(x + 2, 7)Uj (x)]}, (1)

where g, is the bare coupling. The flowed link variables
V,(x,7) are defined by the following equation with the
initial conditions V,(x,0) = U,(x),

0
Evﬂ(x’ T) ) V;l(x77) = _g(z)ax,ﬂSW[V}? (2)
where Sy [V] denotes the standard Wilson plaquette action
in terms of the flowed link variables (see Appendix A for
the definition of the link derivative operator d,, and the
explicit expression of d, ,Sy).

According to Eq. (2), the link variables are diffused in
the four-dimensional space-time, so that the Wilson flow is
approximately spread out in a Gaussian distribution with
the diffusion radius (or length) of R; = V87 [9]. Although
such smearing procedure works well with the longer flow
time, too much smearing will destroy or hide the true
temporal correlation of the glueball two-point function due
to the overlap of two glueball operators given by the Wilson
flow as discussed in Ref. [11]. Therefore, the longer flow is
not applicable for the glueball spectroscopy to avoid over
smearing, that was observed in Ref. [12].

B. Spatial gradient flow as a new smearing method

As described in Sec. II A, the previous attempt to apply
the gradient flow to the glueball spectroscopy is not fully
satisfactory [12]. We propose the “spatial gradient flow”
as a new smearing method in order to overcome the
limited usage of the Wilson flow due to over smearing.
The spatial gradient flow is defined to restrict the diffusion
to spatial directions only, so that the spatial links U;(x) are
evolved into the spatial Wilson flow V;(x, 7) as the initial

conditions of V;(x,0) = U;(x) in the following gradient
flow equation:

ZVi0) V7 () = —R0uSwVin o) ()

Here, S,y denotes the spatial part of the standard Wilson
plaquette action,

2 N
st[vi(x, T)] = 9—2 E Tr{l - Re[V,»(x, T)V](x + i, T)
0 x,i>j

x Vi(x+], T)V; (x,7)]}, (4)

where the plaquette values are composed only of the
spatial links. The indices i and j run only over spatial
directions. Since the spatial Wilson flow is diffused only
in three-dimensional space, its diffusion radius is given by
R, = v/6r. We will later show that this new smearing
works well even for the glueball spectroscopy without
over smearing.

III. CALCULATION METHOD II: GLUEBALL
TWO-POINT FUNCTION

We are interested in three lowest-lying glueball states,
which carry specific quantum numbers, J*¢ = 07+ (sca-
lar), 0~ (pseudoscalar), or 27" (tensor), in this study. In
this section, we briefly describe how to construct two-point
correlation functions of the desired glueball state having
spin J, parity P, and charge-conjugation parity C.

First of all, on the lattice, rotational symmetry is reduced
to the octahedral point group O, which is a finite subgroup
of the rotation group SO(3). There are 24 rotational
operations associated with all proper rotations in the group
0. The irreducible representations (irreps) R of O are the
counterparts of spin J for the continuum rotation group
SO(3). There are five irreps, which are classified by two
one-dimensional representations (denoted as A; and A,),
one two-dimensional representation (denoted as E), and
two three-dimensional representations (denoted as 7'; and
T,) [13].

The inclusion of inversion (X is mapped to —X) results in
the symmetry group known as O,,, which has 48(= 24 x 2)
symmetry operations. The irreducible representations of O,
are obtained from those of O by appending the index g
(gerade) or u (ungerade), which indicates even or odd
parity [14]. For convenience, we use the indices + and —,
instead of ¢ and u. Therefore, ten different irreducible
representations of O, are denoted as R”, hereafter. The
glueball states are also eigenstates of charge conjugation.
Therefore, the quantum number of the lattice glueball state
is specified by RPC. The quantum number R”C is expected
to have the following correspondence: 0FF < Af™,
0" < A7" and 27" < ETT @ T, " in the continuum
limit [13,14].

034510-2



GLUEBALL SPECTROSCOPY IN LATTICE QCD USING ...

PHYS. REV. D 107, 034510 (2023)

W) ()

v »+
/ <+ P-
, Z_ S
(4) (

5) 6)

FIG. 1. Six prototypes of spacelike Wilson loops used to
construct the glueball operators: (1) plaquette operator (denoted
as Opg), (2) rectangle operator (denoted as Op), (3) twist
operator (denoted as Oyyis), (4) chair operator (denoted as O i),
(5) “fish-shaped” operator (denoted as O,), and (6) “hand-
shaped” operator (denoted as Ojnq)-

A. Glueball operators

We use six prototypes of spacelike Wilson loops to
construct the glueball operators for four specific channels
of RF€ = AT, AT*, E*" and T as depicted in Fig. 1.
First four operators are all types of spacelike Wilson loops
with four and six links, while the remaining two operators
are chosen from spacelike Wilson loops of eight links. Each
operator Oy, is classified with the numbers of the links
(denoted as [) involved in the Wilson loop, the shape
characterized by the ordered closed path C, and the
associated orientation as listed in Table I. In the case of
SU(N) with N > 3, the real part of Wilson loops has a
charge conjugation parity C = 41, while the imaginary
part has C-parity C = —1 [14]. In this study, we restrict
ourselves to consider the real part of Wilson loops, since the
three lowest-lying glueball states carry C = +1.

We take the following procedure to get the irreducible
contents of the representation R” with fixed C-parity from
the operators O according to Ref. [14]. First, 48 symmetry

operations S ;» which are defined in Table II, are applied to

TABLE L.

each prototype of Wilson loops O,[C;] so as to obtain 48
copies with different orientations of Wilson loops Oy[S,C,].
A linear combination of them with weights equal to the
irreducible characters yr(S;) of S; for the I irreps provides
the operator projected onto the I' irrep as

) | .
OF = PrO[C] = EZJ(F(Si)Ok[SiCkL (5)
i=1

where the characters y-(S;) of the irreps I' = A}, AT, ET
and T3 are listed in Table IIL.

We next construct two-point correlation functions of
glueball states for given irreps I' as

Ch(r) =Y (010 (1 + ) Oi(7)']0), (6)
7

where the tilde over O! implies the vacuum-subtracted
operator defined as O% (1) = OF (1) — (0|OL(1)|0). We may
also consider an N X N correlation matrix using a set of
different shape operators for given irreps I' [15] as

Cho(t) = Y (010K (1 + )04 (#)7]0), (7)

1

which allow us to perform the variational method [16,17].

