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Abstract

High dimensional integrals are abundant in many fields of research including quantum
physics. The aim of this paper is to develop efficient recursive strategies to tackle a class
of high dimensional integrals having a special product structure with low order couplings,
motivated by models in lattice gauge theory from quantum field theory. A novel element of
this work is the potential benefit in using lattice cubature rules. The group structure within
lattice rules combined with the special structure in the physics integrands may allow eflicient
computations based on Fast Fourier Transforms. Applications to the quantum mechanical
rotor and compact U (1) lattice gauge theory in two and three dimensions are considered.

1 Introduction

High dimensional integrals are abundant in many fields of research including quantum physics.
The aim of this paper is to develop efficient recursive strategies to tackle a class of high di-
mensional integrals having a special product structure with low order couplings, motivated by
models in lattice gauge theory [15] from quantum field theory. A novel element of this work is
the potential benefit in using lattice cubature rules [13, 29]. The group structure within lattice
rules combined with the special structure in the physics integrands may allow efficient compu-
tations based on Fast Fourier Transforms (FFT). Note the two different occurrences of the word
“lattice” here: one as a discretization tool in physics, and one as a method of approximating
integrals in numerical analysis.

The integrals being considered are motivated by problems from simulations of quantum field
theories, e.g., systems in high energy and statistical physics. In the simplest formulation, we
have an L-dimensional integral of the form

L—-1
/L H fz (.%‘Z',CEiJrl) dCC, with x = (l‘o, N ,IELfl) and Ty = X, (1)
D™ i=o
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where each variable x; belongs to a bounded domain D C R and each function f; depends only
on two consecutive variables x; and x;11. We will refer to the condition xy, = x¢ as “parametric
periodicity”. This is a defining characteristic of the class of problems that we consider in this
paper. Models in lattice field theory often couple the relevant degrees of freedom on neighboring
lattice sites, and as a result exhibit the structure of (1). As a concrete example we consider
here the topological oscillator or quantum rotor, see [1, 7, 8] and Section 2.1 below, which is
a 1D (i.e., one space-time dimension) quantum mechanical model in Euclidean time with L
lattice points. Often the functions f; are identical (or only one of them is different due to the
presence of the “observable function”), depend only on the difference of the two input variables,
and are periodic in each coordinate direction. For example, f;(u,v) = exp(fcos(v — u)) with
D = [—m, ).

Note that there are two senses of dimensionality here: typically by dimension we are referring
to the number of integration variables, denoted by L in (1) and later more generally denoted
by s; but there is also the space-time dimension of the underlying physical problem which we
will denote by d and describe as 1D, 2D or 3D (i.e., d =1,2,3,...).

Often in high energy and statistical physics, integrals of the form (1) appear in both the
numerator and denominator of a ratio that represents the expected value of an observable (see
e.g., (8) below). The end goal is typically to obtain this ratio rather than the separate integrals,
and a popular strategy is to tackle this using Markov chain Monte Carlo (MCMC) simulations.
Here instead we propose to treat the integrals by numerical integration methods.

One possibility is to apply an L-fold tensor product of a one-dimensional quadrature rule
to approximate the integral (1). That is, each integral over D in (1) is approximated by a one-
dimensional quadrature rule with n pointsty,...,t, € D and corresponding weights wy, ..., wy, €
R, so that the approximation to (1) is given by

n—1 n—1 L—-1
Z wko Tt Z ka—l H fl (tkiatki+1)7 (2>
=0

ko=0 kr_1=0

where for convenience we extend parametric periodicity to the notation of indices so that kr, = k.
We switch now to the general notation with s instead of L denoting the number of integration
variables. The approximation of (1) by (2) can be expressed in the general form

N
fl@)de ~ > wif(te), (3)
D k=1

where the N = n® points are denoted by ti,...,ty € D?® with the corresponding weights
wi,-..,wn € R being products of the one-dimensional weights. Product rules are generally not
recommended in high dimensions because the computational cost is generally O(n®) = O(N).
If the one-dimensional rule with a general integrand has error O(n~%) for some a > 0, then the
error for the product rule is also O(n™%). Expressing now the error with respect to the cost, it
would be O(N —o/ %), which suffers from the curse of dimensionality for large s.

Some alternatives to product rules in high dimensions include Monte Carlo (MC) methods,
quasi-Monte Carlo (QMC) methods [14, 13, 21, 26, 27, 29], and sparse grid (SG) methods [9].
SG methods use only a strategically chosen sparse subset of the n® grid points, thus reducing
the cost. Both MC and QMC methods take the form of (3) with equal weights wy = 1/N, but
now N is no longer the sth power of some number n, thus avoiding the exponential cost in s.
MC and QMC methods are fundamentally different: the MC points are generated randomly and
have an error convergence rate of O(N~1/2), while the QMC points are designed and chosen
deterministically to be better than random in the sense of achieving a higher order convergence
rate O(N~%), with « close to 1 or better, where a depends on the smoothness of the integrand
and properties of the QMC points. Modern QMC analysis in weighted function spaces can



(a) first order coupling in 1D (r = 1) (b) third order coupling in 1D (r = 3)
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Figure 1: Illustration of variable couplings

give error bounds that are independent of s, see e.g., [13]. Conceptually, this requires that the
integrands have low effective dimension, either in the sense that only the initial variables are
important (low truncation dimension), or that an integrand is dominated by a sum of terms
involving only a few variables at a time (low superposition dimension), see e.g., [10]. QMC
methods have also been considered for physics applications, e.g., in [2, 25] for lattice systems
and in [6, 12] for multiloop calculations in perturbation theory.

However, integrands of the form in (1) most likely will not have low effective dimension in
either of the two senses described above. So it is unclear if a direct application of QMC methods
to (1) would be fruitful. On the other hand, these integrands have a special structure: since
each product factor in (1) depends only on two neighboring variables, it has been shown in [1]
that a recursive integration strategy can be used to evaluate the product rule (2) very efficiently
without an exponential cost in s = L. We refer to (1) as an example in 1D with first order
coupling, and denote this coupling order by r = 1; see Figure 1(a) for an illustration of the
active variables in f;. Recursive integration has been considered in e.g., [11, 16, 19, 20], but not
for integrands with parametric periodicity xz; = x¢. For parametric periodicity a more careful
analysis is needed.

The first contribution of this paper is to review this recursive strategy from [1, 17] and
identify favorable scenarios when the cost can be further reduced using FFT. Our findings are
summarized in Table 1 in Section 3. As an example of the best scenario (Scenario (A7)), for the
integral (1) with f;(u,v) = exp(Bcos(v — u)), the cost for the product rectangle rule is only

O(nlog(n)), independently of L,

with an error of O(n™®) (or even converging exponentially fast in n) due to the well-known
Euler-Maclaurin formula for trapezoidal rules applied to periodic functions of smoothness order
«. In other words, it is possible to achieve the error of a full tensor product rule with a cost
that is independent of the number of integration variables L. This is a remarkable outcome!

The second contribution of this paper is to extend the recursive strategy to the situation
where the domain D in (1) is replaced by an s-dimensional domain D?, giving an L-fold product
of s-dimensional integrals of the form

/(v S)L

Here z € (D%)Y = DL can be interpreted as a matrix of size L x s, with &; = (z;0,...,%is-1) €
D? referring to its ith row, and we have parametric periodicity Z; ; = % mod L, j mod s for all
1,7 € N. Compared to our strategy for s = 1 we here just need to replace the 1-dimensional
quadrature rules by s-dimensional cubature rules. In particular, we propose to use n-point
lattice cubature rules, see below. We obtain completely analogous results in Table 1. In the best
scenario (Scenario (A7)) where FFT is applicable, the cost is only

L

-1
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O(nlog(n)), independently of L and s.

The error is O(n~®) where a depends on the smoothness of the integrand and properties of
the underlying lattice rule. The implied constant in the error bound is again independent of



L, but can potentially depend exponentially on s, unless the integrand belongs to a suitable
weighted function space, see the brief introduction of lattice cubature rules near the end of the
introduction and the references there.

The third contribution of this paper is to extend the recursive strategy further to higher
order couplings with arbitrary order r, that is, each function f;(z;,z;+1) in (1) is now replaced
by

fi@is Tig1s - Tigr),

with parametric periodicity x; = %; moq 1 in place for all indices ¢ € N; see Figure 1(b) for an
illustration of the active variables in f; with » = 3. Our aim is to control the cost with increas-
ing r. The motivation from physics models is that, instead of approximating a first derivative
(e.g., the angular velocity) by a forward difference formula which depends on two neighboring
variables, we use a central difference formula or other higher order difference formulas which
depend on more neighboring variables. This is motivated by the fact that in this way the discrete
lattice effects are suppressed and one is working closer to the desired continuum model. Here we
propose to use a tensor product of an r-dimensional lattice cubature rule (assuming for simplic-
ity that r divides L). Our findings are summarized in Table 2 in Section 4. We show that under
the right condition (i.e., if the functions f; have certain desirable properties, see Scenario (B7)),
the cost of the recursive strategy based on a (L/r)-fold product of an r-dimensional lattice rule
with n points is only
O(nlog(n)), independently of L and r.

The error is again O(n~) where a depends on the integrand and the lattice rule, and the
implied constant is independent of L but can potentially depend exponentially on r. In case
that the desired condition does not hold, we have an alternative strategy (see Scenario (B4))
with cost of O(log(L/r)n3).

