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1 Introduction

In recent years, the continuous smoothing procedure known as the gradient flow [1-3] has
received considerable attention. One of its most common applications has been, in combi-
nation with finite-size scaling techniques, the determination of the non-perturbative scale
dependence of the gauge coupling constant. Examples of the usefulness of this approach
range from precise, non-perturbative determinations of the QCD coupling constant and A
parameter [4-8] to the study of Yang-Mills theories with near conformal behavior [9-11],
or with large number of colors [12]. Several coupling renormalization schemes based on
gradient flow techniques have been proposed to that end [3, 13-16]. These schemes can
be related through a perturbative calculation to more traditional ones such as the MS
scheme, a step often required to make contact with experiment. However, and despite
their importance, perturbative calculations in such a set-up are scarce. In infinite vol-
ume, the matching has been determined up to both next-to-leading order (NLO) [3] and
next-to-next-to-leading order (NNLO) [17], while for finite volume it has been done up
to NNLO in the Schrodinger functional scheme using numerical stochastic perturbation
theory [18, 19].

In the scope of this work, we will focus on a particular gradient flow finite volume
scheme for SU(N) pure gauge theory, introduced by A.Ramos in ref. [16]. We will be
presenting results for the matching at NLO of this scheme to the MS one, determining the
coupling scale in terms of the size of a 4-dimensional torus endowed with twisted boundary
conditions (TBC) [20]. From the point of view of perturbative calculations, TBC have an
enormous advantage over periodic ones (PBC), as using TBC turns the set of zero-action
solutions into a discrete one, and avoids the quartic nature of the fluctuations around
A, = 0 present with PBC [21]. The usefulness of TBC for perturbation theory was first
formulated in the context of volume reduction in large N Yang-Mills theory [22, 23], and
was then extended to various other contexts at finite and large N [24-38]. Despite these
advantages, as we will show along this work, perturbative calculations in the twisted gradi-
ent flow scheme remain challenging, although so far an analogous perturbative calculation
in the case of periodic boundary conditions has not been obtained.

Our interest in this calculation goes beyond the particular applicability of the results,
and connects with theoretical ideas related to the concept of volume independence in gauge
theories. An essential ingredient of the construction has to do with the dependence of the
coupling on the number of colors. We will follow the finite-volume prescription adopted
n [12], and set the SU(N) running coupling scale to be proportional to an effective size [
combining the torus size and the number of colors. In perturbation theory, this effective
scale is expected to jointly capture the dependence of the coupling on the volume and on N,
once an angular variable depending on the choice of twist is fixed. For the purposes of this
paper, we will keep N finite but use our results to analyze the dependence of the coupling
on N, at large values of N. Setting the energy scale of the renormalized 't Hooft coupling
to be p =1/ (clN), we will consider two different types of N — oo limits, a thermodynamic
limit in which the effective size is sent to infinity as ¢ goes to zero while u is kept constant,
and a second one, called singular in [39], in which IV is sent to infinity as the torus size is



shrunk to zero at constant ¢ in such a way as to keep [ fixed [12, 34, 37, 40]. In ref. [12]
this last limit was used to compute the SU(co) running coupling through a step scaling
procedure in which the step size was modified via changes in the rank of the gauge group.

This particular prescription for scale setting was inspired by the idea of volume re-
duction in lattice gauge theories. Originally formulated by Eguchi and Kawai [45], vol-
ume reduction states that in the (thermodynamic) large N limit, SU(N) theory becomes
independent of the physical size of the torus. Proof for this statement relies on the inde-
pendence of the large N Schwinger-Dyson equations from lattice volume, which in turn
requires center symmetry to be preserved. As the symmetry was shown not to hold with
PBC [46], several alternative proposals were formulated [42, 46-49], one of which was the
use of twisted boundary conditions [22, 23], which has proven very successful provided the
twist tensor is judiciously chosen [35, 36, 50-55]. The idea of volume reduction with TBC
was extended to the continuum theory in ref. [56], constituting the first formulation of the
Feynman rules of a non-commutative Yang-Mills theory [57]. The singular limit in ref. [39]
was first formulated precisely in the context of such non-commutative theories, with the
effective torus size [ arising in a natural way through the Morita duality. Thus, ordinary
gauge theories on a twisted torus are related to non-commutative theories with a rational
value of the dimensionless non-commutativity parameter, the effective size corresponding
to the one of the non-commutative torus. In 241 dimensions, several recent works [37, 40]
have analyzed the possibility of defining non-commutative gauge theories at irrational val-
ues of the non-commutativity parameter as the limit of a sequence of ordinary twisted
gauge theories of an increasing number of colors. These works have shown that, if one
wishes to avoid tachyonic instabilities [58], such a construction can only be achieved for an
uncountable, zero-measure set of values of the non-commutativity parameter. We will, in
light of these results, analyze the behavior of the coupling in the singular large N limit.

In this paper, we present a perturbative calculation in the continuum of the running
‘t Hooft coupling constant at NLO. The layout of the paper is as follows: in section 2, we
introduced the twisted gradient flow (TGF) scheme, presenting the gradient flow observable
used to define the running coupling (i.e. the energy density evaluated at a positive flow time
proportional to an effective size l~), along with some specifics about the implementation of
TBC in our setting. In particular, we detailed the orthogonal twist used throughout the
paper. Section 3 then presents the perturbative expansion, along with the regularization
and renormalization schemes. This is the longest, most technical section, and contains a
fair bit of algebraic manipulation. The calculation is analogous to the one performed by
Liischer in infinite volume [3], though many particularities to the twisted finite volume
scheme appear. We will simply mention that it contains the expansion of the observable
in powers of the coupling, a reformulation of the NLO contribution as the sum of several
integrals, the identification of the divergent terms entering the calculation, and a procedure
to regularize them by relating them to infinite volume expressions that can be evaluated in
dimensional regularization. Expressions for the observable at LO and NLO are provided

!This type of limit has also been considered in other works such as [41-43]. See [44] and references
therein as well for more examples.



within the section, but any reader interested in the final expression for the matching at
one-loop order of the TGF coupling to the MS scheme may skip directly to section 4, which
contains both the matching to the MS scheme and the ratio of A parameters (which need
to be computed numerically). Results for the case of a 2-dimensional non trivial twist and
several SU(N) groups are presented in subsection 4.2. Section 5 discusses the dependence
of the coupling on the number of colors, following similar arguments to those in [36, 37].
A summary of results is presented in section 6. Many technicalities were moved for clarity
to appendices A-D, including details on the algorithms used to compute the A parameter.

2 The twisted gradient flow coupling

One of the applications of the gradient flow method has been the computation of the
Yang-Mills running coupling, using the energy density E(t) of the gradient flow field as the
defining observable. At positive, non-zero flow time ¢, (t?E(t)) is a renormalized quantity
and, at leading order in perturbation theory, is proportional to the MS coupling at a scale
p = 1/+/8t, which leads to a natural definition of a renormalized coupling constant [3].
In this work, we focus on a particular gradient flow scheme that makes use of finite size
scaling on a torus with TBC. As discussed in the introduction, our set-up is based on the
one introduced by A. Ramos in ref. [16], but differs slightly from it for reasons that will
become clear in what follows.

2.1 The definition of the coupling

The gradient flow is based on the introduction of a parameter t, known as flow time, in such
a way as to define a t-dependent gauge field B, (z,t) matching the Yang-Mills one A, (x)
at t = 0. As flow time passes, this gauge field is smeared down towards the minimum
action solutions, its evolution driven by the so-called flow equations:

0B, (z,t) = D,Gyy (2,1), B, (z,0) = A, (), (2.1)

where D, and G, respectively stand for the covariant derivative and field strength tensor
of the flow fields:

D,B, (z,t) = 0,B, (x,t) + i [B, (z,t), B, (z,t)], (2.2)

Guv (x,t) = 0B, (x,t) — 0, By (x,t) +i[By, (x,t), By, (,t)]. (2.3)

This scheme is particularly useful, as observables built from the expectation values of prod-
ucts of B fields at positive flow time have been shown to be renormalized quantities [59].

The renormalized gradient flow coupling can then be defined in terms of the energy
density of the flowed field:

1
(B(1) = 5(Tr(Cpu(@. DG (a,1) ) ). (2.4)
In infinite volume, this quantity can be used to define a renormalized SU(N) 't Hooft
coupling at an energy scale u, given by [3]:

_ 1287%N? t2E(t)
A(“)‘<d—1><N2—1>< N >

, (2.5)
t=1/(8u?)




where d stands for the number of space-time dimensions of the theory. Finite volume
gradient flow schemes [12-16] use a formulation in which the gauge theory is defined on
a finite torus instead, with each scheme differing in specific details such as, for instance,
different boundary conditions. The most common choice is to use a symmetric torus, with
all directions of equal length [, while setting the scale for the renormalized coupling in
terms of [ by fixing u = 1/(cl), with ¢ an arbitrary constant. Each specific choice of c,
always taken to be smaller than unity, is an intrinsic part of the definition of the scheme.

The SU(N) TGF coupling used in this paper is inspired by the finite-volume schemes
proposed in refs. [12, 16, 60]. We will leave the specifics of the scheme for the next subsec-
tion, but mention that our SU(NV) gauge theory will be defined on an 4-torus with TBC [20],
and such that the torus has a period [ in d; (twisted) directions, and [ = IN?/% in the
remaining 4 —d; ones, with d; being either two or four. The reasons behind our choice of an
asymmetric torus will become clear in what follows. In this scheme, the twisted gradient
flow 't Hooft coupling is defined by [12]:

Mrar(d) = F(e) <t2E(t)>

= (2.6)

)
1=c212/8

where F(c) is a constant defined in such a way as to have Arar(l) = Ao + O(\3), in terms
of the bare 't Hooft coupling ).

2.2 The choice of boundary conditions and torus size

In this subsection, we will discuss the particular definition of the TGF scheme used in
this paper. The main idea is to have a perturbative set-up that is as symmetric as possi-
ble [12, 60]. To achieve this, we will look at the quantization of momenta in our particular
setting, and select the torus size accordingly. We will begin with a generic discussion of
the quantization of momenta in the presence of TBC, leading to the introduction of [ as
the relevant length scale.

Let us start by considering a SU(N) gauge theory defined on a d-dimensional torus of
length [, in each direction, and focus our analysis in the specific case of four dimensions
for a gauge potential that satisfies 't Hooft TBC [20]. We will work with an orthogonal
twist, for which the gauge potential can be fixed to be periodic in each direction up to a
constant gauge transformation:

Ay(z+1,0) =T, A, (2)T], (2.7)
where T, are four SU(N) matrices known as twist eaters which satisfy:
r.r,=2,r,">-,, (2.8)

with Z,,,, an element of the center of the gauge group, written in terms of an antisymmetric
tensor of integers n,, as:

Zyy = exp{i2mn,, /[N}. (2.9)

The twist tensor n,, is preserved under gauge transformations, and uniquely characterizes
the boundary conditions. It is said to be orthogonal when s(n) = €upenunps/8 = 0



(mod N). Among such tensors, we will focus only in the so-called irreducible twist tensors,
which are the subset for which the only matrices that commute with all I', are the ones
proportional to the identity in SU(N).

Irreducible twist tensors have been known to be advantageous for perturbative cal-
culations, as the class of gauge-inequivalent zero-action solutions is discrete [61, 62] and
zero-modes are eliminated, making computations in perturbation theory much easier. A
detailed discussion of the conditions under which a twist is irreducible can be found in [63].
For the scope of this work, we will focus on two types of irreducible twist tensors (detailed
below), which are non-trivial in either a single plane or in all of them. For the sake of clar-
ity in the description, we will use gauge freedom to impose strict periodicity for the gauge
potential in all directions except for a number d; of them, dubbed “twisted directions”,
taken to be either two or four, though the specific form of the twist matrices is irrelevant
as long as eq. (2.8) is satisfied. We will write our orthogonal twist tensor in the form:

Ny = ew,kl]gv ) (2.10)
where [, = N 2/d: depends on both the number of colors and the number of twisted direc-
tions, and k and [, are two coprime integers that guarantee that the irreducibility condition
is satisfied. The choice to have a non-trivial twist in only the (0,1) plane is made by setting
d; = 2 and €y1 = —€19 = 1, and by choosing €, = 0 in any other plane, whereas to twist
all planes non-trivially one must instead take d; = 4, and set €, to be antisymmetric and
equal to 1 whenever p < v. With this choice:

k
Zuy = exp {i?we“l,l} . (2.11)
g

A non-trivial twist, such as the one above, will affect the quantization of momenta in
the finite box.