IV. LATTICE SETUP

A. Gauge ensembles

We perform the pure Yang-Mills lattice simulations
using the standard Wilson plaquette action with a fixed
physical volume (La = 1.6 fm) at four different gauge
couplings (f =6/g5 =6.2, 6.4, 6.71, and 6.93). The
gauge configurations in each simulation are separated
by nypdae SWeEPS after nyeq, sweeps for thermalization as
summarized in Table I'V. Each sweep consists of one heat
bath [18] combined with four over-relaxation [19] steps.
The number of configurations analyzed is O(500-4000).

Classification of spacelike Wilson loops used in this study. Each operator O is classified with the shape (labeled as k)

characterized by the ordered closed path (denoted as C;) and the numbers of the links (denoted as /) involved in the Wilson loop. In the
table, the paths for prototype of Wilson loops depicted in Fig. 1 are given with an /-tuple composed of the direction of the coordinate
axes as +X, £V, and £Z. The minus sign indicates the path along in the negative direction. The check mark symbol (v') in the table
indicates that the operator contains the corresponding irreducible representation [14].

Target irreps

Label No. of links Prototype path

k l Cr AT ATt ETT T3t
Plaq 4 X,Y,-X,-Y] v v

Rect 6 X, X,Y,-X,-X,-Y] v v

Twist 6 X,Y.Z,-X,-Y,-Z v v
Chair 6 X,Y,Z,-X,-Z,-Y] v v v
Fish 8 X,Y,.X.Z,-X,-Z,-X,-Y] v v v v
Hand 8 X,Y.X,Z,-X,-X,-Z,-Y] v v v v

034510-3



KEITA SAKAI and SHOICHI SASAKI

PHYS. REV. D 107, 034510 (2023)

TABLEII. Each of 48 elements S; of the group O,,, which are presented by the coordinate transformations, is divided into ten different
conjugacy classes {E,3C,2,6C,4,8C3,6C, I,30;,,61C4,81C3,60,} € O,
Class i Operation Class i Operation
E 1 (X,Y,Z2) > (X,Y,2) 1 25 (X,Y,Z2) » (-X,-Y,-2)
3C,? 2 (X,Y,Z) > (-X,-Y,2) 30y, 26 (X.,Y,Z) - (X.Y,-Z)
3 (X,Y,Z2) - (-X,Y,-2) 27 (X.Y,Z2) -» (X,-Y,Z)
4 (X,Y,2) > (X,-Y,-2) 28 (X.Y,2) - (-X,Y,2)
6C, 5 (X,Y,Z2) - (-Y,X,Z) 6IC, 29 (X,Y.Z2) > (Y,-X,-2)
6 (X.Y.Z) - (Y.-X.Z) 30 (X.Y.Z) > (-Y.X,-Z)
7 (X,Y,2) - (Z,Y,-X) 31 (X,Y.Z2) - (-Z,-Y,X)
8 (X,Y,2) -» (-Z2,Y,X) 32 (X,Y,2) » (Z,-Y,-X)
9 (X.Y.Z) — (X.-Z.Y) 33 (X.Y.Z) - (-X.Z.-Y)
10 (X,Y,Z2) - (X,Z,-Y) 34 (X,Y,Z2) » (-X,-Z2,7)
8C, 11 (X.Y,Z2) - (Y,Z,X) 8IC; 35 (X.Y,Z2) > (-Y,-Z,-X)
12 (X.Y,2) - (Z,X.,Y) 36 (X.Y,Z2) - (-Z,-X,-Y)
13 (X,Y,Z2) » (Y,-Z,-X) 37 (X,Y,Z2) - (-Y,Z,X)
14 (X.Y.Z) - (-Z.-X.Y) 38 (X.Y.Z) - (Z.X.-Y)
15 (X,Y,Z2) -» (-Y,Z,-X) 39 (X.Y,Z2) - (Y,-Z,X)
16 (X.Y.Z) > (Z,-X.-Y) 40 (X.Y.Z) - (-Z.X.Y)
17 (X,Y,Z2) -» (-Y,-Z,X) 41 (X.Y,2) - (Y,Z,-X)
18 (X,Y.Z2) > (-Z,X,-Y) 42 (X.Y,2) - (Z,-X,Y)
6C) 19 (X,Y,Z2) - (Y,X,-Z) 60, 43 (X,Y.Z2) > (-Y,-X,2Z)
20 (X,Y,Z2) - (Z,-Y,X) 44 (X,Y.Z2) - (-Z,Y,-X)
21 (X,Y,Z2) - (-X,Z,Y) 45 (X,Y.Z2) - (X,-Z,-Y)
22 (X.Y,Z2) > (-Y,-X,-Z) 46 (X.Y,2) > (Y.X,Z)
23 (X.Y.Z) - (-Z.-Y.-X) 47 (X.Y.Z) > (Z,Y.X)
24 (X.Y.Z) » (=X, -Z,-Y) 48 (X.Y.Z) - (X.Z.Y)
TABLEIIL.  Table of characters yr-(S;) for four irreps, A|, A7, ET, and T3 of the group O,,. The elements S; of the group O,, belong to
ten different conjugacy classes {E,3C4%,6C,,8C3,6C, I, 306,,61C4,81C3,60,} [14].
IITCPS E 3C42 6C4 8C3 6C’2 1 30],, 61C4 81C3 66(1
AT +1 +1 +1 +1 +1 +1 +1 +1 +1 +1
AT +1 +1 +1 +1 +1 -1 -1 -1 -1 -1
ET +2 +2 0 -1 0 +2 +2 0 -1 0
Ty +3 -1 -1 0 +1 +3 -1 -1 0 +1

TABLEIV. Summary of the gauge ensembles: gauge coupling, lattice size (L x T), plaquette value, lattice spacing (a), spatial extent
(La), the Sommer scale (ry), the number of the gauge field configurations (N.,¢), the number of thermalization sweeps (y,erm) and the
number of update sweeps (1ypqae)- All lattice spacings are set by the Sommer scale (ry = 0.5 fm) [20,21].

L3xT

/} = 6/9% plaquette a [fm] ~La [fm] rO/a (Ref [21]) Nconf Ntherm Nupdate
6.20 243 x 24 0.613644(3) 0.0677(3) 1.62 7.38(3) 4000 5000 200
6.40 323 x 32 0.630646(2) 0.0513(3) 1.64 9.74(5) 3000 5000 200
6.71 483 x 48 0.653298(2) 0.0345(2) 1.66 14.49(10) 1000 25000 200
6.93 643 x 64 0.667376(1) 0.0256(2) 1.64 19.48(12) 500 64000 600

All lattice spacings are set by the Sommer scale
(ro = 0.5 fm) [20,21].