The fourth contribution of this paper is to generalize the recursive strategy to 2D
problems with first order couplings of the generic form

L-1L-1

b b
/DzL2 H H fij (mfj — X — Tt ﬂfi+1,j) de, (5)
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where x = (a:“,:cb has 2L? components xff] and mi-”j for 7,7 =0,...,L — 1, with parametric
periodicity z7'; = 04 1 j moa 1 and w?,j = w?mod L.jmod L for all indices i,j € N. Generally
speaking, the form of the integrand given in (5) is characteristic of gauge theories which are at
the heart of quantum field theories to describe the mediating fields between matter fields, e.g.,
quarks. Here we consider a pure U(1) gauge theory in two dimensions, so-called “2-dimensional
compact U(1) lattice gauge theory”, see Section 2.2 below. We first show that the problem can
be turned into a nested integration problem where our favorable strategy (see Scenario (AT7))
can be applied to both the outer and inner integrals. Then we show that the problem further

simplifies to become essentially a 1D problem, yielding an overall cost of only
O(nlog(n)), independently of L.

The error is O(n~®) with a depending on the smoothness of the functions. This is truly re-
markable for an integration problem with 2L? variables.

The future outlook is to generalize the recursive strategy to 2D problems with higher
order couplings, and also to 3D problems where the number of integration variables is 3L3,
and eventually couple in matter fields. We have made some progress in this direction. The
challenge is that, even with the recursive strategy reducing the dimensionality of the problems,
the remaining integrals to be evaluated are still very high dimensional. We derived some explicit



representations of the integrals in terms of Fourier coefficients of the functions, and these may
hold the key to tackle these tough problems in future work.

Up to this point we have not yet formally introduced lattice cubature rules; we will do this
now. Rank-1 lattice rules [13, 21, 26, 29] are a family of QMC methods for approximating an
integral over the s-dimensional unit cube [0,1])*, with s = L or r or else as appropriate. They
take the form

;if(’““};’”), (6)
k=1

where z € Z*® is known as the generating vector of the lattice rule and determines the quality
of the rule. There is an underlying infinite lattice of points {%z : k € Z} C R*. The sum or
difference of any two lattice points is another lattice point. The cubature points of a lattice
rule are those points from the infinite lattice that lie in the half-open unit cube, together with
the origin. They form a group under addition modulo the integers. If a given integral is
not formulated over the unit cube, then an appropriate change of variables should be used to
reformulate the problem.

Loosely speaking, lattice rules can achieve the error O(N~) if the integrand f is periodic
with respect to each variable, and if its Fourier coefficients decay in a suitable way, where « is a
smoothness parameter which roughly corresponds to the number of available mixed derivatives
of f, see e.g., [29]. The implied constant in the error bound for lattice rules can depend expo-
nentially on s, but can also be independent of s by working in a weighted function space setting
with sufficiently decaying weight parameters. Good lattice generating vectors can be obtained
by fast component-by-component constructions, see e.g., [13, 28].

The outline of the paper is as follows. In Section 2 we introduce various physics models of
interest, to motivate the special product structure of the integrands that we consider in this
paper. For the next two sections, we move away from the explicit physics models and instead
consider generic classes of integrands with specific product structures, and develop strategies to
approximate the integrals efficiently under various assumptions on the properties of the product
factors. Specifically, in Section 3 we review and extend the recursive strategy from [1] in detail,
including the use of FFT and the extension to an L-fold product of s-dimensional domains; in
Section 4 we extend the recursive strategy to higher order couplings. Then in Section 5 we
return to the application of the recursive strategy to the quantum rotor, and in Section 6 we
consider applications to compact U(1) lattice gauge theory. Section 7 provides a brief summary.
The Appendix includes derivations of explicit expressions for some integrals using Fourier series,
paving ways for future work.

2 Description of physics models

Although in this article we are mainly interested in the mathematical structure of the integrals
to be solved, the motivation for the form of the integrals come from physics models. We therefore
describe here two models from physics which lead to such structures.

The characteristic of a quantum mechanical system is that not only the classical path con-
tributes to a physical observable, but — according to Feynman — that all possible paths have
to be taken into account. This leads to the notion of a path integral. Following Feynman’s
description, a quantum mechanical system is defined by the path integral

/ exp(—S[¢]) do, (7)
DL

where D is a domain in R and S|[¢] denotes the action of the considered quantum mechanical
model. For a general, mathematically well-defined formulation of the path integral we refer to



[18, 24]. Here we consider the special case of a time-discretized quantum mechanical system
which also renders the path integral well defined. However, the integral in (7) can still be of
high dimension L, where L can be in the thousands or much larger. Of physical interest is the
expected value (O[¢]) of an observable O[¢] which can be calculated within the path integral
formalism as

_ Jpr Ol¢] exp(=5[¢]) d¢
e ST

(8)

2.1 Quantum rotor

As anticipated in the introduction, the first model we are going to consider in this article is the
quantum rotor which describes a particle with mass mg moving on a circle with radius rg, see
[1, 7, 8]. Thus, the particle has a moment of inertia I = mor%. We investigate this particular
model because it has already some characteristic features of non-linear o-models and gauge
theories, see e.g., [15]. An example of such a gauge theory will be discussed in the next subsection.

In the simple quantum rotor model, the free coordinate of the system is the angle ¢ € D =
[, ) describing the position of the particle on the circle. In the continuum, the system is

described by the action
T'1 rdgy2
S(¢p) = —|{ =) dt. 9
0 [11) o

With T and I kept fixed, taking L time discretizations with lattice spacing h = T/L, and

approximating 3(92)? ~ %(%)2 ~ %, we obtain the discretized action and
observables
L1
I
Slé] = D (1—cos(diy1— i)  and  O[¢] = cos(¢pr1 — ¢x) for any k,  (10)
i=0

where ¢; = ¢, i.e., we assume periodic boundary conditions. Although unusual at first sight,
the choice of approximation %(%)Q o 1meos(@irimdi) g important, since the cosine introduces
periodicity. Numerically this will allow us to use FFT, and so reduce the computational cost
of the integration problem significantly. From a physics point of view, the cosine form is also
interesting because it resembles actions used for gauge theories and thus provides a proving
ground before tackling gauge theories.

Furthermore, it is important to note that any constant term in the action S, such as the 1 in

JOe S

1 — cos, can be removed because the action enters the ratio Te-s only as an exponent in both

numerator and denominator. Any constant contributions to the action will therefore cancel.
Hence, the ratio (8) is given by

_ Jpr cos (drs1 — dn) exp(B 1) cos(dipr — ¢1)) dep 5= 1% (11)
Jpr exp (BY15) cos(girn — ¢1)) dep ’ T

Note that the arguments leading to the continuum action (9) is referred to as the “naive
continuum limit” since the true, non-perturbative continuum limit is reached by sending h — 0
and therefore L = T'/h — oo, while keeping T and I fixed. The form of the lattice action in
(11) is not unique. Any action that reproduces the continuum time derivative when h — 0 and
L — oo is a valid discretization of the continuum action. For example, we may use a higher order
finite difference formula instead of forward difference, leading to higher order couplings in the
variables. More complicated forms of the lattice action can have the advantage that unwanted
lattice spacing effects are canceled out. Whether such possible, more complicated forms of an

(Ol¢])



action reproduce the correct continuum physics can, however, only be answered when the above
sketched non-perturbative procedure of the continuum limit is carried through.

Conversely, this non-uniqueness of the action can also be used to our advantage. Above,
we have introduced %(%)2 ~ % instead of the canonical %(%)2 ~ %(@)2
Both choices reproduce the correct continuum action [1], yet the cosine choice has significant
numerical advantages. In this sense, it is not only important to develop numerical methods that
are well-adjusted to meet the needs of computational physics, but modeling in computational
physics is an important step which allows for lattice actions to be designed such that they can
be addressed efficiently with existing numerical methods. A prime example is the discretization
of fermionic actions which come in a number of different incarnations with different advantages
and disadvantages [15, 23].

Observe that both S[¢] and O[¢@] are 2w-periodic with respect to each of the integration
variables ¢;. So the integrals remain unchanged if we shift the integration domain from [—m, )
to [0,27). We can then apply the linear mapping ¢ = 27z in each coordinate to convert the
integrals into the unit cube [0, 1),

We can also consider a slightly more complicated observable called the topological suscepti-
bility. The topological susceptibility x; is related to the topological charge @) of the system

=
Qe = 5= > (91— 65) mod [-m,m)), (12)
i=0
where
v mod [—,7) = {w mod 27 ifwmo'd 27 € [0,7),
1 mod 27 — 2w otherwise.

The topological susceptibility is then given by the expectation (with h set to 1)

X = 7((QI8])?). (13

In lay terms, the topological charge captures the winding number of the path the particle takes
over its lifetime in this circular universe of the quantum rotor. It is therefore an observable that
holds global information even though only local terms contribute. For example, the topological
susceptibility (13) can be used to extract the energy gap of the quantum rotor. Further discussion
on this observable is deferred to Section 5.3.

2.2 Quantum compact abelian gauge theory

The essential building blocks of models in high energy physics are so-called gauge theories. They
describe the physics of the force mediating particles between matter fields. The lattice action
of a gauge theory is constructed from gauge fields and assumes a particular form based on the
plaquette discussed below. The gauge fields themselves are represented by group valued variables
which are taken from the abelian group U(1), or the non-abelian ones, U(N) or SU(N) with
N > 2.