The solution to the boundary conditions on such twisted tori in the continuum is
well known [23], as one can see for instance in [36] for the general treatment when the
torus is discretized on a lattice, or in [34] for an example in 2+1 dimensions in continuum
perturbation theory. We will, in what is left of this subsection, recall some known results
necessary to implement perturbation theory with TBC. We start by defining;:

. 1
I'(q) = Wori

with s,(¢q) € Z. Provided k and [, are coprime integers, there will be IV 2 independent

el | pii 1@ (2.12)

SU(N) matrices of this type, of which the only non-traceless one is the one proportional
to the identity matrix, i.e. the one for which s,(q) = 0 (modl,) in all twisted directions.
Excluding it, the remaining N? — 1 matrices constitute a basis for the SU(N) Lie algebra.
If T'(q) satisfies:

L,0(g)T] = e T(q), (2.13)

with no summation over v implied, the boundary conditions in (2.7) are trivially imple-
mented through the Fourier expansion:

Au(2) = V72D A, (q) P(q), (2.14)



where V = Hu l,, and the prime in the sum denotes the exclusion of the momenta for
which f(q) o I. In the periodic directions, for which I',, o I, the momenta are as usual
quantized in units of 27 /l,. This is however not the case for the twisted directions, where
a solution is provided by:

- lyluqy
su(q) = €k g% c 7, (2.15)
where k and €, are given by:
kk=1(modly), Y Euwevp =0y (2.16)

v

The momentum along the twisted p directions is thus quantized in units of 27/ Z/u with
l, = l,l,y. For this choice of s;,, the group structure constants in the f(q) basis become
momentum dependent and are given by:

[f (»),T (Q)} =iF (p,q,~p— )T (p+4q) , (2.17)
with
2 . (1
F (p’ q, —p — Q) = - N S111 59;“/}?“(];/ s (218)
and s B
l n A k
O = L2 € h=-". 2.1
" ox W lg (2.19)

The tracelessness of the I'(q) matrices thus forbids momenta such that Z#qu = 0 (mod 27ly)
in all twisted directions, and so in particular it forbids zero momentum in the twisted box.

The previous analysis implies that momentum is quantized differently in periodic and
twisted directions: it is quantized in terms of the inverse torus size for the former, and
in terms of an effective size combining the torus period and the number of colors of the
gauge group, ZL =lulyg =I,N 2/dt for the latter. This observation has led us to a specific
choice of torus size to define the TGF coupling in eq. (2.6), picked in such a way as to
impose the same momentum quantization in all directions. When d; = 2, this will be
achieved by considering an asymmetric torus of length [ in the twisted directions and [in
the periodic ones, whereas for d; = 4 we will instead pick a symmetric 4-torus of period [
in all directions. This way, all momenta will always be quantized in units of 27/ [, and we
will use this effective size [ as the renormalization scale for the running coupling.

3 Perturbative expansion

The procedure to determine the perturbative expansion of the coupling follows closely the
one developed by Liischer in infinite volume in ref. [3]. The main difference arises from
the quantization of momentum on the torus, as momentum integrals become sums over an
infinite set of discrete momenta, and from the change in the group structure constants due
to the different choice of SU(N) Lie algebra basis. Divergent momentum sums, however,
can still be treated via dimensional regularization — see for instance [64] — in a way that
will be detailed in this section.



3.1 Perturbative expansion of the energy density

As a first step towards obtaining the perturbative expansion of the observable, we will fix
the gauge in such a way that the following periodicity conditions are satisfied:

Au(x+19) =T, A, (2)T], forv=0,---,d — 1,
Au(ﬂs—}—iﬁ):Au(x), forv=d,---,d—1,

where T',, satisfies eq. (2.8), and with a twist tensor of the form shown in eq. (2.11). This
restricts the set of allowed gauge transformations 2(z) down to those preserving the form
of the twist matrices, i.e. those satisfying:

Qz + 1) = T,Q(z)T}, for v=0,--- ,dy — 1, (3.3)
Oz +10) = ), forv=d,--,d—1.

These boundary conditions are implemented through the Fourier expansion of the gauge
field given in eq. (2.14). In the specific case of the asymmetric torus that we are considering,
the torus volume is given by V = [% [4=d and momenta in all directions are quantized in
terms of the effective size I. As we recall, the prime in the sum in eq. (2.14) denotes the
exclusion of all momenta for which un = 0 (mod 27l,) in all twisted directions, which in
particular excludes zero modes.

With this, we may begin the perturbative expansion, which we perform around the
A, = 0, zero-action solution. We start in d = 4—2e¢ dimensions by scaling the original gauge
potential with the bare coupling, A, (x) = goA,(x). The full Feynman rules in momentum
space, given in the Feynman gauge and derived using the boundary condition-preserving
Fourier representation mentioned in the previous section, can be found in appendix A.

It will be convenient to henceforth use a set of modified flow equations:

0B, (x,t) = DGy, (x,t) +£D,0, By (x,t), B, (x,0) = goA,(x), (3.5)

£ being a gauge parameter to be set to unity. At fixed ¢, the field derived from this modified
flow equation can be related to the solution of the original one by a gauge transformation [3],
and hence the modification does not affect gauge invariant observables such as the one we
are considering in this paper. It can be shown that the corresponding (flow-time dependent)
gauge transformation preserves the boundary conditions (3.1) at any given flow time [16].
These modified flow equations can be solved order by order in gy by expanding the flow
field in powers of the coupling:

Bu(z,t) => gtBP(x,t), BF(x,0) = dpAu(x). (3.6)
k

The flow field satisfies the same boundary conditions as the original gauge potential and
can be Fourier expanded, at any given order, in the same way:

!
1 . A ~
B}P (z,t) = v—a§ :emB}ﬁ) (.)T(q). (3.7)
q



The expansion of the energy density in powers of gy can now be obtained by expanding

the fields in E(t) directly. Dropping for clarity the arguments of the fields in position space,

B,Sn) = B,S") (z,t), one gets, up to order gg:

BE(t) = g2 Tr (8#B£1)8MB,(}) - 9,B(9,B) (3.8)

+ 2ig3 Tr (aﬂBS) [B}}), B,EU])

+ 293 T (0,899, B — 0,B19,BP)

+ 3T (0,829, B2 — 9,B20,B?)

- gobt ([og. 2]

4 2igd T (8#39 [B}}), BL”] +8,BY [B}}), 39] +8,BW [B}f), BM)

+ 293 T (0,89, B" — 9, B9, BV + O(g5).

The corresponding expression in momentum space, however, is specific to the TGF

set-up. In particular, the SU(NV) structure constants f%¢ appearing in infinite volume are

replaced by the momentum dependent functions F(p, ¢,r) appearing in the commutation

relations of the I'(¢) matrices — see eqs. (2.17), (2.18). For the sake of completeness we

give below the seven different terms contributing to the expectation value of (E(t)) arising

at order g3, with an additional 1/N normalization factor added for later convenience. Each

term can be identified with one of the lines in eq. (3.8):

Eo(t) =

&i(t) =

2 / R .
2]{?{/ Z (4°6u — 9000 <B;Sl)(—q, t) BM (g, t)> ; (3.9)
V3/2 Z 0 (sz) (p1,p2,p3) ip1y (3.10)
p1,P2,P3
< (BO 1, t) BO (p2,1) BY (s, 1))
3 ! R .
B zi% (40w = 4uav) <B;31)(—Q»t) 352)(q,t)> : (3.11)
q
gi <
=Ny Z( - au00) (B (0. BY (1)) . (3.12)
g4
= 2 <sz> F(p1,p2, —p1 — p2) F(p3,p4, —p3 — pa) (3.13)

P1,P2,P3,P4

% (B (p1,6) BV (2, 1) B (03, ) BY (pa 1))

-4 /
= _lei?”/Q 25 (ZPZ) D1 F(p1,p2,p3){<31(/2)(p1,75) B;(LD(PQ, t) B{ (ps, t )>

P1,P2,P3

+ (BO (1,1 BO (p,8) BO (0, 0)) + (BO (p1,1) BO (0o, 1) B (ps, 1))}

(3.14)



/

4

g A~ A

gﬁ(t) = Ni(;/ (q25w/ - qﬂQV) <B;(¢1)(_Q7t) Bz(/g)(q’t)> . (315)
q

The shorthand notation ) p; in the 0 functions was used to denote the sum over all present
momenta for each term. The &y term will turn out to be a combination of a leading O (gg)
term and an O (g§) correction, whereas all other terms will turn out to be O (gg).

Then, the next step is to relate the flow fields to the actual gauge fields A, (), for
which we will need to obtain an order-by-order solution to the flow equations.

3.1.1 Solving the flow equations in the TGF scheme

Let us consider the flow equation (3.5) with the gauge parameter £ set to unity. This was
already solved by Liischer for the infinite volume case [3], but the results in finite volume
are slightly different. Expanding the fields in perturbation theory, as in eq. (3.6), and
dropping for clarity of notation the arguments of the fields in position space, the equations
to solve order by order are of the form:

OB =B + R, iel. (3.16)

The first three orders will be enough to obtain the observable at order O (gé):

RY =0, (3.17)
R®) =2i [B§1>,8VB,§1>] i [Bl(,l),é?#By)} , (3.18)
R®) = — [Bg), [B,SU, Bf}>” + 2 [B,SU, ayBﬂ i [Bﬁ”, aMB,§2>} (3.19)

+ 2 {B@, aVB,gU} iy [3,52), 6MB1(,1)} :

(i),

We may define a momentum space version of R},

/
j -1 ipz p(i r
R (z,5)=V"2) ™ RD (p,s)T (p), (3.20)
p

under which the R, terms read:

1 —
RV (p,t) =0, (3.21)
. /
1 ~ ~ ~
BP0.t) = 2= 3 Flap—a-) BOw - 0 (208000 - 0,80 @.0),  (3.22)
q

/
RP(p,t)y=v=" Y 4 (p - Z‘h’) F(q,p, —q1 —p)F(q2, 43, —q2 — q3) (3.23)

q1,92,93

x B (q1,1)BSY (g2, 1) BM (g3, t)

—2iV ™ 225(

q1,92

M

> F(q1,q2,—q1 _QQ)B(I)(Ql t)B® (qo, t)

l\.’)\t—t~

X <QZp50u q1a(spu (QQ - q1),u5pa) .



In terms of Bu (g,t), the flow equation in momentum space becomes:

A~

B (p,t) = —p*BY) (p,t) + RY (p,1),

whose solution is immediate at first order:

24 A 24 A
B (p,t) = e 'BY (p,0) =e 7 A, (p),
(2)

and which can be solved for the next two orders by directly integrating R,,":

~

t
ij) (p,t) = /0 dse_(t_s)pQRff) (p,s), i>1.

(3.24)

(3.25)

(3.26)

Higher order terms, while increasingly tedious, can be obtained through the same itera-

tive procedure.

From these expressions, and using the Feynman rules from appendix A, we derived

the expressions of the contributions from egs. (3.9)—(3.15) in terms of sums over momenta.

Introducing for the sake of readability the symbol:

i =2 Z NF?(q,r,—q —r),
q,r

q?r

and after quite a bit of algebra, we ended up with:

1 ~7d, —2tg?
Eo(t) = 5ol ?e “(d

1 2N 200 1 — 92 _ — 9)2,2
+ N ;e q%?(qH)Q ((3d — 2)¢* — 2(d — 2)*r?),
_ 3Nttt L
) = 83 e (1= )
+ -
— )2 —2tp%+2s(qr) 1
E(t) =X /0 ds%;e P2
x {(d=1)p* (0* + ¢ +77) +2(d = 2) (¢*r* = (ar)*) },
1
_ 2tp? 2s(qr) 2(2t—s)(qr)
Es(t) / dssZe < +e > pere
x{2 Lp*r +(d—2)(q r?—(ar)?)},
_ 2 —2t(q%+r?
Eult) = 4/\0; (@ )q T,gd(d_ 1),

t —
Es(t) = A3 / dsze—(t+s)(q2+r2)—(t—s)p2%(1 —d) (57% + (qr)) ,
0

r
q,r q

1
gﬁ(t) _ _)\2 / dsze—th2_28r2 d _ 1)2

+2)\0/ dsl/ dSQZe 2tp?+2s1(qr) 252(pq)
x {2(d - 2) (p°¢* —(pq} )+ (d—1)p* (2p° —(qr))},
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(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)



where the bare coupling and the volume have been replaced by the bare 't Hooft coupling
and the effective length, and we have defined an auxiliary momentum p = ¢ + r. The
primes from the sums in the O(A\3) terms have been discarded, as the F?(q,r,—q — )
factors automatically vanish for such momenta.