For both original and spatial gradient flows, the forth-
order Runge-Kutta scheme is used with an integration step
size of € = 0.025. The flow time 7 is given by ngg, X €

where ng,, denotes the number of flow iterations. Our

simulation code for the gradient flow had been already

034510-4

checked in Table II of Ref. [22], where the values of the
gradient flow reference scale are directly compared with the
results given in the original work of Liischer [9].
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FIG. 2. The t-dependence of V(r,t) for several values of fixed
r/a (rfa=2,4,6,8, 10 from top panel to bottom panel). The
Wilson loops W(r, 1) are constructed by the smeared spatial links,
which are computed with either APE smearing (diamonds) or
spatial gradient flow (circles). The spatial gradient flow provides
longer plateau behaviors than those of APE smearing.

B. Scale setting and static quark potential

The static potential V(r) between heavy quark and
antiquark pairs, which are separated by relative distance
r, is calculated from the Wilson-loop expectation value
(W(r, 1)) with spatial extent r and temporal extent ¢ as

(W(r.n)) =C(r)e0 -, (8)
where the ellipsis denotes some contribution from the
excited states.

To determine the static quark potential V(r), let us
consider the following quantity:

(W(r.1))

V(r,t) ]n{(W(r,t+ 1)>} 9)
Since the z-dependence of V(r, 1) is expected to disappear
for sufficiently large f, the static potential V(r) can be
determined from a plateau seen in V(r, ) as ¢ increases for
fixed r.

Figure 2 shows the #-dependence of V/(r, r) calculated at
p = 6.4forfixed r/a(r/a = 2,4, 6,8, 10 from top panel to
bottom panel) as typical examples. The Wilson loops
W(r, t) are constructed by the smeared spatial links, which
are computed with either APE smearing or spatial gradient

2 T T
ok @O@@@
= e@@O
£ 7 @ﬁ
> &
S ]
= S ]
© O beta=6.93
4 O beta=6.71 -
O beta=6.40
| © O beta=6.20 |
Iy A ! ! ! ! ! ! !

0 02 04 06 08 1 12 14 16 18

FIG. 3. The lattice spacing dependence of V;(R). The vertical
and horizontal axes are normalized by the Sommer scale r, given
in Ref. [21]. For clarity of the figure, a constant shift has been
applied by subtraction of the value at R = r.

flow. The diamond symbols represent the results calculated
using APE smearing with a,pg = 0.5 and 5 steps, while the
circle symbols represent the results calculated using spatial
gradient flow with ng,,, = 50.

At glance, spatial gradient flow provides the better
behavior, where the plateau starts at earlier ¢ and extends
to larger f, comparing with APE smearing. It indicates
that the systematic uncertainties stemming from the
excited-state contamination are better under control to
determine the static potential using the spatial gradient
flow method.

Hereafter, we adopt the spatial gradient flow method to
evaluate the value of V(r) from the Wilson-loop expect-
ation value, and then aim to determine the Sommer scale
from the resulting static potential at each f. In this study,
the Wilson loops are restricted to on-axis loops only. To
extract the value of V(r) from (W(r,1)) at fixed r, we use
the double-exponential fit, where the a correlation among
(W(r, 1)) at different value of 7 is taken into account by
using a covariance matrix, for our final analysis. To apply a
tree-level improvement on the static quark potential, we
consider

Vi(R) = V(r) (10)

with (4zR)~! = G(r,0,0) where G(r) is the (scalar) lattice
propagator in three dimensions [21].

In Fig. 3, all data points of V;(R), which are computed at
four different lattice spacings, are plotted as a function of R.
The vertical and horizontal axes are normalized by the
Sommer scale r(, given in Ref. [21]. For clarity of the figure,
the self-energy contribution is subtracted by the value at
R = ry. Our results of V;(R) obtained by spatial gradient
flow exhibit good scaling behavior with the literature
values of ry/a [21]. We finally determine r, from our
results of the static quark potentials computed at four gauge

034510-5
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TABLE V. Summary of the Cornell potential parameters (V, A, and /o) and the Sommer parameter r in lattice units for all four

ensembles.

/} aVO A a\/E rO/a [rmin/av rmax/a] Xz/dOf
6.2 0.623(7) 0.257(9) 0.1647(38) 7.16(15) [2, 9] 1.02
6.4 0.606(9) 0.284(26) 0.1220(32) 9.58(17) [4,13] 0.81
6.71 0.569(13) 0.331(65) 0.0819(39) 14.02(33) [8,16] 1.15
6.93 0.541(8) 0.339(43) 0.0608(29) 18.84(61) [8,21] 0.98

couplings. For this purpose, we first adopt the Cornell
potential parametrization by fitting the data of V;(R) as

A
V,(R):VO—E—H:R (11)
with the Coulombic coefficient A, the string tension &, and
a constant V. Finally, the parameters A and ¢ can be used
to determine the Sommer scale r, as

[1.65 - A
ro = —g (12)

for each gauge coupling f. In Table V, we summarize the fit
results of the Cornell potential parameters (V, A, and /o)
and the Sommer parameter r, obtained from all four
ensembles, in lattice units. Although all measured values
of the Sommer parameter are barely consistent with the
literature values of ry/a [21], while our estimates of ry/a
are systematically underestimated.

The origin for the underestimation of ry/a is twofold.
According to Eq. (12), one is the overestimation of A, while
the other is the overestimation of ¢. In the string regime
(R > 1 fm) [23], the effective string theory predicts that the
coefficient A is given by the universal Liischer constant
A = r/12 [24], which is smaller than our estimates of A.
Thus, we alternatively choose fits with A fixed at z/12,
though our data falls outside of this range. Nevertheless, the
obtained results for the string tension ¢ becomes slightly
larger than the values tabulated in Table V, so that the resulting
values of ry/a get smaller and go slightly further away from
the literature values. We thus consider that the systematic
underestimation of our values of 7, is mainly caused by a
slight overestimation of the string tension since the excited-
state contaminations are not fully eliminated in our analysis of
V(r) especially for large r. We simply use the double-
exponential fit to determine V(r) from (W(r,)) instead of
the variational method that was adopted in Ref. [21].

Figure 3 shows the lattice spacing dependence of V;(R).
The vertical and horizontal axes are normalized by the
Sommer scale r( given in Ref. [21]. For clarity of the figure,
a constant shift has been applied by subtraction of the value
at R = ry. Indeed, the scaling behavior, where the data
points of V;(R) measured at different lattice spacings
collapse on a single curve, is clearly seen in Fig. 3. We
hereafter use the literature values of ry/a [21] for whole
analysis instead of our measured values.