Models of high energy physics live in three space and one time dimensions and take the
group U (1) to describe the electromagnetic, SU(2) to describe the weak and SU(3) to describe
the strong interactions, the latter being the interaction between quarks and gluons. While
investigating these models in 3 4+ 1 dimensions would, of course, be physically most interesting,
they are, unfortunately, presently too demanding for our approach. However, lower dimensional
systems capture already a number of the essential characteristics of these realistic models and
being able to solve gauge theories in lower dimensions would open a most promising path to
address eventually interesting and important questions in high energy and condensed matter
physics.



As a very first target theory we will consider here 2-dimensional compact U(1) lattice gauge
theory [15]. The ratio of interest (8) for this model has in this case the denominator

L-1L-1

/DQL2 eXp (6 Z Z cos ((;Sﬁj + ¢?+1,j —¢i 41— ¢$j>> deo, (14)

i=0 j=0
and e.g., (using translational invariance) the numerator

L-1L-1

/D , cos (#60+0to — 081 — obo) exp (5 >3 cos (@8 + 01 — 6 — ¢§~’,j)> d.

i=0 j=0

Here and below D = [—m, 7], and we have parametric periodicity where all indices should be
taken modulo L.

The above model involves only first order couplings. We can have higher order couplings by
considering the Wilson loop with parameters r, and 7. The ratio of interest (8) in this case has
the denominator

L-1L-1

b b b
/2L2 P <B Z Z o8 (qzbﬁj T Oy Tt Byt Pitrag T Pitragrt T iy i,
D =0 j=0
— ¢ — ¢ — =Y
1+Trq,J+Tp i+re—1,5+7p R
b b b
= @iy, — Pijr—1 — ¢z’,j)) do, (15)

while the numerator should include an extra factor as observable, which could be the sum

L-1L-1

b b b
Ol¢] = Z Z cos (Qbfil,j F 01T O T Pirrag T Piragr T T Pitrg jir
i=0 j=0

a a a b b b
— Pitragiry — Pitra—tgtr, = 7 Pigan, = Pijn, — Pijan—1 = = %j)v
or just one of the terms in the sum.
The 3-dimensional compact U(1) lattice gauge theory is more complicated, involving more

than one cosine term in the action. In the case of first order coupling, the ratio of interest (8)
has the denominator

L-1L-1L-1

a a b b
/DSLS exp <5 Z Z Z [COS (Qbm;k - ¢i,j+1,k - ¢i,j,k + ¢i+1,j,k:)

i=0 j=0 k=0

+ cos (qﬁ?,j,k = Git1gk — Pigr T+ ¢?,j,k+1)
b b
+ cos (¢i,j,k — @i ike1 — Pk T ¢f,j+1,k>]> do, (16)
while the numerator should have an extra factor as observable, e.g.,

O[¢] = cos <¢8,070 — P00 — ¢8,0,0 + ¢If,0,o>-

Although using these cosine terms is a very common way of expressing a U(1) gauge theory
like QED (quantum electrodynamics), they are not particularly insightful with respect to the
U(1) structure and its generalizations. The angles ¢'; are the angles of U(1) elements @, =

¢'%%.. which itself describe the transformation that moves the field from one lattice point to a
neighboring point. The superscript a then denotes movement increasing the first index ¢ by one,



(a) 2D plaquette Pi“j’-b (b) 3D plaquettes Pz-a]’-bk, P,"JFA and Pib;.ck,
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Figure 2: Construction of the plaquette in two (left) and three (right) dimensions. In two
2,

along the path (i,7) = (i +1,j) = (i +1,j+1) — (i, + 1) — (4,5). The field transformation
along this path is given by (17). The angles ¢ contribute with a positive sign if moving right
or up, and with a negative sign if moving left or down. Left/right movement is labeled with
a superscript a and up/down movement with superscript b. In three dimensions an additional
foward/backward movement is denoted by the superscript c¢. Furthermore, there are three
independent smallest loops that can be taken; namely in the (a,b)-plane (black solid line),
(a,c)-plane (red dotted line), and (b, c)-plane (blue dashed line). Each of these planes equally
contribute a “2-dimensional” plaquette. We note that all links are straight lines which we have
bent simply for better visualization.

dimensions, the plaquette P jﬁb at lattice point (7,j) is constructed by transporting the field

i.e., @7 describes the transformation of the field moving from the lattice point (4, j) to (i+1, j),
while (@;{j)_l = % describes its inverse. Similarly q)f;j describes movement from (¢,j) to
(1,7 + 1). In three dimensions we also have a ¢ direction describing movement from (i, j, k) to
(1,7, k + 1). Following this procedure, U(1) gauge theories in arbitrarily many dimensions can
be constructed.

The cosine terms above now follow from the self-interaction of the quantum field. The
(non-trivial) first order discretization of this self-interaction is therefore given by the smallest
non-trivial path through the physical lattice. In 2-dimensions starting from the lattice point
(i,7) that is

N R . cD,Z-&-l,j . . (q>?,j+1)71 L. (Cbg,j)fl L.
(4,j) == (+1,j) —=> ((+1,j+1) ——— (4,j + 1) ——— (i,4). (17)

The self-interaction at the point (i, ) is thus given by the plaquette

PP = 00 5(88540) (@) 7 = A mel) (18)
and the cosines in the 2-dimensional action are precisely given by the real parts of the plaquettes
PZ]’-b. Real parts of larger loops are the Wilson loops. Furthermore, in three or more dimensions,
plaquettes can be built in the (a,b)-plane, (a,c)-plane, (b,c)-plane, etc. The 3-dimensional
action is thus given by summing over all three plaquettes at each lattice point. The construction
of the plaquettes in two and three dimensions is visualized in Figure 2.

In a similar way, taking ®¢; from U(N) or SU(N) and taking the trace of (18) would
allow for the construction of other gauge theories such as the weak interaction, using SU(2), or
QCD (quantum chromodynamics or strong nuclear force), using SU(3).

In addition to the self-interaction of the quantum field, the complete QED action also contains

an interaction term with fermions and a topological term. The fermions are not included in the



description shown above because they are modeled using Grassmann variables which can be
integrated analytically. The analytic expression for these integrals can then be treated as part
of an observable.

The topological term, on the other hand, is very interesting and notorious. While the
self-interaction term is given by the sum over all plaquette real parts, summing all plaquette
imaginary parts yields 27w Q[®] where Q[®] is by definition the topological charge. Note that
this is the field theoretical analogue of (12). The topological charge contributes to the action as
an additional summand i6 Q[®]. The coefficient 6 is called the vacuum angle and is set to § = 0
in the action we will discuss here. Physically the value of 6 distinguishes between superselection
sectors. It is therefore physically important to have numerical methods that can handle non-zero
values of 6.

Non-zero values of # are very prohibitive for many state-of-the-art methods in computational
physics because they render the action complex. Hence, techniques like Markov chain Monte
Carlo would require sampling from complex “probability” distributions. Alternatively, the term
could be treated as a complex-valued observable which leads into the notorious sign-problem
[3, 4, 17, 30]. Although we are not explicitly treating this term here, it is important to note that
this topological term is nothing but a sine of angle differences and thus shares all periodicity
and differentiability properties of the class of numerical problems we are studying in this work.
Hence, the methods developed here have the potential to address long-standing open problems
in high energy physics, going beyond the capabilities of state-of-the-art methods.

3 Recursive strategy for first order couplings

In this section we review and extend the approach from [1].
The integral of interest takes the generic form (1) (not restricted to the physics integrals)
and can be written equivalently as follows: with @ = (zg,...,zr_1) and xp = x,

7T = / "'/fo(fvo,fﬁl)fl($1,$2)f2($2,$3)"'fL—l(:IIL—l,l‘o)diUO"'dSUL—l
p Jp

L (L mantnnyin) e

e fL—l (xL—h 1‘0) de_1:| dl’o. (19)

We say that this problem has first order couplings because each function f; depends on a variable
x; and its next neighbor z;11, with the assumed parametric periodicity that xj = xg. The way
we have grouped the integrals in (19) would imply conceptually that we first integrate over 7,
and then xo and so on until z7_1, and finish with x¢. But the underlying parametric periodicity
means that there is no absolute ordering of variables. We could start from any variable and
go either forward or backward through the sequence. Our choice to begin from z; is just for
notational convenience. The reason to leave xq for the last is because it appears in both fy and
fr—1, far apart in our expression, and so a bit clumsy if we were to tackle it first.

For physics integrals involving an observable function which has up to first order couplings, we
will end up with an extra factor for the product function. This extra factor can be grouped with
an existing factor involving the same variables. Due to the parametric periodicity, without loss
of generality, we can assume that this observable function has been grouped with the factor fp.