3.1.2 The energy density at LO

As we recall, our aim in this paper was to obtain a perturbative expansion of the observable
(E(t)/N) at NLO, which in powers of the bare 't Hooft coupling can be parametrized as:

E(t
<]5r)> =X E0M) +NED@) +0(A]) . (3.36)
We will begin by deriving the leading order term from the formulas in the previous sub-
section, given by:
1 ~ ! 2,2 /72
O) 4y — Z(q7_1)]¢ —8tw2m?2/I
EWV{) = 2(d 1)1 g e . (3.37)

meZd

It will be convenient to introduce a few auxiliary variables and functions:

t=8t/(cd)?, — ¢=nc?/2, (3.38)
!/
A(z) = 22 3 emmem? (3.39)
mezZd
in terms of which we may write:

d—1)
g0y = U 4o, 3.40
(1) = 5 gryirm A2 (3.40)

This A function can be expressed in terms of Jacobi theta functions 3 as:

A(z) = 292 97 (0, ix) {9;&(0, iz) — 0%(0, mg)} , (3.41)

_ pld—dy) l dy 1 _L dy L
B Y N Y

where we used Poisson resummation to rewrite the theta functions:
O3(z,ix) = Z exp { —mam? + 2mimz} = L Z exp —WM (3.43)
’ N T ' '
meZ meZ

The leading order infinite volume expression is retrieved in the ¢ — 0, [ — o0 limit, taken
in such a way as to keep ¢l fixed. In that limit:

N% -1
A(2¢t") — Nz (3.44)
leading to:
0y _ (= 1N —1)

in agreement with the results in ref. [3].
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3.1.3 The energy density at NLO

As for the subleading O(A\2) term coming from eqs. (3.29)—(3.35), we found that, after a
fair bit of algebra, it can be expressed in terms of a handful of integrals. By rewriting
the momenta in denominators as exponents using Schwinger’s parametrization, and the
momenta in numerators as derivatives with respect to the flow time variables, we were able
to recast the expression for the energy density at NLO as:

EWM)=2(d—2)(Iy + L) —4(d — 1) I3 + 4(3d — 5) I + 6(d — 1) (Is — Ig) (3.46)

~2(d— 2)(d ~ D)z + 3 (d —2)(Is +215) — 2(d — 1) (Tio + Tna) — 4(d — Dz,

where the I; are twelve relatively simple integrals to be detailed later on. As the computa-
tions and manipulations are rather long and tedious, we will illustrate the procedure using
one of the simplest contributions, &, in eq. (3.33), and show the remaining &; contributions
in terms of the basic integrals in appendix B. The &; contribution is given by:

— 1

1 _ 2,2
E1= Nd(d-1)Y e 24(q*+r%) (3.47)

272"
q7r qr

Using Schwinger parametrization to lift the momenta from the denominator, we then de-
fined an integral:

— 1
I = lz /Oo dZZ/ dl‘ 6_(2t+rz) q2—(2t+(1—27)2) r 9 (348)
2~ Jo 0
so as to rewrite: .
Er=1 MNdd-1)1, (3.49)
with the structure constants entering this expression through the definition of the symbol
> given in eq. (3.27).

q?r
The presence of the structure constants in each &; will let us formulate the integrands

in terms of Siegel theta functions. We may indeed rewrite NF? as:
1/ . .
NF(g,r,—q—1) =1 = 5 (e 4 emitanre) (3.50)

a substitution under which a generic integrand of the form:

T = Zef§q27ﬂr272fzqr ’ (351)
q7’r
becomes:
T — 7—2d Re {efw(5m2+un2+2vmn) (1 - eiQWénEm)} ’ (3'52)

m,nezd

where we rescaled the variables s = 47rl~_2§7 u = 47rl~_2ﬂ, v = 47Tl~_217, and where we used
the quantization of momenta in the twisted finite box to rewrite ¢ and r in terms of integers.
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The connection to Siegel theta functions becomes clear by introducing the function

G(S,U,’U, é) = Z Re (efTthA(s,u,v,O)M _ e*ﬂ'MtA(S,u,’U,é)M) 7 (353)
Mez24d
with

m A slly vlg + i0e
M = , Als,u,v,0) = e . 3.54
( n ) <S o > (vl[d —i0e  uly > (3:54)

In this expression I; denotes the d x d identity matrix and the sum over M denotes the sum
over the corresponding integers my,n,, regrouped into a 2d-dimensional column vector.
Recalling the definition of the Siegel theta functions:

/=) (Z’A) = Z eiTr(MtAM+22~M)’ (355)
Mez2d
this matricial expression takes the form:

G(s,u,v,0) = Re {@(O\iA(s,u,v,O)) — @(O\iA(s,u,v,é))} . (3.56)
Using this notation, the integral entering &4 reads:
1 - 00 1 5 5 R
[= 2z2d/ dzz/ dg;G(47rr2 (2t + 22, 4nl 2 (2t + (1 —a:)z),O,Q) . (357)
0 0

With this, only one last bit of manipulation is left in order to have the integrals ready
for the calculation of the energy density at NLO. In terms of the variables ¢ and ¢ defined
in eq. (3.38) and rescaling z appropriately we have:

& %0 1 A A A
I= W/O dZZ/O dwG (e (28 +22) e (2t + (1 - 2)2) ,0,6) . (3.58)

Introducing an auxiliary function ®(s,u, v, é) that incorporates the normalization factor in
front of the integral:

®(s,u,v,0) = NG(¢és, éu, év, 0), (3.59)
with:
62
= omi (3.60)

we rewrote the integrals in a fairly basic form allowing us to evaluate them numerically.
For instance, for the integral in &4:

[ee) 1
I / zdz/ de ®(2¢ + 22,2 + (1—2)2,0,0) . (3.61)
0 0

A similar procedure can be followed for all the terms contributing to the energy den-
sity at NLO, leading to the result in eq. (3.46) for £1)(t), where the twelve intervening
integrals are:

t/

L(®,¢) = / doz ©(2F, 22, 2, 0) (3.62)
0
t R

Ig(@,t')—/ dovx ®(2t',2t' 2, 0) , (3.63)
0

I;;(@,t’):/ dat'® (2t + z,2t' 1, 0), (3.64)
0
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t/ 1
/ d:v:v/ dy ®(2t', 2z, vy, 9), (3.65)
0 0

t/

/ dz/ dex ®(2t, (2 + 2)z, z,0), (3.66)

0 0
S t
—/ dz/ dx ®(2t' + 2,2, x,0) (3.67)
0 0
o0 t R
:/ dz/ dox ®(2t', (2 + 2)z,0,0), (3.68)
0 0
_/ dz/ dy 2t + 2,28 +4,0,0), (3.69)
0 0
:/ zdz/ dy/ dz 0.9 (2t + 22 +vy, 2, x2,0) , (3.70)
0 2=z
t/
Lip(®,t) / dz / dex Oy ® (2t + 2,2t 2, 6) (3.71)
% X
I (®,t) = / dz/ dxz® 0y ®(2t, (2 + 2)x, x,0) (3.72)
0 0
oo 1 t R
Lp(®,t) = / dz/ dy/ dza® Op®(2t, (2 + 2)x, 2y, 0) . (3.73)
0 0 0

3.2 Structure of UV divergences

As some of the integrals defined in the previous subsection are UV divergent in 4 dimen-
sions, in this subsection we will discuss how to parametrize their asymptotic behavior. We
will show that, in all of our cases, the divergent contributions can be expressed in terms
of an infinite volume integral that can be regularized through analytic continuation in d.
The relation to the existing infinite volume calculation from ref. [3] will be presented in
section 3.3.

The UV singularities are tied to the structure of the Siegel theta functions entering
the definition of the ® function:

C) <O|iA(és, ¢u, v, é)) = Z exp (—ﬂ'é (sm2 + un? + 2umn) — 27Tiém€n) . (3.74)

m,neZd

The real part of the matrix A(és, cu, év,é), obtained by setting 6 =0 in eq. (3.54), is
a positive definite symmetric matrix as long as det A(¢és, cu, v, 0 = 0) > 0, i.e. when
(su—v?) > 0, which ensures that the series defining the theta function converges uniformly.

It will be useful to define a new quantity:

U2

a=85——, 3.75
; (3.75)
which is always positive definite in our integration ranges, and hence the determinant will

be positive definite as well, except at the points for which u = 0.2

2In some cases divergences happen for the points (s, u,v) = (2t',2t',2t"), but, using a particular momen-
tum shift, they can be moved to (s,u,v) = (2¢',0,0). Indeed, the substitution: v’ =s+u —2v, v =v —s
can be implemented by shifting m — m — n within the momentum sums. Such a shift had already been
applied in order to give the definitions of the integrals in the previous subsection.
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The analysis of the asymptotic behavior of the integrals is much clearer once we apply
Poisson resummation as in eq. (3.43) to each component of n in the definition of ©:

O (0\2}4 (és, cu, év,é)) = (éu)_g Z exp ( wésm? — % (n — fem — zcvm>2> :

m,nez
(3.76)
Whenever fém ¢ 7%, the corresponding term will be asymptotically finite at u = 0.
However, in the case in which we have a vector of integers, we will be able to remove the 0
dependence by shifting n, thus leaving the asymptotic behavior to be driven by the shifted
n = 0 terms. Such terms go, as we approach u — 0, as:

(éu)_% Z exp (—méam?) . (3.77)
mezZd
This observation allows us to isolate the asymptotic divergence by identifying the cases for
which 6ém e Z?. The first case in which this occurs is whenever § = k/l, = 0, for any
value of m. For nonzero é, it will happen whenever ém = 0 (mod [;). Since the vector
ém has nonvanishing components only along the twisted directions, this will be the case
whenever m,, = 0 (mod ;) simultaneously for all twisted directions.
The terms responsible for the UV divergences at v = 0 have therefore been identified,
and come in two categories:

e For § = 0, terms with n = 0 and any value of m.

e For # 0, terms with n = 0 (after shifting away the 6 dependence), and m, =
0 (mod l4) in all twisted directions at once.

With this, we may begin the discussion on how the divergent integrals can be regularized.

3.2.1 Regularization

The regularization strategy will be based on splitting each integral into the sum of a finite
piece that can be directly evaluated at d = 4 and integrated numerically, and an asymptotic
term to be handled analytically using dimensional regularization. The way to implement
such a strategy will be discussed in this subsection.

We start by introducing a function H(s,u,v,0) given by:

H(s,u,v,0) =N Z Z Re {exp (—wé (sm? +un® + 2vmn) — 2m'ém€n)} ,  (3.78)
neZimezd

with the usual meaning for the prime in the sum over m. The ® function entering the
integrals can then be rewritten as:

D(s,u,v, é) = H(s,u,v,0) — H(s,u,v, é) , (3.79)

which is quite advantageous, as the explicit exclusion of the momenta m proportional to [,
from the sum automatically makes the term in 6 # 0 finite at « = 0. All UV divergences at
d = 4 thus come, in this parametrization, from the H(s,u,v,0) term, and are of the form:

d /

O (5, u,v) = N (¢éu)"2 Z exp (—méam?) | (3.80)

mecZd
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with « defined as in eq. (3.75), and, as we recall, positive definite everywhere in the
integrals. Hence, the sum over m is convergent, and the leading asymptotic behavior at

u = 0 is controlled by the u~%/?

factor (times the additional powers of u appearing in the
integrand prefactor). It will be useful to write the function ®©) in terms of the function
A(x) from eq. (3.39):

3O (s, u,v) = Ne ™% (ua)~¥? A(ea) . (3.81)

For reasons that will become clear later, we define:
(s, u,v) = Ne ™4 (ua) Y2, (3.82)
in terms of which we may rewrite:
O (s5,u,v) = A(éa) D®(s,u,v). (3.83)

This formulation will be useful to analyze the asymptotic UV behavior of the integrals
resulting from replacing the original function ® in the integrand by ®(©). Before discussing
the general treatment, we will deal with I; as a representative example. In this case the
integral diverges at x = 0 as u = 2x. The piece containing the divergence thus reads:

t t
Il(q)(o),t') = / dzz &0 (2t’, 2x,x) = / dzx & (2t’, 2.%‘,1') A (26t’ — éx/2) . (3.84)
0 0

which, substituting in the expression for ®*°, yields:

/

L(®O ¢y = N / dr ' =2 (4t — 2) A (268 — éx/2) . (3.85)
0

The asymptotic behavior at small z can then be obtained by expanding A (2¢ét' — éx/2)

1-d/2

around x = 0. The integrand of the leading term goes as =z , Whereas the next to

leading term is convergent in d = 4. Hence, the integral will behave asymptotically as:
. tl
Iy = A@et') | dex @™ (2,22, 2) = A(2¢t') [(2,1). (3.86)
0

Notice that in this expression the entire momentum dependence has been factorized into
the normalization constant A(2¢ét"), which happens to be the same factor that appeared at
leading order — see eq. (3.40). The integral I1(®°°,¢’) can then be evaluated in dimensional
regularization with d = 4 — 2¢, leading to:

!