V. FEATURES OF THE SPATIAL GRADIENT
FLOW

A. Comparison with the original gradient flow

We first recapitulate the problem of a simple application
of the original gradient flow to calculate the glueball two-
point functions. In this subsection, we focus on the results
of the A" glueball state calculated on a 32* lattice at § =
6.4 with the “plaquette” glueball operator O, as a typical
example. In Fig. 4, we show the results of two-point
functions (left panel) and their effective mass plots (right
panel) using the original gradient flow with three values of
flow time z, which are represented by the values of the
diffusion radius R; = /87 in lattice units.

As shown in the left panel of Fig. 4, the statistical errors
on the glueball two-point function are dramatically reduced
up to the large time slice region as the flow time increases.
However, the temporal correlation in the region of ¢ < R,
become suffered from the overlap of two glueball operators
which are smeared in space-time according to a Gaussian
spread. In fact that if the two-point function C(¢) forms a
Gaussian  shape, C(1) & Cyyyss(1) = e "/CR) with a
Gaussian width corresponding to the diffusion radius R,
its effective mass gives rise to a peculiar -dependence as

C /
Mg (1) = ]n{C(t(J?l)} ~ 12(21» (13)

whose value linearly increases from zero with a coefficient
of 1/R? as a function of the time slice # = 7+ 1. This
feature can be observed in the right panel of Fig. 4, where
each effective mass' approximately starts from zero and
linearly raise up to around = R; with increasing of the
time slice ¢. Furthermore, as expected in Eq. (13), it is easily
observed that the slope of the linear dependence decreases
with the larger flow time. When the shorter flow time such
as the case of R;/a =4.47 is chosen to avoid over
smearing, the effective mass shows a plateau behavior in
the region of + > R,. For the longer flow time such as the
cases of R;/a=7.75 and 10.0, the plateau formation
becomes uncertain because R; approaches the vicinity of
the temporal midpoint (#/a = 16), where the signals of the

'"To take into account “the wrap-around effect” due to the
periodic boundary condition, the effective masses M (7') are

; ; C(t) _ _cosh[Mey()(t=T/2)] - ;
glveri byf ; soh;tlondosf coin = C(fs‘);[Meﬁ?t,)(Hl_T/zﬂ in the right
panels of Figs. 4 and 5.
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FIG. 4. Examples of the A} glueball results obtained from the original gradient flow: two-point functions (left) and their effective
mass plots (right) as functions of the time slice ¢ for three values of flow time z.

effective mass get noisier. As a result, the plateau behavior,
which highly depends on the choice of the flow time, is too
uncertain to extract the ground-state mass of the glueball
with high accuracy.

We next show the results obtained from the spatial
gradient flow in Fig. 5. First of all, in the left panel of Fig. 5,
the exponential falloffs are clearly seen for all three values
of the flow time and their slopes in the asymptotic region
are independent of the choice of the flow time. The latter
point can be confirmed in the right panel of Fig. 5, where
their effective mass plots are displayed. For sufficiently
large flow time (R ;/a > 6.71), the plateau behavior in the
effective mass plot does not change with variation in flow
time. This is a great advantage compared to the original
gradient flow. Furthermore, the plateau behavior starts at a
smaller time slice, where the true temporal correlation of
the glueball two-point function is kept unaffected during
the smearing procedure contrast to the original gradient
flow. It is another advantage for extracting the ground-state
mass of the glueball with high accuracy, though the large
statistical fluctuations still remain in the large ¢ region.

Finally, we calculate the ground-state mass of the A"
glueball by fitting the glueball two-point function with a

19'08§\
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A, o R,/a=9.48
1e-13 1 1 1 1 L L 1 L 1 |

10 15 20 25
ta

single exponential form for both gradient flow cases. The
choice of R;/a = 4.47 for the original gradient flow is
taken to avoid over smearing, while the data with R;/a =
8.66 is used for the spatial gradient flow as a typical
example. The A" glueball masses are respectively evalu-
ated from two types of the gradient flow as below,

(original gradient flow)

aMy = {0.446(14) (14)

0.404(9)  (spatial gradient flow).

In the right panel of Figs. 4 and 5, each of the central
values and errors is displayed as a blue dotted line and
yellow shaded bands within the fit range. The statistical
error on the original gradient flow result is slightly larger
than that of the spatial gradient flow, while the central value
of the former is slightly overestimated in comparison to the
latter. Recall that the central value of the original gradient
flow result tends to be lower when the flow time is taken
longer regardless of over smearing. Needless to say, the
original gradient flow requires the optimal choice of the
flow time, while the spatial gradient flow result becomes
stable for the large flow time.

Un
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FIG.5. Examples of the A" glueball results obtained from the spatial gradient flow: two-point functions (left) and their effective mass
plots (right) as functions of the time slice ¢ for three values of flow time .
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FIG. 6. Comparisons of the two-point functions for the A]* glueball using the spatial gradient flow and the stout smearing. The left
panel is for the lower-diffusion case (R,/a = 5.48), while the right panel is for the higher-diffusion case (R /a = 9.48).

As will be discussed in Appendix A, the spatial gradient
flow is slightly more efficient than the gradient flow, which
is diffused in the four-dimensional space-time, in terms of
reduction of relative uncertainties. As reported in an earlier
work [25], although the cooling method that can smoothen
the whole four-dimensional space-time was also used for
calculating the string tension and glueball masses, the
similar conclusion is made that the results were not better
than the conventional approach that can smoothen only the
three-dimensional space.

B. Equivalence to the stout smearing

We will later show numerical equivalence between the
spatial gradient flow and the stout smearing in the glueball
calculations. As emphasized in Ref. [3], the stout smearing
is a relatively new type of smearing technique, which can
keep the differentiability with respect to the link variables
during the smearing procedure. This property is maintained
by the use of the exponential function in the stout-link
smearing algorithm to remain within the SU(3) group. For
the gradient flow, the numerical integrations of Eqs. (2) and
(3) with respect to the flow time are perform with the Runge-
Kutta scheme to obtain the Wilson flow as a solution of

e —
o Spatial gradient flow (n; =200)
0.8 o Stout smearing (n=50) _
[]
©
€06 = 4
2 = ]
= ©
Boar B % % |
i ,
02" R ja=s.48 Al
o L L L | . | A | ) |
0 2 4 6 8 10

Egs. (2) and (3). This procedure requires the exponentiation
of the “Lie-algebra fields” for the integration. In this sense,
neither of the two methods uses the projection into SU(3) for
the flowed or smeared link variables.