Following the recursive integration strategy described in [1], each one-dimensional integral in
(19) is approximated by the same one-dimensional quadrature rule with points tg,...,t,—1 € D
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and weights wo, ..., w,—1 € R, to arrive at the approximation

n—1 n—1 n—1 n—1
Q0 = Z wko[ Z Wy 4t ( Z ka( Z wk‘lf()(tk‘oytkl)fl(tk17tk2)>fQ(tk‘Qvtk‘g))

k():O kL,1:0 k2:0 k1:0
"'fL—l(tkL_17tko):|' (20)

An important fact which was perhaps not sufficiently emphasized in [1] is that this approximation
(20) is precisely the tensor product rule (2). Therefore, the error of this approximation is O(n~%)
if the one-dimensional rule has error O(n~%). Furthermore, if each f; is smooth and periodic,
then the rectangle rule (i.e., equally spaced points ¢; on D and equal weights wy, = 1/n) becomes
the trapezoidal rule, and its error converges in O(n~%) by the Euler—-Maclauren formula, where
« is the smoothness order of the function (or even exponentially fast in n for analytic functions).

The expression (20) is equivalent to a time integrator in the quantum rotor model (and other
linear Schrodinger operators). This is mainly due to the relatively simple connection between the
Lagrangian and Hamiltonian formulations of classical quantum mechanics after discretization.
These similarities disappear for non-trivial quantum field theories, to the point at which the
Hamiltonian becomes so complex, e.g. in lattice QCD, that it cannot serve as guiding principle
any more.

Assuming that the cost of one evaluation of f; is O(1), a naive implementation of this
method by direct calculation of (20) would have cost O(n) and so suffers from the curse of
dimensionality. This is summarized under Scenario (A0) in Table 1. In the following, we first
describe the efficient strategy from [1] which improves the cost to Scenarios (A1)—(A4) in Table 1.
We then extend our discussion to even more favorable Scenarios (A5)—(A7) to complete the table.
Finally we explain that Table 1 also holds when the one-dimensional domain D is replaced by
an s-dimensional domain.

In Table 1 (and also later in Table 2) we assume that the chosen eig procedure returns
eigenvalues and eigenvectors to the desired working precision and its cost can be expressed only
in terms of n. In a similar simplification, we assume also that the quadrature weights in the
matrix W can be obtained up to working precision with negligible cost. These assumptions will
hold then also for the rest of this paper.

3.1 Recursive numerical integration

Let M; denote the n X n matrix with entries

(M;i)p.qg = filtp,tq) for p,g=0,...,n—1, (21)
and let W denote the n x n diagonal matrix with the weights wq,...,w,—1 on the diagonal.
Then we can express the innermost sum in (20) as

n—1

n—1
/2 1/2
> wiy fo(tres tey ) 1 (tey s thy) = D (MO)ko,klwk{ wk{ (M1)ky ks
k1=0 k1=0
n—1
- Z(Mowl/z)ko,kl (Wl/QMl)kl,kz = (MoW M1)gq ks
k1=0
where we used the properties that pre-multiplying by a diagonal matrix scales the rows while
post-multiplying by a diagonal matrix scales the columns. In turn, we have

n—1 n—1 n—1
Z Wiy < Z wk1f0 (tkoatkl)fl (tk:ptk:z)) f2 (tk‘gatkg) - Z Wiy (MOWMl)k(),k‘Q (MQ)k‘Q,kg

ka=0 k1=0 ka=0
= (MoW MW M2) kg s -
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Table 1: Cost of recursive strategy for first order couplings. M; is the n x n matrix of f;
at quadrature points. W is an n X n diagonal matrix with quadrature weights on the diagonal.
eig returns a diagonal matrix of eigenvalues. £ft takes the first column of a circulant matrix
and returns a diagonal matrix of eigenvalues. In all cases the quadrature error is O(n™%), with o
determined by the quadrature rule. The strategy extends to an L-fold product of s-dimensional
integrals with the quadrature rule replaced by an s-dimensional cubature rule. The cost is
independent of s, while the error is O(n~%), with o determined by the cubature rule and with
implied constant dependent on s.

’ Scenario ‘ Strategy Cost
(A0) naive implementation Q = direct product calculation nl
—wine . 1/2

(A1) recursive integration B Wn,y()Wle Mp—W Ln?
Q=2 k=0 Brk
A=W12Mwi/2

(A2) M; = M B = AF log(L) n?
Q=170 Brx
A=W12Mw/2

(A3) M; = M diagonalizable | A =eig(A) n?
Q=372 Agy
A=W12MWw2

(A4) M; = M except M B = W2 MW 1/2 AL log(L) n®
Q=12 Brk

, A; = ££t(M;/n) for each 7

A5) M; circulant e Z Lnlog(n

(45) Q= Zk:é z‘Lzol (Ai)k s
A=fft(M

(A6) M; = M circulant o-— ZZL(_é j/XZ)k nlog(n)
Ay = fft(Mo/n)

(AT) ]‘fl = Ml extcept Mo A = £££(M/n) nlog(n)

all circulan n— _

Q=Yg (Ao)kk Ayt

This eventually leads to

n—1
Q= > wy (MW MW MW -+ Mp,_1 )k o
ko=0
n—1
= > (WY2MWMW MW - My W'2) 1,
ko=0
= trace(B),  with B = WY2MWMW MW --- My_ W2, (22)

Hence, it suffices to compute the matrix B by successive matrix multiplications, and then
summing up the diagonal entries of B. Assuming that the cost for multiplying two n x n dense
matrices is O(n*) with pu < 3, the cost of the recursive strategy is O(Ln#). This is summarized
as Scenario (Al) in Table 1.

For physics integrals involving an observable function which has up to first order couplings,
as we explained before this can be grouped with the factor fy. So this situation is also covered
by Scenario (Al).
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For numerical stability, it may be necessary to scale the intermediate matrix multiplications
when implementing this method. We recommend scaling the matrix so that a prescribed norm
is 1.

3.2 Identical matrices

In the special case where all the functions f; are equal so that all matrices are identical, M; = M,
we have

B = A with A= WYV2MWY2

It suffices to compute the Lth power of A (using e.g., the method of “exponentiation by squar-
ing”) and then sum up the diagonal entries of the resulting matrix. The cost is then O(log(L) n*).
This is summarized as Scenario (A2) in Table 1.
If A is diagonalizable, that is,
A=PAPT,

with P an orthogonal matrix and with the eigenvalues of A on the diagonal of A, then since
B = A= PAY PT we conclude that

n—1
Q = trace(A%) = trace(Al) = ZA%,C
k=0

Thus we just need to find the eigenvalues of A, raise each of them to the Lth power, and
then sum them up. The cost is then O(n¢), which is dominated by the cost for the eigenvalue
decomposition, generally with £ < 3. This is summarized as Scenario (A3) in Table 1. Such
a scenario can occur when the functions f; are symmetric, i.e., fi(u,v) = fi(v,u). It is then
interesting to see whether strategy (A2) or (A3) is more efficient in practice.

For an integral with an observable function that has been grouped with fy, if all other
functions f; are equal, then we arrive at Scenario (A4) in Table 1, which effectively has the same
cost as Scenario (A2).

3.3 Cost saving by FFT
We now extend the strategy beyond [1]. If

1. each function f; depends only on the difference of the two arguments, i.e., f;(u,v) =
ki(v — u) for some function k;, and

2. each function k; is periodic, and
3. we have equally spaced points with equal weights 1/n (i.e., we have the rectangle rule),

then the matrix M; is circulant so that FFT can be used to find the eigenvalues.

While the restriction f;(u,v) = k;(v — u) may seem very restrictive at first glance, it should
be noted that o-models and gauge theories satisfy this structure.

If the functions f; are different, then analogously to (22) we write (leaving aside the weights
to be taken into account at the end)

B = MyM,---My_y, with M, = FANF,

where § is the unitary Fourier matrix and t is the Hermitian adjoint. Since the Fourier matrix
is unitary, we have

B =3FAA - A §T,
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and thus

n—1

Q = n~t trace(B) =nk Z(Ao)k,k(Al)k,k ce (ALfl)k’k.
k=0
So we carry out FFT on the first column of each of the matrices My, M1, ..., My _1 to find their
eigenvalues, multiply the resulting diagonal matrices elementwise, and then sum up the resulting
diagonal and divide by n”. The cost is therefore O(L nlog(n)). This is summarized as Scenario
(A5) in Table 1.

If all the functions f; are equal, then we carry out FFT only once to find the eigenvalues of
the common matrix M, raise each eigenvalue to the power L, and then sum up the results. The
cost is then reduced to O(nlog(n)). This is summarized as Scenario (A6) in Table 1.

If an observable function is present as explained, then fj is different while the rest of the f;
are equal. In this case, with My = FAo &' and M = FAF', we have

B = FAAE
and thus

n—1

Q = n Ltrace(B) = n_LZ(AO)k,k Aiil-
k=0

The cost is again O(nlog(n)), and this is summarized as Scenario (A7) in Table 1. In all cases it
is numerically better to perform the scaling by weights in each step, see Table 1. Additionally,
we recommend scaling the columns of the circulant matrices to have a prescribed vector norm
of 1, see the constant c in the Julia code in Section 5.1.

3.4 Extension to the L-fold product of s-dimensional integrals

We conclude this section by noting that the recursive strategy extends easily to the situation
where the domain D in (19) is replaced by an s-dimensional domain D* as in (4), or equivalently,

L-1
T = / / H fi(xiywi-‘rl) dCCO"'de—h (23)
Ds * =0

where x; = (.ZL'Z"(), RN xi,s—l) € DS, with
Zij = Timod L, j mod s for all 1,7 € N.