¢ 1 1 4
L(®>®,¢) = N / daa' =2 (4 — 2)79? = NZ (2t')>¢ < + 3+ log 3) . (3.87)
0 €

The asymptotic expansion of all other integrals (except for Iy, which we will address sep-
arately) is obtained in the same way: we expand the function A(¢a) appearing in the
definition of ®© around u = 0, retain the leading term, and then use it to define:

IVt = A(2¢t") L,(D>,1). (3.88)
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Remarkably, the integrals I;(®°°,t') match the ones appearing in the infinite volume cal-
culation (up to a factor depending on N), which we will present in section 3.3.

We are now in a position to summarize, still keeping Iy aside, the regularization strat-
egy. The idea is to decompose the finite volume integrals into two pieces, one that is finite
in four dimensions:

Ity = L(® — O ) + (@0, ¢) — A2et)) I;(®>, 1), (3.89)

and another one, shown in eq. (3.88) above, that requires analytic continuation to four
dimensions and is proportional to each corresponding infinite volume integral. The ultra-
violet divergences of the original integral are contained in this last piece, and appear as
poles in 1/(d — 4), though only Iy, I4, I5 and Iy turned out to have such 1/e poles.

As for the strategy to regularize Iy, some modifications, described in detail in ap-
pendix C, are required. The initial integral is decomposed as:

Iog(t) = Ig(® — 0(1 — 2)®© ') — Iy(0(z — 1)@, ') + Iy(® @ ¢/, (3.90)

with the Heaviside step function 6 restricting the interval of integration over z. The first
term on the right hand side is finite in four dimensions, while the other two have to be
analytically continued to d = 4. Denoting Iy™® these analytic continuations, we end up with:

LE@9 =0, (3.91)

L0z - 1) ') = —Ne? /OO dz {(275’ +2)PA (62t + 2)) (3.92)
0

1
+/ de (2t + (1 —z) + z)_Q.A (e(2t' + z(1 — z) + z))} .
0
And therefore:
() = Ig(® — 0(1 — 2)0O ') — I;%(0(z — 1)) ¢/, (3.93)

and:
V) =o0. (3.94)
3.3 Infinite volume limit

The expression of the energy density in infinite volume can be easily retrieved (see [36]) by
making the following substitutions in egs. (3.28)—(3.35):

!
~ N?2 -1 diq
—d
z §q: 2 / et (3.95)
— - N? -1 d’q dir
§ =] § NF? — / / . 3.96

The resulting expressions for the contributions to the energy density, after integrating over
the d-dimensional momenta, can once again be rewritten in terms of twelve basic integrals,
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much like what happened in the finite volume case. We will first present the case of &4 as
an illustrative example, and then present the results for the general case.

The infinite volume expression for &, is obtained making the substitutions from
egs. (3.95) and (3.96) in eq. (3.33). After integrating over momenta, we have:

2 - 2 oo 2
£2() = Aod(jN;(lff)\; D < /O dz(2t+z)_d/2> . (3.97)

Setting ¢ = ¢é2t'/(47) and recalling the definition of ®> from (3.82), one trivially derives:

00 )\3 N -1 00
EX(t) = ?d(d—l)vlg(fb ). (3.98)
Comparing this with the finite volume expression:
A2 A2
1= Fa@-1) @)= Tdd-1) (Ign(t’) + A(26t) Ig(<I>°°,t’)> : (3.99)

we can relate the finite and infinite volume expressions for £4. In fact, the infinite volume
expression can be obtained from the finite volume one by taking the ¢ — 0, I — oo limit at

fixed ¢/, as I£"(¢') vanishes and A(2¢t') becomes N]f,gl. A detailed discussion on that limit

can be found in section 5.

Similar results hold for the other integrals, and thus the infinite volume energy den-
sity can be reproduced by performing a simple change in the finite volume formula from
eq. (3.46):

N2 -1
L(®,t) — N7 I, (3.100)
where 1§°(t') = 0 (see appendix C), and I2°(¢') = I;(®>°,t’) for the rest.

Computing the infinite volume integrals in dimensional regularization with d = 4 — 2e,
one derives the energy density:

E(t M(N?2—1)(d—-1 8t)€(4r)€ /(11 52
<]E;)>_ 0(2N2(87r)t()d/2 ){1+)\0( 1)6;2) <36+9—310g3>}, (3.101)

which agrees with the result obtained by Liischer in ref. [3].

4 ’t Hooft coupling at one-loop

As we provided in the previous section a regularized expression for the expectation value of
the energy density, we are now finally able to focus on several interesting results. Namely,
we will in this section derive the running of the coupling, its relation to the MS coupling,
obtain the A parameter, and present our numerical results for the case of the d; = 2

two-dimensional twist.
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4.1 Perturbative matching to the MS coupling at one-loop order

Let us begin by recapitulating what has been achieved so far. As we recall, we expanded
the observable (E(t)/N) up to NLO in powers of the 't Hooft coupling:
E(1)

<pJ>zMﬂ%o+%ﬂWw+oQ®, (4.1)

with the leading order term being given by:

(d — 1).A(26t")

0 —
g0 () = L

(4.2)
The function A(z) was defined in eq. (3.41), and the variables ¢ = wc?/2 and t' = 8t/(cl)?
were introduced to make the expression more compact.

The NLO contribution is written in terms of twelve integrals given in egs. (3.62)—(3.73),
regulated through analytic continuation in d = 4 — 2e. The leading asymptotic behavior of
each integral was identified, and a subtraction procedure was implemented, allowing us to
write the energy density at NLO as:

£ () = £5) (1) + ERI). (43)
1)

All of the 1/€ poles arising in dimensional regularization are contained in E(gw (t), a quantity

that can be trivially rewritten in terms of the infinite volume result el (t) as:

~ NZ2A(2¢et') e

EGlt) = NT 1t () (4.4)

Gathering all of these pieces, our results for the expectation value of the energy density
can be summarized in the following expression:

<E]5ft)> =20 EQ @) {1 —1—)\0(8151);;4;)6 (;1 + % — 3log3+01(t)> + O()\(Q))}a (4.5)

where C(t) is given by:
1672 (1)
£W©)(¢) fin

The perturbative relation to the MS coupling at one-loop order is obtained by simply

Ci(t) = (). (4.6)

introducing the expression of the bare coupling in terms of the MS one:

. e\ —€ Mg 11
Ao = Mg 1% (4me ) {1 — 1615\743 36} , (4.7)
leading to:
<N> =&Y () A\ys 1+ Tor2 \ 3 log(8tu“e™) + 9 3log3+Ci(t) | p. (4.8)

Setting the MS scale to u = 1/v/8t = 1/ (clN), the relation at one-loop order between the
two couplings reads:

Arar(l) = Ags () {1+ e gs(w) (4.9)
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with the following matching coefficient at one-loop order:

1 11 52
=— | = — — 31 4.1
c1 167T2<37E+ 9 30g3+C1> , (4.10)

and where we introduced the one-loop constant Ci:
¢ =0 (t - c2[2/8) . (4.11)

The ratio between A parameters in both schemes is then determined, as usual, in terms of
the finite one-loop constant c;:

Arcr 3 (11 52 c1
1 =—| = — — 31 = —. 4.12
0g<AMs 55 3’yE+ 9 3log3 + Cq %, (4.12)

The purpose of the rest of this section will be to evaluate C; numerically, in the case of a
single non-trivially twisted plane.

4.2 The matching coefficient for a two-dimensional twist

The ingredients required in order to compute the finite constant C;, entering the ratio
Arcr/Agg, have been provided in section 3.2. In the specific case of d; = 2, the computa-
tional effort that has to be invested in order to determine C; is considerably smaller than
for d; = 4, as the 8 x 8 matrices entering the expression for ® are reduced to, at most,
4 x 4. In particular, we have:

H(s,u,v,0) = NOI2(0|iAg (&s, éu, év)) (4.13)
xRe {0 (01i8 (s, éu,00,0) ) — ©2 (0]idy (esi2,éu,euly)) |
O (s5,u,v) = N (cu) ™% 0472(0,iéc) {03(0, icar) — 63(0,ieal2)} (4.14)

where we defined a 2 x 2 matrix Agp:

Ao (s,u,v) = (S ”) , (4.15)

vu

as well as a 4 x 4 matrix B containing the 0 dependence given by, denoting € the two-
dimensional Levi-Civita symbol:

- Ao(s,u,v)  —ife
B 0) = A . 4.16
<S’ " ) (i@e Ao(s,u,v) ) (4.16)

The starting point for the numerical calculation of C; will then be given by egs. (3.89)
and (3.93), defining If®. All these integrals have been built to be finite, so d can be set to
four, and I, to IV, in all intervening expressions. The calculation will come in two steps,
the first of which will involve using a short Mathematica program to evaluate:

L(®O ¢ =1)— A(2¢) (<, t' =1)  fori=1,---8andi=10,---12,  (4.17)
L0z - 1) ¢ =1). (4.18)
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The required Jacobi theta functions are part of the standard Mathematica package, and
for the integration we used the numerical integrators provided by the program by default.
The derivatives appearing in some of the integrals were computed using finite differences.

The second step is far more complex from a numerical viewpoint, as it encompasses
the calculation of:

L(®— o0 ¢ =1) fori=1,---8 and i = 10, - - - 12, (4.19)
Ig(® — (1 — 2)@© ¢ = 1). (4.20)

Two independent codes were prepared for this second step, one of them written in Math-
ematica® and the other in C++. The former, much like in the first step, made use of the
standard Mathematica packages, numerical integrators, and finite differences to compute
the integrals, whereas the full details of the inner workings of the latter can be found in
appendix D. We will simply mention here that different errors were used for each of the
integrals, depending on computation time. The relative errors ranged from 10~% in the best
cases (for the single integrals), to 10~3 at worst for Iy, which was by far the bottleneck.
The value of ¢ also had significant effects, with lower values taking longer times to compute.

Two key aspects are particularly interesting in the analysis of the results: the depen-
dence on c of the coupling at constant 0, and the general dependence in 0.

For an example of the former, we analyzed in detail the case of SU(3) with k = 1,
with ¢ ranging from 0.18 to 0.8. The results for C; are shown in table 1. Figure 1 displays
log(Arar/Agfg) as a function of c. In a few points we plot the results obtained with both
the Mathematica and the C++ codes, which are perfectly compatible (errors in the data
points are smaller than the size of the symbol). The yellow horizontal line shows the
result obtained when the gradient flow coupling is evaluated at infinite volume. A detailed
analysis on the approach to the infinite volume and the dependence on the number of colors
is presented in section 5, but for now we will simply mention that at constant energy scale
W= (cl~)_1 and fixed N, taking ¢ — 0 is equivalent to taking the large volume limit, in
which log(Argr/Agzg) should approach the yellow line in the plot.

As for the study of the general dependence on 6, we considered a series of coprime
values of k and (small) N such that 6 ranged from 0.14 to 0.5. The full results for C; are
shown in table 2 and figure 2, in which they are plotted as a function of 6 for several values
of ¢. We observe that the dependence on 0 is rather smooth for the considered values
of k,N. A discussion about the é—dependence for larger values of N will be presented
in section 5.