The gradient flow equation can be regarded as a
continuous version of the recursive update procedure in
the stout-link smearing as pointed out in the original paper
[9]. Moreover, the authors of Ref. [10] relate the smoothing
parameter for other smearing schemes to the gradient flow
time 7 under the assumption that the lattice spacing and the
smearing parameters are small enough. For the case of the
stout smearing, the corresponding flow time 7 is given by
the matching relation of ¢ = pny with the number of stout
smearing steps ng for the isotropic four-dimensional case
of the stout smearing parameters (p,, = p) [10]. We will
later rederive the above matching relation in more rigorous
manner in Appendix A.

In Fig. 7, we show the effective masses of the A{™"
glueball state obtained from the spatial gradient flow and
the stout smearing at the same flow time 7 that is
determined by the matching relation, = = pny, between
the two methods. In this work, for the stout smearing, the
spatially isotropic three-dimensional parameter set is chosen
to be p;; =p=0.1 and py, = p,4 = 0. The numerical

1 T T T T T T T
o Spatial gradient flow (., ,=600)

0.8 o Stout smearing (n=150) -
» |
S
£ 0.6F -
0 |
= =
304r ® m m m B ﬁ -
| ]

02" R ja=9.48 AT
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FIG. 7. Comparisons of the effective mass plots for the A]* glueball using the spatial gradient flow and the stout smearing. The left
panel is for the lower-diffusion case (R,/a = 5.48), while the right panel is for the higher-diffusion case (R /a = 9.48).
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TABLE VL

configurations the number of measurements

(N conf )’

per

(Niotal = Neont X Nmeas) and the number of flow iterations (1q4,,)-

Summary of glueball simulation parameters: gauge coupling, lattice size (L? x T'), the number of the accumulated gauge
configuration (N eq)s

the number of total measurements

/} L3 xT Nconf Nmeas Nlolal Nflow

6.2 243 x 24 4000 4 16000 From 50 to 500 (every 50)
6.4 323 x 24 3000 4 12000 From 50 to 800 (every 50)
6.71 483 x 48 1000 4 4000 From 50 to 1400 (every 50)
6.93 643 x 64 500 4 2000 From 50 to 2600 (every 50)

equivalence between the two methods is clearly observed in
both the lower and higher-diffusion cases as shown in
Fig. 6. It is worth remarking that the values of ny adopted
in Fig. 7, is much larger than a typical value of less than
ten in the usual usage. Although the usage of the stout
smearing with a small value of ng is not effective for the
glueball calculations, the almost identical result to the one
made by the spatial gradient flow with the diffusion radius
(v/67) can be obtained by the case if the same amount of the
diffusion radius (1/6png,) is adopted in the stout smearing.

VI. RESULTS

In this section, we present the results of glueball masses
in the four channels (A", AT, E*F, and T; ") using
the spatial gradient flow. To perform the continuum
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©
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02y ® o []
0.1 I 1 N
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extrapolation, we calculate the glueball masses at four
different gauge couplings with a fixed physical volume
(La=1.6 fm). In this section, we rotate the temporal
direction using hypercubic symmetry of each gauge
configuration and then increase the total number of glue-
ball mass measurements by a factor of four as listed in
Table VI. The maximum number of flow iterations corre-
sponds to the diffusion radius R, = 0.5-0.6 fm at each
ensemble.

A. Less shape-dependence

As described in Sec. VB, in this study, we adopt six
types of Wilson loop shapes (plaquette, rectangle, twist,
chair, fish, hand) [15] to construct the glueball operators. In
the largest case, the A] " glueball state can be created with
all six operators, and even in the smallest case, at least two

0.6
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i ~ 7& 1
<03 ®® e s % i
= I %% % % ]
02F [ Fish 7
L * Hand 1
0.1+ -
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FIG. 8. Operator shape-dependence of effective masses with A{+ (top-left), A7™ (top-right), E*™ (bottom-left), and T} (bottom-

right) irreps. at f = 6.93 with ng,, = 2000 (R, = 0.44 fm).
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operators can be used to compute the A7 glueball state as
summarized in Table I. In this sense, the variational analysis
[16,17] based on the different shapes is in principle
applicable, according to Ref. [15]. However, it is found
that the shape-dependence of the resulting two-point
functions disappears due to a strong isotropic nature in
the spatial gradient flow method as shown in Fig. 8. These
figures are displayed as typical examples.

The top panels of Fig. 8 show the effective mass plots for
the Af" (left) and AT (right) channels at # = 6.93 with
Naow = 2000 (R, = 0.44 fm). All data points of different
symbols including their error bars overlap each other. As
shown in the bottom panels of Fig. 8, some of different
operators are almost identical (e.g., plaquette and rectangle
operators for the E** channel, and also fish and hand
operators for the 75, * channel), though all data points of the
effective mass are almost similar at a smaller time slice even
for the tensor cases.

It is worth remarking that both the spatial gradient flow
and stout smearing methods share this strong isotropic
nature in the extended glueball operators after the large
flow time or the high-diffusion case. Therefore, the
variational analysis [16,17] based on the different shapes
is not applicable at the fixed flow time or the fixed smearing
step. However, instead of the different shapes, we can use
the different diffuseness of the extended operator, which is
given at the different flow time or the different smearing
step, to carry out the variational analysis.

B. Variational analysis

As described in the previous subsection, we perform the
variational analysis [16,17] with a set of basis operators,
which are made of the flowed link variables at the different
flow time for a fixed shape k. In this study, we choose the
“fish” shaped operator Oy, which contains all irreps of our
target states (A7 *, A7, ETT, T;H).

For the variational analysis, we construct the N x N
correlation matrix of two-point functions of glueball states
for given irreps I as

Cop(t) =Y {0104 (1 + ) Op(r)710).  (15)

t/

where the labels of a, f, which run from 1 to N,
identify the different flow iterations. The tilde over O,
indicates the vacuum-subtracted operator as O (r) =
OL(t) — (0|OL()]0). We next solve the generalized eigen-
value problem,

Cgﬁ(t)wn,/} = (L. t9) 0, p (16)

to obtain the nth eigenvalue A, r(f,1y), where #, is a
reference time slice, and its eigenvector ,, g. If only the
N lowest states are propagating in the region where ¢ > t,

the nth eigenvalue 4, 1-(7, ty) for n < N is given by a single
exponential form with the rest mass of the nth glueball
state as

Inr(t, tg) = e~ =0)Mur, (17)

which corresponds to the eigenvalue of the transfer matrix
between two time slices t and #,. Details of how to
practically compute the eigenvalues 4, 1-(%, #) are described
in Appendix B of Ref. [26]. An effective mass is defined as

j'n,Iﬂ(lt’ t())

Mt (f) = In—2—2 2
n,r( ) )“n,l“(t + ]7 tO)

(18)

where 1,r(7,ty) is the nth eigenvalue of the N x N
correlation matrix for T' = A{", AT, E*", T, . In this
study, we choose N = 6 and the reference time slice as
to/a = 0, where the resulting mass is less sensitive to
variation of ¢.