In this case the one-dimensional quadrature rule in (20) becomes an s-dimensional cubature
rule with points ¢g,...,t,—1 € D® and weights wy, ..., w,—1 € R, and the matrices M; in (21)
become

(M;)pg = fi(tp, tg) for p,gq=0,...,n—1.

Thus we have again Scenarios (A0)-(A4) as in Table 1.
Sufficient conditions to arrive at circulant matrices for the more favorable Scenarios (A5)—
(A7) are as follows:

1. each function f; depends only on the difference of the two arguments, i.e., fi(u,v) =
ki(v — ) for some function k; : D® — R, and

2. each function k; is periodic with respect to each of the s components, and

3. we have a lattice cubature rule t; = (kz mod n)/n for each k =0,...,n — 1, see (6).
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The group structure of lattice cubature rule means that the difference of two lattice points is
another lattice point. Combining this with equal weights 1/n gives us circulant matrices M;.
This is the main motivation here for favoring lattice cubature rules above all other cubature
rules!

We stress that the cost in all scenarios is independent of s. However, the error is O(n™),
where « is determined by the cubature rule and the implied constant may depend on s.

4 Recursive strategy for higher order couplings

Consider now an integrand which is a product of factors involving higher order couplings of
order r, with 1 < r < L — 1, with the underlying parametric periodicity that x; = z; moq 1 for
all 1 € N,

/D H fZ iy Tt - - x,+f,~) dx (24)

v 1=0
= /D‘"/;f0($0,$1,~~-,$r)f1(5517$27~-,1’r+1)“'fr($r7$r+1a---7$2r)
fr-1(@—1, 20,21, .. ., ) dag - - - dapo1.

In this section we generalize the recursive strategies from Section 3 using a tensor product of
r-dimensional cubature rules. Our approach is essentially to turn the given integral into an
(L/r)-fold product of r-dimensional integrals, a formulation that we discussed in Section 3.4
(replacing L by L/r and s by r). To avoid confusion, we summarize our findings in Table 2 for
easy comparison.

For simplicity of presentation we will explain this by considering the special case L = 14 and
r=3:

= /D"'/l)f0($07$1,$2,$3) J1(w1, w2, 3, 24) fo(w2, 23, 74, T5)

f3(x3, x4, w5, 26) fa(2a, 25,26, %7) f5 (x5, T6, 27, T8)
fo(z6, 7,28, 9) f7(27, 28, 29, 10) f3 (28, 9, T10, 211)
fo(zg, x10, 711, 212) f10(z10, 211, T12, 213) f11 (211, T12, T13, T0)
f12(z12, m13, w0, 1) f13(713, 20, T1, T2) dwp - - - dwys. (25)

We have deliberately chosen a value of L that is not a multiple of r.
We group every three (= r) consecutive variables together as follows:

I—/ / / / b0 ((zo, x1,22), (23, T4, 75))
p3 Jps Jps Jps

01((x3, x4, 5), (w6, 77, 78))
92(($ x7,38), (9, 210, 11))
03((x9, z10, 711), (w0, 21, 2))

d(zo, z1, x2) d(z3, 24, 5) d(z6, 27, 28) d(29, T10, T11),

where we defined

00 ((z0, w1, 2), (3,24, 75)) := fo(wo, 21,22, x3) f1(x1, T2, 3, 24) f2(22, 23, T4, 25)
01 ((x3, 24, 25), (6, v7,28)) = f3(23, 4,25, 26) fa(xa, T5, 26, 27) f5(25, 26, 27, 28)
02 ((z6, 27, 28), (v9, 210, 211)) = fo(6, x7, 38, 29) fr(27, T8, T9, 10) f3 (28, 9, T 10, T11),
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Table 2: Cost of recursive strategy for order r couplings. L is a multiple of r. M; is the
n X n matrix of ; at cubature points. W is an n x n diagonal matrix with cubature weights
on the diagonal. eig returns a diagonal matrix of eigenvalues. £ft takes the first column of a
circulant matrix and returns a diagonal matrix of eigenvalues. In all cases the error is O(n™%),
with a determined by the cubature rule and the implied constant dependent on r.

’ Scenario ‘ Strategy Cost ‘
= W2 ... 1/2

(B1) recursive integration B Wn_lijWMIWMz MypaW Ln3
Q=2 k—0 Bk
A=W2Mwi/2

(B2) M; = M B = AL/T log(L/r)n?
Q=170 Brx
A=WY2Mwi/2

(B3) M; = M diagonalizable | A = eig(A) n?

n—1 s L/r

Q= Zk:o Ak,/k
A=W2Mwi/2

(B4) M; = M except M B = W2 MW /2 AL/r=1 log(L/r)n?
Q=3"7") Brn
A = £t (M, f h 4

(B5) M; circulant :7(1 /Lrjz,,?r cacht (L/r)nlog(n)
Q= Zk:() i=0 (Ai)k,k
A =fft(M

(B6) M; = M circulant o- Zn(_l /(Z;T nlog(n)

= 2k=0 Pk k

Ag ::fft(ﬂ4b/n)

(B7) ]\i’ o Mlexsept Mo A =f£ft(M) nlog(n)

all circulan n— L/r—1

Q = S (A)es AL

with the exceptional last one

03((w9, T10, 711), (T0, 71, 2)) = / / fo(zg, 10, 11, 212) fr0(z10, 211, T12, 213)
pJD
Ju1 (211, w12, 213, 20) fr2(212, 713, 20, 1) f13 (713, 20, 71, 22) dw1o d13,

which took care of the remaining factors that arise because L = 14 is not a multiple of r = 3.
Next we apply a 3-dimensional cubature rule with n points %g,...,t,—1 and weights wy, .. .,
wn—1 to each integral over D3, to obtain

n—1 n—1 n—1 n—1

Q= Z Wiy Z Wiy Z Wke Z W 00 (Eko» Ty ) 01 (Bigs tig ) 02 (Eig, Tieg) 0 (kg thy),  (26)

ko=0 k3=0 k=0 ko=0
with 63 approximated by 05, obtained by the same cubature rule (projected to two dimensions)

n—1

03((x9, 210, 211), (w0, 21, 32)) = Zwk fo(z9, 210, 211, tr1) fro(z10, 211, k1, th2)
k=0

S (211, te, @13, @0) fr2(tes te,2, w0, 21) f13(tk,2, To, 1, 22).

Observe that the expression (26) takes the same form as (20).

16



In general, if L is a multiple of r, then we rewrite the integral (24) in the form

L/r—1

I = / / H 0i(Yi Yir1) dyo - Ay,
T T k:(]
where y; = (Tri, Trit1, , Tritr—1)s With Y; = Y; 04 1/ and
r—1
0i(w) = 0i(woer—1, trp—1) = [ [ Frown (s s, - k).

k=0

Thus, with a general r-dimensional cubature rule, the matrices of interest are now

(Mi)p,q = Hi(tpatq)7 b,q= 07 ceey T — 17

and as before W denotes the nxn diagonal matrix with the weights wq, . .., w,_1 on the diagonal.
Then similarly to (22) we obtain

Q = trace(B), B = W'Y MWMWM,--- My, W2,

which leads to the scenarios in Table 2, completely analogous to Table 1. When L is not a
multiple of r, one of the matrices will need to be adjusted as we have demonstrated in 63.
Without loss of generality, for notational convenience we can make My the adjusted one.

A noteworthy difference between Scenarios (B5)—(B7) in Table 2 and Scenarios (A5)—(A7) in
Table 1 is that the matrices M; are now determined by the functions 6; which in turn are formed
by products of the functions f;. Currently we are not aware of sufficient conditions on f; that
will lead to circulant matrices M;. So it is possible that Scenarios (B5)-(B7) are unreachable.

5 Application to the quantum rotor

5.1 1D first order couplings

We now apply the recursive strategy to the quantum rotor problem. Both integrals for the
numerator and denominator of our ratio of interest (11) are of the form

L-1
/ 1 fi(xisa — 2) da,
DL ;

=0

with (after a change of variables) D = [0, 1] and
fi(z) = f(x) = exp(f cos(2mx)) foralli=0,...,L —1,
except that for the numerator we will replace fy by
fo(x) = cos(2mx) exp(f cos(2mx)).

Note our abuse of notation here: comparing with (19) we have the special case that f;(u,v) =
ki(v —u) = fi(v —u), i.e., it can be treated as a function of a single variable (of the difference
of the two arguments). Each function x; = f; is periodic so we know from Section 3.3 that with
the rectangle rule we have Scenario (A7) in Table 1.

Executable Julia code for this calculation is given below.
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f (beta, x)
fO(beta, x)

exp(beta * cospi(2#*x))
cospi(2*x) * f(beta, x)

function calc_Ul_id(beta::T, L::Int=10, n::Int=2"5) where {T <: AbstractFloat}

t = (T(0):n-1)/n # discretize on these points (type T)
¢ = sum( f.(beta, t)/n ) # scaling

F = fft( f.(beta, t)/n/c ) |> real # Fourier coefficients of f

FO = fft( £f0.(beta, t)/n/c ) |> real # Fourier coefficients of fO

Qnum = sum( F."(L-1) .*x FO )
Qden = sum( F."L )
ratio = Qnum / Qden

end

Similar to Matlab, Julia allows “broadcasting” operations over all elements of an array by
using the “dot syntax”. In Julia this syntax is extended to any function by appending a dot to
the function name, e.g., . (beta, t) for a vector t. We will use this syntax in Section 6 to do
a calculation for a selection of arguments 8, L and n. The type T of the parameter 3 defines
the floating point type used throughout the calculation, allowing for arbitrary precision.