5 Dependence on the number of colors and the magnetic flux

In this section, we will analyze the dependence of A(cl) on the number of colors N and
the angular variable § = k/ lg. We will consider two different limits, both of them taken at
fixed value of the renormalized 't Hooft coupling. The first is a singular large N limit in
the spirit of those introduced in ref. [39], in which N is sent to infinity while the torus size

3In this case it turned out to be convenient to evaluate the two steps of the calculation jointly.
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& Cl C Cl C Cl C Cl
0.18 | 0.224(8 0.34 0.301(5) 0.50 | —1.831(3) || 0.66 | —4.577(12
0.19 | 0.289(7) || 0.35 0.228(6) 0.51 | —2.014(6) || 0.67 | —4.727(20
0.20 | 0.353(7) || 0.36 0.142(2) 0.52 | —2.198(3) || 0.68 | —4.862(17
0.21 | 0.404(6 0.37 | 0.0530(16) || 0.53 | —2.383(3) || 0.69 | —4.998(17
0.22 | 0.451 0.38 | —0.0464(5) || 0.54 | —2.569(3) || 0.70 | —5.119
(
(
(

0.23 | 0.493 0.39 | —0.152(3 0.55 | —2.755(4) || 0.71 | —5.239(10

0.24 | 0.536(3) || 0.40 | —0.268(2 0.56 | —2.947(8) || 0.72 | —5.359(10
0.26 | 0.570(2) || 0.42 | —0.525(4 0.58 | —3.303(10) || 0.74 | —5.581(14
0.27 | 0.567(4) || 0.43 | —0.664(3 0.59 | —3.482(10) || 0.75 | —5.705(10

0.28 | 0.558
0.29 | 0.532
0.30 | 0.508(4
0.31 | 0.473
0.32 | 0.426(6
0.33 | 0.361(3

0.76 | —5.806(18
0.45 | —-0.971
0.46 | —1.134
0.47 | —1.302(4
0.48 | —1.474(3
0.49 | —1.650(3

(10)
(10)
(14)
0.61 | —3.808(10) || 0.77 | —5.877(60
0.62 | —3.968(12) || 0.78 | —6.011(40
0.63 | —4.125(16) || 0.79 | —6.141(40
0.64 | —4.280(12) || 0.80 | —6.248(40
0.65 | —4.435(16)

(12)
(20)
(17)
(17)
(15)
(10)
(10)
0.57 | —3.125(9) || 0.73 | —5.460(17)
(14)
(10)
(18)
(60)
(40)
(40)
(40)

(8)
(7)
(7)
(6)
(2)
(2)
(3)
0.25 | 0.557(3) || 0.41 | —0.385(2
(2)
(4)
(3)
(5)
(4)
(4)
(6)
(3)

(3)
(2)
(2)
(4)
(3)
0.44 | —0.813(2) | 0.60 | —3.646(14
(5)
(5)
(4)
(3)
(3)

Table 1. Results for C; for the SU(3) gauge group and a range of values of c.
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Figure 1. We display log(Arcr/Agps) as a function of ¢ for the SU(3) gauge group and k = 1.
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k| N|6=k/N c=0.5 c=0.8
1|7 0.1429 —5.814(20) —8.693(62
1] 6 0.1667 —5.729(19) —9.080(47
1] 5 0.2000 —5.098(17) —8.843(43
1| 4 0.2500 —3.808(16) —7.912(40
217 0.2857 1(15) —7.156(39
1|3 0.3333 .818(14) —6.220
3| 8 0.3750 —1.073(16) —5.545(37
21 5 0.4000 —0.724(16) —5.222(37
31| 7 0.4286 —0.418(16) —4.937(36
5| 11 0.4545 —0.228(15) —4.757(36
1| 2 0.5000 —0.092(16) —4.634
Table 2. Results for C; for several SU(N) gauge groups and values of k.
0.8
0.6 |
0.4} .
502}
= —
<
(LB 0 [ ————————
E" 0.2
A\A/ /
04 Infinite Volume
v c=0.4
e . c=0.5
06| e c=06 ——
c=0.7 ——
0.8 ! ! C=Q'8 o
' 0.15 0.3 0.45 0.5
A —
0=

Figure 2. We display log(Arcr/Ayg) as a function of 0 = k/N for different choices of gauge group
and magnetic flux. The hollow and full symbols correspond to the results of the Mathematica and
C++ codes respectively, though the overlap makes them indistinguishable in almost every case.
The error bars of the results are smaller than the symbols used, but the errors can easily be worked

out from table 2.
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is sent to zero in such a way as to keep ! fixed, and the second is the thermodynamic limit,
achieved by simultaneously sending ¢ to zero and [ to infinity while keeping ¢l fixed. The
idea that the infinite volume limit can be attained at [ — oo by sending either the torus
size or the number of colors to infinity is implicit in our construction.

5.1 Singular large N limit and é—dependence

Singular large N limits such as the one described above have been employed in various
contexts. In ref. [12] the non-perturbative running of the SU(co) 't Hooft coupling was
computed through a step scaling procedure implemented by changing the rank of the
gauge group. The calculation was done in the extreme case of TEK reduction on a one-site
lattice with an effective size given by [ = av/N, where a denotes the lattice spacing. The
continuum limit at fixed [ was achieved by sending NN to infinity, allowing the authors
to compute the evolution of the coupling constant through a wide range of scales, and
matching the two-loop perturbative formula at small coupling rather well.

These type of limits have also been considered in the framework of non-commutative
field theory. The gauge theory we are considering is equivalent, through the Morita du-
ality, to a non-commutative gauge theory whose rational adimensional non- commutatlwty
parameter is given precisely by 0 a mapping through which the effective torus size [ cor-
responds directly to the size of the non-commutative torus in the dual theory. One of the
proposals raised in ref. [39] was to define non-commutative gauge theories at irrational val-
ues of 0 through a sequence of ordlnary SU(N;) twisted Yang-Mills theories with increasing
number of colors and §; = k;/N; — 0. In 2+1 dimensions, ref. [37] has shown that this is
only possible, avoiding tachyonic instabilities, for an uncountable zero-measure set of values
of é, such as for instance a sequence of values of k and N defined through k;/N; = F;_5/F;,
where F; denotes the ith term in the Fibonacci sequence. In that case, instabilities in the
large N limit are avoided and the limiting sequence tends to 6 = (3 — v/5)/2.

In 241 dimensions, the condition required to avoid instabilities has been shown to be
given in terms of a quantity dubbed Zi,:

Zwin(N, k)= min  m|/fm]], (5.1)

m##0 (mod ly)
where the symbol ||z|| is used to denote the distance from x to the nearest integer [37, 40].
Tachyonic instabilities and symmetry breaking transitions can be avoided as long as Zpin >
0.1. Remarkably, this parameter also controls, in 4-dimensional perturbation theory, the
size of the contribution of non-planar diagrams to the expectation value of Wilson loops [36].

The limiting procedure to define non-commutative gauge theories at irrational values
of the non-commutativity parameter relies on the assumption of continuity in 6. The
one-loop matching constant C; depends on the choice of the parameter ¢ defining the
renormalization scheme, the rank of the group, and the magnetic flux k, and, in particular,
given a fixed value of ¢, one should analyze under which conditions the k and IV dependence
is fully encoded in the dimensionless ratio k/N defining 6. While a detailed analysis of
the 0 dependence is beyond the scope of this paper, we did look at the integrals I; and I
entering the definition of C; as representative examples of integrals that are respectively
UV divergent and finite after dimensional regularization.
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Figure 3. Dependence on 6 of the I; and I> contributions to C; at ¢ = 0.30.
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Figure 4. Dependence on 0 of the I, and I, contributions to C; at ¢ = 0.15.

Figures 3 and 4 show how the I; and I contributions to C; depend on 0 for c = 0.15
and ¢ = 0.30 respectively. We have explored many values of N ranging from N = 2 to
N = 75025, the latter as part of the aforementioned Fibonacci sequence. For ¢ = 0.3, we
noticed that the dependence on 6 of both integrals is continuous, with the exception of the
point N = 2 in the case of I;. As ¢ decreases, however, several other points corresponding
to small values of N deviate from the general curve, and, in the case of I, we observe a
steep dependence on 0 for sequences approaching rational values, in particular for k/N = 0,
1/4, 1/3 and 1/2. A similar dependence on § has been observed in lattice perturbation
theory when considering the contribution at second order of non-planar diagrams to the
expectation values of Wilson loops [36], which can be understood in terms of the parameter
Zmin introduced earlier.

Let us take a look at how the dependence in this Z,,;, quantity enters in the I;
contribution to C;. The #-dependent term comes from the function H(s,u,v,6) defined in
eq. (3.78). This contribution is finite in the UV and given by:

62 1 dr , é . N -
B W/o Tz Z Z eXP{—2(4—x)m2 - 2éx(n_9€m)2+mmn} . (5.2)

meZ4 neZ4
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Figure 5. Z.,-dependence of the contribution of I; to the one-loop matching constant C;. The
red vertical line in the plots corresponds to Zn,;, = 0.1.

As all terms included in the sum have a non-zero value of é%m, UV-finiteness is guaranteed.
However, in the limit in which this quantity tends to zero, one would retrieve the divergence
present in the 6 = 0 term. We will in what follows show that such a limit is approached
logarithmically in Z,;,. Let us begin by considering the leading asymptotic behavior
for small z:

62

3A(2¢)

/ 1
L rly )
02 (0,2i6) 3 e2rem*+imma / Y oxp [~ lldeml?} . (53)
meZ2 0

where n denotes the integer closest to Gem. Integrating over x, we get:

e, ! omém2 i mi 7Z%(m)
o 0 0 2"\ —ZaTcmy 747Tmnl_‘ 0 5'4
3A(2¢) 3 (0,2i¢) mzezf [  oEmZ ] (5.4)

where Z2(m) = m?2||@m]|?. If the argument of the incomplete T’ function is small, this
goes as:

A2

3A(20)

! 2
2 . —9mém2 i mi wZ*(m)
B 0.20) Y et (o () e

meZ?

The logarithmic dependence in Z is tamed by the exponential damping in ém?, but at small
enough ¢ this suppression disappears, giving rise to the behavior presented in figure 4a.
This is more clearly seen in figure 5 where we show the contribution of I; to C; as a function
of log Zmin(N, k). The left plot shows the points for which the minimal value is attained at
m = (1,0), and the right one those with the minimum at m = (2,0), with the red vertical
line in the plots corresponding to Z,;, = 0.1. Sequences approaching 6 = 0 in the left plot
and 6 = 1 /2 in the right one are deep in the region with small Z;,, where a tiny change
in the value of 6 translates into a large change in the integral.

As a final remark, we will point out that the value of Zy;,, stays almost constant along
the Fibonacci sequence mentioned earlier, meaning that the results of the integrals will
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depend almost exclusively on the value of ¢. Therefore, as expected, the singular large N
limit can be taken safely along such a sequence, making it optimal, for instance, for the
determination of the SU(oco) running coupling using the reduction techniques employed
in ref. [12].

5.2 Large volume limit

So far, we have been discussing the dependence of the matching constant C; on the number
of colors and the flux-dependent parameter 6 for a fixed value of ¢, the parameter defining
the TGF scheme. In contrast, in this subsection we will be looking at a different type of
limit, namely the one in which ¢ tends to zero while the effective size is sent to infinity in
such a way as to keep flow time fixed (thus fixing the energy scale of the coupling as well).
This limit can be taken in two different ways, either by sending the smallest torus period
[ to infinity while keeping the rank of the group N fixed, or by sending N to infinity at
fixed [. If volume independence holds true, in both cases the infinite volume expression
should be recovered, and correspondingly C; should vanish. As we recall, at fixed value of
t, C1 is a function of three parameters: ¢, N and the magnetic flux k. In particular, all
of the dependence on the boundary conditions (i.e. the dependence on k) is contained in
C1, and will vanish in the thermodynamic limit provided C; does as well. We will therefore
analyze in what follows the behavior of the matching constant in the approach to the
thermodynamical limit, along with the size of the finite volume (or finite V) corrections.

To prepare for such a discussion, we will first take a look at the LO term in the expan-
sion of the energy density, eq. (3.40), with ¢ set to (cl)2/8. As we recall, the dependence
on ¢ and N came from:

A(rc?) = Fo(nc®, 4 — dy) (Fo(m% dy) — %Fo(m?l;, dt)> , (5.6)

where: )
™m
F = —-— . .
o d) = ) exp< " ) (5.7)
mez?
In the infinite volume limit, understood in the sense of ¢ — 0 at fixed 4, one has Fp(0,d) =1

and therefore: .

N2’

leading to a LO term in agreement with the results found in ref. [2]. The leading correction

A(re?) =1 — (5.8)

is exponentially suppressed with the square of the volume as:

2dy
-

exp{—1/(cly)’} = 0t exp{~1%/(81)}. (5.9)

If the large N limit (i.e. large [,) at fixed [ and constant cl, is taken instead, one gets
A(nc?) = 14+ O(1/N?), which does indeed correspond to the infinite volume large N limit.
The approach to the limit is in that case powerlike, with 1/N? corrections.

The discussion of the NLO term, on the other hand, is more involved and requires
some previous steps to be properly considered. As we recall, the different contributions to
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Cy can be written in a compact way as:?