Let us first present the effective masses of glueballs
obtained from the variational method using the 6 x 6
correlation matrix constructed by the Oy, operator with
six different flow iterations. Figure 9 show the effective
mass plots of the first two eigenvalues in the A| ™ (top-left),
A7 (top-right), E™" (bottom-left), and T * (bottom-right)
representations at f = 6.20. Figures 10-12 are also plotted
for the results obtained at f = 6.40, 6.71, and 6.93,
respectively. In each panel of these figures, the horizontal
solid lines represent each fit result obtained by a correlated
fit using a single-exponential functional form, and shaded
bands display the fit range and one standard deviation. As
can be seen, the variational analysis with the correlation
matrix constructed in our chosen basis successfully sepa-
rates the first excited state from the ground state in each
channel. In Table VII, we summarize the results of masses
of the two lowest-lying glueball states in all four channels,
together with fit ranges used in the fits and value of y> per
degrees of freedom (dof).

C. Continuum extrapolation and comparison
with previous results

It is worth comparing our result obtained from the spatial
gradient flow with previous results obtained from both the
original gradient flow and a conventional approach. For this
purpose, we choose the results obtained in the simulations
performed on isotropic lattice with the standard Wilson
plaquette action. The previous attempt to apply the gradient
flow to the A]" glueball spectroscopy was done by
Chowdhury-Harindranath-Maiti [12] (denoted as CHJ
result). Meyer [7] and Athenodorou-Teper [8] (denoted
as AT result) performed comprehensive studies of the low-
lying glueball states using the conventional approach at
several lattice spacings.

In Fig. 13, we show our results of the ground-state
glueball masses calculated in the A" (top-left), A7
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FIG. 9. Effective mass plots for the ground state and the first excited state in A{ " (top-left), A] ™ (top-right), E* (bottom-left), and

T3 (bottom-right) channels at = 6.20.
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TABLE VIL

correlation matrix constructed by the Oy, operator with six different flow iterations.

Masses of the ground state and the first excited state of glueballs obtained from the variational method using the 6 x 6

Ground state

First excited-state

Irreps Y3 aMg Fit range x*/dof aMg Fit range y%/dof
ATJr 6.2 0.5198(67) [2, 8] 0.82 0.928(30) [2, 6] 0.42
6.4 0.4025(62) [3, 8] 0.61 0.714(32) [3, 6] 0.89
6.71 0.2664(45) [3,10] 0.85 0.518(10) [2, 6] 0.85
6.93 0.1970(36) [3,12] 0.98 0.374(10) [3, 9] 0.30
EtF 6.2 0.8032(74) [1, 6] 0.84 1.109(16) [1, 4] 0.66
6.4 0.6035(85) [2, 6] 1.47 0.858(21) [2, 5] 0.83
6.71 0.3884(83) [3,10] 0.12 0.556(19) [3, 7] 0.66
6.93 0.2849(61) [3,12] 1.16 0.411(12) [3, 6] 0.25
T2+Jr 6.2 0.7989(74) [1, 6] 0.31 1.117(16) [1, 4] 0.47
6.4 0.5878(84) [2, 6] 1.58 0.843(21) [2, 5] 0.90
6.71 0.3871(85) [3,10] 0.35 0.544(20) [3, 7] 1.24
6.93 0.2904(62) [3,12] 0.81 0.448(14) [3, 7] 1.36
Al_+ 6.2 0.859(20) [2, 5] 0.37 1.225(21) [1, 3] 2.13
6.4 0.618(18) [3, 8] 1.04 0.938(29) [2, 4] 1.14
6.71 0.415(10) [3, 9] 0.87 0.629(14) [2, 6] 1.12
6.93 0.313(10) [4,12] 0.54 0.441(14) [3, 8] 0.55
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FIG. 13. Comparisons of the glueball mass results for the ground states in the A7 (top-left), A7 (top-right), E** (bottom-left), and
T2+ * (bottom-right) channels from this work, Meyer [7], CHJ [12], and AT [8]. Our results are calculated by the spatial gradient flow
method. On the other hand, both the Meyer and AT results are given by the conventional approach, while the CHJ result are given by the
ordinary gradient flow.
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TABLE VIII. Comparison of the continuum-limit results of roM; for the ground states of the Af*, E**, 75", and A7 irreps. For

comparison, the previous continuum-limit results are also included.

Irreps This work Meyer [7] AT [8] MP [5] Chen [6]
AT 3.871(62)(61) 3.883(79) 3.950(24) 4.21(11) 4.16(11)
Et* 5.563(98)(129) 5.703(106) 5.689(23) 5.85(2) 5.82(5)
T 5.556(104)(40) 5.658(75) 5.667(22) 5.852) 5.83(4)
ATt 5.938(147)(132) 5.93(16) 6.120(52) 6.33(7) 6.25(6)
(top-right), E** (bottom-left), and 75" (bottom-right) 8 . . .
channels. Our results are calculated by the spatial gradient
flow method. In each panel of Fig. 13, the dimensionless A MP
products of the glueball masses M and the Sommer scale 7 Chen et al. 43
r, are shown as functions of (a/r,)? for a comparison with 7 x Meyer
the previous works. o AT

- O This work

In the A channel, our results are fairly consistent with
the previous works. On the other hand, although overall
agreements with Meyer and AT results are observed in
the other three channels, a more detailed comparison
reveals a slight difference between these results and our
results at the coarser lattice spacing. Especially, our data
points calculated at = 6.2 are slightly overestimated
except for the A{ " state. Nevertheless, our results obtained
at the finer lattice spacings are consistent with the
continuum-extrapolated AT result (marked as asterisk
symbols) in all four channels.

We next perform the continuum extrapolation of the
glueball masses M;(0) from the glueball masses Mg(a)
measured at the finite lattice spacing a. To remove the
lattice discretization corrections on the measured glueball
masses M (a), we use a linear fit with respect to (a/r;)?* as

Mg(a)rg = co + ¢ (’?)2 (19)

0

with ¢ being the continuum-extrapolated glueball masses
M(0) in units of ry. The fit results using all four data
points are shown in Fig. 13 as solid lines. The statistical
uncertainty which is estimated by the jackknife analysis is
indicated as the gray-shaded band in each panel. The data
points are well described by the fitted curves. As mentioned
above, our data points calculated at f = 6.2 are slightly
overestimated in comparison to the previous works except
for the AT state, though our continuum results (marked
as filled circles) are consistent with the continuum-
extrapolated AT results obtained from their high-precision
data in all four channels.