5.2 1D higher order couplings

The action in (11) arose from approximating a first derivative by a forward difference formula
(xiy1 — x;)/h of order h. If we use now the central difference formula (z;11 — x;—1)/(2h) of
order h?, then we would end up with the denominator (now with 8 = IL%/(4T?))

L1
/ H f(zig1 — xi—q) dee.
Dt o

At first glance this appears to be a problem with order 2 couplings, but it can be simplified. If
L is even, then the variables completely decouple into even and odd indices, and the integral
can be written as the product

L-1 L—1
(/DL/Q 211) f(xip1 —zi) da:even) (/DL/2 H) f(wip1 —xi1) dmodd)-

even odd
So after reparametrization this becomes

L/2—1

(/Dm H f(Wis1 — v5) dy>2,

j=0

with ¥j = Yj mod (1/2) for all j € Z, which is essentially a first order problem. If L is odd, then
the variables can be relabelled in the order of xg,x2,x4,...,21-1,21,...,21, and we get

L-1
/ 11 i —v5) dy,
D3

which is exactly the first order problem. For the numerator we just need to adjust for the
different function fo but the general principle is the same.

We can consider other higher order finite difference approximations to the first derivative to
get higher order couplings. For example, the central difference formula (—z;42+ 841 —8x;—1 +
7;_2)/(12h) of order h* leads to (now with g = IL?/(144T?))

L—-1
/DL H f( — Tipo + 8z — 8wy + xi_g) dx,
=0
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which has order » = 4 couplings and we can follow the strategy in Section 4. We will need to
form the functions 6; by taking products of the functions f;. We can apply Scenario (B4) of
Table 2 using a 4-dimensional lattice cubature rule.

5.3 Extension to topological susceptibility and beyond

Unfortunately, the numerical treatment of observables such as the topological susceptibility (12)
is a little bit more involved than our results in Table 1 will indicate. The culprit is the square
in (13) outside the sum in (12). This formally breaks the assumed low-order coupling structure.
However, the square can be expanded into a double sum and leads to the results of Table 1
needing to be applied to each of the L? summands separately. In other words, the non-triviality
of locally defined observables capturing global properties translates into splitting one global
observable into many local observables which can then be treated according to Table 1. The
topological susceptibility (13), in particular, can be solved naively using L? integration problems
as in Scenario (Al) in Table 1. Using translational invariance of the indices, that is, the model
is not changed if each ¢; is replaced with ¢;11, we can furthermore reduce the computational
cost to L integration problems similar to Scenario (A4). The difference to Scenario (A4) is
that now both My and one additional M; are different from M. In summary, while such global
observables may not be as efficiently solvable as purely local observables, we only incur an
overhead cost polynomial in the lattice size L. The same methodology can be applied to other
kinds of susceptibilities, e.g., the magnetic susceptibility or the specific heat.

6 Application to compact U(1) lattice gauge theory

6.1 2D first order couplings

The 2D compact U(1) lattice gauge theory model (14) takes the generic form (5). We begin by
separating out the variables in the a-direction and the b-direction

L-1L-1

_ . a _ a b b a b
1= /DL2 /DL2 I 11 7 <$w Tija1 = T +1’i+1,j> dz® de

i=0 j=0

L—1 L—1
_ f a _ .a b + b dz? 1 d b
R S . ij \Tig — Tig+1 T Tij T Liga,5 ) A& ) AT,
D=0 NPT =0

=I 0; (me — {B?)

where we used the crucial fact that each factor over the index ¢ depends only on x{, so that the
integral over x® € DL becomes a product of the integrals over x{ = (xf’o, e 7$§L,L—1) e DL,
We can therefore reduce the problem to

L—-1
I_/DL"'/L)LE)gi(yi—i-l_yi) dyo"'dyL_l’ (27)

where
L—1
9i(y) = /DL H fij (@5 — i +y;) de. (28)
j=0

Observe that the outer integral (27) involves first order couplings of the form (23) with s
replaced by L, while the inner integral (28) involves first order couplings of the form (19) for
each input 7 and y. Thus Table 1 applies for both integrals. If all the functions f; ; are periodic
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then so are the functions g;. In this case we have Scenarios (A5)—(A7) by using an n-point
rectangle rule for the inner integral and an N-point lattice cubature rule for the outer integral.
The cost when all functions are the same is then of the order

N log(N) + N n log(n),
which is independent of L. The error is of order N™% 4+ n~%, where a depends on the smooth-
ness of the functions and the underlying lattice rule, and the implied constant may depend
exponentially on L.
But more savings are possible as we explain below.
Lemma 1 If the functions f; j are periodic, then the inner integral (28) simplifies to
L— L—

9i(y) = gi(Zj:()l yj,O,...,O) = gi(Zj:()l yj,0)7 (29)

that is, g;(y) depends only on the sum of the components of y.

Proof. With A € R” to be specified later, we introduce a change of variables u; = x; + A in
(28) to obtain (with all indexing to be interpreted modulo L)

gi(y) / 0 / H fl,j —Tj41 + y]) dxg---dxp—1
T 1=

1+A7 1 1424 L=1
= / / I fid (uj = wjr + 5 = Ay + Aji) dug - - dug—
ur_1=4Ar_1 up=~Ap §=0

1L-1

1
:/ / wa —Ujp1 +Yj — Aj—}—Aj_H) dug - -dup_q,
0

which follows from the periodicity of f; ;. Now with the choice Ay = 0, we choose Ag, ..., Ar_1
such that

Yyr—1—Ar—1=0, yr2—Ap o+Ar_1=0,..., y—A2+A3=0, y1 —A1+Ay=0.

Adding these expressions together gives Ay = Zfz_ll y;. This choice of A yields

9i(y) = / / fzo up —u1 + ZJ 0 Y j) H ! fig (uj —ujg) dug -+ dup_y
L-1
:g(Z] Oyjaoa"'v()) _gz(Z] 0%70)
This completes the proof. ]

Lemma 2 If the functions f;; are periodic, then the outer integral (27) simplifies to

-1
I = /DL H 9i (Yi+1 — ¥:,0) dy. (30)
=0

Proof. Substituting (29) into (27) we have
L—1
7T = / / Hgi<2£;5(yi+1,j —yiyj),O) dyO"'dnyl-
bt JDE o
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We carry out a change of variables from y; o to u; for each ¢ = 0,..., L — 1 by the substitution
Ui = Y0+ Zf;ll Yij = ZJL;(} Yij with Jacobian du; = dyi,07 to obtain

1
L= /L o / L H i (wit1 — u;,0) (dupdyoq -+~ dyo,—1) -+~ (dug—1dyr—11 -+~ dyo,—1)
D D™ =0

L-1
:// Hgi(ui_H—’U,Z‘,O)duO...dUL—ly
D D ;o

where the remaining variables y; ; drop out conveniently and give us the lower-dimensional
integral in (30). O

The outer integral (30) is now of the form (19). So we can apply just a rectangle rule and
there is no need for a lattice rule. The cost using the same number of points for both the inner
and outer integrals is now

n log(n) + n? log(n),

which is again independent of L. The error is O(n~%), where a depends on the smoothness of
the functions.

In the context of gauge theories, Lemmas 1 and 2 can be interpreted as a type of “gauge
fixing”. For the 2D compact U(1) lattice gauge theory model (14) we have D = [0, 1] and

fij(x) = f(z) = exp(B cos(2mx)) foralli¢,j=0,...,L —1,
and for the numerator we will replace fo o by
foo(z) = cos(2mz) exp(f cos(2mx)).

To evaluate the outer integral (30) we need the n x n matrix M; with entries

kK —k d
(Mi)kp = gi((zbmon,o), kk'=0,...,n—1.

This is a circulant matrix because of the periodicity that g; inherited from f; ;. For the inner
integrals (29) we need to evaluate

k kN 3o
9<ﬁ70) = /[Ol]Lf<xo—$1+n)Hf(xj—:vj+1) de, k=0,...,n—1.
, iz

If fo,0 is different then we also need

90(%7(]) Z/[Ol]Lfoo(xo—ﬂm-l- )Hf Tj— Tjt1) k=0,...,n—1.

We can approximate these 2n values altogether using a rectangle rule with n points. All matrices
will be circulant so we are in Scenario (A7): indeed we have the situation of B = My M*~1,
where the n X n matrix My changes depending on the value of k/n, while M stays the same.
This means 2n + 1 calls to FFT. The combined cost for computing the inner integrals is then
O(n?log(n)). These values should be pre-computed and stored. For the outer integral we are
again in Scenario (A7) so this can be computed with cost O(nlog(n)). The overall cost is then
of the order nlog(n) + n?log(n) as claimed.