I= BAZ(I%) /(ua)2 <ﬁ(s,u,v,0) — ﬁ(s,u,v,é) — A(Qé)) ; (5.10)

where we used the symbol [ to denote the integrals appearing in egs. (3.62)—(3.73) in a
generic manner, including the prefactors multiplying the ® function and derivatives when
required. The quantity ﬁ(s,u,v,é) is related to the function H(s,u,v,é) entering the
definition of ® through:

H(s,u,v, é) = P(s, u, U)ﬁ(s,u,v, é) , (5.11)

and it is given by:

N ~ A 1
H(s,u,v,0) = Re {Fl(a, u,v,0,4 — dy) <F1(a,u,v, 0,dy) — WFl(alg,u,vlg,O,dt)> } ,

(5.12)
with:

F a,u,v,é,d = (éa)¥? ex {—Wéam2 - Al n — 0ém)? 27ri3 mn} . 5.13

1 )= 3 e = (n— Gem)? + 2ri” (5.13)

In order to analyze the approach to the infinite volume limit, it is more convenient to

look at the expression resulting after Poisson resummation in m. We will, for simplicity’s

sake, focus on the case of the two-dimensional twist, d; = 2, and will move the full detail

of the computations to appendix E for clarity. We will separate each of the contributions
to C; into é—independent and é—dependent terms, given by:

Inp =119 + ; A‘(l%) { / (ua) "2 H' (s, u,v,0) + / gz (1 - % - A(és)> } . (5.14)
Irp =189 - 3;326) {/(ua)—2ﬁ’(s,u,v,é) + /Zi (1 - % - A(és)> } . (5.15)

where the function H' is obtained by subtracting the zero modes from H after Poisson

resummation (see appendix E for the details), and:

19 = _3A‘(12é) / (ua) ™2 <A(2é) — A(éar) — A(éau/s) + 1 — A;) , (5.16)
o) _ 4 — —%% e L 2 L —
ITD__WnZﬂ)/(ua) feT R {65 (O’éa)1;[63<”’éN2a) 1}’
(5.17)

where 2z, = €,,n,k/N + ivn,/(¢N?au), and where n denotes a d;-dimensional vector of
integers taking values in the intervals [—N/2, N/2) for even values of N, and [—(N —
1)/2,(N — 1)/2] for odd ones. The leading correction to the infinite volume limit is in

4The regularized expression for Iy is slightly different, see appendix C.
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general driven by the contribution of I&Ei) and I%g, and depends on two quantities: ¢a
and ¢au/s.

The simplest case corresponds to integrals I1, I and I4, for which both éa and éau/s
tend to zero in the ¢ — 0 limit in all of the integration range. The leading contribution,
derived in appendix E, is given by:

L= gmmge N (14 39p = 3log (3N?) - 36°N7), (5.18)
_ 2 -

L gmage ) (1-68N7), (5.19)
I — me—w)* (=1 + g — log (9¢*N?) + 3.544907702¢cN — ¢*N?) .  (5.20)

Integrals for which the infinite volume contribution I is UV-divergent at d = 4, such as Iy
and Iy, have a leading correction that goes as ~ log(c?N?) exp(—1/(cN)?). I$° is UV-finite
and the leading correction has a purely exponential decay in the thermodynamic limit, given
by exp(—1/(cN)?). We show in figure 6 the dependence of these integrals on c¢N for several
values of k and N, plotting their value multiplied by the factor (N2 —1)exp(1/(cN)?). The
continuous lines in the plot are given by the formulas presented above and describe very
accurately the data for small ¢/N. In the limit obtained by sending N to infinity and ¢ to
zero at small, fixed cIN, the three integrals also go to zero with corrections of order 1/N?2.

The general dependence of C; on ¢N as ¢N — 0 is in fact well described by a formula
analogous to eq. (5.20); an example of this for the case of SU(3) is shown in figure 7, where
C1 is displayed as a function of (¢N)2. The continuous line in that plot is the result of a fit
to the functional form f(cN) = exp(—1/(cN)?)(a + Blog(cN) + veN + 6¢*N?). In order
to push the calculation of C; to smaller values of ¢, we split it into two pieces, represented
by the open blue circles and the yellow squares in the plot. The most relevant part comes
from the contributions of I3, Ir, I1g, I11 and I;2, which we were able to compute down to
values of (cN)2 ~ 0.1. Asymptotically, this piece is described quite well by the function
f(cN), with a leading dependence on c of the form log(cN)exp(—1/(cN)?).

In the rest of this section, we will explore how the infinite volume limit is approached
for the remaining integrals (excluding Iy, Io, and I). The discussion is a bit more complex
in their case, as the leading correction goes as c? for each of the integrals, but the corrections
cancel out when all contributions to C; are considered. We will first analyze the case of I3
in detail to see how the cancellation takes place, and then generalize it to all other cases.
For this integral, in the ¢ — 0 limit, ¢au/s goes to zero in the full integration range, and
the leading dependence is given by:

4 > 1 )
_ 3.,4(26)/0 dz(3 4 22) 72 {l ~ Nz Ae(3+ 22)/2)} ) (5.21)

From this expression one can show (see appendix E for the details) that the dominant
correction in the ¢N — 0 limit is:

7(cN)? <a1 1

0= GNZARe \ M NZGQ(N)> T (5:22)
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Figure 6. The integrals I, I and I; multiplied by the factor (N2 — 1)e(eM) ™ as a function of ¢N.
The continuous lines are given by formulas (5.18)—(5.20).
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Figure 7. Dependence on ¢N of the SU(3) one-loop matching constant C;. The continuous line is
a fit to the functional form f(cN) = e*(CN)_Q(a + Blog(eN) + veN + 6c2N?). We separated the
contribution to C; into two pieces, plotted with open circles and squares.
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with a1 = —1.76508480122121275 and, for instance, as(N = 3) = 3.59085631503990722.
The quantity az(N)/N? grows logarithmically with N2, as shown in figure 8. One can show
that, in the infinite volume limit, all remaining integrals I; converge in the same manner,
being proportional to Iy with a proportionality coefficient of +1 for ¢ = 5,6,7, of -1 for
i = 10,11,12 and of 4 and -2 in the cases of I3 and Iy respectively. Combining eq. (3.46)
with these coefficients, it is easy to show that the total contribution of the leading (cN)?
term to C; vanishes.

We did not analyze in detail how the different integrals approach zero after subtracting
the quadratic piece in ¢, but, based on the results presented in figure 7, we expect other
possible power like corrections to cancel out as well when combined to form C;, the final
result exponentially decaying towards zero with a leading dependence on ¢ of the form
~ log(cN)exp (—(¢cN)™2?) /(N? — 1). A preliminary analysis was performed for the case
of I3, with the quantity I3 — Iy times the factor (N2 — 1)exp((cN)~2) being shown in
figure 9 as a function of ¢N for several values of N. Each point in that plot was obtained
from the exact expression for I3, and the continuous lines correspond to the approximate
expression obtained combining egs. (5.16) and (5.17). This decomposition is quite useful
towards analyzing the N dependence of the integral, and so we displayed each of the two
pieces in figures 10a and 10b as a function of the appropriate scaling variable c/N.

The é—independent term is presented in figure 10a, multiplied by the factor (N? —
1) exp((eN)™2) scaling away most of its N dependence. For ¢N — 0, the integral decays
exponentially as ~ exp(—(cN)~2), whereas in the large N limit at fixed value of cN it
goes to zero with quadratic corrections in 1/N?. The analysis of the é—dependent part
is more complicated, as one needs to take into account the dependence on the magnetic
flux k. The decay of I3 towards zero is in this case faster than exponential, going as
~ (¢N)? exp(—(cN)~2). This is shown in figure 10b, where we plotted I. ?EOT)D multiplied by
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Figure 9. The integral I3 — I multiplied by the factor (N2—1)e(¢¥) ™ plotted as a function of ¢N.
The continuous line is obtained from the approximate expression given by the sum of egs. (5.16)
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Figure 10. The leading contributions to I3 from eqgs. (5.16) and (5.17), multiplied by factors
(N2 — l)e(CN)_2 and (N? — 1)6(CN)_2/(CN)2 respectively and displayed as a function of ¢N for
various values of N and the magnetic flux k.

the inverse of this factor times (N? — 1) as a function of ¢N for various values of N and
the magnetic flux. In the large N limit taken at fixed ¢V, this term also scales to zero
as 1/N2. Tt would be interesting to study the é—dependence for large values of IV in more
detail for both this integral and the others, but such an analysis goes beyond the scope of
this paper.
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6 Summary and conclusions

We computed the perturbative expansion at one-loop order of the SU(NV) twisted gradient
flow coupling, including the matching to the MS infinite volume scheme at a renormalization
scale p =1/ (cl~) given by a combination of the size of the torus and the rank of the gauge
group. The corresponding one-loop finite piece was determined numerically in the case
of a two-dimensional non-trivial twist for which [ = [N. The computation was done for
a range of values of ¢ (the number relating the energy scale to the size of the torus), of
the magnetic flux, and for several values of the rank N of the gauge group, allowing us to

obtain the ratio of A parameters between the TGF scheme and the MS one.

Moreover, we deemed it interesting to explore the dependence of the coupling on the
number of colors and the magnetic flux in a bit more depth, and so we analyzed the
dependence of Apgp in two different limits. First, we studied the limit in which N and
the torus size are sent to infinity and zero respectively in such a way as to keep [, and
hence the renormalized ’t Hooft coupling at scale u =1/ (cl~), fixed. This is a singular large
N limit in the spirit of those introduced in [39], albeit a rather non-standard one since
non-planar, #-dependent diagrams survive the limit as long as [ is finite. The connection of
this case to non-commutative Yang-Mills theory is straightforward through the use of the
Morita duality: the non-commutative dual torus is of length [ and has a dimensionless non-
commutativity parameter given by 6=k /N. Our analysis also supports the observation,
first presented in [37, 40|, that the avoidance of tachyonic instabilities when taking the
singular limit is only possible for a zero-measure, though uncountable, set of values of 0.
Curiously, one of the successful cases, of limiting parameter § = (3 — v/5)/2, relies on
a sequence of Fibonacci numbers with £k = F;_9 and N = F; with F; denoting the i-th
element of the Fibonacci series [40].

The second limit at which we looked was the thermodynamic limit, in which c is sent
to zero and [ is sent to infinity while keeping the energy scale u constant. This leads to
the one-loop expression of the 't Hooft gradient flow coupling at infinite volume [3]. Our
results give support to the reduction idea, in the sense that the SU(oo) coupling in the
thermodynamic limit can also be recovered at fixed torus size by sending N, and hence l,
to infinity, in which case the limit is approached with 1/N? corrections.
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A The Feynman rules with twisted boundary conditions

The Feynman rules for the set of irreducible twist tensors used in this work have been
derived in various contexts both in the continuum (see for instance [65] and references
therein for a review) and in the lattice regularized version of the theory [23, 26, 33, 36]. In
this appendix, we will summarize the ones relevant to our work, derived in the continuum.

The set of allowed gauge transformations in our theory will be restricted to those
preserving the form of the boundary conditions in egs. (3.1), (3.2), using the irreducible
twist given in eq. (2.11), and the remaining gauge degrees of freedom will be fixed using a
generalized covariant gauge of parameter £ consistent with the boundary conditions. After
scaling the gauge potential with the bare coupling gy, the Lagrangian density, including
the gauge fixing terms, reads:

1 2 1 2 -
L= §T1“(FW) + gTr(ﬁﬂA#) —2Tr(¢d,Dye), (A1)

where D,, = 0,, + igoA,, is the covariant derivative and ¢, ¢ denote the ghost fields.

One may then obtain the propagators of the gauge and ghost fields using the Fourier
expansion of the gauge potential given in eq. (2.14), along with an analogous one for the
ghost fields:

Poulpr) = = (= (1= €) 52) 8(q +1). (42)
Pylp.a) = 58 +p). (A3)

where the momenta appearing in these expressions are quantized in units of the effective
size I.