Our fit results are compiled in Table VIII. The quoted
values of roM include a systematic error stemming from
the continuum-extrapolation fits as the second error, which
are evaluated from a difference between the fit results
obtained by all four data points and three data points closest
to the continuum. Table VIII also includes the previous
continuum-limit results for comparison.
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FIG. 14. Comparison of our continuum-limit results (circles)
with the previous continuum-limit results: MP (upper triangles),
Chen et al. (lower triangles), Meyer (cross symbols), and AT
(squares) results, respectively. The masses are given in terms of
the Sommer scale r( along the left vertical axis, while the right
vertical axis is converted to physical units by rq = 0.472 fm,
which is adopted in Ref. [8]. The inner and outer error bars
on our results represent their statistical and total uncertainties,
respectively.

In Fig. 14, we finally plot all of data included in
Table VIII. The masses are given in terms of the
Sommer scale ry along the left vertical axis, while the
right vertical axis is converted to physical units by
ro = 0.472(5) fm,” which was adopted in Ref. [8]. For
the 27" results, we use a weighted average of M, =

(2M g+ +3M T )/5 for the final estimation. The inner and

outer error bars on our results represent their statistical and
total (adding statistical and systematic errors in quadrature)

*The quoted value is determined from N, > 2 lattice QCD
simulations in Ref. [27].
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uncertainties, respectively. Our final results of the ground-
states masses of the 0™F, 27" and 0~" glueballs are
obtained in physical units as follows:

My = 1.618(26)(25) GeV, (20)
M,y = 2.324(42)(32) GeV, (21)
My = 2.483(61)(55) GeV, (22)

where the first error is statistical, while the second one
represents a systematic error in the continuum extrapolation
as explained above.

It is worth recalling that our results and the results of
Meyer [7] and AT [8] are obtained from the isotropic lattice
simulations, while the results given by Morningstar-
Peardon [5] (denoted as MP result) and Chen et al. [6]
are obtained from the anisotropic lattice simulations. The
results from the isotropic lattice simulations are system-
atically underestimated in comparison to those of the
anisotropic lattice simulations. This may suggest that
there remains some subtlety in taking the continuum limit
for the results obtained from the anisotropic lattice
simulations. It is beyond the scope of this study, while
our aim is rather to demonstrate the feasibility of our
proposed approach. Furthermore, as discussed in
Appendix B, we found that the spatial gradient flow is
a few times more effective than the original gradient flow
and the conventional approach. We therefore stress that
the spatial gradient flow method can efficiently reproduce
the recent high precision results of the glueball masses [§]
within the statistical uncertainties.

VII. SUMMARY

We have studied the glueball two-point function with
two types of the gradient flow method. The original
gradient flow, which makes the Wilson flow diffused in
the four-dimensional space-time, has some problem in
measuring the glueball mass from the two-point function.
It is known to be over smearing due to the overlap of two
glueball operators extended in both space-time as reported
in the previous study [12]. This particular issue makes the
plateau behavior uncertain in the effective mass plot, so that
it is difficult to extract the ground-state mass of the glueball
with high accuracy.

To avoid over smearing, we propose the spatial gradient
flow approach and also apply it to the glueball calcu-
lations. Our numerical simulations show that the spatial
gradient flow method works well as a noise-reduction
technique, meanwhile it has a good property that the
plateau behavior in the effective mass plot does not
change with variation in flow time for sufficiently large
flow time. The latter point gives an advantage for
extracting the ground-state mass of the glueball with high
accuracy without over smearing.

It is also observed that the spatial gradient flow
eliminates dependence of the Wilson loop shapes in the
glueball two-point function due to a strong isotropic
nature. Therefore, the variational method based on the
different shapes is not applicable. Instead, the different
diffuseness of the extended operator, which is given at the
different flow time, are used for the variational analysis to
separate the ground-state contribution from the excited-
state contributions.

To demonstrate the feasibility of our proposed method,
we have determined the masses of the three lowest-lying
glueball states, corresponding to the 0™+, 2*+ and 0="
glueballs, in the continuum limit by using four lattice
QCD simulations for the lattice spacings ranging from
0.026 to 0.068 fm. Our results of the 0T, 27, and 0~
glueball masses are consistent with the previous works
[7,8]. Especially, it is worth emphasizing that the spatial
gradient flow method can efficiently reproduce the recent
high-precision results [8], which are slightly underesti-
mated in comparison to the results given by the aniso-
tropic lattice simulations [5,6], within the statistical
uncertainties.

We have also showed numerical equivalence between
the spatial gradient flow and the stout smearing in the
glueball calculations at the relatively fine lattice spacing of
0.0513(3) fm. This observation can be understood through
the analytical derivation that demonstrates the equivalence
between the gradient flow and stout smearing methods in
the vicinity of the continuum limit as described in
Appendix A. This fact can help to reflect actual efficiency
for the glueball spectroscopy.

As discussed in Appendix B, although the spatial
gradient flow requires several times fewer statistics to
achieve the same statistical accuracy than the conventional
method, its computational cost is roughly a factor of
O(10) higher than the conventional one. Thus, by replac-
ing the spatial gradient flow method with the stout
smearing method, which is almost as computationally
inexpensive as the conventional method, the gradient flow
approach becomes really an efficient scheme for the
glueball spectroscopy.

We plan to extend our research to calculate the glueball
three-point function with the renormalized energy-
momentum tensor formulated in the gradient flow method
[28] in order to investigate the origin of the glueball masses.
Such study is now in progress [29].
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APPENDIX A: EQUIVALENCE BETWEEN
GRADIENT FLOW AND STOUT SMEARING

This section is devoted to a discussion of the equiv-
alence between gradient flow and stout smearing referred
in Sec. V B. For this purpose, we will first provide the
explicit form of d, ,Sy [U] appeared in the left-hand side
of Eq. (2).

The link derivative operator 0, , is defined as follows.
The operator d,, stands for the Lie algebra valued
differential operator with respect to the link variable [9].
Let us introduce the anti-Hermitian traceless N x N
matrices T¢ (a=1,...,N>*—1) as generators of
SU(N) group.’ In general, with respect to a basis T,
the elements M of the Lie algebra of SU(N) are given by
M = M*T* with real components M“. Therefore, the
operator d,, can be expressed with respect to a basis
T¢ as

Oyx = T90 ., (A1)
where the operators dy , are defined by
a d sX“
% (U) = S F (X V)] (A2)
with
T if (y.v) = (x.p),
X(y,v) = { ) (A3)
0  otherwise,

and act as differential operators on functions f of the link
variable U.