Executable Julia code for the 2D compact U(1) lattice gauge theory model is given below.
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f (beta, x)
fO(beta, x)

exp(beta * cospi(2#*x))
cospi(2*x) * f(beta, x)

function calc_U1_2d_a(beta::T, L::Int=10, n::Int=2"5, N::Int=n)
where {T <: AbstractFloat}
## inner integral

t = reshape((T(0):n-1)/n, n, 1) # n-by-1: column vector of type T
k = reshape(T(0):N-1, 1, N # 1-by-N: row vector of type T

c = sum( f.(beta, t)/n ) # scaling

*g

F = £fft( £.(beta, t)/n/c , 1) |> real # n-by-1 eigenvalues of circulant
K = fft( f.(beta, t .+ k/N)/n/c , 1) |> real # n-by-N eigenvalues of circulant
g = sum( K .x F."(L-1) , dims=1 ) # 1-by-N (value for every k-value)
# g0

KO = fft( £0.(beta, t .+ k/N)/n/c , 1 ) |> real # n-by-N eigenvalues of circulant
g0 = sum( KO .* F."(L-1) , dims=1 ) # 1-by-N (value for every k-value)

## outer integral

G = fft( g/N , 2 ) |> real

GO = fft( g0O/N , 2 ) [|> real

Qnum = sum( GO .* G. (L-1) )

Qden = sum( G."L )

## result

ratio = Qnum / Qden # the scaling in both numerator and denominator cancel
end

It turns out that we can use an alternative approach based on Fourier series to simplify the
expression so that there is actually no need for nested integral calculations.

Theorem 1 Suppose that the functions f; j are periodic and have absolutely convergent Fourier
series. Define piyjr, = fij fori,j =0,...,L —1. Then the integral (27), with inner integral
(28), simplifies to

L2-1
7= / H pe(wp41 — x¢) der, (31)
DL?
k=0
where now the parametric periodicity is to be taken modulo L?, i.e., Tx = Tj mod 1,2-

Proof. From Lemma 4 in Appendix A we know that the integral for the 2D problem can be
written in terms of the Fourier coefficients of f; ; as

L—-1L-1 .
=73 [I1I/®.
07 i=0 j=0

With the relabeling of the functions ;41 := f; j, we can rewrite the above sum as

Comparing with the 1D problem in Lemma 3 in Appendix A, we conclude that this sum can be
rewritten as an integral over DL* as shown in (31), with parametric periodicity modulo L2. O

Theorem 1 means that we do not have nested integrals any more, but instead we have a new
integral with dimensionality L?. We have just one integral of the form (19), with L replaced by
L?, so we are again in Scenario (A7). The cost is only of order

n log(n),
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Figure 3: TIllustration of numerical results for the 2D compact U(1) lattice gauge theory. Left:
Comparison of our FFT based algorithm (solid lines) with two known asymptotical formulae for
f < 1and > 1 (dashed lines); the top curve is for L = 2 and the bottom curve is for L = 200.
Right: Estimated accuracy showing exponential convergence for increasing n compared to our
final calculated value with n = 1024 for all combinations of L € {2,20,200} and 5 € {1,4,8}
(see text).

and the error is O(n™?).
Hence we can use the 1D rotor code to calculate the 2D compact U(1) lattice gauge theory
simply by

calc_Ul_2d_b(beta, L=10, n=2"5) = calc_Ul_1d(beta, L"2, n)

We illustrate the code by a small numerical experiment which calculates some values for the
2D compact U(1) lattice gauge theory:

# calculate for each beta, L and n in the following three lists by using broadcasting
step = BigFloat("0.1") # use of arbitrary precision type BigFloat (optional)

# step = 0.1 # alternative: if wanting IEEE double just uncomment this line
betas = O:step:10 # size 101 (for the given step)

Ls = [2, 20, 200]° # size 1-by-3

ns = reshape([274, 276, 278, 2710], 1, 1, 4) # size 1-by-1-by-4

# do all calculationms:
X2 = calc_U1_2d_b. (betas, Ls, ns) # 101-by-3-by-4 result array by broadcasting

# print the values for L = 200 and n = 2710 for some values of beta:
for i=2:10:1length(betas)

println(Float64(betas[i]), " ", X2[i,end,end])
end

which prints to approximately 79 decimal digits the following values

.04993760398793891942505492702790735280024819495932643969025083229259197970124841
.4807027720204957075397353534961410739293237985698753220914923708183899597383392
.7135313929252366606474906234333206952579818112136755308698717366991034508513433
.8171145492914306407729604696551455026259470380147213328440139033655041292524231
.8672601961768063107300630399509515633441383106454204305046785090286863340013323
.895651587990760146226062237096125294781978743841561112098097135505392751620628
.9138858516725660997721369731593268002734144795505884713207423774281830098389897
.9266326601661551618966214804622090172117923146860230737466143933956830061458322
.9360676059396539968069515062581218179367309351114611124563259272640695892107535
.9433416321068225957542493497236464198235930555179598879914504004185617655236025

© 0N O WN - O
T = T = T = T S S S
O O O O OO OO oo
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In the left hand side of Figure 3 we compare our calculated values to a known asymptotic
formula for 8 < 1 from [5] and > 1 from [22] for the 2D compact U(1) lattice gauge integral
for L = 2 and L = 200. We can see that for small values of # and for large values of 8 the
asymptotic formulae are close to our calculated values, while in the neighbourhood of § = 1 the
asymptotic formulae deviate more, as expected.

In the right hand side of Figure 3 we illustrate the accuracy of our method in terms of n. To
calculate a reference value for different values of L and 8 we have run our code with n = 1024
and increased the precision of Julia’s BigFloat type to approximately 200 decimal digits. We
plot the base 10 logarithm of the estimated relative error (using the reference value for n = 1024)
in terms of n on the horizontal axis in linear scale. We plot the error for all combinations of
L €{2,20,200} and 5 € {1,4,8}. The missing data points are when the error was zero. Since
200 decimal digits is our maximum precision the lines will flat line at —200. We observed that
the lines for the different values of L are always close together and hence we conclude that the
value of L does not really matter for the performance of the algorithm. For the different choices
of 8 we observed that larger values of 8 make the problem slightly harder. E.g., the lines for
B = 8 are the ones on top with the slowest decay, while the lines for § = 1 are the ones at
the bottom with the fastest decay. This is not a surprise, and obviously, the limiting case of
B = 0 is the trivial problem. All cases show exponential convergence, this is why we resorted to
arbitrary precision to make the graph. If one is only interested in double precision results, i.e.,
a relative error of about 10716, then we see from the graph that n = 32 is sufficient to give 16
decimal digits for the large 5 = 8, while n = 16 would suffice for 5 = 1. From the graph we also
see that with n somewhere between 128 and 256 we can expect to have more than 200 digits
decimal precision for any of the 8’s and L’s that we plotted.

Calculating all the results for the 101 S values and 3 L values from the Julia code snippet
above in double precision with n = 32 takes less than 10 milliseconds on a MacBook Pro from
2013 (2.6 Ghz Dual-Core Intel Core i5).

6.2 2D higher order couplings

The denominator in the Wilson loop (15) can be expressed as

L-1L-1

Ta T b b b
/DL2 /DL2 H H fij ( ko ($?+k,j - 5'3?+k,j+r,,) + 2 ko (x¢+ra,j+k - xi,jJrk)) da® de

i=0 j=0

-~

=:g; ((mg,mg+1,..,,m‘il+m); mb)

L—1
-/ ( / 2Hgi(<w$,w3+1,...,m?m);wb)dwa)dmb.
DL DL i=0

Assuming that L is a multiple of r,, the inner integral has order r, coupling and can be turned
into an L /r,-fold product of r,L-dimensional integrals following Section 4. We can use an N-
point lattice rule in r,L dimensions as in Scenario (B4) at the cost of order (L/r,) N3 times
the number of different samples of ®. The outer integral over &’ cannot be simplified so it
is of dimensionality L2. This problem is truly high dimensional, except for the special case
rq = 7, = 1 which can be simplified as we show in Corollary 2 in Appendix A using Fourier
series.

6.3 3D first order couplings

The 3D compact U(1) lattice gauge theory problem (16) is very tough. We show in Lemma 5
in Appendix A that there is an explicit expression in terms of Fourier coefficients. Further work
is needed to see how this expression can be used to simplify the integral calculations.
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7  Summary

In this paper we developed efficient recursive strategies to tackle a class of high dimensional
integrals having a special product structure with low order couplings, motivated by physics
models such as the quantum rotor and the 2D compact U(1) lattice gauge theory (Section 2).
We reviewed and extended the recursive strategy from [1, 17] for generic integrals with first order
couplings (not necessarily from physics) to identify scenarios that enable the use of FFT for
efficient computation as well as the use of lattice cubature rules when we have an L-fold product
of s-dimensional integrals (Section 3). Furthermore, we extended the recursive strategy to higher
order couplings, noting that the problems can become truly high dimensional (Section 4). Then
we considered particular physics applications (Sections 5 and 6) and provided Julia codes for the
special cases of quantum rotor and 2D compact U(1) lattice gauge theory. Finally we provided
an alternative formulation of the integrals in terms of Fourier series to pave the way for future
work for tough 2D and 3D physics problems (Appendix).

Acknowledgements We gratefully acknowledge the financial support from the Australian
Research Council under grant DP180101356 and the Research Foundation Flanders (FWO)
under grant G091920N.

A Alternative approach via Fourier series

A.1 1D problems

Lemma 3 Let f; : D — R be periodic and have an absolutely convergent Fourier series, and
assume parametric periodicity T; = T; mod L- 1hen

L1 L1
/ I fiwiss —2:) de = > ] £:(0).
Do €7, i=0

Proof. Define a periodic function

L-1
1) = [ T[ @ +u)de.  yeD
i=0
for generic functions &;, and consider its Fourier series
Ty) = Y Iy, Iy = [ Ty)ettay.
herl DE

The desired integral is recovered by evaluating the Fourier series at y = 0: Z(0) = ;s Z(h).