The Feynman rules for the vertices are then obtained from the commutation relations
in eq. (2.17), and are expressed in terms of the momentum-dependent structure constants
F(p,q,—q — ). The terms contributing to minus the gauge fixed action are the following:

e 3-gluon term:

1
3|Vl(j)ll2#3 P12, P3) (H Ay, (pi) ) )

with:

V) s (P1, 12, p3) = igoV ™ 2F(p1.p2,p3) (Zm) (A.4)
X ((p3 - p2)#15M2u3 + (pl —p3)u25u1u3 + (p2 - pl)us(sﬂllm) .

e 4-gluon term:

4
|V/(L41)}12/L3u4 (p17p27p37p4) (H A,ui (pz)> 5

i=1

~ 34—



with:

4
Vﬁmusw (P1,p2,P3,P1) = —go (Z pi> (A.5)
=1
(F(pl b2, — F(pg,p4, —p3 _p4)(6u1u35u2u4 - 5u2u3éu1u4)

+ F(p2, p3, —p2 — p3) F (p4, p1, —pa _pl)(5u2u4 pn3p1 5#3#4(5#2#1)
+ F(plapi%a )F(p27p4, —Pp2 _p4)(5u1,u2 pu3pa 5#3#25;11;14)) .

e Ghost-gluon term:
3
. _1 _
VM = igoV "2 F(p1,p2,ps) pru €(p1)Apu(p2)c(ps) 6 (Zm) . (A6)

These rules can be easily used to derive different quantities, such as the one-loop
correction to the propagator. At order O(g3) and in the Feynman gauge (¢ = 1), the
vacuum polarization tensor can be obtained as shown in ref. [65]:

1

*(p+q)? (A7)

1
W (p) = 503V Y F (0,0, —p — )
q
X {4 (5;wp2 - pupv) +(d—-2) ((pu =+ 2‘]#)(191/ +2qy) — 25uvq2) } :

B Integral form of the energy density at NLO

As we recall, the energy density at NLO in the twisted gradient flow scheme can be ex-
pressed in terms of several integrals. In section 3.1.3, we chose for both clarity and concision
to show a single example of the derivation of these integrals, and left the expression of the
full seven O (A3) contributions to the observable (E/N) in terms of the integrals for this
appendix. The contributing &; terms are the following:

53 - f)\2{(3d NI +2(d—2)° 19}, (B.1)
= —3)\2 (d— )]12, (B.2)
42 {(d—2) (41, + 41, 4 2y — Ty — Ig) — 4 (d — 1) (Iyo + Iy + 213 — 2I)}, (B.4)

Ey= 5Agd(d —1) Iy, (B.5)
Es =N (d—1)(10I + Ig — Iy), (B.6)

:—2)\ {( )(I5+2112)+2(d—2)]13+(d—2)(d—1)]7—2(3d—5)]4}. (B.7)
When summing all of the terms contributing to £1)(t), the I; terms cancel out, and thus:
EDM)=2(d-2) (I, + ) — 4(d — )13 +4(3d — 5)I4 + 6(d — 1) (I5 — I¢) (B.8)

—2(d-2)(d-1)I7+ (d 2)*(Is +2Ig) — 2(d — 1) (Lo + 1) — 4(d — 1) L1z,
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which is the NLO result given in eq. (3.46). The intervening I; integrals are given in
eqs. (3.62)—(3.73), in terms of the auxiliary ®(s,u, v,0) functions from (3.60).

C Regularization of Iy

We will present here the full details of the procedure to regularize the integral Ig, defined
in eq. (3.70), which differs slightly from the general treatment described in section 3.2.1.
As we recall, the initial integral is split into three terms:

Ig(t) = Ig(® — 0(1 — 2)®© ') — Iy(0(z — 1), ') + L@@, ¢/, (C.1)

with the Heaviside function 6 restricting the integration intervals in z. The first term on
the r.h.s. of this expression is already finite in four dimensions, whereas the other two will
be shown to be so as well after analytical continuation to d = 4.

Let us start by discussing the treatment of Iy(®(),¢'). The original integral can be
rewritten as:

1 00 00 1
Iy(@© ¢y = 2/ dz/ dy/ dx (2220, — d)d©) (2t + z2 4y, z,22) , (C.2)
0 0 0

which, after some algebraic manipulation, becomes:

Io(@©) ¢y = /dv é_: 7 / Tz 4 )P A 2+ 2)) | (C.3)
- 0
where
1
7= / de (2(1 — 2))Y*? (de(1 — 2) — (d — 2)2%) . (C.4)
0

This integral Z is in d = 4 — 2¢ dimensions of order ¢ times zero. The asymptotic behavior
at z = 0 is then obtained by expanding A(¢(2t' + z)) around z = 0, leading to:

Io(®©) ') = A(2et') I (t), (C.5)
where
~A—d 00
It = Q/C 5 I/ dz 2 =2 (2t 4 2)~ U2 (C.6)
- 0

The integral over z presents a pole in 1 /¢, but it is cancelled when multiplied by Z, leading to
a final result that is identically zero for d = 4. This I§° is precisely the integral appearing in
the infinite volume calculation, and vanishes, as we have just seen, for d = 4 in dimensional
regularization.

The remaining Ig(0(z — 1)@, ¢') term can be treated in a similar way. One takes the

initial expression:

2=z

[e's) [e's) 1
Iy(0(z — 1)<I>(0),t’) = / zdz/ dy/ dz 0, ®) (2t’ +xzz+y, z',xz)
1 0 0
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and rewrites it in a form identical to eq. (C.2), only with the integral over z restricted to
the interval [1,00]. After some manipulation, the regularized result becomes:

~—d oo
I8(0(z 1)<I>(0),t'):—/:i/62/ dz {2(2t’+z)d/2A(é(2t’+z)) (C.8)
- 0

1
+(d—2)/ dx (2t'—|—x(1—x)+z)d/ZA(é(Qt’—i-x(l—w)—Fz))} :
0
which is finite in d = 4 dimensions, and which we were able to evaluate numerically.

D Numerical implementation of the integration algorithm

In order to perform the numerical computation required to obtain the results presented in
section 4.2, we prepared a code in C++ to compute the values of the ®(s, u, v, é) functions
and their derivatives at any point, and integrate them along the corresponding ranges using
the trapezoidal rule up to a target precision. We will in this section begin by explaining
how the computation of each ®(s,u,v) is performed, and then detail how the integration
algorithm works.

D.1 Momentum sums

As we recall, we had to compute the following quantity:
@ﬁn(s,u,v) = H (s,u,v,0) — H (s,u,v, é) — @(0)(3, u,v), (D.1)

which was made finite through the procedure explained in section 3.2.1, and where H and
®O) were defined as in that very section, taking d = 4. The three r.h.s. terms can be

rewritten in terms of momentum sums of the general form:

> exp (-nM'XM) = (det X)"2 Y exp (—nM'X M), seZ, (D.2)
MezZs MeZs

where we introduced a generic matrix X to denote either Ap or B from egs. (4.15)
and (4.16). We used Poisson resummation to write the sums in terms of both X and its in-
verse, allowing us to simultaneously compute several equivalent versions of the three terms
of ® which let us exploit the fact that convergence speed depends on the (s,u,v) point
being considered to speed up the program. We defined eight quantities to be computed:

o S 1 B S (0.3
m#0 mod N

Ey = (det Bp)~ Ze TMBy M, By = (det By) "2y e ™M Bo M (D.4)

n#0

PR S e eI,y

m=0 mod N
~ 1 B
E6 = (det B) 2Z€_ﬂ—MtB 1M, E7 = Ee_ﬂMtBM, (Dﬁ)
n=0 n=0
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where we used the shorthands By = B(és, cu, év, é), By = B(és,éu,é0,0), and B =
B(ésN?, éu,évN,0) for clarity. Several of these expressions are redundant:
Ey = E3 + E5, Ey = Eo + Ey, E¢ = En, (D.7)

allowing us to rewrite the observable ®f"(s, u, v) in four equivalent forms:

o (s5,u,v) = N'[E1(E1 — Eg — E4) + Es(Fg — Fs)], (D.8)
o (s, u,v) = N [E1(Ey — Eg — Eq) + Es(E7 — Es)], (D.9)
O (5, u,v) = N [Es(Eg — Fa) + (E3 + E5)(F3 + Es — E»)], (D.10)
O (5 u,v) = N [E5(Er — By) + (B3 + E5)(E3 + Es — Fy)]. (D.11)

We derivated these four equivalent expressions in the integrals in which it was required,
simply using the chain rule and computing the derivatives of each F; function when needed.

We will skim over the details of the algorithm used to generate the momenta in
the sums, simply mentioning that we defined a four-dimensional integer vector M! =
(mq,n1, me,n2) and generated the corresponding combinations of integers m;, n;, using the
M — —M symmetry in the integrand to shorten the computation time. The momentum
tetrads were generated in an orderly manner, starting with all contributions of the tetrads
with |m;], |n;| = 0,1, then adding the ones with some |m;|, |n;| = 2, then |m;|, |n;| = 3 and
so on and so forth, adding terms with momenta of increasing order until the sum converges
(in the sense that we will detail below).

Thus, the code simply runs through momentum tetrads of increasing order, and passes
them through a filter that checks whether or not m is proportional to N and whether or
not n = 0, computing and adding the relevant exponential terms to each of the eight F;
terms. Once every tetrad of a particular order has been processed, the program computes
the value of ®1™ up to that order in the four equivalent ways shown earlier, and checks
whether the variation of each term between the previous order and the new one is smaller
than a set quantity e times the value of the function. If that turns out to be the case for
any of the four expressions, the sum is considered to have converged and that particular
®fin is returned as the result. To avoid early spurious convergences, we set a minimum
order of four for the sum. The same relative error ¢ was also used as the convergence
criterion for the integration algorithm (see next subsection), and ranged between 1072 and
108 depending on the integral, due to differences in runtime between them.

D.2 Integration algorithm

Now that we explained how the integrand is computed at each point, we may focus on
the integration algorithm, for which we chose to use a fairly standard trapezoidal rule
for multiple integrals in which the integral along each coordinate is approximated using
an increasing number of trapezoids until a target precision is reached. We will begin by
quickly illustrating how a generic single-dimensional integral works in our code, generalize
it to the multiple ones, and then mention a few specific choices of strategy.

Consider thus a single integral over a finite interval, say for instance the interval
z € [0,1]. The code begins by computing the value of the integrand, which in this case
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would be the ® function, at the beginning and end of the interval, and approximates the
integral with a trapezoid. The integrand is then determined at the middle point z = 0.5,
and the integral is approximated with the two z € [0,0.5],[0.5,1] trapezoids. Then, at
third order, the integrand is obtained in the midpoints of the previous trapezoids, and the
integral is approximated with the four trapezoids [0,0.25],[0.25,0.5],[0.5,0.75],[0.75, 1].
This subdivision generated by computing the integrand at the midpoints goes on, until the
variation in the approximated integral between one order and the next is smaller than a set
target e (the same that we used for the ® functions above) times the value of the integral at
that order, at which point we consider that convergence has been reached and the integral
is finished. As we mentioned earlier, in our runs € ranged between 102 and 1078,

Multiple integrals are trivial in such a setting: one simply starts with the integral
over the outermost coordinate, z, but at every point in which the integrand needs to
be determined instead of computing the ® function, one recursively calls the integration
routine to obtain the integral over the next coordinate.

To allow for easier parallelization, and since the integrand tends to have more structure
near z = 0, we chose to split the integral in z into a set of pre-chosen subintervals, with
a shorter step size at smaller values of z, and treated the integration along each of these
subintervals separately. To avoid spurious convergences, we imposed a minimum of eight
points in each integration subinterval. Moreover, in the cases in which the integrals went
up to infinity in the z coordinate, we ran the integration code up to zmax = 10* and
extrapolated the result by fitting the results of the last ten subintervals to a simple shifted
exponential of the form Iy = ag — ale_‘l?(z_zmax), using the fitted ag as the final result of
the integral. A simple least squares method algorithm was used to perform the fits.

There were a couple of peculiarities worth mentioning regarding integrals Is and Ig.
For the former, and after performing a change of variables so that the second integral runs
up to x = 1, we noticed that the contribution to the integral is concentrated around z = 0,
with the profiles of the integrand over x peaking at small values of z and vanishing after

a range ~ 2z L.

This means that the strategy to keep dividing the integration interval
into halves in the x coordinate is quite inefficient, as the contribution is concentrated in
a small region and one is throwing many points into areas that are effectively zero. To
avoid this issue, we chose to subdivide the inner integral into 1,5,50,500 and 1000 equal
subintervals as z runs up to 1,10,1000 and 10000 respectively. As soon as the integral over
two consecutive subintervals in the x axis vanishes for z > 1, the subintervals that follow
are ignored entirely, greatly speeding up the computation without affecting the result.
The case of Ig is a bit special in that the regularization was different from the other
integrals, with a Heaviside (1 — z) function being introduced in the integrand (see the end
of section 3.2.1 and appendix C for the specifics) and separating the bits before and after
z = 1. For the numerical computation, we performed the same change of integral as in
Ig to make the second integral run up to ¥’ = 1, but then the Heaviside function became
a 0(1 — y/7') function, with the integrands being different before and after this point. As
convergence turned out to be painfully slow when both integrands were considered jointly,
we simply forced the integrals in 3’ to be split from 2z’ = 1 onwards into two subintervals
[0,1/2'] and [1/2,1], with the convergence of each side being considered separately.
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Due to the procedure we used to determine the convergence of the integrals, for a given
integral Z, and dubbing the number of integrals to perform n; (single, double or triple),
the final error of the integral is:

AT = (14 n;)eZ. (D.12)

This comes from the fact that both the error of the ® functions and the convergence
criterion for the integrals is given by the same €, so for a single integral:

T+AT=(1+¢€)) (P+AD)~(1+2)T. (D.13)

Additional integrals simply add extra 1+ ¢ factors, which end up generating the (1+n;)
term. In the cases where the integrals ran up to infinity in z and had to be fitted, we
presented as the final error either AZ or the error from the fit itself, whichever was larger.