When the link derivative d, , acts on the action, we may
simply focus on the term that explicitly depends on U, (x)
in the action as

SwlU] = —%

0 xu>v

+ {terms independent of U, (x)}],

[ReTr{U,,(x)X;(x)}
(A4)
where X, (x) is the sum of all the path ordered products of

the link variables, called the “staple”. The staple X, (x) is
given by

*In this paper, we use the notational conventions adopted in the
original Liischer’s paper [9]. Namely, they are normalized by
Tr(TT?) = =15 and also satisfy the commutation relations
[T, T?] = fap.T¢ with the structure constants f¢¢,

X, (x) = > _[U,(x)U,(x + D) Ui (x + fr)

u>v

+ U (x=D)U,(x =D)U,(x =0+ f)].  (AS5)

If we set Q, (x) = X,,(x) U} (x), each basis component is
given as

R Sw[U] = —2ReTr{T°Q)(x)}

= ~Tr{T*(Qu(x) - Q,(x))}.  (A6)
where Q;(x) denotes the sum of all plaquettes that include
U,(x). Therefore, we finally get

g(z)gy,xSW[U] = _iQﬂ(x) (A7)

with

L Tr(@)(x) - 9,(x)).

0,(6) = £ (9h(x) = ©,()) - 5

(A8)

which becomes a Lie algebra valued quantity.

In the stout smearing, the link smearing is defined as the
following recursive procedure [3]. Here, for simplicity,
the stout smearing parameters p,,, are taken as p,, = p. The

link variables U,Sk) (x) at step k are mapped into the link

variables U, f,k+l)(x) using

U () = exp (ip0 () UF (), (A9)

where Q) (x) is given by Eq. (A8) with the stout link
U,(,k)(x) [3]. By taking the logarithm of both sides of
Eq. (A9), one can get

Alog UL (x) = ipOfY (x), (A10)

where A, represents a forward difference with respect to k

as Arf(k) = fk+1) = f(k).

Next, let wus introduce a continuous variable

s = kp, and then reexpress the link variable U,(,k) (x) by

writing a function of s as U,(x,s). Since 2 f(s) =

ds
lim,_,, M the above difference equation (A10)
4 P
becomes the differential equation with respect to the

variable s in the limit of p — 0.

7] ~ -
d_sl()g Uy(x,s) = —g%dﬂquW[U], (A11)
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TABLE IX. Comparison of effectiveness of respective smearing methods among three simulations (CHJ, AT, and this work)
performed at the similar lattice spacing (f = 6.4). N, denotes the number of total measurements in each simulation.

Label p L’xT Nl Method aM . EI
This work 6.40 323 x 32 3000 Spatial gradient flow 0.404(9) 1.5
Stout smearing (high ng) 0.403(9) 1.5

Stout smearing (low ng) 0.442(31) 14.8

Gradient flow (R; = 0.23 fm) 0.446(14) 3.0

CHJ [12] 6.42 323 x 64 1958 Gradient flow (R; = 0.3 fm) 0.393(15) 2.9
Gradient flow (R; = 0.35 fm) 0.387(18) 43

AT [8] 6.338 30° x 30 80000 Conventional approach 0.4276(37) 6.0

where the left-hand side of Eq. (A10) is rewritten by using
the expression of Eq. (A7). Finally, Eq. (A11) reduces to a
gradient flow equation with respect to the link variable
U,(x,s) as

| &

U,(x,5) {U,(x.9)} " = =g530,.:Sw (U] + O(a)

(s

(A12)

in the vicinity of the continuum limit.*

It is clear that Eq. (A12) is equivalent to Eq. (2) at the
leading order. Since the variable s = kp directly corre-
sponds to the Wilson flow time 7, the perturbative
matching relation of 7, p and the number of stout smearing
steps ny as 7 = png found in Ref. [10] is also rigorously
proved. Therefore, the gradient flow equation is certainly
regarded as a continuous version of the recursive update
procedure in the stout smearing at the smaller lattice
spacing. When Sy is replaced by S,y in the gradient flow
equation, and p,, is setas p;; = p and py, = p,4 = 0in the
stout smearing, above consideration fully supports our
finding that there is the numerical equivalence between
the spatial gradient flow and the spatial stout smearing in
the glueball spectroscopy at the relatively fine lattice
spacing of 0.0513(3) fm.

APPENDIX B: EFFECTIVENESS OF THE
SPATIAL GRADIENT FLOW

In this appendix, we aim to assess effectiveness of our
proposed method in comparison to the conventional

“When U(s) is a matrix Lie group, W y-"is given in terms of
%log U as

U 9 1 9
22U = Llog U+~ |log U, > log U
Js a5 08Vt [Og o5 & }

1 0
—}—i[logU, {logU,alogUH + e (A13)

In the case when U is the link variable, the power series of
log U in the left-hand side can be neglected for the small lattice
spacing a.

approach. A simple indicator of effectiveness or efficiency
of a given method to calculate the glueball mass is defined
as the following index:

E 2
Effectiveness index (EI) = {%}
entral value

x (No. of measurements), (BI)

which is inversely proportional to the relative size
of the square of the signal-to-noise ratio with respect
to the statistics. When the EI index gets smaller, effi-
ciency of the method becomes better with fixed statistics.
Table IX compiles the values of effectiveness of respec-
tive smearing methods among three simulations (CHJ,
AT, and this work) performed at the similar lattice spacing
(f =~ 6.4). According to the EI value, the spatial gradient
flow or the stout smearing with the high value of ng is
several times more effective than the original gradient
flow and the conventional approach (see Ref. [30] for
details of the smearing and fuzzing methods used
in Ref. [8]).

It should be noted that the EI value does not reflect actual
efficiency since the computational cost for the gradient flow
method is relatively higher than the conventional approach.
Indeed, in our actual numerical code, we find that the
single-link smearing including APE smearing and stout
smearing are a factor of O(10) faster than the gradient flow
method even with the same numbers of flow iterations r,,,
and smearing steps ngy. Moreover, the required number of
flow iterations increases quadratically as the lattice spacing
decreases.

Nevertheless, as numerically found in Sec. VB and
analytically proven in Appendix B, the gradient flow
method can be replaced by the stout smearing at the finer
lattice spacing with keeping the same value of EI as shown
in Table IX. Since the stout smearing is comparable to the
conventional approach regarding the computational cost,
the gradient flow approach is really an efficient scheme
for the glueball spectroscopy and would have an
advantage in dynamical lattice QCD simulations for glue-
ball observables.
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