We proceed to compute the Fourier coefficients f(h) Due to the product structure, all
integrals in Z(h) are one-dimensional

/fi(fi(x)+yi) e Pmhivi dy,; = / Y filey Pt @@t gmamihivi g,
D D

LeZ

_ Zﬁ(z) 627ri€£i(w)/ eQﬂi(Z—hi)yi dy; = ﬁ(hz) eQwihifi(w)’ (32)

ez D

where we used f D e2mit=h)y dy = 1if £ = h and is 0 otherwise. Thus
. L—1 R ' L—1 ~ s
wo = [, I Amg s = (T 700) [ o =inee
Dt %o =0 DL
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Specializing now to &;(x) := x;4+1 — x;, we have for the exponent

-1 -1 -1 -1 -1 -1
Z hi&i(x) = Z hi xip1 — Z hix; = Z hi—1x; — Z hix; = Z(hi—l — h;) x;,
i=0 i=0 =0 =0 =0 =0

where in the second equality we re-indexed the first sum using the property that all indices are
. —L—1
taken modulo L. Thus fDL e2m 2ito hi&i(®) dg = 1 if and only if

hi—1 = h; for all ¢ (taken modulo L), (33)

and the integral is zero otherwise. We conclude that all components of A must be the same for
the corresponding Fourier coefficient to be nonzero. Hence

L-1
I(y) = ) ( I1 ﬁ(g)) 2 (b)Y
leZ ™ i=0

Our desired integral is recovered by evaluating the Fourier series at y = 0. U

The result can be extended to higher order couplings by changing the definition of the
functions &; in the proof.

Corollary 1 Let f; : D — R be periodic and have an absolutely convergent Fourier series, and
assume parametric periodicity T; = X; mod .- 1hen

ST 7 if L is odd,

L—1
fi Tit1l — Tij—1 de = _Lfl L-1
/ H ( ) LeZ i=0 ) )
Do ( ; > ( E H fi(£)> if L is even.

Proof. We replace the functions &; in the proof of Lemma 3 by &(x) := x;41 — x;—1. Then the
condition (33) becomes

hi—1 = hiy1 for all ¢ (taken modulo L).

We conclude that if L is odd then all components of h must be equal, and if L is even then
there are two possible values for the components of h depending on whether the index is even
or odd. This leads to the corollary. O

A.2 2D problems

The same strategy can be used to tackle 2D problems.

Lemma 4 Let f;j : D — R be periodic and have an absolutely convergent Fourier series, and
assume parametric periodicity modulo L. Then

L-1L-1 L-1L-1

[ [ T T Al = oty = oty + et ) dataa? = S TT T Ao
DL* DL 76 i (€7 i=0 j=0
Proof. As in the 1D problem we define
L-1L-1
)= [ ] . [T I fs(6stetah) i) ety p¥,
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for generic functions §; j, and consider the Fourier series
Ity) = Y Iy Iy = [ T)eitay,
hezl? D

where for the dot product we interpret an element in DL as a vector of length L? rather than
as a matrix of L x L. Our desired integral is recovered by evaluating the Fourier series at y = 0.
Analogously to (32), all integrals in Z(h) are one-dimensional

— i A s - ih. £ (pG b
/Dfi,j (&J(ma’wb) +yi,j) e 2mih; j yij dyi,j — fi,j(hi,j) 6271'1]11,] & j(x%x )7

and thus
~ L=1L-1 . ~L—1L—1 @ b
I(h) = <H 11 fi,j(hi,j)) / / FM im0 o hig 6 (@) g b, (34)
i=0 j=0 pr* JpL?
Specializing now to & ;(z?, z°) = xii—xli g — $;’7]— + x?HJ-, we have the exponent
L—1L-1 L—1L-1
DO hijligatat) = > > [(hm’ = hij-1) @l — (hij — hi-1) x?,j}a
i=0 j=0 i=0 j=0

where we re-indexed some terms since all indices should be taken modulo L. We conclude that

. L—-1 L—-1 b
/ / 6271'1 Zi:() Zj:O hi,j fi,]'(:l}a,l' )dma dmb
pr? Jpr?

L-1L-1

(h: «—h: - a _ b —h- . b
= H H [(/DGQWI(’M,J h‘la]—l)xi,j dx?,j) </D€ 2mi(h;,; hz—l,J)l’i,j dl‘?’j>:|,

=0 7=0
which is equal to 1 if and only if
hi’j = hi’jfl = hifl’j for all ’i,j (taken modulo L),

and the integral is equal to 0 otherwise. This means that all components of h are equal, and we
have reduced L? parameters down to 1. This yields the desired formula. O

The result extends trivially to the Wilson loop with r, =7, = 1.

Corollary 2 Let f; j : D — R be periodic and have an absolutely convergent Fourier series, and
assume parametric periodicity modulo L. The Wilson loop with parameters v, and 1y, requires

L-1L-1

Lre’ = /LQ/ ) H Hfi,j(gi,j($a7$b)) dar;a’da:b,
DEZJDE 550 j20

a by . _.a a a b b b
Gij(x® @”) == af; + i+ F 2, T T T, g1 T T

b b b
T Ty gy T Tidra—Lgtn, T T Ty, T Tigan, T Tijin-1 T T g
We have
L—-1L-1
ST 75 if L is odd,
711 _ ] ez =0 j=0
L-1 L—1 7~ L—1 L—1 7~ . .
<ZH¢0 Hj:() fi,j(@) <ZH¢0 szo fi,j(g)) if L is even.
ez~~~ ter,~—~—"
i+j odd 147 even
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Proof. Following the proof of Lemma 4, the exponent Zf;ol ]-L;()l hi ;& (2, 2°) is now

L—1L-1 ¢ rq ™
.. a .. a .. b — - b
E E [ E (hm Litkj — hi,; $¢+k,j+rb) + E (hw Litra,j+k hi,; mi,j+k)]

i=0 j=0 “k=0 k=0
L-1L—-1 74 T
b
=0 3> 3| D SIUSTEITER FIRS Sl DEWEE RS E
i=0 j=0 “k=0 k=0

where we again re-indexed some terms. We conclude that the integral in (34) is equal to 1 if
and only if for all 4, j (taken modulo L)

Ta Ta ) Ty
Z hi—yj = Z hi—kj—r,  and Z hij—rx = Z hi—rq,i—k; (35)
k=0 k=0 k=0 k=0

and is 0 otherwise. For the special case r, = r, = 1, the conditions in (35) are
hij+hi—1j = hij—1+ hi1j-1,
hij + hij—1 = hi1j +hi-1j-1.
Adding and subtracting these two expressions lead to, respectively,
hij=hi-1j-1 and  hio1j = hij1.

If L is a multiple of 2, then we conclude that the components of h can take only two possible
values depending on the value of (i + j) mod 2, following a chessboard pattern. On the other
hand, if L is not a multiple of 2 then all components of h have the same value. These lead to
the formulas in the corollary. O

A.3 3D problems

Lemma 5 Let f; ;1 : D — R be periodic and have an absolutely convergent Fourier series, and
assume parametric periodicity modulo L. Then

L-1L-1L-1

a a b b
/ 313 H H H [fmk(xi,j,k — 2k~ Tk T k)
D320 j=0 k=0

C C a a
Sigk (@ — 2k — 2 2 )

b b c c
Sk (T3 g — T — T+ $i,j+1,k)] de

L—1L—1L—-1

= 3" TI I IT (Formthisn) Fanthl ) Fogrhis i)

heH i=0 j=0 k=0

where h = (h*, h®, h¢) € H C 73 satisfies for all i, 4,k modulo L,

c c b b _
hijr = hijae = Mijn +hijn =0,

7

a a C C —_

hi e = hijn—1 = ije +hi1e =0 (36)
b b a a _

hijue =i 1k = Pije +hijan =0

Proof. Generalizing the 1D and 2D arguments, we define for y = (y%, y°, y¢) € D3L?,
L—1L—1L—1

b b
I(y) = /D » ITIIII [fz‘,j,k (@850 = g1k — Tk T Tk T Vi)

i=0 j=0 k=0
f ) ( c _.C _.a + a + b )
05k \Tigk = Tit1gk — Tigk T Tijk+1 T Yijk

b b c c a
Sk (%Jk Tkl ~ Tk T Tk T yz’,j,k)} de.
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For each h = (h® h® h¢) € Z3L° we compute the Fourier coefficient of Z(y) to arrive at

A

p(h

L-1L-1L-1

(h) = [H ITIT (Fsrhtsn) mwzj,k)ﬁ;k(h;j,k))] [0 dz,

i=0 j=0 k=0
L-1L-1L-1

_ c c b b a
)= > > [( igk ~ Mij—1k — ikt hi,j,k,l) i gk

i=0 j=0 k=0

a a c c b b b a a c
+ (W = Bt = P+ M) @+ (W = Pioa e — Bilu + 135 ) %k} :

We conclude that [ D3L3 e2mr(h.®) qg is equal to 1 if and only if h belongs to a restricted index set

H C 735, satisfying (36) for all indices 4, j, k modulo L, and the integral is equal to 0 otherwise.

We obtain the required formula by taking Z(0) = >, /13 f(h) O
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