Moreover, some issues were caused by some computed quantities hitting machine pre-
cision, slowing down the computation while leaving the results effectively unaffected. To
deal with them, we introduced several hard cuts in the integrals, integrands and determi-
nants. In particular, we made it so that any ® function returning a value under 10~'2,
any inner integral returning any value under 5 x 1072 (or 10710 in the cases of a few
intervals in which using 5 x 10712 led to severe slowdowns), and any exponential returning
a result over 10713 is automatically set to be exactly zero. The cut in the integrals is also
used in the convergence checks we mentioned earlier: whenever the value of the integral
times € becomes smaller than the precision cut, the precision cut is used as the convergence
criterion instead.

Lastly, we need to mention that, despite the integrals computed being finite, conver-
gence near the point (s,u,v) = (2,0,0) can become quite slow, as the integrand approaches
machine precision. To address this issue, a cut in v was introduced, setting the integrand
to zero when u < 0.01 in the integrals in which such point is part of the integration region
(namely, in I; for i = 1,4,5,7,9,11,12). This cut does not appreciably change the results,
as the contribution of the excluded area is well below the uncertainty of the total result.
To illustrate this, we show in figure 11 some examples of the profile of the integrand near
the aforementioned (s,u,v) = (2,0,0) point, in which one can both see that the integrand
is indeed finite and that the area excluded by the cut is negligible compared to the rest of
the integrand.

E The infinite volume and large IN limits

In this appendix, we will derive the formulas mentioned in section 5, which were used
to analyze the N and 6 dependence of C; at NLO in the coupling for the case of a two
dimensional twist (d; = 2). As we recall, the contributions to C;, barring the one from Iy
which is slightly different, can be written in the form:

4

I= A /(ua)2 (ﬁ(s,u,v, 0) — H(s,u,v,0) — A(Qé)) , (E.1)

where the notation [ was used to refer generically to the integrals from egs. (3.62)—(3.73),
including the prefactors multiplying the ® function and derivatives when required. The
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Figure 11. We display several examples of the profile of the integrand as a function of u near
(s,u,v) = (2,0,0) for several integrals for ¢ = 0.7, to illustrate that the cut introduced in u
(displayed as a vertical line near the origin) has no effect on the results.

function H (s, u,v,f) was defined through the relation:
H(s,u,v, é) = O>(s,u, U)ﬁ(s,u,v, é) , (E.2)

where ®>° was defined in eq. (3.82) and H is the function given in eq. (3.78), in terms of
which we rewrote the ® functions entering the integrals:

D(s,u,v, é) = H(s,u,v,0) — H(s,u,v, é) . (E.3)

The function H can be expressed as:

. . A 1
H(s,u,v,0) = Re {Fl(oz, u,v,0,4 — dy) <F1(a,u,v, 0,dy) — NzFl(ozlg,u,vlg,O,dt)) } ,
(E.4)
with:
2 § 1\ — (an)d/2 {_A 2 T s N2 v } .
1(a,u,v,0,d) = (¢a) Z exp | —méam” — — (n — 0em)= + 27mu mn (E.5)
m,nczZ4
It is convenient, in order to analyze the infinite volume limit, to look at the expressions
resulting after Poisson resummation in m for both the é—dependent and é—independent
parts. For the latter, Poisson resummation yields:
. 2
Fi(a,u,v,0 =0,d) = Z exp{—jer—jTSnz—i—mmn} . (E.6)

- co co cau
m,nec

In the é—dependent case, on the other hand, we begin by rewriting m = mly, +m¢, with the
components of mg, taking values in the intervals [~ly/2,1,/2) or [—(l; — 1)/2,(lg — 1)/2]
when [, is respectively even or odd. Poisson resummation is then performed with respect
to m only, leading to:

- 1 T 9 TS 9  2mv
Fi(a,u,v,0,di) = N2 Z ZGXP{—éalgm —@(H—X) + éozulgm(n_X)

m,neZdt me

2
+ iﬂmmc} ; (E.7)
ly
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the

symbol [|z|| denoting the distance from x to the nearest integer. Introducing x, = ng,/ly

and inverting the relation between m® and n® to write m® = ken® (mod [;), we obtain:

where we introduced a di-vector x whose components are given by x, = [|0émy|],

X 1 ’7T
Fi(o,u,v,0,d) = 2 Z Zexp {éaulQ (um2 + s(nly —n)? — 2vm(nl, — nc))
g

m,neZdt n°

+ z'2l7rkmenc} . (E.8)
g

The two terms entering ﬁ(s,u,v,é) and Fl(s,u,v,O) can be rewritten matricially.
Recalling the expressions of Ay and B from eqs. (4.15) and (4.16) we have, in terms of
Siegel theta functions, and particularizing to the case of d; = 2:

ﬁ(s,u,v,O):@z(O‘iAo<1 S )) (E.9)

éa’ éau’ éau

1 s v 1 1 s v
02 0"A -5 v ) e 0];4 o ,
{ ( ! O<éa éau éau)) N2 "0\ eN2Q dau’ ENaw
and:

ﬁ(s,u,v,é):%@2 <0‘iA0<} 50 >) (E.10)

ca’ cau’ éou
1 s ) k 1 s v
- LA "A |
{Re@ <0‘Z <6N2a’6N2au’éN2au’N>> © <0Z 0<6N2a’éau’éNau>>}

We will now split the original integral into two pieces, setting 6 = 0 in one part to

confine all of the § dependence to the other one. As we want both of them to be well
behaved both in the IR and in the UV, it will be convenient to first isolate the terms
corresponding to zero-modes at each step of the calculation, both before and after Poisson
resummation. In the original definition of H, given by eq. (3.78), the terms with m = 0
were already subtracted, so we simply need to take away the terms corresponding to n = 0.

Doing so leads to:

= 3,;(12@) / {(ua)2 (Fr(s,u.0,0) — A(26)) - jz.A(és)} (E.11)
- stz | {2t e - jjA(@s)} |

The analogous procedure after Poisson resummation, i.e. subtracting the expressions ob-

tained setting m = 0 and n = 0 (separately) in eq. (E.9), and adding back the m =n =0
one, yields:
N N N? -1 S
H =H C A — =1 E.12
(00,0 = /(5,00 + Alea) + o od (05 ) <1 may

where H’ denotes the resulting function after subtracting those zero modes. The same
can be done for the term containing A(¢s), whose zero mode contribution is given by

—(1 —1/N?)c?/s%.
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The term H (s,u,v, é) containing the 0 dependence requires a bit more work, but the
idea is the same. We begin by rewriting the components of the 4-vector n along the twisted
directions as n, = n,N +n., with n. a 2-dimensional vector of integers taking values for NV
even or odd in the respective intervals [-N/2, N/2) or [—(N — 1)/2, (N — 1)/2], and then
subtract the terms corresponding to n, = 0 along periodic directions and 7, = 0 along the
twisted ones. Subtracting the m = 0 terms as well, and adding back once more the doubly
subtracted ones, we end up with:

- Ao - éau) N?-1 is
H =H' - 3 E.1
(sct0.0) = ' (scu,8) -4 (2 ) 22 (0.2 (613
+ : Ze sy Re |63 (0 ! H 03 z d 1
LS el - K3 )
N2 2 PP N au e ) L P\ eNa ’

where 2, = €unek/N + ine,v/(EN2au).
We may then rewrite each of the integrals contributing to C; as the sum of two com-
ponents I = Itr + Itp, the latter containing all of the § dependence:

In =119 + ; A‘(l%) { / (ua) "2H'(s,u,v,0) + / gz (1 - % - A(és)) } . (B14)
Tep = 1) — 3}(326) {/(ua)—2ﬁ'(s,u,u,é) + /Zz <1 _ % - A(és)> }  (B15)

where:
o4 / (uar) ™2 (A(zé) —A(éa) — A(éau/s)+1— 1) (E.16)
TL = 7 34(2¢) N2 '

) 4 _9 _ATFS"E 9 ) 7
ITD = —Wgo/(ua) e CN2auRe{93 (0760[> ];[93 <Zu7é]\f2a> —1} y (El?)

and with n. and z, as defined above.

From this expression, one can analyze the ¢ — 0 limit, whose approach is driven by
two variables: éa and éau/s. In all contributing integrals but Ig and Iy, one of the two
variables vanishes for all of the integration range when taking such a limit. The first thing
worth noting is the fact that zero modes have already been subtracted from all terms not
included in 719 and %% and hence the leading order in the & — 0 limit for them will be
proportional to:

4 9 s TS
S _ - E.18
3N2A(20) / (ua) 2 exp { ‘N’ iNPau 2 (E.18)

which approaches zero at least exponentially in the ¢N2 — 0 limit, and goes, in the large
N limit taken keeping ¢N? constant, as 1/N2. In most cases, the leading contribution in
the ¢ — 0 limit is hence given by Iéol) _anc} Ié%. )

The simplest cases are those of I;, I and Iy, for which both ¢a and éau/s tend to

zero in the whole integral range. Starting from the expressions of It; and Itp, it is easy
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to derive the leading correction to the large volume limit. In the three cases it is given by:

1 __T _ T _ TS
3(]\/'26—1)/(1101)2 {e 2éN2 — @ éaN? — e aauNQ} (E.lg)

All three integrals can be analytically approximated with this, leading to:

I — me*(cmiz (14 3vg — 3log (3¢*N?) — 3¢*N?) | (E.20)
b gmage o (1-64N7), (E21)
_ 1 _

I — ,me—(cm (1= + log (92 N?) — 3.544907702cN + *N?) . (E.22)

We will now consider the remaining integrals, looking first at the ¢ dependence of I(T(})
and L(l%. For I3, Is and I, the variable going to zero in the é — 0 limit is éau/s, and the
leading dependence is given by:

3,;(12@) / (u0) 2 {A(éa) 1 ;2} , (E£.23)

whereas for I5, I7, I11, and I 5 the variable going to zero is ¢o, and we have instead:

3AZ(126) /(”O‘)_2 {A (?) -1+ ]\1,2} : (E.24)

To leading order all these integrals go to zero as ~ ¢?, with a coefficient depending on N

that is identical in absolute value for all of them.
We will take a look at I3 as an illustrative example. The leading contribution in the
¢ — 0 limit for this integral is given by:

4 & 1
- d 22)7291 — — — A(é(3 +22)/2 E.2
3A(2é)/0 2(3+22) { 7~ A +22)/ )}, (E.25)
which allows us to separate A into two parts, one that depends on N and another that
does not:
AN (2) = 22(63(0,iz) — 1), (E.26)
A (2) = 22(62(0,iz)02(0,izN?) — 1) . (E.27)

Rescaling z to 2/ = éz in the first expression and to 2/ = éN?z in the second, we can

decompose the integral into the difference of two pieces I_:)()l) — f§2), which in the ¢cN — 0

limit become:

=1y _ ¢ > VN

I;7 = 3 (2&)/0 dz {93 (0,iz) — 1 z2}’ (E.28)
%= e dz<{62%(0,iz)02 (0,iz/N?) — 1 N E.29
3 3.7\72./4(26) 0 z 3( 722) 3( 7ZZ/ )_ - 22 . ( . )

— 44 —



-0.01 .
-0.02 i
-0.03
-0.04 i
3
0.05F s
I, ©
'006 B _ I- + =
10
0.07F -l ” .
gt 2
-0.08 | |'8/4 S
-0.09 | -lo/2 y
lo
-0.1 1 1 1 1 1
0 0.1 0.2 0.32 04 0.5 0.6
(cN)

Figure 12. The contribution to C; from the integrals I; with i = 5 — 10, shown as a function
(eN)2. The continuous lines are obtained from the approximate expression given by the sum of
egs. (E.16) and (E.17). The red line represents I as defined in eq. (E.30).

The leading order result in the ¢ N — 0 limit is thus given by:

R® 2
Iy = (3]\7(2,{:[()26) <a1 — ]\1]20,2(N)> + e (E?)O)

with a7 = —1.76508480122121275 and for instance a2(3) = 3.59085631503990722. One
can show that all the other integrals are also proportional to Iy, with the proportionality
coefficient being +1 for ¢ = 5,6,7 and -1 for ¢ = 10,11, 12 respectively. The results for
the case of the SU(3) gauge group are displayed on figure 12, with the red line in the plot
showing Iy and the remaining continuous lines representing the contribution of Iéol) + I%%.
The cases of Ig and Iy are shown in the plot as well, which also turn out to be proportional

to Iy with respective coefficients 4 and -2.
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